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Abstract

Background: Identifying preterm infants at risk for mortality or major morbidity traditionally 

relies on gestational age, birthweight, and other clinical characteristics that offer underwhelming 

utility. We sought to determine whether a newborn metabolic vulnerability profile at birth can be 

used to evaluate risk for neonatal mortality and major morbidity in preterm infants.

Methods: This was a population-based retrospective cohort study of preterm infants born 

between 2005 and 2011 in California. We created a newborn metabolic vulnerability profile 
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wherein maternal/infant characteristics along with routine newborn screening metabolites were 

evaluated for their association with neonatal mortality or major morbidity.

Results: 9,639 (9.2%) preterm infants experienced mortality or at least one complication. Six 

characteristics and 19 metabolites were included in the final metabolic vulnerability model. The 

model demonstrated exceptional performance for the composite outcome of mortality or any major 

morbidity (AUC 0.923 (95% CI: 0.917–0.929). Performance was maintained across mortality and 

morbidity subgroups (AUCs 0.893–0.979).

Conclusion: Metabolites measured as part of routine newborn screening can be used to create a 

metabolic vulnerability profile. These findings lay the foundation for targeted clinical monitoring 

and further investigation of biological pathways that may increase the risk of neonatal death or 

major complications in infants born preterm.

Introduction

In the United States, approximately 1 out of every 10 live born infants is delivered preterm 

(before 37 weeks)(1), and globally, the burden of preterm births stands at nearly 15 million 

per year(2). Preterm birth and related complications are the leading cause of death for 

children under 5 years of age(3–5), and neonatal deaths, specifically, account for 46% of 

mortality in this age group(5).

Beyond mortality, preterm infants are also at an increased risk for numerous complications 

including patent ductus arteriosus (PDA), respiratory distress syndrome (RDS), 

intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL), bronchopulmonary 

dysplasia (BPD), retinopathy of prematurity (ROP), necrotizing enterocolitis (NEC), 

jaundice, infections, sepsis, and longer term, cerebral palsy and neurodevelopmental 

disability(6–11). Cumulatively, these conditions result in increased health care resource 

utilization for infants born preterm costing at least 26.2 billion dollars each year in the 

United States(12). Additionally, infants continue to survive at increased frequency at lower 

gestational ages (GA) and birthweights (BW) due primarily to improvements in resuscitation 

and early neonatal care, which leads to reduced mortality but increased morbidity amongst 

extremely preterm infants(13–18). The convergence of human loss and economic cost have 

made the use of novel strategies – beyond insufficient models relying solely on gestational 

age, birthweight, and other common characteristics – to inform risk, minimize 

complications, and gain insight into underlying dysfunctional biological processes an 

increasingly critical priority(19, 20).

Routine newborn screening (NBS) is typically utilized for identifying infants at risk for rare 

metabolic disorders, but has also begun to shed light on the contribution of metabolomics in 

evaluating the complications associated with prematurity(21). For example, Ryckman et al. 
demonstrated associations between amino acid concentrations and RDS, as well as PDA in 

preterm infants(22). Fell et al. established associations between NBS metabolites and 

sepsis(23). Our group has previously demonstrated strong associations between measured 

NBS metabolites and persistent pulmonary hypertension, hyperbilirubinemia, NEC, and 

survival in extremely preterm (<26 GA weeks) infants(24–27). Further understanding of 
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how metabolic dysfunction in preterm infants contributes to the development of common 

complications could direct preventative treatments in the future.

The primary objective of this study was to develop a metabolic vulnerability profile for 

neonatal mortality and major morbidity in preterm infants using metabolites measured as 

part of routine NBS and common maternal/infant characteristics. We also evaluated whether 

a newborn metabolic vulnerability profile could be applied effectively to specific major 

morbidities (RDS, BPD, NEC, IVH, PVL, ROP, and PDA) in preterm infants. To our 

knowledge, this is the first study to evaluate the efficacy of creating a newborn metabolic 

vulnerability profile that’s applicable to multiple neonatal outcomes.

Methods

This population-based retrospective cohort study included all infants born in California 

between 2005 and 2011. Birth and outcomes data were obtained through the California 

Office of Statewide Health Planning and Development (OSHPD). This database maintains 

maternal admission and discharge records up to one year prior to birth and maternal and 

infant admission and discharge records up to one year after birth including birth certificate 

and death certificates. Metabolic data were collected as a part of routine newborn screening 

conducted by the California Department of Public Health. This program requires all 

newborns to have a heel-stick bloodspot taken between 12 hours and 7 days after delivery 

and has been described in extensive detail elsewhere(28, 29). The newborn screening data 

was linked to the OSHPD data using common variables.

After linkage, 2,664,595 infants remained eligible for analysis. Exclusion criteria included 

term birth (≥37 GA weeks), birthweight outside of four standard deviations from the mean 

for gestational age and sex(30), non-singleton birth, incomplete metabolic data measured by 

newborn screening, and blood spot collection after 48 hours. The final study sample 

consisted of 104,907 preterm infants. The cohort was split into gestational age groups (the 

full cohort, infants born at 32–36 weeks GA, and infants born at <32 weeks GA) and each 

group was randomly divided into a training set (2/3 of sample) and a validation set (1/3 of 

sample). Randomization was performed after stratification in order to ensure stratum 

likeness between training and validation groups (Supplemental Figure 1).

Outcomes in our study were identified using the International Classification of Diseases 9th 
revision (ICD-9) diagnostic codes, linked infant death records, and hospital discharge status. 

Our primary outcome was a composite measure that included infant death and major preterm 

morbidity. Infant death included neonatal death (within 28 days of birth) and one year 

mortality. Preterm morbidities included: RDS (ICD-9 code 769.0), PDA (747.0), ROP 

(362.2), IVH (772.1), BPD (770.7), NEC (777.5), and PVL (779.7)]. We are confident that 

all deaths were captured given the linkage to death certificates and that ICD-9 codes 

captured ~90% of all outcomes associated with preterm birth. Explanatory variables 

evaluated included infant and maternal characteristics from birth certificate and hospital 

discharge records as well as routine metabolites and clinical factors measured as part of 

NBS. Specific characteristics evaluated included infant gestational age at birth, birthweight, 

sex, small for gestational age (SGA), administration of total parenteral nutrition (TPN, 
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defined as receiving TPN prior to blood spot collection), age at NBS collection, cesarean 

delivery, Medi-Cal status (California’s Medicaid), adequacy of prenatal care(31, 32), 

maternal race/ethnicity, maternal education, maternal age, gestational diabetes, and 

gestational hypertension. Variables were selected based on occurrence before NBS, 

availability, and previous or suspected relationship with the primary or secondary outcomes. 

Metabolites included from NBS consisted of 12 amino acids, 26 acylcarnitines, and free 

carnitine measured by standardized tandem mass spectrometry (MS/MS); two hormones 

measured by high-performance liquid chromatography; and one enzyme measured with a 

fluorometric enzyme assay(28) (see Table 1 for complete list).

Statistical Analyses

In order to reduce skewness and minimize the influence of outliers, all metabolites were 

natural log transformed from their raw concentrations. Standardized growth curves by 

gestational age and sex were used to determine the 10th percentile cutoff to create SGA(30). 

Crude analyses to compare infants with any mortality or major morbidity to healthy infants 

relied on t-tests and χ2 tests for continuous and categorical variables, respectively.

Multivariable logistic regression utilizing stepwise selection in the training dataset was used 

to create a metabolic vulnerability model for the composite outcome of mortality or any 

major morbidity. Any variable that met a Bonferonni corrected p-value threshold of 

<0.000781 was permitted to enter the model with entry order determined by greatest 

significance and a p-value of <0.05 required to remain in the model. Age at NBS collection 

and TPN were included into the model a-priori as they are known to affect the concentration 

of metabolites(33–35). The established model was then applied and tuned to mortality 

(neonatal and 1 year) and to each major morbidity (RDS, PDA, ROP, IVH, BPD, NEC, 

PVL) in the training and validation subsets with further evaluation of performance in 

preterm infants born at <32 and 32–36 weeks in the validation sample. Model performance 

was assessed using area under the curve (AUC) from a receiver operating characteristic 

(ROC) curve wherein variable importance was evaluated using odds ratios (ORs) with 95% 

confidence intervals (95% CI) and standardized beta coefficients. Multicollinearity between 

metabolites was examined by calculating Pearson correlation coefficients (≥0.8 considered 

strong collinearity) and by assessing the tolerance and variable inflation factors within the 

multivariable model (<0.1 and ≥10 considered strong multicollinearity, respectfully).

All analyses were performed using SAS 9.4 (SAS institute, Cary, NC). Methods and 

protocols for the study were approved by the Committee for the Protection of Human 

Subjects within the Health and Human Services Agency of the State of California and the 

Institutional Review Board of the University of California, San Francisco.

Results

Within our population, 9,639 (9.2%) of infants with preterm birth experienced either 

mortality or at least one major complication. Training and validation samples had similar 

variable distributions. In univariable analysis, 13 of 14 infant and maternal characteristics as 

well as all 42 metabolites exhibited significant differences in preterm infants with mortality 

or major morbidity compared to those without (Supplemental Table 1; Table 1). Among 
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characteristics, gestational age, birthweight, SGA, cesarean delivery, and TPN were all 

highly associated with mortality or major morbidity. Metabolites strongly associated with 

mortality or major morbidity included high levels of 17-hydroxyprogesterone, leucine/

isoleucine, phenylalanine, valine, and acylcarnitine C-5 and low levels of TSH and 

acylcarnitines C-12, C-14, C-16, and C-18:1 (Table 1).

The final multivariable metabolic vulnerability model for the composite outcome of any 

mortality or major morbidity included 6 characteristics (infant sex, cesarean delivery, 

maternal education, maternal race/ethnicity, gestational age, & birthweight) and 19 

metabolites (three enzymes & hormones [17-hydroxyprogesterone, TSH, & GALT], seven 

amino acids [5-oxoproline, glycine, leucine/isoleucine, ornithine, phenylalanine, proline, & 

tyrosine], and nine acylcarnitines [C-2, C-3, C-4, C-5, C-10, C-12, C-12:1, C-16:1, & 

C-18:2]). The variables most strongly associated with any mortality or major morbidity 

included cesarean delivery (OR: 1.79; 95% CI: 1.66–1.93), gestational age (OR: 0.75; 95% 

CI: 0.73–0.77), birthweight (OR: 0.94; 95% CI: 0.93–0.95), 17-hydroxyprogesterone (OR: 

1.61; 95% CI: 1.52–1.70), TSH (OR: 0.62; 95% CI: 0.59–0.65), ornithine (OR: 0.36; 95% 

CI: 0.32–0.42), phenylalanine (OR: 11.19; 95% CI: 9.03–13.87), tyrosine (OR: 0.53; 95% 

CI: 0.49–0.57), C-3 (OR: 1.42; 95% CI: 1.26–1.60), and C-12 (OR: 0.68; 95% CI: 0.64–

0.73) (Table 2).

Overall, the metabolic vulnerability profile demonstrated exceptional performance in the 

validation sample (AUC 0.923 (0.917–0.929); Table 3), and at a probability cut point of 0.5, 

had 52.2% (95% CI: 50.5–53.9%) sensitivity, 98.4% (95% CI: 98.4–98.5%) specificity, 

76.7% (95% CI: 74.9–78.5%) positive predictive value, and 95.3% (95.1–95.5%) negative 

predictive value (Supplemental Table 2). The model also displayed robust performance when 

tuned to and evaluated by mortality and major complication subgroups (AUCs 0.893–0.977 

across training and validation samples, Supplemental Tables 3 & 4). Performance was 

maintained in groupings by gestational weeks at birth (<32 and 32–36 weeks, AUCs 0.682–

0.929) with generally stronger performance observed in late preterm infants (Table 3 and 

Supplemental Figure 2). Models relying solely on the metabolic portion of the final model 

outperformed those relying only on characteristics for all outcomes except ROP and PVL 

(Table 4). Finally, the model remained robust when stratified by TPN (No TPN: AUC 0.880 

(95% CI: 0.872–0.889); with TPN: AUC 0.821 (95% CI: 0.811–0.832)).

The importance of individual variables fluctuated within gestational age stratifications and 

by outcome (Figure 1). Birthweight was the only variable with ubiquitous importance across 

gestational age groups and outcomes as larger infants were less likely to experience 

morbidity or mortality. Older gestational age was also generally protective against 

morbidities and mortality. Female sex was associated with lower risk of mortality and most 

morbidities, and delivering via cesarean section was associated with increased risk of 

mortality, RDS, PDA, and ROP but decreased risk of IVH. Infants born between 32 and 36 

weeks were at increased risk of mortality or morbidity if they had increased concentrations 

of phenylalanine, glycine, 17-OHP, proline, C-4, and C-5, and decreased concentrations of 

TSH, GALT, 5-oxoproline, ornithine, tyrosine, C-2, and C-12. For infants born before 32 

weeks, increased risk for morbidity or mortality was associated with increased 
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concentrations of 17-OHP, glycine, proline, and C-4 as well as decreased concentrations of 

TSH, GALT, 5-oxoproline, ornithine, and C-2 (Figure 1).

Discussion

Our study examined the relationship between initial metabolic profile and mortality and 

major morbidity in preterm infants. We built a newborn metabolic vulnerability profile that 

was able to identify preterm infants more likely to experience at least one of these outcomes, 

and that outperformed models based only on clinical characteristics like GA and BW. 

Furthermore, we identified metabolic markers that may be especially useful for follow-up 

investigation into etiologic drivers of mortality and of specific complications. This 

information has the potential to be used for targeted long-term clinical monitoring and 

interventions that are specific to a newborn’s metabolic profile to improve both survival rates 

and long term health outcomes for this highly vulnerable population.

It is well known that preterm infants are at increased risk for mortality and major morbidity 

compared to their term counterparts(36, 37). Even within preterm cohorts, there are infants 

who thrive and those who do not(13, 14, 25, 38, 39). These differences are often not 

explained by gestational age, birth weight, or other characteristics of the mother or infant 

alone(13, 14, 19, 25, 38, 39). Our study found that metabolic profile as measured by NBS 

can help identify preterm infants at more or less risk for mortality or major morbidity. 

Further, our study demonstrated that a metabolic vulnerability profile can identify distinct 

metabolic pathways associated with specific outcomes.

To our knowledge, no other published study has investigated building a model to assess the 

potential comprehensive metabolic vulnerability of preterm infants. There have, however, 

been a handful of studies showing associations between metabolite and specific outcomes. 

Our previous work within this dataset has revealed links between metabolite concentrations 

and survival, persistent pulmonary hypertension, hyperbilirubinemia, and NEC(24–27). 

Other studies have demonstrated relationships between metabolites and PDA, RDS, sepsis, 

and childhood wheezing(22, 23, 40). Combined, this evidence suggests that while the degree 

of association of particular metabolites fluctuates between complications, there are 

underlying dysfunctional metabolic patterns that are shared.

Our findings make it clear that NBS metabolites provide additional utility beyond 

gestational age and birthweight. While older gestational age and increased birthweight were 

consistently associated with decreased risk for morbidity or mortality, the metabolic-only 

model generally outperformed the clinical characteristics model (GA and BW included) 

across groups. Gestational age and birthweight’s association with morbidity and mortality is 

overwhelmingly supported by previous research(13, 14, 39, 41), and a relationship between 

metabolic patterns, gestational age, and birthweight has also been well demonstrated(42–

47). Nevertheless, the role of these two variables as confounders doesn’t sufficiently explain 

our results, which supports the concept that preterm infants who suffer complications have 

metabolic patterns distinct from their preterm peers who also have immature metabolic 

processes.
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In addition to the identification capacity of NBS metabolites demonstrated by the present 

study, the observed metabolite patterns appear to point to several potentially important 

etiologic pathways that could prove important for further clinical and investigative follow-up 

aimed at preventing mortality or major morbidity in infants born preterm. For example, in 

the present study elevated levels of TSH, a hormone indicative of thyroid function, were 

found to be associated with a lower risk of morbidity and mortality. This finding is 

supported by other studies examining TSH levels in preterm infants(48, 49) wherein it has 

been as suggested that higher TSH levels may be related to a greater production of 

surfactant, which has been shown to be crucial in preventing or minimizing the severity of 

RDS(50–52). TSH and thyroid hormones are important in normal neonatal physiology, 

influencing everything from metabolic homeostasis to proper neurodevelopment (53, 54). 

The importance of TSH in multiple physiologic pathways likely explains the significant role 

that TSH played in our metabolic vulnerability model and in observed patterning across 

outcomes.

The confluence of raised concentrations of phenylalanine and lower levels of tyrosine being 

associated with increased risk of morbidity and mortality in our model may suggest a 

dysfunction in the biosynthesis of tyrosine from phenylalanine by phenylalanine 

hydroxylase (PAH) in these infants. In order to function properly, PAH relies on the cofactor 

tetrahydrobiopterin (BH4), but BH4 becomes depleted in situations of high oxidative stress 

due to inflammation and immune activation(55, 56). Oxidative stress, in particular has been 

implicated in a number of neonatal outcomes including IVH, BPD, and RDS(57–59).

Lower levels of the amino acid ornithine were also associated with increased risk of preterm 

complications. Ornithine, citrulline and arginine are all important intermediates within the 

urea cycle, which has been connected to neonatal outcomes including NEC and persistent 

pulmonary hypertension(26, 60–62). It’s hypothesized that reduced levels of urea cycle 

enzymatic activity, especially in carbamoyl-phosphate synthetase (responsible for catalyzing 

the rate dependent step) results in diminished concentrations of citrulline, arginine, and 

ornithine. Without these intermediates, ammonia can begin to accumulate and precipitate 

nervous and respiratory sequelae and potentially death(61, 63, 64).

Another significant metabolic pattern demonstrated within this study was the relevance of 

short-chain acylcarnitines to the measured infant outcomes. Specifically, high levels of C-2 

were generally associated with lower risk of morbidity and mortality while high levels of 

C-3, C-4, and C-5 were consistently associated with higher risk. Acylcarnitines are heavily 

involved in the process of shuttling fatty acids across the mitochondrial membrane in order 

to be utilized in β-oxidation. Therefore, abnormal levels of acylcarnitines may suggest 

systemic dysfunction of fatty acid oxidation(65, 66).

Several strengths and limitations exist within our study. An important asset was that our 

sample was derived from an extensive and diverse population-based data set, minimizing the 

potential for significant selection bias. Furthermore, we split our data into training and 

validation sets to ensure our model was not over-fitted. These analyses, however, were 

performed on a retrospective data set, which limited the potential variables to what was 

available in records or could be captured by ICD-9 codes. This may have restricted our 
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ability to sufficiently control for confounding. For example, we were unable to capture 

antenatal corticosteroid use, which is well known to help prevent RDS, IVH, and 

mortality(67–69). Using ICD-9 codes also likely hindered our ability to precisely capture 

diagnoses as criteria for diagnosis varies between hospitals and providers, though our rates 

of morbidity are similar to other studies (13). This diagnostic error would have biased our 

study toward the null as it is non-differential, meaning our metabolic associations would 

likely have been more significant in an unbiased situation. Finally, temporality of association 

between metabolites and any given outcome is difficult to evaluate since newborn screening 

is often administered during or after complications are diagnosed, which prevented us from 

being able to make any causal assertions.

Validating the model in external population-based data sets should be the primary focus of 

future studies. The state of California is exceptionally diverse, with the majority of infants in 

our study population of Hispanic descent. External generalizability, therefore, would be 

enhanced by future testing in unique populations. Additionally, it would be useful to 

examine the study’s identified metabolic pathways in more detail (e.g. TSH, phenylalanine, 

ornithine, & acylcarnitines) to determine explicit etiologies resulting in morbidity or 

mortality. Given that newborn screening is limited to measuring metabolites at one point in 

time, with a significant delay between testing and results, it would be advantageous to 

develop point of care technology that could assess metabolic changes over time and deliver 

expedited results for potential real-time clinical decision-making. Models may also be 

improved by employing techniques such as untargeted metabolomics and machine learning 

with expanded sets of metabolites. Finally, we limited our study to a subset of major 

morbidities associated with preterm birth, but given the significant associations of 

metabolites shown here, investigations into additional morbidities are justified.

In our population-based retrospective cohort analysis, we built a newborn metabolic 

vulnerability profile that demonstrated excellent performance. Utilizing this profile for 

precision clinical monitoring, targeted investigation of etiologic pathways, and development 

of specific interventions could lead to reductions in mortality as well as the incidence and 

severity of major morbidities associated with preterm birth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact:

• We built a newborn metabolic vulnerability profile that could identify preterm 

infants at risk for major morbidity and mortality.

• Identifying high risk infants by this method is novel to the field and 

outperforms models currently in use that rely primarily on infant 

characteristics.

• Utilizing the newborn metabolic vulnerability profile for precision clinical 

monitoring and targeted investigation of etiologic pathways could lead to 

reductions in the incidence and severity of major morbidities associated with 

preterm birth.
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Figure 1. 
Reference for race/ethnicity is white and the reference for education is >12 years. For 

continuous variables, risk/protective effect corresponds to increasing amounts of the 

variable. MM: any mortality or morbidity; NM: neonatal mortality; 1-yr M: 1-year 

mortality; RDS: respiratory distress syndrome; PDA: patent ductus arteriosus; ROP: 

retinopathy of prematurity; IVH: intraventricular hemorrhage; BPD: bronchopulmonary 

dysplasia; NEC: necrotizing enterocolitis; PVL periventricular leukomalacia; BW: 

birthweight; GA: gestational age; Edu: education; HS: high school; GALT: galactose-1-

phosphate uridyl transferase; TSH: thyroid stimulating hormone; 17-OHP: 17 

hydroxyprogesterone; LEU: leucine/isoleucine ratio
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Table 1.

Crude analysis of maternal demographics, infant characteristics, and metabolites for infants with a morbidity 

or mortality and those without in the training sample.

Variable Morbidity or Mortality No Morbidity or Mortality OR (95% CI) P-Value

n = 6,404 n = 63,534

Characteristics

 Gestational Age (weeks) 31.3 (3.7) 35.3 (1.2) 0.48 (0.48–0.49) <0.0001

 Birthweight (per 100g) 17.9 (8.1) 28.3 (5.2) 0.77 (0.76–0.77) <0.0001

 Age at Collection (hours) 31.0 (9.5) 29.0 (8.6) 1.03 (1.02–1.03) <0.0001

 Female 2667 (41.65) 28951 (45.57) 0.85 (0.81–0.90) <0.0001

 TPN 3513 (54.86) 2774 (4.37) 26.61 (25.00–28.32) <0.0001

 Small for GA 802 (12.52) 3784 (5.96) 2.26 (2.09–2.45) <0.0001

 Cesarean delivery 3823 (59.7) 19316 (30.4) 3.39 (3.22–3.57) <0.0001

 Medi-Cal 3153 (49.23) 31638 (49.8) 0.98 (0.93–1.03) 0.3912

 Prenatal Care <0.0001

  Adequate or adequate plus 4932 (77.01) 49843 (78.45) Reference

  Intermediate 555 (8.67) 4089 (6.44) 1.37 (1.25–1.51)

  Inadequate 676 (10.56) 7728 (12.16) 0.88 (0.81–0.96)

  Unknown 241 (3.76) 1874 (2.95) 1.30 (1.13–1.49)

 Maternal Race <0.0001

  White non-Hispanic 1366 (21.33) 12932 (20.35) Reference

  Black 389 (6.07) 2724 (4.29) 1.35 (1.20–1.52)

  Hispanic 3357 (52.42) 34429 (54.19) 0.92 (0.86–0.99)

  Asian 816 (12.74) 9425 (14.83) 0.82 (0.75–0.90)

  Other 476 (7.43) 4024 (6.33) 1.12 (1.00–1.25)

 Maternal education <0.0001

  <12 years 1884 (29.42) 20605 (32.43) 0.88 (0.83–0.94)

  12 years 1486 (23.2) 14427 (22.71) 1.00 (0.93–1.06)

  >12 years 2714 (42.38) 26224 (41.28) Reference

  unknown 320 (5) 2278 (3.59) 1.36 (1.20–1.54)

 Maternal age <0.0001

  <18 years 247 (3.86) 2497 (3.93) 1.02 (0.90–1.17)

  18–34 years 4659 (72.75) 48229 (75.91) Reference

  >34 years 1498 (23.39) 12808 (20.16) 1.21 (1.14–1.29)

 Gestational diabetes 741 (11.57) 6400 (10.07) 1.17 (1.08–1.27) 0.0002

 Gestational hypertension 1088 (16.99) 6583 (10.36) 1.77 (1.65–1.90) <0.0001

Enzymes & Hormones

 17 Hydroxyprogesterone 4.27 (0.9) 3.33 (0.65) 6.00 (5.76–6.25) <0.0001

 TSH 0.74 (0.96) 1.47 (0.61) 0.24 (0.23–0.25) <0.0001

 GALT 5.43 (0.28) 5.5 (0.23) 0.37 (0.33–0.41) <0.0001

Amino Acids

 5-Oxoproline 3.37 (0.61) 3.54 (0.55) 0.65 (0.62–0.68) <0.0001
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Variable Morbidity or Mortality No Morbidity or Mortality OR (95% CI) P-Value

n = 6,404 n = 63,534

 Alanine 5.5 (0.42) 5.48 (0.33) 1.19 (1.10–1.28) <0.0001

 Arginine 2.66 (0.92) 2.15 (0.68) 2.62 (2.53–2.72) <0.0001

 Citrulline 2.75 (0.38) 2.71 (0.28) 1.66 (1.52–1.81) <0.0001

 Glycine 6.29 (0.33) 6.35 (0.28) 0.50 (0.46–0.55) <0.0001

 Leucine/Isoleucine 4.94 (0.49) 4.65 (0.28) 12.13 (11.24–13.09) <0.0001

 Methionine 3.55 (0.63) 3.34 (0.33) 3.92 (3.68–4.17) <0.0001

 Ornithine 4.69 (0.52) 4.58 (0.35) 2.23 (2.09–2.39) <0.0001

 Phenylalanine 4.37 (0.32) 4.15 (0.23) 25.55 (23.05–28.31) <0.0001

 Proline 5.24 (0.49) 5.19 (0.34) 1.50 (1.40–1.61) <0.0001

 Tyrosine 4.54 (0.65) 4.66 (0.42) 0.56 (0.53–0.59) <0.0001

 Valine 4.87 (0.46) 4.67 (0.31) 6.42 (5.94–6.94) <0.0001

Carnitines

 Free Carnitine 3.77 (0.46) 3.57 (0.41) 3.01 (2.83–3.21) <0.0001

 C-2 3.17 (0.37) 3.2 (0.31) 0.76 (0.70–0.83) <0.0001

 C-3 0.89 (0.43) 0.69 (0.4) 3.29 (3.08–3.50) <0.0001

 C-3DC −2.57 (0.42) −2.38 (0.39) 0.29 (0.27–0.31) <0.0001

 C-4 −1.01 (0.51) −1.33 (0.5) 3.96 (3.75–4.19) <0.0001

 C-5 −1.37 (0.61) −1.97 (0.54) 10.18 (9.60–10.80) <0.0001

 C-5:1 −3.61 (0.86) −3.78 (0.88) 1.25 (1.21–1.29) <0.0001

 C-5DC −2.17 (0.48) −2.06 (0.45) 0.59 (0.56–0.63) <0.0001

 C-5OH −1.66 (0.51) −1.72 (0.51) 1.34 (1.27–1.42) <0.0001

 C-6 −3 (0.83) −2.83 (0.79) 0.79 (0.77–0.81) <0.0001

 C-8 −2.87 (0.77) −2.73 (0.73) 0.79 (0.77–0.82) <0.0001

 C-8:1 −2.45 (0.77) −2.29 (0.62) 0.71 (0.68–0.73) <0.0001

 C-10 −3.06 (0.78) −2.48 (0.66) 0.40 (0.39–0.41) <0.0001

 C-10:1 −3.1 (0.82) −2.96 (0.7) 0.79 (0.76–0.82) <0.0001

 C-12 −2.43 (0.75) −1.8 (0.57) 0.24 (0.24–0.26) <0.0001

 C-12:1 −3.24 (0.85) −2.59 (0.83) 0.48 (0.47–0.49) <0.0001

 C-14 −1.71 (0.47) −1.44 (0.39) 0.23 (0.21–0.24) <0.0001

 C-14:1 −2.36 (0.59) −1.98 (0.55) 0.36 (0.35–0.38) <0.0001

 C-14OH −4.05 (0.83) −3.74 (0.84) 0.67 (0.65–0.69) <0.0001

 C-16 0.68 (0.47) 0.98 (0.34) 0.12 (0.11–0.13) <0.0001

 C-16:1 −1.77 (0.52) −1.53 (0.46) 0.39 (0.37–0.41) <0.0001

 C-16OH −3.73 (0.82) −3.57 (0.81) 0.79 (0.77–0.81) <0.0001

 C-18 −0.29 (0.37) −0.23 (0.35) 0.61 (0.57–0.66) <0.0001

 C-18:1 −0.05 (0.37) 0.11 (0.32) 0.25 (0.23–0.27) <0.0001

 C-18:1OH −4.02 (0.81) −3.89 (0.83) 0.83 (0.81–0.86) <0.0001

 C-18:2 −1.34 (0.63) −1.6 (0.51) 2.74 (2.60–2.89) <0.0001

 C-18OH −4.38 (0.79) −4.19 (0.83) 0.75 (0.73–0.78) <0.0001
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TPN: total parenteral nutrition; NBS: newborn screening; GALT: galactose-1-phosphate uridyl transferase; TSH: thyroid stimulating hormone. 
Continuous variables described using mean and SD and ORs by per unit increase. Categorical variables described using frequencies and 

proportions. T-tests and χ2 tests for continuous and categorical variables respectively
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Table 2.

Multivariable logistic regression model for any mortality or morbidity adjusted for total parenteral nutrition 

and age at NBS collection.

Variable Any Morbidity or 
Mortality

No Morbidity or 
Mortality

Parameter Estimate 
(Std Error) OR (95% CI) Standardized 

Estimate

Female 2,667 (41.65) 28,951 (45.57) −0.31 (0.04) 0.74 (0.68–0.80) −0.084

C-Section 3,823 (59.70) 19,316 (30.40) 0.58 (0.04) 1.79 (1.66–1.93) 0.151

Race/Ethnicity

 White non-Hispanic 1,366 (21.33) 12,932 (20.35) Ref Ref Ref

 Asian 816 (12.74) 9,425 (14.83) −0.35 (0.06) 0.71 (0.62–0.80) −0.068

 Black 389 (6.07) 2,724 (4.29) −0.13 (0.09) 0.87 (0.73–1.05) −0.015

 Hispanic 3,357 (52.42) 34,429 (54.19) −0.18 (0.05) 0.83 (0.75–0.92) −0.051

 Other 476 (7.43) 4,024 (6.33) −0.12 (0.09) 0.89 (0.75–1.05) −0.017

Education (years)

  <12 1884 (29.42) 20,605 (32.43) −0.22 (0.05) 0.80 (0.73–0.89) −0.057

 High School 1,486 (23.20) 14,427 (22.71) −0.15 (0.05) 0.87 (0.78–0.96) −0.034

 >12 2,714 (42.38) 26,224 (41.28) Ref Ref Ref

 Unknown 320 (5.00) 2,278 (3.59) −0.02 (0.10) 0.98 (0.81–1.19) −0.002

Birthweight (per 100g) 17.9 (8.10) 28.3 (5.20) −0.06 (0.01) 0.94 (0.93–0.95) −0.216

Gestational age (weeks) 31.3 (3.70) 35.3 (1.20) −0.29 (0.01) 0.75 (0.73–0.77) −0.311

17 Hydroxyprogesterone 4.27 (0.90) 3.33 (0.65) 0.47 (0.03) 1.61 (1.52–1.70) 0.191

TSH 0.74 (0.96) 1.47 (0.61) −0.48 (0.04) 0.62 (0.59–0.65) −0.179

GALT 5.43 (0.28) 5.50 (0.23) −0.47 (0.08) 0.63 (0.53–0.74) −0.060

5-Oxoproline 3.37 (0.61) 3.54 (0.55) −0.12 (0.03) 0.89 (0.83–0.95) −0.037

Glycine 6.29 (0.33) 6.35 (0.28) 0.41 (0.09 1.51 (1.27–1.78) 0.064

Leucine/Isoleucine 4.94 (0.49) 4.65 (0.28) −0.54 (0.11) 0.59 (0.48–0.72) −0.093

Ornithine 4.69 (0.52) 4.58 (0.35) −1.01 (0.07) 0.36 (0.32–0.42) −0.205

Phenylalanine 4.37 (0.32) 4.15 (0.23) 2.42 (0.11) 11.19 (9.03–13.87) 0.330

Proline 5.24 (0.49) 5.19 (0.34) 0.31 (0.07) 1.37 (1.19–1.57) 0.062

Tyrosine 4.54 (0.65) 4.66 (0.42) −0.64 (0.04) 0.53 (0.49–0.57) −0.159

C-2 3.17 (0.37) 3.20 (0.31) −0.71 (0.08) 0.49 (0.42–0.58) −0.121

C-3 0.89 (0.43) 0.69 (0.40) 0.35 (0.06) 1.42 (1.26–1.60) 0.078

C-4 −1.01 (0.51) −1.33 (0.50) 0.29 (0.05) 1.33 (1.22–1.45) 0.081

C-5 −1.37 (0.61) −1.97 (0.54) 0.25 (0.05) 1.29 (1.17–1.41) 0.079

C-10 −3.06 (0.78) −2.48 (0.66) −0.13 (0.03) 0.87 (0.83–0.92) −0.051

C-12 −2.43 (0.75) −1.80 (0.57) −0.38 (0.03) 0.68 (0.64–0.73) −0.130

C-12:1 −3.24 (0.85) −2.59 (0.83) −0.10 (0.03) 0.90 (0.86–0.95) −0.048

C-16:1 −1.77 (0.52) −1.53 (0.46) 0.25 (0.05) 1.28 (1.17–1.42) 0.064

C-18:2 −1.34 (0.63) −1.60 (0.51) −0.23 (0.04) 0.80 (0.74–0.86) −0.066

All metabolites are natural log transformed. Original units – umol/L

GALT: galactose-1-phosphate uridyl transferase; TSH: thyroid stimulating hormone; OR: Odds Ratio; CI: confidence interval.

All variables have model p-value of <0.001
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Continuous variables described using mean and SD and ORs by per unit increase. Categorical variables described using frequencies and 
proportions. T-tests and χ2 tests for continuous and categorical variables respectively
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Table 4.

Performance of the full model as compared to a model using only metabolites and a model using only 

characteristics in the validation population

AUC (95% CI)

Model n (%) Full Metabolites Characteristics

Morbidity or Mortality 3,235 (9.25) 0.923 (0.917–0.929) 0.911 (0.905–0.917) 0.871 (0.863–0.879)

Neonatal Mortality 157 (0.45)* 0.948 (0.928–0.967) 0.938 (0.917–0.958) 0.900 (0.871–0.930)

1-Year Mortality 266 (0.76) 0.913 (0.893–0.934) 0.907 (0.887–0.928) 0.873 (0.847–0.898)

RDS 2,367 (6.77) 0.954 (0.950–0.958) 0.943 (0.938–0.948) 0.904 (0.897–0.911)

PDA 1,367 (3.91) 0.893 (0.882–0.904) 0.877 (0.865–0.889) 0.853 (0.839–0.866)

ROP 616 (1.76) 0.977 (0.971–0.984) 0.964 (0.957–0.972) 0.977 (0.971–0.984)

IVH 554 (1.58) 0.953 (0.944–0.963) 0.945 (0.935–0.954) 0.943 (0.931–0.955)

BPD 423 (1.21) 0.953 (0.941–0.966) 0.949 (0.937–0.961) 0.947 (0.933–0.961)

NEC 182 (0.52) 0.952 (0.939–0.964) 0.944 (0.929–0.959) 0.931 (0.910–0.952)

PVL 36 (0.10) 0.938 (0.887–0.989) 0.934 (0.883–0.985) 0.942 (0.903–0.982)

*
Full n=34,860 (other deaths not included)

AUC: area under the curve; RDS: respiratory distress syndrome; PDA: patent ductus arteriosus; ROP: retinopathy of prematurity; IVH: 
intraventricular hemorrhage; BPD: bronchopulmonary dysplasia; NEC: necrotizing enterocolitis; PVL periventricular leukomalacia
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