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currently an FDA approved test to aid in the diagnosis of sepsis but with questionable efficacy. However, studies
support the use of PCT for antibiotic de-escalation. Serial lactate measurements have been recommended for
monitoring treatment efficacy as part of sepsis bundles. The 2016 sepsis consensus definitions include lactate
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Biomarkers concentrations >2 mmol/L (>18 mg/dL) as part of the definition of septic shock. Also included in the 2016 defi-
Sepsis nitions are measuring bilirubin and creatinine to determine progression of organ failure indicating worse prog-
Cytokines nosis. Hematologic parameters, including a simple white blood cell count and differential, are frequently part
Procalcitonin of the initial sepsis diagnostic protocols. Several new biomarkers have been proposed to diagnose sepsis or to pre-
Lactate dict mortality, but they currently lack sufficient sensitivity and specificity to be considered as stand-alone testing.
"-'6_ If sepsis is suspected, new technologies and microbiologic assays allow rapid and specific identification of path-
D-dimer . . ogens. In 2016 there is no single laboratory test that accurately diagnoses sepsis.
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1. Introduction

Sepsis is a significant public health problem across the world, with
>31 million cases annually and a 17% mortality [1]. Sepsis is a systemic
host response to microbial pathogens that results in significant morbid-
ity and mortality. The concept of the Systemic Inflammatory Response
Syndrome (SIRS) was proposed in 1992 [2] to help identify critically ill
patients and the original criteria are listed in Table 1. Sepsis and SIRS
can closely mimic one another and present a diagnostic challenge. A
2016 report, defined as Sepsis-3, detailed the Third International Con-
sensus Definitions for Sepsis and Septic Shock [3]. These definitions
are listed in Table 2. The lay definition of sepsis by this group is succinct
and easy to communicate to patients: “Sepsis is a life-threatening condi-
tion that arises when the body's response to an infection injures its own
tissues and organs”. With these updated definitions it is appropriate to
review the role of the clinical laboratory in the diagnosis of sepsis.

A biomarker with high sensitivity, specificity, speed and accuracy
would be revolutionary for differentiating sepsis from noninfectious
SIRS, given the limitations and time required for microbial verification
of pathogens. Furthermore, 40% of the sepsis patients remain culture
negative [4]. It is important to differentiate culture negative sepsis pa-
tients from those with noninfectious SIRS, as these disease conditions
require different therapeutic regimens. The Surviving Sepsis Campaign
recommends that antibiotics should be administered within 1 h of the
onset of septic shock [5,6]. Every hour of delay in antibiotic administra-
tion has been shown to increase the mortality of septic shock by 7.6%
[7]. Conversely, noninfectious SIRS patients misdiagnosed as sepsis
may be inappropriately treated with broad spectrum antibiotics,
which delays treatment of the underlying systemic inflammation and
contributes to the emergence of antibiotic resistance [8]. Biomarkers
may also improve the prediction of mortality, especially in the early
phase of sepsis when levels of certain pro-inflammatory cytokines and
proteins are elevated.

2. Clinical chemistry
2.1. FDA-approved tests

2.1.1. Procalcitonin (PCT)

PCT, the precursor of the hormone calcitonin, is elevated in patients
with invasive bacterial infections. It is produced by many tissues, not
justcells at the local site of infection, and is part of the systemic response
in severe sepsis. PCT is thought to have pro-inflammatory effects similar
to CRP. The FDA has approved a commercially available PCT assay [9] for
the assessment of risk for developing severe sepsis in critically ill pa-
tients upon their first day of admission to intensive care units. It should

Table 1
Systemic Inflammatory Response Syndrome (SIRS) criteria patients are diagnosed with
SIRS if they meet two of the four criteria [5].

Criteria Metric Comment
Temperature >100.4 °F (>38.0 °C) Either hyperthermia or

or <96.8 °F (<36.0 °C) hypothermia is a SIRS criteria
Heart rate >90 beats per minute Only tachycardia

Respiratory rate >20 breaths per minute If the patient is mechanically
ventilated, PaCO, <32 mm Hg
Any one of these parameters is

sufficient for this category

>12,000/mm?> or
<4000/mm? or
>10% immature forms

White blood count

be noted that the 2016 sepsis-3 definitions no longer include the cate-
gory of severe sepsis [3].

2.1.1.1. PCT may accurately differentiate sepsis from SIRS. Recently,
Wacker et al. [10] performed a meta-analysis including 30 studies
with a total of 3244 patients and found that PCT can differentiate effec-
tively between true sepsis and SIRS of noninfectious origin. Bivariate
analysis yielded a mean sensitivity of 77% and specificity of 79%. The re-
ceiver operating characteristic curve area under the curve (AUC) was
0.85 (95% CI 0.81-0.88) with similar results for medical, surgical, and
pediatric patients.

Anand et al. [11] concluded in a prospective study that PCT can
accurately differentiate culture-negative (AUC = 0.89) and culture-
positive (AUC = 0.96) sepsis from noninfectious SIRS and thereby
contribute to early diagnosis and effective management of these con-
ditions. In the culture-negative group, the best cutoff point for PCT
was at 1.43 ng/mL (92% sensitivity; 83% negative predictive value).

2.1.1.2. PCT to guide antibiotic de-escalation. Randomized trials have been
conducted to examine whether PCT levels may be used in algorithms to
stop antibiotic therapy. A meta-analysis of 14 studies done in the United
States included 4467 patients [12]. This analysis included patients from
primary care, the emergency department and those in intensive care
settings. There was a consistent reduction in both the use of antibiotics
as well as the number of days antibiotics were given. Importantly, the
trials did not show any difference in mortality when using the PCT algo-
rithms, showing that early termination of antibiotic therapy was safe.

2.1.1.3. Limitations. Although PCT is closely associated with inflamma-
tion, it may not be completely specific for infection [13]. Evidence has
shown that it may be elevated in a number of disorders in the absence
of infection, especially following trauma [14]. Therefore, using a single
concentration value for the diagnosis or prognosis of sepsis is not
practical. Normal serum values are below 0.05 ng/mL, and a value of
2.0 ng/mL suggests a significantly increased risk of sepsis and/or septic
shock. Values <0.5 ng/mL represent a low risk while values of 0.5-
2.0 ng/mL suggest an intermediate likelihood of sepsis and/or septic
shock. The meta-analysis done by Wacker et al. [10] only indicated a
modest diagnostic performance with a sensitivity of 77% and a specific-
ity of 79%. PCT is not particularly useful in making the final diagnosis in
patients with values in the intermediate range. PCT should always be
interpreted carefully in the context of medical history and other clinical
information as recommended in the Surviving Sepsis Campaign [6].

2.2. FDA-approved analytes not specifically approved for sepsis

2.2.1. Lactate

Sepsis may progress rapidly to septic shock that is often associated
with micro- and macro-circulatory dysfunction, arterial hypotension,
and decreased delivery of oxygen and nutrients into peripheral tissues.

Table 2
Sepsis definitions as defined by the Third International Consensus Task Force [3]. The se-
vere sepsis category was removed.

Diagnosis Definition

Sepsis Life threatening organ dysfunction caused by a dysregulated
host response to infection.

Septic Shock A subset of sepsis with profound circulatory, cellular, and

metabolic abnormalities associated with increased mortality.
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Lactate levels have been a useful marker for organ dysfunction and may
also serve as an endpoint for resuscitation in patients with sepsis and
septic shock as part of the sepsis bundles [6,15]. In the 2016 Sepsis-3
definitions lactate levels were included in defining patients with septic
shock [3], described in more detail below

2.2.1.1. Prognostic value of lactate measurement. The diagnostic and prog-
nostic value of lactate in septic patients have been well-documented in
the setting of an emergency department, intensive care unit or in the
trauma patient. High lactate is strongly associated with poor outcome
and high mortality. In a study in patients admitted with an infection
(n = 1278), lactate levels could correctly stratify the patients' mortality
into three categories (Table 3, [16]). Those with the highest levels of lac-
tate had the highest mortality. Howell et al., who studied essentially the
same patient population, recruited patients admitted from the emer-
gency department with a clinically suspected infection [17], and
Mikkelsen et al. included patients with severe sepsis. Both studies con-
firmed that elevated lactate levels were associated with mortality, inde-
pendent of shock [18]. Similar observations were also demonstrated in
other studies [19,20]. Indeed, the 2013 Surviving Sepsis Campaign inter-
national guidelines lists a lactate level >2 mmol/L as one of the criteria
defining severe sepsis and a lactate level >4 as defining septic shock
[5]. However, the criteria have become stricter in the recently published
Sepsis-3 definitions [ 3]. Patients with septic shock can be identified with
a lactate level >2 mmol/L after adequate fluid resuscitation and requir-
ing a vasopressor to maintain a mean blood pressure of 65 mm Hg or
greater. The criteria was further verified by a systematic review of 44
studies reporting septic shock outcomes (total of 166,479 patients).
Serial lactate measurements may be useful in monitoring treatment
effectiveness to various therapeutic interventions, and therefore, is rec-
ommended in the sepsis bundle for septic shock, especially when the
initial level is high [5]. Monitoring the clearance of lactate through serial
measurements has been demonstrated to be a useful predictor of mor-
bidity and mortality. Patients with a decrease in an initially elevated lac-
tate level within 24 h have significantly better outcomes than patients
whose lactate remains elevated [15]. In a study of 90 severe septic pa-
tients, <10% lactate clearance (measured upon admission and 6 h
after) could predict a higher organ dysfunction rate and mortality [3].

2.2.1.2. Limitations. Although lactate is currently the most commonly
used analyte measured to follow the patient's response to treatment,
there are limitations to using increased lactate levels as a diagnostic bio-
marker. Elevated lactate levels can be seen in a wide variety of condi-
tions, such as cardiac arrest, trauma, seizure or excessive muscle
activity. Elevated levels of lactate are not considered specific for either
the diagnosis of sepsis, or predicting mortality, unless thoughtfully
coupled with the overall clinical picture. In addition, lactate may not
be as sensitive as previously believed. A normal lactate level is often
interpreted as indicating a good prognosis in sepsis, but studies suggest
that this may be a false assurance. For example, in a study by Dugas et
al., 45% of patients in vasopressor-dependent septic shock did not
have lactate levels >2.4 mmol/L initially, but their mortality remained
high [21]. The reasons why some patients have elevated lactate levels
compared to others is not well understood.

Table 3

Lactate levels as predictor of mortality. Lactate levels in emergency department correlate
with survival [16]. Lactate measurements have also been included in the 2016 consensus
definitions of sepsis and septic shock [3].

Concentration mmol/L 28 day mortality (95% confidence interval)

0-2.4 4.9% (3.5-6.3%)
2.5-3.9 9.0% (5.6%-12.4%)
>40 28.4% (21-36%)

2.2.2. Creactive protein (CRP)

CRP is an acute phase reactant synthesized in the liver in response to
infection or inflammation and is frequently measured to monitor re-
sponse to therapy in patients with chronic inflammatory conditions
such as rheumatoid arthritis. Serum concentrations can increase up to
1000-fold during acute inflammatory events, which increases its value
as a biomarker of infection and inflammation compared to other acute
phase reactants. Because of wide availability, good reproducibility, and
low cost, CRP concentrations have been investigated as an attractive
biomarker to diagnose sepsis

2.2.2.1. CRP as a diagnostic and prognostic marker. Ugarte et al. [22]
measured CRP concentrations in patients with (n = 111) and without
(n = 79) infection. The median was significantly higher in infected
patients (12.1 vs. 5.6 mg/dL), with an optimal discrimination value of
7.9 mg/dL. However, 33% of the noninfected patients had a CRP
>7.9 mg/dL on admission, making it difficult to discriminate patients
with and without infection based on CRP measurement.

Similar observations were made by Reny et al. [23] and Povoa et al.
[24]. The Reny study also identified that the change in CRP concentra-
tions between admission and day 4 was the best predictor for recovery
[23]. Povoa et al. found that CRP values correlated well with the severity
of the infection. For a cut-off of 8.7 mg/dL, the sensitivity and specificity
of CRP for infection diagnosis were 93.4 and 86.1%, respectively. When
combined with a temperature >38.2 °C, the specificity increased to
100%. Subsequent studies by this group further validated a CRP cutoff
level of 8.7 mg/dL and concluded that this value had an 88% risk of infec-
tion [25].

Lobo et al. [26] observed that CRP concentrations at ICU admission
(n = 303) were associated with organ dysfunction, ICU length of stay,
and mortality. A CRP concentration >10 mg/dL was associated with
proven infection in 73% of patients as compared to 31% when the CRP
was <1 mg/dL. In patients with CRP concentrations >10 mg/dL, decreas-
ing concentrations in the first 48 h was associated with a mortality of
15%, whereas mortality reached 61% for patients in whom the CRP con-
centration increased. A study by Castelli et al. [27] provided similar
results.

2.2.2.2. Serial CRP measurements confirming the adequacy of antibiotic
therapy. Confirming that serial measurements of CRP concentrations
are more important than a single admission value, Povoa et al. observed
no significant differences between CRP in survivors and non-survivors
until day 2 of antibiotic therapy in a multicenter, 891 patient study
[24]. A similar observation was made by Schmit and Vincent [28],
where CRP concentrations decreased faster during the first 48 h if the
antibiotic therapy was adequate. An increase in CRP concentration
above 2.2 mg/dL over the 48-hour period was predictive of inadequate
antibiotic therapy with a sensitivity of 77% and a specificity of 67% [25].

Povoa et al. [25] suggested the importance of daily measurement of
CRP concentrations in the assessment of appropriate antibiotic therapy
in bacteremia and found it was necessary to wait until day 4 to observe a
relationship with outcome. This observation was also suggested in the
meta-analysis performed by Zhang and Ni [29].

2.2.3. Cytokines

Cytokines are regulators produced by the host immune system in re-
sponse to an infection or injury which have a role in the complex path-
ophysiology of sepsis. Interleukin-6 (IL-6), IL-8 and IL-10 have been the
most widely studied cytokines to diagnose sepsis, evaluate the level of
the inflammatory response and help determine the prognosis for the
patient. IL-6 is a prototype of proinflammatory cytokine, IL-8 is a
major chemokine, and IL-10 represents an important anti-inflammatory
cytokine

Cytokines may be useful for monitoring inflammatory responses. Cy-
tokine levels in septic patients have been investigated and provide a
quantitative assessment of the severity of sepsis, which may relate to
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outcome. IL-6 levels are increased in patients with infectious complica-
tions and have been used to differentiate SIRS from sepsis [30]. Studies
have shown that IL-6 and IL-10 levels are correlated with the mortality
rate in septic patients [31]. IL-8 has been used to predict the severity of
sepsis in pediatric patients, although the utility of IL-8 has not been con-
firmed in adults [32,33]. None of the cytokine markers has been proven
to be more sensitive or specific than PCT or CRP [34]. Nevertheless, the
determination of cytokines may be valuable in monitoring the intensity
of the inflammatory response although elevated levels are also present
in SIRS of noninfectious origin. There are currently no studies demon-
strating that the treatment of sepsis based on these markers influences
the treatment strategy or improves the clinical outcome.

2.24. D-dimer

Sepsis is associated with defects in hemostasis and the development
of disseminated intravascular coagulation. D-dimer is a product of fibrin
degradation after fibrinolysis. As early as 1990, D-dimer was shown to
predict the presence of bacteremia in septic patients and was correlated
with sepsis severity [35]. The marked elevation of D-dimer in patients
with sepsis was confirmed by the PROWESS study [36].

2.2.5. Proadrenomedullin (ProADM)

ProADM is a potent vasodilator that belongs to the calcitonin peptide
superfamily with PCT. It is upregulated in inflammatory and infectious
conditions, and expressed in many clinical conditions including sepsis,
respiratory infections and pneumonia, as well as also heart failure and
myocardial infarction [37,38]. ProADM has been used as a prognostic
marker, either alone or in risk stratification with other hormonal
propeptides in patients with sepsis and severe pneumonia [39]. Impor-
tantly, ProADM has been shown to improve clinical pneumonia risk
scores, and in a pilot intervention study, tended to decrease the length
of stay without increased risk for readmissions by improving physicians’
admission and early discharge decisions [40].

2.2.6. Myocardial biomarkers

Myocardial biomarkers, such as troponin, natriuretic peptides and
myoglobin, have also been investigated since myocardial dysfunction
is a frequent complication in sepsis patients. Sepsis associated myocar-
dial dysfunction was first described decades ago, and it has only been
recognized recently due to the extensive use of echocardiography in
the ICUs.

The Albumin Italian Outcome Sepsis (ALBIOS) was a multicenter,
randomized trial that enrolled 1818 patients with severe sepsis or septic
shock in 100 ICUs [41]. Despite the controversial conclusion on albumin
replacement as a therapeutic approach [42], they found a high preva-
lence of elevated levels for N-terminus pro-basic natriuretic peptide
(NT-pro-BNP) and high-sensitive cardiac troponin T (hs-cTnT) (97.4%
and 84.5%, respectively). They also found that early changes (from day
1 to day 2 after enrollment) of both markers were independently asso-
ciated with mortality in patients with septic shock. Notably, these
changes had a greater prognostic value than lactate or lactate clearance.
Furthermore, NT-pro-BNP was a better predictive marker than hs-cTnT
for mortality in the ICU and at 90 days [41]. Similar results previously
have been found in smaller studies [43,44].

Myoglobin is a sensitive yet non-specific marker for myocardial inju-
ry. Yao et al. studied the correlation of myoglobin, along with CRP and
PCT, in 70 septic patients [45]. The data indicated that myoglobin was
increased gradually within 24 h of admission, and the degree of increase
correlated with the severity of sepsis (p < 0.05). Moreover, they identi-
fied a cutoff value of 922.4 pg/L of myoglobin in predicting the 28-day
mortality using a receiver operator curve (ROC), area under the curve
(AUC) (AUC = 0.824, 95% C1 0.728-0.920, p < 0.05). The Kaplan-Meier
survival curve showed that the patients with a myoglobin level above
the cutoff had decreased 28-day survival compared to the patients had
a lower myoglobin level (26.3% vs. 76%, p < 0.05), although the correla-
tion of myoglobin level and Sequential Organ Failure Assessment

(SOFA) score was poor (r = 0.641). The authors concluded that high
myoglobin could predict more severe sepsis with a poorer prognosis.

2.2.6.1. Multi-marker approach to sepsis diagnosis. Even with close mon-
itoring during the course of a patient's hospital stay, no single marker
accurately reflects the rapid immunological changes of sepsis. This is
demonstrated by the important lesson from the PASS study of sepsis pa-
tients showing that PCT, when used as a single marker, failed to provide
useful information [46]. Consequently, some studies have proposed ap-
plying a multi-marker approach for improved risk assessment.

Kelly et al. from the CDC Prevention Epicenters Program studied the
performance of 9 biomarkers, including the cutoffs and sampling time,
in 69 SICU patients with suspected sepsis [47]. With optimal cutoff
values, the combination of baseline alpha-2 macroglobulin and 72-
hour PCT offered a 75% negative predictive value (95% CI 54-96%), and
differentiated bacterial sepsis from SIRS among SICU patients with
suspected sepsis.

A multicenter study performed by Kellum et al. [31], which included
1886 patients hospitalized with community-acquired pneumonia, re-
vealed a strong association between elevated levels of several plasma
cytokines and 90-day mortality. The worst outcomes were observed in
the subset with increased levels of both pro-inflammatory and anti-
inflammatory cytokines (IL-6 and IL-10, respectively). Shapiro et al. an-
alyzed samples from 10 emergency departments (n = 1000) to predict
the development of sepsis within 72 h [48]. The investigators, using
multivariate logistic regression, narrowed over 150 different bio-
markers down to a panel of 3 markers that best predicted the develop-
ment of sepsis: IL-1 receptor antagonist (IL-1ra), protein C and
neutrophil gelatinase associated lipocalin (NGAL). The Area Under the
Curve (AUC) of the Receiver Operator Characteristic Curve for accuracy
to predict severe sepsis, septic shock and death are 0.80, 0.77 and 0.79,
respectively. A similar bioscore, utilizing the results of three more tradi-
tional biomarkers (PCT, CD64 and sSTREM-1) has also been proposed
[15].

The best panel of biomarkers for the diagnosis of sepsis or prediction
of developing septic shock is likely to include both pro-inflammatory
and anti-inflammatory markers. Andaluz-Ojeda et al. measured almost
20 different cytokines concurrently using an automated multiplexed
immunoassay approach in approximately 30 patients with severe sepsis
[49]. They found that levels of IL-6, IL-8, and MCP-1 (pro-inflammatory
markers), as well as IL-10 (anti-inflammatory marker) were all higher
in patients who died (mortality rate was 59%). The combined score
was more predictive than any one cytokine, even when the hazard
ratio was adjusted for the APACHE score. This multi-marker approach
may be more likely to succeed in predicting the onset of severe sepsis
in future studies.

2.2.7. Analytes to evaluate sequential (sepsis-related) organ failure (SOFA)

Septic patients may develop organ failure directly related to the sep-
tic process, including declining function of the pulmonary, coagulation,
hepatic, cardiovascular, central nervous system and renal systems.
These changes may be quantified by calculating the SOFA score [3]. Clin-
ical laboratory tests are essential in determining pulmonary function
(arterial blood gases), hepatic function (bilirubin) and renal function
(creatinine). The status of the coagulation system is determined by
measuring the number of platelets.

2.2.8. Experimental analytes under investigation

2.2.8.1. Emerging sepsis biomarkers. Several new biomarkers have been
proposed recently ranging from cytokines to small cellular proteins.
These markers offer the potential to improve the diagnosis and treat-
ment of sepsis. Unfortunately, even these newer biomarkers have failed
to provide the necessary specificity to allow a prompt, sensitive and spe-
cific diagnosis of sepsis. Table 4 provides a list of recent biomarkers, in
addition to some of the classic biomarkers such as CRP and PCT.
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Table 4
Diagnostic biomarkers for sepsis. The area under the curve for the receiver operator char-
acteristic is listed. The data were from human studies [67,85].

Area under the curve, receiver

Biomarker o
operator characteristic

C-reactive protein (CRP) -
Procalcitonin (PCT) 0.89
Interleukin 6 (IL-6) 0.86
Soluble urokinase plasminogen activator

receptor (suPAR) 0.62-0.79
Pro-adrenomedullin 0.72
Presepsin 0.74-0.82
Lipopolysaccharide binding protein 0.73
Soluble Triggering Receptor Expressed on Myeloid 087

Cells (STREM)

Weber et al. have demonstrated, first in a mouse model and later in a
human cohort, that IL-3 is the key mediator that induces downstream
cytokine expression in sepsis. IL-3 levels during the first 24 h after the
onset of sepsis predicted death in patients. High IL-3 levels are associat-
ed with poor prognosis and high mortality rate, even after adjusting for
prognostic indicators [50].

O'Callaghan et al. isolated monocytes from patients with severe sep-
sis (n = 16), healthy volunteers (n = 15), and critically ill patients with
noninfectious SIRS (n = 8). The basal and lipopolysaccharide-induced
tumor necrosis factor (TNF) levels were measured. TNF-a.—converting
enzyme (TACE) is a trans-membrane protease enzyme that cleaves
membrane-bound TNF to produce soluble TNF. Patients with sepsis
had substantially elevated levels of basal TACE activity that were refrac-
tory to lipopolysaccharide stimulation. In patients with SIRS, monocyte
basal TACE and its induction by lipopolysaccharide appeared similar to
healthy controls [51].

Read et al. identified peptidoglycan (PGN) recognition protein 1
(PGLYRP1) as a ligand for TREM-1, a known proinflammatory receptor
expressed on monocytes/macrophages and neutrophils. When com-
plexed with PGN, PGLYRP1 is able to activate TREM-1 and enhance cy-
tokine production in human neutrophils and macrophages [52].

Motal et al. studied the level of vaspin in sepsis patients. Vaspin, a
visceral adipose tissue-derived serpin, was first identified as an insu-
lin-sensitizing adipose tissue hormone, and its anti-inflammatory func-
tion has recently been demonstrated. Plasma vaspin concentrations
were measured from patients with severe sepsis (n = 57) and critically
ill patients as control group (n = 48) on the day of diagnosis. Vaspin
concentrations were significantly higher in septic patients compared
to the control group (0.3 ng/mL vs. 0.1 ng/mL, respectively; P < 0.001).
The investigators also demonstrated a weak positive correlation
between the concentration of vaspin and CRP (r = 0.31, P = 0.002).
Although there seems to be some relationship between vaspin and
inflammation, its role in human sepsis needs to be evaluated further
[53].

MicroRNAs (miRNAs) are a group of small (20-24 nucleotides) RNA
molecules that do not encode for proteins, but regulate gene expression
that mediates physiological and pathophysiological processes. miRNAs
have also been detected in the blood and might serve as biomarkers.
In addition to their stability, circulating miRNAs do not undergo post-
processing modifications and have a less complex chemical structure.
Thus, circulating miRNAs might be superior to other classes of serum
protein based biomarkers [54]. In the last years, miRNAs have been sug-
gested as biomarkers in the context of sepsis [54,55]. However, there are
striking inter-study variances of miRNA-regulation patterns in the dif-
ferent cohorts of patients with sepsis, which are most likely due to a
lack in standardization of sample collection, data normalization, and
analysis [54,55]. If these problems can be solved, miRNAs offer attractive
options as “next generation” biomarkers in sepsis. Additionally, some
studies proposed monitoring oxidative stress in septic patients [56].

However, this process of tissue ischemia leading to multi-organ failure
is not specific to sepsis, it is also seen in SIRS.

3. Other laboratory testing used for clinical evaluation of sepsis
3.1. Hematology

Hematologic parameters are one of the four SIRS criteria (Table 1),
including a white blood cell count. Certainly neutrophils, as a major
component of the innate immune system, are important in the patho-
genesis of sepsis. The SIRS criteria were published over 20 years ago
[2] and additional hematology measurements may be useful for the
diagnosis of sepsis. One approach is measuring a change in neutrophil
antigen expression as a marker for sepsis. As mentioned, platelet
measurement is one parameter of the SOFA score.

3.1.1. Neutrophil antigen expression

Many neutrophil antigens have been evaluated in the sepsis setting
and some groups have studied soluble markers such as CD14 [57] and
soluble CD16 (which is cleaved from the neutrophil cell surface after ap-
optosis). However, the most frequently studied antigen is CD64, a high
affinity Fc receptor for immunoglobulin G (IgG) that is expressed on
neutrophils during an infectious or inflammatory state. CD64 is one of
the most frequently studied antigens because it is a good laboratory
marker because its expression increases in a graded manner [58]. In ad-
dition, neutrophil CD64 expression is negligible to minimal under nor-
mal conditions which makes detection of a change more obvious [58],
unlike other neutrophil antigens [59]. Unfortunately only a few studies
are available comparing neutrophil CD64 expression to other antigens
[60].

CD64 expression has been evaluated in infections, bacterial and non-
bacterial, as well as non-infectious inflammatory states. In a bacterial in-
fection, an increase in the number or the density of CD64 antigens as
well as an increase in the percentage of neutrophils showing increased
CD64 expression, has been reported [61]. In contrast to a viral infection,
only an increase in the percentage of neutrophils showing CD64 expres-
sion is typically observed. CD64 expression is also increased in patients
who have non-infectious inflammatory systemic conditions such as
sickle cell crisis [62] as well as localized inflammatory conditions such
as the synovial fluid of rheumatoid arthritis patients [63].

When comparing sepsis with SIRS, the percentage of CD64 positive
neutrophils is highest in the patients who had sepsis, followed by
SIRS, hospitalized patients who did not have sepsis or SIRS, and finally
normal controls [64]. In terms of CD64 expression density, the patients
with sepsis had the highest density, however, the density of CD64 ex-
pression did not differ significantly between the SIRS patients, hospital-
ized patients, and controls [64]. One group has advocated the utility of
neutrophil CD64 expression over other traditional hematologic markers
in predicting clinically determined sepsis or infection [65]. These find-
ings have also been extended to the neonatal population, a population
in which the diagnosis of sepsis is more difficult and associated with
greater morbidity and mortality [66].

4. Microbiology

Time to appropriate antimicrobial therapy is an independent predic-
tor of death from sepsis [67] and current clinical guidelines require
timely empiric or directed antimicrobial therapy [5,68]. However, the
time and labor-intensive nature of traditional culture-based testing
marginalizes the microbiology laboratory during the acute stage of sep-
sis recognition and management [69]. Also, 30% to 50% of blood cultures
can be negative in patients with a clinical diagnosis of sepsis [67] or in
suspected cases of bacteremia or candidemia [70]. Therefore, new diag-
nostics have focused on culture-limited or culture-independent tech-
nologies. Rapid, meaningful pathogen detection for sepsis diagnosis
implies on-site, time-saving test logistics.
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4.1. Sequence-based methods: molecular hybridization probe detection
after enrichment by blood culture

A current incarnation of this approach, Peptide Nucleic Acid Fluores-
cent In Situ Hybridization (PNA FISH) (bioMérieux ), detects pathogen ri-
bosomal RNA (rRNA) using labeled DNA mimic-molecules and FISH that
is performed on smears made from “positive” blood cultures. Assays
with 25 min-to-result allow the use of simultaneous critical action
value reporting for Gram stain and PNA FISH identification. PNA-FISH
kits perform acceptably [69] and provide the accuracy of molecular test-
ing in a familiar manual format. Optimal PNA-FISH implementation
benefits from active antimicrobial stewardship [71].

4.2. Multiplex real-time molecular assays in sample-to-answer format

The past decade saw wide commercialization of user-friendly,
sample-to-answer platforms that obviate the need for expertise while
minimizing hands-on-time and risk of amplicon contamination by com-
bining multiple steps in one reaction vessel. Commercial sequence-
based assays are performed on aliquots from positive blood cultures
with appropriate Gram-stain findings. A highly-multiplexed approach
is very practical for sepsis diagnostics because approximately 90% of
bloodstream infections are caused by the same 20-25 pathogens and
simultaneous inquiry is cost- and time-effective and useful for
polymicrobial infections [72]. One FDA-approved highly-multiplexed
platform is the FilmArray (Biofire Dx/bioMérieux) Blood Culture Identi-
fication Panel. It tests for 24 bacterial and yeast pathogens plus 3 antibi-
otic resistance markers. Other options are the FDA-cleared Verigene
(Nanosphere) BC-GP and BC-GN assays that use Gold/Ag nanoparticle
probes and micro-array for detection of bacterial pathogens and several
resistance markers. Both platforms allow random access testing — an
asset for STAT sepsis diagnostics. Overall concordance with traditional
phenotypic methods is reported to be very good to excellent (>95% sen-
sitivity/specificity) for adult blood cultures [72] and similar for pediatric
cultures [73]. Faster pathogen identification can facilitate reduced time
to susceptibility profiling with potential for better antimicrobial stew-
ardship, clinical outcomes, and decreased hospital costs [74].

4.3. Database-dependent “fingerprint” methods

Matrix Assisted Laser Desorption-Time Of Flight Mass Spectrometry
(MALDI-TOF MS) is now adapted for clinical microbiology by exploiting
‘soft ionization’ of bacterial or fungal isolates to preserve components
key for detection and analysis. The result of MALDI-TOF MS is a spe-
cies-specific spectral “fingerprint” that is compared to a database of or-
ganisms based on rRNA DNA sequences. Using agar plate culture
growth, MALDI-TOF MS takes minutes compared to hours or days for
biochemical identification methods and costs are considerably less per
isolate [75]. In the U.S. two FDA-cleared MALDI-TOF MS systems are
the Vitek-MS (bioMérieux) and the BioTyper (Bruker Daltronics).
MALDI-TOF MS performance is equivalent or superior to phenotypic
identification methods, recently reviewed by Clark et al. [76]. Alterna-
tive workflow efficiencies have been tried including testing pellets
from signal-positive blood culture broth instead of from agar subcul-
tures — sometimes in conjunction with similar “off-label” susceptibility
testing plus real-time antimicrobial stewardship, with mixed but prom-
ising results [77].

4.4, Direct pathogen detection without culture amplification, but without
sample-to-answer format

Several approaches to culture-independent direct pathogen detec-
tion form the basis for the next-generation of diagnostics. These use
broad range or universal PCR primers adapted for pathogen detection
in small volumes of whole blood, sometimes followed by species-specif-
ic primers and sequencing [78]. Studies using culture independent

technologies in the context of sepsis are detailed in two 2014 reviews
[67,79]. High-throughput DNA sequencing may become more accessible
to clinical microbiology [79] especially for detection of non-cultivable or
complex polymicrobial infections that defy the technical resolution of
PCR and Sanger-based sequencing. The Iridica platform combines PCR
and electrospray ionization mass spectrometry to respectively amplify
and detect microbial pathogens directly from patient samples without
prior culture.

4.5. Direct sample-to-answer pathogen detection from uncultured blood
samples

An ideal sepsis diagnostic would use molecular analytics in a sam-
ple-to-answer format with the ability to rapidly test blood samples di-
rectly without prior culture, and be universally suitable for point-of-
impact use [69]. In 2014 this was partly achieved by the bench top
T2Dx instrument with its inaugural T2Candida assay (T2 Biosystems).
T2 relies on changes in a sample's T2 magnetic resonance (T2MR) signal
caused by hybridization of PCR-amplified pathogen DNA to capture
probe-decorated nanoparticles. T2Candida detects 5 Candida species of
yeast in 1 mL of uncultured whole blood in about 3 h with a claimed
limit of detection as low as 1 colony forming unit/ml, with good agree-
ment with simulated blood cultures [80].

4.6. The future of sepsis diagnostics - point-of-impact, next-gen
phenotypics, genomics and proteomics for pathogen identification

The increasing interest in very rapid, point-of-impact diagnostics for
infectious diseases and the global need for in-field devices for low re-
source settings [81] have yielded a plethora of prototype miniaturized
devices that feature clever chemistries, microfluidics, and minimal
power requirements. Another technology uses minimal culture times
and molecular padlock probes to detect bacterial ribosomal RNA and de-
tection of antibiotic-resistant bacteria [82]. Even with the rapid diagno-
sis of an infection, host genes affect the prevalence and severity of
infectious diseases. With advancing knowledge in the human genome,
studies have now focused on understanding the immune response in
sepsis. New methodologies, such as DNA and RNA microchips, have
aided complex investigations to answer questions including whether
gene expression patterns differ with infectious and non-infectious etiol-
ogies. Boldrick et al. demonstrated the immune response gene expres-
sion is stereotypical with infection but varied with different infectious
agents [83]. Prucha et al., using expression profiling, showed the exclu-
siveness of the immune response in systemic inflammation of infection
[35]. A recent study looking at multiple datasets identified 11 genes that
accurately differentiated sepsis from sterile inflammation in patients
[84]. Despite these promising findings, studies of genetic polymorphism
of the innate immune system and cytokines have not produced repro-
ducible results that may be readily translated into clinical practice. The
major issue is that genotype does not always predict phenotype. There-
fore, efforts have been directed to the study of proteomics with the ob-
jective of identifying new biomarkers that can aid in the diagnosis,
monitoring, or predicting progression and outcome of sepsis. With the
complexity of etiology, this approach may lead to treatment solutions
of personalized medicine in septic patients [35].
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