
Mædica  - a Journal of Clinical Medicine

Original paperOriginal paper

603Maedica
  

A Journal of Clinical Medicine, Volume 16, No. 4, 2021

MAEDICA – a Journal of Clinical Medicine

https://doi.org/10.26574/maedica.2021.16.4.603

Pharmacokinetics-Based 
Optimization of Phototherapy in 
Neonates Undergoing Treatment for 
Hyperbilirubinemia
Dibyajyoti SAIKIAa, Subodh KUMARb, T. VELPANDIANc, A. K. DEORARId, N. R BISWASe, 
Y. K. GUPTAe

aDepartment of Pharmacology, Noida International Institute of Medical Sciences,  
Greater Noida, India
bDepartment of Pharmacology, All India Institute of Medical Sciences, Deoghar, India 
cDepartment of Ocular Pharmacology and Pharmacy,  
All India Institute of Medical Sciences, New Delhi, India
dDepartment of Pediatrics, All India Institute of Medical Sciences, New Delhi, India
eDepartment of Pharmacology, All India Institute of Medical Sciences, New Delhi, India

Address for correspondence:
Dr. Dibyajyoti Saikia, MBBS (GMCH), MD (AIIMS, New Delhi), Assistant Professor Department of Pharmacology,  
Noida International Institute of Medical Sciences, Greater Noida, India
Tel.: +91 7289822218, email: dibyajyotisaikia11@gmail.com

Article received on the 30th of September and accepted for publication on the 8th of December 2021

ABSTRACT
Introduction: Neonatal jaundice results from combined effects of both increased production of bilirubin 

and decreased hepatic excretory capacity in neonates. Since its discovery, phototherapy is the most 
widespread treatment used in neonatal jaundice. In this work, we try to search for a relationship between 
exposure to phototherapy and decrease in serum bilirubin (linearity vs proportionality).

Method: The present research was non-randomized prospective study conducted in the Neonatal Intensive 
Care Unit (NICU), Department of Paediatrics, AIIMS, New Delhi, and the Department of Pharmacology, 
AIIMS, New Delhi, India. Subjects were recruited from neonates admitted in NICU AIIMS, which meets 
our selection criteria. Infants were given a low dose of either phototherapy continuously or phototherapy for 
the first six hours and a double dose of phototherapy for the next six hours. Samples were collected before 
the beginning of the study (0 hours) and then at six and 12 hours. Bilirubin concentration was measured 
using HPLC and (LC-MS/MS).

Results and conclusion: The percentage of reduction during the 6-12-hour interval was compared with 
that during the 0-6-hour interval if all experimental conditions were kept unchanged. A relationship curve 
between percentage of reduction and irradiance was created based on the percentage of reduction in serum 
bilirubin during the 0-6-hour and 0-12-hour intervals. The present study suggests that the relationship 
between efficacy, as measured by percentage of reduction in serum bilirubin, and irradiance is unlikely to be 
linear. Collected data are insufficient to clearly distinguish between proportionality and saturation point, 
considering that the results may be possible with both of these hypotheses.
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INTRODUCTION

Jaundice is the most common condition re-
quiring medical attention in newborns 
(1, 2). Bilirubin accumulates in the skin and 
sclera of newborns, with jaundice produ-
cing yellow discoloration. Unconjugated 

hyperbilirubinemia is a normal transient phase in 
most neonates. However, if the rise of bilirubin 
levels is excessive, it may cause neurotoxicity 
and even death. Neurotoxicity gives rise to a 
condition known as kernicterus. Prevention of 
development of neurotoxicity is the primary aim 
of diagnostic evaluation and need for treatment 
in neonates with unconjugated hyperbilirubine-
mia (American Academy of Pediatrics, Subcom-
mittee on Hyperbilirubinemia, 2004).

Physiological jaundice results from combined 
effects of both increased production of bilirubin 
and decreased hepatic excretory capacity in ne-
onates (2, 3). Bilirubin production is elevated in 
neonates as neonates have a higher erythrocyte 
mass than adults. Also, fetal red blood cells have 
a shorter lifespan (4). A low activity of glucuronyl 
transferase, an enzyme responsible for the con-
jugation of bilirubin to glucoronic acid, limits the 
liver ability to excrete bilirubin (5, 6). Bilirubin is 
the end product of heme catabolism produced 
in reticuloendothelial system through oxida -
tionreduction reactions. Around 75-80% of bili-
rubin is derived from hemoglobin catabolism. 
Bilirubin is also formed during degradation of 
myoglobin, cytochromes and oxygenases (7). 
The rate limi ting step during bilirubin formation 
is the conversion of heme into biliverdin cata-
lyzed by heme oxygenase. While biliverdin is 
water soluble, due to intramolecular hydrogen 
bonds, bilirubin is insoluble in water (8, 9). Hy-
drophobic bilirubin binds to albumin and is 
transported into plasma in this form. The fraction 
not bound to albumin (free albumin) is able to 
cross the blood–brain barrier, which is believed 
to be responsible for its neurotoxicity.

The aim of treatment for neonatal jaundice is 
to avoid neurotoxicity. Phototherapy is the pri-
mary treatment in unconjugated neonatal hyper-
bilirubinemia (10). Since its discovery in 1950's, 
phototherapy is now the most widespread treat-
ment which is used in neonates. Efficacy of pho-
totherapy in decreasing bilirubin serum levels is 
mainly due to structural isomerization of biliru-
bin into lumirubin. The photoisomers are excre-

ted in the bile and urine.  Phototherapy is ad-
ministered by using a light source to irradiate the 
surface of the neonate using an effective wave-
length. The relationship between efficacy and ir-
radiance is a debated topic. There are currently 
two conflicting theories regarding this issue. The 
first one was the result of Tan KL’s research that 
suggested the existence of a saturation point at 
around 40 µW/cm2/nm, after which there was 
no further increase in either efficacy or irradi-
ance (11). The other theory proposed a linear 
relationship between these two. Thus, Vandborg 
PK found a linear relationship between total se-
rum bilirubin and an irradiance level between 20 
and 55 µW/cm2/nm (12).

In this work, a new concept regarding the re-
lationship, termed here as proportionality, has 
been put forth and a novel approach in study de-
sign has been attempted to explore the hypothe-
sized relationship. It is conjectured that, on in-
creasing irradiance, there will be a progressive 
decline in serum bilirubin in absolute terms 
(mg/dL), which will however be constant in terms 
of proportions (as in percentage decrease). This 
will result in neither saturation nor a linear rela-
tion, but will give a hyperbolic curve. This con-
cept is also supported by Bunsen-Roscoe law of 
reciprocity for photochemical change (13) as well 
as fractional product method for additive effect.

Study objectives
1. Evaluation of the conventional method of 
phototherapy in the disappearance of serum 
bilirubin/formation of bilirubin photoisomers 
over a time period (0, 6 and 12 hours) in infants 
with neonatal hyperbilirubinemia (n=15); 

2. Evaluation of six-hour low intensity photo-
therapy (20-35 µw/cm²/nm), followed by dou-
bling the intensity (45-60 µw/cm²/nm) for the 
next six hours, on disappearance of serum biliru-
bin/formation of bilirubin photoisomers in ba-
bies with neonatal hyperbilirubinemia (n=15); 

3. Analysing the possibility of developing an 
equation to predict the duration of phototherapy 
based on data provided by the approach de-
scribed in objective 1. q 

MATERIALS AND METHODS

Site of study 
Our research was a non-randomized pro-

spective study conducted in the Neonatal Inten-
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sive Care Unit (NICU), Department of Paedia-
trics, AIIMS, New Delhi, India, and the 
Department of Pharmacology, AIIMS, New Delhi, 
India. The present study was started after obtai-
ning the ethical approval from the Institutional 
Ethics Sub-Committee (IESC).

Subjects: Patients diagnosed with hyperbiliru-
binemia, in whom phototherapy was being 
planned in NICU-B, Department of Paediatrics, 
AIIMS, New Delhi, India.

Inclusion criteria: Neonates with unconjuga-
ted hyperbilirubinemia in whom phototherapy 
has been considered in accordance with IAP 
guidelines, age > 34 weeks and birth weight 
>2 500 grams.

Exclusion criteria: Severely ill patients, sub-
jects in whom phototherapy was not considered, 
those who were already undergoing photothera-
py, patients in which exchange transfusion was 
currently considered or likely to be used soon, 
and parents/guardians’ refusal to give consent.

Recruitment
Subjects were recruited from neonates admitted 
in NICU AIIMS, which meets our selection crite-
ria. Consent was taken from parents/legal guar-
dians of neonates in whom phototherapy was 
considered. After obtaining the consent, samples 
were taken from neonates in whom photothera-
py was started. 

Collection of information about study subjects
Gestational age assessment was calculated by ei-
ther the first day of the last menstrual period or 
the first trimester ultrasound. Newborns were 
measured for weight as well as length (with an in-
fantometer) and all results were recorded (Table 1). 
Mothers were asked whether they were breast 
feeding or not. Any concurrent medication being 
taken was noted. Phototherapy was given using 
LED lights in low and double intensity.

Study design
Regarding the plan of phototherapy for objec-
tives 1 and 3, 15 infants were given low dose 

phototherapy continuously, and samples were 
collected before start (0 hour) and then at 6 and 
12 hours. Test group data were used to explore 
the possibility of developing an equation to pre-
dict the duration and response of phototherapy 
(objective 3). For objective 2, infants in this group 
(n=15) were to be given low dose phototherapy 
for the first six hours and double dose photothe-
rapy for the next six hours. Samples were collec-
ted before start (0 hours) and then at 6 and 
12 hours.

Sampling and analysis
Under careful aseptic and antiseptic conditions, 
three samples of 0.5 mL each were taken just 
before the start (0 hours) and at 6 and 12 hours. 
Samples were analysed by HPLC and (LC-MS/MS). 
The present research was aimed to be a pilot 
study and no sample size calculation was done. 
The total number of subjects planned to be en-
rolled was 30.

Statistical analysis 
Data were entered and further analysed by using 
using Excel 2010 (Microsoft, Redmond, WA, 
USA). They were presented as mean (SD) or 
number (%). For agreement between predicted 
and observed values, multiple tests were applied 
as no single statistical test has been universally 
accepted. For comparison between groups by 
t test, the GraphPad InStat Version 3.05 was 
used. The correlation coefficient and coefficient 
of determination were calculated using the coe-
fficient calculator available from Social Science 
Statistics calculator. q 

RESULTS

Baseline characteristics 
Ninety blood samples were collected from 

the 30 subjects recruited for this study. All of 
them were diagnosed with hyperbilirubinemia 
and received phototherapy as follows: 15 sub-
jects were given continuous phototherapy for 
12 hours and in the remaining 15 ones the irra-
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TABLE 1. 
Subjects’ 
clinical and 
demographic 
data
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diance level was doubled after six hours and 
continued for another six hours. Subjects’ cha-
racteristics were recorded. 

The two-tailed P value equals 0.5784. The 
value of the correlation coefficient (R) is 0.5821. 
This is a moderate positive correlation, which 
means there is a tendency for high X variable 

scores with high Y variable scores (and vice versa). 
The coefficient of determination (R2) is 0.3388.

Information based measure of confidence 
was 0.16, with a 95% confidence interval (CI) of 
0.091 to 0.225.

Interclass correlation (ICC) was 0.602, with a 
95% CI of 0.031 to 0.882.

OptimizatiOn Of neOnatal phOtOtherapy

FIGURE 1. Bar diagram showing the 
percentage of reduction in serum bilirubin 
during the 0-6- and 6-12-hour intervals 

FIGURE 2. Bar diagram showing the mean 
percentage of reduction (6-12 hours) in serum 
bilirubin as predicted by linearity, saturation 
and proportionality along with actual 
observed percentage of reduction. Error bars 
represent the standard error of mean

FIGURE 3. Curve derived from actual values 
of reduction in serum bilirubin during the 
0-6- and 0-12-hour intervals vs irradiance  
(µw/cm2/nm)

TABLE 2. 
Proportional 
reduction in 
serum bilirubin 
in the doubled 
irradiance group
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Relationship curve between percentage of 
reduction and irradiance 
A relationship curve between percentage of re-
duction and irradiance could be created based 
on percentage of reduction in serum bilirubin 
during the 0-6- and 0-12-hour interval if either 
linearity or proportionality is held to be true (Ta-
ble 2, Figure 2). But such a graph is not possible 
if the relationship follows the saturation hypoth-
esis due to lack of sufficient number of study 
points. Hypothetical values derived for both pro-
portionality and linearity from the percentage of 
reduction in serum bilirubin during the 0-6- and 
0-12-hour interval. q

DISCUSSION

This study was an attempt to find the relation-
ship between irradiance and efficacy of pho-

totherapy. In the first part of our research, we 
explored the possibility of whether the efficacy 
of phototherapy was predictable. Predicting effi-
cacy is a difficult endeavour because there is a 
multitude of factors that have an influence on it. 
To nullify the effect of these factors, the predic-
ted value was derived from the same subject to 
which the extrapolated value was applied to. For 
this, three time points were chosen for blood 
sampling viz. 0, 6 and 12 hours of phototherapy. 
The percentage of reduction in serum bilirubin 
during the 0-6-, 0-12- and 6-12-hour intervals 
was measured. The hypothesis was that the per-
centage of reduction during the 6-12-hour inter-
val would be equal to that measured during the 
0-6-hour interval if all experimental conditions 
were kept unchanged.

Both the actual and predicted values were 
compared by a battery of statistical test which 
found a strong correlation between the predic-
ted and observed values. Interclass concordance 
was also found to be high, which shows that if 
the predicted value is high, the observed value 
also has the propensity to be high and vice versa. 

Similar findings were reported by other au-
thors. Thus, Schindl et al (14) found that the per-
centage of reduction in bilirubin levels measured 
at intervals of 2, 4, 6, 12, 18 and 24 hours was 
9.4%, 16%, 23%, 40%, 44% and 50%, respec-
tively. If we calculate the percentage of reduction 
at individual time intervals of 0-2, 2-4 and 
4-6 hours, the values come close to each other 
(9.4%, 7.3% and 8.3%, respectively). At 0-6 and 

6-12 hours, the percentage of reduction was 
23% and 22%, respectively. The aim of the quo-
ted study was different, and its authors have not 
commented on this aspect. This was also the ba-
sis for chossing time points of 6 and 12 hours 
rather than 24 hours for bilirubin reduction used 
in other studies.

In the other group, irradiance was doubled af-
ter six hours and continued up to 12 hours. The 
predicted value was derived from the percentage 
of reduction at six hours. Three predic ted values 
were calculated based on the two current theories 
on the relationship between efficacy and irradi-
ance. One predicted value is based on conside-
ring a linear relationship and the other one on the 
existence of a saturation point. It should be noted 
that the study design used here will not be able to 
either prove or disprove or even detect a satura-
tion point unless it has already been reached in 
the initial irradiance level (0-6-hour irradiance 
level). The third predicted value is based on the 
hypothesis, termed here as proportionality, that 
with increase in irradiance the efficacy will in-
crease, but with diminishing returns. This calcu-
lated value also agrees with Bunson’s law of reci-
procity and fractional pro duct method of drug 
agonism. Increase in efficacy (% of reduction in 
bilirubin levels) will go on decreasing as a function 
of increase in irradiance level in terms of absolute 
decrease (mg/dL) but as a proportion it will remain 
constant. These three values were then compared 
with the actual measured percentage of decrease 
in serum bilirubin levels.

It was found that there was a significant dif-
ference between the values observed and those 
predicted based on linearity (p=0.028). Data sug-
gest that it is likely that the relationship between 
efficacy and irradiance is non-linear, which stands 
in contrast to the conclusion of Vandborg et al 
(12), who found a linear relationship. The quoted 
authors conducted their study on four different 
groups with different irradiance levels. Although 
they did not get a linear relationship with all 
groups, a rather linear relationship was found on 
merging the data of middle two groups (with inter-
mediate irradiance level). It could be argued that 
their conclusion may not have been the most ap-
propriate one. A logical inconsistency also stems 
from the fact that, if the linear relationship line is 
extended to higher va lues, at a certain value of 
irradiance the percen tage of reduction in bilirubin 
levels would exceed 100%, which would be phy-
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sically im po ssible. Thus, there could be a part of 
relationship that could satisfy linearity but would 
not be able to explain the whole relationship.

The difference between values predicted by 
proportionality and actual observed ones was 
found to be not significant. Therefore, propor-
tionality as a hypothesis could not be rejected 
according to the results obtained in this study. It 
also showed the highest value for interclass con-
cordance among all groups and indicated that 
the actual values moved closest with those for 
proportionality rather than with linearity or satu-
ration. The disagreement between predicted 
and observed values was also found to be lowest 
for values predicted by proportionality.

Comparing actual observed values with those 
predicted for saturation reveals a statistically sig-
nificant difference (p=.0017). Interclass concor-
dance was also found to be the lowest and dis-
agreement measure was the highest among the 
three groups. 

It could be noted that the correlation coeffi-
cient and the coefficient of determination were 
high for all groups of predicted values because all 
values were derived from the observed reduction 
during the 0-6-hour interval. Since all values had 
a single source value, they were bound to have a 
similar correlation to actual observed va lues. The 
high correlation also suggests that the percentage 
of reduction in bilirubin levels during the 
6-12-hour interval is closely dependent on the 
decrease during the 0-6-hour interval. This is also 
supported by results of the first group in this study 

as well as those reported by Carvalho et al (14). 
Moreover, the high correlation suggests a possible 
relationship between two variables and it is in no 
way a measure of agreement between them. q

CONCLUSION

The present study suggests that the relationship 
between efficacy, as measured by percentage 

of reduction in serum bilirubin, and irradiance is 
unlikely to be linear. Data are insufficient to clear-
ly distinguish between proportionality and satura-
tion point, considering that the results may be 
possible with both hypotheses. Even though laws 
of photochemistry do not support the existence of 
a saturation point, the study design used by us is 
incapable of refuting it with any degree of cer-
tainty. Predic tability was found to be possible if 
sufficient initial information is available and ex-
perimental conditions are kept constant. More-
over, it seems that there is no direct relationship, 
but only a correlation, between efficacy and irra-
diance per se, but there will be a causal relation-
ship between efficacy and energy dose. Our novel 
study design was found to be practicable and usa-
ble for further studies, as it could also be modified 
for different research question. Further study with 
a higher sample size is required to adequately 
elaborate the relationship between efficacy and 
irradiance. q
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