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Background and objective: There remains controversy regarding vitamin D deficiency and bronchopulmonary dysplasia (BPD) in very low birth weight (VLBW) and extremely low birth weight (ELBW) preterm infants. This study aimed to determine the prevalence of vitamin D deficiency assessed by umbilical cord blood 25-hydroxyvitamin D [25(OH)D] in preterm infants in northeast China and to evaluate the ability and optimal threshold of 25(OH)D for predicting BPD.

Methods: The clinical data of VLBW and ELBW preterm infants with known cord-blood 25(OH)D levels were analyzed retrospectively. Infants were divided into groups based on their cord-blood 25(OH)D levels and BPD diagnosis. Logistic regression was performed to assess the risk factors for BPD and a nomogram was established. Receiver operating characteristic (ROC) curve analysis was used to evaluate the optimal threshold of cord-blood 25(OH)D concentration for predicting BPD.

Results: A total of 267 preterm infants were included, of which 225 (84.3%) exhibited vitamin D deficiency and 134 (50.2%) were diagnosed with BPD. The incidence of BPD was lower in the group with a 25(OH)D level of >20 ng/ml than in the other groups (P = 0.024). Infants with BPD had lower cord-blood 25(OH)D levels than those without BPD (11.6 vs. 13.6 ng/ml, P = 0.016). The multivariate logistic regression model revealed that 25(OH)D levels (odds ratio [OR] = 0.933, 95% confidence interval [95% CI]: 0.891–0.977), gestational age (OR = 0.561, 95% CI: 0.425–0.740), respiratory distress syndrome (OR = 2.989, 95% CI: 1.455–6.142), and pneumonia (OR = 2.546, 95% CI: 1.398–4.639) were independent risk factors for BPD. A predictive nomogram containing these four risk factors was established, which had a C-index of 0.814. ROC curve analysis revealed that the optimal cutoff value of 25(OH)D for predicting BPD was 15.7 ng/ml (area under the curve = 0.585, 95% CI: 0.523–0.645, P = 0.016), with a sensitivity of 75.4% and a specificity of 42.9%.

Conclusions: A cord-blood 25(OH)D level of < 15.7 ng/ml was predictively valuable for the development of BPD. The nomogram established in this study can help pediatricians predict the risk of BPD more effectively and easily.
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Introduction

Bronchopulmonary dysplasia (BPD) is one of the commonest as well as one of the most serious respiratory complications in preterm infants. Recent years have seen the gradual evolution of perinatal medicine and neonatal intensive care, resulting in improved survival rates among very low birth weight (VLBW) and extremely low birth weight (ELBW) preterm infants (1). However, BPD remains a serious challenge in preterm care, affecting approximately one-quarter of VLBW and half of ELBW preterm infants (2). Early detection and intervention can help reduce the incidence of BPD and improve the prognosis and quality of life of patients. However, although several biomarkers have been developed to predict the development of BPD, none of them have been validated (3, 4). As such, these are not appropriate for use in clinical practice.

Vitamin D is a sterol hormone, whose active form (and best marker) is 25-hydroxyvitamin D [25(OH)D] (5). Vitamin D deficiency is common both in pregnant women (6, 7) and in preterm infants (8–13). Approximately 37–92% of preterm infants have been reported to suffer from vitamin D deficiency due to their short gestational age and reduced maternal vitamin D supplementation during pregnancy (8–13). In addition, vitamin D deficiency at birth is associated with poor respiratory outcomes—especially BPD—in preterm infants (13–16). Vitamin D participates in cell proliferation, cell differentiation, and the regulation of fetal lung maturation, whereas vitamin D deficiency has been hypothesized to aggravate lung diseases in premature neonates (17, 18). The association between vitamin D deficiency and the development of BPD is controversial (8–10, 12, 14–16). As such, the widespread incidence of vitamin D deficiency may be due to between-study differences in cutoffs for vitamin D deficiency, gestational age, and maternal vitamin D status during pregnancy. However, few studies have investigated the incidence of vitamin D deficiency and its association with the development of BPD in VLBW and ELBW preterm infants. Such studies are especially lacking in northeast China, where insufficient sunlight coincides with a high incidence of vitamin D deficiency in pregnant women (19).

Vitamin D deficiency is a condition that can be prevented during pregnancy and early postnatal life. Moreover, vitamin D deficiency at birth has been suggested as a potential biomarker of BPD. A recent study demonstrated that early vitamin D supplementation can prevent BPD and improve clinical outcomes (20); however, the threshold for vitamin D supplementation in premature infants remains unclear. Therefore, the present study aimed to determine the incidence of vitamin D deficiency—as assessed using umbilical cord blood 25(OH)D levels—in VLBW and ELBW preterm infants in Shenyang, a typical city in northeast China (latitude, 41°48′N; longitude, 123°25′E). We also evaluated the optimal threshold of cord-blood 25(OH)D levels for predicting the development of BPD in VLBW and ELBW preterm infants.



Methods


Subjects

In this retrospective study, we analyzed data collected from preterm infants in the neonatal intensive care unit (NICU) of Shengjing Hospital, China, between June 2016 to June 2021. The inclusion criteria for infants were as follows: (1) gestational age <32 weeks, (2) VLBW (birth weight <1,500 g) and ELBW (birth weight <1,000 g) preterm infants, and (3) infants whose cord-blood 25(OH)D levels had been measured. The exclusion criteria for infants were as follows: (1) severe congenital malformations, genetic and metabolic diseases, chromosomal diseases, or other organ function-related emergencies; (2) mothers with severe liver, kidney, or thyroid diseases; (3) abandonment of treatment during hospitalization; and (4) lack of complete records for gestational age, birth weight, or clinical data. This study was conducted in accordance with the World Medical Association's Declaration of Helsinki and was approved by the local Ethics Committee (ethical examination approval number: 2021PS891K).



Measurement of 25(OH)D levels in umbilical cord blood

Umbilical cord blood collected from neonates immediately after birth and the samples were immediately delivered to the Clinical Test Center of Shengjing Hospital. The 25(OH)D concentrations (expressed in ng/ml) were measured with electrochemiluminescence using the Cobas e601 module (Roche Diagnostics International AG, Rotkreuz, Switzerland) according to the manufacturer's instructions. Based on the cord-blood 25(OH)D levels (21–25), the infants were divided into four groups: >20 ng/ml (n = 42), >15–20 ng/ml (n = 54), >10–15 ng/ml (n = 79), and ≤ 10 ng/ml (n = 92). Vitamin D deficiency was defined as a 25(OH)D level of ≤ 20 ng/ml.



Disease definitions

BPD was diagnosed in preterm infants based on the radiographic confirmation of parenchymal lung disease and the requirement of inhaled oxygen for >3 consecutive days to maintain an arterial oxygen saturation of 90–95% at 36 weeks' postmenstrual age (26). Based on the BPD diagnosis, the infants were divided into two groups: BPD (n = 134) and non-BPD (n = 133). Respiratory distress syndrome (RDS) was diagnosed based on the signs of dyspnea (retractions, grunting, or flaring), increased oxygen requirement, and typical chest radiographic features (fine granular densities, bronchial bronchograms, ground-glass opacity, or white lungs) (27). Neonatal pneumonia was diagnosed based on a combination of radiographic evidence, worsening gas exchange, and clinical and/or laboratory evidence. Radiographic evidence included new or progressive infiltrate, consolidation, cavitation or pneumoatocele. Clinical and/or laboratory findings included cough, wheezing, signs of dyspnea, rales, increased respiratory secretions, temperature instability, leukopenia or leukocytosis (28, 29).



Ventilation protocol

During the study period, we used the protocol on ventilation suggested by the Chinese guideline published in May 2015 (30). The intubation criteria were as follows: (1) frequent apneas, unresponsive to medication or non-invasive ventilation; (2) RDS required surfactant administration; (3) fraction of inspired oxygen (FiO2) > 0.6–0.7, arterial partial pressure of oxygen <50–60 mmHg, or transdermal oxygen saturation <85%; (4) arterial partial pressure of carbon dioxide > 60–65 mmHg, with persistent acidosis (pH <7.20). When the intubated infants got clinical stability and normal blood gas values, the ventilator settings were gradually adjusted. If an infant met all of the following criteria, extubation was attempted: (1) peak inspiratory pressure ≤ 18 cm H2O; (2) positive end-expiratory pressure at 2–4 cm H2O; (3) breathing rate ≤ 10 breaths/min; (4) FiO2 ≤ 0.4; (5) normal blood gas values. For ventilator-dependent infants with postnatal age > 12–14 days and FiO2 > 0.6, low-dose dexamethasone was used for <7 days to facilitate extubation. Infants with RDS were treated with surfactant according to the European Consensus Guidelines on the Management of Neonatal Respiratory Distress Syndrome in Preterm Infants—2013 Update (31).



Nutritional protocol

During the study period, the nutritional protocol for preterm infants was based on the Chinese guideline published in October 2013 (32). Parenteral nutrition (PN) was started within 24 h after birth and individualized PN was prescribed daily. Vitamin D was added into PN at 32 IU/kg/day. PN was given to infants until enteral nutrition (EN) calorie intake reached 80 kcal/kg/day. EN was initiated within 12 h after birth for infants with a birth weight of more than 1,000 g and delayed until 24–48 h after birth for those with severe perinatal asphyxia, umbilical arterial cannula and those with a birth weight of <1,000 g. Infants without contraindications to EN support received minimal enteral nutrition as early as possible after birth, with breast milk or formula. Human milk fortifier was added for infants with birth weight <2,000 g when feeding volume reached 50–100 ml/kg/day. Human milk fortifier contained about 1.5 IU/ml vitamin D and formula contained about 1.25 IU/ml vitamin D. Fortified breast milk contains roughly the same amount of vitamin D as formula. Moreover, all preterm infants without contraindications to EN support were treated with oral vitamin D (800 IU/day) starting at 15 days of life.



Data collection

Electronic medical records were examined and the demographic and clinical characteristics of the subjects were collated. The data included information on sex, gestational age, mode of delivery, birth weight, respiratory outcomes, Apgar score at 1 min, initiation and duration of invasive mechanical ventilation, duration of mechanical ventilation (invasive and non-invasive), duration of low-flow oxygen, discharged on home oxygen, length of NICU, and length of hospital stay of VLBW and ELBW preterm infants.



Statistical analysis

The data distributions were assessed using the Shapiro–Wilk test. Normally distributed variables were expressed as the mean ± standard deviation. Analysis of variance (ANOVA) and Student's t-test were used to evaluate the differences among four groups with different 25(OH)D levels and between the BPD and non-BPD groups, respectively. Non-normally distributed variables were expressed as the median (interquartile range [IQR]), and between-group differences were analyzed using the Mann–Kruskal–Wallis H-test and Whitney U-test, as appropriate. Categorical variables were expressed as percentages and compared using the chi-square test. Logistic regression analysis was performed to evaluate the risk factors for BPD in VLBW and ELBW preterm infants, and the factors included in the final analysis were determined based on their statistical significance and clinical values. A nomogram was established based on the multivariate regression model. The regression coefficients were converted into scores on a 100-point scale (range, 0–100), and the scores for each risk factor were added to calculate the total score. The concordance index (C-index) was measured to assessed the discrimination performance of the nomogram. The calibration curve and Hosmer–Lemeshow test were conducted to assess the calibration of the nomogram. Receiver operating characteristic (ROC) curves and areas under the curve (AUC) were used to assess the predictive and cutoff values of 25(OH)D level for BPD. Two-tailed P-values <0.05 were considered statistically significant. Statistical analysis was performed using R version 4.2.0 (R Foundation for Statistical Computing, Vienna, Austria) and MedCalc version 20.014 (MedCalc Software Ltd., Acacialaan, Ostend).




Results


Demographic and clinical characteristics stratified by cord-blood 25(OH)D level

Table 1 lists the demographic and clinical characteristics of VLBW and ELBW preterm infants stratified by cord-blood 25(OH)D levels. We retrospectively evaluated the data of 267 preterm infants (141 boys and 126 girls). In total, 225 (84.3%) infants had vitamin D deficiency. Of these, 54, 70, and 92 had 25(OH)D levels >15–20, >10–15, and ≤ 10 ng/ml, respectively. There were no significant differences in the demographic characteristics of infants, including sex, gestational age, mode of delivery, and birth weight. Moreover, there were no significant differences among groups with different cord-blood 25(OH)D levels in terms of Apgar score at 1 min, proportions of RDS and pneumonia, respiratory supports, length of NICU stay, and length of hospital stay. However, incidences of BPD were lower in the group with >20 ng/ml 25(OH)D than in the groups with other 25(OH)D levels (P = 0.024).


TABLE 1 Demographic and clinical characteristics of preterm infants grouped by cord-blood 25(OH)D levels (ng/ml).
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Demographic and clinical characteristics of BPD and non-BPD infants

Table 2 lists the results of comparative analyses of demographic and clinical characteristics between BPD and non-BPD infants. The sex and mode of delivery were comparable between the BPD and non-BPD groups. Compared to non-BPD infants, BPD infants had significantly lower gestational age, birth weight, and Apgar score at 1 min (all P < 0.05). The median cord-blood 25(OH)D level was lower in the BPD group than that in the non-BPD group (11.6 vs. 13.6 ng/ml, P = 0.016). Furthermore, compared with the non-BPD infants, BPD infants exhibited significantly higher frequencies of RDS, pneumonia, invasive mechanical ventilation initiated within 24 h after birth, and discharge on home oxygen, as well as longer durations of mechanical ventilation, low-flow oxygen, NICU stay, and hospital stay (all P < 0.05).


TABLE 2 Demographic and clinical characteristics of infants with and without bronchopulmonary dysplasia (BPD).
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Factors associated with BPD in VLBW and ELBW infants

Univariate and multivariate logistic regression models were used to explore the factors associated with BPD (Table 3). In the multivariate model, cord-blood 25(OH)D level (odds ratio [OR] = 0.933, 95% confidence interval [95% CI]: 0.891–0.977, P = 0.003), gestational age (OR = 0.561, 95% CI: 0.425–0.740, P < 0.001), RDS (OR = 2.989, 95% CI: 1.455–6.142, P = 0.003), and pneumonia (OR = 2.546, 95% CI: 1.398–4.639, P = 0.002) were independent risk factors associated with BPD. Birth weight, Apgar score at 1 min, and invasive mechanical ventilation did not contribute significantly to the model. Based on these results, we established a predictive nomogram containing these four risk factors (Figure 1A). The C-index was 0.814 (95% CI: 0.763–0.866), and the cutoff value was 0.503 (Figure 1B), with a sensitivity of 76.1%, specificity of 77.4%, positive likelihood ratio (LR) of 3.4, and negative LR of 0.3. These findings indicated the good predictive accuracy of the nomogram model, and the Hosmer–Lemeshow test resulted in a P-value of 0.188. Accordingly, the calibration curve of the nomogram showed good agreement for this cohort (Figure 1C).


TABLE 3 Factors associated with bronchopulmonary dysplasia (BPD) in very low birth weight (VLBW) and extremely low birth weight (ELBW) preterm infants.
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FIGURE 1
 Nomogram for predicting BPD in VLBW and ELBW preterm infants. (A) Nomogram model for prediction of BPD. (B) Receiver operating characteristic curve of the nomogram model. (C) Calibration curve of the nomogram model. BPD, bronchopulmonary dysplasia; VLBW, very low birth weight; ELBW, extremely low birth weight.




Utility of cord-blood 25(OH)D levels for the prediction of BPD

The predictive value of cord-blood 25(OH)D level was further assessed using ROC curves. The cutoff value of 25(OH)D level for predicting BPD development in VLBW and ELBW preterm infants was 15.7 ng/ml (AUC = 0.585, 95% CI: 0.523–0.645, P = 0.016) (Figure 2). The sensitivity, specificity, positive LR, and negative LR were 75.4%, 42.9%, 1.3, and 0.6, respectively. The positive predictive value was 57.1% (95% CI: 52.7–61.3%), and the negative predictive value was 63.3% (95% CI: 54.8–71.1%) in VLBW and ELBW infants.
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FIGURE 2
 Receiver operating characteristic curves for cord-blood 25(OH)D levels in predicting BPD development in VLBW and ELBW preterm infants. BPD, bronchopulmonary dysplasia; VLBW, very low birth weight; ELBW, extremely low birth weight.





Discussion

In this retrospective study on cord-blood 25(OH)D levels in infants, we detected vitamin D deficiency ( ≤ 20 ng/ml) in 84.3% of VLBW and ELBW preterm infants in Shenyang. Based on our findings, we established an effective nomogram incorporating cord-blood 25(OH)D level, gestational age, RDS, and pneumonia to predict BPD in VLBW and ELBW preterm infants. Furthermore, a cord-blood 25(OH)D level of <15.7 ng/ml indicated the development of BPD and the need for early vitamin D supplementation. These findings may help prevent BPD and improve the clinical outcomes of preterm infants (20).

Vitamin D deficiency is very common in VLBW and ELBW preterm infants, especially in northeast China. The incidence of vitamin D deficiency in VLBW and ELBW infants was 84.3% in the present study, and has been reported to range from 37 to 92% in previous studies (8–13). Fetal and newborn cord-blood 25(OH)D concentrations depend on and are correlated with maternal 25(OH)D levels. This is because the fetus has no endogenous production mechanism for 25(OH)D and relies solely on transplacental transfer, mainly in the third trimester (33). The high incidence of vitamin D deficiency in our study may be due to the short gestational ages of the included infants. However, consistent with the findings of Kim et al. (13), we also failed to find any correlation between cord-blood 25(OH)D levels and gestational age. This may be because there were no full-term infants or infants with gestational ages > 32 weeks included in this study. Maternal vitamin D deficiency may also account for the high incidence of vitamin D deficiency. Kassai et al. (34) demonstrated that the 25(OH)D levels of newborns directly correlate with those of pregnant women. Exposure of the skin to ultraviolet-B is known to be one of the main sources of vitamin D. This study was conducted in a city in northeast China that experiences a cold and windy winter—conditions that reduce outdoor activities and sunshine exposure (19). Therefore, it is possible that vitamin D deficiency was common in the pregnant mothers in our study. A study conducted in Bucheon (a city in northern Korea) also reported that 79.8% of preterm infants had vitamin D deficiency (<20 ng/ml) (13), which is similar to the findings of our study. So, it is important to monitor vitamin D level for pregnant women and they should have more sun exposure and additional vitamin D intake to maintain normal vitamin D levels, which may be beneficial for the prevention of postnatal vitamin D deficiency.

Vitamin D deficiency is an independent risk factor for BPD in VLBW and ELBW preterm infants. Consistent with previous studies (13–16), we found that lower cord-blood 25(OH)D levels were an independent risk factor for BPD in VLBW and ELBW preterm infants. The main pathophysiology of BPD is lung injury (characterized by disrupted alveolarization and microvascular development) and also involves inflammation and immune response (26, 35). Animal studies have reported the potential biological roles of vitamin D in alveolar and vascular development—including in the differentiation of type II pneumocytes, lung mesenchymal stem cells, and vascular endothelial cells—and in the synthesis and secretion of surfactant phospholipids (36–38). In addition, vitamin D also modulates immune processes and the proliferation and differentiation of numerous other cell types (39). As a result, vitamin D deficiency contributes to several respiratory complications and lung function impairments in premature infants, including airway hyperresponsiveness, increased resistance, and reduced compliance (15, 40). However, the association between vitamin D status and the development of BPD remains controversial in clinical research due to the multifactorial etiology of BPD (8, 9, 12, 41). Moreover, vitamin D deficiency is not the sole risk factor for BPD, and the risk factors and infants included in analysis vary across studies. Consistent with previous findings (10, 42, 43), we demonstrated that lower gestational age, RDS, and pneumonia were additional risk factors for BPD. Based on these results, we established a nomogram containing cord-blood 25(OH)D level as a factor to predict BPD in VLBW and ELBW preterm infants.

There is still a lack of a suitable threshold to define vitamin D deficiency in VLBW and ELBW preterm infants. Most medical societies and organizations recommend a threshold of 20 ng/ml (22, 23, 44–46), whereas the Global Consensus for rickets (24) and the British Paediatric and Adolescent Bone Group (25) suggest cutoff values of 12 and 10 ng/ml, respectively. These thresholds were defined with respect to a general population with adequate bone health. For preterm infants, the American Academy of Pediatrics (47) and ESPGHAN (48) guidelines also recommended a threshold of 20 ng/ml, it was still with respect to adequate bone health. The sources of vitamin D for preterm infants mainly included parenteral nutrition, preterm infant formulas, and oral supplementation. ESPGHAN guidelines recommended a wide dose range of vitamin D (200–1,000 IU/day) for preterm infants on parenteral nutrition, which may be due to lack of optimum vitamin D requirements. The regular oral supplementation dose of 400 IU/day may be inadequate for preterm infants with high risk of BPD. Therefore, an adequate 25(OH)D threshold for vitamin D treatment in preterm infants for preventing BPD is warranted. A recent study showed that 800 IU/day of vitamin D administered within 48 h after birth reduced the incidence of BPD in preterm infants (20). However, Fort et al. (49) failed to demonstrate the preventive effects of vitamin D supplementation on BPD development, likely due to the different vitamin D statuses of the included infants in the two studies (20, 49). The present study demonstrates that a cord-blood 25(OH)D level of <15.7 ng/ml is an appropriate threshold for predicting BPD in VLBW and ELBW preterm infants. Moreover, the nomogram containing cord-blood 25(OH)D level can help pediatricians identify infants at high risk of BPD, which can help them make clinical decisions about the timing and dose of vitamin D supplementation.

This study had several limitations due to its descriptive nature and retrospective design. First, due to the retrospective study design, data on postnatal vitamin D status in the first 28 days after birth were unavailable and could not be compared between the BPD and non-BPD groups. However, all the included infants received similar nutritional protocol and oral vitamin D supplementation. The association between postnatal vitamin D status and BPD development is controversial and needs to be further investigated (20, 49, 50). Second, we excluded VLBW and ELBW infants whose cord-blood levels of 25(OH)D had not been measured, which may have introduced a selection bias. Nevertheless, the incidence of BPD in VLBW and ELBW infants was 50.2% in our study, which is similar to that reported in the literature (2). Third, there was a lack of data on maternal vitamin D supplementation and levels during pregnancy, which could help explore the causes of vitamin D deficiency in preterm infants and provide strategies for prevention. Finally, the threshold of cord-blood 25(OH)D level, in combination with the nomogram established in our study, should be validated in further prospective studies.

In conclusion, vitamin D deficiency was found to be very common in VLBW and ELBW preterm infants in northeast China. A cord-blood 25(OH)D level of <15.7 ng/ml was predictively valuable for BPD in VLBW and ELBW preterm infants, and the nomogram established in this study can help pediatricians predict the risk of BPD more effectively and easily during early postnatal life. Further prospective studies are warranted to validate the utility of the 25(OH)D threshold and the nomogram for early vitamin D supplementation and the prevention of BPD.
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