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Abstract
Inhibitory control (IC) develops in stages from infancy through adolescence and is associated with numerous developmen-
tal disorders and learning outcomes. This study examined how neural architecture – in particular myelination – underlies 
brain activation patterns observed during IC tasks in a sample of 28 children aged 4–10 years old. IC was observed using 
reaction times during go/no-go and flanker IC tasks. Myelination was measured using quantitative longitudinal relaxation 
rate (R1) mapping obtained from selected white matter regions of interest (ROIs). Brain activation was defined as task-
related changes in hemoglobin oxygenation as measured by functional near-infrared spectroscopy (fNIRS) averaged within 
ROIs. Results indicated that myelination in ROIs was higher in older children and fNIRS activation in frontal channels 
was significantly and positively associated with go/no-go mean reaction time. Myelination in the corona radiata and 
superior longitudinal fasciculus was positively associated with frontal fNIRS activation, while myelination was negatively 
associated with go/no-go and flanker mean reaction times across white matter ROIs. Overall, significance level notably 
varied across models. Independently of inhibitory control constructs, these regions may be of interest in future structure-
function studies across development.

Highlights
	● We measured myelination, brain activation, and inhibitory control task reaction times.
	● Myelination in white matter regions was associated with task reaction times.
	● Frontal cortical brain activation was associated task reaction times.
	● Myelination may support the relationship between brain activation and reaction times.

Keywords  Functional near-infrared spectroscopy · Quantitative relaxometry · Magnetic resonance imaging · Inhibitory 
control · Brain activation · Myelin
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Glossary of Terms and Abbreviations

Imaging modalities leveraged in current study
fNIRS	� Functional near-infrared spectroscopy
T1 relaxometry	� T1 relaxometry magnetic resonance 

imaging

Regions of interest – fNIRS
r/lFP	� Right and left frontal pole
r/lPFC	� Right and left prefrontal cortex
rTPC	� Right and left temporoparietal cortex

Regions of interest – MRI
GCC	� Genu of the corpus callosum
BCC	� Body of the corpus callosum
SCC	� Splenium of the corpus callosum
F	� Fornix
r/lACR	� Right and left anterior corona radiata
r/lSCR	� Right and left superior corona radiata
r/lSCR	� Right and left posterior corona radiata
r/lCG	� Right and left cingulate gyrus
r/lCH	� Right and left cingulum (hippocampal 

aspect)
rF/lF	� Right and left fornix segments
rSLF/lSLF	� Right and left superior longitudinal 

fasciculus
r/lSFOF	� Right and left superior fronto-occipital 

fasciculus
r/lIFOF	� Right and left inferior fronto-occipital 

fasciculus
r/lUF	� Right and left uncinate fasciculus

Measurements of interest
Go-no/go and 
flanker mean 
reaction time

�Go/no-go mean RT, flanker mean RT

R1 �Inverse of T1 relaxation time
ΔHbO �Oxygenated hemoglobin
Intra-InCg ΔHbO �Oxygenated hemoglobin levels during 

the go/no-go incongruent condition
Post-InCg ΔHbO �Oxygenated hemoglobin levels fol-

lowing the go/no-go incongruent 
condition

Introduction

Inhibitory control (IC) is the ability to manage and suppress 
behaviors, emotions, and actions to achieve behavioral or 
cognitive goals (Diamond 2013). This executive function 
is essential in everyday tasks, such as controlling impulses, 

making decisions, and adapting to new environments (Gil-
bert and Burgess 2008; Kusi-Mensah et al. 2022). IC is one 
of the earliest higher order cognitive functions to emerge, 
yet it has a prolonged developmental trajectory, with basic 
motor response IC beginning to develop in infancy (Kochan-
ska et al. 1998) and more complex cognitive IC develops 
from middle childhood through adolescence (Deshaies and 
Éthier 2024; Ordaz et al. 2013; Simpson and Carroll 2019). 
Deficits in IC are implicated in impulsivity, distractibility, 
and aggressiveness, as well as in conditions such as opposi-
tional defiant disorder and conduct disorder (Bonham et al. 
2021), autism spectrum disorder (Schmitt et al. 2018) and 
attention-deficit/hyperactivity disorder (ADHD, Bonham et 
al. 2021; Elosúa et al. 2017; Schachar et al. 1995). Since 
IC spans motor, emotional, verbal, and cognitive domains, 
studying its development and impacts on later pathology is 
an important area of research (Deshaies and Éthier 2024).

Insights from functional (fMRI), structural, and diffu-
sion (dMRI) imaging studies have contributed to the cur-
rent understanding of brain regions and networks involved 
in IC development and expression. fMRI studies in children 
and adults demonstrate increased activation with age during 
IC tasks in the inferior frontal gyrus, insula, orbitofrontal 
gyrus, lingual gyrus, and anterior cingulate gyrus (Cohen 
et al. 2010; Cope et al. 2020; Ordaz et al. 2013; Rubia et 
al. 2006, 2007; Tamm et al. 2002), with one study reporting 
higher activation in frontal and striatal regions in females 
and parietal regions in males (Rubia et al. 2013). Electro-
encephalography (EEG) studies demonstrate changes in 
frontal EEG power during IC tasks in preschool-aged chil-
dren that improve longitudinally with improved task per-
formance. These include larger N2 component amplitudes 
associated with go/no-go task training (Liu et al. 2015), 
lower lateral frontal power associated with maternal-report 
measures of inhibitory control (Morasch and Bell 2011), 
and larger baseline-to-task changes in medial frontal EEG 
activity associated with improved task accuracy (Watson 
and Bell 2013). fNIRS studies in preschool children dem-
onstrate associations between prefrontal cortex activation 
and more irritability during IC tasks (Fishburn et al. 2019; 
Li et al. 2016), and in children and adults demonstrate age-
based differences in connectivity patterns during a go/no-go 
task, including reduced inhibition-related right fronto-pari-
etal activation in children compared to adults (Mehnert et 
al. 2013). More recently, we also observed higher fNIRS 
cortical activity of the right prefrontal cortex and left orbito-
frontal cortex to be associated with better performance and 
smaller standard error of mean of reaction time in IC tasks 
in children (Zhou et al. 2022). Taken together, these studies 
highlight that as individuals age, better performance dur-
ing IC tasks is linked to specific neural patterns, including 
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higher frontal activation, changes in EEG power, and stron-
ger connectivity.

Structural MRI studies have further implicated the dor-
solateral prefrontal cortex, inferior frontal gyri, anterior 
cingulate cortex, basal ganglia, subthalamic nucleus, hippo-
campus, and fornix in IC (Benear et al. 2020; Godsil et al. 
2013; Munakata et al. 2011; Ou et al. 2023; Pérez-Cervera 
et al. 2023). Additional dMRI work has revealed micro-
structural correlates of IC in typical development (God-
dings et al. 2021a) and ADHD (Tremblay et al. 2020), with 
lower frontostriatal radial diffusivity associated with better 
IC (Liston et al. 2006). Other dMRI studies have associated 
higher fractional anisotropy in the anterior corona radiata, 
right inferior frontal gyrus, and right presupplementary 
motor cortex and lower radial diffusivity in the right inferior 
frontal gyrus and right presupplementary with improved 
IC (Mackiewicz Seghete et al. 2013; Madsen et al. 2010). 
These structural findings suggest myelin maturation, which 
enhances neural processing and communication, may have 
a significant role in the development of IC. Indeed, myelina-
tion has been shown to underlie differences in functional 
brain activation and executive function ability, including IC 
ability (Fiske and Holmboe 2019; Fornari et al. 2007; God-
dings et al. 2021a, b; Ribeiro et al. 2024).

As the aforementioned studies have demonstrated 
numerous brain regions involved in IC, it is likely that the 
development of IC requires a large-scale network with no 
single dominant brain region (Kang et al. 2022). Moreover, 
it is unclear how brain structure relates to brain activation in 
regions across these networks during development, and how 
these associations ultimately relate to IC. One multimodal 
study found age-related decreases in insular and middle 
frontal gyrus volume and activation on fMRI, which related 
to slower response time in a go/no-go task (Hu et al. 2018). 
Additional work related gray matter volume and fNIRS 
prefrontal activation during a dual task involving cognitive 
load and walking task in elderly individuals, suggesting 
an important association between brain structure and task-
based activation (Wagshul et al. 2019).

IC development has been studied using a range of 
experimental paradigms, including the go/no-go, stop-sig-
nal, flanker, Stroop, and antisaccade tasks (Friedman and 
Robbins 2022). Many of these tasks have been adapted to 
preschool and early elementary-aged children by incorpo-
rating age-appropriate tasks that similarly assess these skills 
(Isquith et al. 2005). While the go/no-go task requires inhib-
iting a motor response, the flanker task requires inhibiting 
attention towards irrelevant stimuli (Friedman and Robbins 
2022). In elementary-aged children, IC task accuracies are 
uniformly high; thus, reaction times are used to capture 
variability in IC in this population (Schulz et al. 2023; Ursa-
che and Raver 2014). Reaction times tend to be slower (or 

longer) during tasks that require inhibition of a response, 
and become faster (shorter) with improvements in task 
accuracy and overall fluid intelligence (Schulz et al. 2023). 
Further, higher brain activation as measured by fNIRS and 
fMRI is associated with IC performance and faster reaction 
times (Cohen et al. 2010; Zhou et al. 2022). However, to 
the best of our knowledge, no multimodal study exists that 
connects brain myelination patterns that may underlie hand 
task-related brain activation during IC in children, leaving 
questions of how brain structure and brain activation relate 
to IC ability, and how these relations differ at points across 
development.

In this study, we leverage a multi-modal approach to 
understanding the dynamic interplay between brain struc-
ture, activation, and behavior across sensitive periods of 
childhood. We evaluate how myelination across early to 
middle childhood relates to task-related functional brain 
activation and how these structural and functional neuroim-
aging features correlate with neurobehavioral assessments 
of IC. We evaluate associations between myelination as 
measured by quantitative relaxometry (R1) acquired using 
the MPnRAGE technique (Kecskemeti et al. 2016; Kecske-
meti and Alexander 2020) in awake children, fNIRS oxy-
genated hemoglobin levels measured during a go/no-go 
task, and behavioral results from the go/no-go task and the 
flanker test of IC from the NIH Toolbox (Weintraub et al. 
2013), in a sample of children aged 4–10 years. For both 
the go/no-go task and the flanker task assessments, we 
operationalized IC performance using reaction times (RTs). 
We chose R1, the inverse of T1 relaxation time, to quan-
tify myelination given its sensitivity in quantifying myelin 
content across development (Deoni et al. 2012; Kühne et 
al. 2021). Finally, we used fNIRS to quantify brain activa-
tion given its improved temporal sensitivity over fMRI to 
blood flow changes related to cortical neuronal activation 
and ability to be used in a more natural environment than 
fMRI (Fishburn et al. 2014; Pinti et al. 2015).

Our hypotheses were as follows: (1) Similar to previous 
work, we anticipate age-related and sex-related differences 
in R1, task-related fNIRS oxygenated hemoglobin changes, 
and IC performance (Cope et al. 2020; de Rooij and Weeda 
2020; Deoni et al. 2012; Fornari et al. 2007; Ho et al. 2024; 
Rubia et al. 2013; Wu et al. 2025; Zhou et al. 2022); (2) 
Based on prior work relating fNIRS oxygenated hemoglo-
bin to IC ability during the go/no-go task (Zhou et al. 2022), 
higher oxygenated hemoglobin levels during the portions 
of the go/no-go task requiring IC will be related to faster 
RTs during both the go/no-go and flanker tasks; (3) Larger 
R1 will be associated with faster RTs on both IC tasks, as 
R1 is sensitive to increased myelination, which may facili-
tate improved processing speed (Dean et al. 2015); and (4) 
R1 will be positively associated with fNIRS oxygenated 
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primary caregiver for each child with verbal assent provided 
by each child.

Data Acquisition and Processing

Data acquisition and processing methods are described 
in the ensuing paragraphs; the behavioral and fNIRS data 
acquisition methods are also described in (Zhou et al. 2022). 
The data analysis and processing methods are dated to 
(Zhou et al. 2020).

Multimodal Go/no-Go Task

Children completed a go/no-go task in a sound-treated 
booth, seated 1.5 m from a computer monitor. Images were 
presented at the center, right, or left side of the monitor. 
Sounds were presented at a comfortable level from three 
loudspeakers (Tannoy Reveal 402) located in front of (0° 
azimuth), on the right (40° azimuth), or to the left (320° 
azimuth) of the child.

There were two types of trials administered during the 
go/no-go task:

Congruent Trial

At the beginning of the task, a dog image was shown at the 
center of the monitor, followed by a “bark” sound played by 
the center speaker after a 0.35 s delay. The dog then disap-
peared over a duration of 2.35 s. Children were trained to 
respond within 2 s after the onset of the sound and before 
the disappearance of the dog by pressing a one-button 
computer mouse when seeing a dog and hearing a “bark”. 
Between trials, a red balloon appeared on the left or right 
side of the monitor for 0.6s, to indicate the location for the 
ensuing images and sounds. After the balloon cue, a dog 
image was shown and a “bark” played from the balloon-
indicated location – this trial was known as a “congruent” 
trial as the sound and image corresponded to the same ani-
mal and were in the same location as previously indicated 
by the red balloon.

Incongruent Trial

There were two types of incongruent trials. For type 1 
incongruent trials, the child might see a dog image but hear 
a “meow” sound, or vice versa. For type 2 incongruent tri-
als, the balloon clue was on the incorrect side as the sub-
sequent animal image/noise combination. Children were 
trained not to respond to incongruent sounds and images. 
Type 2 incongruent trials were introduced to add extra inter-
ference between informative cues and subsequent events. 
We did not distinguish the two types of incongruent trials 

hemoglobin levels, based on prior work correlating myelin-
ation with higher brain activation in adults (Fornari et al. 
2007; Huang et al. 2023). Additionally, as prior literature 
has examined myelination and brain activation relating to 
IC ability (Dean et al. 2015; Fornari et al. 2007; Huang et 
al. 2023; Zhou et al. 2022), we explored whether R1 moder-
ated the relationship between fNIRS oxygenated hemoglo-
bin levels and IC ability, such that higher myelin content 
(larger R1) would result in a stronger relationship between 
brain activation and IC.

Materials and Methods

Participants

This study included behavioral, MRI and fNIRS data col-
lected from 51 children, aged 4–11 years old. Children were 
recruited from Waisman Center recruitment registries and 
via mass email distributed to university employees and 
students. Children underwent fNIRS, MRI, and behav-
ioral testing on the same day. Inclusion criteria were lack 
of contraindications to MRI scanning, lack of limitations 
due to physical health, typical development, and English 
as primary language. Exclusion criteria included diagnosis 
of psychiatric or neurologic illness, developmental disor-
ders, inability to undergo MRI scanning, or mothers with 
medical conditions or significant illness during pregnancy. 
Participants with incomplete MRI acquisition or fNIRS 
acquisition were excluded from the study, resulting in a 
sample of 28 children (14 females) between 4 and 10 years 
of age (mean = 6.8 years, SD = 1.9 years). Demographics are 
included in Table 1; sample age (full mean = 6.7 years, full 
SD = 2.5 years) and sex (full sample = 19 females) were not 
significantly different between the full and limited samples 
(p >.05) as assessed by t-test. Experimental protocols were 
approved by the University of Institutional Review Board 
and written informed consent was provided by the parent or 

Table 1  Sample demographic characteristics
Variables Sample (n)
Number of subjects 28
Mean age (years) 6.77
Child Sex
Male 14
Female 14
Child Race (incl. multiple)
White 21
Asian 2
American Indian/AK Native 1
Other 1
Not provided 5
Hispanic/Latino (ethnicity) 2
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Both scaled score and mean RT across all trials were 
calculated from the flanker assessment, but analyses were 
nonsignificant with scaled score, so only mean RT (flanker 
mean RT) are included in the current analyses. The test 
administration did not have separate incongruent and con-
gruent trials as in the go/no-go task, so flanker mean RT was 
calculated as the overall mean RT of the task.

Functional Near-infrared Spectroscopy Data 
Acquisition

fNIRS data were collected in a sound-treated booth via a 
continuous-wave NIRScout system (NIRx, Medical Tech-
nologies, LLC). The 16 light sources and 16 avalanche 
photodiode detectors were arranged to cover the frontal and 
temporal cortex in both hemispheres, and their orientation 
is pictured in (Zhou et al. 2022). Data acquisition and signal 
processing techniques are further described in (Zhou et al. 
2020). For children with dense hair, hairpins were used to 
improve scalp exposure to avoid impacting light intensity. 
Caps were readjusted with the consent of the child to maxi-
mize light intensity.

Functional Near-infrared Spectroscopy Data 
Analysis

We determined differences in task-related brain activation 
as measured by fNIRS task-related changes in oxygenated 
hemoglobin (HbO). HbO levels were measured during three 
time points for each condition (congruent and incongru-
ent, Fig. 1). For the congruent condition, all 3 trials were 
congruent trials. For the incongruent condition, the second 
1.5 trials were both incongruent trials. The pre-incongru-
ence (pre-InCg) HbO was calculated from the first 1.5 trials 
(within the first 10.7 s post stimulus onset) as this was the 
time period in both incongruent and congruent conditions 
when a subject could only be exposed to congruent trials, 
prior to the introduction of incongruent trials. The intra-
incongruence (intra-InCg) HbO timepoint for each condi-
tion was the grand mean HbO across the second 1.5 trials 
(10.7–20.7 s after stimulus onset), beginning with the first 
incongruent event. The post-incongruence (post-InCg) HbO 
timepoint for each condition was the period (20.7 to 30 s 
after stimulus onset) following the third trial. This duration 
was chosen to match the duration of the pre-incongruence 
and intra-incongruence period.

Intra-incongruence ΔHbO was the difference in intra-
InCg HbO between the incongruent and congruent condi-
tions. This was the difference in brain activation between 
the incongruent condition, which required IC, and the con-
gruent condition, which did not require IC. Higher values 
indicate higher brain activation during trials which require 

in the data analyses, as they both were aimed to require 
IC through differential activation or suppression of motor 
responses depending on task requirements.

“Go” events refer to congruent sounds and images, and 
“NoGo” events refer to incongruent sounds and images. 
Response to a “Go” event and lack of response to a “NoGo” 
event were met with a smiley face appearing on the monitor 
for 0.6s.

Children were trained on the rules of the task at their own 
pace before data collection. Once the experimenter was con-
fident that the child was familiar with the rules, the child 
was taken to the fNIRS booth for another practice session, 
consisting of three congruent blocks and two incongruent 
blocks, at the same pace as the actual testing, but with no 
fNIRS data recorded. Throughout learning, practicing, and 
testing, the ratio of congruent trials to incongruent trials was 
approximately 2.5:1.

The overall block design consisted of two conditions. A 
congruent block (20.7 s) consisted of three congruent trials, 
while an incongruent block (20.7 s) consisted of one con-
gruent trial, followed by two incongruent trials. The order of 
the type of incongruent trials was randomized across blocks. 
In the same block, the same dog image was presented, but 
across blocks, four different dog images and four different 
cat images were used to minimize boredom effects. After 
the onset of each block, there was a 12-s baseline where 
children were seeing four different and irrelevant cartoon 
pictures. The congruent condition was the grand mean aver-
age of all 8 congruent blocks, while the incongruent condi-
tion was the grand mean average of all 8 incongruent blocks. 
Blocks were administered across two 5-minute periods of 8 
blocks each. See Fig. 1 for a breakdown of conditions.

The difference in mean RT between the incongruent and 
congruent conditions was calculated for all participants for 
the go/no-go task, in order to determine the effect of IC 
(required by the incongruent trials) on reaction times (Zhou 
et al. 2022). A faster mean RT indicates that children were 
faster at responding to task stimuli, representing better IC.

NIH Toolbox Flanker Task

Participants underwent a modified version of the flanker 
task as part of the NIH toolbox cognition battery, which is 
further described in (Zelazo et al. 2013). Using an iPad, par-
ticipants were presented with a central stimulus surrounded 
by congruent or incongruent stimuli (flankers) and were 
asked to indicate the left-right orientation of the central 
stimulus. In congruent trials, the orientation of the flank-
ing stimuli matched the orientation of the central stimulus, 
while the orientation of the flanking stimuli was opposite to 
the central stimulus in incongruent trials.
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Cui et al. 2010; Hoshi 2016; Quaresima and Ferrari 2019). 
Regions of interest (ROIs) were calculated as ΔHbO aver-
aged across clusters of optodes, which covered the right 
frontal pole (rFP), left frontal pole (lFP), right prefron-
tal cortex (rPFC), left prefrontal cortex (lPFC), and right 
temporoparietal cortex (rTPC), left temporoparietal cortex 
(lTPC), as outlined in Fig. 2.

IC. Post-incongruence ΔHbO was the difference in post-
InCg HbO between the incongruent and congruent condi-
tions. This was the difference in brain activation following 
completion of the incongruent versus congruent conditions.

As described in (Zhou et al. 2022), we chose to ana-
lyze oxygenated hemoglobin changes (ΔHbO) as opposed 
to deoxygenated hemoglobin changes (ΔHbR) as previous 
work has suggested that, while the two values are negatively 
correlated, ΔHbO measurements exhibit larger amplitudes 
of change and improved signal-to-noise ratios (Bright 2012; 

Fig. 1  Trial design for congruent (Cg) and incongruent (InCg) condi-
tions, along with calculation of Intra-incongruence ΔHbO and post-
incongruence ΔHbO from HbO measured at three time points (pre-
InCg, intra-InCg, and post-InCg) during Cg and InCg conditions. For 
each condition, the pre-InCg HbO measurement was the average HbO 
from 0 to 10.7 s following stimulus onset, the intra-InCg HbO mea-
surement was the average HbO from 10.7 to 20.7 s following stimulus 

onset, and the post-InCg HbO measurement was after stimulus offset, 
and was the average HbO from 20.7 to 30 s following stimulus onset. 
Intra-incongruence ΔHbO was calculated by subtracting intra-InCg 
HbO between the and Cg and InCg conditions, and post-InCg ΔHbO 
was calculated by subtracting post-Incg HbO between the InCg and 
Cg conditions
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(Kecskemeti and Alexander 2020). Age and study-specific 
templates were created from participants’ MPnRAGE 
T1-weighted images using the “antsMultivariateTemplate-
Construction2.sh” script as part of ANTs (Avants et al. 
2014). Individual participants T1 maps were transformed 
to the template space from the resulting affine and non-lin-
ear transformations. The Johns Hopkins University (JHU) 
ICBM-DTI-81 template (Hua et al. 2008; Mori et al. 2005; 
Wakana et al. 2007) was spatially aligned to the population 
template using ANTs (Avants et al. 2014). The population-
template aligned JHU ICBM-DTI-81 white matter atlas was 
then transformed to each subject’s native space by applying 
the inverse of the spatial transformations estimated in the 
population- and subject-specific template generation step. 
Median values were extracted from each participant’s cor-
responding native-space T1 map. Median values were used 
as the median is less sensitive to voxels with extreme values 
(Van Belle et al. 2004). R1 values were calculated as the 
inverse of T1 relaxation times, to allow for ease of compari-
son. Higher R1 values indicate higher myelin content.

White matter ROIs were limited to regions thought to be 
involved in IC functions, including the genu of the corpus 
callosum (GCC), body of the corpus callosum (BCC), sple-
nium of the corpus callosum (SCC), fornix (F), right and 
left anterior corona radiata (r/lACR), right and left superior 
corona radiata (r/lSCR), right and left posterior corona radi-
ata (r/lSCR), right and left cingulate gyrus (r/lCG), right and 

MRI Data Acquisition

MRI data were acquired using a 3 T GE Discovery MR750 
scanner (Waukesha, WI) with a 32-channel phased array 
head coil (Nova Medical, Wilmington, MA). Whole-brain 
structural imaging was performed using a 3D T1-weighted 
MPnRAGE sequence with 1 mm isotropic resolution and 
an inversion-recovery magnetization preparation and 
three-dimensional radial k-space acquisition (Kecskemeti 
et al. 2016). Acquisition parameters included TR = 4.9 
ms, TE = 1.8 ms, and 386 views along the recovery curve, 
with excitation flip angles of 4° for the first 304 views and 
8°for the 82 remaining views. A delay time of TD = 500 
ms occurred after the last TR of each gradient-echo block 
to allow the signal to recover before the next preparation 
pulse. Scan duration was approximately 8 min. All partici-
pants watched a video of their choice during scanning and 
were instructed to remain still. Retrospective motion cor-
rection was performed as described in (Kecskemeti et al. 
2018).

MRI Data Analysis

R1 was used to quantify myelination within selected white 
matter regions across the brain. A multi-pass fitting pro-
cedure was used to estimate parametric maps of T1 relax-
ation times and denoised using total variation minimization 

Fig. 2  Functional near-infrared spectroscopy, spatial representation of 
channels. Labels are included to orient the location of channels, with 
Nz representing the nasion (anterior), and RPA and LPA representing 
the right and left preauricular points, respectively. The 46 fNIRS chan-
nels are shown, with the color-coded legend on the right representing 

the 6 ROIs from which mean ΔHbO was calculated. This figure was 
adapted from NIRSite software (NIRSite 2.0, NIRx Medical Technolo-
gies, LLC), as well as from (Zhou et al. 2022) with the authors’ permis-
sion. Channels in gray (FFC1 and FC3h) were excluded from analysis 
given poor data quality
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For hypothesis 3, we examined associations between R1 
and mean RT values to evaluate the relationship between 
myelination and task performance. Again, separate models 
were conducted for both the flanker and go/no-go tasks.

Hypothesis 3 Model : Mean RT = β 0 + β 1 ∗ R1 + β 2 ∗ AGE + ϵ

Hypothesis 4 asked whether myelin content was related to 
task-related brain activation. We examined whether R1 was 
associated with intra-incongruence or post-incongruence 
ΔHbO in any of the predefined ROIs.

Hypothesis 4 Model: ∆ HbO = β 0 + β 1 ∗ R1 + β 2 ∗ AGE + ϵ

Lastly, in a more exploratory analysis building on analyses 
2–4, only in regions where intra-incongruent or post-incon-
gruent ΔHbO and R1 were associated with go/no-go scores, 
we examined whether R1 and ΔHbO uniquely or synergisti-
cally related to IC go/no-go task performance.

Mean RT =β0 + β1 ∗ R1 + β2 ∗ ∆HbO

+ β3 ∗ ∆HbO ∗ R1 + β4 ∗ AGE + ε

Results

Age-Related Changes in Myelin, Task-Related Brain 
Activation, and IC

There were no significant correlations between sex and 
log(age), flanker RT, or go/no-go RT (all p >.05). There were 
also no significant correlations between sex and R1, intra-
incongruence ΔHbO, or post-incongruence ΔHbO in our 
regions of interest (all p >.05).The correlation between R1 
and log(age) was significant (p <.05) in all regions except 
the right fornix (Fig. 3). Intra-incongruence and post-incon-
gruence ΔHbO were not significantly associated with age 
in any ROIs. Flanker mean RT was significantly correlated 
with log(age), both before (p <.0001) and after (p <.0001) 
log transformation. Go/no-go mean RT was not significantly 
correlated with age.

.

Hypothesis 2 Reaction Time and Brain Activation

Task-related change in fNIRS brain activation in the right 
frontopolar and left frontopolar region was associated with 
go/no-go mean RT. Specifically, intra-incongruence ΔHbO 
in the rFP (p =.005, adj p =.031) and post-incongruence 
ΔHbO in the rFP (p =.001, adj p =.012) were significantly 
positively associated with go/no-go mean RT. All other 

left cingulum (hippocampal aspect, r/lCH, right and left for-
nix segments (rF/lF), right and left superior longitudinal fas-
ciculus (rSLF/lSLF), right and left superior fronto-occipital 
fasciculus (r/lSFOF), right and left inferior fronto-occipital 
fasciculus (r/lIFOF), and right and left uncinate fasciculus 
(r/lUF).

Visit Timeline

Children were tested with the NIH toolbox assessments, 
fNIRS go/no-go task, and MRI in separate sessions on the 
same day. The order of the three tests varied based on family 
preference and scheduling needs, with MRI generally col-
lected last. NIH toolbox assessments were administered in 
a quiet playroom. fNIRS data were acquired during the go/
no-go task in a sound-treated booth.

Statistical Analyses

First, we log-transformed flanker and go/no-go mean RT 
to address general linear model violations of normality as 
assessed using the GVLMA package in R (Pena and Slate 
2019). All further analyses use the log-transformed values. 
Before conducting our focal analyses, we addressed hypoth-
esis 1 by examining simple correlations among all variables 
with age and sex to determine if these relationships aligned 
with those reported in prior literature (Deoni et al. 2012; Ho 
et al. 2024).

To address our 3 focal hypotheses, we conducted a series 
of general linear models in R, with log(age) and sex and 
their interactions included, as sex differences in brain-
behavior relationships may be contingent on age, which 
is not addressed using simple correlations (DeCasien et 
al. 2022). For each model, non-significant effects of age 
and sex (either direct effect or interaction) were removed 
if model fit was improved. Model fit was assessed using 
Akaike’s Information Criterion (AIC), where a change in 
AIC greater than 2 between two comparison models indi-
cates that the model with a lower AIC has superior model fit 
(Burnham and Anderson 2004). False discovery rate (FDR) 
was used to adjust p-values for multiple comparisons, cor-
recting for the number of brain regions examined with each 
model (Benjamini and Hochberg 1995).

Specific analyses to address Hypotheses 2–4, following 
adjustments to improve model fit, are as follows: To assess 
hypothesis 2, we examined associations between ΔHbO and 
mean RT to evaluate how ΔHbO during the parts of the task 
requiring IC related to RTs on that task. Separate models 
were conducted for intra-incongruence and post-incongru-
ence ΔHbO as well as both flanker and go/no-go tasks.

Hypothesis 2 Model: Mean RT = β 0 + β 1 ∗ ∆ HbO + β 2 ∗ AGE + ϵ
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ΔHbO were not significantly associated with flanker mean 
RT in any of the regions analyzed.

.

Hypothesis 3: Reaction Time and Myelination

No significant relationships between R1 values in our ROIs 
and flanker mean RT emerged after multiple comparisons 
corrections (all adj p >.05). Nonetheless, some preliminary 
relationships emerged that may inform future analyses. 
R1 in the fornix was negatively associated with go/no-go 
mean RT, such that larger R1 (higher myelination) predicted 
faster reaction times (p =.008, adj p =.198, ηp

2 = 0.23). In the 

associations were non-significant (adj p >.05), although a 
relationship emerged between post-incongruence ΔHbO 
in the lFP that did not pass tests for multiple comparisons 
(p =.043, adj p =.201). Effect sizes (partial eta squared - ηp

2) 
for these relationships were on the order of 0.32 to 0.46, indi-
cating large effects. Log(age) was significant in these mod-
els (p <.05), with a larger effect of ΔHbO in older children 
than younger children in models; sex was not significant as 
a covariate or interaction term and age was not significant as 
an interaction term; these predictors were therefore removed 
to improve model fit assessed by AIC (Fig. 4, Burnham and 
Anderson 2004). Intra-incongruence and post-incongruence 

Fig. 5  Relations between go/no-go or flanker mean RT and R1 in the 
Fornix (panel A), right superior fronto-occipital fasciculus (rSFOF; 
panel B), and right uncinate fasciculus (rUF, panel C). Log(age) was 

significant in the models associated with flanker mean RT (B&C) and 
was removed from all additional models

 

Fig. 4  Relationships between intra-incongruence or post-incongruence ΔHbO and go/no-go mean RT. The covariate and interaction terms for sex 
and interaction terms for age were not significant and did not improve model fit, so were removed

 

Fig. 3  Scatter plots of log(age) in days and average R1 in selected 
regions in 1/milliseconds (1/ms). Pearson correlation r values and cor-
responding p values are included for each selected region. Regions 
include: the genu of the corpus callosum (GCC), body of the corpus 

callosum (BCC), splenium of the corpus callosum (SCC), fornix (F), 
right anterior corona radiata (rACR), and left anterior corona radiata 
(rACR)
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white matter ROIs and post-incongruence ΔHbO in optode 
clusters on go/no-go mean RT as the outcome variable, con-
trolling for age. Covariates and interaction terms for sex and 
interaction terms for age were nonsignificant and excluded 
to improve model fit assessed by AIC. There was a nonsig-
nificant interaction in the model examining the joint effects 
of R1 in the fornix and post-incongruence ΔHbO in the rFP 
on go/no-go mean RT (p =.09).

Discussion

In this work, we use multi-modal neuroimaging and behav-
ioral assessment to investigate the contribution of brain 
structure and activation to IC ability across childhood. We 
explore relationships between myelin content (R1), task-
related brain activation (fNIRS ΔHbO), and measures of IC 
performance in a developmentally diverse cohort.

Relations between myelination and IC measures, age, 
and sex revealed trajectories similar to previous work, 
with measures of myelin increasing logarithmically with 
age across the investigated epoch of childhood (Fornari et 
al. 2007; Ho et al. 2024; Kang et al. 2022). Sex was not 
significantly correlated with any of our measures and was 
not significant in our models as a covariate or interaction 
term. While prior work has established sex-specific brain 
activation patterns in adolescents and adults in relation to 
IC (Rubia et al. 2013) and general sex-specific differences 
in IC performance in children (Silverman 2021), our lack of 
sex-related findings may be related to sample size, differ-
ences in task requirements between our study and others, or 
the age of our sample.

rSFOF and rUF, R1 was negatively associated with flanker 
mean RT (rSFOF: p =.019, adj p =.230; rUF: p =.008, adj 
p =.211). Log(age) was significant in two models (rSFOF: 
p =.002; rUF: p =.004), with a stronger effect of R1 on 
flanker mean RT in older children (Fig. 5).

Hypothesis 4: Myelination and Brain Activation

Given the relationship observed between bilateral frontal 
activation and go/no-go mean RT, we examined relation-
ships between R1 in all white matter ROIs and frontal intra-
incongruence and post-incongruence ΔHbO. No significant 
relationships between R1 in white matter ROIs and ΔHbO 
values emerged after multiple comparisons corrections (all 
adj p >.05, ηp

2: 0.03 to 0.15). We have included a summary 
of preliminary analyses which may inform future work (Fig. 
6).

Exploratory Post-hoc Analysis: Go/no-go Reaction 
Time and the Interaction of Myelination and Brain 
Activation

Given the posited role of myelination in underlying brain 
activation changes (Fornari et al. 2007), we conducted 
exploratory analyses assessing an interactive relationship 
between myelination and brain activation on go/no-go mean 
RT. We focused on go/no-go mean RT given that flanker 
mean RT was not associated with intra-incongruence or 
post-incongruence ΔHbO in any regions. Focusing on pairs 
of regions where R1 and ΔHbO were individually associ-
ated with go/no-go mean RT, we conducted general linear 
models examining the interactive association between R1 in 

Fig. 6  Relationships between R1 and intra-incongruence rFP, post-
incongruence rFP, and post-incongruence lFP ΔHbO. Each row rep-
resents a model with R1 in the ROIs labeled (R1 ROI) modeled with 
the outcome variable ΔHbO in the ROI labeled (fNIRS ROI), with all 
relationships including post-incongruence ΔHbO. R1 ROIs include: 

the right posterior corona radiata (rPCR), left posterior corona radiata 
(lPCR), right superior longitudinal fasciculus (rSLF), left anterior 
corona radiata (lACR), and left superior corona. fNIRS RO! s include 
the right fronto-polar region (rFP) and left fronto-polar region (lFP)

 

1 3

   54   Page 10 of 16



Brain Topography           (2025) 38:54 

times. While preliminary and not withstanding multiple 
comparisons corrections, these associations aligned with 
our prediction that more myelination would be associ-
ated with faster processing speed (Scantlebury et al. 2014; 
Thaler et al. 2021). The regions were located in the fornix, 
rSFOF, and rUF, regions previously shown to be involved in 
IC, working memory, and other aspects of executive func-
tioning (Krogsrud et al. 2018; Nomura et al. 2013; Ou et al. 
2023; Senova et al. 2020; Tremblay et al. 2020).

The positive relationship between SLF and ACR myelin-
ation and higher task-related activation did not withstand 
multiple comparisons corrections. Nonetheless, this rela-
tionship aligned with prior research suggesting a positive 
relationship between myelination and brain activation dur-
ing cognitive tasks (Fornari et al. 2007; Huang et al. 2023; 
Huntenburg et al. 2017). The relationship between myelin 
content and frontal activation supports the importance of 
myelination in executive functioning processes (Frye et al. 
2010; Loe et al. 2019; Stave et al. 2017; Urger et al. 2015).

There was preliminary evidence for an interaction 
between fornix myelination and frontal task-related brain 
activation during the go/no-go task, such that participants 
with higher myelination in the fornix showed a stronger 
positive association between frontal brain activation and 
task performance. Similar to previous research (Fornari 
et al. 2007; Huang et al. 2023), this suggests that higher 
myelination may enhance such brain-behavior relation-
ships. The fornix plays a role in working memory and other 
EF processes, and fornix fimbriae anatomically connect the 
hippocampus with the prefrontal cortex (Benear et al. 2020; 
Godsil et al. 2013; Ou et al. 2023; Pérez-Cervera et al. 2023; 
Senova et al. 2020). While preliminary, a proposed mecha-
nism for the relationship between myelination and brain 
activation is that myelination increases synapse efficiency 
and activity (Fornari et al. 2007). Future studies should fur-
ther evaluate this posited relationship between myelination 
and functional task-related brain activation through both 
moderation and mediation models.

Strengths and Limitations

This is the first study to our knowledge to combine myelin-
sensitive quantitative relaxometry with temporally sensi-
tive fNIRS functional activation data to understand the 
relationship between neural pathways associated with IC in 
the developing brain. Previous researchers have conducted 
similar analyses using dMRI metrics; however, dMRI is less 
specific to myelination than relaxometry based approaches 
(O’Muircheartaigh et al. 2014; Scantlebury et al. 2014). 
Nonetheless, interpretation of R1 as a specific measure of 
myelin content is limited as R1 is also sensitive to other 
microstructural processes, including water content, edema, 

Task-related brain activation was not significantly asso-
ciated with age in any of the ROIs identified for the fNIRS 
measures. This lack of association aligns with prior work 
with the same dataset suggesting a non-uniform relation-
ship between fNIRS activation and age (Zhou et al. 2022); 
this could relate to our sample age range, which may be 
outside of the period for significant age-related changes in 
brain activation in these regions (Mehnert et al. 2013; Zhou 
et al. 2022). It is also possible that age-related changes in 
these ROIs were not observed due to the fNIRS method, or 
that there are age-related changes in other regions that were 
not interrogated in this investigation. In terms of IC, reac-
tion times on the flanker, but not the go/no-go task, showed 
associations with age. These two tasks capture distinct but 
overlapping aspects of IC (Friedman and Robbins 2022); 
thus, response inhibition required by the go/no-go task may 
develop through different mechanisms than the interference 
inhibition required by the flanker task, with different trajec-
tories across age (Deshaies and Éthier 2024; Mullane et al. 
2009; Simpson and Carroll 2019; Wang et al. 2024).

The prefrontal and frontal cortex are associated with 
executive function ability (Casey et al. 1997; Funahashi and 
Andreau 2013; Rae et al. 2015). Therefore, that we found 
go/no-go task-related behaviors associated with brain acti-
vation in these regions is perhaps unsurprising given that 
these fNIRS optodes overlie the prefrontal area. Interest-
ingly, this contradicts our expectation that higher activity 
in these regions would be associated with faster go/no-go 
reaction time, indicating faster processing speed facilitated 
by higher activation. Instead, higher activity was associ-
ated with slower reaction time. A previous study examining 
IC using a Stroop test showed that slower reaction times 
related to interference effects of the test were associated 
with higher prefrontal activation, which was explained as 
a compensatory mechanism for the increasing demands of 
the IC task (Schroeter et al. 2004). The higher frontal region 
brain activity observed in the current study may represent 
a compensatory activation due to higher task demands. 
Additionally, given that this relationship was stronger with 
increasing child age, such compensatory ability might be 
strengthened as children mature. It was unsurprising that 
task-related brain activation was not related to Flanker RT 
(assessed using the NIH toolbox in a separate session) given 
that fNIRS was only recorded during the go/no-go task, so 
task-related higher brain activation related to the go/no-go 
would not necessarily be expected to be associated with 
variation in Flanker RT.

Additionally, more developed neural architecture as 
indicated by higher myelin content was associated with 
IC responses in the fornix, fronto-occipital fasciculus, and 
uncinate fasciculus. For the flanker test of IC, more myelin-
ation in the rSFOF and rUF was related to faster reaction 
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Myelin across white matter regions was related to higher 
brain activation, and higher myelin content in the fornix 
was related to a stronger positive relationship between brain 
activation and IC, suggesting a possible role of myelin in 
facilitating cognitive-load related increases in brain activa-
tion. Overall, significance level notably varied across mod-
els following multiple comparisons corrections, and power 
was limited by our sample size. Nonetheless, this work lays 
a foundation for leveraging multimodal imaging techniques 
to study relationships between brain myelination, activa-
tion, and inhibitory control across stages of child develop-
ment. Future studies should focus on further elucidating 
these myelin–brain activation relationships across develop-
ment with larger longitudinal samples.
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and iron content (Deoni 2010; Deoni and Dean 2021). 
Future studies utilizing complementary approaches, such as 
multicomponent relaxometry or quantitative magnetization 
transfer, would be important to disentangle possible con-
founding influences. It should be noted that our sample size 
was small due to some subjects not completing both MRI 
and fNIRS neuroimaging; however, we believe this limita-
tion is mitigated by combining data from these two imag-
ing modalities to provide complimentary information on the 
constructs of interest. Further, age and sex of the examined 
study sample did not significantly differ from that of the full 
dataset of more than 50 children, thus providing additional 
confidence that our findings would be applicable to a larger 
study population. We additionally report effect sizes for all 
models that were significant prior to corrections for mul-
tiple comparisons but failed to pass corrections for multiple 
comparisons. While these effect sizes may be inflated due to 
the small sample size (Button et al. 2013), we report these 
findings to guide hypotheses for future studies. Still, future 
studies examining these relationships in larger sample sizes 
will be important. Moreover, these data represent a cross-
sectional sample of typically developing children, thus lim-
iting variability in behavioral profile; future work should be 
conducted across neurodevelopmental conditions to allow 
for more behavioral variability.

This work spans the ages of four to ten years; therefore, 
we do not have a large group of children representing any 
one age. However, this also allowed us to observe how the 
relationship between myelination and brain activation dif-
fers between young children and children nearing adoles-
cence. Additionally, our go/no-go task may not have been 
challenging enough to accurately assess IC ability across 
our age range (Petersen et al. 2016), as go/no-go RTs were 
not significantly faster in older children.

One limitation of fNIRS is that it is only able to capture 
cortical activity and with poorer temporal resolution than 
other methods such as EEG, thus lacking information about 
deeper structures with high temporal specificity. Localiza-
tion of this methodology is therefore poorer in comparison 
to MRI data; to combat this issue, we averaged activity 
across groups of optodes rather than analyzing individual 
optodes (Rahman et al. 2020; Tremblay et al. 2018).

Conclusion

In this work, we investigated the role of brain myelination 
in brain activation patterns observed during IC tasks, within 
a developmentally diverse cohort of children. Lower fron-
tal brain activation and higher myelin content in the fornix, 
right uncinate fasciculus, and right superior fronto-occipital 
fasciculus were associated with faster IC reaction times. 

1 3

   54   Page 12 of 16

https://doi.org/10.1007/s10548-025-01129-8
https://doi.org/10.1007/s10548-025-01129-8


Brain Topography           (2025) 38:54 

de Rooij M, Weeda W (2020) Cross-validation: a method every psy-
chologist should know. Adv Methods Pract Psychol Sci 3(2):248–
263. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​2​5​​1​5​2​4​5​9​1​9​8​9​8​4​6​6

Dean DC, O’Muircheartaigh J, Dirks H, Waskiewicz N, Walker L, 
Doernberg E, Piryatinsky I, Deoni SCL (2015) Characterizing 
longitudinal white matter development during early childhood. 
Brain Struct Funct 220(4):1921–1933. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​
0​4​2​9​-​0​1​4​-​0​7​6​3​-​3

DeCasien AR, Guma E, Liu S, Raznahan A (2022) Sex differences in 
the human brain: a roadmap for more careful analysis and inter-
pretation of a biological reality. Biol Sex Differ 13(1):43. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​3​2​9​3​-​0​2​2​-​0​0​4​4​8​-​w

Deoni SC (2010) Quantitative relaxometry of the brain. Top Magn 
Reson Imaging: TMRI 21(2):101. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​R​M​​R​.​
0​b​0​1​3​e​3​1​8​2​1​e​5​6​d​8

Deoni SCL, Dean DC (2021) Chapter 7—Special MRI (MWI, MTI, 
G-ratio) methods sensitive to age and development. In H. Huang 
& T. P. L. Roberts (Eds.), Advances in Magnetic Resonance Tech-
nology and Applications (Vol. 2, pp. 129–152). Academic Press. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​B​9​​7​8​-​​0​-​1​​2​-​8​1​​6​6​​3​3​-​8​.​0​0​0​0​6​-​5

Deoni SCL, Dean DC, O’Muircheartaigh J, Dirks H, Jerskey BA 
(2012) Investigating white matter development in infancy and 
early childhood using Myelin water faction and relaxation time 
mapping. NeuroImage 63(3):1038–1053. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​
j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​1​2​.​0​7​.​0​3​7

Deshaies I, Éthier O (2024) Development of inhibitory control in 
5-year-olds in preschool education: influence on the quality of 
their engagement. Int J New Developments Educ 6(Issue 2):208–
218. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​5​2​3​​6​/​I​​J​N​D​E​.​2​0​2​4​.​0​6​0​2​3​3

Diamond A (2013) Executive functions. Ann Rev Psychol 64:135–168. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​6​​/​a​n​​n​u​r​​e​v​-​​p​s​y​c​​h​-​​1​1​3​0​1​1​-​1​4​3​7​5​0

Elosúa MR, Olmo D, S., Contreras MJ (2017) Differences in executive 
functioning in children with attention deficit and hyperactivity 
disorder (ADHD). Front Psychol 8:976. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​
/​f​p​​s​y​g​.​2​0​1​7​.​0​0​9​7​6

Fishburn FA, Norr ME, Medvedev AV, Vaidya CJ (2014) Sensitivity of 
fNIRS to cognitive state and load. Frontiers in Human Neurosci-
ence,. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​h​u​m​.​2​0​1​4​.​0​0​0​7​6

Fishburn FA, Hlutkowsky CO, Bemis LM, Huppert TJ, Wakschlag LS, 
Perlman SB (2019) Irritability uniquely predicts prefrontal cortex 
activation during preschool inhibitory control among all tempera-
ment domains: a LASSO approach. Neuroimage 184:68–77. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​1​8​.​0​9​.​0​2​3

Fiske A, Holmboe K (2019) Neural substrates of early executive func-
tion development. Dev Rev 52:42–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​
r​.​2​0​1​9​.​1​0​0​8​6​6

Fornari E, Knyazeva MG, Meuli R, Maeder P (2007) Myelination 
shapes functional activity in the developing brain. Neuroimage 
38(3):511–518. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​0​7​.​0​7​.​0​
1​0

Friedman NP, Robbins TW (2022) The role of prefrontal cortex in cog-
nitive control and executive function. Neuropsychopharmacol-
ogy 47(1):72–89. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​3​8​6​-​0​2​1​-​0​1​1​3​2​-​0

Frye RE, Butler I, Strickland D, Castillo E, Papanicolaou A (2010) 
Electroencephalogram discharges in atypical cognitive develop-
ment. J Child Neurol 25(5):556–566. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​8​​8​
3​0​7​3​8​0​9​3​4​4​7​4​3. APA PsycInfo

Funahashi S, Andreau JM (2013) Prefrontal cortex and neural mecha-
nisms of executive function. J Physiol-Paris 107(6):471–482. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​p​h​​y​s​p​​a​r​i​s​​.​2​​0​1​3​.​0​5​.​0​0​1

Gilbert SJ, Burgess PW (2008) Executive function. Curr Biology: CB 
18(3):R110–114. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​u​b​.​2​0​0​7​.​1​2​.​0​1​4

Goddings A-L, Roalf D, Lebel C, Tamnes CK (2021a) Development 
of white matter microstructure and executive functions during 
childhood and adolescence: a review of diffusion MRI studies. 

Consent to Participate  Written informed consent was obtained from 
all parents, with verbal assent provided from all children.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Avants BB, Tustison N, Johnson H (2014) Advanced Normalization 
Tools (ANTS)

Benear SL, Ngo CT, Olson IR (2020) Dissecting the fornix in basic 
memory processes and neuropsychiatric disease: a review. Brain 
Connect 10(7):331–354. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​9​​/​b​r​​a​i​n​.​2​0​2​0​.​0​7​4​9

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: 
a practical and powerful approach to multiple testing. J Roy Stat 
Soc: Ser B (Methodol) 57(1):289–300. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​2​
5​1​​7​-​6​​1​6​1​.​​1​9​​9​5​.​t​b​0​2​0​3​1​.​x

Bonham MD, Shanley DC, Waters AM, Elvin OM (2021) Inhibitory 
control deficits in children with oppositional defiant disorder and 
conduct disorder compared to attention deficit/hyperactivity dis-
order: a systematic review and meta-analysis. Res Child Adolesc 
Psychopathol 49(1):39–62. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​8​0​2​-​0​2​0​-​0​
0​7​1​3​-​9

Bright P (2012) Neuroimaging: methods. BoD – Books on Demand
Burnham KP, Anderson DR (2004) Multimodel inference: under-

standing AIC and BIC in model selection. Sociol Methods Res 
33(2):261–304. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​0​​4​9​1​2​4​1​0​4​2​6​8​6​4​4

Button KS, Ioannidis JPA, Mokrysz C, Nosek BA, Flint J, Robinson 
ESJ, Munafò MR (2013) Power failure: why small sample size 
undermines the reliability of neuroscience. Nat Rev Neurosci 
14(5):365–376. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​r​​n​3​4​7​5

Casey BJ, Trainor RJ, Orendi JL, Schubert AB, Nystrom LE, Giedd 
JN, Castellanos FX, Haxby JV, Noll DC, Cohen JD, Forman SD, 
Dahl RE, Rapoport JL (1997) A developmental functional MRI 
study of prefrontal activation during performance of a Go-No-Go 
task. J Cogn Neurosci 9(6):835–847. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​6​2​​/​j​o​​c​
n​.​1​9​9​7​.​9​.​6​.​8​3​5

Cohen JR, Asarnow RF, Sabb FW, Bilder RM, Bookheimer SY, 
Knowlton BJ, Poldrack RA (2010) Decoding developmental dif-
ferences and individual variability in response inhibition through 
predictive analyses across individuals. Front Hum Neurosci 4:47. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​h​u​m​.​2​0​1​0​.​0​0​0​4​7

Cope LM, Hardee JE, Martz ME, Zucker RA, Nichols TE, Heitzeg 
MM (2020) Developmental maturation of inhibitory control cir-
cuitry in a high-risk sample: a longitudinal fMRI study. Dev Cogn 
Neurosci 43:100781. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​c​n​.​2​0​2​0​.​1​0​0​7​8​1

Cui X, Bray S, Reiss AL (2010) Functional near infrared spectros-
copy (NIRS) signal improvement based on negative correlation 
between oxygenated and deoxygenated hemoglobin dynamics. 
Neuroimage 49(4):3039. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​
0​0​9​.​1​1​.​0​5​0

1 3

Page 13 of 16     54 

https://doi.org/10.1177/2515245919898466
https://doi.org/10.1007/s00429-014-0763-3
https://doi.org/10.1007/s00429-014-0763-3
https://doi.org/10.1186/s13293-022-00448-w
https://doi.org/10.1186/s13293-022-00448-w
https://doi.org/10.1097/RMR.0b013e31821e56d8
https://doi.org/10.1097/RMR.0b013e31821e56d8
https://doi.org/10.1016/B978-0-12-816633-8.00006-5
https://doi.org/10.1016/B978-0-12-816633-8.00006-5
https://doi.org/10.1016/j.neuroimage.2012.07.037
https://doi.org/10.1016/j.neuroimage.2012.07.037
https://doi.org/10.25236/IJNDE.2024.060233
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.3389/fpsyg.2017.00976
https://doi.org/10.3389/fpsyg.2017.00976
https://doi.org/10.3389/fnhum.2014.00076
https://doi.org/10.1016/j.neuroimage.2018.09.023
https://doi.org/10.1016/j.neuroimage.2018.09.023
https://doi.org/10.1016/j.dr.2019.100866
https://doi.org/10.1016/j.dr.2019.100866
https://doi.org/10.1016/j.neuroimage.2007.07.010
https://doi.org/10.1016/j.neuroimage.2007.07.010
https://doi.org/10.1038/s41386-021-01132-0
https://doi.org/10.1177/0883073809344743
https://doi.org/10.1177/0883073809344743
https://doi.org/10.1016/j.jphysparis.2013.05.001
https://doi.org/10.1016/j.jphysparis.2013.05.001
https://doi.org/10.1016/j.cub.2007.12.014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1089/brain.2020.0749
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1007/s10802-020-00713-9
https://doi.org/10.1007/s10802-020-00713-9
https://doi.org/10.1177/0049124104268644
https://doi.org/10.1038/nrn3475
https://doi.org/10.1162/jocn.1997.9.6.835
https://doi.org/10.1162/jocn.1997.9.6.835
https://doi.org/10.3389/fnhum.2010.00047
https://doi.org/10.3389/fnhum.2010.00047
https://doi.org/10.1016/j.dcn.2020.100781
https://doi.org/10.1016/j.neuroimage.2009.11.050
https://doi.org/10.1016/j.neuroimage.2009.11.050


Brain Topography           (2025) 38:54 

longitudinal study. PLoS One 13(4):e0195540. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​1​9​5​5​4​0

Kühne F, Neumann W-J, Hofmann P, Marques J, Kaindl AM, Tietze A 
(2021) Assessment of myelination in infants and young children 
by T1 relaxation time measurements using the magnetization-
prepared 2 rapid acquisition gradient echoes sequence. Pediatr 
Radiol 51(11):2058–2068. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​4​7​-​0​2​1​-​0​
5​1​0​9​-​5

Kusi-Mensah K, Nuamah ND, Wemakor S, Agorinya J, Seidu R, Mar-
tyn-Dickens C, Bateman A (2022) Assessment tools for executive 
function and adaptive function following brain pathology among 
children in developing country contexts: a scoping review of cur-
rent tools. Neuropsychol Rev 32(3):459–482. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​0​7​​/​s​1​​1​0​6​5​-​0​2​1​-​0​9​5​2​9​-​w

Li Y, Grabell AS, Wakschlag LS, Huppert TJ, Perlman SB (2016) The 
neural substrates of cognitive flexibility are related to individual 
differences in preschool irritability: a fNIRS investigation. Dev 
Cogn Neurosci 25:138–144. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​c​n​.​2​0​1​6​.​
0​7​.​0​0​2

Liston C, Watts R, Tottenham N, Davidson MC, Niogi S, Ulug AM, 
Casey BJ (2006) Frontostriatal microstructure modulates efficient 
recruitment of cognitive control. Cereb Cortex 16(4):553–560. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​c​e​​r​c​o​r​/​b​h​j​0​0​3

Liu Q, Zhu X, Ziegler A, Shi J (2015) The effects of inhibitory control 
training for preschoolers on reasoning ability and neural activity. 
Sci Rep 5(1):14200. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​r​​e​p​1​4​2​0​0

Loe IM, Adams JN, Feldman HM (2019) Executive function in rela-
tion to white matter in preterm and full term children. Front Pead 
6:418. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​e​d​.​2​0​1​8​.​0​0​4​1​8

Mackiewicz Seghete KL, Herting MM, Nagel BJ (2013) White mat-
ter microstructure correlates of inhibition and task-switching in 
adolescents. Brain Res 1527:15–28. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​r​a​​
i​n​r​​e​s​.​2​​0​1​​3​.​0​6​.​0​0​3

Madsen KS, Baaré WFC, Vestergaard M, Skimminge A, Ejersbo LR, 
Ramsøy TZ, Gerlach C, Åkeson P, Paulson OB, Jernigan TL 
(2010) Response inhibition is associated with white matter micro-
structure in children. Neuropsychologia 48(4):854–862. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​p​​s​y​c​h​​o​l​​o​g​i​a​.​2​0​0​9​.​1​1​.​0​0​1

Mehnert J, Akhrif A, Telkemeyer S, Rossi S, Schmitz CH, Steinbrink 
J, Wartenburger I, Obrig H, Neufang S (2013) Developmen-
tal changes in brain activation and functional connectivity dur-
ing response inhibition in the early childhood brain. Brain Dev 
35(10):894–904. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​r​a​​i​n​d​​e​v​.​2​​0​1​​2​.​1​1​.​0​0​6

Morasch KC, Bell MA (2011) The role of inhibitory control in behav-
ioral and physiological expressions of toddler executive function. 
J Exp Child Psychol 108(3):593–606. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​e​
c​p​.​2​0​1​0​.​0​7​.​0​0​3

Mori S, Wakana S, Nagae-Poetscher LM, van Zijl P (2005) MRI 
Atlas of Human White Matter. AJNR Am J Neuroradiol. 
2006;27(6):1384–5. PMCID: PMC8133945

Mullane JC, Corkum PV, Klein RM, McLaughlin E (2009) Interfer-
ence control in children with and without ADHD: a systematic 
review of flanker and Simon task performance. Child Neuropsy-
chol 15(4):321–342. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​9​​2​9​7​0​4​0​8​0​2​3​4​8​0​2​
8

Munakata Y, Herd SA, Chatham CH, Depue BE, Banich MT, O’Reilly 
RC (2011) A unified framework for inhibitory control. Trends 
Cogn Sci 15(10):453–459. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​i​c​s​.​2​0​1​1​.​0​7​
.​0​1​1

Nomura K, Kazui H, Tokunaga H, Hirata M, Goto T, Goto Y, Hashi-
moto N, Yoshimine T, Takeda M (2013) Possible roles of the 
dominant uncinate fasciculus in naming objects: A case report 
of intraoperative electrical stimulation on a patient with a brain 
tumour. Behav Neurol 27(2):267408. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​2​3​3​​/​B​E​​
N​-​1​1​0​2​4​9

Dev Cogn Neurosci 51:101008. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​c​n​.​2​0​
2​1​.​1​0​1​0​0​8

Goddings A-L, Roalf D, Lebel C, Tamnes CK (2021b) Development 
of white matter microstructure and executive functions during 
childhood and adolescence: a review of diffusion MRI studies. 
Dev Cogn Neurosci 51:101008. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​d​c​n​.​2​0​
2​1​.​1​0​1​0​0​8

Godsil BP, Kiss JP, Spedding M, Jay TM (2013) The hippocampal–
prefrontal pathway: the weak link in psychiatric disorders? Eur 
Neuropsychopharmacol 23(10):1165–1181. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​e​u​r​​o​n​e​​u​r​o​.​​2​0​​1​2​.​1​0​.​0​1​8

Ho CY, Persohn S, Sankar M, Territo PR (2024) Development of 
myelin growth charts of the white matter using T1 relaxometry. 
Am J Neuroradiol 45(9):1335–1345. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​1​7​4​​/​a​j​​n​
r​.​A​8​3​0​6

Hoshi Y (2016) Chapter 7—Hemodynamic signals in fNIRS. In K. 
Masamoto, H. Hirase, & K. Yamada (Eds.), Progress in Brain 
Research (Vol. 225, pp. 153–179). Elsevier. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​b​s​​.​p​b​r​.​2​0​1​6​.​0​3​.​0​0​4

Hu S, Ide JS, Chao HH, Castagna B, Fischer KA, Zhang S, Li CR 
(2018) Structural and functional cerebral bases of diminished 
inhibitory control during healthy aging. Hum Brain Mapp 
39(12):5085–5096. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​h​b​​m​.​2​4​3​4​7

Hua K, Zhang J, Wakana S, Jiang H, Li X, Reich DS, Calabresi PA, 
Pekar JJ, van Zijl PCM, Mori S (2008) Tract probability maps in 
stereotaxic spaces: analyses of white matter anatomy and tract-
specific quantification. Neuroimage 39(1):336–347. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​0​7​.​0​7​.​0​5​3

Huang Z, Gao W, Wu Z, Li G, Nie J (2023) Functional brain activity 
is highly associated with cortical myelination in neonates. Cereb 
Cortex 33(7):3985–3995. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​c​e​​r​c​o​r​/​b​h​a​c​3​2​1

Huntenburg JM, Bazin P-L, Goulas A, Tardif CL, Villringer A, Mar-
gulies DS (2017) A systematic relationship between functional 
connectivity and intracortical myelin in the human cerebral cor-
tex. Cereb Cortex 27(2):981–997. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​c​e​​r​c​o​r​
/​b​h​x​0​3​0

Isquith PK, Crawford JS, Espy KA, Gioia GA (2005) Assessment of 
executive function in preschool-aged children. Ment Retard Dev 
Disabil Res Rev 11(3):209–215. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​r​​d​d​.​2​
0​0​7​5

Kang W, Hernández SP, Rahman MS, Voigt K, Malvaso A (2022) 
Inhibitory control development: a network neuroscience perspec-
tive. Front Psychol 13:651547. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​s​y​g​.​2​0​
2​2​.​6​5​1​5​4​7

Kecskemeti S, Alexander AL (2020) Three-dimensional motion-
corrected T1 relaxometry with MPnRAGE. Magn Reson Med 
84(5):2400–2411. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​r​​m​.​2​8​2​8​3

Kecskemeti S, Samsonov A, Hurley SA, Dean DC, Field A, Alex-
ander AL (2016) MPnRAGE: a technique to simultaneously 
acquire hundreds of differently contrasted MPRAGE images 
with applications to quantitative T1 mapping. Magn Reson Med 
75(3):1040–1053. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​m​r​​m​.​2​5​6​7​4

Kecskemeti S, Samsonov A, Velikina J, Field AS, Turski P, Rowley H, 
Lainhart JE, Alexander AL (2018) Robust motion correction strat-
egy for structural MRI in unsedated children demonstrated with 
three-dimensional radial MPnRAGE. Radiology 289(2):509–516. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​8​​/​r​a​​d​i​o​l​.​2​0​1​8​1​8​0​1​8​0

Kochanska G, Tjebkes TL, Forman DR (1998) Children’s emerging 
regulation of conduct: restraint, compliance, and internalization 
from infancy to the second year. Child Dev 69(5):1378–1389. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​0​7​​/​1​1​​3​2​2​7​2

Krogsrud SK, Fjell AM, Tamnes CK, Grydeland H, Due-Tønnessen P, 
Bjørnerud A, Sampaio-Baptista C, Andersson J, Johansen-Berg 
H, Walhovd KB (2018) Development of white matter microstruc-
ture in relation to verbal and visuospatial working memory—a 

1 3

   54   Page 14 of 16

https://doi.org/10.1371/journal.pone.0195540
https://doi.org/10.1371/journal.pone.0195540
https://doi.org/10.1007/s00247-021-05109-5
https://doi.org/10.1007/s00247-021-05109-5
https://doi.org/10.1007/s11065-021-09529-w
https://doi.org/10.1007/s11065-021-09529-w
https://doi.org/10.1016/j.dcn.2016.07.002
https://doi.org/10.1016/j.dcn.2016.07.002
https://doi.org/10.1093/cercor/bhj003
https://doi.org/10.1093/cercor/bhj003
https://doi.org/10.1038/srep14200
https://doi.org/10.3389/fped.2018.00418
https://doi.org/10.1016/j.brainres.2013.06.003
https://doi.org/10.1016/j.brainres.2013.06.003
https://doi.org/10.1016/j.neuropsychologia.2009.11.001
https://doi.org/10.1016/j.neuropsychologia.2009.11.001
https://doi.org/10.1016/j.braindev.2012.11.006
https://doi.org/10.1016/j.jecp.2010.07.003
https://doi.org/10.1016/j.jecp.2010.07.003
https://doi.org/10.1080/09297040802348028
https://doi.org/10.1080/09297040802348028
https://doi.org/10.1016/j.tics.2011.07.011
https://doi.org/10.1016/j.tics.2011.07.011
https://doi.org/10.3233/BEN-110249
https://doi.org/10.3233/BEN-110249
https://doi.org/10.1016/j.dcn.2021.101008
https://doi.org/10.1016/j.dcn.2021.101008
https://doi.org/10.1016/j.dcn.2021.101008
https://doi.org/10.1016/j.dcn.2021.101008
https://doi.org/10.1016/j.euroneuro.2012.10.018
https://doi.org/10.1016/j.euroneuro.2012.10.018
https://doi.org/10.3174/ajnr.A8306
https://doi.org/10.3174/ajnr.A8306
https://doi.org/10.1016/bs.pbr.2016.03.004
https://doi.org/10.1016/bs.pbr.2016.03.004
https://doi.org/10.1002/hbm.24347
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1016/j.neuroimage.2007.07.053
https://doi.org/10.1093/cercor/bhac321
https://doi.org/10.1093/cercor/bhx030
https://doi.org/10.1093/cercor/bhx030
https://doi.org/10.1002/mrdd.20075
https://doi.org/10.1002/mrdd.20075
https://doi.org/10.3389/fpsyg.2022.651547
https://doi.org/10.3389/fpsyg.2022.651547
https://doi.org/10.1002/mrm.28283
https://doi.org/10.1002/mrm.25674
https://doi.org/10.1148/radiol.2018180180
https://doi.org/10.1148/radiol.2018180180
https://doi.org/10.2307/1132272
https://doi.org/10.2307/1132272


Brain Topography           (2025) 38:54 

Scantlebury N, Cunningham T, Dockstader C, Laughlin S, Gaetz W, 
Rockel C, Dickson J, Mabbott D (2014) Relations between white 
matter maturation and reaction time in childhood. J Int Neuro-
psychol Soc 20(1):99–112. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​7​​/​S​1​​3​5​5​6​1​7​7​1​
3​0​0​1​1​4​8

Schachar R, Tannock R, Marriott M, Logan G (1995) Deficient inhibi-
tory control in attention deficit hyperactivity disorder. J Abnorm 
Child Psychol 23(4):411–437. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​1​4​4​7​2​
0​6

Schmitt LM, White SP, Cook EH, Sweeney JA, Mosconi MW (2018) 
Cognitive mechanisms of inhibitory control deficits in autism 
spectrum disorder (ASD). J Child Psychol Psychiatry Allied Dis-
cip 59(5):586–595. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​c​​p​p​.​1​2​8​3​7

Schroeter ML, Zysset S, Wahl M, von Cramon DY (2004) Prefrontal 
activation due to Stroop interference increases during develop-
ment—an event-related fNIRS study. Neuroimage 23(4):1317–
1325. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​0​4​.​0​8​.​0​0​1

Schulz D, Richter T, Schindler J, Lenhard W, Mangold M (2023) 
Using accuracy and response times to assess inhibitory control in 
kindergarten children: an analysis with explanatory item response 
models. J Cogn Dev 24(1):82–104. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​5​​2​4​
8​​3​7​2​​.​2​0​2​​2​.​​2​1​1​9​9​7​7

Senova S, Fomenko A, Gondard E, Lozano AM (2020) Anatomy and 
function of the fornix in the context of its potential as a therapeu-
tic target. J Neurol Neurosurg Psychiatry 91(5):547–559. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​3​6​​/​j​n​​n​p​-​2​0​1​9​-​3​2​2​3​7​5

Silverman IW (2021) Gender differences in inhibitory control as 
assessed on simple delay tasks in early childhood: a meta-anal-
ysis. Int J Behav Dev 45(6):533–544. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​1​​
6​5​0​2​5​4​2​1​1​0​2​0​3​8​5

Simpson A, Carroll DJ (2019) Understanding early inhibitory develop-
ment: distinguishing two ways that children use inhibitory con-
trol. Child Dev 90(5):1459–1473. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​c​d​​e​v​.​1​
3​2​8​3

Stave EA, De Bellis MD, Hooper SR, Woolley DP, Chang SK, 
Chen SD (2017) Dimensions of attention associated with the 
microstructure of Corona radiata white matter. J Child Neurol 
32(5):458–466. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​8​​8​3​0​7​3​8​1​6​6​8​5​6​5​2

Tamm L, Menon V, Reiss AL (2002) Maturation of brain function 
associated with response inhibition. J Am Acad Child Adolesc 
Psychiatry 41(10):1231–1238. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​0​0​​0​0​4​​5​8​
3​​-​2​0​0​​2​1​​0​0​0​0​-​0​0​0​1​3

Thaler C, Hartramph I, Stellmann J-P, Heesen C, Bester M, Fiehler J, 
Gellißen S (2021) T1 relaxation times in the cortex and thalamus 
are associated with working memory and information processing 
speed in patients with multiple sclerosis. Front Neurol. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​e​u​r​.​2​0​2​1​.​7​8​9​8​1​2

Tremblay J, Martínez-Montes E, Vannasing P, Nguyen DK, Sawan M, 
Lepore F, Gallagher A (2018) Comparison of source localization 
techniques in diffuse optical tomography for fNIRS application 
using a realistic head model. Biomed Opt Express 9(7):2994–
3016. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​6​4​​/​B​O​​E​.​9​.​0​0​2​9​9​4

Tremblay LK, Hammill C, Ameis SH, Bhaijiwala M, Mabbott DJ, 
Anagnostou E, Lerch JP, Schachar RJ (2020) Tracking inhibi-
tory control in youth with ADHD: a multi-modal neuroimaging 
approach. Front Psychiatry. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​s​y​t​.​2​0​2​0​.​0​
0​8​3​1

Urger SE, De Bellis MD, Hooper SR, Woolley DP, Chen SD, 
Provenzale J (2015) The superior longitudinal fasciculus in typi-
cally developing children and adolescents: diffusion tensor imag-
ing and neuropsychological correlates. J Child Neurol 30(1):9–20. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​0​8​​8​3​0​7​3​8​1​3​5​2​0​5​0​3

Ursache A, Raver CC (2014) Trait and state anxiety: relations to execu-
tive functioning in an at-risk sample. Cogn Emot 28(5):845–855. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​2​​6​9​9​9​3​1​.​2​0​1​3​.​8​5​5​1​7​3

O’Muircheartaigh J, Dean III, Ginestet DC, Walker CE, Waskiewicz 
L, Lehman N, Dirks K, Piryatinsky H, I., Deoni SCL (2014) 
White matter development and early cognition in babies and tod-
dlers. Hum Brain Mapp 35(9):4475–4487. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​
2​​/​h​b​​m​.​2​2​4​8​8

Ordaz SJ, Foran W, Velanova K, Luna B (2013) Longitudinal 
growth curves of brain function underlying inhibitory control 
through adolescence. J Neuroscience: Official J Soc Neurosci 
33(46):18109–18124. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​1​7​​4​
1​​-​1​3​.​2​0​1​3

Ou Y-N, Ge Y-J, Wu B-S, Zhang Y, Jiang Y-C, Kuo K, Yang L, Tan 
L, Feng J-F, Cheng W, Yu J-T (2023) The genetic architecture 
of fornix white matter microstructure and their involvement in 
neuropsychiatric disorders. Transl Psychiatry 13(1):1–12. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​3​9​8​-​0​2​3​-​0​2​4​7​5​-​6

Pena E, Slate E (2019) gvlma: Global Validation of Linear Models 
Assumptions (Version 1.0.0.3) [Computer software]. ​h​t​t​p​​s​:​/​​/​c​r​a​​n​.​​
r​-​p​​r​o​j​e​​c​t​.​​o​r​g​​/​w​e​​b​/​p​​a​c​k​a​​g​e​​s​/​g​v​l​m​a​/​i​n​d​e​x​.​h​t​m​l

Pérez-Cervera L, De Santis S, Marcos E, Ghorbanzad-Ghaziany Z, 
Trouvé-Carpena A, Selim MK, Pérez-Ramírez Ú, Pfarr S, Bach 
P, Halli P, Kiefer F, Moratal D, Kirsch P, Sommer WH, Canals 
S (2023) Alcohol-induced damage to the fimbria/fornix reduces 
hippocampal-prefrontal cortex connection during early absti-
nence. Acta Neuropathol Commun 11(1):101. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​1​8​6​​/​s​4​​0​4​7​8​-​0​2​3​-​0​1​5​9​7​-​8

Petersen IT, Hoyniak CP, McQuillan ME, Bates JE, Staples AD (2016) 
Measuring the development of inhibitory control: the challenge 
of heterotypic continuity. Dev Rev 40:25–71. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​d​r​.​2​0​1​6​.​0​2​.​0​0​1

Pinti P, Aichelburg C, Lind F, Power S, Swingler E, Merla A, Hamil-
ton A, Gilbert S, Burgess P, Tachtsidis I (2015) Using fiberless, 
wearable fNIRS to monitor brain activity in Real-world cognitive 
tasks. J Visualized Experiments: JoVE 106:53336. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​
g​/​1​0​.​3​7​9​1​/​5​3​3​3​6​​​​​​​

Quaresima V, Ferrari M (2019) Functional near-infrared spectroscopy 
(fNIRS) for assessing cerebral cortex function during human 
behavior in natural/social situations: a concise review. Organ Res 
Methods 22(1):46–68. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​7​​/​1​0​​9​4​4​2​8​1​1​6​6​5​8​9​5​
9

Rae CL, Hughes LE, Anderson MC, Rowe JB (2015) The prefron-
tal cortex achieves inhibitory control by facilitating subcortical 
motor pathway connectivity. J Neurosci 35(2):786–794. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​3​0​​9​3​​-​1​3​.​2​0​1​5

Rahman MA, Siddik AB, Ghosh TK, Khanam F, Ahmad M (2020) A 
narrative review on clinical applications of fNIRS. J Digit Imag-
ing 33(5):1167–1184. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​2​7​8​-​0​2​0​-​0​0​3​8​
7​-​1

Ribeiro M, Yordanova YN, Noblet V, Herbet G, Ricard D (2024) 
White matter tracts and executive functions: a review of causal 
and correlation evidence. Brain 147(2):352–371. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​9​3​​/​b​r​​a​i​n​/​a​w​a​d​3​0​8

Rubia K, Smith AB, Woolley J, Nosarti C, Heyman I, Taylor E, Bram-
mer M (2006) Progressive increase of frontostriatal brain activa-
tion from childhood to adulthood during event-related tasks of 
cognitive control. Hum Brain Mapp 27(12):973–993. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​0​2​​/​h​b​​m​.​2​0​2​3​7

Rubia K, Smith AB, Taylor E, Brammer M (2007) Linear age-corre-
lated functional development of right inferior fronto-striato-cere-
bellar networks during response inhibition and anterior cingulate 
during error-related processes. Hum Brain Mapp 28(11):1163–
1177. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​h​b​​m​.​2​0​3​4​7

Rubia K, Lim L, Ecker C, Halari R, Giampietro V, Simmons A, Bram-
mer M, Smith A (2013) Effects of age and gender on neural 
networks of motor response inhibition: from adolescence to mid-
adulthood. Neuroimage 83:690–703. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​
u​​r​o​i​​m​a​g​e​​.​2​​0​1​3​.​0​6​.​0​7​8

1 3

Page 15 of 16     54 

https://doi.org/10.1017/S1355617713001148
https://doi.org/10.1017/S1355617713001148
https://doi.org/10.1007/BF01447206
https://doi.org/10.1007/BF01447206
https://doi.org/10.1111/jcpp.12837
https://doi.org/10.1016/j.neuroimage.2004.08.001
https://doi.org/10.1080/15248372.2022.2119977
https://doi.org/10.1080/15248372.2022.2119977
https://doi.org/10.1136/jnnp-2019-322375
https://doi.org/10.1136/jnnp-2019-322375
https://doi.org/10.1177/01650254211020385
https://doi.org/10.1177/01650254211020385
https://doi.org/10.1111/cdev.13283
https://doi.org/10.1111/cdev.13283
https://doi.org/10.1177/0883073816685652
https://doi.org/10.1097/00004583-200210000-00013
https://doi.org/10.1097/00004583-200210000-00013
https://doi.org/10.3389/fneur.2021.789812
https://doi.org/10.3389/fneur.2021.789812
https://doi.org/10.1364/BOE.9.002994
https://doi.org/10.3389/fpsyt.2020.00831
https://doi.org/10.3389/fpsyt.2020.00831
https://doi.org/10.1177/0883073813520503
https://doi.org/10.1177/0883073813520503
https://doi.org/10.1080/02699931.2013.855173
https://doi.org/10.1080/02699931.2013.855173
https://doi.org/10.1002/hbm.22488
https://doi.org/10.1002/hbm.22488
https://doi.org/10.1523/JNEUROSCI.1741-13.2013
https://doi.org/10.1523/JNEUROSCI.1741-13.2013
https://doi.org/10.1038/s41398-023-02475-6
https://doi.org/10.1038/s41398-023-02475-6
https://cran.r-project.org/web/packages/gvlma/index.html
https://cran.r-project.org/web/packages/gvlma/index.html
https://doi.org/10.1186/s40478-023-01597-8
https://doi.org/10.1186/s40478-023-01597-8
https://doi.org/10.1016/j.dr.2016.02.001
https://doi.org/10.1016/j.dr.2016.02.001
https://doi.org/10.3791/53336
https://doi.org/10.3791/53336
https://doi.org/10.1177/1094428116658959
https://doi.org/10.1177/1094428116658959
https://doi.org/10.1523/JNEUROSCI.3093-13.2015
https://doi.org/10.1523/JNEUROSCI.3093-13.2015
https://doi.org/10.1007/s10278-020-00387-1
https://doi.org/10.1007/s10278-020-00387-1
https://doi.org/10.1093/brain/awad308
https://doi.org/10.1093/brain/awad308
https://doi.org/10.1002/hbm.20237
https://doi.org/10.1002/hbm.20237
https://doi.org/10.1002/hbm.20347
https://doi.org/10.1016/j.neuroimage.2013.06.078
https://doi.org/10.1016/j.neuroimage.2013.06.078


Brain Topography           (2025) 38:54 

Anderson JE, Manly JJ, Borosh B, Gershon RC (2013) Cogni-
tion assessment using the NIH toolbox. Neurology 80(11 Suppl 
3):S54–64. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​1​2​​/​W​N​​L​.​0​b​0​1​3​e​3​1​8​2​8​7​2​d​e​d

Wu D, Yang J, Wan ZH, Shen Y, Liu Q, Zhang J, Cao S, Li H (2025) A 
behavioral and fNIRS comparative study of gender and task dif-
ferences in mental rotation among primary students. Brain Behav 
15(3):e70358. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​b​r​​b​3​.​7​0​3​5​8

Zelazo PD, Anderson JE, Richler J, Wallner-Allen K, Beaumont JL, 
Weintraub S (2013) Ii. NIH toolbox cognition battery (cb): mea-
suring executive function and attention. Monogr Soc Res Child 
Dev 78(4):16–33. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​m​o​​n​o​.​1​2​0​3​2

Zhou X, Sobczak G, McKay CM, Litovsky RY (2020) Comparing 
fNIRS signal qualities between approaches with and without 
short channels. PLoS One 15(12):e0244186. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​
7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​2​4​4​1​8​6

Zhou X, Planalp EM, Heinrich L, Pletcher C, DiPiero M, Alexander 
AL, Litovsky RY, Dean DC (2022) Inhibitory control in chil-
dren 4–10 years of age: evidence from functional near-infrared 
spectroscopy task-based observations. Front Hum Neurosci 
15:798358. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​8​9​/​​f​n​​h​u​m​.​2​​0​2​1​.​7​9​8​3​5​8

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Van Belle G, Fisher LD, Heagerty PJ, Lumley T (2004) Biostatistics: 
A Methodology for the Health Sciences (1st ed.). Wiley. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​0​4​​7​1​6​0​2​3​9​6

Wagshul ME, Lucas M, Ye K, Izzetoglu M, Holtzer R (2019) Multi-
modal neuroimaging of dual-task walking: structural MRI and 
fNIRS analysis reveals prefrontal grey matter volume moderation 
of brain activation in older adults. Neuroimage 189:745–754. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​1​9​.​0​1​.​0​4​5

Wakana S, Caprihan A, Panzenboeck MM, Fallon JH, Perry M, Gollub 
RL, Hua K, Zhang J, Jiang H, Dubey P, Blitz A, van Zijl P, Mori 
S (2007) Reproducibility of quantitative tractography methods 
applied to cerebral white matter. Neuroimage 36(3):630–644. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​i​​m​a​g​e​​.​2​​0​0​7​.​0​2​.​0​4​9

Wang L, Li J, Jia F, Lian L, Li L (2024) The development of response 
and interference inhibition in children: evidence from serious 
game training. Children 11(2):138. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​c​h​​i​l​d​
r​e​n​1​1​0​2​0​1​3​8

Watson AJ, Bell MA (2013) Individual differences in inhibitory con-
trol skills at three years of age. Dev Neuropsychol 38(1):1–21. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​8​7​​5​6​5​6​4​1​.​2​0​1​2​.​7​1​8​8​1​8

Weintraub S, Dikmen SS, Heaton RK, Tulsky DS, Zelazo PD, Bauer 
PJ, Carlozzi NE, Slotkin J, Blitz D, Wallner-Allen K, Fox NA, 
Beaumont JL, Mungas D, Nowinski CJ, Richler J, Deocampo JA, 

1 3

   54   Page 16 of 16

https://doi.org/10.1212/WNL.0b013e3182872ded
https://doi.org/10.1002/brb3.70358
https://doi.org/10.1111/mono.12032
https://doi.org/10.1371/journal.pone.0244186
https://doi.org/10.1371/journal.pone.0244186
https://doi.org/10.3389/fnhum.2021.798358
https://doi.org/10.1002/0471602396
https://doi.org/10.1002/0471602396
https://doi.org/10.1016/j.neuroimage.2019.01.045
https://doi.org/10.1016/j.neuroimage.2019.01.045
https://doi.org/10.1016/j.neuroimage.2007.02.049
https://doi.org/10.1016/j.neuroimage.2007.02.049
https://doi.org/10.3390/children11020138
https://doi.org/10.3390/children11020138
https://doi.org/10.1080/87565641.2012.718818
https://doi.org/10.1080/87565641.2012.718818

	﻿Neural Correlates of Inhibitory Control in Children: Evidence Using MRI and fNIRS
	﻿Abstract
	﻿Highlights
	﻿Introduction
	﻿Materials and Methods
	﻿Participants
	﻿Data Acquisition and Processing
	﻿Multimodal Go/no-Go Task
	﻿Congruent Trial
	﻿Incongruent Trial
	﻿NIH Toolbox Flanker Task
	﻿Functional Near-infrared Spectroscopy Data Acquisition
	﻿Functional Near-infrared Spectroscopy Data Analysis
	﻿MRI Data Acquisition
	﻿MRI Data Analysis
	﻿Visit Timeline
	﻿Statistical Analyses

	﻿Results
	﻿Age-Related Changes in Myelin, Task-Related Brain Activation, and IC
	﻿Hypothesis 2 Reaction Time and Brain Activation
	﻿Hypothesis 3: Reaction Time and Myelination
	﻿Hypothesis 4: Myelination and Brain Activation
	﻿Exploratory Post-hoc Analysis: Go/no-go Reaction Time and the Interaction of Myelination and Brain Activation

	﻿Discussion
	﻿Strengths and Limitations

	﻿Conclusion
	﻿References


