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Abstract
Purpose  The prefrontal cortex [PFC] is crucial in controlling food-related impulses. Functional near-infrared spectroscopy 
[fNIRS] represents a wearable functional neuroimaging technology for measuring PFC activation in real life. Aims of the 
study were to examine PFC activation in fasting conditions and after an oral glucose tolerance test [OGTT] in resting- state 
[R], cognitive tasks [Ts] conditions and explore the PFC activation relationship with insulin sensitivity index [ISI] in youths 
with obesity.
Methods  28 patients’ cross-sectional study [age 7—15 y]. ISI was quantified by Matsuda’s Index and PFC activation as 
oxygenated [O2Hb, mol/L] and total [tHb, mol/L] hemoglobin concentration changes, in fasting and during the first 60 min 
of the OGTT; in resting-state condition and during cognitive tasks [Ts: Verbal Fluency, Digit Span, Non-Verbal Stroop] 
administered before [Fasting-Ts], and 15 min after OGTT [OGTT-Ts]. 15 min OGTT-R was divided into 5 time periods 
[P1-P2-P3-P4-P5], and cognitive tasks [OGTT-Ts] were then administered again.
Results  Dorsolateral PFC [DLPFC] and right frontal pole were over-activated in OGTT compared to the fasting state. Sig-
nificant differences [p < 0.005, false discovery rate corrected] were observed: P2 [O2Hb Left DLPFC Fasting-R: 1.47*10–6 
vs OGTT-R: 4.13*10–6 mol/L], P3 [tHb Right DLPFC Fasting-R: 1.15*10–6 vs OGTT-R: 3.36*10–6 mol/L], and P5 [ O2Hb 
Left DLPFC Fasting-R: 1.47*10–6 vs OGTT-R: 4.34*10–6  mol/L, tHb Right DLPFC Fasting-R: 1.15*10–6 vs OGTT-R: 
3.07*10–6 mol/L]. The change of left DLPFC activity correlated significantly with ISI [r = 0.61, p < 0.001].
Conclusion  fNIRS enabled the non-invasive examination of the PFC hemodynamic response associated with participants’ 
insulin sensitivity in an ecological context. Bilateral DLPFC activation following OGTT in youths with obesity was associ-
ated with peripheral ISI. This association suggests that peripheral insulin sensitivity might reflect the PFC’s ability to control 
food-related behaviours.

Keywords  Children · Insulin sensitivity · Dorsolateral prefrontal cortex · Functional near-infrared spectroscopy · 
Obesity
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Abbreviations
AUC	� Area under the curve
CCR	� Correct congruent responses
CIR	� Incongruent responses
DLPFC	� Dorsolateral prefrontal cortex
fNIRS	� Functional near-infrared spectroscopy
FP	� Frontal pole
HHb	� Deoxygenated hemoglobin
HOMA-IR	� Homeostatic model assessment of insulin 

resistance
HRF	� Hemodynamic response function
IGI	� Insulinogenic index
ISI	� Insulin sensitivity index
OGTT	� Oral glucose tolerance test
OFC	� Orbito frontal cortex
O2Hb	� Oxygenated hemoglobin
PFC	� Prefrontal cortex
tHb	� Total hemoglobin
Ts	� Tasks fasting-Ts and OGTT-Ts
VLPFC	� Ventro-lateral prefrontal cortex
VMPFC	� Ventromedial prefrontal cortex

Introduction

Worldwide, 340 million children and adolescents aged 
5—19 live with overweight or obesity. Obesity in youth is 
associated with higher circulating insulin levels and insulin 
resistance, conditions that are exacerbated at the pubertal 
transition [1]. Insulin plays a significant role in cerebral bio-
energetics, promotes synapse viability and dendritic spine 
formation, and boosts the turnover of neurotransmitter, such 
as dopamine that plays a fundamental role in the eating 
behaviour of "wanting" via the reward system [2–4]. Addi-
tionally, insulin regulates vascular function by influencing 
vasoreactivity, lipid metabolism, and inflammation [5].

Neuroimaging studies have shown that insulin signifi-
cantly modulates brain activation, with all brain regions 
responsive to the hormone [6, 7] including. The prefrontal 
cortex [PFC] and in its sub regions, i.e. the Orbito Fron-
tal Cortex [OFC], the Ventral Lateral PFC [VLPFC], and 
the Dorsolateral Prefrontal Cortex [DLPFC], that are key 
regions in executive function and behavioral self-regulation 
[4, 8, 9]. Disruption in executive function can lead to poor 
dietary choices and overeating [12]. Indeed, the DLPFC 
is differently activated in adults and children with obesity 
compared to the DLPFC of normal-weight individuals [10, 
11] and children with obesity generally score lower on mea-
sures of executive function, including working memory, 
reward-sensitivity, and inhibitory control [13–15].

Following glucose intake or a meal in healthy hungry 
subjects, neural activity (revealed as regional cerebral blood 

flow by positron emission tomography) decreases in lim-
bic/paralimbic areas whilst it increases in the PFC that is 
particularly sensitive to increasing peripheral and central 
insulin levels [8].

Youths with obesity may exhibit impaired glucose metab-
olism in the PFC that, in turn, could influence responses 
to certain cognitive tasks. Existing studies have primarily 
employed functional magnetic resonance imaging [fMRI] 
or positron emission tomography and have mostly focused 
on adults [16, 17].

In an fMRI study, Jastreboff et al. [18] found decreased 
perfusion in the PFC following the OGTT in adolescents with 
obesity, compared with lean peers, who, conversely, showed 
increased perfusion correlated with insulin sensitivity.

Functional near-infrared spectroscopy [fNIRS] is a 
non-invasive optical neuroimaging technique that assesses 
cortical hemodynamics via neurovascular coupling, infer-
ring neural activity from changes in oxygenation [deoxy-
genated-hemoglobin: HHb; oxygenated-hemogobin: O2Hb, 
total hemoglobin: tHb(O2Hb + HHb)] of the cerebral micro-
circulation blood vessels [19, 20]. The coupling between 
neuronal activity and cerebral blood flow is at the basis of 
brain function, and fNIRS relies on this coupling to infer 
changes in neural activity, which is reflected by the blood 
oxygenation changes of the activated cortical region (i.e., 
the increase in O2Hb and the concomitant decrease in HHb). 
fNIRS was validated against fMRI blood-oxygen-level-
dependent responses [21].

fNIRS wearability in ecological settings makes it ideal 
for studying brain function in youths [22]. The use of fNIRS 
has led to advances across fields, such as cognitive neuro-
science, clinical applications, developmental science, and 
sport and exercise science, among others.

To date, no studies have combined fNIRS with measures 
of insulin sensitivity in pediatric populations and, in gen-
eral, the interaction among insulin sensitivity, cognitive per-
formance, and PFC hemodynamics in youth remains largely 
unexplored.

The present pilot study aimed to investigate PFC activa-
tion using fNIRS, in children and adolescents with obesity, 
in relation to insulin sensitivity and cognitive performance, 
e.g. in fasting conditions and after OGTT, in resting condi-
tions and during neuropsychological tasks.

We aimed also at exploring the feasibility and applicabil-
ity of fNIRS as a neuroimaging tool in terms of technical 
implementation, children’s compliance and data quality, to 
quantify metabolism-related PFC activity.
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Methods

Participants

The study enrolled 28 consecutive outpatients with over-
weight referred to the "Endocrinology and Diabetology" 
unit of the Bambino Gesú Children’s Hospital [Italy] from 
June 2022 to August 2024.

Participants were asked to refrain from intensive physical 
activity for 3 days prior to the study and to have a standard 
dinner the day before the study.

After a 12-h overnight fast, children were admitted to the 
clinic for a 1-day inpatient visit to undergo an OGTT, fNIRS 
and cognitive tasks.

Inclusion criteria: age ≥ 7 and < 15  years, right-handed, 
overweight or with obesity, Body Mass Index (BMI) ≥ 85th 
percentile (1.036 SDS) and < 95th percentile (1.645 SDS), 
or ≥ 95th percentile, according to Italian growth charts [23].

Exclusion criteria: inability to provide informed assent 
to the study, genetic or syndromic obesity, systemic, neu-
rological, or psychiatric conditions or any other condition 
associated with a systemic inflammation, chronic use of 
medications; non-verbal intellectual quotient ≤ 75 as mea-
sured by Colored Progressive Matrices [CPM] and Standard 
Progressive Matrices [SPM] [24]; presence of eating disor-
ders assessed through psychological assessment.

The study was conducted in accordance with the Dec-
laration of Helsinki and was approved by the Ethics Com-
mittee of the Bambino Gesù Children’s Hospital [protocol 
code #2050/2020]. Written informed consent was obtained 
from the children’s parents or legal guardians. Children and 
adolescents provided written assent.

Anthropometrics and biochemistry

Anthropometrics was evaluated using a Harpenden stadi-
ometer to measure height and a calibrated scale to determine 
weight. Height, weight and BMI values were transformed 
into SDS according to Italian growth reference parameters 
[23].

Physical maturation was assessed by expert endocrinolo-
gists [AA, DF, MM, SC], who staged puberty according to 
Marshall and Tanner. Children were classified into Tanner 
stages based on breast development in girls and genitalia 
development in boys [25].

Participants underwent an OGTT [1.75 g/kg body weight 
up to a maximum of 75 g] with flavoured glucose [Glucosio 
Sclavo Diagnostics, 75 g/150 mL, Sovicille, Italy]. Blood 
glucose was assessed using the glucose oxidase technique 
[Cobas Integra, Roche, Indianapolis, IN, USA]; insulin lev-
els were assessed using chemiluminescence on an ADVIA 
Centaur analyzer [Bayer Diagnostics, Siemens Healthcare, 

Erlangen, Germany]. Glycated haemoglobin [HbA1c] was 
tested using high-performance liquid chromatography 
[VARIANT II TURBO Haemoglobin Testing System; Bio 
Rad, Hercules, CA, USA].

Investigative protocol

During the 1-day inpatient session, participants underwent 
three cognitive tasks in a fixed order [TS: Fluency tasks, 
Digit Span, and Non-Verbal Stroop] under both fasting 
[Fasting-Ts] and post-load [OGTT-Ts] conditions. Through-
out the entire session, fNIRS monitored the PFC hemody-
namic response function [HRF]. Data acquisition began 
before the OGTT, encompassing both the fasting condition 
resting state [Fasting-R] and the cognitive task execution 
[Fasting-Ts] immediately after the resting state condition. 
Specifically, the Fasting-R condition lasted 3 min, followed 
by approximately 20/30 min of Fasting-Ts. Following task 
completion, participants ingested the glucose load. Subse-
quently, 10  min after the glucose load, the OGTT-resting 
state condition began and lasted for 15  min; then, cogni-
tive tasks [OGTT-Ts] were again administered. Time win-
dows for OGTT-R and OGTT-Ts were determined based 
on previous fMRI studies that found greater cortical activa-
tion 15 min after glucose ingestion [26, 27]. Following the 
evidence from Xu et al. [26], we started fNIRS recording 
15 min after the OGTT, beginning with the 15 min resting-
state condition and immediately followed by the cognitive 
task condition at 31 min, with fNIRS recording interrupted 
approximately at min 60—70. This 60/70 min duration vari-
ability was driven by inter-individual differences in perfor-
mance and engagement (especially brief pauses between 
cognitive tasks). The experimental paradigm was designed 
to minimize the patient’s discomfort and the risk of a drop in 
patient engagement with the study protocol after a series of 
demanding conditions [fNIRS setup montage, fasting, oral 
glucose administration, and blood sampling] that could eas-
ily cause children to drop out of the experiment.

The experimental procedure was conducted in a quiet 
and isolated room in order to reduce all environmental noise 
sources.

Parameters of peripheral insulin metabolism

Insulin resistance [IR] was calculated using the HOMA 
[Homeostatic Model Assessment of Insulin Resistance] cal-
culator provided by the University of Oxford ​[​​​h​t​​t​p​s​​:​/​/​w​​w​
w​​.​d​t​u​.​o​x​.​a​c​.​u​k​/​h​o​m​a​c​a​l​c​u​l​a​t​o​r​/​​​​​]​, and the Insulin Sensitivity 
Index [ISI] was assessed according to Matsuda [28]. Insulin 
and glucose areas under the curve [AUC] were computed 
using the trapezoidal rule; insulin secretion index was esti-
mated using the insulinogenic index [IGI] with IGI = [30 min 

https://www.dtu.ox.ac.uk/homacalculator/
https://www.dtu.ox.ac.uk/homacalculator/
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insulin – fasting insulin [pmol/L]]/ [30 min glucose – fast-
ing glucose [mmol/L]].

Cognitive tasks

Fluency tasks were selected to evaluate verbal generative 
abilities and lexical access speed, which rely on cognitive 
flexibility and retrieval from long-term memory. In the Pho-
nemic Fluency task [28], children were asked to verbalize 
as many words as possible beginning with a given phoneme 
[C, P and S]. The time limit was 1 min for each phoneme. 
Raw scores [number of correct words] were summed for 
each of the three trials, and the total z-scores based on the 
normative data were included in the analysis.

In the Semantic Fluency task [29], children were 
instructed to say as many words as possible in 1 min linked 
to a specific semantic category [colors, animals, fruits and 
cities].

Raw scores were summed and converted to Z-scores 
based on normative data, and total Z-scores were used in 
the statistical analysis.

Digit Span was selected as a measure of short-term and 
working memory from the Wechsler Intelligence Scale for 
Children-IV [30, 31]. Children must listen to a sequence 
of numbers and then repeat them in the same order or the 
reversed order [Backward Digit Span]. The sequence of 
numbers increases progressively with correct responses.

Raw scores were converted to scaled scores using norma-
tive data, and scaled scores were converted to z-scores for 
statistical analysis.

Non-Verbal Stroop from Leiter-3 [32, 33] was used to 
assess inhibitory control and cognitive flexibility, captur-
ing the ability to suppress automatic responses and adapt 
to conflicting stimuli. Children had to identify a target 
among similar stimuli while inhibiting interference. The 
task included a congruent block, in which only one feature 
varied across stimuli, and an incongruent block, in which 
multiple features varied. Correct responses were counted for 
both congruent and incongruent blocks. Two measures were 
calculated: correct congruent responses [CCR] and correct 
incongruent responses [CIR]. For each measure, raw scores 
were converted to scaled scores based on normative data 
and into z-scores for the statistical analysis.

Functional near-infrared spectroscopy

A 24-channel wearable continuous-wave fNIRS system 
[Brite24, Artinis Medical Systems B.V., Elst, The Neth-
erlands] with dual-wavelength LED sources [760 and 
850 nm] and 20 optodes [10 transmitters and 10 receivers] 
has been used. The system measures changes in optical 
density, which are converted into concentration changes in 

O2Hb [ΔO2Hb] and HHb [ΔHHb] using the modified Beer-
Lambert law [19]. Enhanced brain activation induces locally 
increased blood flow, leading to an increase in O2Hb and 
a decrease in HHb concentration levels [34]. Participants 
were instrumented with a soft neoprene head cap [2.5 mm 
thickness, sizes S-L: S, 53–55 cm] placed over the frontal 
regions of the forehead. The probe consisted of 20 measure-
ment points [source-detector distance of about 3 cm]. It was 
manually bilaterally placed over the frontal cortex, using 
an atlas-based approach based on Montreal Neurological 
Institute coordinates. Data was sampled with a frequency 
of 10 Hz and transmitted via Bluetooth to a laptop through 
Oxysoft software [Artinis Medical Systems, Elst, The Neth-
erlands]. Based on different absorption spectra, PFC O2Hb 
and HHb concentration changes were calculated from 
changes in detected light intensity using the modified Lam-
bert–Beer law, assuming a constant scattering [35]. fNIRS 
signals derived from 10 channels of each hemisphere were 
clustered into four areas: frontal pole [FP—right: S6D6, 
S9D6; left: S1D2, S4D2], DLPFC [right: S6D5, S8D5, 
S8D6; left: S1D1, S3D1, S3D2], ventromedial prefrontal 
cortex [VMPFC—right: S8D8, S9D8; left: S3D4, S4D4], 
and frontotemporal cortex [right: S8D7, S10D7, S10D8; 
left: S3D3, S5D3, S5D4].

fNIRS data pre-processing

fNIRS data were analyzed using Nirstorm, a Brainstorm 
plugin for fNIRS data analysis [36], which is documented 
and freely available for download online under the GNU 
General Public License ​[​​​h​t​​t​p​:​​/​/​n​e​​u​r​​o​i​m​a​g​e​.​u​s​c​.​e​d​u​/​b​r​a​i​n​s​
t​o​r​m​​​​​]​. The raw signal was visually investigated, and data 
were considered invalid and manually excluded if motion 
artefacts were visible. Then, an algorithm was used to sys-
tematically remove motion artefacts using the Temporal 
Derivative Distribution Repair method [37]. We converted 
the raw data into HRFs for O2Hb, HHb, and tHb using 
the Modified Beer-Lambert Law, applying the differential 
pathlength factor correction method to account for partici-
pants’ ages and averaging the whole signal across the entire 
recording [38]. The last pre-processing step was a band-pass 
filter [0.01—0.1] to remove physiological noise. Signal pro-
cessing was carried out according to the recently published 
guidelines for the best practices for fNIRS publications 
[20]. Finally, a block-average across tasks was performed, 
flattening the signal over the 30-s baseline before each task. 
The PFC activation during the first min of task administra-
tion was considered across the OGTT.

http://neuroimage.usc.edu/brainstorm
http://neuroimage.usc.edu/brainstorm
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Sample size calculation and statistical analysis

Sample size calculation

The sample size was determined using an a priori power 
analysis conducted in G*Power [version 3.1.9.7, The 
G*Power Team, Düsseldorf, Germany] [39]. Assuming 
two-tailed t-tests, a medium effect size [Cohen’s d = 0.6], 
a significance level [α] of 0.05, and a power of 0.80, a 
total of 24 participants was required. We used independent 
t-tests to investigate whether children with 2-h plasma glu-
cose ≥ 140  mg/dl showed differences in cortical activity 
compared to those with the lowest 2-h glucose levels. No 
significant differences were found.

Cognitive tasks' analysis

Results on cognitive tasks were compared between ses-
sions in fasting and glucose load conditions through a 2 × 5 
Repeated Measure ANOVA [RM-ANOVA], with Time 
[Fasting-Ts vs OGTT-Ts] and Task [Semantic Fluency, Pho-
nemic Fluency, Digit Span, CCR, and CIR] as main factors.

Significant interactions were further explored using 
Tukey-HSD post hoc comparisons. Partial eta-squared [ƞp2] 
was used as a measure of effect size.

fNIRS statistical analysis

The PFC activation during the resting state was calculated 
before [Fasting-R] and after glucose intake [OGTT-R], and 
the difference between PFC activation before and after glu-
cose intake [OGTT-R minus Fasting-R] was included in the 
analysis.

Similarly, the PFC activation during cognitive tasks was 
calculated before [Fasting-Ts] and after [OGTT-Ts] glu-
cose intake and the difference between PFC activity before 
and after glucose intake [OGTT-Ts minus Fasting-Ts] was 
included in the analysis. The comparisons between PFC 
activity during Fasting and OGTT were examined using a 
continuous paired t-test with a Monte Carlo permutation 
correction for multiple comparisons, False Discovery Rate 
[FDR] across time and derivations.

To compare the Fasting Resting-state 3-min signal [aver-
aged over a 1-min epoch] with the continuous 15-min 
resting-state signal during OGTT, the OGTT resting-state 
signal was segmented into five consecutive 3-min epochs. 
Each epoch was subsequently segmented and averaged 
into non-overlapping 1-min windows [P1-P5] to obtain 
temporally localized estimates while maintaining adequate 
signal stability. This segmentation allowed comparisons of 
resting-state conditions of different durations. Averaging 
within 1-min windows embedded in longer epochs allows 

identifying and capturing slow hemodynamic changes while 
preserving temporal sensitivity to progressive physiologi-
cal changes across the OGTT. In addition, previous work 
suggests that stable resting-state measures can be obtained 
from acquisitions of approximately 2.5—7 min, supporting 
the use of short segments within longer recordings to bal-
ance temporal resolution and signal robustness [40]. Results 
were considered significant at a p-value < 0.005, corrected 
for FDR.

To examine whether the insulin sensitivity and anthro-
pometric measures [ISI, HOMA-IR, Insulin and Glucose 
AUC, IGI, and Tanner Stage] were related to delta activi-
ties [OGTT minus Fasting] in PFC, Pearson’s correla-
tion analyses were run [also including partial correlations 
with age, sex, BMI and Tanner stage as control variables]. 
Results were significant with a p-value corrected for mul-
tiple comparisons.

Pearson’s correlation analyses were run to examine 
whether significant cognitive changes [from 2 × 5 RM-
ANOVA] between Fasting-Ts and OGTT-Ts were related to 
delta HRF [OGTT minus Fasting] in PFC. Only significant 
results were included in the Results section.

Results

The 28 participants’ mean non-verbal intelligence quotient 
was 108.8 ± 10.4 [SD]. No participants had fasting glu-
cose ≥ 100 mg/dl, while 8 participants had 2-h plasma glu-
cose ≥ 140 mg/dl, but none had glucose values ≥ 200 mg/dl. 
No difference in cortical activation was observed between 
participants with 2-h glucose < 140  mg/dl and those with 
2-h glucose ≥ 140 mg/dl [all p > 0.16]. Table 1 summarises 
participants’ anthropometrics and biochemical parameters.

Regarding cognitive tasks, the 2 × 5 repeated-mea-
sures ANOVA revealed significant main effects of time, 
F [1, 27] = 21.45, p = 0.00008, ƞp2 = 0.442 and TASK, F 
[4, 108] = 23.6, p < 0.00001, ƞp2 = 0.466. A significant 
Time × Task interaction was observed, F [4, 108]  = 3.70, 
p = 0.007, ƞp2 = 0.120. Tukey-HSD post-hoc comparisons 
indicated significantly higher z-scores during OGTT-Ts 
compared to Fasting-Ts for both Phonemic Fluency Task 
[p = 0.0006] and correct congruent responses in the Non-
Verbal Stroop [p = 0.01].

fNIRS results

Resting state in fasting and post-load conditions, i.e. the 
effect of glucose load

Continuous paired t-tests with Monte Carlo permutation of 
cortical activity during the five consecutive 1-min-averaged 
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time windows of OGTT-R [from P1 to P5] against the Fast-
ing-R were run.

Table 2 shows O2Hb and tHb changes in the left and right 
DLPFC measurement points during Fasting-R and OGTT-R.

At P2 [18—20 min after glucose load], both the O2Hb 
and tHb of the left DLPFC measurement point [S3D1] and 
the tHb of the right Frontal Pole measurement point [S9D6] 
showed greater activation [p-value = 0.0035, corrected for 
FDR] during OGTT-R as compared to Fasting-R. At P2, 
Pearson’s analysis showed a significant positive correla-
tion between ISI and delta [post minus pre] activity at the 
left DLPFC measurement point [S3D1] for O2Hb [r = 0.61, 
p < 0.001] and tHb [r = 0.52. p = 0.005]. These results sug-
gested that participants’ insulin sensitivity was significantly 
associated with greater activation in the left DLPFC during 
OGTT, with age, sex, BMI, and Tanner stage as control vari-
ables [partial correlation coefficient = 0.559, p = 0.004]. See 
Fig. 1 [upper panel] for hemodynamic differences at the left 
DLPFC measurement point [S3D1].

At P3 [21—23  min after glucose load], the tHb of the 
right DLPFC measurement point [S8D5] showed greater 
activation [p-value = 0.002, corrected for FDR] during 
the OGTT-R [see Fig.  2 – upper panel]. At P3, Pearson’s 
analysis showed a significant positive correlation between 
ISI and delta [post minus pre] activity at the right DLPFC 
measurement point [S8D5] for tHb [r = 0.73, p < 0.001]. 
These results suggested that participants’ insulin sensitiv-
ity was significantly associated with greater activation in 
the DLPFC during OGTT, considering age, sex, BMI and 
Tanner stage as control variables [partial correlation coef-
ficient = 0.714, p = 0.0005].

Finally, at P5 [28—30 min after glucose load], the O2Hb of 
the left DLPFC measurement point [S3D1, p-value = 0.0033, 
corrected for FDR], the tHb of the right DLPFC channel 
[S8D5, p-value = 0.0029, corrected for FDR] and the tHb of 
the frontal pole measurement point [S9D6, p-value = 0.004, 
corrected for FDR] showed significantly greater activa-
tion during OGTT-R as compared to Fasting-R. Pearson’s 
analysis showed a significant positive correlation between 
ISI and delta [post minus pre] activity at the left DLPFC 
measurement point [S3D1] for O2Hb [r = 0.58, p = 0.001] 
and at the right DLPFC measurement point [S8D5] for tHb 
[r = 0.74, p < 0.001]. These results suggest that participants’ 
insulin sensitivity was significantly associated with greater 
activation in bilateral DLPFC during OGTT, considering 
age, sex, BMI and Tanner stage as control variables [S3D1: 
partial correlation coefficient = 0.511, p = 0.011; S8D5: par-
tial correlation coefficient = 0.719, p = 0.0005].

See Figs.  1 and 2 [lower panel] for hemodynamic dif-
ferences at the left and right DLPFC measurement points 
[S3D1 and S8D5].

Table 1  Patients’ sociodemographic, anthropometric, and biochemical 
parameters
Sample size [n] 28
Sex [M/F] 17/11
Pubertal stage 12 [42.8%]
Stage I 2 [7%]
Stage II 1 [3.5%]
Stage III 4 [14%]
Stage IV 9 [32%]
Stage V 12.19 ± 2.44
Body weight [kg] 76.45 ± 17.63
Height [cm] 152.83 ± 12.31
BMI [kg/m2] 32.42 ± 4.22
BMI z-score [SDS] 2.62 ± 0.59
Fasting glucose [mg/dl] 82.04 ± 5.42
Fasting insulin [UI/ml] 14.84 ± 9.57
Glycated hemoglobin [mmol/L] 34.04 ± 3.02
30-min glucose [mg/dl] 128.44 ± 27.75
1-h glucose [mg/dl] 123.69 ± 25.60
90-min glucose [mg/dl] 127.36 ± 22.55
2-h glucose [mg/dl] 125.26 ± 20.41
Insulinogenic index [pmol/µmol] 1.25 ± 1
Glucose AUC [mg/dl/min−1] 112.72
Insulin AUC [mg /ml/min−1] 87.72
Matsuda [µmol/kg/pM] 4.49 ± 3.86
HOMA-IR [dimensionless] 3.07 ± 1.93
HDL-C [mg/dL] 52.06 ± 10.09
Triglycerides [mg/dl] 93.9 ± 43
AUC: Area Under the Curve; BMI: Body Mass Index; F: Female; 
HDL-C: High-Density Lipoprotein Cholesterol; HOMA-IR: Homeo-
static Model Assessment of Insulin Resistance; M: Male; SD: Stan-
dard Deviation. Data are expressed as count and percentage or as 
mean ± SD [Standard Deviation]

Table 2  O2Hb and tHb in DLPFC measurement points during fasting 
resting, and OGTT resting states at time periods P2, P3, P4 and P5

Fasting-R OGTT-R
P2 O2Hb Left DLPFC [S3D1]

[1.5 ± 2.0] *10–6 mol/L
tHb Left DLPFC [S3D1]
[1.6 ± 2.0] *10–6 mol/L

O2Hb Left DLPFC [S3D1] **
[4.1 ± 9.9]*10–6 mol/L
tHb Left DLPFC [S3D1] **
[4.8 ± 2.0]*10–6 mol/L

P3 tHb Right DLPFC [S8D5]
[1.1 ± 2.1]*10–6 mol/L

tHb Right DLPFC [S8D5] **
[3.4 ± 8.7]*10–6 mol/L

P5 O2Hb Left DLPFC [S3D1]
[1.5 ± 1.9]*10–6 mol/L
tHb Right DLPFC [S8D5]
[1.2 ± 2.1]*10–6 mol/L
O2Hb Right FrontalPole 
[S9D6]
[5.7 ± 0.7]*10–7 mol/L

O2Hb Left DLPFC [S3D1] **
[4.3 ± 1.1]*10–6 mol/L
tHb Right DLPFC [S8D5] **
[3.1 ± 7.6]*10–6 mol/L
O2Hb Right FrontalPole 
[S9D6]
[1.7 ± 0.7]*10–6 mol/L

Data expressed as means ± standard deviation. DLPFC: Dorsolateral 
prefrontal cortex; O2Hb: oxygenated hemoglobin; R: resting; tHb: 
total hemoglobin. **Cortical activation significantly different in the 
OGTT resting-state
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Cognitive tasks in fasting and post-load conditions

In the Semantic Fluency task, the right fronto-temporal 
channel [S10D7] and right and left DLPFC channels [S3D3, 
S8D5 and S8D7] showed greater activation during OGTT-Ts 

as compared to Fasting-Ts for O2Hb [p-value < 0.005, cor-
rected for FDR]. These differences were not associated with 
ISI, HOMA-IR or other estimates of insulin metabolism 
[p-value always > 0.1].

Fig. 2  Left DLPFC [S8D5] hemodynamic response function (HFR) 
revealed as O2Hb [red line], HHb [blue line, and tHb [green line] 
concentration changes. Upper panels: significant difference between 
Fasting-R state and OGTT-R in the third period [P3]. Lower panels: 
significant difference between Fasting-R and OGTT-R in the fifth 

period [P5]. DLPFC: Dorsolateral prefrontal cortex; HHb; deoxygen-
ated hemoglobin; O2Hb: oxygenated hemoglobin; R: resting; tHb: 
total hemoglobin. Shadows represent the standard deviation of HRF. 
See Methodssection for details

 

Fig. 1  Left DLPFC [S3D1] hemodynamic response function (HFR) 
revealed as O2Hb [red line], HHb [blue line, and tHb [green line] 
concentration changes. Upper panels: significant difference between 
Fasting-R and OGTT-R in the second period [P2]. Lower panels: sig-
nificant difference between Fasting-R state and OGTT-R in the fifth 

period [P5]. DLPFC: Dorsolateral prefrontal cortex; HHb; deoxygen-
ated hemoglobin; O2Hb: oxygenated hemoglobin; R: resting; tHb: 
total hemoglobin. Shadows represent the standard deviation of HRF. 
See Methods section for details
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In the Digit Span task, we conducted separate analyzes 
for numbers repeated in the same order and for numbers 
repeated in reverse order. For the repetition of the number in 
the same order, significant differences were observed in the 
right DLPFC measurement point [S8D5] for tHb, suggesting 
greater activation during OGTT-Ts than during Fasting-Ts. 
For the repetition of the number in reverse order, significant 
differences were observed in the left DLPFC measurement 
point [S3D1] for HHb and the VMPFC measurement point 
[S3D4] for HHb, suggesting greater cerebral metabolic oxy-
gen consumption for these measurement points at Fasting-
Ts as compared to OGTT-Ts.

In the Non-verbal Stroop congruent block, significant 
differences were observed in the left frontal pole measure-
ment point for tHb [S1D2], with greater activation during 
OGTT-Ts than during Fasting-Ts. A greater metabolic con-
sumption at Fasting-Ts than OGTT-Ts was observed in the 
right frontal pole channel for HHb [S9D6].

In the non-verbal Stroop incongruent block, a greater 
cerebral metabolic oxygen consumption was observed in 
the left DLPFC channel for HHb [S3D1] at Fasting-Ts as 
compared to OGTT-Ts.

No other significant differences were found in cognitive 
tasks [p-value always > 0.1].

None of the differences observed during cognitive tasks 
in the Fasting-Ts and OGTT-Ts conditions was associated 
with ISI, HOMA-IR, or other estimates of insulin metabo-
lism [p-values were always > 0.1].

Discussion

Findings of our pilot study revealed enhanced cortical acti-
vation, as measured by O2Hb and tHb in the DLPFC, dur-
ing the resting state following an OGTT in children with 
overweight or obesity. The extent of the hemodynamic 
responses was related to the degree of insulin sensitivity: the 
greater the activation of the bilateral DLPFC, the greater the 
peripheral Matsuda’s insulin sensitivity index. We focused 
on the relationship between the early cerebral response to 
an OGTT and the insulin-sensitivity in youths with over-
weight and obesity. Considering that most youths with obe-
sity reach the glucose peak within 60  min after ingestion 
[41], and measures such as the Matsuda Index and AUCs 
at 30- and 60-min account for inter-individual differences, 
and consistent with the methodology of Xu et al. [26], we 
initiated fNIRS recordings at 15 min post-load to capture 
glucose-related cerebral effects.

Our results confirm the findings of a seminal positron 
emission tomography study that found glucose inges-
tion is associated with activation of PFC [8]. Children 
with higher peripheral insulin sensitivity exhibit a more 

glucose-responsive activation of the DLPFC, suggesting a 
greater capacity in insulin-sensitive children to inhibit food-
seeking behaviours compared with insulin-resistant peers 
[18]. Investigating cerebral blood flow after glucose versus 
fructose intake in adolescents with either normal weight or 
obesity, Jastreboff et al. [18] found by fMRI reduced cere-
bral perfusion in the PFC in children with obesity following 
glucose load that did not covary with insulin or acyl-ghrelin. 
They concluded that this alteration may exert less inhibitory 
control, affecting motivation for food and eating behaviors. 
Notably, in our series we did not find any correlation with 
metabolic estimates referring to glucose and insulin dynam-
ics during the first 30—60 min of the OGTT.

In the context of appetite control and food intake, the 
DLPFC plays a key role in regulating and inhibiting impul-
sive or unwanted eating behaviors, determining which foods 
are desirable or appropriate based on reward evaluation, 
individual goals and social context. Overall, the DLPFC 
integrates hunger, satiety, and reward signals from other 
brain regions involved in appetite control, [6].

Anthony et al. [42] showed, by positron emission tomog-
raphy, that, while in healthy individuals, low circulating 
insulin levels enhance glucose brain metabolism in regions 
linked to appetite regulation and reward processing (such as 
ventral striatum and PFC), in insulin-resistant individuals, 
for the same insulin concentration, the glucose metabolism 
response is significantly attenuated. These findings align 
with our emerging results showing that insulin-sensitivity is 
associated with increased activity in the DLPFC.

There is uncertainty about the extent to which insulin 
reaches the central nervous system under various physiolog-
ical conditions or during diagnostic and experimental pro-
cedures such as the OGTT and the hyperinsulinemic clamp.

By stimulating an endogenous insulin response, the 
OGTT better mimics real-life metabolic processes than the 
clamp and intranasal insulin administration.

A limitation of our current investigative approach is that 
we were unable to correlate the level of peripheral insulin 
resistance with brain insulin resistance, because we did not 
administer intranasal insulin [27].

Research using intranasal insulin and controlled stimula-
tion showed that peripheral insulin resistance is associated 
with reduced central nervous system response, measured via 
fMRI, electroencephalography, or magnetoencephalogra-
phy [8, 43]. At the molecular level, decreased insulin sensi-
tivity, whether peripheral or central, involves lower receptor 
concentrations, reduced binding affinity, and disrupted 
signaling [40]. Insulin regulates blood flow by binding to 
endothelial receptors, increasing nitric oxide for vasodila-
tion, but it can also trigger vasoconstriction via endothelin-1 
and the mitogen-activated protein kinase pathway [44].
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Consequently, insulin acts as a vasodilator at normal con-
centrations but as a vasoconstrictor at high concentrations 
[45]. Chronic hyperinsulinemia, associated with insulin 
resistance, promotes vasoconstriction and may become the 
driver of a loss of control in eating behaviour.

Significant task-related differences were observed, 
offering further insight into the interplay between glucose 
regulation and cortical activation in children with obesity. 
Increased O2Hb and tHb concentrations were detected fol-
lowing glucose intake across all tasks, without differences 
in behavioural performance or associations with insulin sen-
sitivity. We found increased PFC activation during OGTT-
TS compared with Fasting-TS. fNIRS likely captured an 
"online" learning process that was not behaviorally detect-
able. In line with this hypothesis, a study examining the 
neural basis of speech parsing found greater activation in 
the language-related areas after presenting previously pre-
sented word stimuli [46]. Similarly, our participants report 
that cognitive tasks feel more familiar after OGTT. Other-
wise, this result may also reflect increased mental effort/
workload.

It is essential to consider the difficulty of administering 
a combined fMRI and OGTT protocol on children and ado-
lescents. fNIRS enabled us to examine the PFC hemody-
namic response to the glucose load in an ecological context. 
Silent and resistant to movement artefacts, fNIRS enables 
continuous long-term measurements and offers a very high 
degree of experimental flexibility compared to other neuro-
imaging modalities. So far, thanks to its properties, wear-
ability, versatility and motion tolerability, it has been used to 
predict food behaviours and to track responses to cognitive 
interventions [38]. We anticipated that fNIRS can also be 
a suitable tool for investigating the PFC response in chil-
dren and adolescents, particularly those living with obesity 
and following lifestyle intervention and/or pharmacological 
treatment. In our study, high compliance towards fNIRS 
montage among participants, good signal quality, and no 
adverse events reported supported the implementation and 
applicability of this technique in pediatric populations. 
Childhood and adolescence mark a critical phase of brain 
development characterized by the progressive maturation 
of the PFC. Adolescents tend to gravitate towards calorie-
dense foods, and excessive intake of these foods has the 
potential to disrupt self-regulatory processes by impacting 
brain function and behavioral control. These alterations may 
foster persistent maladaptive eating patterns. fNIRS has the 
potential to allow our understanding of the connections 
between adolescence, dietary choices, and brain function.

Limitations and future perspectives

We acknowledge several limitations of the study. fNIRS 
recordings are inherently restricted to signals from the corti-
cal surface, making it impossible to measure and evaluate 
activity in deeper brain areas that might also be associated 
with metabolism and cognition, limiting the interpretation 
of results. As said, we did not measure the response to intra-
nasal insulin. The lack of a normal-weight control group 
makes it difficult to determine whether the observed pat-
terns are unique to the population undergoing investigation 
or represent more general physiological mechanisms. The 
lack of a control experiment with a water load. The fixed 
sequence of cognitive tasks may have introduced bias. The 
sample size may limit generalizability and preclude adjust-
ment for several covariates of results of this pilot. Inves-
tigating DLPFC activation via fNIRS after nutrient intake 
may provide insights into cognitive control of food intake. 
Results need to be replicated using other neuroimaging 
techniques, and further research is warranted to explore 
whether obesity treatment could modulate brain responses 
to glucose.

In conclusion, in the present study using fNIRS, we 
showed that insulin sensitivity in children and adolescents 
was correlated with greater activation of bilateral DLPFC 
after the OGTT, suggesting that peripheral insulin sensitiv-
ity reflects the PFC’s ability to control food-related behav-
iours. The association between insulin sensitivity and PFC 
activity might represent a protective mechanism in children 
to mitigate insulin-induced overeating.
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