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Abstract: Objective: To evaluate the clinical superiority of artificial intelligence (Al)}-enabled jaundice monitoring
follow-up combined with end-tidal carbon monoxide (ETCO) measurement in the management of neonatal jaundice.
Methods: Sixty jaundiced neonates were studied, with 25 assigned to conventional monitoring and follow-up (control
group) and 35 to an Al-enabled jaundice monitoring follow-up plus ETCO assessment (research group). Evaluated
endpoints comprised bilirubin concentrations (both serum and transcutaneous), prevalence of hyperbilirubinemia
(HB), bilirubin encephalopathy (BE), and ABO hemolytic disease, monitoring/procedure-related adverse events, and
time to symptom improvement. The assessment also covered alterations (pre- vs. post-intervention) in the Neonatal
Behavioral Neurological Assessment (NBNA), Mental Development Index (MDI), and Psychomotor Development
Index (PDI) scores, as well as maternal psychological well-being (Self-Rating Anxiety Scale (SAS) and Self-Rating
Depression Scale (SDS)) and parental satisfaction. Results: Post-intervention, the research group exhibited greater
reductions in bilirubin, transcutaneous bilirubin, SAS/SDS scores, HB/BE incidence, and overall complications than
the control group, coupled with accelerated symptom relief (all P<0.05). Post-intervention assessments also con-
firmed markedly higher NBNA, MDI, and PDI scores, as well as enhanced parental satisfaction in the research group
(all P<0.05). Conclusion: Al-enabled jaundice monitoring follow-up combined with ETCO measurement offers signifi-
cant clinical advantages in neonatal jaundice management, supporting its broader clinical adoption.
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Introduction

Jaundice is a preventable and treatable clinical
condition in newborns, and it is the leading
cause of neonatal readmission during the post-
natal period [1, 2]. Statistics indicate that neo-
natal jaundice affects approximately 60% of
full-term infants and 80% of preterm infants,
with a mortality rate of up to 10% [3, 4].
Clinically, it is characterized by abnormal yellow
discoloration of the sclera and skin [5]. Neo-
natal jaundice is classified as either physiologi-
cal or pathological. Physiological jaundice, cau-
sed by abnormal bilirubin metabolism, has min-
imal impact on neonatal health and typically
resolves spontaneously without intervention
[6]. Pathological jaundice, on the other hand,

results from maternal-fetal ABO incompatibility
(mother type O, infant type A or B), leading to
elevated bilirubin levels. If not addressed pro-
mptly, severe hyperbilirubinemia (HB), bilirubin
encephalopathy (BE), kernicterus, or other life-
threatening complications can arise, posing sig-
nificant risks to neonatal health and survival
[7]. Therefore, timely and effective monitoring
of jaundice is crucial for the early detection of
high-risk factors and the optimization of neona-
tal outcomes.

Conventional follow-up for neonatal jaundice
typically requires hospital visits, with ABO he-
molytic disease of the newborn (ABO-HDN)
diagnosis relying primarily on blood sampling
and laboratory analysis [8]. In China, with its
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large population, high demographic mobility,
and varied educational backgrounds, the post-
discharge loss to follow-up is notably high.
Delayed identification of high-risk HB in some
infants increases the likelihood of severe HB
and BE [9-11]. As a result, a new follow-up
method - non-invasive, accurate, timely, objec-
tive, and convenient - holds considerable clini-
cal value [12]. While remote follow-up systems
for neonatal jaundice have been explored, exi-
sting methods are often unable to identify high-
risk HB populations, leading to inefficient use
of medical resources [13]. Additionally, end-
expiratory carbon monoxide (ETCO) measure-
ments have shown promise in the early detec-
tion of ABO-HDN [14]. Despite potential inaccu-
racies due to pulmonary conditions and ambi-
ent carbon monoxide (CO) interference, ETCO’s
non-invasive, continuous, bedside nature re-
mains indispensable [15].

This study proposes an innovative approach
that combines ETCO testing to accurately iden-
tify neonates at high risk of HB with artificial
intelligence (Al)-driven remote jaundice moni-
toring to reduce follow-up attrition. Early identi-
fication of hyperbilirubinemic infants, along
with targeted treatment guidance, not only
reduces the incidence of severe HB and BE but
also significantly contributes to improving pop-
ulation health outcomes.

Materials and methods
General data

In this study, 60 neonates with jaundice were
recruited from April 2022 to March 2023. The
control group, consisting of 25 neonates, re-
ceived conventional monitoring and follow-up
care. In contrast, the research group, compris-
ing 35 neonates, underwent Al-enabled jaun-
dice monitoring along with ETCO testing. Ethi-
cal approval was granted by the Guangdong
Provincial Maternal and Child Health Hospital
Ethics Committee.

Case selection criteria

Inclusion criteria: (1) All enrolled infants met
the diagnostic criteria for neonatal jaundice:
Maternal blood type O and neonatal blood type
A or B; Postnatal age between 1 and 28 days;
Gestational age between 32 and 40 weeks;
Serum bilirubin > 220.6 umol/L [16]. (2) All
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cases were full-term births. (3) Infants were
free of severe congenital disorders. (4) Infants
had received regular antenatal care and deliv-
ery at the hospital’'s obstetrics department,
with complete medical records.

Exclusion criteria: (1) Infants requiring hospital-
ization for conditions other than HB. (2) Infants
born via in vitro fertilization, as twins, or as part
of multiple pregnancies. (3) Infants diagnosed
with severe infections and hematological disor-
ders. (4) Infants who failed to complete the
experimental procedures as planned.

Intervention approaches

The control group received traditional monitor-
ing and follow-up. Post-birth, neonates were
assessed for jaundice at maternal and child
health care institutions or community health
service centers using traditional methods,
including visual inspection, transcutaneous bili-
rubin (TCB) measurement, and serum bilirubin
assays. Specifically, the initial TCB or total
serum bilirubin (TSB) was measured within 24
hours of birth. A second measurement was
conducted within 72 hours prior to discharge,
with results plotted on an hour-specific bilirubin
percentile graph (Bhutani Nomogram) for
reference.

Post-discharge follow-up: Neonates catego-
rized as low-risk (bilirubin <75th percentile
[P75]) were evaluated twice: once between
days 3-5 and again between days 7-10. High-
risk neonates (with risk factors or bilirubin >
P75) underwent daily reassessment until a sus-
tained downward trend in bilirubin was con-
firmed. A follow-up at 14-21 days was per-
formed to rule out late-onset or breast milk-
associated jaundice. During hospitalization,
blood sampling or TCB/TSB testing occurred
each morning between 8:00 and 10:00 a.m.
For home-based follow-up, parents were re-
quired to complete TCB testing at community
health centers or maternal and child care cen-
ters from 8:00 to 9:00 a.m, with supplementary
TSB testing if necessary.

Intervention thresholds for abnormal bilirubin
values (Bhutani nomogram):

Full-term infants: (1) 24-48 hours after birth:

Intervention was initiated if TCB > 257 ymol/L
(15 mg/dL) or TSB > P95 for the infant’s hour of
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age. (2) 48-72 hours after birth: Intervention
was initiated when TCB > 290 pmol/L (17 mg/
dL) or TSB > P95. (3) Beyond 72 hours: Inter-
vention was activated if TCB = 342 umol/L (20
mg/dL) or TSB > P95.

Preterm infants or high-risk hemolysis infants:
The intervention thresholds were reduced by
1-2 mg/dL. These infants were promptly trans-
ferred to a higher-level hospital. Phototherapy
was initiated when thresholds were met, and
exchange transfusion was considered if TSB >
427 umol/L (25 mg/dL) or bilirubin levels rose
> 8.5 ymol/L per hour. After each intervention,
TSB rechecks were conducted every 2-4 hours
until the level stabilized below the lower thresh-
old for phototherapy.

The research group received Al-enabled jaun-
dice monitoring and ETCO testing. ETCO screen-
ing was performed on neonates within the first
24 hours using the IntelliVue monitor (B1011,
Shanghai Jumu Medical Equipment Co., Ltd.).
The operational procedure involved measure-
ments taken 1-2 hours post-birth during sleep
or quiet states using a nasal sampler at a flow
rate of 1200 mL/min. Three consecutive 30-sec-
ond measurements were recorded and aver-
aged. Daily calibration utilized 5 ppm CO stan-
dard gas at 30-70% humidity and 22-26°C. An
ETCO elevation of > 2.5 ppm [17] indicated neo-
natal hemolysis and HB risk, triggering entry
into the Al tracking system for bilirubin monitor-
ing. Severe bilirubin elevation prompted medi-
cal intervention.

Analysis indexes

Bilirubin and TCB levels: Fasting venous blood
(3 mL) from the elbow was collected before and
after intervention from both groups. bilirubin
and TCB concentrations were measured using
an automatic biochemical analyzer after serum
separation.

Incidence rates of HB, BE, and ABO-HDN posi-
tivity: HB was diagnosed using the American
Academy of Pediatrics neonatal hour-specific
bilirubin nomogram [18], with total bilirubin lev-
els exceeding the 95th percentile considered
indicative of the condition. BE diagnosis includ-
ed neurological symptoms (e.g., reduced mus-
cle tone, lethargy, high-pitched crying, poor
sucking), hyperintensity in the basal ganglia
globus pallidus on MRI T1WI sequences, and
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prolonged latency in brainstem auditory evok-
ed potential (BAEP). ABO-HDN was defined
as maternal-fetal blood group incompatibility,
with positive Coombs’ and/or antibody release
tests.

Complication rates: The occurrence of neonatal
complications (e.g., necrotizing enterocolitis,
hypoglycemia, infections) was recorded, and
the overall complication rate was calculated.

Monitoring/procedure-related adverse events:
Both groups were evaluated for adverse events,
including device malfunction/data loss, care-
giver misinterpretation of alerts, nasal cannula
irritation, respiratory depression/oxygen desat-
uration, skin indentations, subcutaneous bruis-
ing, and low-grade fever.

Symptom recovery time: Key time indicators,
such as jaundice clearance time, first defeca-
tion time, and meconium discoloration time,
were compared between groups.

Neonatal neurobehavioral assessment: Neuro-
development was evaluated using the Neonatal
Behavioral Neurological Assessment (NBNA)
scale [19], which covers five domains: passive
muscle tone, primitive reflexes, behavioral abil-
ity, active muscle tone, and general assess-
ment (total 20 items, 0-2 points per item, maxi-
mum score 40). A score of 35 or higher indi-
cated better neurodevelopment. Assessments
were performed by two independent neonatolo-
gists, blinded to group assignments, who were
provided only with the infant’s ID and postnatal
age.

Mental development index (MDI) and psycho-
motor development index (PDI) [20]: Six months
post-discharge, infants underwent evaluations
of neonatal cognitive and motor development
using the MDI and PDI scales. Both scales were
scored out of 130, with scores <69 indicating
developmental delays. Higher scores were ass-
ociated with better developmental outcomes.

Maternal negative emotions: Maternal anxiety
and depression were assessed using the Self-
Rating Anxiety Scale (SAS) and Self-Rating
Depression Scale (SDS) [21] before and after
intervention. Each scale consisted of 20 items
(total 80 points), with higher scores reflecting
more severe symptoms.
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Table 1. General data of the research groups

Control group Research X2/

Indicators (n=25) group (n=35) Fisher
Sex (male/female) 13/12 19/16  0.031 0.861
Age (years) 25.87+4.43  27.82+6.50 1.299 0.199

Gestational week

38.02+2.38 37.82+¢3.03 0.275 0.785

Birth weight (kg) 2.85+0.68 2.95+0.67 0.566 0.573
Educational attainment (= high school vs. < high school) 11/14 17/18 0.122 0.726
Family medical history (yes/no) 5/20 4/31 0.469
Mode of delivery (cesarean section/vaginal delivery) 10/15 10/25 0.857 0.355
Feeding mode (breastfeeding/formula feeding/mixed feeding 10/9/6 12/12/11 0.426 0.808
Postnatal weight loss percentage 5.041+1.60 4.76+1.82 0.617 0.540

Note: Postnatal weight loss percentage is defined as the highest weight drop recorded in the first 72 hours of life relative to the
birth weight. The Fisher’s exact test was applied to evaluate the disparity in family medical history across the two groups.

Parental satisfaction: A hospital-developed
questionnaire assessed parental satisfaction
across several dimensions (e.g., equipment
functionality, communication effectiveness,
anxiety relief, overall recommendation willing-
ness), with a total score of 100. Scores were
categorized as: “very satisfied” (>90), “satis-
fied” (80-90), “average” (70-79), or “dissatis-
fied” (<70). The satisfaction rate combined
“very satisfied”, “satisfied”, and “average” res-
ponses.

All measurements were conducted by commu-
nity nurses, who received standardized training
and remained unaware of group assignments.
The instruments automatically recorded the
data, which was later uploaded to the cloud
and uniformly exported by the research team.
To minimize biases, several measures were
implemented:

Assessors recalibrated their scale operation
skills quarterly to verify consistency in item
understanding, scoring adherence, and individ-
ual tendencies.

The order of assessments during same-day
follow-ups was randomized by a computer pro-
gram to prevent time-related biases.

Follow-up sites were equipped with one-way
glass, and lighting and noise levels were stan-
dardized across all sites to reduce environmen-
tal interference.

Statistical analysis
Bartlett's variance homogeneity test and the

Kolmogorov-Smirnov normality test were used

8604

to assess the quantitative data. The data was
confirmed to have homogeneous variances and
an approximate normal distribution and was
thus expressed as mean + standard deviation
(X % sd). The independent samples t-test was
used to assess inter-group differences in quan-
titative data, while the paired t-test was em-
ployed to analyze intra-group variations (pre-
vs. post-intervention). Intergroup comparisons
of categorical data (presented as percentages)
were performed using the chi-square test. All
data were processed using SPSS 22.0 statisti-
cal software, with a significance threshold set
at P<0.05. The sample size was confirmed to
be adequate through a post-hoc power analysis
conducted in PASS, which indicated over 80%
power at a=0.05 for detecting a 20% absolute
difference in HB incidence (30% vs. 10%).

Results
Comparison of baseline characteristics

No significant differences were found between
groups in baseline characteristics, including
sex distribution, age, gestational week, birth
weight, educational attainment, family medical
history, mode of delivery, feeding mode, and
postnatal weight loss percentage (all P>0.05).
See Table 1.

Comparison of bilirubin and TCB levels

Before intervention, there were no significant
differences in bilirubin or TCB levels between
the groups (both P>0.05). Post intervention,
both indices showed a significant reduction in
both groups (both P<0.05), with the research
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Figure 1. Comparative analysis of bilirubin and TCB levels. A. Changes in biliru-
bin levels pre- and post-intervention. B. Pre- and post-interventional TCB levels
in two groups. Note: TCB, transcutaneous bilirubin; 2P<0.05, °P<0.01, versus
pre-intervention; °P<0.05, versus the control group.

Table 2. Incidence rates of hyperbilirubinemia, bilirubin encepha-
lopathy, and ABO hemolytic disease of the newborn

Indicators Control Research

group (n=25) group (n=35)
Hyperbilirubinemia 8 (32.00) 3(8.57) 0.039
Bilirubin encephalopathy 5 (20.00) 1(2.86) 0.073
ABO hemolytic disease of the newborn 5 (20.00) 2 (5.71) 0.117

Note: As the sample size in one group was fewer than five (n<5) for all above metrics,
Fisher’s exact test was used to assess intergroup differences. ABO, ABO blood group
system.

Table 3. Intergroup comparison of complications rates

Control group Research group

Indicators (n=25) (n=35) P

Necrotizing enterocolitis 2 (8.00) 0 (0.00) 0.170
Hypoglycemia 2 (8.00) 1(2.86) 0.565
Infections 5 (20.00) 2 (5.71) 0.117
Total 9 (36.00) 3 (8.57) 0.019

Note: Intergroup differences for all listed metrics (with n<5 in at least one group)
were assessed using Fisher’s exact test.

group demonstrating notably lower bilirubin
and TCB levels compared to the control group
(both P<0.05). See Figure 1.

Comparison of HB, BE incidence, and ABO-
HDN positive rate

vs. 20.00%) were similar
between the groups (both
P>0.05). See Table 2.

Comparison of complication
rates

The overall incidence of
complications, including ne-
crotizing enterocolitis, hypo-
glycemia, and infections,
was 8.57% in the resear-
ch group, significantly lower
than the 36.00% observ-
ed in the control group
(P<0.05). See Table 3.

Comparison of monitoring
and procedure-related ad-
verse events

Safety profiles were similar
between groups (P>0.05). In
the research group, adverse
events included two instanc-
es of nasal catheter irrita-
tion (resolving spontaneous-
ly within 30 seconds without
epistaxis or mucosal injury)
and one instance of tran-
sient skin indentation (due
to improper probe place-
ment, resolved within 24
hours without ulceration).
The control group experi-
enced two cases of skin
indentation from TCB trans-
ducer pressure, three cases
of self-resolving subcutane-
ous bruising (due to capilla-
ry blood sampling, without
subsequent infection or he-
matoma), and one brief epi-
sode of low-grade fever from

a dislodged temperature sensor during photo-
therapy, promptly corrected. No serious adverse
events were reported in either group (Table 4).

Inter-group comparison of symptom recovery

The research group demonstrated significant

The research group had a significantly lower
rate of HB (8.57% vs. 32.00%, P=0.021) com-
pared to the control group. The incidences of
BE (2.86% vs. 20.00%) and ABO-HDN (5.71%
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reductions in jaundice clearance time, time to
first defecation, and meconium discoloration
time compared to the control group (all P<0.05).
Data are presented in Table 5.
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Table 4. Comparison of monitoring and procedure-related adverse events between groups

Indicators Control group (n=25) Research group (n=35) X2 P
Device malfunction/data loss 0 (0.00) 0 (0.00)
Caregiver misinterpretation of alerts 0 (0.00) 0 (0.00)
Nasal cannula irritation 0 (0.00) 2 (5.711)
Respiratory depression/oxygen desaturation 0 (0.00) 0 (0.00)
Skin indentations 2 (8.00) 1(2.86)
Subcutaneous bruising 3(12.00) 0 (0.00)
Low-grade fever 1 (4.00) 0 (0.00)
Total 6 (24.00) 3(8.57) 2.723 0.099
Table 5. Intergroup comparison of symptom recovery time
Indicators Control group (n=25) Research group (n=35) t P
Jaundice clearance duration (d) 7.56+2.31 6.37+2.06 2.097 0.040
Time to first defecation (h) 8.72+2.28 6.80+1.64 3.798 <0.001
Meconium discoloration time (h) 50.68+7.87 41.09+8.92 4.308 <0.001
Control group Inter-group comparison of intellectual and mo-
=1 Research group tor development
The research group scored higher on both the
MDI and PDI development scales compared to
50- the control group (both P<0.05). Results are
w0 a b_l_c shown in Figure 3.
g I Comparison of maternal negative emotions
3 307 - . .
: There were no significant differences in base-
Z 20+ line SAS and SDS scores between groups (both
% P>0.05). Post-intervention, both groups exhib-
10+ ited a significant reduction in scores (both
P<0.05), with the research group achieving sig-
0 : ’ nificantly lower SAS and SDS scores compared
(.\;\"Q ($\°° to the control group (both P<0.05). See Figure
& & 4
&0‘0 g@f‘ Comparison of parental satisfaction
F® \'a
Parental satisfaction in the research group was
Figure 2. Intergroup comparison of NBNA scores 94.29%, significantly higher than the 72.00%

before and after intervention. Note: NBNA, Neona-
tal Behavioral Neurological Assessment; 2P<0.05,
®P<0.01 vs. baseline; °P<0.05 vs. control.

Comparison of pre- and post-intervention
NBNA scores

Initial NBNA scores showed no significant dif-
ference between groups (P>0.05). Post-inter-
vention, both groups showed significant impro-
vements (P<0.05), with the research group out-
performing the control group (P<0.05). See
Figure 2.
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reported in the control group (P<0.05). See
Table 6.

Discussion

Numerous studies have focused on remote
neonatal jaundice monitoring, including the use
of Al-powered TCB meters and wearable smart
devices. These technologies connect to smart-
phones, enabling at-home monitoring of neona-
tal bilirubin levels and providing intelligent
automatic alerts for abnormal readings [22].
Such innovations facilitate timely detection and
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Figure 3. Inter-group comparison of intelligence and motor development be-
tween two groups of newborns. A. Comparison of neonatal intellectual devel-
opment (assessed by the Mental Development Index). B. Neonatal motor de-
velopment (evaluated by the Psychomotor Development Index). Note: 2P<0.05
and °P<0.01 vs. before intervention; °P<0.05 vs. control group.
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Figure 4. Maternal negative emotion scores in both groups. A. Pre- and post-
intervention changes in SAS scores. B. Pre- and post-intervention changes in
SDS scores. Note: SAS/SDS, Self-Rating Anxiety/Depression Scale; P<0.05
and "P<0.01 vs. before intervention; °P<0.05 vs. control group.

Table 6. Parental satisfaction rates in both groups
Control group

Research group

Indicators (n=25) (n=35) 2 P
Very satisfied 7 (28.00) 14 (40.00)

Satisfied 9 (36.00) 16 (45.71)

General 2 (8.00) 3(8.57)

Dissatisfied 7 (28.00) 2 (5.71)

Overall satisfaction 18 (72.00) 33(94.29) 5.681 0.017

intervention to safeguard newborn health while
minimizing unnecessary hospital visits [23].
However, current remote jaundice monitoring
systems lack the capability to predict high-risk
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factors, such as ABO-HDN,
resulting in the failure to
identify key populations (e.g.,
ABO-HDN) that require moni-
toring. This limitation can
lead to the wastage of medi-
cal resources [24]. Conse-
quently, there is an urgent
need for a remote jaundice
monitoring methodology ca-
pable of early detection of
high-risk factors and optimi-
zation of resource utilization
to maximize clinical benefits.

Several studies have evalu-
ated the accuracy of remote
jaundice follow-up systems
in monitoring bilirubin levels.
For instance, Ngeow et al.
[25] found that a new smart-
phone-based machine-learn-
ing app correlated well (r=
0.84) with laboratory TSB
results. Specifically, 82% of
data fell within the clinically
acceptable range of 3 mg/
dL, with 100% sensitivity,
70% specificity, and an AUC
(area under the receiver ope-
rating characteristic curve)
of 0.89 (95% Cl, 0.82-0.96).
Aune et al. [26] demonstrat-
ed that the Picterus smart-
phone system had strong
screening accuracy for neo-
natal jaundice, particularly
in moderate to dark-skinn-
ed populations. Their analy-
sis, including a Bland-Altman
plot, showed limits of agree-
ment of £89.2 umol/L, with
a significant positive corre-
lation (r=0.76) between the
system’s measurements and
TSB levels. Shen et al. [27]
presented a machine-learn-
ing-based smartphone imag-
ing approach as an accessi-
ble, non-invasive, and accu-

rate tool for jaundice quantification. The Mul-
tilayer Perceptron model achieved high TSB
prediction accuracy (r=0.90, root-mean-square
error=2.44 mg/dL), identifying 89.4% of neo-
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nates with TSB levels exceeding 15 mg/dL,
supported by an AUC of 0.96, with 90% sensi-
tivity and 89% specificity.

To improve the clinical practicality of ETCO
detection, implementing standardized training
for nursing staff, along with daily calibration
and environmental CO monitoring, is essential.
Additionally, TSB confirmation should be used
as a supplement for neonates with pulmonary
conditions or those receiving oxygen therapy.
Recent studies have highlighted the evolving
role of ETCO in managing early-onset hemoly-
sis. For example, Christensen et al. [28] not-
ed its diagnostic potential in perinatal hemo-
lytic disorders, helping to quantify hemolysis
severity and supporting efforts to forecast and
prevent associated complications. In another
study, Christensen et al. [29] emphasized
ETCO’s utility in monitoring fetal hemolysis,
identifying anemia or unexplained neonatal
jaundice, and optimizing management by ass-
essing hemolysis duration. Moreover, ETCO cor-
rected for ambient carbon monoxide levels
measured upon admission serving as reliable
predictors of phototherapy duration in neo-
nates with HB, assisting clinicians in accurately
assessing illness severity [30].

This study screened high-risk newborns with
ABO-HDN and HB using ETCO detection, fol-
lowed them up via a remote jaundice monitor-
ing system, and compared various indicators
with a traditional neonatal jaundice follow-up
control group to explore the clinical superiority
of the novel model. Initially, we observed a sig-
nificant reduction in both bilirubin and TCB lev-
els in the research group compared to the con-
trol group, suggesting that ETCO combined with
remote Al-enabled jaundice monitoring has a
preventive effect on neonatal jaundice cases
with elevated bilirubin and TCB. This enables
timely and effective interventions to prevent
the progressive increase of these biomarkers.

The research group also showed significantly
reduced incidences of HB and ABO-HDN com-
pared to the control group, indicating that ETCO
plus remote Al-enabled jaundice monitoring
helps prevent HB. This could be attributed to
the ETCO-based remote Al monitoring system,
which serves as an early warning for ABO-HDN
or occult hemolysis (ETCO > 2.5 ppm) within 1-2
hours of birth, identifying high-risk infants
24-48 hours earlier than conventional meth-
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ods. This allows for enhanced follow-up and
preventive measures before the condition pro-
gresses. Previous research has indicated that
measuring ETCO within 48 hours of birth is pre-
dictive of hemolytic HB [31]. Bhatia et al. [32]
reported that an ETCO level exceeding 1.8 ppm
indicates hemolysis, with sensitivity and speci-
ficity both exceeding 80.0% for diagnosing HB.
Herschel et al. [33] demonstrated that ETCO
detection is more sensitive for predicting se-
vere jaundice, outperforming the Coombs’ test
in diagnostic efficiency. This may explain why
combining ETCO measurement with remote
Al-enabled jaundice monitoring effectively re-
duces the incidence of severe neonatal jaun-
dice. Additionally, Christensen et al. [28] show-
ed that ETCO monitoring is valuable for early
ABO-HDN identification, hemolysis severity
assessment, and complication prediction and
prevention, thereby contributing to improved
clinical outcomes.

The integration of ETCO with remote Al-enabled
jaundice monitoring not only mitigated the over-
all risk of complications such as necrotizing
enterocolitis, hypoglycemia, and infections but
also significantly shortened the time to jaun-
dice clearance, first defecation, and meconium
discoloration, thereby accelerating disease
recovery. ETCO, paired with remote Al, enables
daily, automated jaundice monitoring. It col-
lects and uploads patient data to the cloud in
real-time, integrating this data with the hour-
specific Bhutani nomogram to generate pre-
emptive alerts 2-4 hours before bilirubin levels
approach critical thresholds. This facilitates
timely intervention, preventing treatment del-
ays and improving patient outcomes.

Further evaluation of monitoring procedure-
related adverse events revealed a lower overall
incidence with the combined ETCO and remote
Al jaundice monitoring system. The system miti-
gates risks through 24/7 cloud backup (pre-
venting data loss), a mandatory app confirma-
tion process with nurse review (preventing user
error), and a non-occlusive sensor design (safe-
guarding against respiratory depression). Post-
intervention, the NBNA scores of the research
cohort showed significant improvement com-
pared to both baseline values and the control
group, demonstrating the positive impact of
this combined approach on neurodevelopmen-
tal outcomes in jaundiced newborns.
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The superiority of the ETCO plus remote
Al-enabled jaundice monitoring is further evi-
denced by the higher MDI and PDI indices in
the research group, suggesting its positive
effects on intellectual and motor skills. This
may be attributed to the model’'s ability to
reduce the incidence of HB, BE, and ABO-HDN,
thus protecting neonatal health. Additionally,
early intervention facilitated by remote monitor-
ing’s preemptive alerts helps reduce peak
bilirubin levels. This reduction mitigates the
increased permeability of the blood-brain bar-
rier and neuronal oxidative damage in new-
borns, thereby supporting neurodevelopment
[34, 35].

Furthermore, maternal anxiety and depression
scores (SAS and SDS) in the research group
decreased significantly post-intervention com-
pared to both pre-intervention levels and the
control group, highlighting the psychological
benefits for caregivers. These findings align
with Yan et al.’s [36] research, which reported
that remote Al-assisted jaundice monitoring
reduces 30-day readmission rates and enhanc-
es maternal mental well-being. The decline in
neonatal HB incidence and the overall risk of
complications may also be linked to the com-
bined ETCO and remote Al-assisted jaundice
monitoring, which contributes to improved
maternal mood [37]. However, some mothers
expressed concerns about the accuracy of the
remote monitoring technology and lacked confi-
dence in its use. They suggested incorporating
features such as action plans based on read-
ings and clinical symptoms, as well as remote
consultation options, to boost both confidence
in the system and its adoption rate [22]. Finally,
the ETCO-remote Al-enabled monitoring model
achieved significantly higher parental satisfac-
tion, indicating strong acceptance of this moni-
toring approach among families of affected
infants.

Several limitations of this study suggest the
need for further refinement. First, being a sin-
gle-center study, its conclusions may be geo-
graphically specific, limiting broader applicabil-
ity. Future research should adopt a multi-center
prospective design to improve generalizability.
Second, the parental satisfaction assessment
relied on a hospital-developed questionnaire,
and further evidence is needed to establish its
reliability and validity. Third, the study assessed
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the MDI and PDI of newborns only up to 6
months post-discharge; longer prospective fol-
low-up (= 24 months) is necessary to evaluate
the long-term effects of both monitoring meth-
ods on neurodevelopment. Lastly, no compari-
son was made between the clinical utility of
“Al-based jaundice monitoring + ETCO mea-
surement” and either ETCO-only or Al-only
monitoring. Adding such comparative analyses
could confirm that the combined approach
offers greater synergistic benefits, supporting
its wider clinical adoption.

In conclusion, the integration of ETCO measure-
ment and Al-enabled remote jaundice monitor-
ing represents a novel, non-invasive, highly
accurate, timely, objective, and safe approach
for neonatal jaundice follow-up. This method
effectively lowers elevated bilirubin and TCB
levels and demonstrates preventive potential
against complications such as HB, necrotizing
enterocolitis, hypoglycemia, and infections,
ultimately facilitating faster recovery in infants.
Additionally, this strategy enhances neurode-
velopment and motor skills in newborns, allevi-
ates maternal anxiety and depression, and
achieves high parental satisfaction.
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