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Abstract

Background—Hyperbilirubinemia occurs in over 80% of newborns, and severe bilirubin toxicity 

can lead to neurological dysfunction and death. Unbound bilirubin (Bf) levels predict the risk of 

neurodevelopmental handicap, although total serum bilirubin (TSB) is used to manage care.

Objective—To measure Bf levels in healthy infants, its relationship to TSB, and its response 

to phototherapy. We hypothesize unexpectedly high Bf levels, poor correlation with TSB and 

unpredictable response to phototherapy.

Design/Methods—Healthy infants were studied with simultaneous TSB and Bf measurements. 

The clinical data recorded included ethnicity, gender, birth weight, gestational age, and mode of 

delivery, Apgar scores, breast/formula feeds, and phototherapy.

Results—One hundred thirty-two infants (3248.9±509.2g, GA 38.7±1.4 weeks), at mean age of 

the initial sample of 28.5±15.6 hours, had a TSB of 7.9±2.7 mg/dl, and a Bf of 5.2±3.2 nM. The 

correlation between Bf and TSB was significant but not between Bf and TSB for TSB >12 mg/dl. 

Bf >11nm were in 22.7% and >17 nM in 3.8% of infants. Post-phototherapy TSB and Bf levels 

were similar to those before treatment.

Conclusions—The relationship between TSB and Bf in healthy infants is complex, with the 

inability of one to predict the other’s level in infants with elevated TSB. The mechanism 

of bilirubin-related neurotoxicity suggests that the management of jaundice in healthy infants 

requires Bf measurements. Management of jaundice with TSB may result in more infants exposed 

to phototherapy. However, unexpected elevations of Bf occur in an apparently healthy population.
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Introduction

Neonatal jaundice caused by hyperbilirubinemia occurs in more than 80% of newborn 

infants. (1) Although mild hyperbilirubinemia is physiologic and possibly even 

neuroprotective (2, 3), severe hyperbilirubinemia can lead to neurologic dysfunction and 

death. Total serum bilirubin (TSB) is used currently in the clinical management and to 

quantify the risk of adverse neurodevelopmental outcomes, despite their low sensitivity and 

specificity for bilirubin-mediated neonatal encephalopathy. (4)

The treatment of neonatal jaundice was altered over 60 years ago by the discovery of the 

effect of phototherapy on TSB levels by Cremer (5), saving a countless number of infants 

from the more invasive treatment of hyperbilirubinemia, exchange transfusion. However, 

important questions remain regarding the efficacy and safety of this intervention. (6) TSB-

directed treatment with phototherapy leads to the exposure of over 1000 infants to light 

treatment to avoid a single exchange transfusion,(7) even though most infants reaching 

exchange levels do not manifest bilirubin neurotoxicity. (8, 9) In addition, phototherapy 

is often overused—initiated at lower levels than those recommended by the American 

Academy of Pediatrics (10) presumably because of concern by clinicians that neurotoxicity 

can occur despite borderline TSB concentrations. Finally, the possibility that phototherapy-

induced bilirubin breakdown products, such as lumirubin, possess neuro-inflammatory 

effects has recently been raised, albeit more so in preterm rather than term infants. (11) 

Given these concerns, reducing exposure to phototherapy is an essential clinical objective.

Most bilirubin in the serum compartment is bound to albumin, but a minute fraction of 

serum unbound bilirubin (Bf) exists, which can cross the blood-brain barrier and expose the 

brain to higher bilirubin levels and potential neurotoxicity (12–14). Previously, we used a 

Bf specific probe composed of a mutant fatty acid-binding protein labeled with acrylodan 

to monitor Bf levels. (15) In this study, we use a new version of this method in which Bf 

measured with near-infrared fluorescence using 5 μl of undiluted plasma. The goal of this 

investigation was to examine Bf levels in healthy term and late preterm newborn infants, to 

correlate it with TSB levels, examine the frequency of unexpected Bf elevations, (14, 16) 

and investigate the Bf response to phototherapy.

Methods

Patients

Term and late preterm infants admitted into the regular care nursery of RWJMS were 

eligible for enrollment. Infants with chromosomal or genetic abnormalities were excluded 

from this observational study. Enrollment was carried out after parental informed consent 

was obtained. The study was approved by the IRBs of Rutgers and Chesapeake IRB for 

Fluoresprobe Sciences.

Study Design

Plasma Bf and TSB levels were measured in all enrolled infants after clinicians decided that 

obtaining a TSB level test was necessary. The number and timing samples in an individual 
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infant were determined by the clinical staff, with the postnatal age at sample measurement 

indicated below (Table 2). Phototherapy was instituted following the guidelines of the 

American Academy of Pediatrics. (17)

Blood Sampling

During the first week of life, research plasma samples were collected from residual blood 

drawn for clinical indications, processed, and frozen. De-identified samples were stored at 

−70°C and then shipped to Fluoresprobe Sciences for the determination of Bf. A preliminary 

investigation determined that freezing at this temperature does not alter the Bf analysis.

Bf and TSB measurements

The UBCheck Bf assay is an updated version of our earlier method for measuring Bf. (15) 

This new version measures equilibrium Bf directly in 5μL of undiluted plasma samples in 

a disposable cartridge, which is scanned in a reader and yields the Bf concentration in 90 

seconds. The sample cartridge contains the Bf sensor, which is a fatty acid-binding protein, 

labeled with a near Infrared fluorophore that emits at 700 nm plus a second protein labeled 

with a fluorophore that emits at 820 nm. Upon binding Bf, the fluorescence at 700 nm is 

quenched, but the one at 820 nm is not changed, and therefore, the degree of quenching of 

the 700 nm/820 nm ratios is used to calculate the Bf concentration. (18)

The accuracy of the Bf probe measurements was confirmed by comparison with the Arrows 

UB2 Analyzer, which uses the peroxidase method. (15) In a preliminary investigation of 

term and near-term infants, UBCheck Bf levels ranged from 2.6 to 11.8 nM while the 

Arrows Bf levels from 0.9 to 11.9 nM in the same sample. Both methods were well 

correlated by Deming regression with a correlation coefficient of 0.90 (95%CI: 0.72–1.06). 

(19) The UBCheck had an average CV of 7% for repeated measurements. The device 

determines the equilibrium Bf concentration directly in a single analysis and is insensitive 

to substances that can interfere with the peroxidase measurement. TSB was measured using 

the diazo method at the RWJMS clinical laboratory. While there are questions that with the 

Arrows’ peroxidase method Bf in undiluted plasma may be significantly higher than in a 

diluted sample (20), this usually pertains to levels over 30 nm, and agreement is generally 

good for lower Bf levels. (19)

Outcome data

Recorded information included postnatal age (in hours) of each sample, age at initiation 

and discontinuation of phototherapy, TSB, and Bf concentrations, hearing screening results, 

and age at discharge. The age at which a sample was obtained was used to create timed 

categories, such that all initial samples constituted the first category, second samples formed 

the second, etc. The following clinical data were collected including illumination intensity, 

gender, birth weight, gestational age, blood group incompatibility, hemolysis, postnatal age 

at the start of phototherapy, TSB and Bf at beginning and end of phototherapy, change in 

TSB and Bf over time, calculated as the difference in first and last value divided by the 

intervening hours.
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Statistical analysis

Changes in TSB and Bf as a function of demographic and clinical variables were analyzed 

by repeated-measures analysis and verified by the generalized estimating equation semi-

parametric regression method. Multiple regression analysis was performed to evaluate the 

correlation between TSB and Bf, taking into account confounding variables including 

birth weight, gestational age, gender, race, treatment interventions, and 5 minute Apgar 

and the analysis was verified by non-parametric Spearman correlation. The analyses 

were performed with Statistica (StatSoft); p<0.05 was considered significant. Although 

controversial, elevated Bf thresholds were designated at levels of 11, 17, and 22 nM, based 

on prior reports. (13, 14, 16)

Results

The study population consisted of 132 term and late-preterm infants who had a mean birth 

weight of 3248.9±509.2 g and gestational age of 38.7±1.4 weeks (Table 1). Three hundred 

thirty-three Bf samples were obtained in this population during the first week of life, with 

initial sampling at a mean age of 28.5±15.6 hours that yielded an initial TSB of 7.9±2.7 

mg/dl and Bf of 5.2±3.2 nM. There were no sex or race differences in the initial and 

subsequent Bf levels in the population. However, 30 infants (22.7%) demonstrated Bf levels 

>11 nM, 5 (3.8%) had Bf levels > 17 nM, and 4 (3.0%) had Bf levels > 22 nM. (21) Of the 

total number of samples, 48 (14.4%), 14 (4.2%), and 4 (1.2%) exceeded these thresholds, 

respectively.

In the total population, the examination of all samples yielded significant correlations 

between TSB and Bf at r=0.499 (Figure 1). The relationship between TSB and Bf was 

unaffected by phototherapy, with significant correlations in treated (r=0.426) and untreated 

(r=0.480) infants. Of importance, assessment of correlations for TSB samples > 12 mg/dl 

were not significant, with TSB and Bf yielding an r=0.156. Multiple linear regression 

was performed at each Bf sample with the following selected variables: weight at sample, 

gestational age, gender, race, and 5 minute Apgar score. As expected, none of the population 

characteristics significantly impact Bf levels.

Thirty-one phototherapy-treated and 102 untreated infants were similar in birth weight 

(3228.4±523.5 vs. 3330.5±455.2 g), gestational age (38.7±1.4 vs. 38.9±1.4 weeks), sex and 

race distribution, but the phototherapy group contained five infants suffering from Coomb’s 

positive ABO incompatibility. In the treated group, phototherapy was initiated at a mean age 

of 38.9±19.7 hours at a TSB of 11.0+/−2.3 mg/dl and a Bf of 8.2+/−7.2 nM, terminated at 

60.5±19.6 hours at a TSB of 11.4+/−2.3 mg/dl and Bf of 8.3+/−3.6 nM of age, lasting for 

21.9±13.2 hours. The TSB and Bf levels in the serial samples, listed under sample-defined 

periods in treated (photo group) and untreated (no photo group) infants are shown in Table 

2. Obtained at similar postnatal ages, TSB and Bf levels in infants treated with phototherapy 

were higher than in the untreated group. In the treated group, post-phototherapy TSB and 

Bf levels were similar to the results prior to light termination. The percent reduction from 

maximum levels during phototherapy to the first post-phototherapy value was 4.4% for TSB 

and 4.6% for Bf. The rates of TSB and Bf increases before treatment were 0.46±0.22 mg/dl/

hour and 0.26±0.23 nM/hour, respectively, and correlated significantly at r=0.639. Bf rate of 

Hegyi et al. Page 4

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



rise correlated with the duration of phototherapy (r=0.564), but the TSB rate of increase did 

not.

Hearing screening data were available in all infants, with four initial failures and one failure 

when the examination was repeated. Maximum TSB and Bf among these infants were 11.8 

mg/dl and 9.2 nM, respectively. Length of stay analysis was limited to the 83 infants born 

via the vaginal route, 57 of whom were discharged at ≤ 48 hours of age compared to 26 

released after that time. There were no significant differences between the two discharge 

groups with respect to birth weight, gestational age, TSB maximum (18.9 vs. 18.1 mg/dl), 

number of infants with TSB ≥ 15 mg/dl (two in each group), Bf maximum (23.6 and 18.6 

nM), and number of infants with Bf ≥ 11 nM (two and three). However, 15.8% of earlier 

discharged infants were treated with phototherapy compared to 53.8% in the latter group.

Discussion

While the neuropathogenesis of bilirubin toxicity in newborn infants is unclear, previous 

research has identified that bilirubin enters the brain only in the unbound form (Bf) 

after dissociation from the albumin-bilirubin complex (22, 23) Therefore, bilirubin toxicity 

depends on Bf levels and not TSB concentrations. (24–26)

In July 2004, the American Academy of Pediatrics published guidelines for the management 

of neonatal jaundice in term and late-preterm infants calling for the measurement of TSB 

in all newborns that are jaundiced within 24 hours of birth or appear excessively jaundiced 

for their age (27). A study of more than 50,000 infants born in 11 Northern California 

hospitals between 1995 and 1996 indicated that approximately 27% of those newborns 

received at least one TSB test (28). Assuming the California study is representative of the 

national average, at least 1 million bilirubin tests are performed on the 4 million infants 

born in the United States annually (29). This figure is probably a low estimate because it 

does not consider additional tests for those newborns that require therapeutic intervention 

or follow-up. Because of the weak correlation between TSB and bilirubin encephalopathy; 

however, the significance of such measurements for determining the necessity of therapeutic 

intervention is widely debated (30–32). We also found unnecessary phototherapy exposure 

and a longer hospital stay in infants managed with TSB, which could potentially increase the 

risk of the low-frequency complications of this treatment. (7, 33, 34) We recognize that the 

study was not designed to use Bf as a guide to treatment, thus we could not demonstrate that 

its use would reduce light exposure and hospital stay.

However, we did demonstrate that Bf levels could not be ascertained from TSB levels; 

especially in infants, whose TSB exceeded 12 mg/dl. In a prior investigation, we noted 

similar results in preterm infants, due to the effects of Intralipid infusion on bilirubin binding 

by albumin in that population. (35) We have no such explanation in the term population, 

but this earlier observation led to examining and later discarding the role of feeding on 

this relationship. The rate Bf increase is a function of TSB, controlled by the concentration 

of albumin and how tightly the albumin binds bilirubin as measured by the association 

binding constants. (36) The variation in Bf as a function of TSB may have been due to 

different albumin concentrations and variable bilirubin binding constants. (39, 41), which, 
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unfortunately, were not measured. However, we had no expectations that albumin levels 

would vary greatly in healthy infants. (37)

Measuring Bf is essential in managing the risk of neurotoxicity at any given TSB level 

because it provides information on the distribution of the bilirubin pool in the body. Clinical 

jaundice increases as bilirubin is leaking from the vascular space, which is reflected by 

Bf levels. (38) Shifting of vascular bilirubin to the extravascular space resulting from sulfa 

drug administration, for example, can cause kernicterus even at low TSB levels in preterm 

newborns. (39)

Unfortunately, the levels at which Bf level indicate neurotoxicity have not been clearly 

defined and remain controversial. Ahlfors used the peroxidase test to determine a Bf 

exchange transfusion threshold of 1.3 μg/dL (22 nmol/L) per kilogram birth weight with 

a maximum allowable Bf of 4μg/dL (66 nmol/L). (14) Infants with unbound bilirubin 

levels near or above 1 μg/dL (17nM) may have subtle bilirubin-induced wave latency and 

amplitude changes detected by ABR testing, but this level was frequently found in infants 

with no ABR abnormalities. (13) In late preterm and term infants, Amin noted auditory 

abnormalities at Bf levels as low 11 nM., (16) but this level would not be considered for 

intervention even in preterm infants in a study by Nakamura. (40) Our results noted that 

a proportion of healthy infants manifested unexpectedly elevated levels above ranges that 

concern some investigators, but we were unable to demonstrate any complications in infants 

at these levels.

Still, there is substantial evidence that the Bf level is a superior predictor of the risk of 

bilirubin toxicity. (4, 39, 41) In the past, several methods were developed to measure Bf, 

but the only one to quantify it directly was the UB Analyzer (Arrows) that was based on 

the peroxidase assay. (42) This method has several limitations, including the requirement 

of sample dilution, which resulted in severe underestimates of Bf in the presence of a 

competitor of bilirubin-albumin binding. (21, 43) In contrast, UBCheck used no dilution and 

was able to measure Bf accurately in blood in samples as small as 5μL compared to ≥ 20 μL 

diluted 52-fold for the UB Analyzer. (44)

There are various guidelines for the use of phototherapy, and they all suffer from weak 

evidence, mainly from 50 and 60-year-old exchange transfusion data and reliance on expert 

opinion. (6) Approximately 10% of term and late-preterm infants undergo phototherapy 

treatment in the nursery (1), following the established TSB recommendations by the 

American Academy of Pediatrics. (17) However, newborns with TSB levels below these 

thresholds are often treated (45) because clinicians consider subthreshold phototherapy to 

be safe, and increased exposure may be preferable to more invasive intervention, such 

as an exchange transfusion. This practice resulted in reducing the number of hospital 

readmissions for phototherapy but increased the number of infants unnecessarily receiving 

this intervention and delayed hospital discharge. (46) Our present investigation confirmed 

these observations, with a large proportion of the infants in the study treated with 

phototherapy despite safe levels of TSB, which was primarily responsible for the delayed 

discharge.
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Phototherapy produced a weaker Bf response compared to TSB, albeit a significant 

difference was not achieved in our healthy population of infants. The impact of phototherapy 

was most evident not in reducing hearing failures, but in extending length of stay.

In conclusion, our investigation demonstrated that the routine use of TSB is ineffective 

in predicting Bf levels, especially in infants with elevated TSB levels. As noted above, 

a possible explanation for this observation is that albumin levels may be lower in 

infants with higher TSB (47). However, in our experience the use of TSB leads to 

the overuse of phototherapy and further studies on the use of Bf in this context 

are needed to demonstrate its effectiveness in minimizing light exposure,(9) because 

overexposure lengthens hospitalization, potentially compromises maternal-infant bonding,

(48), and exposes the infant to unexpected long term risks. (34, 49)

There are clear limitations to this observational study including the variability of clinician 

use of phototherapy, the lack of Bf use to manage treatment, and the absence of 

neurotoxicity in the healthy population, which would be needed to confirm Bf’s predictive 

accuracy. However, demonstrating the Bf measurement in small samples by the bedside is 

easy and feasible and should stimulate future investigations to answer some of the research 

questions.
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Figure 1. 
Relationship between total and unbound bilirubin levels.
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Figure 2. 
Relationship between unbound and total (> 12 mg/dl) bilirubin levels.
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Table 1.

Demographic Characteristics of Study Infants

Number of infants enrolled 132

Gestational Age (weeks) 38.7±1.4

Birthweight (g) 3248.9±509.2

Male, n (%) 72 (54.5)

Race/Ethnicity, n (%)

 Asian 42 (31.8)

 Black 10 (7.6)

 White 76 (57.6)
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Table 2.

Total and Unbound Bilirubin Levels in Infants Treated and Untreated with Phototherapy

Sample-defined Period n Age (hours) TSB (mg/dL) Bf (nM)

No Photo Photo No Photo Photo No Photo Photo No Photo Photo

1 102 31 29.9±15.1
23.5±16.7

@ 7.5±2.5
9.1±3.1

@** 4.8±2.7
6.7±4.1

@**

2 62 31 42.4±16.5 35.2±16.7 9.1±2.5 11.0±2.3** 5.9±3.1 8.2±7.2*

3 26 29 48.1±14.9 44.2±17.6 10.4±2.6 11.2±2.1 6.5±6.5 8.7±5.1

4 16 29 56.5±12.8 55.3±17.5 11.7±2.7 11.4±2.3 7.4±4.2 8.3±3.6

Post-phototherapy (all treated infants) 10.9±1.9 8.3±4.6

@
Before phototherapy

*
p<0.05

**
p<0.01
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