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ABSTRACT 
 

To interpret correctly the results of procalcitonin (PCT) accuracy 

studies for the diagnosis of neonatal sepsis, it is time to begin to debate 

the methods we use to measure PCT performance, rather than just how 

PCT performs. Therefore we should move toward the better use of the 

information available including criteria to: (1) substantiate (or rule-out) 
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the diagnosis of neonatal sepsis; (2) define the normal(and abnormal) 

upper limits of PCT; (3) identify which prenatal, perinatal and neonatal 

variables are in play in modulating host characteristics and PCT response 

in the healthy, uninfected and infected neonate, respectively; and (4) 

evaluate the quality of reporting of PCT accuracy studies for diagnosing 

neonatal sepsis in terms of internal (risk of bias) and external 

(generalizability) validity of the results. 

 

 

1. INTRODUCTION 
 

1.1. Neonatal Sepsis and Challenges in Diagnosis 
 

The diagnosis of sepsis is a problem in medicine in general, and in 

neonatology in particular. Problems in the diagnosis of neonatal sepsis are 

present at multiple levels: definition of the problem (just what is sepsis), 

definition of what is not the problem (what constitutes a normal result for 

any given test), nomenclature (one person’s “early onset” sepsis could be 

well another’s “late onset”), and, last but not least, problems with test 

results and test accuracy. 

 

 

2. DEFINITION OF NEONATAL SEPSIS 
 

2.1. Heterogeneity Among Studies 
 

There is a considerable heterogeneity among studies regarding the case 

definition of neonatal sepsis. The gold standard for establishing a diagnosis 

of neonatal sepsis is through culture. However, culture can be falsely 

sterile, as suggested by postmortem cultures [1], or because of the low 

yield caused by insufficient sample volume, intermittent or low-density 

bacteremia, or suppression of bacterial growth by earlier (i.e., intrapartum) 

antibiotic administration [2]. Faced with these problems, part of the 

neonatology literature has abandoned positive cultures as a critical point of 

the “gold standard”. If culture results are negative, but the infants have 

signs of infection, they are considered to have clinical sepsis. In neonates, 
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the scenario of a child with a culture-negative clinical sepsis is far more 

common than blood culture-positive sepsis [3]. Identification of neonatal 

clinical sepsis is challenging as the clinical signs of neonatal septicemia are 

not specific and can be very similar to those of other life-threatening 

diseases such as necrotising enterocolitis, hyaline membrane disease, and 

perinatal asphyxia [4]. Yet, many early signs of infection in neonates may 

be simply associated with prematurity or the transition to extrauterine life. 

On the other hand, asymptomatic status cannot rule out infection [5].  

 

2.1.1. Pediatric Consensus Definition for Neonatal Sepsis 

It is striking to see how the neonatal and adult patients have diverged 

on the issue of sepsis. As emphasized by Wynn J.L. [6], while present 

consensus definition for sepsis in children and adults are threshold-based 

and therefore static, a static definition of sepsis in the newborn 

transitioning to extrauterine life will be associated with continued 

limitations in diagnostic accuracy because neonatal sepsis is a dynamic and 

complex condition including a rapid and continuous change in clinical 

status over time. Thus time of clinical presentation/biomarker measure-

ment, and duration of clinical and laboratory signs can be highly 

informative in diagnostic studies. As such, there is no universal agreement 

on the definition of neonatal clinical septicemia in practice and in research 

[2, 6]. In recent years, some authors have suggested that the presence of 

just one clinical sign (compatible with infection) along with a C-reactive 

protein (CRP) value >10 mg/L, is sufficient to make the diagnosis of early- 

and late-onset neonatal clinical septicemia [7, 8]. Others have assigned 

infants with only maternal risk factor(s) for infection to the sepsis group 

[9]. In other studies, the presence of two or three categories (by organ 

system) of clinical signs of infection in the infant has been taken into 

consideration to strongly support a diagnosis of septicemia [10, 11]. 

Absent from neonatology publications, however, are data on just how 

common a given clinical sign is in all infants ever evaluated (rather than in 

infants with positive cultures). Thus, with the exception of the clinical 

scenario of a newborn with clear-cut signs of infection, the possibility that 
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infants with only clinical evidence of infection may have been assigned an 

incorrect diagnosis is intrinsic to all studies of this nature [2, 12].  

Moving forward, there is increasing focus on the potential of more 

accurate diagnostic tests to aid in identifying or excluding neonatal sepsis. 

Many laboratory tests including various leukocyte indices and acute-phase 

proteins have been recommended for the evaluation of suspected infection 

in the neonate [2]. The most extensively studied acute-phase reactants have 

been CRP and procalcitonin (PCT). 

 

 

3. EXPLORING WHETHER TEST RESULTS ARE  

“WITHIN NORMAL LIMITS” (OR OUTSIDE)  
 

3.1. Gestational- and Age-Specific Reference Intervals in  

the Newborn 
 

The newly born baby must undergo extreme physiologic changes to 

survive the transition from the protective intrauterine existence to the 

environment of the outside world. It is therefore not surprising that the 

reference intervals for many laboratory markers (including hormones, 

proteins, enzymes, immunologic markers, and cytokines) change 

considerably with time from birth [13]. However, for neonates, 

assessment of laboratory tests also occurs within a context of prenatal 

growth and neonatal development [14]. Clearly, determining age-specific 

reference intervals is crucial for neonatal diagnosis and monitoring, yet 

organ growth, development, and physiologic function may not be 

synchronous with age, as in premature infants [14]. Thus analysis of the 

reliability of laboratory tests for the diagnosis of neonatal sepsis must be 

done in light of the knowledge that differences in postnatal as well as 

gestational ages may significantly affect the interpretation of what 

constitutes the “normal” (and the “abnormal”) value of a laboratory test 

over the neonatal period [15, 16]. In recent years, attempts to develop 

neonatal reference intervals for various elements of the complete blood 

count (CBC) as well as CRP and PCT have supported this premise. 
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3.1.1. Complete Blood Count and Neonatal Reference Intervals 

Published reference intervals vary widely for CBC [17-20]. Total and 

differential white blood cell counts are affected by many factors besides 

infection, including gestational age [20], infant age in hours [17-20], the 

method of blood sampling [21, 22], the method of delivery [23, 24], 

maternal hypertension [18], and the infant’s gender [23]. As multiple 

factors can alter the CBC dynamics, it is not surprising that many different 

values for the sensitivity and specificity of different components of the 

CBC as predictors of infection have been published, depending on what 

values of these tests have been considered “abnormal”. For these reasons, 

this limits the ability to make a definite diagnosis based on these markers 

alone. 

 

3.1.2. C Reactive Protein and Neonatal Reference Intervals 

Data pertaining to CRP reference intervals are limited. In the majority 

of published reports, CRP upper limits have been obtained from 

symptomatic uninfected patients [2]. In this respect, the literature offered 

conflicting cutoff points (1.5–20 mg/L) for the upper limits of CRP. 

Possible sources of heterogeneity included wide-ranging differences in 

postnatal age or inaccuracies in reporting it, single vs serial determinations, 

different sample sizes, and different measurement methods [25]. There 

have been fewer cross-sectional studies of upper limits for CRP in healthy 

newborns [26-28]. Again, even among these studies, there was some 

degree of heterogeneity based on different measurement methods and 

different sampling times. Thus, in 2001 we first performed a longitudinal 

study of CRP dynamics during the immediate postnatal period in a large 

sample of healthy newborns, whose postnatal clinical course from birth to 

the 4-week follow-up visit was unremarkable [29], implying therefore no 

need of management (including antimicrobial treatment) throughout this 

study period. We established the “normal” upper limits for CRP by serial 

determinations at three fixed neonatal ages: 0, 24, and 48 hours (h) after 

birth, and found that at birth CRP was significantly lower than at 24 and 48 

h of life [29]. Ten years later, we performed a further longitudinal study in 

which we assessed the influence of both gestational and postnatal ages on 
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the development of CRP reference intervals during the first 4-5 days of life 

in the truly healthy preterm as well as term neonate [30]. We constructed 

the 95% age (hour)-specific reference ranges for CRP in the healthy 

preterm and term neonate, and found that healthy preterm babies had a 

lower and shorter CRP response compared with that in healthy term babies, 

demonstrating the effects of development per se on CRP dynamics. Thus 

maturational changes are the most likely explanation for the increasing 

likelihood of a pronounced CRP response with increasing gestational age 

[16]. Variables that induced a significant deviation from these ranges 

included a number of proinflammatory risk factors such as prolonged 

rupture of membranes, preterm labor and Group B Streptococcus (GBS) 

colonization, method of delivery, and intrapartum fetal distress [30]. 

Hence, the above CRP responses and time-dependent variables argue 

against the arbitrary selection of a particular CRP as being “normal” (or 

“abnormal”) for ruling out (or diagnosing) sepsis over the entire neonatal 

period, regardless of many potential prenatal, perinatal and neonatal 

confounders like gestational age or time point of evaluation.  

 

3.1.3. Procalcitonin (PCT) and Neonatal Reference Intervals 

Data pertaining to reference intervals for PCT are also limited. In 

1997, Monneret et al. first recognized daily variations of PCT 

concentrations during the first days of life in uninfected ill newborns [31]. 

One year later, in a cross-sectional study involving healthy newborns who 

were born after uncomplicated pregnancy and labor and who had normal 

postnatal courses until day 3 of life (when they were discharged home), we 

determined the reference intervals for PCT across the range of postnatal 

hours from birth to 48 h- a time span where the majority of diagnostic 

problems are encountered [32]. To this end, we constructed 95% age 

(hour)-specific reference ranges for PCT in the healthy term neonates by 

following the sequence of six steps described by Royston [13], and found 

that in these neonates PCT increases gradually from birth to reach peak 

values at about 24 h of age and then decreases gradually to 48 h of life 

[32]. In 2011, we first reported a longitudinal study in which we assessed 

the influence of both gestational and postnatal ages on the development of 
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PCT reference intervals during the first 4-5 days of life in the truly healthy 

preterm as well as term neonate [30]. We constructed the 95% age (hour)-

specific reference ranges for PCT in the healthy preterm and term neonate, 

and found that healthy preterm babies had an earlier, higher, and longer 

PCT response compared with that found in the healthy term baby [30], 

demonstrating an inverse relationship between stage of development and 

magnitude of neonatal PCT response. Our data also indicated that PCT 

reference intervals may be possibly hampered by specific confounders, 

such as prolonged rupture of membranes and gestational diabetes [30].  

In summary, the findings here reported for both PCT and CRP 

emphasize the need to introduce separate PCT as well as CRP age-specific 

reference intervals for preterm and term newborns in order to optimize the 

accuracy of these inflammatory markers for the diagnosis of early-onset 

neonatal sepsis (EONS). Nonetheless, further prospective studies are 

clearly needed to refine our gestational- and age-specific PCT as well as 

CRP reference intervals [30], though they were assessed in 200 “truly” 

healthy preterm infants (range 30.0–36.0 weeks; 13.5% below 33 weeks of 

gestational age) and 221 healthy full-term neonates (one observation for 

each healthy neonate). Prospective studies are also needed to determine the 

predictability and usefulness of these PCT and CRP reference intervals in 

the diagnosis of EONS in both preterm and term neonates. Finally, efforts 

should be made to establish PCT as well as CRP reference intervals in the 

full-term as well as in the preterm healthy neonate beyond the early 

neonatal period. 

 

3.1.4. Studies on PCT Reference Intervals in the NICU Setting 

Notably, the above description of the physiologic PCT response in the 

healthy term and preterm neonate during the immediate postnatal period is 

in contradiction with the report by Turner et al. [33] who found that PCT 

concentrations, in particular peak values, obtained during the first 4 days of 

life in a cohort of symptomatic uninfected preterm (range 24-36 weeks 

gestation) babies admitted to the neonatal intensive care unit (NICU) were 

lower than those previously reported in healthy term infants [32]. These 

authors concluded that PCT concentrations decrease in preterm versus term 
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babies, but no control group of symptomatic uninfected term babies was 

provided in their study [33]. Furthermore, PCT reference intervals were 

calculated in their cohort by repeated measurements on the same infant 

without checking the magnitude of the bias that this might introduce. Using 

all the information should decrease sampling error and thus improve 

precision. However, repeated measurements on the same individual are not 

equivalent to additional independent observations. If for example, the 

patients- for whom repeated measurements were made - had particular 

characteristics (they were more severely ill, they were smaller) then to 

include the repeated measurements would have introduced a bias into 

estimates of the reference range including underestimation of the standard 

deviation. It would have been interesting if Turner et al. [33] had checked 

how big the bias might have been by repeating the calculation of the 

reference ranges including only one randomly selected observation from 

each baby.  

Further attempts to assess PCT reference intervals in the preterm 

neonate included other studies collecting data from NICU settings. Hahn et 

al. [34] reported PCT reference intervals during 7-60 postnatal days in 

“non-septic” very low birth weight infants populating the NICU for a 

variety of clinical conditions (including respiratory distress syndrome, 

pneumothorax, bronchopulmonary dysplasia, intraventricular hemorrhage) 

as well as of pulmonary or hemodynamic events, with different degrees of 

illness severity. Furthermore, in a study involving NICU symptomatic 

“non-septic” extremely preterm, preterm, and term infants, Fukuzumi et al. 

[35] reported age-specific percentile-based reference curves of serum PCT 

concentrations from birth to 5 days of age. This study was based on 

retrospective data collection (rather than on a prospective sampling method 

permitting therefore immediate error checking, better data control, 

additional data for data integrity and consistency, a level of clinical detail 

appropriate to the problem, and most important, minimizing the problems 

of missing records). Like Turner et al. [33] and Hahn et al. [34], Fukuzumi 

et al. included all the repeated measurements to calculate their reference 

intervals. 
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Taken together, the results of these studies attempting to establish 

reference intervals in the NICU setting have to be interpreted with caution. 

In the NICU population, there are many postnatal- and gestational-age 

dependent variables and potential scenarios that may significantly affect 

the nature and magnitude of the host response, leading to misinterpretation 

of “normal” (and abnormal) PCT values. Thus it is worrying that, absent 

from the studies by Turner et al.[33], Hahn et al. [34] and Fukuzumi et al. 

[35], are data on how interpretation of the so called “physiologic” PCT 

response obtained from their NICU babies, especially within the narrow 

group of “very” or “extremely” low birth weight infants, might have been 

hampered by the severity of underlying illnesses (and their extent of 

inflammatory reaction) and the intensity of therapeutic interventions and 

supportive therapies [36]. In view of the wide variation in clinical severity 

and therapy-based illness severity among NICUs, can these Authors 

confidently generalize and transfer their findings with equivalent results to 

other NICUs? Not having developed accurate and reproducible reference 

intervals implicates the potential for inaccurate diagnosis or patient 

misclassification, inappropriate treatment, or subsequent unnecessary 

diagnostic procedures [14].  

 

 

4. PCT RESPONSE TO EARLY-ONSET NEONATAL SEPSIS 

(EONS): INFLUENCE OF ILLNESS SEVERITY, RISK 

STATUS, ANTENATAL AND PERINATAL COMPLICATIONS  
 

4.1. Influence of Illness Severity and Risk Status 
 

Host characteristics and response during the immediate postnatal 

course are related to illness severity and risk status. As such, values of the 

laboratory markers measured over the first days of life may be altered by 

physiologic severity and risk indexes. Individual clinical and birth 

characteristics, such as gestational age, birth weight and Apgar scores, 

have been reported to act as proxy measures of morbidity in most PCT 

diagnostic studies [37]. However, they do not capture the overall morbidity 
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status. The Score for Neonatal Acute Physiology (SNAP) was designed to 

measure the physiologic instability of the newborn in the first 24 h of life 

[38]. As these measurements change over time, the SNAP instrument was 

also designed to allow for sequential measurement of the continuum of 

illness severity [38]. It is a validated, objective physiology-based score 

consisting of 34 items capturing the fundamental construct of newborn 

admission illness severity [39]. From this, SNAP-perinatal extension (PE) 

combines SNAP with three additional perinatal factors, providing an 

overall risk of mortality [40]. Notably, although studies of the diagnostic 

accuracy of PCT for EONS have yielded variable results [37, 41, 42], 

absent from most NICU publications are data on how the interpretation of 

the host response during the immediate postnatal period in the uninfected 

as well as in the infected neonates might have been influenced by the 

severity of the underlying illnesses (and their extent of inflammatory 

reaction). 

 

4.1.1. PCT Reliability for Diagnosis of EONS 

PCT has been suggested to be a possible mediator of the  

systemic inflammatory response syndrome (SIRS) [43]. This prompted us 

to investigate in a longitudinal study [44] whether some of this  

variation among published reports might be attributable to differences in 

population baseline severity and risk status, as well as to specific  

ante- and perinatal variables, independent of the presence of neonatal 

infection.  

To this end, we used the SNAP and SNAP-PE instruments [39, 40]. A 

total of 134 ill newborns (19 with EONS and 115 without infection) was 

available for simultaneous analysis of the association of SNAP, SNAP-PE, 

and maternal and perinatal variables with PCT concentrations at birth and 

at 24 and 48 h of life [44]. We found that EONS was associated with 

significant increases in PCT concentrations at all three time points, 

independent of severity scores.  

 

 

 



Procalcitonin and Diagnosis of Neonatal Sepsis: Moving on 11 

4.1.2. PCT Response to EONS and Influence of Maternal and  

Perinatal Variables 

We also found that certain maternal or perinatal variables altered PCT 

values in the infected as well as in the uninfected neonates [44]. In fact, 

PCT response was independently associated at birth with clinical 

chorioamnionitis, at 24 h with birth asphyxia (defined as the need for 

delivery room intubation), and at both 24 and 48 h of age with 

preeclampsia. In a previous study [45], we demonstrated that maternal 

GBS colonization and rupture of membranes ≥18 h may significantly affect 

the patterns of PCT response in the healthy neonate. Thus, it is not 

surprising that in the presence of clinical chorioamnionitis, PCT 

concentrations at birth were found to be significantly increased 

independently of the presence of infection. As suggested by Gendrel and 

Bohuon [46], hypoxemia may also be responsible for increased PCT values 

in neonates. Similarly, we have found that birth asphyxia may affect PCT 

concentrations. Nonetheless, none of the above variables appeared to 

interfere with the use of PCT for the detection of EONS. In fact, although 

certain ante-natal and perinatal variables altered PCT values in the infected 

as well as in the uninfected neonates, when different cutoff points were 

used at the three common neonatal ages (0, 24, 48 h), the increases of PCT 

caused by these variables were relatively small compared with the 

magnitude of PCT response to infection at each of the three time points. 

 

4.1.3. EONS and PCT Specificity 

Against the above background, some studies have noted the lack of 

specificity of PCT for the diagnosis of sepsis in neonates [7, 31, 47-50]. 

However, their conclusions should be interpreted with caution. First, 

increased PCT values have been found in critically ill newborns clinically 

presenting with “apparently” noninfectious conditions including 

respiratory distress syndrome (RDS), hemodynamic instability, asphyxia, 

intracranial hemorrhage, and pneumothorax [7, 31, 47-50]. Absent from 

most neonatal studies, however, is the role of severity of the underlying 

illnesses (and their extent of inflammatory reaction) in modulating PCT 

response in the uninfected versus infected neonates [41, 44]. Second, 
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arbitrary cutoffs have been used to differentiate infectious and 

noninfectious clinical conditions. For instance, in the report by Lapillonne 

et al., 16 uninfected neonates (mean postnatal age, 2.3 days) were deemed 

to have high serum PCT concentrations on the basis of a surrogate cutoff 

level originally established in children admitted to a “pediatric” intensive 

care unit [50]. Third, interpretation of PCT has been complicated by 

diverse study populations [51]. Heterogeneity not only within the study 

group, but also within categories defined as ‘‘sepsis’’, ‘‘distress’’, 

‘‘infected’’, ‘‘respiratory distress’’, or even ‘‘hemodynamic failure’’ has 

been remarkable [51]. Fourth, the PCT response has been assessed in 

neonates with wide-ranging differences in postnatal age (hours to weeks) 

[51]. However, the use of PCT for EONS and neonatal nosocomial sepsis 

should be evaluated separately [52]. Fifth, PCT levels obtained from 

uninfected patients have not been compared with PCT reference values for 

each time point of evaluation. This limitation makes it difficult to 

determine which neonatal factors may cause a significant deviation. 

Finally, it is uncertain how the infectious state in the ‘‘uninfected’’ 

neonates has been ruled out. In the report by Monneret et al. [31], for 

example, high PCT concentrations were reported during the first 4 days of 

life in apparently ‘‘uninfected’’ newborns who presented with RDS of 

various etiologies. However, it would be of interest to know how many 

patients with severe RDS demonstrated clinical evidence of being 

‘‘uninfected.’’ It is clear from the above that the evaluation of the clinical 

usefulness of PCT in ruling out (as well as in ruling in) neonatal sepsis is 

dependent on study consistency [52].  

 

 

5. NOSOCOMIAL NEONATAL SEPSIS,  

PCT AND SEVERITY OF ILLNESS  
 

5.1. Nosocomial Neonatal Sepsis as Public Health Problem 
 

Recently, nosocomial (or late-onset) neonatal sepsis has become an 

increasing and persistent public health problem in parallel with the 
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significant increase in survival of premature infants, associated at the same 

time with prolonged hospitalization, mechanical ventilation, use of 

invasive procedures and devices (i.e., intravascular catheters and 

endotracheal tubes), which are all predisposing factors to nosocomial 

sepsis [53]. A timely and accurate diagnosis of nosocomial neonatal sepsis 

is of utmost importance, given the associated mortality rate and long-term 

adverse outcomes.  

 

5.1.1. Heterogeneity among Studies Regarding PCT Reliability 

There is remarkable heterogeneity among studies regarding PCT 

reliability for diagnosis of late-onset neonatal sepsis [54-63]. Though 

illness severity is something that changes over time across the entire NICU 

length of stay [38], no studies have yet investigated whether conflicting 

results might be attributable to differences in illness severity as well as in 

intensity of therapeutic intervention (as an indicator of neonatal illness 

severity and resource utilization [64]) that might modulate the host 

response. Therefore, a critical step to ensure the correct interpretation of 

PCT accuracy for the detection of late-onset neonatal infection, would be 

to measure in newborns with and without nosocomial sepsis sequentially 

and at later time points, PCT concentrations as well as illness severity 

(operationalized by the SNAP instrument [39]) and therapy-based illness 

severity scores (as measured by Neonatal Therapeutic Intervention scoring 

across system categories [64, 65]), along with assessment of postnatal and 

gestational ages [66].  

 

 

6. PCT ACCURACY STUDIES FOR DIAGNOSIS  

OF NEONATAL SEPSIS 
 

6.1. Moving Beyond the Question “How PCT Performs” 
 

The reliability of PCT for diagnosis of neonatal sepsis in the NICU has 

yielded markedly heterogeneous results originating from differences in the 

design and conduct of the studies [37, 41]. Thus to interpret correctly the 



Claudio Chiesa, Lucia Pacifico, John F. Osborn 14 

results of PCT accuracy studies for the diagnosis of neonatal sepsis, it is 

time to move away from post hoc analyses debating which arbitrary 

(single) cutoffs are optimal for diagnosing this disease, and disputing how 

PCT performs in such clinical settings on the basis of dichotomous results 

[42, 67-72]. Artificially low or high sensitivity and specificity reported by 

studies with less than optimal scientific rigor may bias the clinician’s 

findings, potentially resulting in an inaccurate diagnosis of neonatal sepsis 

[73]. Most worrisome is that there is an abundant, ever-growing body of 

literature in this field that is still a matter of debate. It is time to begin to 

debate the methods we use to measure PCT performance, rather than just 

how PCT performs [74]. Therefore, we should move toward the better use 

of the information available “before” the performance of a test such as 

PCT [74], and interpret the results of clinical studies using PCT for 

neonatal sepsis correctly, by judging internal (risk of bias) and external 

(generalizability) validity of the results [75, 76]. If the results are biased 

and are synthesized just by graphing results without any consideration of 

quality (in terms of potential for bias, lack of applicability, and the quality 

of reporting), then it is clear that the results and conclusions of the 

review(s) will also be biased [77]. Though these concerns have been 

apparently ignored by other systematic reviews, meta-analyses, and 

reappraisals [42, 67-69], we have followed these precepts in a recent 

systematic review [37].  

 

6.1.1. EONS and Quality of Reporting of PCT Accuracy Studies 

In that systematic review [37], studies were eligible for inclusion if 

they provided measures of PCT accuracy for diagnosing EONS (defined as 

sepsis with onset at  3 days of age). Data extraction included the reference 

standard employed, type of the study design, the number and specific 

characteristics of the patients in the septic and non-septic groups, and items 

related to the quality of the methods and reporting according to the 

Standards for Reporting of Diagnostic Accuracy (STARD) criteria which 

were adapted for neonates with EONS [78]. We decided not to use Quality 

assessment of Studies of Diagnostic Accuracy (QUADAS) because one 

problem by using the QUADAS is the distinction between the reporting of 
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a study and its quality [77]. While QUADAS was designed to be used in 

systematic reviews to evaluate the quality of primary diagnostic accuracy 

studies [77, 79], STARD was designed to improve the quality of reporting 

of diagnostic accuracy studies (defined as the number of reported STARD 

items) over several domains [78], as discussed below.  

 

6.1.2. Participant Recruitment 

In evaluating the quality of reporting of PCT accuracy studies for 

diagnosing EONS, an important objective is to describe how eligible 

subjects were identified. Selection of a study population is relevant to all 

studies of diagnostic accuracy. Description of the populations from which 

patients and patient controls originated enables the assessment of the 

‘‘spectrum of disease’’, which is likely to influence the diagnostic 

performance of the test [80]. Reported estimates of diagnostic accuracy 

may have limited clinical applicability (generalizability) when the 

spectrum of tested patients is not similar to the patients for whom the test 

will be used in practice [75, 77]. Notably, our analysis showed that some 

studies of PCT accuracy enrolled only neonates who were suspected of 

having the disease because of presenting symptoms, while other studies 

recruited neonates who were asymptomatic and only at risk of developing 

the disease because of antenatal and perinatal history. Other studies 

included patients already known to have the disease. Finally, the methods 

used to sample patients for the study were different and included: the 

“diagnostic case-control” or “two-gate design” [81, 82] often referred to as 

study in which patients with obvious disease are selected as cases and 

patients without obvious disease are selected as controls (a sampling 

method whose estimates are generally not representative of a test’s 

accuracy in clinical practice, though they provide an indication of the 

maximum accuracy of a test and are therefore valuable in the technical 

validation of a test [81, 83]); non-consecutive sampling of patients, with 

the exclusion of more difficult cases and hence increased estimates of 

specificity and sensitivity (a sampling method leading to the “limited 

challenge bias” [84]); retrospective data collection (a sampling method 

making it difficult to use unambiguous inclusion criteria and to identify 
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patients who received the index test but whose test results were not 

subsequently verified [85]); and identification of patients by searching 

hospital records. Concerns regarding the applicability may also arise when 

patient selection includes a combination of different populations [86]. In 

particular, in a different population, such as neonates with early-onset 

sepsis versus those with late-onset sepsis, the sensitivity and specificity are 

likely to change. In these circumstances, different postnatal (and 

gestational) ages and related risk factors may affect the interpretation of 

the reliability of any laboratory marker including PCT. These alternative 

study designs may therefore have limited generalizability. Spectrum bias 

may also result from differences in severity of disease/symptoms between 

and within neonatal populations. The sensitivity of a test will often vary 

according to the severity of disease. It is therefore of concern that in our 

systematic review the reporting of the distribution of scores of the major 

measures of illness severity was poor in neonates with and without sepsis.  

 

6.1.3. Methods Pertaining the Reference Standard and the Index Test; 

Statistical Methods 

Studies of diagnostic accuracy have a common basic structure. One or 

more tests are evaluated, with the purpose of detecting (or excluding) a 

target condition. However, the way the index test, i.e., PCT, works depends 

on which variables [the site, type and extent of the infectious (and 

noninfectious) insult; the nature and magnitude of the host response 

including severity of illness and risk status; onset or progression of the host 

inflammatory response; the degree of concomitant organ dysfunction] are 

in play. Thus in evaluating the quality of reporting of PCT accuracy studies 

for diagnosing EONS, the choice of an optimal reference standard to 

determine the disease status is crucial. Test sensitivity may vary with the 

stage of the target condition.  

Consequently, another important objective is to describe how eligible 

subjects were identified. In this respect, differential verification is also a 

key issue in any diagnostic accuracy study [85]. Differential verification 

bias occurs when the reference standard is not the same for all patients 

[77]. Some of the index test results are verified by one type of reference 
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standard and other results by a different standard [75]. Differential 

verification is of great concern when reference standards differ in accuracy. 

They may not have the same degree of error and may not identify the same 

segment of the disease spectrum [86]. Differential verification may also 

pose a problem when the choice of reference standard relates to the results 

of the index test [75]. This usually occurs when patients testing positive on 

the index test receive a more accurate reference standard than those testing 

negative. Thus, it is of concern that in most of PCT diagnostic accuracy 

studies, the reference standard used to diagnose or exclude EONS and to 

verify index test results was not the same for all patients.  

A further step, important in the analysis, is to assess whether the 

reference standard was independent of the index test and the comparator of 

the index test [80, 87]. When the index test or its comparator forms part of 

the reference standard, incorporation bias may occur. Unfortunately, more 

than half of the studies included in our systematic review incorporated the 

comparator of the index test such as CRP in the reference standard panel. 

In such situations, it is likely that persons interpreting the results of the 

comparator will have knowledge of the results of the other test (index test 

and reference standard) [77].  

Also, measures of diagnostic accuracy will be biased if not all 

participants receive the reference standard and if not all participants are 

included in the analysis [75, 77]. Consequently, participants included in the 

analysis may have differed in systematic ways from participants who were 

not included and this may distort the test accuracy. It is therefore important 

to describe (and illustrate through a flow diagram [78, 88]) how many 

participants satisfying inclusion criteria failed to undergo the index test 

and/or the reference standard and the reasons for failing to do so. This was 

reported in a minority of the publications included in our analysis. 

 

6.1.4. Test Results: Pre-Hoc versus Post-Hoc Definition of Cutoff 

Values: Estimates 

A crucial index test domain is the timing in which criteria, in particular 

the cutoff values, were determined [78]. If the cutoffs are selected based on 

analyzing the completed study results, their post hoc selection may 
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artificially inflate observed diagnostic test accuracy [89, 90]. Cutoffs 

should be determined and defined before the start of the study, and this 

must be stated in the report. Unfortunately, only one study used pre-

specified cutoff points (as upper limits of the reference sample over the 

first 48 h of age) on the index test [32]. 

Reporting quality should also address blinding, which is not commonly 

included in the diagnostic study designs, although expected in clinical trial 

designs [90]. Blinding is essential to ensure that knowledge of the 

reference standard or the index test results did not influence interpretation 

of the other test, which may lead to the distortion of measures of diagnostic 

accuracy [77, 80]. Information about blinding was reported in very few 

evaluated reports. Notably information concerning PCT reproducibility as 

well as the number and training of the persons executing and evaluating the 

index test and reference standard, was also reported in a minority of reports 

included in our systematic review. This is particularly alarming because 

limited test reproducibility, an effect of instrumental and/or observer 

variability, can introduce imprecise or biased accuracy estimates of the 

sensitivity and specificity [91], while lack of knowledge of the numbers, 

training, and experience of operators can mask true estimates of the 

repeatability in different settings [78]. Adherence to STARD also includes 

reporting how indeterminate index test or reference standard results were 

handled, and how missing data on the index test or reference standard were 

handled, since indeterminate results should be considered missing data, 

and missing data may bias conclusions [90]. Again, this item was reported 

in few studies of our analysis.  

Like measures of effect in therapeutic trials, estimates of diagnostic 

accuracy are also subject to chance variation [76], and if sensitivity and 

specificity estimates are reported without a measure of precision, clinicians 

cannot know the range within which the true values of the indices are 

likely to lie [92]. Confidence intervals, which are important to judge the 

reliability of the estimates of diagnostic accuracy, were reported in more 

than half of the included studies. However, most of the studies included in  
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our analysis failed to report and cite the statistical methods used to 

calculate the reference intervals.  

Overall, our analysis of PCT accuracy studies for diagnosing EONS 

shows that the quality of reporting for many of the STARD items, that 

have been shown to have a potentially biasing effect on the results of 

diagnostic accuracy studies or appear to account for the variation between 

studies, is less than optimal. For this reason, assessment of the validity of 

the included studies (in terms of complete and accurate reporting) should 

be an essential component of any critical appraisal of the competence with 

which a primary study on PCT use in the diagnosis of EONS has been 

undertaken. This obviously would ensure that all relevant information has 

been provided to guide decisions on the use and interpretation of PCT test 

results in the management of patients with EONS. 

 

6.1.5. Nosocomial Neonatal Sepsis and Quality of Reporting  

of PCT Accuracy Studies 

There are also several points that should be taken into consideration 

when evaluating the quality of reporting of PCT accuracy studies for 

diagnosing late-onset neonatal sepsis. We will provide some examples but 

this is not a complete list. First, when interpreting studies of the 

performance of PCT as marker, consideration needs to be given to the 

assay used. For instance, Auriti et al. [57] and Isidor et al. [59] used a fast 

immune-chromatographic method (PCT-Q; BRAHMS). This semi-

quantitative method, however, is insufficiently accurate in the 

measurement of PCT at four predefined reference intervals (<0.5, 0.5 to 

<2.0, 2.0 to <10.0, and ≥10 ng/mL). In addition, falsely increased PCT has 

been reported for this assay due to interference by human antimouse 

antibodies. In view of these limitations it is clear that any assessment based 

on analysis of receiver operating characteristic curves generated using 

PCT-Q test is useless [57, 59]. Second, a disease definition is critical for 

the selection of patients for clinical studies that will examine diagnostic 

and prognostic testing methods across the entire NICU length of stay. 

Unfortunately, very often investigators used different reference standards  
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for diagnosing nosocomial sepsis and verifying index test results [55-61] 

(differential verification bias). This is especially a problem if the reference 

standards differ in their definition of the target condition. Most studies 

established a diagnosis of nosocomial sepsis combining positive or 

negative culture results with clinical and/or laboratory features possibly 

compatible with late-onset neonatal sepsis [55-61, 63]. However, in only 

two studies definition of culture-positive sepsis required that the isolated 

bacteria were not due to contamination or central line colonization [54, 

55]. Furthermore, in most studies the definition of clinical septicemia 

consisted of subtle, ambiguous (and non-validated) clinical signs that 

overlap with the extremely or very premature infant’s struggle to survive 

after leaving the protective environment of the uterus too early [55-59, 61]. 

Unfortunately, in all studies the presentation of “persistently” abnormal 

clinical signs or inflammatory biomarkers to substantiate the presence of 

SIRS/sepsis were not recorded or included. On the other hand, it is 

bothersome to think that while in some studies patient controls were not 

included [56], in other investigations controls consisted of healthy 

newborns with normal clinical and laboratory findings [60], very low birth 

weight infants with asymptomatic status [61], or symptomatic babies with 

culture-negative blood cultures [54, 62] or uncertain clinical and laboratory 

findings for excluding infection [58]. Third, clinical investigations have 

focused on the accuracy of a single measurement of PCT [55-57, 59, 61-

63]. However, in the case of a moving target such as nosocomial sepsis, 

less focus has been placed on the usefulness of PCT to identify and 

monitor the clinical and therapeutic outcome. However, since neonatal 

sepsis, in particular nosocomial neonatal sepsis, is a dynamic, complex and 

heterogeneous condition [93], the change in clinical status(clinical and 

laboratory signs), illness severity and therapy-based illness severity, as 

well as in PCT host response over time can be very informative for the full 

potential clinical use of this biomarker in babies requiring intensive care. 

Last, no studies that provided evidence of the effect of the choice of the 

PCT threshold value were identified. We conclude that PCT as a marker of 

neonatal nosocomial infection has been assessed and reported with a 
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striking lack of consideration of what we want the biomarker to add 

regarding relevant information on diagnostics and outcome.  
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