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Abstract

Population risks for neonatal hyperbilirubinaemia (NH) vary. Knowledge of local risks per-
mits interventions that may reduce the proportion becoming severe. Between January 2015
and May 2016, in a resource-limited setting on the Thailand-Myanmar border, neonates
from 28 weeks’ gestation were enrolled into a prospective birth cohort. Each neonate had
total serum bilirubin measurements: scheduled (24, 48, 72 and 144 hours of life) and clini-
cally indicated; and weekly follow up until 1 month of age. Risk factors for developing NH
were evaluated using Cox proportional hazard mixed model. Of 1710 neonates, 22% (376)
developed NH (83% preterm, 19% term). All neonates born <35 weeks, four in five born 35—
37 weeks, and three in twenty born >38 weeks had NH, giving an overall incidence of 249
per 1000 livebirths [95%CI 225, 403]. Mortality from acute bilirubin encephalopathy was
10% (2/20) amongst the 5.3% (20/376) who reached the severe NH threshold. One-quarter
(26.3%) of NH occurred within 24 hours. NH onset varied with gestational age: at a median
[IQR] 24 hours [24, 30] for neonates born 37 weeks or prematurely vs 59 hours [48, 84] for
neonates born >38 weeks. Risk factors for NH in the first week of life independent of gesta-
tional age were: neonatal G6PD deficiency, birth bruising, Sgaw Karen ethnicity, primigravi-
dae, pre-eclampsia, and prolonged rupture of membranes. The genetic impact of G6PD
deficiency on NH was partially interpreted by using the florescent spot test and further geno-
typing work is in progress. The risk of NH in Sgaw Karen refugees may be overlooked inter-
nationally as they are most likely regarded as Burmese in countries of resettlement. Given
high levels of pathological jaundice in the first 24 hours and overall high NH burden,
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guidelines changes were implemented including preventive PT for all neonates <35 weeks
and for those 35-37 weeks with risk factors.

Introduction

Neonatal hyperbilirubinemia (NH), characterized by elevated levels of total serum bilirubin
(TSB) in the blood, is a common condition in neonates. An incorrect or delayed diagnosis
may put neonates at risk of developing neurologic dysfunction such as acute bilirubin enceph-
alopathy or a range of subtle to severe kernicterus spectrum disorders [1, 2]. Resource-limited
settings endure most of the burden worldwide as public awareness, access to care, and outpa-
tient follow up are often limited: at least 75% of the affected infants reside in sub-Saharan
Africa and South Asia [3].

The risk of developing NH depends not only on the physiologic status of the neonate at
birth and maternal and environmental factors but also parents’ care-seeking behaviour, health
care service monitoring tools, and practice management [4]. Timely recognition and treatment
maximize the likelihood of NH remaining uncomplicated. The challenge is to identify neo-
nates at risk of NH as early as possible to plan optimal monitoring.

The National Institute for Health and Care Excellence (NICE) NH guideline [5] has been
effective in decreasing the number of neonates with severe NH (13% in 2009-2011) and NH
mortality on the Thailand-Myanmar border [6]. This is a resource-limited setting with a high
prevalence of glucose-6-phosphate dehydrogenase (G6PD) deficiency: 13.7% in adult males
and 2-4% in adult females [7, 8].

This study aims to describe the epidemiology of NH in the aforementioned setting in an
actively screened birth cohort from 28 weeks gestation, including: incidence, mortality, time of
NH onset by gestational age, and factors associated with NH in the first week of life. This infor-
mation will identify if any adaptation of the current international guidelines is needed.

Methods
Study area and population

This prospective observational cohort study included live births between January 2015 and
May 2016 in facilities run by the Shoklo Malaria Research Unit (SMRU). These facilities serve
marginalized Karen and Burmese populations, comprising migrants and refugees. Free mater-
nal and child healthcare is offered and includes pre- and postnatal care, and a birthing unit
staffed by skilled birth attendants [9]. Low income and education, and poor health conditions
prevail [10-12]. GA is estimated either by ultrasound (US) at first antenatal consultation
(ANC) or by Dubowitz gestational assessment for late attenders [13, 14]. Women needing cae-
sarean section (no elective procedures) are referred to a local hospital. Following the WHO
recommendations, delayed cord clamping is routine unless the neonate requires urgent resus-
citation [15]. Most neonates are nursed on the post-natal ward but if an elevated level of neo-
natal care is required e.g. phototherapy, intravenous antibiotics, nasogastric feeding or oxygen,
they are transferred to the Special Care Baby Unit (SCBU), another department within the
SMRU facilities [16].

PLOS ONE | https://doi.org/10.1371/journal.pone.0258127  October 7, 2021

2/17


https://doi.org/10.1371/journal.pone.0258127
mailto:rita@tropmedres.ac

PLOS ONE

Neonatal hyperbilirubinaemia and pathological jaundice (1st 24 hours): An epidemiological cohort study

Inclusion criteria

Any liveborn neonate >28 weeks’ gestation was included if seen within 48 hours (h) of birth,
or if presenting with jaundice in the first week of life, as homebirth still occurs in this setting.

Follow up

Follow up in the first week of life included TSB, haematocrit (HCT), and weight; and it was
deemed ‘complete’ if a minimum of 3 TSB measurements were available: I) one TSB before or
at 30 h of life, II) one TSB measured at a maximum of 36 h after the first one, and III) one TSB
between 120 and 168 h (5-7 day of life). An additional TSB was done if the second TSB was
performed between 31 to 60 h to ensure that no more than 60 h spanned between measure-
ments taken before 120 h of life. The neonate was considered NH-free between 120 h and 168
h if the TSB measured at 120 h of life was at least 50 umol/l below the treatment threshold.

Neonates were then followed up (clinical exam, weight, visual assessment of jaundice, and
TSB if clinically indicated) every week until one month of age [17]. Mothers were encouraged
to bring unwell children to the clinics any time in-between scheduled appointments for exami-
nation and treatment.

Definitions

Neonatal hyperbilirubinemia. The NICE hour-specific treatment thresholds based on
GA at birth were used to determine NH requiring phototherapy (PT) [5]. NH was defined as
moderate when at least one TSB was on or exceeding the PT threshold and severe if at least
one TSB was on or exceeding the exchange transfusion threshold. NH diagnosed within the
first 48 h of life was categorised as ‘early NH’, while NH occurring between 48-168 h of life
was defined as ‘late NH’. The 48 hours cut-off was based on the median duration stay in the
postnatal ward for a mother-child dyad with uncomplicated delivery in this setting.

Type, timing, and duration of PT were recorded. Light intensity was measured with a digital
light meter (Lightmeter by Medical Technology Transfer and Services Ltd; measuring range 0
to 150 puW/cm?/nm; accuracy + 2%) prior to starting phototherapy conditions were optimized
to have the best light intensity possible depending on the severity of the NH [18]. TSB mea-
surement frequency while receiving PT and treatment discontinuation followed the recom-
mendations of the NICE guidelines [5]. The site medical doctor and the head of the
department discussed care of each neonate requiring exchange transfusion prior to transfer to
the local Thai Hospital in Mae Sot (60 km away) as the procedure was not available in the clin-
ics. A diagnosis of acute bilirubin encephalopathy was considered in the presence of acute
onset of neurological signs such as seizure or opisthotonos.

Cohort variables. Cohort characteristics were grouped into four categories: maternal,
obstetric, neonatal characteristics and clinical events.

Available known risk factors associated with an increased risk of developing NH, as well as
characteristics specific to the study site: migrant or refugee status; use of naphthalene balls;
neonate G6PD status, and ethnicity; were included. The latter was based on both parents and
grandparent’s ethnicity and reported as “mixed” when parents’ ethnicity differed. Of note,
people of Islamic faith self-identified as “Burmese Muslim”.

Maternal body mass index (BMI) before delivery was calculated using the last weight within
2 weeks of delivery [19]; a BMI >27.5 mg/kg” was categorized as overweight according to the
WHO expert consultation on Asian populations [20]. Neonatal resuscitation was defined as
the provision, at minimum, of positive pressure ventilation via bag and mask [21]; birthweight
was valid if measured within the first 72 hours of life, and typically in the first 30 minutes [22].
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Weight-for-gestational age adjusted for sex was calculated according to Interbio-21 interna-
tional standards and categorized as small for GA (SGA) if lower than the 10® percentile [23].

Clinical events other than neonatal hyperbilirubinemia were SCBU admission and three
events occurring within the first week of life but prior to NH: excessive weight loss defined as
>7% difference between birth weight and subsequent weights [24, 25]; polycythaemia was
defined by proxy as capillary HCT >70% as the only onsite measure available; and clinically
diagnosed severe infections such as sepsis, meningitis, necrotizing enterocolitis or pneumonia,
treated with a minimum of five days of intravenous antibiotics.

Blood sampling

G6PD fluorescent spot test, ABO & rhesus blood group determination, and direct Coombs test
were measured on cord blood or venous blood at time of first visit for neonates born outside
SMRU birthing unit. The ABO incompatibility definition was limited to neonates with A or B
blood type born to type O mothers [26]. TSB and HCT measurements were done by capillary
heel prick. This blood sample was centrifuged three minutes at 10 000 rotations per minute to
separate red blood cells from plasma; HCT was first estimated using a Hawksley micro-haema-
tocrit reader, then the sample was used to assess TSB using a micro-bilirubinometer (Pfaff
Medical Bilimeter 2 and 3). G6PD fluorescent spot test was by double blind read at birth,
repeated at one month, and the neonate final G6PD status amended according to the test result
obtained at one month [27].

Statistical analysis

Statistical analyses were performed using SPSS 23.0 (IBM SPSS Statistics, IBM Corporation)
and STATA 14 (Stata Corp 2015, Version 14.1. College Station, Texas, StataCorp LP).

Moderate and severe NH incidence was calculated by survival analysis using data from neo-
nates who had a complete regular follow up in the first week of life as defined in the Methods.
One TSB per neonate with complete regular follow up measured at, or the nearest to 24 h (12—
30 h), 48 h (31-60 h), 72 h (61-80 h) and 144 h (81-168 h) was used to describe TSB levels
trend. Only TSB measurements prior to the initiation of PT were included. Time-point TSB
median values were compared using Kruskal-Wallis Test.

Potential risk factors for developing NH were evaluated using a Cox proportional hazard
mixed model, clustered by site. Variables with p-value <0.2 in univariable analysis, as well as
risk-factors for NH described in the literature, were included in a multivariable model, and
adjusted for confounding factors. Variables presenting obvious correlation (e.g., maternal age
and primigravida, primigravida and history of jaundice in sibling, potential ABO incompati-
bility and Coombs test, absence of delayed cord clamping and the need of resuscitation or the
place of delivery, gender and G6PD deficiency in the neonate, or refugee or migrant status and
ethnicity) were not included simultaneously in the models. Analysis of potential risk factors
for developing early and late NH excluded neonates who developed late and early NH,
respectively.

Ethics approval and consent to participate

The study was approved by Oxford Tropical Research Ethics Committee, UK (OxTREC 41-
144), the Mahidol University Faculty of Tropical Medicine Ethical Committee, Thailand
(TMEC 14-012) and the Tak Province Border Community Ethics Advisory Board (TCAB-08-
13). Informed consent was obtained from the parent or guardian of the neonate: written for
those who were literate or by thumbprint in the presence of a literate witness for illiterate.
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Results

There were 1710 neonates included of 2628 women attending the facility during the study
period, and 95.3% (1630/1710) completed the one-month follow up (Fig 1).

Relevant cohort characteristics are presented in Table 1. Nearly half the population were
migrants 53.1% (908/1710) not refugees, with 27.1% (464/1709) of mothers of young maternal
age (<20 years), one in three were primigravid and 35.3% (604/1710) were illiterate. Birth
included 92.9% (n = 1589) spontaneous vaginal delivery, 5.0% (86/1710) caesarean section and
2.0% (35/1710) instrumental delivery. Delayed cord clamping, 84.5% (1298/1536) was routine
for births in the SMRU facilities where most births occurred 89.9% (n = 1536) but not at home

2628 pregnant women with viable pregnancy
attending ANC during the recruitment
period?

241 counselled but declined

527 not contacted (mostly late presenters to the 1% ANC)b

1860 pregnant women interested in letting
their child participate to the study

2 maternal deaths with fetus undelivered
1 maternal consent withdrawn before delivery
6 stillbirths

1865 births:
1837 singletons
28 twins (14 sets)

148 neonates born outside SMRU birthing units presenting
too late for being eligible (including 4 sets of twins)
7 missed enrolments

1710 neonates born 228 weeks’ gestation

13 neonatal deaths
67 neonates lost to follow up

1630 neonates present at 1-month follow up

Fig 1. Enrolment flowchart procedure. *Pregnancy outcome before 28 weeks of gestation was considered as a miscarriage [28]. "Demographic characteristics of
pregnant women not contacted or who declined were similar to that of pregnant women counselled and interested except for a higher proportion of smokers (13.1%
(100/768) vs 9.9% (184/1860), p = 0.019).

https://doi.org/10.1371/journal.pone.0258127.9001
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Table 1. Maternal, obstetrical, neonatal characteristics and clinical events.

Characteristics

Maternal characteristics

Literacy

Primigravida

Pre-eclampsia or eclampsia

Rhesus negative

Obstetric characteristics

Rupture of membranes >18 h

Delayed cord clamping

Neonatal characteristics

Birth bruising or haematoma

Ethnicity Burman
Sgaw Karen
Poe Karen
Burmese Muslim
Others and mixed ethnicity

Gestational age <35 weeks
35-36"° weeks "IV
37-37"° weeks*4¥*
>38 weeks

Gender (male)

Birthweight (g), mean + SD*

Breastfeeding

G6PD deficiency (by FST)

ABO incompatibility

Rhesus incompatibility

Positive Coombs test

Hypoalbuminemia (<3 g/dl)

Clinical events in first week of life

Severe infection

Polycythaemia (HCT >70%)

Weight loss >7%

Data are presented as n (%).

Neonates born >28 weeks’ gestation n = 1710

1106 (64.7)
590 (34.5)
43 (2.5)
3/1702 (0.2)

110/1566 (7.0)
1354 (79.2)

60/1689 (3.6)
337/1660 (20.3)
644/1660 (38.8)
128/1660 (7.7)
87/1660 (5.2)
464/1660 (28.0)
22(1.3)

62 (3.6)

124 (7.3)

1502 (87.8)

890 (52.1)

3001 + 420
1651 (96.6)
120/1708 (7.0)
264/1708 (15.5)
3/1700 (0.2)
49/1505 (3.3)
5/1512 (0.3)

142 (8.3)
253/1702 (14.9)
441/1699 (26.0)

FST, Fluorescent spot test; G6PD deficiency, glucose-6-phosphate dehydrogenase deficiency; HCT, Haematocrit.

 Birthweight n = 1699.

https://doi.org/10.1371/journal.pone.0258127.t001

3.6% (n = 61) or in other hospitals/clinics 6.6% (n = 113). The mean birthweight + standard

deviation was 3001 + 420 grams (n = 1699). Nearly all neonates, 96.6% (1651/1710), were

breastfed from birth, 20.4% (346/1699) were SGA, and 4.9% (84/1710) were premature (mini-

mum GA in this cohort was 29% weeks

+days

). One in three neonates were transferred from the

post-natal ward to the SCBU during their first week of life for a median [IQR] 5 days [2, 7]:
8.3% (142/1710) had severe infections, 26.0% (441/1699) weight loss >7%, and 14.9% (253/

1702) polycythaemia (Table 1).

While a range of other variables were examined: HIV 0.1% (2/1710), syphilis 0.6% (10/

1710), smoking 9.3% (158/1709), overweight before delivery 23.9% (399/1671), twins 1.2%
(n = 20), use of oxytocin 11.8% (198/1677), being born small for gestational age 20.4% (346/
1699), use of naphthalene for storing the clothes 5.4% (92/1710), resuscitation at birth 3.5%
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MNH (percentage)

25

20

15

10

5

First week of life

24 48 72 96

120 144 168 192 216 240 264 288
Postnatal age in hours

Fig 2. Age of onset at first Neonatal hyperbilirubinemia (NH) episode among 376 neonates born >28 weeks of gestation.

https://doi.org/10.1371/journal.pone.0258127.9002

(57/1710), sibling with a history of jaundice 16.7% (187/1120), admission to SCBU in the first
week of life 31.2% (533/1710); they are not further presented as they did not feature signifi-
cantly in later analysis, or as per methods were collinear with another variable.

NH was diagnosed in 22.0% (376/1710) of neonates at a median [IQR] postnatal age of 50
hours [24, 83]: 95.7% (360/376) in the first week of life and 4.3% (16/376), all moderate, in the
second week of life (>>168 h postnatal age) (Fig 2). NH occurred in 83.3% (70/84) of preterm
and 18.8% (306/1626) of term neonates.

The severe NH threshold was reached by twenty neonates (5.3%, 20/376) and three received
exchange transfusion at the referral hospital. Seven cases were severe at first diagnosis (one
preterm and 6 term neonates), while 13 developed severe NH after a first diagnosis of moder-
ate NH (3 preterm and 10 term neonates). A third (7/20) of neonates with severe NH were
from Sgaw Karen ethnicity. Severe NH mortality was 10% (2/20) and due to acute bilirubin
encephalopathy in term neonates: one, born at home arrived in a critical condition and died
before referral, the other died despite having received three exchange transfusions.

NH incidence in the first week of life and by gestational age

Neonates born by caesarean section in referral hospitals and late presenters did not meet the
definition for the sub-cohort of regular complete follow up in the first week of life as they
missed the required windows of TSB measurements. Three-quarters (1283/1710) of the cohort
including 84.8% of the neonates with NH (319/376) with regular, complete follow up were

PLOS ONE | https://doi.org/10.1371/journal.pone.0258127  October 7, 2021 7117


https://doi.org/10.1371/journal.pone.0258127.g002
https://doi.org/10.1371/journal.pone.0258127

PLOS ONE Neonatal hyperbilirubinaemia and pathological jaundice (1st 24 hours): An epidemiological cohort study

100
|

80
1

Proportion of NH

<32w 32w 33w 34w 3bw 36w 37w 38w 39w 240w
Neonates with neonatal hyperbilirubinemia 3 2 5 8 20 25 67
Total neonates 3 2 5 8 22 29 90

Fig 3. Proportion of neonatal hyperbilirubinemia per gestational age in weeks among 1283 neonates with a complete and
regular TSB follow up in the first week of life.

https://doi.org/10.1371/journal.pone.0258127.9003

available, giving a NH incidence in the first week of life of 249 [95%CI 225, 273] per 1000 live-
births (319/1283) and a severe NH incidence of 12 [95%CI 7, 19] per 1000 livebirths (15/1283).
Gestational age was important to the prevalence of NH: 91.3% (63/69) born <37 weeks of ges-
tation vs 16.8% (189/1124) born >38 weeks, p <0.001; with the proportion at 37 weeks of ges-
tation, 74.4% (67/90), more consistent with NH proportions in preterm neonates (Fig 3).
Gestational age was also important to the timing of NH with onset at a median [IQR] 24 h [24,
30] for both neonates born 37 weeks (n = 67) or prematurely (n = 63) vs 59 h [48, 84] for neo-
nates born >38 weeks (Fig 4). Overall, 26.3% (84/319) of NH occurred within 24 h; 58.5% (76/
130) neonates with NH and born <38 weeks developed NH within 24 h; and 90.5% (76/84)
neonates who developed NH within 24 h of life were those born <38 weeks of gestation
(including 84% (n = 64) neonates born 35-37 weeks).

TSB levels trend

Neonates born at a gestational age <34 weeks were excluded from this part of the analysis as
all of them developed NH prior to or at the 24 h time-point measurement. Based on the preva-
lence and time of onset of NH, neonates were categorized as: born at a gestational age 35-37
weeks or >38 weeks.

Table 2 presents a comparison of TSB median [IQR] values at 24 h, 48 h and 72 h of life
between neonates >38 weeks who later develop NH or not, and between those G6PD deficient
or not. Both neonates who would later develop NH and those G6PD deficient had significantly
higher median TSB values (umol/L) at each time-point (SI Fig). At 144 h [85, 168] of life, TSB
values of G6PD deficient neonates were still significantly higher (250 [173, 283], (n = 37) vs
201 [154, 248], (n = 821), p = 0.011).

Among neonates born 35-37 weeks of gestation, only a minimal number of TSB measure-
ments prior to developing NH were available for each time-point and all were from G6PD nor-
mal neonates. At 24 h the median [IQR] TSB was similar for neonates with or without
subsequent NH (99 [92, 105] pmol/L, (n = 29) vs 98 [88, 108] umol/L, (n = 29), p = 0.793). On
the other hand, 48 h and 72 h median [IQR] TSB values were significantly higher among neo-
nates who would later develop NH: 162 [150, 168] umol/L, (n = 16) vs 138 [126, 146] umol/L,
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Fig 4. Median postnatal age at onset of neonatal hyperbilirubinemia per gestational age in weeks among 1283
neonates with a complete and regular TSB follow up in the first week of life. Each boxplot delineates the 25 and
75™ quartiles with the median represented by the straight bold line. The dotted line defines the upper and lower range
and outliers are represented by the dots.

https://doi.org/10.1371/journal.pone.0258127.9004

(n=29) at48 h, p =0.009 and 212 [198, 230], (n = 13) vs 169 [153, 190], (n =28) at 72 h, p
<0.001 respectively; the same trend as observed for neonates >38 weeks.

Factors associated with an increased risk to develop NH

The general characteristics of neonates NH-free and those of neonates with early NH (within
48 h of life) or with late NH (48-168 h of life) are presented in S1 Table. Factors associated
with an increased risk to develop NH in the first week (168 h) of life other than gestational age
were G6PD deficiency, HR 3.89, [95%CI 2.81, 5.38]; presence of birth bruising or haematoma,
HR 2.10, [95% CI 1.31, 3.37]; Sgaw Karen ethnicity, HR 1.45, [95%CI 1.11, 1.89]; primigravid
mothers, HR 1.74, [95%CI 1.37, 2.2]; presence of pre-eclampsia or eclampsia, HR 1.41, [95%CI
1.09, 1.82]; and prolonged rupture of membranes, HR 1.93, [95%CI 1.32, 2.83], S2 Table. Uti-
lizing the same model structure, polycythaemia at 24 h of life was an additional significant risk

Table 2. TSB median [IQR] levels at 24 h, 48 h, and 72 h of life in neonates G6PD deficient or not and in neonates who would later develop NH or not among a
cohort of neonates born at a gestational age >38 weeks and with a complete regular follow up in the first week of life.

Time points in hours (min-max)

24 h (15-30) (n = 1111)
48 h (>30-<60) (n = 1026)
72 h (>60-84) (n = 808)

Data are presented as median and [IQR].

TSB?, umol/L TSB?, umol/L

G6PD normal G6PD deficient p-value Did not develop NH Developed NH p-value
113 [99-129] (n = 1038) | 131[116-149] (n=73) | <0.001 | 110[96-124] (n=935) | 140 [126-154] (n=176) | <0.001
170 [145-193] (n = 973) | 186 [164-219] (n = 53) 0.002 | 166 [143-189] (n=935) | 212[186-231] (n=91) | <0.001
205 [171-238] (n = 770) | 229 [173-259] (n = 38) 0.033 | 203 [169-235] (n=774) | 273[251-293] (n=34) | <0.001

* TSB values in absence of NH prior to or at the time of measurement.

https://doi.org/10.1371/journal.pone.0258127.t002
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Table 3. Uni- and multivariable analysis of potential risk factors for developing early NH (in 48h of life) using Cox proportional hazard mixed model clustering by

site, n = 1136.

Characteristics

Maternal Characteristics
Literacy (cannot read)
Primigravida

Pre-eclampsia or eclampsia
Obstetric characteristics
Rupture of membranes >18 h°
Delayed cord clamping
Neonatal Characteristics
Gestational age (<38 weeks)

Birth bruising or haematoma“
Ethnicity (Sgaw Karen)*
Gender (male)

G6PD deficiency (by FST)
ABO incompatibility

Positive Coombs test®

Clinical events in first 24 h of life

Severe infection at 0-24 h of life

Weight loss >7% at 24 h [12-30 h] of life
Polycythaemia (HCT >70%) at 24 h [12-30 h]

of life

Data are presented as n (%).

Neonates without NH in the | Neonates with NH in the

first week of life (n = 964)*

346 (36)
296 (31)
15 (2)

52/951 (5)
854 (89)

29 (3)

29/ 963 (3)
351/939 (37)
482 (50)
41 (4)
138 (14)
31/937 (3)

39 (4)
23 (2)
81 (8)

* Neonates who develop late NH (n = 147) were excluded from the analysis.

® Adjusted for Primigravida, Pre-eclampsia or eclampsia, Rupture of membrane >18 h, Delayed cord clamping, Gestational age <38 weeks, Birth bruising or

first 48 hours (n = 172)

59 (34)
80 (47)
14 (8)

18/165 (11)
136 (79)

111 (65)

11 (6)
80/169 (47)
102 (59)
30 (17)
37 (22)
10/157 (6)

14 (8)
7 (4)
20 (12)

Univariable analysis

HR [95% CI]

0.92 [0.67, 1.27]
1.97 [1.46, 2.67]
4.78 [2.76, 8.28]

2.07 [1.27, 3.39]
0.51 [0.35,0.73]

38.20 [27.90,
52.20]

2.13 [1.15, 3.92]
1.49 [1.10, 2.01]
1.44 [1.06, 1.95]
4.24 [2.86, 6.28]
1.63 [1.14, 2.35]
1.90 [1.01, 3.62]

2.09 [1.21, 3.62]
1.72 [0.81, 3.68]
1.46 [0.91, 2.33]

p-value

0.618
<0.001
<0.001

0.004
<0.001

<0.001

0.016
0.010
0.018
<0.001
0.008
0.050

0.008
0.158
0.116

Multivariable analysis®

HR [95% CI]

1.70 [1.22, 2.38]

1.58 [1.19, 2.10]

2.03 [1.22, 3.40]
0.88 [0.56, 1.37]

38.90 [28.00,
54.00]

2.53 [1.30, 4.92]
1.53[1.10, 2.12]
5.03 [3.29, 7.70]
1.30 [0.89, 1.90]

1.14[0.62, 2.11]

1.75 [1.05, 2.91]

p-value

0.002

0.002

0.006
0.572

<0.001

0.006
0.011

<0.001

0.174

0.674

0.030

haematoma, Sgaw Karen ethnicity, G6PD deficiency (by FST), ABO incompatibility, Severe infection 0-24h, and Polycythaemia. Gender and Positive Coombs test were

not included because they were highly correlated with G6PD deficiency (by FST), and ABO incompatibility, respectively.

¢ Rupture of membranes >18 h n = 1116, Birth bruising or haematoma n = 1135, Ethnicity (Sgaw Karen) n = 1180, Positive coombs test n = 1094.

https://doi.org/10.1371/journal.pone.0258127.t1003

factor for early NH (48 h) (HR 1.75, [95%CI 1.05, 2.91]), Table 3. Maternal pre-eclampsia or
eclampsia, prolonged rupture of membranes and birth bruising or haematoma were not asso-
ciated with an increased risk of late NH (Table 4).

Discussion

This study conducted on the Thailand-Myanmar border, in a setting where neonatal care but
not intensive neonatal care is available, reports a high NH incidence during the first week of
life (249 per 1000 livebirths) in neonates born from 28 weeks’ gestation. One in five neonates
in this setting required phototherapy for NH at median [IQR] of 50 h [24-83]. The increase in
NH from 18.5% previously reported from this setting (2009 to 2014) [6] to 22% in this study,
most likely results from the systematic TSB screening from 24 hours of life onwards including
follow up to the end of the first month of life. Severe NH is 25 times higher than that observed
in high-income countries (11 vs 0.4 per 1000 livebirths [29]), although systematic TSB screen-
ing is the most likely reason for its decline from 14.9% in 2011 [6] to 5.3% during this study.
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Table 4. Uni- and multivariable analysis of potential risk factors for developing late NH (48-168 h of life) using Cox proportional hazard mixed model clustering

by site, n=1111%

Characteristics Univariable analysis Multivariable analysis®

HR [95% CI] p-value HR [95% CI] p-value
Maternal Characteristics
Literacy (cannot read) 0.79 [0.56, 1.12] 0.187 0.80 [0.55, 1.16] 0.237
Primigravida 1.66 [1.19, 2.30] 0.003 1.68 [1.18, 2.39] 0.004
Pre-eclampsia or eclampsia 0.84 [0.21, 3.41] 0.812
Obstetric characteristics
Rupture of membranes >18 h° 1.47 [0.81, 2.66] 0.201
Delayed cord clamping 0.69 [0.44, 1.06] 0.093 0.96 [0.59, 1.55] 0.869
Neonatal Characteristics
Gestational age (<38 weeks) 3.66 [2.26, 5.92] <0.001 4.60 [2.76, 7.67] <0.001
Birth bruising or haematoma“ 2.52[1.36, 4.66] 0.003 1.82[0.92, 3.61] 0.088
Ethnicity (Sgaw Karen)® 1.66 [1.12, 2.46] 0.012 1.65 [1.11, 2.44] 0.013
Gender (male) 1.32[0.95, 1.83] 0.097 NA
G6PD deficiency (by FST) 2.85[1.76,4.61] <0.001 3.20[1.93,5.31] <0.001
ABO incompatibility 1.09 [0.69, 1.72] 0.704
Positive Coombs test® 0.61 [0.19, 1.92] 0.398
Clinical events in first 24 h of life
Severe infection at 0-24 h of life 1.75[0.92, 3.32] 0.089
Weight loss >7% at 24 h [12-30 h] of life 1.38 [0.57, 3.37] 0.479
Polycythaemia (HCT >70%) at 24 h [12-30 h] of life 1.15 [0.65, 2.04] 0.631

* Neonate who developed early NH (n = 172) were excluded from this analysis.

® Adjusted for Literacy, Primigravida, Delayed cord clamping, Gestational age <38 weeks, Presence of birth bruising or haematoma, Sgaw Karen ethnicity, G6PD
deficiency (by FST). Gender was not included as it was highly correlated with G6PD deficiency (by FST).

¢ Rupture of membranes >18 h n = 1258, Birth bruising or haematoma n = 1282, Ethnicity (Sgaw Karen) n = 1250, Positive coombs test n = 1234.

https://doi.org/10.1371/journal.pone.0258127.t1004

Systematic TSB screening and access to PT using the high-income country NICE interna-
tional guidelines has been a positive effort towards reducing neonatal mortality as recom-
mended under the global strategy of the Every Newborn Action Plan (ENAP) [30] but the
study findings also indicate the guidelines are not optimal for this setting. UK, as well as the
American guidelines propose that TSB should not be done routinely unless the neonate is visi-
bly jaundiced in first 24 h of life or jaundice appears excessive for the age [5, 31]. Jaundice can
be visualized at TSB values between 85-100 umol/L [32] but it may be more difficult in darker
skin neonates, particularly preterms, and those <35 weeks would likely reach the PT threshold
prior to having a TSB measurement done. The UK guidelines recommend NH cases within
the first 24 h of life be referred to tertiary hospital for medical review, while neonates <38
weeks of gestation, those exclusively breastfed or with a previous sibling who had NH should
remain in close monitoring for 48 hours—an impractical recommendation in a setting where
nearly all neonates are exclusively breastfed from birth and access to referral care is extremely
limited. Care for preterm neonates born <35 weeks of gestation, representing 5% of livebirths
in this cohort, is not included in the American guidelines and although the PT thresholds are
detailed for each gestational week from 23 until 37 in the NICE guidelines, there is no specific
guidance for monitoring NH in those <35 weeks.

Several of the study findings are challenging to solve for a resource-limited setting and
could be relevant to other health centres caring for born-too-soon and born-too-small neo-
nates. As far as we are aware this study represents the first report of a high proportion (26%) of
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pathological NH in the first 24 hours of life in a resource-limited setting: all preterm neonates
<35 weeks of gestation developed NH, and all within the first 24 h. The high rate of NH in
four of five neonates born at 35 to 37 weeks of gestation, half of whom developed this within
24 h, is a more unusual pattern but is partially recognized by both American Academy of Pedi-
atrics and the NICE guidelines. Premature neonates are at higher risk of developing severe NH
and developing acute neurological sequelae [33]. Early screening is therefore paramount to
avoid delaying the start of PT and thus reducing the risk of bilirubin-induced neurological dys-
function; as in this study, the value of the first TSB screening done at 24 h of life or earlier was
already above the gestational-age adjusted PT threshold in nearly all preterm neonates. PT
within the first 24 h has shown to be effective in reducing NH among preterms [34] and those
born 28 to 34 weeks of gestation could probably benefit from low irradiance prophylactic PT
[35]. Concerns of increased mortality in extremely low birth weight infants under PT [36] are
not as relevant in this setting where mechanical ventilation is not available and survival below
<28 weeks of gestation is unlikely [28]. However, it is impractical to offer prophylactic PT to
all neonates born at 35 to 37 weeks’ and tools to assist in identification of those with high risk
to develop NH, such as the use of a non-invasive cord blood TSB measurement [37], are being
tested at the Shoklo Malaria Research Unit clinics, as a possible method to detect rising TSB
levels at the earliest stage.

The 18.8% of NH among term neonates observed in this study represents a heavy burden:
twice the estimates of 1 in 10 neonates requiring phototherapy annually worldwide [32]. This
cohort was closely monitored, and this high prevalence is not explained because families pre-
sented late for TSB check as may be expected in a LMIC setting. This places a significant work-
load and intensity of TSB monitoring that is uncomfortable (multiple heel pricks because
transcutaneous devices are beyond LMIC resources) for neonates and their families. Further-
more, NH occurs at a median [IQR] time of 59h [48-84h] in neonates born 38 weeks or more,
and this has clinical repercussions. Otherwise healthy term neonates are usually discharged
within 24-48 hours in a setting like the one on the Thailand-Myanmar border and due to
transportation and access difficulties parents are not always able to return for timely follow-
up.

Severe NH was observed in this setting after a first diagnosis of moderate NH. This high-
lights the need for constant vigilance once PT has started and for tools that improve detection
of risk including among term infants.

Apart from prematurity and G6PD deficiency there were four independent risk factors spe-
cific to an increased risk of developing early NH, within the first 48 hours of life: maternal pre-
eclampsia or eclampsia, prolonged rupture of membranes, both recognized in a systematic lit-
erature review on maternal risk factors for NH [38], a high neonatal haematocrit and the pres-
ence of birth bruising or haematoma. Of these factors, only birth bruising or haematoma is
listed as major risk factor by the American Academy of Pediatrics guidelines for closer moni-
toring [18]. One additional context-specific factor was recognized: neonates of Sgaw Karen
ethnicity showed an increased risk to develop NH in the first week of life compared to the
other ethnic groups. A study in 105 neonates of different Asian ethnicities proposed differ-
ences in genes involved in bilirubin metabolism or environmental factors as a possibility for
NH readmission [39]. In this setting, Sgaw Karen have a higher frequency of G6PD deficiency
[7] and analysis of genetic factors involved in bilirubin metabolism is ongoing. Knowledge of
an increased NH risk in Sgaw Karen ethnicity is valuable locally in Thailand and Myanmar,
and internationally given that more than 100 000 Sgaw Karen refugees from the Thailand-
Myanmar border, most likely regarded as Burmese, now reside in at least 14 countries, follow-
ing the largest UNHCR relocation programme globally [40].
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Based on the results from the current study, a decision to modify the current guidelines
using a combination of TSB levels and risk factors was implemented, aiming to provide the
earliest diagnosis and treatment to those the most at risk of NH while still providing adequate
monitoring and follow up to those deemed less at risk. As 6 in 10 neonates <38 weeks devel-
oped NH within 24 h, preventive PT for neonates <35 weeks, and for those born 35 to 37
weeks with risk factors, was implemented using a simple checklist (S1 File). For those born 38
weeks or more the checklist aims to alert the staff to neonates with an increased risk to develop
NH so they can plan for the follow-up.

The strength of the results presented relies on a large dataset of routinely collected clinical
and laboratory variables and a low proportion of missing information. Notwithstanding, there
are limitations: neonates with potentially high NH risk (e.g., born by caesarean section after a
rupture of membranes >18 hours) were excluded and results likely underestimate NH inci-
dence and proportion of severe jaundice. Exclusive breastfeeding was universal including in
preterm neonates and its association with NH could not be measured. No score of acute biliru-
bin encephalopathy was used preventing international comparison [41]. G6PD deficiency was
evaluated using a qualitative phenotypic method (EST test, [27]) and the effect of G6PD geno-
types on risk of NH was not evaluated. The checklist developed requires access to simple labo-
ratory services e.g., for blood grouping, HCT or TSB and would not be helpful to reduce the
risk for severe jaundice in homeborn neonates, a major risk for exchange transfusion in rural
Myanmar [42] where the government supports auxiliary midwives [43] and two in three births
still take place at home.

Conclusions

In this resource-limited setting with a dedicated special baby care unit but not intensive care
nor timely access to exchange transfusion, this epidemiological study identified a high NH
prevalence, 1 in 4 developing within 24 hours of life. Active screening likely lowered severe
case incidence but mortality due to encephalopathy was still 1 in 10, and this is probably an
underestimate. Guidelines were modified towards early NH identification and treatment and
adequate follow up of those at risk of late NH. Sgaw Karen have the highest risk of NH accord-
ing to ethnicity but are internationally known as Burmese refugees. The increased risk of NH
in neonates identified as G6PD deficient by fluorescent spot test most likely underestimate the
risk in female neonates and further research is currently evaluating this. This study demon-
strates that mortality and potentially crippling morbidity from severe NH can be managed in a
resource limited setting that can provide screening for TSB and offer phototherapy based on
guidelines.

Supporting information

S1 Fig. Differences in total serum bilirubin median levels at 24 h, 48 h, and 72 h of life
among neonates born at a gestational age >38 weeks who would later develop NH and
those who remained NH free. Each boxplot delineates the 25 and 75™ quartiles with the
median represented by the straight bold line. The outliers are represented by the dots. The
grey boxplots represent data of neonates who would remain NH free and the yellow boxplots
of neonates who would later develop NH.

(TIF)

S1 Table. General characteristics of 1283 neonates by time of occurrence of first NH epi-
sode within the first 7 days of life (168 hours). Data are presented as n (%).
(DOCX)
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$2 Table. Uni- and multivariable analysis of potential risk factors for developing NH in
the first week of life (within 168 hours) using Cox proportional hazard mixed model clus-
tering by site, n = 1283. Data are presented as n (%). “Adjusted for Primigravida, Pre-eclamp-
sia or eclampsia, Rupture of membrane > 18 h, Delayed cord clamping, Gestational age <38
weeks, Birth bruising or haematoma, Sgaw Karen ethnicity, G6PD deficiency (by FST), ABO
incompatibility, Severe infection at 0-24 h, Weight loss >7% at 24 h, and Polycythaemia at 24
h. Gender was not included because it was highly correlated with G6PD deficiency (by FST).
Rupture of membrane >18 h n = 1258, Birth bruising or haematoma n = 1282, Ethnicity
(Sgaw Karen) n = 1250, Positive coombs test n = 1234.

(DOCX)

S1 File. NH risk factors checklist & recommendations.
(DOCX)
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