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Inhibitory control, a core executive function, emerges in infancy and develops rapidly across childhood. Method-
ological limitations have meant that studies investigating the neural correlates underlying inhibitory control in in-
fancy are rare. Employing functional near-infrared spectroscopy alongside a novel touchscreen task that measures
response inhibition, this study aimed to uncover the neural underpinnings of inhibitory control in 10-month-old
infants (N = 135). We found that when inhibition was required, the right prefrontal and parietal cortices were
more activated than when there was no inhibitory demand. This demonstrates that inhibitory control in infants

as young as 10 months of age is supported by similar brain areas as in older children and adults. With this study
we have lowered the age-boundary for localising the neural substrates of response inhibition to the first year of

life.

1. Introduction

The early years of life represent a fundamental period in the devel-
opment of executive functions (EFs) - a set of core cognitive skills, such
as inhibitory control, working memory, and cognitive flexibility, that
develop slowly from infancy and improve rapidly in early childhood
(Hendry et al., 2016). Advances in these early cognitive skills are ac-
companied by important maturation processes in the prefrontal cortex
(PFC), a region of the brain consistently associated with EFs (for reviews,
see Diamond, 2002; Fiske and Holmboe, 2019). One important form of
inhibitory control is response inhibition; the ability to inhibit a prepo-
tent or well-learned response (Friedman and Miyake, 2004). Whilst it is
possible to reliably measure response inhibition from the second half of
the first year of life (Diamond, 1985; Hendry et al., 2021; Holmboe et al.,
2008, 2018, 2021), very little is known about the brain mechanisms sup-
porting response inhibition in infancy. The reason for this is twofold: a
lack of age-appropriate tasks (Holmboe et al., 2021) and the difficulty
in using neuroimaging techniques for measuring the awake infant brain
in non-clinical settings (Lloyd-Fox et al., 2010). The current study aims
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to identify the functional neural correlates of inhibitory control, an es-
sential EF component, as it emerges in the first year of life.

Canonical tasks such as the Stop-Signal (Logan and Cowan, 1984)
and the Go/No-Go task (e.g., Drewe, 1975) have frequently been used
with older children and adults alongside functional magnetic resonance
imaging (fMRI) to investigate the brain regions associated with response
inhibition (Aron et al., 2007; Aron and Poldrack, 2006; Booth et al.,
2003; Cope et al., 2020; Durston et al., 2002; Hampshire et al., 2010;
Wager et al., 2005). These well-established experimental paradigms re-
liably measure the neural correlates of response inhibition but are un-
suitable for the assessment of response inhibition skills as they emerge
in infancy. This is because many of these tasks have high working mem-
ory and language comprehension demands (Holmboe et al., 2021) and
neuroimaging methods such as fMRI are often not suitable for use with
awake infants and young children.

To measure response inhibition in the first two years of
life, researchers have used variations of the classic A-not-B task
(Diamond, 1985; Diamond and Goldman-Rakic, 1985; Jacobsen, 1935;
Piaget, 1954). In the A-not-B task, the researcher places — in view of the
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infant — a desirable object in one of two identical wells (‘A’), which are
then covered. The infant is subsequently allowed to retrieve the object.
This sequence is repeated to build up the infant’s prepotent reaching re-
sponse to ‘A’. After several repeat hidings at ‘A’, the object is hidden in
the alternate location (‘B’), such that a new response (reach to ‘B’) must
be initiated, and the competing prepotent response (reach to ‘A’) inhib-
ited. A variable delay between the hiding event and the infant’s search
is usually imposed, and therefore the canonical version of the A-not-B
task has both a working memory and a response inhibition component
(Diamond, 1985, 2002; Holmboe et al., 2018). In a seminal study by
Diamond (1985), it was established that 6-12-month-olds perseverate
on this task with varying delays, i.e., they continue to search at ‘A’ even
when they have just seen the toy hidden at ‘B’.

The imposed delay in the canonical version of the A-not-B task is
problematic if the main aim is to measure response inhibition alone
(i.e., without a working memory component). However, even versions
without a hiding event (e.g., the location is simply cued by waving the
cover for the well; Smith et al., 1999; Clearfield et al., 2006) or with
no delay (infant is allowed to reach immediately; Hendry et al., 2021)
produce a robust perseverative response in 8-16-month-old infants. This
suggests that it is possible to build up a prepotent response in infants,
and to assess response inhibition by measuring the ability to overcome
that prepotent response, without taxing working memory. The task used
in the current study, the Early Childhood Inhibitory Touchscreen Task
(ECITT; Holmboe et al., 2021), was designed on this principle of build-
ing up a prepotent response that then must be inhibited, but rather than
hiding or cueing objects, it uses an engaging touchscreen interface. As
with the A-not-B task, the ECITT has been found to elicit perseverative
responses, presumed to be attributable to a failure of response inhibi-
tion, in children aged 10 months and upwards (Hendry et al., 2021;
Holmboe et al., 2021).

A number of studies have used a ‘looking version’ of the A-not-B
task (where the trigger for the reward is the infant visually fixating
on the correct location rather than reaching to it) alongside electroen-
cephalography (EEG) to investigate inhibition-related brain activation
in infancy (Bell and Fox, 1992; Bell and Wolfe, 2007; Cuevas et al., 2012;
although note that Bell and Fox, 1992 used a reaching version of the
task). These studies have identified broad indices of neural activation
during response inhibition, such as alpha power over frontal channels
or changes in EEG power from baseline in frontal regions. Whilst these
studies have provided important insights into the brain mechanisms un-
derpinning inhibition, the limited spatial resolution of EEG has meant
that further localisation within frontal regions (and other regions of the
cortex) has not been possible. Also, many of these EEG studies have
employed passive, visual-only response inhibition tasks that require no
motoric response from the infant — in contrast to the fMRI literature with
older children and adults, where canonical response inhibition tasks re-
quiring a motoric response are used as a behavioural index. As such, we
presently have limited knowledge of which specific areas of the brain
are activated when infants engage in active inhibitory control involving
a motor response.

The relatively recent addition of functional near-infrared spec-
troscopy (fNIRS) into the developmental researcher’s toolkit has made
it possible to investigate neural activation in specific brain areas dur-
ing the early stages of development (Fiske and Holmboe, 2019; Lloyd-
Fox et al., 2010; Wilcox and Biondi, 2015). fNIRS is a non-invasive, op-
tical imaging technique that uses near-infrared light to measure changes
in the concentration of oxygenated and deoxygenated haemoglobin in
the blood in the cortex. An early fNIRS study by Baird et al. (2002) il-
lustrates the role that fNIRS can play in better understanding the neu-
ral correlates of cognitive processes in infancy. This study demonstrated
the involvement of the prefrontal cortex in short-term memory in 5-12-
month-old infants. More recently, multiple studies have used fNIRS to
investigate the neural correlates of EF in preschool and school-age chil-
dren (Buss et al., 2014; Kerr-German and Buss, 2020; Monden et al.,
2015; Moriguchi et al., 2018; Yanaoka et al., 2020; Zhou et al., 2022),
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evidencing the feasibility and growing popularity of this technique in de-
velopmental research. Whilst studies have begun to provide insight into
the neural mechanisms involved in the development of working memory
in infants and toddlers (Delgado-Reyes et al., 2020; Wijeakumar et al.,
2019), few studies have identified the specific areas of the brain that
are functionally associated with inhibitory control in children under 2
years of age.

In research with children and adults, studies using fNIRS have found
activation in the right PFC and parietal cortex during task trials where
inhibition was required; although children (4 - 6 years) showed a more
immature response pattern (Mehnert et al., 2013). Similarly, research
has found increased right lateral PFC activation in pre-schoolers (3141
years) when response inhibition was successful (Moriguchi and Shino-
hara, 2019). This is consistent with fMRI and transcranial magnetic stim-
ulation research showing that regions of the PFC and parietal cortex
are activated during tasks of inhibitory control in both adults and chil-
dren (Bunge et al., 2002; Cope et al., 2020; Durston et al., 2002, 2006;
Tamm et al., 2002; van Belle et al., 2014). Specifically, the right dorso-
lateral prefrontal cortex (DLPFC; Casey et al., 1997; Cope et al., 2020;
Durston et al., 2006), the right inferior frontal cortex (as part of a fronto-
basal-ganglia network; Aron et al., 2004, 2014; Bari and Robbins, 2013;
Chambers et al., 2009; Chikazoe, 2010), and regions within the right
parietal cortex (Bunge et al., 2002; Chikazoe et al., 2009; Cope et al.,
2020; Durston et al., 2002; Gonzalez Alam et al., 2018; Mehnert et al.,
2013; Osada et al., 2019) are reliably found to be active in tasks re-
quiring response inhibition. Some studies have also found activation in
the bilateral orbito-frontal cortex when response inhibition is needed
(Casey et al., 1997; Cope et al., 2020; Rubia et al., 2006; Tamm et al.,
2002). With this current study, we aimed to investigate whether similar
patterns of brain activation can be observed in infancy during a response
inhibition task.

1.1. The current study

The overarching aim of this study is to elucidate the neural under-
pinnings of response inhibition in 10-month-old infants by using fNIRS
alongside a recently developed task suitable for this young population.
We used a version of the Early Childhood Inhibitory Touchscreen Task
(ECITT; Holmboe et al., 2021), in which infants are required to inhibit
their response to a prepotent (frequently rewarded) location and instead
make a response to an alternative location to receive the reward (a short
animation). The ECITT overcomes many methodological barriers that
are problematic in other tasks by ensuring minimal language and work-
ing memory requirements, and including fun animations that maximise
task engagement in this age group (Holmboe et al., 2021). Importantly,
the task has been shown to elicit inhibitory effects behaviourally in in-
fants as young as 10 months of age (Hendry et al., 2021). Since a manual
motoric response is required from infants, this task more closely mirrors
the structure and demands of canonical response inhibition tasks used
with older participants in the fMRI/fNIRS literature.

In this study we adopted a mixed exploratory and confirmatory ap-
proach. Based on findings in older children and adults, we designed our
fNIRS probe to cover the bilateral PFC and the bilateral area around the
intraparietal sulcus. However, due to the lack of existing fNIRS studies
that use manual response-based tasks and the very limited prior evi-
dence of neural activation during response inhibition in infant popu-
lations, we did not pre-specify hypotheses about which specific brain
regions would be associated with response inhibition at this age. In-
stead, in our group-level analyses, we first identified channels demon-
strating a significant haemodynamic response and, within these, looked
for channels in which the haemodynamic response was differentiated
by block type (e.g., inhibitory-demanding ‘experimental’ blocks vs. ‘con-
trol’ blocks with no inhibitory requirement). We also identified the time
course of the significant effects. After this, in a set of pre-registered
analyses (https://osf.io/qs4h8) using the pre-identified channels and
time windows, we investigated whether neural activation was associ-
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Fig. 1. fNIRS Array Sensitivity Map
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Note. This sensitivity heat map was generated on a 12-month-old infant head model (Shi et al., 2011) using the optode positions associated with this probe. These
maps are scaled to the maximum sensitivity value in the grey matter mesh and are displayed on a log normalised scale. From left to right: frontal view, left view,
superior view, inferior view, and right view of the sensitivity of channels in this array.

ated with individual differences in response inhibition performance in
10-month-old infants.

2. Materials and methods
2.1. Participants

Participants were 138 10-month-old infants (67 males) recruited for
a longitudinal study on early EF development. Three male infants were
excluded due to birth complications leading to health-related concerns.
Data presented in this study were collected in the second of two vis-
its to the Oxford University Babylab, spaced approximately one week
apart. In the first session, infants completed a behavioural version of the
ECITT amongst other tasks. Parents gave informed consent before par-
ticipating with their child and received a £20 online shopping voucher
and small Babylab branded gift for their participation. The longitudinal
study received ethical approval from the University of Oxford Central
University Research Ethics Committee: R57972/RE010. See Supplemen-
tary Materials 1 (SM 1) for further details of the longitudinal study, in-
cluding sample demographics (infant age, ethnicity, and socioeconomic
status indicators) and study inclusion criteria. Following a comprehen-
sive data processing pipeline (see Section 2.6), the final sample of par-
ticipants with valid behavioural data was 121 infants, of whom 59 also
contributed valid fNIRS data. Full details of data exclusions are provided
in Section 2.5.3.

2.2. Apparatus

fNIRS data were collected with the Gowerlabs NTS continuous wave
system at a sampling rate of 10 Hz. Near-infrared light was emitted at
780 and 850 nm to measure changes in concentration of deoxygenated
(HHb) and oxygenated (HbO,) haemoglobin, respectively. The source
levels were manually set, most commonly to 80% intensity (60% for
short separation channels), however this varied depending on the in-
fant’s amount and type of hair. The probe geometry consisted of 32
optical sensors with a source-detector distance of 25 mm (including two
12 mm ‘short’ channels) that were fitted to an EasyCap. The probe was
anchored onto three 10-5 reference points: FpZ, P1 and P2. A total of
46 channels covered the bilateral PFC and area around the intraparietal
sulcus, see Fig. 1 for a sensitivity map that indicates the approximate
neural areas covered by our array. The headgear was fitted to the in-
fant’s head so that the front of the cap sat just above the eyebrows, and
the optode anchored to FpZ was positioned centrally between the eye-
brows, see an example in Fig. 2. See also SM 2a for further cap placement
information and SM 2b for a channel map.

2.3. Early Childhood Inhibitory Touchscreen Task (ECITT)

In the ECITT, infants are presented with two blue ‘buttons’ on the
left and the right of a touchscreen (iPad): one blank, and one with a
smiley-face icon (see Fig. 3). Tapping the button with the smiley-face
icon triggered a 4-second animated cartoon. The smiley-face icon oc-
curred more frequently in one location (prepotent trials; 75%) than the
other (inhibitory trials; 25%). Therefore, on inhibitory trials, infants
must inhibit their response to the prepotent location and instead make
a response to the other location to trigger the animation. In the first
test session, infants completed the ‘behavioural’ version of the task, as
described by Hendry et al. (2021). Further details about the method, as
well as the results from the behavioural version of the task administered
in the first test session, are reported in SM 5a. Analyses of consistency
between performance on the behavioural and fNIRS versions of ECITT
are reported in SM 5b.

In the second test session, participants completed a blocked version
of the ECITT that was adapted for use with fNIRS, see Fig. 3 for exam-
ple trial sequences (a video of an infant completing the task is available
at https://osf.io/m58qs/). The fNIRS version of the ECITT was divided
into control and experimental blocks (each consisting of six trials) that
were separated by a neutral baseline block (moving abstract shapes ac-
companied by calm music). The blocks were always presented in the
same order: baseline, control, baseline, experimental, baseline, control
etc. The purpose of the baseline blocks was to have a period of minimal
cognitive effort (a ‘resting state’) so that we could compare the haemo-
dynamic response during active task blocks (control and experimental
blocks) with that obtained during a non-task ‘rest’ period (Wilcox and
Biondi, 2015). Baseline block durations were jittered (12-17 s) to min-
imise anticipatory neural activation ahead of active task blocks. During
control blocks the target always appeared in the prepotent location (six
prepotent trials). In experimental blocks, the target appeared on the pre-
potent side 50% of the time (3 trials), randomised with the constraints
that the target was always presented in the prepotent location on the
first trial and the target could not consecutively appear in the same lo-
cation more than twice. Therefore, across the blocked version, the pro-
portion of prepotent (75%) and inhibitory (25%) trials was the same as
in the behavioural version. It is expected that prepotency in the control
blocks would carry over into experimental blocks, requiring response
inhibition to be used on trials where the target was presented in the
inhibitory location.

Since the task is response-contingent, the duration of each trial var-
ied depending on how long the infant took to respond. No minimum or
maximum trial length was imposed, although during behavioural data
processing, trial lengths of ( 300 ms or ) 5000 ms were excluded from
analysis. If the infant made an incorrect response, there was no change
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Experimental Block

Control Block

Prepotent trial

Correct response
(animation) N

Prepotent trial

Correct response
(animation)

Prepotent trial

Correct response
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\

Prepotent trial

Correct response
(animation)

Fig. 3. The Early Childhood Inhibitory Touchscreen Task

Prepotent trial

Correct response
(animation)
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Fig. 2. fNIRS Cap Placement
Note. Consent for the publication of this image has been
obtained from the participant’s parent.

Inhibitory trial

Incorrect response
(nothing happens)

Correct response
(animation)

Note. Left: An example sequence of trials in a control block, where all trials were prepotent. Right: An example trial sequence in an experimental block, where 50%

of trials were inhibitory.

on the screen and the trial continued until a correct response was made.
Once a correct response was made, the animation played, and the next
trial began. This was the case in both control and experimental blocks,
such that each infant received six animated cartoons in the control block
and six in the experimental block. The blocked ECITT had no fixed stop-
ping point, but infants were encouraged to complete at least three blocks
of each type (experimental and control) to ensure enough reliable fNIRS

data had been collected, and for as long as the infant was engaged with
the task. The task was stopped if the infant became excessively distracted
or distressed, or at the request of the parent. For those with valid fNIRS
data (N = 59), the number of control blocks (all prepotent trials) com-
pleted ranged from 3 to 7 (M = 4.85), with a mean duration of 43 s
(SD = 17 s). The number of experimental blocks (mixed prepotent and
inhibitory trials) completed ranged from 3 to 7 (M = 4.58), with a mean
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duration of 49 s (SD = 18 s). The total number of blocks completed
ranged from 6 to 14 (M = 9.43), which is equivalent to 36-84 individual
trials. See Section 2.6 for details of validity criteria and data exclusions.
A note on terminology: Prepotent and inhibitory trials originate from
the behavioural version of the task where we describe each trial (and
there are no blocks). The control and experimental blocks contain these
two trial types — the control blocks only contain prepotent trials (no
inhibitory demand), whereas the experimental blocks also contain in-
hibitory trials (50%) and therefore do have an inhibitory demand.

2.4. Procedure

Before the first test session, infants were allocated a prepotent side
(left or right) that was counterbalanced between infants and remained
the same for all test sessions. To ensure that a prepotency was estab-
lished as intended, if infants made an incorrect response on the first (pre-
potent) trial of the ECITT in Session 1, the experimenter re-started the
task with the target appearing in the location first reached to (N = 21).
The revised location was used as the allocated prepotent side for all
subsequent test sessions (including the fNIRS session).

Infants were seated on their caregiver’s lap and positioned at a small
table, adjacent to the experimenter. The iPad (presenting the ECITT) was
held horizontally directly in front of the child within their reach. There
were no demonstration or practice trials, however on the first trial (not
included in analyses), the experimenter cued the target by pointing and
instructed the child to “touch the happy face”. This was done to ensure
that the prepotency was established from the start of the task. After the
first trial, if the target location was cued by either the experimenter or
the parent, the trial was coded as invalid (see Section 2.5.3. for details of
validity criteria and data exclusions). Verbal encouragement was given
when necessary to increase engagement but was kept to a minimum.
During the animations and baseline blocks, the experimenter removed
the iPad from the child’s reach (still within their sight) to prevent them
from touching the screen and making an invalid (accidental or prema-
ture) response.

2.5. Data processing

2.5.1. Behavioural data processing

The ECITT software automatically recorded the accuracy of re-
sponses at the trial level. However, because infants’ responses were not
always detected, the accuracy and validity of each trial was reviewed
manually prior to analysis (see SM 3a for details of the coding scheme).
The ECITT software also automatically records response time data (ms)
for each trial, which refers to the time from the start of the trial to
when a response is made. For several reasons we determined that it was
not appropriate to use reaction time data from infants this young in our
analyses, and so instead focus our analyses on accuracy data. For further
discussion of why we do not consider reaction time data from 10-month-
olds valid, see Lui et al. (2021) and Hendry et al. (2021). See also SM 6e
for further information and for descriptive statistics of raw (non-coded)
response time data.

Videos of the testing sessions were coded offline by two coders (AF
and KL) who gained excellent inter-coded reliability: ¥ = 0.92 for accu-
racy, k = 0.85 for validity across 21 videos (833 trials). Using the Ob-
server XT video coding software, infants’ looking behaviour during base-
line blocks (described in Section 2.3) was coded offline by two trained
coders (AF and KL). According to the baseline coding scheme (described
in full in SM 3b), infants’ looking behaviour was coded as either: look-
ing at the iPad screen displaying the baseline video or somewhere else
neutral (e.g., the table), looking at faces (experimenter or parent) or
as ‘other’ (e.g., infant was crying, fussing, or moving). Baseline blocks
were deemed as valid and included in the fNIRS analysis as an indicator
of the infants’ ‘resting’ haemoglobin levels (which task block activation
could be compared to) if the participant looked at the baseline video or
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other neutral location for at least 60% of the baseline duration. Base-
line blocks were coded as invalid and excluded from the fNIRS analysis
during pre-processing (see Section 2.5.2) if the participant was crying,
fussing, fidgeting, or looking at the face of an experimenter or parent for
more than 40% of the baseline duration. Excellent inter-coder reliability
was established across 41 videos (1715 coding incidences): k = 0.85.

2.5.2. fNIRS data processing

A description of our fNIRS setup, including information about the
steps taken to convert raw data (recorded by the NTS system) into
.nirs data suitable for pre-processing with event markers (start of each
block, imported from the ECITT software) and timing information, can
be found in SM 2c. Also see SM 2c for access to the custom MATLAB
scripts used in this process.

Data were then entered into HomER2, a MATLAB based toolkit
(Huppert et al., 2009), for pre-processing. Invalid blocks, baselines and
non-task related data were manually excluded (see SM 4a for details
of block exclusion). Raw intensity data were converted to optical den-
sity and channels with very high or very low optical density (1e-03 -
1le+03) were excluded at the participant level. Participants with more
than 2/3 of channels excluded were not included in further analyses
(see Section 2.5.3). Motion artifacts were identified and corrected using
a spline interpolation followed by a wavelet transformation (Di Lorenzo
et al., 2019). The motion-corrected optical density data were then con-
verted to concentration changes in HbO, and HHb using the modified
Beer-Lambert Law with path length factors of 5.2 (HHb) and 4.8 (HbO,),
see Scholkmann and Wolf (2013). A band-pass filter (high pass; 0.01,
low pass; 0.80) was applied to remove low frequency noise and high
frequency physiological signal from the data. See SM 4b for full details
of parameters used in the pre-processing stream.

HbO, and HHb concentration change data from each channel were
block averaged over a period of 47 s, of which two seconds contained
data from valid baseline blocks. Baseline concentration change data was
subtracted from the average haemoglobin concentrations in the 45 s ex-
perimental window. The baseline-corrected haemoglobin concentration
data were divided into nine five-second time-bins. Following investiga-
tions into the average block duration (control; M = 43 s, SD = 17 s;
experimental; M = 49 s, SD = 18 s; see also SM 4a) we focused our anal-
ysis on data from O to 35 s of the time course. This is because, due to
the variable block duration (contingent on the duration of infants’ re-
sponses), the last two time-bins captured baseline data from some par-
ticipants and task data from others, see SM 7b for more information on
this decision. Results with these time-bins included are reported in SM
7e and are in convergence with those reported here (Section 3.2).

Data from 42 channels (of 46) were included in statistical analyses
at the group-level; two channels (Channel 11, right parietal cortex, and
Channel 15, left PFC) were excluded as less than 70% of participants
contributed data to these channels, and data from the two short sepa-
ration channels were also excluded from analyses. The short separation
channels were included in our array with the intention to filter out su-
perficial haemodynamic response (i.e., physiological noise) measured
from the scalp and skull, however these were excluded from analyses
because, being positioned at a separation of 12 mm, the short chan-
nels were not optimised for short separation regression techniques (see
Brigadoi and Cooper, 2015 and Emberson et al., 2016 for discussion,
and see also SM 2d for the rationale behind our decision to exclude the
short channels from our analysis). We instead used bandpass filtering to
remove some level of systemic noise from our data (described above).

2.5.3. Data exclusions

Following exclusions for completing less than 2 blocks in each condi-
tion (N = 13) or poor accuracy (< 60%) on the prepotent trials (N = 1),
ECITT behavioural data was available for 121 infants; see SM 6a for
prepotent and inhibitory accuracy by block type (control and experi-
mental). After exclusions for: task refusal (N = 2), refusing the fNIRS
cap (N = 2), data file loss (N = 1), completing less than 3 blocks in each
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condition (N = 36), contributing valid fNIRS data for less than 3 blocks
in each condition (N = 13), and over- or under-saturation of more than
2/3 of channels (N = 8), ECITT fNIRS data was available for 59 infants.
See SM 4a for further details on fNIRS block exclusions. The final sample
of participants with valid fNIRS data was 59; thus, there was consider-
able data attrition (~ 51% of data excluded).

2.5.4. Behavioural measures

The manually coded trial level accuracy data from the ECITT was
used to generate three dependant variables: ‘prepotent accuracy’, ‘in-
hibitory accuracy’ and ‘adjusted AccD’. The ‘adjusted accuracy differ-
ence’ (adjusted AccD) variable was created as a measure of response in-
hibition using the following formula: (prepotent accuracy - inhibitory
accuracy)/prepotent accuracy. The larger the difference between the
accuracy score on prepotent and inhibitory trials, the larger the ad-
justed AccD score. A smaller difference resulted in a smaller adjusted
AccD score, which is indicative of better response inhibition. The ad-
justed AccD is a variation of the ‘AccD measure’ (prepotent accuracy —
inhibitory accuracy) that was used by Holmboe et al. (2021) in their
original study. We generated the adjusted AccD score to control for in-
stances where infants performed relatively poorly on both trial types
(i.e., the adjusted score took the infants’ level of performance on the
prepotent trials into account). This is important because performance
on prepotent trials varies more in 10-month-olds than in the older in-
fants and toddlers assessed in Holmboe et al. (2021). In their paper,
Holmboe et al. (2021) compared the AccD and the adjusted AccD and
found highly consistent results from both measures.

It is worth noting that a small number of participants (N = 14) ob-
tained a negative adjusted AccD score; the majority of which had very
high accuracy on both prepotent and inhibitory trials. A slight negative
score is appropriate in cases where high performing infants with very
little difference between prepotent and inhibitory trials may have made
a few errors on prepotent trials (of which there are many more), possibly
after two inhibitory trials in an experimental block where they may have
begun to build a slight prepotency to the inhibitory side. The adjusted
AccD measure corrects to some extent for performance on the prepotent
trials, but at very low prepotent accuracy, the assessment of response
inhibition ability will be less accurate due to measurement error.

In cases where there is a larger disparity between accuracy on in-
hibitory and prepotent scores in the ‘wrong’ direction (i.e., the in-
fant seemingly performs better on the prepotent trials than on the
inhibitory trials), we must consider the influence of other factors.
Hendry et al. (2021) found evidence for a right side prepotent bias in 10-
and 16-month-old infants during the behavioural version of the ECITT.
That is, infants assigned to the ‘left’ prepotent side and who had a right-
side bias would find it more difficult to build up a prepotency to the left.
As part of our administration protocol, we took steps to minimise the
impact of such side biases by switching the prepotent side if the infant
made an incorrect response on the first trial, because piloting indicated
that such first responses were often indicative of a side bias. Neverthe-
less, more subtle continuing biases cannot be ruled out (e.g., where an
infant initially responds correctly to the pre-assigned prepotent location
on the left, but subsequently appears to show a side bias to the right).
Whilst it is important to note that a large negative adjusted AccD score
only occurred for a very small number of participants (N = 6 out of 121,
see SM 6b), future research should investigate the potential impact of
side biases in large participant samples (as this performance pattern is
rare).

2.6. Statistical analysis

All analyses performed as part of this study were conducted in SPSS
version 27. Confidence intervals (CI; 95%) were calculated on 1000
bootstrap samples. All variables were tested against the parametric test
assumptions, and when these were violated, appropriate non-parametric
equivalents were also used to test for convergence. Data distribution
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plots, details of assumption tests, and the results of the equivalent non-
parametric tests are reported in SM 5 (Session 1; ‘Behavioural’ ECITT),
SM 6 (Session 2; ECITT with fNIRS) and SM 7c and 7d (pre-registered
individual differences analyses). For the fNIRS data, Greenhouse-Geisser
corrected degrees of freedom and significance values were used because
the channel-level data did not meet the sphericity assumption required
for repeated measures ANOVA. Where multiple tests were conducted
throughout the study, the procedure for controlling the false discovery
rate (FDR; Benjamini and Hochberg, 1995) was used.

2.6.1. Behavioural analyses

Of the 121 participants with valid ECITT data, 59 also had valid
fNIRS data (sub-sample A) and 62 participants only had valid be-
havioural data (sub-sample B). Results of an independent t-test revealed
no significant difference in adjusted AccD scores between sub-sample A
(M = 0.402, SD = 0.332) and sub-sample B (M = 0.371, SD = 0.340); t
(119) = 0.497, p = .620, d = 0.336. This result demonstrates that there
were no significant performance differences between those with, and
without, valid fNIRS data.

Performance of the 112 infants who had valid ECITT data from both
sessions (behavioural version of ECITT in Session 1, and the blocked
ECITT with fNIRS in Session 2) were compared. Paired t-tests indicated
that there were no significant changes in adjusted AccD scores across
the two test sessions; t (111) = 0.073, p = .942, d = 0.007, and results
of Pearson’s correlation analyses of adjusted AccD scores demonstrate
that infants performed consistently across sessions; r (110) = 0.482, p
<0.001, [CI = 0.296, 0.638]. Tests were also run with the prepotent
and inhibitory accuracy variables and are reported in SM 5b. Results
demonstrate consistency in performance across sessions.

2.6.2. fNIRS group-level analyses

Using a custom MATLAB script (https://osf.io/mpt5g/), the block
averaged haemoglobin concentration data were organised such that
there was a separate variable for each channel, time-bin, chromophore,
and block type (control, experimental, baseline), following the approach
taken by de Klerk et al. (2018) and Lloyd-Fox et al. (2015). To identify
channels demonstrating a significant haemodynamic response (increase
in HbO, and/or HHb decrease) from baseline over time (main effect of
time), repeated measures ANOVAs (per channel) were conducted with
time bin (7 levels) and condition (2 levels) as within-subject factors. In
the analyses, a significant main effect of time would indicate significant
haemodynamic concentration changes from baseline across the experi-
mental window (35 s). For those channels demonstrating a significant
haemodynamic response over time, repeated measures analyses were
conducted to investigate whether this response differed between exper-
imental and control blocks, as indicated by a significant main effect of
block type or a significant time x block type interaction.

2.6.3. Time course of the block type effect

After channels showing a significant block type effect had been iden-
tified (following the process described above), paired t-tests were con-
ducted in each 5-second time-bin (0 — 35 s) on haemoglobin concentra-
tion data from each channel (in channel space) that showed a significant
block type effect in either the HbO, or HHbD signal. The purpose of this
analysis was to examine the time course of the significant block type ef-
fect (change over time-bins) and so ‘time-bin’ is treated as a categorical
variable for each planned comparison.

The paired t-tests were run between matched variables; for exam-
ple, HHb data from time-bin X of Channel Y during the control block
was compared to HHb data from time-bin X of Channel Y during the
experimental block. When we were examining adjacent channels as a
channel pair (see Section 2.6.5), HbO, or HHb data from two channels
were averaged (mean) within each time-bin.

2.6.4. Individual differences analyses
After we conducted our group-level analyses and time course investi-
gation (as described above), we pre-registered our hypotheses and anal-
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ysis plan for the individual differences analyses (https://osf.io/qs4h8).
The purpose of these analyses was to investigate associations between
the fNIRS data and infants’ response inhibition. We stated in our pre-
registration that we would conduct both parametric and non-parametric
tests (as we did not know the distribution of our data) and subsequently
the variables were tested against the parametric assumptions. Whilst
some variables were skewed (see SM 7c for details), these were skewed
within an acceptable level and therefore to ensure that comparisons
could be made easily between correlations, we decided to report the
parametric results for all tests in the manuscript (in Section 3.3. below)
and the equivalent non-parametric tests in SM 7c and 7d. Results of the
parametric and non-parametric tests are consistent.

As stated in our pre-registration, we conducted three one-tailed con-
firmatory correlational analyses to investigate whether individual dif-
ferences in neural activation in specific channels or channel-pairs across
the identified time-bins were positively associated with individual per-
formance differences in infants’ inhibitory score. We also pre-registered
that we would perform exploratory correlational analyses to investigate
associations between neural activation in pre-identified channels with
inhibitory performance (reported in Section 3.3 and described in the
pre-registration). Our justifications for running this exploratory test are
outlined in the ‘Exploratory analysis’ section of the pre-registration.

Channels that were identified in our group-level analyses as showing
a significantly larger increase in HbO, concentration and/or a signifi-
cantly larger decrease in HHb concentration in experimental compared
to control blocks (results are reported in Section 3.2) were used as in-
dices of neural activation. We calculated the difference between HbO,
concentrations in experimental and control blocks (experimental minus
control; ‘HbO, difference’), and the difference between HHb concentra-
tions in control and experimental blocks (control minus experimental;
HHb difference) and created an average of this difference measure across
the identified channels or channel pairs. An ‘inhibitory score’ variable
(generated using the following formula: 1 — adjusted AccD) was used as
an index of infants’ response inhibition performance, such that a larger
score was indicative of better response inhibition ability. The adjusted
AccD score was reversed to allow us to consider positive associations
with brain activation in the experimental block (compared to the con-
trol block), rather than negative associations. The reversal only changes
the sign of the correlation compared to using the adjusted AccD.

2.6.5. Head modelling, channel localisation & image reconstruction

To allow us to visualise the data on an age-appropriate head tem-
plate, a model of the infant head was produced from averaged struc-
tural MRI data of a 12-month-old cohort (Shi et al., 2011); see SM
2e for a full description of this process. As demonstrated by Collins-
Jones et al. (2021), assuming a constant head size and array position is a
valid approach for an image reconstruction approach using infant fNIRS
data. The head model was scaled to the group mean head circumference
measurement of the 59 infants in this study with useable fNIRS data. The
positions of sources and detectors were registered virtually to the scalp
surface of the head model using the Homer2 spring relaxation mecha-
nism (Aasted et al., 2015). To model the transport of near-infrared light
through the head model, TOAST++ ((Schweiger and Arridge, 2014), see
http://toastplusplus.org) was employed to produce a forward model for
each wavelength. Using the group-level block-averaged optical density
data, the forward model was then used to reconstruct a time-series of
images of HbO, and HHb concentration changes for each condition. Im-
age reconstruction was constrained to the grey matter nodes of the vol-
ume mesh, as per previous topographic approaches (Boas et al., 2004;
Boas and Dale, 2005). The resulting reconstructed images were mapped
to the grey matter surface mesh. Data preparation, meshing, forward
modelling, and reconstruction were facilitated by the DOT-HUB Tool-
box (www.github.com/DOT-HUB).

The cortical positions for channels showing significant experimen-
tal effects (reported in Section 3.2) were determined using the forward
model. For each channel, the sensitivity values from the forward model
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mapped to the grey matter surface were used to compute a weighted
average of grey matter node positions; the nearest grey matter node to
the weighted average position was determined. Using the infant auto-
mated anatomical labelling (AAL) atlas presented by Shi et al. (2011),
the anatomical label of the nearest grey matter node was determined
and was assigned as the cortical label of the channel. From this localisa-
tion process, pairs of significant channels that covered the same region
of the brain were formed. This was done so that we could investigate
the time course of the haemodynamic response in the channel pair as-
sociated with each region of the brain (see Section 3.2.2. for the results
of the time course analysis).

Finally, t-statistic maps were produced comparing the group-level
response to the experimental block to the response to the control block
(experimental — control). Statistical mapping was conducted in the space
of the grey matter surface mesh. The responses were compared between
the two block types in time windows at 10 — 15 s, 15 — 20 s and 20
— 25 s of the block time course for the HbO, response, and 10 — 15 s,
15-20s, 20 — 25 s and 25 - 30 s for the HHb response. For each time
window and for each block type, all concentration change values within
the block time course across participants were concatenated to produce
a single vector for each node present in the grey matter surface mesh.
Experimental block and control block vectors from equivalent time win-
dows were compared using a two-tailed paired-sample t-test.

3. Results
3.1. Behavioural results

In both sub-sample A (N = 59 with valid fNIRS data) and sub-sample
B (N = 62 with only valid ECITT data), participants had higher mean ac-
curacy scores on prepotent trials (sub-sample A; M = 0.928, SD = 0.083,
sub-sample B; M = 0.913, SD = 0.089) compared to inhibitory trials (sub-
sample A; M = 0.545, SD = 0.294, sub-sample B; M = 0.561, SD = 0.284).
To test whether accuracy significantly differed by trial type or between
sub-samples, we conducted a 2 x 2 mixed ANOVA with trial type (in-
hibitory or prepotent) as the within-subjects factor and sub-sample (A
or B) as the between-subjects factor. Results revealed a significant effect
of trial type; F (1, 119) = 161.411, p < .001, #p?® = 0.576, confirming
that infants are significantly more accurate on prepotent (M = 0.921,
SE = 0.008) compared to inhibitory trials (M = 0.553, SE = 0.026).
There was no significant effect of group: F (1, 119) = 0.000, p = .994,
np® < 0.001, and no significant group by trial type interaction: F (1,
119) = 0.278, p = .599, np? =0.002.

3.2. fNIRS results

Repeated measures ANOVAs identified 41 channels (out of 42 in-
cluded in analyses) that demonstrated a main effect of time, i.e., a sig-
nificant (p <0.05) increase in HbO, and/or decrease in HHb from base-
line over time (see SM 7a, Supplementary Tables 11 and 12 for list of
channels and associated statistics). A main effect of time means that the
signal in these 41 channels changed significantly from the baseline over
the task block time course.

A total of 27 channels showed both a significant HbO, increase and a
significant HHb decrease from baseline over time. Six channels showed
only a significant HbO, increase from baseline over time and eight chan-
nels showed only a significant HHb decrease. After correction for the
FDR (84 comparisons), all channels retained significance (except Chan-
nel 6, HbO, only, which was then excluded from further analyses).

Repeated measures analyses with the 40 channels showing robust
HbO,/HHDb changes over time (main effect of time) indicated six chan-
nels that also showed a significant main effect of block type (greater
HbO, increase/HHb decrease in experimental compared to control
blocks), or a significant time x block type interaction, see Table 1.
Three channels covering the right PFC (Channels 25, 26 and 32) and
two covering the right parietal cortex (Channels 10 and 12) showed a
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Table 1
Significant HbO, and HHb concentration change differences between block types.
Channel Location Signal Statistic
10 Right inferior parietal cortex HbO, Main effect of block type F(1,51) = 6.374, p = .015, np? = 0.111
Time X block type interaction F (3.307, 168.653) = 3.258, p = .019, 7p? = 0.060
12 Right superior parietal cortex HbO, Main effect of block type F (1, 50) = 5.113, p = .028, np? = 0.093
25 Right middle frontal HbO, Main effect of block type F (1, 55) = 4.139, p = .047, np? = 0.070
gyrus/DLPFC Time x block type interaction F (3.915, 215.306) = 3.172, p = .015, np? = 0.055
HHb Main effect of block type F (1, 55) = 9.457, p = .003, np? = 0.147
26 Right middle frontal HbO, Time X block type interaction F (3.907, 218.819) = 3.224, p = .014, np> = 0.054
gyrus/DLPFC
32 Right orbital PFC HbO, Time X block type interaction F (4.105, 229.852) = 3.874, p = .004, np? = 0.065
HHb Main effect of block type F (1, 56) = 8.041, p = .006, np> = 0.126
Time X block type interaction F (3.923, 219.713) = 5.170, p = .001, np? = 0.085
33 Right orbital PFC HHb Time X block type interaction F (2.850, 165.322) = 3.910, p = .011, #p? = 0.063

Note. All 6 channels showed a significant main effect of time (p < .05), see SM 7a for statistics. None of the effects presented in this table survived correction for

the FDR (84 comparisons).
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Fig. 4. Group-level T-statistic Images of the Contrast in Concentration Changes between Block Types

Note. Group-level T-statistic images of the contrast in concentration changes of each chromophore (HbO, on the left and HHb on the right) between experimental
and control blocks (experimental — control). Images are displayed in the space of a cortical surface derived from averaged structural MRI data of a 12-month-old
cohort of infants (Shi et al., 2011). Using this approach, all displayed T-statistic values are significantly different across block types (paired t-test) at the alpha level
of p < .01. The HbO, figure (left) covers the 10 — 25 second time frame, and the HHb figure (right) covers the 10 — 30 second time frame with which our analyses in
significant channels were conducted. Since we found no significant HHb effects in parietal regions, the HHb figure (right) only shows activation in frontal regions.

A MATLAB version of this figure is available on OSF (https://osf.io/mv47n/).

significantly greater HbO, increase in experimental compared to con-
trol blocks, and three channels overlaying the right PFC (Channels 25,
32 and 33) showed a significantly greater decrease in HHb in exper-
imental compared to control blocks. See Fig. 4 for a t-statistic image
of significant haemoglobin concentration differences between condi-
tions (for visualisation purposes). Similar t-statistic images of signifi-
cant haemoglobin concentration change by block type (compared to
baseline) are presented in SM 7a (Supplementary Figures 5 and 6)
and MATLAB versions of the t-statistic figures are available on OSF
(https://osf.io/mv47n/).

3.2.1. Channel localisation

From the localisation process (described in Section 2.6.5), pairs of
channels that covered the same region of the brain were established.
Two pairs of channels showing significant HbO, effects were formed:
Channels 10 and 12, overlaying the right parietal cortex, and Chan-
nels 25 and 26, covering the right PFC. Using the process described in
Section 2.6.5, we were able to localise Channel 10 as covering the right
inferior parietal gyrus and Channel 12 the right superior parietal gyrus;
we will refer to this channel pair as the ‘right parietal cortex pair’. Chan-
nels 25 and 26 were localised to the right middle frontal gyrus, situated
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in the ventral region of the right DLPFC (Petrides and Pandya, 2012);
the ‘right DLPFC pair’. The pair of channels showing significant HHb
effects (Channels 32 and 33) was localised to the orbital middle frontal
gyrus; the ‘orbital right PFC pair’. For the time course analysis, we de-
cided not to include the HbO, data from Channel 32 in the frontal pair
(with Channels 25 and 26) because Channel 32 is in a more anterior part
of the right PFC (specifically, the orbital PFC) whereas Channels 25 and
26 overlay the dorsolateral PFC. Therefore, we consider Channel 32 in-
dependently for HbO, and as part of the right orbital PFC pair for HHb.
We justify this decision in full detail in SM 7b and in the pre-registration
(https://osf.io/qs4h8/).
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0.404*
0.330*
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—0.328, p =.744, d = —-0.043
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t (56) = 3.104, p = .003, d
t (56) = 3.049, p = .004, d

t (56)
t (56)

3.2.2. Time course of block type effect

For each individual channel or channel pair that was identified in
our initial analyses as showing a significant block type effect or interac-
tion (described above and see Table 1), paired t-tests were conducted to
investigate the time course of the effect. Results are reported in Table 2.
Note that for Channel 32 (HbO,), the significant effect occurred in a
time-bin where we would expect activation to still be building at the
start of the block, and the difference was in the opposite direction to
what was observed for the other channels. Therefore, we did not fur-
ther analyse or interpret the HbO, data from Channel 32.

0.387*

0.425*
0.287

0.234
0.291
0.475*

0.245

t (55) = 1.749, p = .086, d

t(55) =2.174,p = .034,d
t (55) = 2.898, p = .005, d
t (55) = 3.180, p = .002, d
t (55) = 3.557,p =.001, d
t (55) = 2.145, p = .036, d
t (55) =1.837,p=.072,d

Right DLPFC (HHb)

3.3. Association between fNIRS data and individual differences in ECITT
performance

In line with our pre-registration, we performed one-tailed correla-
tional analyses to investigate potential positive associations between in-
dividual differences in infants’ inhibitory score and activation in chan-
nels overlaying the right lateral PFC, right parietal cortex, and right or-
bital PFC. The channels included in the individual differences analyses
were previously identified in the group-level analyses (see Section 3.2.
above) as showing significant block-type effects or interactions in either
the HbO, or HHDb signal (see Table 1).

HbO, difference data (described in Section 2.6.4 and in the ‘Indices’
section of the pre-registration) from Channels 25 and 26 were averaged,
first within each individual time-bin (1 — 7), and then the averaged data
from each time-bin was averaged across the pre-identified time-bins (in
this case, bins 3 — 5) to form the variable ‘HbO,, right lateral PFC’. The
same approach was taken to generate the variables ‘HbO, right parietal’
(although with data from Channels 10 and 12) and ‘HHb right orbital
PFC’ (with HHbD difference data from Channels 32 and 33 from time-bins
4 -6). A ‘HHb Channel 25’ variable was also generated in this way using
HHD difference data from Channel 25 across time-bins 3 — 5. Note that
whilst Channel 26 was included in averaging with Channel 25 in the
variable ‘HbO, right lateral PFC’ as described above, Channel 26 was
not included in the ‘HHb right lateral PFC’ difference measure as there
were no significant effects in the HHb signal in Channel 26.

There was no significant association between individual differences
in infants’ inhibitory score and HbO, activation in the right lateral PFC
pair; r (57) = —-0.056, p = .338, [CI = —0.287, 0.156], or in the right
parietal pair; r (53) = 0.171, p = .106, [CI = —0.134, 0.423]. A modest,
significant positive association was found between HHb concentration
difference from 10 — 25 s in Channel 25 (right PFC) and inhibitory per-
formance; r (54) = 0.255, p = .029, [CI = 0.016, 0.446], see Fig. 5. This
suggests that the HHb concentration difference in Channel 25 across this
time window is weakly associated with individual differences in infants’
response inhibition performance on the ECITT task in the predicted di-
rection. However, since this effect did not survive correction for three
tests this cannot be considered a robust result and must be replicated in
future research.
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t (47) = —3.541, p = .001, d = —-0.511
t (47) = —=1.995, p = .052, d = —0.288

t (47) = -1.947, p = .058, d = —0.281

Right parietal (HbO,,

3.3.1. Exploratory analyses

We also pre-registered that we would perform exploratory analyses
to examine whether the difference in HHb concentration across time-
bins 4 — 6 (15 - 30 s of the block time course) in the right orbital PFC

significant after correcting the FDR (7 comparisons).

Time Bin

10-15
15-20
20-25
25-30
30-35

*

Right parietal (HbO,) = Channels 10 and 12, Right DLPFC (HbO,) = Channels 25 and 26, Right orbital PFC (HbO,) = Channel 32, Right DLPFC (HHb) = Channel 25, Right orbital PFC (HHb) = Channels 32 and 33.

Time course of significant HbO, or HHB block type effects.
Note. Statistically significant results are highlighted in bold.

Table 2
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Fig. 5. Association between the HHb difference score (Channel 25, Bins 3 - 5) and Inhibitory Score
Note. A larger inhibitory score is indicative of better response inhibition performance on the ECITT. A larger HHb difference score reflects a larger HHb decrease in
experimental compared to control blocks in Channel 25 overlaying the right PFC area.

channel pair (Channels 32 and 33) was associated with infants’ response
inhibition performance. Note that the broad label of ‘right anterior PFC’
was used in the pre-registration in reference to Channels 32 and 33, how-
ever these channels were later localised more specifically to the right
orbital PFC.

Whilst there was no significant association between HHb concentra-
tion difference in the right orbital PFC and inhibitory performance; r
(57) = -0.222, p = .092, [CI = —0.423, —0.043], we did find a signif-
icant association between HHb concentration difference independently
in Channel 33 and inhibitory performance; r (57) = —0.273, p = .036,
[CI = —0.476, —0.056]. The direction of the correlation suggests that
greater HHD activation (a larger decrease) in experimental compared to
control blocks is associated with poorer response inhibition performance
(see SM 7d for correlation scatterplots). This effect is of a similar, al-
though slightly stronger magnitude to that found at the pair-level, and
so suggests that Channel 33 was likely driving this effect. As this result
was exploratory, caution must be taken when interpreting these results
and replication is required in future research.

4. Discussion

This study aimed to elucidate the neural correlates of response inhi-
bition in 10-month-old infants. We did this by employing fNIRS, a tech-
nique that offers a unique insight into the localisation of activation in
the awake infant brain, alongside a novel touchscreen task designed to
elicit response inhibition in infants and toddlers (ECITT; Holmboe et al.,
2021). We demonstrated that it is possible to successfully measure
functional neural activation in infants who are engaged in an active
task that requires a motoric response. Furthermore, our results, which
align with existing research with pre-schoolers (Mehnert et al., 2013;
Moriguchi and Shinohara, 2019; Yanaoka et al., 2020), older children
(Cope et al., 2020; Zhou et al., 2022) and adults (see Aron et al., 2014 for

10

review), provide new evidence for the involvement of right-lateralised
regions of the prefrontal and parietal cortices when inhibitory control
is exerted already during the first year of life.

4.1. Brain regions associated with response inhibition in 10-month-old
infants

Our behavioural results confirmed that infants were significantly
more accurate when responding to a target in a frequently rewarded lo-
cation (prepotent trials) than in an alternative, less frequently rewarded
location (inhibitory trials). This replicates previous findings in indepen-
dent participant samples indicating that the ECITT is suitable as a mea-
sure of inhibitory control in infants (10 months; Hendry et al., 2021),
toddlers (16-30 months; Hendry et al., 2021; Holmboe et al., 2021) and
across the lifespan (4 years to adulthood; Holmboe et al., 2021).

From our fNIRS data, we identified six channels covering the right
parietal cortex, right DLPFC and right orbital PFC that displayed sig-
nificantly greater activation when inhibition was required. Our find-
ings converge with previous work demonstrating activation in the right
DLPFC during inhibitory control tasks across a wide age range, includ-
ing early to middle childhood (Mehnert et al., 2013; Moriguchi and
Shinohara, 2019; Yanaoka et al., 2020; Zhou et al., 2022), adolescence
(Tamm et al., 2002), and adulthood (Aron et al., 2003, 2004; 2014). Our
study also shows that, like older children and adults (Kolodny et al.,
2020; Mehnert et al., 2013; van Belle et al., 2014), 10-month-old in-
fants activate the right parietal cortex when inhibition is required. This
is consistent with evidence that the prefrontal and parietal cortex work
in conjunction during early EF development (Fiske and Holmboe, 2019).
Finally, our results are further supported by a large longitudinal fMRI
study of 7 — 23 year olds (N = 290) which found activation in the orbital
frontal cortex, right DLPFC (Brodmann area 9/46), inferior frontal gyrus
(ventrolateral PFC) and the superior parietal lobule during a Go/No-Go
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task (Cope et al., 2020). Although we did not find inhibition-specific
activation in the ventrolateral PFC in the current study, it has been sug-
gested that activation in this area during inhibitory control tasks in-
creases progressively with age (Rubia et al., 2006).

Activation in channels covering the right orbital PFC, primarily in
the HHb signal, was also found in the current study. Although there
is limited evidence of orbitofrontal involvement in response inhibition
in early childhood, previous neuroimaging studies with older children
and adults have highlighted the involvement of this region in response
inhibition tasks (Casey et al., 1997; Cope et al., 2020; Rubia et al., 2006),
indicating that inhibition-specific activation in this area may increase
with age. The results of the current study suggest that the right orbital
PFC plays a role in inhibitory control from as early as 10-months of age.
Future research is needed to replicate our finding and demonstrate age-
related changes in right orbital PFC activation from infancy and across
early childhood.

When assessing associations between fNIRS data and individual dif-
ferences in behavioural performance on the ECITT, we found no evi-
dence to suggest that individual differences in infants’ inhibitory per-
formance were driven by the magnitude of the HbO, response in the
experimental (relative to control) blocks in channels over the frontal or
parietal regions. However, we did find preliminary evidence indicating
a weak association in the predicted direction between HHb activation in
Channel 25 (overlaying the right DLPFC) and response inhibition, such
that greater HHb activation was associated with better inhibitory per-
formance. Since this association did not survive correction for the FDR,
replication in future studies is required. We also found a weak associa-
tion between HHD activation in Channel 33 (overlaying the right orbital
PFC) and poorer response inhibition performance. However, this associa-
tion was identified from exploratory correlational analyses and, as such,
should be pre-registered and replicated in future research to confirm its
validity. Nonetheless, these results provide new evidence for associa-
tions between individual differences in inhibitory control and neural
activation in areas of the PFC in infancy; a preliminary but promising
trend to be followed up in future research.

4.2. Interpretation of the fNIRS signal and brain-behaviour associations in
infancy

The interpretation of fNIRS data from the current study hinges on
the inherent differences between the two block types: the control block,
which has no inhibitory demand but instead develops a prepotent re-
sponse to one location, and the experimental block, which requires re-
sponse inhibition to be exerted. We broadly interpret the condition ef-
fect found in channels covering the right DLPFC, orbital PFC and parietal
cortex as being driven by the need for inhibition in experimental blocks.
However, it is important to consider other potential explanations for the
condition effect observed in channels covering these cortical regions.

Firstly, it could be that the brain activation found in this study was in
response to infrequent events, rather than the need for inhibition. This
is because inhibitory trials (where a response on the opposite side of
the screen is required) occurred less frequently than prepotent trials. In-
deed, previous fMRI research by Wijeakumar et al. (2015) highlighted
that response control networks are modulated by both inhibition and
rare events. However, in our study infants were presented with multiple
experimental blocks and each of those had equal numbers of prepotent
and inhibitory trials, so inhibitory trials, although still infrequent across
the task (25% of trials), were not rare. Furthermore, if the haemody-
namic response found in our data was driven by novelty or rare events,
we would not have expected to observe the pattern of data we found,
but rather a large increase at the beginning of the time course followed
by a fast levelling out once inhibitory trials become more familiar.

Secondly, the timing of the reward (animated cartoon) after each
trial may have influenced which areas of the cortex were more active
in the experimental compared to the control condition. This is because
after an incorrect response (which, by design, should be more frequent
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on inhibitory trials/in experimental blocks), the infant needs to change
their response to the correct location to release the reward. It is possible
that the activation in channels covering the right orbitofrontal cortex, a
region of the brain that is rarely associated with response inhibition in
young children (but see Casey et al., 1997), may reflect the processing
of erroneous responses/perseveration and the associated lack of imme-
diate reward (Happaney et al., 2004; Rolls, 2004) — perhaps more so
for infants who struggle with the inhibitory demand of the task (and
therefore make more errors). However, it seems unlikely that the acti-
vation observed in this study in channels covering the dorsolateral pre-
frontal and parietal areas is due to reward-related processing. This is
because the DLPFC is commonly associated with ‘cool’ EF (no motiva-
tional or emotional involvement; Zelazo and Miiller, 2011), whereas the
orbitofrontal PFC is more typically associated with ‘hot’ EF and reward
processing (Happaney et al., 2004; Zelazo and Carlson, 2012. Further,
we found that increased activation in channels overlying the DLPFC area
during experimental blocks was associated with better performance, thus
suggesting that activation in the DLPFC is related, at least in part, to the
inhibitory demands in the experimental block. Nonetheless, the influ-
ence of reward on neural activation during the ECITT is an interesting
empirical question that needs to be addressed in future research.
Finally, it is important to acknowledge that it is somewhat difficult
to interpret the brain-behaviour associations (or lack of) in our infant
dataset. Since significant developments are occurring in the neurovascu-
lar system throughout infancy (Kozberg and Hillman, 2016), we would
expect disparity and variability in the shape of the infant HRF as a result
of age, brain region, and experimental design (Issard and Gervain, 2018;
Lloyd-Fox et al., 2010). Similarly, cellular energy metabolism and its
relation to haemodynamic changes in the infant brain are still not
fully understood, meaning that any significant associations need to
be interpreted carefully until more is known about these mechanisms
(Siddiqui et al., 2017). It has also been argued that the infant brain does
not ‘rest’ like the mature brain, bringing into question whether mea-
surement of brain activity during baseline periods is truly indicative of
rest in young participants, in the same way as adults (Camacho et al.,
2020). With these issues in mind, we believe that the preliminary brain-
behaviour associations found in this study, although weak, will be of
interest to the field and warrant further investigation in future work.

4.3. Future directions

In this study, we investigated the haemodynamic response in chan-
nels overlaying specific regions of the brain and compared this across
inhibitory and non-inhibitory conditions. The aim of this comparison
approach was to identify brain regions that were linked to response in-
hibition in 10-month-old infants. It is unlikely that the brain regions
identified in this study are working in isolation, and previous work has
suggested that functional connections between frontal and parietal cor-
tices strengthen with development to support the improvement of EFs
(e.g., Buss and Spencer 2014, Buss and Spencer, 2018; see also Fiske and
Holmboe, 2019). Although connectivity analyses are not compatible
with our analysis approach and are therefore beyond the scope of this
study, we propose that future research should examine functional con-
nectivity between the regions of interest (e.g., channels covering the
right PFC, right parietal cortex, and the right orbital PFC) to assess
whether the interactions between brain areas are associated with in-
fants’ inhibitory performance.

The multi-channel fNIRS probe used in the study allowed us to mea-
sure haemoglobin changes over a substantial area of the brain, sam-
pling the bilateral prefrontal and parietal cortices that have previously
been linked to response inhibition. Multi-channel fNIRS systems (as well
as other multi-channel neuroimaging methods) face limitations in that
there is an increased risk of finding false positive results due to run-
ning multiple parallel tests (Singh and Dan, 2006). When using the
Benjamini-Hochberg procedure to control the false discovery rate in the
analysis of our fNIRS data, the significant block type effects did not sur-
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vive correction in all channels, although this was not unexpected due to
the high number of comparisons (N = 84). Therefore, these results will
require replication. Further studies that map the neural correlates of re-
sponse inhibition across the infancy and early childhood period using a
manual response task are needed to support the results of the current
study.

Finally, we acknowledge that the level of data attrition in this study
was substantial (~51%), although not uncommon in fNIRS studies with
infant participants. According to a recent meta-analysis on attrition rate
in infant fNIRS studies, the average attrition rate in the 10 included stud-
ies was 34.23% (Baek et al., 2021). Evidence from this meta-analysis
revealed that older infants show less attrition than younger infants, al-
though the studies included in this meta-analysis assessed infants from
0 - 2 years (Baek et al., 2021), a considerable age bracket. However,
when examining infant fNIRS studies involving participants of a similar
age to our current sample, we found that our attrition rate is compa-
rable (e.g., Bulgarelli et al., 2019 (~76% at 11-months); Hakuno et al.,
2020 (~63% at 10-12 months), Miguel et al., 2019 (45% at 12-months).
Despite the attrition, a particular strength of our study is that our sample
of participants with valid fNIRS data (N = 59) was substantially larger
than typical sample sizes for infant fNIRS studies (e.g., de Klerk et al.,
2019; Lloyd-Fox et al., 2015). Additionally, the thorough data quality
control processes we incorporated into our exclusion criteria and pre-
processing meant that the fNIRS data included in our final sample was
of high quality (something that is not always achievable with noisy in-
fant data). Future research that replicates our findings in a significantly
larger sample of infant participants - particularly a more ethnically and
socio-economically diverse group - would further strengthen the conclu-
sions drawn from the current study.

5. Conclusions

This study provides new evidence that, already at 10 months of age,
infants engage their prefrontal and parietal cortices while attempting
to inhibit responses. Specifically, we established, in a large sample of
infants, that channels covering regions of the right lateral PFC and pari-
etal cortex are more active in task blocks that require response inhibi-
tion than in blocks where inhibition is not required. These findings are
broadly consistent with existing fMRI/fNIRS studies with older children
and adults but have not previously been established in children under 1
year of age. It is well known that the EF network, which the prefrontal
and parietal cortices are part of, undergo significant maturation and
across childhood (Fiske and Holmboe, 2019). However, with this study
we demonstrate that, despite the potential immaturity, these areas are
engaged during response inhibition even in the first year of life.

Funding

This research was funded by the UK Medical Research Council
(MR/N008626/1, PI: Karla Holmboe) and by Abigail Fiske’s UK Med-
ical Research Council Industrial Collaborative Awards in Science and
Engineering (iCASE) studentship. The funder was not involved in the
conceptualisation, design, data collection, analysis, decision to publish,
or preparation of the manuscript.

Author contributions

KH conceptualised the idea for the study and the original ECITT task
design, and KH, CdK and HD designed the fNIRS version of the ECITT.
AF, CdK and KH formulated the analysis plan. AF, CdK, GS and KH wrote
the pre-registration relating to the individual differences analyses. KH,
AF, AHa, IG, AHe and KL collected the data. AF and KL designed the
video coding protocols and coded the videos. AF, KH and HD curated
the data. AF and CdK processed and analysed the fNIRS data. AF, CdK
and KH conducted the statistical analyses of the final data set. LCJ and
AF visualised the data. HD programmed the ECITT software, and LCJ

12

Neurolmage 257 (2022) 119241

developed the pipeline to reconstruct the data and to plot/display the
resulting reconstructed images. AF wrote the original draft. AF, KH, CdK,
GS, AHe, AHa, HD, and LCJ reviewed and edited the original draft. KH,
CdK and GS supervised the study, and KH undertook the overall man-
agement and project administration of the larger project that this study
was part of. KH acquired the funding for the study.

Data and code availability statement

The data that support the findings of this study and the custom
MATLAB scripts used to analyse the fNIRS data is available on the Open
Science Framework (OSF) website [https://osf.io/mv47n/] under a CC-
By Attribution 4.0 International license (please cite this article if using
any of these materials). The code for the original ECITT task and the
blocked version of the ECITT used with fNIRS are available on Figshare
[https://figshare.com/articles/software/ECITT Web_App,/13258814].
See Holmboe et al. (2021) for details on how to access demo versions
of both tasks. The code used to analyse the fNIRS data (HomER2)
is available at [https://www.nitrc.org/projects/homer2] and a
MATLAB script of the pre-processing stream used in this study is
available on OSF [https://osf.io/mv47n/]. The code used to pro-
duce the head model and reconstruct images has been developed
and released via [http://www.github.com/DOT-HUB and [https:
//github.com/liamhywelcj/ReconstructionTenMonthCohortData].

The reconstructed images presented in this paper are also available
as a MATLAB figure in the OSF project associated with this paper
[https://osf.io/mv47n/].

Declaration of Competing Interest
None.

Acknowledgments

We would like to acknowledge Alison Jordan for her role in recruit-
ing participants and organising test sessions, and Robert Cooper for his
contribution to the custom probe design and code development used in
this study. We also thank Jun Yin for sharing analysis scripts. We offer
our gratitude to the families who have continued to support and con-
tribute to this research project.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2022.119241.

References

Aasted, C.M., Yiicel, M.A., Cooper, R.J., Dubb, J., Tsuzuki, D., Becerra, L., Petkov, M.P.,
Borsook, D., Dan, I, Boas, D.A., 2015. Anatomical guidance for functional
near-infrared spectroscopy: atlasViewer tutorial. Neurophotonics 2 (2), 020801.
doi:10.1117/1.nph.2.2.020801.

Aron, A.R., Durston, S., Eagle, D.M., Logan, G.D., Stinear, C.M., Stuphorn, V., 2007.
Converging evidence for a fronto-basal-ganglia network for inhibitory control of
action and cognition. J. Neurosci. 27 (44), 11860-11864. doi:10.1523/JNEU-
ROSCI.3644-07.2007.

Aron, A.R., Fletcher, P.C., Bullmore, E.T., Sahakian, B.J., Robbins, T.W., 2003. Stop-signal
inhibition disrupted by damage to right inferior frontal gyrus in humans. Nat. Neu-
rosci. 6 (2), 115-116. doi:10.1038/nn1003.

Aron, AR., Poldrack, R.A., 2006. Cortical and subcortical contributions to stop signal
response inhibition: role of the subthalamic nucleus. J. Neurosci. 26 (9), 2424-2433.
doi:10.1523/JNEUROSCI.4682-05.2006.

Aron, A.R., Robbins, T.W., Poldrack, R.A., 2004. Inhibition and the right inferior frontal
cortex. Trends Cogn. Sci. (Regul. Ed.) 8 (4), 170-177. doi:10.1016/j.tics.2004.02.010.

Aron, A.R., Robbins, T.W., Poldrack, R.A., 2014. Inhibition and the right inferior
frontal cortex: one decade on. Trends Cogn. Sci. (Regul. Ed.) 18 (4), 177-185.
doi:10.1016/j.tics.2013.12.003.

Baek, S., Marques, S., Casey, K., Testerman, M., McGill, F., Emberson, L.,
2021. Attrition rate in infant fNIRS research: a meta-analysis. BioRxiv
doi:10.1101/2021.06.15.448526.

Baird, A.A., Kagan, J., Gaudette, T., Walz, K.A., Hershlag, N., Boas, D.A., 2002. Frontal
lobe activation during object permanence: data from near-infrared spectroscopy. Neu-
roimage 16 (4), 1120-1126. doi:10.1006/nimg.2002.1170.


https://osf.io/mv47n/
https://figshare.com/articles/software/ECITT_Web_App/13258814
https://www.nitrc.org/projects/homer2
https://osf.io/mv47n/]
http://www.github.com/DOT-HUB
https://github.com/liamhywelcj/ReconstructionTenMonthCohortData
https://osf.io/mv47n/
https://doi.org/10.1016/j.neuroimage.2022.119241
https://doi.org/10.1117/1.nph.2.2.020801
https://doi.org/10.1523/JNEUROSCI.3644-07.2007
https://doi.org/10.1038/nn1003
https://doi.org/10.1523/JNEUROSCI.4682-05.2006
https://doi.org/10.1016/j.tics.2004.02.010
https://doi.org/10.1016/j.tics.2013.12.003
https://doi.org/10.1101/2021.06.15.448526
https://doi.org/10.1006/nimg.2002.1170

A. Fiske, C. de Klerk, K.Y.K. Lui et al.

Bari, A., Robbins, T.W., 2013. Inhibition and impulsivity: behavioral and neural basis of re-
sponse control. Prog. Neurobiol. 108, 44-79. doi:10.1016/j.pneurobio.2013.06.005.

Bell, M.A., Fox, N.A., 1992. The relations between frontal brain electrical activ-
ity and cognitive development during infancy. Child Dev. 63 (5), 1142-1163.
doi:10.1111/j.1467-8624.1992.tb01685.x.

Bell, M.A., Wolfe, C.D., 2007. Changes in brain functioning from infancy to early child-
hood: evidence from EEG power and coherence working memory tasks. Dev. Neu-
ropsychol. 31 (1), 21-38. doi:10.1080/87565640709336885.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. C 57 (1), 289-300.
doi:10.1111/§.2517-6161.1995.tb02031.x.

Boas, D.A., Dale, A.M., 2005. Simulation study of magnetic resonance imaging—guided
cortically constrained diffuse optical tomography of human brain function. Appl. Opt.
44 (10), 1957-1968. doi:10.1364/A0.44.001957.

Boas, D.A., Dale, A.M., Franceschini, M.A., 2004. Diffuse optical imaging of brain activa-
tion: approaches to optimizing image sensitivity, resolution, and accuracy. Neuroim-
age 23 (SUPPL. 1), $275-5288. doi:10.1016/j.neuroimage.2004.07.011.

Booth, J.R., Burman, D.D., Meyer, J.R., Lei, Z.,, Trommer, B.L, Davenport, N.D.,
Li, W., Parrish, T.B., Gitelman, D.R., Mesulam, M.M., 2003. Neural develop-
ment of selective attention and response inhibition. Neuroimage 20 (2), 737-751.
doi:10.1016/51053-8119(03)00404-X.

Brigadoi, S., Cooper, R.J., 2015. How short is short? Optimum source—detector distance for
short-separation channels in functional near-infrared spectroscopy. Neurophotonics 2
(2), 025005. doi:10.1117/1.NPh.2.2.025005.

Bulgarelli, C., Blasi, A., de Klerk, C.C.J.M., Richards, J.E., Hamilton, A., South-
gate, V., 2019. Fronto-temporoparietal connectivity and self-awareness in 18-
month-olds: a resting state fNIRS study. Dev. Cogn. Neurosci. 38 (June), 100676.
doi:10.1016/j.dcn.2019.100676.

Bunge, S.A., Dudukovic, N.M., Thomason, M.E., Vaidya, C.J., Gabrieli, J.D.E.E., 2002.
Immature frontal lobe contributions to cognitive control in children: evidence from
fMRI. Neuron 33 (2), 301-311. doi:10.1016/50896-6273(01)00583-9.

Buss, A.T., Fox, N.A., Boas, D.A., Spencer, J.P., 2014. Probing the early development of vi-
sual working memory capacity with functional near-infrared spectroscopy. Neuroim-
age 85 (Pt 1), 314-325. doi:10.1016/j.neuroimage.2013.05.034.

Buss, A.T., Spencer, J.P., 2014. The emergent executive: a dynamic field theory of
the development of executive function. Monogr Soc. Res. Child Dev. 79 (2).
doi:10.1002/mono.12096, vii-103.

Buss, A.T., Spencer, J.P., 2018. Changes in frontal and posterior cortical activity
underlie the early emergence of executive function. Dev. Sci. 21 (4), €12602.
doi:10.1111/desc.12602.

Camacho, M.C., Quifiones-Camacho, L.E., Perlman, S.B., 2020. Does the child brain rest?:
an examination and interpretation of resting cognition in developmental cognitive
neuroscience. Neuroimage 212, 116688. doi:10.1016/j.neuroimage.2020.116688.

Casey, B.J., Trainor, R.J., Orendi, J.L., Schubert, A.B., Nystrom, L.E., Giedd, J.N, ...,
Rapoport, J.L., 1997. A developmental functional MRI study of prefrontal activa-
tion during performance of a go-no-go task. J. Cogn. Neurosci. 9 (6), 835-847.
doi:10.1162/jocn.1997.9.6.835.

Chambers, C.D., Garavan, H., Bellgrove, M.A., 2009. Insights into the neural basis of re-
sponse inhibition from cognitive and clinical neuroscience. Neurosci. Biobehav. Rev.
33 (5), 631-646. doi:10.1016/j.neubiorev.2008.08.016.

Chikazoe, J., Jimura, K., Hirose, S., Yamashita, K.-.I., Miyashita, Y., Konishi, S., 2009.
Preparation to inhibit a response complements response inhibition during perfor-
mance of a stop-signal task. J. Neurosci. 29 (50), 15870-15877. doi:10.1523/JNEU-
ROSCI.3645-09.2009.

Chikazoe, J., 2010. Localizing performance of go/no-go tasks to prefrontal cortical subre-
gions. Curr. Opin. Psychiatry 23 (3), 267-272. doi:10.1097/YCO.0b013e3283387a9f.

Clearfield, M.W., Diedrich, F.J., Smith, L.B., Thelen, E., 2006. Young infants reach cor-
rectly in A-not-B tasks: on the development of stability and perseveration. Infant Be-
hav. Develop. 29 (3), 435-444. doi:10.1016/j.infbeh.2006.03.001.

Collins-Jones, L.H., Arichi, T., Poppe, T., Billing, A., Xiao, J., Fabrizi, L., Brigadoi, S., Heb-
den, J.C., Elwell, C.E., Cooper, R.J., 2021. Construction and validation of a database
of head models for functional imaging of the neonatal brain. Hum. Brain Mapp. 42
(3), 567-586. doi:10.1002/hbm.25242.

Cope, L.M., Hardee, J.E., Martz, M.E., Zucker, R.A., Nichols, T.E., Heitzeg, M.M., 2020. De-
velopmental maturation of inhibitory control circuitry in a high-risk sample: a longitu-
dinal fMRI study. Dev. Cogn. Neurosci. 43, 100781. doi:10.1016/j.dcn.2020.100781.

Cuevas, K., Swingler, M.M., Bell, M.A., Marcovitch, S., Calkins, S.D., 2012. Measures of
frontal functioning and the emergence of inhibitory control processes at 10 months
of age. Dev. Cogn. Neurosci. 2 (2), 235-243. doi:10.1016/j.dcn.2012.01.002.

de Klerk, C.C.J.M., Bulgarelli, C., Hamilton, A., Southgate, V., 2019. Selective facial
mimicry of native over foreign speakers in preverbal infants. J. Exp Child Psychol.
183, 33-47. doi:10.1016/j.jecp.2019.01.015.

de Klerk, C.C.J.M., Hamilton, A.F.d.C., Southgate, V., 2018. Eye contact modulates fa-
cial mimicry in 4-month-old infants: an EMG and fNIRS study. Cortex 106, 93-103.
doi:10.1016/j.cortex.2018.05.002.

Delgado Reyes, L.D., Wijeakumar, S., Magnotta, V.A., Forbes, S.H., Spencer, J.P., 2020.
The functional brain networks that underlie visual working memory in the first two
years of life. Neuroimage 116971. doi:10.1016/j.neuroimage.2020.116971.

Di Lorenzo, R., Pirazzoli, L., Blasi, A., Bulgarelli, C., Hakuno, Y., Minagawa, Y.,
Brigadoi, S., 2019. Recommendations for motion correction of infant fNIRS data appli-
cable to multiple data sets and acquisition systems. Neuroimage 200 (June), 511-527.
doi:10.1016/j.neuroimage.2019.06.056.

Diamond, A., 1985. Development of the ability to use recall to guide action, as indicated
by infants’ performance on AB. Child Dev. 56 (4), 868-883. doi:10.2307,/1130099.

Diamond, A., 2002. Normal development of prefrontal cortex from birth to young
adulthood: cognitive functions, anatomy, and biochemistry. In: Stuss, D.T.,

13

Neurolmage 257 (2022) 119241

Knight, R.T. (Eds.), Principles of Frontal Lobe Function. Oxford University Press
doi:10.1093/acprof:0s0/9780195134971.003.0029.

Diamond, A., Goldman-Rakic, P.S., 1985. Evidence for involvement of prefrontal cortex in
cognitive changes during the first year of life: comparison of performance of human
infants and rhesus monkeys on a detour task with transparent barrier. Soc. Neurosci.
Abstr. 11, 832.

Drewe, E.A., 1975. Go - no go learning after frontal lobe lesions in humans. Cortex 11 (1),
8-16. doi:10.1016/50010-9452(75)80015-3.

Durston, S., Davidson, M.C., Tottenham, N., Galvan, A., Spicer, J., Fossella, J.A.,
Casey, B.J., 2006. A shift from diffuse to focal cortical activity with development.
Dev. Sci. 9 (1), 1-8. d0i:10.1111/j.1467-7687.2005.00454.x.

Durston, S., Thomas, K.M., Yang, Y., Ulug, A.M., Zimmerman, R.D., Casey, B.J., 2002.
A neural basis for the development of inhibitory control. Dev. Sci. 5 (4), F9-F16.
doi:10.1111/1467-7687.00235.

Emberson, L.L., Crosswhite, S.L., Goodwin, J.R., Berger, A.J., Aslin, R.N., 2016. Isolating
the effects of surface vasculature in infant neuroimaging using short-distance optical
channels: a combination of local and global effects. Neurophotonics 3 (3), 031406.
doi:10.1117/1.NPh.3.3.031406.

Fiske, A., Holmboe, K., 2019. Neural substrates of early executive function development.
Dev. Rev. 52. d0i:10.1016/].dr.2019.100866.

Friedman, N.P., Miyake, A., 2004. The relations among inhibition and interference
control functions: a latent-variable analysis. J. Exp. Psychol. 133 (1), 101-135.
doi:10.1037/0096-3445.133.1.101.

Gonzalez Alam, T., Murphy, C., Smallwood, J., Jefferies, E., 2018. Meaningful inhibition:
exploring the role of meaning and modality in response inhibition. Neuroimage 181
(February), 108-119. doi:10.1016/j.neuroimage.2018.06.074.

Hakuno, Y., Hata, M., Naoi, N., Hoshino, E.I., Minagawa, Y., 2020. Interactive live
fNIRS reveals engagement of the temporoparietal junction in response to social
contingency in infants. Neuroimage 218, 116901.
doi:10.1016/j.neuroimage.2020.116901.

Hampshire, A., Chamberlain, S.R., Monti, M.M., Duncan, J., Owen, A.M., 2010. The role
of the right inferior frontal gyrus: inhibition and attentional control. Neuroimage 50
(3), 1313-1319. doi:10.1016/j.neuroimage.2009.12.109.

Happaney, K., Zelazo, P.D., Stuss, D.T., 2004. Development of orbitofrontal
function: current themes and future directions. Brain Cogn. 55 (1), 1-10.
doi:10.1016/j.bandc.2004.01.001.

Hendry, A., Jones, E.J., Charman, T., 2016. Executive function in the first
three years of life: precursors, predictors and patterns. Dev. Rev. 42, 1-33.
doi:10.1016/j.dr.2016.06.005.

Hendry, A., Greenhalgh, 1., Bailey, R., Fiske, A., Dvergsdal, H., Holmboe, K., 2021. De-
velopment of directed global inhibition, competitive inhibition and behavioural in-
hibition during the transition between infancy and toddlerhood. Dev. Sci. €13193.
doi:10.1111/desc.13193, 00.

Holmboe, Karla, Bonneville-Roussy, A., Csibra, G., Johnson, M.H., 2018. Longitudinal
development of attention and inhibitory control during the first year of life. Dev. Sci.
21 (6), €12690. doi:10.1111/desc.12690.

Holmboe, Karla, Fearon, R.M.P., Csibra, G., Tucker, L.A., Johnson, M.H., Pasco
Fearon, R.M., Csibra, G., Tucker, L.A., Johnson, M.H., 2008. Freeze-Frame: a new
infant inhibition task and its relation to frontal cortex tasks during infancy and early
childhood. J. Exp Child Psychol. 100 (2), 89-114. doi:10.1016/].jecp.2007.09.004.

Holmboe, K., Larkman, C., de Klerk, C., Simpson, A., Bell, M.A., Patton, L., et al., 2021. The
early childhood inhibitory touchscreen task: a new measure of response inhibition in
toddlerhood and across the lifespan. PLoS One 16 (12), e0260695. doi:10.1371 /jour-
nal.pone.0260695.

Huppert, T.J., Diamond, S.G., Franceschini, M.A., Boas, D.A., 2009. HomER: a review of
time-series analysis methods for near-infrared spectroscopy of the brain. Appl. Opt.
48 (10). doi:10.1364/A0.48.00D280.

Issard, C., Gervain, J., 2018. Variability of the hemodynamic response in infants: influence
of experimental design and stimulus complexity. Dev. Cogn. Neurosci. 33, 182-193.
do0i:10.1016/j.dcn.2018.01.009.

Jacobsen, C.F., 1935. Functions of frontal association area in primates. Arch. Neurol. Psy-
chiatry 33 (3), 558. doi:10.1001/archneurpsyc.1935.02250150108009.

Kerr-German, A.N., Buss, A.T., 2020. Exploring the neural basis of selective
and flexible dimensional attention: an fNIRS study. J. Cogn. Dev. 1-13.
doi:10.1080/15248372.2020.1760279, 00(00).

Kolodny, T., Mevorach, C., Stern, P., Biderman, N., Ankaoua, M., Tsafrir, S., Shalev, L.,
2020. Fronto-parietal engagement in response inhibition is inversely scaled with
attention-deficit/hyperactivity disorder symptom severity. Neurolmage Clin. 25
(April 2019), 102119. doi:10.1016/j.nicl.2019.102119.

Kozberg, M., Hillman, E., 2016. Neurovascular coupling and energy metabolism in the
developing brain. Prog. Brain Res. 225, 213-242. doi:10.1016/bs.pbr.2016.02.002.

Lloyd-Fox, S., Blasi, A., Elwell, C.E., 2010. Illuminating the developing brain: the past,
present and future of functional near infrared spectroscopy. Neurosci. Biobehav. Rev.
34 (3), 269-284. doi:10.1016/j.neubiorev.2009.07.008.

Lloyd-Fox, Sarah, Széplaki-Koéllod, B., Yin, J., Csibra, G, 2015. Are you talking to me? Neu-
ral activations in 6-month-old infants in response to being addressed during natural
interactions. Cortex 70, 35-48. doi:10.1016/j.cortex.2015.02.005.

Logan, G.D., Cowan, W.B., 1984. On the ability to inhibit thought and action: a theory of
an act of control. Psychol Rev. 91 (3), 295.

Lui, K. Y. K., Hendry, A., Fiske, A., Dvergsdal, H., Holmboe, K., 2021. Associations between
touchscreen exposure and hot and cool inhibitory control in 10-month-old infants.
Infant Behav. Dev. 65, 101649. doi:10.1016/j.infbeh.2021.101649.

Mehnert, J., Akhrif, A., Telkemeyer, S., Rossi, S., Schmitz, C.H., Steinbrink, J., Warten-
burger, I., Obrig, H., Neufang, S., 2013. Developmental changes in brain activation
and functional connectivity during response inhibition in the early childhood brain.
Brain Dev. 35 (10), 894-904. doi:10.1016/j.braindev.2012.11.006.


https://doi.org/10.1016/j.pneurobio.2013.06.005
https://doi.org/10.1111/j.1467-8624.1992.tb01685.x
https://doi.org/10.1080/87565640709336885
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1364/AO.44.001957
https://doi.org/10.1016/j.neuroimage.2004.07.011
https://doi.org/10.1016/S1053-8119(03)00404-X
https://doi.org/10.1117/1.NPh.2.2.025005
https://doi.org/10.1016/j.dcn.2019.100676
https://doi.org/10.1016/S0896-6273(01)00583-9
https://doi.org/10.1016/j.neuroimage.2013.05.034
https://doi.org/10.1002/mono.12096
https://doi.org/10.1111/desc.12602
https://doi.org/10.1016/j.neuroimage.2020.116688
https://doi.org/10.1162/jocn.1997.9.6.835
https://doi.org/10.1016/j.neubiorev.2008.08.016
https://doi.org/10.1523/JNEUROSCI.3645-09.2009
https://doi.org/10.1097/YCO.0b013e3283387a9f
https://doi.org/10.1016/j.infbeh.2006.03.001
https://doi.org/10.1002/hbm.25242
https://doi.org/10.1016/j.dcn.2020.100781
https://doi.org/10.1016/j.dcn.2012.01.002
https://doi.org/10.1016/j.jecp.2019.01.015
https://doi.org/10.1016/j.cortex.2018.05.002
https://doi.org/10.1016/j.neuroimage.2020.116971
https://doi.org/10.1016/j.neuroimage.2019.06.056
https://doi.org/10.2307/1130099
https://doi.org/10.1093/acprof:oso/9780195134971.003.0029
http://refhub.elsevier.com/S1053-8119(22)00365-2/sbref0037
https://doi.org/10.1016/S0010-9452(75)80015-3
https://doi.org/10.1111/j.1467-7687.2005.00454.x
https://doi.org/10.1111/1467-7687.00235
https://doi.org/10.1117/1.NPh.3.3.031406
https://doi.org/10.1016/j.dr.2019.100866
https://doi.org/10.1037/0096-3445.133.1.101
https://doi.org/10.1016/j.neuroimage.2018.06.074
https://doi.org/10.1016/j.neuroimage.2020.116901
https://doi.org/10.1016/j.neuroimage.2009.12.109
https://doi.org/10.1016/j.bandc.2004.01.001
https://doi.org/10.1016/j.dr.2016.06.005
https://doi.org/10.1111/desc.13193
https://doi.org/10.1111/desc.12690
https://doi.org/10.1016/j.jecp.2007.09.004
https://doi.org/10.1371/journal.pone.0260695
https://doi.org/10.1364/AO.48.00D280
https://doi.org/10.1016/j.dcn.2018.01.009
https://doi.org/10.1001/archneurpsyc.1935.02250150108009
https://doi.org/10.1080/15248372.2020.1760279
https://doi.org/10.1016/j.nicl.2019.102119
https://doi.org/10.1016/bs.pbr.2016.02.002
https://doi.org/10.1016/j.neubiorev.2009.07.008
https://doi.org/10.1016/j.cortex.2015.02.005
http://refhub.elsevier.com/S1053-8119(22)00365-2/sbref0061
https://doi.org/10.1016/j.infbeh.2021.101649
https://doi.org/10.1016/j.braindev.2012.11.006

A. Fiske, C. de Klerk, K.Y.K. Lui et al.

Miguel, H.O., Gongalves, O.F., Cruz, S., Sampaio, A., 2019. Infant brain response to af-
fective and discriminative touch: a longitudinal study using fNIRS. Soc. Neurosci. 14
(5), 571-582.

Monden, Y., Dan, I., Nagashima, M., Dan, H., Uga, M., Ikeda, T., Tsuzuki, D., ..., Yama-
gata, T., 2015. Individual classification of ADHD children by right prefrontal hemo-
dynamic responses during a go/no-go task as assessed by fNIRS. NeuroImage Clin. 9,
1-12. doi:10.1016/j.nicl.2015.06.011.

Moriguchi, Y., Shinohara, 1., 2019. Less is more activation: the involvement of the lat-
eral prefrontal regions in a “less is more” task. Dev. Neuropsychol. 44 (3), 273-281.
doi:10.1080/87565641.2019.1608549.

Moriguchi, Y., Shinohara, 1., Yanaoka, K., 2018. Neural correlates of delay of gratification
choice in young children: near-infrared spectroscopy studies. Dev. Psychobiol. 60 (8),
989-998. doi:10.1002/dev.21791.

Osada, T., Ohta, S., Ogawa, A., Tanaka, M., Suda, A., Kamagata, K., ..., Konishi, S.,
2019. An essential role of the intraparietal sulcus in response inhibition predicted
by parcellation-based network. J. Neurosci. 39 (13), 2509-2521. doi:10.1523/JNEU-
ROSCI.2244-18.2019.

Petrides, M., Pandya, D.N., 2012. The frontal cortex. In: The Human Nervous System.
Elsevier Inc, pp. 988-1011. doi:10.1016/B978-0-12-374236-0.10026-4.

Piaget, J., 1954. The Construction of Reality in the Child. (M. Cook, Trans.). Basic Books
doi:10.1037/11168-000.

Rolls, E.T., 2004. The functions of the orbitofrontal cortex. Brain Cogn. 55 (1), 11-29.
doi:10.1016/50278-2626(03)00277-X.

Rubia, K., Smith, A.B., Woolley, J., Nosarti, C., Heyman, 1., Taylor, E., Brammer, M., 2006.
Progressive increase of frontostriatal brain activation from childhood to adulthood
during event-related tasks of cognitive control. Hum. Brain Mapp. 27 (12), 973-993.
doi:10.1002/hbm.20237.

Scholkmann, F., Wolf, M., 2013. General equation for the differential pathlength factor of
the frontal human head depending on wavelength and age. J. Biomed. Opt. 18 (10),
105004. doi:10.1117/1.jb0.18.10.105004.

Schweiger, M., Arridge, S., 2014. The Toast++ software suite for forward and
inverse modeling in optical tomography. J. Biomed. Opt. 19 (4), 040801.
doi:10.1117/1.jb0.19.4.040801.

Shi, F., Yap, P.-.T., Wu, G., Jia, H., Gilmore, J.H., Lin, W., Shen, D., 2011. Infant Brain At-
lases from Neonates to 1- and 2-Year-Olds. PLoS One 6 (4), €18746. doi:10.1371/jour-
nal.pone.0018746.

Siddiqui, M.F., Lloyd-Fox, S., Kaynezhad, P., Tachtsidis, I., Johnson, M.H., Elwell, C.E.,
2017. Non-invasive measurement of a metabolic marker of infant brain function. Sci.
Rep. 7 (1), 1-6. d0i:10.1038/s41598-017-01394-z.

14

Neurolmage 257 (2022) 119241

Singh, A.K., Dan, I., 2006. Exploring the false discovery rate in multichannel NIRS. Neu-
roimage 33 (2), 542-549. doi:10.1016/j.neuroimage.2006.06.047.

Smith, L.B., Thelen, E., Titzer, R., McLin, D., 1999. Knowing in the context of act-
ing: the task dynamics of the A-not-B error. Psychol. Rev. 106 (2), 235-260.
doi:10.1037/0033-295X.106.2.235.

Tamm, L., Menon, V., Reiss, A.L., 2002. Maturation of brain function associated with
response inhibition. J. Am. Acad. Child Adolesc. Psychiatry 41 (10), 1231-1238.
doi:10.1097,/00004583-200210000-00013.

van Belle, J., Vink, M., Durston, S., Zandbelt, B.B., 2014. Common and unique neu-
ral networks for proactive and reactive response inhibition revealed by inde-
pendent component analysis of functional MRI data. Neuroimage 103, 65-74.
doi:10.1016/j.neuroimage.2014.09.014.

Wager, T.D., Sylvester, C.Y.C., Lacey, S.C., Nee, D.E., Franklin, M., Jonides, J., 2005. Com-
mon and unique components of response inhibition revealed by fMRI. Neuroimage 27
(2), 323-340. doi:10.1016/j.neuroimage.2005.01.054.

Wijeakumar, S., Magnotta, V.A., Buss, A.T., Ambrose, J.P., Wifall, T.A., Hazeltine, E.,
Spencer, J.P., 2015. Response control networks are selectively modulated by atten-
tion to rare events and memory load regardless of the need for inhibition. Neuroimage
120, 331-344. doi:10.1016/j.neuroimage.2015.07.026.

Wijeakumar, S., Kumar, A.M., Delgado Reyes, L., Tiwari, M., Spencer, J.P, 2019. Early ad-
versity in rural India impacts the brain networks underlying visual working memory.
Dev. Sci. 22 (5), €12822. doi:10.1111/desc.12822.

Wilcox, T., Biondi, M., 2015. fNIRS in the developmental sciences. Wiley Interdisc. Rev.
6 (3), 263-283. doi:10.1002/wcs.1343.

Yanaoka, K., Moriguchi, Y., Saito, S., 2020. Cognitive and neural underpin-
nings of goal maintenance in young children. Cognition 203 (June), 104378.
doi:10.1016/j.cognition.2020.104378.

Zelazo, P.D., Miiller, U., 2011. Executive function in typical and atypical development. In:
Goswami, U. (Ed.), The Wiley-Blackwell handbook of Childhood Cognitive Develop-
ment. Wiley-Blackwell, pp. 574-603.

Zelazo, P.D., Carlson, S.M., 2012. Hot and cool executive function in childhood and
adolescence: development and plasticity. Child Dev. Perspect. 6 (4), 354-360.
doi:10.1111/j.1750-8606.2012.00246.x.

Zhou, X., Planalp, E.M., Heinrich, L., Pletcher, C., DiPiero, M., Alexander, A.L.,
Litovsky, R.Y., Dean 3rd, D.C., 2022. Inhibitory control in children 4-10 years of age:
evidence from functional near-infrared spectroscopy task-based observations. Front.
Hum. Neurosci. 15, 798358. doi:10.3389/fnhum.2021.798358.


http://refhub.elsevier.com/S1053-8119(22)00365-2/sbref0063
https://doi.org/10.1016/j.nicl.2015.06.011
https://doi.org/10.1080/87565641.2019.1608549
https://doi.org/10.1002/dev.21791
https://doi.org/10.1523/JNEUROSCI.2244-18.2019
https://doi.org/10.1016/B978-0-12-374236-0.10026-4
https://doi.org/10.1037/11168-000
https://doi.org/10.1016/S0278-2626(03)00277-X
https://doi.org/10.1002/hbm.20237
https://doi.org/10.1117/1.jbo.18.10.105004
https://doi.org/10.1117/1.jbo.19.4.040801
https://doi.org/10.1371/journal.pone.0018746
https://doi.org/10.1038/s41598-017-01394-z
https://doi.org/10.1016/j.neuroimage.2006.06.047
https://doi.org/10.1037/0033-295X.106.2.235
https://doi.org/10.1097/00004583-200210000-00013
https://doi.org/10.1016/j.neuroimage.2014.09.014
https://doi.org/10.1016/j.neuroimage.2005.01.054
https://doi.org/10.1016/j.neuroimage.2015.07.026
https://doi.org/10.1111/desc.12822
https://doi.org/10.1002/wcs.1343
https://doi.org/10.1016/j.cognition.2020.104378
http://refhub.elsevier.com/S1053-8119(22)00365-2/sbref0085
https://doi.org/10.1111/j.1750-8606.2012.00246.x
https://doi.org/10.3389/fnhum.2021.798358

	The neural correlates of inhibitory control in 10-month-old infants: A functional near-infrared spectroscopy study
	1 Introduction
	1.1 The current study

	2 Materials and methods
	2.1 Participants
	2.2 Apparatus
	2.3 Early Childhood Inhibitory Touchscreen Task (ECITT)
	2.4 Procedure
	2.5 Data processing
	2.5.1 Behavioural data processing
	2.5.2 fNIRS data processing
	2.5.3 Data exclusions
	2.5.4 Behavioural measures

	2.6 Statistical analysis
	2.6.1 Behavioural analyses
	2.6.2 fNIRS group-level analyses
	2.6.3 Time course of the block type effect
	2.6.4 Individual differences analyses
	2.6.5 Head modelling, channel localisation & image reconstruction


	3 Results
	3.1 Behavioural results
	3.2 fNIRS results
	3.2.1 Channel localisation
	3.2.2 Time course of block type effect

	3.3 Association between fNIRS data and individual differences in ECITT performance
	3.3.1 Exploratory analyses


	4 Discussion
	4.1 Brain regions associated with response inhibition in 10-month-old infants
	4.2 Interpretation of the fNIRS signal and brain-behaviour associations in infancy
	4.3 Future directions

	5 Conclusions
	Funding
	Author contributions
	Data and code availability statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


