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Abstract

Humans tend to automatically imitate others and their actions while also being able to control such imitative tendencies. Interference 
control, necessary to suppress own imitative tendencies, develops rapidly in childhood and adolescence, plateaus in adulthood and 
slowly declines with advancing age. It remains to be shown though which neural processes underpin these differences across the 
lifespan. In a cross-sectional functional magnetic resonance imaging study with three age groups (adolescents (ADs) 14–17 years, young 
adults (YAs) 21–31, older adults (OAs) 56–76, N = 91 healthy female participants), we investigated the behavioral and neural correlates 
of interference control in the context of automatic imitation using the finger-lifting task. ADs showed the most efficient interference 
control, while no significant differences emerged between YAs and OAs, despite OAs showing longer reaction times. On the neural level, 
all age groups showed engagement of the right temporoparietal junction, right supramarginal gyrus and bilateral insula, aligning well 
with studies previously using this task. However, our analyses did not reveal any age-related differences in brain activation, neither in 
these nor in other areas. This suggests that ADs might have a more efficient use of the engaged brain networks and, on the other hand, 
OAs’ capacity for interference control and the associated brain functions might be largely preserved.
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Introduction
Humans, among other animals (e.g. dogs, Range et al., 2011), tend 
to involuntarily imitate each other (Heyes, 2011). This propensity 
to imitate others’ movements (Genschow et al., 2019), gestures and 
postures (Scheflen, 1964; Stürmer et al., 2000), speech patterns 
(Babel, 2011; Christiner and Reiterer, 2013; Virhia et al., 2019) or 
even physically impossible movements (Liepelt and Brass, 2010) 
is called automatic imitation and has been the subject of exten-
sive research over the last 20 years (for review, see Heyes, 2011; 
Cracco et al., 2018; Darda and Ramsey, 2019). Yet, if we were imi-
tating every movement we observe, this would adversely affect 
our daily social interactions (Cross and Iacoboni, 2014; Bischoff et 
al., 2020). This is why we also need the ability to control automatic 
imitation tendencies.

Different stages of life, such as adolescence (Shaw et al., 2008; 
for review, see Blakemore, 2008; Blakemore, 2012; Larsen and 
Luna, 2018) and older age (Chen et al., 2014; Ferguson et al., 2021; 
Kupis et al., 2021; for review, see Moran, 2013), are characterized 

by significant changes in socio-cognitive functioning as well as 

by associated changes in brain structure and function (for review, 

see Gogtay et al., 2004; Steinbeis, 2016; Frangou et al., 2022). As 
such, investigating differences in control of automatic imitation 

across different stages of life seems of crucial importance and 

demands attention. Thus, the main aim of the current study was 
to investigate cross-sectional differences in the control of auto-

matic imitation in three age groups [adolescents (ADs), young 

adults (YAs), and older adults (OAs)] on the behavioral as well as 
the neural level.

One of the most common tasks historically adopted to inves-
tigate the control of automatic imitation is the finger-lifting task 

developed by Brass et al. (2000). This task belongs to a class of 

stimulus-response compatibility (SRC) tasks and assesses control 
or inhibition of automatic imitation via the interference effect 

between incongruent and congruent trials, with higher values 
indicating a supposedly reduced control of automatic imitation 
(Heyes, 2011; Genschow et al., 2017; Cracco et al., 2018).
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However, after the data for the present study had been 
collected, new evidence revealed that in the classical SRC 
paradigms (i.e. the one used here based on the original work 
of Brass et al., 2000), imitation interference is undistinguishable 
from spatial interference, where a task-irrelevant spatial match or 
mismatch between stimulus and response influences task perfor-
mance (Aicken et al., 2007; Czekóová et al., 2021). Moreover, spa-
tial interference effects appeared to be larger in magnitude than 
imitative interference effects (Catmur and Heyes, 2011), blurring 
any inferences about underlying imitation control when not con-
trolled for using a dedicated version of the task. Besides that, the 
results of a recent well-powered MRI study provided no evidence 
for the validity and domain specificity of the SRC paradigms with 
regard to the social domain of automatic imitation (Darda et al., 
2018; for review, see Ramsey, 2018; cf. Cracco and Brass, 2019). 
Thus, while our original aim had been to investigate age-related 
differences in the inhibition of automatic imitation, we incorpo-
rated these new insights into reporting the results of our research. 
Our findings and approach will thus be framed as age-related 
differences in interference control more generally, and we will 
refrain from drawing any conclusions about possible underlying 
mechanisms specific to the social domain.

Interference control—the ability to suppress irrelevant
responses—develops rapidly in childhood and adolescence, 
plateaus in adulthood and slowly declines with increasing age 
(Bedard et al., 2002; Mayas et al., 2012; for reviews, see Bessette 
et al., 2020; Lustig and Jantz, 2015). According to the inhibition-
deficit hypothesis (Hasher and Zacks, 1988), OAs struggle to sup-
press task-irrelevant overlearned responses or ignore distracting 
stimuli. On the other hand, studies focusing on age-related differ-
ences in interference control in the context of automatic imitation 
in adolescence and across the adult lifespan are scarce (for review, 
see Rauchbauer and Grosbras, 2020). To the best of our knowl-
edge, only a single behavioral study explored interference control 
in the context of automatic imitation using the finger-lifting task 
across the adult lifespan and found that it decreases with age 
(Wermelinger et al., 2018).

Therefore, the current study investigated age-related group dif-
ferences in interference control at both the behavioral and neural 
level. We hypothesized a better performance, and thus a better 
interference control, in YAs compared to ADs and OAs. This has 
been motivated by prior studies on interference control (Bedard 
et al., 2002; Mayas et al., 2012) and by the findings of our group 
showing worse performance of ADs and OAs in a task investi-
gating interference control in the emotional domain (Riva et al., 
2016).

At the brain level, neuroimaging studies in YAs (Brass et al., 
2009; Spengler et al., 2009; Klapper et al., 2014; Sowden and 
Catmur, 2015) using similar task versions found that the interfer-
ence control is underpinned by the right temporoparietal junction 
(rTPJ) and the medial prefrontal cortex (mPFC). In prior work 
(Brass et al., 2005, 2009), activation of rTPJ and mPFC in this task 
was associated with the involvement of theory of mind social net-
works (Gallagher and Frith, 2003; Schurz et al., 2020). Note, though, 
that these regions are also involved in other, non-social processes 
(e.g. rTPJ and attention; Decety and Lamm, 2007; Schurz et al., 
2017; Schuwerk et al., 2017). Recently, better-powered fMRI stud-
ies showed that interference control in this task engages rather 
domain-general brain areas, such as the dorsolateral prefrontal 
cortex, the inferior parietal lobule (IPL), and the inferior frontal 
gyrus (IFG), whereas the theory of mind network was found to be 
not active (Darda et al., 2018; for a meta-analysis, see Darda and 
Ramsey, 2019).

Notably, both prefrontal cortical areas and cortical areas at 
the intersection of the posterior temporal and inferior parietal 
lobe, including not only the rTPJ but also the right supramarginal 
gyrus (rSMG), show a comparable structural developmental tra-
jectory (with delayed full maturation in young adulthood and 
earlier decline as other areas; Gogtay et al., 2004; Shaw et al., 2008; 
Riva et al., 2018; Natu et al., 2019; Riva et al., 2022). Therefore, 
based on these data and the original findings of Brass et al., (2009), 
we hypothesized that rTPJ and mPFC would underpin age-related 
behavioral differences in interference control in the context of a 
finger-lifting task. Given the publication of the above-mentioned 
meta-analysis by Darda and Ramsey (2019) after we had formu-
lated the initial hypotheses and collected the data, we additionally 
explored (from now on called explorative analysis) age-related dif-
ferences in brain areas that emerged in their study, namely, the 
rSMG, the right insula (rIns) and the left insula (lIns).

Materials and methods
The present study was part of a larger project investigating 
socio-cognitive processes in different age groups, i.e. empathy, 
interference control in the emotional domain, as well as inter-
ference control in the automatic imitation inhibition context. 
This project imposed specific inclusion and exclusion criteria, 
including female gender, healthy neurotypical aging and spe-
cific age groups. Within the same experimental session (SM1.1 
in the Supplementary material for further details), participants 
completed three tasks inside the MRI scanner: an empathy task 
(Lamm et al., 2015), the emotional egocentricity bias task (Silani 
et al., 2013) and the finger-lifting task (Brass et al., 2000). The results 
are reported in Riva et al., (2018), (2022) and in this paper.

Participants
Ninety-six females were enrolled in this project. From these 96 
participants, five had to be excluded for the following reasons: 
not complying with the instructions (n = 1), technical issues (n = 2) 
or excessive movements during scanning (n = 2). The final sam-
ple consisted, therefore, of 91 right-handed (Oldfield, 1971) female 
participants with normal or corrected-to-normal vision and with 
no history of psychiatric or neurological disorders (self-reported), 
divided into three age groups: ADs (n = 33, age range: 14–17), YAs 
(n = 29, 21–31 years) and OAs (n = 29, 56–76 years), following Riva 
et al., (2016). Results of the post hoc power considerations are 
reported in SM1.2 in the Supplementary material and suggest that 
our study had sufficient power (0.8) for detecting upper medium to 
large effect sizes. OAs were tested using the German version of the 
Mini Mental State Examination (Kessler et al., 2000; cut-off 27/30 
as in Kukull et al., 1994), and none of them showed the presence of 
early-stage neurodegenerative deficits. The demographic charac-
teristics of the sample are reported in Table 1. The participants 
signed informed consent and received a monetary compensa-
tion of 25 euro for their participation. For ADs, we also obtained 
written informed parental consent. The study was approved by 

Table 1. Demographics

 Group

Measure AD YA OA

n 33 29 29
Age in years (SD) 15.58 (1.00) 24.52 (2.35) 63.41 (4.44)
Education in years (SD) 9.94 (1.08) 15.83 (3.02) 12.86 (3.31)

SD = standard deviation.
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the ethics committee of the Medical University of Salzburg and 
was performed in accordance with the Declaration of Helsinki.

The finger-lifting task
In the finger-lifting task (Brass et al., 2000), the participants had 
to lift their index or middle finger in response to a cue, a number, 
that appeared on display (1 = index finger lift and 2 = middle finger 
lift). The cue was displayed on a sequence of pictures showing 
a human hand mirroring the participant’s hand. The first frame 
showed a still hand, while the second frame showed a hand lifting 
the same finger in the congruent condition, or the other finger, in 
the incongruent condition. Participants were instructed to ignore 
the movement of the observed hand, as it was irrelevant to the 
task, and to lift the finger indicated by the cue. The task consisted 
of randomly presented trials of 50 incongruent (25 index finger 
and 25 middle finger lift) and 50 congruent (25 index finger and 25 
middle finger lift). The trials were distributed over the three blocks 
with short breaks between the blocks. The stimuli were presented 
using the software Presentation® (Version 18.0, Neurobehavioral 
Systems, Inc., Berkeley, CA, www.neurobs.com).

At the beginning of a trial, participants placed their index and 
middle fingers on two of the buttons of a response box. Each 
trial started with a fixation cross with a jittered time duration 
(4000 ms ± 2000 ms with steps of 500 ms), followed by a frame 
of a hand in the initial position (both fingers down) displayed 
for 1251 ms. Then, the three frames (34 ms + 34 ms + 1232 ms, in 
succession) depicted finger movements and a number cue (in 
congruent/incongruent trials). When the participant lifted their 
finger, the button on which the finger was positioned was relieved 
and the reaction time (RT) was recorded. The total task duration 
was 15 min.

Neuroimaging data acquisition and 
preprocessing
Functional and structural MRI data acquisition was carried out 
on a 3 T Siemens Magnetom Trio scanner equipped with a 32-
channel head coil. To obtain the structural scans, we used 
a sagittal T1-weighted magnetization-prepared rapid gradient 
echo sequence with the following settings: echo time = 2.91 ms, 
repetition time = 2300 ms, voxel size = 1 mm × 1 mm × 1.2 mm, 
slice thickness = 1.2 mm, field of view = 356 mm × 356 mm2, 192 
slices and flip angle = 9∘. To obtain the functional scans, 
we used a T2*-weighted echoplanar imaging (EPI) sequence 
with the following settings: 33 transverse slices covering 
the whole brain, echo time = 30 ms, repetition time = 2060 ms, 
slice thickness = 3 mm, field of view = 192 × 192 mm2, interslice 
gap = 0.3 mm, flip angle = 70∘ and matrix size = 64 × 64.

MRI data preprocessing and the following analyses were per-
formed using SPM12 software (Statistical Parametric Mapping, 
Wellcome Trust Centre for Neuroimaging, http://www.fil.ion.
ucl.ac.uk/spm) on MATLAB Version R2013a. Preprocessing steps 
included slice timing, realignment, co-registration of the EPI 
scans to the skull-stripped T1-weighted structural scan, spatial 
normalization (into Montreal Neurological Institute (MNI) space) 
and spatial smoothing with a 6-mm full-width at half-maximum 
(FWHM) Gaussian kernel. The brain regions were labeled using the 
SPM Anatomy toolbox version 2.15 (Eickhoff et al., 2005) and the
MRIcro atlas (aal.nii.gz).

Analyses
Behavioral analysis
All statistical analyses of the behavioral data were performed 
using the IBM SPSS Statistics software (version 27, Released 2020, 
IBM Corp., Armonk, NY, USA).

We analyzed RTs and accuracy (percentage of correct reac-
tions). For the RT data analysis, we removed trials with inaccu-
rate finger lifts. To verify the existence of age-related differences 
in RTs and accuracy, a repeated measures analysis of variance 
(rm-ANOVA) including one within-subject factor Condition (2 lev-
els: congruent and incongruent) and one between-subjects factor 
Group (3 levels: AD, YA and OA) was computed. The factor Finger 
was not included in the rm-ANOVAs; therefore, the two fingers 
were considered jointly. This was motivated by a preliminary anal-
ysis in which no relevant differences emerged due to the finger 
(see SM1.3 in the Supplementary material for details).

Percentage congruency effect. For each participant, we calcu-
lated an interference effect controlled for age-dependent RT dif-
ferences (PCE, equation (1), Forbes et al., 2017),

𝑃𝐶𝐸𝑖 =
𝑚𝑒𝑎𝑛(𝑅𝑇𝑖𝑛𝑐𝑜𝑛𝑔𝑟𝑢𝑒𝑛𝑡)

𝑖
−𝑚𝑒𝑎𝑛(𝑅𝑇𝑐𝑜𝑛𝑔𝑟𝑢𝑒𝑛𝑡)

𝑖
𝑜𝑣𝑒𝑟𝑎𝑙𝑙𝑚𝑒𝑎𝑛𝑅𝑇 × 100 (1)

where i = participant i and overall mean RT = mean 
(RTincongruent + RTcongruent) across all participants (N = 91).

The PCE indicates how much faster an individual partici-
pant’s RTs were for congruent compared to incongruent tri-
als, relative to their overall mean RT (in %). The PCE score 
was used in a subsequent region of interest (ROI) analysis 
and a one-way ANOVA with a between-subjects factor Group
(3 levels).

While we had initially intended to collect data also from an 
intermediate age group (age range between 40 and 50 years), 
we did not succeed in recruiting sufficient numbers of partici-
pants from this group. While this may be seen as suboptimal for 
some analyses, the way we dealt with this (as in our companion 
paper, Riva et al., 2022) is to conduct and report different types 
of analyses (multiverse approach, see, e.g. Silberzahn et al., 2018; 
Botvinik-Nezer et al., 2020), which showed convergence of findings 
in large parts. To complement our categorical analysis, we cal-
culated a multivariate linear regression in which congruent and 
incongruent RTs, as well as the PCE, were simultaneously entered 
as dependent variables and age as a continuous predictor (see 
SM2.1 in the Supplementary material for the results of the RT 
analyses and their interpretation, as well as the additional results 
of the curve estimation procedure, SM2.2 in the Supplementary 
material).

fMRI analyses
First-level, single-subject analysis was performed by adopt-
ing a general linear model approach (Friston et al., 1995) as 
implemented in SPM12. Three contrasts of interest, congru-
ent, incongruent and interference (incongruent—congruent) were 
computed for each subject and used for group-level analysis. 
Additionally, we applied spatial smoothing with a 6 -mm FWHM 
Gaussian kernel on the contrasts of interest (first-level, single 
participants) to increase the signal-to-noise ratio. For details 
on the regressors and timing, see SM1.4 in the Supplementary
material.

Group-level analysis was performed following a three-step 
plan: first, we checked whether we replicated previous studies, 
i.e. Brass et al. (2009) (planned analysis) and Darda and Ram-
sey (2019) (explorative analysis) in YA in order to validate our 
study (results of the task validation of the whole sample can 
be found in SM2.3 in the Supplementary material); second, we 
conducted ROI analyses to test our hypotheses on age-related dif-
ferences, and lastly, we complemented the ROIs analyses with a 
whole-brain analysis to explore possible age-related differences 
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for which we had no specific hypothesis (beyond the planned and
explorative ROIs).

For the first step, we conducted a one-sample t-test for the 
YA group, testing for significant group-level activation for the 
interference contrast on a whole-brain level. The initial (cluster-
level selection) threshold was set at P = 0.001 uncorrected. To 
correct for multiple comparisons, we calculated the cluster extent 
threshold using ‘CorrClusTh.m’, an SPM extension script (Nichols 
and Wilke, 2012). We then computed two ROI analyses as a 
more explicit manipulation check testing for activation in previ-
ously identified brain areas (planned analysis, Brass et al., 2009, 
explorative analysis Darda and Ramsey, 2019, Table 2). For the 
planned analysis, we built 9-mm radius spheres around the peak 
coordinates in rTPJ and mPFC based on the reported coordi-
nates (Brass et al., 2009). For the explorative analysis, we used 
the meta-analysis’s clusters of activation that survived the strin-
gent extent-based thresholding and consisted of rTPJ, rSMG, rIns 
and lIns (Table 2). For further details on the ROIs definition 
and construction, see SM1.5 in the Supplementary material. Our 
manipulation check was successful for all but one ROI. We found 
no activation in mPFC for the interference contrast and, conse-
quently, excluded it from further analyses. We have also tested 
brain–behavioral relationships, computing four correlations, one 
for each ROI, between the PCE scores and the mean ROI activ-
ity elicited by the interference effect controlled for age. The α
level was corrected using the Bonferroni adjustment method to 
account for multiple comparisons in the explorative correlation 
analysis, where we had three ROIs (α/3 = 0.017). 

The second step consisted of testing age-related differences in 
interference control. To this aim, we extracted mean activation 
of the interference contrast of all participants of the three age 
groups within the ROIs from Brass et al., (2009) (planned analysis) 
and Darda and Ramsey (2019) (explorative analysis). To test for 
group differences in these ROIs (rTPJ, rSMG, rIns and lIns, Table 2), 
we computed four one-way ANOVAs, one for each ROI, with Group 
(3 levels: AD, YA and OA) as a between-group factor. Next, we 
computed correlations between the ROIs extracted values and 
age, controlled for multiple comparisons. To investigate the mis-
match between the behavioral results, with YA and OA performing 
significantly worse than AD, and the brain results, showing no 
group differences in brain activity, we also specified a multiple 
regression model that looked at associations between behav-
ioral and brain data (see SM2.4 in the Supplementary material
for details).

For our third step, the complementary whole-brain analysis 
investigating potential age-related differences across the whole 
brain, we computed a flexible factorial design with participants 

Table 2. ROIs

Anatomical region Hemisphere
MNI coordinates x, y, 
z in mm

mPFCa,c L 2, 41, 20
TPJa R 52, −56, 20
SMGb R 56, −36, 35
Insulab R 36, 20, 3
Insulab L −35, 15, 0

Note: R = right, L = left.
aROI derived from the study by Brass et al., (2009).
bROI derived from the meta-analysis by Darda and Ramsey (2019). The 
general compatibility map Activation_FWE_extent_stringent was taken from 
https://neurovault.org/collections/5377/.
cSince we found no activation in mPFC for the interference contrast, we 
excluded this ROI from further analyses.

as a within-participants factor, Group as a between-group factor 
(AD, YA and OA) and Interference as a within-group factor 
(incongruent—congruent). Our four contrasts of interests were 
AD > YA, AD < YA, OA > YA and OA < YA.

Results
Behavioral results
RTs
The two-way rm-ANOVA revealed both main effects to be sig-
nificant. The main effect of the condition showed that par-
ticipants were faster in the congruent trials compared to the 
incongruent trials (F (1, 88) = 373.631, P < 0.001, ɳ2 = 0.809). 
The main effect of the group showed that the groups signifi-
cantly differed in their overall RTs (F (2, 88) = 11.536, P < 0.001, 
ɳ2 = 0.208). Additionally, we found a significant interaction 
between the condition and group (F (2, 88) = 11.229, P < 0.001,
ɳ2 = 0.203).

Post hoc comparisons with a Fisher’s Least Significant Differ-
ence test revealed that the OAs were slower in both the congruent 
and incongruent trials than the AD and YA groups (Table 3). 
Their mean RTs in the congruent trials was 82 ms slower (95% 
CI [41, 124], P < 0.001) and in the incongruent trials 137 ms 
slower than the AD (95% CI [85, 189], P < 0.001). Compared to 
the YA, OAs were 46 ms slower in the congruent trials (95% 
CI [3, 89], P < 0.05) and 57 ms slower in the incongruent trials 
(95% CI [3, 111], P < 0.05). The difference in the performance 
between AD and YA was significant only in the incongruent con-
dition, with the AD being the fastest group (AD-YA-incongruent: 
−80 ms, 95% CI [−132, −28], P < 0.01; congruent condition
P = 0.085). 

PCE
There was a statistically significant difference between the three 
groups as determined by one-way ANOVA (F (2, 88) = 11.229, 
P < 0.001). A Least Significant Difference post hoc test revealed 
that the AD group was the one with the lowest PCE compared to 
the YA group (mean difference: −7.10, 95% CI [−11, −3], P < 0.001) 
and the OA group (mean difference: −8.96, 95% CI [−13, −5], 
P < 0.001). YA and OA groups did not differ with regard to the PCE 
(P = 0.372).

Multivariate linear regression analysis revealed that age was 
a significant predictor of the PCE (ß = 0.162, standard error 
(SE) = 0.041, F (1, 89) = 15.750, P < 0.001, ɳ2 = 0.150).

Accuracy
With regard to the percentage of correct reactions, the main 
effect of the Condition was significant (F (1, 88) = 39.381, P < 0.001, 
ɳ2 = 0.309), with a higher percent of correct reactions in the con-
gruent condition. Neither the main effect of Group (P = 0.797) 

Table 3. Descriptive statistics

 Group

AD YA OA
Condition M (SD) M (SD) M (SD)

Congruent (in ms) 526 (62) 563 (114) 608 (60)
Incongruent (in ms) 592 (78) 672 (133) 729 (93)
Raw interference effect (in ms) 66 (42) 109 (42) 120 (60)
PCE (in %) 10.71 (6.93) 17.81 (6.87) 19.67 (9.73)

Note: AD  (n = 33), YAs (n = 29), OAs (n = 29). Raw interference effect = RT 
incongruent - RT congruent.
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Table 4. Descriptive statistics for accuracy (in % correct)

 Group

AD YA OA
Condition M (SD) M (SD) M (SD)

Congruent accuracy 0.981 (0.029) 0.992 (0.014) 0.985 (0.019)
Incongruent accuracy 0.921 (0.085) 0.927 (0.083) 0.917 (0.134)

Note: AD (n = 33), YA (n = 29), OAs (n = 29).

nor the interaction Condition × Group (P = 0.936) were significant, 
indicating that the three groups did not differ in accuracy across 
different conditions. All three groups showed a very low percent-
age of errors overall (Table 4). 

Neuroimaging results
The first goal of the group-level analysis was to validate our study 
by replicating the neuroimaging results from previous studies 
(Brass et al., 2009; Darda and Ramsey, 2019) in our YA sample.

Manipulation check for the YAs
The following brain regions resulted in being significantly active 
from the one-sample t-test computed on the interference contrast 
(P < 0.05 the family-wise error rate (FWE) cluster level, cluster 
size k = 37, P < 0.001 initial threshold) in the YA group: right pre-
cuneus (including right temporoparietal junction and right supra-
marginal gyrus), left middle frontal gyrus (MFG), left IPL, right 
precentral gyrus, right supplementary motor area (SMA), bilateral 
insula, right inferior frontal and the middle temporal gyrus (MTG) 
(Table 5, Figure 1).

We could replicate other empirical findings by showing that 
the task used in this study activates three key areas in a sim-
ilar way as previously found: rTPJ, rSMG and the bilateral Ins. 
The cluster we identified in rTPJ was adjacent to the one of Brass 
et al., (2009) (Figure 2A). We also observed a partial overlap in 
the rSMG and a greater alignment in the bilateral Ins, resulting 
from the meta-analysis by Darda and Ramsey (2019) (Figure 2B; 
see Figure 3 for the ROI data point distribution). Contrary to the 
study by Brass et al., (2009), we found no activation in the mPFC 

Table 5. Task-induced neural activation evoked by effects of interference (interference: incongruent > congruent), YA group (n = 29, one-
sample t-test, initial cluster-defining threshold P < 0.001 uncorrected, P < 0.05, FWE corrected at the cluster level, with a cluster size 
threshold k = 37)

Anatomical region Hemisphere Cluster k T Z score MNI coordinates x, y, z in mm

Precuneus R 514 6.15 4.85 12, −70, 55
rSMG/WM 5.96 4.75 33, −37, 37
TPJ/rSMG 5.37 4.42 57, −40, 28
MFG L 130 6.04 4.79 −27, −7, 52
Precentral 4.41 3.81 −36, −19, 52
Frontal superior 4.29 3.73 −27, −7, 64
IPL L 396 5.89 4.71 −36, −40, 40
Parietal superior 4.84 4.09 −21, −64, 55
Occipital middle 4.29 3.73 −30, −67, 37
Insula L 61 5.85 4.69 −30, 17, 1
Precentral R 169 5.69 4.60 42, 5, 46
Precentral 4.92 4.14 30, −4, 52
Frontal superior 4.55 3.90 27, −1, 61
Precentral R 71 4.70 4.00 48, 8, 34
SMA R 96 5.09 4.24 6, 14, 52
Insula R 56 3.47 3.14 42, 20, −11
IFG L 60 4.59 3.93 −45, 5, 28
MTG R 38 4.31 3.74 45, −52, 16

Note: R = right, L = left; WM = white matter; precentral = precentral gyrus. Voxels were labeled according to (Tzourio-Mazoyer, et al., 2002) in MRIcron (www.mricro.
com) and the neuromorphometrics atlas in SPM 12.

Fig. 1. Manipulation checks of the fMRI data of the YA. Activation maps evoked by effects of interference (interference: incongruent > congruent) in YA 
(n = 29, one-sample t-test, initial cluster-defining threshold P < 0.001 uncorrected, P < 0.05, FWE corrected at the cluster level, with a cluster size 
threshold k = 37). We found brain activations in the right precuneus, left MFG, left IPL, right precentral gyrus, right SMA, bilateral insula, right inferior 
frontal and the MTG. The figure was created with nilearn.plotting.plot_glass_brain (Abraham et al., 2014).
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Fig. 2. Brain regions showing increased activity for the interference contrast in the current study (in red, flexible factorial design, P < 0.05, FWE 
corrected at the cluster level) and (A) regions from the study by Brass et al., (2009) (in green). The results show the cluster adjacent to the one of Brass 
et al., (2009) in rTPJ, as indicated by the red color, and no overlap in mPFC. (B) Regions reported in the meta-analysis (in green; Darda and Ramsey, 2019). 
The results show an overlap in the bilateral insular and the right supramarginal gyrus, as indicated by the orange color. Coordinates are in the MNI 
space. The figure was created using MRIcron (www.mricro.com).

Fig. 3. Raincloud plots of participants’ (A) PCE interference scores and 
extracted values from the ROIs: the right temporoparietal junction (B), 
right supramarginal gyrus (C), right insula (D), left insula (E) grouped by 
age. ADs (bottom), YAs (middle) and OAs (top). Raincloud plots represent 
density distribution per condition with jittered raw data, boxplots of 
central tendency and error. Dots are the individual scores of the 
participants (R package Raincloud plots, Allen et al., 2019).

associated with the interference effect. This was the only ROI we 
could not replicate with our study design.

Brain–behavior correlations
No correlations between the ROIs extracted values and the PCE 
scores, controlling for age, were significant (rTPJ: P = 0.856; rSMG: 
P = 0.120, rIns, P = 0.053, lIns, P = 0.068).

Age-related differences in neural correlates
Results from the ROI analysis (one-way ANOVAs with the three 
age groups) did not show any significant age-related difference, 
neither for the planned ROIs by Brass et al., (2009) nor for the 
explorative ROIs by Darda and Ramsey (2019): rTPJ (P = 0.993, 
F (2, 88) = 0.007, η2 = 0.000), rSMG (P = 0.899, F (2, 88) = 0.107, 
η2 = 0.002), rIns (P = 0.404, F (2, 88) = 0.916, η2 = 0.020), and 
lIns (P = 0.641, F (2, 88) = 0.446, η2 = 0.010). Correlation analyses 
between ROI activation and age revealed no significant results 
either: rTPJ: P = 0.870, rSMG: P = 0.827, rIns: P = 0.315 and lIns: 
P = 0.663. The multiple regression analysis aiming to associate 
behavioral and brain data revealed no significant findings (SM2.4 
in the Supplementary material).

Whole-brain analysis
For the whole-brain analysis, we computed a flexible facto-
rial design with four contrasts of interests. None of the vox-
els in the pairwise comparisons between the groups (AD > YA, 
AD < YA, OA > YA, OA < YA) showed significant differences, even 
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when lowering the threshold to a very liberal P < 0.01 initial voxel 
selection level (P < 0.05 FWE at a cluster level).

Discussion
The present study investigated behavioral and neural age-related 
differences in interference control in the context of a finger-lifting 
task initially developed to assess automatic imitation and its con-
trol. The behavioral results showed that ADs are better than YAs 
and OAs in interference control, reflected in their smaller inter-
ference effect, even when controlling for an overall age-related 
increase in RT by means of the PCE (Forbes et al., 2017; Catmur 
and Heyes, 2011). However, when treating age as a continuous 
variable, age was a significant linear predictor of the PCE (as in 
Wermelinger et al., (2018), but see SM2.1 in the Supplementary 
material). Most likely, the significant relationship of age on the PCE 
is not linear monotone but is instead driven by the group of ADs 
(SM2.2 in the Supplementary material), as shown by the steeper 
slope between AD and YA, with the curve’s slope leveling off from 
the YA to the OA (resembling interference control age trajectory 
from Bessette et al., (2020)).

A possible explanation for the lack of performance differences 
between the YA and OA groups is that the effects of advanced age 
may become significant only when more complex tasks are used. 
For instance, it has been shown that tasks that are more auto-
matic and do not heavily depend on executive control are less 
sensitive to aging (Andrés et al., 2008). This explanation is also 
supported by the fact that the same participants as in the present 
study also performed a more challenging emotional egocentricity 
bias task, and in that case, age-related differences in both per-
formance and neural responses were indeed observed (Riva et al., 
2022).

At the brain level, manipulation checks of the fMRI results in 
YAs revealed an overlap in the cluster adjacent to the one found by 
Brass et al., (2009) in rTPJ but no overlap in mPFC. Second, we also 
detected activity in the supramarginal gyrus and in the bilateral 
insula, indicating that our findings for the YAs largely align with 
prior evidence reporting the engagement of these brain structures 
(Darda et al., 2018; meta-analysis, Darda and Ramsey, 2019).

When addressing age-related differences at the brain level, no 
age differences emerged among the three groups, contradicting 
our expectation of different neural responses in temporoparietal 
and prefrontal areas. These predictions were based on behavioral 
and neural results (Riva et al., 2016, 2022), as well as developmen-
tal neuroanatomical data (Gogtay et al., 2004; Shaw et al., 2008). 
Therefore, in our study, better behavioral performance in ADs was 
not associated with any matching group differences in brain acti-
vation. This, at first glance counterintuitive, mismatch between 
behavioral and neural data may be explained by reference to the 
concept of neural efficiency (Neubauer and Fink, 2009; Dunst et al., 
2014). This concept postulates that certain individuals use their 
neural resources more efficiently to achieve the same or better 
task performance (Neubauer and Fink, 2009; Dunst et al., 2014). 
In other words, similar activation on the neural level might have 
led the ADs of our sample to a better performance on the behav-
ioral level via a higher efficiency and behavioral relevance of the 
engaged networks.

On the other end of the lifespan, we had not predicted the 
comparable interference control performance on the behavioral 
level between older and younger adults, based on previous find-
ings in the domain of emotional interference control (Riva et al., 
2016, confirmed regarding old vs young age in Riva et al., 2022). 

Yet, some evidence aligns with our findings (see Langenecker 
et al., 2004 and Verhaeghen, 2011 for meta-analyses; see Lustig 
and Jantz, 2015 for review). A meta-analysis of 176 studies 
could not find much support for general inhibition deficits in 
older age (Rey-Mermet and Gade, 2018). Another study on age-
related differences in interference control using the Stroop task 
(Stroop, 1935) reported high within- and between-person vari-
ability, which was especially pronounced in older age, where 
some OAs showed similar performance to middle-aged or younger 
adults (Gajewski et al., 2020; see also a study on cognitive reserve 
and aging, Cotrena et al., 2021). According to the scaffolding 
theory by Park and Reuter-Lorenz (2009) or the CRUNCH theoret-
ical framework (The Compensation-Related Utilization of Neural 
Circuits; Reuter-Lorenz and Cappell, 2008), a preserved behav-
ioral performance in OA, associated with an extensive neural 
activation, reflects an attempt to compensate for a possible age-
related decline. However, no such evidence was found in the 
present study, as we did not find any group differences in neu-
ral responses, neither in targeted ROIs nor in complementary 
whole-brain analyses. One possible explanation for this mis-
match between the present and prior findings might be the age 
range from which we recruited. Based on our inclusion criteria 
and considering the feasibility of recruiting a sufficiently large 
sample of OAs for a neuroimaging study, the group of OAs was 
relatively younger compared to other studies on inhibitory con-
trol. For example, a study by Langenecker et al., (2004) found a 
comparable behavioral performance in the Stroop task between 
YA and OA but a higher neural activity in the older sample 
(mean age = 71 vs 64 years in our sample). Thus, it might be 
that neural compensation mechanisms become evident only later
in life.

With these interpretations notwithstanding, it might be raised 
that our study may not have been appropriately powered to 
detect putative group differences. However, while we did not 
perform a formal a priori power analysis when planning the
overarching project within which the present study was embed-
ded (cf. Darda et al., 2018), we argue, based on post hoc power 
considerations, that our study was sufficiently powered to detect 
upper medium to large effect sizes (SM1.2 in the Supplementary 
material).

Regarding study limitations, we have already mentioned that 
the version of the task we used does not allow us to control for 
confounds related to spatial alignment. Future studies on imita-
tion inhibition across the lifespan should either use tasks that 
disentangle spatial from imitative effects (e.g. Sowden and Cat-
mur, 2015; Sowden et al., 2016) or tasks high on ecological validity 
(mimicry paradigm; Chartrand and Bargh, 1999; Genschow et al., 
2017). Notably, a recent high-powered MRI study, which employed 
independent functional ROIs, showed no evidence that the version 
of the task we used is a valid measure of covert imitative response 
tendencies. Therefore, the results of the present research might 
reflect an age-related preservation of the domain-general con-
flict resolution system rather than the system tied to operations 
within the theory-of-mind network (see the current discourse 
about the domain specificity of the SRC tasks: Ramsey, 2018; 
cf. Cracco and Brass, 2019). Second, this study was part of a 
larger project (Riva et al., 2022), which imposed specific inclusion 
and exclusion criteria. For this reason, we tested only females 
(see Darda et al., 2018, 2020 for sex differences) and did not 
have a middle-aged group. These specific exclusion criteria limit 
the generalizability of our findings. Future studies should thus 
investigate interference control in male individuals to assess the 
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generalizability of the current findings to the other sex/gender; 
ideally, this would be done so that the full range of the lifespan
is covered.

In conclusion, our study extends prior work by showing 
that the task we used activates a network of brain structures 
consistently identified by a recent meta-analysis of fMRI studies 
in YAs (Darda and Ramsey, 2019) and also in ADs and OAs. This 
network was not differentially engaged at different ages, which is 
suggestive of processes such as neural efficiency and the preser-
vation of brain function in the cohorts investigated. Our study 
thus provides a solid foundation against which future research 
can compare and expand its findings on interference control as 
well as, when using the necessary task controls, the neural bases 
of automatic imitation across the lifespan.
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