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Introduction 

The primary goal of the evaluation and management 
of unconjugated hyperbilirubinemia in premature and 
term infants is to prevent bilirubin-induced neurological 
dysfunction (BIND), a spectrum of neurodevelopmental 
disorders, including but not limited to central apnea, 
auditory disorders, communication and language disorders, 
autism, attention deficit hyperactivity disorder (ADHD), 
upward gaze palsy, and athetoid cerebral palsy (1). To-
date, total serum bilirubin (TSB) concentration remains 
the primary bilirubin biochemical measure used to evaluate 
and manage unconjugated hyperbilirubinemia in premature 
and term infants. However, the current TSB threshold 
for phototherapy and/or exchange transfusion is a poor 
predictor of BIND (2-8). This is not surprising because of 
the complex underlying pathogenesis of BIND (9). Most 
importantly, bilirubin-albumin binding limits the use of 

TSB as an indicator of the amount of bilirubin in vascular 
and extravascular space, the magnitude of ongoing bilirubin 
production/excretion mismatch, and the overall risk of 
bilirubin toxicity. This is supported by mounting evidence 
in the literature that non-albumin bound (unbound), 
also known as free bilirubin (Bf), resulting from altered 
bilirubin-albumin binding is a more sensitive and specific 
biochemical measure of acute and chronic bilirubin-induced 
neurotoxicity than TSB in preterm and term infants. Thus, 
measurement of bilirubin and bilirubin binding are critical 
for the assessment of the risk of BIND. Our objectives for 
this narrative review are to: (I) provide current literature on 
bilirubin and bilirubin binding in premature and term infants 
with unconjugated hyperbilirubinemia and (II) inform 
promising newer technologies currently in development 
as point-of-care (POC) methods for bilirubin and binding 
measurement. 
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I present the following article in accordance with the 
Narrative Review reporting checklist (available at https://
pm.amegroups.com/article/view/10.21037/pm-21-15/rc).

Methods 

In order to assimilate literature and synthesize key 
findings for the objectives of this narrative review, we 
searched published literature in the English language using 
PubMed with the following keywords: bilirubin, bilirubin-
albumin binding affinity, structure, properties, bilirubin 
binding capacity, unbound bilirubin, free bilirubin, TSB, 
bilirubin albumin molar ratio (BAMR), BIND, kernicterus, 
technologies, methods, neonates, and infants. We also 
considered abstracts of clinical studies presented at the 
Pediatric Academic Society Meeting in the past 15 years. 

Discussion

Bilirubin and bilirubin binding

Properties of bilirubin and bilirubin binding to albumin
Bilirubin binding to albumin is based on the properties of 
bilirubin and albumin. The native form of unconjugated 
bilirubin (a 4Z, 15Z-IXα isomer) has two rigid dipyrrole 
units internally hydrogen bonded to each other so that 
no ionizable groups are exposed, allowing it to be almost 
insoluble in water and form harmful dimers and higher 
aggregates (10,11) (see Figure 1). The solubility of 
unconjugated bilirubin increases with increasing pH due 
to ionization of the acidic groups on its molecule (13,14). 
The hydrophobic native form of unbound, unconjugated 
bilirubin (a 4Z, 15Z-IXα isomer) can readily cross 
biomembranes and is neurotoxic (15,16). It is not yet known 

if other isomers of bilirubin are neurotoxic (12).

Bilirubin-albumin binding capacity and affinity
Bilirubin, a product of hemoglobin degradation, exists in 
the blood mostly bound to albumin. Bilirubin-albumin 
binding depends on the concentrations of bilirubin and 
albumin, as well as the binding affinity for bilirubin. When 
bound, bilirubin is unable to cross the intact blood-brain 
barrier to cause BIND (2,17). 

Albumin is a highly abundant serum protein and allows 
the transport of bilirubin to the liver where bilirubin 
dissociates from albumin and is conjugated by the hepatic 
cells. There are at least two types of binding sites for 
bilirubin on albumin. The strongest and most specific site 
has a very high binding affinity for bilirubin, approximately 
1.4×107 mol/L at 37 ℃. Secondary sites have at least a ten-
fold lower binding affinity for bilirubin (11,18,19). 

The fraction of  free or unbound bil irubin (Bf) 
significantly increases as the TSB concentration exceeds 
the binding capacity of albumin or when bilirubin-albumin 
binding affinity decreases (10). There are several factors that 
may decrease the binding affinity of albumin to bilirubin, 
including increasing temperature, sepsis, acidosis, hypoxia, 
hypothermia, free fatty acids (FFA) or albumin binding 
drugs (2,10,20,21). 

Strong experimental evidence suggests that due to both 
the abundance of albumin and its high affinity for bilirubin, 
the level of Bf in the serum is largely controlled by the 
albumin binding capacity in healthy neonates (10,19,22). 
The bilirubin binding capacity at the high affinity binding 
site can be represented by the following equilibrium 
equation:

( ) ( ) ( )min minfAlbu R Free Bilirubin B Albu Bound Bilirubin B+   [1]

R denotes the concentration of albumin with vacant 
high-affinity sites and B denotes the concentration of 
albumin with bilirubin bound to high-affinity albumin sites. 
The total amount of albumin available to strongly bind 
bilirubin (R + B) at the high affinity binding site constitutes 
the bilirubin binding capacity, or C. One major limitation is 
that the relationship does not account for bilirubin binding 
to low affinity sites. Several different techniques were used 
in the past to measure total and reserve bilirubin binding 
capacity and provide an indirect measurement of Bf, but 
each technique has limitations (17). Of note, there are no 
tests for determining total bilirubin binding capacity (the 
total bilirubin level at which all plasma bilirubin binding 
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Figure 1 Molecular structure of bilirubin (12).
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sites are occupied) (17,23). 
 Bilirubin-albumin binding is a reversible and dynamic 

process in which bilirubin is continuously binding onto 
and dissociating off of albumin at normal serum pH and 
temperature (24,25). When there is poor bilirubin binding, 
elevated Bf exits into the tissues, including the central 
nervous system, at a rate that is proportional to the serum 
Bf concentration. The likelihood of BIND increases with 
increasing Bf concentrations in and around cells of the 
central nervous system. As bilirubin exits the vascular system 
and enters the tissues, more bilirubin is dissociating from 
the albumin bound pool present in the vascular system. 
The relationship between serum Bf, TSB, and albumin 
concentrations is explained by the law of mass action and 
is characterized by an affinity or binding constant, K, as 
shown in Eq. [2]: 

( ) ( )/ minf fK TSB B Bf Albu TSB B= − − +  [2]

The law of mass action equation clearly indicates that Bf 
is inversely proportional to albumin and its intrinsic ability 
to bind bilirubin (K), as shown in Eq. [3]

( )/ minf f fB TSB B K Albu TSB B= − − +  [3]

It also underscores the significance of evaluating 
bilirubin-albumin binding in addition to TSB to estimate 
Bf and indirectly determine the risk for BIND (25). This 
can be further explained by considering the changes in 
unconjugated bilirubin load (imbalance with bilirubin 
production and elimination) with or without changes in 
K or albumin concentration. The imbalance between 
unconjugated bilirubin production and elimination at 
constant albumin concentration and K will increase TSB. 
However, once the albumin is saturated with unconjugated 
bilirubin, the incremental increase in TSB with increasing 
bilirubin load decreases, while the incremental increase in 
Bf will accelerate (25). Thus, an increased but stable TSB 
should not be considered safe. Alternatively, increases in 
albumin concentration and K at constant unconjugated 
bilirubin production and elimination will increase TSB 
(mainly bound bilirubin), but not Bf and the risk of BIND. 
Thus, variations in albumin concentration and K undermine 
the ability of TSB but not that of Bf to predict BIND (25). 

A bilirubin binding panel (BBP) has recently been 
proposed to measure bilirubin binding in neonates and 
to generate Bf population parameters for threshold TSB 
at which phototherapy and/or exchange transfusion 
is indicated (26). For the BBP, two empiric constants: 
maximum TSB (TSBmax) and its corresponding equilibrium 

association constant (K) are required in addition to TSB and 
Bf. TSBmax is an empirical mass action upper limit of TSB 
in a sample that is used with K to calculate Bf at any TSB 
< TSBmax {Eq. [3]}. TSBmax and K are necessary to calculate 
Bf at the threshold TSB level since the TSB of a sample is 
rarely the threshold TSB. Additionally, TSB is the bound 
bilirubin concentration because Bf is orders of magnitude 
less than TSB (µg/dL versus mg/dL) and bound bilirubin 
= TSB – Bf ≅ TSB. Unoccupied binding sites, or R, in the 
derivation of Eq. [2] equals TSBmax – TSB. Therefore, K 
{described above in Eq. [2]} is as follows: 

( )max/ fK TSB B TSB TSB= × −  [4]

TSBmax is a new variable introduced to eliminate the 
misconception that only the high affinity binding site is 
clinically relevant in bilirubin binding. Both bilirubin 
binding sites are clinically relevant as was confirmed in 
a recent study (27). An empirical TSBmax can readily be 
obtained from TSB and Bf measured before and after sample 
bilirubin enrichment. Enriching samples with bilirubin to 
TSB above the relevant TSB thresholds and re-measuring 
TSB and Bf to obtain TSBmax and K for accurate estimates 
of Bf at threshold TSB < TSBmax requires a small sample 
volume. Once Bf population parameters are derived, the 
BBP can be used to help determine how best to manage a 
neonate that has reached a consensus-based TSB threshold 
for phototherapy and/or exchange transfusion (27). 
For example, a 29-week GA infant has a phototherapy 
TSB threshold of 8 mg/dL. Assume the median Bf for the 
population at TSB =8 mg/dL is 0.60 µg/dL with the 25th 
percentile 0.45 µg/dL and 75th percentile 0.75 µg/dL. If the 
infant’s Bf is >0.60 µg/dL phototherapy is indicated, but if it 
is >0.75 µg/dL there is significant concern for an increased 
risk of BIND as binding is relatively poor compared to 
other infants at this gestational age (GA). Once available, 
the clinical use of bilirubin binding may improve existing 
clinical practice involving consensus-based TSB thresholds 
for management of hyperbilirubinemia. 

Bilirubin-albumin binding as a function of gestational 
age and postnatal age
Bilirubin binding has been studied as a function of 
gestational and postnatal age using different methods. 
During the first postnatal week, premature infants are at 
increased risk of BIND at lower concentrations of TSB 
than term infants (2,10). The serum albumin levels and 
bilirubin binding capacity (BBC) is lower in premature 
infants compared to their term counterparts (10,28-30) and 
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partly explains the increased risk of BIND. Cashore et al. 
reported that the BBC remains unchanged during the first 
ten days of life in both healthy term and preterm infants 
using the Sephadex method, but the BBC is highly variable 
in all sick infants (30). In a recent study, blood samples 
taken at five days of life demonstrated that the BBC at a 
high-affinity binding site improves with increasing GA in  
<31 weeks GA infants. However, these findings were 
based on a single peroxidase concentration with several 
assumptions made about the binding of bilirubin to albumin 
(23,31). Similar findings were recently reported by Lamola  
et al., who found a positive correlation between GA and BBC 
measured by two different types of the hematofluorometric 
instrument (which assumes a single non-interactive, high-
affinity binding site on albumin) in three different cohorts 
of preterm and term infants (32). The BBC increased by  
1 mg/dL/week with increasing GA at the high affinity 
binding sites (32).

The literature on bilirubin binding affinity (K) is scant. 
One large prospective study, using the modified peroxidase 
method, found that in premature infants ≤30 weeks GA, 
the bilirubin binding affinity was variable, but showed 
an overall decrease during the first week of life and was 
primarily responsible for elevated Bf in premature infants 
≤30 weeks GA (33). Additionally, due to an uncoupling 
relationship between Bf and TSB, as TSB decreases with 
phototherapy, Bf increases in premature infants ≤30 weeks 
GA (33). This phenomenon is highly indicative of risk 
factors such as sepsis, acidosis, hypothermia, hypoxia, or 
bilirubin displacers such as FFA and albumin binding drugs 
(2,20,21,33). Contrastingly, in premature infants >30 weeks 
GA, the binding affinity gradually improves with postnatal 

age during the first postnatal week. In term infants, binding 
affinity measured indirectly using the Sephadex gel filtration 
method increases as early as the third postnatal day of life 
and continues to increase, reaching adult serum levels by five 
months of age (34). The improvement in binding affinity is 
thought to be due to maturational changes in the ability of 
albumin to bind bilirubin with increasing postnatal age. 

Clinical risk factors associated with bilirubin-albumin 
binding
The risk factors that are thought to increase bilirubin-
induced neurotoxicity occur either through the disruption of 
bilirubin-albumin binding and/or by facilitation of Bf entry 
into the brain (2), see Table 1. For example, Cashore et al.  
found that reserve albumin concentration determined by 
dialysis with 14C-monoacetyldiaminodiphenylsulfone was 
decreased and the bilirubin toxicity index was increased in 
the presence of clinical risk factors such as acidosis, hypoxia, 
or sepsis, increasing the risk of BIND (35). Meisel et al. 
evaluated how acid-base status influences bilirubin-albumin 
binding in low birthweight infants between three to eight 
days of life. They found a significant correlation between 
metabolic acidosis and the bilirubin to albumin reserve ratio 
as well as the bilirubin toxicity index (28). Additionally, 
shifting to a metabolic acidosis state (with a base deficit  
of 10) showed a decrease in bilirubin-albumin binding and 
doubled the toxic potential of Bf (28). Alternatively, Kozuki 
et al. found that correcting metabolic acidosis during 
the first day of life in late preterm infants resulted in an 
improvement of the bilirubin-albumin binding affinity and 
decreased levels of Bf (36). 

Neonatal sepsis causes both a decrease in albumin 
production and an increase in FFA concentration, a known 
displacer of bilirubin, although the mechanism remains 
unclear. These factors are thought to disrupt bilirubin-
albumin binding (10,37,38). Both hypoxia and hypothermia 
can also cause an increase in FFA concentration. One small 
prospective study involving preterm infants showed that 
prolonged hypoxia, hypothermia, and acidosis occurring 
prior to the peak of Bf levels significantly increased the risk 
of BIND (39).

Although some evidence can be derived from these 
observational studies about the roles that clinical risk 
factors play in the pathogenesis of BIND more studies 
are needed to confirm. Overall, many experts would 
recommend aggressive management and treatment of 
hyperbilirubinemia in the presence of one or more clinical 
risk factor (Table 1).

Table 1 Clinical risk factors associated with impaired bilirubin-
albumin binding

1. Prematurity

2. Low birth weight

3. Hypoalbuminemia

4. Sepsis

5. Metabolic acidosis

6. Hypoxia

7. Hypothermia

8. Free fatty acids

9. High protein binding drugs (e.g., sulfa drugs, ceftriaxone, 
ibuprofen)
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Exogenous drugs and how it affects bilirubin-albumin 
binding
Several therapeutic drugs and preservatives used in their 
preparation have been shown to displace bilirubin from 
albumin binding sites. The most well-known potent 
bilirubin displacers include sulfa drugs, ceftriaxone, and 
ibuprofen (2). These drugs should be avoided as long 
as there is a risk for bilirubin-induced neurotoxicity in 
premature and term infants (2). With regards to Ibuprofen, 
the evidence suggests that in premature infants clinically 
significant displacement is unlikely if intravenous (IV) 
ibuprofen is used at the recommended dosage (such as for 
the treatment of a patent ductus arteriosus) after the first 
two postnatal days and with a bilirubin to albumin molar 
ratio (BAMR) <0.5. Caution should be taken when using IV 
ibuprofen in those infants with a BAMR >0.5 and during the 
first two postnatal days when the plasma levels of ibuprofen 
may be higher (40-46). Ceftriaxone use has been cautioned 
against in the presence of unconjugated hyperbilirubinemia 
because of its potential for displacing bilirubin from 
albumin resulting in elevated free bilirubin concentration 
(47,48). However, in a recent clinical trial, IV ceftriaxone 
was not associated with bilirubin displacing effects in term 
infants with mild unconjugated hyperbilirubinemia (TSB 
≤10 mg/dL) during the first postnatal week (49); however, it 
should be avoided in term infants with TSB >10 mg/dL. 

Additionally, almost all premature infants receive total 
parenteral nutrition in the first several days of life, including 
addition of intravenous lipid (IL). IL intake in premature 
infants may result in elevated levels of FFA and the 
clearance of FFA is slower in premature infants compared 
to their term counterparts. This is important because FFA 
can bind to albumin at three different sites, one of which 
is the high affinity binding site that bilirubin uses to bind 
albumin. When the FFA to albumin molar ratio is greater 
than or equal to 4:1, FFA competes with bilirubin resulting 
in displacement of bilirubin from albumin and increased 
levels of Bf in the serum. The current evidence suggests that 
only infants who are ≤28 weeks GA during the first post-
natal week of life are affected by this decrease in bilirubin-
albumin binding affinity caused by IL intake (50-52). 
Therefore, IL intake should be limited in these extremely 
premature infants during the first post-natal week of life 
when unconjugated hyperbilirubinemia is most common 
(32,50-53).

Association of BAMR with bind 
The consensus-based guidelines for the management of 

hyperbilirubinemia in term and preterm infants recommend 
measuring serum albumin. The utility of this is based 
on existing evidence, especially in the absence of clinical 
methods for bilirubin binding measurement. Scheidt et al. 
reported no significant association of TSB or BAMR with 
neurodevelopmental outcomes, including cerebral palsy 
and intellectual disability, after controlling for neonatal risk 
factors (3). Similarly, Cashore et al. in a small retrospective 
study involving premature infants reported no significant 
association between TSB or BAMR and autopsy proven 
kernicterus (35). However, most others have reported the 
possible usefulness of BAMR in premature infants. Kim  
et al. and Ritter et al. independently reported that calculated 
peak BAMR was higher in infants with kernicterus 
compared to those without kernicterus (39,54). Amin  
et al. demonstrated that peak BAMR, but not peak TSB, 
was significantly higher in infants with abnormal auditory 
brainstem response (ABR) maturation compared to infants 
with normal ABR maturation in a subset of forty-five 
premature infants in whom Bf was measured (55). 

A multicenter randomized trial in the Netherlands found 
that the use of BAMR in addition to TSB was associated 
with reduction in mortality compared to TSB alone in 
a subgroup of infants with a birth weight >1,000 g (56). 
A case series of five sick premature infants who were 
demonstrated to have MRI findings of kernicterus with 
peak TSB concentrations ranging from 8.7 to 11.9 mg/dL  
but with relatively low serum albumin concentrations 
ranging from 1.4 to 2.1 g/dL (BAMR >0.47) further 
emphasizes the importance of measurement of BAMR in 
premature infants (57). Furthermore, in late preterm and 
term infants, BAMR was a better predictor than TSB of 
bilirubin-induced auditory toxicity (58). Overall, the limited 
evidence favors measurement of serum albumin and BAMR 
in addition to TSB for the management of unconjugated 
hyperbilirubinemia in premature and term infants.

Association of bilirubin binding and free bilirubin with 
BIND
Both indirect and direct methods of Bf measurement have 
been used to evaluate an association of Bf with BIND. In 
earlier studies, indirect methods, such as the Sephadex 
gel filtration method for bilirubin binding capacity, dye 
binding method for reserve binding capacity, and salicylate 
saturation index for bilirubin binding affinity, were  
used (17). Using indirect method, significant association 
was reported between low bilirubin reserve binding 
capacity and abnormal communication and language skills 
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at age seven in 30–41 weeks GA infants with unconjugated 
hyperbilirubinemia (59).

Cashore et al. reported higher Bf concentrations measured 
using the peroxidase method on five premature infants with 
autopsy proven kernicterus compared to eight premature 
infants without kernicterus (35) (Table 2). Similarly, 
Ritter et al. reported a higher Bf concentration in seven 
infants with kernicterus compared to twenty-three infants 
without kernicterus in a prospective study (39) (Table 2). 
Several studies have recently corroborated the usefulness 
of Bf as a predictor of BIND in premature and term infants 
using the modified peroxidase method (55,58,60-66). 
Nakamura et al. in a prospective study reported that both 
peak TSB and peak Bf were significantly higher in infants 
with kernicterus compared to those without kernicterus (60). 

In recent longitudinal studies involving late preterm and 
term infants with severe jaundice, peak Bf, but not peak 
TSB, was shown to be associated with acute and chronic 
bilirubin-induced auditory toxicity (58,62,63) (Table 2). 
Amin et al. in a small prospective study involving 45, 28–32 
weeks GA infants reported that peak Bf, but not peak 
TSB, was significantly higher in infants with abnormal 
ABR maturation compared to infants with normal ABR 
maturation (55). In addition, in a retrospective study, 
premature infants with abnormal ABR maturation had 
more concurrent apnea and bradycardia and required 
more prolonged respiratory support and methylxanthine 
therapy (64). This was corroborated in a prospective study 
which demonstrated that central apnea, a manifestation of 
bilirubin-induced brainstem dysfunction, was more closely 

associated with serum Bf levels than TSB in premature 
infants (65). Ahlfors et al. in a retrospective study involving 
24–42 weeks GA infants reported that Bf (odds ratio 3.3, 
95% CI: 1.8 to 6.1) and not TSB (odds ratio 1.04, 95% 
CI: 0.94 to 1.16) was strongly associated with abnormal 
automated ABR screening tests performed prior to 
discharge (61). In another longitudinal study, an increasing 
serum Bf level measured once at approximately five days 
of life using the peroxidase method in extremely low birth 
weight infants was associated with a higher risk of death 
or adverse neurodevelopmental outcomes irrespective of 
clinical status (66). In summary, there is ample evidence to 
support the importance of Bf measurement in premature 
and term infants. 

Methods of bilirubin measurement

Total bilirubin determination
Of newborns, greater than eighty percent develop visual 
jaundice in the first few days of life. Bilirubin levels typically 
peak in neonates at approximately ninety-six hours of life 
long after most infants are discharged home. The American 
Academy of Pediatrics (AAP) recommends that infants 
discharged before 72hours of life should be seen by a 
healthcare provider within the next 48 to 70 hours post-
discharge to assess for jaundice. It is also routine practice for 
all infants to have their bilirubin measured prior to hospital 
discharge. Ample evidence suggests that even experienced 
health care providers cannot accurately estimate the 
severity of jaundice based purely on visual assessment (67), 

Table 2 Free bilirubin and bilirubin-induced neurological dysfunction in neonates

Study GA or birth weight 
Mean free bilirubin (µg/dL)

No KI or normal ABR ABR changes Overt KI

Ritter, 1982, (39) 26–32 weeks GA 0.65±0.05 Not done 1.1±0.26

Cashore, 1983, (35) ≤1,500 g 0.76±0.58 Not done 1.6±0.52

Nakamura, 1992, (60) 1,500–2,499 g; <1,500 g 0.54±0.2 
0.46±0.17

Not done 1.3±0.24 
1.13±0.34

Amin, 2001, (55) 28–32 weeks GA 0.40±0.15 0.62±0.2 None

Ahlfors, 2009, (61) 24–41 weeks GA 0.93±0.70 1.76±1.31 None

Amin, 2017, (62) ≥34 weeks GA with severe jaundice 1.44±0.94 4.74±3.92 None

Amin, 2016, (63) ≥34 weeks GA with severe jaundice 1.7±0.8 4.2±1.7 None

Amin, 2017, (58) ≥34 weeks GA with severe jaundice 1.24±0.74 3.37±2.92 None

GA, gestational age; KI, kernicterus; ABR, auditory brainstem response.
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therefore objective methods are recommended for bilirubin 
measurement. Below are available methods for measuring 
bilirubin.
Total serum/plasma bilirubin measurement
Bilirubin can be measured in body fluids by a variety of 
analytical methods including high performance liquid 
chromatography (HPLC), enzymatic methods (bilirubin 
oxidase, vanadate oxidase methods), electrophoresis, and 
direct spectrophotometry (68). HPLC, which effects 
separation and quantitation of the four bilirubin fractions, 
is the gold standard method of choice, but not easily 
available for routine use. Clinical chemistry laboratories 
typically utilize automated clinical chemistry assays. The 
diazo method, originally developed by Ehrlich in 1883, is 
the most widely used method for measurement of different 
forms of bilirubin. Conjugated bilirubin reacts directly 
with the diazo reagent (thus the designation of conjugated 
bilirubin as “directly reacting” or “direct” bilirubin). In 
the automated diazo method, serum or plasma is incubated 
with diazo reagent at an acidic pH of approximately 
2.0 to form a diazonium salt. The resulting product 
reacts with bilirubin to form isomers of azobilirubin. In 
direct bilirubin assays, the conjugated bilirubin is the 
predominant form converted by the diazotized sulfanilic 
acid (68). However, approximately 5% of unconjugated 
bilirubin may react as well which could obscure the clinical 
diagnosis. The intensity of the red color of azobilirubin 
is measured photometrically at approximately 600 nm 
and is proportional to the direct bilirubin concentration. 
Unconjugated bilirubin reacts with diazo reagents with the 
addition of caffeine, sodium benzoate, or methanol, thus 
allowing for the determination of the TSB concentration. 
The difference between TSB concentration and direct 
bilirubin concentration allows for the estimation of 
the unconjugated bilirubin concentration or “indirect” 
bilirubin. 

The automated diazo methods are inexpensive, but they 
have limitations, including interference by low levels of 
hemolysis and by lipemia or paraproteins. Additionally, 
interlaboratory variability of bilirubin measurements has 
been reported by Vreman and van Imhoff et al. (69,70). 
The accurate and precise measurement of total bilirubin 
is critical in the evaluation and management of neonatal 
jaundice. The availability of a Standard Reference Method 
(SRM) for bilirubin and reliable calibrators has improved 
the precision and accuracy of TSB measurement by analytic 
methods. It also compares the results against those obtained 
by the reference method. To maintain high standards, 

the performance of laboratories participating in the CAP 
Neonatal Bilirubin Surveys is graded on the basis of results 
obtained by the reference method (71). 
Transcutaneous bilirubin (TcB) measurement 
As an alternative to TSB, TcB measurement is widely 
used as a screening tool for neonatal jaundice. It was first 
developed in the early 1980’s to measure total bilirubin 
levels and minimize the inconvenience of frequent blood 
draws, which are associated with pain, infection and anemia, 
especially for premature infants. The equipment used was 
initially developed to correlate with the intensity of the 
yellow skin color. However, many factors were found to 
interfere with the accuracy of this measurement including 
levels of melanin, hemoglobin, and connective tissue (72). 
Over the past 20 years, a new generation of devices has 
been produced to measure TcB levels. These new devices 
are based on microspectrophotometry, allowing the optical 
density of bilirubin to be measured more accurately 
while excluding factors that interfere with bilirubin  
measurement (73). With this technique, a good correlation 
between transcutaneous and serum bilirubin has been 
appreciated even in multiracial populations (74). TcB 
measurements are most often done in the in-patient setting, 
prior to hospital discharge in near term and term infants. 
Several factors influence TcB measurements including GA, 
postnatal age, skin color/ethnicity, measurement site, TcB 
devices and their algorithm (75-78). 

In term infants, several studies have shown good 
correlation between TcB and TSB levels prior to the 
initiation of phototherapy. Based on this evidence, the 
AAP recommends the use of TcB devices for the screening 
of jaundice in ≥35 weeks GA infants (79). The caveat is 
that TcB underestimates TSB at TSB ≥15 mg/dL and in 
newborns with birth weights <2,500 g during the first 48 
hours after birth. This is particularly important as failing 
to identify a newborn with significant hyperbilirubinemia 
could lead to a delay in the initiation of appropriate 
evaluation and management (80,81). There are also some 
concerns about the usefulness of TcB during phototherapy. 
In a recent meta-analysis of fourteen studies to evaluate 
the effect of phototherapy on the reliability of TcB devices 
in near term and term infants, the pooled estimates of 
correlation coefficients (r) during phototherapy were: 
covered sites 0.71 (95% CI: 0.64–0.77), uncovered sites 
0.65 (95% CI: 0.55–0.74), forehead 0.70 (95% CI: 0.64–
0.75) and sternum 0.64 (95% CI: 0.43–0.77), suggesting 
a moderate correlation between TcB and TSB during 
phototherapy (82). 
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In premature infants, several studies have reported a 
good correlation but an underestimation of TSB by TcB 
measurements taken on the forehead, sternum, abdomen or 
hip bone. A recent comprehensive meta-analysis including 
twenty-eight studies reported pooled estimates of r=0.82 
(95% CI: 0.78–0.85) in random effect and r=0.803 (95% CI: 
0.78–0.81) in fixed effect models (83). The study reported 
that the forehead and sternum were comparable with r=0.82 
(95% CI: 0.78–0.85) and that the estimated pooled r of 
0.83 was also comparable between two devices, JM103® 
and Bilicheck® (83). The correlation between TSB and 
TcB levels is significantly weaker for TcB measurements on 
uncovered skin compared to covered skin. Hulzebos et al., 
found that TcB levels measured using a JM-103® instrument 
on covered hipbones of infants <32 weeks GA before, 
during, and after phototherapy showed a good correlation 
and agreement with TSB levels. Their data also showed 
that TcB persistently underestimated the TSB level and that 
phototherapy further affected this underestimation up to 
forty-eight hours after phototherapy was discontinued. A 
novel formula to correct this underestimation was applied: 
add 50 µmol/L to the measured TcB value and use 70% 
of the TSB phototherapy treatment threshold. Using this 
formula, blood draws were reduced by 40% and there 
was minimal risk of missing infants <32 weeks GA with 
significant indirect hyperbilirubinemia (84).

In summary, TcB measurements have proved useful for 
screening infants ≥35 weeks GA for hyperbilirubinemia. 
Several recent studies have also demonstrated the utility of 
TcB as a screening tool for infants >28 weeks GA, further 
reducing the need for frequent blood draws (83,85-87). 
Attention should be given to the brand of bilirubinometer 
used as some correlate better with TSB levels; for example, 
evidence suggests that the BiliCheck® and Minolta-JM 103® 
perform better than the BiliMed® device (88). 

The Bilistick System, a POC method for measuring 
TSB level in whole blood (capillary or venous) was recently 
developed for low-resource countries (89-91). The method 
involves inserting a Bilistick Test Strip into the Bilistick 
Reader followed by loading a small drop of blood onto it. 
The test can be performed at home by trained staff and 
the turn-over time is 2 minutes. It was recently evaluated 
for diagnostic performance against TSB measured by 
laboratory method in a large number of infants from 
Egypt, Indonesia, Vietnam, and Nigeria and was found to 
have 92.5% positive predictive value and 92.8% negative 
predictive value (89). The screening performance is also 
comparable to laboratory TSB but generally underestimates 

laboratory measured TSB levels (90). In a study involving 
newborn infants from India, Bilistick was accurate only 
in 54.5% infants in measuring TSB within ±2 mg/dL 
difference of TSB measured by spectrophotometry (91). 
More studies are required to validate its screening and 
diagnostic performance in additional racial and ethnic 
groups.
Smartphone applications for bilirubin measurement 
Emerging evidence indicates that smartphone can be used 
for measuring infants with jaundice. Some of these smart 
phone techniques require further refinement and are not 
yet ready for clinical use (92). The BiliCam app is a fairly 
new technology that is capable of analyzing digital images 
of newborns using a smartphone, such as the iPhones. The 
app is designed to obtain images of the skin overlying the 
infant’s sternum in a standardized way and then transmits 
the image data to a computer server via the Internet 
for analysis (67). As described by Taylor et al., a color 
calibration card (6 cm ×6 cm modified Macbeth Color 
Checker in the shape of a hollow square) is adhered to the 
newborn’s sternum and used in the process of collecting 
the BiliCam images. The calibration cards help account for 
variations in lighting and facilitate both image capture and 
data extraction. The cards are printed on specially coated 
paper to help reduce glare and the color accuracy is checked 
during the printing process to ensure stability between 
batches. When initiating the app, a red square appears on 
the smartphone screen. When the square is aligned with 
the color calibration card and lighting is adequate, the app 
automatically captures images from the smartphone camera 
both with and without a flash. Flash and non-flash images 
are obtained at three distances from the newborn, totaling 
six images, and are then sent to the computer server. This 
process of obtaining photos takes approximately less than 
one minute. This method of estimating bilirubin values in 
newborns ≥35 weeks gestation and <7 days of life was found 
to have similar accuracy to that of TcB measurements in 
the study conducted by Taylor et al. (67). Of note, Asian 
American neonates showed less of a correlation between 
BiliCam bilirubin and TSB measurements. BiliCam was 
highly sensitive in identifying newborns with a TSB level 
of ≥17 mg/dL. Therefore, using a threshold value of  
13 mg/dL to define a positive BiliCam result could eliminate 
unnecessary blood draws for the majority of infants 
screened. The overall conclusion is that BiliCam, though 
it does not have adequate accuracy to serve as a solitary 
method for assessing jaundice in newborns, is a comparable 
screening device to TcB meters when determining which 
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neonates require a TSB level (67). Though this technology 
is inexpensive and widely available, it is not validated in 
infants <35 weeks GA. 

Recently, a novel smartphone method to screen for 
neonatal jaundice by imaging the sclera was proposed to 
reduce the confounding effect of skin pigmentation and 
ambient light. The Scleral-Conjunctival Bilirubin (SCB) 
correlated well with TSB (r=0.75) in a small study involving 
thirty-seven infants and the results were comparable with 
transcutaneous bilirubinometers (93).

Direct methods of free bilirubin determination
Enzyme based methods
(I)  Bilirubin oxidase methods. A technique using a 

bilirubin oxidase/fluorescein conjugate differentially 
assay Bf, albumin bound bilirubin, and conjugated 
bilirubin in serum. Fluorescence of the modified 
enzyme exhibits changes with time depending on the 
type and concentration of bilirubin. While this method 
is useful in obtaining a simultaneous estimate of the 
three types of bilirubin, it is not sufficiently accurate 
or sensitive to be used in Bf assays in clinical samples. 
Additionally, this method is affected by the presence of 
serum hemoglobin and lipid emulsion (17,94).

(II) Peroxidase method using UB analyzer. The method 
using an appropriate concentration of the peroxidase 
enzyme for serum TSB and Bf measurement was first 
introduced in 1974 by Jacobsen and Wennberg and 
is currently the most commonly used method for Bf 
measurement (17). Bf and not bound bilirubin react 
to peroxidase and therefore horse radish peroxidase 
catalyzed oxidation rate of Bf derived from the time 
course of the diminishing bilirubin color is used to 
determine the concentration of Bf in the serum (17).  
An FDA approved standardized and dedicated 
spectrophotometer (UB-A1 Analyzer, Arrows Co Ltd) 
for Bf measurement using the peroxidase method is 
widely used for clinical research (25). In the original 
peroxidase method, a 42-fold dilution with phosphate 
buffer and a horseradish peroxidase reagent is made 
to the serum sample to measure Bf. The bilirubin 
bound to albumin is protected from oxidation. The 
rate of dissociation of the bound complexes must be 
significantly faster than the rate of bilirubin oxidation 
otherwise it would measure steady state Bf which is 
well below the equilibrium Bf. This underestimation 
of Bf can be resolved by measuring Bf at 2 or more 
peroxidase concentrations, typically using half the 

initial concentration of peroxidase (25,95). Then, 
both automated readouts of steady state Bf are used 
to derive the final equilibrium of Bf using a specific 
algorithm. The major limitation is that the sample 
dilution alters the intrinsic bilirubin binding properties 
(25,95). The apparent K for the albumin binding 
of bilirubin increases with sample dilution. The K 
increases significantly below albumin concentrations 
of about 0.6 g/dL most likely due to the dissociation 
of albumin oligomers that bind bilirubin less strongly 
than the albumin monomer. Thus, there is an 
apparent increase in available binding sites leading 
to the decrease in Bf. The sample dilution may 
also attenuate the effects of weak bilirubin binding 
competitors. Thus, it would be critical to use minimal 
sample dilution when evaluating bilirubin displacing 
effects of drugs. Despite these limitations, Bf measured 
using modified peroxidase method correlates directly 
and significantly with Bf measured at minimal sample 
dilution (25). Furthermore, numerous clinical studies 
in preterm and term infants have demonstrated that Bf 
measured using the modified peroxidase method is a 
more sensitive and specific predictor of neurotoxicity 
than TSB and/or the BAMR (Shown in Table 2). In 
Japan, the peroxidase method using a UB analyzer is 
routinely used to measure Bf for the management of 
unconjugated hyperbilirubinemia in preterm and term 
infants (96). 

(III)  Peroxidase method using zone fluidics. The Global 
FIA mini-Flo Pro also uses a horseradish peroxidase/
glucose oxidase assay to measure serum Bf. Additionally, 
this method uses a minimally diluted sample compared 
to the UB analyzer (17). Signals measured by the 
spectrophotometer within the analyzer go directly 
into the Zone Fluidics software, which calculates the 
Bf concentration based on measurements at three 
different HRP/GO concentrations (97). “Zone stacks” 
are created for analyzing Bf concentration by aspirating 
an air bubble followed by 8 µL of sample, 4 µL of 
R3 (phosphate buffer with glucose and hydrogen 
peroxide), 4 µL of R2+R1 (HRP/GO enzyme and 
phosphate buffer, respectively), and lastly another air 
bubble; they are then transported to the spectrometer 
for analysis. The small sample dilution and processing 
of this technique contribute to a more precise 
measurement of Bf. Compared to the UB analyzer, this 
method is time consuming and often difficult because 
the enzyme dilution used depends on the expected Bf 
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concentration of the sample. Other limitations include 
difficulty with standardization of the enzyme activity 
and stability of the prepared enzyme reagent. As with 
other binding assays, there is also possible interference 
with Bf measurement by conjugated bilirubin and 
photoisomers. However, this method is useful to study 
the bilirubin displacement effect of medications because 
of minimally diluted samples required to measure 
Bf (17). Van der Schoor et al. using zone fluidics 
reported that Bf levels vary considerably in preterm 
infants ≤32 weeks during the first postnatal week. 
They found that maximum Bf levels of 50 nmol/L  
occurred on day 4 and were higher in males (98). 
To date, there have been no BIND outcome studies 
reported using this instrumentation. 

Fluorescent based methods
(I)  Fluorometric method. A fluorometric assay utilizes 

fluorescently labeled fatty acid binding mutants 
(BL22) as probes that have a high specificity and high 
sensitivity for Bf. Acrylodan is the fluorophore that 
gives the probe its fluorescence. Bilirubin quenches 
acrylodan fluorescence by resonance energy transfer 
and the absorbance of bilirubin overlaps with the 
emission of acrylodan. The probe’s excitation 
wavelength is 375 nm and the emission wavelength 
of interest is 550 nm. This specifically chosen protein 
probe specifically binds to bilirubin and is insensitive 
to FFA and other metabolites found in serum (17). 
This method has been modified numerous times 
over the years. In the most updated version, Bf 
is measured using 5 µL of plasma in a disposable 
cartridge that contains the Bf sensor. The sensor 
comprises of a fatty acid binding protein labelled 
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. The degree of quenching of 
the 700 nm/820 nm ratios is used to calculate the Bf 
concentration. In a preliminary investigation in late 
preterm and term neonates during the first postnatal 
week, Bf measured using this method was found to 
have good correlation with the Bf measured by the UB 
analyzer using the peroxidase method (99). However, 
this method has not been compared with the modified 
peroxidase method in premature infants. Furthermore, 
there have been no BIND outcome studies reported 
using this instrumentation. 

(II)  Fluorescent protein-based detection. UnaG, a 

fluorescent protein from Japanese eel muscle that 
specifically binds to unconjugated bilirubin was studied 
by Iwatani et al. (100). This was the first large-scale 
clinical study demonstrating the applicability of this 
form of Bf measurement in newborn serum samples, 
requiring only a small volume of blood. UnaG-His-
FLAG is generated by adding a polypeptide flag to the 
protein. A specific reaction mixture is made consisting 
of UnaG solution and diluted bilirubin solution to 
which the newborn serum or whole blood is added. 
The fluorescence intensity of the diluted sample 
is measured and Bf concentrations are determined 
from a standard calibration curve. The concentration 
of Bf measured by this method correlates strongly 
with those obtained by the conventional bilirubin 
oxidase method. Furthermore, performance of the 
UnaG method was unaffected by phototherapy 
and the presence of serum hemoglobin and lipid  
emulsion (100). This method has not yet been 
validated against the BIND outcome measures.

Potentiometry method
A novel method of Bf measurement in the serum was recently 
reported using electrolytic chemistry or potentiometry, 
which is primarily a measurement of electrical potential 
using an ion-specific electrode for chemical analysis (101). 
In this method, the potentiometric sensor has a polymeric 
ion-selective membrane and selectively measures “free ionic 
bilirubin” in the presence of other anions such as chloride, 
phosphate, pyruvate, lactate and others normally present in 
serum. The linear response range of the sensor (1.0 mM to 
0.10 μM bilirubin, measured in a sodium phosphate buffer 
with pH 8.6) covers the clinically-relevant concentration 
of bilirubin in serum (5–500 μM). The components of the 
sensor were embedded in a paper-based device to provide a 
sensor that is disposable and suitable for POC. The method 
requires only 15 μL of sample and the analysis can be 
performed in 1 to 2 minutes. This method has not yet been 
studied in neonates (101). 

Indirect method of free bilirubin measurement
Unconjugated Bf is essentially non-fluorescent in most 
solvents. The fluorescence of unconjugated Bf increases 
by binding to its native binding site on albumin. The 
fluorometric method that makes use of bound bilirubin’s 
natural fluorescence is being redeveloped for a POC 
system that uses <100 µL of whole blood and precludes 
the requirement for separation of serum or dilution of the 
specimen. The ‘B’ concentration {Eq. [1]} is close to TSB 
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since the Bf concentration is much smaller until albumin 
binding is saturated. The reserve binding capacity (R) 
can be measured by adding excess bilirubin to the blood, 
resulting in an increase in fluorescence due to newly 
bound bilirubin. This method measures bilirubin binding 
capacity. The hematofluorometry results for bilirubin 
binding capacity and a calculated Bf are shown to be in good 
agreement with other more complex methods, including 
the peroxidase method. However, this POC method has not 
been validated in any clinical studies of BIND (17,32). 

Summary

In conclusion, infants with excessive bilirubin production 
(indexed by TSB) or poor plasma bilirubin binding (indexed 
by Bf) have an increased risk of BIND. Both TSB and Bf 
measurement contribute critical information about the 
risk of BIND. Despite ample evidence for the usefulness 
of bilirubin binding measurement in assessing the risk 
for BIND, TSB remains the primary parameter used 
worldwide, except for Japan where both TSB and Bf are 
used successfully, to guide treatment with phototherapy and 
or exchange transfusion (27,96). The direct measurement 
of Bf by the modified peroxidase method provides the best 
risk assessment of BIND. Based on available methods, it 
is prudent to establish Bf population parameters at current 
threshold TSB levels routinely used to manage neonates 
with phototherapy and/or exchange transfusion for 
quantifying bilirubin binding in neonates. Such information 
will likely provide important additional information about 
the risk of BIND and need for intervention. Additionally, 
direct methods of Bf measurement using POC instruments 
are urgently needed for timely intervention and prevention 
of BIND in high-risk neonates.  The newer POC 
instruments of Bf measurement and binding capacity appear 
promising, but will require to be standardized and validated 
for its usefulness in predicting BIND in premature and 
term neonates. 
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