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What is already known on this topic?

►► Phototherapy is the gold standard for treating 
unconjugated hyperbilirubinaemia, and it is 
used in more than 80% of preterm infants 
admitted to a neonatal intensive care unit.

►► Fluorescent tube phototherapy is associated 
with oxidative stress and DNA damage in full-
term neonates.

►► Fluorescent tube phototherapy is being replaced 
by blue light-emitting diode (LED) phototherapy, 
which allows delivery of higher irradiances 
without significant heat production.

What this study adds?

►► Blue LED phototherapy up to 35 µW/cm2/
nm is not associated with an increase in the 
oxidative marker of DNA damage 8-hydroxy-
2′deoxyguanosine (8-OHdG) in preterm infants 
≤32 weeks’ gestation.

►► 8-OHdG/creatinine ratios increase during the 
first week after birth and are highest in infants 
weighing <1000 g.

Abstract
Background  Phototherapy is used on the majority of 
preterm infants with unconjugated hyperbilirubinaemia. 
The use of fluorescent tube phototherapy is known to 
induce oxidative DNA damage in infants and has largely 
been replaced by blue light-emitting diode phototherapy 
(BLP). To date, it is unknown whether BLP also induces 
oxidative DNA damage in preterm infants.
Objective  To determine whether BLP in preterm 
infants induces oxidative DNA damage as indicated by 
8-hydroxy-2′deoxyguanosine (8-OHdG).
Design  Observational cohort study.
Methods  Urine samples (n=481) were collected in a 
cohort of 40 preterm infants (24–32 weeks’ gestational 
age) during the first week after birth. Urine was analysed 
for the oxidative marker of DNA damage 8-OHdG 
and for creatinine, and the 8-OHdG/creatinine ratio 
was calculated. Durations of phototherapy and levels 
of irradiance were monitored as well as total serum 
bilirubin concentrations.
Results  BLP did not alter urinary 8-OHdG/creatinine 
ratios (B=0.2, 95% CI −6.2 to 6.6) at either low (10–30 
µW/cm2/nm) or high (>30 µW/cm2/nm) irradiance: 
(B=2.3, 95% CI −5.7 to 10.2 and B=−3.0, 95% CI 
−11.7 to 5.6, respectively). Also, the 8-OHdG/creatinine 
ratios were independent on phototherapy duration 
(B=−0.1, 95% CI −0.3 to 0.1).
Conclusions  BLP at irradiances up to 35 µW/cm2/nm 
given to preterm infants ≤32 weeks’ gestation does not 
affect 8-OHdG, an oxidative marker of DNA damage.

Introduction
Neonatal jaundice as a result of unconjugated 
hyperbilirubinaemia occurs in up to 80% of preterm 
infants in the first week after birth.1 If severe and 
left untreated, unconjugated hyperbilirubinaemia 
may lead to permanent neurological damage or 
even death. From 1968 onward, the standard 
treatment for neonatal hyperbilirubinaemia has 
been phototherapy2 and presently given to >80% 
of preterm infants admitted to a neonatal intensive 
care unit.3 Since the introduction of phototherapy, 
the use of exchange transfusions has diminished 
drastically.4 Nevertheless, conventional photo-
therapy using fluorescent tubes (FTs) has several 
known side effects, including oxidative stress (OS) 
and DNA damage in full-term infants,5–8 and a 
tendency towards increased mortality in preterm 
infants.9 10 In the long-term, FT phototherapy 
has been associated with diabetes, asthma and 

epilepsy, and a slight increased incidence of infant 
cancer,11–15 but the mechanisms involved have 
never been established.

Over the past 60 years, phototherapy devices 
incorporating FTs have been largely replaced by 
devices with blue light-emitting diodes (LEDs), 
which makes it easier and safer to administer 
high irradiances with less heat production.16 It 
remains largely unclear whether using blue LED 
phototherapy (BLP) in preterm infants causes OS 
and thereby DNA damage. Recently, we anal-
ysed effects of BLP at irradiances up to 100 µW/
cm2/nm in hyperbilirubinaemic rats and found 
no oxidative DNA damage as indicated by the 
markers 8-hydroxy-2′-deoxyguanosine (8-OHdG) 
or gamma-H2AX.17 It is unclear, however, whether 
we can reliably extrapolate these results to preterm 
infants, who are more susceptible to oxidative 
damage in comparison with full-term infants.18 In 
the present study, we determined the effects of BLP 
on the oxidative marker of DNA damage 8-OHdG 
in preterm infants of ≤32 weeks’ gestational age.
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Methods
Research population
In this observational cohort study, we enrolled 40 infants. Inclu-
sion criteria were a gestational age ≤32 weeks, admission to the 
neonatal intensive care unit of the Beatrix Children’s Hospital, 
University Medical Center Groningen, the Netherlands within 
24 hours after birth and phototherapy treatment during the first 
postnatal week. Infants were recruited between November 2016 
and April 2017. Exclusion criteria included congenital malforma-
tions or syndromes and infants with non-Dutch or non-English 
speaking parents. Parental informed consent was obtained for all 
participants.

Urine collection
On admission, urine samples were collected as soon as possible 
and serially collected during the first week, resulting in 0–5 urine 
samples per day for seven consecutive days. We collected the 
urine using PeeSpots (Hessels+Grob, Apeldoorn, the Nether-
lands).19 The PeeSpots were placed and collected by the nursing 
staff at each routine diaper change. The time of collection was 
recorded for each urine sample. At each collection, the PeeSpots 
were placed in a tube and stored at −20°C for maximally 4 
weeks. Prior to analysis, the tubes were thawed and centrifuged 
for 1 min at 200XG to retrieve the urine. We chose to collect 
urine using PeeSpots instead of gauze pads. This decision was 
based on a pilot study in which retrieval of both 8-OHdG and 
creatinine was 100% from the PeeSpots, whereas retrieval of 
8-OHdG from a gauze was only 78% (data not shown).

Urinary analyses of 8-OHdG
We measured the oxidative marker of DNA damage 8-OHdG, 
the breakdown product of guanine, in urine. Guanine is the DNA 
base that is most susceptible to OS, and 8-OHdG is completely 
excreted in the urine.20 Thus, 8-OHdG was obtained in a non-
invasive manner and it specifically served as a marker of OS-in-
duced DNA damage. It is the most commonly used OS marker 
in oncology and environmental toxicology and is very stable as 
repeated measurements of urinary 8-OHdG in samples stored 
at −20°C even for 15 years and did not show any decline.20 21 
8-OHdG and creatinine were measured as previously described.17 
In order to obtain the 8-OHdG/creatinine ratio, the concentra-
tion of 8-OHdG was divided by the concentration of creatinine 
to correct for urine osmolality.

Phototherapy
Phototherapy was administered using either a neoBLUE mini 
(Natus Medical Incorporated, San Carlos, California, USA) 
or a Mavi LED Phototherapy System (Inspiration Healthcare, 
Leicester, UK). Both systems emit blue LED light between 450 
nm and 470 nm and were used at irradiances ranging from 10 
to 35 µW/cm2/nm. Phototherapy devices were positioned at 
~35 cm distance from the infants, which were naked except for 
diapers and eye protection. Starting and ending times of photo-
therapy sessions and the irradiance used at each session were 
recorded. Irradiances were measured daily at the infant’s head, 
trunk and knees using a BiliBlanket Light Meter II (GE Health-
care, Madison, Wisconsin, USA), and the mean irradiance was 
calculated based on these three measurements.

For every urinary sample collected under phototherapy, we 
recorded the corresponding irradiance level (µW/cm2/nm) at 
that time as well as the duration of phototherapy on the days 
before collection of that particular urine sample. Generally, a 

distinction was made between high (≥30 µw/cm2/nm) and low 
(<30 µW/cm2/nm) irradiance.

Clinical parameters
For all infants, we recorded gender, gestational age, birth weight, 
Apgar score and umbilical pH, CO2 and base excess. In addi-
tion, we recorded whether the infants were part of twins and 
whether they suffered from sepsis. Furthermore, we assessed 
daily whether the infant received respiratory support and their 
daily amount of enteral and breastfeeding.

Statistics
Sample size was calculated using Power Analysis and Sample Size 
2019 software.22 23 Using an expected detected difference (d) of 
0.5 SD, an α of 0.05 and β of 0.8 resulted in a required sample 
size of 34 infants. Instead, we recruited 40 infants to ensure a 
sufficiently large sample.

Changes in the 8-OHdG/creatinine ratios (8-OHdG/creat-
inine) over time were analysed using generalised estimating 
equations (GEEs). This technique allows the longitudinal anal-
ysis of datasets with different numbers of measurements among 
the participants. GEE takes into consideration that measure-
ments from the same individual are correlated with each other. 
Thereby, GEE corrects for this correlation without discarding 
individual measurements and maximises the use of available data 
without artificially increasing the sample size.24

Phototherapy use, irradiance and duration were entered as 
predictors in a GEE model to assess their influence on the vari-
ation in 8-OHdG/creatinine during the first postnatal week. 
Potential confounding clinical parameters, for example, breast 
feeding or respiratory support, were entered as predictors. Since 
all possible effects needed to be corrected for postnatal age, 
univariable analyses were performed by entering each param-
eter individually in a GEE model, together with postnatal day 
(table  1/online supplementary table S3). In addition, to assess 
a possible interaction between birth weight and phototherapy 
parameters, we assessed the predictive power of the respective 
interaction terms.

For all GEE analyses, an exchangeable working correlation 
matrix was used, assuming a fixed correlation between measure-
ments within one participant. On entering specific categorical 
parameters (eg, phototherapy vs no phototherapy), the model 
could predict 8-OHdG/creatinine for each predictor category: 
the estimated marginal mean (EMM). These EMMs reflect 
8-OHdG/creatinine more accurately than sample means because 
infants with many urine samples will contribute more to the 
sample mean than infants with few samples. Therefore, all figures 
display EMMs on the y-axes. GEE analyses were performed on 
raw 8-OHdG/creatinine ratios because logarithmical transfor-
mation reduced the skewness but still did not result in a normal 
distribution (Kolmogorov-Smirnov p<0.005), and it did not 
significantly affect the linearity of the association (homoscedas-
ticity of residuals). In the text, data are displayed as (regression 
coefficient (B) (CI).

Results
Table 2 shows the clinical characteristics of the enrolled infants. 
On average, infants received 74 (median) hours of phototherapy 
at median irradiance of 15 (14 to 21) µW/cm2/nm. The photo-
therapy duration per case is shown in online supplementary 
table S1. One infant received phototherapy within 24 hours after 
birth, and 17 received phototherapy on day 1. The number of 
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Table 1  Generalised estimating equations (GEE) model to predict the 8-OHdG/creatinine ratios (µg/g creatinine)

Parameter* Categories Regression coefficient 95% CI lower
95% CI 
upper

Postnatal day Day 0 (n=22 samples) 0

Day 1–6 (n=459 samples) 9.5 5.8 13.2

Birth weight (g) ≥1000 (n=311 samples) 0

<1000 (n=170 samples) 8.8 1.6 16.0

No phototherapy versus phototherapy samples No phototherapy (n=168 samples) 0

Phototherapy (n=287 samples) 0.2 −6.2 6.6

Before versus during vs after phototherapy Before phototherapy (n=100 samples) 0

During phototherapy or <2 hours after phototherapy 
(n=286 samples)

−2.6 −16.1 10.9

2–12 hours after phototherapy (n=25 samples) −7.9 −22.8 7.0

Low irradiance versus high irradiance (µW/
cm2/nm)) phototherapy

No lamp (n=164 samples) 0

Low irradiance (<30) (n=171 samples) 2.3 −5.7 10.2

High irradiance (≥30) (n=39 samples) −3.0 −11.7 5.6

Total phototherapy duration (hours)  �  −0.12 −0.33 0.09

Total serum bilirubin (µmol/L)  �  −0.06 −0.14 0.01

*All results originated from individual testing of each parameter in a GEE model together with postnatal day in order to correct for the effect of postnatal age.
8-OHdG, 8-hydroxy-2’deoxyguanosine.

urine samples collected per case is shown in online supplemen-
tary table S2.

The 8-OHdG/creatinine ratios depend on postnatal age
Both 8-OHdG (median 2.3 (interquartile range 1.6 to 3.5) µg/L) 
and creatinine (median 0.11 (interquartile range 0.08 to 
0.16) g/L) were measured in all urine samples (n=481 samples). 
This allowed us to calculate 8-OHdG/creatinine (median 20.6 
(interquartile range 14.4 to 28.6) µg/g creatinine) for all infants. 
We found that postnatal day was a significant predictor of 
8-OHdG/creatinine and that 8-OHdG/creatinine was lower on 
the day of birth than on all subsequent days (figure 1A/table 1). 
This indicated that 8-OHdG/creatinine depends on postnatal 
age.

The 8-OHdG/creatinine ratios did not increase by 
phototherapy
For each urine sample, we recorded whether it had been collected 
under phototherapy, defined as collection after at least 2 hours of 
continuous phototherapy or within 2 hours after phototherapy 
had stopped. Before choosing this collection period, we eval-
uated different collection periods, which all resulted in similar 
results. The collection period after phototherapy discontinua-
tion was not a significant predictor of 8-OHdG/creatinine and 
8-OHdG/creatinine was not different before, during or after 
phototherapy (figure  1B/1C/table  1). Phototherapy irradiance 
and total phototherapy duration were not significant predictors 
of 8-OHdG/creatinine in the GEE prediction model during the 
first postnatal week (figure  1D/table  1). We also assessed the 
effect of phototherapy duration by analysing the correlation 
between the mean 8-OHdG/creatinine on each postnatal day 
and the total phototherapy duration, which did not result in 
significant correlations (data not shown).

8-OHdG/creatinine ratios were higher in extremely low 
birthweight infants, irrespective of phototherapy use or 
bilirubin levels
Plotting 8-OHdG/creatinine of infants in different birth-
weight categories (figure  2A) showed that infants weighing 
<1000 g (n=13) had significantly higher 8-OHdG/creatinine 

(table 1/figure 2B), indicating that these smallest infants might 
experience more oxidative DNA damage. Theoretically, this 
could be caused by either their longer duration of phototherapy 
exposure (B=27.4 (95% CI 8.2 to 46.6) hours) or by potentially 
increased susceptibility to phototherapy-induced OS. To assess 
whether birth weight affects the relationship between photo-
therapy and 8-OHdG/creatinine, we built interaction terms with 
birth weight and phototherapy use, irradiance and duration and 
entered these in a 8-OHdG/creatinine GEE prediction model. 
Whereas birth weight alone was our significant predictor, the 
interaction terms with phototherapy use (B=−0.5 (95% CI 
−16.0 to −15.0), phototherapy irradiance (low irradiance 
B=−5.2 (95% CI −22.5 to 12.1), high irradiance B=7.9 (95% 
CI −10.2 to 25.9)) and phototherapy duration (B=−0.09 (95% 
CI=−0.39 to 0.22)) were not significant predictors. This shows 
that the relationship between the 8-OHdG/creatinine and photo-
therapy is not different in low birthweight infants and indicates 
that the higher 8-OHdG/creatinine in infants <1000 g are merely 
birthweight mediated and not phototherapy mediated. In addi-
tion, since these infants have lower total serum bilirubin levels, 
we tested whether bilirubin levels affected with the relationship 
between birth weight and 8-OHdG/creatinine, which was not 
the case (interaction term birth weight and bilirubin: B=−0.04 
(95% CI 0.25 to 0.17)). This shows that higher 8-OHdG/creati-
nine in infants<1000 g are not bilirubin mediated.

In addition to phototherapy parameters and birth weight, 
we recorded several clinical parameters as well as medications 
that could possibly affect OS or 8-OHdG production. With the 
exception of birth weight, none of these parameters were signif-
icant predictors of 8-OHdG/creatinine when tested in our GEE 
model as shown in online supplementary table S3.

Discussion
We showed that for early preterm infants, BLP at irradiances 
of up to 35 µW/cm2/nm was not associated with an increase in 
the oxidative marker of DNA damage 8-OHdG. We measured 
8-OHdG/creatinine before and during phototherapy, and during 
different time periods after discontinuation of phototherapy, 
but found no significant difference (figure  1B/1C/table  1). 
Even in urine samples collected between 12 and 24 hours after 
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Table 2  Clinical characteristics

Clinical characteristics Descriptives

Phototherapy

Phototherapy duration (hours) 74 (45–92)

Phototherapy irradiance (µW/cm2/nm)* 15 (14–21)

 � Head 16 (13– 22)

 � Trunk 20 (15–28)

 � Knees 15 (14–21)

Phototherapy irradiance

 � Low irradiance <30 µW/cm2/nm 30 infants (75)

 � High irradiance ≥30 µW/cm2/nm 10 infants (25)

Total serum bilirubin (µmol/L) 119 (90–154)

Clinical parameters

Birth weight (g) 1150 (830–1550)

Intrauterine growth restriction (birth weight 
<10th percentile for gestational age)

12 infants (30)

Gestational age (weeks) 29 (27–30)

Boys/girls 23 boys (58)/17 girls (42)

Part of twins (yes/no) 15 infants (38)/25 infants (62)

Apgar score at 5 min 8 (7–9)

Umbilical pH 7.3 (7.2–7.3) (n=35 infants)

Umbilical CO2 7.1 (5.7–7.9) (n=34 infants)

Umbilical base excess −4 (−6 to −2) (n=35 infants)

Respiratory support

 � Mechanical 28 infants (70)

 � Continuous positive airway pressure (CPAP) 38 infants (95)

 � High flow 12 infants (30)

 � Low flow 3 infants (8)

 � Minimal oxygen % 21 (21–21)

 � Maximal oxygen % 22 (21–30)

Nutrition

 � Parenteral feeding 40 infants (100)

 � Mother’s milk 40 infants (100)

 � Formula feeding 34 infants (85)

 � Enteral feeding (mL/kg) 38 (14–67)

 � Mother’s milk (mL/kg) 23 (5–54)

 � Mother’s milk % of enteral feeding 94 (47–100)

Sepsis, number †

 � Early onset sepsis 2 infants (5)

 � Late onset sepsis 10 infants (25)

Data are presented as numbers of infants (% of total) or medians (IQR).
*Two infants were briefly treated with 50 µW/cm2/nm, but too few samples were 
collected during this time for reliable interpretations. These samples were excluded 
from analyses.
†Early onset was defined as a positive blood culture during the first 48 hours after 
birth. Late onset was defined as a positive blood culture after the first 48 hours.

discontinuation of phototherapy, we found similar 8-OHdG/
creatinine (data not shown). We found no correlation between 
phototherapy duration or irradiance and 8-OHdG/creatinine. 
We confirmed that birth weight was a significant predictor of the 
8-OHdG/creatinine ratio with infants weighing <1000 g having 
the highest levels predominantly during the first three post-
natal days. This suggested that these infants had higher levels 
of oxidative DNA damage. Although infants <1000 g received 
longer phototherapy, the differences could only be explained 
by birth weight and not by phototherapy (table  1). This is in 
line with previous measures that reported a significant correla-
tion between birth weight and 8-OHdG. We also showed that, 
in addition to clinical characteristics, total bilirubin levels were 
not a significant predictor of 8-OHdG/creatinine. The fact that 

infants <1000 g had higher 8-OHdG/creatinine could theoreti-
cally be caused by photons penetrating deeper into their tissues 
as their skin thickness of is less when compared with term coun-
terparts. However, we also showed that within this low birth 
weight group, phototherapy use does not correlate with higher 
8-OHdG/creatinine. Furthermore, the 8-OHdG/creatinine ratio 
increases over time, and does their skin thickness, making an 
association between skin thickness and 8-OHdG/creatinine 
unlikely.

Several studies in full-term infants reported an increase in 
DNA damage after FT phototherapy. FTs could be expected to 
cause more OS and DNA damage than BLP. BLP allows higher 
treatment irradiances without producing significant increases in 
heat. The heat produced by FTs can induce hyperthermia, which 
is known to enhance OS.25 26  Second, FTs are known to emit 
small amounts of ultraviolet light, especially close to the lamp.27 
This is true particularly when the ultraviolet protective screens 
become damaged over time or are removed.

There are few studies that report on blue FT or LED photo-
therapy and OS in full-term neonates. Demirel et al observed 
an increased OS index after exposure to FT phototherapy but 
not after BLP,28 whereas Kale et al and El-Farrash et al observed 
increased OS after both phototherapy types.29 30 In these studies, 
however, the compared FT and LED irradiances were neither 
in the same range nor measured accurately. All studies assessed 
OS by measuring total oxidant status (TOS) and/or total anti-
oxidant capacity (TAC) in plasma. The validity of these assays 
in this context has been questioned, because bilirubin acts as an 
antioxidant and can therefore affect the outcome of TOS and 
TAC. Since bilirubin is reduced by phototherapy, phototherapy 
can therefore potentially interfere with both TOS and TAC.31 32

In our study, we circumvented these interactions by deter-
mining the physiologically relevant effect of OS by using a 
marker that is only produced as a result of DNA damage. This 
marker, 8-OHdG, is known to be produced in many OS-induced 
diseases in preterm infants, such as bronchopulmonary dysplasia, 
necrotising enterocolitis and retinopathy of prematurity.33–35 It 
also has been described to correlate with other frequently used 
markers of oxidative marker of DNA damage in neonates, such 
as the Comet assay and malondialdehyde levels.36 37 In addi-
tion, 8-OHdG is the direct oxidation product of the DNA base 
guanine and is therefore directly correlated with DNA oxidation 
and damage. Furthermore, using a urinary marker allows for 
frequent noninvasive sampling.

Limitations
Although we studied 8-OHdG/creatinine longitudinally per 
child, our study design did not involve continuous measure-
ments. Moreover, no infants received irradiances higher than 35 
µW/cm2/nm in this study, and the relatively small sample size did 
not allow us to assess the influence of all potential confounders. 
Our study did not include a negative control group that received 
no phototherapy at all. This limitation is intrinsic to the prema-
turity of our cohort; the majority of preterm infants developed 
hyperbilirubinaemia and received phototherapy.

Strengths
First, our prospective longitudinal design allowed accurate moni-
toring of phototherapy duration and irradiance, whereas GEE 
analysis allowed us to correct for the effect of age. Most clinical 
studies only determine markers of damage once before and after 
phototherapy. Such a design harbours an inherent methodolog-
ical confounder on account of the fact that certain OS markers 
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Figure 1  The 8-OHdG/creatinine ratio during the first week after birth and the effect of phototherapy. (A) The postnatal course of the 8-OHdG/
creatinine ratio during the first week after birth. (B) The 8-OHdG/creatinine ratio in urine samples collected before phototherapy (PT), during or within 
2 hours after phototherapy discontinuation, or 2–12 hours after phototherapy discontinuation. (C) The 8-OHdG/creatinine ratio in urine samples 
collected under phototherapy or less than 2 hours before or after phototherapy. (D) The 8-OHdG/creatinine ratio in samples collected more than 2 
hours before or after phototherapy or under low irradiance (< 30 μW/cm2/nm) or high irradiance (≥ 30 μW/cm2/nm) phototherapy. All values on the 
y-axes represent EMMs. 8-OHdG, 8-hydroxy-2’deoxyguanosine; EMMs, estimated marginal means.

Figure 2  The effect of birth weight on the 8-OHdG/creatinine ratio and total bilirubin. (A) The 8-OHdG/creatinine ratio was divided into four 
birthweight (BW) categories, corresponding to the categories used for the hyperbilirubinaemia treatment guidelines. (B) The 8-OHdG/creatinine ratio 
in samples of infants with a BW of <1000 g versus a BW of ≥1000 g. All values on the y-axes represent EMMs. 8-OHdG, 8-hydroxy-2’deoxyguanosin; 
EMMs, estimated marginal mean.

increase with postnatal age.38 39 We are therefore cautious about 
concluding that increased levels of OS after phototherapy in 
these studies are caused by phototherapy instead of merely by 
age. For 8-OHdG, we and others have shown that postnatal day 
is a significant predictor of 8-OHdG/creatinine.38 We therefore 
accounted for the influence of postnatal age when assessing 
phototherapy effects. Second, in contrast to most existing 
studies, we chose to test our hypothesis in infants of ≤32 weeks, 
which is the most relevant patient population, because the vast 
majority of them receive phototherapy and their antioxidative 
capacities are the weakest.

Conclusion
BLP is gradually replacing FT phototherapy and thereby the door 
is opened to high-irradiance phototherapy with no heat-induced 
side effects. Thus far, however, the clinical implementation of 

LED phototherapy has been impeded by concerns about long-
term side effects. We did not find that BLP resulted in increased 
levels of the OS marker 8-OHdG in preterm infants ≤32 weeks’ 
gestation. Our data do not exclude other potential harmful 
effects that could cause previously reported long-term adverse 
effects. It also remains to be determined whether higher photo-
therapy irradiances of ≥50 µW/cm2/nm can induce oxidative 
DNA damage in early preterm infants.
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