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Neonatologist staffing is related 
to the inter‑hospital variation 
of risk‑adjusted mortality of very 
low birth weight infants in Korea
Myung Hee Lee 1,5, Jang Hoon Lee 2,5 & Yun Sil Chang 3,4*

This study investigated whether hospital factors, including patient volume, unit level, and 
neonatologist staffing, were associated with variations in standardized mortality ratios (SMR) 
adjusted for patient factors in very‑low‑birth‑weight infants (VLBWIs). A total of 15,766 VLBWIs 
born in 63 hospitals between 2013 and 2020 were analyzed using data from the Korean Neonatal 
Network cohort. SMRs were evaluated after adjusting for patient factors. High and low SMR groups 
were defined as hospitals outside the 95% confidence limits on the SMR funnel plot. The mortality 
rate of VLBWIs was 12.7%. The average case‑mix SMR was 1.1; calculated by adjusting for six 
significant patient factors: antenatal steroid, gestational age, birth weight, sex, 5‑min Apgar score, 
and congenital anomalies. Hospital factors of the low SMR group (N = 10) had higher unit levels, more 
annual volumes of VLBWIs, more number of neonatologists, and fewer neonatal intensive care beds 
per neonatologist than the high SMR group (N = 13). Multi‑level risk adjustment revealed that only 
the number of neonatologists showed a significant fixed‑effect on mortality besides fixed patient 
risk effect and a random hospital effect. Adjusting for the number of neonatologists decreased the 
variance partition coefficient and random‑effects variance between hospitals by 11.36%. The number 
of neonatologists was independently associated with center‑to‑center differences in VLBWI mortality 
in Korea after adjustment for patient risks and hospital factors.
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Although advances in neonatal intensive care have markedly improved the outcomes of very-low-birth-weight 
infants (VLBWIs) weighing less than 1500 g at  birth1,2 mortality rates still vary among neonatal intensive care 
units (NICUs), even in many developed  countries3–7. The mortality rates of VLBWIs are regarded as objective 
markers of the quality of care provided in  NICUs8. However, differences in patient and hospital factors can com-
plicate the direct comparisons of outcomes between  NICUs9,10. Furthermore, concerns exist that comparative 
mortality measures in acute medical settings can result in unfair judgments and institutional stigmatization, 
diverting focus from genuine to superficial improvements. Therefore, the over or misinterpretation of these 
results should be  avoided11.

To solve this issue, a case-mix standardized mortality ratio (SMR) has been developed to adjust for these 
high-risk infant  characteristics12, including known essential risk factors such as maternal factors, perinatal fac-
tors, congenital malformations, and low birth  weight13–17. SMR allows for the mortality rates of each center to 
be compared to those of other  centers7,18–22. Furthermore, multi-level risk adjustments with both patient and 
hospital factors can reliably provide both a more precise, unbiased assessment of outcomes and an acceptable 
center-to-center variation that may be used as a benchmark indicator for quality  improvement10,23.

However, the data on the impact of hospital factors on preterm infant mortality are controversial. The annual 
volume of VLBWIs has been shown to both  affect24–28 and not  affect8,9,29 mortality outcomes, whereas the unit 
level usually affected  mortality8,26,28. In contrast, neonatologist  coverage30,31 or residency  programs9,31 did not 
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show a meaningful relationship with VLBWIs outcomes. However, neonatologist staffing below a critical point 
was closely related to higher mortality among extremely low birth weight infants weighing less than 1,000 g at 
 birth32. Furthermore, neonatologist staffing conditions differ across healthcare systems both nationwide and 
worldwide in terms of how the roles of NICUs are defined and how the medical staff are allocated.

Recently, the perinatal and neonatal medical field in Korea has faced several urgent issues, including an 
unprecedented ultra-low fertility rate, a relatively increasing rate of preterm  births33, a sharp decline in the 
number of pediatricians, and difficulties in recruiting and employing perinatal and neonatal specialists due to 
low reimbursement rates under the single national insurance  system34.

Previously, regional differences in VLBWI mortality in Korea have been shown to be primarily due to differ-
ences in neonatal care  resources35. Moreover, a recent report showed that the number of NICU beds per neona-
tologist in Korea was 13.4, which is almost twice as high as that reported in the United States (8.4), Australia (6.9), 
and Canada (8.1)36 suggests that the supply of neonatologists in Korea falls below international  standards37,38 
necessitating further exploration into the effect of neonatologist staffing on NICU outcomes.

The present study aimed to report the multi-level risk-adjusted mortality of VLBWIs with center-to-center 
variation to promote quality improvement in neonatal intensive care in Korea. To achieve this objective, we first 
developed a case-mix SMR for VLBWIs using a national prospective cohort from the Korean Neonatal Network 
(KNN) covering over 80% of the annual VLBWIs in  Korea39. Second, we compared high and low SMR groups by 
making funnel plots for case-mix SMR and then investigated which factors, such as patient volume, unit level, 
and neonatologist staffing, could reduce the center-to-center mortality variation by performing multi-level risk 
adjustment.

Methods
Data source
We used a de-identified dataset approved by the Committee of Ethics and Publication of the KNN. The dataset 
was extracted from the internet-based clinical trial management system (i-CReaT) of the Korea National Insti-
tute of Health. The KNN registry includes VLBWIs admitted to the NICU at birth or transferred from other 
hospitals within 28 days of birth, excluding those who died prior to NICU admission. Perinatal and neonatal 
information was prospectively collected from NICUs using the KNN manual of operation and electronic case 
report forms based on the i-CReaT system. After completing data quality management using queries and site-
visit  monitoring39, the KNN registry data were stored on the Korea National Institute of Health server. Individual 
hospital information, such as the number of NICU beds, working neonatologists, and various neonatal care 
resources, was collected annually in the form of standardized survey reports from the principal investigators of 
each participating hospital.

Study population and analysis sample
We initially included all VLBWIs (N = 16,386) born between January 2013 and December 2020. The exclusion 
criteria included infants registered at hospitals with < 30 VLBWIs enrollments during the study period (9/72 
hospitals, N = 89) and cases with missing data regarding potential patient risk factors for mortality, except for 
chorioamnionitis (N = 531). A total of 620 cases were excluded and 15,766 cases were analyzed (Fig. S1). Data 
from VLBWIs born between January 2013 and December 2018 (N = 12,055) were used to develop and internally 
validate the prediction model. External validation was performed using the dataset of VLBWIs born between 
January 2019 and December 2020 (N = 3711).

For the subgroup analysis, gestational age was classified as < 26  weeks, 26–28  weeks, 29–31  weeks, 
and ≥ 32 weeks; birth weight was categorized into four groups: ≤ 749 g, 750–999 g, 1000–1249 g, and 1250–1499 g.

Outcome assessment
The primary outcome was the center-to-center mortality variation among the 63 NICUs, based on the estimated 
SMR during the hospitalization period up to 365 days after birth. To identify factors affecting mortality variation, 
risk factors at both the patient and hospital level were assessed using statistical modeling, including a two-level 
mixed model. The SMR was calculated by dividing a hospital’s observed deaths by the expected numbers of 
deaths. An SMR funnel plot was constructed to identify variations in hospital  mortality40. SMR beyond the + 95% 
confidence limit or below -95% confidence limit of the funnel plot were considered to be prospective high or low 
statistical anomalies, showing evidence of opposing quality of clinical  performance41,42.

The basic characteristics of the study population included perinatal and neonatal variables. Perinatal variables 
included multiple births, chorioamnionitis, pregnancy-induced hypertension (PIH), gestational diabetes mellitus 
(GDM), use of antenatal steroids, and mode of delivery (cesarean section/vaginal delivery). Neonatal variables 
included gestational age (weeks), birth weight (g), sex, small-for-gestational-age, Apgar score (1-min, 5-min), 
place of delivery (inborn/outborn), and major congenital anomalies. Hospital information included the number 
of NICU beds, the number of board-certified neonatologists working in the NICU, and various neonatal care 
resources. In the statistical analysis, we applied data merged by year from the hospital information and KNN 
registry data. In Korea, neonatologist board certification is available to pediatric specialists who have completed 
a four-year residency and passed the pediatric specialist exam. They must then complete two years of neonatol-
ogy training at the Korean Society of Neonatology-designated hospitals, including at least one year as a fellow. 
After this training, they must pass written and oral exams administered by the Korean Pediatric Society to earn 
the neonatologist board certification.

To evaluate the level of each NICU, we used a scoring system adapted from the proposed uniform definition 
of the neonatal intensive care  level43 as previously  described35. Each of the following nine items was awarded a 
point: availability of total parenteral nutrition, general pediatric surgery, pediatric thoracic surgery, nitric oxide 
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therapy, extracorporeal membrane oxygenation therapy, dialysis treatment, echocardiography, other ultrasounds, 
and blood gas analysis within the unit. Based on their score, each hospital was assigned one of three levels: level 
1 for a score of 1–5, level 2 for 6–7, and level 3 for 8–9. Accordingly, hospitals with higher scores had higher 
levels of neonatal intensive care.

After establishing the case-mix SMR, we divided hospitals into two groups based on their SMR: High SMR 
group were beyond the + 95% confidence limits and Low SMR group were below the -95% confidence limits on 
the funnel plot.

Statistical analysis
Continuous variables are presented as means ± standard deviation and were compared using the independent 
t-test or Wilcoxon rank-sum test. Categorical variables are expressed as percentages and frequencies and analyzed 
using the chi-square or Fisher’s exact tests.

We used univariate and multivariate logistic regressions to identify the risk factors associated with death using 
STATA and the R module “bestglm”44. The best model was chosen based on the Bayesian information criterion 
(BIC), Akaike information criterion (AIC), and C-statistic45–47. The model with the lowest BIC and AIC or the 
highest C-statistic is preferred. Based on the Hosmer–Lemeshow chi-square statistics, the goodness-of-fit test 
was used to assess  calibration48. For internal validation, the bootstrapping method to measure the Somers’ D 
rank correlation and the C-statistic for each bootstrapped  sample49,50. External validation was done with the 
Hosmer–Lemeshow test, and a calibration plot.

The SMR was calculated as the observed deaths divided by the expected deaths. The adjusted SMR was cal-
culated using a prediction model for each neonate. Funnel plots for the SMR based on the Poisson distribution 
were used to assess between-hospital  variation51.

To identify the contributors to hospital variation in mortality, we performed a multi-level mixed-effect logistic 
regression, considering random hospital effect, patient risk effect, and hospital-level  covariates52,53. The variation 
measures included the proportional change in the between-hospital variance (PCV), variance partition coefficient 
(VPC), and median odds ratio (MOR). These variables were calculated as follows: PCV = {(VA − VB)/VA} × 100 , 
where VA is the variance of initial model and VB is the variance of the model with more covariates, such as patient- 
and hospital-level variables; VPC = VC/(VC + 3.29)× 100 , where VC is the residual variance of the hospital- level; 
and MOR=exp

(

0.95×
√
VC

)

 54,55.
A higher VPC and MOR indicate greater between-hospital variation. A higher PCV means the added covari-

ates reduced inter-hospital variation.
Statistical analyses were performed using STATA 14.0 and R version 4.1.1. P-values < 0.05 were considered 

statistically significant for all analyses.

Ethical approval
The Institutional Review Board approved the KNN registry at each participating hospital, and informed consent 
was obtained from the parents upon admission to the participating NICUs. All methods were performed in 
accordance with relevant guidelines and regulations.

Results
Patient demographics
Patient demographics regarding perinatal and neonatal factors and mortality according to gestational age and 
birth weight are shown in Table S1. Among the 15,766 patients, the overall unadjusted hospital mortality rate was 
12.7% (N = 1,997); 42.8% of deaths (N = 856) occurred within 7 days of birth, 59.3% (N = 1185) within 14 days, 
and 76.6% (N = 1,530) within 28 days.

The mortality rates according to birth weight were 42.2% (N = 1031) for < 750 g, 16.7% (N = 582) for 750–999 g, 
5.6% (N = 239) for 1,000–1,249 g, and 2.5% for 1,250–1,499 g. The mortality rate according to gestational age 
was 41.4% (N = 1,138) for < 26 weeks, 11.6% (N = 604) for 26–28 weeks, 3.7% (N = 200) for 29–31 weeks, and 
2.1% (N = 55) for > 31 weeks.

Model development and external validation for SMR
Table S2 presents a comparison of the characteristics between survivors and non-survivors, along with the logis-
tic regression for predicting in-hospital mortality in a model development dataset comprising 12,055 patients. 
Univariate logistic regression analysis identified several predictors of mortality, including chorioamnionitis, 
PIH, GDM, antenatal steroid use, cesarean section, gestational age, birth weight, Apgar score (1-min, 5-min), 
and major congenital anomalies.

Table S3 displays the results of the multiple prediction models (models 1–6) developed by multiple logistic 
regression to select the best predictive model using 13 candidate predictors, excluding chorioamnionitis owing 
to missing values. The final prediction model, model 5, included the following variables: antenatal steroid use, 
gestational age, birth weight, sex, 5-min Apgar score, and major congenital anomalies. Model 5 was chosen 
based on its goodness-of-fit (Hosmer–Lemeshow test P-value = 0.6838), robust prediction performance with a 
C-statistic of 0.86 (95% confidence interval (CI), 0.85–0.87), similar performance to models 1–4 despite fewer 
predictors, and BIC value being lowest among the six models.

The internal validation of the prediction model using bootstrapping showed that the estimated Somers’ D 
correlation coefficients and C-statistics of the bootstrap models were comparable to those of the development 
model, and the difference between the estimated parameters of the two models was approximately 0. External 
validation using an independent dataset confirmed the fitness of the risk prediction model (Fig. S2).
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Table 1 presents the characteristics of survivors and non-survivors as well as the logistic regression for all 
VLBWIs (N = 15,766) based on the predictors selected in the final prediction model, which showed little differ-
ence compared with the model development sets (N = 12,055, Table S2).

Comparisons between hospitals with high and low SMR
The average risk-adjusted SMR of the KNN hospitals over an 8-year period was 1.1 ± 0.46 (range, 0.25–2.21). 
The distribution of SMR was as follows: < 0.75 (15 NICUs, 23.8%); 0.75–1.25 (26 NICUs, 41.3%); 1.25–1.50 (9 
NICUs, 14.3%); 1.50–2.0 (11 NICUs, 17.5%); and > 2.0 (2 NICUs, 3.2%). Analysis of case-mix SMR adjusted for 
gestational age and birth weight revealed significant variations among the 63 hospitals (Fig. S3). For all VLBWIs, 
13 hospitals (High SMR) had SMR values beyond the + 95% confidence limit, whereas 10 hospitals (Low SMR) 
had values below the -95% confidence limit. The subgroup funnel plot showed a tendency for increased SMR 
variation as the gestational age or birth weight decreased. Table S4 provides a description and comparison of 
the characteristics of patients and hospital factors between infants born in the High SMR hospitals (Group B) 
and infants born in Low SMR hospitals (group A) based on the funnel plot (Fig. S3A). There were no differences 
in mean gestational age and birth weight between the two groups, and Group B exhibited significantly lower 
mortality rates than did Group A. The incidences of multiple births, chorioamnionitis, and antenatal steroid use 
were higher in Group B. Furthermore, Group B had lower Apgar scores at 1 and 5 min, a lower rate of infants 
born in hospitals, and a higher rate of congenital anomalies. Notably, significant differences were observed 
between the two groups in terms of unit-level factors. Group B had a higher level of care and higher numbers of 
VLBWIs admitted per year, neonatologists, and VLBWIs per neonatologist, as well as a lower number of NICU 
beds per neonatologist. Fig. S4 displays the OR for mortality and major morbidities between Groups A and B. 
Group A had a significantly higher risk of mortality (OR 8.12, 95% CI 6.64–9.93, P-value < 0.001) and mortality 
or morbidities (OR 2.56, 95% CI 2.26–2.90, P-value < 0.001) than Group B.

Hospital‑level factors influencing inter‑hospital variation of SMR
The funnel plot for the case-mix adjusted SMR incorporating both patient- and hospital-level factors reveals a 
reduction in inter-hospital variation, particularly beyond the + 95% Confidence limit, from 13 hospitals in the 
pre-adjusted model to 9 hospitals after adjustment (Fig. 1).

To further investigate the inter-hospital variation in mortality in VLBWIs, we utilized a multi-level model. 
The multi-level mixed-effect logistic regression analysis that considered hospital factors, including the level of 
care, number of VLBWIs, and number of neonatologists, in addition to patient factors, is presented in Table 2.

Significantly higher mortality risk was observed when considering patient-level risk factors in the entire 
cohort (OR 3.0, 95% CI 2.87–3.15, P-value < 0.001). Younger gestational age and lower birth weight were associ-
ated with an increased mortality risk.

Since including Apgar scores in patient-level risk adjustment could inadvertently favor hospitals with subop-
timal resuscitation quality by artificially lowering their risk-adjusted SMRs, we conducted a sensitivity analysis 
excluding them. The results (Table S5) were consistent with the original analysis, which included the 5-min Apgar 
scores (Table 2). Level of care and number of VLBWIs admitted per year did not influence VLBWIs mortality. 
However, the number of neonatologists had a significant effect on VLBWIs mortality. As gestational age and 
birth weight decreased, the VPC and MOR showed higher numbers, indicating larger variations (Table 2) and 
increased inter-hospital variation (Table S6).

Adjusting for the number of neonatologists resulted in a significant reduction in inter-hospital variation, 
as evidenced by an increased PCV of 11.36%. This indicates an 11.36% reduction in inter-hospital variability 
compared with the reference model, which was only adjusted for patient risks. The magnitude of this reduction 
in variation was consistent with the PCV of 11.36% observed in the model adjusted for all three hospital factors. 
In the subgroup analysis, this reduction of inter-hospital variation was statistically significant for infants born 
with birth weights below 1,250 g and gestational ages not exceeding 28 weeks. These findings suggest that the 
number of neonatologists played a crucial role in explaining the inter-hospital variation in mortality of VLBWIs.

Figure 2 depicts the VPC between hospitals stratified by gestational age and birth weight. Overall, the VPC 
increased after adjusting for patient-related risk factors but decreased after further adjustment for the number 
of neonatologists.

Table 1.  Characteristics of survivors and non-survivors and multivariate logistic regression for death in all 
VLBWIs (N = 15,766). CI, Confidence interval; OR, Odds ratio; VLBWIs, Very low birth weight infants. Values 
are presented as means ± SD or n (%). aLogistic regression model for the mortality of all VLBWIs based on the 
selected risk factors.

Variable Survivor (n = 13,769) Non-survivor (n = 1997) P-value Adjusteda OR (95% CI) P-value

Perinatal & Neonatal

Antenatal steroids 11,523(83.7) 1562(78.2)  < 0.001 0.57(0.50–0.66)  < 0.001

Gestational age 29+2 ±  2+6 26+1 ±  2+3  < 0.001 0.78(0.75–0.81)  < 0.001

Birth weight (g) 1125.3 ± 260.3 786.6 ± 254.8  < 0.001 0.99(0.99–0.99)  < 0.001

Male sex 6792(49.3) 1088(54.5)  < 0.001 1.34(1.20–1.50)  < 0.001

5- min Apgar score 7.1 ± 1.6 5.4 ± 2.1  < 0.001 0.82(0.80–0.84)  < 0.001

Congenital anomalies 374(2.7) 178(8.9)  < 0.001 6.99(5.51–8.85)  < 0.001
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When plotting the patient-risk-adjusted SMR against the number of neonatologists, a clear trend of decreas-
ing SMR was observed as the number of neonatologists increased. Importantly, the trend slopes between the 
survival and death groups were significantly different, indicating a closer relationship in the death group. The 
SMR approached 1 when the death group had ≥ 4 neonatologists, and the survival group showed a similar trend 
with ≥ 2 neonatologists (Fig. 3).

Discussion
In the present study, we have shown considerable inter-hospital variation in the mortality rates of VLBWIs by 
obtaining SMRs adjusted for six important patient risk factors from 63 NICUs in Korea. Furthermore, we found 
that the number of neonatologists working in the NICU had a more significant impact on this variation than 
the unit level of care or patient volume admitted within a given year.

VLBWIs mortality rates in NICUs exhibit regional and hospital  variations7,9,12, making it crucial to address 
these outcome differences as part of quality improvement  initiatives41. SMR adjusted for patient characteristics 
has been used as a benchmark for comparing outcomes among hospitals because hospital-admitted patient 
populations cannot be randomly  controlled9,12,18. In the present study, we calculated adjusted SMRs to compare 
NICU quality indicators across hospitals in Korea and showed inter-hospital variations using funnel plots.

In an Australian network study, a significant reduction in inter-hospital variation of observed mortality was 
shown when adjusting only for patient characteristics, with all hospitals falling within the ± 99.8 percentile range 
on the funnel  plot20. However, our study revealed considerable variability in the funnel plot of SMR adjusted 
for patient characteristics, with more prominent variations observed as the gestational age and birth weight 
decreased. This can be attributed to differences in the study settings, as the Australian study focused on eight 
relatively homogeneous tertiary units in a similar region, whereas our study included 63 nationwide hospitals 
with varying levels of care. This phenomenon has been consistently observed not only in other studies focusing 
on mortality as an  outcome21,56–59 but also in studies examining other outcomes within the NICU, such as severe 
intraventricular  hemorrhage10, nosocomial  infection29, and bronchopulmonary  dysplasia60. Therefore, control-
ling for patient characteristics alone does not resolve inter-center variations, highlighting the need for further 
adjustment in the next stage of analysis. Furthermore, our study demonstrated that when adjusting for patient 
characteristics, inter-hospital variation increased, which aligns with similar patterns observed in other studies 
on intraventricular  hemorrhage10. This suggests the importance of case-mix adjustment in comparing centers 
and the necessity of further analysis of other hospital factors.

Moreover, caution is required when comparing outcomes based solely on adjusted SMR and funnel plots, as 
patients are nested within hospitals, necessitating the consideration of hospital factors in the statistical  analysis23. 
Hospitals with a small number of cases are not suitable for SMR comparisons, and adjustments should be made 
to account for both random effects and actual differences between  hospitals29,59. Thus, we excluded hospitals 
with fewer than 30 enrolled cases during the study period and conducted analyses using multi-level modeling 
to obtain adjusted SMRs that accounted for hospital factors.

Identifying suitable hospital factors that can effectively explain inter-hospital variations in NICU care remains 
challenging. Possible factors include the level of care; staffing of neonatologists, nurses, and other health profes-
sionals; the practice quality of each unit; quality improvement initiatives; networking through referral systems; 
and parental involvement. However, appropriate measurement of these factors is difficult and complex. Herein, 

Figure 1.  Case-mix adjusted standardized mortality ratio (SMR) for all VLBWIs. These funnel plots presented 
adjusted SMR between patient level and hospital level. A was adjusted by only risk factors of patient level 
(gestational age, birth weight, gender, 5-min Apgar score, antenatal steroid and congenital anomalies). B was 
adjusted by risk factor of patient level and all hospital level (level of care, number of VLBWIs per year and 
number of neonatologists). The triangles represent that adjusted SMR is higher than expected mortality at 
95% confidence limit, and the squares represent that adjusted SMR is lower than expected mortality at 95% 
confidence limit.
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we compared hospitals outside the ± 95% CI on the case-mix-adjusted SMR funnel plot and identified three 
factors with the most significant differences: level of care, patient volume, and number of neonatologist staff.

Table 2.  Multi-level mixed-effects logistic regression for VLBWIs mortality according to gestational age and 
birth weight. ICC, intraclass correlation; MOR, median odds ratio; PCV, proportional change in variance; Ref, 
reference group; SE, standard error; VLBWIs, very low birth weight infants; VPC, variance partition coefficient. 
Significance of model comparison (chi-square statistic) for effects of adding hospital-level covariates to the 
null model and to the Plus P model at the patient level: *P-value < .05; †P-value < .01; ‡P-value < .001. a These 
values are presented as odds ratios (ORs) and 95% confidence intervals (CIs). b The predicted probability based 
on risk factors at the patient level (gestational age, birth weight, sex, 5-min Apgar score, antenatal steroid use, 
and congenital anomalies). c Each of the following nine items was given a point: availability of total parenteral 
nutrition, general pediatric surgery, pediatric thoracic surgery, nitric oxide therapy, extracorporeal membrane 
oxygenation therapy, dialysis treatment, echocardiography, other ultrasounds, and capability of blood gas 
analysis within the unit. Each hospital was assigned one level based on the following classification scheme: a 
score of 1–5 as level 1; a score of 6–7 as level 2; and a score of 8–9 as level 3. d Null model, random intercept only 
model without covariates; Plus P, adjusted for risk factors at the patient level; Plus PN, adjusted for patient risk 
factors and the number of neonatologists (personnel); Plus PV, adjusted for patient risk factors and the number 
of VLBW infants per year (volume); Plus PL, adjusted for patient risk factors and facility level (level); Plus 
LVNP, adjusted for patient risk factors, level, volume, and personnel. The significance of model comparison for 
adding hospital-level and patient-level covariates to the null model is P-value < .001 in all models. e For infants 
with a gestational age of ≥ 32 years, we did not calculate PCV with respect to the null model or the Plus P model 
because the between-hospital random effect is close to zero (P-value ≥ .05).

Variable

Birthweight (g) Gestational age (weeks) Total

 ≤ 749 750–999 1000–1249 1250–1499  ≤ 25 26–28 29–31  ≥ 32

(N = 2441) (N = 3481) (N = 4230) (N = 5614) (N = 2748) (N = 5204) (N = 5282) (N = 2532) (N = 15,766)

Fixed  effectsa

Risk  scoreb 3.19  (2.79–3.64) 3.15  (2.76–3.60) 2.99 (2.60–3.43) 2.81 (2.48–3.19) 3.24 (2.84–3.71) 3.15 (2.81–3.52) 2.88 (2.55–3.25) 2.81 (2.32–3.40) 3.00 (2.87–3.15)

Hospital

Levelc

1 Ref Ref Ref Ref Ref Ref Ref Ref Ref

2 0.85 (0.45–1.58) 1.13 (0.66–1.92) 1.39 (0.71–2.73) 0.77 (1.64–0.36) 0.99 (0.56–1.75) 0.99 (0.61–1.61) 2.06 (0.92–4.61) 0.72(0.20–2.63) 0.97(0.69–1.36)

3 0.88(0.44–1.77) 1.77(0.98–3.20) 1.95(0.92–4.11) 0.97(0.42–2.22) 1.44(0.76–2.74) 1.35(0.78–2.32) 2.05(0.86–4.92) 1.09(0.28–4.24) 1.30(0.88–1.90)

No. of VLBW infants (per year)

 < 20 Ref Ref Ref Ref Ref Ref Ref Ref Ref

20–40 1.20(0.79–1.80) 1.11(0.75–1.63) 0.72(0.44–1.16) 0.86(0.47–1.56) 1.23(0.84–1.79) 1.04(0.73–1.49) 0.62(0.37–1.04) 0.59(0.21–1.68) 0.98(0.78–1.24)

40–60 1.04(0.63–1.71) 1.67(1.02–2.73) 0.95(0.50–1.79) 0.42(0.18–0.96) 1.36(0.86–2.17) 1.28(0.81–2.03) 0.54(0.27–1.08) 0.22(0.05–1.01) 1.16(0.86–1.56)

 ≥ 60 0.81(0.47–1.40) 1.17(0.68–1.99) 1.28(0.67–2.46) 1.07(0.51–2.24) 0.81(0.48–1.36) 1.47(0.90–2.40) 0.66(0.34–1.27) 1.10(0.35–3.48) 0.99(0.70–1.39)

No. of neonatologists

 ≤ 1 Ref Ref Ref Ref Ref Ref Ref Ref Ref

2 0.87(0.60–1.26) 0.58(0.41–0.83) 0.38(0.24–0.60) 0.96(0.55–1.69) 0.64(0.45–0.90) 0.62(0.45–0.86) 0.79(0.48–1.30) 0.84(0.34–2.07) 0.69(0.55–0.87)

 ≥ 3 0.57(0.34–0.95) 0.26(0.16–0.42) 0.29(0.15–0.54) 0.83(0.39–1.76) 0.35(0.22–0.57) 0.32(0.20–0.50) 0.81(0.42–1.57) 0.26(0.08–0.88) 0.42(0.31–0.57)

Random effects

PCV (%)

Plus  LVNPd − 20.37 − 31.58 − 14.81 − 18.18 − 19.35 − 24.14 3.70 – − 50.00

Plus  PLd − 29.63 − 39.47 − 74.07 − 54.55 − 30.65 − 55.17 − 25.93 – − 73.08

Plus  PVd − 24.07 − 34.21 − 66.67 − 18.18 − 17.74 − 55.17 − 14.81 – − 65.38

Plus  PNd − 16.67 − 15.79 − 29.63 − 40.91 − 16.13 − 27.59 − 29.63 – − 50.00

Plus  Pd − 27.78 − 28.95 − 70.37 − 45.45 − 25.81 − 48.28 − 37.04 – − 69.23

Null  modeld Ref Ref Ref Ref Ref Ref Ref Refe Ref

Plus  LVNPd 5.80 − 2.04‡ 32.61† 18.75 5.13‡ 16.28‡ 29.73 – 11.36‡

Plus  PLd − 1.45 − 8.16 − 2.17 − 6.25 − 3.85 − 4.65 8.11 – − 2.27

Plus  PVd 2.90 − 4.08 2.17 18.75* 6.41 − 4.65 16.22 – 2.27

Plus  PNd 8.70* 10.20‡ 23.91‡ 3.13 7.69‡ 13.95‡ 5.41 – 11.36‡

Plus  Pd Ref Ref Ref Ref Ref Ref Ref Refe Ref

VPC(%) 16.5 13.2 8.6 7.3 18.4 9.9 7.3 1.5 10.6

MOR 2.15 1.96 1.70 1.62 2.26 1.77 1.62 1.24 1.81
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The level of care is known to influence inter-hospital outcome  variability25,26,28,35,60, except in one large-scale 
study conducted in the United  Kingdom30.

On the contrary, several studies have highlighted the volume effect of admitted patients, which is considered 
one of the strongest hospital factors, with a higher volume associated with better outcomes owing to increased 
patient care experience and  concentration24–26,28. One study demonstrated that the explanatory power of these 
factors in hospital-level variation reached up to 26%26. However, patient volume only partially influences inter-
center  variation61, and conflicting reports exist, suggesting poorer outcomes in large  units62 or no significant 
 impact8,30. This variability is likely attributable to differences in workload among healthcare professionals or 
uncontrolled factors in NICUs.

In contrast, studies on staffing are limited. The nurse-to-patient  ratio61 and nurse  workload63 in NICUs have 
been reported to affect outcomes. However, studies on the direct impact of the number of neonatologists are 

Figure 2.  Variance partition coefficient between hospitals by gestational age and birth weight. All risk factors of 
hospital level presented “Level + Volume + Personnel”; Level means level of care, Volume means the number of 
VLBWIs per year, and Personnel means the number of neonatologists.

Figure 3.  Patient risk adjusted SMR according to the number of neonatologists between survivors and non-
survivors. These plots help us to visualize the association of the SMR on the number of neonatologists. The 
size of circles represents the number of VLBWIs as weight information. The result of testing the difference in 
regression slop across death and survival group identify as being statistically significant (P-value < .001).
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scarce. In 1985, the American Academy of Pediatrics proposed an average of six VLBWIs per neonatologist, 
considering the severity, length of stay, and workload of NICU  admissions64. Furthermore, based on population 
data and neonatal medical workforce status, in 2002 Thompson et al.36 calculated the number of NICU beds 
(intensive and intermediate) per neonatologist as 8.4 in the United States, 6.9 in Australia, and 8.1 in Canada. In 
comparison, recent surveys in Korea showed an average of 13.4 NICU beds per neonatologist, which is almost 
twice as high as in Japan (7.0) or Taiwan (6.3)38. While this is a significant improvement compared with the 22.1 
reported in a nationwide survey in 2006, few improvements have been made since surveys conducted in the 
2010s. In the present study, the average number of NICU beds per neonatologist was 15.6 ± 7.3, and an average 
of 2.3 ± 1.1 neonatologists worked in Korean NICUs. Among the 15,766 patients, 66.3% were cared for in units 
with ≤ 2 neonatologists. However, evidence demonstrating that a lower patient load leads to better treatment 
outcomes is lacking. Although a large-scale study showed that regions with too few neonatologists per birth 
had an increase in neonatal  mortality32, no significant association between the number of neonatologists and 
neonatal survival rates has also been  shown30. Nonetheless, the supply of neonatologists in Korea falls short 
of international standards, potentially leading to different analysis results compared to studies conducted in 
countries or institutions with adequate neonatological staffing. Additionally, NICU occupancy has been shown 
to affect mortality variation, highlighting the importance of neonatologist  workloads30. In the present study, an 
increase in the number of neonatologists showed a clearer correlation with a decreased risk-adjusted SMR in the 
deceased group than in the surviving group. Furthermore, adjusting for hospital factors reduced the number of 
centers that exceeded the + 95% CI on the funnel plot, further supporting the finding that the number of working 
neonatologists influences inter-hospital mortality variation in Korea.

In this study, the absolute number of neonatologists working in a unit was selected as the more important 
variable than the number of beds per neonatologist. This may be attributed to the fact that only 13 of the included 
units had ≥ 3 neonatologists. Likewise, a previous analysis of NICUs in  Korea38 found no association between 
the number of beds per neonatologist and NICU level of care.

This study had some limitations. First, it focused on only three hospital factors as explanatory variables. This 
approach did not consider more detailed information, such as the composition of nursing and other physician 
workforces, care quality, and referral systems. In particular, the effect of the number of neonatologists on reduc-
ing inter-hospital SMR variation accounted for only 11.36% of the overall variation, whereas the level of care 
and patient volume showed no explanatory power. Therefore, further analysis is needed to explore other factors 
that might explain inter-hospital SMR variations in Korea.

Second, the number of neonatologists may not accurately represent the workload because factors such as 
the number of NICU beds per neonatologist are unaccounted. No official nurse practitioner system existed in 
Korea before 2020. Moreover, there was a significant shortage of fellows and pediatricians working in NICUs 
during the study period, with most of the workforce consisting of pediatric residents. Therefore, these results 
may reflect not only workload issues specific to neonatologists, but also the importance of neonatologist cover-
age within the NICU.

Despite these limitations, this nationwide study employed appropriate statistical modeling to accurately assess 
inter-hospital case-mix SMR variations and identified the number of working neonatologists as a significant 
hospital factor.

Meanwhile, it is important to note that there are concerns that comparative measures of mortality and mor-
bidity are often overinterpreted, particularly in acute medical settings. This leads to unfair judgments about care 
quality and the potential stigmatization of institutions. Therefore, outcome data should be used for research 
and trend monitoring, while patient care improvements should focus on adherence to clinical and managerial 
 standards11.

In conclusion, the number of neonatologists was independently associated with center-to center-differences 
in VLBWI mortality in Korea after adjustment for patient risks and hospital factors. These findings provide 
important implications for conducting quality improvement initiatives in societies or countries with similar 
NICU systems, whereby expanding the number of neonatologists may be one of the key strategies for reducing 
mortality variation and improving outcomes for VLBWIs.

Data availability
The datasets generated and analyzed during the current study are not publicly available. There are ethical restric-
tions on sharing a deidentified data set unless permitted by the Korea Disease Control and Prevention Agency 
(KDCA). Data availability was subjected to the Act on Bioethics and Safety [Law No. 1518, article 18 (Provision 
of Personal Information)]. Contact for sharing the data or access the data can be possible only through the data 
committee of Korean Neonatal Network (http:// knn. or. kr) and after permitted by the KDCA. Detail contact 
information was as follows: data access committee; Jae Won Shim (ped99@naver.com), ethics committee; Jang 
Hoon Lee (neopedlee@ajou.ac.kr).
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