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1. Abstract

Background: Neonatal jaundice represents one of the most prevalent conditions encountered
during the early postnatal period, with moderate to severe hyperbilirubinemia carrying
potential risks for neurotoxicity and subsequent developmental impairment. While acute
bilirubin encephalopathy and kernicterus are well-recognized consequences of extreme
hyperbilirubinemia, the long-term neurodevelopmental trajectory of neonates experiencing

moderate to severe jaundice that is appropriately treated remains insufficiently understood.

Methods: A prospective cohort study was conducted involving 160 neonates, divided into a
jaundice group (n = 80) with peak total serum bilirubin levels >15 mg/dL and a control group
(n = 80) with bilirubin levels consistently below 12 mg/dL. Neurodevelopmental assessment
was performed using the Bayley Scales of Infant and Toddler Development, Third Edition,
along with brainstem auditory evoked response testing. Assessments were performed at 12 and

18 months of corrected age.

Results: At 18 months, the jaundice group demonstrated significantly lower mean cognitive
composite scores (96.4 £ 11.8 vs. 102.7 + 10.3; p = 0.001), language composite scores (93.8 +
13.2 vs. 101.4 = 11.6; p < 0.001), and motor composite scores (97.2 + 12.4 vs. 103.1 £9.8; p
=0.002) compared to controls. Abnormal auditory brainstem responses were significantly more

prevalent in the jaundice group (11.3% vs. 2.5%; p = 0.031).
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Conclusion: Neonates with moderate to severe jaundice exhibit measurably lower
neurodevelopmental scores through 18 months, underscoring the importance of vigilant

follow-up and early developmental surveillance in this population.
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bilirubin neurotoxicity

2. Introduction

Neonatal jaundice, characterized by elevated serum bilirubin levels manifesting as visible
yellowing of the skin and sclerae, affects approximately 60% of term and 80% of preterm
neonates during the first week of life [1]. While physiological jaundice is generally considered
a benign and self-limiting condition, pathological hyperbilirubinemia poses significant risks
when unconjugated bilirubin crosses the blood-brain barrier and deposits in vulnerable
neuronal structures, particularly the basal ganglia, hippocampus, and auditory nuclei [2]. The
resulting spectrum of bilirubin-induced neurological dysfunction ranges from subtle
neurodevelopmental impairments to the devastating and irreversible syndrome of chronic

bilirubin encephalopathy, historically termed kernicterus [3].

Significant advances in neonatal care, including the widespread adoption of universal bilirubin
screening protocols, phototherapy, and exchange transfusion when indicated, have
substantially reduced the incidence of overt kernicterus in developed healthcare systems [4].
Nevertheless, growing evidence suggests that subclinical bilirubin neurotoxicity may occur at
bilirubin levels below those traditionally associated with acute encephalopathy, particularly in
the presence of additional risk factors such as prematurity, hemolytic disease, sepsis, or
acidosis [5]. The concept of bilirubin-induced neurological dysfunction has evolved to
encompass a broader spectrum of subtle cognitive, motor, and auditory processing

abnormalities that may not become apparent until later infancy or early childhood [6].

Studies investigating neurodevelopmental outcomes following neonatal jaundice have
produced inconsistent findings. Some large population-based investigations have reported no
significant association between moderate hyperbilirubinemia and adverse developmental
outcomes in otherwise healthy term neonates [7]. Conversely, other research has identified
associations between elevated peak bilirubin levels and subtle deficits in motor coordination,
language acquisition, and auditory processing, even in the absence of clinical signs of acute

bilirubin encephalopathy [8]. These discrepancies likely reflect heterogeneity in study designs,
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bilirubin thresholds used for group classification, duration of hyperbilirubinemia exposure,
presence of comorbidities, adequacy of treatment, and the timing and sensitivity of

developmental assessment tools employed [9].

The auditory system is recognized as being particularly susceptible to bilirubin toxicity owing
to the high metabolic activity and dense myelination of the auditory nerve and brainstem
auditory pathways [10]. Auditory neuropathy spectrum disorder has been identified as a
characteristic consequence of bilirubin neurotoxicity, and brainstem auditory evoked response
testing represents a sensitive method for detecting subclinical auditory pathway dysfunction

that may precede clinically evident hearing impairment [11].

A critical gap in the existing literature pertains to the prospective longitudinal assessment of
neurodevelopmental outcomes using standardized validated instruments in neonates with well-
characterized moderate to severe jaundice managed with contemporary treatment
protocols [12]. Many available studies are retrospective, rely on parental questionnaires rather
than objective developmental testing, or fail to adequately control for confounding variables

that independently influence neurodevelopmental trajectories.

The aim of this study was to prospectively evaluate neurodevelopmental outcomes at 12 and
18 months of corrected age in neonates who experienced moderate to severe jaundice, using
the Bayley Scales of Infant and Toddler Development alongside brainstem auditory evoked

response testing, compared with matched non-jaundiced healthy controls.

3. Materials and Methods
3.1 Study Design and Setting

This prospective cohort study was conducted at the Neonatal Unit and Developmental Follow-

Up Clinic of a tertiary university hospital.
3.2 Participants

A total of 160 neonates were enrolled and divided into two groups. The jaundice group (n =
80) comprised neonates who developed moderate to severe jaundice defined as peak total
serum bilirubin (TSB) >15 mg/dL during the first 14 days of life. The control group (n = 80)
comprised healthy neonates whose TSB levels remained consistently below 12 mg/dL without

requiring any intervention.
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Inclusion criteria for both groups were gestational age >35 weeks, birth weight >2,000 grams,
and Apgar scores >7 at five minutes. Exclusion criteria included congenital malformations,
chromosomal abnormalities, perinatal asphyxia (defined as Apgar score <5 at five minutes or
cord pH <7.0), neonatal sepsis confirmed by positive blood culture, congenital infections
(TORCH complex), inborn errors of metabolism, neuroimaging abnormalities unrelated to
bilirubin, and inability to complete follow-up assessments. Neonates who required exchange

transfusion were included in the jaundice group but analyzed separately.
3.3 Bilirubin Monitoring and Management

In the jaundice group, TSB levels were measured using direct spectrophotometry on venous
blood samples at a minimum of every 12 hours during the period of rising bilirubin and
subsequently as clinically indicated. Peak TSB, duration of hyperbilirubinemia above treatment
threshold, and total duration of phototherapy were recorded. Treatment decisions were guided
by the American Academy of Pediatrics hour-specific nomogram for phototherapy initiation.
All phototherapy was delivered using LED-based devices with measured irradiance of at least

30 pW/cm?/nm.
3.4 Neurodevelopmental Assessment

All participants underwent comprehensive neurodevelopmental assessment at 12 months and
18 months of corrected age using the Bayley Scales of Infant and Toddler Development, Third
Edition (Bayley-III). Three composite scores were generated: cognitive, language (combining
receptive and expressive communication subtests), and motor (combining fine and gross motor
subtests). Composite scores have a normative mean of 100 with a standard deviation of 15.
Scores below 85 (one standard deviation below the mean) were classified as mild
developmental delay, and scores below 70 (two standard deviations below the mean) were
classified as significant developmental delay. All assessments were administered by certified

developmental psychologists who were blinded to the jaundice status of the participants.
3.5 Auditory Assessment

Brainstem auditory evoked response (BAER) testing was performed at 3 months and repeated
at 12 months of corrected age using standard clinical protocols. Absolute wave latencies (waves
I, 1L, and V) and interpeak intervals (I-111, I1I-V, I-V) were measured bilaterally. Results were
classified as normal or abnormal based on age-appropriate normative values. Abnormalities
included prolonged absolute or interpeak latencies and absent or poorly reproducible

waveforms.
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3.6 Statistical Analysis

Sample size was calculated based on a predicted difference of 5 points in Bayley-III composite
scores between groups, assuming a standard deviation of 12 points, with 80% power and a two-
sided alpha of 0.05, yielding a minimum requirement of 73 participants per group. Continuous
variables were expressed as mean + standard deviation and compared using independent
samples t-tests. Categorical variables were reported as frequencies and percentages and
analyzed using chi-square or Fisher's exact tests. Pearson correlation was used to assess the
relationship between peak TSB and Bayley-III composite scores. Multiple linear regression
analysis was performed to adjust for potential confounders including gestational age, birth
weight, maternal education, and socioeconomic status. All analyses were conducted using

SPSS version 27.0, with significance set at p < 0.05.

4. Results
4.1 Baseline Characteristics

The demographic and clinical characteristics of both groups are presented in Table 1. No
significant differences were observed in gestational age, birth weight, sex distribution, mode
of delivery, maternal age, or maternal education level. The mean peak TSB in the jaundice
group was 19.3 + 3.6 mg/dL. The mean duration of phototherapy was 72.4 + 28.6 hours, and

six neonates (7.5%) required exchange transfusion.

Table 1. Baseline Demographic and Clinical Characteristics

Characteristic Jaundice Group (n = 80) | Control Group (n = 80) | p-value
Gestational age (weeks), | 37.8+ 1.4 381 +£1.3 0.168
mean + SD

Birth weight (grams), | 2,942 + 412 3,018 £386 0.237
mean + SD

Male sex, n (%) 46 (57.5) 42 (52.5) 0.525
Cesarean delivery, n (%) | 29 (36.3) 26 (32.5) 0.616
Maternal age (years), | 27.4 £4.8 28.1+5.1 0.384
mean + SD
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(%)

Maternal education > | 44 (55.0) 48 (60.0) 0.525
college, n (%)

Exclusive breastfeeding, | 52 (65.0) 56 (70.0) 0.498
n (%)

Peak TSB (mg/dL), mean | 19.3 + 3.6 84+2.1 <0.001
+ SD

Phototherapy  duration | 72.4 £ 28.6 — —
(hours), mean + SD

Exchange transfusion, n | 6 (7.5) — —

4.2 Neurodevelopmental Outcomes

Bayley-III composite scores at 12 and 18 months are summarized in Table 2. At both time
points, the jaundice group demonstrated significantly lower mean scores across all three
developmental domains compared to controls. The magnitude of between-group differences
was greater at 18 months than at 12 months. At 18 months, 16.3% of the jaundice group versus

5.0% of controls met criteria for mild cognitive delay (score <85), while 8.8% versus 1.3% met

criteria for mild language delay.

Table 2. Bayley-IIT Composite Scores at 12 and 18 Months

Domain Timepoint | Jaundice Group (n = 80) | Control Group (n = 80) | p-value
Cognitive 12 months | 98.2 + 12.1 103.4+10.6 0.005
Composite

18 months | 96.4 + 11.8 102.7 £10.3 0.001
Language 12 months | 96.1 + 13.8 1022+ 114 0.003
Composite

18 months | 93.8 +13.2 101.4+£11.6 <0.001
Motor 12 months | 99.4 +11.6 103.8 £10.2 0.014
Composite

18 months | 97.2+12.4 103.1£9.8 0.002
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Cognitive 18 months
delay (<85),

n (%)

13 (16.3)

4 (5.0)

0.022

Language 18 months
delay (<85),

n (%)

7(8.8)

1(1.3)

0.030

Motor delay | 18 months

(<85), n (%)

8 (10.0)

3(3.8)

0.118

4.3 Auditory Outcomes and Bilirubin Correlations

Auditory brainstem response findings and correlation analyses are presented in Table 3.

Abnormal BAER results were significantly more prevalent in the jaundice group at both

assessment time points. Peak TSB showed a significant negative correlation with all three

Bayley-III composite scores at 18 months. After adjusting for gestational age, birth weight,

maternal education, and socioeconomic status in multiple regression analysis, peak TSB

remained a significant independent predictor of 18-month cognitive (f = —0.31, p = 0.002),

language (f =—0.38, p < 0.001), and motor composite scores (f =—0.27, p = 0.008).

Table 3. Auditory Outcomes and Bilirubin—Developmental Correlations

Composite

Parameter Jaundice Group (n = 80) | Control Group (n = 80) | p-value
Abnormal BAER at 3| 14 (17.5) 3(3.8) 0.005
months, n (%)

Abnormal BAER at 12 | 9 (11.3) 2(2.5) 0.031
months, n (%)

Prolonged wave V latency | 12 (15.0) 3(3.8) 0.015

at 12 months, n (%)

Correlation: Peak TSB | r p-value

vs. 18-month scores

Peak TSB vs. Cognitive | —0.34 <0.001 —
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Peak TSB vs. Language | —0.41 <0.001 —
Composite

Peak TSB vs. Motor | —0.29 0.001 —
Composite

Peak TSB vs. Wave V | 0.36 <0.001 —
latency

5. Discussion

This prospective study demonstrates that neonates experiencing moderate to severe jaundice
exhibit measurably lower neurodevelopmental scores across cognitive, language, and motor
domains through 18 months of age, accompanied by a higher prevalence of auditory brainstem
response abnormalities, compared to non-jaundiced controls. These findings carry significant
implications for the clinical follow-up and developmental surveillance of this common neonatal

population.

The language domain appeared most vulnerable to bilirubin-related effects, displaying the
largest between-group difference and the strongest correlation with peak TSB values. This
observation is consistent with the known predilection of unconjugated bilirubin for auditory
pathway structures, as language acquisition depends critically on intact auditory processing
during the first years of life [13]. Previous neuroimaging research has demonstrated that even
moderate levels of hyperbilirubinemia can produce signal abnormalities in the globus pallidus
and subthalamic nuclei on magnetic resonance imaging, structures involved in motor planning
and sensorimotor integration that may contribute to the motor score differences observed in

our study [14].

The mean cognitive composite score of 96.4 in the jaundice group, while within the normal
range, represents a clinically meaningful difference from the control group mean of 102.7.
Population-level studies have established that even modest reductions in mean developmental
scores translate to significantly increased proportions of affected individuals falling below
clinical threshold cutoffs [15]. Indeed, our data demonstrate that the prevalence of cognitive
delay was more than threefold higher in the jaundice group compared to controls, reflecting

the practical consequences of this distributional shift.
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The significant correlation between peak TSB and all developmental outcomes, maintained
after adjustment for major confounders, supports a dose-dependent relationship between
bilirubin exposure and neurodevelopmental impact. This finding aligns with evidence from
both animal models and clinical studies suggesting that bilirubin neurotoxicity operates along
a continuum rather than as an all-or-nothing phenomenon with a discrete toxicity
threshold [16]. The concept of a safe bilirubin level has been increasingly challenged, as
individual susceptibility to bilirubin neurotoxicity varies substantially based on factors
including albumin binding capacity, blood-brain barrier permeability, and neuronal

vulnerability [17].

The auditory findings in this study deserve particular attention. The 11.3% prevalence of
abnormal BAER at 12 months in the jaundice group, despite appropriate treatment, suggests
that subclinical auditory pathway dysfunction persists beyond the neonatal period in a
substantial minority of these children. This is consistent with research demonstrating that
bilirubin-induced auditory neuropathy may manifest as processing difficulties rather than frank
hearing loss, potentially contributing to language delays that become more apparent as

linguistic demands increase during the second year of life [18].

Our finding that neurodevelopmental differences between groups were somewhat larger at 18
months compared to 12 months merits consideration. This pattern may reflect the increasing
cognitive and linguistic demands of developmental milestones assessed at older ages, which
may more sensitively reveal subtle deficits that are not apparent during earlier assessments
focused on more basic sensorimotor competencies [19]. This observation underscores the
importance of extended developmental surveillance beyond the first year of life in neonates

with significant jaundice.

Several limitations must be acknowledged. Despite efforts to control for confounding variables
through matching and multivariate adjustment, residual confounding from unmeasured factors
cannot be excluded in an observational design. The follow-up period of 18 months, while
capturing important early developmental milestones, may not reflect the full trajectory of
neurodevelopmental outcomes, as certain cognitive and behavioral domains become more
reliably assessable at school age. Additionally, free bilirubin and bilirubin-albumin ratios,
which may better reflect neurotoxic risk than total serum bilirubin alone, were not measured in

this study [20].
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6. Conclusion

This study provides prospective evidence that neonates who experience moderate to severe
jaundice demonstrate significantly lower cognitive, language, and motor developmental scores
at 12 and 18 months of age compared to non-jaundiced peers, despite receiving standard-of-
care treatment including phototherapy. Language development appeared most vulnerable,
consistent with the established predilection of bilirubin for auditory neural pathways. Peak total
serum bilirubin levels correlated significantly with developmental outcomes in a dose-
dependent manner, supporting the concept of a continuum of bilirubin neurotoxicity. The
higher prevalence of auditory brainstem response abnormalities in the jaundice group further
corroborates subclinical auditory pathway involvement. These findings collectively emphasize
the necessity for structured neurodevelopmental follow-up programs for neonates with
significant hyperbilirubinemia, even when acute management is considered adequate. Early
identification of at-risk infants through developmental surveillance enables timely referral for
early intervention services, which may optimize long-term outcomes in this prevalent neonatal

population.
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