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Abstract: Necrotizing Enterocolitis (NEC) is associated with prematurity, enteral feedings, and 

enteral dysbiosis. Accordingly, we hypothesized that along with nutritional variability, metabolic 

dysfunction would be associated with NEC onset. Methods: We queried a multicenter longitudinal 

database that included 995 preterm infants (<32 weeks gestation) and included 73 cases of NEC. 

Dried blood spot samples were obtained on day of life 1, 7, 28, and 42. Metabolite data from each 

time point included 72 amino acid (AA) and acylcarnitine (AC) measures. Nutrition data were 

averaged at each of the same time points. Odds ratios and 95% confidence intervals were calculated 

using samples obtained prior to NEC diagnosis and adjusted for potential confounding variables. 

Nutritional and metabolic data were plotted longitudinally to determine relationship to NEC onset. 

Results: Day 1 analyte levels of alanine, phenylalanine, free carnitine, C16, arginine, C14:1/C16, and 

citrulline/phenylalanine were associated with the subsequent development of NEC. Over time, 

differences in individual analyte levels associated with NEC onset shifted from predominantly AAs 

at birth to predominantly ACs by day 42. Subjects who developed NEC received significantly lower 

weight-adjusted total calories (p < 0.001) overall, a trend that emerged by day of life 7 (p = 0.020), 

and persisted until day of life 28 (p < 0.001) and 42 (p < 0.001). Conclusion: Premature infants 

demonstrate metabolic differences at birth. Metabolite abnormalities progress in parallel to 

significant differences in nutritional delivery signifying metabolic dysfunction in premature 

newborns prior to NEC onset. These observations provide new insights to potential contributing 

pathophysiology of NEC and opportunity for clinical care-based prevention. 

Keywords: necrotizing enterocolitis; growth velocity; growth faltering; newborn calories; newborn 

metabolic profiling; metabolomics; prematurity; very low birthweight 
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1. Introduction 

Necrotizing enterocolitis (NEC) is an acquired disease of premature neonates with a 

multifactorial pathophysiology that is likely influenced by both intrinsic biological factors (i.e., 

prematurity) and extrinsic variables including exposures inherent to medical care (i.e., nutrition). 

Recent evidence has demonstrated that fatty acid and protein metabolism differs significantly 

between premature and term infants [1–3]. Metabolic differences associated with prematurity are 

further affected by feeding practices [3,4] and illness [2,5,6]. Standardized feeding guidelines have 

been associated with a lower risk of NEC in very low birth weight infants [7] and early nutrition has 

been shown to improve outcomes and decrease mortality [8]. The etiologic intersection between 

prematurity, nutrition, and NEC plausibly lies at the level of cellular metabolism. Prematurity may 

be associated with mitochondrial dysfunction as reflected in newborn screening and may confer a 

form of development-associated metabolic vulnerability [9,10]. In combination with extrinsic 

stressors (i.e., altered microbiome, direct toxicity of nutritional macromolecules) metabolic 

vulnerability could lead to abnormal nutrient metabolism, disruptions in cellular energy balance, and 

oxidative stress initiating the pathophysiologic cascade that results in NEC [11–13]. 

Newborn screening (NBS), which includes measurements of amino acids (AAs) and 

acylcarnitines (ACs)—intermediates of protein and fatty acid metabolism respectively—was initially 

implemented for the early identification of inborn errors of metabolism. Our group has previously 

demonstrated an association between levels of specific ACs measured on NBS at birth and the 

subsequent development of NEC in preterm infants. [14] We therefore sought to determine if serial 

NBS panels could be utilized to elucidate the relationship between prematurity associated metabolic 

dysfunction and nutrition on the development of NEC. We hypothesized that progression in 

measured changes of intermediate metabolites (AA and AC) together with clinical nutrition could be 

utilized to determine if metabolic dysfunction precedes the onset of NEC. 

2. Materials and Methods 

We performed a case-control study derived from querying a longitudinal multicenter (23 sites 

in 17 states) database collected by the Pediatrix-Obstetrix Center for Research, Education and Quality 

across their network of neonatal intensive care units (NICUs) from April, 2009 to September, 2012 

[15]. These data were comprised of 995 preterm infants (<32 weeks gestation) with four serial 

metabolite samples collected over the first six weeks of life in the NICU. Infants with chromosomal 

or congenital anomalies were excluded. 

Data on intestinal disease were captured in a structured field (choices were: none, isolated 

intestinal perforation, NEC-medical, NEC-surgical, and unknown). NEC was determined to be 

present if an infant had at least one of the following clinical signs: bilious gastric aspirate or emesis, 

abdominal distention, or blood in stool without evidence of a rectal fissure; and had one or more of 

the following radiographic findings: pneumatosis intestinalis, hepatobiliary gas, or 

pneumoperitoneum. Infants with a diagnosis of NEC-medical who subsequently were treated with 

surgery (had both diagnoses) were assigned to the NEC-surgical group. Of 76 cases of NEC, three 

exited the study early due to being transferred and were excluded from analysis. A total of 73 infants 

with NEC were included as cases. Cases of NEC were further sub-grouped based on day of diagnosis: 

post-delivery day 1–7 (n = 8), 8–28 (n = 48), 29–42 (n = 9), and >42 (n = 8). Control infants were selected 

from the database based on the following criteria: (1) alive at the end of the study and (2) no history 

of gastrointestinal disease (n = 814). 

Detailed demographic and clinical data were collected for each case and control infant. 

Standardized fluid management and nutritional guidelines were utilized at each site. In brief, the 

total fluid infusion rate was set between 90 and 120 mL/kg/day. Glucose infusions were set to start 

immediately in critically ill premature neonates and infused at a rate of up to 8 mg/kg/min. Amino 

acid supplementation was started between 0.5 and 3.0 g/kg/day as early as possible and advanced by 

0.5–1 g/kg/day to a maximum of 3.5 g/kg/day. Amino acid supplementation decreased to 1–2 

g/kg/day once feedings reached 80–100 mL/kg/day. There were three amino acid formulations in use 

across the collection sites including, Aminosyn® (Hospira), Premasol® (Baxter) and TrophAmine® 
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(Braun). The utilization of these varied insignificantly among the case and control cohorts. 

Qualitatively, those amino acids that were identified as significantly different between the cases and 

controls (Table 1, D1 and D7), are not significantly different in each of the utilized AA formulations—

Premasol® and TrophAmine® have identical concentrations (minor differences in Aminosyn®) for 

each of the essential and non-essential AAs reported as statistically different post adjustment in Table 

1 and  Figure 1;  Figure 2. 

Lipids emulsions were initiated with parental nutrition at a rate of 1 g/kg/day and advanced by 

0.5 g/kg/day to a maximum of 3.5 g/kg/day. Qualitatively, soy based Intralipid® 10%(Baxter) was 

utilized throughout and quantitative differences in utilization did not emerge until D28 and reflects 

an increase use of IL in the cases to balance the deficiency in enteral calories achieved. Low rate, small 

volume (<10 mL/kg/day) enteral feedings were begun within the first week of life. Feedings could be 

advanced at a rate between 10 and 30 mL/kg/day. Full feedings were defined as 130 mL/kg/day with 

consistent weight gain of 20 to 30 g/kg/day. Human breast milk was the preferred form of nutrition. 

Supplements such as human milk fortifier (HMF) and multi chain triglycerides (MCT) could be 

added to feedings as per site preference by the time that feedings had reached 100 mL/kg/day. 

Nutritional data were averaged over the following time intervals: day of birth (day 1), 2–7, 8–28, and 

29–42. All infants were followed until discharge from hospital. 

Patient samples were collected within 24 hours after birth (day 1), on approximately day 7 (7–

8), on day 28 (27–29), and on day 42 (41–43) post-delivery or at discharge, whichever came first [15]. 

Dried blood spots from each time point were assayed for a panel of metabolites representing standard 

newborn screening and analysis included 14 AAs, 9 AA ratios, 35 ACs, 12 AC ratios, and two 

combined AA + AC measures. All testing was performed at the time of collection at a central 

laboratory (PerkinElmer Genetics, Bridgeville, PA, USA) and samples were analyzed using tandem 

mass spectrometry. 

Patient characteristics were compared between case infants with NEC and control infants using 

t-test for quantitative variables and Fisher’s exact test for categorical variables. 

Odds ratios (OR) and 95% confidence intervals (CIs) were calculated for all NEC cases using day 

1 analyte levels, as well as at each time point of sampling for each sub-group. For the day 7, day 21, 

and day 42 time point analyses, only samples obtained prior to NEC diagnosis were used for the 

subjects in the NEC group. Thus, the analysis at each time-point represents only those differences 

between cases and controls that emerged prior to a diagnosis of NEC. This same approach was used 

for subsequent pre-NEC longitudinal analyses. Patient characteristic variables that were found to be 

significantly different in univariate analysis (Table 2) were considered as potential confounding 

variables and adjusted for in models. The clinical variables that were adjusted for included the 

following: birth weight and gestational age, transfused (Y/N), postnatal steroids (Y/N), late onset 

sepsis, and retinopathy of prematurity. Both unadjusted and adjusted logistic regression models were 

run individually for all analytes. 

To identify those metabolic changes that were associated with the development of NEC over 

time, we first derived each metabolite’s fold-changes between cases and controls at each time point 

respectively (i.e., day 1, day 7, day 28, day 42). Second, we obtained the test statistic χ2 (Equation (1)) 

for each metabolite across the four time points in terms of the fold change of the ith metabolite at the 

jth time point xi,j, average fold change at the jth time point μ j, and the standard deviation of each time 

point σ j (Equation (2)): 

χ i2= Σ j Zi,j2 (1) 

Zi,j = (xi,j - μ j)/σ j (2) 

The significant metabolites were defined as those having p-values of χ2 (df = 4) < 5.62 × 10-4 after 

Bonferroni correction. 

Loess curves were plotted over time for the nutrition data. Each nutrition variable was compared 

between NEC cases and their controls for each time point (day 1, 7, 28, 42) using one-tailed t-tests in 

a post-hoc analysis. The individual time point analysis was also conducted using only information 

obtained prior to NEC diagnosis, as detailed above. The proportion of enteral feedings given as 
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human breast milk was compared at each time point using a one-tailed t-test. Weight gain velocity 

was calculated for each of the time points using Equation (3): 

Weight gain velocity (g/kg/day) = 1000 × ((weightt+1 − weightt)/weightt)/((t+1) − t) (3) 

where t represents the day of delivery at a beginning of a study time interval (i.e., day of delivery 

1) and t+1 represents the day of delivery at the end of a study time interval (e.g., day of delivery 7) 

[16,17]. 

All statistical analyses were performed using R. Results were reported as significant if the p-

value was <0.05. 

3. Results 

Patient characteristics are summarized in Table 2. There was no significant difference in sex or 

race/ethnicity between NEC case and control infants. Infants who developed NEC were significantly 

more premature and had significantly lower birth weights. Infants who developed NEC were more 

likely to have received a blood transfusion and post-natal IV steroids, and more likely to be have been 

diagnosed with blood-culture positive sepsis or retinopathy of prematurity (ROP) (any stage). The 

mean age of NEC diagnosis was 20.5 days of life. Of the 73 infants with NEC, 48 (66%) were diagnosed 

with medical NEC and 25 (34%) were diagnosed with surgical NEC. Fourteen infants with NEC (19%) 

died at a mean post-natal age of 29.8 days (IQR 15.5, 30.0). 

Table 1. Analytes that are associated with an increased risk of necrotizing enterocolitis (NEC) by day. 

Adjusted for birth weight and gestational age, transfused (Y/N), postnatal steroids (Y/N), late onset 

sepsis, and retinopathy of prematurity. 

Day Post-Delivery Metabolite OR 95% CI p-Value 

Day 1 

Alanine 1.002 1.0004–1.004 0.01 

Phenylalanine 1.01 1.001–1.01 0.01 

Free Carnitine 1.02 1.002–1.04 0.03 

C16 1.60 1.04–2.44 0.03 

Arginine 1.01 1.001–1.02 0.03 

C14:1/C16 0.87 0.75–0.98 0.04 

Citrulline/Phenylalanine 0.63 0.40–0.96 0.04 

Day 7 

Methionine/Phenylalanine 1.07 1.01–1.12 0.01 

Methionine 1.01 1.001–1.02 0.02 

Citrulline/Arginine 0.92 0.84–0.98 0.02 

Arginine 1.04 1.003–1.07 0.03 

C12-DC 0.85 0.73–0.98 0.03 

Leucine/Alanine 0.88 0.78–0.99 0.04 

Day 28 

C5/C4 1.23 1.06–1.43 0.01 

C2 0.90 0.80–0.99 0.04 

C4-OH 0.27 0.07–0.85 0.04 

Day 42 C8/C16 1.93 1.14–3.41 0.02 



Nutrients 2020, 12, 1275 5 of 13 

 

C4DC 3.42 1.11–10.59 0.03 

C10:1 1.12 1.01–1.25 0.03 

C12-OH 2.48 1.04–6.39 0.4 

C10:2 1.54 1.01–2.40 0.04 

After adjusting for potential confounders, those metabolites that were found to have a 

statistically significant association with developing NEC are summarized in Table 1. On days 1 and 

7, metabolic differences between infants with NEC and controls involved predominantly AAs, 

whereas on days 28 and 42, differences were exclusively noted for ACs. Despite the use of three 

different amino acids formulations, we were not able to detect an independent impact on the reported 

findings. 

Table 2. Demographics and characteristics of cases and controls. 

* NEC—necrotizing enterocolitis. 

The longitudinal relationship between case and control metabolic changes are summarized as a 

heat map with hierarchical clustering in Figure 1. At each time point, the ratio of the fold changes is 

depicted. Several individual metabolites or metabolite ratios were found to have significant 

associations with NEC upon longitudinal modeling (Figure 1, red metabolites). Specifically, we found 

two significantly down-regulated metabolites, 3-hydroxyoleylcarnitine (C18_1-OH) (p < 0.001) and 

citrulline/phenylalanine ratio (Cit/Phe) (p < 0.001); and two significantly up-regulated metabolites, 

phenylalanine/tyrosine ratio (Phe/Tyr) (p < 0.001) and octanoylcarnitine/decanoylcarnitine ratio 

(C8/C10) (p < 0.001), in the NEC cohort compared to the controls (Figure 2). 

Characteristics NEC * (n = 73) Control (n = 814) 
p-Value  

(NEC vs. Control) 

Females, n (%) 39 (53.4%) 406 (49.9%) 0.56 

Race, n (%)   0.54 

Black 27 (37.0%) 197 (24.2%)  

White 29 (39.7%) 496(60.9%)  

Asian 2 (2.7%) 23 (2.8%)  

Other 15 (20.5%) 98 (12.0%)  

Birth weight (g), median (IQR) 880 (709, 1180) 1090 (860, 1303) <0.001 

Gestational age (weeks), median (IQR) 26 (25, 29) 28 (27, 30) <0.001 

Age at NEC diagnosis (days), median (IQR) 20.5 (12.75, 28) -- -- 

Apgar at 1 minute (minutes), mean (IGR) 5.2 (4, 7) 5.2 (3, 7) 0.91 

Apgar at 5 minutes (minutes), mean (IQR) 7.2 (6, 9) 7.3 (7, 9) 0.47 

Antenatal Steroids, n (%) 65 (89.0%) 758 (88.8%) 0.94 

Transfused, n (%) 66 (90.4%) 462 (54.1%) <0.001 

Postnatal steroids, n (%) 20 (27.4%) 92 (10.8%) <0.001 

Late onset sepsis, n (%) 23 (31.5%) 88 (10.3%) <0.001 

Retinopathy of prematurity, n (%) 26 (36.6%) 211 (24.9%) 0.030 

Intraventricular hemorrhage, n (%) 16 (21.9%) 184 (21.5%) 0.94 

Bronchopulmonary dysplasia, n (%) 32 (43.8%) 292 (34.2%) 0.097 

Patent ductus ateriosus, n (%) 35 (48.6%) 343 (40.5%) 0.18 
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Figure 1. Heat map depicting the fold change in the ratio (log2FC) of all metabolites and respective 

ratios at each time point. * Metabolites that remained significant in longitudinal modeling after 

Bonferroni correction are depicted in red. 

 

Figure 2. Loess curve depicting time trend of those metabolite relationships that are statistically 

significant upon longitudinal modeling and Bonferroni correction. 

Newborns who later developed NEC received significantly less enteral feeding and a 

predominance of nutrition by parenteral route (IV). Newborns who developed NEC also received 
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significantly lower weight-adjusted total calories over the first six weeks of life (Figure 3, Panel A). 

These differences remained significant even when data obtained after NEC diagnosis were removed 

from the analysis (Figure 3, Panel B). Each of the described differences in nutritional parameters are 

apparent with divergence between future NEC cases and control newborns between day 7 and 10 

(Figure 3, Panel B). 

 

 

Figure 3. Longitudinal comparison of nutrients administered over the first 6 weeks of life between 

necrotizing enterocolitis (NEC) case and control infants: (A) Entire NEC cohort, (B) NEC cohort using 

only data obtained prior to NEC diagnosis. 

Specific time point analyses demonstrated that infants who developed NEC began receiving 

significantly lower weight-adjusted total calories by post-delivery day 7 and this difference persisted 

at day 28 (Table 3)—at which time the majority of cases of NEC (56/73) had been diagnosed. Case and 

control newborns received similar amounts of IV nutrients (AAs, lipids, glucose) before day 28, 

whereas case newborns with NEC received significantly more IV nutrients after day 28. Infants who 

developed NEC received significantly lower volumes of enteral feedings by day 7, and that trend 

persisted through day 42. 
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Table 3. Individual time point analysis of nutritional variables using only data obtained before necrotizing enterocolitis (NEC) diagnosis. 

 
Day 1 Day 7 Day 28 Day 42 

NEC Control p-Value NEC Control p-Value NEC Control p-Value NEC Control p-Value 

Total Calories (kcal/kg/d) 33.8 33.9 0.48 87.5 91.6 0.056 108.3 116.2 0.026 109.6 119.1 0.059 

IV Amino Acids (g/kg/d) 1.7 1.8 0.077 2.7 2.6 0.14 1.6 0.5 <0.001 1.3 0.2 <0.001 

IV Lipids (g/kg/d) 0.2 0.2 0.47 2.0 1.9 0.30 1.0 0.3 0.002 0.9 0.2 <0.001 

IV Glucose (g/kg/d) 7.2 7.1 0.35 9.9 9.1 0.069 4.7 1.9 0.003 5.3 0.0 <0.001 

Enteral Feeds (mL/kg/d) 1.1 1.1 0.42 33.7 45.0 0.025 100.0 131.0 0.003 94.8 142.2 <0.001 
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Newborns who later developed NEC were started on enteral feeds later (4.2 vs. 2.5 days, p ≤ 

0.001) and took longer to achieve full enteral feeds (30.6 vs. 18.3 days, p ≤ 0.001). The proportion of 

enteral feedings (mL/kg/day) given as human breast milk (mL/kg/day) was not significantly different 

at any time point: day 1 (0.58 vs. 0.58, p = 0.50), day 7 (0.82 vs. 0.81, p = 0.56), day 28 (0.65 vs. 0.60, p = 

0.74), and day 42 (0.44 vs. 0.52, p = 0.16). Despite receiving significantly less overall weight-adjusted 

calories than control newborns, case newborns had similar weight gain velocities (in g/kg/day) for 

each time interval: day 1–7: −5.99 vs. −5.10, p = 0.34; Day 7–28: 21.1 vs. 20.0, p = 0.89; Day 28–42: 18.1 

vs. 19.8 p = 0.055. 

4. Discussion 

In this study, we reveal that premature newborns who develop NEC demonstrate distinct 

metabolic differences both immediately at birth and within the first 42 days of life. Newborns who 

developed NEC received fewer weight-adjusted calories and less enteral feeding prior to onset of 

clinical disease. These results support the hypothesis that NEC is associated with metabolic 

derangement as reflected in newborn screen analytes and may be compounded by clinical nutrition 

practice variability that occurs prior to NEC diagnosis. 

The number of specific metabolites that were associated with a risk of NEC increased with each 

successive time interval analysis indicating progressive metabolic deviation between newborns who 

develop NEC and those who do not over time. The observed metabolite differences paralleled specific 

trends in nutritional delivery: the infants who developed NEC received more total parenteral 

nutrition (TPN) and less enteral feeds over the course of observation. It is essential to emphasize that 

the described differences in metabolism and nutrition were present prior to any clinical suspicion or 

diagnosis of disease according to stringent criteria: the requirement for surgical confirmation or 

radiographic evidence of definitive NEC (i.e., pneumatosis intestinalis, hepatobiliary gas, or 

pneumoperitoneum). Whether the progressive metabolic differences led to enteral feeding 

intolerance requiring dependence on TPN or differences in nutritional delivery resulted in changes 

in nutrient metabolic processing remains unknown yet represents an important focus open to 

additional study. 

The pattern of specific metabolite differences is also revealing. At the early time points in the 

analyses (day 1, 7), the differences involved predominantly AAs, whereas at the later time points 

(day 28, 42), the differences were predominantly ACs. It is common clinical practice in the care of 

preterm infants to start IV AAs on day 1–2 of life and delay administration of IV lipids for several 

days—practices that may in part explain the predominance of NEC-associated AAs at the early time 

points. It is important to note, however, that the first newborn sample (day 1) was obtained within 

24 hours of life for both cases and controls. Both groups of newborns were receiving approximately 

the same volume of IV nutrients (AAs included) and total weight adjusted calories at the time of the 

first and second metabolic screen. This suggests that both groups would have been subject to nearly 

equivalent nutritional exposures and yet significant differences were observed. Thus, these 

observations support the hypothesis of inherent increased metabolic susceptibility in premature 

infants at birth as previously reported and built upon with the findings reported here [14]. 

Several AAs that were associated with NEC in this study merit additional consideration given 

the interesting potential pathophysiological implications. Citrulline and arginine, both non-essential 

AAs, have received scrutiny in the NEC literature due to the relationship to nitric oxide (NO) 

synthesis—a reaction in which arginine is converted to NO and L-citrulline by nitric oxide synthase 

(NOS). In contrast to our findings of higher levels of arginine on days 1 and 7, several small cohort 

studies demonstrated reduced serum levels of arginine in infants who developed NEC [18,19]. It has 

been suggested that reduced availability of arginine in these infants resulted in decreased NO 

synthesis leading to decreased perfusion and tissue hypoxemia contributing to the intestinal injury 

observed in NEC. More recent studies have identified an inducible form of NOS that is upregulated 

in inflammatory states, including NEC [20]. High levels of NO observed during inflammation may 

detrimentally affect intestinal barrier and mitochondrial function secondary to generation of reactive 

oxygen species. As such, the theory that insufficient arginine substrate for NO synthesis contributes 
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to the pathogenesis of NEC is plausible but the mechanistic link remains one of speculation (Figure 

4) suggesting the need for additional research to reveal the precise role of arginine and citrulline 

metabolism in NEC pathophysiology. 

 

Figure 4. Potential hypothesis outlining the role of tetrahydrobiopterin (BH4) and nitric oxide (NO) 

in the pathophysiology of necrotizing enterocolitis (NEC). 

Phenylalanine is an essential AA that is used predominately as a precursor for tyrosine 

synthesis, a reaction medicated by phenylalanine hydroxylase using 5,6,7,8-tetrahydrobiopterin 

(BH4) as a cofactor. BH4 is depleted under conditions of oxidative stress preventing the catalyzation 

of phenylalanine to tyrosine [21]. The observation of higher levels of phenylalanine in the infants who 

developed NEC is particularly relevant given that tyrosine levels were not found to be independently 

associated with NEC in our analyses. Tyrosine is an AA that is administered as part of IV AA 

infusions and its absence in our analysis suggests that the metabolic defect responsible for the 

differences observed in the NEC cohort is upstream of tyrosine, i.e., in the conversion of 

phenylalanine to tyrosine. Interestingly, BH4 is also a cofactor for NO synthesis and with insufficient 

cofactor supply, NOS will generate reactive oxygen species instead of NO. The findings of elevated 

arginine levels on days 1 and 7, as well as a reduced citrulline to phenylalanine ratio on day 7 could 

occur if there was decreased conversion of arginine to NO due to a BH4 deficiency in the immediate 

neonatal period (Figures 2–4). Taken together, these observations may reflect a state of systemic 

oxidative stress in these infants from birth leading to depletion of BH4 levels, the observed metabolic 

differences, and the generation of oxygen free radicals that contribute to the intestinal damage seen 

in NEC (Figure 4) [22]. 

Reduced postnatal weight gain has been associated with increased risk of NEC, 

bronchopulmonary dysplasia, late onset sepsis, and unfavorable neurodevelopmental outcomes 

[23,24]. Lower total calories delivered over the first few weeks of life has also been specifically linked 

to increased risk of ROP in premature infants [25,26]. We have demonstrated a deficit in total caloric 

delivery in infants who develop NEC that was not accompanied by a decrease in growth velocity, a 

finding that has not previously been reported. This suggests that decreased caloric delivery has a 

more subtle impact on neonatal development and metabolism that is not captured by 

anthropomorphic measurements, including weight. Particularly in the metabolically vulnerable 

preterm infant, a deficient energy balance can lead to bioenergetic compromise at the cellular level 

contributing to organ injury and the development of acquired diseases of prematurity, including 

NEC [13]. Based on recent literature linking caloric deficiencies to disease of prematurity, a calorie 

goal of at least 115 kcal/kg/day has been proposed [13]—a target that was not achieved at any time 

point by the cohort of infants with NEC in our study. Additionally, individual macronutrient delivery 

(carbohydrate, lipid, and protein) is also relevant to disease risk and onset, however, we lacked 

sufficiently detailed data to further evaluate these variables with greater precision [25,26]. Clinicians 

currently lack the tools to precisely evaluate energy balance and nutritional effectiveness relative to 

risk of acquired disease in preterm infants representing a substantial obstacle in neonatal care that 

precludes evidence-based nutritional interventions. 

A limitation of this study is the lack of more detailed nutrition data. Nutrition data were 

averaged over each of the time intervals preventing the evaluation of daily caloric intake on the risk 

on developing NEC and likely resulting in an attenuation of estimated risks. Future studies will be 
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needed to evaluate in more depth the role of daily caloric and macronutrient delivery on disease 

outcomes and serum metabolites. Further, given the findings that suggest a link between BH4 levels 

and NEC, additional nutritional variables and metabolites, including specific vitamins and minerals, 

should be the subject of future studies. Finally, additional studies to determine the cause or 

consequence for significant differences in enteral feeding and associated metabolic changes that occur 

with time prior to NEC diagnosis are needed. 

5. Conclusions 

The most premature newborns, and those that are destined to develop NEC during early 

postnatal life, appear to be metabolically different or impaired beginning at birth. This is reflected in 

the significantly different metabolic patterns measured in the first metabolic screen prior to the 

subsequent influence of exogenous nutrition supplementation. Newborns destined to develop NEC 

appear to have clinical signs of early enteral feeding intolerance as reflected in the significant 

difference in enteral feedings (total enteral calories—weight adjusted), and consequent need for 

greater proportion of total calories given parenterally. Given the pattern of accumulating AA and AC 

differences longitudinally in the NEC cases suggests the need for clinicians to be exquisitely 

cognizant of feeding intolerance in at risk newborns and the possible metabolic derangements 

imparted through the increased reliance on TPN to maintain total calories. Currently, clinicians do 

not have the tools to fully understand the potential detrimental impact on overall clinical outcomes 

reflected in these metabolic abnormalities described herein. Since there was no difference in growth 

velocity between the NEC cases and controls, additional study is needed to determine qualifying 

measures of effective nutritional support beyond anthropometrics that are sensitive to these more 

subtle biochemical changes relative to the balance of enteral feeding and IV macronutrients and 

should include measures of potential biologic benefit and harm. 

Author Contributions: Conceptualization, T.J.S. and K.G.S.; methodology, T.J.S., K.G.S., X.B.L., H.J.C., G.M.S., 

D.K.S., D.C., and R.H.C.; software, C.Y., Y.C., D.Z., T.L., and X.B.L.; validation, X.B.L., H.J.C., and G.M.S.; formal 

analysis, C.Y., Y.C., D.Z., T.L., X.B.L., H.J.C., G.M.S., and D.K.S.; investigation, T.J.S., K.G.S., R.H.C.; resources, 

D.C.; data curation, T.J.S., D.C., and R.H.C.; writing—original draft preparation, T.J.S. and K.G.S.; writing—

review and editing, T.J.S., K.G.S., C.Y., Y.C., D.Z., T.L., X.B.L., H.J.C., G.M.S., D.K.S., D.C., and R.H.C; funding 

acquisition, T.J.S. and K.G.S. All authors have read and agreed to the published version of the manuscript.  

Funding: Child Health Research Institute and the Stanford NIH-NCATS-CTSA (grant no. UL1 TR001085). 

Acknowledgments: In this section you can acknowledge any support given which is not covered by the author 

contribution or funding sections. This may include administrative and technical support, or donations in kind 

(e.g., materials used for experiments). 

Conflicts of Interest: All authors have indicated they have no potential conflicts of interest to disclose. 

References 

1. Meyburg, J. Acylcarnitine Profiles of Preterm Infants Over the First Four Weeks of Life. Pediatr. Res. 2002, 

52, 720–723. 

2. Oladipo, O.O.; Weindel, A.L.; Saunders, A.N.; Dietzen, D. Impact of premature birth and critical illness on 

neonatal range of plasma amino acid concentrations determined by LC-MS/MS. Mol. Genet. Metab. 2011, 

104, 476–479, doi:10.1016/j.ymgme.2011.08.020. 

3. Autmizguine, J.; Hornik, C.P.; Benjamin, D.K.; Laughon, M.M.; Clark, R.H.; Cotten, C.M.; Cohen-

Wolkowiez, M.; Smith, P.B. Anaerobic Antimicrobial Therapy After Necrotizing Enterocolitis in VLBW 

Infants. Pediatrics 2014, 135, e117–e125, doi:10.1542/peds.2014-2141. 

4. Blanco, C.L.; Gong, A.K.; Green, B.K.; Falck, A.; Schoolfield, J.; Liechty, E.A. Early Changes in Plasma 

Amino Acid Concentrations during Aggressive Nutritional Therapy in Extremely Low Birth Weight 

Infants. J. Pediatr. 2011, 158, 543–548.e1, doi:10.1016/j.jpeds.2010.09.082. 

5. Meyburg, J.; Schulze, A.; Kohlmueller, D.; Linderkamp, O.; Mayatepek, E. Postnatal Changes in Neonatal 

Acylcarnitine Profile. Pediatr. Res. 2001, 49, 125–129, doi:10.1203/00006450-200101000-00024. 

6. Alul, F.Y.; Cook, D.E.; A Shchelochkov, O.; Fleener, L.G.; Berberich, S.L.; Murray, J.C.; Ryckman, K.K. The 

heritability of metabolic profiles in newborn twins. Heredity 2012, 110, 253–258, doi:10.1038/hdy.2012.75. 



Nutrients 2020, 12, 1275 12 of 13 

 

7. McCallie, K.R.; Lee, H.C.; Mayer, O.; Cohen, R.S.; Hintz, S.R.; Rhine, W.D. Improved outcomes with a 

standardized feeding protocol for very low birth weight infants. J. Perinatol. 2011, 31, S61–S67, 

doi:10.1038/jp.2010.185. 

8. Ehrenkranz, R.A.; Das, A.; Wrage, L.A.; Poindexter, B.B.; Higgins, R.D.; Stoll, B.J.; Oh, W.; Eunice Kennedy 

Shriver National Institute of Child Health and Human Development Neonatal Research Network. Early 

nutrition mediates the influence of severity of illness on extremely LBW infants. Pediatr. Res. 2011, 69, 522–

529, doi:10.1203/PDR.0b013e318217f4f1. 

9. Sanchez-Alvarez, R.; Almeida, A.; Medina, J.M. Oxidative Stress in Preterm Rat Brain Is Due to 

Mitochondrial Dysfunction. Pediatr. Res. 2002, 51, 34–39, doi:10.1203/00006450-200201000-00008. 

10. Diaz, S.O.; Pinto, J.; Barros, A.; Morais, E.; Duarte, D.; Negrão, F.; Pita, C.; Almeida, M.D.C.; Carreira, I.M.; 

Spraul, M.; et al. Newborn Urinary Metabolic Signatures of Prematurity and Other Disorders: A Case 

Control Study. J. Proteome Res. 2015, 15, 311–325, doi:10.1021/acs.jproteome.5b00977. 

11. Baregamian, N.; Song, J.; Bailey, C.E.; Papaconstantinou, J.; Evers, B.M.; Chung, D.H. Tumor necrosis 

factor-α and apoptosis signal-regulating kinase 1 control reactive oxygen species release, mitochondrial 

autophagy and c-Jun N-terminal kinase/p38 phosphorylation during necrotizing enterocolitis. Oxidative 

Med. Cell. Longev. 2009, 2, 297–306, doi:10.4161/oxim.2.5.9541. 

12. Afrazi, A.; Branca, M.F.; Sodhi, C.P.; Good, M.; Yamaguchi, Y.; Egan, C.E.; Lu, P.; Jia, H.; Shaffiey, S.; Lin, 

J.; et al. Toll-like Receptor 4-mediated Endoplasmic Reticulum Stress in Intestinal Crypts Induces 

Necrotizing Enterocolitis*. J. Boil. Chem. 2014, 289, 9584–9599, doi:10.1074/jbc.M113.526517. 

13. Good, M.; Sodhi, C.P.; Yamaguchi, Y.; Jia, H.; Lu, P.; Fulton, W.B.; Martin, L.Y.; Prindle, T.; Nino, D.F.; 

Zhou, Q.; et al. The human milk oligosaccharide 2′-fucosyllactose attenuates the severity of experimental 

necrotising enterocolitis by enhancing mesenteric perfusion in the neonatal intestine. Br. J. Nutr. 2016, 116, 

1175–1187, doi:10.1017/S0007114516002944. 

14. Sylvester, K.G.; Kastenberg, Z.J.; Moss, R.L.; Enns, G.M.; Cowan, T.M.; Shaw, G.M.; Stevenson, D.K.; 

Sinclair, T.J.; Scharfe, C.; Ryckman, K.K.; et al. Acylcarnitine Profiles Reflect Metabolic Vulnerability for 

Necrotizing Enterocolitis in Newborns Born Premature. J. Pediatr. 2016, 181, 80–85.e1, 

doi:10.1016/j.jpeds.2016.10.019. 

15. Clark, R.H.; Kelleher, A.S.; Chace, D.H.; Spitzer, A.R. Gestational Age and Age at Sampling Influence 

Metabolic Profiles in Premature Infants. Pediatrics 2014, 134, e37–e46, doi:10.1542/peds.2014-0329. 

16. Horbar, J.D.; Ehrenkranz, R.A.; Badger, G.J.; Edwards, E.M.; Morrow, K.A.; Soll, R.F.; Buzas, J.S.; Bertino, 

E.; Gagliardi, L.; Bellu’, R. Weight Growth Velocity and Postnatal Growth Failure in Infants 501 to 1500 

Grams: 2000–2013. Pediatrics 2015, 136, e84–e92, doi:10.1542/peds.2015-0129. 

17. Patel, V.B.; Engstrom, J.L.; Meier, P.P.; Kimura, R.E. Accuracy of Methods for Calculating Postnatal Growth 

Velocity for Extremely Low Birth Weight Infants. Pediatrics 2005, 116, 1466–1473, doi:10.1542/peds.2004-

1699. 

18. Zamora, S.A.; Amin, H.J.; McMillan, D.D.; Kubes, P.; Fick, G.H.; Butzner, J.; Parsons, H.G.; Scott, R. Plasma 

L-arginine concentrations in premature infants with necrotizing enterocolitis. J. Pediatr. 1997, 131, 226–232, 

doi:10.1016/s0022-3476(97)70158-6. 

19. Becker, R.M.; Wu, G.; Galanko, J.A.; Chen, W.; Maynor, A.R.; Bose, C.L.; Rhoads, J. Reduced serum amino 

acid concentrations in infants with necrotizing enterocolitis. J. Pediatr. 2000, 137, 785–793, 

doi:10.1067/mpd.2000.109145. 

20. Grishin, A.V.; Bowling, J.; Bell, B.; Wang, J.; Ford, H.R. Roles of nitric oxide and intestinal microbiota in the 

pathogenesis of necrotizing enterocolitis. J. Pediatr. Surg. 2015, 51, 13–17, doi:10.1016/j.jpedsurg.2015.10.006. 

21. Ploder, M.; Neurauter, G.; Spittler, A.; Schroecksnadel, K.; Roth, E.; Fuchs, D. Serum phenylalanine in 

patients post trauma and with sepsis correlate to neopterin concentrations. Amino Acids 2007, 35, 303–307, 

doi:10.1007/s00726-007-0625-x. 

22. Weinmann, A.; Post, M.; Pan, J.; Rafii, M.; O’Connor, D.L.; Unger, S.; Pencharz, P.; Belik, J. 

Tetrahydrobiopterin Is Present in High Quantity in Human Milk and Has a Vasorelaxing Effect on 

Newborn Rat Mesenteric Arteries. Pediatr. Res. 2011, 69, 325–329, doi:10.1203/pdr.0b013e31820bc13a. 

23. Ehrenkranz, R.A.; Dusick, A.M.; Vohr, B.; Wright, L.L.; Wrage, L.A.; Poole, W.K. Growth in the Neonatal 

Intensive Care Unit Influences Neurodevelopmental and Growth Outcomes of Extremely Low Birth 

Weight Infants. Pediatrics 2006, 117, 1253–1261, doi:10.1542/peds.2005-1368. 



Nutrients 2020, 12, 1275 13 of 13 

 

24. Ehrenkranz, R.A.; Younes, N.; A Lemons, J.; A Fanaroff, A.; Donovan, E.F.; Wright, L.L.; Katsikiotis, V.; 

Tyson, J.E.; Oh, W.; Shankaran, S.; et al. Longitudinal growth of hospitalized very low birth weight infants. 

Pediatrics 1999, 104, 280–289, doi:10.1542/peds.104.2.280. 

25. Vanderveen, D.K.; Martin, C.R.; Mehendale, R.; Allred, E.N.; Dammann, O.; Leviton, A. Early Nutrition 

and Weight Gain in Preterm Newborns and the Risk of Retinopathy of Prematurity. PLoS ONE 2013, 8, 

e64325, doi:10.1371/journal.pone.0064325. 

26. Sjöström, E.S.; Lundgren, P.; Öhlund, I.; Holmström, G.; Hellström, A.; Domellöf, M. Low energy intake 

during the first 4 weeks of life increases the risk for severe retinopathy of prematurity in extremely preterm 

infants. Arch. Dis. Child.-Fetal Neonatal Ed. 2015, 101, F108–F113, doi:10.1136/archdischild-2014-306816. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


