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Abstract

The main purpose of this study was to examine the age-related changes in inhibitory control

of 450 children at the ages of 7–8, 11–12, and 14–16 when controlling for working memory

capacity (WMC) and processing speed to determine whether inhibition is an independent

factor far beyond its possible reliance on the other two factors. This examination is important

for several reasons. First, empirical evidence about age-related changes of inhibitory control

is controversial. Second, there are no studies that explore the organization of inhibitory func-

tions by controlling for the influence of processing speed and WMC in these age groups.

Third, the construct of inhibition has been questioned in recent research. Multigroup confir-

matory analyses suggested that inhibition can be organized as a one-dimension factor in

which processing speed and WMC modulate the variability of some inhibition tasks. The

partial reliance of inhibitory processes on processing speed and WMC demonstrates that

the inhibition factor partially explains the variance of inhibitory tasks even when WMC and

processing speed are controlled and some methodological concerns are addressed.

Introduction

Cognitive development entails processing efficiency and capacity changes, which refers to

encompassing general-purpose changes in the ability to process and maintain information

simultaneously (working memory capacity; WMC hereafter). Furthermore, it entails process-

ing speed, inhibitory control, and their dynamic interrelations [1–3]. Although WMC, pro-

cessing speed, and inhibitory control contribute differently, they support each other to achieve

adaptative behavior [1–4].

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0316347 January 27, 2025 1 / 28

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Carriedo N, Rodrı́guez-Villagra OA,

Moriano JA, Montoro PR, Iglesias-Sarmiento V

(2025) Age-related change in inhibitory processes

when controlling working memory capacity and

processing speed: A confirmatory factor analysis.

PLoS ONE 20(1): e0316347. https://doi.org/

10.1371/journal.pone.0316347

Editor: Alessandra S. Souza, University of Porto

Faculty of Psychology and Educational Sciences:

Universidade do Porto Faculdade de Psicologia e

de Ciencias da Educacao, PORTUGAL

Received: May 3, 2024

Accepted: December 3, 2024

Published: January 27, 2025

Copyright: © 2025 Carriedo et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: The data underlying

the results presented in the study are publicly

available at https://osf.io/7f25r/?view_only=

ab4999740e364c67a7f7494968753141.

Funding: Support was provided by the Ministerio

de Ciencia e Innovación EDU2011-22699 granted

to NC. The funders had no role in study design,

https://orcid.org/0000-0003-2719-6333
https://orcid.org/0000-0002-3300-1718
https://doi.org/10.1371/journal.pone.0316347
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316347&domain=pdf&date_stamp=2025-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316347&domain=pdf&date_stamp=2025-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316347&domain=pdf&date_stamp=2025-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316347&domain=pdf&date_stamp=2025-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316347&domain=pdf&date_stamp=2025-01-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0316347&domain=pdf&date_stamp=2025-01-27
https://doi.org/10.1371/journal.pone.0316347
https://doi.org/10.1371/journal.pone.0316347
http://creativecommons.org/licenses/by/4.0/
https://osf.io/7f25r/?view_only=ab4999740e364c67a7f7494968753141
https://osf.io/7f25r/?view_only=ab4999740e364c67a7f7494968753141


However, theoretical perspectives differ in the importance attributed to specific factors as

drivers of cognitive development. Inhibitory processes—the ability to focus attention on rele-

vant information while filtering out irrelevant information or responses—have been empha-

sized as crucial for processing efficiency [5, 6]. In this view, inhibition is seen as the primary

explanatory mechanism for cognitive development [7, 8] and for developmental changes in

executive functioning [7]. The Inhibitory Deficit Theory also highlights the key role of inhibi-

tion [9, 10], proposing that reduced inhibitory control contributes to the decline in WM per-

formance typically observed with aging.

Further, neo-Piagetian theories [11, 12] and the executive attention view of WMC [13–16]

have also underlined the role of WMC as a domain-general mechanism that explains individ-

ual differences in cognitive development and complex cognition in general. Additionally, pro-

cessing speed has been associated with age-related cognitive changes throughout the life-span

[17]. Processing speed has been found to limit executive functioning, specifically, WMC [1,

18] and inhibitory control [19, 20].

However, despite the importance of inhibitory processes for cognitive development, empiri-

cal evidence about the age-related changes and organization of inhibitory control is scarce and

controversial. Furthermore, to the best of our knowledge, there are no studies that explore the

organization of inhibitory control across development by controlling the influence of process-

ing speed and WMC in these age groups. Additionally, some authors have recently questioned

whether inhibition should be considered a separate construct from processing speed [21].

To fill these research gaps, the main purpose of this study was to examine the organization

of inhibitory processes during school ages of 7–8, 11–12, and 14–16 (7, 11, and 15 years old so

far), given the critical importance of inhibitory control in cognitive development, developmen-

tal disorders [5–8], and developmental changes in executive functioning [7].

Given that our research focused on middle and late childhood, these ages were selected

because main spurts occur in brain growth (weight and connectivity) in correlation with the

main Piagetian stages of cognitive development [22, 23] and main changes in executive func-

tioning [24] during this developmental period. Although we focused in this age groups, execu-

tive functions begin to develop during preechool with the ability to manage conflict during

information processing being a critical skill in the development of executive functioning at this

period [25–28].

The study also aimed to explore the structure of inhibitory control when controlling other

essential factors in cognitive development, such as processing speed and WMC, and thus, to

determine whether inhibition is an independent factor far beyond its possible reliance on pro-

cessing speed and WMC.

The construct of inhibition and its relation to WMC and processing speed

Despite the important role of inhibition in cognition and cognitive development, its definition

has always been controversial because inhibition does not seem to be a unitary construct.

Instead, the term “inhibition” encompasses different processes examined under different

experimental paradigms, making it difficult to compare them. Thus, for some authors, the best

way of conceptualizing inhibition is to consider it a family of processes, functionally and devel-

opmentally distinct [29, 30]. In the arena of cognitive development and aging research, several

taxonomies have been proposed to classify inhibitory processes under different dimensions [6,

8, 29, 31, 32]. The definition of inhibitory functions and conceptual correspondence among

different taxonomies can be seen in Table 1.

Additionally, Munakata et al. [33] postulated a unified framework for inhibitory control

distinguishing two main types of inhibition subserved by, at least, two different types of neural
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mechanisms that can work in concert: (1) directed global inhibition of subcortical and archi-

cortical regions by pre-frontal cortex, and (2) indirect competitive inhibition within cortical

and subcortical regions. Directed global inhibition helps to cope with stressors by inhibiting

responses and suppressing memory retrieval. Indirect competitive inhibition provides top-

down support for strengthening the most active representations while suppressing competi-

tors. For instance, in the Stroop task, this involves enhancing color representation while inhib-

iting alternative representations (such as word meaning).

Therefore, the development of inhibitory processes cannot be fully understood without

considering inhibition’s potential reliance on WMC, which is viewed as a limited-capacity sys-

tem for temporarily maintaining and processing information [34–36]. Furthermore, the ability

to keep relevant information active while suppressing distractions is recognized as central to

WMC [37]. Consequently, WMC is also regarded as the strength of the executive attention sys-

tem [38], which is responsible for maintaining and retrieving relevant information under con-

ditions of interference as maintained by the executive attention view of WMC [10, 14–16, 39–

41].

Thus, it is broadly assumed that efficient performance on inhibitory tasks requires keeping

the task’s goal in mind to differentiate between relevant and irrelevant information, thus

decreasing the probability of committing inhibitory errors [25, 33, 42, 43]. For instance,

Munakata et al. [43] proposed that goal representations maintained in working memory pro-

vide top-down support through excitatory connections from the prefrontal cortex to activate

appropriate representations. These representations compete with others via inhibitory connec-

tions, highlighting the importance of goal representation in overcoming conflict.

In line with previous research highlighting the reciprocal support between inhibition and

working memory capacity [2, 44], some neuropsychological studies in adults also identified a

shared network for WM and interference [45, 46]. This neural overlapping may explain the

involvement of inhibitory processes in WMC tasks and the implication of WMC processes in

inhibitory tasks, as well as a joint mechanism between the two processes [46].

Table 1. Inhibitory functions and correspondence between different taxonomies about inhibitory processes.

Inhibitory

functions

Definitions Correspondence among conceptual taxonomies

Friedman &

Miyake* [30]

Dempster [29] Harnishfeger

[6]

Nigg [8] Hasher

et al. [9]

Diamond [31]

Resistance to
distractor
interference

Ability to resist or resolve interference

from information in the external

environment irrelevant to the ongoing

task. It occurs at the initial stage of

processing, where relevant information

must be selected, and the irrelevant must

be ignored.

Resistance to

distractor

interference

Control of

perceptual

interference

Interference

control

Access

function

Attentional

inhibition

Prepotent
response
inhibition

Ability to suppress dominant, automatic,

or prepotent responses deliberately. This

corresponds to a later stage of processing

in which appropriate responses must be

selected and incorrect ones inhibited.

Prepotent

response

inhibition

Control of

motor

interference

Behavioral

inhibition

Behavioral

inhibition

Oculomotor

inhibition

Restraint

function

Behavioral

inhibition

Cognitive
inhibition

Ability to resist memory intrusions from

relevant information that has become

irrelevant in the ongoing task. It occurs at

the middle stage of processing.

Resistance to

proactive

interference

Control of

verbal

interference

Cognitive

inhibition

Cognitive

inhibition

Deletion

function

Inhibition of

mental

representations

Note: Friedman and Miyake [30] tried to integrate the different conceptual distinctions or taxonomies, postulating that these conceptual distinctions correspond to

different stages of information processing.

https://doi.org/10.1371/journal.pone.0316347.t001
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Regarding the relationship between inhibition and processing speed, which is defined as

the “ability to control attention to automatically, quickly, and fluently perform relatively sim-

ple repetitive cognitive tasks” [47, p.148] it has been proposed that individual differences in

the effectiveness of higher-order cognitive abilities are driven by processing speed and that

during infancy, processing speed is the ability underlying individual differences and predicting

executive functions for later stages of cognitive development [48]. Moreover, other studies

have also demonstrated that individual and developmental differences in inhibitory control

were due to differences in processing speed rather than response inhibition or interference

control [20, 46, 49–52]. On the contrary, some empirical evidence supports the view that dif-

ferences in processing speed do not fully account for age-related changes in response inhibi-

tion [53, 54]. Luna et al. [2] also reported that processing speed allows efficient WMC, but not

response inhibition in adolescents.

Therefore, processing speed, WMC, and inhibitory control primarily developed indepen-

dently, but they work concurrently and interactively in the cognitive control of behavior to

assist optimally adaptive behavior during cognitive development supported by overlapping but

distinct neuronal mechanisms [2, 55].

Factor structure of inhibitory functions

In the cognitive development framework, abundant empirical evidence is available on the

development of the different inhibitory functions (response inhibition, cognitive inhibition, or

resistance to distractor interference) but not on the interactions among these different inhibi-

tory functions across development, that is, on age-related changes in their structure and

organization.

The studies that focused on the development of the single inhibitory functions have demon-

strated the progressive development in efficiency, consistency, and task independence of the

different inhibitory processes from early childhood, over the elementary school years, to adult-

hood, reaching stabilization in adolescence or sometimes in adulthood [6, 31, 53, 56–60].

However, as it is argued, the most dramatic developmental changes are seen not in the ability

to inhibit but in the consistency of successful inhibition during the task [6, 61]. Although

younger children can inhibit inappropriate responses very early in development [62], consis-

tent inhibiting requires goal-oriented top-down processes that orchestrate sensory and cogni-

tive demands, requiring executive organization and control [42].

In contrast to the huge number of studies on the development of single inhibitory func-

tions, studies addressing the factor structure of inhibition were conducted only in the last

decades. In a seminal work with young adults, Friedman and Miyake [30] examined the rela-

tions among the three types of inhibition-related functions―resistance to distractor interfer-
ence, prepotent response inhibition, and resistance to proactive interference―using the latent

variable approach on a sample of young adults. It was found that prepotent response inhibition
and resistance to distractor interference were closely related (r = .68) despite their previous con-

ceptual distinction. Thus, they began to be considered as one construct: response-distractor
inhibition, which was not related to resistance to proactive interference. This overlapping

between distractor interference and response inhibition was corroborated in young adults

both at the behavioral and neuropsychological [63] levels [64]. Comparatively, some other

studies did not find this overlap [21, 65] or that cognitive inhibition and response-distractor
inhibition measured the same construct [66].

In the developmental arena, we found only a few studies about the structure and organiza-

tion of inhibitory functions. Gandolfi et al. [67], in a study with young children between 24

and 48 months, found a single (undifferentiated) inhibition factor in 2-year-olds that evolved
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through a two-factor model in 3-year-olds, where resistance to interference and response inhibi-
tion were already dissociated. This dissociation was corroborated in 65 children aged 5 and 6

years [68]. Moreover, using principal component analysis, Zamora et al. [69] reported three

independent components–resistance to interference, response inhibition, and cognitive inhibi-
tion in 435 children (8 to 12-year-olds).

Regarding the factor structure of inhibitory control and WMC in children, we found only

two studies in the literature. Shing et al. [70] conducted one of them with 263 participants

aged 4 to 14 years ―divided into three groups of younger (4―6.7-year-olds), middle

(6.8―9.5-year-olds), and oldest (9.5―14.6-year-olds) ― in which two correlated factors were

identified through confirmatory factor analysis: one factor was for inhibitory control (com-

prising response inhibition and resistance to interference indicators) and another was for mem-

ory maintenance. An increasing differentiation after 9–10 years was also seen between

memory maintenance and inhibitory control driven by inhibition. On its part, Tiego et al.

[71], from a study conducted on 136 pre-adolescents aged 11–12 years, proposed a hierarchical

model of two independent low-order factors (response inhibition and attentional inhibition)

dependent on WMC.

The present study

This study aimed to examine cross-sectionally the factorial structure of inhibitory functions at

three age groups: 7-, 11-, and 15-year-olds. As a starting point, we adopted the conceptual dis-

tinctions of resistance to distractor interference, prepotent response inhibition, and cognitive

inhibition (see Table 1).

Moreover, for theoretical and methodological reasons, we controlled both WMC and pro-

cessing speed. Theoretically, individual and group differences in WMC and processing speed

could moderately facilitate or hinder inhibition. Particularly, in young children, a lower pro-

cessing speed could reduce WMC [3] and WMC could easily become overwhelmed and, con-

sequently, make it harder to inhibit [2, 72]. Methodologically, most of the tasks used to tap

into inhibitory processes are speed-based measures that take reaction time (RT) as the depen-

dent variable. Thus, perceptual speed could primarily influence RT measures in inhibitory

functioning tasks [50, 73]. Therefore, one possibility is that the differentiation between the

constructs of response-distractor inhibition―tapped by time-dependent tasks―and cognitive
inhibition―tapped mainly by accuracy tasks―could be primarily due to differences in process-

ing speed and not due to different types of inhibitory processes [30, 50]. Moreover, most

authors agree on the reliance of response to distractor interference and inhibition of prepotent

responses on active goal maintenance or WMC [30, 33, 43, 44, 71, 74].

According to our objectives, we have three main research questions:

1) What is the factor structure of the inhibition-related processes, and how does it progress
from 7 to 15 years? Studies conducted with children seem to indicate the differentiation

between response inhibition and resistance to distractors as early as the age of three [67–69].

In contrast, studies conducted with young adults showed a single undifferentiated factor of

response-distractor inhibition differentiated from cognitive inhibition [30]. This pattern of

age-related changes is challenging to conciliate with the differentiation hypothesis proposed in

related fields as the development of abstract intelligence [75] and executive functioning [54,

76, 77], and those that could also be expected for inhibitory control.

However, comparing studies conducted with children and adults just mentioned is compli-

cated because of the diverse methodological issues: different tasks and low correlations among

them, dependent variables, criteria to consider the independence of the factors, selection of

models, and trimming procedures. For instance, the seemingly contradictory findings on the
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differentiation between resistance to distractors and response inhibition in children versus

adults can often be attributed to these methodological issues. This is particularly evident when

comparing the study by Gandolfi et al. [67] with children and Friedman and Miyake [30]

study with young adults. Gandolfi et al. [67] identified two distinct constructs––response inhi-

bition and resistance to distractors––in 3-year-olds, despite a high correlation (r = 0.71), indi-

cating significant overlap. In contrast, Friedman and Miyake [30] combined these constructs

in young adults, based on a correlation of .68.

Similarly, other methodological differences make it challenging to compare studies with

children. The results found by Traverso et al. [68] were difficult to compare because they used

formative indicators rather than reflective ones ones (see [78] for a discussion about formative

and reflective indicators of the latent construct of EF). In Zamora et al.’s [79] study, only one

task per hypothetical inhibitory process was included, making it hard to distinguish task-spe-

cific variance from inhibition-related processes.

Given these concerns about previous developmental evidence about the factor structure of

inhibitory control, but consistent with other developmental evidence [6–8, 31] and the differ-

entiation hypothesis, we expected a progressive differentiation of inhibitory factors until ado-

lescence (H1).

2) To what extent is the factor structure of the inhibition-related process the same when con-
trolling for WMC and processing speed, and how does it progress from 7 to 15 years? Consistent

with previous evidence [2, 3, 53], we predicted that WMC, processing speed, and inhibitory

control, although related, are separated factors. Therefore, we predicted that although the

structure of the inhibition-related process could change when controlling for WMC and pro-

cessing speed, we will still find significant factorial loadings of indicators of inhibitory tasks on

inhibitory factor or factors (H2).

3) Does the contribution of WMC and processing speed in inhibitory tasks performance vary
across ages? In agreement with previous research, we expected that WMC and processing

speed do not contribute equally to inhibitory processes at different ages. Specifically, a lower

processing speed in young children could reduce WMC [3]. Moreover, given the cognitive sys-

tem’s limited capacity, WMC could easily become overwhelmed, making it harder to inhibit

[2, 31, 72]. Instead, the higher processing efficiency and WMC of older children would support

inhibitory control because efficient processing could increase the probability of holding infor-

mation in WMC and then decrease the probability of committing inhibitory errors [31] (H3).

Materials and methods

The data were collected as part of a more extensive, multifaceted study. Individuals partici-

pated in four separate sessions, lasting four to eight weeks. They completed 12 different execu-

tive tasks and took other psychometric tests to measure fluid intelligence, reading

comprehension, and academic aptitudes. We included only data from inhibitory and WMC

tasks. The testing began in October 2012 and ended in January 2013.

This extensive data collection is part of a larger research program aimed at addressing vari-

ous research questions and objectives related to the development of executive functions (EF)

and their relationship with academic achievement. The data presented in this paper have not

been published before concerning the development and organization of inhibitory processes.

Participants

The sample for this study included 450 volunteer students. Their distribution by age was as fol-

lows: 7-year-olds (150: 75 girls and 75 boys; age range 7.2–8.3, M = 7.3, SD = .42); 11-year-olds

(150: 77 girls and 73 boys; range 10.10–12.3, M = 11, SD = .40); and 15-year-olds (150: 84 girls

PLOS ONE Age-related change in inhibitory processes

PLOS ONE | https://doi.org/10.1371/journal.pone.0316347 January 27, 2025 6 / 28

https://doi.org/10.1371/journal.pone.0316347


and 66 boys; range 14.11–16.1, M = 15, SD = .40). Participants were recruited from seven mid-

dle-class primary and secondary urban schools. The average family salary was slightly below

the national average. None of the children was at risk of poverty or had any history of neuro-

logical impairment or developmental disabilities, according to educational and clinical reports

provided by Guidance Departments of schools. The parents were requested to provide written

informed consent before testing began. The Ethical Committee of the University approved the

study in January 25, 2011.

Tasks

Several criteria guided the task selection. The tasks (1) were well established to measure the

construct addressed; (2) showed evidence of robust age-related changes; and (3) were correctly

understood by all the participants. In all RT tasks, visual and auditory cues were provided to

help participants remain active, maintain, and remember the task rules. A mapping for

response keys, which did not compete with the ongoing stimuli, was constantly provided in all

the computer tasks at the bottom of the computer screen to reduce WM load. We conducted

multiple pilot studies with a different sample to (a) guarantee the task’s understandability

(especially to younger children), (b) calibrate the stimuli presentation times, (c) ensure age-

related differences among age groups, and (d) avoid floor or ceiling effects. All tasks included

practice trials with feedback before the experimental ones. Tasks administered were the same

for the age groups except for the receptive attention task—a standardized test—in which the

stimuli for 7-year-olds differed from those for 11- and 15-year-olds.

In Table 2, you can find a brief description of the task. A complete description is available

in the Supplementary Materials (Section A).

Procedure

Participants were tested individually in a quiet room during school hours across four different

sessions. The task order was counterbalanced across participants. The stimuli were balanced in

each task so that there was an equal number of answer types per condition; the order of stimuli

within a task was also randomized (see Supplementary Materials. Section A). In all the tasks—

except the receptive attention task—stimuli were computer-administered. Randomization and

time were controlled through E-Prime software, version 2.0 (Psychology Software Tools, Inc.,

1996–2002). Six trained examiners administered the tasks. Although all tasks included practice

trials before the experimental ones, the examiners did not start the experimental block of trials

without verifying that the children fully understood the task.

Results

Data preparation

For data trimming, we followed the same procedure as [99]. We carried out this procedure in

several steps. (1) Only trials on which correct responses were given were analyzed for the RT

measures, and RTs < 200 ms were eliminated. (2) Timing tasks (except stop signal, which did

not depend on a mean RT) were analyzed using a trimming procedure that is robust to non-

normality to obtain the best measure of central tendency [100]. (3) Mean scores above three

standard deviations (SDs) from the mean age group were replaced with values of the group

mean plus three SDs. This affected 6.16% of the experimental scores (6.6%, 5.3%, and 6.6% for

7-, 11-, and 15-year-olds, respectively) and 5.33% of the neutral scores (6%, 7.3%, and 2.66%

for 7-, 11-, and 15-year-olds, respectively). After these transformations and trimmings, the var-

iables showed acceptable skewness and kurtosis (see a complete descriptive analysis in
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Table 2. Task description.

Inhibitory Constructs Tasks Description

Resistance to distractor

interference

Flanker [79] We used a modified version of the classical task [26, 80], where children were shown a row of five fish,

with a central target fish surrounded by two flanker fish on each side, facing either right or left. The

flanker fish could either point in the same direction as the target (congruent condition) or in the opposite

direction (incongruent condition). In each trial, the children were instructed to identify the direction of

the central fish (block 1) or the direction of the flanker fish (block 2) or alternate their attention between

the central and flanker fish (block 3) by pressing a key to flanker or central fishes depending on the block.

Auditory and visual feedback was provided in a cartoon fashion to sustain a high attentional level.

Dependent variable: RT/percentage of hits in incongruent condition in flanker blocks.

Local-Global [81] This task was adapted from [82, 83]. Participants were instructed to respond to either global figures (block

1) or local figures (block 2) or to alternate their attention between global and local figures (block 3). The

global figures consisted of large squares or triangles made up of smaller shapes (squares or triangles as

local figures). In the congruent condition, the global and local shapes were the same (e.g., a large l triangle

composed of small triangles), while in the incongruent condition, the global and local shapes differed (e.g.,

a large triangle composed of small squares). Participants responded by pressing a key corresponding to

either the global or local shape, depending on the block.

Dependent variable: RT/percentage of hits in incongruent conditions in local blocks.

Receptive attention [84] This task is a subscale of the Cognitive Assessment System (CAS). Seven-year-old children were presented

with four sheets containing 200 pairs of drawings, which they completed under two different conditions.

In the first condition, they were asked to underline the physically identical drawings, while in the second

condition, they had to identify and underline drawings that belonged to the same lexical category. For

children aged 11 and 15, the task involved 400 pairs of letters. In condition 1, they underlined the

physically identical letters, and in condition 2, they selected the letters belonging to the same lexical

category.

Dependent variable: base score (number of correct answers minus the number of mistakes and the time to

complete the test.

Prepotent response

inhibition

Go no-go This task was adapted from [85]. Children were instructed to press a key when presented with go stimuli

(t-shirts representing the national football teams of Peru, Argentina, Brazil, Germany, France, and the

Netherlands and to withhold their response for no-go stimuli (the t-shirt of Spain’s national football

team). Feedback on false alarms, inattentive responses, and anticipatory errors was provided after each

trial.

Dependent variable: percentage of hits to no-go trials.

Stop_Signal [86] The STOP_IT software [87] was utilized. Participants were tasked with distinguishing between a square

and a diamond in two different conditions. In non-signal trials, they had to press the key corresponding to

the presented shape. In the stop-signal condition, the lines of the shapes thickened after a variable delay,

and participants were required to refrain from responding. On stop-signal trials, a stop signal was

presented after a variable SSD (stop-signal delay). SSD was initially set at 250 ms and was adjusted

continuously with the staircase tracking procedure: when inhibition was successful, SSD increased by 50

ms; when inhibition was unsuccessful, SSD decreased by 50 ms.

Dependent variable: stop-signal reaction time (SSRT).

Stroop [88] A computerized Stroop task using two colors was designed according to [89]. Participants were asked to

name the ink color and press the corresponding key. In the neutral conditions, participants are asked to

name the ink color of an array of five asteriscs printed in blue or red. In the congruent condition, the ink

color (blue or red) matched the word printed (e.g., the word “red” printed in red color). In the

incongruent condition, the ink color differed from the word (e.g., the word “red” printed in blue color).

Dependent variable: RT/percentage of hits in the incongruent condition.

Cognitive inhibition Updating information in working

memory task (intrusions) [90]

We used a modified version of the task developed by [57]. Participants listened to 24-word lists, each

containing 12 words, presented at a pace of one word per second. Each list included words to be recalled,

discarded, and filler words. This task allows to differentiate between maintenance and inhibition

components of the updating process by varying demands on memory load and suppression. The number

of words to be recalled differed by condition: three in the low-load condition and five in the high-load

condition. Similarly, the number of words to be discarded varied between two in the low-suppression

condition and five in the high-suppression condition. The number of filler words ranged from two to

seven.

Dependent variable: previous-list intrusions.

Negative Priming We utilized a modified version based on [60, 91]. Drawings of objects and animals, printed in red, green,

or black, were arranged into prime and probe displays. Participants were instructed to ignore the red

shape (distractor) and focus on responding to the green shape (target). Each experimental session included

a pair of prime-probe trials. During these trials, two overlapping green and red shapes were shown

alongside a comparison shape in black. Participants had to determine if the green shape matched the black

one while ignoring the red shape. In the ignore condition, the stimulus to be ignored in the probe trial was

the same as the one to be attended to in the prime trial. In the control condition, the stimulus to be

ignored in the probe trial was different from the one to be attended to in the prime trial.

Dependent variable: mean RT/percentage of hits in the ignored condition.

(Continued)
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Supplementary Materials section B). All measures were converted to z-scores. Further, to

account for the speed-accuracy interactions, we used the Inverse Efficiency Index, in which

the RTs are divided by the percentage of hits, both in experimental and neutral conditions

[101]. The Inverse Efficiency Index is an integrative score that improves control for speed-

accuracy trade-offs, making it particularly suitable for samples involving children and older

adults [101]. Although the Inverse Efficiency Index has faced criticism from some researchers

[102] more recent studies have affirmed its validity with error rates below .10 [103, 104]. In

our study, error rates were below this threshold [105], for further discussion].

Analytic strategy

Preliminary analysis. A set of preliminary analyses was completed to test the suitability of

the tasks by checking their reliability computing by Cronbach’s alpha, and the ability to detect

age-related changes through ANCOVAS. Descriptive and correlational analyses were also con-

ducted (for specific details see Table 3 and S3 Table in S1 File). The task’s reliability was good

across age groups (see precise estimates in Table 3). S3 Table in S1 File shows the proportions

of correct answers and RTs for the inhibition tasks in congruent and incongruent conditions

for each age group. ANCOVAs showed that in all tasks, congruent conditions were signifi-

cantly easier than incongruent ones. They also showed a significant improvement in perfor-

mance from 7-year-olds to 15-year-olds in the covariates processing speed and WMC.

Concerning inhibitory tasks, the age-related pattern of single inhibition tasks was not uniform,

showing subtle variations across tasks. Receptive attention, flanker, Stroop, and negative prim-

ing tasks showed continuous increments from 7-year-olds to 15-year-olds, revealing that per-

formance in these tasks continues to improve across adolescence independently of processing

speed and WMC. However, local-global, stop signal, go-no go, and intrusions in WM tasks

showed increments only up to 11 years of age. S4-S6 Tables in S1 File show the correlations

and partial correlations among the variables. Correlations follow the same pattern of low and

moderate coefficients expected in executive functioning in agreement with previous studies

[30, 71, 76, 77, 106]. Although lower, most partial correlations among inhibitory tasks

remained significant after controlling processing speed and WMC.

Table 2. (Continued)

Inhibitory Constructs Tasks Description

Processing speed Stroop We used the neutral condition of the Stroop task.

Dependent variable: mean RT/percentage of hits

WMC Reading Span Task [92] We used an adapted version for children of the classical task [93]. Participants had to read aloud

each sentence at their own pace and remember the last word of the sentence. The task consisted of

48 phrases (6 training and 42 experimental) grouped into levels of 2, 3, 4, and 5 sentences, with

three series of sentences for each level. At the end of each series, participants had to remember the

last word of each sentence in the same order as presented. The reading span is the highest level at

which the participant can accurately remember at least 2 out of the 3 series.

Dependent variable: reading span

Counting Span Task [94] We used an adapted version for children of the classical task [94]. Participants were shown 48 visual

displays consisting of red and blue squares, organized into levels of 2, 3, 4, and 5 displays each. For

each level, three series of displays were presented. Participants had to count the blue squares. At the

end of each series, they had to recall the number of blue squares in each display at that level, in the

order they were presented. The counting span is the highest level at which the participant can

accurately remember at least 2 out of the 3 series.

Dependent variable: counting span

Note. These tasks are part of a larger research program, with some being utilized in previous studies and detailed in earlier publications that aimed to address different

research questions [57, 95–98].

https://doi.org/10.1371/journal.pone.0316347.t002
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Table 3. Descriptives and task’s reliability (Cronbach’s α).

7 year-olds 11 year-olds 15 year-olds

Construct Task

(dependent

variable)

measure Mean Standard

deviation

Skewness Kurtosis Reliability Mean Standard

deviation

Skewness Kurtosis Reliability Mean Standard

deviation

Skewness Kurtosis Reliability

resistance

to

distractor

interference

Flanker

(incongruent

flanker RT/

ACC)

RT 1276 346 .56 .86 .98 714 220 .97 1.03 .99 488 104 1.44 2.22 .99

Accuracy .90 .09 -1.09 1.41 .86 .931 .07 -1.38 2.16 .87 .969 .05 -2.73 9.70 .8

Local-Global

(incongruent

local RT/

ACC)

RT 1033 296 1.05 .64 .98 655 141 .92 .94 .99 531 86.3 .82 .75 .98

Accuracy .91 .08 -.96 .56 .89 .931 .07 -1.38 1.85 .89 .954 .06 -2.05 5.8 .77

Receptive

attention

(Base Score)

34.1 7.38 .17 .03 .63 3.9 9.8 . 70 1.65 .88 48.7 11.5 .13 -.18 .79

Response

inhibition

Go no-go

(Accuracy

go)

.79 .11 -.39 -.50 .89 .87 .1 -1.29 2.41 .81 .90 .07 -1.8 4.64 .74

Stroop

(incongruent

RT/ACC)

RT 1198 372 .74 .20 .86 766 210 .87 .45 .95 615 16 1.01 .80 .96

Accuracy .97 .05 -2.48 7.6 .66 .986 .03 -3.27 13.9 .64 .991 .02 -3.52 16.2 .41

Stop signal

(SSRT)

SSRT 516 233 .21 -1.25 .91 324 141 1.31 2.19 .93 332 158 .62 -.07 .98

cognitive

inhibition

Negative

priming

(ignored RT/

ACC)

RT 1497 266 .75 1 .94 1069 229 .64 .538 .97 832 152 .39 -.32 .98

Accuracy .90 .06 -1.26 1.97 .81 .910 .06 -.50 -.160 .77 .940 .04 -.97 1.01 .66

Updating

WM task

(Intrusions

errors)

.08 .08 1.33 1.47 .89 .05 .05 1.95 4.97 .91 .02 .03 1.37 1.38 .87

Processing

speed

Stroop

(neutral RT)

RT 864 211 1.02 1 .87 610 133 1.08 1.65 .8 517 102 .52 -.29 .9

WMC Reading

span task

(Reading

span)

2.57 .37 -.05 -.71 .42 2.76 .42 -.01 -.47 .57 3.21 .51 -.17 -.54 .52

Counting

span Task

(Counting

span)

3.64 .63 .18 -.04 .58 3.85 .60 .03 -.02 .73 4.61 .60 -.86 -.30 .63

Note. We computed the Inverse Efficiency Index (RT/ACC) as the dependent variable for speeded tasks (flanker, local-global, Stroop, and negative priming). The slowest RTs show lower

performance. The dependent variable for updating is errors. The dependent variable for go no- go, reading, and counting span tasks is accuracy. Reliability was computed by Cronbach’s alpha.

https://doi.org/10.1371/journal.pone.0316347.t003
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Multi-group confirmatory factor analysis to test age-related changes in the organization

of inhibitory functions. As data were not normally distributed, we used maximum likeli-

hood estimation with robust (Huber-White) standard errors. Goodness-of-fit of each model to

the data was evaluated via global model fit indices that adjust for nonnormality: the Yuan-Ben-

tler correction factor for the chi-square statistics (YB χ2), the robust comparative fit index (the

robust CFI; [107] and the robust root mean square error approximation (the robust RMSEA;

[107] and its 90% confidence interval (90% CI). The fixed variance method of identification

was used in all models [108].

The Yuan-Bentler correction was used to test the exact-fit hypothesis and prove that there

is no difference between the model-implied covariance matrix and the population covariance

matrix. A non-significant p-value (p�.05) supports the exact-fit hypothesis. The robust

RMSEA is an absolute fit index where a zero value supports the exact-fit hypothesis (values

>.08 are considered a poor fit, values in the range of .05 to .08 are considered an adequate fit,

and values� .05 support the close-fit hypothesis). Ideally, the 90% CI for the robust RMSEA

should not include values considered as poor fit [109]. The robust CFI assesses how the speci-

fied model improves the fit over the null model (values >.90 are considered an acceptable fit,

while values>.95 are considered a good fit [110].

For all the models, we tested the configural invariance hypotheses across age groups.

According to this hypothesis, both the number of factors and the correspondence between fac-

tors and the measured variables are the same across groups. Thus, all parameters are freely esti-

mated (e.g., factor loadings, latent and observed means (intercepts), residual variances,

covariances, etc.) in each group, except those used to identify the factor structure. The next

step in testing measurement invariance (metric invariance) consists in examining a model

with regression weights (i.e., factor loadings) being invariant across groups. In this respect, fac-

tor loadings significatively varied across age groups and therefore, this level of measurement

invariance was not retained (data not shown) and it is not allowed to examine the next steps

for measurement invariance.

To pursue our first and second research questions, a series of multigroup confirmatory fac-

tor analyses were conducted to test the factorial structure of inhibitory functions in the differ-

ent age groups, first without controlling processing speed and WMC (first research question),

and then controlling for these factors (second research question). Finally, to address our third

research question, we contrasted the models to test whether imposing restrictions on process-

ing speed and WMC makes a statistically significant difference in model fit, both within (Like-

lihood ratio test) and between ages (Akaike’s Information Criterion; AIC).

Multigroup confirmatory factor analyses were performed in Rstudio [111] using different R

packages [112–114]. The fixed variance method of identification was used in all models [108].

We examined the significance and strength of parameter estimates wherein correlations and

factor loadings between 0-±.20, ±.21- ±.40, ±.41-±.60, ±.61-.99, and 1 were considered weak,

low, moderate, strong, and perfect, respectively. The goodness-of-fit criteria for Multigroup

confirmatory factor analyses are detailed in Supplementary Materials. Section C.

We tested the configural invariance hypotheses across age groups for all models, assuming

that the number of factors and the correspondence between factors and the measured variables

are the same across groups. As the factor loadings significatively varied across age groups, it is

not allowed to examine the next steps for measurement invariance (see Supplementary Materi-

als. Section C for a detailed description of the configural invariance hypotheses). Thus, assum-

ing the configural invariance hypotheses do not allow formally comparing the variances,

covariances, and means of factors across age groups. Fig 1 shows the model testing sequence

for examining the factor structure of inhibition measures used as indicators. Steps I to III are

related to research question 1 and Step IV with the research question 2.
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As requested by one of the reviewers, we also fitted all the models using difference scores.

Fit indices are presented in S9 Table in S1 File. However, these models did not show a good fit,

likely due to psychometric issues commonly associated with difference scores, such as low

between-participants variability, poor reliability, and high measurement error. These issues

Fig 1. Model testing sequence. CFI: robust comparative fit index; RMSEA: robust root mean square error of approximation;

Response distractor: response distractor factor; Cognitive inhibition: cognitive inhibition factor; Speed: processing speed factor;

Inhibition: inhibition factor; WMC: WMC factor; Stroop neutral: response time for neutral condition of Stroop task; flanker:

response time/accuracy for incompatible condition of flanker task; local-global: response time/accuracy for incompatible

condition of local-global task; DN (receptive attention): accuracy; go-no-go: accuracy no go trials; Stroop: response time/

accuracy for incompatible condition of the Stroop task; stop-signal: SSRT stop signal reaction time; Intrus.: number of words

incorrectly recalled in the updating WM task; negative priming: response time/accuracy for the ignored condition of the

negative priming task; Reading span: Reading Span for Reading span task; counting span: counting span for counting span task.

https://doi.org/10.1371/journal.pone.0316347.g001
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can result in low correlations and hinder the ability to identify a robust factor [105, 115, 116].

For interested readers R scripts for these models are available at: https://osf.io/7f25r/?view_

only=ab4999740e364c67a7f7494968753141.

Steps I and II. Although we have pointed out some limitations of previous findings [67, 68],

we tested a model with three correlated factors: resistance to interference (flanker, local-global,

receptive attention), response inhibition (go-no-go, Stroop, stop signal), and cognitive inhibi-

tion (intrusions, negative priming). The covariance matrix of latent variables was not positive

definite in the three age groups; therefore, there were no eigenvalues, and no solution was

possible.

Our second candidate model was a two-factor model that resembled the final model pro-

posed by [30] for young adults (see Fig 1, Step II). It included two correlated factors: response-

distractor and cognitive inhibition. S10 Fig in S1 File shows factor loadings and correlations in

each age group. The fit of the model to the data was acceptable (Yuan-Bentler correction factor

χ2
(57) = 81.745, p = .018; robust CFI = .943; robust RMSEA = .055[.024 - .81]). The correlation

between response distractor and cognitive inhibition was strong for the 7 and 15 age groups (r
= .97 and r = .88, respectively). These strong correlations suggest that testing the one-factor

hypothesis for our inhibition measures is reasonable. Thus, in Step III we tested a model in

which a factor that we termed “inhibition” explained the variability of all inhibition measures.

Step III: Fit a one-factor model: Inhibition. S11 Fig in S1 File displays the configural invari-

ance model for the one-factor model. The Yuan-Bentler correction factor χ2 statistic did not

allow to retain the exact-fit hypothesis (Yuan-Bentler correction factor χ2(60) = 90.351, p =

.007), and the robust CFI suggested an acceptable fit of the model to the data (robust CFI =

.93). The robust RMSEA indicated an adequate fit, but the 90% CI included values for the poor

fit hypothesis (robust RMSEA = .06 [.032-.084]).

Step IV: Fit a one-factor model controlling for processing speed and WMC. We examined the

role of processing speed and WMC in inhibition measures.

Our initial objective was to employ the neutral blocks as a measure of processing speed

associated with each conflict task (Stroop, flankers, local-global, and negative priming). To

achieve this, we fit several models where the neutral condition of each speed-based inhibition

task served as an indicator of the processing speed factor (see S14 and S15 Figs in S1 File).

Although the fit of these models to the data was good, the strong correlations between some

incongruent conditions and their corresponding neutral conditions hindered our ability to

discern the underlying processes of these latent variables and made it difficult to rule out that

the shared variance could be attributed to task-specific attributes common to both conditions

in the flanker, local-global, and negative priming tasks, beyond processing speed alone [106,

117].

Consequently, to reduce task-specific variance and mitigate this potential confound, we

decided to avoid using neutral/control conditions, opting instead for elementary tasks as mea-

sures of processing speed [47, 118, 119]. Specifically, we chose the condition with minimal

executive demands, which in our case was the neutral condition of the Stroop task. This

approach enhances comparability with other developmental studies on executive functioning

that used the same measure as control of processing speed [54, 120].

Assuming that perceptual speed could primarily influence RT measures in inhibitory func-

tioning tasks [50, 73], we used the neutral condition of the Stroop task to control processing

speed in each RT task (flanker, local-global, Stroop, and negative priming). We did not control

for processing speed in the DN task (as time has already been corrected in the base score),

Stop Signal task (since SSRT is not influenced by reaction times), go no-go task (due to specific

feedback allowing adaptive responses independent of speed, with correct responses recorded),

and in the updating in working memory task (recall of word lists under no time pressure).
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Fig 2 displays this configural invariance model. The variance of the Stroop-neutral condi-

tion for the 15-year age group was restricted to be> 0 because the initial model showed a neg-

ative variance estimate (a.k.a., Heywood case). To evaluate the possibility of structural

misspecification, we looked at the CI from the robust maximum likelihood estimate of the neg-

ative error variance estimate. The CI included positive values suggesting that the population

variance is positive but near zero and that the negative estimate can be the result of chance

[121]. This finding can be interpreted as evidence of a correct structural specification. Thus,

we assume that negative variance is not related to structural misspecification, and, therefore,

we were confident about the model estimates. A priori Monte Carlo simulation analysis was

conducted in SemTools [122] to evaluate the statistical power of a three-factor model. Two

thousand random samples were generated under the following conditions: 1) sample size var-

ied from 100–500 participants (5 replications for each sample size); three factors (correlations

Fig 2. WMC-speed-inhibition model. Dashed-gray lines indicate non-significant factor loadings (p> 0.05). Speed:

processing speed factor; inhibition: inhibition factor; Working memory: WMC factor: reading span task and counting

span tasks.; speed factor: Stroop neutral: response time for neutral condition of Stroop task; inhibition factor: flanker:

response time/accuracy for incompatible condition of flanker task; local-global: response time/accuracy for

incompatible condition of local-global task; DN (receptive attention): accuracy; go no-go: accuracy no go trials; Stroop:

response time/accuracy for incompatible condition of the Stroop task; stop-signal: SSRT stop signal reaction time;

intrus.: number of words incorrectly recalled in the updating WM task; negative priming: response time/accuracy for

the ignored condition of the negative priming task.

https://doi.org/10.1371/journal.pone.0316347.g002
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varied from 0.2 to 0.3); and factor loadings varied from 0.3 to 0.7. The simulation study indi-

cated that a sample size of 300 participants was required to achieve a RMSEA = 0.042 and a

CFI = 0.959.

The exact-fit hypothesis cannot be retained (Yuan-Bentler correction factor χ2
(90) = 126.57,

p = .007). The robust CFI showed a good model fit to the data (robust CFI = .96). The robust

RMSEA supported the close-fit hypothesis (robust RMSEA = .049[.027-.068]) while the 90%

CI did not include values considered as a poor fit. The processing speed and WMC tasks were

significant and showed moderate to strong factor loadings on their respective latent variables.

The Stop-signal and receptive attention were the only two tasks that significatively loaded onto

the inhibition factor across the three age groups. These tasks had low to strong factor loadings

ranging from ±37 to ±62. For the 7-year group part of the variance of the stop-signal task was

explained by working memory, whereas in the 11-years group, part of the variance related to

the receptive attention task was due to working memory. In the 7-year group, the flanker and

Stroop tasks did not significantly load on the inhibition factor while, in the 11-year group, four

of eight measures did not significantly load on the inhibition factor (flanker, local-global,

Stroop, and intrusions). In the 15-year group, the go no-go and negative priming tasks did not

significantly load on the inhibition factor. There were no significant correlations among fac-

tors in the three age groups.

Following a reviewer’s suggestion, we fitted an alternative model that constrained the corre-

lation between the factors to zero (WM-speed-Inhibition restricted model). The fit of this

model to the data was good (YB χ2(93) = 135.13, p = .003; robust CFI = .953; robust RMSEA =

.053 [.032 - .071], AIC = 9963.402, Delta AIC = 4.981). However, the Delta AIC suggests mod-

erate evidence in favor of our final model presented in Fig 2, in which the correlations between

the Speed and Inhibition factors were freed. Factor loadings for the WM-speed-Inhibition

restricted model were similar to those in the final model. Factor loadings for the restricted

WM-speed-Inhibition model were similar to those in the final model presented (WM-speed-

Inhibition model). This model is presented in S13 Fig in S1 File.

Table 4 summarizes the goodness-of-fit of all tested models. As the table shows, the WMC-

speed-inhibition model is the best account to the data. Therefore, we examine the role of speed

and WMC on this model.

Exploring the influence of the WMC and processing speed for solving inhibition task. We

examined the relative importance of processing speed and WMC across age groups for inform-

ing research question 3. Thus, we implemented a series of models in which the factor loadings

of inhibition tasks on processing speed and WMC were, one at a time, constrained to zero in

each age group (a schematic representation is given in S12 Fig in S1 File). Specifically, factor

loadings of inhibition tasks on processing speed were independently forced to be zero in the

7-year-old group (model M1), the 11-year-old group (Model M2), and the 15-year-old group

Table 4. Goodness-of-fit of the tested models.

Model YB χ2 df p Robust CFI Robust RMSEA

Two-factors model 81.745 57 .018 .943 .052[.016 - .79]

One-factor model 90.351 60 .007 .935 .057[.027-.083]

WMC-speed-inhibition model 129.87 90 .004 .959 .05[.029-.069]

Note. Robust CFI: the robust comparative fit index; df: degree of freedom; the robust RMSEA: the robust root means

square error approximation; YB χ2: Yuan-Bentler correction factor for the χ2. The 90% confidence intervals of the

robust RMSEA are given in brackets. The Three-factors models are not displayed due to previously described

problems.

https://doi.org/10.1371/journal.pone.0316347.t004
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(model M3). In models M4, M5, and M6, factor loadings of inhibition tasks on WMC were

independently fixed to zero for the 7-, 11, and 15-year-old groups, respectively. These models

were used as input for calculating the differences between models ΔAIC and for the Likelihood

Ratio Test (S7 Table in S1 File shows the Likelihood ratio test between the WMC-speed-inhibi-

tion model and each restricted model). AIC and the BIC differ in terms of penalty for model

complexity. The latter criterion imposes a harsher penalty than the former and it is well-

known that it favors less complex models. In this study both criteria selected the same model,

and they did not differ to a large degree in terms ΔAIC and ΔBIC. For simplicity and the good

properties, we present only the AIC values.

Table 5 shows the model testing sequence. The top section of Table 5 displays the AIC and

ΔAIC of models in which the factor loadings of inhibition tasks on processing speed were

restricted to zero. ΔAIC suggests that the best candidate in the set was M2 (i.e., 11-year-olds,

ΔAIC = 0). Thus, relative to model M2, the ΔAIC provided less support for model M1

(ΔAIC = 3.918) and no support for model M3 (ΔAIC = 10.525). This, in turn, suggests that the

role of processing speed in solving inhibition tasks is more relevant for children in the

15-year-old group than for children in the 7-year-old group. Therefore, the order of relevance

of speed is from the 15-year-olds, 7-year-olds, and 11-year-olds group.

The bottom section of Table 5 displays the AIC and ΔAIC of a series of models in which the

factor loadings of inhibition tasks on WMC were restricted to zero. ΔAIC revealed that model

M6 was the best account of the data (ΔAIC = 0) and that models M4 (ΔAIC = 20.129) and M5

(ΔAIC = 31.801) did not receive support. These findings suggest that WMC could play a more

critical role in solving inhibition tasks for children in the 7- and 11-year-old groups than those

in the 15-year-old group.

Discussion

This study aimed to explore the organization of inhibitory processes during school ages, in

three age groups, 7–8, 11–12, and 14–16, when controlling for WMC and processing speed.

However, despite its importance for cognitive development and complex cognition, no studies

have previously studied the factor structure of the three constructs across school ages, which is

an important contribution of the present study. Crucially, we have also addressed some meth-

odological concerns about the research in executive functioning in general and inhibition in

particular [21, 105]: a) we used the same tasks across ages; b) we avoided differential scores; c)

we addressed the trade-off between speed and accuracy in RT tasks; and d) we reduced the

Table 5. Model testing sequence for examining the role of processing speed and WMC across age groups.

Model name YB χ2 df p Robust CFI Robust RMSEA AIC ΔAIC

Speed constrained to 0

M1(7 years) 152.290 94 .000 .936 .062[.043-.079] 9976.7 3.918

M2 (11 years) 153.409 94 .000 .937 .061[.043-.078] 9972.8 0

M3 (15 years) 155.168 94 .000 .931 .064[.045-.082] 9983.3 10.525

WMC constrained to 0

M4 (7 years) 161.762 98 .000 .930 .063[0.045–0.080] 9977.4 20.129

M5(11 years) 171.082 98 .000 .918 .068[0.051–0.085] 9989.0 31.801

M6 (15 years) 125.327 95 .017 .964 .046[0.019–0.066] 9957.2 0

Note. Robust CFI: the robust comparative fit index; df: degree of freedom; the robust RMSEA: the robust root means

square error approximation; YB χ2: Yuan-Bentler correction factor for the χ2. The 90% confidence intervals of the

robust RMSEA are given in brackets.

https://doi.org/10.1371/journal.pone.0316347.t005
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demands of WM to help participants remain active, maintain and remember the rules of the

task. Moreover, all the tasks used are reliable, sensitive to age-related differences, and timing

tasks have internal consistency as they showed reliable differences between compatible and

incongruent conditions.

What is the factor structure of the inhibition-related processes, and how

does it progress from 7 to 15 years?

Concerning age-related differences in inhibitory abilities, ANCOVA’s results corroborated

previous studies that reported an increment of the different inhibitory abilities during school

ages [20, 27, 45, 49, 53, 71]. Regarding the structure and organization of inhibitory abilities,

confirmatory factor analysis results indicated the suitability of a configural invariance model

with a common single factor for inhibitory functions, which is invariant across ages. Thus, our

findings suggest some commonality between the three postulated inhibitory constructs, as

general inhibition [123] and the executive attention view of WMC [14, 15, 124, 125] have been

proposed.

Therefore, our results corroborated neither the early dissociation between response inhibi-

tion and resistance to distractor interference found by [67, 68] nor the dissociation between

response-distractor and cognitive inhibition found by [69] in children and [30] in young

adults.

One possible explanation for these discrepant results could have to do with methodological

issues as different authors use divergent criteria to retain two highly correlated factors as sepa-

rate or collapse them into one factor [30, 67]. Also, in different studies, the same task is used to

load different constructs (e.g., Tiego et al. [71] used the Stroop task as an indicator of resistance

to distractor interference, whereas Gandolfi et al. [67] used a Stroop-like task as an indicator of

response inhibition]. Some studies also included as an inhibition indicator some tasks that are

mainly devoted to measuring another construct, as it seems to be the case of the dimensional

change card sort used by [67] mainly devoted to measuring task switching [31]. Still, the disso-

ciation could be attributed to an artifact in the measurement modality as it could occur in the

study of [30] where response-distractor indicators are all speeding tasks and cognitive inhibi-

tion indicators are all accuracy tasks, and consequently, the dissociation could be attributed to

differences in processing speed and not differences in “pure” inhibitory control.

Another possible explanation is more theoretically grounded. The lack of differentiation

may indicate that various inhibitory abilities depend on active goal maintenance, and thus on

WMC or processing speed, particularly during the developmental course [33, 43, 44, 50, 53,

71].

Thus, our results did not support a progressive age differentiation in the structure of inhibi-

tory functions until the age of 15–16, as postulated in H1 based on different previous studies

[6–8, 31] and on the strong version of the differentiation hypothesis [75] that refers to changes

in the structure of the factors and relationships among factors. However, our results supported

a weak version of the differentiation hypothesis [77] referred to changes in the strength of cor-

relations between factors and variations in factorial loadings across ages in agreement with

other previous studies where no strong evidence of differentiation was found [126].

What is the factor structure of the inhibition-related processes, and how

does it progress from 7 to 15 years when controlling for WMC and

processing speed?

A new model was tested to address this research question (Step IV), in which inhibition is con-

trolled both by processing speed and WMC. We did not find evidence for differentiation
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among inhibitory functions when controlling WMC and processing speed, but this does not

mean that inhibition, processing speed, and WMC are the same constructs. Instead, our results

showed that the three processes interact to achieve adaptive behavior [2, 3]. Importantly, how-

ever, our results support the partial dependence of inhibitory control on processing speed and

WMC and that processing speed and WMC contribution to resolving inhibitory tasks varied

across ages (H3).

Our results contrast with the findings of [71], in which the differentiation between resis-

tance to distractor interference and response inhibition at the age of 11 is partially dependent

on a high-order WMC factor. Moreover, we think that subtle methodological differences

could explain the discrepancy concerning our results. For example, Tiego et al. [71] used the

Stroop task as an indicator of resistance to distractor interference, whereas we used it ―as

most previous studies did― as an indicator of response inhibition [127]. Tiego et al. [71] also

used different indicators for distractor interference (SS-conflict) and response inhibition (SR-

conflict) of the same tasks (e.g., flanker task, which could also facilitate the dissociation

between factors, an important issue to be addressed in future research.

Does the contribution of WMC and processing speed in inhibitory tasks

performance vary across ages?

To test the relative importance of WMC and processing speed across age groups, a new series

of models were computed in which the factor loadings of inhibition tasks on processing speed

and WMC were, one at a time, restricted to zero in each age group.

The comparison of successive models constraining to zero processing speed showed that,

although processing speed contributed to performing the inhibitory task in the three age groups,

it was more relevant for children in the 15-year-old group followed by children in the 7-year-old

group. However, the contribution to processing speed could differ between these two groups. In

one extreme, the slow processing speed of 7-year-olds could decrease processing efficiency, over-

whelming WMC and making it difficult to inhibit, according to H3 and previous findings [2, 31,

72]. On the other extreme, 15-year-olds efficiency in most tasks could be attributed to their faster

processing speed. In this case, higher speed efficiency would allow efficient WM [2], and the

increasing WMC could also decrease the probability of making inhibitory errors [3, 31].

Our results contrasted those studies that maintain that processing speed mainly explains

changes in inhibition [20, 49], but agreed with those that revealed its important contribution

for solving inhibition tasks [53, 54]. Therefore, given that processing speed did not fully

account for age-related changes in inhibition, one possibility is that general processing speed

influences inhibition indirectly by increasing or decreasing WMC, an issue that deserves atten-

tion in future research.

On its part, the comparison of successive models constraining to zero WMC showed that

WMC played a critical role in solving inhibition tasks for the 7- and 11-year-old groups, not in

the 15-year-old group. We found that the 7-year-old group underperformed in the WMC

tasks and that the WMC factor only loaded significantly on local-global and stop signal tasks.

Thus, based on these findings, we can assume that owing to limitations in WMC, the inhibi-

tion tasks could have been more demanding for the 7-year-old group, which would confirm

previous findings demonstrating that WM load directly decreases response inhibition [128].

Moreover, as increasing the WM load also decreases processing speed [129, 130], we conjec-

ture that overwhelmed WMC could also indirectly influence the performance of inhibition

tasks by increasing response times. Thus, in the case of the 15-year-old group, their increasing

WMC and higher processing efficiency would decrease WM load in resolving inhibitory tasks,

which decreases the probability of committing inhibitory errors.
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This differential contribution of WMC for performing inhibitory tasks counters that of

[70], who found that the factor loadings of WMC were similar across ages. A possible explana-

tion of these discrepant results could be that these researchers used WM tasks that tap only

maintenance, not manipulating information, which is a key component of WM that could

contribute more to age-related differences.

Globally, our results showed that inhibitory control partially depends on general processing

speed and WMC, but their relative contribution varied across ages, confirming H3. Impor-

tantly, it also showed that the interplay of processing speed, WMC, and inhibition in resolving

inhibitory tasks could also be a reflection of the strategies used by children of different ages

[53] based on the availability and use of attentional resources at that specific age [44, 45, 54].

This could be observed by closely examining the factorial loadings of the different tasks in the

latent factors (Fig 2). As an example, consider the performance in the local-global task.

ANCOVA results did not show significant differences between 11- and 15-year-olds. However,

to get a similar good achievement in this task, 11-year-olds seem to rely mostly on WMC,

whereas 15-year-olds seem to rely mostly on inhibition. Moreover, apart from the fact that

children of different ages could be using different strategies to confront inhibitory tasks, our

results could also be an indication that processing speed, inhibition, and WMC, although

mainly independent processes, could share attentional resources, as is pointed out by the exec-

utive attention view of WMC [10, 14–16, 39–41].

Conclusions

Across age groups, inhibition can be organized as a one-dimension factor in which processing

speed and WMC directly modulate the variability of some inhibition tasks. This modulation

changes across tasks could reflect the strategic use of attentional resources among the three

processes. The partial reliance of inhibitory processes on processing speed and WMC demon-

strated that the inhibition factor partially explains the variance of inhibitory tasks even when

WMC and processing speed are controlled, and some methodological concerns are addressed.

Limitations

Some researchers have pointed out that RTs are impure measures of cognitive processes and

that their correlations could reflect multiple influences, not all due to the intended processes

[50, 51]. Thus, they argued that it is unclear whether individual differences detected could be

attributed to attentional control or differences in general processing speed or speed-accuracy

trade-offs [50, 124]. Besides, RT differential scores have also been questioned due to their lack

of reliability. In this study, we have tried to circumvent these problems by controlling for pro-

cessing speed, using the Inverse Efficiency Index to account for the speed-accuracy interac-

tions, and avoiding differential scores.

However, the decision to use the Inhibition Inverse Index of incongruent trials in four of

the eight tasks employed in this study (flanker, local-global, Stroop, and negative priming)

could be controversial for several reasons. One of the main concerns is that the interpretation

of incongruent scores is complicated by confounds arising from variance unrelated to inhibi-

tory processes, such as information processing, working memory demands, response caution,

or the duration of perceptual and motor processes [50, 115]. These factors raise potential con-

cerns about task purity and the validity of the construct [51].

Nevertheless, we have attempted to address these possible confounds by testing the models

while controlling WMC and processing speed. Thus, we believe we can be quite confident that

the construct represented by the eight indicators can be referred to as inhibition, especially

considering that all eight inhibitory tasks demonstrate significant correlations despite
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differences in: a) Measurement methods: accuracy (receptive attention, go no-go), errors

(intrusions) reaction time and accuracy (flanker, local-global, negative priming, Stroop), and

stop-signal response time (Stop Signal); b) Stimulus modality: visuospatial (flanker, local-

global, negative priming, stop signal, go no-go, receptive attention for 7-year-olds), visuospa-

tial and verbal (Stroop, receptive attention for 11- and 15-year-olds), and verbal (intrusions in

working memory); c) Types and sources of interference or distraction: perceptual (flanker,

local-global, receptive attention), self-generated information (negative priming, intrusions in

working memory), and habitual responses (Stroop, go no-go, stop signal); d) modality of

response: key press (flanker, local-global, negative priming, stop signal, go no-go); oral

responses (intrusions, reading span task, counting span, and Stroop); pointing at the screen

(counting span), underscoring a drawing (receptive attention).

The series of multigroup confirmatory factor analyses confirm the consistency of these

tasks. The robust fit of these models further supports their validity, aligning with our theo-

retical expectations. Consequently, it seems reasonable to hypothesize that these eight tasks,

which are well-established measures of inhibitory-related processes [26, 27, 54, 60, 79, 80,

82–88, 90, 91, 131–140] collectively address a common cognitive construct: inhibition-

related processes. What other shared cognitive processes could these tasks encompass,

given their differences in measurement methods, stimulus modalities, sources of interfer-

ence, and response modalities, as previously mentioned, and taking into account our con-

trol for WMC and processing speed?

However, given the current significant controversy regarding the measurement of atten-

tional control, our results have to be replicated in future research using other different mea-

surement models. As [15] pointed out, the reliable measuring of individual differences in

attentional control presents a significant challenge for individual differences and developmen-

tal research. Thus, it is essential to refine the tools, tasks, and procedures we use, incorporating

diverse statistical approaches to enhance measurement accuracy. Consequently, this issue

should remain open for ongoing scientific investigation in the long run, rather than being

definitively resolved in the short term [141].

The use of neutral trials in the Stroop task ensures that the speed factor derived from this

task remains directly comparable to other RT tasks designed primarily to measure processing

speed without additional cognitive load. This methodological approach promotes consistency

in construct measurement across tasks, facilitating more robust and interpretable factor analy-

ses. Additionally, it enhances comparability with other developmental studies on executive

functioning that used the same measure as a control for processing speed [54, 120]. However,

the common practice in confirmatory factor analysis is to use more than one measure as indi-

cators, so relying solely on the neutral condition of the Stroop task as an indicator of process-

ing speed could be a potential limitation in our study, which should be also addressed in future

research.

Another possible limitation of the present study is the use of a cross-sectional design to

explore age-related differences comparing children classified in groups based on age, as most

of the studies in the field did. As some researchers claimed [70, 142], the classification in age

groups could be masking individual differences and undermining differential performance

among studies, a critical issue that also deserves more attention in future developmental

research. Although this limitation did not invalidate the present findings, they need to be repli-

cated, and longitudinal designs are needed to fully explore developmental differences.

Finally, we hope future studies systematically include processing speed and WMC as critical

factors for understanding inhibition development, which would allow for a necessary replica-

tion of these results and clarify the interplay of the three processes in cognitive development.

PLOS ONE Age-related change in inhibitory processes

PLOS ONE | https://doi.org/10.1371/journal.pone.0316347 January 27, 2025 20 / 28

https://doi.org/10.1371/journal.pone.0316347


Supporting information

S1 File. Contains all the supporting tables and supporting figures.

(DOCX)

Author Contributions

Conceptualization: Nuria Carriedo, Odir A. Rodrı́guez-Villagra.

Data curation: Nuria Carriedo, Odir A. Rodrı́guez-Villagra.

Formal analysis: Odir A. Rodrı́guez-Villagra, Juan A. Moriano.

Funding acquisition: Nuria Carriedo.

Investigation: Nuria Carriedo.

Methodology: Nuria Carriedo, Odir A. Rodrı́guez-Villagra, Pedro R. Montoro.

Project administration: Nuria Carriedo.

Resources: Nuria Carriedo.

Software: Odir A. Rodrı́guez-Villagra.

Supervision: Nuria Carriedo.

Validation: Nuria Carriedo, Odir A. Rodrı́guez-Villagra.

Writing – original draft: Nuria Carriedo, Odir A. Rodrı́guez-Villagra.

Writing – review & editing: Nuria Carriedo, Odir A. Rodrı́guez-Villagra, Valentı́n Iglesias-

Sarmiento.

References
1. Demetriou A, Spanoudis G, Shayer M, Van der Ven S, Brydges CR, Kroesbergen E, et al. Relations

between speed, working memory, and intelligence from preschool to adulthood: Structural equation

modeling of 14 studies. Intelligence [Internet]. 2014; 46(1):107–21. Available from: http://dx.doi.org/

10.1016/j.intell.2014.05.013

2. Luna B, Garver KE, Urban TA, Lazar NA, Sweeney JA. Maturation of cognitive processes from late

childhood to adulthood. Child Dev. 2004; 75(5):1357–72. https://doi.org/10.1111/j.1467-8624.2004.

00745.x PMID: 15369519

3. Demetriou A, Christou C, Spanoudis G, Platsidou M. The development of mental processing: effi-

ciency, working memory, and thinking. Monogr Soc Res Child Dev [Internet]. 2002 [cited 2020 Aug 5];

67(1):vii–154. Available from: https://www.jstor.org/stable/3181583 PMID: 12360826

4. Dezza IC, Cleeremans A, Alexander W. Should we control? The interplay between cognitive control

and information integration in the resolution of the exploration-exploitation dilemma. J Exp Psychol

Gen [Internet]. 2019 [cited 2021 Oct 18]; 148(6):977–93. Available from: https://psycnet.apa.org/buy/

2019-02648-001 https://doi.org/10.1037/xge0000546 PMID: 30667262

5. Bjorklund DF, Harnishfeger KK. The resources construct in cognitive development: Diverse sources of

evidence and a theory of inefficient inhibition. Developmental Review [Internet]. 1990 [cited 2021 May

24]; 10(1):48–71. Available from: https://www.sciencedirect.com/science/article/pii/

027322979090004N

6. Harnishfeger KK. The development of cognitive inhibition: Theories, definitions and research evi-

dence. In: Dempster FN, Brainerd CJ, editors. Interference and Inhibition in Cognition [Internet]. Aca-

demic Press; 1995 [cited 2021 May 24]. p. 175–204. Available from: https://www.sciencedirect.com/

science/article/pii/B9780122089305500076

7. Dempster FN. The rise and fall of the inhibitory mechanism: Toward a unified theory of cognitive devel-

opment and aging. Developmental Review [Internet]. 1992 [cited 2021 May 24]; 12(1):45–75. Avail-

able from: https://www.sciencedirect.com/science/article/pii/027322979290003K

PLOS ONE Age-related change in inhibitory processes

PLOS ONE | https://doi.org/10.1371/journal.pone.0316347 January 27, 2025 21 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0316347.s001
http://dx.doi.org/10.1016/j.intell.2014.05.013
http://dx.doi.org/10.1016/j.intell.2014.05.013
https://doi.org/10.1111/j.1467-8624.2004.00745.x
https://doi.org/10.1111/j.1467-8624.2004.00745.x
http://www.ncbi.nlm.nih.gov/pubmed/15369519
https://www.jstor.org/stable/3181583
http://www.ncbi.nlm.nih.gov/pubmed/12360826
https://psycnet.apa.org/buy/2019-02648-001
https://psycnet.apa.org/buy/2019-02648-001
https://doi.org/10.1037/xge0000546
http://www.ncbi.nlm.nih.gov/pubmed/30667262
https://www.sciencedirect.com/science/article/pii/027322979090004N
https://www.sciencedirect.com/science/article/pii/027322979090004N
https://www.sciencedirect.com/science/article/pii/B9780122089305500076
https://www.sciencedirect.com/science/article/pii/B9780122089305500076
https://www.sciencedirect.com/science/article/pii/027322979290003K
https://doi.org/10.1371/journal.pone.0316347


8. Nigg JT. On inhibition/disinhibition in developmental psychopathology: views from cognitive and per-

sonality psychology and a working inhibition taxonomy. Psychol Bull. 2000; 126(2):220–46. https://doi.

org/10.1037/0033-2909.126.2.220 PMID: 10748641

9. Hasher L, Zacks RT, May CP. Inhibitory control, circadian arousal, and age. In: Gopher D, Koriat A,

editors. In D Gopher and A Koriat (Eds) Attention and performance XVIII Cambridge, MA: MIT Press.

Cambridge, MA: MIT Press; 1999. p. 653–75.

10. Lustig C, May CP, Hasher L. Working memory span and the role of proactive interference. J Exp Psy-

chol Gen. 2001; 130(2):199–207. https://doi.org/10.1037//0096-3445.130.2.199 PMID: 11409099

11. Case R. The role of the frontal lobes in the regulation of cognitive development. Brain Cogn [Internet].

1992 [cited 2021 Sep 16]; 20(1):51–73. Available from: https://www.sciencedirect.com/science/article/

pii/027826269290061P https://doi.org/10.1016/0278-2626(92)90061-p PMID: 1389122

12. Pascual-Leone J. A mathematical model for the transition rule in Piaget’s developmental stagese.

Acta Psychol (Amst). 1970; 32:301–45.

13. Kane MJ, Conway ARA, Bleckley MK, Engle RW. A controlled-attention view of working-memory

capacity. J Exp Psychol Gen [Internet]. 2001 [cited 2021 May 27]; 130(2):169–83. Available from:

https://www.researchgate.net/publication/11931049 https://doi.org/10.1037//0096-3445.130.2.169

PMID: 11409097

14. Mashburn CA, Barnett MK, Engle RW. Processing Speed and Executive Attention as Causes of Intelli-

gence. Psychol Rev. 2024; 131(3):664–94. https://doi.org/10.1037/rev0000439 PMID: 37470982

15. Burgoyne AP, Tsukahara JS, Mashburn CA, Pak R, Engle RW. Nature and Measurement of Attention

Control. J Exp Psychol Gen. 2023; 152(8):2369–402. https://doi.org/10.1037/xge0001408 PMID:

37079831

16. Tsukahara JS, Engle RW. Fluid intelligence and the locus coeruleus-norepinephrine system. Proc

Natl Acad Sci U S A. 2021; 118(46). https://doi.org/10.1073/pnas.2110630118 PMID: 34764223

17. Kail R V., Miller CA. Developmental change in processing speed: Domain specificity and stability dur-

ing childhood and adolescence. Journal of Cognition and Development. 2006; 7(1):119–37.

18. Fry AF, Hale S. Relationships among processing speed, working memory, and fluid intelligence in chil-

dren. Biol Psychol. 2000; 54:1–34. https://doi.org/10.1016/s0301-0511(00)00051-x PMID: 11035218

19. Christ SE, White D, Brunstrom JE, Abrams RA. Inhibitory control following perinatal brain injury. Neu-

ropsychology. 2003; 17(1):171. PMID: 12597086

20. McAuley T, Christ SE, White DA. Mapping the development of response inhibition in young children

using a modified day-night task. Dev Neuropsychol. 2011; 36(5):539–51. https://doi.org/10.1080/

87565641.2010.549871 PMID: 21667359

21. Rey-Mermet A, Gade M, Oberauer K. Should we stop thinking about inhibition? Searching for individ-

ual and age differences in inhibition ability. J Exp Psychol Learn Mem Cogn. 2018; 44(4):501–26.

https://doi.org/10.1037/xlm0000450 PMID: 28956944

22. Epstein HT. Eeg developmental stages. Dev Psychobiol. 1980; 13(6):629–31. https://doi.org/10.1002/

dev.420130608 PMID: 7429022

23. Hudspeth WJW, Pribram KHK. Stages of Brain and Cognitive Maturation. J Educ Psychol. 1990; 82

(4):881–4.

24. Anderson P. Assessment and development of executive function (EF) during childhood. Child Neuro-

psychology. 2002; 8(2):71–82. https://doi.org/10.1076/chin.8.2.71.8724 PMID: 12638061

25. Garon N, Bryson SE, Smith IM. Executive function in preschoolers: A review using an integrative

framework. Psychol Bull. 2008; 134(1):31–60. https://doi.org/10.1037/0033-2909.134.1.31 PMID:

18193994

26. Rueda MR, Fan J, McCandliss BD, Halparin JD, Gruber DB, Lercari LP, et al. Development of atten-

tional networks in childhood. Neuropsychologia. 2004; 42(8):1029–40. https://doi.org/10.1016/j.

neuropsychologia.2003.12.012 PMID: 15093142

27. Rueda MR, Posner MI, Rothbart MK. The development of executive attention: Contributions to the

emergence of self-regulation. Dev Neuropsychol. 2005; 28(2):573–94. https://doi.org/10.1207/

s15326942dn2802_2 PMID: 16144428

28. Blakey E, Visser I, Carroll DJ. Different Executive Functions Support Different Kinds of Cognitive Flexi-

bility: Evidence From 2-, 3-, and 4-Year-Olds. Child Dev. 2016; 87(2):513–26. https://doi.org/10.1111/

cdev.12468 PMID: 26659697

29. Dempster FN. Resistance to interference: developmental changes in a basic processing mechanism.

In: Howe M, Psnak R, editors. Emerging themes in cognitive development. New York, NY: Springer

New York; 1993. p. 3–27.

PLOS ONE Age-related change in inhibitory processes

PLOS ONE | https://doi.org/10.1371/journal.pone.0316347 January 27, 2025 22 / 28

https://doi.org/10.1037/0033-2909.126.2.220
https://doi.org/10.1037/0033-2909.126.2.220
http://www.ncbi.nlm.nih.gov/pubmed/10748641
https://doi.org/10.1037//0096-3445.130.2.199
http://www.ncbi.nlm.nih.gov/pubmed/11409099
https://www.sciencedirect.com/science/article/pii/027826269290061P
https://www.sciencedirect.com/science/article/pii/027826269290061P
https://doi.org/10.1016/0278-2626%2892%2990061-p
http://www.ncbi.nlm.nih.gov/pubmed/1389122
https://www.researchgate.net/publication/11931049
https://doi.org/10.1037//0096-3445.130.2.169
http://www.ncbi.nlm.nih.gov/pubmed/11409097
https://doi.org/10.1037/rev0000439
http://www.ncbi.nlm.nih.gov/pubmed/37470982
https://doi.org/10.1037/xge0001408
http://www.ncbi.nlm.nih.gov/pubmed/37079831
https://doi.org/10.1073/pnas.2110630118
http://www.ncbi.nlm.nih.gov/pubmed/34764223
https://doi.org/10.1016/s0301-0511%2800%2900051-x
http://www.ncbi.nlm.nih.gov/pubmed/11035218
http://www.ncbi.nlm.nih.gov/pubmed/12597086
https://doi.org/10.1080/87565641.2010.549871
https://doi.org/10.1080/87565641.2010.549871
http://www.ncbi.nlm.nih.gov/pubmed/21667359
https://doi.org/10.1037/xlm0000450
http://www.ncbi.nlm.nih.gov/pubmed/28956944
https://doi.org/10.1002/dev.420130608
https://doi.org/10.1002/dev.420130608
http://www.ncbi.nlm.nih.gov/pubmed/7429022
https://doi.org/10.1076/chin.8.2.71.8724
http://www.ncbi.nlm.nih.gov/pubmed/12638061
https://doi.org/10.1037/0033-2909.134.1.31
http://www.ncbi.nlm.nih.gov/pubmed/18193994
https://doi.org/10.1016/j.neuropsychologia.2003.12.012
https://doi.org/10.1016/j.neuropsychologia.2003.12.012
http://www.ncbi.nlm.nih.gov/pubmed/15093142
https://doi.org/10.1207/s15326942dn2802%5F2
https://doi.org/10.1207/s15326942dn2802%5F2
http://www.ncbi.nlm.nih.gov/pubmed/16144428
https://doi.org/10.1111/cdev.12468
https://doi.org/10.1111/cdev.12468
http://www.ncbi.nlm.nih.gov/pubmed/26659697
https://doi.org/10.1371/journal.pone.0316347


30. Friedman NP, Miyake A. The relations among inhibition and interference control functions: A latent-

variable analysis. J Exp Psychol Gen. 2004; 133(1):101–35. https://doi.org/10.1037/0096-3445.133.1.

101 PMID: 14979754

31. Diamond A. Executive Funtions. Annu Rev Psychol. 2013; 64:135–68.

32. May CP, Hasher L, Kane MJ. The role of interference in memory span. Mem Cognit. 1999; 27(5):759–

67. https://doi.org/10.3758/bf03198529 PMID: 10540805

33. Munakata Y, Herd SA, Chatham CH, Depue BE, Banich MT, O’Reilly RC, et al. A unified framework

for inhibitory control. Trends Cogn Sci. 2011; 15(10):453–9. https://doi.org/10.1016/j.tics.2011.07.011

PMID: 21889391

34. Baddeley AD, Hitch GJ. Working memory. In: Bower GA, editor. The psychology of learning and moti-

vation Vol 8. New York, NY: Academic Press; 1974. p. 47–89.

35. Baddeley AD. Working memory. New York, NY: Oxford University Press; 1986.

36. Baddeley AD. Exploring the central executive. Quarterly Journal of Experimental Psychology. 1996;

49A:5–28.

37. Kane MJ, Engle RW. Working-Memory Capacity, Proactive Interference, and Divided Attention: Limits

on Long-Term Memory Retrieval. J Exp Psychol Learn Mem Cogn. 2000; 26(2):336–58. https://doi.

org/10.1037//0278-7393.26.2.336 PMID: 10764100

38. Kane MJ, Engle RW. The role of prefrontal cortex in working-memory capacity, executive attention,

and general fluid intelligence: An individual-differences perspective. Psychon Bull Rev. 2002; 9

(4):637–71. https://doi.org/10.3758/bf03196323 PMID: 12613671

39. Kane MJ, Conway ARA, Hambrick DZ, Engle RW. Variation in Working Memory Capacity as Variation

in Executive Attention and Control. In: Variation in Working Memory. 2012.

40. Heitz RP, Unsworth N, Engle RW. Working memory capacity, attention control, and fluid intelligence.

Handbook of Understanding and Measuring Intelligence. 2005;(January 2005):61–78.

41. Mashburn CA, Tsukahara JS, Engle RW. Individual Differences in Attention Control: Implications for

the Relationship Between Working Memory Capacity and Fluid Intelligence. In: Working Memory:

State of the Science. 2020. p. 175–211.

42. Friedman NP, Miyake A. Unity and diversity of executive functions: Individual differences as a window

on cognitive structure. Cortex. 2017; 86(May):186–204. https://doi.org/10.1016/j.cortex.2016.04.023

PMID: 27251123

43. Munakata Y, Snyder HR, Chatham CH. Developing cognitive control: three key transitions. Curr Dir

Psychol Sci. 2012; 21(2):71–7. https://doi.org/10.1177/0963721412436807 PMID: 22711982

44. Kane MJ, Meier ME, Smeekens BA, Gross GM, Chun CA, Silvia PJ, et al. Individual differences in the

executive control of attention, memory, and thought, and their associations with schizotypy. J Exp Psy-

chol Gen [Internet]. 2016 [cited 2020 Jul 2]; 145(8):1017–48. Available from: https://psycnet.apa.org/

record/2016-29680-001 https://doi.org/10.1037/xge0000184 PMID: 27454042

45. Bunge SA, Ochsner KN, Desmond JE, Glover GH, Gabrieli JDE. Prefrontal regions involved in keep-

ing information in and out of mind. Brain. 2001; 124(10):2074–86.

46. McNab F, Leroux G, Strand F, Thorell L, Bergman S, Klingberg T. Common and unique components

of inhibition and working memory: An fMRI, within-subjects investigation. Neuropsychologia [Internet].

2008 [cited 2021 May 24]; 46(11):2668–82. Available from: https://www.sciencedirect.com/science/

article/pii/S0028393208001693 https://doi.org/10.1016/j.neuropsychologia.2008.04.023 PMID:

18573510

47. Schneider WJ, McGrew KS. The Cattell-Horn-Carroll Theory of Cognitive Abilities. In: Flanagan DP,

McDonough EM, editors. Contemporary intellectual assessment: Theories, tests, and issues. New

York, NY: The Guilford Press; 2018. p. 73–163.

48. Rose SA, Feldman JF, Jankowski JJ. Modeling a cascade of effects: The role of speed and executive

functioning in preterm/full-term differences in academic achievement. Dev Sci. 2011; 14(5):1161–75.

https://doi.org/10.1111/j.1467-7687.2011.01068.x PMID: 21884331

49. Christ SE, White DA, Mandernach T, Keys BA. Inhibitory control across the life span. Dev Neuropsy-

chol. 2001; 20(3):653–69. https://doi.org/10.1207/S15326942DN2003_7 PMID: 12002099

50. Hedge C, Powell G, Bompas A, Sumner P. Strategy and Processing Speed Eclipse Individual Differ-

ences in Control Ability in Conflict Tasks. J Exp Psychol Learn Mem Cogn. 2021 Sep 30; 48(10):1448–

69. https://doi.org/10.1037/xlm0001028 PMID: 34591554

51. Miller J, Ulrich R. Mental chronometry and individual differences: Modeling reliabilities and correlations

of reaction time means and effect sizes. Vol. 20, Psychonomic Bulletin and Review. 2013. p. 819–58.

https://doi.org/10.3758/s13423-013-0404-5 PMID: 23955122

PLOS ONE Age-related change in inhibitory processes

PLOS ONE | https://doi.org/10.1371/journal.pone.0316347 January 27, 2025 23 / 28

https://doi.org/10.1037/0096-3445.133.1.101
https://doi.org/10.1037/0096-3445.133.1.101
http://www.ncbi.nlm.nih.gov/pubmed/14979754
https://doi.org/10.3758/bf03198529
http://www.ncbi.nlm.nih.gov/pubmed/10540805
https://doi.org/10.1016/j.tics.2011.07.011
http://www.ncbi.nlm.nih.gov/pubmed/21889391
https://doi.org/10.1037//0278-7393.26.2.336
https://doi.org/10.1037//0278-7393.26.2.336
http://www.ncbi.nlm.nih.gov/pubmed/10764100
https://doi.org/10.3758/bf03196323
http://www.ncbi.nlm.nih.gov/pubmed/12613671
https://doi.org/10.1016/j.cortex.2016.04.023
http://www.ncbi.nlm.nih.gov/pubmed/27251123
https://doi.org/10.1177/0963721412436807
http://www.ncbi.nlm.nih.gov/pubmed/22711982
https://psycnet.apa.org/record/2016-29680-001
https://psycnet.apa.org/record/2016-29680-001
https://doi.org/10.1037/xge0000184
http://www.ncbi.nlm.nih.gov/pubmed/27454042
https://www.sciencedirect.com/science/article/pii/S0028393208001693
https://www.sciencedirect.com/science/article/pii/S0028393208001693
https://doi.org/10.1016/j.neuropsychologia.2008.04.023
http://www.ncbi.nlm.nih.gov/pubmed/18573510
https://doi.org/10.1111/j.1467-7687.2011.01068.x
http://www.ncbi.nlm.nih.gov/pubmed/21884331
https://doi.org/10.1207/S15326942DN2003%5F7
http://www.ncbi.nlm.nih.gov/pubmed/12002099
https://doi.org/10.1037/xlm0001028
http://www.ncbi.nlm.nih.gov/pubmed/34591554
https://doi.org/10.3758/s13423-013-0404-5
http://www.ncbi.nlm.nih.gov/pubmed/23955122
https://doi.org/10.1371/journal.pone.0316347


52. Span MM, Ridderinkhof KR, van der Molen MW. Age-related changes in the efficiency of cognitive pro-

cessing across the life span. Acta Psychol (Amst). 2004; 117(2):155–83. https://doi.org/10.1016/j.

actpsy.2004.05.005 PMID: 15464012

53. Urben S, van der Linden M, Barisnikov K. Development of the ability to inhibit a prepotent response:

Influence of working memory and processing speed. British Journal of Developmental Psychology.

2011; 29(4):981–98. https://doi.org/10.1111/j.2044-835X.2011.02037.x PMID: 21995748

54. Huizinga M, Dolan C V., van der Molen MW. Age-related change in executive function: Developmental

trends and a latent variable analysis. Neuropsychologia. 2006; 44(11):2017–36. https://doi.org/10.

1016/j.neuropsychologia.2006.01.010 PMID: 16527316

55. Bunge SA, Dudukovic NM, Thomason ME, Vaidya CJ, Gabrieli JDE. Immature frontal lobe contribu-

tions to cognitive control in children: Evidence from fMRI. Neuron [Internet]. 2002 [cited 2020 Jul 16];

33(2):301–11. Available from: https://www.sciencedirect.com/science/article/pii/S0896627301005839

https://doi.org/10.1016/s0896-6273(01)00583-9 PMID: 11804576

56. Artuso C, Palladino P. Content-context binding in verbal working memory updating: On-line and off-

line effects. Acta Psychol (Amst) [Internet]. 2011; 136(3):363–9. Available from: https://doi.org/10.

1016/j.actpsy.2011.01.001 PMID: 21276582

57. Carriedo N, Corral A, Montoro PRPR, Herrero L, Rucián M. Development of the updating executive

function: From 7-year-olds to young adults. Dev Psychol [Internet]. 2016 [cited 2019 Aug 28]; 52

(4):666–78. Available from: https://psycnet.apa.org/record/2016-07812-001 https://doi.org/10.1037/

dev0000091 PMID: 26882119

58. Davidson MC, Amso D, Anderson LC, Diamond A, Cruess L, Diamond A. Development of cognitive

control and executive functions from 4 to 13 years: Evidence from manipulations of memory, inhibition,

and task switching. Neuropsychologia. 2006; 44(11):2037–78. https://doi.org/10.1016/j.

neuropsychologia.2006.02.006 PMID: 16580701

59. Marek S, Tervo-Clemmens B, Klein N, Foran W, Ghuman AS, Luna B. Adolescent development of

cortical oscillations: Power, phase, and support of cognitive maturation. PLoS Biol. 2018; 16(11).

https://doi.org/10.1371/journal.pbio.2004188 PMID: 30500809

60. Pritchard VE, Neumann E. Negative priming effects in children engaged in nonspatial tasks: evidence

for early development of an intact inhibitory mechanism. Dev Psychol. 2004; 40(2):191–203. https://

doi.org/10.1037/0012-1649.40.2.191 PMID: 14979760

61. Luna B. Developmental Changes in Cognitive Control through Adolescence [Internet]. Vol. 37,

Advances in Child Development and Behavior. 2009 [cited 2021 May 24]. p. 233–78. Available from:

https://www.sciencedirect.com/science/article/pii/S0065240709037069

62. Diamond A. Neuropsychological insights into the meaning of object concept development. In: Carey

S, Gelman R, editors. The Epigenesis of Mind [Internet]. Psychology Press; 2020 [cited 2021 May

24]. p. 79–122. Available from: https://psycnet.apa.org/record/1991-97841-003

63. Verbruggen F, Liefooghe B, Vandierendonck A. The interaction between stop signal inhibition and dis-

tractor interference in the flanker and Stroop task. Acta Psychol (Amst). 2004; 116(1):21–37. https://

doi.org/10.1016/j.actpsy.2003.12.011 PMID: 15111228

64. Folstein JR, Van Petten C. Influence of cognitive control and mismatch on the N2 component of the

ERP: A review. Psychophysiology [Internet]. 2008 [cited 2021 May 24]; 45(1):152–70. Available from:

https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1469-8986.2007.00602.x PMID: 17850238
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(low) math achievement in primary and secondary school. J Exp Child Psychol. 2023; 235(105715):1–

25. https://doi.org/10.1016/j.jecp.2023.105715 PMID: 37307647

99. Friedman NP, Miyake A, Young SE, Defries JC, Corley RP, Hewitt JK. Individual differences are

almost entirely genetic in origin. J Exp Psychol. 2009; 137(2):201–25.

100. Wilcox RR, Keselman HJ. Modem robust data analysis methods: Measures of central tendency. Psy-

chol Methods. 2003 Sep; 8(3):254–74.

101. Townsend JT, Ashby FG. Stochastic modeling of elementary psychological processes. CUP Archive;

1983.

102. Bruyer R, Brysbaert M. Combining speed and accuracy in cognitive psychology: Is the inverse effi-

ciency score (IES) a better dependent variable than the mean reaction time (RT) and the percentage

of errors (PE)? Psychol Belg [Internet]. 2011 [cited 2021 Oct 3]; 51(1):5–13. Available from: https://

biblio.ugent.be/publication/2001824

103. Vandierendonck A. A comparison of methods to combine speed and accuracy measures of perfor-

mance: A rejoinder on the binning procedure. Behav Res Methods. 2017 Apr 1; 49(2):653–73. https://

doi.org/10.3758/s13428-016-0721-5 PMID: 26944576

104. Vandierendonck A. Further tests of the utility of integrated speed-accuracy measures in task switch-

ing. J Cogn [Internet]. 2018 Jan 12 [cited 2021 Oct 7]; 1(1). Available from: http://www.

journalofcognition.org/articles/10.5334/joc.6/ PMID: 31517182

105. Draheim C, Mashburn CA, Martin JD, Engle RW. Reaction time in differential and developmental

research: A review and commentary on the problems and alternatives. Psychol Bull. 2019; 145

(5):508–35. https://doi.org/10.1037/bul0000192 PMID: 30896187

106. Miyake A, Friedman NP, Emerson MJ, Witzki AH, Howerter A, Wager TD. The unity and diversity of

executive functions and their contributions to complex “frontal lobe” tasks: A latent variable analysis.

Cogn Psychol. 2000; 41(1):49–100. https://doi.org/10.1006/cogp.1999.0734 PMID: 10945922

107. Savalei V. On the computation of the RMSEA and CFI from the mean-and-variance corrected test sta-

tistic with nonnormal data in SEM. Multivariate Behav Res. 2018 May 4; 53(3):419–29. https://doi.org/

10.1080/00273171.2018.1455142 PMID: 29624085

108. Putnick DL, Bornstein MH. Measurement invariance conventions and reporting: The state of the art

and future directions for psychological research. Developmental Review [Internet]. 2016 [cited 2021

Sep 16]; 41:71–90. Available from: https://www.sciencedirect.com/science/article/pii/

S0273229716300351 https://doi.org/10.1016/j.dr.2016.06.004 PMID: 27942093

109. Browne MW, Cudeck R. Alternative ways of assessing model fit. Sociol Methods Res. 1992; 21

(2):230–58.

110. Little TD. Model fit, sample size, and power. In: Litlle TD, editor. Longitudinal structural equation

modeling. New York, NY: Guildford Press; 2013. p. 106–36.

111. Posit team. RStudio: Integrated Development Environment for R. Posit Software, PBC. Boston;

2024.

112. Epskamp S. semPlot: Path diagrams and visual analysis of various SEM packages’ output. [Internet].

2019. Available from: https://cran.r-project.org/package=semPlot

113. Jorgensen TD, Pornprasertmanit S, Schoemann AM, Rosseel Y, Miller P, Quick C, et al. SemTools:

Useful Tools for Structural Equation Modeling (0.5–3) [Computer software]. 2020.

114. Wickham H, Averick M, Bryan J, Chang W, McGowan D, François R, et al. Welcome to the tidyverse.

J Open Source Softw. 2019; 4(43):1686.

PLOS ONE Age-related change in inhibitory processes

PLOS ONE | https://doi.org/10.1371/journal.pone.0316347 January 27, 2025 26 / 28

https://www.sciencedirect.com/science/article/pii/0022096582900546
https://www.sciencedirect.com/science/article/pii/0022096582900546
https://doi.org/10.1371/journal.pone.0150289
http://www.ncbi.nlm.nih.gov/pubmed/26954501
https://doi.org/10.3389/fpsyg.2019.01080
https://doi.org/10.3389/fpsyg.2019.01080
http://www.ncbi.nlm.nih.gov/pubmed/31156508
https://doi.org/10.1016/j.jsp.2024.101353
http://www.ncbi.nlm.nih.gov/pubmed/39251311
https://doi.org/10.1016/j.jecp.2023.105715
http://www.ncbi.nlm.nih.gov/pubmed/37307647
https://biblio.ugent.be/publication/2001824
https://biblio.ugent.be/publication/2001824
https://doi.org/10.3758/s13428-016-0721-5
https://doi.org/10.3758/s13428-016-0721-5
http://www.ncbi.nlm.nih.gov/pubmed/26944576
http://www.journalofcognition.org/articles/10.5334/joc.6/
http://www.journalofcognition.org/articles/10.5334/joc.6/
http://www.ncbi.nlm.nih.gov/pubmed/31517182
https://doi.org/10.1037/bul0000192
http://www.ncbi.nlm.nih.gov/pubmed/30896187
https://doi.org/10.1006/cogp.1999.0734
http://www.ncbi.nlm.nih.gov/pubmed/10945922
https://doi.org/10.1080/00273171.2018.1455142
https://doi.org/10.1080/00273171.2018.1455142
http://www.ncbi.nlm.nih.gov/pubmed/29624085
https://www.sciencedirect.com/science/article/pii/S0273229716300351
https://www.sciencedirect.com/science/article/pii/S0273229716300351
https://doi.org/10.1016/j.dr.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27942093
https://cran.r-project.org/package=semPlot
https://doi.org/10.1371/journal.pone.0316347


115. Hedge C, Powell G, Sumner P. The reliability paradox: Why robust cognitive tasks do not produce reli-

able individual differences. Behav Res Methods. 2018; 50(3):1166–86. https://doi.org/10.3758/

s13428-017-0935-1 PMID: 28726177

116. Rouder JN, Kumar A, Haaf JM. Why Most Studies of Individual Differences With Inhibition Tasks Are

Bound To Fail. 2019;(March, 25).

117. Vanhala A, Lee K, Korhonen J, Aunio P. Dimensionality of executive functions and processing speed

in preschoolers. Learn Individ Differ. 2023; 107:102361.
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