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Abstract

Objective—Regionalized care reduces neonatal morbidity and mortality. This study evaluated the 

association of patient characteristics with quantitative differences in neonatal transport networks.
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Study Design—We retrospectively analyzed prospectively-collected data for infants <28 days 

of age acutely transported within California from 2008-2012. We generated graphs representing 

bidirectional transfers between hospitals, stratified by patient attribute, and compared standard 

network analysis metrics.

Result—We analyzed 34 708 acute transfers, representing 1 594 unique transfer routes between 

271 hospitals. Density, centralization, efficiency, and modularity differed significantly among 

networks drawn based on different infant attributes. Compared to term infants and to those 

transported for medical reasons, network metrics identify greater degrees of regionalization for 

preterm and surgical patients (more centralized and less dense, respectively [p<0.001]).

Conclusion—Neonatal interhospital transport networks differ by patient attributes as reflected 

by differences in network metrics, suggesting that regionalization should be considered in the 

context of a multi-dimensional system.

INTRODUCTION

Neonatal regionalization, which emphasizes matching patient needs with hospital care 

capabilities, has been widely recognized as a strategy to reduce neonatal morbidity and 

mortality (1-7). Successfully regionalized perinatal care systems ensure that the need for 

neonatal care at a high-level neonatal intensive care unit (NICU) is recognized in a timely 

manner. Such needs are typically best met by antenatal transport of pregnant women to 

delivery centers as close as possible to a NICU that can provide the necessary care for the 

baby (8-14). When antenatal transport is not possible, or when an infant’s need for a higher 

level of care is discovered only after delivery, neonatal transport becomes necessary.

The flow of patients through neonatal transport networks is an important process to 

understand, because need for inter-hospital newborn transport has been linked to increased 

morbidity and mortality (5, 15-21). Many care networks have assumed the same ideal 

referral patterns for all patients, based simply on illness acuity, geography, and hospital 

relationships. However, increasing specialization within neonatal care has resulted in NICUs 

with different areas of expertise and capabilities, including programs for specific congenital 

anomalies such as esophageal atresia, congenital heart disease, or short bowel syndrome. 

Thus, structuring neonatal networks likely requires going beyond a “one size fits all” 

approach. Additionally, just as selecting an infant’s destination may need to account for 

specific medical and surgical conditions, other non-medical factors (such as insurance status, 

socioeconomic context, and existing provider/hospital relationships) may contribute to how 

patients move through a referral network. However, previous analyses of factors influencing, 

and outcomes of, neonatal regionalization have been limited by study designs, such as 

before-after and interrupted time series designs, which are prone to bias. For this reason, 

network analysis, which approaches neonatal transport quantitatively and without a priori 

assumptions about hospital capabilities, may serve to improve our understanding of this 

field.

We have previously applied techniques from the field of network analysis to demonstrate 

how geography and certain patient attributes influence neonatal referral patterns (22). 

Factors associated with infants being transported outside of the originating referral sub-
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network included medical indications (e.g. major congenital anomalies and need for 

surgery) as well as non-medical factors (e.g. insurance as the reason for transfer). A better 

understanding of how referral patterns are influenced by patient attributes is necessary, a 

task undertaken here with the application of network analysis to neonatal transports in a 

single state.

MATERIALS/SUBJECTS AND METHODS

This was a retrospective database study including all neonatal transfers <28 days conducted 

by California Perinatal Quality Care Collaborative (CPQCC) member hospitals that occurred 

between January 1, 2008 and December 31, 2012, the most recent years for which the full 

complement of data are available. As described previously, infants were included in this 

study using any of the following inclusion criteria: (i) birth weight 401 to 1500 grams, 

(ii) gestational age 22 0/7 weeks to 29 6/7 weeks, or (iii) for infants >1500 grams, either 

death, surgery, intubation or positive pressure support for more than 4 hours, readmitted 

for total bilirubin ≥25 and/or exchange transfusion, early bacterial sepsis, or acute transfer. 

We applied the following definitions to categorize transports: acute transfer was defined 

as transfer of an infant who required acute resolution of medical problems and who was 

transferred in order to obtain care that was not provided, or that could not be effectively 

provided, at the referring institution (e.g., staffing/census issues, insurance). Within CPQCC, 

the California Perinatal Transport System (CPeTS) is a system of more than 100 specialized 

NICUs that participate in the transport of infants in California and collects data on acute 

neonatal transports (22). The CPQCC and CPeTS data were then linked to data from the 

Office of Statewide Health Planning and Development (OSHPD) Vital Statistics-Patient 

Discharge Data, which include financial, operational, and patient-level variables, compiled 

annually for every hospital in California. This data set links birth certificates with infant 

death certificates, as well as infant and maternal hospital discharge records, including all 

infant transfers and readmissions. Transfer type (surgical, medical, and insurance/other) was 

identified using CPQCC and CPeTS records. Non-acute transports, and those originating 

from or traveling to hospitals not included in the CPQCC network, from outside the state 

of California, or from outside the United States, and infants admitted from home, were 

excluded from the study.

We used network analysis methods to construct graphs representing the structure and 

direction of acute transport of infants through hospitals in California. Network graphs are 

composed of nodes and edges and can be used to mathematically represent the structure and 

strength of relationships between entities. In these graphs, nodes represent hospitals, and 

connections (also known as edges) between nodes record the total number and directionality 

of acute neonatal transports between each pair of hospitals. In this way, the network is both 

“directed” (that is, the direction of the transfer is retained) and “weighted” (that is, the 

number of transports between two hospitals is reflected). Separate graphs were constructed 

for each infant attribute of interest: (i) all transfers; (ii) birth weight (<750g, 750-1500g, 

1501-2500g, >2500g); (iii) gestational age (<28, 28 to 31-6/7, 32 to 35-6/7, 36+ weeks); 

(iv) days of life at transport (<3 days, 3-7 days, 8-14 days, 15+ days); and (v) transfer 

type (surgical or medical reason for transfer). Transfer type was identified using CPQCC 

and CPeTS records, with ICD-9 codes indicating surgical evaluation or management used 
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to identify surgical transfers in transfers of infants with reason not recorded. Graphs were 

constructed using all available data for each patient characteristic.

The graphs were characterized according to a predefined set of standard network metrics 

measuring different aspects of network structure and flow of patients. Simple descriptive 

metrics included the number of nodes (hospitals) and edges (unique transport paths), number 

of transports per infant, degree (number of incoming, outgoing, and total transports for 

each hospital), and percentage of transports to a regional hospital. Measures of network 

structure included the following: (i) centralization (the extent to which the network is 

dominated by individual nodes, measured by average Katz centrality of hospitals with 

incoming acute transfers) (23-25), which gives information on the extent to which the 

network is organized in a “hub-and-spoke” pattern around important hospitals; (ii) weighed 

density (the observed fraction of possible network connections, weighted by the maximum 

proportion of infants transferred through a single connection) (26), which gives information 

on the proportion of all possible transfer routes between hospitals that were actually used; 

(iii) efficiency (average shortest path length between nodes, measured by average global 

efficiency) (27-29), which is a measure of the shortest (non-geographical) path between two 

hospitals based on existing transfer routes; and (iv) modularity (the tendency of network 

connections to cluster into communities, applying the Walktrap method for community 

detection) (30-33), which measures the tendency of the network to break down into discrete 

communities of hospitals based on transfers between them. Of note, physical distance 

between hospitals does not impact these network metrics and was not considered in the 

analysis. Metrics for density, efficiency, centralization, and modularity were constructed to 

be comparable between networks of different sizes. The full, directed, weighted network was 

used to calculate all network metrics with the exception of efficiency, which was computed 

using an undirected unweighted representation of each network; this ensures metric values 

are between 0 and 1, a property common to all other selected metrics. We additionally 

calculated weighted network efficiency using directed weighted networks as a sensitivity 

analysis, and observed the same qualitative trends as the average global efficiency for all 

network types (available on request). Hospitals were categorized based on designations from 

the California Children’s Services (CCS) levels of care (34, 35). CCS designations include, 

in order of increasing care capabilities, Intermediate, Community, and Regional centers.

We used the network metrics to compare the different networks within each attribute to 

each other, using a permutation test as the method of comparison and using p<0.05 as 

the threshold for statistical significance. Permutation tests were further used to identify 

significant pairwise differences while applying the Bonferroni correction as appropriate 

(36-38). Standard errors were estimated using the statistical bootstrap, in which transfers 

were sampled with replacement, to estimate variation in the metrics, using 1000 bootstrap 

iterations (39). Network visualization and statistical analyses were undertaken with Python 

using the NetworkX and Igraph packages (40, 41). The study was approved by the 

institutional review boards of the investigators.
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RESULTS

We analyzed a dataset of 2 576 104 hospital discharge records of 2 530 026 infants in 

California between 2008 and 2012. Disposition at the first encounter included discharge 

home (2 479 966), acute transfer to another hospital (34 657), transfer for other reasons 

including capacity planning or insurance (8 623), or death (6 780). At the transfer level, a 

total of 34 708 acute transfers of 33 691 infants were included in the analysis, representing 

1 594 unique transfer routes between 271 hospitals in California. Fifty-one infants had 

a subsequent acute transfer after their initial transfer, and some infants were transferred 

multiple times. Thirteen percent of transports involved very low birth weight (VLBW; 

<1500g) infants, and 7% of transports were for infants <28 weeks gestation. Patient 

characteristics are shown in Table 1.

Graphs of medical and surgical transfer networks are shown in Figure 1. Additional 

networks stratified by each attribute (birth weight, gestational age, days of life at transport) 

are available in the Appendix (Supplemental Figure 1). In all graphs, node size is 

proportional to the total number of infants transported into the hospital, node color denotes 

CCS level of care, and edge color indicates CCS level of the destination hospital. Relative 

to medical transports, the surgical transport network was more centralized, and almost all 

transports were to regional hospitals. In the less centralized medical transport network, 

several intermediate hospitals can be identified as “hubs.” A summary of the network 

characteristics is shown in Table 2, with a summary by hospital CCS level of care provided 

in the Appendix (Supplemental Table 1).

Centralization, density, efficiency, and modularity differed significantly among networks 

drawn on different infant attributes (Table 3 and Figure 2). Metrics each differ in scale, 

but have been chosen to be comparable between networks of different sizes. Density in 

neonatal transport networks is a measure of the average weight of transfer routes between 

hospitals, with larger values indicting more infants transferred through fewer major transfer 

routes. Larger values of efficiency and centralization correspond to a tendency towards a 

“hub and spoke” architecture, with many hospitals transferring patients into a few select 

centers (42). Modularity corresponds to the degree to which transfers between hospitals are 

organized into smaller communities, typically structured around a high-level referral center, 

with highly modular networks easily partitioning into discrete smaller communities.

The transport networks for the smallest (<750g) and lowest gestational age (<28 weeks) 

infants were more centralized and had lower density and efficiency, when compared to the 

largest (>2500g) and highest gestational age (>36 weeks) infants, respectively (p<0.001). 

Surgical transports also had higher centralization and lower density, with no difference in 

efficiency, when compared to medical transports.

The underlying community structure among the networks also differed significantly based 

on patient attribute. Medical transfers had significantly higher modularity (p<0.001) 

compared with surgical transfers. Modularity also different significantly between networks 

defined by infant days of life at transfer. Modularity was highest for infants transferred <3 

Kunz et al. Page 5

J Perinatol. Author manuscript; available in PMC 2022 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



days of life, and declined significantly for the networks of infants transferred later in life 

(p<0.001).

DISCUSSION

In this analysis, we have demonstrated that the shape and characteristics of neonatal 

interhospital transport networks differ by gestational age, birth weight, infant age, and 

transfer type. The analysis builds on previous work establishing the utility of using network 

analytic techniques to approach neonatal transport and regionalization (22). Employing 

quantitative methodologies for studying neonatal regionalization can facilitate a richer and 

more complete understanding of the factors that shape transport networks, avoiding many 

of the biases of previous work relying on less quantitative measures. This foundational 

work will support a more rigorous approach to linking neonatal regionalization with patient 

outcomes and, ultimately, improving these care delivery systems.

Ideally, when the need for neonatal intensive care can be anticipated, maternal transport can 

be arranged prior to delivery. However, when neonatal transport must occur after delivery, 

the choice of destination hospital is typically based on the infant’s illness acuity and 

type, as well as established referral relationships between hospitals, as is often observed 

empirically in clinical practice. Financial incentives may also drive delivery at outlying 

hospitals, accounting for a portion of postnatal transports to higher-level centers.

Birth weight and gestational age

The results of our analysis suggest that transports for the sickest infants are, indeed, 

concentrated into high-acuity centers, empirically validating the ability of network analysis 

to capture real-world transport patterns. In this context, the greater centralization and lower 

density and efficiency of the networks for the smallest and youngest infants indicate that 

these infants are transported to fewer centers, presumably those providing higher level care, 

such that many referring hospitals are funneling transports towards a central hub.

Type of transport (medical vs surgical)

The differing transport patterns between infants transported for medical and surgical reasons 

similarly corresponds to empiric observations regarding the care needs of these different 

populations. Infants transported for surgical evaluation and management may need very 

specific care capabilities that the usual referral center may not be able to provide, as the 

provision of surgical services is much more limited than neonatal intensive care services, 

particularly for the most complex surgical problems. The higher centralization and lower 

density of the surgical transport network align with the experience that these infants are 

transferred to a small number of central hospitals to provide for their specialized needs. The 

finding of lower modularity for surgical transfers suggests that many surgical needs may not 

be met at a regional Level III NICU, and require transport to a higher-level center outside the 

smaller regional network for this type of care, potentially bypassing centers that are closer, 

both in the network path and in terms of real-world geography. Further investigation into the 

transport patterns by type of surgical intervention (for example, long gap esophageal atresia 

Kunz et al. Page 6

J Perinatol. Author manuscript; available in PMC 2022 January 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



repair or cardiac surgery) is warranted in order to better understand how regionalization for 

specific conditions could be optimized.

Age at transfer

Networks for infants transported before 3 days of life demonstrate higher modularity, but 

lower centralization and density, a constellation of findings not paralleled in any of the 

other attributes studied. The high modularity in the networks for infants transferred early in 

life, compared to infants transferred later in life, indicates that transfers early in life remain 

in smaller sub-networks, while low density indicates less interconnection between nodes 

as common transport routes are frequently followed. However, the lower centralization 

suggests an overall lack of hub-and-spoke architecture in the network, possibly due to 

infants early in life being transported to nearby facilities, rather than directly to regional 

centers. Taken together, these findings suggest that this early transfer group may be 

dominated by two very different types of transfers: first, very preterm and low birth weight 

infants born at community NICUs who need rapid transfer to a nearby higher-level referral 

center; and second, infants with anomalies or other surgical needs that are apparent early 

in life and require immediate transfer to a specialized centralized facility. In part, this 

may reflect a growing trend of deregionalization, with more high-risk VLBW and very 

preterm infants born in the community, a phenomenon for which financial incentives have 

been partly responsible. Further study of this early transfer group, which comprises the 

vast majority of neonatal transfers, will shed much-needed light on whether improving 

regionalization, either in the form of antenatal transports or in reversing the trend of 

deregionalization, could obviate the need for many of these early transfers.

Future directions and limitations

Having established methods for comparing networks between neonatal patient populations, 

we will be able to further elucidate how non-medical patient factors, such as race/ethnicity 

and insurance status, contribute to the shape of neonatal transport networks. This will help 

identify potential disparities in characteristics of transport networks based on racial/ethnic 

and socioeconomic factors, which could highlight opportunities for reducing disparities in 

neonatal care. Furthermore, analyzing networks based on patient diagnosis may provide 

crucial insights into the clinical interpretation of network analysis as it relates to patient 

care, and facilitate a better understanding of the real-world implications of network function. 

Relating the characteristics of neonatal transport networks to patient outcomes and transport 

quality may illuminate areas for improvement in the way transport networks are composed.

Because the application of network science to neonatal transport networks remains an 

emerging discipline, there are limitations to its applications. First, our analysis was limited 

to a single state, raising questions of generalizability to less regionalized areas of the 

country and world. Second, analysis of transfers as a network is further limited by the 

ability of the researcher or regulatory agency to obtain accurate care information for each 

infant longitudinally across multiple institutions. Third, the analysis period in this study is 

restricted to 2008-2012, due to lack of availability of OSHPD linked data resources past this 

time period. We will plan to include any new data that become available in future analyses.
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Importantly, as network metrics have not been widely applied to patient transport 

networks, particularly in neonatology, it is yet unknown which metrics are of most 

clinical value in describing and studying networks, and which patterns of networks 

reflect an ideally regionalized system. As optimal patterns of regionalization are partially 

dependent on regional characteristics, such as geography and payor structure, patterns 

of metrics that reflect optimal regionalization may be variable by region. Expanding 

on the foundational work that has been completed to this point, future work will 

focus on developing composite scores of clinically relevant network metrics to correlate 

measures of network regionalization with patient outcomes and transport quality. Identifying 

network characteristics associated with positive clinical outcomes may offer optimization 

opportunities at different levels of the network. In translating network shape and function 

into actionable information for clinicians and administrators, network analysis may allow for 

improvement in the care of infants by improving the networks in which they receive that 

care.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Representative graphs of the networks defined by medical and surgical transfers.
Circular nodes represent hospitals, with edges between nodes representing acute transports. 

Node size is proportional to the total number of infants transported into the hospital. Node 

color denotes California Children’s Services (CCS) level of care, and edge color indicates 

CCS level of the destination hospital.
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Figure 2. Network metrics calculated for each group of patient characteristics.
Network metrics (centralization, density, efficiency, and modularity) with associated 95% 

confidence intervals for the entire transport network and all networks based on infant 

attributes.

*Differences significant at p<0.05 level for that attribute

**Differences significant at p<0.001 level for that attribute

Centralization: measure of “hub-and-spoke” organization around important hospitals. 

Density: proportion of all possible transfer routes between hospitals that were actually 

used. Efficiency: measure of the shortest (non-geographical) path between any two random 

hospitals in the network based on existing transfer routes. Modularity: tendency of the 

network to break into discrete communities of hospitals.
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Table 1.

Characteristics of infants included in the study.

Reason For Transfer Total Transfers
1

Infants
Transfered Medical Surgical Insurance/Other

N (%) N (%) N (%) N (%) N (%)

Total N=33 691 N=20 302 N=7 394 N=7 012 N=34 708

Sex

Female 14 315 (42) 8 627 (42) 3 150 (43) 2 956 (42) 14 733(42)

Male 19 376 (58) 11 675 (58) 4 244 (57) 4 056 (58) 19 975 (58)

Birthweight

<750g 1 120 (3) 740 (4) 394 (5) 30 (0) 1 164 (3)

750g-1500g 3 218 (10) 2 465 (12) 746 (10) 125 (2) 3 336 (10)

1500g-2500g 8 664 (26) 5 703 (28) 1 417 (19) 1 749 (25) 8 869 (26)

>=2500g 20 689 (61) 11 394 (56) 4 837 (65) 5 108 (73) 21 339 (61)

Gestational Age

<28wks 2 401 (7) 1 660 (8) 747 (10) 91 (1) 2 498 (7)

28wks-32wks 2 683 (8) 2 121 (10) 452 (6) 177 (3) 2 750 (8)

32wks-37wks 10 231 (30) 6 865 (34) 1 548 (21) 2 017 (29) 10 430 (30)

>=37wks 18 376 (55) 9 656 (48) 4 647 (63) 4 727 (67) 19 030 (55)

Days of Life at Transfer 
2 

<3 days 28,973 (86) 18 194 (90) 5 034 (68) 6 090 (87) 29 318 (84)

3-7 days 3,031 (9) 1 339 (7) 1 022 (14) 701 (10) 3 062 (9)

8-14 days 1,234 (4) 435 (2) 682 (9) 135 (2) 1 252 (4)

15+ days 1,055 (3) 334 (2) 656 (9) 86 (1) 1 076 (3)

Race/Ethnicity 
3 

Non-Hispanic White 8 157 (24) 6 347 (31) 1 956 (26) 157 (2) 8 460 (24)

Non-Hispanic Black 1 875 (6) 1 400 (7) 504 (7) 46 (1) 1 950 (6)

Hispanic 13 340 (40) 10 111 (50) 3 502 (47) 185 (3) 13 798 (40)

Asian/NHOPI
4 1 942 (6) 1 363 (7) 624 (8) 30 (0) 2 017 (6)

Other 891 (3) 700 (3) 208 (3) 16 (0) 924 (3)

1
Total number of transfers differs from total number of infants as some infants underwent >1 transfer.

2
Infants transferred multiple times may be counted in >1 group based on days of life at each transfer.

3
Race/ethnicity data missing for 7 486 infants (7 559 transfers).

4
Native Hawaiian/Other Pacific Islander
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Table 2.

Characteristics of the full network and networks defined by infant attributes.

Destination
5

Nodes
1

Edges
2

Transfers
3

Average

In-Degree
4

Average
Out-

Degree
4

Intermediate Community Regional

N (%) N (%) N(%)

Full Network 271 1 594 34 708 259.01 128.07 233 (0.7) 8 186 (23.6) 25 714 (74.1)

Birthweight

<750g 210 304 1 164 18.77 6.22 0 (0.0) 244 (21.0) 912 (78.4)

750g-1500g 252 559 3 336 35.12 13.51 9 (0.3) 879 (26.3) 2 395 (71.8)

1500g-2500g 265 872 8 869 75.16 33.47 88 (1.0) 2 298 (25.9) 6 301 (71.0)

>=2500g 267 1 326 21 339 169.36 79.92 136 (0.6) 4 765 (22.3) 16 106 (75.5)

Gestational Age

<28wks 243 453 2 498 30.84 10.72 0 (0.0) 596 (23.9) 1 878 (75.2)

28wks-32wks 253 543 2 750 27.23 11.09 18 (0.7) 758 (27.6) 1 917 (69.7)

32wks-37wks 266 906 10 430 84.8 39.21 91 (0.9) 2 924 (28.0) 7 187 (68.9)

>=37wks 267 1 275 19 030 157.27 71.27 124 (0.7) 3 908 (20.5) 14 732 (77.4)

Infant Days of Life at Transfer

<3 days 270 1 338 29 318 225.52 108.99 215 (0.7) 7 518 (25.6) 21 154 (72.2)

3-7 days 248 698 3 062 29.73 12.45 14 (0.5) 448 (14.6) 2 514 (82.1)

8-14 days 174 398 1 252 16.92 7.24 3 (0.2) 127 (10.1) 1 090 (87.1)

15+ days 146 324 1 076 16.81 7.58 1 (0.1) 93 (8.6) 956 (88.8)

Medical/Surgical Transfer

Medical 267 1 120 20 302 189.74 76.04 189 (0.9) 7 004 (34.5) 12 882 (63.5)

Surgical 260 702 7394 97.29 28.44 2 (<0.001) 370 (5.0) 6 976 (94.3)

1
Nodes: number of hospitals

2
Edges: number of unique directed connections between hospitals

3
Transfers: number of acute transports

4
Average In/Out-Degree: average number of incoming/outgoing transports per hospital over the study period

5
Destination (Intermediate/Community/Regional): N (%) transferred to Level II/III/IV hospitals.
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