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Abstract

Increased procalcitonin concentration (PCT) is known to be reliable for the identification of infections even in the presence
of the non-specific systemic inflammatory response seen after cardiopulmonary bypass (CPB), whereas increased C-reactive
protein concentration (CRP) is not. The present work explored the ability of neonate PCT measured early after cardiac
surgery to identify postoperative infections. This was a retrospective case—control study, where PCT was matched between
patients with and without infections according to the patient’s age, the CPB length, the use of deep hypothermic circulatory
arrest (DHCA), and the postoperative day (POD). The accuracy in the prediction of infections was ascertained and cutoff
thresholds were identified. 144 neonates were eligible, and 89 pairs of measurements from 94 patients were analyzed. PCT
was a good predictor of infections within POD4, and was a better predictor when compared with CRP at POD1 and POD2.
The sum of PCT (pg mL™!) and CRP (mg L™!)> 33 on POD1 or POD2 predicted infections with a 0.68 sensitivity and a
0.82 specificity, and a sum > 49.36 on POD3 or POD4 predicted infections with a 0.82 sensitivity and a 0.93 specificity. In
patients with DHCA, PCT was higher than in those without DHCA, and was not predictive of infections. The accuracy of
PCT to identify infections after neonatal cardiac surgery is better than that of CRP when measured within 48 h of surgery.
The sum of the two markers measured early after surgery is an excellent predictor of postoperative infections.
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Introduction

P< M. Bojan

m.bojan@hml.fr Blood concentration of procalcitonin (PCT) is considered

one of the best markers of bacterial infection [1], and several
studies have demonstrated excellent accuracy for the diagno-
sis of infection in critically ill neonates [1-4]. Although both
PCT and C-reactive protein (CRP) are acute-phase proteins
and increase in several non-infectious inflammatory states,
PCT is reliable for the identification of infection even in the
presence of a non-specific systemic inflammatory response
syndrome (SIRS) such as seen after cardiopulmonary bypass
(CPB), whereas CRP concentration is not [5]. Recent stud-
ies have validated its use for screening of post-cardiac sur-
gery infections in children [5-9]. Neonates usually undergo
more complex surgeries when compared with older children;
longer bypass and aortic cross-clamp durations, larger trans-
fusions, often require deep hypothermic circulatory arrest
(DHCA), and a delay in sternal closure. This combination
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of factors places them at high risk for both SIRS and sepsis.
Both PCT and CRP concentrations are impacted by these
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specific factors. Nevertheless, it has been suggested that PCT
provides increased accuracy for the diagnosis of postopera-
tive infections in neonates when compared with CRP [10].

Previous authors have attempted to identify an accurate
PCT threshold for prediction of infections; however, PCT
varies with both age [11] and the timing of the measurement
relative to surgery and the occurrence of infection [12, 13].
These make it difficult to identify a unique threshold for
the entire postoperative period in a wide age-range pediatric
population, such as considered previously [5-8, 14—16]. The
present work aims to explore the ability of PCT measured
within two weeks of cardiac surgery to predict an infection
within the next 48 h in neonates.

Materials and Methods

This retrospective cohort study was performed at the
Necker-Enfants Malades University Hospital in Paris. All
neonates undergoing surgery between November 1, 2014
and November 1, 2017 at the Department of Pediatric car-
diac surgery were eligible for inclusion if they had at least
2 PCT measurements within the 15 days following surgery.
The institutional ethical committee waived the need for writ-
ten informed parental consent to perform this retrospective
analysis, after de-identification of all patient data.
Anesthesia was induced with sevoflurane, and maintained
with alfentanil, midazolam, and atracurium. Patients under-
went surgery either with moderate hypothermic CPB, or
with DHCA and selective antegrade cerebral perfusion if
they required reconstruction of the aortic arch. Antibiotic
prophylaxis consisted of cefazolin 50 mg kg™! at induction
of anesthesia, followed by 25 mg kg~! during CPB, 25 mg kg
at sternal closure, and another 25 mg kg™! every 6 h during
24 h. In the case of a delayed sternal closure, 25 mg kg™!
Cefazolin was administered every 6 h until sternal closure.
All neonates received 1 mg kg~! dexamethasone at induc-
tion of anesthesia; if they required DHCA they received
30 mg kg~! dexamethasone at the beginning of CPB.
Postoperatively, clinical, biological, and radiological
examinations were performed daily until discharge from the
Cardiac Intensive Care Unit (CICU). Serum samples were
drawn daily for CRP measurement, white blood cells and
polymorphonuclear leukocytes counts as part of the institu-
tional protocol. PCT was measured at the discretion of the
attending intensivist. Besides clinical assessment, screen-
ing included chest radiograph, blood cultures, culture of the
endotracheal suction (if intubated), urine culture, culture of
the wound seepage, and/or intraoperative mediastinal cul-
ture in case of reoperation for mediastinitis. Patients were
thought to have infections if they had (i) pneumonia—fever,
worsening respiratory status, new pulmonary opacity of
chest X-ray, and either polymorphonuclear leukocytes or
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pathogenic organisms on tracheal aspirate; (ii) sepsis—sys-
temic inflammatory response (at least two of the follow-
ing, one of which must be abnormal temperature or leu-
kocyte count: core temperature > 38.5 or <36 °C, elevated
or depressed leukocyte count, tachycardia, or bradycardia,
tachypnea) plus a positive blood culture within 3 days; (iii)
urinary tract infection—fever in the setting of increased
white blood cells on urinalysis and a positive urine culture;
(iv) wound infection—erythema or dehiscence with puru-
lent drainage with or without deep tissue involvement; (v)
necrotising enterocolitis not requiring laparotomy—abdomi-
nal distension, bilious residuals, melena. Neither PCT nor
CRP were shown to be reliable markers of infection in
infants with ECMO [17]; therefore, patients with postop-
erative ECMO were not analyzed here. PCT measurement
used the ARCHITECT BRAHMS PCT, a chemiluminescent
microparticle immunoassay on the automated ARCHITECT
i2000-SR® immunoassay analyzer (Abbott).

PCT concentrations were considered for analysis if meas-
ured in neonates older than 3 days, within the 15th postoper-
ative day (POD) and less than 2 days before infection declar-
ing. The day when antibiotics were started was considered to
be the day of infection declaring. Each blood sampling was
considered an independent patient-day episode; as such, the
analysis included one or several measurements per patient,
performed on different PODs. First, variables associated
with postoperative PCT concentrations were identified in
neonates without infections, and further used for matching of
patient-day episodes in patients with infections, with patient-
day episodes in patients without infections. After match-
ing, associations between PCT, CRP, and white blood cells,
polymorphonuclear leukocytes counts and the occurrence
of infections were explored using matched tests. The ability
of each biomarker to predict infections was explored using
the ROC methodology, and their best predictive thresholds
were identified using the Youden index [18]. Comparison
of the predictive abilities between the biomarkers used the
likelihood ratio test for nested models. Analysis used the
basic R package, “optmatch” and “verification” packages.

Results

A total of 357 neonates underwent surgery during the study
period. Among them, 154 patients were eligible for inclusion.
Ten patients required postoperative ECMO, and were not
analyzed here, leaving 144 patients under analysis. The char-
acteristics of the study population were age 7.9 +5.07 days,
weight 3.51+3.81 kg, CPB duration 132.79 +61.23 min,
aortic cross-clamping duration 71.17 +45.68 min. The
patients underwent surgery for repair of transposition of
the great arteries (35), transposition + ventricular septal
defect (VSD) (16), transposition + VSD + coarctation (8),
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reconstruction of the aortic arch (27), palliation for hypo-
plastic left heart syndrome (19) and palliation for pulmonary
atresia with or without VSD (15), total anomalous pulmo-
nary vein connection (10), Truncus arteriosus (6), and others
(8). Overall, 40 patients required DHCA, and in 113, the
sternum was left open after surgery, the median delay to
sternal closure was 4 days, interquartile range (IQR) [3-6].

In total, 70 neonates had postoperative infections: 47 had
postoperative pneumonia, 12 had sepsis, 5 had mediastinitis,
4 had necrotising enterocolitis, and 2 had urinary tract infec-
tions. Among them, 19 neonates had presumed or confirmed
infections preoperatively, and received antibiotics prior to
surgery. Only the first postoperative infection was considered
in patients with several episodes. The median time inter-
val between surgery and the day of infection declaring was
4.5 days, IQR [3-9]. The median time to extubation was
5 days [2-9], the duration of ICU stay was 8 days [5-12],
and 5 patients died in-hospital (3.5%).

The variables independently associated with postopera-
tive PCT concentrations in the group of 74 neonates with-
out infections were the POD (coeff estimate — 0.99 +0.28,
p<0.001) and the use of DHCA (coeff estimate 6.65+ 1.83,
p <0.001). Consequently, each patient-day episode in
patients with infections was matched with a patient-day epi-
sode in patients without infections according to the POD and
the use of DHCA, as well as to the patient’s age and the CPB
duration (shown to be associated with PCT concentrations
in previous work [5, 11, 15]).

Overall, 89 patient-day episodes were matched, includ-
ing 47 patients without infections and 47 patients with
infections. The characteristics of the matched popula-
tion are shown in Table 1. The kinetics of PCT and CRP

concentrations during the first 15 PODs in neonates with
or without infection, and with or without DHCA, are
shown in Figs. 1 and 2, respectively. In patients without
infections, PCT was higher postoperatively if surgery was
performed with DHCA when compared with the others,
8.27+11.89 ng mL™! vs 2.78 +4.06 ng mL™', respec-
tively (p =0.002), and so was CRP, 32.54 +26 ng mL~! vs
18.55+18.11 ng mL™!, respectively (p=0.01). White blood
cells and polymorphonuclear leukocyte counts were similar
in patients with and without infections, whether surgery was
performed with DHCA or not.

The results of the ROC analysis exploring the predic-
tive ability of the markers, when measured less than 2 days
before infection declaring, are shown in Table 2. The ROC
curves for both PCT and CRP as well as the sum of the two
markers on POD 1 and 2, POD 3 and 4, or later, are shown
in Fig. 3. The ensemble shows a better predictive ability of
PCT for infections when compared with just CRP on POD
1 and 2. It also shows that the sum of the two markers was a
better predictor of infections within 4 days of surgery, when
compared with each marker taken alone. In the group of
patients undergoing surgery without DHCA, there was a
good predictive ability of CRP concentrations for infections,
and a good predictive ability of PCT for infections when
measured within 4 PODs. The sum of CRP (mg L™!) and
PCT (pg mL™!) measured on POD1 or POD2 above 32.87
and above 49.36 when measured at POD3 or POD4 were the
best predictors of infections. None of the markers predicted
infection in patients undergoing surgery with DHCA (results
not shown).

In patients who did not require DHCA, the likelihood
ratio test for nested models demonstrated significant added

Table 1 Characteristics of the

- Variable Measurements in patients Measurements in patients p value
matched population without infections with infections
(n=47) (n=47)

Age (days) 7.99+4.84 8.19+4.76 0.57
Weight (kg) 3.28+0.48 3.16+0.49 0.09
CPB duration (min) 134.45+48.06 130.64 +56.18 0.25
DHCA 32 (0.36) 34 (0.38) 0.16
Delayed sternal closure 73 (0.82) 73 (0.82) 1
PCT (ng mL™") 475+8.21 14.04 +29.97 0.004
CRP (mg mL™") 23.5+22.09 55.05+56.79 <0.001
WBC (x10° mL™") 15.32+5.95 15.28 +6.02 0.97
PN (x10° mL™!) 67.25+10.63 67.32+9.66 0.94

Patient-day episodes in 47 patients with postoperative infections were matched with patient-day episodes
in 47 patients without infections based on age, the postoperative day, the cardiopulmonary bypass dura-
tion, and the use of deep hypothermic circulatory arrest. Data are shown as means + standard deviations, as
numbers + proportions, or as medians + interquartile ranges, as appropriate. All comparisons used matched

tests

CPB cardiopulmonary bypass, CRP C-reactive protein, DHCA deep hypothermic circulatory arrest, PCT
procalcitonin, PN polymorphonuclear leukocytes count, WBC white blood cells count
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Fig. 1 Kinetics of PCT con-
centrations within two weeks
of surgery in subgroups of neo-
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predictive ability of PCT concentrations over a model of
postoperative infection using CRP as the unique predictor
(1.09, p<0.001).

Discussion

The present case—control study demonstrates good accuracy
of PCT to identify infections occurring within the first week
of cardiac surgery in neonates. It shows that the combination
of PCT and CRP monitoring to screen neonates early after
surgery is a better indicator of infection than CRP alone. In
patients undergoing surgery with DHCA, neither PCT nor
CRP were predictive of infections within the first two weeks
of surgery. To our knowledge, this is the largest study to date
to explore the accuracy of PCT as a marker of infection in a
neonatal population with cardiac surgery.

PCT was identified as a human precursor of calcitonin
in 1989, and was first described as an infectious marker in
1993 [1]. In 1994, Dandona et al. [19] showed that after
the injection of endotoxins in normal human volunteers, the
PCT concentration became detectable at 4 h, peaked at 6 h,
maintained a plateau through 8 to 24 h, and was preceded
by an increase in TNF-alpha and IL-6. The short half-life
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Postoperative day

(24-30 h) [19] and the rapid return to undetectable concen-
trations in uncomplicated patients is a major advantage of
PCT over CRP. Therefore, there is a growing body of litera-
ture investigating PCT as an alternative to CRP in patients
with sepsis, and as a predictor of both complications and
poor outcome [20]. In critically ill neonates, PCT has been
shown to be an accurate indicator of infection [1-4], and in
older patients with cardiac surgery, PCT has been shown
to be a more accurate predictor of postoperative infec-
tions when compared with CRP [5-8, 13—-15]. These are
in accordance with the results in Table 2 and Fig. 3, which
indicate that PCT was a better predictor of infections when
measured at POD1 or POD2, when compared with CRP.

Uncomplicated cardiac surgery with CPB leads to inflam-
matory cytokine release, a PCT peak at POD1 and a return to
normal levels within the first week [12, 13, 20]. In patients
with infections following cardiac surgery, PCT concentra-
tions remain high [10, 12, 13], and proportional to the sever-
ity of infection [12]. A further advantage of PCT monitoring
in neonates with CPB is the lack of impact of a delayed
sternal closure, a common technique in neonates with post-
operative hemodynamic instability, whereas CRP concentra-
tions remain high and further increase in patients in whom
the sternum is left open [13].
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Fig. 2 Kinetics of CRP con-
centrations within two weeks
of surgery in subgroups of neo-
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Table 2 Predictive accuracy of PCT and CRP for postoperative infections when measured less than 2 days before infection declaring in patients

undergoing surgery without deep hypothermic circulatory arrest

Postoperative day ~ Variable AUC Threshold  Sensitivity ~ Specificity =~ Positive pre-  Negative
95% Confidence Interval dictive value  predictive
value
POD 1, POD 2 PCT (pg mL™")  0.809 [0.673-0.945] 12.97 0.74 0.86 0.85 0.75
CRP (mg L™ 0.739 [0.673-0.945] 19.9 0.63 0.76 0.75 0.65
PCT+CRP 0.829 [0.694-0.964] 32.87 0.68 0.82 0.81 0.7
POD 3, POD 4 PCT (pg mL™")  0.728 [0.537-0.918] 1.33 0.71 0.72 0.67 0.76
CRP (mg L™ 0.844 [0.681-0.996] 41 0.64 0.86 0.78 0.75
PCT+CRP 0.909 [0.7914-1.000] 49.36 0.82 0.93 0.78 0.84
POD 5 or later PCT (pg mL™")  0.545 [0.341-0.748]
CRP (mg L™} 0.716 [0.509-0.923] 0.71 0.73 0.78 0.57
PCT+CRP 0.722 [0.520-0.923]

CRP C-reactive protein, PCT procalcitonin, POD postoperative day

However, PCT concentrations measured after cardiac
surgery need to be interpreted with caution. Besides the
above-mentioned overlap between the biological features
of the post-CPB inflammatory response and an infectious
state, the postoperative increase in PCT is also impacted
by surgical complexity [20] and CPB duration [15]. Many
other situations may trigger PCT synthesis and release in the

context of cardiac surgery, including myocardial infarction
[21], cardiogenic shock [22], and concomitant organ dys-
function [20]. Surgical trauma per se increases pro-inflam-
matory cytokines (IL-6), CRP, and PCT after uneventful
surgeries in neonates [23, 24]. Also, some peculiarities of
PCT concentrations in neonates need to be highlighted. PCT
concentrations are high during the first days of life: PCT
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Fig.3 Area under the receiver operating curve for PCT, CRP, and a
combination of both PCT and CRP for the diagnosis of postoperative
infection. POD postoperative day

rises from <0.08 ng mL~! soon after birth, to 0.8 ng mL~! at
24 h after birth, and drops again <0.08 ng mL~! afterwards
[11]. Lapillone et al. [25] reported high-PCT concentrations
in neonates suffering from SIRS with respiratory distress
syndrome in the absence of infection. Inclusion of neonates
older than 3 days and matching according to age, CPB dura-
tion, the requirement for DHCA, and to the POD aimed to
minimize all these biases.

The identification of an accurate PCT threshold for
the prediction of infection in previous studies has been
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made difficult by the analysis of populations including
neonates along with older infants and adolescents, and by
ignoring the expected variation over time of PCT con-
centrations. As a consequence, in a meta-analysis of PCT
studies, Chiesa et al. showed that PCT cutoffs predictive
of infection varied between 0.235 and 100 ng mL~! [20].
Overall, reported concentrations in neonates and infants
with cardiac surgery are higher than those reported in
adults: cutoffs to identify localized infections or sepsis
vary between 2 and 5 ng mL~! in pediatric studies [6,
9, 10, 14] and between 1 and 1.5 ng mL~! in adults [12,
26], whereas cutoffs which identify septic shock vary
between 15 and 20 ng mL ™! in pediatric studies [4, 7, 16]
and 10 ng mL~! in adult studies [12, 26]. In addition, it
is likely that there is no unique PCT cutoff for the whole
postoperative period, but a sequence of thresholds accord-
ing to the time elapsed since surgery. Here we identified a
cutoff of 12.97 ng mL~! on POD1 and POD2 and of 1.33
on POD3 and POD4. With a similar approach in a popula-
tion of 65 neonates with cardiac surgery, Bobillo et al. [10]
identified cutoffs of 4 ng mL~! at PODI, of 5 ng mL~" at
POD2, and 5.5 ng mL~! at POD3. However, the kinetics
of the cutoff reported here are more in accordance with
the PCT kinetics following uncomplicated cardiac surgery
with CPB [12, 13, 20].

Both PCT and CRP were higher postoperatively in
patients with DHCA when compared with those with-
out DHCA; also, their predictive value was negligible in
patients with DHCA. Older studies performed in infants
showed that deep hypothermia and rewarming significantly
reduce gut mucosal blood flow and increase intestinal oxy-
gen consumption. The mucosal hypoperfusion and hypoxia
are thought to be responsible for bacterial translocation
from the gut leading to systemic endotoxin release, which
acts as a powerful trigger for cytokine and PCT production
[27]. It is likely that the intensity of the systemic inflam-
matory response due to the use of DHCA overwhelmed the
inflammatory response due to the infectious state here, and
biased the interpretation of PCT and CRP concentrations
as indicators of infection.

Limitations

The present study was single-center based, and the results
need to be validated on a larger scale. The use of corti-
costeroids after induction of anesthesia might have had
an impact on the rise of both PCT and CRP due to their
strong anti-inflammatory effects. Since most of the PCT
measurements were performed within 5 days of surgery,
the exploration of the ability to predict infection was lim-
ited to this period.
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Conclusion

The accuracy of PCT to identify infections early after neo-
natal cardiac surgery is good, and is better than that of CRP
within 48 h of surgery. A combination of both biomarkers
is the best predictor of infections within 4 days of surgery.
Neither PCT nor CRP are predictive of infections after deep
hypothermic CPB.
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