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Infants born in Japan are reported to have a low incidence of necrotizing enterocolitis (NEC) among 
countries, and these differences remained significant after adjusting for common clinical factors. To 
investigate the impact of ethnic background, we compared the incidence of NEC between infants born 
in Japan and those born to mothers of Japanese ethnicity in California. Preterm infants born between 
2008 and 2019 at 22–29 weeks of gestational age were analyzed retrospectively. Four groups were 
analyzed: infants born in Japan (JP), infants born in California to mothers born in Japan (JP-J), infants 
born in California to mothers with Japanese ethnicity but born in the United States or another country 
(JP-CA), and a comparison group of infants born in California to non-Hispanic White mothers (NHW-
CA). Each cohort consisted of 52,049, 115, 226, and 12,275 infants, respectively. Unadjusted NEC 
incidences were significantly lower in JP compared to the other three cohorts (1.7% JP, 4.5% JP-J, 4.6% 
JP-CA, and 3.3% NHW-CA, respectively; p < 0.01). After adjusting for confounding factors, odds ratios 
for NEC in JP vs. JP-J, JP-CA, and NHW-CA were 3.04 (1.18–7.80), 2.89 (1.45–5.75), and 1.96 (1.56–
2.47), respectively. This study suggests that differences in NEC incidence in Japan are not explained by 
ethnicity.

Clinical trial regstration number: Registration numbers is UMIN000006961 (​h​t​t​p​s​:​​/​/​c​e​n​t​​e​r​6​.​u​m​​i​n​.​a​c​.​​j​p​
/​c​g​​i​-​o​p​e​n​​-​b​i​n​/​c​​t​r​_​e​/​c​​t​r​_​v​i​​e​w​.​c​g​i​​?​r​e​c​p​t​​n​o​=​R​0​0​​0​0​0​8​2​1​7) for the Neonatal Research Network of Japan. 
However, the the California Perinatal Quality Care Collaborative (CPQCC) aims only to assess neonatal 
outcomes for the purpose of quality assessment and improvement. So, no clinical trial number is avail-
able. Please refer to the web site https://www.cpqcc.org/.
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The mortality rate among extremely preterm infants has decreased dramatically, especially in developed 
countries1,2, including Japan and California in the United States of America (USA)3,4. However, there is still 
difficulty in preventing their morbidities, and their current long-term outcomes are not satisfactory5–7. 
Necrotizing enterocolitis (NEC) is still one of the most important life-threatening morbidities among extremely 
preterm infants and remains difficult to prevent or treat8,9. Poor long-term outcomes among NEC survivors have 
also been reported10. Many investigations have been carried out to identify risk factors and preventive measures 
for NEC. Although several risk factors have been reported, including not being fed by human breastmilk, rapidly 
increasing enteral feeding volume, excessive use of antibiotics, and blood transfusion, the direct causality of 
these factors has yet to be established11. Furthermore, there is a huge variation in the incidence of NEC among 
countries12. Japan has reported a relatively low incidence of NEC as compared with the US and European 
countries5,6,13,14. Its recent incidences in Japan and California were reported around 1.6% and 3.9% in very-
low-birth-weight (VLBW) infants, respectively15,16. Several reports suggested a genetic difference could explain 
frequency variations17–19. Variation in incidence within a country has also been reported based on racial/ethnic 
differences20. Even in a single USA state, California, there exists racial/ethnic disparities in the incidences of 
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NEC21. Even though there are possibilities that this difference could be explained by baseline characteristics, 
including social health status and low exposure to breast milk, genetic contribution still needs to be explored. 
However, these comparisons are often difficult because of differences in cohort selection, definitions, and risk 
considerations. Therefore, in this study, two datasets of VLBW infants were selected to compare NEC incidences 
between Japan and California employing a strategy similar to that used in our previous study of intraventricular 
hemorrhage (IVH)22, with careful matching of cohort criteria, risk adjustment, and definitions.

Comparing NEC incidences among Japanese mothers who gave birth in Japan and Japanese women born in 
Japan who gave birth in California could provide insight into the potential impact of ethnic factors on the onset 
of NEC. If preterm infants born to Japanese mothers in California showed a rate of NEC that was significantly 
higher than the rate seen in preterm infants born in Japan, changes in maternal lifestyle and/or differences in 
perinatal practices are most likely the source. Furthermore, this finding would open the possibility of identifying 
important drivers for developing NEC by comparing maternal health and perinatal care practices in future 
studies.

Results
Patient characteristics
Of the registered total of 58,306 infants in the Neonatal Research Network of Japan (NRNJ) databases, after 
excluding 2,131 infants born after 29 gestational age or with a birthweight > 1500  g and 4,216 with major 
congenital anomalies, a final study sample of 52,049 infants was used for the analysis. In the California Perinatal 
Quality Care Collaborative (CPQCC) database, of the 181,456 total registered infants, 118,337 infants were 
excluded for not meeting gestational age or birthweight criteria, 7,163 infants were excluded due to major 
congenital anomalies, which was used for the epidemiological study; including chromosomal/genetic disorders 
and central nervous, cardiovascular, urogenital, gastrointestinal, respiratory, and skeletal organs23, 848 without 
ethnicity information, and 42,492 infants who were not Japanese or non-Hispanic White for a final cohort of 
12,616 infants. Among them, 341 infants were born to Japanese mothers. One hundred fifteen of these infants 
were born to mothers who were born in Japan and 226 to mothers born in the USA or other countries (174 in 
California, 38 in other states, and 14 in other countries). The comparison group included 12,275 infants born in 
California to non-Hispanic White mothers (Fig. 1).

Maternal and infant risk profiles by birthplace and maternal ethnicity are shown in Table 1. There were no 
significant differences in gestational ages among the four cohorts. However, infants born in Japan had lower 
birthweights, were more likely to be small-for-gestational age (SGA), singleton, and had a low 5-min Apgar. 
Mothers giving birth in Japan had a higher percentage of chorioamnionitis but were less likely to be teenagers, 
have diabetes or hypertension, receive antenatal steroids, or have an outborn birth when compared to non-
Hispanic White mothers in California. When compared to mothers in Japan, mothers born in Japan who 
delivered in California were older and had a higher percentage of diabetes, multiple births, antenatal steroids, 

Fig. 1.  Patient flow. NRNJ: the Neonatal Research Network of Japan CPQCC: the California Perinatal Quality 
Care Collaborative GA: gestational age.
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and outborn infants. With the exception of mothers over 39 years of age, the profiles and gestational age of 
California born Japanese mothers were similar to those of Japanese born mothers who delivered in California. 
These factors were used for risk adjustment in our mixed logistic regression models.

Outcome comparisons
Unadjusted clinical outcomes are shown in Table 2. The mortality of infants born in Japan was lowest compared 
to infants born in California to mothers born in Japan, mothers of Japanese ethnicity born in the USA, and 
non-Hispanic White mothers (unadjusted logistic regression, p < 0.01). To explore the possibility that these low 
incidences could be explained by a high rate of delivery room deaths, delivery room deaths by ethnicity were 
compared. Delivery room deaths were also lowest in Japan when compared with rates for infants of Californian 
mothers born in Japan, California Japanese mothers born in the USA, and non-Hispanic White mothers 
(unadjusted logistic regression, p < 0.01). Although there were no differences in the incidences of spontaneous 
intestinal perforation (SIP), the incidences of NEC and either NEC or SIP were lowest in infants born in Japan 
compared with infants born in California to Japanese mothers born in Japan, Japanese mothers born in the USA, 
and Californian non-Hispanic White mothers (unadjusted logistic regression, p < 0.01). Although the observed 
overall mortality, delivery room deaths, NEC, and NEC or spontaneous SIP were lowest in infants born in Japan, 
there were no differences among Californian infants born to Japanese mothers born in Japan, Japanese mothers 
born in the USA, and non-Hispanic White mothers (Fig. 2).

The composite outcome, either death or NEC, was also lowest in infants born in Japan (6.1%, 3,149/52,049) 
compared with infants born to mothers born in Japan (16.5%, 19/115), infants born to mothers with Japanese 
ethnicity born in the USA (14.2%, 32/226), and infants born to non-Hispanic White mothers (13.8%, 
1,691/12,275) (unadjusted logistic regression, p < 0.01) (Fig. 2). However, regardless of maternal place of birth, 
there were no differences in the odds ratios (ORs) between Japanese infants born in California and non-Hispanic 
White infants born in California (unadjusted logistic regression).

Characteristics

Infants born in 
Japan
(N = 52,049)

Infants born to 
mothers who 
were born in 
Japan
(N = 115)

Infants born to mothers of Japanese 
ethnicity who were born in the USA or 
other countries
(N = 226)

Infants born in California 
to non-Hispanic White 
mothers (N = 12,275)

n (%) or
Mean ± SD, 
missing

n (%) or
Mean ± SD, 
missing p-value*

n (%) or
Mean ± SD, 
missing p-value* p-value**

n (%) or
Mean ± SD, 
missing p-value*

Maternal Characteristics

Age 32.0 ± 5.5 1647 36.7 ± 5.0 0  < 0.01 31.8 ± 6.5 0 NS  < 0.01 30.9 ± 6.3 19  < 0.01

 ≤ 19 739 (1.5)  < 12 NR-  < 0.01  < 12 NR +   < 0.01  < 0.01 470 (3.8)  < 0.01

20–29 15,147 (30.1)  < 12 NR- 65 (28.8) 4508 (36.8)

30–39 30,530 (60.6) 70 (60.9) 131 (58.0) 6306 (51.5)

 ≥ 40 3986 (7.9) 36 (31.3) 20 (8.8) 972 (7.9)

Hypertension 1 11,239 (22.5) 32 (27.8) NS 52 (23.1) NS NS 3450 (28.2)  < 0.01

Chorioamnionitis 16,805 (34.6) 15 (13.0)  < 0.01  < 12 NR-  < 0.01  < 0.01 916 (7.5)  < 0.01

Diabetes 2145 (4.3) 19 (16.5)  < 0.01 26 (11.6)  < 0.01 NS 1036 (8.5)  < 0.01

Infant Characteristics

Birth weight (g) 1036.5
 ± 305.8 8 1117.5

 ± 305.8 0  < 0.01 1089.5
 ± 302.7 0 0.01 NS 1095

 ± 312.3 0  < 0.01

Gestational week 28.9 ± 3.2 41 29.1 ± 3.2 0 NS 28.7 ± 2.9 0 NS NS 28.7 ± 3 3 NS

Small for gestation 2 14,430 (27.8) 25 (22.1) NS 44 (19.6)  < 0.01 NS 2319 (19.0)  < 0.01

Male 26,482 (50.9) 64 (55.7) NS 122 (54.0) NS NS 6379 (52.0) 0.03

Multiple gestation 12,037 (23.1) 55 (47.8)  < 0.01 71 (31.4)  < 0.01  < 0.01 4466 (36.4)  < 0.01

Cesarean delivery 40,531 (80.2) 92 (80.0) NS 166 (73.5) 0.01 NS 9175 (74.8)  < 0.01

Antenatal steroid Use 28,306 (57.1) 92 (81.4)  < 0.01 187 (82.7)  < 0.01 NS 10,310 (84.3)  < 0.01

Apgar score at 5 min

0–3 3137 (6.2)  < 12 NR +  0.07 19 (8.4) 0.04 NS 1029 (8.4)  < 0.01

4–7 18,885 (37.0) 30 (26.5) 67 (29.6) 3647 (29.9)

8–10 28,969 (56.8) 75 (66.4) 140 (61.9) 7531 (61.7)

Outborn 2872 (5.5)  < 12 NR +  0.06 45 (19.9)  < 0.01 0.01 2353 (19.2)  < 0.01

Table 1.  Maternal and infant characteristics. *Comparing with infants born in Japan. **Comparing with 
infants born to mothers who were born in Japan. 1Maternal hypertension includes chronic or gestational 
hypertension. 2Small for gestational age (SGA) is based on 2013 Fenton Growth chart. NR (not reported), as 
required by CPHS/HCAI guidelines, we are unable to report N or % on cells less than 12 observations. NR- 
indicates a % less than the reference, and NR + is a % greater than the reference.
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Risk-adjusted primary outcome
Table 3 shows the risk-adjusted ORs in NEC incidence among four cohorts from a mixed logistic regression 
using the following risk factors indicated by univariate analyses: maternal age, chorioamnionitis, hypertension, 
diabetes, gestational age, multiple births, cesarean delivery, antenatal steroids, outborn, 5-min Apgar score, 
birth year, SGA, gender, and random effect of hospital clustering. The observed and adjusted ORs were very 
similar (Tables 2 and 3). For example, compared to births in Japan, the observed OR to non-Hispanic Whites in 
California was 2.0 (1.7–2.2) vs. a risk-adjusted OR of 2.0 (1.6 -2.5). When compared to the mothers born in Japan 
who delivered in California, the observed OR was similar to the adjusted OR of 3.0 (1.2–7.8). The risk-adjusted 
ORs for the other clinical outcomes listed in Table 2 were also similar to their observed ORs (data on request to 
authors). Even with risk adjustment, compared to infants born in Japan, the OR for developing NEC remained 
significantly higher for infants born in California to mothers born in Japan (3.0, 1.2–7.8), born in California to 
Japanese mothers born in the USA (2.9, 1.5–5.8), and to non-Hispanic White mothers (2.0, 1.6–2.5).

Fig. 2.  Necrotising enterocolitis, spontaneous gastrointestinal perforation, and death/necrotizing enterocolitis 
rates among different cohorts. NEC and its composite outcome in preterm infants born in Japan were 
significantly lower than all other cohorts in California (unadjusted logistic regression, p < 0.01). Although 
spontaneous intestinal perforation was lowest in non-Hispanic White infants, there was no significant 
difference among cohorts. (Refer to Table 2). Vertical bars show 95% confidential limits. NEC: necrotizong 
enterocolitis, SIP: spontanous intestinal perforation JP: Japan, CA: California, NHW: non-Hispanic White.

 

Outcomes

Infants 
born in 
Japan
(N = 52,049)

Infants born to mothers who 
were born in Japan
(N = 115)

Infants born to mothers who 
were born outside of Japan
(N = 226)

Infants born in California 
to non-Hispanic White 
mothers
(N = 12,275)

n (%) n (%) OR (95% CL)* n (%) OR (95% CL)* n (%)
OR (95% 
CL)*

Delivery room 
death 196 (0.4)  < 12 NR +  NR (2.2,22.5)  < 12 NR +  NR (5.5′21.7) 519 (4.2) 11.7 (9.9, 

13.8)

Mortality1 2561 (5.1) 12 (10.7) 2.2 (1.2, 4.1) 17 (7.9) 1.6 (0.9, 2.6) 880 (7.5) 1.5 (1.4, 1.6)

NEC1 842 (1.7)  < 12 NR +  NR (1.1,6.6)  < 12 NR +  NR (1.5,5.3) 385 (3.3) 2.0 (1.7, 2.2)

SIP1 1119 (2.3)  < 12 NR +  NR (0.6,4.3)  < 12 NR +  NR (.3,3.5) 230 (2.0) 0.9 (0.7, 1.0)

NEC or SIP1 1775 (3.6)  < 12 NR +  NR (1.0,4.3) 16 (7.4) 2.1 (1.3, 3.6) 539 (4.6) 1.3 (1.2, 1.4)

Death or NEC 3149 (6.1) 19 (16.5) 3.1 (1.9, 5.0) 32 (14.2) 2.6 (1.8, 3.7) 1691 (13.8) 2.5 (2.3, 2.6)

Table 2.  Observed clinical outcomes. NEC: necrotizing enterocolitis, SIP: spontanous intestinal perforation. 
*Comparing with infants born in Japan (unadjusted logistic regression). **Comparing with infants born to 
mothers who were born in Japan (unadjusted logistic regression). 1Clinical outcomes were computed from 
infants without delivery room death (unadjusted logistic regression). As required by CPHS/HCAI guidelines, 
we are unable to report % or OR for cells less than 12. NR + indicates a % value higher than the reference.
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Trends in NEC rates in Japan and California
While the NEC incidence in infants born in Japan was stable, averaging 1.7% beginning in 2008, those in non-
Hispanic White infants decreased from 4.9% in 2008 till approximately 2015 and then stabilized at an average of 
2.7% (Cochran-Armitage trend test, p < 0.01 from 2008 to 2019). Actual decreases in the incidences of NEC in 
non-Hispanic White infants from 2008 to 2019 was about 55% (Fig. 3). Due to the relatively small sample size, 
there was marked variability in the year-to-year NEC incidence of Californian Japanese infants born to mothers 
born either in Japan or outside of Japan. Even when combined (n = 341 with NEC incidence of 4.6%), they did 
not show a significant decrease over time.

Discussion
The purpose of this study was to explore the possibility that the low incidence of NEC in Japan could be attributed 
to a genetic advantage. If that were the case, one would expect that the low rate of NEC observed in infants 
born to Japanese mothers in Japan would persist if the mother gave birth in California. Using the same cohort 
selection criteria and definitions, we found that the incidence of NEC or NEC and death in infants born in Japan 
was significantly lower than in infants born in California to women born in Japan. This difference persisted even 
after adjusting for several confounding background risks. Furthermore, there was no statistical difference in 
NEC incidences among the infants born in California, whether born to Japanese mothers born in Japan, Japanese 
mothers born in the USA, or to non-Hispanic White mothers, and their NEC rates were all significantly higher 
than those of infants born in Japan. This is the first and unique study to show the difference in NEC incidences 

Fig. 3.  Trends in necrotizing enterocolitis in Japan and California. Comparison of annual trends in incidences 
in three groups revealed no significant differences for Japan (Cochran-Armitage trend test), while significant 
decreases for the CPQCC (p < 0.01) and non-Hispanic White infants born in California (p < 0.01). The NEC 
incidences in each year group are described at the bottom of the figure. CPQCC: the California Perinatal 
Quality Care Collaborative, NHW-CA: non-Hispanic White infants in Calfornia, JP: infants born in Japan.

 

Cohort

Odds ratio compared 
to Japan

Odds ratio compared to
non-Hispanic White

OR (95% CL) p-value OR (95% CL) p-value

Infants born in Japan ref – – 0.51 (0.40, 0.64)  < 0.01

Infants born in California to Japanese mothers

Mothers born in Japan (first generation) 3.0 (1.2, 7.8) 0.02 1.6 (0.6, 3.9) NS

Mothers born in the USA (later generations) 2.9 (1.5, 5.8)  < 0.01 1.5 (0.8, 2.9) NS

Infants born in California to non-Hispanic White mothers 2.0 (1.6, 2.5)  < 0.01 ref – –

Table 3.  Risk-adjusted odds ratios for necrotizing enterocolitis in Japan and California. USA: United States 
of America. Mixed logistic regression models included maternal risk factors of age, chorioamnionitis, 
hypertension, and diabetes as well as gestational age, small for gestational age, sex, multiple births, cesarean 
delivery, antenatal steroid use, 5-min Apgar score, outborn status, and birth year, and a random effect of 
hospital clustering. The cohort Mothers born in the USA includes 174 born in California, 38 in other states, 
and 14 in other countries.
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among preterm infants born in different birthplaces with the same maternal ethnic background. Our findings 
suggest that the low rate of NEC in Japan could not be explained simply by ethnicity. Ethnicity may depend 
on social constructs in part rather than genetic basis. Furthermore, the use of breast milk is more significantly 
influenced by the NICU management policies of the region of birth rather than by ethnic differences. While 
considering such backgrounds, our current study clearly indicates that NEC cannot be strongly involved in 
genetic basis in the onset.

Unfortunately, we were unable to assess the potential impact of socioeconomic and lifestyle factors (such 
as dietary and exercise habits and smoking) on developing NEC, as this information was not available11,24. 
Recognizing the limitations of our available risk factors (maternal age, hypertension, chorioamnionitis, diabetes, 
gestational age, sex, plurality, birthweight, SGA, antenatal steroids, cesarean delivery, neonatal transport, 5-min 
Apgar score, and teenage pregnancy), we interpreted the lack of significant difference between unadjusted and 
adjusted estimates to suggest that the low NEC incidences seen in Japan were not due to a more advantageous 
available risk profile.

We were also unable to assess the possibility of paternal impact. In our cohort, among the first-generation 
Japanese mothers, 40% (47/115) had fathers of Japanese ethnicity, while for the later generation, only 9.3% 
(21/226) had fathers of Japanese ethnicity. Although it would be informative to see if the incidence of NEC 
differed by paternal ethnicity, our data set was too small to perform this analysis.

Although all cases reported as having NEC on each database were not validated about the accuracy of 
diagnosis, this study makes a strong case that ethnic differences alone could not account for the variation in 
NEC incidences among countries. We believe that differences in perinatal practices should play an important 
role in the incidence of NEC. While identifying what practice differences might account for Japan’s low incidence 
of NEC is beyond the scope of this first investigation, the trend patterns in practices in Japan and California have 
now been collected and may provide some clues in the next manuscript under preparation. For example, the low 
incidence of NEC in Japan has been stable from 2008 to 2019, suggesting that whatever perinatal factors and 
approaches to care contributed to the low incidence were present as early as 2008. In contrast, the NEC incidence 
in California decreased from 2008 to approximately 2015 and was then stable. An analysis of changes in the 
perinatal care associated with this decrease could provide important clues to how daily NICU practice might 
be essential in preventing NEC or enhancing NEC onset. For example, differences in nutritional management, 
particularly feeding practices and breast milk feeding, among NICUs or changes over time are of significant 
interest in relation to the onset of NEC, as nutritional management has been discussed as the most critical 
factor in its development25–28. Additionally, administering Bifidobacterium to preterm infants during their stay 
in NICUs is also an area of interest29. An investigation to examine the potential relationships between NEC onset 
and differences in NICU practices is underway using these same cohorts.

Another factors need to be clarified is the effect of active treatment of infants born below 24 gestation because 
lower gestation is the most substantial known risk for NEC. If there was a policy change, active resuscitation 
towards infants born under 24 gestation might affect NEC incidences between countries. However, rates of 
infants born before 24 gestation analyzed for this study in Japan and California were 6.5% for infants born in 
Japan, 7.0% for infants born in California to Japanese mothers born in Japa, 6.6% for those born in California 
to Japanese mothers born in the USA, and 6.7% for infants born to Californian non-Hispanic White mothers, 
respectively. Therefore, there was no selection bias in the gestational age distribution among infants studied.

The strengths of this study are that it compares two well-organized network databases in Japan and California 
that used the same risk factor and outcomes definitions, which increased the analytical power of the study. The 
limitations of this study are as follows. Firstly, although the diagnostic criteria for NEC were standardized across 
all registered hospitals, the possibility that a similar case, especially if it is a mild expression of NEC, might be 
diagnosed differently across institutions can not be excluded. Secondly, even including all births from 2008 until 
2019, the sample size of Japanese mothers who gave birth to preterm infants in California was small. We were 
able to report the statistical significance level for all our comparisons. However, when utilizing vital records 
to ascertain ethnicity and country of birth in California, we could not disclose the number and percentage of 
infants in a table cell if it was less than 12. Although the differences in NEC incidences were significant among 
cohorts, a larger sample size would have allowed us to share the details of our findings more completely.

Conclusion
The NEC incidence in preterm infants born in Japan was significantly lower than those born to Japanese mothers 
in California. This suggests that ethnic differences alone could not account for the low rate of NEC in Japan. A 
detailed analysis of the differences in lifestyle and perinatal practice between Japan and California is warranted 
to identify potential care strategies to reduce NEC in preterm infants.

Methods
Data sources
In this retrospective cohort study, two large neonatal network databases, the NRNJ30 and the CPQCC31 data 
registries, were analyzed.

Approximately 230 hospitals have participated in the NRNJ since 2003, collecting information on short-term 
outcomes at NICU discharge from infants born with birth weight at or less than 1500 g. More than 83,000 infants 
have been registered in the NRNJ database, covering > 65% of infants with VLBW born in Japan. There is no 
variable regarding ethnicity in the NRNJ dataset, but according to the Vital Statistics in Japan, more than 97% of 
infants were born to mothers of Japanese ethnicity.

In California, approximately 130 hospitals are members of CPQCC, caring for more than 95% of all VLBW 
infants (1.1% of California births). We used the California birth certificate to obtain self-identified nativity, 
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maternal race, and ethnicity for the California-born infants. These vital statistics data were then linked to the 
CPQCC demographic and clinical outcomes data using a probabilistic linkage algorithm with a success rate of 
greater than 98%.

Study population
All infants born at 22–29 weeks of gestational age or with a birthweight between 401–1,500 g between January 
1, 2008, and December 31, 2019, admitted for neonatal care within 28 days of birth to hospitals participating in 
the network databases were included in the study cohort. Gestational age was determined using the following 
hierarchy: a best estimate based on early prenatal ultrasound, last menstrual period, or physical examination 
at birth. Infants with major congenital anomalies and incomplete data were excluded. After the exclusion of 
ineligible infants, 4 groups were defined for data analyses: 1) infants born in Japan, 2) infants born in California 
to mothers born in Japan, 3) infants born in California to mothers with Japanese ethnicity but who were born 
in the USA or another country, and 4) infants born in California to non-Hispanic White mothers. To assess 
the potential impact of acculturation, we compared the risk profiles and neonatal outcomes for infants born to 
first-generation mothers who were born in Japan to those of Japanese ancestry who were born in the USA (later 
generations). Infants born in California to non-Hispanic White mothers were set as a comparison group.

Outcome measures and risk factors
The primary outcome was NEC or mortality during the stay in the NICU. NEC was defined as grade II or III 
by Bell’s criteria diagnosed with clinical findings, including increased gastric residue, a distended abdominal 
wall, increased inflammatory indicators, and abdominal X-ray findings with or without intestinal perforation. 
All information on the diagnosis of NEC was exclusively based on the clinical or pathological findings from 
hospitals belonging to both networks. SIP, which was defined as the sudden onset of perforation without any 
preceding signs or symptoms of NEC, was also evaluated because a precise differential diagnosis between these 
two morbidities is not always possible. Although the diagnosis of NEC or SIP is defined in the operational 
manual for both cohorts, the final diagnosis exclusively depends on the physician’s reports. Mortality included 
delivery room deaths, however, clinical outcomes during the stay in the NICU were analyzed only for infants 
admitted into the NICU. The same outcome definitions are used in Japan and California30,31.

To assess the potential impact of differential risk profiles, we compared the percentage of maternal risk factors 
(age, hypertension, chorioamnionitis, and diabetes), infant factors (gestational age, sex, plurality, birthweight, 
SGA), healthcare differences (antenatal steroid use, cesarean delivery, neonatal transport, and Apgar score at 
5 min), and a social risk factor (teenage pregnancies) in the study groups. These factors and birth year were used 
for risk adjustment in our regression analyses. Our main exposure variable is the maternal cohort defined by 
delivery location and ethnicity.

Statistical analyses
To assess the maternal cohort effect (the exposure variable) the association of outcomes and the selected 
variables were examined using descriptive analysis and chi-square tests for categorical variables and ANOVA 
for continuous variables. Observed outcome rates were assessed for statistical significance between the four 
cohorts using unadjusted logistic regression. Multivariable hierarchical logistic regression models with hospitals 
as a random effect were used to estimate adjusted ORs. Candidate variables to account for differences in 
patient case mix include the maternal, infant, and care factors listed in the previous section. The birth year 
was also included to adjust for temporal trends in the outcomes over time. The models were estimated based 
on maximum likelihood with Laplace approximation. All infants in our final cohort were included in all of our 
analyses, and the level of significance stated. However, because self-identified maternal Race and Country of 
birth were obtained from California Vital records, to protect the privacy of individuals, we are required by the 
State to not report the number and percentage of infants in a table cell of less than 12. The analysis was conducted 
in SAS 9.4 (SAS Institute, USA).

Ethical consideration
All information about the infants was collected anonymously, and the stored data were unlinked from individual 
identifiers. The protocol of this study was approved by the central internal review board at Tokyo Women’s 
Medical University (Registration number: 692), and informed consent from the parents for registering and 
analyzing the data was obtained, where all Japanese data were collected, and at Stanford University, where the 
analyses comparing Japanese and Californian cohorts were conducted in collaboration in accordance with the 
requirements for the Committee for the Protection of Human Subjects/the Health Care Access and Information 
(CPHS/HCAI).

All methods were performed in accordance with the relevant guidelines and regulations.

Data availability
The datasets generated by the current study are available in the Database repository,  ​h​t​t​p​:​/​/​p​l​a​z​a​.​u​m​i​n​.​a​c​.​j​p​/​n​r​
n​d​a​t​a​/​i​n​d​e​x​e​.​h​t​m​​​​ and https://www.cpqcc.org/nicu/nicu-reports.
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