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Development and internal validation of a 2
metabolism-related model for predicting 30-
day mortality in neonatal sepsis

Xiangwen Tu'", Junkun Chen'" and Wen Liu*

Abstract

Objective Neonatal sepsis, a severe infectious disease associated with high mortality rates, is characterized by
metabolic disturbances that play a crucial role in its progression. The aim of this study is to develop a metabolism-
related model for assessing 30-day mortality in neonatal sepsis.

Methods The clinical data of neonatal sepsis at Ganzhou Women and Children’s Health Care Hospital from January
2019 to December 2022 were retrospectively analyzed. Neonatal sepsis cases were divided into survival and non-
survival groups. Multivariate logistic regression analysis was used to identify the independent risk factors for 30-day
mortality. A nomogram model was developed based on these risk factors. Internal validation of the model was
performed using 10-fold cross-validation. The predictive performance was evaluated through receiver operating
characteristic (ROC) curves and calibration curve analyses. Decision curve analysis (DCA) was conducted to evaluate
the clinical applicability of the developed model.

Results The study included a total of 156 cases of neonatal sepsis. Multivariate logistic regression analysis revealed
that alanine(ALA), citrulline(CIT)), octadecanoylcarnitine(C18) and methionine(MET) were identified as independent
risk factors for 30-day mortality of neonatal sepsis. The ROC curve showed an area under the curve of AUC=0.866
(95% Cl1 0.796-0.936, P < 0.05). The calibration curve and DCA indicated excellent performance of the model.

Conclusion This study establishes a predictive model for neonatal sepsis-associated 30-day mortality, effectively
capturing the perturbations in amino acid metabolism and fatty acid oxidation, thereby demonstrating robust
predictive capabilities.
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Background

Sepsis is a leading cause of neonatal mortality, and its
early diagnosis poses challenges due to the lack of speci-
ficity in clinical manifestations and variable laboratory
indicators. Although blood culture serves as the gold
standard for neonatal sepsis diagnosis, it is not suitable
for early detection due to its long culture time and low
positive predictive value. Many researchers have explored
reliable biomarkers such as antithrombin III [1], cytokine
profiles [2], serum resistin [3], and prognostic nutritional
index [4] to assess prognosis. Nonetheless, these bio-
markers demonstrate limitations in terms of sensitivity
and specificity. Therefore, achieving early detection of
neonatal sepsis remains an ongoing challenge.

Amino acid and fatty acid metabolism play a pivotal
role in the development and progression of neonatal
sepsis [5]. As essential nutrients with unique physiologi-
cal, biochemical, and immunological functions, amino
acids have significant implications for the prognosis of
neonatal sepsis. Disorders in amino acid metabolism
may have a direct impact on disease prognosis [6]. Acyl-
carnitine serves as an intermediate product of fatty acid
[-oxidation, closely associated with mitochondrial func-
tion and energy metabolism. Mitochondrial dysfunc-
tion and abnormal energy metabolism are important
features of neonatal sepsis [7]. The documented altera-
tions in amino acid and fatty acid metabolism during
sepsis provide valuable insights into disease pathogen-
esis. Several amino acids, such as citrulline, arginine [8],
and homocysteine [9], have demonstrated alterations in
sepsis. Additionally, two separate studies have shown
that alanine and acetylcarnitine are associated with the
prognosis of sepsis [10, 11]. Consequently, we monitored
variations in amino acids and acylcarnitines in neonatal
sepsis to identify reliable biomarkers for disease assess-
ment and mortality prediction.

However, the prediction of mortality risk in neonatal
sepsis is limited by the low sensitivity and specificity of
a single biomarker. To effectively assess the likelihood
of adverse outcomes, clinical models are incorporating
multiple independent risk factors associated with disease
progression. An increasing array of models is currently
being developed to aid in assessing sepsis mortality [12—
14]. Nevertheless, there is a lack of available models that
utilize metabolic markers such as amino acids and acyl-
carnitines to predict 30-day mortality risk in neonates.
Therefore, this study aims to develop a model that lever-
ages multiple amino acids and acylcarnitines to estimate
30-day mortality in neonatal sepsis.

Method

Study population

Clinical data and laboratory indicators of neonatal sepsis
patients admitted between January 2019 and December
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2022 were collected. Admission information was
obtained from the medical records. Patient information
was complete and within 28 days of age. A total of 156
patients with neonatal sepsis were included in the study,
(Fig. 1). The diagnosis of neonatal sepsis was based on the
International Consensus on Pediatric Sepsis [15]. Neo-
natal sepsis was defined as the presence of clinical signs
suggestive of sepsis together with one of the following
criteria: positive blood culture or detection of pathogenic
DNA in blood; two or more positive nonspecific blood
tests ( CRD, total white blood cell count, platelet count,
immature neutrophil/total neutrophil ratio>0.2); and
cerebrospinal fluid examination for purulent meningitis
changes or positive cerebrospinal fluid culture. The exclu-
sion criteria encompassed cases with incomplete clinical
data, including but not limited to birth weight, gesta-
tional age, laboratory test results, as well as those with
other inherited metabolic diseases or organ dysfunction.
The study protocol followed the principles set forth in the
Declaration of Helsinki, and the study was approved by
the Medical Ethics Committee of the Ganzhou Women
and Children’s Health Care Hospital(2023-007).

Data collection

The following clinical data of neonatal sepsis patients
were obtained from the electronic medical records sys-
tem: sex, age, gestational age, weight, Apgar scores at
5 min and 10 min, and blood culture. Within 24 h after
admission, neonatal plantar blood drops were collected
and spotted onto dry filter paper blood cards. Blood
spots were punched and placed in the holes of microti-
tre plates using an automated punching machine (Pan-
thera-Puncher™ 9). After nonderivative pretreatment,
amino acids and acylcarnitines in the blood spots were
detected via tandem mass spectrometry (Waters TQD).
A NeoBase Nonderivatized MS/MS Kit manufactured by
PerkinElmer was used as a reagent. The analytes included
11 amino acids and 10 acylcarnitines: the 11 amino acids
were alanine (Ala), arginine (Arg), citrulline (Cit), gly-
cine (Gly), leucine (Leu), methionine (Met), ornithine
(Orn), phenylalanine (Phe), proline (Pro), tyrosine (Tyr),
and valine (Val); the 10 acylcarnitines were free carni-
tine (CO), acetylcarnitine (C2), propionylcarnitine (C3),
butyrylcarnitine (C4), isovalerylcarnitine (C5), hexanoyl-
carnitine (C6), octanoylcarnitine (C8), decanoylcarnitine
(C10), tetradecanoylcarnitine (C14), and octadecanoyl-
carnitine (C18). The levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), urea nitrogen
(UREA), creatinine (CREA), albumin (ALB) and other
biochemical indicators were determined via an auto-
mated biochemical analyser (Roche Cobas8000).
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Patients diagnosed with neonatal sepsis in
electronic medical record systems from
January 2019 to December 2022
(N=170)
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Exclusion of cases with inborn
genetic metabolic diseases:

Patients without any other inherited
metabolic diseases and organ
dystunction

(N=165)

Primary carnitine deficiency (n=2)
Glutaric aciduria tvpe 1 (n=1)
Other metabolic disorders (n=2)

Excluded patients whose
baseline clinical and laboratory
data were incomplete :

Study subjects
(N=156)

Fig. 1 The flowchart for selection procedure of neonatal sepsis

Statistical methods

Statistical analysis of the data was conducted using
SPSS(Version 25; IBM, Armonk, NY, USA) software.
The normality of the data was assessed via the Shapiro-
Wilk test, normally distrbuted quantitative variables are
expressed as the means+standard deviations, and non-
normal distrbuted quantitative variables are expressed as
medians. Categorical variables are reported in numbers
and percentages. Comparisons between the two groups
were analysed using t-tests and Mann-Whitney U tests.
Univariate and multivariate logistic regression were used
to identify independent risk factors for 30-day mortal-
ity due to neonatal sepsis. The predictive accuracy of the
model was evaluated using receiver operating character-
istic (ROC) curves. Model calibration and DCA curves
were generated via R software(version 4.4.0). 10-fold
cross-validation was used to assess the model’s perfor-
mance. A p-value of less than 0.05 was considered indica-
tive of a statistically significant difference.

Missed clinical outcomes due to
missed visits (n=4)

Laboratory test not completed at
24 hours of admission(n=>3)

Results

Clinical characteristics of the study population

At the time of enrolment, 156 patients with neona-
tal sepsis were evaluated. These patients fulfilled all the
inclusion criteria. Among these patients, 131 patients
were classified as surviving and 25 patients died after
30 days of follow-up, all of whom were did not surviv-
ing. The demographic and clinical characteristics of the
patients are shown in Table 1. There was no difference in
weight, gestational age and Apgar score between the two
groups (all p>0.05). Comparison of amino acid meta-
bolic indices between the two groups revealed that ALA
was greater in the nonsurvival group than in the survival
group (p<0.05), and ARG, CIT, GLY and MET were
lower in the nonsurvival group than in the survival group
(all p<0.05); C4, C5 and C18 in the non-survival group
were lower than those in the survival group (all p <0.05);
Comparing the liver and kidney function indices of the
two groups, TBIL and ALT were greater in the nonsur-
vival group than in the survival group (all p<0.05), and
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Table 1 Characteristics of patients

Variables Survivors (n=131) Non-survivors (n=25) p-value
Gender (male/female), n 90/41 14/11 0217
Median age (range), day 3(1,27) 5(1,28) 0407
Weight (g) 2700.00 (1920.00, 3350.00) 3100.00 (2700.00, 3400.00) 0.075
Gestational age at birth (weeks) 36.00 (32.00, 39.00) 38.00 (37.00, 39.00) 0.074
Apgar score (1 min) 9.00 (8.00, 10.00) 9.00 (8.00, 10.00) 0.947
Apgar score (5 min) 10.00 (9.00, 10.00) 10.00 (9.00, 10.00) 0.627
Respiratory distress syndrome, n(%) 34(25.95) 7 (28.00) 0.831
Hyperbilirubinemia, n(%) 31(23.66) 6 (24.00) 0.971
Purulent meningitis, n(%) 41 (31.30) 6 (24.00) 0.466
Pneumonia, n(%) 49 (37.40) 10 (40.00) 0.806
Culture positive, n (%) 24(18.32) 6(24.00) 0.701
ALA(umol/L) 201.67 (172.84,239.88) 237.96 (205.94,303.26) 0.006
ARG(pmol/L) 9.16 (4.77, 18.56) 5.64 (3.26, 8.76) 0.003
CIT(umol/L) 1246+4.53 10.51+£3.59 0.044
GLY(umol/L) 34832 (288.76,411.51) 27945 (257.14,356.53) 0.026
LEU(pumol/L) 162.29 (125.55, 199.34) 154.97 (143.90, 179.26) 0.714
MET(umol/L) 23.26 (19.17,30.61) 18.78 (17.67, 25.06) 0.049
ORN(pmol/L) 94.24 (70.60, 129.98) 88.79 (82.58,123.47) 0.961
PHE(pumol/L) 56.05 (43.66, 69.88) 53.81(42.29,64.29) 0.300
PRO(pmol/L) 146.29 (119.34,192.79) 136.28 (123.63,174.15) 0411
TYR(pmol/L) 70.37 (55.54,95.75) 59.78 (49.69, 77.80) 0.104
VAL(umol/L) 123.02 (95.44, 155.47) 125.14(100.70, 142.96) 0.790
CO(pmol/L) 1848 (14.36,23.15) 18.14 (14.82,23.95) 0958
C2(pmol/L) 10.22 (6.18,13.29) 9.73(7.15,12.76) 0.967
C3(pmol/L) 093 (0.61,1.48) 0.82(0.76,1.03) 0.309
C4(umol/L) 9(0.14,0.24) 0.16 (0.14,0.19) 0.049
C5(umol/L) 1(0.08,0.15) 0.07 (0.06,0.10) 0.004
C6(pmol/L) 0.03 (0.02,0.05) 0.03 (0.03,0.05) 0466
C8(umol/L) 0.05 (0.04, 0.06) 0.04 (0.03, 0.06) 0.249
C10(umol/L) 0.04 (0.03, 0.06) 0.05 (0.03, 0.06) 0.891
C14(umol/L) 0.08 (0.06,0.11) 0.08 (0.06,0.11) 0.985
C18(umol/L) 047+0.22 0.38+0.11 0.002
TBIL(umol/L) 52.70 (3740, 111.50) 87.80 (45.93,170.53) 0.024
ALB(U/L) 31.82+4.55 31.37+381 0.648
ALT(U/L) 7.00 (4.00, 11.00) 10.00 (7.00, 17.75) 0.003
AST(U/L) 38.00 (23.00, 59.00) 43.00 (30.25, 65.75) 0483
CHE(U/L) 4977.58+1526.80 4276.50+£1223.61 0.044
UREA(mmol/L) 344 (2.80, 5.30) 3.60 (2.58, 5.80) 0.713
CREA(pmol/L) 53.00 (43.00, 66.00) 55.00 (37.50, 70.50) 0.750

ALA, alanine; ALB, albumin; ALT, alanine aminotransferase; ARG, arginine; AST, aspartate transaminase; CHE, cholinesterase; CIT, citrulline; CREA, creatinine; CO,
carnitine; C2, acetylcarnitine; C3, propionylcarnitine; C4, butyrylcarnitine; C5, isovalerylcarnitine; C6, hexanoylcarnitine; C8, octanoylcarnitine; C10,decanoylcarnitine;
C14, tetradecanoylcarnitine; C18, octadecanoylcarnitine; GLY, glycine; LEU, leucine; MET, methionine; ORN, ornithine; PHE, phenylalanine; PRO, proline; TBIL, total

bilirubin; TYR, tyrosine; VAL, valine; UREA, urea

CHE was lower in the nonsurvival group than in the sur-
vival group (p <0.05).

Variables in the cohort

Variables with p<0.1 in Table 1 were selected and con-
verted to categorical variables. Univariate analysis was
first performed on selected variables with p<0.1, and the
results indicated that the levels of ALA, ARG, CIT, GLY,
MET, C5, C18, TBIL, ALT, and CHE were significantly
associated with the differences observed between the two

groups (all p<0.05), Table 2. The inclusion of the above
variables in the multivariate logistic regression analysis
revealed that high ALA and low levels of CIT, C18, and
MET at admission were independently associated with
increased 30-day mortality from neonatal sepsis(Table 2).

Establishment of a clinical prediction model with a
nomogram

The variables ALA, CIT, MET and C18 were included
in the final model after multivariate logistic regression
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Table 2 Analysis of factors for mortality in neonatal sepsis
Variables Univariate analysis Multivariate analyses

OR 95%Cl P B OR 95%Cl P
Weight<2706.68 g 2.65 1.04-6.78 0.042
Gestational age<35.69 weeks 4.86 1.58-14.95 0.006
ALA>233.86umol/L 435 1.77-10.70 0.001 246 11.74 3.05-45.12 <0.001
ARG<6.35umol/L 0.25 0.10-0.61 0.002
CIT<10.36pumol/L 031 0.13-0.77 0.011 -1.76 0.17 0.05-0.59 0.005
GLY<285.06pmol/L 0.24 0.10-0.59 0.002
MET<20.05umol/L 0.26 0.11-0.64 0.003 -1.60 0.20 0.06-0.66 0.008
C4<0.18pmol/L 042 0.17-1.05 0.063
(C5<0.075umol/L 023 0.10-0.57 0.001
C18<0.52umol/L 0.16 0.04-0.69 0.014 -2.59 0.08 0.01-0.41 0.003
TBIL>43.85umol/L 3.08 1.09-8.71 0.034
ALT>4.50U/L 6.22 1.40-27.57 0.016
CHE<3602.50U/L 0.39 0.16-0.96 0.041

ALA, alanine; ALT, alanine aminotransferase; ARG, arginine; CHE, cholinesterase; CIT, citrulline; C4, butyrylcarnitine; C5, isovalerylcarnitine; C18, octadecanoylcarnitine;

GLY, glycine; MET, methionine; TBIL, total bilirubin

analysis. On the basis of the independent risk factors
and their regression coefficients, multivariate regression
equations were constructed for the prediction model.
The prediction formula is as follows: LogitP =2.46xALA-
1.76xCIT—1.60xMET—2.59xC18—8.21. On the basis of
the logistic regression model, we constructed a nomo-
gram to predict 30-day mortality of neonatal sepsis
patients (Fig. 2A).

Performance of the clinical prediction model

The ROC curve was used to assess the predictive perfor-
mance, as shown in Fig. 2B, and the AUC of this model
was 0.866 (95% CI 0.796-0.936, P<0.05). After cross-
validation, the AUC was 0.832, Fig. 2B. This finding indi-
cates that the current model is stable; The calibration
curve of the clinical model was good, as shown in Fig. 2C.
The Hosmer-Lemeshow test showed that x*=6.249,
P=0.715, and the model had a large differential predic-
tive value. In addition, decision curve analysis (DCA)
shows that using the model to make decisions can lead to
better results than alternative strategies or not using the
model at all (Fig. 2D).

Clinical model statistics and independent markers

Other statistics for the clinical model and independent
risk factor markers are shown in Table 3, and the ROC
curves for the clinical model and independent risk factor
markers are shown in Fig. 3. Clinical model has good pre-
dictive power.

Discussion

Neonatal sepsis is a systemic inflammatory response syn-
drome triggered by infection, and due to the immaturity
of neonates’ immune systems, sepsis progresses rap-
idly and carries a high mortality rate [16]. The excessive
release of inflammatory mediators and stress hormones

leads to hemodynamic disturbances and metabolic alter-
ations in neonatal sepsis, ultimately resulting in multi-
organ failure [17]. Monitoring changes in metabolites
during the early stages of neonatal sepsis and identifying
metabolic markers for early diagnosis will help clinicians
to improve individual treatment strategies and clinical
decision-making. In this study, we examined 11 amino
acids and 10 acylcarnitine markers within 24 h of admis-
sion for neonatal sepsis patients, unveiling that elevated
ALA levels along with decreased CIT, MET, and C18 lev-
els independently contribute as risk factors for mortality
in neonatal sepsis.

Alanine is a non-essential amino acid that undergoes
hepatic metabolism in the human body [18]. A system-
atic review study shows that during neonatal sepsis, glu-
cose metabolism is altered [19]. Alanine, as an important
precursor for gluconeogenesis, plays a significant role in
maintaining stable blood glucose levels in neonates [20].
Therefore, monitoring the level of alanine is crucial for
the management of neonatal sepsis. Previous studies have
identified elevated levels of ALA in cases of sepsis-related
brain injury and acute kidney injury [10]. In the present
study, higher concentrations of ALA were observed in the
non-survival group compared to the survival group. This
potentially indicates impaired liver function induced by
sepsis and an associated nitrogen imbalance that impairs
brain and kidney function [21, 22]. The multi-organ
damage caused by elevated ALA may act as a substan-
tial risk factor for neonatal sepsis mortality. Citrulline,
a non-protein amino acid, plays important roles in cel-
lular metabolism and organ function regulation [23]. It
is mainly involved in the synthesis of urea, nitric oxide,
and arginine. CIT has been shown to alleviate sepsis-
induced immunosuppression by restoring T-cell function
through increasing effective arginine levels [24]. Existing
research has confirmed that during neonatal sepsis, there
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Table 3 Diagnostic statistics for independent markers

Variables AUC (95%Cl) Yuden Sensitivity Specificity PPV NPV Cut off
ALA 0.675 (0.561-0.790) 0.35 0.71 0.64 091 0.30 233.86
ci18 0.626 (0.521-0.731) 0.28 0.36 0.92 0.96 0.21 0.52
qaT 0.631(0.511-0.751) 0.28 0.64 0.64 0.88 0.23 1036
MET 0.626 (0.511-0.741) 0.32 0.60 0.72 0.90 0.29 20.05
Model 0.866 (0.796-0.936) 0.60 0.76 0.84 0.96 040 0.173

ALA, alanine; CIT, citrulline; C18, octadecanoylcarnitine; MET, methionine; NPV, negative predictive value; PPV, positive predictive value; Model: ALA+CIT+MET +C18

is an abnormality in glutamine metabolism [25]. Gluta-
mine serves as a precursor for citrulline, suggesting that
during neonatal sepsis, the synthesis of citrulline may be
weakened. In the present study, CIT levels were found to
be lower in the non-survival group compared to the sur-
vival group, which could be attributed to reduced plasma
synthesis of citrulline and increased consumption during
neonatal sepsis [26]. Whereas low levels of CIT weaken
autoregulation, the present study identified reduced CIT
as a risk factor for mortality in neonatal sepsis. Methio-
nine, an amino acid containing sulfur, can be converted
to glutathione and plays a role in reducing sepsis-induced
oxidative stress [27]. Animal studies have shown an

elevation in methionine transsulphurisation during sepsis
in rats [28]. An investigation into metabolic biomarkers
in neonatal sepsis uncovered a disruption in the neonatal
glutathione metabolic pathway during the course of the
condition [29]. Since methionine, as a sulfur-containing
amino acid, can be transformed into glutathione, this
research supports our perspective. The decreased levels
of methionine observed in this study were identified as a
risk factor for mortality. This may be due to inadequate
basal nutritional vitamin B12 deficiency in neonatal sep-
sis and the subsequent increase in methionine transsul-
phurisation, resulting in elevated homocysteine levels
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[30]. Decreased methionine may function as a potential
prognostic marker for neonatal sepsis.

Mitochondrial dysfunction is another prominent fea-
ture of sepsis [31]. A study revealed a significant reduc-
tion in biopsy ATP/ADP ratios in the skeletal muscle of
patients with fatal sepsis [32]. Another study showed that
higher plasma short- and medium-chain acylcarnitines
levels are linked to sepsis prognosis, with acetylcarnitine
significantly associated with 28-day mortality [11]. Sig-
nificant changes in lipid metabolism have been reported
in infants with sepsis [33]. Acylcarnitines play a crucial
role as transporters in fatty acid p-oxidation, and their
levels can serve as biomarkers to assess fatty acid oxida-
tion status, reflecting early imbalance and mitochondrial
stress [34]. In the present study, several acylcarnitines
were found to be lower in the non-survival group com-
pared to the survival group, specifically C4, C5, and C18
(all p<0.05). Multivariate analysis revealed an indepen-
dent association between mortality and C18, indicating
a relative carnitine deficiency in neonatal sepsis among

non-survivors. Our findings suggest that carnitine defi-
ciency may serve as a predictor for impaired fatty acid
oxidation and abnormal energy metabolism associated
with multiorgan dysfunction in neonatal sepsis, thus
identifying C18 as a risk factor for 30-day mortality.

In this study, a model incorporating multiple amino
acid and acylcarnitine indicators was successfully devel-
oped to effectively assess 30-day mortality in neona-
tal sepsis. This comprehensive model provides an early
reflection of the metabolic status associated with neo-
natal sepsis, demonstrating its significant predictive
value. Previous research on metabolic alterations in
sepsis aligns with the findings of this study; however,
investigations into metabolic indicators specific to neo-
natal sepsis remain scarce. As a distinct demographic,
neonates exhibit underdeveloped metabolic functions,
necessitating further exploration into the variations of
their metabolic markers. Existing studies have substan-
tiated disruptions in energy metabolism associated with
neonatal sepsis [35], enhancing our comprehension of
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amino acid and acylcarnitine dynamics in this condition.
In summary, our research provides valuable insights into
the metabolism of amino acids and acylcarnitines in neo-
natal sepsis, enabling clinicians to monitor early changes
in metabolic indicators. This, in turn, facilitates the
development of personalized treatment strategies. For
example, by optimizing nutritional support and adjusting
antibiotic therapy based on dynamic metabolic profiling,
clinicians can make more informed decisions tailored to
the individual needs of neonates with sepsis.

The study, however, has certain limitations that should
be acknowledged. For example, since it was conducted as
a single-centre study with a limited sample size, there is a
possibility of data bias. Henceforth, it is essential to vali-
date these findings by using a larger patient cohort and
multicentre data. Conversely, the analysis did not incor-
porate additional metabolic indicators due to insufficient
available data. Future clinical work will focus on optimiz-
ing and validating the proposed model.

Conclusion

In the present study, a model incorporating multiple
amino acids and acylcarnitines was developed to assess
the prognosis of neonatal sepsis and predict 30-day mor-
tality. This model can effectively capture alterations in
amino acid and fatty acid metabolism during the early
stages of neonatal sepsis, facilitating prompt assess-
ment, personalized treatment, and informed -clinical
decision-making.
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