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Portable functional near-infrared spectroscopy (fNIRS) has emerged as a promising tool for 
investigating brain activity in naturalistic settings, particularly in populations that may 
experience discomfort in conventional laboratory environments. This study explores the 
feasibility of using a portable fNIRS system to measure prefrontal neural activity in 
preschool children with Autism Spectrum Disorder (ASD) during an ecologically valid 
cognitive task. A total of 84 children aged 4–7 years (42 diagnosed with ASD and 42 
typically developing controls) participated in a graded puzzle-solving task designed to 
engage executive and working memory processes. Neural activity in the prefrontal cortex 
was recorded using a wireless low-channel fNIRS device positioned over the frontal poles. 
Statistical analyses revealed significantly higher and more variable prefrontal activation in 
children with ASD compared with typically developing peers, suggesting atypical neural 
processing during integrated cognitive demands. The results indicate that portable fNIRS 
can reliably capture meaningful neural activation patterns in real-world environments while 
reducing stress and improving compliance among young children. These findings highlight 
the potential of portable neuroimaging for studying early neurodevelopment in naturalistic 
contexts and suggest that fNIRS-based neural markers may complement behavioral 
assessments in autism research. Future work should employ higher-density systems, 
longitudinal designs, and multimodal neurophysiological measurements to further 
investigate developmental trajectories and intervention-related neural changes in ASD. 
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1. INTRODUCTION

Autism Spectrum Disorder (ASD) is a neurodevelopmental
condition characterized by impairments in social interaction, 
communication, and repetitive behaviors. Understanding the 
neural mechanisms behind these symptoms is essential for 
improving diagnosis and intervention strategies. 

Functional near-infrared spectroscopy (fNIRS) has become 
a promising tool for studying brain activity in ASD because it 
is non-invasive, portable, and suitable for use outside 
laboratory environments [1, 2]. 

Previous studies report differences in cortical activation 
between individuals with ASD and typically developing (TD) 
individuals. In particular, children with ASD often show 
altered hemodynamic responses in the prefrontal cortex (PFC) 
during social and cognitive tasks [3, 4].  

Because the PFC is central to executive function and social 
cognition, it is frequently examined to understand atypical 
neural processing in ASD. 

2. USING fNIRS TO INVESTIGATE NEURAL
ACTIVITY IN ASD

fNIRS measures changes in cerebral blood oxygenation 
associated with neural activity. Its portability allows 
experiments in naturalistic environments, which is beneficial 
for studying children who may struggle to remain still or 
tolerate large imaging systems [2, 5].  

The technique is also well suited for young participants and 
individuals with sensory sensitivities [6]. 

In addition, fNIRS provides high temporal resolution for 
monitoring brain responses during dynamic tasks [7, 8]. 
Unlike scanner-based imaging methods, it does not require 
participants to remain inside enclosed equipment, reducing 
stress during data collection [1, 4]. 

Table 1 summarizes key findings from fNIRS studies in 
autism, including affected brain functions, diagnostic 
sensitivity, and major conclusions [9-11].
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3. fNIRS APPLICATIONS AND GAPS IN ASD
RESEARCH

fNIRS has been largely used in ASD to identify possible 
biomarkers, for instance, deviant patterns of hemodynamic 
response during social and cognitive tasks [7, 12]. It also 
enables the investigation of functional connectivity and has 
been used to demonstrate abnormal patterns during working 
memory and social cognition tasks [13]. 

Additionally, it offers new perspectives and 
developmentally sensitive tools for understanding the 
maturation of ASD, by monitoring brain activity over time and 
its response to intervention [6, 14]. 

However, there are still some research gaps, although it has 
been widely studied. The majority of studies are cross-
sectional rather than longitudinal, limiting insights into 
developmental trajectories [6, 13]. Task-specific effects 
complicate interpretation, as findings often remain confined to 
domains such as social cognition or working memory rather 
than reflecting broader functions [15]. 

Variability in ASD symptoms and severity further clouds 

the interpretation of these findings and underscores the 
importance of conducting studies with larger and more diverse 
samples [7, 12]. 

Three hypotheses consequently flow from this framework. 
First, brain activation patterns are different between people 
with and without ASD, particularly in the PFC in individuals 
who have ASD [3, 4]. Second, functional connectivity 
alterations, such as decreased intrahemispheric connectivity 
within the PFC [13], are observed. 

Third, fNIRS indices (e.g., amplitude and laterality of 
hemodynamic response) have potential as biomarkers for ASD 
diagnosis and severity [7, 12]. 

Unlike most of the laboratory-based studies conducted in 
controlled, unfamiliar environments using a multi-channel 
fNIRS device, in this study, we used a portable low-channel 
system adapted to familiar settings. This reduces the anxiety 
of children with ASD and increases ecological validity. 

Recent fNIRS studies in preschool children are summarized 
in Table 2, suggesting that the environmental context may 
have a significant impact on these neural activation responses 
(e.g., familiar rehab centers vs. novel labs) [16, 17]. 

Table 1. Summary of fNIRS findings in autism 

Brain Region Diagnostic Accuracy Key Findings 
Bilateral Temporal 

Lobes 
AUCa > 0.8 for >1.5 

min HbO/Hbb coupling serves as a characteristic feature for ASD [9]. 
Multiple Brain 

Channels 97.2% accuracy Dynamic connections between specific channels impact ASD classification [8]. 

Left Frontal Lobe 95.4% accuracy The left frontal lobe shows the highest classification effect; correlations between 
channels [10]. 

Inferior Frontal Gyrus 96.8% accuracy Weaker resting-state connectivity in ASD; visualizable brain connectivity networks 
[7]. 

Right Prefrontal Lobe 93.33% accuracy Higher MSEc values in ASD; effective for inhibitory control task-based classification 
[11]. 

Note: aAUC: Area Under the Curve, bHb/HbO: Hemoglobin/Oxygenated Hemoglobin, cMSE: Mean Squared Error; dfNIRS: functional near-infrared spectroscopy. 
eASD: Autism Spectrum Disorder. 

Table 2. Summary of recent studies in preschoolers using fNIRS devices 

Study Objective Number of 
Participants 

fNIRS 
Device 

Channels 
Methodology Key Results 

Deception Detection in 
Preschoolers [18] 89 children 23 channels 

fNIRS during a deception task 
assessing prefrontal cortex 

activation 

Deception engages the right VLPFCa and 
right temporoparietal junction, plus the 

frontopolar cortex and bilateral DLPFCb. 

Ecological fNIRS in 
Mobile Children [19] 39 children 48 channels 

fNIRS during computerized and 
immersive virtual reality tasks; 

superficial signal regression 
(SSR) applied  

SSR enhanced mapping of functional 
brain activity, more so during dynamic 

VR tasks. 

Social Development in 
Preschoolers Using 
fNIRS and Virtual 

Reality [20] 

37 children 48 channels Wearable fNIRS in CAVEc for
realistic social environments 

Showing proof of combining fNIRS with 
a VRd to examine social development in 

naturalistic contexts. 

Syntactic Development in 
Preschoolers [21] 67 children 48 channels 

fNIRS in language tasks that tap 
syntax, semantics, and working 

memory 

Relations among syntax, semantics, 
working memory, and early neural 
patterns may predict later language 

development. 

Our work 84 children 2 channels 

The puzzle task is used to assess 
the engagement of multiple 

neural activities: visual 
perception, spatial reasoning, 

and working memory. 

The portable fNIRS was effective in 
measuring the differences in brain 
functioning in real-life settings and 

exploring the dispersed and high PFC 
activation patterns in children with ASD 

Note: aVLPFC: Ventrolateral Prefrontal Cortex, bDLPFC: Dorsolateral Prefrontal Cortex, cCAVE: Cave Automatic Virtual Environment, dVR: Virtual Reality. 
eASD: Autism Spectrum Disorder. 

4. METHODOLOGY The methodology provides a systematic examination of 
cognitive abilities in children with ASD compared to TD 
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children. It outlines the task, targeted brain area, inclusion 
criteria for participant selection, and data collection 
procedures. Participants were purposively selected to reflect a 
broad sociodemographic spectrum. The fNIRS device used for 
data recording is also described, ensuring accuracy and 
reliability in measurements. 

Task Description and Cortical Brain Regions of Interest 
In this study, we used a task-based design approach to 

observe neural activity changes in preschoolers. In this 
research paper, we consider the puzzle-solving task for the 
evaluation of neural activity. This task is especially 
appropriate for preschool-aged children as it appeals to 
multiple developmental domains and represents an integrated 
cognitive challenge. Specifically: 
• Cognitive Processes: To solve puzzles, children need 

multiple functions that are essential for how children 
interact with their environment. These skills encompass 
visual perception, e.g., identifying shapes, colors, and 
patterns, spatial reasoning (comprehension of how the 
specific pieces fit together spatially), sustained attention 
(perseverance and concentration over prolonged time 
periods), and problem-solving abilities (recognizing 
mismatches, generating appropriate solutions) [22, 23]. 

• Working Memory: Engaging in a puzzle task also demands 
significant use of working memory. Children must 
temporarily store and manipulate relevant information, such 
as remembering the shape of a target space, recalling 
previously viewed or attempted puzzle pieces, and mentally 
rotating pieces to assess potential fits [24]. 
 

 
 

Figure 1. Graded puzzle task demonstrating the experimental 
setup, simulating the original wooden design using MS 

PowerPoint 
 

Both groups had been asked to solve a cognitive task 
involving a matching and sorting puzzle. Puzzles have been 
recognized as valuable tools for enhancing cognitive 
development in individuals with autism and other 
developmental disabilities [25]. Creativity and innovative 
thinking require restructuring of the cognitive schema, and it 
is boosted by using puzzle games [26]. The puzzle reveals the 
participant's ability to enhance problem-solving abilities by 
requiring critical and strategic thinking, thereby improving 
cognitive flexibility, planning skills, and working memory 
[27]. Furthermore, puzzles foster visual perception through 
tasks involving discrimination, spatial reasoning, and pattern 
recognition, which are foundational for various academic and 
life skills [28]. The manipulation of puzzle pieces also refines 
fine motor control and coordination [29]. Finally, the inherent 

demands of completing puzzles cultivate sustained attention 
and focus, crucial for learning and other cognitive tasks [27]. 

Participants solved puzzles of progressively increasing 
complexity (see Figure 1 for a representation of the original 
wooden design rendered in MS PowerPoint). The task 
involved matching shapes and colors, with pieces provided 
randomly, one at a time, to encourage focused engagement at 
each difficulty level. This graded complexity is anticipated to 
elicit varying PFC neural activity, reflecting neuroplasticity in 
participants. 

In preschoolers, the PFC has been a focal region of interest 
in fNIRS studies of preschoolers, given its role in executive 
functions. Research has consistently shown that PFC 
activation increases with age, particularly during tasks 
requiring inhibitory control and working memory [30, 31]. 
This region was selected because fNIRS is widely used to 
monitor cognitive functions by measuring hemodynamic 
changes in the cerebral cortex, as illustrated in Figure 2 [32]. 
Table 3 shows the prime targets in the PFC, their involvement 
in higher cognitive processes, and their superficial location, 
making them accessible to fNIRS. 
 

 
 

Figure 2. Schematic of the optical path (banana-shaped 
signal) of the fNIRS system [32] 

Note: fNIRS = functional near-infrared spectroscopy. 
 

Table 3. Key fNIRS findings observed cognitive and 
developmental activation patterns in prefrontal and 

orbitofrontal cortices 
 

Brain Region Key Findings 
Prefrontal Cortex 

[30, 31] 
Increased activation with age during 

executive tasks. 
Left aOFC [33] Activation correlated with inhibitory 

control and stress responses. 
Right PFC [31, 34] Bilateral activation patterns emerge 

during toddlerhood. 
Orbital Frontal 

Cortex [33] 
Activation linked to goal-directed 
behavior and inhibitory control. 

Note: aOFC: Orbitofrontal Cortex 
 

4.1 Participant selection, demographics, and eligibility 
criteria 
 

This study included 84 preschoolers, aged 4 to 7, equally 
divided into control and experimental groups. The control 
group consisted of TD children with no neurodevelopmental 
conditions, while the experimental group included children 
diagnosed with ASD, without co-occurring conditions. All 
participants were eligible for mainstream school and had 
neither prior medication use nor history of medication. 
Children who experience cognitive delays often have 
difficulty in the classroom, especially with executive skills or 
high-level cognitive functions that are required for goal-
setting, task focus, and emotional regulation [35]. Given that 
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children diagnosed with ASD typically demonstrate cognitive 
impairments, particularly in cognitive flexibility [36, 37]. The 
study was approved by the relevant ethics committee, 
conducted in compliance with the ethical principles of the 
1964 Declaration of Helsinki and its subsequent amendments, 
and all participants provided informed consent prior to 
inclusion. 

Participants were recruited from four specialized autism 
treatment centers in Iraq, which uses the ABLLS-R for 
monitoring of performance and defining educational goals 
regarding mainstream school integration (Al-Sibtain 
Academy) [38]. 

4.2 Measurements and data collection procedures 

Neural activity was recorded using a wireless, wearable 
fNIRS headband (MENDI Innovations AB, Sweden), 
designed for portable and naturalistic neuroimaging 
applications. The device employs a continuous-wave fNIRS 
configuration and consists of three optodes forming two 
measurement channels, positioned bilaterally over the frontal 
poles (Brodmann area 10) to capture prefrontal cortex activity 
in the left and right hemispheres [39]. The system utilizes dual 
near-infrared wavelengths in the range commonly used for 
cerebral hemodynamic monitoring (approximately 730-850 
nm), enabling differential sensitivity to oxygenated (HbO) and 
deoxygenated hemoglobin (HbR). The source-detector 
separation is fixed at a short-to-moderate distance 
(approximately 3 cm), optimized for sampling superficial 
cortical tissue while maintaining signal quality in pediatric 
populations. Data were acquired at a sampling rate of 33 Hz, 
allowing adequate temporal resolution for task-related 
hemodynamic changes. Raw optical signals are internally 
processed using proprietary signal-processing algorithms 
provided by the manufacturer [32]. These include basic 
preprocessing steps such as motion artifact mitigation, 
temporal filtering to attenuate physiological noise (e.g., 

cardiac and respiratory components), and normalization 
procedures. The processed output is expressed as unitless 
neural activity scores, which reflect relative changes in 
prefrontal hemodynamic activity rather than absolute 
chromophore concentration values. While this limits direct 
comparison with conventional multi-channel research-grade 
fNIRS systems, the approach has been validated for tracking 
relative cognitive engagement and workload in mobile and 
real-world settings. The headband was adjusted individually to 
ensure stable optode-scalp contact and minimal movement 
during task performance. Its lightweight and non-invasive 
design allowed children to complete the cognitive task 
comfortably in familiar environments, thereby reducing stress-
related confounds and supporting ecologically valid data 
acquisition [40]. 

5. RESULTS AND DISCUSSION

The results from analyzing data from the TD and ASD
groups are statistically analyzed using descriptive and 
inferential methods. The results are depicted with histograms, 
pair plot-scatter matrices, and cumulative distribution 
functions (CDFs) to emphasize the differences in data 
distributions as well as data. Statistical tests confirmed the 
individual differences in PFC activation between the ASD and 
TD children. 

5.1 Descriptive statistics 

The descriptive statistics are summarized in Table 4. The 
results revealed that the ASD group exhibits significantly 
higher mean and greater dispersion than the TD group, 
indicating considerable differences in neural activity patterns. 
Both groups display right-skewed distributions, with skewness 
values of 1.72 (TD) and 2.52 (ASD). Kurtosis was also higher 
for ASD (6.22 vs. 3.88), higher frequency of extreme values. 

Table 4. Summary of descriptive statistics 

Group Mean Standard Deviation (SD) 25th 
Percentile 50th Percentile 75th Percentile Minimum Maximum 

TD Children 10.09 6.09 6 9 12.5 3 34 
Children with ASD 21.28 21.41 10.5 14 21.5 3 102 

Figure 3. Histograms of data distribution for TD and ASD 
groups 

Note: TD = Typically developing; ASD = Autism Spectrum Disorder. 

Figure 4. Bar plot comparing the mean values of neural 
activity in the PFC for TD and ASD groups 

Note: TD = Typically developing; ASD = Autism Spectrum Disorder. 
Figure 3 illustrates a broader distribution marked by 

extreme outliers for the ASD group, while the TD group has a 
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more uniform distribution. Figure 4 highlights a higher 
proportion of mean values in ASD, and Figure 5 (scatter 
matrix) shows a wider spanning range. The larger spread in the 
ASD was further emphasized in Figure 6 (CFD). 

 

 
 

Figure 5. Scatter plot comparing data points between TD and 
ASD groups 

Note: TD = Typically developing; ASD = Autism Spectrum Disorder. 
 

 
 

Figure 6. CDF comparing the neural activity of TD and ASD 
groups 

Note: CDF = cumulative distribution function; TD = Typically 
developing; ASD = Autism Spectrum Disorder. 

 
5.2 Inferential statistical analysis 
 

Due to violations of normality (Shapiro-Wilk test: p < 0.001 
for both groups) and homogeneity of variances (Levene’s test: 
p = 0.017), a non-parametric Mann-Whitney U test was 
performed [41]. The test revealed that the ASD group 
exhibited significantly higher neural activity (Median = 14.0, 
IQR = 11.0) than the TD group (Median = 9.0, IQR = 6.5; U = 
1367.0, p = 0.00013). To quantify the shift between groups, 
the Hodges–Lehmann median difference was calculated as 6.0 
with a 95% confidence interval of [3.0, 8.0]. The effect size, 
measured by the Rank-Biserial Correlation, was 0.48 (95% CI: 
[0.26, 0.68]), demonstrating a meaningful and statistically 
significant difference between the groups. Since a single 
between-group comparison was performed for only one 
outcome variable, neural activity, no multiple-comparison 

correction was required. 
 
 

6. CONCLUSIONS 
 

The key finding is that children with ASD revealed 
significantly greater neural response and variability in the 
PFC. This indicates that the children with ASD require a 
higher cognitive load to complete the task, potentially 
reflecting reduced efficient neural processing, consistent with 
the heterogeneity of ASD, where individuals rely on different 
neural strategies. 

The use of portable fNIRS in naturalistic settings supported 
a more ecologically valid measurement of brain activity, as it 
minimized the anxiety induced by traditional lab-based setups. 
The Mendi headband’s unitless scores, while limiting direct 
cross-study comparisons, proved practical for real-world 
cognitive assessment. These results indicate the promise of 
portable fNIRS for accessible and ecologically valid ASD 
research.  

The use of a two-channel device with limited spatial 
resolution restricts the ability to investigate the functional 
connectivity of the PFC with other brain regions. This 
limitation should be overcome in future research by adopting 
higher-density arrays of fNIRS devices, and multi-modal 
approaches, like combining fNIRS with eye-tracking or 
behavioral coding. 

Furthermore, as this was a cross-sectional design, 
longitudinal studies are needed to underscoring the 
developmental progress in ASD neural activity. Overall, this 
study provides a practical approach for developing the 
accessibility and ecological validity of portable neuroimaging 
as a tool for determining objective biomarkers and for more 
individualized and impactful interventions. 
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