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Abstract

Objective: This study aimed to evaluate the validity of models using Procalcitonin (PCT) alone

and PCT combined with other biomarkers to predict early infection after pediatric open-heart

surgery with cardiopulmonary bypass (CPB).

Methods: A prospective observational study was conducted on children undergoing open-heart

surgery with CPB, without preoperative infection. Procalcitonin, C-reactive protein (CRP), and

white blood cell (WBC) count were measured preoperatively and on postoperative days 1 and 3.

Postoperative infection was defined according to the Centers for Disease Control and Prevention

2008 criteria.

Results: Fifty eligible cases were included, comprising 46 % males with a median age of 7 months

(4�17). The AUC (area under the curve) for PCT on postoperative day 3 was 0.67 (0.51�0.82)

(p = 0.085). The AUCs for the models combining PCT + CRP and PCT + WBC were 0.71 (0.57�0.86)

(p = 0.014) and 0.72 (0.55�0.86) (p = 0.014), respectively. The AUC for the model combining

PCT + CRP + WBC was 0.81 (0.69�0.93) (p = 0.002). The combination of PCT > 4.15 ng/ml, CRP

> 22.03 mg/l, and WBC > 15.3 £ 103/ml predicted infection with a hazard ratio 9.66 times

(2.94�31.72) higher than PCT > 4.15 ng/ml alone (p < 0.05).
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Conclusions: PCT measurement on the third postoperative day alone cannot predict infection in

pediatric open-heart surgery with CPB. The combination of PCTwith CRP and WBC may enhance

early infection prediction, although further validation in larger, multicenter cohorts is war-

ranted.

© 2025 The Authors. Published by Elsevier Editora Ltda. on behalf of Sociedade Brasileira de

Pediatria. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Postoperative infection in pediatric patients undergoing car-
diac surgery with cardiopulmonary bypass (CPB) is one of the
most common and severe complications, despite advances
in surgical techniques and infection control measures.1,2

Postoperative infection prolongs hospital stays, increases
treatment costs, and can lead to higher mortality rates.3

Therefore, early diagnosis of postoperative infection plays a
crucial role in improving the prognosis of congenital heart
disease requiring surgical intervention. However, pediatric
cardiac surgery with CPB often triggers an inflammatory
response, which is more severe than that in adults.4,5 The
systemic inflammatory response in children presents clinical
symptoms similar to infection.6 This phenomenon renders
early diagnosis of postoperative infection in pediatric
patients undergoing open-heart surgery with CPB particu-
larly challenging. Therefore, reliable biomarkers are needed
to differentiate between inflammation and infection in pedi-
atric patients undergoing open-heart surgery with CPB.

Procalcitonin (PCT), the precursor of the calcitonin hor-
mone, is a 116-amino acid protein encoded by the CALC-1
gene. Under normal physiological conditions, PCT is pro-
duced by C-cell thyroid cells and rapidly converted to calci-
tonin, so its circulating levels in the blood are usually
undetectable. During infection and systemic inflammatory
response, PCT is produced by non-thyroid cells and is not
converted to calcitonin, resulting in increased blood PCT
levels.7 Procalcitonin has been demonstrated to be a valu-
able biomarker for distinguishing between infection and sys-
temic inflammatory response.7�9 Several studies have
shown PCT to be a promising biomarker for diagnosing post-
operative infection in pediatric patients undergoing open-
heart surgery with CPB.10�16 However, some studies have
reported indefinite results regarding the diagnostic role of
PCT tests in postoperative infection in pediatric patients
undergoing open cardiac surgery with CPB.14,17,18 This may
result from the intense inflammatory response following CPB
in children, which can cause PCT levels to increase in cases
of systemic inflammatory response despite infection not
occurring.17,19,20 Some studies suggest the need to combine
PCT with other biomarkers or clinical signs to enhance the
accuracy of infection diagnosis.11,21�24 The American Associ-
ation for Clinical Chemistry also recommends against using
PCT as a stand-alone test for diagnosing infection in chil-
dren.7 However, findings from studies on combined bio-
marker models for diagnosing infection remain inconsistent,
and their clinical applicability is limited. This study aims to
evaluate the validity of a combined model involving PCT lev-
els, C-reactive protein (CRP) levels, and white blood cell
(WBC) for predicting early postoperative infection in pediat-
ric patients undergoing open-heart surgery with CPB.

Materials and methods

Study design and setting

A prospective observational study was conducted from Janu-
ary 2022 to December 2022 at the Pediatric Intensive Care
Unit of City Children’s Hospital. A post hoc power analysis
indicated that the sample size of 50 was sufficient to detect
a moderate effect size with a power of 80 % at alpha = 0.05.

Study participants

Patients were included in the study based on the following
criteria: 1) age <16 years; 2) scheduled for open-heart sur-
gery with CPB; 3) had no evidence of infection preopera-
tively; 4) informed consent obtained from parents or
guardians. Exclusion criteria included 1) patients currently
using corticosteroids or immunosuppressive drugs; 2) severe
concurrent illnesses or conditions affecting patient health
during sample collection for the study.

CPB procedure

All patients underwent general anesthesia via endotracheal
intubation following hospital guidelines. Prior to CPB initia-
tion, patients were administered a priming solution contain-
ing sodium bicarbonate, mannitol, albumin, heparin
(300 IU/kg), and Solu-Medrol (30 mg/kg). Red blood cells
were transfused as necessary to maintain hematocrit levels
between 32 % and 34 %. Cefazolin (15 mg/kg) was adminis-
tered 30 min preoperatively, repeated if surgery exceeded 2
h, and then every 8 hours for 48 hours postoperatively. A car-
diopulmonary bypass was performed using a Stockert S3
heart-lung machine. The oxygenator was the Capiox RX (Ter-
umo, Japan), sized according to patient age and weight.
Myocardial protection was achieved with Custodiol cardio-
plegia solution and mild hypothermia (28�32 °C). The flow
rate was maintained at 2.2�2.4 l/min/m2. Ultrafiltration
was routinely used during CPB to remove excess fluid and
maintain fluid balance. After completing the heart surgery,
patients were gradually weaned off CPB according to the
cardiac surgery unit protocols. All patients were then trans-
ferred to the PICU for postoperative care and monitoring.

Measurement of biomarkers

Procalcitonin levels were measured using the immunoenzy-
matic method with Access PCT reagent (Beckman Coulter,
France) on a DxI 800 analyzer (Beckman Coulter, USA). The
lowest detection threshold was �0.01 ng/ml. CRP levels
were measured using the immunoturbidimetric method with
CRP Latex reagent (Beckman Coulter, Ireland) on a DxC 700
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AU analyzer (Beckman Coulter, Japan). The lowest detection
threshold was 0.05 mg/l. WBC counts were determined using
an automated analyzer, XN-2000 (Sysmex, Japan). Bio-
marker measurements were obtained on the preoperative
day, postoperative day (POD) 1, and POD 3.

Definition of postoperative infection

Postoperative infections were identified using CDC (Centers
for Disease Control and Prevention) 2008 criteria25 and con-
firmed through clinical signs and microbiological testing (e.
g., blood, sputum, and urine cultures), wherever applicable.
Infection adjudication was performed independently by two
physicians blinded to biomarker results, and any disagree-
ment was resolved by a senior physician.

Data collection

Patient-related information was recorded on standardized
data collection forms. Variables included preoperative fac-
tors such as age, gender, weight, Risk Adjustment for Con-
genital Heart Surgery (RACHS-1) score, and preoperative
hospital stay duration; intraoperative variables such as sur-
gical approach, surgery duration, CPB time, and aortic
cross-clamp time; intraoperative diagnosis; and postopera-
tive variables such as the duration of mechanical ventilation
and PICU stay. PCT, CRP, and WBC count were measured
at three-time points: on the preoperative day, POD 1, and
POD 3.

Ethical considerations

This study was approved by the Ethics Committee of Hospital
No. 29/QD-BVNDTP on January 17, 2022. All participants had
their parents or guardians sign informed consent forms.
Parents or guardians were provided with comprehensive
information about the study, their rights, and potential risks.
They had the right to withdraw their child from the study at
any time without consequences. Participant-related infor-
mation was encoded and kept confidential.

Statistical analysis

Categorical variables are presented as frequencies and per-
centages. Continuous variables are presented as mean §

standard deviation (SD) for normally distributed data or as
the median and interquartile range (IQR) for non-normally
distributed data. Between-group comparisons of variables
were performed using the Chi-square test, Fisher’s exact
test, or Mann-Whitney U test, where appropriate. Three bio-
marker models on POD 3 were used to predict postoperative
infections. The cut-off values of the biomarkers in each
model were obtained from the ROC curve analysis of this
study. To assess the validity, receiver operating characteris-
tic (ROC) curve analysis was used to determine the area
under the curve (AUC), cut-off points, sensitivity, specificity,
negative predictive value (NPV), and positive predictive
value (PPV). Kaplan-Meier analysis and hazard ratio determi-
nation were used to assess and compare the validity of each
model in predicting infections. Given the limited number of
biomarkers, adjustment for multiple comparisons was not
performed. A two-tailed p-value < 0.05 was considered

statistically significant. Statistical analyses were performed
using STATA version 17.

Results

Characteristics of the study population

Table 1 shows the characteristics of the cohort. Fifty eligible
cases were recruited. Thirty-three cases (66 %) of the cohort
were identified with postoperative infections according to
CDC 2008 criteria. These included 25 cases of pneumonia, 4
cases of bloodstream infection, 2 cases of surgical site infec-
tion, and 2 cases of urinary tract infection. Among them,
positive culture results were obtained in 8 sputum samples,
2 blood samples, and 1 urine sample. No statistically signifi-
cant differences were observed in preoperative, intraopera-
tive, or postoperative patient characteristics between the
groups with and without infection (p > 0.05) (Table 1).

Course of PCT levels, CRP levels, and WBC counts in
the infected group and the uninfected group

The median PCT levels of participants without postoperative
infection increased on POD 1 but subsequently decreased by
POD 3. In contrast, the median PCT levels of participants
with postoperative infection showed a slight increase on
POD 1, followed by a considerable rise in POD 3, reaching
higher levels than those of patients without infection
(9.03 ng/ml vs. 5.46 ng/ml). However, this difference was
not statistically significant (p = 0.529) (Figure 1). Unlike the
distinct trend observed in median PCT levels between the
two groups, the trajectories of median CRP levels and mean
WBC counts were similar between patients with and without
postoperative infection. The CRP levels and WBC counts on
POD 3 in the infected group were higher than those in the
uninfected group (25.5 mg/l vs. 15.0 mg/l for CRP;
11.1 £ 103/ml vs. 10.0 £ 103/ml for WBC), but these differ-
ences were not statistically significant (p > 0.05) (Figure 1).

Validity of models in predicting postoperative
infection

Table 2 compares the validity of different models. For model
1, PCT, CRP, and WBC alone did not have significant predic-
tive value for postoperative infection (p > 0.05). The cut-
off points for PCT levels, CRP levels, and WBC counts on POD
3 were 4.15 ng/ml, 22.03 mg/l, and 15.3 £ 103/ml, respec-
tively. For model 2, when PCTwas combined with either CRP
or WBC, the model showed statistically significant predictive
value for postoperative infection with an AUC of 0.72 (95 %
CI: 0.55�0.86) (p = 0.014) for the PCTand WBC combination,
and an AUC of 0.71 (95 % CI: 0.57�0.86) (p = 0.008) for the
PCTand CRP combination. Model 3, combining PCT, CRP, and
WBC, had the best predictive ability for postoperative infec-
tion with an AUC of 0.81 (95 % CI: 0.69�0.93) (p = 0.002).

Figure 2 illustrates the Kaplan-Meier survival analysis for
three models to predict postoperative infection. The cut-off
points for each biomarker used in the combined models
were determined from the cut-off point of model 1 in the
ROC curve analysis. The Kaplan-Meier plot indicates that
when combining PCT level > 4.15 ng/ml and CRP level
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>22.03 mg/l (B) or PCT level >4.15 ng/ml and WBC count
>15.3 £ 103/ml (C), the predictive value for postoperative
infection is higher compared to PCT level >4.15 ng/ml alone
(A), with a hazard ratio of 1.93 (95 % CI: 1.03�3.61)
(p< 0.05) and 4.83 (95 % CI: 2.00�11.64) (p< 0.05), respec-
tively. Model 3, with PCT level >4.15 ng/ml and CRP level >
22.03 mg/l and WBC count >15.3 £ 103/ml demonstrated
the best predictive value for infection, with a hazard ratio
9.66 times higher (95 % CI: 2.94�31.72) than PCT >4.15 ng/
ml (A) (p < 0.05) and 4.99 times higher (95 % CI:

1.44�17.27) than PCT > 4.15 ng/ml and CRP >22.03 mg/l
(B) (p < 0.05).

Discussion

Many studies have shown that PCT levels increase in patients
after open-heart surgery with CPB. This increase is due to
the systemic inflammatory response following CPB15,19,26

and the perioperative stress.27 The kinetics of PCT levels

Table 1 Baseline characteristics of the study population.

Variables Overall (n = 50)

(n, %)

Postoperative Infection P-value

Yes (n = 33)

(n, %)

No (n = 17)

(n, %)

Sex

Male (n, %) 23 (46.0) 18 (54.5) 5 (29.4) 0.091a

Female (n, %) 27 (54.0) 15 (45.5) 12 (70.6)

Age (months) 7 6 9 0.428c

median (IQR) (4�17) (4�14) (5�17)

Weight (kg) 6.45 6.3 6.7 0.789c

(5.2�9) (5.3�9) (5.2�9.4)

Malnutrition (Yes) 25 (50.0) 16 (48.5) 9 (52.9) 0.765a

RACHS-1

1 3 (6.0) 1 (3.0) 2 (11.8) 0.520b

2 46 (92.0) 31 (94.0) 15 (88.2)

4 1 (2.0) 1 (3.0) 0 (0.0)

Length of preoperative hospital stay

median (IQR) (days)

5

(3�7)

5

(3�7)

6

(4�7)

0.541c

Etiology

Atrial septal defect (n,%) 3 (6.0) 1 (3.0) 2 (11.8) 0.264b

Tetralogy of Fallot (n,%) 16 (32.0) 12 (36.4) 4 (23.5) 0.357a

Ventricular septal defect (n,%) 24 (48.0) 17 (51.5) 7 (41.2) 0.488a

Single ventricle (n,%) 1 (2.0) 1 (3.0) 0 (0.0) 1.000b

TAPVR (n,%) 2 (4.0) 1 (3.0) 1 (5.9) 1.000b

Ebstein anomaly (n,%) 2 (4.0) 1 (3.0) 1 (5.9) 1.000b

Atrioventricular septal defect (n,%) 2 (4.0) 1 (3.0) 1 (5.9) 1.000b

Intraoperative period

Surgical incision

Lateral thoracotomy (n, %) 11 (22.0) 10 (30.3) 1 (5.9) 0.073b

Median sternotomy (n, %) 39 (78.0) 23 (69.7) 16 (94.1)

Operating time (minutes)

median (IQR)

230

(190�270)

230

(187.5�275)

220

(190�260)

0.760c

CPB time (minutes)

median (IQR)

135

(110�170)

140

(114�194)

123

(101�163)

0.110c

Aortic cross-clamp time (minutes)

median (IQR)

81

(63�111)

84

(67�112)

69

(54.5�92)

0.075c

Postoperative period

Ventilation time

median (IQR) (hours)

11

(6�24)

19

(6�32)

10

(6�16)

0.172c

Length of PICU stay

median (IQR) (days)

3

(2�5)

3

(2�6)

3

(2�4)

0.383c

Outcome (Death) 0 0 0

a Chi-square test.
b Fisher test.
c Mann-Whitney test.

TAPVR, total anomalous pulmonary venous return; PICU, pediatric intensive care unit; RACHS-1, risk adjustment for congenital heart sur-

gery; IQR, interquartile range; CPB, cardiopulmonary bypass.
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after open-heart surgery with CPB indicate that PCT typi-
cally rises and peaks 24 hours after surgery and returns to
normal three days after surgery in uncomplicated cases.15,20

Continued elevation of PCT levels after POD 3 or a re-
increase in POD 3 suggests postoperative infection.14,20,26

This study further corroborates that the trajectory of PCT
levels following open-heart surgery with CPB aligns with pre-
vious findings on PCT kinetics. Procalcitonin levels in all par-
ticipants after open-heart surgery with CPB were high on
POD 1. However, PCT levels in uninfected patients decreased
by the POD 3, while in infected patients, PCT levels contin-
ued to rise on POD 3 (Figure 1). However, to provide a more
comprehensive description of PCT kinetics, it is necessary to

continue monitoring PCT levels beyond the third postopera-
tive day in future studies.

The utility of the procalcitonin test in diagnosing postop-
erative infection has been well-documented after open-
heart surgery with CPB in many previous studies.12,14,16 How-
ever, recent studies have noted the uncertain role of individ-
ual PCT tests in diagnosing postoperative infection in
patients undergoing open-heart surgery with CPB. Li et al.,
in a prospective study of 235 children undergoing open-heart
surgery with CPB, found that PCT levels on POD 3 were not
significantly associated with postoperative infection in mul-
tivariate analysis.14 Miao et al.,18 studying 42 children
undergoing open-heart surgery with CPB, showed that the
differences in PCT levels between POD 3 and POD 5 com-
pared to POD 1 were not significantly different between the
infected and uninfected groups. D’Souza et al.17 found no
biomarker, including PCT, CRP, and WBC, within the first
three postoperative days that could differentiate between
infection and postoperative inflammatory response in 368
children undergoing heart surgery with CPB. Delannoy et
al.28 showed that neither PCT nor CRP had predictive value
for infection, with AUC = 0.70, p = 0.15, and AUC = 0.659,
p = 0.142, respectively, in 32 adult patients undergoing
open-heart surgery with CPB.

Similarly, this study did not find a statistically significant
difference in the mean PCT levels on the POD 3 between the
infected and uninfected groups. The predictive value of PCT
alone on the POD 3 for infection showed an AUC of 0.67 (AUC
of 0.67, 95 % CI: 0.51�0.82, p = 0.085). These findings sug-
gest that PCT alone has limited clinical utility in predicting
postoperative infection in children undergoing open-heart
surgery with CPB.

There is increasing evidence that the PCT test should not
be used as a stand-alone test to diagnose infection or as the
gold standard for diagnosing infection.7,8 Although PCT is a
useful biomarker, test results should be interpreted in com-
bination with clinical assessments, other inflammatory bio-
markers, and microbiological data.9 Studies have shown that
combining PCT with other biomarkers enhances the predic-
tive ability for infection compared to PCTalone.22,29 Aryafar
et al.,11 in a study of 154 infants undergoing open-heart sur-
gery with CPB, found that combining PCT and CRP on POD 3
had a diagnostic value for infection with an AUC of 0.90,
higher than the AUC of 0.73 for PCTalone. McMaster et al.,10

studying 238 children undergoing open-heart surgery with
CPB, reported that combining PCT and the immature-to-
total neutrophil ratio improved the negative predictive
value for postoperative infection compared to PCT alone.
Heredia-Rodriguez et al.23 noted that combining PCT and
WBC (four times the cut-off value) within the first three
postoperative days predicted postoperative infection within
30 days of heart surgery with an AUC of 0.842 (95 % CI:
0.789�0.886) in 423 pediatric patients undergoing open-
heart surgery with CPB. Rothenburger et al. showed that
combining PCT levels � 4 ng/ml and CRP levels �170 mg/l
increased specificity for diagnosing infection compared to
PCT alone in 563 pediatric patients after heart surgery with
CPB (24). Han et al., studying 286 adult ICU patients, found
that combining 24-hour PCT �1.5 ng/ml and 24-hour CRP
�40 mg/l provided better diagnostic value for infection
compared to PCT alone (AUC = 0.81 versus AUC = 0.78).21

Lamping et al., in a study of 230 adult ICU patients with

Figure 1 Charts comparing median PCT levels, CRP levels,

and WBC counts on the preoperative day (PreOD), postoperative

day 1 (POD 1), and postoperative day 3 (POD 3) between the

infected and uninfected group.

P-value determined with Mann-Whitney test. PCT, procalcito-

nin; CRP, C-reactive protein; WBC, white blood cell; IQR, inter-

quartile range.
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SIRS/sepsis, reported that a diagnostic model combining
four clinical parameters and four laboratory parameters (IL-
6, platelet count, PCT, CRP) had better diagnostic value for
infection than individual tests or combining CRP and PCT,
with an AUC of 0.78 (95 % CI: 0.70�0.87).22

This study observed that in model 1, the single PCT level
on POD 3 did not have statistical significance in predicting
infection (Table 2). In model 2, when combining the PCT
level with CRP level or WBC count on POD 3, this combina-
tion had a significant predictive value for postoperative
infection. Although the AUCs of Model 2 were statistically
significant, they remained below 0.8, indicating limited pre-
dictive utility. Model 3, combining the cut-off values of PCT,
CRP, and WBC on POD 3, had an AUC of 0.81 (95% CI:
0.69�0.93) (p = 0.002). This AUC value is considered clini-
cally useful for predicting infection. When comparing the
comparative predictive abilities of the three models using
Kaplan-Meier survival analysis, the study reported that the
combination of PCT with CRP and WBC (PCT > 4.15 ng/

ml + CRP > 22.03 mg/l + WBC > 15.3 £ 103/ml) on POD 3
offers the best predictive value for early postoperative
infection compared to using PCTalone or PCTcombined with
CRP or WBC (Figure 2).

This study’s combined biomarker model for predicting
postoperative infection in open-heart surgery has an AUC
value similar to those of previous studies.11,21,22,24 However,
this model has several advantages over the models from ear-
lier studies. First, the tests in model 3 can be commonly per-
formed in laboratories, with quick turnaround times for
results. Thus, early diagnosis of postoperative infections in
patients undergoing open-heart surgery with CPB is practical
and effective using model 3. Furthermore, the clearly
defined biomarker thresholds enhance the model’s applica-
bility in clinical practice. Additionally, the study notes that
the PPV of model 3 is 89.3 %. This implies that among 10
cases identified as postoperative infections using this model,
9 cases would be correctly diagnosed, and 1 case might be
incorrectly diagnosed. Thus, this model is useful for guiding
antibiotic use in suspected postoperative infections. How-
ever, this model has a limitation: a moderate NPV of around
60 %. This implies that among 10 cases where infection is
excluded by this model, 4 cases might actually be missed
infections. Hence, this model may not be sufficiently robust
to guide the discontinuation of antibiotic therapy.

The study also has several limitations. First, the sample
size in the study is small. Biomarker monitoring was only
conducted up to the third postoperative day. Adjustment for
multiple comparisons was not applied. The study was con-
ducted at a single center, and the biomarker cut-off values
were derived from the ROC curve analysis of this cohort
without external validation.

Conclusions

The procalcitonin test alone is insufficient to predict infec-
tion after open-heart surgery with CPB in children. This com-
bined biomarker model, incorporating PCT, CRP, and WBC,
demonstrates promise for early postoperative infection pre-
diction but requires further validation in larger and more
diverse cohorts prior to clinical implementation.

Table 2 Comparison of AUC, sensitivity, specificity, positive predictive value, and negative predictive value among models in

predicting infection.

AUC (95 % CI) Sensitivity Specificity Positive predictive

value

Negative

predictive value

P-value

Model 1a

PCT 0.67 (0.51�0.82) 48.5 70.6 76.2 41.4 0.085

CRP 0.71 (0.54�0.87) 54.6 73.3 81.8 42.3 0.072

WBC 0.65 (0.49�0.82) 60.6 62.5 76.9 43.5 0.074

Model 2

PCT + WBC 0.72 (0.55�0.86) 66.7 68.8 81.5 50.0 0.014

PCT + CRP 0.71 (0.57�0.86) 63.6 73.3 84.0 47.8 0.008

Model 3

PCT + CRP + WBC 0.81 (0.69�0.93) 75.8 80.0 89.3 60.0 0.002

a cut-off point for PCT = 4.15 ng/ml; cut-off point for WBC = 15.3 £ 103/ml; cut-off point for CRP = 22.03 mg/l (on the postoperative day 3).
PCT, procalcitonin; CRP, C-reactive protein; WBC, white blood cell; AUC, area under receiver operating characteristic curve; CI, confidence

interval.

Figure 2 Kaplan-Meier curve analysis for predicting infection

among models. A, PCT > 4.15 ng/ml (model 1). B, PCT >

4.15 ng/ml and CRP > 22.03 mg/l (model 2). C, PCT > 4.15 ng/

ml and WBC > 15.3 £ 103/ml (model 2). D, PCT > 4.15 ng/ml,

CRP > 22.03 mg/l, and WBC > 15.3 £ 103/ml (model 3).
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