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Red cell distribution
width as a predictor
for bronchopulmonary dysplasia
in premature infants

Hayato Go'*, Hitoshi Ohto?, Kenneth E. Nollet?, Kenichi Sato?, Hirotaka Ichikawa?,
Yohei Kume?, Yuji Kanai', Hajime Maeda?, Nozomi Kashiwabara?, Kei Ogasawara?,
Maki Sato?, Koichi Hashimoto! & Mitsuaki Hosoya?

Bronchopulmonary dysplasia (BPD) is the most common morbidity complicating preterm birth. Red
blood cell distribution width (RDW), a measure of the variation of red blood cell size, could reflect
oxidative stress and chronic inflammation in many diseases such as cardiovascular, pulmonary, and
other diseases. The objectives of the present study were to evaluate perinatal factors affecting RDW
and to validate whether RDW could be a potential biomarker for BPD. A total of 176 preterm infants
born at <30 weeks were included in this study. They were categorized into BPD (n=85) and non-BPD
(n=91) infants. RDW at birth and 14 days and 28 days of life (DOL 14, DOL 28) were measured. Clinical
data were obtained from all subjects at Fukushima Medical University (Fukushima, Japan). The mean
RDW at birth, DOL 14 and DOL 28 were 16.1%, 18.6%, 20.1%, respectively. Small for gestational age
(SGA), chorioamnionitis (CAM), hypertensive disorders of pregnancy (HDP), gestational age and birth
weight were significantly associated with RDW at birth. SGA, BPD and red blood cell (RBC) transfusion
before DOL 14 were associated with RDW at DOL 14. BPD and RBC transfusion before DOL 14 were
associated with RDW at DOL 28. Compared with non-BPD infants, mean RDW at DOL 14 (21.1% vs.
17.6%, P <0.001) and DOL 28 (22.2% vs. 18.2%, P < 0.001) were significantly higher in BPD infants.
Multivariate analysis revealed that RDW at DOL 28 was significantly higher in BPD infants (P=0.001,
odds ratio 1.63; 95% Cl 1.22-2.19). Receiver operating characteristic analysis for RDW at DOL 28 in
infants with and without BPD yielded an area under the curve of 0.87 (95% C1 0.78-0.91, P<0.001).
RDW at DOL 28 with mild BPD (18.1% vs. 21.3%, P < 0.001), moderate BPD (18.1% vs. 21.2%, P <
0.001), and severe BPD (18.1% vs. 24.0%, P < 0.001) were significantly higher than those with non-
BPD, respectively. Furthermore, there are significant differences of RDW at DOL 28 among mild,
moderate, and severe BPD. In summary, we conclude that RDW at DOL 28 could serve as a biomarker
for predicting BPD and its severity. The mechanism by which RDW at DOL 28 is associated with the
pathogenesis of BPD needs further elucidation.

Bronchopulmonary dysplasia (BPD) is the leading cause of chronic lung disease with long term respiratory and
neurodevelopmental outcomes!?. It is associated with maternal inflammation, surfactant deficiency, mechani-
cal ventilation and oxygen toxicity that provokes an inflammatory response and impairs lung development
with dysregulated angiogenesis and alveolarization>*. Premature infants are often exposed to positive pressure
ventilation and supplemental oxygen, contributing to the development of BPD, which is characterized by an
arrest of vascular and alveolar growth and high risk for pulmonary hypertension®. Such structural alterations
are accompanied by characteristic inflammatory changes, oxidative stress and endothelial dysfunction®. While
the etiology of BPD is multifactorial, the relevance of oxidative stress and chronic inflammation to lung injury
in premature infants has been demonstrated in human subjects and animal models exposed to hyperoxia®’.
Red blood cell distribution width (RDW), a measure of the variation red blood cell size, is a routinely and
rapidly reported component of an automated complete blood cell count (CBC). Typically, RDW has been used
to differentiate causes of anemia, but recent research has suggested that RDW could reflect oxidative stress and
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216 premature infants identified

Excluded from study
Death before 1 month day of life: 11
Missing value of RDW : 2
Congenital anomalies : 5
Transfer before 1 month day of life: 22

Included in study
Premature infant n=176

Figure 1. Flow chart of this study.

Total (N=176)

Gestational age, mean + SD, weeks 26.1 +0.1

Birth weight, mean + SD, grams 798 +19

Male phenotype, n (%) 87 (49.4)
CAM, n (%) 81 (46.0)
Antenatal steroid, n (%) 136 (77.2)
PROM, n (%) 38 (21.6)
HDP, n (%) 21 (11.8)
RDS, n (%) 145 (82.4)
SGA, n (%) 28 (15.9)
PDA, n (%) 91 (51.1)
Apgar score at 1 min median (IQR) 4 (2-5)
Apgar score at 5 min median (IQR) 7 (5-8)
BPD, n (%) 85 (48.3)
Mild BPD 29 (16.4)
Moderate BPD 27 (15.3)
Severe BPD 29 (16.4)
Inhaled nitric oxide 19 (10.7)
Duration of oxygen supplementation mean+SD, week | 13.1 +8.7

Table 1. Characteristics of subjects. IQR interquartile range, CAM chorioamnionitis, PROM premature
rupture of membranes, HDP hypertensive disorders of pregnancy, SGA small for gestational age, RDS
respiratory distress syndrome, PDA patent ductus arteriosus, BPD bronchopulmonary dysplasia, DOL days of
life.

chronic inflammation in many diseases such as heart failure, chronic obstructive pulmonary disease, pulmonary
hypertension, idiopathic pulmonary fibrosis, and cancer®!!. Furthermore, an adult population-based study in
the U.S has observed an inverse relationship between RDW and lung function'. Although RDW in adults is
known to correlate with lung disease, cardiovascular disease, and cancer, no reports have investigated whether
RDW during the postnatal period could be a predictor for neonatal lung disease such as BPD in a large cohort.

Therefore, in this study, we hypothesized that postnatal RDW could serve as a biomarker of BPD. The objec-
tives of the present study were to evaluate the perinatal factors affecting RDW and to validate its biomarker
potential for BPD.

Results

Clinical characteristics and RDW in preterm infants.. As shown in Fig. 1, a total of 176 preterm
(BPD: n=85, non-BPD: n=91) infants were included in this study. The clinical characteristics of those born at
less than 30 weeks are summarized in Table 1. The mean (+SD) GA and BW were 26.1 (+0.1) weeks and 798
(19) grams, respectively. Regarding BPD, 29 premature infants were diagnosed with mild BPD, 27 with mod-
erate BPD, 29 with severe BPD, and 91 had no BPD. Table 2 shows the factors affecting RDW at birth, DOL 14
and DOL 28, respectively. SGA, HDP, CAM, gestational age and birth weight were significantly associated with
RDW at birth. As shown in supplemental Figure S1, RDW at birth was positively but weakly correlated with
gestational age (P=0.04, r=0.15) and negatively but weakly correlated with birth weight (P<0.001, r=—-0.26).
In terms of RDW at DOL 14, SGA and red blood cell transfusion before DOL 14 were significantly associated.
BPD was also significantly associated with RDW at DOL 14 and 28 (Table2). The mean RDW at birth, DOL 14
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RDW at birth RDW DOL 14 RDW DOL 28

Univariate analysis | Multivariate analysis | Univariate analysis | Multivariate analysis | Univariate analysis | Multivariate analysis

Pvalue P value Pvalue Pvalue P value Pvalue
Gestational age® 0.04 0.008 <0.001 0.76 <0.001 0.80
Birth weight* <0.001 0.002 <0.001 0.13 <0.001 0.06
Male phenotype® 0.44 - 0.48 - 0.18 -
CAMP <0.001 0.03 0.22 - 0.36 -
Antenatal steroid® 0.38 - 0.47 - 0.82 -
PROM" 0.08 - 0.17 - 0.49 -
HDP® <0.001 0.03 0.99 - 0.22 -
RDSP 0.87 - 0.67 - 0.11 -
SGAP <0.001 0.02 0.03 0.03 0.001 0.33
PDA® 0.43 - 0.86 - 0.56 -
BPD® 0.08 - <0.001 0.005 <0.001 <0.001
g;;‘;:’n‘;stfa‘g‘gff“ 0.35 - 0.11 0.002 0.84
Nitric oxide therapy® 0.14 - 0.008 0.23 0.002 0.47
RBC transfusion before DOL 14° 0.92 <0.001 <0.001 0.004 0.02
E;‘;‘L’; ([))fe Eljga transfusion during |  ¢; - <0.001 0.40 0.004 0.56
Apgar score at 1 min® 0.65 - 0.001 0.20 0.003 0.54
Apgar score at 5 min® 0.65 - 0.01 0.74 0.06 -
Hemoglobin at birth? 0.008 0.99 <0.001 0.74 <0.001 0.68
Hemoglobin at DOL 28* - - - - <0.001 0.14

Table 2. Factors affecting RDW. CAM chorioamnionitis, PROM premature rupture of membranes, HDP
hypertensive disorders of pregnancy, SGA small for gestational age, RDS respiratory distress syndrome, PDA
patent ductus arteriosus, BPD bronchopulmonary dysplasia, RBC red blood cell, DOL days of life. Multivariate
analysis was performed using multiple regression analysis. *Univariate analysis was performed using Pearson’s
correlation test. "Student’s t-test.

and DOL 28 were 16.1%, 18.6%, 20.1%, respectively. Interestingly, RDW gradually increased during the post-
natal period (Fig. 2). Table 3 shows a comparison of the clinical characteristics and RDW among groups with
and without BPD. The mean gestational age and birth weight in BPD neonates were significantly lower than that
in non-BPD infants (24.9 vs. 26.1 weeks, P<0.001, 646 g vs. 937 g, P<0.001), respectively. Multivariate analysis
revealed that in BPD infants, duration of oxygen supplementation in BPD infants was significantly longer than
in non-BPD infants (P = 0.001, odds ratio 1.16; 95% CI 1.06-1.27). Although RDW at birth and DOL 14 were
not significantly higher in BPD infants, RDW at DOL 28 was significantly higher in BPD infants (P = 0.001, odds
ratio 1.63; 95% CI 1.22-2.19) (Table 3). As shown Fig. 3, compared with non-BPD infants, mean RDW at DOL
14 (21.1% vs. 17.6%, P<0.001), and DOL 28 (22.2% vs. 18.2%, P<0.001) were higher in BPD infants.

Next, we investigated the association between RDW at DOL 28 and BPD in infants who did not receive RBC
transfusion (n="74). As shown in supplemental Figure S2, RDW at DOL 28 in BPD infants who did not receive
RBC was also significantly higher than that in non-BPD infants who did not receive RBC.

Utility of predictors for assessing the onset and severity of BPD in premature infants. As
shown in Fig. 4, ROC curves were analyzed to determine the utility of predictors to assess the onset of BPD
in premature infants. Among the predictors, gestational age (AUC 0.82, 95% CI 0.74-0.88, P<0.001), of birth
weight (AUC 0.84, 95% CI 0.75-0.88, P<0.001) and RDW at DOL 28 (AUC 0.87, 95% CI 0.78-0.91, P<0.001),
receiver operating characteristic analysis for RDW in infants with and without BPD revealed that RDW at DOL
28 detected BPD with a high area under the curve. A threshold of RDW >22.5% at DOL 28 identified BPD with
72.0% sensitivity and 88.9% specificity, P<0.001 (Fig. 4).

Next, we evaluated the relationships between median RDW at DOL 28 and severity of BPD (Fig. 5). RDW
at DOL 28 with mild BPD (18.1% vs. 21.3%, P < 0.001), moderate BPD (18.1% vs. 21.2%, P < 0.001), and severe
BPD (18.1% vs. 24.0%, P < 0.001) were significantly higher than those with non-BPD, respectively. Furthermore,
there are significant differences of RDW at DOL 28 among mild, moderate and severe BPD cohorts (Fig. 5).

Discussion

To the best of knowledge, this retrospective study is one of only a few studies investigating the relationship
between RDW in the postnatal period and BPD. Although Garofoli et al. previously suggested that RDW in the
first month of life among BPD infants was higher than that in non-BPD infants", the sample size of preterm
infants in their reports was small (n = 41). Furthermore, they did not investigate the associations between RDW
and severity of BPD. This study revealed that RDW at DOL 28 in preterm infants born at less than 30 weeks’
gestational age is an independent risk factors for BPD and severity of BPD in a large cohort. This result is
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Figure 2. Postnatal red cell distribution width (RDW) in all subjects (n=176). The x-axis represents days of
life (DOL), and y-axis is RDW (%). DOL 14: 14 days of life, DOL 28: 28 days of life. Horizontal bars denote the
mean +SD in each group of infants. The P values were calculated using Related-Samples Friedman’s Two-Way

Analysis of Variance by Ranks.

Univariate analysis | Multivariate analysis
BPD (N=85) | Non-BPD (N=91) | Pvalue Pvalue |95% CI

Gestational age, mean + SD, week 249+1.6 26.1+1.8 <0.001° 0.32 0.79 (0.51-1.25)
Birth weight, mean + SD, gram 646+ 157 937 £249 <0.001° 0.005 0.99 (0.99-1.00)
Male phenotype, n (%) 44 (51.8) 43 (47.3) 0.76* -

CAM, n (%) 43 (50.6) 38 (41.7) 0.13* -

Antenatal steroid, n (%) 65 (76.5) 71 (78.0) 0.88% -

PROM, n (%) 19 (22.4) 19 (20.8) 0.45% -

HDP, n (%) 8(9.4) 13 (14.3) 0.36* -

RDS, n (%) 70 (82.3) 75 (82.4) 0.55% _

SGA, n (%) 17 (20.0) 11(12.1) 0.23* -

PDA, n (%) 44 (51.8) 46 (50.5) 0.96* -

Duration of oxygen supplementation +SD, day | 16.7+8.1 9.9+8.0 <0.001° 0.001 1.16 (1.06-1.27)
Nitric Oxide, n (%) 16 (18.8) 3(3.3) 0.001* 0.11 0.18 (0.02-1.53)
Apgar score at 1 min, median (IQR) 3(2-5) 4 (2-6) 0.001¢ 0.10 0.68 (0.43-1.08)
Apgar score at 5 min, median (IQR) 6(3-7) 7 (4-8) 0.005¢ 0.14 1.33(0.91-1.94)
RBC transfusion before DOL 14, n (%) 33(38.8) 28 (30.7) 0.27%

pNeur’l‘;E’frn‘:ef d?fnc(iggsf“i"“s during neonatal | ) (4 ¢ 1(0-6) 0.016¢ 0.742 | 0.90 (0.46-1.66)
Hb at birth mean+SD (g/dL) 14.2+23 15.7+2.8 0.001° 0.91 0.98 (0.76-1.28)
Hb at DOL 28 mean +SD (g/dL) 9.8+1.8 10.3+1.7 <0.001° 0.74 0.93 (0.65-1.35)
RDW at birth, mean = SD (%) 16.4+2.1 15.9+1.3 0.03 0.62 0.89 (0.56-1.41)
RDW DOL 14, mean +SD (%) 21.1+3.6 17.6+2.5 <0.001° 0.67 1.03 (0.84-1.32)
RDW DOL 28, mean+SD (%) 22.2+3.2 18.2+2.4 <0.001° 0.001 1.63 (1.22-2.19)

Table 3. Characteristics of BPD and non-BPD infants. IQR interquartile range, CAM chorioamnionitis,
PROM premature rupture of membrane, HDP hypertensive disorders of pregnancy, SGA small for gestational
age, RDS respiratory distress syndrome, PDA patent ductus arteriosus, RBC red blood cell, Hb hemoglobin,
RDW red cell distribution width, DOL days of life. P-value was compared between BPD and non-BPD

neonates. *Chi-square test. *Student’s t test. “Wilcoxon rank sum test.
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Figure 3. Postnatal red cell distribution width (RDW) in non-BPD (n=90) and BPD (n=82) infants. DOL
14: 14 days of life, DOL 28: 28 days of life. Horizontal bars denote the mean + SD in each group of infants. The
P values were calculated using Related-Samples Friedman’s Two-Way Analysis of Variance by Ranks unless
otherwise noted. §: Student’s t-test. BPD bronchopulmonary dysplasia. DOL days of life.
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Figure 4. Comparison of receiver operating characteristics by red cell distribution width (RDW), birth

weight, and gestational age to distinguish infants with and without BPD. Blood samples at birth and DOL 28
(28 days of life) were obtained from all subjects. Blood samples at DOL 14 were obtained from 152 infants. BPD
bronchopulmonary dysplasia, DOL days of life, GA gestational age, BW birth weight, AUC area under the curve,
CI confidence intervals.

consistent with accumulating data showing that RDW is important in the pathogenesis of many disease includ-
ing lung disease.

The mechanism by which RDW is prognostic for many diseases is unclear. RDW shows the variability of
circulating red blood cell size, which is a parameter reflecting the heterogeneity of red blood cell volume. Early
RDW was typically used in the diagnosis of anemia, but RDW has been known to be an independent predictor
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Figure 5. The correlation between red cell distribution width (RDW) at DOL 28 and severity of BPD (non-
BPD: n=91, mild BPD: n=29, moderate BPD: n=27, severe BPD: n=29). The x-axis represents severity of BPD,
and y-axis is RDW (%). Horizontal bars denote the median in each group of infants. Differences in RDW at
DOL 28 among non-BPD, mild-BPD, and moderate-severe BPD were evaluated by Kruskal-Wallis followed by
Dunn’s Bonferroni post hoc test for multiple comparison. BPD bronchopulmonary dysplasia, DOL days of life.

of morbidity and mortality in adult patients with heart disease and lung disease such as chronic heart fail-
ure, coronary artery diseases, pulmonary artery hypertension, obstructive sleep apnea syndrome, and chronic
obstructive pulmonary disease3-!%.

The clinical sequelae of BPD include chronic inflammation and intermittent hypoxia. In particular, some
previous studies reported that the severity of BPD is associated with the severity of chronic hypoxia and inflam-
mation. Chronic intermittent hypoxia is positively associated with elevated RDW, via intermittent surges of
erythropoietin'®. This study also suggested that RDW at DOL 28 in premature infants with prolonged oxygen
supplementation was significantly higher than those without. On the other hand, some suggest that inflamma-
tion, a key factor in many chronic diseases, may specifically affect erythropoiesis leading to increased RDW. Lippi
et al. showed that RDW might be related to chronic inflammation, due to inflammatory cytokines inhibiting the
proliferation of erythroid progenitor cells by inhibiting endothelial nitric oxide production, which was consid-
ered to be a factor stimulating erythroid progenitor cell proliferation that affects RDW'®. To date, many studies
suggested that inflammatory cytokines and oxidative stress are associated with the pathogenesis of BPD'¢-1%,

Another possible explanation for increased RDW is that oxidative stress negatively impacts red cell sur-
vival leading to increased RDW. Approximately 16-25% of BPD patients will develop pulmonary hypertension
(PH)"-2!, which is one of the leading causes of death in these circumstances. In this study, among moderate/
severe BPD patients, 19% of infants were treated with pulmonary vasodilator medications including iNO for
BPD-PH. Regarding adult patients with PH, many studies reported that high RDW was elevated in PH*?*.
Because of their incomplete lung development, infants with moderate/severe BPD and PH are exposed to chronic
or intermittent hypoxia. In this study, duration of oxygen supplementation in BPD infants was significantly higher
than in non-BPD infants. Endothelial cells and the alveolar type II cells are especially susceptible to oxidative
stress®. As for the pathogenesis of BPD, endothelial cell function is crucial for angiogenesis and alveolarization
in the neonatal lung®. A previous study suggested that elevated RDW may be caused by endothelial dysfunction
and associated with decreased flow-mediated dilation®*. Thus, we speculate that elevated RDW might reflect the
lung endothelial dysfunction in BPD infants.

We also observed an association between RDW and perinatal factors in preterm infants. Although SGA and
GA were associated with RDW at birth, SGA and BPD were significantly associated with RDW at DOL 14. On
the other hand, BPD and red blood cell (RBC) transfusion were significantly associated with RDW at DOL 28.
Furthermore, we found that mean RDW at birth in premature infants born at < 30 weeks was higher than those
in children and adults. In terms of a reference interval for RDW, some studies have been informative. A previous
study suggested that mean RDW at birth in premature infants born at <30 weeks was 17.6%%. However, they did
not investigate the correlations between gestational age, birth weight, and RDW at birth in premature infants born
at <30 weeks. Interestingly, we found that RDW at birth was negatively correlated with birth weight, however,
it was weakly correlated with gestational age. Furthermore, the present study also suggested that RDW on DOL
14 and 28 were not associated with birth weight and gestational age in multivariate analysis. We speculate that
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RDW at birth might be affected by how erythropoiesis is influenced by birth weight, but mechanisms remain
to be further elucidated.

Alur et al. suggested that race affected red blood cell parameters in very low birth weight neonates®. On the
other hand, Christensen et al. reported that a 15.5-20% RDW reference interval at birth did not change over the
first two weeks except for those receiving RBC transfusion?. They also suggested that preterm neonates had a
higher upper reference limit associated with RBC transfusions®’. Spadaro et al. reported that RBC transfusion
increased RDW in intensive care unit patients®. This study also suggests that RBC transfusion before DOL 14
was associated with elevated RDW at DOL 14 and 28.

Our study has several limitations. First, it was performed at a single center with a small cohort of moderate/
severe BPD patients. We encountered cases with missing data due to our retrospective design, but all patients
included had an RDW measured and were characterized in detail. To further validate our observations, a larger
sample size with multiple centers and different ethnic cohorts would be invaluable. Second, we could not inves-
tigate the association between serum cytokines and RDW. In other reports of BPD, serum cytokines such as IL-6,
TGF-B, and IL-8 were significantly increased”. RDW has been known to be altered in states of inflammation™®.
Third, we could not investigate the relationship between brain natriuretic peptide level (BNP) and RDW. Previous
studies suggested that RDW is associated with brain natriuretic peptide level (BNP)*"2. BNP is also known to be
associated with severity of BPD**=%. Fourth, we could not investigate correlations between iron supplementation
and thalassemia status with RDW. Although other cohorts found that some factors such as iron supplementation
and thalassemia status were associated with RDW?%’, our Japanese cohort did not include infants with thalas-
semia, and all infants received iron supplementation. Lastly, in this study, we did not investigate the correlation
between RDW and lung function. RDW is reported to reflect lung function in adults'?. There have been some
reports of follow-up lung function tests of BPD infants showing these children continue to have abnormal base-
line spirometry with significant airway obstruction®**. Furthermore, a previous study also reported that pre-
mature infants with BPD before hospital discharge have decreased lung function compared to healthy infants*.

In summary, we conclude that RDW at DOL 28 could serve as a biomarker for predicting BPD, and as a
predictor for its severity. The mechanism by which RDW at DOL 28 is associated with the pathogenesis of BPD
needs further elucidation.

Materials and methods

Ethics approval and compliance. The retrospective single-center study was carried out at Fukushima
Medical University Hospital's Department of Pediatrics NICU (neonatal intensive care unit: NICU) from Janu-
ary 2010 to September 2020. The Ethics Committee of Fukushima Medical University, guided by local policy,
national law, and the World Medical Association Declaration of Helsinki, approved this study without requiring
informed consent from guardians, but consent could be rescinded in the form of opt-out.

NICU Patients. In this study, newborns born at less than 30 weeks gestational age and in the care of the
NICU at Fukushima Medical University any time between January 2010 and September 2020 were included.
Newborns with congenital anomalies and missing data for RDW at birth and day of life (DOL) 28 or those who
died or transferred prior to postnatal DOL 28 were excluded. Data for analysis included gestational age (GA),
phenotypic sex, body weight at birth (BW), inhaled nitric oxide (iNO) in the first 28 days, supplemental oxygen
at DOL 28, respiratory distress syndrome (RDS), being small for gestational age (SGA), Apgar scores, and the
following maternal complications: chorioamnionitis (CAM), premature rupture of membranes (PROM), and
hypertensive disorders of pregnancy (HDP). BPD was defined in accordance with the National Institutes of
Health consensus definition for infants*'. At a postmenstrual age of 36 weeks, the infants were classified into
the following groups: mild BPD, defined as the need for supplemental oxygen at =28 days but not at 36 weeks’
postmenstrual age; moderate BPD was defined as the need for supplemental oxygen at 28 days, in addition to
supplemental oxygen at FiO, (fraction of inspired oxygen) <0.30 at 36 weeks’ postmenstrual age; and criteria for
severe BPD, which includes the need for supplemental oxygen at 28 days and at 36 weeks postmenstrual age,
along with mechanical ventilation and/or FiO, >0.30*2. SGA was defined as a birth weight of below 1.5 standard
deviations that was corrected for the gestational age and sex in accordance with the criteria from prior work®.
In this study, we included premature infants treated with iNO in the first 28 days for hypoxic respiratory failure
(defined needing mechanical ventilation with an oxygenation index [OI] = 10) or pulmonary hypertension iden-
tified by echocardiogram**. The indications for red blood cell transfusion in NICU were hemoglobin<7 g/dL,
hemoglobin <11 g/dL with oxygen supplementation, or hemoglobin < 12 g/dL with infants within 24 h of birth.

RDW and hemoglobin measurements. Blood samples were taken from premature infants at birth, 14
and 28 days of life (DOL 14 and DOL 28), respectively. Two hundred fifty microliters of blood from a periph-
eral vein were collected into a K3 EDTA tube. Complete blood counts were measured using a Sysmex XE-5000
coagulation analyzer (Sysmex, Kobe, Japan) on admission.

Statistical analysis. Maternal factors and infant characteristics were summarized with descriptive statis-
tics. Data are presented as mean and standard deviation (SD) for normally distributed data, and median with
intra-quartile range (IQR) for non-normal data. Student’s t-test was used for comparison of means and Wil-
coxon rank sum test for comparison of medians. The chi-square test was used for categorical variables. The
Kolmogorov-Smirnov test was used to judge the normality of distribution of serum RDW at birth, DOL 14,
and DOL 28. To evaluate the correlation between two parameters, Pearson’s correlation test was calculated. We
performed multiple logistic analyses to determine factors significantly associated with BPD as RDW at DOL 28,
BW, GA, CAM, HDP, BPD, duration of oxygen supplementation, RBC transfusion before DOL 14, number of
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RBC transfusion during the neonatal period, and Apgar scores at 1 min and 5 min. Differences in RDW among
time points were evaluated by related-samples Friedman’s two-way analysis of variance by ranks. Differences in
RDW at DOL 28 among non-BPD, mild BPD, moderate BPD and severe BPD were evaluated by Kruskal-Wal-
lis followed by Dunn’s Bonferroni post hoc test for multiple comparison. ROC curve analysis was performed to
determine the utility of biomarkers in detecting the presence of BPD. Significance was set at 0.05 (P <0.05). Data
analysis was performed with SPSS (version 20.0) and GraphPad Prism version 8 software.

Data availability

The datasets analyzed during the current study are not publicly available, because the consent obtained from the
participants specified that the data can be used only for research purposes at our institution. The datasets can
only be available from the corresponding author upon reasonable request and after the approval of the ethics
committee of Fukushima Medical University.

Received: 1 December 2020; Accepted: 19 March 2021
Published online: 31 March 2021

References

1. Gough, A,, Spence, D,, Linden, M., Halliday, H. L. & McGarvey, L. P. A. General and respiratory health outcomes in adult survivors
of bronchopulmonary dysplasia: a systematic review. Chest 141(6), 1554-1567 (2012).

2. Anderson, P. ]. & Doyle, L. W. Neurodevelopmental outcome of bronchopulmonary dysplasia. Semin. Perinatol. 30(4), 227-232
(2006).

3. Lignelli, E., Palumbo, E, Myti, D. & Morty, R. E. Recent advances in our understanding of the mechanisms of lung alveolarization
and bronchopulmonary dysplasia. Am. J. Physiol. Lung Cell Mol. Physiol. 317(6), L832-L887 (2019).

4. Arjaans, S. et al. Fate of pulmonary hypertension associated with bronchopulmonary dysplasia beyond 36 weeks postmenstrual
age. Arch. Dis. Child. Fetal Neonatal Ed. https://doi.org/10.1136/archdischild-2019-318531 (2020).

5. de Wijs-Meijler, D. P. et al. Oxidative injury of the pulmonary circulation in the perinatal period: short- and long-term conse-
quences for the human cardiopulmonary system. Pulm Circ. 7(1), 55-66 (2017).

6. Perez, M., Robbins, M. E., Revhaug, C. & Saugstad, O. D. Oxygen radical disease in the newborn, revisited: oxidative stress and
disease in the newborn period. Free Radic. Biol. Med. 142, 61-72 (2019).

7. Madurga, A., Mizikova, L., Ruiz-Camp, J. & Morty, R. E. Recent advances in late lung development and the pathogenesis of bron-
chopulmonary dysplasia. Am. J. Physiol. Lung Cell Mol. Physiol. 305(12), L893-905 (2013).

8. Epstein, D., Nasser, R., Mashiach, T., Azzam, Z. S. & Berger, G. Increased red cell distribution width: a novel predictor of adverse
outcome in patients hospitalized due to acute exacerbation of chronic obstructive pulmonary disease. Respir. Med. 136, 1-7 (2018).

9. Thayer, T. E. et al. Unbiased phenome-wide association studies of red cell distribution width identifies key associations with
pulmonary hypertension. Ann. Am. Thorac. Soc. 16(5), 589-598 (2019).

10. Kiriu, T. et al. Prognostic value of red blood cell distribution width in non-small cell lung cancer treated with anti-programmed
cell death-1 antibody. In Vivo 33(1), 213-220 (2019).

11. Giiriin Kaya, A., Ozyurek, B. A., $ahin Ozdemirel, T., Oz, M. & Erdogan, Y. Prognostic significance of red cell distribution width
in idiopathic pulmonary fibrosis and combined pulmonary fibrosis emphysema. Med. Princ. Pract. https://doi.org/10.1159/00051
1106 (2020).

12. Grant, B.]. B. et al. The relationship between the lung function and the RBC distribution width in a population-based study. Chest
124, 494-500 (2003).

13. Garofoli, F. et al. The red cell distribution width (RDW): value and role in preterm, I[UGR (intrauterine growth restricted), full-
term infants. Hematology 19(6), 365-369 (2014).

14. Ycas, J. W., Horrow, J. C. & Horne, B. D. Persistentincreaseinredcellsize distribution width after acute diseases: A biomarker of
hypoxemia?. Clin. Chim. Acta 448, 107-117 (2015).

15. Lippi, G. et al. Relation between red blood cell distribution width and inflammatory biomarkers in a large cohort of unselected
outpatients. Arch. Pathol. Lab. Med. 133(4), 628-632 (2009).

16. D’Angio, C. T. et al. Eunice kennedy shriver national institute of child health and human development neonatal research network
blood cytokine profiles associated with distinct patterns of bronchopulmonary dysplasia among extremely low birth weight infants.
J. Pediatr. 174(45-51), €5 (2016).

17. Kandasamy, J., Roane, C., Szalai, A. & Ambalavanan, N. Serum eotaxin-1 is increased in extremely-low-birth-weight infants with
bronchopulmonary dysplasia or death. Pediatr. Res. 78(5), 498-504 (2015).

18. McGowan, E. C. et al. Placental IL-10 dysregulation and association with bronchopulmonary dysplasia risk. Pediatr. Res. 66(4),
455-460 (2009).

19. Mourani, P. M. & Abman, S. H. Pulmonary hypertension and vascular abnormalities in bronchopulmonary dysplasia. Clin. Peri-
natol. 42(4), 839-855 (2015).

20. Bhat, R,, Salas, A. A, Foster, C., Carlo, W. A. & Ambalavanan, N. Prospective analysis of pulmonary hypertension in extremely
low birth weight infants. Pediatrics 129(3), €682-e689 (2012).

21. Mourani, P. M. ef al. Early pulmonary vascular disease in preterm infants at risk for bronchopulmonary dysplasia. Am. J. Respir.
Crit. Care Med. 191(1), 87-95 (2015).

22. Ulrich, A. et al. Mendelian randomisation analysis of red cell distribution width in pulmonary arterial hypertension. Eur. Respir.
7. 55(2), 1901486 (2020).

23. Zhang, Y. & Lingappan, K. Differential sex-specific effects of oxygen toxicity in human umbilical vein endothelial cells. Biochem.
Biophys. Res. Commun. 486(2), 431-437 (2017).

24. Solak, Y. et al. Red cell distribution width is independently related to endothelial dysfunction in patients with chronic kidney
disease. Am. J. Med. Sci. 347(2), 118-124 (2014).

25. Tonbul, A., Tayman, C., Catal, F, Kara, S. & Tatli, M. M. Red cell distribution width (RDW) in the newborn: normative data. J.
Clin. Lab. Anal. 25(6), 422-425 (2011).

26. Alur, P. et al. Impact of race and gestational age on red blood cell indices in very low birth weight infants. Pediatrics 106(2 Pt 1),
306-310 (2000).

27. Christensen, R. D., Yaish, H. M., Henry, E. & Bennett, S. T. Red blood cell distribution width: reference intervals for neonates. J.
Matern. Fetal Neonatal Med. 28(8), 883-888. https://doi.org/10.3109/14767058.2014.938044 (2015) (Epub 2014 Jul 17 PMID:
24968099).

28. Spadaro, S. et al. The effects of blood transfusion on red blood cell distribution width in critically ill patients: a pilot study. Transfu-
sion 58(8), 1863-1869 (2018).

Scientific Reports|  (2021) 11:7221 https://doi.org/10.1038/s41598-021-86752-8 nature portfolio


https://doi.org/10.1136/archdischild-2019-318531
https://doi.org/10.1159/000511106
https://doi.org/10.1159/000511106
https://doi.org/10.3109/14767058.2014.938044

www.nature.com/scientificreports/

29. Ichiba, H., Saito, M. & Yamano, T. Amniotic fluid transforming growth factor-betal and the risk for the development of neonatal
bronchopulmonary dysplasia. Neonatology 96(3), 156-161 (2009).

30. Kim, D. H. et al. Association of increased pulmonary interleukin-6 with the priming effect of intra-amniotic lipopolysaccharide
on hyperoxic lung injury in a rat model of bronchopulmonary dysplasia. Neonatology 98(1), 23-32 (2010).

31. Rhodes, C. J., Wharton, J., Howard, L. S., Gibbs, J. S. & Wilkins, M. R. Red cell distribution width outperforms other potential
circulating biomarkers in predicting survival in idiopathic pulmonary arterial hypertension. Heart 97(13), 1054-1060 (2011).

32. Subhashree, A. R. Red cell distribution width and serum BNP level correlation in diabetic patients with cardiac failure: a cross-
sectional study. J. Clin. Diagn. Res. 8(6), FC01-FCO03 (2014).

33. Fukuta, H. et al. Elevated plasma levels of B-type natriuretic Peptide but not C-reactive protein are associated with higher red cell
distribution width in patients with coronary artery disease. Int. Heart J. 50(3), 301-312 (2009).

34. Konig, K. et al. BNP, troponin I, and YKL-40 as screening markers in extremely preterm infants at risk for pulmonary hypertension
associated with bronchopulmonary dysplasia. Am. J. Physiol. Lung Cell Mol. Physiol. 311(6), L1076-L1081 (2016).

35. Joseph, L. et al. N-terminal pro-B-type natriuretic peptide as a marker of bronchopulmonary dysplasia in premature infants. Am.
J. Perinatol. 27(5), 381-386 (2010).

36. Miguel, A., Linares, M., Miguel, A. & Miguel-Borja, J. M. Red cell distribution width analysis in differentiation between iron
deficiency and thalassemia minor. Acta Haematol. 80(1), 59 (1988).

37. Qurtom, H. A. et al. The value of red cell distribution width in the diagnosis of anaemia in children. Eur. J. Pediatr. 148(8), 745-748
(1989).

38. Shepherd, E. G. et al. Infant pulmonary function testing and phenotypes in severe bronchopulmonary dysplasia. Pediatrics 141,
€20173350 (2018).

39. Doyle, L. W. et al. Bronchopulmonary dysplasia in very low birth weight subjects and lung function in late adolescence. Pediatrics
118, 108-113 (2006).

40. McEvoy, C. T, Schilling, D., Go, M. D., Mehsess, S. & Durand, M. Pulmonary function in extremely low birth weight infants with
bronchopulmonary dysplasia before hospital discharge. J. Perinatol. 11, 1-7. https://doi.org/10.1038/s41372-020-00856-z (2020)
(Epub ahead of print).

41. Jobe, A. H. & Bancalari, E. Bronchopulmonary dysplasia. Am. J. Respir. Crit. Care Med. 163(7), 1723-1729 (2001).

42. Tunc, T. et al. Predictive value of soluble urokinase plasminogen activator receptor, soluble ST2, and IL-33 in bronchopulmonary
dysplasia. Pediatr. Res. 75(6), 788-792 (2014).

43. Itabashi, K., Miura, E,, Uehara, R. & Nakamura, Y. New Japanese neonatal anthropometric charts for gestational age at birth. Pediatr.
Int. 56(5), 702-708 (2014).

44. Chandrasekharan, P. et al. Early use of inhaled nitric oxide in preterm infants: Is there a rationale for selective approach?. Am. J.
Perinatol. 34(5), 428-440 (2017).

Acknowledgements
The authors have no other potential or actual conflicts of interest pertaining to the contents of this article.

Author contributions

H.G. designed the study, carried out the analyses and drafted the manuscript, and reviewed and revised the
manuscript. H.O., K.N. and M.H. critically reviewed and revised the manuscript. K.H. carried out the analy-
ses and reviewed the manuscript. H.M., K.O., K.S,, YK,, H.I,, YK., N.K,, and M.S. collected the samples and
reviewed the manuscript. All author approved the final manuscript as submitted and agree to be accountable
for all aspects of the work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-86752-8.

Correspondence and requests for materials should be addressed to H.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021, corrected publication 2021

Scientific Reports |

(2021) 11:7221 | https://doi.org/10.1038/s41598-021-86752-8 nature portfolio


https://doi.org/10.1038/s41372-020-00856-z
https://doi.org/10.1038/s41598-021-86752-8
https://doi.org/10.1038/s41598-021-86752-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Red cell distribution width as a predictor for bronchopulmonary dysplasia in premature infants
	Results
	Clinical characteristics and RDW in preterm infants.. 
	Utility of predictors for assessing the onset and severity of BPD in premature infants. 

	Discussion
	Materials and methods
	Ethics approval and compliance. 
	NICU Patients. 
	RDW and hemoglobin measurements. 
	Statistical analysis. 

	References
	Acknowledgements


