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Abstract

Background: Tetranectin (TN) is a protein that plays a role in tissue remodeling. In adults
with heart failure, TN has a better prognostic value compared to B-type natriuretic peptide
(BNP). We aimed to examine changes in TN in neonates following the Norwood operation
and explore its prognostic value. Methods: Retrospective observational pilot cohort study
in a tertiary pediatric cardiac intensive care unit. Neonates who underwent the Norwood
procedure and had stored plasma samples in our biorepository were screened for inclusion.
TN and BNP levels were measured by ELISA at five different time points in relation
to cardiopulmonary bypass (CPB) in 26 neonates who met the inclusion criteria. The
primary outcomes were time to lactate clearance and duration of inotropic support. Results:
Univariate analysis showed that higher TN levels at 0 and 4 h were associated with a longer
duration of inotropic support. Logistic regression analyses comparing TN levels at different
time points with duration of inotropic support showed that TN level at 4 h post-CPB was
a significant predictor (p = 0.04) for a longer duration of inotropic support with an AUC
of 0.876. Conclusions: In this pilot cohort, higher observed TN concentrations in the early
post-operative period were associated with longer duration of inotropic support. TN was
not found to be significantly associated with time to lactate clearance. These exploratory
findings require validation in larger prospective studies before TN can be considered for
clinical prognostication.

Keywords: low cardiac output state; biomarker; Norwood procedure; Tetranectin; cardiac
surgery

1. Introduction
Low cardiac output syndrome (LCOS) is frequently encountered after cardiac surgery

utilizing cardiopulmonary bypass (CPB). Prior studies reported association of LCOS with

J. Cardiovasc. Dev. Dis. 2026, 13, 373 https://doi.org/10.3390/jcdd13080373

https://crossmark.crossref.org/dialog?doi=10.3390/jcdd13080373&domain=pdf&date_stamp=2026-08-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcdd
https://www.mdpi.com
https://orcid.org/0000-0003-0731-9092
https://orcid.org/0000-0003-4259-4524
https://orcid.org/0000-0002-4301-3616
https://doi.org/10.3390/jcdd13080373


J. Cardiovasc. Dev. Dis. 2026, 13, 373 2 of 12

increased morbidity, mortality, and healthcare resource utilization [1,2]. Although LCOS
can be transient after cardiac surgery, it can result in reduced oxygen delivery (DO2) and
subsequent tissue hypoxia and end organ injury. LCOS is most commonly defined as
a decrease in cardiac index (CI) to <2.0L/min/m2 in conjunction with signs of tissue
hypoperfusion [1,3]. LCOS after heart surgery may be induced by several pathologic
processes triggered by CPB. CPB induces endothelial cell injury and activates an immune
and inflammatory response [4,5]. For infants undergoing the Norwood procedure, there
are added disadvantages due to the needed aortic cross clamp, cardiac circulatory arrest,
and deep hypothermia [6,7]. Early identification of LCOS is crucial to enable goal-directed
therapy and improve clinical outcomes.

Identification of specific serum biological molecules as diagnostic or prognostic
biomarkers for LCOS could aid in earlier identification and therapeutic decision mak-
ing. There have been various clinical and laboratory findings that have been used to
identify LCOS following cardiac surgery in neonates. At the bedside, clinical metrics such
as serum lactate, central venous oxygen saturation (ScVO2), regional near-infrared spec-
troscopy (NIRS), urine output, and inotropic support are often used as bedside surrogates
of a patient’s cardiac output. These metrics can be influenced by multiple patient and
management factors.

Various laboratory biomarkers such as B-type natriuretic peptide (BNP), N-terminal-
pro-BNP (NT-proBNP) and Troponin I (cTn-I) have been studied as prognostic indicators of
heart failure and LCOS [8–12]. BNP and NT-proBNP remain amongst the most extensively
studied biomarkers in pediatric cardiac surgery and are frequently used as indicators of
ventricular dysfunction and post-operative hemodynamic compromise. Previous studies
have demonstrated associations between elevated BNP concentration and adverse out-
comes following congenital heart surgery [13,14]. Furthermore, the combination of BNP
with other biomarkers has been reported to improve risk stratification compared with BNP
alone [15]. However, there is no validated stand-alone biomarker that is reflective of LCOS.
Despite the low level of evidence and lack of validation, BNP and NT-proBNP are used
in evaluating the stages of heart failure after Stage I palliation. The continued search for
novel biomarkers therefore remains important, particularly in high-risk populations such
as neonates undergoing the Norwood procedure.

Tetranectin (TN), a novel protein thought to have a role in tissue remodeling, has
been studied in adults with heart failure and found to have a higher diagnostic specificity
and sensitivity than BNP [16]. Other adult studies have investigated its profile following
CPB [17] but there have been no studies looking at the characteristics of this protein in the
neonatal and pediatric population. TN may play a role in cardiomyocyte protection after
cardiac surgery utilizing CPB. Based on findings from our prior unbiased proteomic analysis
for patients with cardiac surgery [18], we hypothesized that serum TN concentration and
its trend can be used for early identification of LCOS in pediatric patients. To test this
hypothesis, we evaluated TN serum concentrations in a relatively homogenous sample of
neonates with hypoplastic left heart syndrome (HLHS) following Norwood operation. We
measured serial TN concentrations and examined their correlation with lactate clearance
and duration of post-operative inotropic support.

2. Materials and Methods
2.1. Patient Selection

This study was reviewed and approved by the University of Alabama at Birmingham’s
Institutional Review Board (IRB) (approval number IRB-300007319, approved 21 September
2021). Informed consent was waived. All study procedures were followed in accordance
with the ethical standards of the University of Alabama at Birmingham Institutional Review
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Board and with the Helsinki Declaration of 1975, as most recently amended. At Children’s
of Alabama under a separate IRB approval, all patients < 7 yo who are scheduled for
cardiac surgery are approached for participation in the congenital heart center biorepository.
Subjects for our study were selected from this biorepository. Patients who underwent
Norwood operation were screened for inclusion.

2.2. Study Population

In this pilot study, we measured TN in a cohort of patients with a homogenous
pathophysiology and age but at high risk of developing LCOS with variable severity. We
selected neonates (<29 days old) who had single ventricle physiology who underwent the
Norwood procedure. These neonates are known to be at high risk of LCOS.

The inclusion criteria were (1) neonates who underwent the Norwood procedure and
(2) neonates who had available serum samples at the five time points before and after
surgery in the biorepository. We had a total of 71 neonates who underwent the Norwood
procedure over a seven-year period (July 2015 to July 2021), of whom 29 had available
samples at the five time points. Amongst those who met the predefined inclusion criteria
(n = 29), we excluded (1) neonates who required extracorporeal membrane oxygenation
(ECMO) intraoperatively or within 48 h post-operative (n = 2) as patient’s volume of
distribution can be altered by ECMO support and (2) premature neonates with gestational
age < 37 weeks (n = 1) to ensure homogenous patients’ sample. In the final patient cohort
who underwent further analysis (n = 26), 23 had HLHS and three had HLHS variant.

2.3. Data Definition and Collection

Data for the patients included were collected from the electronic health record at the
time of initial hospitalization. The primary outcomes were time to lactate clearance and
duration of post-operative inotropic support. These two outcomes are used at bedside
as markers for LCOS. Time to lactate clearance was defined as the time (in hours) to first
lactate levels ≤ 2.0 mmol/L after returning from the operating room (OR) post-operatively.
Post-operative vasoactive management followed our institutional Norwood pathway. Pa-
tients routinely return to the cardiac ICU on milrinone infusion at 0.5 mcg/kg/min and
epinephrine at 0.02–0.04 mcg/kg/min, with stress-dose hydrocortisone per institutional
protocol. Escalations of epinephrine and additional vasopressin or norepinephrine were
individualized according to blood pressure, bedside hemodynamic assessment and clinical
markers of systemic perfusion such as urine output, NIRS, and ScVO2 in addition to lactate
trends. Duration of inotropic support was the time in hours that vasopressors were required
post-operatively excluding milrinone and calcium drips as these are used routinely in the
post-operative care for our patients with Norwood operation in our heart center.

Demographic data collected included sex, race (self-reported), age at surgery, weight,
cardiac physiology, and type of surgery. Clinical data collected included duration of
open sternum, need for re-intervention defined as either diagnostic or interventional
catheterization study or surgical intervention, need for ECMO after 48 h post-operatively,
hospital length of stay (HLOS), length of mechanical ventilation (MV) (time in hours until
the first successful extubation of at least 48 h), duration of non-invasive ventilation, duration
of CPB, aortic cross clamp time, number of CPB runs, duration of deep hypothermic
circulatory arrest, vasoactive inotropic support (VIS) score [19] at all five time points, renal
NIRS at all five time points, percent fluid overload and duration of renal replacement
therapy. Additional biochemical data collected included ScVO2, lactate levels, arterial pH,
partial pressure of carbon dioxide (pCO2), partial pressure of oxygen in arterial blood
(PaCO2), blood urea nitrogen (BUN), and creatinine at all five time points of interest.
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2.4. Plasma Samples

Blood samples before and after CPB were collected by bedside nurses in heparinized
tubes. Subsequently, plasma (supernatant) was isolated by centrifugation and then stored
in the heart center biorepository at −80 ◦C. Plasma samples were studied at five time points:
pre-CPB, 0 h post-CPB, 4 h post-CPB, 24 h post-CPB, and 48 h post-CPB.

2.5. Analysis of Samples for BNP and TN

BNP in plasma samples was diluted by a factor of 15 and was quantified using a
Human NPPB (BNP) ELISA kit (Invitrogen EHNPPB, Waltham, MA, USA) following
the manufacturer’s instructions. Quantitation of TN in the serum samples required a
1000-fold dilution for accurate estimation using a Human TN ELISA kit (Abcam ab213832,
Cambridge, UK).

2.6. Statistical Analysis

Descriptive analyses (medians, interquartile range (IQR) for non-normal continuous
measure and frequency distributions (5) for categorical measures) were used to describe
patient demographic and clinical characteristics outcomes as appropriate. Survival Weibull
regression analyses were performed for the two primary outcomes, time to lactate clearance
and duration of inotropic support, to identify the potential risk factors associated with
them. In addition, we divided our cohort based on the duration of inotropic support into
tertiles and compared the lower (n = 9) and upper tertile (n = 9) subjects for the outcome
duration of inotropic support using logistic regression. To quantify the predictability of TN
at different hours to the outcome, we produced the receiver operating characteristic (ROC).
All hypothesis tests were two-tailed, using a p < 0.05 to indicate statistical significance. We
performed analyses in SAS for Windows version 9.4 (SAS Institute, Cary, NC, USA).

3. Results
3.1. Primary Clinical Outcomes

Of the 26 neonates who underwent the Norwood procedure, the median CPB duration
was 142 min (IQR 133, 164) with a median aortic cross clamp duration of 58.8 min (IQR
53.7, 71.0). The median duration of inotropic support was 91.6 h (IQR 71.9, 144.3) and
the median time to lactate clearance was 25 h (IQR 16.8, 41.7). The survival to hospital
discharge was 92%. Other clinical outcomes and variables are listed in Table 1.

Table 1. Patient demographics and important clinical outcomes.

Patient Characteristics n = 26

Age at time of surgery (days) 7.00 (5.75, 9.00)
Weight at time of surgery (kg) 3.21 (2.68, 3.40)
Gender (female), n (%) 14 (54)
HLHS (yes), n (%) 23 (88)
Norwood/Sano (yes), n (%) * 25 (96)
CPB (minutes) 142 (133, 164)
Aortic cross clamp (minutes) 58.8 (53.7, 71.0)
DHCA (minutes) ** 23.5 (6.7, 52.5)
Clinical Outcomes
Survival to discharge (yes), n (%) 24 (92)
Length of hospital stay (days) 37.5 (27.9, 53.9)
Length of mechanical ventilation (h) 129.8 (73.4, 210.7)
Duration of open sternum (h) 44.1 (41.1, 66.8)
ECMO (Yes), n (%) 4 (15)
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Table 1. Cont.

Patient Characteristics n = 26

Duration of inotropic support (h) 91.6 (71.9, 144.3)
Time to clear lactate (h) 25.0 (16.8, 41.7)
CRRT > 48 h (yes), n (%) 18 (69)
Duration of CRRT (h) 66.0 (40.5, 136.5)

Data presented as median (interquartile range). * Only one patient had Norwood and Blalock–Taussig shunt.
** Missing data: Only 16 patients information included. HLHS, hypoplastic left heart syndrome; CPB, cardiopul-
monary bypass; DHCA, deep hypothermic cardiac arrest; CRRT, continuous renal replacement therapy.

3.2. Serial TN and BNP Levels

TN and BNP levels were measured at each time point (Table 2). The mean BNP levels
changed from the pre-op value at 0 h post-CPB (6.27 ± 5.8 ng/mL) to peak at 4 h post-CPB
(14.73 ± 6.9 ng/mL) with a subsequent downtrend. The mean TN levels demonstrated
an increase from pre-op value until 4 h post-CPB (6.42 ± 2.4 mcg/mL) followed by a
subsequent downtrend.

Table 2. Descriptive analysis of both TN and BNP levels at several time points, n = 26.

BNP (ng/mL) Mean ± SD Median (IQR)

Time point
Pre-op 11.195 ± 6.629 9.188 (6.30, 16.38)
Post-op 0 h 6.266 ± 5.760 4.135 (2.16, 11.55)
Post-op 4 h 14.727 ± 6.923 15.784 (9.19, 21.03)
Post-op 24 h 8.478 ± 5.052 7.409 (5.17, 13.96)
Post-op 48 h 4.184 ± 2.704 3.476 (2.57, 5.25)

TN (mcg/mL)
Time point

Pre-op 5.770 + 2.080 5.706 (4.36, 7.89)
Post-op 0 h 6.113 + 2.103 6.378 (5.27, 7.44)
Post-op 4 h 6.416 + 2.440 6.372 (5.24, 7.28)
Post-op 24 h 4.879 + 1.872 4.513 (3.98, 6.02)
Post-op 48 h 4.530 + 1.787 4.664 (3.40, 5.73)

TN, Tetranectin; BNP, B-type natriuretic peptide; SD, standard deviation; IQR, interquartile range.

3.3. Secondary Clinical Variables Related to LCOS

We studied various clinical markers as indicators of LCOS (Table 3). Peak lactate levels
were noted at 0 h post-CPB [median 7.8 (6.6, 9.8)] which coincided with the peak in the VIS
scores [median 14.15 (9.0, 16.3)], with a downtrend over the remaining 48 h following CPB.
NIRS and ScVO2 demonstrated a fairly stable trend throughout the period of observation.
Our cohort had a positive fluid overload % (4.88 ± 6.7) in the first 24 h post-Norwood
procedure which improved by a second post-op day with a negative fluid overload %
by 48 h (−1.35 ± 3.6). Our standard post-op care for patients undergoing the Norwood
procedure includes the intraoperative placement and utilization of peritoneal dialysis in
the 48–72 h following surgery.

Table 3. Descriptive analysis of several clinical indices for low cardiac output state.

Variables Mean ± SD
n = 26

Median (IQR)
n = 26

VIS
Pre-op 0 ± 0 0 (0, 0)
Post-op 0 h (n = 25) 12.64 ± 4.59 14.15 (9.00, 16.30)
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Table 3. Cont.

Variables Mean ± SD
n = 26

Median (IQR)
n = 26

Post-op 4 h 12.03 ± 3.90 12.3 (9.3, 14.0)
Post-op 24 h 10.18 ± 3.98 9.0 (7.7, 11.7)
Post-op 48 h 8.80 ± 4.11 7.6 (5.0, 12.0)

NIRS
Pre-op 55.92 ± 11.78 57 (48, 62)
Post-op 0 h (n = 25) 61.16 ± 17.94 63.0 (46.5, 75.5)
Post-op 4 h 58.54 ± 12.27 57.5 (51.0, 69.0)
Post-op 24 h 60.69 ± 9.30 62 (57, 66)
Post-op 48 h 57.85 ± 12.94 55 (50, 66)

ScVO2
Pre-op (n = 10) 66 ± 9.9 64 (59, 77)
Post-op 0 h (n = 24) 56 ± 10.6 58 (49, 64)
Post-op 4 h (n = 25) 55 ± 12.5 56 (46, 62)
Post-op 24 h (n = 22) 57 ± 7.5 57 (52, 63)
Post-op 48 h (n= 20) 55 ± 7.4 55 (49, 60)

Lactate (mmol/L)
Pre-op 1.82 ± 1.48 1.45 (1.05, 1.95)
Post-op 0 h 8.23 ± 3.22 7.8 (6.6, 9.8)
Post-op 4 h 5.93 ± 3.78 5.2 (3.3, 6.9)
Post-op 24 h 1.98 ± 0.60 1.95 (1.5, 2.4)
Post-op 48 h 1.52 ± 0.53 1.4 (1.1, 1.7)

Percent fluid overload
Post-op 24 h 4.88 ± 6.68 3.82 (0.39, 8.27)
Post-op 48 h −1.35 ± 3.58 −0.34 (−4.70, 1.44)

SD, standard deviation; VIS, vasoactive inotrope score; NIRS, near-infrared spectroscopy; ScVO2, central venous
oxygen saturation.

3.4. TN as a Predictor of Duration of Inotropic Support

We evaluated the association between TN levels, BNP levels and other clinical indices
to our primary outcomes. The univariate analysis showed that higher TN levels at 0 and
4 h post-CPB were associated with a longer duration of inotropic support. After adjustment
for BNP levels, higher TN levels at 0 h and 4 h post-CPB were independently associated
with longer duration of inotropic support but not found to be significantly associated with
time to lactate clearance (Table 4). In contrast, BNP levels post-CPB were not significantly
associated with duration of inotropic support.

Table 4. Results from univariate and multivariable survival weibull model for time to lactate clearance
and duration of inotropic support.

Predictor Relative Duration with CI p-Value

TN (mcg/mL) Relative Duration of Time to Lactate
Clearance

0 h 0.97 (0.84, 1.11) 0.617

4 h 0.97 (0.83, 1.14) 0.753

Relative Duration of Inotropic Support

0 h 1.14 (1.03, 1.25) 0.0086

4 h 1.12 (1.01, 1.23) 0.0285
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Table 4. Cont.

Predictor Relative Duration with CI p-Value

TN (mcg/mL) adjusted for
BNP (ng/mL)

Relative Duration of Time to Lactate
Clearance when Adjusted for BNP

0 h 0.99 (0.93, 1.07) 0.945

4 h 1.01 (0.97, 1.06) 0.548

Relative Duration of Inotropic Support
when Adjusted For BNP

0 h 1.13 (1.03,1.25) 0.0095

4 h 1.12 (1.01, 1.24) 0.0245
Relative estimated time to lactate clearance and estimated duration of inotropic support is for 1 unit increase in
TN. TN, Tetranectin; CI, confidence interval; BNP, B-type natriuretic peptide.

Separate logistic regression analyses comparing TN levels at different time points with
duration of inotropic support showed that TN levels at 4 h post-CPB was a significant
predictor (p = 0.0382) for a longer duration of inotropic support with an AUC of 0.876
(Figure 1).

Figure 1. Exploratory ROC analysis of TN concentrations at 0 and 4 h post-CPB for distinguishing
neonates in the upper vs. lower tertile of post-operative inotropic support duration.

To better understand the association of TN levels with the duration of inotropic
support, we divided our cohort into tertiles based on their duration of inotropic support.
Logistic regression analyses were performed, and we compared the upper (n = 9) and lower
(n = 9) tertiles in relation to the trend in TN levels, which indicated a higher trend in TN
levels in patients with a longer duration of inotropic support (Figure 2).
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Figure 2. Graphical trend in Tetranectin levels in patients following cardiopulmonary bypass,
stratified by duration of inotropic support. Category 1—lower tertile; Category 2—upper tertile. Pre,
pre-op; hr, hours post-op.

4. Discussion
LCOS is a known phenomenon following CPB and the timely recognition of this state

remains critical. There have been various clinical and few biochemical biomarkers that
have been studied as surrogates to predict LCOS. The two most utilized serum biomarkers
are lactate and ScVO2 [14,20,21]. Serum lactate is the bioproduct of anaerobic metabolism
and elevated serum lactate is used at bedside as a measure of inadequate oxygen delivery
and end organ injury. ScVO2 on the other hand can be impacted by pulmonary venous
desaturation, intracardiac shunting, anemia and low FiO2, all of which can decrease oxygen
delivery independent of cardiac output [22]. Although these two biomarkers help in the
diagnosis of the LCOS, a new serum biomarker that can predict the LCOS earlier in the
clinical course can improve critical monitoring and outcomes.

Our study is the first to report TN as a potential prognostic biomarker for impaired
cardiac output in neonates following complex cardiac surgery utilizing CPB such as Nor-
wood operation. TN level at 4 h following surgery was significantly associated with longer
duration of inotropic support during their acute post-operative course, while BNP levels
did not show any correlation. This finding is important clinically as higher TN levels
at 4 h following surgery can identify patients at risk for LCOS and potentially enable
better perfusion targeted therapy. Duration of inotropic support is an imperfect surrogate
for LCOS because it may be influenced by institutional practice, clinician preference and
hemodynamic targets. Therefore, the observed association between TN and inotropic
duration requires further investigation and cannot be interpreted as direct proof that TN
identifies LCOS.

Prior studies of adult patients with heart failure reported variable levels of TN and its
association with heart failure severity [16,23]. Panagiotopoulos et al. reported an increasing
trend of TN on the first and third post-op day following CPB [17]. However, the same
study reported that patients with heart failure have lower levels of TN compared to healthy
individuals. CPB is known to trigger several inflammatory mechanisms including the
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coagulation cascade and the complement system that lead to endothelial damage and play
a role in myocardial reperfusion injury following CPB [24].

TN is a plasminogen binding protein encoded by the CLEC3B gene and promotes the
activation of plasminogen to regulate proteolytic processes. TN has been considered to
play a role in tissue remodeling as well [25,26]. This is facilitated by its ability to bind ECM
components such as fibrin and plasminogen, stimulate proteolytic activation of proteases
and growth factors and regulate ECM proteolysis [27].

TN is thought to have an important protective role in myocardial ischemia. A
biomarker analysis found that reduced circulating levels of TN are significantly asso-
ciated with all-cause mortality and cardiovascular disease [28]. Another study noted that
following an acute myocardial infarction, circulating TN levels were significantly reduced
in the first three hours following the event [29]. TN overexpression has been shown to lead
to increased cell viability and inhibit cellular apoptosis through a P13/Akt pathway [17,25].
While adult heart failure studies have reported associations between lower circulating
TN and adverse cardiovascular outcomes, our pilot study data in this neonatal post-CPB
cohort suggests that higher TN concentrations were associated with longer duration of
inotropic support. The directionality and biological significance of TN in neonates after
CPB remain unestablished. These findings may reflect differences between chronic adult
heart failure biology and acute neonatal post-operative inflammatory, endothelial or tissue-
remodeling responses. Mechanistic studies and pediatric reference ranges are needed
before the physiological role of TN in this setting can be inferred.

5. Limitations
Our study is the first to explore TN as a potential biomarker for its utility in the

prognostication of LCOS; however, there are several important limitations. This was a
retrospective, single-center pilot study involving only 26 neonates, and the small sample
size limits statistical power and generalizability of the findings. As only 18 patients were
included in the tertile-based logistic regression analysis (the upper and lower tertile),
we were unable to adjust for many covariates, and the AUC estimate from the tertile-
based analysis may be optimistic because of the small sample size and availability of an
independent validation cohort. Because of the pilot sample size, ROC analyses comparing
the upper and lower tertiles of inotropic support were performed as exploratory analyses
only. These analyses were not internally or externally validated and further investigation is
necessary to verify if similar patterns are observed.

No a priori or post hoc power analyses were performed. This retrospective single-
center pilot study was intended to describe serial TN concentrations and generate hypothe-
ses regarding their association with post-operative clinical surrogates of LCOS following
the Norwood procedure. The small sample size increases the risk of Type II error; therefore,
the lack of association between TN and lactate clearance should not be interpreted as
definitive evidence of no relationship and, similarly, observed associations with inotropic
support should be considered exploratory and require prospective validation.

Serum samples were available only at predefined time points. Consequently, the
temporal profile of TN between 4 and 24 h after CPB remains unknown, and the true peak
concentration may have occurred between sampling intervals.

We did not perform TN stability testing across storage duration or repeated freeze–
thaw cycles, nor could we measure TN in dialysate given the retrospective observational
nature of this study. Therefore, effects of long-term storage, freeze–thaw exposure, and
peritoneal dialysis on measured TN concentrations cannot be excluded.

Our cohort included only patients who are critically ill with no healthy cohort. Our in-
vestigation addresses changes in TN in sick neonates post-CPB and may not be extrapolated
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to other hypoperfusion states, other pediatric cardiac surgical populations, or non-cardiac
causes of tissue hypoperfusion. At this point, we do not understand the biological role of
this protein in healthy neonatal or pediatric subpopulations, which can limit our conclusion
of the protective and prognostic role of TN. Future studies including healthy controls
are needed to define age- and weight-specific reference ranges and to establish clinically
meaningful threshold values for TN.

Additionally, although BNP was measured concurrently, the study was not powered to
perform detailed comparative analyses between BNP and TN. Larger studies are required to
determine whether TN offers incremental prognostic value beyond established biomarkers
or whether a multi-marker strategy may improve risk stratification. Finally, TN assays are
not currently available for routine clinical use. Therefore, the feasibility, cost-effectiveness,
and practical implementation of TN testing in clinical practice remains uncertain at present.

6. Conclusions
In this pilot cohort of neonates undergoing the Norwood procedure, higher levels of

serum TN, particularly at 4 h following CPB, were associated with a longer duration of
post-operative inotropic support. These findings suggest that TN may serve as a promising
biomarker of post-operative hemodynamic impairment and LCOS severity in this high-risk
population. Larger prospective studies are needed to validate these findings, define clini-
cally relevant TN thresholds, and determine whether TN provides incremental prognostic
value beyond established biomarkers such as BNP.

Author Contributions: Conceptualization, N.A., M.K., S.B. and A.A.; methodology, N.A., M.K., S.B.
and A.A.; formal analysis, A.F.R. and I.A.; data curation, A.M., B.A.H. and K.M.H.; writing—original
draft preparation, A.M.; writing—review and editing, A.M., N.A., B.A.H., K.M.H., M.K., S.B. and
A.A.; supervision, N.A., M.K., S.B. and A.A.; project administration, K.M.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board of the University of Alabama at
Birmingham (protocol code IRB-300007319 and date of approval 21 September 2021.

Informed Consent Statement: Patient consent was waived due to the retrospective design of
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lomivorotov, V.V.; Efremov, S.M.; Kirov, M.Y.; Fominskiy, E.V.; Karaskov, A.M. Low-Cardiac-Output Syndrome After Cardiac

Surgery. J. Cardiothorac. Vasc. Anesth. 2017, 31, 291–308. [CrossRef] [PubMed]
2. Masse, L.; Antonacci, M. Low Cardiac Output Syndrome: Identification and Management. Crit. Care Nurs. Clin. 2005, 17, 375–383.

[CrossRef] [PubMed]
3. Parr, G.V.; Blackstone, E.H.; Kirklin, J.W. Cardiac Performance and Mortality Early After Intracardiac Surgery in Infants and

Young Children. Circulation 1975, 51, 867–874. [CrossRef] [PubMed]
4. Murphy, G.J.; Angelini, G.D. Side Effects of Cardiopulmonary Bypass: What is the Reality? J. Card. Surg. 2004, 19, 481–488.

[CrossRef] [PubMed]
5. Wan, I.Y.; Arifi, A.A.; Wan, S.; Yip, J.H.Y.; Silhoe, A.D.L.; Thung, K.H.; Wong, E.M.C.; Yim, A.P.C. Beating Heart Revascularization

with or without Cardiopulmonary Bypass: Evaluation of Inflammatory Response in a Prospective Randomized Study. J. Thorac.
Cardiovasc. Surg. 2004, 127, 1624–1631. [CrossRef]

https://doi.org/10.3390/jcdd13080373

https://doi.org/10.1053/j.jvca.2016.05.029
https://www.ncbi.nlm.nih.gov/pubmed/27671216
https://doi.org/10.1016/j.ccell.2005.07.005
https://www.ncbi.nlm.nih.gov/pubmed/16344207
https://doi.org/10.1161/01.cir.51.5.867
https://www.ncbi.nlm.nih.gov/pubmed/235375
https://doi.org/10.1111/j.0886-0440.2004.04101.x
https://www.ncbi.nlm.nih.gov/pubmed/15548178
https://doi.org/10.1016/s0022-5223(03)01887-7
https://doi.org/10.3390/jcdd13080373


J. Cardiovasc. Dev. Dis. 2026, 13, 373 11 of 12

6. Wessel, D.L. Managing Low Cardiac Output Syndrome After Congenital Heart Surgery. Crit. Care Med. 2001, 29, S220–S230.
[CrossRef] [PubMed]

7. Hoffman, T.M.; Wernovsky, G.; Atz, A.M.; Kulik, T.J.; Nelson, D.P.; Chang, A.C.; Bailey, J.M.; Akbary, A.; Kocsis, J.F.; Kaczmarek,
R.; et al. Efficacy and Safety of Milrinone in Preventing Low Cardiac Output Syndrome in Infants and Children After Corrective
Surgery for Congenital Heart Disease. Circulation 2003, 107, 996–1002. [CrossRef] [PubMed]

8. Afshani, N.; Schülein, S.; Biccard Bm Thomas, J.M. Clinical Utility of B-type Natriuretic Peptide (NP) in Pediatric Cardiac
Surgery—A Systematic Review. Paediatr. Anaesth. 2014, 25, 115–126. [CrossRef] [PubMed]

9. Carmona, F.; Manso, P.H.; Vincente, W.V.; Castro, M.; Carlotti, A.P. Risk Stratification in Neonates and Infants Submitted to
Cardiac Surgery with Cardiopulmonary Bypass: A Multimarker Approach Combining Inflammatory Mediators, N-terminal
pro-B-type Natriuretic Peptide and Troponin I. Cytokine 2008, 42, 317–324. [CrossRef] [PubMed]

10. Pérez-Navero, J.L.; de la Torre-Aguilar, J.M.; Ibarra de la Rose, I.; Gil-Campos, M.; Gómez-Guzmán, E.; Merino-Cejas, C.;
Munoz-Villanueva, M.C.; Llorente-Cantarero, F.J. Cardiac Biomarkers of Low Cardiac Output Syndrome in the Postoperative
Period After Congenital Heart Disease Surgery in Children. Rev. Esp. Cardiol. 2017, 70, 267–274. [CrossRef] [PubMed]

11. Bojan, M.; Peperstraete, H.; Lilot, M.; Vicca, S.; Pouard, P.; Vouché, P. Early Elevation of Cardiac Troponin I is Predictive of
Short-Term Outcomes in Neonates and Infants with Coronary Anomalies or Reduced Ventricular Mass Undergoing Cardiac
Surgery. J. Thorac. Cardiovasc. Surg. 2012, 144, 1436–1444. [CrossRef] [PubMed]

12. Froese, N.R.; Sett, S.S.; Mock, T.; Krahn, G.E. Does Troponin-I Measurement Predict Low Cardiac Output Syndrome Following
Cardiac Surgery in Children? Crit. Care Resusc. 2009, 11, 116–121. [CrossRef]

13. Berry, J.G.; Askovich, B.; Shaddy, R.E.; Hawkins, J.A.; Cowley, C.G. Prognostic value of B-type natriuretic peptide in surgical
palliation of children with single-ventricle congenital heart disease. Pediatr. Cardiol. 2008, 29, 70–75. [PubMed]

14. Hsu, J.H.; Keller, R.L.; Chikovani, O.; Cheng, H.; Hollander, S.A.; Karl, T.R.; Azakie, A.; Adatia, I.; Oishi, P.; Fineman, J.R. B-type
natriuretic peptide levels predict outcome after neonatal cardiac surgery. J. Thorac. Cardiovasc. Surg. 2007, 134, 939–945. [CrossRef]
[PubMed]

15. Cantinotti, M.; Storti, S.; Lorenzoni, V.; Arcieri, L.; Moschetti, R.; Murzi, B.; Spadoni, I.; Passino, C.; Clerico, A. The combined use
of neutrophil gelatinase-associated lipocalin and brain natriuretic peptide improves risk stratification in pediatric cardiac surgery.
Clin. Chem. Lab. Med. 2012, 50, 2009–2017. [CrossRef] [PubMed]

16. McDonald, K.; Glezeva, N.; Collier, P.; O’Reilly, J.; O’Connell, E.; Tea, I.; Russell-Hallinan, A.; Tonry, C.; Pennington, S.; Gallagher,
J.; et al. Tetranectin, A Potential Novel Diagnostic Biomarker of Heart Failure, is Expressed within the Myocardium and Associated
with Cardiac Fibrosis. Sci. Rep. 2020, 10, 7507. [CrossRef] [PubMed]

17. Panagiotopoulos, I.; Palatianos, G.; Michalopoulous, A.; Chatzigerogiou, A.; Prapas, S.; Kamper, E.F. Alterations in Biomarkers of
Endothelial Function Following on-pump Coronary Artery Revascularization. J. Clin. Lab. Anal. 2010, 24, 389–398. [CrossRef]
[PubMed]

18. Asfari, A.; Hock, K.M.; Byrnes, J.W.; Borasino, S.; Halloran, B.A.; Mobley, J.A.; Ambalavanan, N. Biomarkers for Adverse Lung
Injury Following Pediatric Cardiopulmonary Bypass. Crit. Care Explor. 2021, 3, e0528. [CrossRef] [PubMed]

19. Koponen, T.; Karttunen, J.; Musialowicz, T.; Pietiläinen, L.; Uusaro, A.; Lahtinen, P. Vasoactive-inotropic score and the prediction
of morbidity and mortality after cardiac surgery. Br. J. Anaesth. 2019, 122, 428–436. [CrossRef] [PubMed]

20. Charpie, J.R.; Dekeon, M.K.; Goldberg, C.S.; Mosca, R.S.; Bove, E.L.; Kulik, T.J. Serial Blood Lactate Measurements Predict Early
Outcome After Neonatal Repair or Palliation for Complex Congenital Heart Disease. J. Thorac. Cardiovasc. Surg. 2000, 120, 73–80.
[CrossRef] [PubMed]

21. Tweddel, J.S.; Hoffman, G.M. Postoperative Management in Patients with Complex Congenital Heart Disease. Semin. Thorac.
Cardiovasc. Surg. Pediatr. Card. Surg. Annu. 2002, 5, 187–205. [CrossRef] [PubMed]

22. Rhodes, L.A.; Erwin, W.C.; Borasino, S.; Cleveland, D.C.; Alten, J.A. Central Venous to Arterial CO2 Difference After Cardiac
Surgery in Infants and Neonates. Pediatr. Crit. Care Med. 2017, 18, 228–233. [CrossRef] [PubMed]

23. Chen, Y.; Han, H.; Yan, X.; Ding, F.; Su, X.; Wang, H.; Chen, Q.; Lu, L.; Zhang, R.; Jin, W. Tetranectin as a Potential Biomarker for
Stable Coronary Artery Disease. Sci. Rep. 2015, 5, 17632. [CrossRef] [PubMed]

24. Aljure, O.D.; Fabbro, M., 2nd. Cardiopulmonary Bypass and Inflammation: The Hidden Enemy. J. Cardiothorac. Vasc. Anesth.
2019, 33, 346–347. [CrossRef] [PubMed]

25. Lv, F.; Wang, Z.; Huang, Y.; Si, A.; Chen, Y. CLEC3B Protects H9c2 Cardiomyocytes from Apoptosis Caused by Hypoxia via the
PI3K/Akt Pathway. Braz. J. Med. Biol. Res. 2020, 53, e9693. [CrossRef] [PubMed]

26. Wewer, U.M.; Iba, K.; Durkin, M.E.; Nielsen, F.C.; Loechel, F.; Gilpin, B.J.; Kuang, W.; Envall, E.; Albrechtsen, R. Tetranectin is a
Novel Marker for Myogensis During Embryonic Development, Muscle Regeneration, and Muscle Cell Differentation in Vitro.
Dev. Biol. 1998, 200, 247–259. [CrossRef] [PubMed]

27. Clemmensen, I.; Petersen, L.C.; Kluft, C. Purification and Characterization of a Novel, Oligomeric, Plasminogen Kringle 4 Binding
Protein from Human Plasma: Tetranectin. Eur. J. Biochem. 1986, 156, 327–333. [CrossRef] [PubMed]

https://doi.org/10.3390/jcdd13080373

https://doi.org/10.1097/00003246-200110001-00004
https://www.ncbi.nlm.nih.gov/pubmed/11593065
https://doi.org/10.1161/01.cir.0000051365.81920.28
https://www.ncbi.nlm.nih.gov/pubmed/12600913
https://doi.org/10.1111/pan.12467
https://www.ncbi.nlm.nih.gov/pubmed/24965035
https://doi.org/10.1016/j.cyto.2008.03.005
https://www.ncbi.nlm.nih.gov/pubmed/18417355
https://doi.org/10.1016/j.rec.2016.09.011
https://www.ncbi.nlm.nih.gov/pubmed/28137395
https://doi.org/10.1016/j.jtcvs.2012.05.034
https://www.ncbi.nlm.nih.gov/pubmed/22704287
https://doi.org/10.1016/s1441-2772(23)01535-1
https://www.ncbi.nlm.nih.gov/pubmed/17676372
https://doi.org/10.1016/j.jtcvs.2007.04.017
https://www.ncbi.nlm.nih.gov/pubmed/17903511
https://doi.org/10.1515/cclm-2012-0125
https://www.ncbi.nlm.nih.gov/pubmed/23089537
https://doi.org/10.1038/s41598-020-64558-4
https://www.ncbi.nlm.nih.gov/pubmed/32371911
https://doi.org/10.1002/jcla.20416
https://www.ncbi.nlm.nih.gov/pubmed/21089169
https://doi.org/10.1097/cce.0000000000000528
https://www.ncbi.nlm.nih.gov/pubmed/34514425
https://doi.org/10.1016/j.bja.2018.12.019
https://www.ncbi.nlm.nih.gov/pubmed/30857599
https://doi.org/10.1067/mtc.2000.106838
https://www.ncbi.nlm.nih.gov/pubmed/10884658
https://doi.org/10.1053/pcsu.2002.31499
https://www.ncbi.nlm.nih.gov/pubmed/11994879
https://doi.org/10.1097/pcc.0000000000001085
https://www.ncbi.nlm.nih.gov/pubmed/28121832
https://doi.org/10.1038/srep17632
https://www.ncbi.nlm.nih.gov/pubmed/26621497
https://doi.org/10.1053/j.jvca.2018.05.030
https://www.ncbi.nlm.nih.gov/pubmed/30057250
https://doi.org/10.1590/1414-431x20209693
https://www.ncbi.nlm.nih.gov/pubmed/32696821
https://doi.org/10.1006/dbio.1998.8962
https://www.ncbi.nlm.nih.gov/pubmed/9705231
https://doi.org/10.1111/j.1432-1033.1986.tb09586.x
https://www.ncbi.nlm.nih.gov/pubmed/3009181
https://doi.org/10.3390/jcdd13080373


J. Cardiovasc. Dev. Dis. 2026, 13, 373 12 of 12

28. Ho, J.; Lyass, A.; Courchesne, P.; Chen, G.; Liu, C.; Yin, X.; Hwang, S.-J.; Massaro, J.M.; Larson, M.G.; Levy, D. Protein Biomarkers
of Cardiovascular Disease and Mortality in the Community. J. Am. Heart Assoc. 2018, 7, e008108. [CrossRef] [PubMed]

29. Rahim, M.A.A.; Rahim, Z.H.A.; Ahmad, W.A.W.; Bakri, M.M.; Ismail, M.D.; Hashim, O.H. Inverse Changes in Plasma Tetranectin
and Titin Levels in Patients with Type 2 Diabetes Mellitus: A Potential Predictor of Acute Myocardial Infarction? Acta Pharmacol.
Sin. 2018, 39, 1197–1207. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcdd13080373

https://doi.org/10.1161/jaha.117.008108
https://www.ncbi.nlm.nih.gov/pubmed/30006491
https://doi.org/10.1038/aps.2017.141
https://www.ncbi.nlm.nih.gov/pubmed/29417940
https://doi.org/10.3390/jcdd13080373

	Introduction 
	Materials and Methods 
	Patient Selection 
	Study Population 
	Data Definition and Collection 
	Plasma Samples 
	Analysis of Samples for BNP and TN 
	Statistical Analysis 

	Results 
	Primary Clinical Outcomes 
	Serial TN and BNP Levels 
	Secondary Clinical Variables Related to LCOS 
	TN as a Predictor of Duration of Inotropic Support 

	Discussion 
	Limitations 
	Conclusions 
	References

