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Lower respiratory tract infections (LRTIs) are a significant cause of morbidity and mortality in pediatric
populations worldwide. This study examines cerebral oxygenation (StO,) in children with LRTIs using
Time-Domain Near-Infrared Spectroscopy (TD-NIRS) device (PIONIRS S.r.l., Milan, Italy), a non-
invasive tool that allows for measurement of cerebral StO,in real-time. An observational case-control
study was conducted, including 60 participants: 30 patients with LRTIs and 30 age and sex matched
controls. We evaluated the correlation between cerebral StO, and various clinical and physiological
parameters and we used a multivariate logistic regression analysis explore predictors of LRTI. Cerebral
StO, was one of the key and independent predictors of LRTIs (OR=0.45, p=0.002) suggesting it could
be an additional parameter to record for better assessing the condition of LRTI patients. These findings
highlight the role of TD-NIRS in providing deeper insights into brain oxygenation in pediatric patients,
independent of peripheral measurements such as peripheral oxygen saturation (Sp0O,).

The incidence of community-acquired childhood low respiratory tract infections (LRTIs) has decreased over
recent decades, thanks to improvements in immunization, nutrition, and socio-economic conditions. Despite
this decline, LRTIs remain the leading cause of early childhood mortality">2. While most children recover
uneventfully, a subset may develop chronic complications due to factors such as immunosuppression, poor
secretion clearance, airway abnormalities, genetic predispositions, microbiological agents, and environmental
influences.

Lung tissue is particularly susceptible to long-term injury, as damage is often difficult to reverse. Children
with recurrent LRTTs are more prone to reinfections and more severe respiratory episodes, sometimes involving
polymicrobial infections®. Repeated or chronic inflammation may impair the airway mucosa and alveolar
structures, potentially leading to long-term morbidity®, such as persistent coughs, reduced lung function, and
increased risk of conditions like asthma, bronchiolitis obliterans, or pulmonary fibrosis. Early identification
and management of children at risk for respiratory sequelae are crucial for preserving long-term lung health.
However, due to the lack of high-level evidence and quantitative comprehensive data, determining whether and
when a specific patient condition should be further investigated, remains challenging’.

LRTIs can cause hypoxia, a condition where oxygen delivery to tissues is insufficient to maintain adequate
homeostasis. In the context of LRTIs, hypoxia may result from hypoventilation and/or ventilation-perfusion
mismatch?. The severity of hypoxia can range from mild to severe and can manifest in acute, chronic, or mixed
forms. While some tissues tolerate transient hypoxia, others—such as the brain—are highly vulnerable. Even
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brief episodes of cerebral hypoxia can impact neurodevelopment and cognitive outcomes in children. Monitoring
cerebral oxygenation may thus be critical in detecting early signs of neurological compromise.

In pediatric and neonatal intensive care, cerebral Near-InfraRed Spectroscopy (NIRS) is part of standard care
to monitor specific neurological conditions, such as cerebral hypoxia®. Using NIRS, it is possible to noninvasively
evaluate oxyhemoglobin concentrations (O2Hb) and deoxyhemoglobin (HHD) at the tissue and brain level.
NIRS exploits the different absorption characteristics of O2Hb and HHb and the transparency of tissues to near-
infrared light (600-1000 nm). In particular, NIRS has been used to study cerebral oxygenation (StO2=02Hb/
(O2Hb + HHDb)) in experimental and clinical settings, both in adults and pediatric patients, as a biomarker for
brain physiological status. While the adult applications of NIRS are well documented, including during the
COVID-19 pandemic where it was used for continuous respiratory monitoring®. studies involving pediatric
respiratory diseases are limited. A British prospective study described NIRS as a diagnostic tool for evaluating
respiratory disorders in neonates’. and it has shown promise in distinguishing pneumonia from transient
tachypnea of the newborn. Furthermore, NIRS was successfully employed in children with sleep-disordered
breathing to evaluate changes in cerebral oxygenation®’.

The majority of clinical NIRS devices employ the continuous wave (CW) NIRS approach based on light
source with a constant intensity and detector sensitive to light attenuation. Noticeably, CW NIRS cannot
provide absolute value for O2Hb and HHb and the estimate of StO2 are based on the use of multiple source
detector channels and the a priori assumption on the spectral dependence of the reduced scattering coefficient.
Moreover, CW NIRS can be strongly affected by motion artefacts and by the presence of overlying tissue (e.g.,
adipose tissue in muscle monitoring, scalp and skull in cerebral cortex monitoring)'°. Time-domain (TD) NIRS
addresses these limitations. It uses short laser pulses and time-resolved detection to measure photon travel time
through tissue, allowing separation of absorption and scattering effects. This approach enables the absolute
quantification of O,Hb and HHb concentrations with improved depth sensitivity and reduced susceptibility to
superficial artifacts. Among the different types of NIRS, the TD-NIRS potentially provides greater accuracy and
reproducibility of measurements!!. Although initially limited by size and cost, recent technological advances in
photonics have made portable TD-NIRS devices more accessible.

The aim of this study was the assessment of cerebral StO2 using a portable TD-NIRS tissue oximeter, in
children with a concurrent LRTIs. Early identification of altered brain tissue StO2 can significantly improve
outcomes in vulnerable patients, such as infants and young children, by enabling timely and personalized
treatments.

Materials and methods

We conducted an observational case-control study with age and sex-matched groups. Both cases and controls
were enrolled among pediatric patients (aged 0-18 years) admitted to the Pediatric Department of Buzzi
Children’s Hospital in Milan, Italy, from December 2023 to May 2024. Specifically, the cases were admitted
because of concurrent LRTTs, i.e. pneumonia or bronchiolitis. Controls were selected among patients admitted
to the hospital for reasons unrelated to respiratory conditions, such as minor trauma, mild dehydration (e.g.,
secondary to vomiting or diarrhea), or non-specific abdominal pain without an identified organic cause, who
met all of the following inclusion criteria: stable vital signs, no fever, no history of cardiac or pulmonary disease,
absence of chronic conditions, no ongoing pharmacological treatments, intact skin at the measurement site, and
normal hematocrit levels confirmed by blood tests.

The Ethics Committee Milano Area 1 approved the protocol (No. 0004021/2023). The study was conducted
in accordance with the Helsinki Declaration of 1975, as revised in 2008. Written informed consent was obtained
from a parent and/or legal guardian for all participants after they received information about the study. The term
‘sex’ used in this study refers to sex assigned at birth.

Clinical and anthropometric evaluation
To establish a potential correlation between clinical or demographical features and TD NIRS tissue oximetry
parameters, for each patient we recorded weight (kg), height (cm), body mass index (BMI; kg/m?), pubertal
assessment according to Tanner'?!® (prepubertal stage=Tanner 1; middle puberty=Tanner 2-3; late
puberty=Tanner 4-5) and skin pigmentation evaluated with the Fitzpatrick scale (type 1-6). BMI was
transformed in BMI z-score for all children referring to World of Health Organization references'®. Using a
measuring tape, we assessed the middle upper arm circumference (MUAC, cm), head circumference (cm),
nasion-inion distance (cm) and periauricular distance (cm).

Peripheral oxygen saturation (SpO,, %) was recorded during TD NIRS acquisitions and hematocrit level (%)
and hemoglobin concentration (g/dL) were retrieved by performing a blood test on each patient. Within the
pathological groups, patients undergoing oxygen therapy have been labelled accordingly.

Device and optical probe description

The NIRSBOX device (PIONIRS S.r.1, Milan, Italy.) used in this work is a commercial research-grade TD-NIRS
tissue oximeter. The device is equipped with two picosecond lasers emitting at 685 nm and 830 nm and a flexible,
skin compatible, smart optical probe (G5 “Goccia’, PIONIRS S.r.l.) with 2.5 cm source -detector distance. The
probe features a built-in capacitive contact sensor to ensure correct application on the tissue and give feedback
to the clinical operator. The measurement is non-invasive and the device provides continuous real-time
monitoring of tissue optical properties (absorption and reduced scattering coefficients at 685 nm and 830 nm),
tissue hemodynamic parameters (as concentration of oxygenated hemoglobin (O,Hb, [uM]), deoxygenated
hemoglobin (HHb, [uM]), total hemoglobin (tHb [uM] = HbO, + HHb), percentage of tissue oxygen saturation
(StO, [%] =100 HbO,/tHb)), and differential pathlength factor (DPF) at 685 nm and 830 nm (DPF_L1 and
DPF_L2 refer to the differential pathlength factors measured in prefrontal and arm locations, and are derived
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from optical parameter and laser pulses shapes'"'>. More details can be found in references'>!> where the same
set up was previously exploited in a large cohort of pediatric subjects to obtain expected tissue oximetry and
optical values in pediatric population, on both, prefrontal cortex and MUA locations.

Data obtained by the NIRSBOX tissue oximeter were not considered in therapeutic decisions, they were
acquired solely for research purposes.

Measurement protocol

The optical probe was manually held in place by the clinical operator during measurements. Two locations
were considered: the left middle upper arm below the deltoid region, and the left frontotemporal cortex (Fpl
of the 10/20 EEG system mapping). These sites were selected based on their clinical relevance and practicality:
the MUA is a standard location in anthropometric evaluation, and the prefrontal cortex (Fp1) is widely used in
NIRS studies due to its hair-free accessibility. For each location, the protocol included five consecutive probe
repositioning and for each repositioning the measurement lasted 5 s at 1 Hz acquisition frequency.

Statistical analysis

Demographic and physiological data were compared between LRTIs patients and healthy controls. If not
differently specified, results were reported as mean values and standard deviation (meanzstd), and linear
correlation between pairs of variables was assessed by Pearson’s correlation.

All the measurements were compared between cases and controls by a Student T-test. A multivariate logistic
regression model was used to investigate the independent ability of each parameter to discriminate cases and
controls. To screen the variables to be included in the multivariate model, we implemented a Recursive Feature
Elimination (RFE) procedure to rank the importance of predictors based on their contribution to model
accuracy. RFE was coupled with k-fold cross-validation (with k set to 5 group resampling) to ensure that the
feature selection process was robust and not prone to overfitting (cross-validation score>80%). We assessed
multicollinearity among the selected features using Variance Inflation Factors (VIF). A threshold of 5 was
applied to identify features with significant multicollinearity concerns. All selected predictors all had VIF <5.
This feature selection process facilitated the identification of the most relevant predictors while maintaining
model interpretability and performance, ultimately enhancing the reliability of our logistic regression analysis.

A multivariate logistic regression model was then built, incorporating the selected predictors, to estimate the
odds ratios (OR) and their associated p-values (p). The model’s performance was evaluated using a confusion
matrix, accuracy, specificity, and the area under the receiver operating characteristic curve (AUC). Statistical
analysis was performed on python, exploiting the Scikit-learn module!®.

Results

We enrolled a cohort of 60 pediatric subjects (30 cases and 30 controls). Thirty patients (cases) were admitted
because of a concurrent LRTIs, i.e. pneumonia or bronchiolitis (M: F=1:1; mean age 3.7 years+3.5). Thirty
age and sex matched controls were selected among those admitted to the hospital for different reasons (M:
F=1:1; mean age 3.8 years+3.4). At the time of enrolment, 29 subjects in each group (LRTI and control) were
in the prepubertal stage (Tanner=1), while only one subject per group, two in total, were in a more advanced
pubertal stage (Tanner =4). Baseline characteristics of the enrolled cohort are presented in Table 1 for clinical
and anthropometric data and Table 2, for tissue oximetry data.

No significant differences were observed in demographic and physical characteristics between the two study
groups, ensuring comparability and minimized confounding factors Table 1.

Patient with LRTIs showed significantly higher respiratory rate (approximately 6 cycles more per minute,
p=0.001) and lower peripheral saturation, SpO,, 97.1% vs. 98.6% (p =0.0003). Cerebral StO, was significantly
lower in the LRTT group (61.9% vs. 65.3%, p=0.001), while no differences were found in MUA tissue oximetry
parameters.

Variable Controls (mean +std) | Pathological (mean + std) ;) e
#Subjects 30 30 -
#Male - #Females 15-15 15-15 -
#Prepubertal stage 29 29 -

Age [years] 3.7+35 3.8+34 0.9642
Head circumference [cm] | 48.2+4.4 48.6+3.9 0.6977
Height [cm] 96.0£26.0 95.8+26.8 0.9775
BMI [Kg/m?] 15.9+2.0 15.8+1.9 0.7236
SpO, [%] 98.6+1.3 97.1+1.7 0.0003
Respiratory rate [cpm] 26.2+4.9 323+8.4 0.0011
Heart rate [bpm] 106.8+17.8 112.0+21.9 0.3134
HCT [%] 33.9+43 349+3.2 0.3086
HemoHb [g/dl] 11.6+1.6 11.8+1.2 0.5121

Table 1. Baseline characteristics of the enrolled cohort: anthropometric, clinical and biochemical data. Bold
text reflects significant differences, p <0.05.
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Variable Controls (mean +std) | Pathological (mean + std) ;test
Middle upper arm

StO, [%] 69.9+4.3 67.9+4.0 0.0709
tHb [uM] 64.1+£21.5 62.9+17.6 0.8103
DPF_L1[-] | 7.1£0.9 7.36+1.09 0.4147
DPF_L2 [-] | 6.6+£0.9 6.8+0.9 0.4711
Frontotemporal

StO, [%] 65.3+3.4 61.9+3.9 0.0009
tHb [uM] 104.6+14.1 107.1£9.4 0.4265
DPF_L1[-] |5.7+0.5 5.6£0.5 0.5201
DPF_L2[-] |5.5+£0.4 54+0.4 0.6420

Table 2. Baseline characteristics of the enrolled cohort: tissue oximetry data retrieved by TD-NIRS, divided
based on the measuring location, middle upper arm and frontotemporal region. Bold text reflects significant
differences, p <0.05.

Variable Univ. OR | Univ. p | Multiv. OR | Multiv. p
Respiratory rate [cpm] 1.138 0.003 | 1.298 0.002
Frontotemporal StO, [%] | 0.774 0.003 0.667 0.011
SpO, [%] 0.520 0.001 0.550 0.036
Head circumference [cm] | 1.026 0.692 1.537 0.066
Heart rate [bpm] 1.014 0.313 0.988 0.646
Height [cm] 1.000 0977 | 1.004 0.901

Table 3. Result of the univariate and multivariate logistic regression analysis, on the selected predictors. OR
odds ratios, Univ univariate analysis, Multiv. multivariate analysis. Significant differences are reported in bold
font (p<0.05).

Metric Without TD-NIRS predictors With TD-NIRS predictors

Predictors 4: [SpOz, respiratory rate, heart rate, head circumference, height] | 6: [SpOz, respiratory rate, heart rate, head circumference, height, cerebral StO,, DPF_L1]
. . 25 5 26 4

Confusion matrix v 23 5 25

Accuracy 0.80 0.87

Specificity 0.83 0.87

Precision 0.83 0.87

AUC 0.87 0.92

Table 4. Performances comparison of the models including and excluding TD-NIRS tissue oximetry
predictors: frontotemporal StO, and DPF_L1.

A statistical model based multiple linear regression have been developed, selecting the most relevant regressors
form the full set of acquired variables. After recursive feature elimination, multicollinearity assessment and cross
validation to prevent overfitting, the following predictors were selected: SpO,, frontotemporal (cerebral) StO,,
heart rate, head circumference, height, and Respiratory Rate.

Comparison between univariate analysis and multivariate analysis of the selected features, have been
performed and results are reported in Table 3.

The multivariate analysis explains 59% of the variability in the outcome (pseudo R* = 0.59) and achieved an
accuracy of 87%. Respiratory rate (OR=1.298, p=0.002) and cerebral StO, (OR=0.667, p=0.011) emerged as
the strongest predictors, while SpO, retained moderate significance (OR =0.550, p=0.036). Head circumference
showed no independent significance but suggested interplay with other predictors, with an increase OR and
decreased p values compared to the univariate analysis.

The performance of the multivariate logistic regression model demonstrates high reliability in identifying
pathological patients with LRTIs Table 4 (right column). The specificity of 0.87 reflects its strong ability to
identify healthy individuals, reducing the likelihood of false positives, while the precision of 0.86 ensures that
86% of those classified as pathological truly have LRTIs. Most notably, the ROC curve AUC of 0.92 underscores
the model’s discriminatory power, Fig. 1, blue curve.

Scientific Reports |

(2025) 15:31171

| https://doi.org/10.1038/s41598-025-16639-5 nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Receiver Operating Characteristic (ROC) Curve

1.0 7 r g
I_l ,_l //
///
//
//
0.8 - /z
///
//
//
o '
S 0.6 1 _|— ,//
>
O 7’
(a1 //
g 04 7 ///
= //
’
//
,/
//
0.2 1 e
//
//
//
//
—— With TD-NIRS predictors (area = 0-92)
0.0 —— Without TD-NIRS predictors (area = 0-87)
0.2 0.4 0.6 0.8 1.0

False Positive Rate

Fig. 1. Comparison on the ROC curve of the model including TD-NIRS tissue oximetry predictors (blue
curve) versus the model without TD-NIRS tissue oximetry predictors (red curve).

To further highlight the importance of including the variables captured by TD-NIRS, a comparison the
multivariate logistic regression predictive models with and without significant tissue oximetry, TD-NIRS
variable (StO,) is reported in Table 4; Fig. 1.

The inclusion of cerebral StO, significantly improved model performance, increasing accuracy to 87% and
AUC to 0.92 compared to 80% accuracy and AUC of 0.87 in the model excluding tissue oximetry variables.
Sensitivity and specificity were also enhanced with StO, included, reaching 83% and 87%, respectively.

To further analyze the relations between predictors, we looked for correlations between key oximetry variables
and standard clinical indicators. The correlation between StO, and SpO, was assessed in the two separate and
in the pooled populations. No significant correlation was found neither in the pathological group (Pearson’s
r<0.08) nor in the healthy group (r<0.01).

Discussion

Cerebral StO, in patients with LRTT was assessed by TD-NIRS. We reported that patients with LRTT have lower
cerebral StO, values than healthy controls, even in the absence of clinical signs of respiratory distress such as
nasal flaring, chest retractions, tachypnea, or hypoxia on pulse oximetry. Monitoring cerebral tissue oxygenation
in patient with LRTTs may help identify early subclinical hypoxia, guiding decisions regarding closer monitoring
or early intervention.

While peripheral SpO, has long been a standard for assessing oxygenation, our findings demonstrate that it
may not provide a full picture of cerebral oxygenation in patient with LRTTs. In previous studies, SpO, has been
shown to be an effective measure of systemic oxygenation, yet it lacks sensitivity in detecting localized hypoxia
in critical organs like the brain'’. In this study, the observed differences in respiratory rate and SpO, between
groups align with clinical expectations, confirming their relevance as markers of respiratory pathology. However,
the addition of cerebral StO, to the predictive model notably improved diagnostic accuracy, sensitivity, and
specificity, underscoring its value as an independent and robust predictor. Additionally, the lack of significant
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correlation between StO, and SpO, suggests that cerebral StO, provides unique physiological information
distinct from peripheral measurements, supporting its integration into diagnostic protocols.

Our results emphasize the potential of TD-NIRS oximetry as a valuable non-invasive tool for monitoring
cerebral StO, in pediatric patients with LRTI. The significant difference in cerebral StO, between infected patients
and healthy controls underscores the impact of respiratory infections on brain oxygenation. All enrolled patients
were neurologically asymptomatic at the time of evaluation, with no clinical signs suggestive of central nervous
system infection, thereby supporting the attribution of cerebral oxygenation changes to respiratory illness rather
than encephalitic processes. Additionally, since cerebral hypoxia is a key risk factor for neurodevelopmental
delays in pediatric patients'® cerebral StO, may provide crucial insight for more effective monitoring an care
during child development.

Peripheral tissue saturation measurements in the MUA location did not yield a significant regressor in
the multivariate model. Even though peripheral StO, is expected tot be affected in patients with LRTIs, the
highly heterogeneous, tissue morphology in the MUA region and the characteristics of the selected population
could lead to high variability of the acquired data, resulting in lack of significant differences between the two
population.

Head circumference, despite remaining a non significant regressor, increased its contribution in the
multivariate linear regression model compared to the univariate one, suggesting that it may play role when
merged together with other variables. When head circumference was removed from the regression model, the
significance of other regressors remained intact, yet the overall discrimination power of the model decreased.
As pointed out in a simulation study by Amendola et al.,'® geometrical characteristics of the head, such as
skull thickness or tissue composition, and head circumference can impact the accuracy of optical oximetry
techniques, TD-NIRS, FD-NIRS and it is even more prominent in current CW-NIRS medical devices due to
their less efficient penetration depth. This suggests the need to explore how anatomical variability affects TD-
NIRS signals and to develop advanced analytical models capable of accounting for these variations.

While our study provides key insights into cerebral StO, monitoring using TD-NIRS in pediatric patients
with LRTIs, several limitations must be noted.

The small sample size of 60 participants limits the statistical power and generalizability of the findings. A larger
cohort would provide more robust data and improve the reliability of conclusions. Furthermore, being a single-
center study conducted at Buzzi Children’s Hospital in Milan, the patient population may not be representative of
broader populations. Multi-center studies would increase the external validity. We also faced limited control over
confounding variables. Factors such as genetic predispositions, environmental influences like air quality, and co-
infections were not fully accounted for, which could have impacted cerebral StO, outcomes. Additionally, short-
term monitoring only captured cerebral StO, at specific time points, missing potential fluctuations throughout
the LRTT progression. Continuous monitoring could offer a more comprehensive picture of cerebral StO
dynamics during illness. The study’s wide age range (0-18 years) may have masked developmental differences in
oxygenation responses. Future research should segment age groups more narrowly to better assess age-specific
oxygenation patterns, to help the interpretation of our data, our previous study which addressed the trends of
peripheral and cerebral tissue oximetry in developing childhood can be exploited.

Finally, we did not track long-term clinical outcomes such as neurodevelopmental impacts. While cerebral
hypoxia is known to affect brain development, we did not follow patients longitudinally to determine if
oxygenation deficits correlated with cognitive impairments. Future studies should address this by incorporating
long-term follow-up.

In summary, while the study demonstrates the promise of TD-NIRS, addressing these limitations through
larger, multi-center, and longitudinal studies with continuous monitoring will be crucial for its wider clinical
application.

Conclusions

This study underscores the significant differences in cerebral StO, between pediatric patients with LRTIs
and healthy controls. Both univariate and multivariate logistic regression analyses demonstrate that cerebral
StO, is strongly influenced by LRTTs and respiratory rate. Utilizing a multivariate logistic regression model
incorporating traditional clinical indicators such as SpO,, respiratory rate, heart rate, and anthropometric
variables (e.g., height and head circumference), the model achieved a discriminatory power with an AUC of 0.87
and an accuracy of 80%. Notably, the inclusion of frontotemporal cerebral StO, further enhanced the model’s
performance, increasing the AUC to 0.92 and the accuracy to 87%.

Interestingly, hematocrit levels and peripheral tissue saturation did not emerge as significant predictors for
distinguishing LRTIs from controls. Furthermore, cerebral StO, and peripheral SpO, were not correlated in
either the pathological or control groups, indicating that these metrics provide complementary information.
Specifically, cerebral StO, offers a more localized assessment of regional cerebral tissue health, which cannot
be captured by conventional pulse oximetry. Although the pathophysiological mechanisms need to be studied
in detail, in patients with LRTIs it cannot be excluded that fever and tachycardia, by increasing metabolic
demand and oxygen consumption, could potentially impair tissue oxygenation, especially in the brain, due to
autoregulatory mechanisms.

These findings highlight the potential value of integrating cerebral StO, metrics into pediatric care for
respiratory infections, advancing beyond traditional SpO, monitoring to enhance diagnostic and prognostic
accuracy.
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The datasets used and/or analysed during the current study available from the corresponding author on reason-
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