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Abstract

:

A biomarker is a molecule that can be measured in a biological sample in an objective, systematic, and precise way, whose levels indicate whether a process is normal or pathological. Knowing the most important biomarkers and their characteristics is the key to precision medicine in intensive and perioperative care. Biomarkers can be used to diagnose, in assessment of disease severity, to stratify risk, to predict and guide clinical decisions, and to guide treatments and response to them. In this review, we will analyze what characteristics a biomarker should have and how to ensure its usefulness, and we will review the biomarkers that in our opinion can make their knowledge more useful to the reader in their clinical practice, with a future perspective. These biomarkers, in our opinion, are lactate, C-Reactive Protein, Troponins T and I, Brain Natriuretic Peptides, Procalcitonin, MR-ProAdrenomedullin and BioAdrenomedullin, Neutrophil/lymphocyte ratio and lymphopenia, Proenkephalin, NefroCheck, Neutrophil gelatinase-associated lipocalin (NGAL), Interleukin 6, Urokinase-type soluble plasminogen activator receptor (suPAR), Presepsin, Pancreatic Stone Protein (PSP), and Dipeptidyl peptidase 3 (DPP3). Finally, we propose an approach to the perioperative evaluation of high-risk patients and critically ill patients in the Intensive Care Unit (ICU) based on biomarkers.
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1. Precision Medicine and Biomarkers


Medicine is directed towards personalizing treatment based on the characteristics of patients suffering from the same disease and their different reactions to the treatments they receive. This is known as precision medicine [1], because it is understood that all treatments are personalized and that what we seek with new clinical and laboratory tools is precision in diagnosis and treatment [2].



Biomarkers are the key to precision medicine because, within what is known as the omics sciences, they are the molecules currently available [3].



Although many of them are familiar in our daily lives, such as creatinine, which plays a role in renal failure, many biomarkers are relatively new and in question, in many cases due to an erroneous approach to their positioning, in others due to ignorance, and in some due to legitimate concerns about the costs versus benefits [4].



This is why we propose the following:




	-

	
First, we outline the characteristics a biomarker should have in the context of the perioperative high-risk patient and the critical patient, and how to ensure its usefulness.




	-

	
Second, we will review the biomarkers that in our opinion can be most useful in clinical practice in the future.




	-

	
Finally, we propose an approach to the perioperative evaluation of high-risk patients and critical patients based on biomarkers.









A biomarker is a molecule that can be measured in a biological sample objectively, systematically, and accurately, whose levels indicate whether a process is normal or pathological. The ideal biomarker should, in general, be easy to measure, low in cost, and high in sensitivity and specificity, and should provide additional information for the clinical assessment [5]. To ensure its usefulness before integration into clinical practice, the progressive evaluation of each new biomarker has been proposed in six steps [6]:




	(1)

	
Proof of concept: Do levels of this new marker differ between subjects with different perioperative outcomes?




	(2)

	
Prospective validation: Does the new marker predict the likelihood of certain outcomes in prospective studies?




	(3)

	
Incremental value demonstration: Does the new marker add predictive information to standard risk markers?




	(4)

	
Clinical utility: Does modifying the values of the new marker predict a risk when changing the recommended therapy?




	(5)

	
Improved clinical outcome: Does the new risk marker improve clinical outcomes?




	(6)

	
Cost-effectiveness: Does the use of the marker improve clinical outcomes to justify the additional costs associated with its use?









All of these questions are appropriate to ask when analyzing a new biomarker to integrate into clinical practice. In fact, it is very difficult for any biomarker to fully meet all these criteria, among other reasons, because of the way in which their effects are analyzed and research is proposed [7]. Biomarkers can be used for diagnosis, assessing disease severity to stratify risk, predicting and guiding clinical decisions, and guiding treatment and the response to them. The discriminative capacity of a diagnostic test refers to its usefulness in distinguishing healthy from sick individuals. To measure this capacity, the parameter to be estimated is the AUC-ROC (area under the curve ROC), a unique value independent of the prevalence of the disease. The AUC-ROC reflects the test’s ability to discriminate individuals with and without disease across the entire range of possible cutoff points. A ROC curve plot illustrates the ratio of true positives (y-axis) to false positives (x-axis) for each cutoff point of a diagnostic test whose measurement scale is continuous [8]. Therefore, biomarkers should be analyzed using the ROC curves and looking for the Youden index, which is the point of the curve that represents the best compromise between sensitivity and specificity.



There is no particular AUC-ROC value that is considered a threshold for determining whether or not a marker is useful as a predictor. A diagnostic test is considered nondiscriminatory if its ROC curve coincides with the nondiscrimination line, which has AUC = 0.50. As the AUC of a diagnostic test approaches 1.00 (a perfect diagnostic test), the greater its discriminative capacity becomes. However, if we consider that AUC = 0.75 is halfway between non-discrimination (AUC = 0.50) and perfect discrimination (AUC = 1.00), AUC is closer to perfection than to nondiscrimination. The AUC-ROC is a sample estimator of a population parameter, so its 95% confidence interval (CI) is reflected.



The approach based on using the Youden index value as a dichotomous biomarker value in decision making is problematic if the biomarker is used to rule out in the case of a negative test (high sensitivity) or to confirm a diagnosis in the case of test positivity (high specificity). In many contexts, negative and positive probability ratios can be used to select thresholds. The 95% CI can report optimal cutoff points [9]. However, a 95% CI crossing below the 0.5 probability line may indicate a low robustness of a marker. The probability ratio is the ratio between the probability of obtaining a certain outcome in sick individuals and the probability of that same outcome in well individuals. It is therefore presented as a measure that reflects the usefulness of a diagnostic test. In addition, its value is not influenced by the prevalence of the disease, and that allows comparisons between different diagnostic tests. The results of a probability ratio for a negative test, which consists of the probability that a patient with a normal test does not really have the disease, with values between 1 and 0.6, are not considered adequate to exclude the diagnostic test, while between 0.5 and 0.1 is considered of moderate value, and a good diagnostic test [10].



There are also values derived from the AUC-ROC curve that define diagnostic characteristics that may be useful. This is the case of the positive (PPV) and negative (NPV) predictive values, which depend on the prevalence, and therefore can be applied in populations with the same prevalence. A high PPV would be adequate for a biomarker from which a specific associated treatment is derived. As we will discuss in the text, there are new biomarkers for whose deficiency there is a drug as a treatment. Having a high PPV in this context is helpful. In other scenarios, a biomarker with a high NPV is useful, since it rules out the presence of disease and therefore the need to use resources or treatments that would imply increasing the expense or the possibility of iatrogenicity. The most common example is the use of D-dimer to rule out pulmonary thromboembolism, but also biomarkers such as Pro BNP, MR-ProADM, or BIoADM, among others, with high NPV able to reasonably rule out high-risk scenarios and avoid overtreatment.



The risk of a patient does not change abruptly when moving from one figure to another a little higher in a biomarker, nor are there thresholds that cause a sudden change in risk, so dichotomization of a biomarker is biologically implausible [11]. Clinical prediction models using biomarkers are typically developed using either logistic regression or Cox regression models. The choice of variables to include in a regression model needs to take into consideration which variables may have clinical relevance and be readily available. This type of model requires rigor and validation [7].



In intensive care and in the high-risk surgical patient, interest in biomarkers increases exponentially, due to the precision medicine approach [12].



The variability of the evolution of the disease in each patient leads to models that attempt to describe phenotypes that predict the evolution—if necessary, monitoring resources or admission in the intensive care unit (ICU), response to treatment, and, more recently, the association of a biomarker with the use of a specific treatment [13].



In the context of surgery, mortality is very high, close to 4%, and in critical medicine mortality due to events such as sepsis (an example of a prevalent pathology in the ICU), is 10%, rising above 40% in septic shock [14].



All this means that phenotyping, mediated by biomarkers themselves or complementing clinical or other variables (such as hemodynamics), can help improve results [15].



In a recent review, new biomarkers are analyzed, finding thousands of references and hundreds of biomarkers, including dozens of new ones. It uses an academic, discriminative approach, based on studies with more than 300 patients [16]. In this review, we will briefly comment on those that we consider most practical from the point of view of understanding the place of the biomarker in both the current clinic and future studies.




2. The Best Biomarkers in Intensive and Perioperative Care


We will review a list of biomarkers that, in our opinion, are relevant and the knowledge of which we consider necessary and useful for present and future clinical practice. Dichotomous cutoff points are as already noted in the introduction, although, if necessary, these should always be put into perspective and understood within each particular clinical context.



We have summarized the main characteristics and cutoff points in Table 1.



2.1. Lactate: A Perfusion Biomarker


Lactate is a marker of perfusion, so it has been included in the new (2016) definition of septic shock. Having a lactate value more than 2 mmol/L is a sine qua non for diagnosis [17]. Lactate is a product of anaerobic metabolism. In situations of low flow or tissue hypoxia, the pyruvate used to generate energy cannot enter the Krebs cycle and is reduced to lactate. Therefore, in situations of hypoperfusion, lactate increases both by an increase in its production and by not being clarified. Lactate levels are used for the diagnosis of hypoperfusion situations and to assess the effectiveness of the treatment administered, as their levels decrease over time, which is known as “clearance” [7]. In critical illness, decreases in lactate levels after initiation of treatment are associated with better outcome.



When there is an elevation of lactic acid, we must put it in context and first rule out obvious causes of increase, such as liver failure, seizures, brain tumor pathology, carbon monoxide poisoning, or thiamine deficiency, among others, and contextualize it with other signs of hypoperfusion such as hypotension or tachycardia. After the publication of the ANDROMEDA study [18], the prolongation of the capillary filling time has been shown to work in the context of hemodynamic resuscitation and can be an alternative or complement to lactate.



However, even recognizing that the elevation of lactate in the majority of scenarios implies a worse prognosis and a red flag, the therapeutic objective of its clearance is in question since this concept may be more complex and not always effective or plausible in the biological context of the disease, so the recommendation is to use it with caution as a goal of hemodynamic resuscitation in the short term [19].




2.2. C-Reactive Protein: A Classic Biomarker of Inflammation


Inflammation is a complex and nonspecific process that involves numerous defense systems of the body. The greatest virtue of C-Reactive Protein (CRP) is also its weakness, as is its sensitivity to detecting inflammation and low specificity in numerous related conditions. However, contextualized, it is very useful in intensive and perioperative care [20]. CRP is part of the short pentraxin subfamily and was identified more than 70 years ago. It is a characteristic component of “acute phase” proteins, the synthesis of which increases dramatically in inflammatory processes. It is released by the liver in response to inflammation or tissue damage. In infectious processes, CRP has both pro-inflammatory and anti-inflammatory effects [21]. CRP can recognize and bind to pathogens and damaged cells and influence their elimination through interactions with inflammatory cells and mediating molecules.



CRP is a clinical marker frequently used to evaluate the presence of infection and sepsis and is frequently used in the diagnosis of intra-abdominal infections [22], as a marker of discrimination of patients with pneumonia and those with tracheal infections [23], as an aid to differentiate bacterial infection from viral and, in critical patients, elevated CRP values have been associated with increased risk of organ failure and mortality [24]. Elevated CRP concentrations have been successfully used as a biomarker of infection in septic patients with community-acquired pneumonia (CAP) or ventilator-associated pneumonia (VAP) and as a marker of bacterial load and appropriate antibiotic therapy.



However, when compared with other biomarkers, it is observed that it rises late, takes time to recover normal values, and rises in noninfectious processes such as autoimmune or rheumatic diseases, among others.



Normal CRP values are less than 5 mg/dL, and 10 mg/L values are considered to indicate high risk of infection or severe inflammation. One of the important values of CRP is its fast and economical measurement.




2.3. Troponin: The Biomarker of Myocardial Damage


Cardiac troponins I (cTnI) and T (cTnT) are components of the myocyte contractile apparatus and are expressed almost exclusively in the heart. Elevated troponin values reflect myocardial damage but do not indicate the pathophysiological mechanisms involved [25]. Elevated troponin is part of the definition of myocardial injury secondary to (1) atherosclerosis of the coronary artery and its complications leading to myocardial infarction type 1; (2) an imbalance between the supply and demand of oxygen to the myocardium, which produces type 2 infarction; and (3) a myocardial injury in the clinical context of heart and noncardiac diseases [26]. There is a new entity in which there is elevation of troponins without coronary injury, called myocardial infarction with nonobstructive coronary artery disease (MINOCA) [27].



Chronic renal failure, brain lesions, and sepsis, among others, are some noncardiac entities that occur with myocardial injury and therefore with the consequent increase in troponins. Myocardial dysfunction is a frequent complication in patients with sepsis [28] and even more when septic shock develops. It is often reversible and directly related to gravity. It can cause systolic or diastolic dysfunction of the left and right heart. Numerous mechanisms have been proposed for the elevation of troponins in sepsis, such as the imbalance of supply and demand during shock with consequent ischemia and also the harmful effect of endotoxins and cytokines on the myocyte. Normal values are less than 40 ng/L cTnT, less than 34 ng/L cTnI, and less than 14ng/L for high-sensitivity cardiac troponin T (hsTnT). Most cardiovascular complications after noncardiac surgery (NCS) occur in the first 48–72 postoperative hours; 65% of patients who suffer a perioperative myocardial infarction do not experience symptoms, in part because they are probably receiving analgesic medications that mask ischemic symptoms. However, asymptomatic myocardial infarction is associated with an increased risk of mortality at 30 days. Myocardial injury after noncardiac surgery, known by the acronym MINS [29], is characterized by elevated troponins without associated infarction clinic.



These levels for the diagnosis of MINS after NCS are a hsTnT of 20 to 65 ng/L with an absolute change of at least 5 ng/L from baseline or an hsTnT level > 65 ng/L. Among patients with abnormal baseline troponin values, MINS is considered to have occurred if there is a ≥ 20% increase in cTnI or cTnT after NCS. The VISION study by Devereaux’s research group demonstrated that the detection of an elevated level of cTnT in the postoperative period was a strong predictor of mortality after 30 days in surgical patients [30]. Although no study has established optimal cTnI thresholds for the diagnosis of MINS, there is no preference for cTnT over cTnI. Until research establishes cTnI MINS thresholds, clinicians should define elevation as any value above their laboratory’s upper 99th percentile reference limit. The management of patients with perioperative troponin elevation is unclear, but it is evident that they have an increased risk of myocardial ischemia, as a spectrum from MINOCA to MINS, or as a sign of associated cardiovascular disease or sepsis. These patients could benefit from the preoperative intensification of cardiological medication, its special surveillance in the perioperative period, or the administration of antiplatelet agents.



Recently, Devereaux’s group also reported that hsTnI levels after cardiac surgery that were associated with an increased risk of death within 30 postoperative days were substantially higher than the levels currently recommended for defining a clinically important myocardial injury or for the detection of perioperative myocardial infarction [30].




2.4. NT-ProBNP/BNP: Biomarkers of Heart Failure and Pulmonary Congestion


The biomarkers Brain Natriuretic Peptide (BNP) and N-terminal pro-Brain Natriuretic Peptide (NT-proBNP) are synthesized in cardiac myocytes in response to increased myocardial wall stress. BNP and NT-proBNP have been positioned with evidence and in clinical practice as cardiological biomarkers for diagnosis and prognosis in patients with heart failure and other cardiac pathologies in the nonsurgical setting [31]. Current evidence suggests that pre- and postoperative monitoring of brain natriuretic peptides may substantially improve surgical risk prediction. Most guidelines recommend its use in the stratification of high-risk patients. The Canadian Cardiovascular Society Guidelines recommend (strong recommendation, moderate evidence) the determination of NT-proBNP or BNP for the estimation of perioperative risk in NCS in all patients older than 65 and in those aged 45 to 64 when they have significant heart disease or a revised cardiac risk index (RCRI) > 1 [32]. Several prospective observational studies have evaluated with favorable results the prognostic ability of BNP and NT-proBNP to predict major cardiovascular events in NCS. A meta-analysis involving 2179 patients demonstrated that preoperative determination of NT-proBNP and/or BNP was independently associated with death or nonfatal myocardial infarction within 30 days following NCS [33]. Plasma values greater than 300 pg/mL NT-proBNP and 92 pg/mL BNP were identified as thresholds associated with increased risk. Previously, another meta-analysis had shown that elevation of natriuretic peptides increased the risk of postoperative cardiac complications (OR 19.3; CI 95% 8.5–43.7) [34]. Different surgical series in general, thoracic, and orthopedic surgery have correlated an increase in preoperative levels of brain natriuretic peptides with adverse postoperative outcomes. In our setting, we have studied NT-proBNP for perioperative risk prediction [35]. The objective was to determine the incidence of elevated serum levels of NT-ProBNP before and after major elective NCS and to evaluate its relationship with the incidence of cardiovascular complications and mortality in the first 30 postoperative days. A total of 304 adult patients with cardiovascular risk factors were recruited. The overall incidence of cardiovascular complications was 7.8% and the mortality rate was 4.3%. The presence of elevated preoperative NT-proBNP levels was an independent predictor of cardiovascular complications and mortality. Thus, for a preoperative value of >1000 pg/mL, the incidence of cardiological complications was 22.4% and mortality was 13.2%. The results highlight the high negative predictive value of NT-proBNP, with a strong association between normal preoperative values of the biomarker and a favorable outcome after NCS.



In the context of intensive care, BNP and NT-proBNP have been observed to be associated with myocardial dysfunction and right ventricular dysfunction in patients with sepsis-associated cardiomyopathy [36]. The release of BNP and NT-proBNP in these patients is stimulated by the stretching of myocytes when ventricular dysfunction is present and by proinflammatory molecules. In addition, natriuretic peptides can detect pulmonary congestion and have been used to guide treatment, considering a 30% decrease from their initial value as a therapeutic target of decongestion [37]. Proper resuscitation with fluids in the early stages of sepsis leads to better results; this often requires a delicate balance between infraresuscitation and volume overload [38]. Identifying patients sensitive to volume overload remains a major challenge. There are simple dynamic measures to identify patients who will respond by improving their cardiac output if they receive volume, but there are no simple measures to identify congestion or the possibility of diastolic dysfunction. In patients with heart failure, natriuretic peptides have been shown to be useful markers of volume status, preload, and end-diastolic volume. NT-ProBNP is considered one of the biomarkers of congestion (together with bioadrenomedullin -bioADM) in the context of acute heart failure.



The disadvantages of the use of natriuretic peptides are the difficulty of detecting systemic congestion due to right failure (peptides are produced mainly on the left side) and producing its elevation in other noncongestive circumstances such as concomitant renal failure or processes related to care such as catecholamine infusion and volume resuscitation [39].



The optimal limit of BNP and NT-proBNP for predicting mortality in sepsis remains uncertain and ranges from 32 to 681 pg/mL for BNP to 400–13,600 pg/mL for NT-ProBNP [40]. A recent meta-analysis was unable to determine optimal cutoff points for mortality and prognosis outcomes in patients with sepsis [41]. In the evaluation of patients with dyspnea, a BNP level of <100 pg/mL has been used as a sensitive and specific value to rule out heart failure.



For NT-proBNP, a cutoff point of 300 pg/mL is used to rule out heart failure [42]. The cutoff points changing with age are 450 pg/mL for <50 years, 900 pg/mL for 50–75 years, and 1800 pg/mL for >75 years old [43].



A systematic review and meta-analysis of 36 studies and 3508 patients found that BNP and NT-proBNP are frequently elevated in patients with sepsis, are prognostic in this population, and that the optimal cutoff points for BNP and NT-proBNP were calculated at 622 pg/mL and 4000 pg/mL for short-term prediction of mortality in patients with sepsis and septic shock [41]. Most studies measured biomarkers at admission or within the first 24 h.




2.5. Procalcitonin: The Biomarker of Infection


Procalcitonin (PCT) is a common marker in clinical practice. Its use as a potential marker of infection was first described by Spanish researchers in 1975. PCT, the calcitonin prohormone, is produced in response to the release of endotoxin or mediators released in response to bacterial infections and has a strong correlation with the severity and extent of infection [44]. Normal values are considered 0.05–0.09 ng/mL. PCT has a higher kinetic profile than CRP. It begins to rise in the first 4 to 12 h after stimulation, and its circulating levels are reduced daily by half once the infection is controlled by the host’s immune system and by antibiotic therapy.



Compared to the other available biomarkers, it is able to relatively easily discriminate infection from systemic inflammation of another origin. PCT levels also correlate with severity of infection and bacterial load. In patients with CAP or urinary tract infection (UTI), values below 0.1 ng/mL have a high sensitivity for the exclusion of bacteremia [45]. Likewise, it has the potential to differentiate the viral or bacterial origin of the infection [46], as well as to indicate the presence of bacterial superinfection in patients with viral diseases. It is interesting to note that PCT does not seem to be attenuated by the use of corticosteroids and that its production does not depend on leukocytes. Table 2 shows the most accepted reference values for the diagnosis of sepsis using PCT.



Regarding the use of PCT as an antibiotic guide: bacterial resistance to antibiotics has emerged as an important factor affecting the outcomes of infected patients. This has led to the need for major efforts to reduce the overuse of antimicrobials. Multiple clinical trials and meta-analyses have sought to use PCT levels as a guide to when to start, decrease, or discontinue the use of antibiotics in patients with suspected or diagnosed sepsis [47,48,49]. The results vary and are difficult to compare due to the heterogeneity of the patients (patients in CCU, emergency, respiratory infections, UTI, postoperative, etc.); however, the data seem to suggest that it is possible to reduce the use of antibiotics guided by PCT without increasing the morbidity and mortality of septic patients. In Table 3, we show the classic and still valid algorithm proposed by Schuetz et al., who recommended discontinuing the use of antibiotics in critically ill patients once PCT has normalized or, at least, when it has decreased by 80–90% of its peak value [50].



Significant PCT elevations can occur in high-stress situations; this is why PCT is more useful in medical than surgical patients to discriminate infection from sterile inflammation, as PCT tends to rise with surgery. This elevation depends on the site of intervention and the complexity of the technique performed. In addition to surgery, many other causes of PCT elevation due to nonbacterial systemic inflammation have been described [51]. In the case of fungal infections, slightly elevated or normal values have been observed in neutropenic patients with candidemia, so PCT has poor value for the diagnosis of fungal sepsis.



In the 2021 Surviving Sepsis Campaign guidelines [52], the two recommendations in relation to PCT are as follows:




	-

	
“For adults with suspected sepsis or septic shock, we suggest against using procalcitonin plus clinical evaluation to decide when to start antimicrobials, compared with clinical evaluation alone.” Quality of evidence: very low, weak recommendation.




	-

	
“For adults with an initial diagnosis of sepsis or septic shock and adequate focus control where the optimal duration of therapy is unclear, we suggest using procalcitonin and clinical evaluation to decide when to discontinue antimicrobials rather than just clinical evaluation.” Quality of evidence: low, weak recommendation.









Although there is no clear evidence for its use in diagnosis, PCT has represented a fundamental tool for early identification of patients who develop infection and for determining its clinical severity. Rapid identification of bacterial infections and early initiation of antibiotic therapy are recognized as independent factors associated with better outcomes; therefore, the immediate recognition of a bacterial infection through the use of a biomarker such as PCT can be very useful in situations of shock of doubtful infectious etiology that may be sepsis.



Recent studies have demonstrated the potential role of PCT in discriminating between serious infections caused by Gram-negative bacilli (GNB), Gram-positive bacilli (GPB), and fungi [53], especially in the context of bacteremia, where the level of PCT could be an important tool for quickly choosing the most appropriate antibiotic. In clinical practice, rapid identification of pathogens is often delayed due to available microbiological testing. The identification of etiologies, using biomarkers such as procalcitonin, can be very useful to avoid delays in treatment and inappropriate therapies.



GNB infections are associated with much higher levels of PCT than GPBs and fungi, which raise it less. Above all, Enterobacteriaceae are microorganisms that most elevate procalcitonin, in relation to endotoxin levels. Bassetti et al. proposed an algorithm of action based on procalcitonin levels to decide empirical antibiotic therapy according to procalcitonin levels; if they are greater than 2 ng/mL, they recommend thinking about GNB etiology, and if higher, they recommend thinking about Enterobacteriaceae [54]. This is an example of how knowing how a biomarker works in different contexts and patients, its kinetics, and everything that may affect it makes its use more effective and profitable.




2.6. MR-ProAdrenomedullin (MR-ProADM)/BioAdrenomedullin (BioADM): Biomarkers of Endothelial Dysfunction, Organ Failure, and Systemic Congestion


Adrenomedullin (ADM) is a peptide hormone isolated in 1993 by Kitamura from extracts of a pheochromocytoma [47]. Since this peptide is abundant in normal adrenal medulla, as well as pheochromocytoma tissue, it was called ADM. ADM possesses 52 amino acids, has an intramolecular disulfide bond, and shows slight similarity to the calcitonin gene-related peptide. The mRNA encodes the information for the synthesis of a preprohormone known as pre-pro-adrenomedullin, of 185 amino acids, subsequently degraded into another of 164 amino acids called ProADM. ProADM has three vasoactive peptides: ADM, proadrenomedullin amino-terminal peptide (PAMP), and adrenotensin [55]. There is also a middle region without activity, known as MR-proADM, which until recently was the most affordable for measurement. ADM occurs primarily in vascular endothelial cells. Among its fundamental biological actions are vasodilator, inotropic effects, diuretic, natriuretic, bronchodilator, insulin secretion inhibitor, aldosterone inhibitor, and adrenocorticotropic hormone inhibitor [56]. ADM, therefore, seems to function as a system that controls circulation and volume, and may be involved in cardiovascular pathophysiological changes. Its potent hypotensive and vasodilator activity depends on at least two mechanisms: a direct effect on vascular smooth muscle cells, increasing intracellular cAMP, and stimulation of calcium-dependent nitric oxide synthesis in endothelial cells. Plasma levels of ADM are elevated in cardiovascular diseases such as heart failure, hypertension, and septic shock, where ADM may play protective roles through its biological activities. Elevated levels are also found in other diseases such as heart failure, respiratory problems, kidney disease, liver cirrhosis, and cancer. High levels have been described in patients with sepsis, acting directly on the relaxation of vascular tone, triggering hypotension [57].



Krintus et al. established reliable ranges of MR-ProADM plasma values in healthy individuals, with the values for the 2.5th and 97.5th percentiles of MR-ProADM being 0.21 (0.19–0.23) and 0.57 (0.55–0.59) nmol/L, respectively [58].



Its pathophysiological action, added to the confirmation of its increase in the context of cardiovascular diseases, makes it a biomarker of cardiovascular status. Plasma levels of MR-ProADM increase in proportion to the severity of heart failure, which may reflect the fact that endothelial dysfunction is deeply involved in the pathophysiology of heart failure [59].



The Biomarkers In Acute Heart Failure trial [60] evaluated the clinical utility of MR-ProADM in heart failure. Patients who died had a higher median MR-ProADM than survivors (1.57 nmol/L vs. 0.84 nmol/L). Elevated MR-proADM levels predicted 90-day mortality in all patients with dyspnea and did so independently of natriuretic peptide concentrations. MR-ProADM, despite being a marker of organ failure (more cardiovascular than infection), has been widely studied in infection, in both diagnosis and prognosis. It has been studied in sepsis, with different cutoff values always higher than 1 nmol/L, to detect patients with poor prognosis. The determination of a cutoff point of MR-ProADM to predict organ failure and mortality was evaluated in patients with sepsis by Bernal-Morell et al. [61]. The cutoff point of MR-ProADM to detect organ failure in this context was 1.8 nmol/L, with a negative predictive value of 54% and a positive predictive value of 90%. Andaluz et al., in a study of ProADM in septic patients, concluded that an MR-ProADM value of 1.79 nmol/L predicted higher mortality [62]. The MR-proADM value less than 0.88 nmol/L in this study ruled out mortality in the 28 days after admission to CCU, since no patient with lower values died. There are few publications referring to the role of MR-ProADM as a risk marker in the perioperative context. The article by Schoe et al. investigated whether a set of biomarkers (PCT, MR-ProADM, CT-pro-endothelin-1, CT-pro-arginine-vasopressin, and NT-ProBNP), alone or as a panel, could be useful in assessing the postoperative risk of in-hospital mortality compared to the APACHE IV score [63]. It was found that patients with plasma levels of MR-ProADM of >3.2 nmol/L in the first 6 h postoperative had higher hospital mortality, showing greater predictive capacity than the APACHE IV scale (AUC 0.94 vs. 0.84). Csordas et al. investigated the predictive value of MR-ProADM mortality in a population of 153 patients scheduled for transcatheter aortic valve replacement [64]. MR-ProADM levels of >1.3 nmol/L were shown to be an independent predictor of mortality (31% vs. 4%, RR 9.9; CI 95% 3.1–31.3). In the perioperative context, we must mention the studies related to the determination of MR-ProADM for the diagnosis of acute appendicitis. Our group conducted a prospective observational pilot study at La Princesa University Hospital, which included a total of 59 adult patients scheduled for major abdominal surgery [65]. We studied whether preoperative levels of MR-ProADM could be predictors of the need for Postoperative Organ Support (POS) in these patients. For the association between MR-ProADM levels and POS incidence, an AUC-ROC of 0.85 was obtained (95% CI: 0.74–0.96; p = 0.002). In the multivariate analysis performed, preoperative serum MR-ProADM levels were an independent risk factor for the need for POS.



Finally, Bermejo et al. analyzed the ability of MR-ProADM and other markers to detect the different possible organ failures in patients with infection. In his research, the AUC-ROC of MR-ProADM for the diagnosis of organ failure was 0.79 (0.72–0.86), considered a very good predictive capacity, above that obtained with other biomarkers studied in the same work such as PCT: 0.62 (0.54–0.70), lactate: 0.69 (0.61–0.78), or CRP: 0.54 (0.45–0.63) [66]. Biomarkers could add valuable information to clinical judgment to detect the presence of organ failure early on during infection. MR-ProADM was the biomarker independently associated with the highest number of organ failures. Thus, MR-Pro-ADM could summarize the information provided by the six elements of the Sequential Organ Failure Assessment (SOFA) score. This probably explains why MR-ProADM was also the best biomarker predicting mortality.



Our group has conducted a multicenter study (preparing for publication and the subject of a doctoral thesis), whose results confirmed the association between preoperative serum levels of MR-ProADM and the need for POS in the first seven days after scheduled abdominal oncological surgery of intermediate and high risk. A total of 370 patients in four university hospitals were studied. The mean preoperative value of MR-ProADM was 0.81 ± 0.65 nmol/L, with a median of 0.66 nmol/L. The ROC curve was analyzed for association between preoperative values of MR-ProADM and the need for POS, obtaining an AUC-ROC of 0.67 (95% CI 0.59–0.75). The preoperative value of MR-ProADM, with a better sensitivity and specificity compromise to predict the need for POS, was 0.7 nmol/L. This is the first prospective, multicenter study to establish the prognostic value of MR-ProADM to predict the need for POS. It is interesting that a negative predictive value higher than 90% was obtained, allowing us to confirm, with high probability, that patients scheduled for abdominal oncological surgery with preoperative serum levels of MR-ProADM < 0.70 nmol/L will not require POS [67].



BioADM detects adrenomedullin directly, and until recently could not be measured by its kinetics. It is called BioADM because it detects biologically active ADM [54]. The normal value range of BioADM is 8–39 pg/mL. BioADM is an active molecule and is not influenced by inflammation compared to MR-ProADM, which has no known physiological function and is elevated in inflammatory states [68]. BioADM increases if endothelial function is severely impaired, and patients develop septic shock. It is a very sensitive marker of endothelial dysfunction: if the situation improves, the concentration of BioADM in the blood is rapidly reduced and the success of therapy can be monitored [69]. BioADM is a dynamic and specific marker to predict and monitor the evolution of septic shock. In specific studies of sepsis, the cutoff points of BioADM related to poor evolution range between 70 and110 pg/mL [70]. BioADM has been shown to be useful to guide the treatment of sepsis in multicenter prospective studies, with a threshold of >70 pg/mL being associated with worse results [71]. ADM is also a biologic target for the development of drugs to treat septic shock such as adrecizumab [72]. BioADM has begun to be studied in the perioperative setting in critically ill patients with sepsis after major surgery. Thus, Simon et al. found elevations of the plasma level of ADM in relation to the severity of patients with sepsis after major surgery: 16.2 pg/mL in the control group; 25.8 pg/mL in the sepsis group; 84.2 pg/mL in the severe sepsis group; and119.7 pg/mL in the septic shock group. A higher level of BioADM at admission was associated with a greater need for vasopressors and mortality [73]. Therefore, BioADM may be a useful additional parameter in surgical patients with sepsis. BioADM has been studied as a marker in the evaluation of venous congestion associated with heart failure and correlates very well with measures of systemic congestion and mortality in decompensated heart failure. ADM is released by endothelial and vascular smooth muscle cells in response to intravascular volume overload and plays a key role in maintaining endothelial barrier function, thereby regulating tissue volume and edema [74]. In fact, the role of biomarkers to evaluate pulmonary and systemic congestion and distinguish phenotypes has recently been highlighted [75]. Natriuretic peptides in pulmonary congestion and MR-ProADM and BioADM in both vascular and tissue congestion are very useful. Their elevated values are associated with the presence of edema, orthopnea, hepatomegaly, and high central venous pressure, being able to guide the decongestant and diuretic treatment. The usefulness of these biomarkers in congestion is an important field of research and development.




2.7. Neutrophil–Lymphocyte Ratio and Lymphopenia: The Markers in a Typical Analysis


The complete blood count has a long history in the diagnosis of septic shock. Despite its limitations, it is a pragmatic tool because patients will usually have a measured blood count upon admission to a hospital. Therefore, it is sensible to extract as much information from these values as possible [76]. Emerging evidence suggests that the emphasis should be on neutrophil–lymphocyte ratio.



The neutrophil/lymphocyte index (NLR), defined as the ratio of the absolute neutrophil and lymphocyte count, is a marker of inflammation that is significantly associated with elevated levels of proinflammatory cytokines. Consequently, it may be a predictor of the development of sepsis, cardiovascular disease, or postoperative adverse outcomes. Unlike other biomarkers, NLR is a value that can be obtained economically and easily in routine blood tests. Physiological stress, cortisol, and catecholamines increase the number of neutrophils and decrease the number of lymphocytes, so the NLR will increase. Sepsis also stimulates lymphocyte apoptosis, so septic shock can cause a particularly dramatic elevation of the marker. NLR increases rapidly after acute physiological stress, often within 6 h and with a good outcome, and may consequently be useful in classifying patients with severe systemic diseases versus patients with milder diseases [77]. NLR usually begins to decline within a few days, and failure to improve over time correlates with a poor prognosis [78]. A normal NLR is about 1–3, and values increase in proportion to the degree of physiological stress, especially in septic shock. NLR has also been studied in the perioperative setting [79]. The neuroendocrine system is activated during anesthesia and surgery, resulting in the release of neuroendocrine hormones and cytokines and producing systemic leukocyte alterations including leukocytosis, neutrophilia and lymphopenia, lymphocyte apoptosis, or inhibition of neutrophil apoptosis. It has been proposed that the cutoff for the prediction of postoperative complications may be 5.5 and a preoperative NLR value ≥ 2.3 is associated with important postoperative complications in patients undergoing colorectal surgery [80].



Lymphopenia: An example of the usefulness of normal laboratory tests and related studies is the prognostic value of lymphopenia related to severe pneumonia. Bermejo et al. demonstrated (before the COVID-19 pandemic) that lymphopenia described an immunological phenotype associated with increased mortality risk in severe CAP. More than half of patients with severe pneumonia have fewer than 1000 lymphocytes per mm3, and those with lymphocyte counts below 724 per mm3 have a significantly increased risk of mortality at 30 days [81]. Lymphopenia gained relevance during the COVID-19 pandemic by identifying the patients with the most severe pneumonia. The presence of lymphopenia on admission and the absence of recovery to normal levels during treatment were related to mortality in SARS-CoV-2 pneumonia [82].




2.8. The Search for Markers of Renal Failure


Acute renal failure in the perioperative context and critical illness is relevant not only in terms of morbidity and mortality but also in terms of the need for resources and prolonged stays. Patients who suffer kidney failure associated with their surgical processes or critical illness have increased risk of mortality. They may also require renal replacement therapies, with the increase in cost that this generates, regardless of the severity of their condition [83]. Creatinine remains the biomarker of renal failure, being well related to morbidity and mortality, which allows for classifications and decision making. Creatinine theoretically estimates the glomerular filtration rate, although it is not filtered exclusively by the kidney and rises relatively late, after the onset of acute kidney injury (AKI) [84]. Therefore, more accurate and faster response biomarkers for AKI are required. Gold standard methods for determining glomerular filtration, such as inulin clearance or iohexole, are not feasible in acute clinical settings.



Thus, a relevant section of active research is the development of markers of renal function that allow for earlier decision making [85].



The characteristics of an ideal AKI biomarker are as follows [86]:




	-

	
Noninvasive and easily detected in accessible samples such as blood and urine;




	-

	
Their determination must be prompt and employ precise methods that are readily available;




	-

	
Very sensitive and specific to AKI;




	-

	
Useful in establishing the cause and mechanisms that lead to the development of renal aggression, as well as giving indications of the duration of the episode of AKI;




	-

	
Be early and detect minimal changes in glomerular filtration rate (even before depleting renal reserve and increasing serum creatinine value);




	-

	
Should not only indicate injury, but also alterations in kidney function;




	-

	
Be able to predict which patients will progress in the episode of AKI and who will be likely to recover;




	-

	
Have value for determining events such as the development of complications, need for dialysis, length of hospital stay, and mortality;




	-

	
Useful for targeting interventions that improve kidney function, in addition to monitoring course and response to established treatment;




	-

	
Their levels should not be affected by biological variability and systemic response;




	-

	
They should not be expensive, which would allow for universal application.









Proenkephalin: blood tests



Proenkephalin A 119–159 (PENK) has been intensively studied as a novel biomarker of renal function [87]. PENK belongs to the family of enkephalin peptides and is freely filtered into the glomerulus. Plasma PENK concentration appears to be strongly correlated with glomerular filtration rate, and increased plasma PENK concentrations are associated with long-term renal problems and mortality. Its elevation significantly anticipates the alteration of creatinine. It has been successfully studied in the context of renal failure of the critically ill patient [88]. Plasma PENK concentrations are measured using the penKid immunoassay at the NeXUS IB10 point of care. Values of more than 100 pmol/mL are related in sepsis to a glomerular filtration rate less than 30 mL/kg/1.73 m2 [89]. Renal replacement therapy (RRT) remains the key salvage therapy for critically ill patients with AKI. PENK has been studied in this context, resulting in levels of ≤89 pmol/L at the beginning of renal replacement therapy, but with a shorter therapy duration than in patients with higher values [90,91].



Nefrocheck: urine analysis



The NephroCheck® assay is an in vitro diagnostic device that quantitatively measures the proteins TIMP-2 (tissue inhibitor metalloproteinase 2) and IGFBP-7 (insulin-like growth factor binding protein 7), related to renal function in human urine by a fluorescence immunoassay by the ASTUTE 140® meter. TIMP-2 and IGFBP-7 molecules are produced in stressed kidney cells as an early warning signal, before the onset of acute renal failure, and are specific to renal stress, as they are not affected by any of the usual comorbidities such as sepsis, trauma, chronic kidney disease, or cancer [92]. The result is given in a single numerical value indicative of risk (“AKI Risk”), warning of the possibility of kidney damage with high sensitivity and a high negative predictive value. An AKI Risk value of ≤0.3 is indicative of a low risk of developing moderate or severe AKI within 12 h of assessment. A higher value indicates moderate or severe risk of kidney injury within 12 h; values greater than 2 double the possibility of adverse renal events and the need for RRT.



NephroCheck has been employed in intensive care and in the perioperative context for example in cardiac surgery [93]. Attempts have been made to associate its use with packages of renal protection measures when the value is high, an interesting strategy for the use of a biomarker associated with personalized management [94]. These strategies were useful for reducing renal failure, but only in those who had high values, demonstrating the need to determine in advance which patients could potentially benefit.



Neutrophil gelatinase-associated lipocalin: Can be detected in blood and urine, more commonly in urine



Neutrophil gelatinase-associated lipocalin (NGAL) is a small protein belonging to the lipocalin superfamily. NGAL is expressed at very low levels in different tissues, such as the kidney, trachea, lungs, stomach, and colon, and its expression increases markedly in inflammation. Therefore, it constitutes a biomarker of systemic leukocyte activation, being considered an acute phase reactant. Its specific function is not fully clarified, having described a renal protective role [95]. NGAL is freely filtered and reabsorbed at the proximal tubular level by endocytosis. Lesion of the proximal tubular epithelium alters its resorption. On the other hand, under conditions of renal damage, the expression of NGAL in the distal tubular epithelium increases, particularly in the ascending branch of the loop of Henle and in the collecting tubule.



The urinary concentration of NGAL increases under conditions of tubular damage, both by less reabsorption and by greater release into the tubular lumen, indicating both proximal and distal tubular damage. NGAL is an early marker of renal damage, since its serum concentration rises 2 h after damage and precedes by 24 h the increase in serum creatinine concentration. Their urinary and serum concentrations are also elevated in other conditions, such as UTI and chronic kidney disease. As it is a marker of kidney damage, it is known as renal troponin [96].



It has been studied in the perioperative context—for example, in cardiac surgery, relating very well its urinary and plasma concentration to the development of perioperative renal failure [97]. In more heterogeneous populations such as intensive care, there is also a relationship, but not as strong. NGAL levels are also elevated in sepsis and systemic inflammation, suggesting that its release into the urinary system is an important kidney response to systemic infection and local urogenital infection [98]. There are commercial kits to calculate uNGAL (urinary NGAL) or pNGAL (plasma NGAL). Under stable conditions, plasma and urine concentrations are around 20 ng/mL. The marker rises within 2–4 h of kidney damage. It has been suggested that uNGAL values <50 ng/mL indicate low risk of kidney damage. Between 50 and 149 ng/mL is a gray area that would involve repeated measurements and surveillance. Between 150 and 300 ng/mL, there is a risk of moderate kidney damage with high sensitivity, and over 300 ng/mL, there would be a high risk of damage with high specificity [95].




2.9. The Most Promising Current Biomarkers Available


The number of biomarkers does not stop increasing, as they are understood to be the best possibility of personalization and phenotyping. We have seen in detail some of the most accessible or the most studied. In this section, we will discuss some of the most interesting, with the possibility of using them today. We start from the premise that any choice on this topic is debatable, but being a narrative review, we choose those that we think can give the reader an overview of what will improve results. For the full picture, see below [99].



2.9.1. Interleukin 6


Interleukins are cytokines released by multiple immune system cells such as monocytes, T cells, fibroblasts, and endothelial cells. They have numerous functions in different systems and organs and serve as intercellular communication carrying signals to neighboring cells to modulate and originate an immune response, producing inflammation against infection. Interleukin 6 (IL-6) is one of the most important biomarkers in sepsis. It has pleiotropic action—that is, pro-inflammatory and anti-inflammatory activity. Its actions on immunity are multiple and they affect the stress response, coagulation, and inflammatory response. The literature is very broad in linking IL-6 directly with the pathophysiology of several autoimmune diseases. There are antibodies used in treatment to inhibit the action of IL-6, as in the treatment of rheumatoid arthritis [100]. In COVID-19 patients, IL-6 levels are significantly elevated, so serum IL-6 was used as a biomarker of COVID-19 severity and to decide on the administration of immunosuppressive treatment for the famous cytokine storm, based on experience in rheumatological and autoimmune diseases. Subsequently, this approach has been qualified [101]. IL-6 levels rise after surgery, trauma, or critical illness. The magnitude of IL-6 elevation correlates with the extent of tissue trauma or severity of injury. In addition, there is an association between IL-6 elevation and adverse outcome. IL-6 levels can also be used to stratify patients for therapeutic intervention [102]. Thresholds vary between systemic inflammatory response syndrome, sepsis, and septic shock, with values of 40, 100, and 500 pg/mL, respectively [103].




2.9.2. Urokinase-Type Soluble Plasminogen Activator Receptor (suPAR)


The urokinase-like soluble plasminogen activator receptor (suPAR) was first identified by Danish researchers in 1990 as a biomarker associated with cancer and its progression. Subsequently, it was associated with the prognosis of patients with bacterial and other infections, thus paving the way for its study as a biomarker in sepsis [104]. The suPAR biomarker is the soluble form of the cell membrane-bound uPAR protein, which is expressed primarily in immune cells, endothelial cells, and smooth muscle cells. suPAR is released in inflammation or immune activation and, therefore, the level of suPAR reflects the degree of immune activation in the subject [105]. Savva et al. published the first study determining the prognostic function of suPAR in patients with VAP in CCU, finding that values of >12.9 ng/mL corresponded to higher mortality at 28 days [106]. Since then, other studies have obtained similar results in sepsis and serious infectious pathology with thresholds of >12.9 ng/mL, proving it as an excellent prognostic biomarker in critical patients, but it does not discriminate those with sepsis from another type of pathology and therefore could be considered nonspecific at the time of its interpretation since suPAR is elevated in patients with cardiovascular, hepatic, renal, and pulmonary diseases as well as several infectious diseases [107]. Normal values for subjects aged 50–70 years are 3.0 ng/mL and rise with age. Patients admitted to CCU haven median values greater than 5.6 ng/mL. A suPAR level above 12 ng/mL in patients admitted to CCU is associated with increased mortality with a sensitivity of >80% [108]. In the surgical setting, a high level of preoperative suPAR is associated with a greater number of postoperative complications and an increased risk of mortality [109]. suPAR > 6 ng/mL is the cutoff to identify risk and possible serious disease [110].




2.9.3. Presepsin


Presepsin is the soluble subtype of the CD14 or sCD14-ST glycoprotein expressed on the surface of monocytes and macrophages. CD14 is the receptor of protein-bound lipopolysaccharide complexes, which translates the signal of endotoxins released by GNB and other stimuli, through the Toll-Like receptor 4 (TLR4), leading to a cascade activation that gradually activates the transcription of nuclear factor kappa B, which leads to the release of cytokines [111].



Its elevation implies the activation of monocytes and macrophages by an inflammatory or infectious stimulus. It rises in the early stages of sepsis, 2 h after the inflammatory response starts, reaching its peak at 24 h. However, there may also be elevated levels in other inflammatory processes. Presepsin is available in the PATHFAST analyzer using a chemiluminescence test. Its preliminary values for sepsis are <200 pg/mL and the diagnosis of sepsis corresponds to >300 pg/mL [112]. In the perioperative setting, elevated presepsin is associated with major cardiovascular and perioperative cerebrovascular complications in high-risk patients undergoing noncardiac surgery [113]. The presepsin cutoff of 184 pg/mL could qualify to complement NT-proBNP-based risk prediction in perioperative high-risk patients, thereby increasing the proportion of correctly identified high-risk patients. It has also been proposed as a biomarker for predicting mortality in cardiac surgery [114].




2.9.4. Pancreatic Stone Protein (PSP)


The first function described for pancreatic stone protein (PSP) was the inhibition of the growth of calcium carbonate crystals in pancreatic juice. PSP has also been associated with pathological changes that occur in the pancreas during pancreatic inflammation [115]. A fundamental observation was made by chance in experiments with rats by Grafs group, in which PSP turned out to be an indicator of systemic stress, as subsequently confirmed by numerous studies. It appears that the pancreas senses remote organ damage and systemic stress and responds by secreting PSP, particularly when associated with serious infectious complications and sepsis, as PSP could activate neutrophils and promote bacterial aggregation [116]. Normal PSP values in healthy volunteers are 10.4 ng/mL (7.5–12.3). PSP is a promising biomarker for early diagnosis of infections in hospitalized patients using a cutoff value of 44.18 ng/L [117]. Its value can be obtained in a point of care Platform Abioscope®. In several scenarios, such as trauma and cardiac surgery, its elevation predicted the onset of sepsis before it occurred clinically [118]. PSP can also help stratify patients according to their severity [119].




2.9.5. Dipeptidyl Peptidase 3 (DPP3)


Dipeptidyl peptidases are a class of proteolytic enzymes involved in almost every aspect of cellular activities and physiological functions. Dipeptidyl peptidase 3 (DPP3) is an active enzyme that, when released into the blood, inactivates angiotensin II, a hormone that is key to hemodynamic balance and heart function. This inactivation leads to hemodynamic instability and, consequently, cardiac dysfunction. DPP3 release is a newly identified disease mechanism that explains short-term organ failure in critically ill patients. Early identification of DPP3 release may allow for better patient stratification and earlier escalation of therapy to improve outcomes. Circulating DPP3 is a myocardial depressant factor. High DPP3 levels have been associated with reduced cardiac output, multi-organ failure, and circulatory shock [120]. It has been observed that blood levels of DPP3 in septic shock are elevated and that low or decreasing levels of DPP3 in the first 24 h of admission to ICU predict improved organ function and better outcomes. Conversely, elevated blood levels precede organ failure and predict the need for vasopressor or inotropic drug use, mechanical ventilation, renal failure, and short-term mortality [121]. The cutoff values for DPP3 are 33–40 ng/mL, and it is available at a SphingoTec point of care. Nexus IB10. In patients with PDP3 > 40.4 ng/mL on admission, in whom a decrease in its value was observed in the first 24 h, it is associated with an improvement in organ function. Higher DPP3 concentrations were associated with more pronounced cardiovascular dysfunction, such as the need for vasopressor therapy.



Given its hemodynamic effects, DPP3 has been considered as a biomarker of shock and, hopefully, much more so since its reduction by treatment has been shown to substantially improve hemodynamics and outcomes [122]. Anti-DPP3 therapy already exists that restores heart function and hemodynamic stability and improves survival. The anti-DPP3 drug candidate antibody, Procizumab, has already demonstrated efficacy in preclinical models and will enter the first human clinical trial in late 2022 [123]. It is a very promising biomarker not only for diagnosis and stratification, but also for guiding hemodynamic and shock therapy [124].





2.10. The Future Outlook


There are numerous biomarkers, and their positioning will need to be validated [125,126]. However, precision medicine seeks the precision of treatments and their personalization and, as has already happened in oncology, in critical and perioperative medicine this grail is being sought to improve results [99]. In this sense, the panels of biomarkers, the association of biomarkers with scales, the use of the point of care of biomarkers, the development of therapies specifically designed to control biomarkers with biological effects that condition the results, and the development of systems biology and genomics will improve the accuracy, speed, and efficiency of patient care.



Point of Care (PoC) is becoming more frequent in the perioperative context and ICU. The most common equipment is that for blood gas, hematimetry, and basic biochemistry, as well as for coagulation tests. There is interest in providing cost-effective biomarkers in PoC because of the speed of obtaining results at the discretion of the clinician at the time needed. A PoC biomarker must be affordable, sensitive, specific, easy to use, fast, robust, and effective [127].



Being able to have a PoC in the surgical area and ICU that provides reliable values of biomarkers would result in relevant information on high-risk patients, and could improve or complement the information provided by the usual and exceptional analytical, clinical, and monitoring variables [126]. The precision medicine towards which medical practice is heading, also in the perioperative and critical medicine context, makes point of care increasingly common as technology improves and research evolves. Many of the biomarkers we have seen in this review have an associated point of care. In some cases, such as Nefrocheck or PSP, they have the possibility of their own biomarker; or others, such as NEXUS IB10, offer the possibility of having numerous biomarkers such as NT-ProBNP, Troponin, DPP3, BioADM, etc., using different discs for each. The possibility of having biomarkers at the bedside, combined with the best knowledge and use of the means usually available, will undoubtedly improve the speed and accuracy of care [128].



The development of therapies specifically designed to control biomarkers with biological effects has already arrived. The non-neutralizing anti-Adrenomedullin antibody Adrecizumab has shown promising results in animal models of systemic inflammation and sepsis, and in a phase II human trial. It stabilized the endothelium, reduced inflammation, attenuated vascular leakage, and improved hemodynamics, kidney function, and survival, with an excellent safety profile derived from phase I animal and human studies. Adrecizumab represents a promising drug candidate for the adjuvant treatment of sepsis [72]. Procizumab is a humanized monoclonal antibody in preclinical development that specifically binds to circulating DPP3. It aims to modulate DPP3 as an essential regulator of cardiovascular function. Procizumab inhibits DPP3 activity, which reduces bioactive peptide degradation, stabilizes hemodynamics, cardiovascular function, and potentially increases the chances of survival, for example, in shock.



Preclinical studies of Procizumab have demonstrated efficacy, leading to validation in clinical trials [123].




2.11. A Systems Biology Approach


The combination of technological advances and information generated through the Human Genome Project positions systems biology at the forefront of biomarker discovery. While previously available, advances in DNA-centric technologies, gene expression, gene regulatory mechanisms, and protein and metabolite discovery have made these tools more feasible to implement in the near future. Genomics is the study of the entire complement of genetic material of an individual. Epigenetics is the regulation of gene activity by reversible modifications of DNA. Transcriptomics is the quantification of the relative levels of messenger RNA for a large number of genes in specific cells or tissues to measure differences in the expression levels of different genes and the use of differential gene expression patterns to characterize different biological levels of a tissue. Proteomics is the large-scale study of proteins. Metabolomics is the study of the profiles of small molecules that are the end products of the genome and consists of the total complement of all the molecules of low molecular weight that leave the cellular processes. Together, these individual fields of study can be linked in a systems biology approach. Omics technologies may improve precision medicine in the future [129]. In the case of human genetics, the main focus in relation to disease is to analyze genetic variations called single-nucleotide polymorphisms (SNPs). The Genome-Wide Association Study simultaneously probes all segments of the genome for evidence of association between a known SNP and disease, comparing sick and well populations to identify the SNPs that are most prevalent in disease status [130].



MicroRNAs (mRNAs) are small single-stranded RNAs that do not code for proteins. They function as post-transcriptional regulators of gene expression by interacting with target mRNAs. It is considered that mRNA is functionally involved in virtually all physiological processes, including differentiation and proliferation, metabolism, hemostasis, apoptosis, and inflammation. Many of these functions have important implications for anesthesiology and critical care medicine. The expression levels of mRNA could be used to predict the risk of sepsis or organ injury [131].





3. Biomarkers in High-Risk Perioperative Patients


Most perioperative risk guidelines include biomarkers for the assessment of high-risk patients (Table 4) [32,132,133].



The most recommended biomarkers are troponin and natriuretic peptides. Despite their recommendation in the guidelines, they are not widely used in most anesthesiology and perioperative CCU. In our field, we have used natriuretic requests successfully for some time, following the guidelines.



Our model is the Canadian guidelines of the Devereaux group, in which it is considered that patients at risk should be stratified and that natriuretic peptides do so effectively, allowing the use of resources such as monitoring, perioperative ultrasound, admission to CCU, and use of inotropics to be based on objective data [32]. Cutoff points are accepted and are BNP greater than 92 mg/L and NT-ProBNP greater than 300 mg/L.



With troponins, despite being a more accessible biomarker than natriuretic peptides, the use is not widespread despite ample evidence. Perhaps the reason is the different troponins and the fact that the effects are sometimes more long-term, so not seen in the immediate perioperative period. It seems that the spectrum of myocardial damage and elevation of troponins is related to several pathologies, and this lack of specificity can make its use less effective; however, a recommendation may be for its pre- and postoperative use because its modification can better identify those patients at high risk.



The latest guidelines, published in 2022 by the European Cardiology Association (ESC) with the support of the European Society Anesthesiology and Intensive Care (ESAIC) [133], can help us with these difficult situations. They propose that underlying heart disease is important for the results and biomarkers can detect it as hsTnT or hsTnI, which quantifies myocardial injury, and BNP and NT-proBNP, which quantify the hemodynamic stress of the heart wall. Both hsTnT/I and BNP/NT-ProBNP complement clinical and ECG assessment in risk prediction, and troponins have a very high negative predictive value to rule out myocardial damage.



ESC guidelines recognize that there is important evidence from large prospective studies that have shown that both hsTnT/I and BNP/NT-ProBNP have a high and increasing prognostic value for perioperative cardiac complications—in the case of ProBNP, even surpassing both specific risk scales and echocardiographic evaluation.



Although the ESC guidelines recognize the similar prognostic yield of both biomarkers, they lean more towards troponins due to four advantages that they have over BNP/NT-ProBNP:




	1.

	
Troponin is more available.




	2.

	
Troponin is less expensive.




	3.

	
If normal, troponin allows one to rule out acute myocardial infarction.




	4.

	
If the preoperative concentration of hs-cTn T/I is available, it allows for an accurate diagnosis of perioperative myocardial infarction on day 1 after surgery thanks to the comparison with the postoperative values.









The ESC guidelines also recognize the merits of natriuretic peptides, as they allow for the detection of patients with occult heart failure, especially the elderly, which can improve their maintenance and perioperative treatment, and which allows one to guide the therapy of perioperative heart failure with better targeted treatment.



They do not mention other biomarkers, but there are some not included in the guidelines that may be very useful in the future, as we have seen in the perioperative context. We would highlight MR ProADM and Bio ADM since they have already been studied in the perioperative period [134], and their use as a marker of endothelial dysfunction [135] and congestion [136] makes them very attractive in this context.



Also, the markers of renal function, especially in cardiac surgery, have been studied and their interpretation is easy.



Finally, the highlight in innovation is DPP3, for its possible unique ability to identify patients at risk of organ failure [121], especially hemodynamic failure with the need for vasopressors [123].




4. Biomarkers in Sepsis and Intensive Care


In this review, we have discussed the use of numerous biomarkers that can be used in intensive care. Many of them are perhaps somewhat nonspecific and, although they evaluate severity well, may not be as useful to show the evolution and response to treatment. Perhaps better are those that, in addition, are more specific for use as a target in the sense that their reduction is a therapeutic objective associated with the improvement of results, as already happens in a clear way with procalcitonin, lactate, natriuretic peptides, and Bio ADM or MR-ProADM [137]. One more step would be to use them as treatment targets, as we have seen with BioADM and DPP3 [138].



There is a debate in intensive care about the use of biomarkers. A lot is required of them, that they be “magic bullets” to guide treatment, but everything requires knowledge [139].



In the case of biomarkers, in addition to the characteristics that we have already mentioned and that we will now develop in the context of intensive care, knowledge of their kinetics and characteristics is required. An example is the elevated levels of PCT that may suggest Enterobacteriaceae bacteremia [54].



One should ask the following questions prior to use in ICU [4]:




	✓

	
What is the pre-test probability for the diagnosis? That is, is the test necessary or do I already have the diagnosis without needing it?




	✓

	
Are there factors present that interfere with the interpretation of the result of the biomarker? As we have seen, age, comorbidity, kidney failure, etc. significantly affect the levels of most biomarkers and blur their specificity in some contexts.




	✓

	
Will I change management depending on the result of the biomarker? In our opinion, this is a key question and defines the usefulness of a biomarker for use in a unit. This answer will influence the available evidence and one’s knowledge about it.




	✓

	
Will the outcome of biomarker-guided decisions be beneficial? This is the holy grail question: if the answer were positive, doubts would not exist, but in the context of critical medicine, there are few things that can be answered categorically in the affirmative.









On the contrary, we have evidence that many biomarkers are already useful. It cannot be doubted that there have been enormous advances and that in pathologies such as severe infection, severe CAP, VAP, and sepsis, biomarkers have contributed a lot in management, as well as in acute heart failure and other critical pathologies. There are fields such as congestion, relevant in recent years, in which biomarkers can play a key role not only in their phenotypic diagnosis, but also in therapeutic guidance [75].



There are other occasions in intensive and perioperative care where biomarkers are useful, such as nutrition, and that we have not been able to address in this review due to its length [140]. Our group has also carried out research on the subject, validating the use of the CONUT tool based on the levels of albumin, cholesterol, and lymphocytes to evaluate the nutritional level [141]. A relevant aspect is sustainability, and it is our duty to confirm the feasibility, clinical impact, and economic benefit of the measurements made with any new biomarker that we want to incorporate into clinical practice.



In our view, this guiding aspect of treatment is key. One more step will be the biomarker as a treatment target. It is impressive how the times for the development of new biomarkers and targeted therapies are much shorter now than in the past. Many developments are waiting for us in this field; however, the excess supply of biomarkers can cause confusion [125]. Each unit, depending on its type of patients, experience, and resources, should choose the biomarkers that are best suited to its clinical practice, including as a point of care.



Biomarkers are the spearhead in ICU for precision medicine, and their role is still to be clearly defined in the coming years [142]. Its development parallel to clinical phenotyping, the development of systems biology, artificial intelligence, and big data, are the future challenges that precision medicine holds for us [143].




5. Conclusions


Biomarkers are an important piece of precision medicine because they allow establishing prognoses that stratify risk and a better use of resources in intensive and perioperative care. The ideal biomarker that is also reliable should help improve results. The AUC ROC is the appropriate statistical test to assess a biomarker. There are numerous biomarkers of possible interest; some are very integrated into our clinical practice and others have only been postulated with few validations or clinical utility. It is necessary to emphasize the present usefulness of the biomarkers in the field of infection and congestion in the critically ill patient, and in the stratification of perioperative risk, among others, with biomarkers of clinical utility that can improve the results.



In the near future, we will have therapies specifically associated with deficits of certain biomarkers, and the biomarkers will allow to describe phenotypes directly associated not only with prognosis but with the usefulness or not of certain therapies.



It is very important that clinicians know the advantages and limitations of biomarkers in intensive care, and their diagnostic characteristics for a rational and effective use of them. The new more specific biomarkers, the point of care of biomarkers, and the panels of biomarkers associated or not with clinical or genetic data, will set the course of prognosis in intensive and perioperative care in the coming years.







Author Contributions


Conceptualization F.R.R. and R.M.H.; methodology F.R.R. and R.M.H.; validation F.R.R. and R.M.H.; formal analysis, F.R.R. and R.M.H.; writing—original draft preparation, F.R.R. and R.M.H.; writing—review and editing, F.R.R. and R.M.H.; visualization, F.R.R. and R.M.H.; supervision, F.R.R. and R.M.H.; project administration, F.R.R. and R.M.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hamburg, M.A.; Collins, F.S. The Path to Personalized Medicine. N. Engl. J. Med. 2010, 363, 301–304. [Google Scholar] [CrossRef]

	



Collins, F.S.; Varmus, H. A New Initiative on Precision Medicine. N. Engl. J. Med. 2015, 372, 793–795. [Google Scholar] [CrossRef] [PubMed]

	



von Groote, T.; Meersch-Dini, M. Biomarkers for the Prediction and Judgement of Sepsis and Sepsis Complications: A Step towards precision medicine? J. Clin. Med. 2022, 11, 5782. [Google Scholar] [CrossRef] [PubMed]

	



Huang, D.T.; Ramirez, P. Biomarkers in the ICU: Less is more? Yes. Intensive Care Med. 2021, 47, 94–96. [Google Scholar] [CrossRef] [PubMed]

	



Moons, K.G.M. Criteria for scientific evaluation of novel markers: A perspective. Clin. Chem. 2010, 56, 537–541. [Google Scholar] [CrossRef] [PubMed]

	



Hlatky, M.A.; Greenland, P.; Arnett, D.K.; Ballantyne, C.M.; Criqui, M.H.; Elkind, M.S.; Go, A.S.; Harrell Jr, F.E.; Hong, Y.; Howard, B.V.; et al. Criteria for evaluation of novel markers of cardiovascular risk: A scientific statement from American heartassociation. Circulation 2009, 119, 2408–2416. [Google Scholar] [CrossRef]

	



Bakker, J.; Postelnicu, R.; Mukherjee, V. Lactate: Where Are We Now? Crit. Care Clin. 2020, 36, 115–124. [Google Scholar] [CrossRef]

	



Parikh, C.R.; Thiessen-Philbrook, H. Key Concepts and Limitations of Statistical Methods for Evaluating Biomarkers of Kidney Disease. J. Am. Soc. Nephrol. 2014, 25, 1621–1629. [Google Scholar] [CrossRef]

	



Ray, P.; Manach, Y.L.; Riou, B.; Houle, T.T. Statistical evaluation of a biomarker. Anesthesiology 2010, 112, 1023–1040. [Google Scholar] [CrossRef]

	



Bewick, V.; Cheek, L.; Ball, J. Statistics review 13: Receiver operating characteristic curves. Crit. Care 2004, 8, 508. [Google Scholar] [CrossRef]

	



Jenniskens, K.; Naaktgeboren, C.A.; Reitsma, J.B.; Hooft, L.; Moons, K.G.M.; van Smeden, M. Forcing dichotomous disease classification from reference standards leads to bias in diagnostic accuracy estimates: A simulation study. J. Clin. Epidemiol. 2019, 11, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Janković, R.J.; Marković, D.Z.; Sokolović, D.T.; Zdravković, I.; Sorbello, M. Clinical indices and biomarkers for perioperative cardiac risk stratification: An update. Minerva Anestesiol. 2017, 83, 92–401. [Google Scholar] [CrossRef]

	



Calfee, C.S.; Delucchi, K.; Parsons, P.E.; Thompson, B.T.; Ware, L.B.; Matthay, M.A. Subphenotypes in acute respiratory distress syndrome: Latent class analysis of data from two randomised controlled trials. Lancet Respir. Med. 2014, 933, 611–620. [Google Scholar] [CrossRef]

	



Pearse, R.M.; Moreno, R.P.; Bauer, P.; Pelosi, P.; Metnitz, P.; Spies, C.; Vallet, B.; Vincent, J.L.; Hoeft, A.; Rhodes, A. European Surgical Outcomes Study (EuSOS) group for the Trials groups of the European Society of Intensive Care Medicine and the European Society of Anaesthesiology. Mortality after surgery in Europe: A 7 day cohort study. Lancet 2012, 380, 1059–1065. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, B.B.; Chew, M.; Buse, G.L.; Walder, G. The concept of peri-operative medicine to prevent major adverse events and improve outcome in surgical patients A narrative review. Eur. J. Anaesthesiol. 2019, 36, 889–903. [Google Scholar] [CrossRef]

	



Aiken, L.H.; Sloane, D.; Bruyneel, L.; den Heede, K.V. #44 European countries: A retrospective observational study. Lancet 2015, 383, 1824–1830. [Google Scholar] [CrossRef]

	



Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.D.; Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 801–810. [Google Scholar] [CrossRef]

	



Hernández, G.; Ospina-Tascón, G.A.; Damiani, L.P.; Estenssoro, E.; Dubin, A.; Hurtado, J.; Friedman, G.; Castro, R.; Alegría, L.; Teboul, J.L.; et al. Effect of a Resuscitation Strategy Targeting Peripheral Perfusion Status vs Serum Lactate Levels on 28-Day Mortality Among Patients with Septic Shock: The ANDROMEDA-SHOCK Randomized Clinical Trial. JAMA 2019, 321, 654–664. [Google Scholar] [CrossRef] [PubMed]

	



Hernandez, G.; Bellomo, R.; Bakker, J. The ten pitfalls of lactate clearance in sepsis. Intensive Care Med. 2019, 45, 82–85. [Google Scholar] [CrossRef]

	



Koozi, H.; Lengquist, M.; Frigyesi, A. C-reactive protein as a prognostic factor in intensive care admissions for sepsis: A Swedish multicenter study. J. Crit. Care 2020, 56, 73–79. [Google Scholar] [CrossRef]

	



Sproston, N.R.; Ashworth, J.J. Role of C-Reactive Protein at Sites of Inflammation and Infection. Front. Immunol. 2018, 9, 754. [Google Scholar] [CrossRef] [PubMed]

	



Kørner, H.; Nielsen, H.J.; Søreide, J.A.; Nedrebø, B.S.; Søreide, K.; Knapp, J.C. Diagnostic accuracy of C-reactive protein for intraabdominal infections after colorectal resections. J. Gastrointest. Surg. 2009, 13, 1599–1606. [Google Scholar] [CrossRef] [PubMed]

	



Travlos, A.; Bakakos, A.; Vlachos, K.F.; Rovina, N.; Koulouris, N.; Bakakos, P. C-Reactive Protein as a Predictor of Survival and Length of Hospital Stay in Community-Acquired Pneumonia. J. Pers. Med. 2022, 12, 1710. [Google Scholar] [CrossRef] [PubMed]

	



Saito, K.; Sugawara, H.; Ichihara, K.; Watanabe, T.; Ishii, A.; Fukuchi, T. Prediction of 72-hour mortality in patients with extremely high serum C-reactive protein levels using a novel weighted average of risk scores. PLoS ONE 2021, 16, e0246259. [Google Scholar] [CrossRef] [PubMed]

	



Chauin, A. The Main Causes and Mechanisms of Increase in Cardiac Troponin Concentrations Other Than Acute Myocardial Infarction (Part 1): Physical Exertion, Inflammatory Heart Disease, Pulmonary Embolism, Renal Failure, Sepsis. Vasc. Health Risk Manag. 2021, 17, 601–617. [Google Scholar] [CrossRef]

	



Thygesen, K.; Alpert, J.S.; Jaffe, A.S.; Chaitman, B.R.; Bax, J.J.; Morrow, D.A.; White, H.D. Executive Group on behalf of the Joint European Society of Cardiology (ESC)/American College of Cardiology (ACC)/American Heart Association (AHA)/World Heart Federation (WHF) Task Force for the Universal Definition of Myocardial Infarction. Fourth Universal Definition of Myocardial Infarction (2018). J. Am. Coll Cardiol. 2018, 72, 2231–2264. [Google Scholar] [CrossRef]

	



Abdu, F.A.; Mohammed, A.-Q.; Liu, L.; Xu, Y.; Che, W. Myocardial Infarction with Nonobstructive Coronary Arteries (MINOCA): A Review of the Current Position. Cardiology 2020, 145, 543–552. [Google Scholar] [CrossRef]

	



Kakihana, Y.; Ito, T.; Nakahara, M.; Yamaguchi, K.; Yasuda, T. Sepsis-induced myocardial dysfunction: Pathophysiology and management. J. Intensive Care 2016, 4, 22. [Google Scholar] [CrossRef]

	



Khan, J.; Alonso-Coello, P.; Devereaux, P.J. Myocardial injury after noncardiac surgery. Curr. Opin. Cardiol. 2014, 29, 307–311. [Google Scholar] [CrossRef]

	



Devereaux, P.J.; Lamy, A.; Chan, M.T.V.; Allard, R.V.; Lomivorotov, V.V.; Landoni, G.; Zheng, H.; Paparella, D.; McGillion, M.H.; Belley-Côté, E.P.; et al. VISION Cardiac Surgery Investigators. High-Sensitivity Troponin I after Cardiac Surgery and 30-Day Mortality. N. Engl. J. Med. 2022, 386, 827–836. [Google Scholar] [CrossRef]

	



Mallick, A.; Januzzi, J.L. Biomarkers in acute heart failure. Rev. Espanola Cardiol. Engl. Ed. 2015, 68, 514–525. [Google Scholar] [CrossRef]

	



Duceppe, E.; Parlow, J.; MacDonald, P.; Lyons, K.; McMullen, M.; Srinathan, S.; Graham, M.; Tandon, V.; Styles, K.; Bessissow, A.; et al. Canadian Cardiovascular Society Guidelines on Perioperative Cardiac Risk Assessment and Management for Patients Who Undergo Noncardiac Surgery. Can. J. Cardiol. 2017, 33, 17–32. [Google Scholar] [CrossRef] [PubMed]

	



Rodseth, R.N.; Biccard, B.M.; Le Manach, Y.; Sessler, D.I.; Lurati Buse, G.A.; Thabane, L.; Schutt, R.C.; Bolliger, D.; Cagini, L.; Cardinale, D.; et al. The prognostic value of pre-operative and post-operative B-type natriuretic peptides in patients undergoing noncardiac surgery: B-type natriuretic peptide and N-terminal fragment of pro-B-type natriuretic peptide: A systematic review and individual patient data meta-analysis. J. Am. Coll Cardiol. 2014, 63, 170–180. [Google Scholar] [CrossRef] [PubMed]

	



Karthikeyan, G.; Moncur, R.A.; Levine, O.; Heels-Ansdell, D.; Chan, M.T.; Alonso-Coello, P.; Yusuf, S.; Sessler, D.; Villar, J.C.; Berwanger, O.; et al. Is a pre-operative brain natriuretic peptide or N-terminal pro-B-type natriuretic peptide measurement an independent predictor of adverse cardiovascular outcomes within 30 days of noncardiac surgery? A systematic review and meta-analysis of observational studies. J. Am. Coll Cardiol. 2009, 54, 1599–1606. [Google Scholar] [CrossRef]

	



Álvarez Zurro, C.; Planas Roca, A.; Alday Muñoz, E.; Vega Piris, L.; Ramasco Rueda, F.; Méndez Hernández, R. High levels of preoperative and postoperative N terminal B-type natriuretic propeptide influence mortality and cardiovascular complications after noncardiac surgery. Eur. J. Anaesthesiol. 2016, 33, 444–449. [Google Scholar] [CrossRef]

	



L’Heureux, M.; Sternberg, M.; Brath, L.; Turlington, J.; Kashiouris, M.G. Sepsis-Induced Cardiomyopathy: A Comprehensive Review. Curr. Cardiol. Rep. 2020, 22, 35. [Google Scholar] [CrossRef]

	



Stienen, S.; Salah, K.; Moons, A.H.; Bakx, A.L.; van Pol, P.; Kortz, R.A.M.; Ferreira, J.P.; Marques, I.; Schroeder-Tanka, J.M.; Keijer, J.T.; et al. NT-proBNP (N-Terminal pro-B-Type Natriuretic Peptide)-Guided Therapy in Acute Decompensated Heart Failure: PRIMA II Randomized Controlled Trial (Can NT-ProBNP-Guided Therapy During Hospital Admission for Acute Decompensated Heart Failure Reduce Mortality and Readmissions?). Circulation 2018, 137, 1671–1683. [Google Scholar] [CrossRef]

	



Malbrain, M.L.N.G.; Van Regenmortel, N.; Saugel, B.; De Tavernier, B.; Van Gaal, P.J.; Joannes-Boyau, O.; Teboul, J.L.; Rice, T.W.; Mythen, M.; Monnet, X. Principles of fluid management and stewardship in septic shock: It is time to consider the four D’s and the four phases of fluid therapy. Ann. Intensive Care 2018, 8, 66. [Google Scholar] [CrossRef]

	



Koratala, A.; Kazory, A. Natriuretic Peptides as Biomarkers for Congestive States: The Cardiorenal Divergence. Dis. Markers 2017, 2017, 1454986. [Google Scholar] [CrossRef]

	



Pandompatam, G.; Kashani, K.; Vallabhajosyula, S. The role of natriuretic peptides in the management, outcomes and prognosis of sepsis and septic shock. Rev. Bras. Ter. Intensiva 2019, 31, 3. [Google Scholar] [CrossRef]

	



Vallabhajosyula, S.; Wang, Z.; Murad, M.H.; Vallabhajosyula, S.; Sundaragiri, P.R.; Kashani, K.; Miller, W.L.; Jaffe, A.S.; Vallabhajosyula, S. Natriuretic Peptides to Predict Short-Term Mortality in Patients With Sepsis: A Systematic Review and Meta-analysis. Mayo Clin. Proc. Innov. Qual. Outcomes 2020, 4, 50–64. [Google Scholar] [CrossRef]

	



Carpenter, C.R.; Keim, S.M.; Worster, A.; Rosen, P. Brain natriuretic peptide in the evaluation of emergency department dyspnea: Is there a role? J. Emerg. Med. 2012, 42, 197–205. [Google Scholar] [CrossRef]

	



Januzzi, J.L., Jr.; Chen-Tournoux, A.A.; Christenson, R.H.; Doros, G.; Hollander, J.E.; Levy, P.D.; Nagurney, J.T.; Nowak, R.M.; Pang, P.S.; Patel, D.; et al. ICON-RELOADED Investigators. N-Terminal Pro-B-Type Natriuretic Peptide in the Emergency Department: The ICON-RELOADED Study. J. Am. Coll Cardiol. 2018, 71, 1191–1200. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.-G.; Tian, M.; Pan, S.-Y. Clinical utility of procalcitonin and its association with pathogenic microorganisms. Crit. Rev. Clin. Lab. Sci. 2022, 59, 93–111. [Google Scholar] [CrossRef]

	



Van Nieuwkoop, C.; Bonten, T.N.; van’t Wout, J.W.; Kuijper, E.J.; Groeneveld, G.H.; Becker, M.J.; Koster, T.; Wattel-Louis, G.H.; Delfos, N.M.; Ablij, H.C.; et al. Procalcitonin reflects bacteremia and bacterial load in urosepsis syndrome: A prospective observational study. Crit. Care 2010, 14, R206. [Google Scholar] [CrossRef] [PubMed]

	



Azzini, A.M.; Dorizzi, R.M.; Sette, P.; Vecchi, M.; Coledan, I.; Righi, E.; Tacconelli, E. A 2020 review on the role of procalcitonin in different clinical settings: An update conducted with the tools of the Evidence Based Laboratory Medicine. Ann. Transl Med. 2020, 8, 610. [Google Scholar] [CrossRef] [PubMed]

	



Covington, E.W.; Roberts, M.Z.; Dong, J. Procalcitonin Monitoring as a Guide for Antimicrobial Therapy: A Review of Current Literature. Pharmacother. J. Hum. Pharmacol. Drug Ther. 2018, 38, 569–581. [Google Scholar] [CrossRef]

	



Schuetz, P.; Beishuizen, A.; Broyles, M.; Ferrer, R.; Gavazzi, G.; Gluck, E.H.; González Del Castillo, J.; Jensen, J.U.; Kanizsai, P.L.; Kwa, A.L.H.; et al. Procalcitonin (PCT)-guided antibiotic stewardship: An international experts consensus on optimized clinical use. Clin. Chem Lab. Med. 2019, 57, 1308–1318. [Google Scholar] [CrossRef]

	



Rhee, C. Using Procalcitonin to Guide Antibiotic Therapy. Open Forum Infect. Dis. 2017, 4, ofw249. [Google Scholar] [CrossRef]

	



Schuetz, P. Procalcitonin Algorithms for Antibiotic Therapy Decisions: A Systematic Review of Randomized Controlled Trials and Recommendations for Clinical Algorithms. Arch. Intern. Med. 2011, 171, 1322. [Google Scholar] [CrossRef]

	



Heffernan, A.J.; Denny, K.J. Host Diagnostic Biomarkers of Infection in the ICU: Where are we and where are we going? Curr. Infect. Dis. Rep. 2021, 23, 4. [Google Scholar] [CrossRef] [PubMed]

	



Evans, L.; Rhodes, A.; Alhazzani, W.; Antonelli, M.; Coopersmith, C.M.; French, C.; Machado, F.R.; Mcintyre, L.; Ostermann, M.; Prescott, H.C.; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock 2021. Intensive Care Med. 2021, 47, 1181–1247. [Google Scholar] [CrossRef] [PubMed]

	



Leli, C.; Ferranti, M.; Moretti, A.; Al Dhahab, Z.S.; Cenci, E.; Mencacci, A. Procalcitonin Levels in Gram-Positive, Gram-Negative, and Fungal Bloodstream Infections. Dis. Markers 2015, 2015, 701480. [Google Scholar] [CrossRef]

	



Bassetti, M.; Russo, A.; Righi, E.; Dolso, E.; Merelli, M.; D’Aurizio, F.; Sartor, A.; Curcio, F. Role of procalcitonin in bacteremic patients and its potential use in predicting infection etiology. Expert Rev. Anti Infect. Ther. 2019, 17, 99–105. [Google Scholar] [CrossRef] [PubMed]

	



Kitamura, K.; Kangawa, K.; Eto, T. Adrenomedullin and PAMP: Discovery, structures, and cardiovascular functions. Microsc. Res. Tech. 2002, 57, 3–13. [Google Scholar] [CrossRef]

	



Hinson, J.P.; Kapas, S.; Smith, D.M. Adrenomedullin, a multifunctional regulatory peptide. Endocr. Rev. 2000, 21, 138–167. [Google Scholar] [CrossRef]

	



Struck, J.; Tao, C.; Morgenthaler, N.G.; Bergmann, A. Identification of an Adrenomedullin precursor fragment in plasma of sepsis patients. Peptides 2004, 25, 1369–1372. [Google Scholar] [CrossRef]

	



Krintus, M.; Kozinski, M.; Braga, F.; Kubica, J.; Sypniewska, G.; Panteghini, M. Plasma midregional proadrenomedullin (MR-proADM) concentrations and their biological determinants in a reference population. Clin. Chem. Lab. Med. 2018, 56, 1161–1168. [Google Scholar] [CrossRef]

	



Nishikimi, T.; Kuwahara, K.; Nakagawa, Y.; Kangawa, K.; Nakao, K. Adrenomedullin in cardiovascular disease: A useful biomarker, its pathological roles and therapeutic application. Curr. Protein Pept. Sci. 2013, 14, 256–267. [Google Scholar] [CrossRef]

	



Maisel, A.; Mueller, C.; Nowak, R.M.; Peacock, W.F.; Ponikowski, P.; Mockel, M.; Hogan, C.; Wu, A.H.; Richards, M.; Clopton, P.; et al. Midregion prohormone adrenomedullin and prognosis in patients presenting with acute dyspnea: Results from the BACH (Biomarkers in Acute Heart Failure) trial. J. Am. Coll Cardiol. 2011, 58, 1057–1067. [Google Scholar] [CrossRef]

	



Bernal-Morell, E.; García-Villalba, E.; Vera, M.D.C.; Medina, B.; Martinez, M.; Callejo, V.; Valero, S.; Cinesi, C.; Piñera, P.; Alcaraz, A.; et al. Usefulness of midregional pro-adrenomedullin as a marker of organ damage and predictor of mortality in patients with sepsis. J. Infect. 2018, 76, 249–257. [Google Scholar] [CrossRef] [PubMed]

	



Andaluz-Ojeda, D.; Nguyen, H.B.; Meunier-Beillard, N.; Cicuéndez, R.; Quenot, J.P.; Calvo, D.; Dargent, A.; Zarca, E.; Andrés, C.; Nogales, L.; et al. Superior accuracy of mid-regional proadrenomedullin for mortality prediction in sepsis with varying levels of illness severity. Ann. Intensive Care 2017, 7, 15. [Google Scholar] [CrossRef] [PubMed]

	



Schoe, A.; Schippers, E.F.; Struck, J.; Ebmeyer, S.; Klautz, R.J.; de Jonge, E.; van Dissel, J.T. Postoperative pro-adrenomedullin levels predict mortality in thoracic surgery patients: Comparison with Acute Physiology and Chronic Health Evaluation IV Score*. Crit. Care Med. 2015, 43, 373–381. [Google Scholar] [CrossRef] [PubMed]

	



Csordas, A.; Nietlispach, F.; Schuetz, P.; Huber, A.; Müller, B.; Maisano, F.; Taramasso, M.; Moarof, I.; Obeid, S.; Stähli, B.E.; et al. Midregional Proadrenomedullin Improves Risk Stratification beyond Surgical Risk Scores in Patients Undergoing Transcatheter Aortic Valve Replacement. PLoS ONE 2015, 10, e0143761. [Google Scholar] [CrossRef]

	



Ramasco Rueda, F.; Planas Roca, A.; Figuerola Tejerina, A.; Méndez Hernández, R.; Gilsanz Rodriguez, R. Pro-adrenomedulina preoperatoria como predictor de la necesidad de soporte orgánico postoperatorio en pacientes programados para cirugía abdominal mayor. Rev. Esp. Anestesiol. Reanim. 2020, 67, 8–14. [Google Scholar] [CrossRef]

	



Andrés, C.; Andaluz-Ojeda, D.; Cicuendez, R.; Nogales, L.; Martín, S.; Martin-Fernandez, M.; Almansa, R.; Calvo, D.; Esteban-Velasco, M.C.; Vaquero-Roncero, L.M.; et al. MR-proADM to detect specific types of organ failure in infection. Eur. J. Clin. Investig. 2020, 50, e13246. [Google Scholar] [CrossRef]

	



Ramasco Rueda, F. Utilidad de la Determinación Preoperatoria de los Niveles Séricos de MR-Proadrenomedulina para Predecir la Necesidad de Soporte Orgánico Postoperatorio en Cirugía Oncológica Abdominal. Ph.D. Thesis, Universidad Autónoma de Madrid, Madrid, Spain, 19 December 2022. Available online: https://repositorio.uam.es/handle/10486/696362 (accessed on 12 February 2023).

	



Samson, W.K.; Resch, Z.T.; Murphy, T.C.; Vargas, T.T.; Schell, D.A. Adrenomedullin: Is There Physiological Relevance in the Pathology and Pharmacology? Physiology 1999, 14, 255–259. [Google Scholar] [CrossRef]

	



Caironi, P.; Latini, R.; Struck, J.; Hartmann, O.; Bergmann, A.; Maggio, G.; Cavana, M.; Tognoni, G.; Pesenti, A.; Gattinoni, L.; et al. ALBIOS Study Investigators. Circulating Biologically Active Adrenomedullin (bio-ADM) Predicts Hemodynamic Support Requirement and Mortality During Sepsis. Chest 2017, 152, 312–320. [Google Scholar] [CrossRef]

	



Gayat, E.; Cariou, A.; Deye, N.; Vieillard-Baron, A.; Jaber, S.; Damoisel, C.; Lu, Q.; Monnet, X.; Rennuit, I.; Azoulay, E.; et al. Determinants of long-term outcome in ICU survivors: Results from the FROG-ICU study. Crit. Care 2018, 22, 8. [Google Scholar] [CrossRef]

	



Mebazaa, A.; Geven, C.; Hollinger, A.; Wittebole, X.; Chousterman, B.G.; Blet, A.; Gayat, E.; Hartmann, O.; Scigalla, P.; Struck, J.; et al. AdrenOSS-1 study investigators. Circulating adrenomedullin estimates survival and reversibility of organ failure in sepsis: The prospective observational multinational Adrenomedullin and Outcome in Sepsis and Septic Shock-1 (AdrenOSS-1) study. Crit. Care 2018, 22, 354. [Google Scholar] [CrossRef]

	



Laterre, P.F.; Pickkers, P.; Marx, G.; Wittebole, X.; Meziani, F.; Dugernier, T.; Huberlant, V.; Schuerholz, T.; François, B.; Lascarrou, J.B.; et al. AdrenOSS-2 study participants. Safety and tolerability of non-neutralizing adrenomedullin antibody adrecizumab (HAM8101) in septic shock patients: The AdrenOSS-2 phase 2a biomarker-guided trial. Intensive Care Med. 2021, 47, 1284–1294. [Google Scholar] [CrossRef] [PubMed]

	



Simon, T.P.; Martin, L.; Doemming, S.; Humbs, A.; Bruells, C.; Kopp, R.; Hartmann, O.; Struck, J.; Bergmann, A.; Marx, G.; et al. Plasma adrenomedullin in critically ill patients with sepsis after major surgery: A pilot study. J. Crit. Care 2017, 38, 68–72. [Google Scholar] [CrossRef]

	



Egerstedt, A.; Czuba, T.; Bronton, K.; Lejonberg, C.; Ruge, T.; Wessman, T.; Rådegran, G.; Schulte, J.; Hartmann, O.; Melander, O.; et al. Bioactive adrenomedullin for assessment of venous congestion in heart failure. ESC Heart Fail. 2022, 9, 3543–3555. [Google Scholar] [CrossRef] [PubMed]

	



Núñez, J.; de la Espriella, R.; Rossignol, P.; Voors, A.A.; Mullens, W.; Metra, M.; Chioncel, O.; Januzzi, J.L.; Mueller, C.; Richards, A.M.; et al. Congestion in heart failure: A circulating biomarker-based perspective. A review from the Biomarkers Working Group of the Heart Failure Association, European Society of Cardiology. Eur. J. Heart Fail. 2022, 24, 1751–1766. [Google Scholar] [CrossRef] [PubMed]

	



Farkas, J.D. The complete blood count to diagnose septic shock. J. Thorac. Dis. 2020, 12, S16–S21. [Google Scholar] [CrossRef]

	



Hwang, S.Y.; Shin, T.G.; Jo, I.J.; Jeon, K.; Suh, G.Y.; Lee, T.R.; Yoon, H.; Cha, W.C.; Sim, M.S. Neutrophil-to-lymphocyte ratio as a prognostic marker in critically-ill septic patients. Am. J. Emerg. Med. 2017, 35, 234–239. [Google Scholar] [CrossRef]

	



Curbelo, J.; Luquero Bueno, S.; Galván-Román, J.M.; Ortega-Gómez, M.; Rajas, O.; Fernández-Jiménez, G.; Vega-Piris, L.; Rodríguez-Salvanes, F.; Arnalich, B.; Díaz, A.; et al. Inflammation biomarkers in blood as mortality predictors in community-acquired pneumonia admitted patients: Importance of comparison with neutrophil count percentage or neutrophil-lymphocyte ratio. PLoS ONE 2017, 12, e0173947, Erratum in PLoS ONE 2019, 14, e0212915. [Google Scholar] [CrossRef]

	



Surhonne, N.; Hebri, C.; Kannan, S.; Duggappa, D.R.; Rs, R.R.; Mapari, C.G. The effect of anesthetic techniques on neutrophil to lymphocyte ratio in patients undergoing infraumbilical surgeries. Korean J. Anesthesiol. 2019, 72, 458–465. [Google Scholar] [CrossRef]

	



Ying, H.Q.; Deng, Q.W.; He, B.S.; Pan, Y.Q.; Wang, F.; Sun, H.L.; Chen, J.; Liu, X.; Wang, S.K. The prognostic value of preoperative NLR, d-NLR, PLR and LMR for predicting clinical outcome in surgical colorectal cancer patients. Med. Oncol. 2014, 31, 305. [Google Scholar] [CrossRef]

	



Bermejo-Martin, J.F.; Cilloniz, C.; Mendez, R.; Almansa, R.; Gabarrus, A.; Ceccato, A.; Torres, A.; Menendez, R.; NEUMONAC group. Lymphopenic Community Acquired Pneumonia (L-CAP), an Immunological Phenotype Associated with Higher Risk of Mortality. eBioMedicine 2017, 24, 231–236. [Google Scholar] [CrossRef]

	



Zhang, H.J.; Qi, G.Q.; Gu, X.; Zhang, X.Y.; Fang, Y.F.; Jiang, H.; Zhao, Y.J. Lymphocyte blood levels that remain low can predict the death of patients with COVID-19. Medicine 2021, 100, e26503. [Google Scholar] [CrossRef]

	



Bellomo, R.; Ronco, C.; Mehta, R.L.; Asfar, P.; Boisramé-Helms, J.; Darmon, M.; Diehl, J.L.; Duranteau, J.; Hoste, E.A.J.; Olivier, J.B.; et al. Acute kidney injury in the ICU: From injury to recovery: Reports from the 5th Paris International Conference. Ann. Intensive Care 2017, 7, 49. [Google Scholar] [CrossRef] [PubMed]

	



Khwaja, A. KDIGO Clinical Practice Guidelines for Acute Kidney Injury. Nephron Clin. Pract. 2012, 120, c179–c184. [Google Scholar] [CrossRef]

	



Zhang, W.R.; Parikh, C.R. Biomarkers of Acute and Chronic Kidney Disease. Annu. Rev. Physiol. 2019, 81, 309–333. [Google Scholar] [CrossRef] [PubMed]

	



Schrezenmeier, E.V.; Barasch, J.; Budde, K.; Westhoff, T.; Schmidt-Ott, K.M. Biomarkers in acute kidney injury—Pathophysiological basis and clinical performance. Acta Physiol. (Oxf) 2017, 219, 554–572. [Google Scholar] [CrossRef] [PubMed]

	



Khorashadi, M.; Beunders, R.; Pickkers, P.; Legrand, M. Proenkephalin: A New Biomarker for Glomerular Filtration Rate and Acute Kidney Injury. Nephron 2020, 144, 655–661. [Google Scholar] [CrossRef]

	



Beunders, R.; van Groenendael, R.; Leijte, G.P.; Kox, M.; Pickkers, P. Proenkephalin Compared to Conventional Methods to Assess Kidney Function in Critically Ill Sepsis Patients. Shock 2020, 54, 308–314. [Google Scholar] [CrossRef]

	



Caironi, P.; Latini, R.; Struck, J.; Hartmann, O.; Bergmann, A.; Bellato, V.; Ferraris, S.; Tognoni, G.; Pesenti, A.; Gattinoni, L.; et al. ALBIOS Study Investigators. Circulating Proenkephalin, Acute Kidney Injury, and Its Improvement in Patients with Severe Sepsis or Shock. Clin. Chem. 2018, 64, 1361–1369. [Google Scholar] [CrossRef]

	



von Groote, T.; Albert, F.; Meersch, M.; Koch, R.; Porschen, C.; Hartmann, O.; Bergmann, D.; Pickkers, P.; Zarbock, A. Proenkephalin A 119-159 predicts early and successful liberation from renal replacement therapy in critically ill patients with acute kidney injury: A post hoc analysis of the ELAIN trial. Crit. Care 2022, 26, 333. [Google Scholar] [CrossRef]

	



Hollinger, A.; Wittebole, X.; François, B.; Pickkers, P.; Antonelli, M.; Gayat, E.; Chousterman, B.G.; Lascarrou, J.B.; Dugernier, T.; Di Somma, S.; et al. Proenkephalin A 119-159 (Penkid) Is an Early Biomarker of Septic Acute Kidney Injury: The Kidney in Sepsis and Septic Shock (Kid-SSS) Study. Kidney Int. Rep. 2018, 3, 1424–1433. [Google Scholar] [CrossRef]

	



Di Leo, L.; Nalesso, F.; Garzotto, F.; Xie, Y.; Yang, B.; Virzì, G.M.; Passannante, A.; Bonato, R.; Carta, M.; Giavarina, D.; et al. Predicting Acute Kidney Injury in Intensive Care Unit Patients: The Role of Tissue Inhibitor of Metalloproteinases-2 and Insulin-Like Growth Factor-Binding Protein-7 Biomarkers. Blood Purif. 2018, 45, 270–277. [Google Scholar] [CrossRef] [PubMed]

	



Tai, Q.; Yi, H.; Wei, X.; Xie, W.; Zeng, O.; Zheng, D.; Sun, J.; Wang, G.; Wang, S.; Liu, G. The Accuracy of Urinary TIMP-2 and IGFBP7 for the Diagnosis of Cardiac Surgery-Associated Acute Kidney Injury: A Systematic Review and Meta-Analysis. J. Intensive Care Med. 2020, 35, 1013–1025. [Google Scholar] [CrossRef] [PubMed]

	



Guzzi, L.M.; Bergler, T.; Binnall, B.; Engelman, D.T.; Forni, L.; Germain, M.J.; Gluck, E.; Göcze, I.; Joannidis, M.; Koyner, J.L.; et al. Clinical use of [TIMP-2]•[IGFBP7] biomarker testing to assess risk of acute kidney injury in critical care: Guidance from an expert panel. Crit. Care 2019, 23, 225. [Google Scholar] [CrossRef] [PubMed]

	



Clerico, A.; Galli, C.; Fortunato, A.; Ronco, C. Neutrophil gelatinase-associated lipocalin (NGAL) as biomarker of acute kidney injury: A review of the laboratory characteristics and clinical evidences. Clin. Chem. Lab. Med. 2012, 50, 9. [Google Scholar] [CrossRef]

	



Devarajan, P. Neutrophil gelatinase-associated lipocalin--an emerging troponin for kidney injury. Nephrol. Dial. Transplant. 2008, 23, 3737–3743. [Google Scholar] [CrossRef] [PubMed]

	



de Geus, H.R.H.; Ronco, C.; Haase, M.; Jacob, L.; Lewington, A.; Vincent, J.-L. The cardiac surgery–associated neutrophil gelatinase-associated lipocalin (CSA-NGAL) score: A potential tool to monitor acute tubular damage. J. Thorac. Cardiovasc. Surg. 2016, 151, 1476–1481. [Google Scholar] [CrossRef] [PubMed]

	



De Geus, H.R.H.; Bakker, J.; Lesaffre, E.M.E.H.; le Noble, J.L.M.L. Neutrophil Gelatinase-associated Lipocalin at ICU Admission Predicts for Acute Kidney Injury in Adult Patients. Am. J. Respir. Crit. Care Med. 2011, 183, 907–914. [Google Scholar] [CrossRef]

	



Ware, L.B. Biomarkers in Critical Illness: New Insights and Challenges for the Future. Am. J. Respir Crit. Care Med. 2017, 196, 944–945. [Google Scholar] [CrossRef]

	



Kavanaugh, A. Interleukin-6 inhibitors in the treatment of rheumatoid arthritis. Ther. Clin. Risk Manag. 2008, 4, 767–775. [Google Scholar] [CrossRef]

	



Coomes, E.A.; Haghbayan, H. Interleukin-6 in Covid-19: A systematic review and META-ANALYSIS. Rev. Med. Virol. 2020, 30, 1–9. [Google Scholar] [CrossRef]

	



Jawa, R.S.; Anillo, S.; Huntoon, K.; Baumann, H.; Kulaylat, M. Interleukin-6 in Surgery, Trauma, and Critical Care Part II: Clinical Implications. J. Intensive Care Med. 2011, 26, 73–87. [Google Scholar] [CrossRef] [PubMed]

	



Molano Franco, D.; Arevalo-Rodriguez, I.; Roqué, I.; Figuls, M.; Montero Oleas, N.G.; Nuvials, X.; Zamora, J. Plasma interleukin-6 concentration for the diagnosis of sepsis in critically ill adults. Cochrane Database Syst. Rev. 2019, CD011811. [Google Scholar] [CrossRef] [PubMed]

	



Donadello, K.; Scolletta, S.; Covajes, C.; Vincent, J.-L. suPAR as a prognostic biomarker in sepsis. BMC Med. 2012, 10, 2. [Google Scholar] [CrossRef] [PubMed]

	



Koch, A.; Tacke, F. Why high suPAR is not super-diagnostic, prognostic and potential pathogenic properties of a novel biomarker in the ICU. Crit. Care 2011, 15, 1020. [Google Scholar] [CrossRef]

	



Savva, A.; Raftogiannis, M.; Baziaka, F.; Routsi, C.; Antonopoulou, A.; Koutoukas, P.; Tsaganos, T.; Kotanidou, A.; Apostolidou, E.; Giamarellos-Bourboulis, E.J.; et al. Soluble urokinase plasminogen activator receptor (suPAR) for assessment of disease severity in ventilator-associated pneumonia and sepsis. J. Infect. 2011, 63, 344–350. [Google Scholar] [CrossRef]

	



Huang, Q.; Xiong, H.; Yan, P.; Shuai, T.; Liu, J.; Zhu, L.; Lu, J.; Yang, K.; Liu, J. The Diagnostic and Prognostic Value of suPAR in Patients with Sepsis: A Systematic Review and Meta-Analysis. Shock 2020, 53, 416–425. [Google Scholar] [CrossRef]

	



Giamarellos-Bourboulis, E.J.; Norrby-Teglund, A.; Mylona, V.; Savva, A.; Tsangaris, I.; Dimopoulou, I.; Mouktaroudi, M.; Raftogiannis, M.; Georgitsi, M.; Linnér, A.; et al. Risk assessment in sepsis: A new prognostication rule by APACHE II score and serum soluble urokinase plasminogen activator receptor. Crit. Care 2012, 16, R149. [Google Scholar] [CrossRef] [PubMed]

	



Chalkias, A.; Laou, E.; Kolonia, K.; Ragias, D.; Angelopoulou, Z.; Mitsiouli, E.; Kallemose, T.; Smith-Hansen, L.; Eugen-Olsen, J.; Arnaoutoglou, E. Elevated preoperative suPAR is a strong and independent risk marker for postoperative complications in patients undergoing major noncardiac surgery (SPARSE). Surgery 2022, 171, 1619–1625. [Google Scholar] [CrossRef]

	



Backes, Y.; van der Sluijs, K.F.; Mackie, D.P.; Tacke, F.; Koch, A.; Tenhunen, J.J.; Schultz, M.J. Usefulness of suPAR as a biological marker in patients with systemic inflammation or infection: A systematic review. Intensive Care Med. 2012, 38, 1418–1428. [Google Scholar] [CrossRef]

	



Zou, Q.; Wen, W.; Zhang, X.C. Presepsin as a novel sepsis biomarker. World J. Emerg. Med. 2014, 5, 16–19. [Google Scholar] [CrossRef]

	



Lee, S.; Song, J.; Park, D.W.; Seok, H.; Ahn, S.; Kim, J.; Park, J.; Cho, H.J.; Moon, S. Diagnostic and prognostic value of presepsin and procalcitonin in non-infectious organ failure, sepsis, and septic shock: A prospective observational study according to the Sepsis-3 definitions. BMC Infect. Dis. 2022, 22, 8. [Google Scholar] [CrossRef] [PubMed]

	



Handke, J.; Scholz, A.S.; Gillmann, H.J.; Janssen, H.; Dehne, S.; Arens, C.; Kummer, L.; Uhle, F.; Weigand, M.A.; Motsch, J.; et al. Elevated Presepsin Is Associated With Perioperative Major Adverse Cardiovascular and Cerebrovascular Complications in Elevated-Risk Patients Undergoing Noncardiac Surgery: The Leukocytes and Cardiovascular Perioperative Events Study. Anesth Analg. 2019, 128, 1344–1353. [Google Scholar] [CrossRef] [PubMed]

	



Clementi, A.; Virzì, G.M.; Muciño-Bermejo, M.J.; Nalesso, F.; Giavarina, D.; Carta, M.; Brocca, A.; de Cal, M.; Hinna Danesi, T.; Zanella, M.; et al. Presepsin and Procalcitonin Levels as Markers of Adverse Postoperative Complications and Mortality in Cardiac Surgery Patients. Blood Purif. 2019, 47, 140–148. [Google Scholar] [CrossRef]

	



Eggimann, P.; Que, Y.-A.; Rebeaud, F. Measurement of pancreatic stone protein in the identification and management of sepsis. Biomark. Med. 2019, 13, 135–145. [Google Scholar] [CrossRef]

	



Reding, T.; Palmiere, C.; Pazhepurackel, C.; Schiesser, M.; Bimmler, D.; Schlegel, A.; Süss, U.; Steiner, S.; Mancina, L.; Seleznik, G.; et al. The pancreas responds to remote damage and systemic stress by secretion of the pancreatic secretory proteins PSP/regI and PAP/regIII. Oncotarget 2017, 8, 30162–30174. [Google Scholar] [CrossRef] [PubMed]

	



Prazak, J.; Irincheeva, I.; Llewelyn, M.J.; Stolz, D.; García de Guadiana Romualdo, L.; Graf, R.; Reding, T.; Klein, H.J.; Eggimann, P.; Que, Y.A. Accuracy of pancreatic stone protein for the diagnosis of infection in hospitalized adults: A systematic review and individual patient level meta-analysis. Crit. Care 2021, 25, 182. [Google Scholar] [CrossRef]

	



Pugin, J.; Daix, T.; Pagani, J.L.; Morri, D.; Giacomucci, A.; Dequin, P.F.; Guitton, C.; Que, Y.A.; Zani, G.; Brealey, D.; et al. Serial measurement of pancreatic stone protein for the early detection of sepsis in intensive care unit patients: A prospective multicentric study. Crit. Care 2021, 25, 151. [Google Scholar] [CrossRef]

	



Lopes, D.; Chumbinho, B.; Bandovas, J.P.; Faria, P.; Espírito Santo, C.; Ferreira, B.; Val-Flores, L.; Pereira, R.; Germano, N.; Bento, L. Pancreatic stone protein as a biomarker of sepsis. Crit. Care 2022, 26, 100. [Google Scholar] [CrossRef]

	



Ye, P.; Duan, W.; Leng, Y.-Q.; Wang, Y.-K.; Tan, X.; Wang, W.-Z. DPP3: From biomarker to therapeutic target of cardiovascular diseases. Front. Cardiovasc. Med. 2022, 9, 974035. [Google Scholar] [CrossRef]

	



Blet, A.; Deniau, B.; Santos, K.; van Lier, D.P.T.; Azibani, F.; Wittebole, X.; Chousterman, B.G.; Gayat, E.; Hartmann, O.; Struck, J.; et al. AdrenOSS-1 Study Investigators. Monitoring circulating dipeptidyl peptidase 3 (DPP3) predicts improvement of organ failure and survival in sepsis: A prospective observational multinational study. Crit. Care 2021, 25, 61. [Google Scholar] [CrossRef]

	



Takagi, K.; Blet, A.; Levy, B.; Deniau, B.; Azibani, F.; Feliot, E.; Bergmann, A.; Santos, K.; Hartmann, O.; Gayat, E.; et al. Circulating dipeptidyl peptidase 3 and alteration in haemodynamics in cardiogenic shock: Results from the OptimaCC trial. Eur. J. Heart Fail. 2020, 22, 279–286. [Google Scholar] [CrossRef] [PubMed]

	



Deniau, B.; Rehfeld, L.; Santos, K.; Dienelt, A.; Azibani, F.; Sadoune, M.; Kounde, P.R.; Samuel, J.L.; Tolpannen, H.; Lassus, J.; et al. Circulating dipeptidyl peptidase 3 is a myocardial depressant factor: Dipeptidyl peptidase 3 inhibition rapidly and sustainably improves haemodynamics. Eur. J. Heart Fail. 2020, 22, 290–299. [Google Scholar] [CrossRef]

	



Magliocca, A.; Omland, T.; Latini, R. Dipeptidyl peptidase 3, a biomarker in cardiogenic shock and hopefully much more. Eur. J. Heart Fail. 2002, 22, 300–302. [Google Scholar] [CrossRef] [PubMed]

	



Pierrakos, C.; Velissaris, D.; Bisdorff, M.; Marshall, J.C.; Vincent, J.-L. Biomarkers of sepsis: Time for a reappraisal. Crit. Care 2020, 24, 287. [Google Scholar] [CrossRef] [PubMed]

	



Vincent, J.L.; Bogossian, E.; Menozzi, M. The Future of Biomarkers. Crit. Care Clin. 2020, 36, 177–187. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, A.J.; Kahn, R.A. Laboratory point-of-care monitoring in the operating room. Curr. Opin. Anaesthesiol. 2010, 23, 741–748. [Google Scholar] [CrossRef] [PubMed]

	



Piorino, F.; Patterson, A.T.; Styczynski, M.P. Low-cost, point-of-care biomarker quantification. Curr. Opin. Biotechnol. 2022, 76, 102738. [Google Scholar] [CrossRef]

	



Průcha, M.; Zazula, R.; Russwurm, S. Sepsis Diagnostics in the Era of “Omics” Technologies. Prague Med. Rep. 2018, 119, 9–29. [Google Scholar] [CrossRef]

	



Hernandez-Beeftink, T.; Guillen-Guio, B.; Lorenzo-Salazar, J.M.; Corrales, A.; Suarez-Pajes, E.; Feng, R.; Rubio-Rodríguez, L.A.; Paynton, M.L.; Cruz, R.; García-Laorden, M.I.; et al. Genetics of Sepsis (GEN-SEP) Network. A genome-wide association study of survival in patients with sepsis. Crit. Care 2022, 26, 341. [Google Scholar] [CrossRef]

	



Neudecker, V.; Brodsky, K.S.; Kreth, S.; Ginde, A.A.; Eltzschig, H.K. Emerging Roles for MicroRNAs in Perioperative Medicine. Anesthesiology 2016, 124, 489–506. [Google Scholar] [CrossRef]

	



Halvorsen, S.; Mehilli, J.; Cassese, S.; Hall, T.S.; Abdelhamid, M.; Barbato, E.; De Hert, S.; de Laval, I.; Geisler, T.; Hinterbuchner, L.; et al. 2022 ESC Guidelines on cardiovascular assessment and management of patients undergoing non-cardiac surgery. Eur. Heart J. 2022, 43, 3826–3924. [Google Scholar] [CrossRef] [PubMed]

	



Fleisher, L.A.; Fleischmann, K.E.; Auerbach, A.D.; Barnason, S.A.; Beckman, J.A.; Bozkurt, B.; Davila-Roman, V.G.; Gerhard-Herman, M.D.; Holly, T.A.; Kane, G.C.; et al. American College of Cardiology; American Heart Association. 2014 ACC/AHA guideline on perioperative cardiovascular evaluation and management of patients undergoing noncardiac surgery: A report of the American College of Cardiology/American Heart Association Task Force on practice guidelines. J. Am. Coll Cardiol. 2014, 64, e77–e137. [Google Scholar] [CrossRef] [PubMed]

	



Golubović, M.; Janković, R.; Sokolović, D.; Ćosić, V.; Maravić-Stojkovic, V.; Kostić, T.; Perišić, Z.; Lađević, N. Preoperative Midregional Pro-Adrenomedullin and High-Sensitivity Troponin T Predict Perioperative Cardiovascular Events in Noncardiac Surgery. Med. Princ Pract. 2018, 27, 278–284. [Google Scholar] [CrossRef] [PubMed]

	



Montrucchio, G.; Balzani, E.; Lombardo, D.; Giaccone, A.; Vaninetti, A.; D’Antonio, G.; Rumbolo, F.; Mengozzi, G.; Brazzi, L. Proadrenomedullin in the Management of COVID-19 Critically Ill Patients in Intensive Care Unit: A Systematic Review and Meta-Analysis of Evidence and Uncertainties in Existing Literature. J. Clin. Med. 2022, 11, 4543. [Google Scholar] [CrossRef]

	



Vigué, B.; Leblanc, P.E.; Moati, F.; Pussard, E.; Foufa, H.; Rodrigues, A.; Figueiredo, S.; Harrois, A.; Mazoit, J.X.; Rafi, H.; et al. Mid-regional pro-adrenomedullin (MR-proADM), a marker of positive fluid balance in critically ill patients: Results of the ENVOL study. Crit. Care 2016, 20, 363. [Google Scholar] [CrossRef]

	



Barichello, T.; Generoso, J.S.; Singer, M.; Dal-Pizzol, F. Biomarkers for sepsis: More than just fever and leukocytosis—A narrative review. Crit. Care 2022, 26, 14. [Google Scholar] [CrossRef]

	



van Lier, D.; Deniau, B.; Santos, K.; Hartmann, O.; Dudoignon, E.; Depret, F.; Plaud, B.; Laterre, P.F.; Mebazaa, A.; Pickkers, P. Circulating dipeptidyl peptidase 3 and bio-adrenomedullin levels are associated with impaired outcomes in critically ill COVID-19 patients: A prospective international multicentre study. ERJ Open Res. 2023, 9, 00342–02022. [Google Scholar] [CrossRef]

	



Torres, A.; Artigas, A.; Ferrer, R. Biomarkers in the ICU: Less is more? No. Intensive Care Med. 2021, 47, 97–100. [Google Scholar] [CrossRef]

	



Stoppe, C.; Wendt, S.; Mehta, N.M.; Compher, C.; Preiser, J.C.; Heyland, D.K.; Kristof, A.S. Biomarkers in critical care nutrition. Crit. Care 2020, 24, 499. [Google Scholar] [CrossRef]

	



Mjertan, A.; Méndez Hernández, R.; Hernández-Aceituno, A.; Ramasco Rueda, F.; Planas Roca, A.; Santa Cruz Hernando, A. Preoperative nutritional status assessed using the CONUT tool and its relationship with the appearance of major postoperative complications. Rev. Esp. Anestesiol. Reanim. (Engl. Ed.) 2022, 69, 345–350. [Google Scholar] [CrossRef]

	



Póvoa, P.; Coelho, L.; Dal-Pizzol, F.; Ferrer, R.; Huttner, A.; Conway Morris, A.; Nobre, V.; Ramirez, P.; Rouze, A.; Salluh, J.; et al. How to use biomarkers of infection or sepsis at the bedside: Guide to clinicians. Intensive Care Med. 2023. ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Seymour, C.W.; Gomez, H.; Chang, C.H.; Clermont, G.; Kellum, J.A.; Kennedy, J.; Yende, S.; Angus, D.C. Precision medicine for all? Challenges and opportunities for a precision medicine approach to critical illness. Crit. Care 2017, 21, 257. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Biomarkers: main characteristics and cutoff points.
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	Biomarker
	Characteristic
	Cutoff
	Considerations





	Lactate
	A perfusion marker
	2 mmol/L
	Beware of using clearance as a short-term therapy guide (hours)



	CRP
	A marker of inflammation
	5 mg/dL
	It is nonspecific for inflammation. A follow-up is helpful.



	Troponin
	A marker of myocardial damage
	cTnT: 40 ng/L



cTnI: 34 ng/L hsTnT: 14 ng/L
	MINS is a spectrum of injury.

The elevation of hsTnT between preoperative and postoperative greater than 14 ng/L is significant for the risk of cardiovascular complications and others such as sepsis.



	NT-ProBNP/BNP
	A marker of heart and lung congestion
	NT-ProBNP: 300 pg/mL



BNP: 30–50 pg/mL
	Allows for monitoring of therapy for decongestion and treatment of cardiac dysfunction.



	Procalcitonin
	An infection marker
	0.05–0.09 ng/mL
	Useful to differentiate GNB from GPB and viruses, and to identify bacteremia (more than 2–4 ng/mL may be BGN).



Useful in de-escalation of antibiotic therapy.



	MR-

ProADM/BioADM
	A marker of organ failure and systemic congestion
	MR-ProADM: 0.57

nmol/L.



MR-ProADMin sepsis: NPV greater than 90% if it is less than 0.88 mmol/L.



There is postoperative organic failure if it is greater than 0.70.

BioADM:8–39 pg/mL. In sepsis, values higher than 70–110 pg/mL are related to organ failure and mortality.
	Endothelial dysfunction marker. Allows for monitoring of organic failure and systemic decongestion.



It is validated in sepsis and now also in the perioperative period.

A drug has been developed against the elevation of BioADM:

Adrecizumab



	NLR/linfopenia
	A usual analytical marker
	NLR: 1–3

Lymphocytes: 4000–10,000/mm3
	It implies severity of inflammation and is related to organ failure.



	AKImarkers.

Proenkephalin
	Glomerular filtration marker in

blood analysis
	Values of more than 100 pmol/mL are related in sepsis with aglomerular filtration rate less than 30 mL/kg/1.73 m2
	It is more specific, faster, and more useful than creatinine.



Allows one to assess and predict the evolution of renal failure.



	AKImarkers.

Nefrocheck
	Kidney damage marker in urinary analysis
	The result is given in a single numerical value indicative of risk (“AKI Risk”);

an AKI risk value ≤0.3 is indicative of low risk.
	Measures the proteins TIMP-2

(tissue inhibitor metalloproteinase 2) and IGFBP-7 (insulin-like growth factor binding protein 7).



	AKI markers.

Neutrophil gelatinase-associated lipocalin(NGAL)
	Tubular lesion marker

Analysis possible in blood and urine
	Under stable conditions, plasma andurine concentrations are around 20 ng/mL.



>300 ng/mL, there would be a high risk of damage with high specificity
	As it is a marker of kidney damage, it is known as “renal troponin”



	Interleukin 6
	Immunity, stress response, coagulation, and inflammatory response marker
	Thresholds vary between systemic inflammatory response syndrome, sepsis, and septic shock with values of 40, 100, and 500

pg/mL
	It has been used to direct therapy in the treatment of SARS-CoV-2.

It has been used for phenotype differences in pathologies.



	Urokinase-type soluble plasminogen activator receptor (suPAR)
	Immunity and infection marker
	Normal value for subjects aged 50–70 years is 3.0 ng/mL.



suPAR > 6 ng/mL is the cutoff to identify risk and possible serious disease.
	Its main use has been in the context of severe infection.



	Presepsin
	Its elevation implies the activation of monocytes and macrophages by an inflammatory or infectious stimulus.
	Values for exclusion of sepsis correspond to values < 200 pg/mL and the diagnosis of sepsis is in a range >300 pg/mL.
	It has been used in sepsis and in the perioperative period of major surgery to stratify and predict severity.



	Pancreatic Stone Protein (PSP)
	Stress and infection response marker
	Normal PSP values are 10.4 (7.5–12.3) ng/mL.



Early diagnosis of infections in hospitalized patients using a cutoff value of 44.18 ng/L.
	It has been used to predict the occurrence of infections and sepsis in various ICU situations.



	Dipeptidyl peptidase 3 (DPP3)
	It is a marker of hemodynamic failure and cardiovascular dysfunction.
	The proposed cutoff values for DPP3 are 33–40 ng/mL.
	Higher DPP3 concentrations were associated with more pronounced cardiovascular dysfunction, such as the need for vasopressor therapy in septic shock and cardiogenic shock.



There is an anti-DPP3 drug antibody, Procizumab







CRP: C-Reactive Protein; cTnT: Troponine T; cTnI: Troponine I; hsTnT: high-sensitivity troponine; MINS: Myocardial Injury after Noncardiac Surgery; GNB: Gram-Negative Bacteria; GPB: Gram-Positive Bacteria; NPV: Negative Predictive Value; NLR: Neutrophil Lymphocyte Ratio; AKI: Acute Kidney Injury; PSP: Pancreatic Stone Protein; ICU: Intensive Care Unit; DPP3: Dipeptidyl peptidase 3.
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Table 2. PCT references values and their interpretation in sepsis.
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	PCT Concentration (ng/mL)
	Interpretation
	Recommendation





	<0.05
	Healthy individual (except neonates <48 h of life)
	



	<0.5
	Possible but unlikely local infection
	



	0.5–2
	Possible infection. Rule out other causes of PCT elevation (cardiogenic shock, trauma, surgery, etc.)
	In case of proven infection, diagnosis of sepsis very likely. Monitor PCT every 6–24 h.



	2–10
	Sepsis very likely
	High risk of organ dysfunction. Monitor PCT every 24 h.



	≥10
	Almost exclusively associated with sepsis
	Very often associated with organ dysfunction. High risk of mortality. Monitor PCT every 24 h.
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Table 3. Algorithm to guide antibiotic therapy in CCU in patients with suspected sepsis (reevaluation every 1–2 days).
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	PCT Result

(ng/mL)
	<0.25 or Drop by >90%
	<0.5 or Drop by >80%
	≥0.5
	>1





	Recommendation regarding use of Ab
	Cessation of Ab strongly encouraged
	Cessation of Ab encouraged
	Cessation of Ab discouraged
	Cessation of Ab strongly discouraged



	Overruling the algorithm
	Consider continuation of Ab if patients are clinically unstable
	Consider continuation of Ab if patients are clinically Unstable
	Consider continuation of Ab if patients are clinically unstable
	Consider continuation of Ab if patients are clinically unstable



	Follow up/other comments
	Clinical reevaluation as appropriate
	Clinical reevaluation as appropriate
	Consider treatment to have failed if PCT level does not decrease adequately
	Consider treatment to have failed if PCT level does not decrease adequately







PCT: Procalcitonin; Ab: Antibiotics.
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Table 4. Summary of recommendations from the European Society of Anesthesiology and Intensive Care (ESAIC), the European Society of Cardiology (ESC), the Canadian Cardiovascular Society Guidelines (CCSG), and the American Heart Association (AHA).
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	ESAIC/ESC
	CCSG
	AHA





	In patients who have known

CVD, CV risk factors
	If a patient’s age is ≥65, RCRI

≥ 1 or aged 45–64 with
	High-risk individuals (i.e., >65 or >45 with



	(including age ≥ 65 years), or symptoms suggestive of CVD, it is recommended to measure hs-cTn before intermediate and high risk NCS, and at 24 h and 48 h afterwards.



In patients who have known CVD, CV risk factors (including age ≥ 65 years), or symptoms suggestive of CVD, it should be considered to measure BNP or NT-proBNP before intermediate and high risk NCS.
	significant CVD, order BNP or NT-proBNP.



AND if positive NT-proBNP

≥ 300 pg/mL or BNP ≥ 92 pg/mL OR BNP or NT-proBNP not available,



THEN Measure troponin daily × 48–72 h



Not routine hsTn monitoring if proBNP < 300 pg/mL
	established CVD or peripheral atherosclerotic), having NCS, have serial hsTn measurements during the first 48–72 h postoperatively while hospitalized.



MINS diagnostic criteria should be used to standardize assessment and reporting of ischemic events in clinical practice and future clinical trials







CVD: cardiovascular disease; NCS: noncardiac surgery; RCRI: revised cardiac risk index.
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