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Abstract

Preterm low-birth-weight infants remain difficult to manage based on adequate laboratory
tests. The aim of this study was to establish blood reference intervals (RIs) in those new-
borns who were admitted to and survived in the neonatal intensive care unit (NICU). A multi-
center prospective study was conducted among all infants admitted to 11 affiliated NICUs
from 2010 to 2013. The clinical information and laboratory data were registered in a network
database designed for this study. The Rls for 26 items were derived using the parametric
method after applying the latent abnormal values exclusion method. The influence of birth
weight (BW) and gestational age (GA) on the test results was expressed in terms of the
standard deviation ratio (SDR), as SDRgy and SDRga, respectively. A total of 3189 infants
were admitted during the study period; 246 were excluded due to a lack of blood sampling
data, and 234 were excluded for chromosomal abnormalities (n = 108), congenital anoma-
lies requiring treatment with surgical procedures (n = 76), and death or transfer to another
hospital (n = 50). As a result, 2709 infants were enrolled in this study. Both the SDRga and
SDRgw were above 0.4 in the test results for total protein (TP), albumin (ALB), alanine ami-
notransferase (ALT), and red blood cells (RBC); their values increased in proportion to the
BW and GA. We derived 26 blood Rls for infants who were admitted to NICUs. These Rls
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should help in the performance of proper clinical assessments and research in the field of
perinatal-neonatal medicine.

Introduction

The prognosis of preterm low-birth-weight infants has improved dramatically with advances in
perinatal medicine. The Neonatal Research Network of Japan revealed that more than 80% of
infants delivered at 24 weeks of gestational age (GA) survived in neonatal intensive care units
(NICUs) [1], and the survival rates of infants born at GA 22 and 23 weeks were also improved
compared with those in previous studies [2]. However, the treatment of these vulnerable new-
borns and the associated clinical research remain great challenges. It is essential to properly
assess these infants based on adequate physiological data [3] as well as laboratory tests.

Due to the nature of the physiological growth and development of infants and children,
many efforts have been made to establish pediatric reference intervals (RIs) for routinely-mea-
sured laboratory parameters[4] [5]. Christensen et al. published RIs for the complete blood cell
(CBC) counts in term and preterm infants using the large database of a health care system [6]
[7] [8] [9]. The Canadian Laboratory Initiative on Pediatric Reference Interval Database estab-
lished RIs for blood chemistry data in healthy and multiethnic child populations [10] [5]. In
contrast, few studies have been published regarding the RIs of blood chemistry elements for
preterm low-birth-weight infants[11] [12] [13].

The “Kyushu University High-Risk Neonatal Clinical Research Network” Project is a collab-
orative study conducted among NICUs across the northern part of Kyushu Island in Japan
from April 2010 to March 2013. For this project, a prospective observational study was per-
formed in the 11 affiliated hospitals in order to establish blood Rls in preterm low-birth-weight
infants within 24 h after birth who were admitted to multiple perinatal care centers and who
survived until hospital discharge.

Materials and Methods
Multicenter Prospective Study

All infants admitted to any of the 11 affiliated NICUs on the first day of life were enrolled in
this study, with the following exclusion criteria: chromosomal abnormalities, congenital anom-
alies requiring surgical procedures during the neonatal period, and death or transfer to other
hospitals prior to discharge. Data acquisition was carried out using a web-based electronic
medical software program that stores laboratory data and clinical information (Hitachi Solu-
tions, Ltd., Tokyo, Japan). The data were classified into three subgroups based on either by BW
or GA according to the classification of the World Health Organization (WHO) for neonates.
The study protocol was approved by the Institutional Review Board (#22-131; Kyushu Univer-
sity Hospital) at each institution and registered as a prospective observational study with the
University Hospital Medical Information Network clinical trial registration system in Japan
(UMINO000008763) in April 2010. Written informed consent was obtained from all of the care-
takers of the patients prior to their enrollment in this study.

Target Test Items and Standardization of Measurements

The Japan Society of Clinical Chemistry established common RIs for use nationwide in Japan
for 40 commonly tested laboratory tests [14]. Annual external quality controls have been done
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for the major analytes among the affiliated medical facilities in the northern region of Kyushu
Island[15], and we confirmed the standardized status of all the assays[16]. The CBC count and
differential white blood cell counts were measured using automated Beckman Coulter Hema-
tology Analyzers (Beckman Coulter Inc., FL, USA). The following 16 biochemical and 10
hematological test items were chosen as analytes: total protein (TP), albumin (ALB), blood
urea nitrogen (BUN), creatinine (CRE), total bilirubin (T-BIL), direct bilirubin (D-BIL),
sodium (Na), potassium (K), chlorine (CL), calcium (Ca), C-reactive protein (CRP), aspartate
aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), alka-
line phosphatase (ALP), creatine kinase (CK), white blood cells (WBC), red blood cells (RBC),
hemoglobin (HGB), hematocrit (HCT), platelets (PLT), neutrophils (NEUT), lymphocytes
(LYMP), monocytes (MONO), eosinophils (EOS) and basophils (BASO).

Statistical Analysis

The following items, which may be affected by a pathological state, were excluded depending
on the international classification of diseases-10 (ICD-10) code: LDH, AST, and CK in infants
with a disease code of P20-29; respiratory and cardiovascular disorders specific to the perinatal
period and CRP in infants with P35-39; infections specific to the perinatal period, K, and
T-BIL in infants with P50-61; and hemorrhagic and hematological disorders specific to fetuses
or newborns. In order to exclude inappropriate infants with multiple abnormal results, a multi-
variate iterative method called latent abnormal values exclusion (LAVE) [14] [15] [16] was
applied for simultaneous derivation of RIs for multiple test items. In this study, the LAVE
method was used for the values of WBC, HGB, HCT, TP, BUN, CK, K, LDH, ALT, and CRP
with eight iterations and an allowance of up to one result outside the RI and up to one missing
result in the reference test items.

The parametric method was used for computing the Rls after transforming the distribution
of the reference values into a Gaussian form using a modified Box-Cox transformation [14].
The 90% confidence intervals (CIs) for the upper (UL) and lower limits (LL) of the RIs were
estimated by the bootstrap method to avoid any abnormal results in the reference test [17, 18].
The need to partition the reference values by sex, GA, and BW was judged based on the SD
ratio (SDR) introduced by Ichihara [14]; the SDR for sex (SDRggx) is expressed as the SD rep-
resenting the sex difference divided by the SD of the RI (SDgy, or 1/4th of RI). Similarly, the
SDRs for GA and BW (SDRg4, SDRgyy) were computed as a ratio of the SD representing the
between-GA and between-BW subgroup differences divided by the SDg;y, respectively. We
adopted an SDR cutoff value of 0.4 by consensus among the collaborators [17, 19, 20].

Results
Outline of the Prospective Study

Fig 1 shows an outline for the recruitment of preterm low-birth-weight infants in this pro-
spective study. A total of 3,189 infants were hospitalized on the first day of life at the 11
NICUs between April 2010 and March 2013; 246 did not undergo laboratory testing on
admission, 210 were recognized to be healthy and did not require blood testing, 9 were trans-
ferred to other hospitals, and 27 died within 24 hours after birth. We also excluded 234 infants
who received a diagnosis of congenital abnormalities (n = 210) or congenital abnormalities
requiring surgical procedures within 28 days after birth (n = 76) or who died in the hospital or
were transferred to other facilities (n = 50). Therefore, the final study group for analyzing the
blood RIs comprised 2,709 infants who did not meet the exclusion criteria and survived until
hospital discharge.
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Al infants admitted to the 11 affiliated hospitals during the first day of life
(n=3189)
Not performed blood sampling on their admission
(n=246, Supplementary Table 1)
=1 Discharged to the mothers’room  (n=210)
Transfered to other hospitals (n=9)
Dead soon after the admission (n=27)
Y
All the admitted infants peformed blood sampling within 24hrs after birth
(n=2943)
Exclusion criteria
(n=234, Supplementary Table 1)
j——,.| Chromosomal abnormalities (n=210)
Congenital abnormalities requiring surgical procedures
during the neonatal period (n=76)
Death or transferred (n=50)
Y
Final study group for blood reference intervals
(n=2709, Table 1)
Did not meet exclusion criteria and survived to hospital discharge

Fig 1. Overview of the prospective study of blood reference intervals for preterm low-birth-weight
infants.

doi:10.1371/journal.pone.0161439.g001

ICD-10

Table 1 shows the number of subjects in the final group classified based on the ICD-10 code.
We diagnosed 1,555 low-birth-weight infants (91.6%) (Total <2,500 g) and 1,340 preterm
birth infants (89.9%) (total <37 w) with P05-08: disorders related to the length of gestation
and fetal growth. S1 Table displays the ICD-10 diagnostic information for the excluded infants.

GA- and BW-specific Blood Rls

Table 2 displays the GA-specific RIs of hematology and blood chemistry (international units).
The items with SDRs of more than 0.4 were subgrouped based on the GA classification. The
SDRg values of TP, ALB, CRE, Na, ALT, WBC, RBC, NEUT and MONO were significant.
The BW-specific RIs for low-birth-weight infants (international units) are shown in Table 3.
The SDRgyy values of TP, ALB, ALT, RBCs, and EOS were significant. The values of TP, ALB,
ALT and RBC were significant in both SDRg, and SDRgyy, with values of more than 0.4. These
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Table 1. Number of preterm low-birth-weight infants classified in the ICD-10 (n = 2709).

ICD-10 codes Total <25009g Total <37w

Classified by BW Classified by GA

<1000g | 1000- 1500- <28w |28- 32-

15009 25009 32w |37w

P00-P04 Fetus and newborn affected by maternal factors and by complications of | 5 0 0 5 9 0 0 9
pregnancy, labour and delivery
P05-P08 Disorders related to length of gestation and fetal growth 1555 | 148 225 1182 1340 | 124 | 215 1001
P10-P15 Birth trauma 0 0 0 0 0 0 0 0
P20-P29 Respiratory and cardiovascular disorders specific to the perinatal period | 74 2 72 88 1 87
P35-P39 Infections specific to the perinatal period 8 0 0 8 6 0 0 6
P50-P61 Haemorrhagic and haematological disorders of fetus and newborn 14 1 0 13 6 1 0 5
P70-P74 Transitory endocrine and metabolic disorders specific to fetus and 34 0 3 31 31 0 1 30
newborn
P75-P78 Digestive system disorders of fetus and newborn 3 0 0 3 5 0 0 5
P80-P83 Conditions involving the integument and temperature regulation of fetus | 0 0 0 0 0 0 0 0
and newborn
P90-P96 Other disorders originating in the perinatal period 1 1 0 0 1 1 0 0
QO00-Q07 Congenital malformations of the nervous system 0 0 0 0 0 0 0 0
Q10-Q18 Congenital malformations of eye, ear, face and neck 1 0 0 1 1 0 0 1
Q20-Q28 Congenital malformations of the circulatory system 0 0 0 0 0 0 (0] 0
Q30-Q34 Congenital malformations of the respiratory system 0 0 0 0 0 0 0 0
Q35-Q37 Cleft lip and cleft palate 1 0 0 1 0 0 0 0
Q38-Q45 Other congenital malformations of the digestive system 1 0 0 1 2 0 0 2
Q50-Q56 Congenital malformations of genital organs 0 0 0 0 0 0 0 0
Q60-Q64 Congenital malformations of the urinary system 0 0 0 0 0 0 0 0
Q65-Q79 Congenital malformations and deformations of the musculoskeletal 0 0 0 0 0 0 0 0
system
Q80-Q89 Other congenital malformations 0 0 0 0 0 0 0 0
Q90-Q99 Chromosomal abnormalities, not elsewhere classified 0 0 0 0 0 0 0 0
Total 1697 | 150 230 1317 1489 | 126 | 217 1146

BW; birth weight, GA; gestational age, According with the World Health Organization classification of BW and GA, the data were collected for sub-stratified
by six BW and GA groups: low-birth-weight infant as a BW of <2500g, very low-birth-weight infant as <1500g, extremely low-birth-weight infant as <1000g,
and moderate to late preterm infant as GA of <37w, very preterm infant as <32w, extremely preterm infant as <28w, respectively.

doi:10.1371/journal.pone.0161439.1001

levels increased in proportion to the BW and GA (Fig 2). S2 and S3 Tables show the Rls con-
verted from international to conventional units.

Discussion

The Kyushu University High-Risk Neonatal Clinical Research Network Project recently estab-
lished a university initiative to accumulate information for all infants admitted to the affiliated
NICUs using a web-based electronic medical software program. As part of this initiative, our
study’s main purpose was to establish RIs for hematology and blood chemistry analytes in pre-
term low-birth-weight infants who were admitted to perinatal-neonatal care centers in Japan
and who survived until discharge.

We were able to obtain a sufficient sample size (2709 infants) during the three-year study
period. The practically attainable target sample size for each analyte was set at a minimum of
250 or more, which is greater than twice the minimum number (120 or more) [19]. We
excluded outliers based on the clinical diagnosis (ICD-10) and the results of the multivariate
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Fig 2. Scatter plots of the items that were significant in both the SDRga and SDRgy. The horizontal axis shows the birth weight
(BW). The vertical axis shows the measured values of A. Total protein (g/dL), B. Albumin (g/dL), C. Alanine aminotransferace (ALT)
(IU/L), and D. Red blood cells (10%/ul). The data were classified into three subgroups based on gestational age (GA): GA of 32-37
weeks, cross marks (x); 28—-32 weeks, open circles (o); 22—28 weeks, filled circles (®).

doi:10.1371/journal.pone.0161439.9002

iterative method (LAVE) [19]. The LAVE features the simultaneous setting of RIs for multiple
test items that are mutually related and the rigid exclusion of individuals with abnormal values
for other test items [20]. As a result, the reference individuals were “considered to be normal”
preterm low-birth-weight infants based on the ICD-10 code (Table 1).

The Ichihara method utilizes information for the SDR attributable to each source of varia-
tion and can be applied in situations in which more than two subgroups are categorized
according to the factors [15] [18]. In our study, we presented each RI classified into six sub-
groups by the BW and GA according to the SDRpy and SDRga, respectively. The SDRggx of
each item were zero for all analytes for the age groups (data not shown). Therefore, sex-specific
RIs were not presented in this study.

In our study, the following tended to increase in proportion to both the GA and BW: TP,
Alb, and ALT (Tables 2 and 3 and Fig 2). The TP is made up of Alb and globulin. Alb is synthe-
sized in the liver, and a low serum Alb may result from immaturity of the liver function. ALT is
an important transaminase enzyme in various tissue, especially the liver; therefore, the blood
ALT level is used clinically as a biomarker for the liver function. In small-for-gestational-age
infants, the AST and ALT serum activities were correlated with BW and GA [21]. Our data
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confirmed the parallel upward trend in these values as the organ function matured. In contrast,
extremely premature infants had high plasma enzyme activities compared to babies at a later
corrected GA [22], possibly due to suffering more severe illness immediately after birth.

Significant SDRg A and SDRgyy values (>0.4) were observed for WBC, RBC, NEUT, and
MONO (Table 2); and RBC and EO (Table 3), respectively. When the test results of those ana-
lytes were compared among the groups, the RBC count was found to have a tendency to
increase in proportion to both the BW and GA (Fig 2). The RIs of HCT and HGB in extremely
preterm patients were reported to be lower than those in later preterm and term infants [23].
Several reports have shown the same gradual upward tendency in hematological data [9] [23].
The PLT counts increased for GAs of 22 to 42 weeks using a huge data system [8]. In contrast,
an abnormal lymphocyte count at birth is associated with adverse outcomes, including early-
onset sepsis, intraventricular hemorrhaging and retinopathy of prematurity [24]. The onset of
neutropenia in the first days of life is sometimes noted in SGA infants or those born to mothers
with persistent maternal hypertension or early-onset bacterial infection [25]. These reports
suggest that the GA and BW, as well as potentially pathogenic maternal and neonatal variables,
should be considered when developing Rls.

We recognize various limitations and pitfalls that should be considered when applying these
RIs in practice. First, preterm or low-birth-weight babies are considered to be in a clinically path-
ological or unhealthy state, and many require medical management. Therefore, “normal range” is
not a suitable term for the blood chemistry and hematology data for these infants. We therefore
used the term “reference interval” in this project and discarded data confirmed to be unacceptable
based on the ICD-10 code and LAVE method. A second limitation is that the source of blood
specimens (capillary, venous, or arterial) was not taken into account. Some hematological and
chemical test values are somewhat higher in capillary samples than in venous or arterial samples.
The third limitation is that we did not analyze the trends in the values after birth [23]. The values
of analytes may change after several postnatal days depending on the clinical course of the infant.

Conclusions

Our project provides 26 blood RIs in preterm low-birth-weight infants requiring neonatal inten-
sive care in Japan. These Rls should help researchers in the field of perinatal-neonatal medicine
perform proper assessments in routine clinical work and research. Further evaluations are needed
to determine whether these Rls are representative of the physiological data for those infants.
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