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Background-—Mortality for infants undergoing complex cardiac surgery is >10% with a 30% to 40% risk of complications. Early
identification and treatment of high-risk infants remains challenging. Metabolites are small molecules that determine the minute-
to-minute cellular phenotype, making them ideal biomarkers for postsurgical monitoring and potential targets for intervention.

Methods and Results-—We measured 165 serum metabolites by tandem mass spectroscopy in infants ≤120 days old undergoing
cardiopulmonary bypass. Samples were collected prebypass, during rewarming, and 24 hours after surgery. Partial least squares–
discriminant analysis, pathway analysis, and receiver operator characteristic curve analysis were used to evaluate changes in the
metabolome, assess altered metabolic pathways, and discriminate between survivors/nonsurvivors as well as upper/lower 50%
intensive care unit length of stay. Eighty-two infants had preoperative samples for analysis; 57 also had rewarming and 24-hour
samples. Preoperation, the metabolic fingerprint of neonates differed from older infants (R2=0.89, Q2=0.77; P<0.001).
Cardiopulmonary bypass resulted in progressive, age-independent metabolic disturbance (R2=0.92, Q2=0.83; P<0.001). Multiple
pathways demonstrated changes, with arginine/proline (P=1.2910�35), glutathione (P=3.3910�39), and alanine/aspartate/
glutamate (P=1.4910�26) metabolism most affected. Six subjects died. Nonsurvivors demonstrated altered aspartate (P=0.007)
and nicotinate/nicotinamide metabolism (P=0.005). The combination of 24-hour aspartate and methylnicotinamide identified
nonsurvivors versus survivors (area under the curve, 0.86; P<0.01), as well as upper/lower 50% intensive care unit length of stay
(area under the curve, 0.89; P<0.01).

Conclusions-—The preoperative metabolic fingerprint of neonates differed from older infants. Large metabolic shifts occurred after
cardiopulmonary bypass, independent of age. Nonsurvivors and subjects requiring longer intensive care unit length of stay showed
distinct changes in metabolism. Specific metabolites, including aspartate and methylnicotinamide, may differentiate sicker patients
from those experiencing a more benign course. ( J Am Heart Assoc. 2018;7:e010711. DOI: 10.1161/JAHA.118.010711.)
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M etabolites are low-molecular-weight compounds
(<1500 Da) that represent the ultimate end products

of gene and protein expression.1–3 The global collection of
metabolites, known as the metabolome, maintains dynamic
homeostasis and helps determine minute-to-minute cellular

phenotype.1 Recent advances in metabolite analysis allow for
simultaneous measurement of hundreds of metabolites from
biologic samples. This broad metabolic analysis, or metabolic
fingerprinting, can help define unique metabolic patterns and
affected pathways present in specific patient groups or
disease states.1 Metabolic fingerprinting may be particularly
informative in the study of acute critical illness because of the
dynamic nature of the metabolome compared with upstream
tiers of systems biology (genome, transcriptome, and
proteome).1,3,4

Neonates and young infants undergoing cardiothoracic
surgery with cardiopulmonary bypass (CPB) experience sub-
stantial physiologic disruption because of a combination of
insults, including direct surgical trauma, ischemia-reperfusion
injury, and systemic inflammation.5–7 This physiologic disrup-
tion can, in turn, lead to prolonged periods of critical illness,
significant organ injury, and early postoperative mortality.8–10
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The defined period of injury combined with the complex,
systemic nature of the disruption makes this pathophysiolog-
ical condition an ideal candidate for novel metabolomics
approaches.

To date, metabolic analysis after pediatric cardiac surgery
has been largely limited to single metabolites, most notably
lactate,11,12 creatinine,13 and glucose.14,15 Relatively little is
known about global metabolic shifts that occur after surgery
or their association with postoperative outcomes. A promising
pilot study of heterogeneous pediatric cardiac surgery
patients found a shift in the untargeted plasma metabolic
profile that peaked immediately after surgery, returned toward
baseline by 24 hours, and showed moderate predictive
capacity for severity of illness and postoperative length of
stay (LOS) in the intensive care unit (ICU).3 Because of the
limited breadth of identified metabolites, this study did not
explore potential alterations in metabolic pathways. It also did
not assess the neonatal and young infant cardiac surgery
population, who generally experience greater postoperative
physiologic derangements and are at highest risk for postop-
erative morbidity and mortality. Expanded metabolic finger-
printing and pathway analysis could provide powerful tools to
further define postoperative metabolic derangements in this
population and establish early metabolic biomarkers of
postoperative morbidity and mortality, particularly in higher-
risk infants.

Our study sought to use targeted metabolic fingerprinting,
pathway analysis, and individual biomarker analysis to
evaluate metabolic changes in neonates and young infants

undergoing cardiothoracic surgery with CPB. Specifically, we
aimed to examine differences in preoperative metabolic
fingerprints in neonates versus older infants, define the
global metabolic shift and metabolic pathway derangements
after surgery, and identify individual metabolites capable of
serving as early biomarkers of postoperative mortality and
ICU LOS.

Methods
The data, analytic methods, and study materials will be
made available to other researchers for purposes of
reproducing the results or replicating the procedure. The
study data have been made publicly available for review and
validation.16

Clinical Cohort
Our study is a secondary analysis of residual frozen serum
samples from a recent prospective, observational cohort
study of changes in alkaline phosphatase activity in infants
undergoing cardiothoracic surgery with CPB. Methods for the
parent cohort study have been previously published.17–19

Briefly, the study enrolled infants ≤120 days of age who were
scheduled to undergo clinically indicated cardiothoracic
surgery with CPB. Exclusion criteria were weight <2 kg and
adjusted gestational age <34 weeks. Residual samples used
for the current analysis were drawn preoperatively (after
induction of anesthesia and before first surgical incision),
during rewarming from CPB but before separation from
bypass, and at 24 hours after postoperative admission to the
ICU. The primary cohort study also acquired samples at 48
and 72 hours postoperatively, but these draws were of
smaller volume and did not result in residual samples. The
Colorado Multiple Institution Review Board approved the
protocol, and informed written consent was obtained from
subjects’ families before enrollment.

Clinical Data
Baseline perioperative and postoperative clinical data were
collected on all subjects, including sex, age at surgery, weight,
Aristotle comprehensive complexity score, single-ventricle
physiological feature, preterm delivery, CPB time, cross-clamp
time, and deep hypothermic circulatory arrest/selective
cerebral perfusion times. The primary clinical outcome for
both the parent cohort study and the current study was
occurrence of any of the following major cardiac events:
cardiac arrest, need for mechanical circulatory support
(extracorporeal membrane oxygenation), death in hospital,
or death within 30 days of surgery (inpatient or outpatient).
The secondary clinical outcome was ICU LOS.

Clinical Perspective

What Is New?

• In this study, we demonstrate a profound shift in the
metabolic fingerprint of young infants undergoing cardio-
thoracic surgery with cardiopulmonary bypass that persists
through at least 24 hours postoperatively, including a
progressive global deficiency in amino acid levels.

• We also identified significant differences in the preoperative
metabolic fingerprint of neonates compared with infants 1
to 4 months of age, supporting the concept of metabolic
maturation during the first months of life.

• Changes in specific postoperative metabolic biomarkers,
including aspartate, glutamate, methylnicotinamide, trigo-
nelline, and kynurenic acid, are independently associated
with intensive care unit length of stay and mortality.

What Are the Clinical Implications?

• Metabolic fingerprinting and measurement of specific
metabolites/metabolic pathways represent novel strategies
to elucidate the complex effects of cardiac surgery on
infants with congenital heart disease.
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Sample Collection and Processing
Serum samples were obtained preoperatively, on rewarming
(before separation from CPB), and at 24 hours after return to
the ICU. Samples were collected in red-top tubes and
centrifuged at 3000 rpm (1734g) for 10 minutes. Then,
serum aliquots were placed in standard cryovials and stored
at �70°C for batch analysis.

Metabolomics Assay
Sample analysis was performed on the basis of a previously
validated approach using liquid chromatography–tandem
mass spectrometry.20,21 Samples were analyzed using an
Agilent 1200 series high-performance liquid chromatography
(HPLC) system (Agilent Technologies, Palo Alto, CA) interfaced
with an ABSciex 5500 hybrid triple quadrupole/linear ion trap
mass spectrometer (Concord, ON, Canada) equipped with an
electrospray ionization source operating in the positive/
negative switch mode.

Briefly, 50 lL serum sample was combined with 400 lL
cooled methanol, incubated for protein precipitation over-
night, and dried in a SpeedVac concentrator centrifuge
(Thermo Fisher Scientific/Savant, Waltham, MA). Reconstitu-
tion was performed in 20 lL of water/methanol (80:20) and
subjected to a modified targeted metabolomics analysis with
relative quantification (165 metabolites in the current assay).

Data acquisition

The precursor ion and fragment ion transitions, the metabolite
names, dwell times, and the appropriate collision energies for
both positive and negative ion modes were adapted from Yuan
et al20 with several metabolite transitions added by our group.
Precursor ion and fragment ion transitions were set to unit
resolution for optimal metabolite ion isolation and selectivity.
In addition, the polarity switching (settling) time was set to
50 ms; in 1.42 s using a 3-ms dwell time, we were able to
obtain 6 to 14 scans per metabolite peak. The source
temperature was set at 500°C, curtain gas (nitrogen) at 20,
collision gas (nitrogen) at high, ion source gases 1 and 2 at
33, declustering potential at �93, entrance potential at �10,
and collision cell exit potential at �10 for positive and
negative ion modes.

Sample (8 µL) was injected onto an Amide XBridge HPLC
column (3.5 lm; 4.6-mm inner diameter9100-mm length)
(Waters, Milford, MA). The mobile phases consisted of HPLC
buffer A (pH=9.0: 95% [vol/vol] water, 5% [vol/vol] acetonitrile,
20 mmol/L ammonium hydroxide, 20 mmol/L ammonium
acetate) and HPLC buffer B (100% acetonitrile). The HPLC
settings were as follows: from 0 to 3 minutes, the mobile phase
was kept at 85% B; from 3 to 22 minutes, the percentage of
solvent B was decreased from 85% to 2% and was kept at 2% for
an additional 3 minutes. At minute 26, solvent B was increased

again back to 85% and the column was flushed for an additional
7 minutes at 85% solvent B.

Data analysis

Once the data were acquired, MultiQuant, v2.1.1. (ABSciex)
software was used for initial data processing. Resulting
metabolite peak areas were normalized to the area of the
internal standard and tissue weight, and this ratio was used
for all subsequent statistical analyses.

Statistical Analysis
Data distributions were examined before any data analysis.
Patients’ demographics and baseline clinical characteristics
were summarized using frequency and percentage for binary
or categorical variables, whereas median and range were
presented for continuous numeric variables. To demonstrate
our study population unavailable for follow-up at random at
each sample time point, we compared the study cohort with
the cohort without available samples at each stage to take
advantage of sample independence. The v2 test was used to
compare the proportions of categorical variables, and the
Kolmogorov-Smirnov test was applied to compare the
nonnormal distribution of the continuous data. P<0.05 was
considered as statistically significant. SAS/STAT software
V9.4 was used for this clinical data analysis.

Metabolomic statistical analysis was performed using
Metaboanalyst 4.0, a comprehensive web-basedmetabolomics
analysis tool (http://www.metaboanalyst.ca).22 Relative peak
intensities were initially log transformed and then autoscaled
(mean centered and divided by the square root of the SD of each
variable). Partial least squares–discriminant analysis (PLS-DA)
was performed as the initial analysis to assess for capacity to
discriminate among prespecified groups. This validated multi-
variable technique allows analysis of multiple analytes to
differentiate the metabolic profile of different groups, even
when the number of subjects per group is significantly smaller
than the number of analytes.23–26 R2Y (a measure of goodness
of fit) and Q2Y (consistency on cross-validation) are reported for
each model.27 Empiric P values for this analysis were obtained
through permutation testing, where class data are randomly
reassigned over 2000 permutations and reanalyzed. The P value
was calculated on the basis of the proportion of times that class
separation from random assignment was at least as good as the
original supervised class separation.22 Variable importance in
projection scores were used to identify the top 15 metabolites
driving variation among groups. Pathway analysis was per-
formed using the pathway analysis tool in Metaboanalyst. This
tool uses both pathway enrichment analysis through the
R-package GlobalTest based on compound concentration
values as well as pathway topological analysis accounting for
the impact of individual measured metabolites within the
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pathway. The goal of assessing pathway impact is to account for
pathway structure and the intuitive concept that central or
nodal positions in a pathway will have a greater impact than
marginal or isolated positions. Total or maximal importance for
each pathway is designated as 1, whereas the importance of
measured metabolites to that pathway is designated as the
cumulative percentage frommatched metabolite nodes. A total
of 56 pathways were analyzed using this tool. Using the
Bonferroni correction to adjust for multiple comparisons,
pathways with a P<0.00089 were considered statistically
significant. Biomarker analysis of metabolites was performed
using t tests as well as univariate and multivariable receiver
operator characteristic curve analysis. For multivariate receiver
operator characteristic curve analysis, empiric P values were
generated after permutation testing with random reassignment
of group labels (1000 permutations). We also performed
univariate and multivariable analysis (JMP Pro V13.1.0) of
covariates to assess the independent association of metabo-
lites of interest with clinical outcomes. For the univariate
analysis, we chose clinically relevant preoperative, intraoper-
ative, and postoperative variables: age at surgery, weight at
surgery, Aristotle comprehensive score,28 presence of single-
ventricle physiological feature, CPB time, aortic cross-clamp
time, vasoactive-inotropic score29,30 at 6 hours after opera-
tion, peak creatinine, change in creatinine, and Neutrophil
gelatinase-associated lipocalin at rewarming as well as 6 hours
after operation. Covariates found to be associated with the
outcome of interest on univariate analysis (P<0.05) were
included in the final multivariable model.

Results

Subjects and Clinical Characteristics
A total of 122 patients were enrolled in the parent cohort study,
including 2 screen failures, as previously reported.17 The
sample collection rate was 98.8% through 24 hours postoper-
ation. Eighty-two subjects had a residual preoperative and
rewarming serum aliquot available for metabolomic analysis.
The 24-hour sample was smaller and less often resulted in a
residual aliquot available for analysis, leading to a total of 57
subjects with a complete set of residual preoperative,
rewarming, and 24-hour samples available. Baseline and
operative characteristics as well as postoperative outcomes
are shown in Table 1. There were no significant clinical
differences between the parent cohort and the subgroups
analyzed for this study. A total of 6 subjects in this study met
the primary outcome of death (in hospital or within 30 days),
cardiac arrest, or need for mechanical circulatory support; all 6
subjects ultimately died. These subjects demonstrated a range
of anatomical and physiological characteristics as well as
length of survival (Table 2).

Age Differences in Preoperative Metabolic
Fingerprint

We first compared the preoperative metabolic fingerprints of
neonates and older infants to assess the need to stratify our
postoperative analyses by age (n=82). The preoperative
metabolic fingerprint of neonates differed markedly from that
of older infants on PLS-DA (R2Y=0.89; Q2Y=0.79; empiric
P<0.001) (Figure 1). The top 15 metabolites contributing to
variation in metabolic fingerprint between neonates and older
infants along with relative concentrations at each time point are
shown in Figure 2. Multiple metabolic pathways differed
significantly between the 2 ages, most notably tyrosine
metabolism (P=9.1910�31), purine metabolism (P=3.2
910�27), nitrogen metabolism (P=7.8910�20), and arginine/
proline metabolism (P=3.9910�19) (Figure 3). From a biomar-
ker perspective, >45 metabolites demonstrated significant
differences after correction for multiple comparisons. The top 4
metabolites differentiating neonatal from older infant serum at
the preoperative time point were phosphorylcholine
(P=9.3910�18), indole-3-carboxylic acid (P=7.0910�17), cys-
tathionine (P=7.6910�14), and cytidine (P=2.8910�13). These
4 metabolites combined could differentiate between neonates
and older infants preoperatively on receiver operator charac-
teristic curve analysis, with an area under the curve (AUC) of
0.99 (empiric P<0.01). We also assessed phosphorylcholine
against age as a linear variable to see if there was evidence of a
continuouschangewithage.Phosphorylcholinedemonstrateda
strong positive correlation with age (r=0.8) through 120 days of
age (the oldest infants in our study).

We next repeated these analyses after dividing the cohort
into subjects with all 3 samples available for analysis (deriva-
tion cohort: n=57) compared with the group with only
preoperative and rewarming samples available (test cohort:
n=25) to assess for potential systematic differences between
these groups. Both subcohorts demonstrated a substantial
difference in the metabolic fingerprint of the neonates
compared with the older infants with strong discrimination on
PLS-DA (derivation cohort R2Y=0.96, Q2Y=0.79; test cohort
R2Y=0.99, Q2Y=0.78). The top metabolites contributing to the
variation in both subcohorts were remarkably similar, with 8 of
the top 15 metabolites in the derivation cohort also appearing
in the top 15 of the test cohort (with identical directionality of
change). Of the remaining 7 metabolites from the top 15 of the
derivation cohort, 5 shifted only marginally in their importance
in the test cohort, ranging from 16th to 26th most important (of
165) in the test cohort. This analysis is consistent with the
findings from the previously described permutation testing
performed on the full cohort (empiric P<0.001) and suggests
that the differences in metabolic fingerprints between
neonates and older infants at our center are unlikely to be
attributable to chance or sampling bias.
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Postoperative Changes in Metabolic Fingerprint
We next evaluated shifts in the metabolic fingerprint induced
by cardiac surgery with CPB. Because of our findings of
differences in preoperative metabolic fingerprints between

neonates and older infants, we evaluated postoperative
changes in both the whole cohort as well as in the neonatal
and older infant cohorts alone. In the cohort of subjects with
all 3 time points available for analysis (n=57), cardiac surgery

Table 2. Clinical Characteristics of Subjects Meeting the Primary Outcome of Death, Cardiac Arrest, or Need for Mechanical
Circulatory Support

Study
No. Diagnosis

Age at
Surgery, d

Single-Ventricle Physiological
(Postoperative) ECMO

Postoperative Day of
Death

23 Pulmonary atresia/VSD; TAPVR 3 Yes No 149

33 Tracheal stenosis; VSD; ASD 60 No Yes 6

50 DORV; ASD 35 No No 34

64 DORV; mitral atresia 5 Yes No 148

98 HLHS; VSD; PAPVR 8 No No 73

121 D-TGA; aortic arch hypoplasia 8 No Yes 42

ASD indicates atrial septal defect; DORV, double-outlet right ventricle; D-TGA, d-transposition of the great arteries; ECMO, extracorporeal membrane oxygenation; HLHS, hypoplastic left
heart syndrome; PAPVR, partial anomalous pulmonary venous return; TAPVR, total anomalous pulmonary venous return; VSD, ventricular septal defect.

Table 1. Baseline, Operative, and Postoperative Characteristics

Clinical Characteristic Full Cohort (n=120)
Preoperative Sample
Available (n=82)

No Preoperative
Sample (n=38) P Value

3 Time Points
Available (n=57)

No 24-h Sample
(n=63) P Value

Female sex, n (%) 52 (43.3) 37 (45.1) 15 (39.5) 0.56 27 (47.4) 25 (39.7) 0.40

Age at surgery, median
(range), d

14.5 (1.0–120) 20 (1–120) 8.5 (2–118) 0.21 11 (1–120) 17 (2–119) 0.95

Preterm, n (%) 16 (13.3) 13 (15.9) 3 (7.9) 0.39 9 (15.8) 7 (11.1) 0.45

Weight, kg, median (range) 3.5 (2.1–7.9) 3.6 (2.1–7.9) 3.5 (2.1–5.4) 0.73 3.5 (2.1–7.9) 3.6 (2.1–7.4) 0.66

Aristotle score,28

comprehensive,
median (range)

10.0 (3.0–19.5) 10.0 (3.0–19.5) 9.0 (3.0–14.5) 0.63 10.3 (3.0–19.5) 9.0 (3.0–14.5) 0.14

CPB time, median (range), min 137.5 (0–399) 137.5 (54–399) 137 (0–277) 0.29 142 (56–399) 130 (0–277) 0.17

Cross-clamp time, median
(range), min

74.5 (0–241) 75 (0–241) 69.5 (0–205) 0.83 79 (0–241) 69 (0–205) 0.19

Deep hypothermic circulatory
arrest, median (range), min

0 (0–154) 0 (0–154) 0 (0–77) 0.54 0 (0–154) 0 (0–77) 0.99

Selective cerebral perfusion,
median (range), min

0 (0–115) 0 (0–115) 0 (0–78) 0.99 0 (0–115) 0 (0–82) 1.00

Single-ventricle physiological
feature, n (%)

38 (31.9) 25 (30.9) 13 (34.2) 0.72 20 (35.1) 18 (29.03) 0.48

Mortality, n (%) 9 (7.6) 7 (8.5) 2 (5.4) 0.72 6 (10.5) 3 (4.8) 0.31

Combined primary
outcome, n (%)*

11 (9.3) 8 (9.9) 3 (8.1) 1.00 6 (10.5) 5 (8.2) 0.66

CICU length of stay,
median (range), d

6 (1–42) 6 (1–42) 5.0 (2.8–29) 0.93 6 (1–42) 6 (1–40) 0.49

Vasoactive inotropic score29,30

at 24 h, median (range)
7 (0–30) 7.3 (0–30) 7 (0–26) 1.00 8 (0–30) 5.5 (0–26) 0.80

Duration of mechanical
ventilation, median (range), h

44.5 (0.1–762.6) 45.2 (0.1–762.6) 44.2 (0.5–453.1) 0.90 43.1 (0.1–762.6) 45.6 (0.5–453.1) 0.80

CICU indicates cardiac intensive care unit; CPB, cardiopulmonary bypass.
*Death in hospital or within 30 days, cardiac arrest, or need for extracorporeal membrane oxygenation.
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with CPB bypass induced a marked shift in the metabolic
fingerprint in our children, as demonstrated by PLS-DA
analysis (R2Y=0.92, Q2Y=0.83; empiric P<0.001) (Figure 4).
In addition, the metabolic fingerprint continued to diverge
from baseline through the 24-hour time point in almost all
subjects. Multiple pathways demonstrated changes, with
arginine/proline (P=1.2910�35), glutathione (P=3.3910�39),
glycine/serine/threonine (P=9.6910�33), and alanine/aspar-
tate/glutamate (P=1.4910�26) metabolism most significantly
altered (Figure 5). Of the 165 individual metabolites tested,
139 demonstrated significant changes from preoperation
through 24 hours postoperatively after adjustment for multi-
ple comparisons (Figure 6). The top 15 metabolites contribut-
ing to variation in metabolic fingerprint after surgery, along
with relative concentrations at each time point, are shown in
Figure 7. These included postoperative increases in putres-
cine and sorbitol as well as decreases in both polar and
nonpolar amino acids and their derivatives. To confirm that
these changes were not likely secondary to sampling bias, we
repeated the analysis of the change in metabolic fingerprint
from preoperation to rewarming using the subcohort of
subjects with only preoperative and rewarming samples
available (n=25). PLS-DA readily distinguished the metabolic
fingerprints of preoperative and rewarming samples in this
subcohort (R2Y=0.96, Q2Y=0.73). The top metabolites driving
the variation between preoperative and rewarming metabolic
fingerprints were identical to those in the subcohort with all 3

samples available (n=57), suggesting a similar metabolic
response to CPB in these 2 groups, at least through the
rewarming time point.

Neonates and older infants demonstrated similar patterns
on PLS-DA when analyzed separately (Figure 8). Changes in
specific pathways were also similar between neonates and
older infants (Figure 9), with the most significant alterations
found in arginine/proline, glutathione, glycine/serine/thre-
onine, alanine/aspartate/glutamate, and cysteine/methion-
ine metabolism. Of the top 15 metabolites contributing to
variation in the metabolic fingerprint of neonates and older
infants, 8 were similar in both importance and relative
concentration changes in both the neonatal and older infant
subcohorts (putrescine, threonine, methionine, sorbitol, pro-
line, arginine, serine, and uridine) (Figure 10).

Metabolic Fingerprint and Postoperative
Outcomes
Primary outcome

We next sought to determine if early postoperative (24-hour)
metabolic fingerprinting could be used to discriminate
between subjects who did or did not experience the primary
outcome of death, cardiac arrest, or need for postoperative
extracorporeal membrane oxygenation. Because all 6 subjects
who met the primary clinical outcome ultimately died either in
hospital or within 30 days of surgery (Table 2), we will
subsequently refer to this group as nonsurvivors. PLS-DA
analysis of the 24-hour metabolic fingerprint was able to
discriminate between survivors and nonsurvivors with
R2Y=0.91 in our cohort but demonstrated overfitting on
cross-validation (Q2Y=�0.27), likely because of the small
number of subjects in the nonsurvivor group. Metabolic
pathways differing between survivors and nonsurvivors are
shown in Figure 11. The greatest differences were found in
nicotinate/nicotinamide metabolism (P=0.005) and aspartate
metabolism (including b-alanine metabolism [P=0.008], pan-
tothenate biosynthesis [P=0.02], lysine biosynthesis [P=0.02],
cysteine/methionine metabolism [P=0.05], and alanine/as-
partate/glutamate metabolism [P=0.08]), although these did
not meet criteria for statistical significance after correction for
multiple comparisons.

Multiple individual metabolites demonstrated potential
ability to discriminate between survivors and nonsurvivors.
These metabolites include aspartate (AUC, 0.87) and gluta-
mate (AUC, 0.80) from alanine/aspartate/glutamate meta-
bolism, methylnicotinamide (AUC, 0.84) and trigonelline (AUC,
0.80) from nicotinate/nicotinamide metabolism, as well as
kynurenic acid (AUC, 0.80) from tryptophan metabolism.
Relative normalized concentrations of the individual metabo-
lites aspartate and methylnicotinamide are shown in Fig-
ures 12 and 13. Normalized aspartate levels were

Figure 1. Two-dimensional partial least squares–discriminant
analysis comparing preoperative metabolic fingerprints of neonates
(red) vs older infants (green).
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significantly lower (P=0.003), whereas normalized methylni-
cotinamide levels were significantly higher (P=0.006) in
nonsurvivors. Similar differences were found when analyzing
neonates alone (aspartate lower [P=0.03] and methylnicoti-
namide higher [P=0.05] in nonsurvivors compared with
survivors). Using multiple permutation techniques, the com-
bination of aspartate and methylnicotinamide demonstrated
the strongest ability to discriminate between survivors and
nonsurvivors (AUC, 0.86; empiric P<0.01). Again, similar
findings occurred when analyzing neonates alone (AUC, 0.82;
empiric P=0.06). Both aspartate and methylnicotinamide
remained independently associated with mortality (P<0.05)
on multivariable analysis.

ICU LOS

Figures 12A and 13A show that although 24-hour aspartate
and methylnicotinamide provided good discrimination
between survivors and nonsurvivors in our cohort, some
survivors did demonstrate low aspartate and high

methylnicotinamide levels as well. We hypothesized that if
these metabolites and pathways were biologically relevant,
then similar changes might be identified in subjects who
survived but demonstrated significant or prolonged illness in
the postoperative period. We, therefore, performed an addi-
tional set of analyses, evaluating the ability to identify
subjects with prolonged ICU LOS based on their early
metabolic fingerprint and in particular based on their 24-hour
aspartate and methylnicotinamide levels.

Metabolic fingerprinting demonstrated reasonable dis-
crimination between subjects with upper versus lower 50%
of ICU LOS (R2Y=0.94), with modest performance on cross-
validation (Q2Y=0.39). Affected metabolic pathways again
included nicotinate/nicotinamide metabolism (P=3.4910�6)
and pathways involving aspartate metabolism (alanine/
aspartate/glutamate metabolism [P=2.1910�4], cysteine/
methionine metabolism [P=2.7910�5], pantothenate/coen-
zyme A biosynthesis [P=5.3910�5], nitrogen metabolism
[P=1.5910�4], glycine/serine/threonine metabolism [P=2.8

Figure 2. Variable importance in projection (VIP) scores for the top 15 metabolites contributing to
variation in metabolic fingerprints of neonates (group 1) vs older infants (group 2). 2-AOA indicates
2-aminooctanoic acid; Indole-3-CA, indole-3-carboxylic acid; m7G, 7-methylguanosine; S-50-MTA,
S-methyl-50-thioadenosine.
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910�5], and histidine metabolism [P=1.2910�4]). Similar
patterns of change in individual biomarkers were also
noted, particularly decreased aspartate (P=5.8910�6)

(Figure 12B) and glutamate (P=2.2910�4) and elevated
methylnicotinamide (P=7.4910�7) (Figure 13B), trigonelline
(P=3.7910�5), and kynurenic acid (P=1.6910�4) in subjects
with longer ICU LOS. On multivariable analysis controlling for
relevant clinical variables, all 5 of these metabolites remained
independently associated with ICU LOS. Again, the combina-
tion of 24-hour aspartate and methylnicotinamide demon-
strated the highest AUC to differentiate between subjects with
lower and upper 50% for ICU LOS on permutation testing (AUC,
0.89; empiric P<0.01). This combination of metabolites
demonstrated almost identical discriminative capacity when
analyzed in neonates alone (AUC, 0.91; empiric P=0.01).
Addition of an ordinal variable coding for neonate versus older
infant directly to the multivariable biomarker analysis did not
alter the discriminative capacity of these metabolites. Inter-
estingly, although changes in aspartate appear to be a
predominantly postoperative finding, methylnicotinamide
levels also differed to a significant degree at the preoperative
time point between subjects with lower and upper 50% for ICU
LOS (P=0.0002) (Figure 14).

Discussion

Key Findings
Our results demonstrate the potential of novel metabolomics
techniques to improve the understanding of physiological

Figure 3. Differences in metabolic pathways between neonates
and older infants (preoperative). The x axis and size of circles
represent importance of differential metabolites within the path-
way. The y axis and color of circles represent statistical significance
of the overall metabolic changes within the pathway.

Figure 4. Two-dimensional partial least squares–discriminant
analysis comparing metabolic fingerprints of the complete cohort
at baseline (red), rewarming from cardiopulmonary bypass (green),
and 24 hours (blue).

Figure 5. Difference in metabolic pathways among preoperative,
rewarming, and 24-hour time points across the full cohort. The x
axis and size of circles represent impact of differential metabolites
within the pathway. The y axis and color of circles represent
statistical significance of the overall metabolic changes within the
pathway.
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features and outcomes in infants undergoing cardiac surgery
with CPB. Key findings of the study include a significant
difference in the preoperative metabolic fingerprints of
neonates compared with older infants and a marked postop-
erative metabolic shift that is similar in both neonates and
older infants. In both the full cohort and the neonatal/older
infant subcohorts, the metabolome continued to diverge from
baseline through 24 hours after operation. Metabolic finger-
printing and specific metabolites at 24 hours showed signif-
icant potential to identify patients at risk for mortality and
prolonged ICU LOS, although these findings require further
validation. In particular, derangements in aspartate and
methylnicotinamide metabolism discriminated between sur-
vivors and nonsurvivors as well as identified patients with
prolonged ICU LOS.

Preoperative Age Differences
We first sought to determine if our neonates demonstrated a
different metabolic fingerprint compared with our older
infants. This determination would then inform the potential
need to analyze the neonates after stratification by age
throughout the study. The first months of life are marked by
significant physiological change, beginning with the transition
away from placental supply of nutrition and oxygen and
continuing through a period of rapid physical growth and
maturation of endocrine, renal, and immune systems.31 It
would be expected that these physiological changes might
result in concurrent age-related metabolomics changes,
although the evolution of the metabolic fingerprint in early
infancy remains only partially defined. Two studies have

demonstrated a shift in urine32 and plasma33 metabolites in
healthy infants beyond the neonatal period. Recently, Scal-
abre et al performed nuclear magnetic resonance spectro-
scopic analysis of urine from 90 healthy infants aged
<4 months, including some neonates.31 They found signifi-
cant associations between both age and growth and the
infants’ urinary metabolic profiles, consistent with studies in
older infants. The authors concluded that metabolomics
studies in this population should account for differences in
age and growth during analysis.

Our current findings demonstrate a substantial difference
between the preoperative serum metabolic fingerprints of
neonates and older infants with congenital heart disease.
These differences were broad, affecting multiple pathways
with significant differences in >25% of the measured
metabolites. The most distinctive differences between the
neonates and older infants in our study at the preoperative
time point, including lower phosphorylcholine and higher
indole-3-carboxylic acid, cystathionine, and cytidine in
neonates, have not been previously identified and, to our
knowledge, represent novel findings. Many of the other
differential metabolites and metabolic pathways (tyrosine
metabolism, purine metabolism, nitrogen metabolism, and
arginine/proline metabolism) are similar to age-related
changes previously described in cohorts of older infants.31–33

A few metabolites, however (eg, succinate and methylnicoti-
namide), demonstrate strong differences between groups but
with opposite directionality compared with prior studies of age-
related metabolic changes in older healthy infants.32 It is
possible that these differences may be related to the increased
proportion of young neonates (aged 1–7 days) in our study

Figure 6. Differences in individual metabolites among preoperative, rewarming, and 24-hour samples by
1-way ANOVA. Red=statistically significant at an adjusted P=0.05.
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compared with prior studies or differences between serum and
urine metabolites.31 Alternatively, disease-specific factors,
such as duration/severity of heart failure and cyanosis, may
also contribute. Although further study is needed to better
define age-related changes in the circulating metabolome of
young infants with congenital heart disease, on the basis of
these findings, we concluded that age should be accounted for
in our postoperative analysis.

Postoperative Metabolomic Changes
Cardiac surgery with CPB results in both systemic and organ-
specific physiological changes, and it has been hypothesized
that CPB also leads to comparable alterations in metabolic
profiles.34 Changes in individual metabolites after pediatric
cardiac surgery are well documented,11–15 but there are
limited data addressing global changes in the postoperative
metabolome. In the only study to explore this question to
date, Correia et al used proton nuclear magnetic resonance
spectroscopy of plasma specimens to evaluate circulating

metabolic profiles of 28 children through 48 hours after
operation.3 Subjects in this study had a median age of
6.6 months and a median risk-adjusted congenital heart
surgery score of 2 (low to moderate risk). The authors
identified a significant shift in full, untargeted nuclear
magnetic resonance profile (specific metabolites not identi-
fied) that, on average, peaked on admission to the ICU and
returned toward baseline by 24 hours. One higher-acuity
patient demonstrated a progressive divergence from his or
her baseline metabolic profile in the setting of severe
postoperative illness.3

Our cohort demonstrated early postoperative changes
similar to those found by Correia et al,3 with a strong shift in
the metabolic fingerprint between baseline and rewarming
from CPB. However, unlike the prior study cohort, our patients
demonstrated a consistent, progressive divergence of their
metabolic fingerprint from baseline through the 24-hour time
point. In our cohort, >84% of measured metabolites changed
significantly between the preoperative time point and
24 hours postoperatively, a remarkably strong biological

Figure 7. Variable importance in projection (VIP) scores for the top 15 metabolites contributing to
variation in postoperative changes in metabolic fingerprint (whole cohort). ADMA indicates asymmetric
dimethylarginine; GAA, guanidoacetic acid; NADPH, nicotinamide adenine dinucleotide phosphate.
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signal. Notably, unlike the preoperative metabolome, which
varied distinctly by age, these postoperative changes were
nearly identical in neonates and older infants. This progressive
metabolic evolution was similar to the higher-acuity patient
described in the study by Correia et al3 and is consistent with

the typical postoperative course after neonatal surgery
because cardiac output nadirs and inflammatory response
peak between 12 and 24 hours after surgery.35

Using our targeted screening platform, we were able to
provide insight into some of the affected pathways and

Figure 8. Two-dimensional partial least squares–discriminant analysis comparing metabolic fingerprints of older infants (A) and neonates
(B) at baseline (red), rewarming from cardiopulmonary bypass (green), and 24 hours (blue).

Figure 9. Difference in metabolic pathways among preoperative, rewarming, and 24-hour time points in older infants (A) and neonates (B).
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Figure 10. Variable importance in projection (VIP) scores for the top 15 metabolites
contributing to variation in postoperative changes in metabolic fingerprint in older infants
(A) and neonates (B). 2-dehydro-DG indicates 2-dehydro-D-gluconate; ADMA, asymmetric
dimethylarginine; GAA, guanidoacetic acid; HPAA, hydroxyphenylacetic acid; MMA,
methylmalonic acid; NADPH, nicotinamide adenine dinucleotide phosphate.
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specific metabolites driving postoperative metabolomics
changes in our cohort. Although multiple pathways were
significantly altered in the postoperative period, we found the

most marked changes in glutathione and amino acid
metabolic pathways. Glutathione is a critical component of
antioxidant defense and was elevated in the postoperative
samples, consistent with prior studies in adult CPB.36 Amino
acid metabolism appeared to be profoundly affected, with
significant progressive decreases in multiple amino acids and
associated intermediates from baseline to rewarming to
24 hours after operation. A decrease in glucogenic amino
acids has previously been reported after adult cardiac
surgery.37 Our cohort demonstrated decreases in almost all
amino acids, similar to findings of a recent study on the
effects of steroid administration in children undergoing
cardiac surgery.38 This global decrease in amino acid levels
is likely multifactorial. Generally, amino acid homeostasis is
tightly preserved through reduced protein synthesis and
autophagy, and short-term fasting in older patients does not
result in amino acid depletion.39 However, neonates and
young infants frequently do not receive nutrition other than
dextrose infusion for several hours before surgery as well as
during the first 12 to 24 hours after operation and may not
have the protein reserve to maintain homeostasis for that
extended period of time. We also identified marked progres-
sive increases in putrescine (a breakdown product of amino
acids, particularly arginine)40 in 24-hour postoperative

Figure 12. Normalized aspartate levels at 24 hours in survivors (0) vs nonsurvivors (1) (A) and lower (0)
vs upper (1) 50% of intensive care unit length of stay (ICU LOS) (B). Red arrows indicate subjects with low
aspartate levels who survived but with extended ICU LOS.

Figure 11. Difference in metabolic pathways between survivors
and nonsurvivors.
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samples, suggesting a potential added component of
increased amino acid catabolism contributing to amino acid
depletion. These findings suggest the possible need for early
amino acid supplementation after complex infant cardiac
surgery and warrant further study.

Postoperative Outcomes
Assessing changes in postoperative metabolism may help
identify opportunities to globally improve the care of this high-
risk group of children. Of potentially greater value, however, is
the use of early pathologic metabolic fingerprints or specific
metabolite biomarkers to identify groups of patients who will
ultimately progress to poor outcomes. Our assessment of 24-
hour metabolic fingerprints by supervised dimension reduc-
tion techniques (PLS-DA) demonstrated a modest ability to
identify nonsurvivors as well as patients with prolonged ICU
LOS within our specific cohort. However, these global
assessments should be interpreted with caution. The meta-
bolic response to cardiac surgery with CPB is so powerful and
distinctive that it creates many similarities in the postoper-
ative metabolic fingerprints of patients. In other words, infant
cardiac surgery tends to make patients metabolically homo-
geneous in the immediate postoperative period. Therefore,
attempting to evaluate subtle differences using global

fingerprint analysis techniques is difficult and may be prone
to overfitting, especially when evaluating rare outcomes, such
as mortality.

Pathway analysis and specific biomarker testing, however,
appear to be promising in this setting. Nonsurvivors demon-
strated differences in nicotinamide metabolism as well as
aspartate metabolism at 24 hours after operation. On addi-
tional analysis, we found that these specific pathways were
also affected in subjects experiencing longer ICU LOS,
suggesting potential biologic relevance of these pathways in
the postoperative period. We are unable to determine with
this study whether pathway disruption or deficiency/toxicity
of individual metabolites is more relevant from a pathophys-
iological standpoint, and it is possible that both pathways and
individual metabolites are important. It is interesting that
among the top metabolites determining variation between
survivors and nonsurvivors as well as ICU LOS, in 2 instances,
pairs of metabolites (aspartate/glutamate and methylnicoti-
namide/trigonelline) share closely related pathways. Com-
plete pathway mapping would be an important next step in
determining the underlying cause of pathway disruption and
changes in individual metabolite levels.

On an individual metabolite level, the 5 metabolites that
most consistently differed in our sickest patients (decreased
aspartate/glutamate and increased methylnicotinamide,

Figure 13. Normalized methylnicotinamide levels at 24 hours in survivors (0) vs nonsurvivors (1) (A) and
lower (0) vs upper (1) 50% of intensive care unit length of stay (ICU LOS) (B). Red arrows indicate subjects
with high methylnicotinamide levels who survived but with extended ICU LOS.
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trigonelline, and kynurenic acid) may have biologic relevance in
this setting. Aspartate and glutamate serve as precursors,
intermediates, or end products in multiple metabolic pathways,
including nitrogen metabolism, coenzyme A biosynthesis, and
amino acid metabolism pathways. They also have significant
independent biological roles as signaling molecules and
carriers. Aspartate and glutamate serve as the rate-controlling
step in Nicotinamide adenine dinucleotide transport into the
mitochondria and are particularly important for cardiomyocyte
energy production.41 Both glutamate and aspartate can also
serve as neurotransmitters,42 and aspartate may have effects
on central neurohormonal regulation, including stimulating
vasopressin release.43 The normal response after adult cardiac
surgery is a maintenance or increase in aspartate and
glutamate,44 and it is possible that failure to maintain levels
of these critical amino acids could contribute to energy failure
and poor outcomes in the neonatal and infant population.

Until recently, methylnicotinamide and trigonelline (methyl-
nicotinate) were thought to be biologically inactive intermedi-
ate metabolites of nicotinamide metabolism.45 Current studies
have demonstrated significant positive effects by methylni-
cotinamide on endothelial production of prostacyclin and
NO,45,46 as well as potential anti-inflammatory properties
through the inhibition of reactive oxygen species.47 It is
possible that increased methylnicotinamide represents an
adaptive response to poor cardiac output and oxygen delivery.
Alternatively, excessive production or reduced clearance of

methylnicotinamide could, in theory, contribute to pathologic
vasoplegia. Although less well studied, trigonelline also has the
capacity to induce vasodilation through endothelial prosta-
glandin release.48 Interestingly, both metabolites have recently
been shown to decrease in urine after ischemia-reperfusion
injury to murine kidneys, suggesting a potential cause of
reduced renal clearance of these metabolites.49

Kynurenic acid is an intermediate of tryptophan catabolism
and is associated with increased inflammatory activation and
oxidative stress.50 Specifically, kynurenic acid is produced by
irreversible transamination of tryptophan or kynurenine with
reactive oxygen species and has multiple downstream func-
tions, including as a reactive oxygen species scavenger, a
noncompetitive antagonist of neuronal glutamate and acetyl-
choline receptors, and an immunosuppressive agent through
G-protein–coupled receptor 35.51 Kynurenic acid has been
shown to increase after adult cardiac surgery,52 and elevated
plasma kynurenic acid levels were found to be associated with
severity of shock, early death, and poor long-term outcome in
adults after cardiac arrest.53 Preclinical data also suggest a
role of elevated kynurenic acid in the impairment of
cardiomyocyte mitochondrial function.54 As such, kynurenic
acid may be both a marker of oxidative stress as well as a
pathologic metabolite in this population.

Directions for Future Research
In this study, we have demonstrated some of the vast
potential for metabolomics analysis in cardiac surgery and
postoperative critical care. Using targeted metabolic finger-
printing, we have identified potential age-related differences
in preoperative metabolism, a consistent shift in postoper-
ative metabolism highlighted in our patients by a broad
circulating amino acid deficiency, and as many as 5
candidate biomarkers for poor postoperative outcomes. In
the long-term, we are interested in identifying what, from a
metabolic standpoint, sets up an individual patient to fail his
or her surgical repair, allowing personalization of preoperative
risk stratification and intraoperative/postoperative support as
well as targeted metabolic therapeutics. Current challenges
to realizing this goal include relatively narrow available
targeted metabolic panels; dependence on relative quantifi-
cation, as opposed to absolute quantification, of metabolites;
and time/cost required to run metabolic panels by tandem
mass spectrometry. Because specific metabolites of interest
are identified, though, development of point-of-care testing
for risk stratification, diagnosis, and therapeutic monitoring,
on the basis of individual or small panels of metabolites, is
highly feasible. And with ongoing improvement and miniatur-
ization of technology, it is easy to imagine a time when
continuous monitoring of pertinent panels of metabolites,
similar to continuous glucose monitoring, could be performed

Figure 14. Normalized preoperative methylni-
cotinamide levels in subjects with lower (0) vs
upper (1) 50% intensive care unit length of stay.
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during CPB or in the ICU to allow for real-time maintenance
of metabolic homeostasis during critical illness. Beyond
diagnostics, advanced understanding of the metabolic shifts
in critical illness will ultimately lead to development of novel
metabolic-driven therapies, either through reduction of toxic
metabolites or treatment with beneficial metabolites aimed at
improving outcomes of these high-risk patients.

Limitations
We acknowledge several limitations of our study. As a single-
center study, our findings may not be fully generalizable to
other cardiac surgery centers because regional differences in
perioperative care (including cardiovascular pharmaceutical
support, fluid management, and nutrition) may result in
differences in metabolic profiles. External validation is required
to begin to understand the effects of these practice variations.
The use of residual samples from a parent cohort study limited
our sample size, could have introduced sampling bias, and
limited our tracking of the metabolic fingerprint of these
subjects to the first 24 hours after operation. Future longitu-
dinal study of the metabolic fingerprint beyond 24 hours after
operation, to at minimum cover the time of peak clinical
derangement and postoperative organ dysfunction (48–
72 hours), would substantially increase our understanding of
postoperative metabolic recovery and add valuable information
on prognostic metabolic profiling. Sample collection tech-
niques could also affect the composition of the circulating
metabolome. Although we chose to study a more generalizable
and translatable collection method (standard serum process-
ing), some classes of metabolites (eg, adenine nucleotides)
would require special processing to capture an accurate picture
of the steady-state circulating metabolome.

From an analysis standpoint, moving toward targeted
analysis has multiple advantages. In particular, using validated,
targeted techniques increases certainty of metabolite identifi-
cation compared with untargeted techniques and allows for
greater translatability as well as increased analytic capacity
(including pathway analysis). However, targeted analysis does
run the risk of missing additional physiologically important
metabolites that are either known but not measured or fully
unknown. Even measuring 165 metabolites, we do not have full
coverage of individual metabolic pathways and can still only
assess which pathways are affected, but not provide complete
pathway mapping. Additional studies are necessary to map
individual candidate pathways to fully explore mechanisms
behind modulation of these pathways. Ultimately, continued
increase in the size of fully quantifiable, targeted metabolite
panels is needed to maximize the information provided by
this field. We are also limited to measuring the circulating
metabolic fingerprint, and tissue-level analysis in animal
models or use of noninvasive magnetic resonance imaging–

based technology would provide useful complementary
information on organ-specific metabolism. Finally, our sample
size was sufficient to study groups of patients with large
differences in metabolic fingerprints, such as neonates
versus older infants or preoperative versus postoperative.
Subtler differences or the study of rare outcomes, such as
postoperative mortality, would benefit greatly from additional
testing in larger validation cohorts.

Conclusions
Neonates with congenital heart disease demonstrated large
differences in their preoperative metabolic fingerprints com-
pared with older infants. Postoperatively, all infants undergo-
ing CPB demonstrated a marked shift in their metabolic
fingerprint, highlighted by oxidative stress pathways and a
broad amino acid deficiency. Nonsurvivors and subjects
requiring longer ICU LOS showed changes in nicotinate/
nicotinamide metabolism as well as pathways affected by
aspartate metabolism. Several specific metabolite biomark-
ers, including aspartate, glutamate, methylnicotinamide,
trigonelline, and kynurenic acid, may help differentiate these
critical patients from patients experiencing a more benign
course. Further research is needed to validate these findings
and assess the diagnostic and therapeutic potential of these
metabolites in infants undergoing cardiac surgery.
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