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Abstract: Sepsis is still related to high mortality and hospitalization rates in the paediatric population
despite medical progress. Prompt recognition of sepsis and consequent initiation of an appropriate
treatment are essential elements in securing a positive outcome in adults and children. In such
scenario, various biomarkers have been studied to support the clinician in the diagnosis of severe
infections, in the identification of patients at risk of progression towards sepsis as well as in the
evaluation of the response to treatment. In children, the performance of C-reactive protein and
procalcitonin has been largely investigated, whereas data on newer biomarkers of sepsis are scant.
The aim of the present review is to summarise the available data on the use of pro-adrenomedullin in
the paediatric age.
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1. Introduction

Serious bacterial infection (SBI) is a major cause of morbidity and mortality in children worldwide
and it is responsible for about 60% of childhood mortality [1]. Early recognition of sepsis and the
prompt administration of appropriate antibiotic treatment are crucial elements for preventing the
evolution of sepsis towards septic shock. Various diagnostic markers of sepsis have been suggested in
a variety of clinical settings and age groups in order to facilitate early diagnosis of SBI and to predict
prognosis [2].

In recent years, the interest of the scientific community has focused on adrenomedullin (ADM),
a peptide that is produced by heart, adrenal medulla, lungs, kidneys, and vascular endothelium
during physiological stress. ADM was initially studied for its vasodilating properties; more recently,
a central role of ADM in the inflammatory response has been demonstrated. Lipopolysaccharides and
pro-inflammatory cytokines, such as TNF-« and IL-1§3, rapidly promote ADM production through
increased ADM gene expression in several tissues [3]. The release of ADM into the bloodstream regulates
the vascular tone, guaranteeing adequate organ perfusion; it also results in potent pore-mediated
antibacterial activity and in immunomodulation through the induction of apoptosis.

The ADM gene is located at the short arm of human chromosome 11 (p11.1-3) and it consists in
four exons and three introns. The mRNA encodes the information for the synthesis of a preprohormone
of 185 aminoacids, known as preproadrenomedullin, which is subsequently degraded into a
164-aminoacid-peptide, called proadrenomedullin (ProADM), through cleavage of the signal peptide [3].
ProADM is utterly cleaved by an endogenous peptidase, peptidylhydroxyglycine a-amidating lyase,
into four different peptides: ADM, the aminoterminal peptide of ProADM (PAMP), adrenotensin,
and midregional proadrenomedullin (MR-ProADM) [4]. ProADM and ADM are secreted in equimolar
amounts during this post-translational modulation. However, ADM is rapidly metabolized and
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eliminated from the bloodstream, which makes its levels hardly measurable. ProADM displays higher
stability in circulation and it is easily detectable.

In the adult population, it has been documented that ADM and ProADM levels rapidly rise in
sepsis and serious bacterial infections, that they are related to the severity of the disease, and that they
accurately predict the risk of organ failure and mortality.

Despite that literature being rich of studies on ProADM in the adult population, data on its
performance in the paediatric setting are limited.

The purpose of this review is to summarise the available data on when and how ProADM dosing
is useful in paediatric ages.

2. Materials and Methods

We conducted a literature review to investigate the role of ProADM in children, while applying
the methodology described below.

An electronic PubMed search was performed while using the following key words:
(proadrenomedullin[Title/abstract]) AND (children[Title/abstract] OR newborn[Title/abstract] OR
infants[Title/abstract]OR neonates|Title/abstract]). A total of 30 articles were found. Reviews, opinion
papers, and articles not related to infectious diseases were excluded. The full text of the remaining
studies was then evaluated, while considering the following items: authors, country and year
of publication, characteristics of the population analysed, performance of ProADM, and eventual
comparison with other biomarkers or scoring systems.

A total of 16 studies were finally selected (Table 1). Most of the studies had a low level of evidence
(IV to VI) being case-control or cohort studies.

As the study was designed as a narrative literature review, no ethical committee permission was
deemed to be necessary.

Table 1. Summary of studies on pro-adrenomedullin (ProADM) in the paediatric population.

Author Year Type of Study Study Population Main Results/Conclusions

Serum ProADM levels were higher in
neonates with sepsis than in the control
group, in severe sepsis and in
non-survivors [5].

Compared with CRP, MR-ProADM was
more sensitive, but less specific, in the

40 term neonates with
Hagag 2010 Case control study sepsis and 20 healthy
matched neonates.

Cao 2011 PI‘OSPECUVE 356 neonates diagnosis of sepsis. MR-ProADM might
observational study ) .
become a new diagnostic markers for
neonatal infection [6].
. Prospective Identification of cord blood MR-ProADM
Miguel 201 observational study 267 at term newborns cut-off value of 0.84 nmol/l for infection [7]
Prospective 50 hospitalized children ProADM levels were rel.atec.i to the .
Sanchez 2012 - . development of CAP complications during
observational study with CAP e
hospitalization [8].
MR-ProADM concentrations were
. 328 newborns with a physiologically elevated in neonates,
Prospective . ; .
Admaty 2012 ; gestational age between  especially in those born very preterm. Early
cross-sectional study . .
24 and 41 weeks. onset sepsis was also related to increased
MR-ProADM concentrations [9].
ProADM had high sensitivity and
. 76 newborns with specificity, especially in combination with
Prospective .
Oncel 2012 b tional stud neonatal sepsis and other acute-phase reactants, for the
observational study 52 healthy controls diagnosis and follow-up of neonatal
sepsis [10].
. oo MR-ProADM had lower diagnostic
Benito 2013 Multicentre 1035 febrile infants less accuracy in estimating the severity of

prospective study than 36 months of age infection compared to CRP or PCT [11].
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Author Year Type of Study Study Population Main Results/Conclusions
Prospective 254 children admitted to In critically ill children, high levels of
Rey 2013 - paediatric intensive MR-ProADM were associated with
observational study . . . .
care units increased prediction of mortality [12]
MR-ProADM levels were a good indicator
Prospective R of disease severity and had a better
Jordan 2014 observat?onal study 95 septic children reliability than PCT at}r;d CRP for predicting
in-hospital mortality [13].
Prospective cohort 1?;21(:1:;:5: t?n%tt(:) ProADM seemed a reliable predictor for
Alcoba 2015 s complicated CAP, but was similar to CRP in
study the paediatric emergency itivit d ificity [14]
with CAP sensitivity and specificity [14].
MR-ProADM was not helpful in the early
Single-centre 136 children with diagnosis of AA. The combination of low
Miguez 2016 prospective suspected acute CRP and low MR-ProADM levels was
observational study appendicitis useful for the identification of children with
a low risk of AA [15].
‘ 433 otherwise healthy 1 cpjidqren with CAP, MR-ProADM blood
Esposito 2016 P1jospect1ve children hosplltahzed for levels poorly differentiated bacterial from
P multicentre study radiologically . poory .
. viral diseases or severe from mild cases [16].
confirmed CAP
Prospective, Children with AA, especially if
observational, complicated, had higher ProADM values
Oikonomopoulou 2018 multicentre study 285 children with than children with non infectious
conducted in suspected AA abdominal pain. The combination of low
6 paediatric emergency values of ProADM and CRP was useful to
departments. select children with low risk of AA [17].
Serum ProADM and IL-1§ levels were
useful for risk/severity stratification in
Korkmaz 2018 Prospective 66 hospitalized children  children with CAP and also in predicting
observational study with CAP the development of complications,
requirements for intensive care unit
admission, and invasive procedures [18].
>4 neorTatescwl/vlth 'cl.mlcal ProADM was useful as a single biomarker
Kannan 2018  Cross-sectional study sepsis and positive for detecting neonatal sepsis, predicting
sepsis screen and clinical outcome and prognosis [19]
54 healthy controls. '
. ProADM was a reliable biomarker for
60 newborns with neonatal sepsis. High ProADM levels were
Fahmey 2018 Prospective study proven sepsis and psis. Hhg

30 healthy neonates.

associated with mortality and were an early
indicator of disease outcome [20]

CRP: C-reactive protein; PCT: procalcitonin; CAP: community acquired pneumonia; AA: acute appendicitis.

2.1. Proadrenomedullin in Children with Serious Bacterial Infections

The utility of ProADM in children with SBIs is still debated.

A multicentre study investigated 1035 well appearing febrile infants that were seen in a Spanish
paediatric emergency department and compared MR-ProADM levels with C-reactive protein (CRP) and
procalcitonin (PCT) in diagnosing SBIs. The plasma levels of MR-ProADM were significantly higher in
patients with invasive bacterial infections (such as sepsis or meningitis) than in children with localized
infections (i.e., urinary tract infections—UTIs—or pneumonia), but had a lower diagnostic accuracy in
estimating the severity of infection when compared to CRP or PCT. The amount of septic children was
limited (only 16 patients). According to authors’ conclusions, ProADM alone is useless in identifying
SBIs, but can be helpful in combination with other markers. Noteworthy, the threshold value for
MR-ProADM for bacterial infection was set at 0.75 nmol/L. In the adult population, MR-ProADM
cut-offs for sepsis and severe sepsis have been settled at 1.8 and 2.5 nmol/L, respectively. This difference
may have influenced the interpretation of the results [11].

In a following study, MR-ProADM resulted a good indicator of disease severity in critically ill
children with sepsis and had better accuracy than PCT and CRP in predicting in-hospital mortality
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(AUC was 0.77 for MR-ProADM, 0.67 for PCT and 0.63 for PCR). When compared to the PRISM III
score, a MR-ProADM cut off of 2.2 nmol/L had similar accuracy [13]. Similar conclusions are reported
in another prospective observational study that was performed by Rey et colleagues: in a population
of 254 children that were admitted to a paediatric intensive care unit, MR-ProADM had 93% sensitivity
and 76% specificity to differentiate the high mortality risk group, with an AUC of 0.87. MR-proADM
levels > 0.80 nmol/L appeared to be useful in identifying children at elevated risk of death [12].

2.2. Neonatal Sepsis

Sepsis is one of the major causes of death during the neonatal period. Mortality and comorbidities
remain high despite recent advances in treatment. Early diagnosis represents an important challenge
for neonatologists, because clinical signs are difficult to differentiate from other non-infective
neonatal conditions. A reliable and rapid diagnostic marker is needed to guide the initiation of
antimicrobial agents.

In neonates, cut-offs for ProADM are currently under evaluation.

In 2010, Miguel et colleagues measured MR-ProADM in the cord blood of 194 healthy newborns
without risk factors for sepsis and in 73 newborns with risk factors for sepsis at delivery. They finally
identified a reference cut-off of MR-ProADM of 0.84 nMol/L (0.5-1.38) for healthy newborns [7].

In 2012, Oncel and colleagues measured the plasmatic levels of ProADM in three groups of
patients: newborns with proven sepsis (31 patients), with clinical sepsis (45 patients), and healthy
controls (52 patients). They found that the ProADM levels were significantly higher in newborns with
sepsis as compared with healthy controls, and also that ProADM more rapidly decreased, in patients
with controlled sepsis, as compared to CRP. They identified a cut-off value of 3.9 nMol/L for ProADM
to discriminate proven or clinical sepsis from non-septic conditions, with an AUC, respectively, of 0.97
and 0.98. In this study, ProADM appeared to be useful for the diagnosis and follow-up of early
onset sepsis (EOS) in neonates, but the concomitant use with conventional acute-phase reactants was
suggested [10].

A cross-sectional prospective study, which was conducted between March 2009 and December
2010 in Switzerland, evaluated MR-ProADM plasma levels in 328 infants that were born between 24 and
41 weeks gestational age (GA). The lower the GA, the higher MR- ProADM plasma concentrations
were at birth and at 2-3 days of life. Irrespective of GA and birth weight (BW), MR-ProADM plasma
cord blood concentrations at birth were increased in infants with EOS, signs of antenatal cardiovascular
compromise, and born from mothers with chorioamnionitis. Finally, the need for respiratory support
was associated with higher MR-ProADM plasma concentrations at 2-3 days of life [9].

The efficacy of ProADM in detecting neonatal sepsis was demonstrated in several other studies.
ProADM levels were significantly higher in the sepsis group than in the control group (p < 0.001) in
a prospective study on 90 neonates (30 healthy and 60 with microbiologically documented sepsis).
In this study, 4.3 nmol/L was identified as the optimal cut-off for ProADM: this value had a sensitivity
of 93.3% and a specificity of 86.7%. The ProADM levels were also significantly higher in non-survivors
(p = 0.001) [20].

Similarly, Kannan et al. found higher ProADM levels in septic neonates when compared to
controls (median 31.8 vs 5.1 pMol/mL). 90% of neonates with increased ProADM died and 92.5% of
neonates with decreased ProADM survived. The serial monitoring of ProADM levels had a significant
role in predicting prognosis: indeed, a decrease in ProADM level by 10 pMol/mL was associated with
a 99% probability of survival [19].

The role of ProADM as predictor of outcome in sepsis was also documented in a case control
study on 40 newborns with sepsis that were admitted to neonatal intensive care unit (NICU) when
compared with 20 healthy neonates of matched GA and BW. A significant increase in the ProADM
plasma levels was found in septic patients, as compared with controls, but also in patients with sepsis
who did not survive as compared with survivors [5].
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A wider population of neonates (n = 356) was studied by Cao et al. The serum levels of
MR-ProADM were significantly increased in both neonatal infection groups (severe and mild), and it
was higher in the severe infection group. Moreover, the serum MR-ProADM levels were higher in
neonates with culture-proven sepsis than in those with clinical sepsis. When compared with CRP
(cut-off level: 8 mg/L), MR-ProADM cut-off of 1.12 nMol/L was more sensitive, but less specific, in
identifying neonatal sepsis [6].

2.3. Pneumonia

Community-acquired-pneumonia (CAP) is the leading cause of child morbility worldwide.
The decision to hospitalize the patient and to start an intravenous antimicrobial treatment mainly
depends on the severity of the disease and on the risk of complications, such as sepsis, empyema,
or abscess. Several attempts to find an effective biomarker to identify and to stratify bacterial CAP in
children have been made in recent years, but only few studies analysed the role of ProADM, and their
results are sometimes contradictory.

A prospective observational study, including hospitalized children with CAP, showed that
ProADM was higher in complicated pneumonia (2.3190 vs. 1.1758, p = 0.013): in particular, in children
with pleural effusion median ProADM was 2.9440 nmol/L as compared to 1.1373 nMol/L in those
without effusion (p < 0.001). On the contrary, the CRP levels did not differ between patients with
complicated and uncomplicated CAP (206 vs. 254.5 mg/L, p = 0.558). The ProADM levels were not
related to other variables, such as oxygen therapy, duration of fever, length of hospital stays, duration
of parenteral antibiotic therapy, admission to ICU, and unilobar or multilobar CAP at admission [8].

A similar conclusion was drawn by another study on children up to 16 years of age with CAP,
where a statistically significant increase of ProADM levels was associated with bacteraemia or empyema
(at logistic regression p = 0.007 and 0.036, respectively). A significant difference in ProADM median
values was again found in complicated cases (0.18 vs. 0.08 nmol/L, p = 0.039) and in bacteraemic CAP
(0.40 vs. 0.08 nmol/L, p = 0.02). A cut off of ProADM > 0,16 nmol/L had 100% sensitivity (95% CI
39.8-100.0) and 70% specificity (95% CI 58.7-79.7) for bacteraemia and a cut off of 0.16 nmol/L was as
accurate as CRP <100 mg/L and better than band neutrophils (<1.5 G/L) or leucocytosis (<15 WBC/L)
to rule out bacteraemia (sensitivity and NPV = 10%) [14].

In contrast, in a recent prospective, multicentre study, neither soluble triggering receptor
expressed on myeloid cells-1 (STREM-1), midregional proatrial natriuretic peptide (MR-proANP), nor
MR-ProADM were able to differentiate bacterial from viral CAP or to identify severe cases. However,
the levels of MR-ProADM that were found in bacterial pneumonia were significantly higher than those
in undetermined CAP cases (0.50 + 0.94 vs 0.35 vs + 0.17, p < 0.05) [16].

Finally, ProADM appeared to be the best biomarker for severity stratification of CAP as compared
to CRP and IL-13 levels. ProADM logistic regression analysis revealed that the respiratory clinical score
>6 points and ProADM values >1.75 nmol/L combination had the most accurate results in predicting
the development of complications in CAP (OR: 15.38, 95% CI 1.35-166.66, p = 0.027) [18].

2.4. Acute Abdominal Pain

Acute appendicitis (AA) is a frequent surgical disease in the paediatric population. In at least
one-third of cases, the clinical course is atypical, making the diagnosis of AA sometimes challenging.
The timing of identification of AA is crucial in preventing progression toward perforation, while
excluding AA allows for avoiding unnecessary appendectomies. Several diagnostic tools have
been developed to facilitate AA identification, such as laboratory tests, clinical assessment scales,
and imaging tests. However, only two studies analysed the role of ProADM in pediatric AA.

In a prospective analytical-observational, multicentre study mean ProADM concentrations were
significantly higher (p < 0.001) in children with AA (0.51 nMol/L; SD 0.16) as compared to children with
abdominal pain due to non-infectious causes (0.44 nMol/L; SD 0.14) and in patients with complicated
AA (p = 0.005, 0.64 nmol/L; SD 0.17) as compared to non-complicated cases (0.50 nmol/L; SD 0.15).
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However, ProADM alone resulted inadequate in the early identification of AA. The combination of
low MR-proADM values (<0.35 nmol/L) and low CRP values (<1.25 mg/dL) was indeed useful for
stratifying children with abdominal pain at low risk of appendicitis, with a predictive value of 93% [17].

A second prospective study, which was conducted in children who presented to the emergency
department with suspected AA, found a mean concentration of MR-ProADM that was significantly
higher in children with AA than in children with non-specific abdominal pain (NAP). Similar to the
previous study, the performance of MR-ProADM alone was not optimal; however, if combined with
a CRP level of <0.3 mg/dl, a cut-off for ProADM of <0.34 nmol/L had a 100% negative predictive
value [15].

2.5. Urinary Tract Infection

UTI is another common disease in children. A delay in diagnosis and treatment of complicated
UTI with pyelonephritis is an independent risk factor for developing scars and renal insufficiency.
The performance of ADM has mostly been studied in glomerular diseases in adults. In children,
four studies are available on the performance ADM in urinary tract infections. It seems that ADM is
significantly higher in patients with UTIs despite the small sample size of such studies, especially if
with pyelonephritis, than in the controls [21-23].

Conversely, no studies on ProADM in children with UTIs were found in the literature.

2.6. Neutropenic Fever in Oncologic Children

In childhood cancers, the severe and prolonged neutropenia that follows chemotherapy, results
in a high risk of severe infections. In neutropenic febrile children, infection needs to be ruled out
and differentiated from febrile reactions that are induced by chemotherapeutic agents and blood
products. Different biomarkers have been investigated to identify those patients who need antimicrobial
treatment; however, only two studies evaluated the role of ADM. In this setting, the ADM levels
accurately distinguished infection from inflammation, predicting the presence of culture positivity and
identifying high-risk patients [24,25]. However, the ADM levels poorly correlated with the severity
of infection.

To date, no studies on ProADM in neutropenic febrile children are available in the literature.

3. Discussion

Our literature search only found 16 studies that were focused on the use of ProADM in the
pediatric setting. Such studies are quite heterogeneous, both in terms of the population enrolled and
the type of infection investigated.

Most studies measured MR- or ProADM on plasma samples; a few studies directly measured the
serum levels, while a bunch did not specify the type of sample collected. Therefore, both plasma and
serum appear to be suitable materials for MR-/ProADM dosing.

Different dosing techniques were used for Pro-ADM and MR-ProADM measurement and
that might have affected study results. The most frequently used technique was an automated
immunofluorescent assay by the Kryptor Analyzer (Brahms Diagnostica, Hennigsdorf, Germany).
A few authors used a quantitative sandwich enzyme immuno-assay technique that was produced in
Wuhan, China. One study used a commercial radioimmunoassay kit (Cusabio Biotech, Wilmington,
Germany) and the assay technique was not specified in one study.

From a general point of view, the performance of ProADM in neonates and children was
satisfactory overall. Analysing specific situations, it seems that ProADM alone may be a good indicator
of intra-hospital mortality in critically ill children, especially if it is tested in the first 24 h from ICU
admission and if a high cut-off value (>2.2 nmol/L) is used. However, its capacity of identifying invasive
bacterial infections in well appearing febrile infants is higher if ProADM is used in combination with
other biomarkers, such as PCT. No cut-off value has been established for the latter situation. When
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compared to the PRISM III score, MR-ProADM (cut off of 2.2 nmol/L) has similar accuracy, but is
undoubtfully easier to measure (calculating PRISM III score requires the determination of 14 variables).

The mortality predictive value of 2.2 nmol/L in paediatric sepsis is not far from what is found
in adults. In the TRIAGE study (a multinational, prospective, observational cohort study, including
7132 adults admitted for a medical urgency) copeptin, PCT and Pro-ADM strongly predicted the risk
of death, ICU admission, and high initial triage priority. For mortality prediction, ProADM had the
best discrimination value, with an AUC of 0.83 when compared to 0.78 for copeptin and 0.75 for PCT.
The median level of ProADM in non-survivor was 1.8 nmol/L [26].

ProADM seems to also be useful for an early diagnosis of neonatal EOS (especially in combinations
with other marker of sepsis, such as PCR and PCT) and for predicting response to antimicrobial therapy.
In neonates, especially if preterm, levels of ProADM are physiologically elevated, requiring cut-off
values for infection that are higher than those set in older children. Two different cut-offs (3.9 nmol/L
and 4.3 nmol/L) [10,20] were significantly related to EOS, and, similarly to PCT, the ProADM trend in
the first three days of life was a good predictor of neonatal mortality.

In pneumonia, ProADM can be useful for identifying complicated CAP, especially those with
pleural effusion. Similarly, in adults, a recent systematic review and meta-analysis, including a total of
4119 patients that were admitted to the emergency department, demonstrated that MR-ProADM is
predictive of increased complications (overall area under the SROC curve 0.74) and higher mortality
rates (RR 6.16, 95% CI 4.71-8.06) in patients with CAP [27]. Another meta-analysis, including
10,319 adult patients with CAP, showed that ProADM was superior to PCT and CRP in predicting
short-term mortality in CAP [28].

Finally, the combination of low ProADM and CRP values may help to identify the children with
abdominal pain with a low risk of appendicitis who do not benefit from antibiotic treatment and that
may be safely discharged from hospital.

No studies on ProADM in febrile neutropenic children or in children with UTIs were found,
even if in this setting ADM has demonstrated some utility. In the adult population, a secondary
analysis of a randomized, placebo-controlled trial involving patients with febrile UTI, MR-ProADM
levels at admission were positively correlated with length of hospital stay (p < 0.001), bacteraemia
(p <0.001), initial intravenous treatment (p < 0.001), and time to defervescence (p < 0.001) [29]. In a
study that included 340 febrile adult patients with hematologic malignancies, only ProADM, and not
PCT, was significantly higher in patients with localized bacterial infections, when compared to those
without infection (p = 0.019) and in patients with definite sepsis than those with systemic inflammatory
response syndrome (SIRS) (p = 0.023). ProADM levels significantly decreased in response to appropriate
antimicrobial therapy [30].

4. Conclusions

In conclusion, ProADM seems to be useful in the paediatric population to identify children with
severe infections, especially neonates, but at present clinical data are still limited and they suggest that
ProADM should be used in combination with other biomarkers, rather than as a unique tool. However,
the number of papers available in literature is limited to date: further research in this field is necessary
in order to improve the early detection of sepsis in children. Future perspectives include the potential
use of ProADM to rule out other non-infectious diseases that are typically encountered in children that
may mimic sepsis, such as Kawasaki Disease or systemic juvenile arthritis.
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