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Can biomarkers improve the rational use
of antibiotics?
Patricia S. Fontela a,b, Shauna O’Donnell c, and Jesse Papenburg b,d,e

Purpose of review
We aim to review recent literature about the use of biomarkers to guide the initiation and duration of
antibiotic treatments for suspected bacterial infections.
Recent findings
Several good quality meta-analyses show that procalcitonin can be safely used to guide antibiotic-related
decisions, especially for respiratory infections, thereby decreasing unnecessary antibiotic exposure.
Furthermore, the use of CRP-based algorithms to guide antibiotic initiation in primary care patients with
acute respiratory infections is associated with a reduction in antibiotic use without an increase in adverse
events. Regarding neutrophil CD64 and serum amyloid A, more good-quality evidence is needed to assess
their utility as biomarkers to tailor antibiotic use. Finally, transcriptomics, metabolomics and proteomics are
promising tools for the development of tests to differentiate specific host responses to viral, bacterial and
noninfectious stimuli, but such tests still need further validation.
Summary
Evidence shows that the use of biomarkers, procalcitonin and CRP, can safely reduce unnecessary
antibiotic prescriptions in certain infectious syndromes. The clinical utility of host-based strategies such as
transcriptomics, metabolomics and proteomics for the diagnosis of infectious diseases has yet to be
evaluated, as well as considerations such as costs, technical complexity and result turnaround time.
Keywords
antibiotics, bacterial infection, biomarkers, C-reactive protein, metabolomics, neutrophil CD64, procalcitonin,
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INTRODUCTION
Improving the rational use of antibiotics is a worldwide priority. Studies show that antibiotic use and
treatment duration drive bacterial resistance [1,2].
Initiation of antibiotic treatments is still commonly
based on clinical syndromes and ancillary tests that
are imperfect diagnostic tools. Furthermore, most
recommendations about treatment duration still
follow a ‘one-size fits all’ model because traditional
diagnostic methods are unable to identify in realtime, the moment when infections have been eradicated and antibiotics are no longer needed [3]. To
overcome this limitation, the use of biomarkers has
been proposed to guide antibiotic treatment initiation and duration, with the goal of personalizing
antibiotic use according to patient’s needs.
In the last decades, many biomarkers have been
proposed to guide antibiotic use. Among the biomarkers that were shown to be useful at bedside are
procalcitonin, C-reactive protein (CRP), neutrophil
CD64 (nCD64) and serum amyloid A. Most recently,

the use of transcriptomics, metabolomics and proteomics has been studied to enhance the diagnosis
of bacterial infection and guide antibiotic initiation.

PROCALCITONIN
Procalcitonin is a prehormone produced by the
thyroid C cells [4]. In septic patients, it acts as a
secondary mediator, further stimulating the release
a
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KEY POINTS
 There is good-quality evidence showing that
procalcitonin can be safely used to guide antibioticrelated decisions, especially for respiratory infections.
 The use of CRP to guide antibiotic initiation in primary
care patients with acute respiratory infections is
associated with a reduction in antibiotic use without an
increment in adverse events.
 More good-quality evidence is needed to assess the
utility of nCD64 and serum amyloid A as biomarkers to
tailor antibiotic use.
 Diagnostic strategies based on transcriptomics,
metabolomics and proteomics show great promise in
their ability to distinguish specific host responses to
viral, bacterial and noninfectious stimuli, yet need
further validation.

of pro-inflammatory cytokines (IL-6, IL-1b and TNFa) and activating macrophages, which leads to the
amplification of the initial inflammatory response
[5–8]. Procalcitonin levels are associated with the
severity of the infectious process and clinical picture; they peak between 6 and 13.5 h after the infectious insult and reach a plateau as of 24 h (half-life of
22.5 h). Sequential measurement of procalcitonin is
recommended to guide antibiotic treatment duration. However, there is no consensus about the
optimal cut-offs to be used for antibiotic-related
decisions.
From January 2017 to March 2018, five goodquality meta-analyses on procalcitonin to tailor
antibiotic use in critically ill adult patients were
published [9–13]. Using different combinations of
basically the same group of published studies, all
meta-analyses showed that procalcitonin-based
algorithms for both initiation and cessation of antibiotics are associated with a decrease in antibiotic
exposure (from 1.26 days [95% CI 1.98 to 0.54]
to 1.83 days [95% CI 2.51 to 1.15]). Importantly, three of the aforementioned meta-analyses
focused on randomized controlled trials (RCTs)
where procalcitonin was exclusively used to guide
antibiotic cessation and found similar results (from
1.49 days [95% CI 2.27 to 0.71] to 1.66 days
[95% CI 2.36 to 0.96]).[9–11] Finally, although
four meta-analyses indicated that the use of procalcitonin algorithms is not associated with increased
mortality, Huang et al. [10] showed that their use to
tailor antibiotic cessation may actually decreases
mortality risk [relative risk (RR) 0.86; 95% CI
0.76–0.98].
In 2017, Chu et al. [14 ] published a retrospective cohort study including 20 750 critically ill adult
&&
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patients with sepsis to determine the effectiveness of
procalcitonin algorithms to guide antibiotic treatment duration in the real world, i.e., outside a
clinical trial setting. They showed that measuring
procalcitonin was associated with longer duration of
antibiotic treatments (RR 1.17; 95% CI 1.15–1.18)
and with increased risk for Clostridium difficile infection [odds ratio (OR) 1.74; 95% CI 1.18–2.55]. These
results can be explained by the fact that sequential
measurement of procalcitonin was performed in less
than one-third of patients for whom this biomarker
was used. Procalcitonin was measured infrequently
and most often checked only once, that is, no result
trend was available to guide antibiotic use. It is,
therefore, possible that physicians based their decisions on isolated (and probably abnormal) values.
This underscores the need for careful real-world
implementation of procalcitonin algorithms based
on sequential measurements, as was successfully
evaluated in clinical trials.
Schuetz et al. [15 ] published in 2018, a patientlevel meta-analysis including 26 RCTs and 6708
patients to determine the safety of using procalcitonin algorithms to guide antibiotic decisions in
adult patients with respiratory infections. Procalcitonin was associated with a reduction in antibiotic
exposure (2.43 days; 95% CI 2.71 to 2.15),
antibiotic initiation (OR 0.27; 95% CI 0.24–0.32),
antibiotic-related side effects (OR 0.68; 95% CI
0.57–0.82), and overall 30-day mortality (OR 0.83;
95% CI 0.70–0.99), without increasing the risk for
treatment failure (OR 0.90; 95% CI 0.80–1.01). Similar results were observed in primary care, emergency departments and ICUs. Nevertheless,
distinct effect mechanisms were observed in different settings: in primary care, the main mechanism
was a decrease in antibiotic initiation, whereas in
ICUs and in patients with pneumonia a shortening
of treatment duration was seen.
Regarding newborns, Stocker et al. [16 ] published in 2017 the NeoPIns RCT in which 1710
neonates born after 34 weeks of gestational age with
early-onset sepsis were randomized to procalcitonin-guided decision-making or standard care-based
antibiotic treatment. The study algorithm proposed
stopping antibiotics after two consecutive procalcitonin measurements within postbirth normal range
(based on previous studies from the same group).
Results of the intention-to-treat analysis showed
that such an algorithm led to a statistically significant decrease in antibiotic treatment duration
(9.9 h; P < 0.0001), without a difference in the
proportion of reinfection between groups (0.7 vs.
0.6%). Of note, protocol deviation was observed in
approximately 25% of RCT participants; whereas
the continuation of antibiotics despite protocol
&&
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recommendation was more commonly seen in the
procalcitonin group (12 vs. 7%), stopping antibiotics earlier than recommended was more frequent in
the standard care group (14 vs. 18%). Importantly,
in the per-protocol analysis, a statistically and clinically relevant difference in antibiotic duration
between groups was observed [40.0 h (95% CI
36.0–46.5) vs. 61.5 h (95% CI 59.0–64.5)], favoring
the use of procalcitonin algorithms.
Finally, the before–after single-center study of
Ross et al. [17 ] focused on the effectiveness of using
procalcitonin to guide antibiotic treatments for critically ill children in the pediatric critical care setting.
Similarly to the aforementioned results of Chu et al.,
this study showed that procalcitonin was infrequently measured, with only 28% of patients having
two or more measurements. Furthermore, it demonstrated that, in the absence of the implementation of a standardized algorithm to guide indication
and frequency of procalcitonin testing and clinical
decision-making, the use of procalcitonin led to an
increase in antibiotic continuation after 72 h [39.9
vs. 51.1%; risk difference 11.1% (95% CI 4.9–17.3)].
Nevertheless, procalcitonin significantly decreased
antibiotic initiation [85.2 vs. 64.9%; risk difference
20.2% (95% CI 15.4–24.9)].
&

C-REACTIVE PROTEIN
CRP is an acute-phase reactant synthetized mainly
in the liver and secreted in response to inflammation [18]. Its secretion is regulated by cytokines, with
levels starting to rise 6 h after the initial stimulus and
reaching their peak at 48 h [18,19]. In cases of infection, CRP stimulates bacterial phagocytosis by binding bacterial polysaccharides and functioning as an
opsonin for neutrophils and macrophages, and by
activating the classical complement pathway
[18,20–23]. Once the inflammation cause is eradicated, hepatocytes catabolize CRP and rapidly
remove it from circulation [19,24–26]. In healthy
adults, the median CRP concentration is 1.5 mg/l,
with levels above 100 mg/l being associated with
bacterial infections [27–29]. In healthy term neonates, CRP normal levels are associated with postnatal age, with median levels gradually increasing
from birth (0.4 mg/l) to 48 h postpartum (2.7 mg/l),
and then declining at 96 h (1.4 mg/l) [30,31]. Importantly, CRP values above 10 mg/l, the cut-off most
often used to diagnose neonatal sepsis, are not
uncommonly observed during the first 72 h after
birth [30,31].
In 2014, Aabenhus et al. published a meta-analysis on six RCTs that studied the use of CRP to guide
antibiotic initiation in primary care patients with
acute respiratory infections [32]. They showed that

CRP reduced the prescription of antibiotics in the
index medical consultation (RR 0.78; 95% CI 0.66–
0.92) and that this effect persisted 28 days postconsultation (RR 0.80; 95% CI 0.67–0.96). Furthermore,
there were no differences between groups regarding
adverse events, symptoms durations, severity at
7 days and re-consultation. Following this metaanalysis, Do et al. [33] published in 2016, a new
RCT including 2037 adult and pediatric primary care
patients with a suspected diagnosis of acute respiratory infection who were randomized to receive
either routine care or CRP testing to guide initiation
of antibiotics (cut-offs recommending against antibiotic prescription were 10 mg/l for children 1–5
years and 20 mg/l for patients 6–65 years). CRP
testing led to an adjusted absolute risk difference of
12.5% (95% CI 16.6 to 8.6) in antibiotic use
within 2 weeks of follow-up, without negatively
affecting time to infection resolution (hazard ratio
0.92 and 95% CI 0.84–1.02) or adverse events. Of
note, there was significant heterogeneity regarding
the effect of the intervention in different centers.
Finally, Downes et al. [34] performed a prospective cohort study including 85 critically ill children
less than 18 years of age to assess the performance of
different biomarkers in identifying patients at low
risk of bacterial infection. Results showed statistically significant differences between the median
CRP levels of patients with and without bacterial
infection, respectively, at time 0 (8.7 vs. 2.2 mg/dl;
P < 0.001), 24 h (9.2 vs. 3.7 mg/dl; P ¼ 0.002), and
48 h (6.1 vs. 2.8 mg/dl; P ¼ 0.05). The combination
of CRP (cut-off 5.0 mg/dl) and serum amyloid A (cutoff 15 mg/ml) at time 0 yielded a negative predictive
value (NPP) of 96% (95% CI 88–100) and a specificity of 54% (95% CI 42–66). These results were
superior to those obtained by combining CRP
(cut-off 4.0 mg/dl) and procalcitonin (cut-off
1.75 ng/ml) at time 0 [NPP 90% (95% CI 79–100);
specificity 43% (95% CI 30–55)]. The authors estimated that the use of the aforementioned combinations could have, respectively, reduced antibiotic
treatment by 115 and 73 days for patients without a
bacterial infection.

NEUTROPHIL CD64
nCD64 is a leukocyte surface molecule expressed
mainly on monocytes and macrophages, but only
to a very low extent on resting polymorphonuclear
neutrophils [35]. It is shown to strongly upregulate
within 4–6 h by cytokines such as interferon-c (IFNc) and granulocyte colony stimulating factor (GCSF) [36–43]. nCD64 expression is considered to
be a very early phase of a host’s immune response
to bacterial infection. It starts to increase in a graded
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manner about 1 h after invasion, but it substantially
decreases within 48 h of cessation of IFN and returns
to baseline levels by day 7 of antibiotic treatment
[44–46]. Currently, nCD64 is quickly and precisely
measured by flow cytometric technology using minimal blood volumes, but optimal cut-off values have
yet to be determined [47,48].
In the last 8 years, two meta-analyses of observational studies have been published on the accuracy of nCD64 as an early diagnostic biomarker in
bacterial infections [49,50]. Pooled sensitivity of
nCD64 for the diagnosis of early onset of bacterial
infections ranged from 76% (95% CI 74–78) to 79%
(95% CI 70–86), whereas pooled specificity was
between 85% (95% CI 83–86) and 91% (95% CI
85–95). In both studies, sensitivity and specificity
improved in the culture proven infection subgroup.
Importantly, both meta-analyses have pooled
results from adult, pediatric and neonatal studies,
which may explain their high level of heterogeneity.
Concerning newborns specifically, Shi et al. [51]
published a meta-analysis in 2016 including 17
studies (2213 newborns) to determine the diagnostic accuracy of nCD64 in early neonatal sepsis.
Pooled sensitivity and specificity for these studies
were 77% (95% CI 74–79), and 74% (95% CI 72–75),
respectively. Once again, a high level of heterogeneity was observed. Importantly, subgroup analyses
showed that sensitivity and specificity in preterm
infants and in the clinically diagnosed infection
subgroups were lower. Furthermore, Lynema et al.
[42] evaluated the use of nCD64 to guide antibioticrelated decisions in neonatal sepsis. In phase I of this
single-center study, authors derived the nCD64
index cut-off (2.3) using a population of 108
patients less than 12 months old. This cut-off presented a sensitivity of 100% and a specificity of 93%
for neonatal sepsis. In phase II, the nCD64 index
cut-off was provided to neonatal ICU staff to be used
as an adjunct tool to help with antibiotic-related
decisions (initiation and duration of treatment).
Crude results of 305 evaluations showed that the
mean duration of antibiotic treatment in neonatal
ICU patients with abnormal nCD64 index was longer compared with the group presenting normal
nCD64 index (7.7  5.1 vs. 4.3  4.7 days; P not
provided). Importantly, no information about the
comparability or the clinical evolution of the above
groups was presented. Thus, we cannot draw firm
conclusions about the safety or efficacy of nCD64 to
guide antibiotic use in neonates.

SERUM AMYLOID A
Serum amyloid A groups a family of apolipoproteins that are mainly produced by the liver. They
4
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are regarded as acute-phase proteins, whose expression is induced by inflammatory cues, including IL1b and IL-6 [52,53]. The previously mentioned
study of Downes et al. showed that the median
levels of serum amyloid A of patients with and
without bacterial infection were statistically different at time 0 (18.9 vs. 11.1 mg/ml; P ¼ 0.009) and at
24 h (11.7 vs. 7.3 mg/ml; P ¼ 0.03). Despite the superiority of the results obtained by combining CRP
and serum amyloid A, these were disregarded in
favor of the CRP and procalcitonin algorithm
because serum amyloid A is not currently
available for rapid clinical decision-making at most
institutions.

TRANSCRIPTOMICS, PROTEOMICS AND
METABOLOMICS
The development of advanced laboratory techniques that characterize an entire class of biological
molecules has led to new fields of study (e.g. transcriptomics, metabolomics, proteomics) that can
identify and quantify host responses to external
stressors. On the basis of the premise that host
responses to specific stresses may be stereotypical,
advanced mathematical modeling tools such as
machine learning techniques can be used to analyze
the large amounts of data produced by ‘omics’
measurements to generate ‘signatures’ induced by
different states of disease or health [54]. Omic signatures have thus been developed with the aim of
personalizing therapy though improved diagnosis
(e.g. early pathogen identification) and prognosis
(e.g. disease severity classification).
During a discovery phase, analyses are run on
biological samples from participants in human
experimental challenge studies or from a population
that has already been adjudicated regarding a diagnosis to derive omics signatures for infectious diseases [55]. The signature that distinguishes diseased
from nondiseased state in the original population
must then be validated in other cohorts to test its
generalizability. To date, many omics signatures
have been derived for the diagnosis of infection
and to aid antimicrobial treatment decisions. Examples include proteomics to diagnose viral respiratory
infection [56]; transcriptomics to distinguish viral,
bacterial and noninfectious illness, to diagnose pulmonary tuberculosis, to diagnose bacterial infection
in febrile neonates, and to discriminate between
sepsis and infection-negative systemic inflammation [57–61]; and breath or urine metabolomics
for respiratory infection [62,63]. The SeptiCyte
LAB is the only the FDA-cleared omics-based test,
but is not yet commercially available [61]. Prospective evaluations of clinical utility of such panels for
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diagnosis and guidance of antimicrobial have not
been published.

CONCLUSION
Traditional infectious disease diagnostic approaches
have focused on pathogen detection and characterization. However, evidence shows that the use of
biomarkers such as CRP and procalcitonin can safely
reduce unnecessary antibiotic prescriptions in certain syndromes. Recently, host-based strategies such
as transcriptomics, metabolomics, proteomics are
being validated for infectious disease diagnosis.
Their ability to discriminate between bacterial and
other causes of disease (e.g. viral or noninfectious)
opens exciting new avenues for antimicrobial stewardship. However, their clinical utility has not been
evaluated and considerations such as costs, technical complexity and result turnaround time need to
be addressed.
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36. Layseca-Espinosa E, Pérez-González LF, Torres-Montes A. Expression of
CD64 as a potential marker of neonatal sepsis. Pediatr Allergy Immunol 2002;
13:319–327.
37. Ng PC, Li G, Chui KM, et al. Neutrophil CD64 is a sensitive diagnostic marker
for early-onset neonatal infection. Pediatr Res 2004; 56:796–803.
38. Bhandari V, Wang C, Rinder C, Rinder H. Hematologic profile of sepsis in
neonates: neutrophil CD64 as a diagnostic marker. Pediatrics 2008;
121:129–134.
39. Groselj-Grenc M, Ihan A, Derganc M. Neutrophil and monocyte CD64 and
CD163 expression in critically ill neonates and children with sepsis: comparison of fluorescence intensities and calculated indexes. Mediators Inflamm
2008; 2008:202646.
40. Streimish I, Bizzarro M, Northrup V, et al. Neutrophil CD64 as a diagnostic
marker in neonatal sepsis. Pediatr Infect Dis J 2012; 31:777–781.
41. Du J, Li L, Dou Y, et al. Diagnostic utility of neutrophil CD64 as a marker for
early-onset sepsis in preterm neonates. PLoS One 2014; 9:e102647.
42. Lynema S, Marmer D, Hall ES, et al. Neutrophil CD64 as a diagnostic
marker of sepsis: impact on neonatal care. Am J Perinatol 2015;
32:331–336.
43. Nuutila J, Hohenthal U, Laitinen I, et al. Quantitative analysis of complement
receptors, CR1 (CD35) and CR3 (CD11b), on neutrophils improves distinction between bacterial and viral infections in febrile patients: comparison with
standard clinical laboratory data,. J Immunol Methods 2006; 315:191–201.
44. Schiff DR, Martin J, Davis TR, et al. Increased Phagocyte FcgRI expression
and improved Fcg-receptor–mediated phagocytosis after in vivo recombinant
human interferon-g treatment of normal human subjects. Blood 1997;
90:3187–3194.
45. Hoffmeyer F, Witte K, Schmidt KE. The high-affinity FcyRI on PMN: regulation
of expression and signal transduction. Immunology 1997; 92:544–552.
46. van der Meer W, Pickkers P, Scott CS. Hematological indices, inflammatory
markers and neutrophil CD64 expression: comparative trends during experimental human endotoxemia. J Endotoxin Res 2007; 13:94–100.
47. Ng PC, Lam HS. Diagnostic markers for neonatal sepsis. Curr Opin Pediatr
2006; 18:125–131.

6

www.co-infectiousdiseases.com

48. Nuutila J, Hohenthal U, Laitinen I, et al. Simultaneous quantitative analysis of
FcgammaRI (CD64) expression on neutrophils and monocytes: a new,
improved way to detect infections. J Immunol Methods 2007; 328:189–200.
49. Li S, Huang X, Chen Z, et al. Neutrophil CD64 expression as a biomarker in
the early diagnosis of bacterial infection: a meta-analysis. Int J Infect Dis 2013;
17:e12–e23.
50. Cid J, Aguinaco R, Sánchez R, et al. Neutrophil CD64 expression as marker of
bacterial infection: a systematic review and meta-analysis. J Infect 2010;
60:313–319.
51. Shi J, Tang J, Chen D. Meta-analysis of diagnostic accuracy of neutrophil
CD64 for neonatal sepsis. Ital J Pediatr 2016; 42:57.
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