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Abstract
Objective: This study was undertaken to determine how age influences clinical 
responsiveness to intracerebral electrical stimulation (IES) in children across 
primary and secondary sensorimotor cortices and to assess age effects on response 
complexity and area-specific responsiveness.
Methods: A retrospective cohort of pediatric (≤16 years) stereoe
lectroencephalographic procedures was analyzed. A total of 1750 IESs were 
delivered in 33 implantations (31 patients). Precentral and postcentral gyri 
were considered as primary areas; secondary areas included premotor cortex 
(PREMOT), supplementary sensorimotor area (SSMA, including presensori-
motor area), anterior/central cingulate (ACC), and pre-/postcentral opercula 
(PREC-OP and POSTC-OP). Clinical responses were classified as simple motor, 
sensory, language, or undefined. Complexity was coded as integrated (one coor-
dinated action) or multiple (signs from different domains occurring together). 
Mixed-effects models were adjusted for antiseizure medication load, cognitive 
level/neurodevelopmental delay, and stimulation frequency (1 vs. 50 Hz). Age 
was modeled continuously (per year) and categorically (≤9 vs. >9 years).
Results: Clinical response rate increased with age in the overall cohort (per-
year incidence rate ratio [IRR] = 1.11, 95% confidence interval [CI] = 1.03–
1.21, p = .007). Categorical modeling showed a higher rate in subjects aged 
>9 years (IRR = 1.89, 95% CI = 1.02–3.51, p = .044). Integrated responses did not 
vary with age, whereas multiple responses were more likely in older children 
(overall adjusted odds ratio [OR] = 3.65, 95% CI = 1.24–10.77, p = .019; without 
postdischarge: adjusted OR = 5.30, 95% CI = 1.38–20.36, p = .015). Using PREMOT 
as reference, all other regions were more responsive, forming two clusters: lower 
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1   |   INTRODUCTION

The first intracerebral electrical stimulations (IESs) 
were conducted by Bartholow in 1874 during the surgi-
cal removal of a scalp epithelioma.1 Since then, IES has 
become a technique of growing interest, particularly in 
the field of epilepsy surgery.2 IESs are particularly use-
ful in defining the epileptogenic zone (EZ) and in de-
lineating the boundaries and relationships of eloquent 
cortical areas (e.g., language, visual, or motor regions), 
especially when close to regions of surgical interest. 
Recently, a certain level of consensus has emerged re-
garding the finding that intracerebral (IC) electrodes, 
typically used for intracranial electroencephalogra-
phy (EEG) with stereotactic electrodes (stereo-EEG 
[SEEG]), are more effective for presurgical evaluation 
of epilepsy than subdural electrodes.3 Despite the in-
creasing use of IC electrodes, no internationally recog-
nized guidelines currently exist to specify the optimal 
stimulation parameters,4–7 although recent American 
recommendations provide technical standards for 
clinical practice.8 Although the heterogeneity of these 
parameters—such as pulse type (mono- or bipolar), fre-
quency, intensity, and duration—is partly determined 
by the type of SEEG implant and the patient's clinical 
condition, it is also influenced by the experience of the 
single epilepsy center. This leads to data that are not 
easily comparable across centers, posing an additional 
challenge to the development of international guide-
lines. Specifically, in the pediatric field, limited studies 
have examined the response to IES. These few studies, 
along with intriguing findings on age-related variations 
in ictal semiology, suggest that IES yield effects that 
vary with the tissue's degree of maturation.8,9 Based on 
these premises, we aimed to enhance our understand-
ing of IES in the pediatric population, evaluating the 
primary and secondary sensory–motor areas.10,11 We 

initially focused on the primary sensory–motor areas, 
including the precentral and postcentral gyri, together 
with their mesial extensions in the paracentral lobule. 
Secondary sensory–motor areas were defined accord-
ing to cytoarchitectonic features. These include the 
premotor cortex, the supplementary motor area, and 
the anterior and mid/central cingulate cortices.10,12,13 
In line with cytoarchitectonic and functional accounts 
that place the frontal (precentral) operculum within 
ventral premotor cortex and the parietal (postcentral) 
operculum within secondary somatosensory cortex, 
we grouped the precentral and postcentral opercula 
among secondary sensory–motor areas.10,12,14,15 We hy-
pothesized that age influences the probability and phe-
nomenology of IES-elicited clinical responses within 
primary and secondary sensorimotor cortices. SEEG 
centers recognize that IES sessions often differ between 
adolescents and children. There is a strong clinical 
impression that responsiveness changes across devel-
opment, with a transitional age window—roughly be-
tween 6 and 10 years—during which the propensity to 
show adultlike responses seems to emerge. Clinically, 
pediatric SEEG mapping also suggests that younger 
children often show fewer or less complex observable 

(ACC, PREC-OP/POSTC-OP) and higher (SSMA, precentral, postcentral); SSMA 
showed rates comparable to primary cortices.
Significance: Pediatric cortical responsiveness to IES rises with age and is 
independent of medication burden, cognitive level, and stimulation frequency. 
Older children also show more multidomain responses, consistent with developing 
large-scale integration. These results can inform age-aware stimulation mapping 
in clinical practice.

K E Y W O R D S

cortical responsiveness, developmental neurophysiology, network maturation, operculum, 
premotor cortex, SEEG

Key points

•	 Clinical responsiveness to IES increases with 
age in children.

•	 “Multiple” (cross-domain) responses are more 
frequent at >9 years.

•	 Integrated motor actions do not show age 
dependence.

•	 Findings are independent of ASMs, cognition, 
and frequency.
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responses, beyond differences in cooperation and stim-
ulation settings. Therefore, although modeling age as 
a continuous predictor as our primary approach, we 
also explored whether the age–response relationship 
showed a nonlinear transition point that could be clini-
cally meaningful for interpreting stimulation mapping 
result.

2  |  MATERIALS AND METHODS

2.1  |  Patients

We retrospectively analyzed patients with focal epilepsy 
who underwent SEEG for refractory focal epilepsy over a 
153-month period between January 2011 and December 
2023 at the “Claudio Munari” Epilepsy Surgery Center of 
Niguarda Hospital, Milan (Italy), and the Epilepsy Center 
of IRCCS Giannina Gaslini.

We included only patients aged ≤16 years who un-
derwent SEEG implantation involving the primary or 
secondary sensory–motor areas (see the subsequent 
section for definitions of areas of interest). All patients 
were receiving antiseizure medications (ASMs) at the 
time of stimulation, as monotherapy or polytherapy. IC 
stimulation sessions were performed under the ongoing 
clinical ASM regimen; ASM management during SEEG 
followed routine clinical care and was not driven by 
the stimulation protocol. We gathered 33 implantation 
schemas, that is, comprehensive plans outlining the spe-
cific electrode trajectories and placement configurations 
used during SEEG, from 31 patients (including two pa-
tients who were reimplanted). All patients had normal 
neurological examinations and sufficient cognitive and 
collaborative abilities to facilitate a comprehensive clin-
ical evaluation during IES. All patients and caregivers 
were fully informed of the aims of the SEEG recording 
and stimulation procedures and gave their written in-
formed consent in agreement with the Declaration of 
Helsinki. The current retrospective study received the 
approval of the Niguarda Hospital ethics committee (ID 
939–12.12.2013).

2.2  |  IC electrode implantation and 
electrical stimulation paradigm

Thirty-one patients were chronically implanted with 
semirigid platinum/iridium IC electrodes. Twenty-nine 
received electrodes from Dixi Medical and two from Alcis/
Temis Santé; in both cases, electrodes had a diameter 
of  .8 mm, a contact length of 2 mm, and an intercontact 
distance of 1.5 mm. Electrodes included 5–18 recording 

contacts. Twenty implantations were on the right side, 
11 on the left, and two bilaterally, with 4–18 electrodes 
implanted in each case. The number of electrodes and 
implantation sites was determined based on noninvasive 
anatomical, electrical, and clinical data collected during 
the noninvasive presurgical phase. This approach enabled 
designing a tailored exploratory strategy that aligned with 
each patient's hypothesized EZ. Electrode positions were 
measured by coregistering the postimplant computed 
tomography (O-arm 1000 system, Medtronic) to the 
preimplant magnetic resonance imaging (MRI) by means 
of the FLIRT software.16 The location of every single lead 
was assessed using FreeSurfer,17 3D Slicer,18 and SEEG 
Assistant.19

Electrical bipolar stimulations of two adjacent contacts 
were carried out at the following:

•	 Low frequencies: 1 Hz, pulse width = 1–3 ms, 30 s, .4–7 mA.
•	 High frequencies: 50 Hz, pulse width = 1 ms, 1–5 s, .2–5 mA.

Electrical stimulations were performed by deliver-
ing monophasic rectangular electrical stimuli of al-
ternating polarity (IRES 600 CH electrical stimulator, 
Micromed or OSIRIS NeuroStimulator, Inomed) to map 
functionally eloquent regions and reproduce ictal man-
ifestations. These parameters were used to avoid any 
tissue injury (predominantly charge density per square 
pulse < 55 µC/cm2).5 Derived stimulation dose metrics 
(charge per phase and charge density per phase, calcu-
lated from the electrode contact geometry) are reported 
in Table S1.

2.3  |  Data collection: Clinical and 
electrophysiological responses

For each stimulation, we collected both the clinical 
responses, defined as the observable semiological effects 
induced by IES, and the electrophysiological responses. 
Area distribution was defined as the number of IESs 
delivered in each predefined cortical area, expressed as a 
proportion of all IES in that age group. For the purposes 
of this study, we analyzed the electroclinical responses 
during IES recorded at the level of the following cortical 
areas:

1.	 Primary sensory–motor areas: precentral gyrus (PREC) 
and postcentral gyrus (POSTC).

2.	 Secondary sensory–motor areas: premotor cortex 
(PREMOT), supplementary sensory–motor area includ-
ing the presupplementary part (SSMA), anterior and 
central cingulate cortex (ACC), precentral operculum 
(PREC-OP), and postcentral operculum (POSTC-OP).
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We excluded from the analysis those IES sessions that 
met any of the following criteria:

•	 Conducted on electrodes located in lesions visible on 
MRI.

•	 Conducted on electrodes located within a lesion or re-
cording pathological activity (i.e., interictal epileptiform 
abnormalities).

•	 Inducing diffuse postdischarge (PD), defined as diffuse 
electrical activity following the cessation of stimulation 
(with or without associated clinical signs).

•	 Reproducing part or the entire habitual ictal 
symptomatology.

•	 Conducted at contact pairs situated in white matter 
tracts.

•	 Conducted between contacts placed in different gyri.

All other IES sessions were included, regardless of 
whether they elicited evoked responses or focal PD. 
Focal PD was defined as PD restricted to the stimulated 
contacts and/or adjacent contacts within the same gyrus 
(Figure S1); PD extending to contacts in a different gyrus 
(e.g., motor-to-sensory) or to other electrodes was classi-
fied as propagated and excluded. We retained stimulations 
associated with focal PD because PD is commonly re-
ported as an indicator that stimulation effectively engaged 
cortical tissue (i.e., reached an activation threshold), as 
reported by Trebuchon.20

Throughout the whole stimulation session, patients 
were seated in bed while the examiner assessed them by 
evaluating both objectively quantifiable factors, particu-
larly through targeted motor assessments of the examined 
cortical regions, and subjective components.

Each IES was analyzed from both the electrophysiolog-
ical (PDs) and clinical (semiological effects) perspectives. 
The clinical response rate was defined as the proportion of 
stimulations that elicited an observable clinical sign tem-
porally related to the IES.

Those that elicited a physiological response were 
further classified by detailing the clinical manifesta-
tions observed during stimulation. Each manifestation 
was evaluated by identifying and defining its individ-
ual clinical signs—both objective and subjective—that 
together constituted the response. All clinical signs 
were subsequently categorized into the following 
classifications:

1.	 Simple motor clinical signs were defined as elemen-
tary motor signs, including muscle jerks, dystonic 
movements, extension, flexion, contraction, deviation, 
abduction, rotation, combined oculocephalic rotation, 
oral fissure stretching, loss of segmental tone, seg-
mental slowing, segmental arrest, and tremor.

2.	 Sensory clinical signs encompassed any sensations 
experienced by the patient: auditory illusion, visual il-
lusion, imbalance, pain, nausea, paresthesia, proprio-
ception, pulsation, vibration, auditory hallucination, 
and gustatory hallucination.

3.	 Language clinical signs included any phonological 
modifications such as anarthria, dysarthria, naming 
difficulties, and altered timbre.

4.	 Undefined clinical signs referred to nonlocalizing 
subjective manifestations that are challenging to 
classify because they are inconsistent or not specific 
enough to be categorized as a defined clinical response, 
such as dizziness, lightheadedness, difficulty breathing, 
or dyspnea without objective signs.

In case of more than one clinical sign, we defined the 
quality of clinical response as

1.	 Integrated response: referred to a coordinated, pur-
poseful motor output that involved multiple systems 
or body parts working together in a complex, often 
context-appropriate way. Included movements like 
grasping, open–close hand movements, laughter, au-
tomatisms, changes in facial expressions, stopping and 
slowing down globally, and changing posture.

2.	 Multiple response: the response was defined as an 
aggregate of different clinical signs (motor simple ± 
sensory ± language ± undefined) without constituting 
an integrated motor behavior.

2.4  |  Statistical analysis

Descriptive statistics were reported as mean (SD) or me-
dian (interquartile range [IQR]) for continuous variables 
and as n (%) for categorical variables. To study the impact 
of age and of site on the response, mixed-effects models 
were performed to account for the two levels (SEEG and 
patient) while adjusting for prespecified confounders, in-
cluding ASM load (number of concomitant ASMs at the 
time of stimulation: 1, 2, 3, or 4), neurodevelopmental im-
pairment (binary; presence vs. absence of clinically doc-
umented neuropsychomotor delay and/or intellectual/
developmental disability based on the most recent clini-
cal/neuropsychological assessment in the medical record), 
and stimulation frequency (1 vs. 50 Hz). Specifically, nega-
tive binomial regression was used to model the number 
of responses, whereas logistic regression was performed 
for the binary outcomes (multiple response and integrated 
motor clinical response). We further investigated whether 
a specific age threshold could distinguish differential re-
sponse outcomes in our sample. Specifically, we graphi-
cally observed the locally weighted regression of number 
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of responses on age and we identified the optional cutoff 
in discriminating presence of binary outcomes by age ac-
cording to the Liu criterion.21 To determine whether the 
distribution of IES across the various cortical areas of in-
terest was homogeneous in the two age groups, a contin-
gency table was constructed, and the chi-squared test was 
used independently. Furthermore, using Fisher exact test 
or Pearson chi-squared, the relationship between age and 
the hertz and voltage of the IES that caused focal PD was 
examined. A two-sided α < .05 was considered statistically 
significant. All statistical analysis was performed using 
Stata version 18.0 (Stata Corporation).

3   |   RESULTS

3.1  |  Quantitative and qualitative 
analysis of IES

Tables  1–3 summarizes the features and localization of 
IES.

As anticipated in Materials and Methods, the age effect 
was initially explored as a continuous predictor using lo-
cally weighted regression, which showed a clear departure 
from linearity with an inflection around 9 years (Figure S2). 
Based on this data-driven pattern, and to facilitate inter-
pretation, we subsequently categorized IES into two age 
groups (>9 vs. ≤9 years). In parallel, age effect was examined 
using nondichotomized approaches (per-year/continuous 

modeling) to confirm the robustness of the findings. This 
data-driven threshold was associated with a higher likeli-
hood of observing a clinical response during IES. Moreover, 
at this cut-point, the probability of being older than 9 years 
in the presence of outcomes “integrated response” and 
“multiple response” was .73 and  .86, respectively.

The results of these analyses are presented in 
Sections 3.2 and 3.3. IES included 555 conducted in the 
≤9-year category (11 SEEG) and 1195 in the >9-year cat-
egory (22 SEEG), yielding an average of 50.45 IESs for 
SEEG in the ≤9-year group against 54.32 in the >9-year 
group. The electrical paradigm used included frequencies 
of 1 Hz and 50 Hz, with comparable distribution propor-
tions across the ≤9-year (IES 1 Hz 71.18% vs. 50 Hz 28.82%) 
and >9-year groups (IES 1 Hz 74.9% vs. 50 Hz 25.1%). IESs 
that induced a focal PD were 109, whereas the IESs that 
did not induce PD were 1641.

The elicited focal PDs were uniformly distributed 
across the ≤9-year and >9-year groups, with the major-
ity recorded during the IES at 50 Hz in both age catego-
ries. There were only five IESs that induced a focal PD at 
1 Hz (n = 3 in ≤9-year vs. n = 2 in >9-year group, p = .659). 
Concerning the amperages used, during the IES at 1 Hz, 
there were no notable discrepancies in the amperage em-
ployed between the IESs accompanied by focal PD and 
those not accompanied by PD. We noted a minor varia-
tion in current intensity across 50-Hz stimulations; nev-
ertheless, IESs that elicited focal PDs occurred at higher 
currents than non-PD IESs in both age groups, with no 

T A B L E  1   Electrical features of total intracerebral electrical stimulation.

Entire population %

Total IES 1750 –

Total SEEG implantation 33 –

IES, median (IQR) per SEEG 51 (28–70) –

Total IES 1 Hz [total IES%] 1291 73.77%

Total IES 50 Hz [total IES%] 459 26.23%

IES without PD [total IES%] 1641 93.77%

IES 1 Hz without PD [IES without PD%] 1286 78.37%

IES 50 Hz without PD [IES without PD%] 355 21.63%

IES with focal PD [total IES%] 109 6.23%

IES 1 Hz with focal PD [IES with focal PD%] 5 4.59%

IES 50 Hz with focal PD [IES with focal PD%] 104 95.41%

IES 1 Hz without PD, mA, median (IQR) 5 (.4 –7) –

IES 1 Hz with focal PD, mA, median (IQR) 3 (3 –5) –

IES 50 Hz without PD, mA, median (IQR) 2 (.4–4) –

IES 50 Hz with focal PD, mA, median (IQR) 3 (.2 –5) –

Note: The denominator to which the percentage pertains is enclosed in square brackets.
Abbreviations: IES, intracerebral electrical stimulation; IQR, interquartile range; PD, postdischarges; SEEG, intracranial electroencephalography with 
stereotactic depth electrodes.
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significant difference between ≤9-year and >9-year groups. 
The distribution of stimulation sites by cortical area was 
comparable between age groups, except for SSMA, which 
was more frequently sampled in >9-year than ≤9-year 
subjects (8.45% vs. 4.68%, p = .045). Moreover, each area 
of interest was stimulated at frequencies of 1 Hz and 50 Hz 
throughout the two age cohorts.

3.2  |  Response rate related to age

We analyzed 1750 IESs, 1195 in the >9-year group and 
555 in the ≤9-year group (Table 1). In the overall cohort 

(IES with and without focal PDs), the clinical response 
rate increased with age (per-year incidence rate ratio 
[IRR] = 1.11; 95% confidence interval [CI] = 1.03–1.21, 
p = .007). When age was modeled categorically (>9 years 
vs. ≤9 years), the response rate was higher in >9-year sub-
jects (IRR = 1.89, 95% CI = 1.02–3.51, p = .044).

In the subset without PD (n = 1641), the age effect 
remained significant (adjusted per-year IRR = 1.13, 95% 
CI = 1.04–1.23, p = .005). When age was modeled cate-
gorically (>9 years vs. ≤9 years), the estimated effect was 
in the same direction but did not reach the prespecified 
significance threshold (α = .05, adjusted IRR = 1.90, 95% 
CI = .98–3.67, p = .057). IESs with focal PD were fewer 

T A B L E  2   Age-related differences in electrical parameters of intracerebral electrical stimulation in the two groups, >9 versus ≤9 years 
old.

≤9 years % >9 years %

Total IES 555 – 1195 –

Total SEEG implantation 11 – 22 –

IES, median per SEEG (IQR) 46 (28–70) – 51.50 (26–76) –

Total IES 1 Hz [total IES%] 395 71.17% 896 74.98%

Total IES 50 Hz [total IES%] 160 28.83% 299 25.02%

IES without PD [total IES%] 505 90.99% 1136 95.06%

IES 1 Hz without PD [IES without PD%] 392 77.62% 894 78.70%

IES 50 Hz without PD [IES without PD%] 113 22.38% 242 21.30%

IES with focal PD [total IES%] 50 9.01% 59 4.94%

IES 1 Hz with focal PD [IES with focal PD%] 3 6.00% 2 3.39%

IES 50 Hz with focal PD [IES with focal PD%] 47 94.00% 57 96.61%

IES 1 Hz without PD, mA, median (range) 5 (2–5) – 5 (.4–7) –

IES 1 Hz with focal PD, mA, median (range) 4 (3–5) – 5 (3–5) –

IES 50 Hz without PD, mA, median (range) 1 (.4–3) – 2 (.4–4) –

IES 50 Hz with focal PD, mA, median (range) 3 (.2–5) – 2 (1–4) –

Note: The denominator to which the percentage pertains is enclosed in square bracket.
Abbreviations: IES, intracerebral electrical stimulation; IQR, interquartile range; PD, postdischarges; SEEG, intracranial electroencephalography with 
stereotactic depth electrodes.

Total % ≤9 years % >9 years %

PREC 253 14.46% 97 17.48% 156 13.05%

POSTC 170 9.71% 44 7.93% 126 10.54%

PREC-OP 227 12.97% 64 11.53% 163 13.64%

POSTC-OP 201 11.49% 68 12.25% 133 11.13%

PREMOT 461 26.34% 159 28.65% 302 25.27%

ACC 311 17.77% 97 17.48% 214 17.91%

SSMA 127 7.26% 26 4.68% 101 8.45%

Total IES 1750 100.00% 555 100.00% 1195 100.00%

Abbreviations: ACC, anterior and central cingulate cortex; IES, intracerebral electrical stimulation; 
POSTC, postcentral gyrus; POSTC-OP, postcentral operculum; PREC, precentral gyrus; PREC-OP, 
precentral operculum; PREMOT, premotor cortex; SSMA, supplementary sensory–motor area including 
the presupplementary part.

T A B L E  3   Localization of intracerebral 
electrical stimulation.
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than IES without PD. Within the PD-positive subset, 
the clinical response rate was higher in >9-year than 
≤9-year (median [IQR]: ≤9-year group, 0 [0–1] across 
50 IES vs. >9-year group, 1 [0–2] across 59 IESs; Mann–
Whitney test, p < .05; Figure 1). See Table 4 for full re-
sults for total IES and IES without PD. The results of the 
IES with focal PD are only presented in the text, as the 
small sample size did not allow for the use of the same 
statistical models used for the total IES cohort and IES 
without PD.

3.3  |  Integrated and multiple responses 
related to age

In the overall IES cohort (with and without PD), 
integrated responses did not vary with age, whether 
modeled continuously (per-year odds ratio [OR] = 1.03, 
95% CI = .76–1.39, p = .869) or categorically (>9-year vs. 
≤9-year group OR = 3.69, 95% CI = .31–44.09, p = .303). By 
contrast, multiple responses were more likely in the >9-
year group when age was modeled categorically (adjusted 
OR = 3.65, 95% CI = 1.24–10.77, p = .019).

In the without-PD subset (n = 1641), integrated re-
sponses again showed no association with age (adjusted 
per-year OR = 1.01, 95% CI = .73–1.39, p = .961; adjusted 
categorical OR = 4.07, 95% CI = .32–51.87, p = .279). 
Multiple responses remained more likely in the >9-year 
group (adjusted OR = 5.30, 95% CI = 1.38–20.36, p = .015).

In the PD-positive subset, no associations with age 
were detected (integrated response: ≤9-year 4 (8%) and 
>9-year 4 [7%], p = 1.000; multiple response: ≤9-year 3 
(6%) and >9-year 10 [17%], p = .073). See Table 4 for full 
results for total IES and IES without PD. The results for 
IES with focal PD are only presented in the text, as the 
small sample size did not allow for the use of the same 
statistical models used for the total IES cohort and IES 
without PD.

3.4  |  Analysis of the effect of area 
during IES

Using PREMOT as the reference, all other areas showed 
a significantly higher probability of eliciting a clinical re-
sponse to IES. This gradient was present in both the over-
all cohort (IES with and without PD) and the without-PD 
subset; the PD-positive subset was not modeled due to 
small size. This analysis was performed adjusting for age, 
thus avoiding the influence of the lower response rate pre-
sented by children ≤9 years old.

Two response group emerged (adjusted IRR vs. 
PREMOT, z-statistics in parentheses):

•	 Lower response group: ACC IRR = 1.687 (p = .016), 
PREC-OP IRR = 2.618 (p < .001), POSTC-OP IRR = 3.117 
(p < .001).

•	 Higher response group: SSMA IRR = 7.569 (p < .001),  
PREC IRR = 9.725 (p < .001), POSTC IRR = 11.714 (p < .001).

Results were similar when restricting to IES with-
out PD: ACC IRR = 1.81 (p = .020), PREC-OP IRR = 2.30 
(p = .002), POSTC-OP IRR = 3.03 (p < .001), SSMA 
IRR = 8.45 (p < .001), PREC IRR = 11.08 (p < .001), POSTC 
IRR = 13.01 (p < .001; Figure 1).

4   |   DISCUSSION

This study investigated age-related differences in re-
sponses to IES across primary and secondary sensory–
motor cortical areas. Our results support an age effect 
on IES-evoked clinical responsiveness, with older age 
associated with a higher likelihood of eliciting a clinical 
response. Age was analyzed both as a continuous predic-
tor (per 1-year increase) and using an exploratory, data-
driven stratification (>9 vs. ≤9 years); in both approaches, 
response rates increased with age, and multiple responses 
were more frequent in children >9 years old. Our work-
ing hypothesis originates from the clinical observations 
that younger patients exhibit reduced sensitivity to IES, 
as evidenced by a lower response rate during electrical 
stimulation. This is consistent with reports that seizure 
semiology is age-dependent even when the EZ involves 
the same cortical structures,22–26 likely reflecting matura-
tional differences in network integration and propagation. 
IES offers a unique window on cortical reactivity outside 
the epileptogenic network. In clinical SEEG, electrodes 
are often placed in eloquent cortex to delineate func-
tional boundaries near the suspected EZ, and in regions 
hypothesized to belong to the network that later prove to 
be uninvolved. IES delivered to these nonepileptogenic 
contacts can approximate physiological conditions and 
thus reveal age-dependent features of cortical functions. 
Because ASMs can blunt neuronal excitability27,28 and 
lower cognitive level/neurodevelopmental delay has been 
linked to higher stimulation thresholds,8 age-related dif-
ferences in IES responsiveness could, in principle, be con-
founded. After adjusting for ASM load, cognitive level/
neurodevelopmental delay, and stimulation frequency 
(1 vs. 50 Hz), the age-related increase in clinical respon-
siveness remained significant, and the same pattern was 
observed when analyses were restricted to stimulations 
without focal PDs. Together, these findings indicate that 
the observed age effect is independent of medication bur-
den, cognitive impairment, stimulation parameters, and 
epileptic activity.
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Our finding that older children show a higher probabil-
ity of IES-elicited clinical responses is broadly compatible 
with developmental neuroimaging evidence indicating 
nonlinear maturation of functional connectome organi-
zation across childhood. In a large lifespan dataset, Sun 
et  al. reported that the somatomotor system exhibits an 

early, coarse adultlike organization at the system level, 
whereas functional connectivity continues to change 
across childhood with ongoing refinement of network 
structure and system-level properties. In this context, 
the inflection around ~9 years observed in our cohort 
should be interpreted as a data-driven, clinically useful 

F I G U R E  1   Responsiveness maps to intracerebral electrical stimulation (IES) by age and electrical effects elicited by IES. Lateral and 
medial surface projections show, for each sensory–motor areas of interest, the percentage of stimulations (stim) that evoked a clinical sign 
relative to the total stimulations (tot stim) delivered in that stratum (rate [# stim/tot stim performed] %; color bar). Column groups: all 
stimulations (IES with focal postdischarge [PD] plus IES without focal PD), no PD (IES without focal PD) and focal PD (IES with focal PD). 
Rows stratify by age (>9 years vs. ≤9 years). Regions: precentral gyrus, precentral operculum, postcentral operculum, postcentral gyrus, 
premotor cortex, supplementary sensory–motor area including the presupplementary part, anterior and central cingulate cortex. Gray 
indicates unsampled cortex.
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stratification—that is, a working hypothesis that warrants 
replication—rather than a definitive neurodevelopmental 
milestone. One plausible implication is that later stage 
network refinement may facilitate the propagation and 
integration of focal electrical perturbations, thereby in-
creasing the likelihood that IES evokes observable clinical 
responses in older children.

Beyond connectome-level organization, reduced 
responsiveness in younger children may also relate to 
white matter maturation. Less mature myelination 
could reduce the efficiency and synchrony of axonal 
conduction, even after neuronal activation, resulting in 
a greater attenuation of stimulation-evoked activity. This 
interpretation is consistent with evidence that myelin-
ation of major white matter tracts, including long-range 
association pathways, continues beyond childhood and 
through adolescence.29

A secondary aim was to examine age-related differ-
ences in the complexity of clinical responses. We distin-
guished integrated motor responses, such as coordinated, 
purposeful behaviors (e.g., grasping, hand-to-mouth, pos-
tural adjustments), from multiple responses, that is, the 
co-occurrence of signs across domains (e.g., motor plus 
language). We found that the likelihood of integrated 
motor patterns did not vary with age, whereas multiple 
responses were more frequent in older children. One in-
terpretation is that integrated actions reflect stimulus-
evocable motor modules embedded in premotor/cingulate 
circuitry that are present early in life; in nonhuman pri-
mates, long-train microstimulation of precentral/pre-
motor cortex reliably elicits coordinated reach-to-grasp 
and hand-to-mouth actions,30 and in humans, SEEG 
stimulation of the anterior/midcingulate cortex elicits 

goal-directed behaviors including reaching/grasping, con-
sistent with an “actotopic” organization along the cingu-
late sulcus.13,31

By contrast, multiple responses likely require coacti-
vation across distributed cortical systems, which becomes 
more readily engaged as long-range networks segregate 
and specialize through late childhood; large-scale devel-
opmental connectome work shows continued refinement 
of somatomotor organization and rising system segrega-
tion across the first decade and into preadolescence, align-
ing with our higher probability of multiple responses in 
the >9 years group.29 This mechanistic dissociation is also 
compatible with the idea that integrated actions may tap 
innate/central patternlike motor solutions,32,33 whereas 
multidomain responses reflect the later maturation of dis-
tributed cortical connectivity.

Ultimately, we investigated whether responsiveness 
varied among cortical regions after adjusting for age in 
the mixed-effects models. Using PREMOT, the region 
with the lowest response rate, as a reference, we found 
a gradient of increasing responsiveness. Specifically, 
ACC, PREC-OP, and POSTC-OP exhibited lower respon-
siveness, whereas higher response rates were observed 
in POSTC, PREC, and SSMA. The identified hierarchy, 
characterized by reduced apparent responsiveness in 
the premotor, opercula, and cingulate areas, alongside 
heightened responsiveness in the primary sensory–
motor cortex and SSMA, aligns with the recognized 
functional–anatomical structure of the human motor 
system. The primary sensory–motor areas possess ex-
tensive corticospinal and thalamocortical connections, 
making them more prone to produce time-locked re-
sponses at lower stimulation thresholds.8 On the other 

T A B L E  4   Clinical response features of intracerebral electrical stimulation.

IRR OR 95% CI pa

Total IES Clinical response rate increase per year 1.11 – 1.03–1.21 .007a

Clinical response rate analyzed categorically 1.89 – 1.02–3.51 .044a

Total IES Integrated response rate increase per year – 1.03 .76–1.39 .869

Integrated response rate analyzed categorically – 3.69 .31–44.09 .303

Total IES Multiple response rate increase per year – 1.07 .91–1.26 .425

Multiple response rate analyzed categorically – 3.65 1.24–10.77 .019a

IES without PD Clinical response rate increase per year 1.13 – 1.04–1.23 .005a

Clinical response rate analyzed categorically 1.90 – .98–3.67 .057

IES without PD Integrated response rate increase per year – 1.01 .73–1.39 .9661

Integrated response rate analyzed categorically – 4.07 .32–51.87 .279

IES without PD Multiple response rate increase per year – 1.17 .97–1.40 .097

Multiple response rate analyzed categorically – 5.30 1.38–20.36 .015a

Note: Age was modeled continuously (per 1-year increase) and categorically as two age groups: >9 versus ≤9 years old.
Abbreviations: CI, confidence interval; IES, intracerebral electrical stimulation; IRR, incidence rate ratio; OR, odds ratio; PD, postdischarges.
aA two-sided α < .05 was considered statistically significant.
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hand, the premotor, opercula, and cingulate areas are 
more engaged in sensory–motor integration and action 
selection.13,34 Thus, the effects of stimulation in these 
areas may be more complex and may require meticulous 
bedside examination for proper identification. These 
patterns are consistent with our a priori classification 
of the opercular cortices as secondary sensory–motor 
areas, despite their cytoarchitectonic proximity to the 
primary strip.10,12,14,15,34–36 Interestingly, the SSMA—al-
though usually classified as a secondary motor area in-
volved in movement planning—demonstrated response 
properties similar to those of primary areas, likely due to 
its pivotal role in motor initiation, execution, and main-
taining movements.

5   |   LIMITATIONS AND 
CONCLUSIONS

Our study highlights how age significantly modulates 
cortical responsiveness to IES in pediatric populations, 
particularly within primary and secondary sensory–
motor regions. The identification of a developmental 
cutoff around 9 years of age—corresponding to a 
marked increase in response rate and complexity—
provides compelling evidence for ongoing sensorimotor 
network maturation beyond early childhood. This age-
related gradient was especially evident in the increased 
likelihood of multiple response patterns, suggesting 
progressive integration across functional domains with 
development.

Nonetheless, some limitations must be acknowl-
edged. The age distribution within our cohort was not 
homogeneous, with a predominance of older children. 
This reflects the current clinical practice in which IC 
electrode implantation is more frequent in older pedi-
atric patients. We analyzed only clinical effects and did 
not characterize electrophysiological responses. Future 
studies should combine corticocortical evoked poten-
tials, stimulus-locked markers (event-related potentials/
high-gamma), and PD profiling with connectivity anal-
yses to derive network-level maps of IES propagation 
and excitability. Pairing these data with myelin-sensitive 
imaging and a broader exploration of stimulation pa-
rameters (frequency, pulse width, train duration, cur-
rent amplitude/charge per phase) would clarify whether 
age-related differences in clinical responsiveness reflect 
parallel differences in electrophysiological excitability 
and large-scale network recruitment. The variability in 
pulse width during 1-Hz stimulation (1–3 ms), although 
limited (3 ms in ~6% of stimulations), could have influ-
enced stimulation-response relationships. In our data-
set, electrode type/contact geometry and the bipolar 

adjacent-contact configuration were uniform, and pulse-
width adjustments were clinically driven rather than sys-
tematically linked to age or stimulation site; however, we 
cannot exclude residual effects of parameter variability 
on response profiles.

Another point that was taken into account is patient 
collaboration. The study was designed based on the as-
sumption that all patients were able to collaborate, al-
though some of them were particularly young. However, 
some responses, particularly subjective ones, might have 
been underreported in younger children. An experienced 
examiner recognized these responses in several cases due 
to a sudden change in expression or behavior during the 
subsequent interview.

Moreover, we hope to expand our study with a multi-
center study, as a larger sample would certainly provide 
greater statistical power.

Finally, our findings support the need for a shared 
framework in selecting stimulation parameters for 
functional mapping. Recognizing that certain cortical 
regions and age groups are intrinsically less likely to 
exhibit clinical responses can guide the adaptation of 
stimulation protocols, potentially improving the re-
liability of cortical mapping in children. These con-
siderations are crucial for enhancing the safety and 
efficacy of SEEG-guided interventions in the pediatric 
population.

AUTHOR CONTRIBUTIONS
All authors contributed to the study conception and 
design. Material preparation, data collection, and analysis 
were performed by Giulia Nobile, Roberto Mai, Laura 
Tassi, Marta Ponzano, Lino Nobili, Piergiorgio d'Orio, 
Alessandro Consales, Luca Bosisio, Stefano Francione, 
Gabriele Arnulfo, and Maria Pia Sormani. The first draft 
of the manuscript was written by Giulia Nobile, Lino 
Nobili, Roberto Mai, Laura Tassi, and Marta Ponzano, 
and all authors commented on previous versions of the 
manuscript. All authors read and approved the final 
manuscript.

ACKNOWLEDGMENTS
We thank all the technicians of the video-EEG laboratories 
for their invaluable support. Open access publishing 
facilitated by Universita degli Studi di Genova, as part of 
the Wiley - CRUI-CARE agreement.

CONFLICT OF INTEREST STATEMENT
L.N. has received support from Fidia Pharma, Idorsia, 
Jazz, and Eisai. The remaining authors have no conflicts 
of interest. We confirm that we have read the Journal's po-
sition on issues involved in ethical publication and affirm 
that this report is consistent with those guidelines.

 15281167, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/epi.70231 by luca bosisio - U

niversità D
egli Studi D

i G
enova , W

iley O
nline L

ibrary on [03/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  11NOBILE et al.

DATA AVAILABILITY STATEMENT
Data may be provided to interested researchers upon 
reasonable request to the corresponding author.

ORCID
Giulia Nobile   https://orcid.org/0000-0002-9957-7760 
Laura Tassi   https://orcid.org/0000-0002-0632-7296 
Marta Ponzano   https://orcid.org/0000-0003-4091-4686 
Piergiorgio d’Orio   https://orcid.
org/0000-0001-9757-2061 
Alessandro Consales   https://orcid.
org/0000-0002-4354-6906 
Luca Bosisio   https://orcid.org/0000-0002-5375-5197 
Stefano Francione   https://orcid.
org/0000-0002-0577-5193 
Gabriele Arnulfo   https://orcid.
org/0000-0002-1140-0320 
Maria Pia Sormani   https://orcid.
org/0000-0001-6892-104X 
Lino Nobili   https://orcid.org/0000-0001-9317-5405 
Roberto Mai   https://orcid.org/0000-0002-3961-0637 

REFERENCES
	 1.	 Harris LJ, Almerigi JB. Probing the human brain with stimulat-

ing electrodes: the story of Roberts Bartholow's (1874) experi-
ment on Mary Rafferty. Brain Cogn. 2009;70:92–115.

	 2.	 Isitan C, Yan Q, Spencer DD, Alkawadri R. Brief history of 
electrical cortical stimulation: a journey in time from Volta to 
Penfield. Epilepsy Res. 2020;166:106363.

	 3.	 Wu S, Issa NP, Rose SL, Haider HA, Nordli DR Jr, Towle VL, 
et  al. Depth versus surface: a critical review of subdural and 
depth electrodes in intracranial electroencephalographic stud-
ies. Epilepsia. 2024;65:1868–78.

	 4.	 Maltseva M, Appendino JP, Cabounova P, Andrade A, Kregel 
M, Hadjinicolaou A, et al. Cortical stimulation for brain map-
ping and seizure stimulation, pediatric practices throughout 
Canada: a national survey and systematic literature review. 
Neurophysiol Clin. 2025;55:103043.

	 5.	 Gordon B, Lesser RP, Rance NE, Hart J Jr, Webber R, Uematsu 
S, et al. Parameters for direct cortical electrical stimulation in 
the human: histopathologic confirmation. Electroencephalogr 
Clin Neurophysiol. 1990;75:371–7.

	 6.	 Cockle E, Rayner G, Malpas C, Alpitsis R, Rheims S, O'Brien 
TJ, et al. An international survey of SEEG cortical stimulation 
practices. Epilepsia Open. 2023;8:1084–95.

	 7.	 Trébuchon A, Chauvel P. Electrical stimulation for seizure induc-
tion and functional mapping in Stereoelectroencephalography. 
J Clin Neurophysiol. 2016;33:511–21.

	 8.	 Arya R, Ervin B, Holloway T, Dudley J, Horn PS, Buroker J, 
et al. Electrical stimulation sensorimotor mapping with stereo-
EEG. Clin Neurophysiol. 2020;131:1691–701.

	 9.	 Singh S, Mithani K, Ochi A, Otsubo H, Sharma R, Sharma S, 
et al. SEEG guided mapping of primary motor cortex in chil-
dren with epilepsy. Epilepsy Res. 2025;210:107517.

	10.	 Rizzolatti G, Luppino G. The cortical motor system. Neuron. 
2001;31:889–901.

	11.	 Morecraft RJ, Tanji J. Cingulofrontal interactions and the cin-
gulate motor areas. In: Vogt BA, editor. Cingulate neurobiology 
and disease. NY: Oxford University Press; 2009. p. 113–44.

	12.	 Picard N, Strick PL. Motor areas of the medial wall: a review 
of their location and functional activation. Cereb Cortex. 
1996;6:342–53.

	13.	 Caruana F, Gerbella M, Avanzini P, Gozzo F, Pelliccia V, Mai 
R, et al. Motor and emotional behaviours elicited by electrical 
stimulation of the human cingulate cortex. Brain. 2018;141:​
3035–51.

	14.	 Eickhoff SB, Weiss PH, Amunts K, Fink GR, Zilles K. Identifying 
human parieto-insular vestibular cortex using fMRI and cytoar-
chitectonic mapping. Hum Brain Mapp. 2006;27:611–21.

	15.	 Kaas JH, Collins CE. Anatomic and functional reorganization 
of somatosensory cortex in mature primates after peripheral 
nerve and spinal cord injury. Adv Neurol. 2003;93:87–95.

	16.	 Jenkinson M, Smith S. A global optimisation method for ro-
bust affine registration of brain images. Med Image Anal. 
2001;5:143–56.

	17.	 Dale AM, Fischl B, Sereno MI. Cortical surface-based analy-
sis: I. Segmentation and surface reconstruction. Neuroimage. 
1999;9:179–94.

	18.	 Fedorov A, Beichel R, Kalpathy-Cramer J, Finet J, Fillion-Robin 
JC, Pujol S, et  al. 3D slicer as an image computing platform 
for the quantitative imaging network. Magn Reson Imaging. 
2012;30:1323–41.

	19.	 Narizzano M, Arnulfo G, Ricci S, Toselli B, Tisdall M, Canessa 
A, et  al. SEEG assistant: a 3DSlicer extension to support epi-
lepsy surgery. BMC Bioinformatics. 2017;18:124.

	20.	 Trébuchon A. Electrical Stimulation for Functional Mapping 
During SEEG Exploration. In Schuele SU, Editor. A Practical 
Approach to Stereo EEG. New York, NY: Springer Publishing 
Company; 2020.

	21.	 Liu X. Classification accuracy and cut point selection. Stat Med. 
2012;31:2676–86.

	22.	 Menghi V, Bisulli F, Cardinale F, Vignatelli L, Zenesini C, Mai 
R, et  al. Predictors of hyperkinetic seizures. Epilepsy Behav. 
2022;129:108629.

	23.	 Fogarasi A, Janszky J, Faveret E, Pieper T, Tuxhorn I. A detailed 
analysis of frontal lobe seizure semiology in children younger 
than 7 years. Epilepsia. 2001;42:80–5.

	24.	 Hintz M, Krenz V, Schulze-Bonhage A. Age-dependent semiol-
ogy of frontal lobe seizures. Epilepsy Res. 2019;149:83–7.

	25.	 Fernandez-Baca Vaca G, Mayor CL, Losarcos NG, Park JT, 
Lüders HO. Epileptic seizure semiology in different age groups. 
Epileptic Disord. 2018;20:179–88.

	26.	 Brockhaus A, Elger CE. Complex partial seizures of tempo-
ral lobe origin in children of different age groups. Epilepsia. 
1995;36:1173–81.

	27.	 Inghilleri M, Conte A, Frasca V, Curra’ A, Gilio F, Manfredi 
M, et  al. Antiepileptic drugs and cortical excitability: a study 
with repetitive transcranial stimulation. Exp Brain Res. 
2004;154:488–93.

	28.	 Meisel C, Plenz D, Schulze-Bonhage A, Reichmann H. 
Quantifying antiepileptic drug effects using intrinsic excitabil-
ity measures. Epilepsia. 2016;57:e210–e215.

	29.	 Sun L, Zhao T, Liang X, Xia M, Li Q, Liao X, et  al. Human 
lifespan changes in the brain's functional connectome. Nat 
Neurosci. 2025;28:891–901.

 15281167, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/epi.70231 by luca bosisio - U

niversità D
egli Studi D

i G
enova , W

iley O
nline L

ibrary on [03/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-9957-7760
https://orcid.org/0000-0002-9957-7760
https://orcid.org/0000-0002-0632-7296
https://orcid.org/0000-0002-0632-7296
https://orcid.org/0000-0003-4091-4686
https://orcid.org/0000-0003-4091-4686
https://orcid.org/0000-0001-9757-2061
https://orcid.org/0000-0001-9757-2061
https://orcid.org/0000-0001-9757-2061
https://orcid.org/0000-0002-4354-6906
https://orcid.org/0000-0002-4354-6906
https://orcid.org/0000-0002-4354-6906
https://orcid.org/0000-0002-5375-5197
https://orcid.org/0000-0002-5375-5197
https://orcid.org/0000-0002-0577-5193
https://orcid.org/0000-0002-0577-5193
https://orcid.org/0000-0002-0577-5193
https://orcid.org/0000-0002-1140-0320
https://orcid.org/0000-0002-1140-0320
https://orcid.org/0000-0002-1140-0320
https://orcid.org/0000-0001-6892-104X
https://orcid.org/0000-0001-6892-104X
https://orcid.org/0000-0001-6892-104X
https://orcid.org/0000-0001-9317-5405
https://orcid.org/0000-0001-9317-5405
https://orcid.org/0000-0002-3961-0637
https://orcid.org/0000-0002-3961-0637


12  |      NOBILE et al.

	30.	 Graziano MSA, Taylor CSR, Moore T. Complex movements 
evoked by microstimulation of precentral cortex. Neuron. 
2002;34:841–51.

	31.	 Chassagnon S, Minotti L, Kremer S, Hoffmann D, Kahane P. 
Somatosensory, motor, and reaching/grasping responses to di-
rect electrical stimulation of the human cingulate motor areas: 
clinical article. J Neurosurg. 2008;109:593–604.

	32.	 Tassinari CA, Rubboli G, Gardella E, Cantalupo G, Calandra-
Buonaura G, Vedovello M, et  al. Central pattern genera-
tors for a common semiology in fronto-limbic seizures and 
in parasomnias. A neuroethologic approach. Neurol Sci. 
2005;26:s225–s232.

	33.	 Grillner S. The motor infrastructure: from ion channels to neu-
ronal networks. Nat Rev Neurosci. 2003;4:573–86.

	34.	 Mălîia M-D, Donos C, Barborica A, Popa I, Ciurea J, Cinatti 
S, et al. Functional mapping and effective connectivity of the 
human operculum. Cortex. 2018;109:303–21.

	35.	 Triarhou LC. A proposed number system for the 107 cortical 
areas of Economo and Koskinas, and Brodmann area correla-
tions. Stereotact Funct Neurosurg. 2007;85:204–15.

	36.	 Triarhou LC. The Economo-Koskinas atlas revisited: cytoarchi-
tectonics and functional context. Stereotact Funct Neurosurg. 
2007;85:195–203.

SUPPORTING INFORMATION
Additional supporting information can be found online in 
the Supporting Information section at the end of this article.

How to cite this article: Nobile G, Tassi L, 
Ponzano M, d’Orio P, Consales A, Bosisio L, et al. 
Pediatric sensorimotor cortical responsiveness to 
intracerebral stimulation during 
stereoelectroencephalographic monitoring: Age 
effects and area specificity. Epilepsia. 2026;00:1–12. 
https://doi.org/10.1002/epi.70231

 15281167, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/epi.70231 by luca bosisio - U

niversità D
egli Studi D

i G
enova , W

iley O
nline L

ibrary on [03/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/epi.70231

	Pediatric sensorimotor cortical responsiveness to intracerebral stimulation during stereoelectroencephalographic monitoring: Age effects and area specificity
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Patients
	2.2  |  IC electrode implantation and electrical stimulation paradigm
	2.3  |  Data collection: Clinical and electrophysiological responses
	2.4  |  Statistical analysis

	3  |  RESULTS
	3.1  |  Quantitative and qualitative analysis of IES
	3.2  |  Response rate related to age
	3.3  |  Integrated and multiple responses related to age
	3.4  |  Analysis of the effect of area during IES

	4  |  DISCUSSION
	5  |  LIMITATIONS AND CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


