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Abstract

:

Septic shock management in the cardiac intensive care unit (CICU) is challenging due to the complex interaction of pathophysiology between vasodilatory and cardiogenic shock, complicating how to optimally deploy fluid resuscitation, vasopressors, and mechanical circulatory support devices. Because mixed shock portends high mortality and morbidity, familiarity with quality, contemporary clinical evidence surrounding available therapeutic tools is needed to address the resultant wide range of complications that can arise. This review integrates pathophysiology principles and clinical recommendations to provide an organized, topic-based review of the nuanced intricacies of managing sepsis in the CICU.
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1. Introduction


Sepsis and septic shock are common complications experienced by patients in the cardiac intensive care unit (CICU) [1]. The intricate pathophysiologic features and interactions between cardiogenic shock (CS) and septic shock crucially inform our current, multi-faceted diagnostic and therapeutic approach. This current literature review integrates relevant pathophysiology principles with guidance to manage patients with comorbid sepsis and CS.




2. Epidemiology and Definitions


The Third International Consensus defines sepsis as a “life-threatening organ dysfunction caused by a dysregulated host response to infection”. Organ dysfunction can be further qualified by a change in the sequential organ-failure assessment (SOFA) score of ≥2 points from baseline [2]. Though the truncated version of the SOFA score, the “quick SOFA” or “qSOFA” score, is easier to use by only accounting for respiratory rate (RR), mentation, and systolic blood pressure (SBP), it suffers from inferior prognostic accuracy compared to its traditional, more cumbersome counterpart [3]. Specifically, the qSOFA score alone should not be used to diagnose sepsis, but rather as an expedited prognostic tool for predicting mortality in patients with sepsis. Defined as worsening hemodynamics in the setting of sepsis, septic shock is characterized by the need for vasopressors to maintain a mean arterial pressure (MAP) of ≥65 mmHg and a serum lactate >2 mmol/L [4]. In this capacity, septic shock should specifically be considered in the absence of hypovolemia since infections can often illicit ongoing fluid losses (e.g., diarrhea or vomiting), resulting in a hypovolemic component to shock, which should be addressed first.



In total, 6 to 37% of CICU patients experience sepsis [5,6], and up to 44% of those developing sepsis die [5]. Furthermore, patients with myocardial infarction (MI) complicated by sepsis experience 103% higher odds of death compared to non-septic MI patients [7]. Similarly, non-cardiac multisystem organ failure is also significantly more prevalent in sepsis cohorts.



Despite the absence of a standard definition for CS [6], one of the most well-known criteria originating from the SHOCK trial in 1999 defined it as (1) SBP < 90 mmHg for >30 min or a vasopressor need to maintain SBP ≥ 90 mmHg; (2) end-organ hypoperfusion (e.g., urine output < 30 mL/hour or cool extremities; and (3) cardiac index (CI) < 2.2 L/min/m2 and pulmonary capillary wedge pressure >15 mmHg [8]. The most recent European Society of Cardiology guidelines define CS similarly [9].




3. Pathophysiology of Cardiogenic and Septic Shock


Cardiogenic shock most commonly occurs in the setting of acute myocardial infarction (AMI), but can also occur due to decompensated HF, massive pulmonary embolism (PE), myocarditis, severe valvular dysfunction, and other causes [10]. In AMI-CS, the infarct results in reduced contractility and cardiac output (CO), which leads to increases in LV end-diastolic pressure (LVEDP). As left-side coronary perfusion depends on the difference between diastolic blood pressure and LVEDP, stiffer LV walls (and thus higher LVEDP) decrease coronary perfusion pressure (CPP), thus reducing aerobic respiration capabilities to initiate a vicious downward spiral towards systemic hemodynamic instability [11]. Unlike the LV, the RV can be perfused during both diastole and systole, though its CPP is still decided by the difference between MAP and RV pressure. The initial response of peripheral vasculature in the setting of cardiac dysfunction is to vasoconstrict to preserve perfusion pressure [12], and cells throughout the body maximize oxygen extraction from their respective capillary beds to compensate for reduced flow [13].



Sepsis results in peripheral circulatory vasodilatation through the action of nitric oxide (NO). Proinflammatory cytokines such as tumor necrosis factor (TNF) or interleukin-1 (IL-1) are upregulated as a result of the acute infection and inflammation, ramping up the production of NO, which diffuses through the circulation to activate guanylate cyclase [14]. The final product of this cascade, cyclic GMP, then relaxes vascular smooth muscle and inhibits vascular tone [15]. Dilated vessels thus can no longer maintain the perfusion pressure needed for optimal physiologic functioning, leading to widespread organ failure. Cardiac dysfunction can exist in up to 44% of patients presenting with septic shock [16]. Sepsis can worsen circulatory function by affecting either peripheral vasculature [14] or myocardial function [17].



Sepsis adversely impacts myocardial function directly via several distinct mechanisms. First, the aforementioned vasodilatory factor, NO, exerts inhibitory effects on beta-adrenergic (β1) receptors, which are normally responsible for increasing heart rate and contractility [17]. Decreased β1-receptor activity causes the heart to lose its compensatory reserve to combat shock. Second, sepsis-related mitochondrial dysregulation and subsequent reactive oxygen species (ROS) formation may also directly suppress cardiac function [18]. Myocardial cells are often saturated with mitochondria due to their high aerobic energy production needs. Thus, inflammatory cytokines that lead to mitochondrial dysfunction can lead to excessive ROS build-up and direct cytotoxic damage to the cardiomyocytes. Additionally, sepsis can induce complement system dysfunction, whereby complement factor C5a, a potent chemotaxis agent for mast cells and neutrophils, can directly suppress myocardial cell function [19]. Targeting these less-understood mechanisms of direct myocardial suppression can be a worthy pursuit in future biomedical or pharmaceutical research.




4. Hemodynamic Assessment and Diagnosis of Comorbid Sepsis and Cardiogenic Shock


Recognition and timely diagnosis of comorbid septic and cardiogenic shock in the CICU can be challenging. A comprehensive hemodynamic assessment is warranted to further understand (Table 1) the etiology of shock, whether cardiogenic, distributive, obstructive, or some combination. Comorbid septic and cardiogenic shock exhibit unique alterations in hemodynamic parameters (e.g., cardiac index, ventricular filling pressures, mixed venous oxygen saturation) that may exist in “paradoxical” combinations (e.g., coexisting preserved cardiac index with high filling pressures). Thus, in these complicated mixed shock scenarios, frequent and careful assessments of patients’ clinical status and hemodynamic parameters become even more necessary to inform proper diagnostics and ultimately guide management.



Cardiac biomarkers have been commonly obtained as part of the initial investigation for suspected acute cardiac dysfunction, including troponin and N-terminal pro-B-type natriuretic peptide (NT-proBNP) [6]. Specifically, troponin I, is often trended as a marker for myocardial injury in the setting of acute coronary syndrome, one of the most common etiologies for cardiogenic shock. Meta-analysis data also suggest the potential use of troponin I as a prognostic marker in septic shock, and there have been ongoing efforts to investigate this in large-scale, prospective trials [20,21]. NT-proBNP, on the other hand, is often used as a surrogate for estimating fluid status and cardiac congestion in the setting of heart failure. Similarly, in retrospective analysis, NT-proBNP has also been found to have prognostic value in septic shock [22]. However, a significant limitation of the utility of both troponin I and NT-proBNP in comorbid septic and cardiogenic shock lies in their specificity. Both markers are often found to be elevated in patients with chronic inflammatory conditions, as well as renal dysfunction, resulting in challenges with interpretation. Additionally, plasma renin has also been investigated as a biomarker for prognosis and treatment guidance in shock, with a comparison of its prognostic value against that of serum lactate. For example, a positive rate of change in plasma renin, but not lactate, for over 72 h has been associated with increased in-hospital mortality [23]. In a similar context, newer biomarkers, such as ST2 (a member of the interleukin receptor family) [24], copeptin (a molecule co-release with arginine vasopressin) [25], and growth differentiation factor 15 (GDF-15, a member of the transforming growth factor β superfamily) [26] are undergoing both retrospective and prospective investigations for their prognostic value in both cardiogenic and septic shock. However, their current clinical utility is greatly hindered by their limited availability and accessibility, which is heavily concentrated at large, academic clinical sites.



Two decades ago, a landmark trial showed mortality benefit from early goal-directed therapy (EGDT) involving hemodynamic monitoring of preload, afterload, and oxygen saturations with a central venous catheter in patients with septic shock [27]. Despite subsequent studies and meta-analyses not validating the benefits of deploying the specific EGDT protocol [27], close hemodynamic monitoring and the resultant timely appropriate resuscitative interventions have nevertheless been widely popularized in the intensive care setting. A wide variety of invasive and noninvasive tools and markers (e.g., end-tidal CO2, [ETCO2], inferior vena cava [IVC] collapsibility index as seen on point-of-care ultrasound [POCUS]) have been evaluated for their usefulness in hemodynamic monitoring in sepsis and CS [28]. Specifically, POCUS provides rapid and convenient global assessments of both LV and RV function, and it can be performed using remote guidance even in the most austere settings [29]. POCUS studies have explored the utility of venous doppler waveform analyses of the IVC alone, as well as composite analyses of the hepatic, portal, and renal veins to create the venous excess ultrasound score (VExUS), to help predict the severity of venous congestion [30,31]. Additionally, the rise of artificial intelligence-guided POCUS has the potential to reduce overall barrier-to-entry and increase inter-operator reliability for more skill-dependent measures such as the LV outflow tract velocity-time integral (VTI) [32]. However, the limitations of POCUS are equally important to recognize as it alone cannot replace a comprehensive cardiovascular assessment. Thus, POCUS findings must always be considered in the context of a physical exam and other clinical parameters to inform a more comprehensive picture of hemodynamic status. Additionally, perhaps the most straightforward method to assess fluid responsiveness can be achieved using a “passive leg raise”, which effectively delivers approximately 300 mL of preload to the heart [33]. This maneuver is safe due to its rapid reversibility and can be used as part of the initial hemodynamic assessment, even before test fluid boluses are given.



New advances in critical care technology have introduced tools to approach hemodynamic monitoring, such as pulse contour analysis, which gathers data from an arterial line to calculate cardiac output [34,35]. This technology has been validated against pulmonary arterial catheterization in stable patients undergoing surgery, yet its performance may be less reliable in clinical scenarios involving extremely low vascular resistance, such as sepsis and cirrhosis [35]. While these devices may account for the effects of fluid administration, their reliability should be balanced with a comprehensive clinical picture.



The current gold standard in hemodynamic assessment of cardiogenic shock remains the pulmonary artery catheter (PAC) [36]. Though invasive, the PAC can provide crucial, real-time guidance regarding left- and right-sided filling pressures and cardiac output to guide resuscitation decisions. Despite its ability to provide these hemodynamic data, many questions remain about its ability to translate those data into improved CS mortality, as suggested by a landmark meta-analysis conducted by Shah et al. in 2005 [37]. The authors concluded that perhaps the lack of benefit of PAC use resulted from a lack of “effective evidence-based treatments” used in conjunction with PAC [37]. However, in the past decade, advancements and tools in cardiac critical care have popularized the use of PACs for real-time monitoring of the therapeutic effect. Recent retrospective analyses suggest that the PAC is associated with lower propensity-matched 30-day mortality [38]. For example, PAC can characterize mixed shock profiles and can aid MCS-related clinical decision-making. Continually worsening hemodynamics may warrant escalating from an IABP to an Impella, adding left-ventricular assist device (LVAD) support to patients with only an RVAD, or initiating and up-titrating extracorporeal membrane oxygenation (ECMO) parameters [39]. While prospective, randomized control trials (RCTs) are needed, the PAC remains an invaluable tool to assist intensivists’ hemodynamic status assessment of complex CS patients.




5. Management Guidelines


Cardiogenic shock-related mortality in the CICU is significant, but comorbid septic shock adds an extra layer of complexity and risk that demands early recognition, careful monitoring, and a systematic approach to management (Figure 1).



5.1. Antimicrobials


Early empiric antimicrobial therapy is crucial for the treatment of sepsis and septic shock, preferably within one hour of recognizing the signs and symptoms [40]. Empiric antimicrobial agents are selected based on the most likely pathogen and the patient’s individual risk factors, such as immunocompromise or recent exposures to healthcare environments [41]. The 2021 Surviving Sepsis Campaign guidelines on initial empiric antibiotic therapy selection suggest initiating broad-spectrum coverage within one hour of recognizing the signs and symptoms of sepsis, but then subsequently tailoring to patient-specific culture results and susceptibilities, as well as local antibiograms [42].



Empiric coverage for Gram-negative bacteria is often considered standard and uniform in the treatment of sepsis. These pathogens can release endotoxins derived from components of their cell wall, such as lipid A, which can be extremely immunogenic in eliciting massive inflammatory response in the form of cytokines (e.g., TNF-alpha) [43]. Additionally, pathogen-associated molecular patterns (PAMPs), which are breakdown products of microorganisms, have also been investigated both for their diagnostic and therapeutic utility, especially in the setting of culture-negative sepsis [44]. Commonly used antibiotics to treat Gram-negative sepsis include piperacillin-tazobactam, fluoroquinolones such as levofloxacin, cephalosporins such as ceftazidime and cefepime, as well as carbapenems such as meropenem [45]. Gram-negative coverage should include targeting Pseudomonas aeruginosa, a Gram-negative bacillus associated with high rates of antibiotic resistance and mortality [46]. Due to intrinsically high rates of antibiotic resistance in Gram-negative bacteria such as Pseudomonas and Enterobacteriaceae, the Infection Disease Society of America (IDSA) supports using double-agent combination coverage for Gram-negative organisms in those with septic shock [47] until patient-specific culture and susceptibility results return [48]. Additionally, for patients who are at high risk of methicillin-resistant Staphylococcus aureus (MRSA) infection either due to positive cultures in the past or recent exposure to the healthcare setting, empiric coverage for MRSA is recommended until definitive cultures result [49].



Once the organism and source of infection can be identified, source-control in the form of surgery and/or debridement or removal of lines/drains/indwelling catheters should be performed and all antimicrobials should be tailored and deescalated as soon as possible to avoid iatrogenic damage [42]. Among the various side effects of prolonged antibiotic use, one lesser-appreciated mechanism that may further complicate hemodynamic function in the setting of comorbid sepsis and CS is that carrier solutions for IV antibiotics can contain large amounts of sodium [50]. For example, with typical dosing, IV vancomycin can deliver an astounding 3540 mg of sodium over 24 h of therapy, while IV piperacillin-tazobactam will add another 2280 mg over the same duration [51]. The resulting volume expansion from this salt overload can incite pulmonary edema, cardiorenal syndrome, and other end-organ dysfunction, especially in the setting of existing cardiac dysfunction. Though appropriate antimicrobials are an essential therapy in sepsis, their ongoing judicious use is particularly important when managing comorbid CS.




5.2. Fluid Resuscitation


Optimal fluid resuscitation is an important component of sepsis care, as many outpatients present for medical care with hypovolemia due to low per oral intake and increased losses from fever-induced perspiration, which can be further complicated by massive inflammation-induced low vascular tone and leakage [52]. Until recently, most guidelines have recommended aggressive resuscitation with crystalloids in sepsis, with a 30 mL/kg of body weight initial bolus to be followed by maintenance fluids with the goal of achieving a consistent MAP > 65 mmHg [53]. However, contemporary meta-analyses of large RCTs have demonstrated that lower crystalloid resuscitation volumes did not lead to worse outcomes, raising doubt about the ideal fluid volume for sepsis management [54,55]. Thus, the current 2021 Surviving Sepsis guidelines cite insufficient evidence to make a recommendation about a liberal vs. restrictive fluid strategy in the first 24 h of resuscitation [49].



A longstanding debate exists about whether the use of colloids (e.g., albumin) for fluid resuscitation would improve outcomes compared to crystalloids. Only 25% of every 1 L of administered crystalloids, as opposed to nearly 50% of administered colloids, remains in the plasma after distribution to various intracellular and extracellular compartments. Additionally, the half-life of infused crystalloids vs. colloids in circulation is only around 20–40 min vs. 2–3 h, respectively [56,57]. Multiple RCTs (e.g., SAFE, CRISTAL, ALBIOS) compare the efficacy of crystalloids versus colloids for resuscitation in the ICU; however, none of them demonstrated a significant difference in mortality or renal outcomes [56,58,59]. In a similar vein, colloids are commonly used for post-cardiac surgery volume resuscitation, despite its higher costs and the lack of evidence for its superiority over crystalloids [60]. Notably, some of these studies’ conclusions are limited by their generalization of distinct types of colloid solutions as well as their use of low-concentration colloids. Recently, a meta-analysis of over 5000 patients with septic shock did show improved 90-day outcomes with the use of 20% albumin vs. crystalloid resuscitation, calling for further prospective studies [61,62].



Another consideration for fluid choice in resuscitation is choosing between different crystalloid solutions (Table 2). While normal saline, which contains 154 mEq of sodium and an equivalent amount of chloride, may be the most widely used option, recent clinical data support more “balanced” solutions, such as lactated ringers and Plasma-Lyte, in most clinical situations. As compared to normal saline, these fluids are comprised of electrolyte concentrations more physiologically similar to plasma [63]. This typically means lower levels of sodium and chloride, and the addition of 4–5 mEq/L of potassium, along with a buffer component (e.g., lactate) that is eventually metabolized to bicarbonate. Randomized controlled trials comparing the use of normal saline to “balanced” crystalloids have shown mixed results, with the SMART [64] and SALT-ED [65] trials showing a slight benefit for Ringer’s lactate, and BASICS [66] and PLUS [67] demonstrating no difference in mortality or renal outcomes. Proponents of the use of “balanced” crystalloids cite the high chloride load as a risk factor for hyperchloremic metabolic acidosis. Additionally, this chloride load delivered to the macula densa can be a major contributor to acute renal injury, as the tubulo-glomerular feedback causes afferent vessels to vasoconstrict [68]. Meanwhile, supporters of normal saline point to the added potassium of “balanced” crystalloids as potentially exacerbating hyperkalemia in at-risk patients, but this myth has been largely dispelled in follow-up studies [69].



For patients with comorbid sepsis and CS, frequently reassessing volume status to determine the need for fluid resuscitation or post-resuscitation fluid restriction is important. The CLOVERS study randomized patients with sepsis-related hypotension to either a restrictive or a liberal fluid management strategy and found no differences in 90-day mortality between the two cohorts [70]. Ultimately, the decisions surrounding fluid administration in comorbid sepsis and CS can be challenging, but starting with smaller fluid boluses and determining future needs with frequent reassessments based on exam and objective data is a prudent approach.




5.3. Vasopressors


Vasopressor use has been a cornerstone in the management of septic shock to address low vascular resistance, hypotension, and subsequent poor organ perfusion secondary to massive inflammation. In order to maintain the MAP target of ≥65 mmHg suggested by the 2021 Surviving Sepsis campaign [42], different vasoactive agents can be escalated or used in conjunction with one another. Norepinephrine is the most used agent and is considered first-line by experts and guideline consensus. Its activity on both alpha- and beta-adrenergic receptors contributes to not only increased vascular tone but also myocardial contractility. Vasopressin is a second-line agent often added when the MAP goal cannot be attained via norepinephrine administration alone, or to help reduce the catecholaminergic load that can potentially trigger problems such as cardiac dysrhythmias [70]. Vasopressin, or the antidiuretic hormone (ADH), acts on V1 and V2 receptors to increase vascular tone and fluid retention in the kidneys, respectively. For patients with CS requiring inotropic agents (e.g., milrinone, dobutamine) that have concomitant distributive shock secondary to sepsis, up-titrating vasopressor support is often necessary, and inotropic agent use should be optimized as well. Epinephrine is often used as a dual inotrope and vasopressor to help minimize norepinephrine requirements. Epinephrine’s strong beta-adrenergic agonism and alpha agonism make it useful for cardiac dysfunction, though when combined with norepinephrine, the risk for catecholamine overload increases. Specifically, the risk for life-threatening dysrhythmias and organ ischemia secondary to significant vascular tone increases with prolonged, combined use of such agents. Additionally, overuse of adrenergic agents may increase pulmonary vascular resistance, which can contribute to decompensation in patients with existing RV dysfunction. Because overuse of adrenergic agents can increase mortality in patients with CS [71], judicious use of the lowest dose and shortest duration possible is strongly recommended. Historically, dopamine has been widely used for shock due to its interesting dose-dependent dopaminergic and adrenergic receptor agonism; however, comparison studies against norepinephrine have shown more frequent adverse events such as dysrhythmias and increased mortality in patients with CS [72]. Newer inotropes such as levosimendan are also under active investigation for their efficacy and safety profiles compared to traditional agents [73], though no mortality benefit supports its use in lieu of standard therapies in septic shock [74]. The role of these newer agents will need to be studied further before recommendations can be reliably given.



Another particularly interesting agent worthy of discussion exerts its effects on the renin–angiotensin–aldosterone system (RAAS)—angiotensin II (AT-II). The RAAS has been a key pharmacological target in the treatment of hypertension, renal disease, and prevention of adverse cardiac remodeling, yet despite >30 years of clinical use, its role in the management of shock has been, until recently, overlooked [75]. A 2017 RCT demonstrated that AT-II effectively raised MAP by ≥10 mmHg from baseline or to ≥75 mmHg in patients with vasodilatory shock who required >0.2 μg/kg/min of norepinephrine infusion, compared to placebo [76]. AT-II improved the SOFA score at 48 h without increasing adverse events compared to placebo. A review of 24 studies involving the use of AT-II also demonstrated that it effectively increased MAP by an average of 23.4% in patients with circulatory shock [77]. Ultimately, pharmacological therapy targeting the RAAS pathway may be a powerful tool alongside adrenergic-modifying agents to treat shock.




5.4. Positive-Pressure Ventilation


Patients with sepsis often develop life-threatening respiratory compromise, either through direct infection of the pulmonary parenchyma (e.g., pneumonia) or through inducing acute respiratory distress syndrome (ARDS), where inflammation leads to massive pulmonary capillary leakage and alveolar collapse. These patients often need rapid up-titration of non-invasive or invasive positive-pressure ventilation (PPV) [78]. While PPV crucially supports alveolar expansion and oxygen exchange across the alveolar membrane, it also exerts varying hemodynamic effects on the left (LV) and right ventricle (RV). Generally, LV function benefits from PPV in the form of afterload reduction resulting from the baroreceptor reflex response to aortic compression [79]. However, PPV increases both intrathoracic pressure and pulmonary vascular resistance (PVR) [80]. These hemodynamic impacts become extremely important in the setting of RV dysfunction. The increase in intrathoracic pressure can decrease the amount of venous return, leading to lower RV preload. Concurrently, PPV can cause alveolar overdistension, which in turn compresses pulmonary vasculature, leading to increased PVR and thus increased RV afterload. Together, reduced RV preload and increased RV afterload can exacerbate underlying RV dysfunction, and significantly increase its work and oxygen demand [81]. Subsequently, severe RV dysfunction can lead to an insufficient supply of LV preload, inducing left-sided dysfunction and worsening cardiac output, eventually descending into a hemodynamic crisis. Thus, a delicate balance between ventilation, oxygenation, and perfusion must be carefully monitored and maintained [79].




5.5. Mechanical Circulatory Support


Temporary mechanical circulatory support (MCS) devices improve systemic perfusion, allow time for myocardial recovery from injury, and either serve as a bridge to recovery or as a bridge to a more definitive intervention (e.g., durable device, cardiac transplantation) [82]. The rapid evolution in MCS in recent years has provided newer options for CS patients who are refractory to fluid resuscitation and vasopressor therapy [83]. Right-sided univentricular support devices typically help circumvent the failing RV, thus improving LV preload and systemic perfusion. Examples of RV MCS devices include the Impella RP Flex and the Protek Duo [84]. Left-sided devices (e.g., intra-aortic balloon pumps (IABP), Impella, TandemHeart series) either directly contribute to cardiac output or increase coronary perfusion to the LV by improving diastolic coronary flow [82] Meanwhile, biventricular support can be achieved through venoarterial extracorporeal membrane oxygenation (VA-ECMO), biventricular assist devices (e.g., BiPellas, Impella/Protek, CentriMag surgical BiVADs), or the total artificial heart (TAH) [85]. Specifically, VA-ECMO is increasingly utilized as a bridge to definitive therapy in the form of either transplantation or long-term LVAD for patients with a cardiac index <2 L/min/m2 with lack of myocardial recovery, low MAP despite vasopressors, and other MCS modalities [86]. Despite high absolute mortality rates (i.e., 50–70%) for this patient cohort, VA-ECMO use in patients with MI-induced CS did not improve clinical outcomes [87,88]. Waiting to initiate VA-ECMO until patients with severe CS clinically deteriorate may yield similar outcomes to initiating it shortly after diagnosis. In fact, a recent large RCT showed that among patients with acute myocardial infarction complicated by CS, extracorporeal life support did not improve 30-day mortality compared to standard medical therapy [89,90]. Despite these findings, VA-ECMO remains an important tool in cardiogenic shock, and prudent clinical decision making is warranted to help identify patients who may benefit the most from VA-ECMO as a bridge to definitive therapy.



While MCS may not be indicated for primary septic shock, with careful consideration of risk and benefits, it can serve as a useful tool to manage refractory mixed vasodilatory and cardiogenic shock [91]. In patients developing sepsis or septic shock while already on MCS, a contingency plan should be made regarding if and when to escalate the level of mechanical support. For example, after a thorough risk–benefit analysis, a patient with only RV support can be considered for a temporary LV device if hemodynamics worsen with sepsis [92]. Similarly, patients on VA-ECMO should be considered for flow parameter up-titration if a mixed shock scenario develops [92]. Notably, in a recent retrospective analysis exploring the use of temporary MCS for sepsis-related cardiogenic shock, only the use of IABP and VADs was associated with a lower risk of in-hospital mortality [93]. Specifically, among patients with septic shock and acute MI, MCS failed to demonstrate a survival benefit. Though animal models are under investigation [94], further prospective, randomized control trials are needed to further elucidate outcomes of temporary MCS use in patients with comorbid septic and cardiogenic shock.



Another controversy surrounding the use of mechanical cardiac support in septic patients centers around the potential risk of introducing a new potential source or nidus of infection [91]. First, sepsis is not an absolute contraindication for the initiation of MCS [95]. As independent factors, septic shock and CS already each confer a high risk for mortality, and, when present together, they contribute to even more rapid decompensation [96]. Thus, the hemodynamic benefit that comes with the judicious use of mechanical support often outweighs the potential risk of a new device-related infection [97].



Finally, initiating different MCS, especially ECMO, can introduce both hemolysis and thrombotic risk, often secondary to the shearing stress exerted on red blood cells and platelets, thus warranting empiric anticoagulation [98,99]. Without large-scale, prospective investigation assessing how to optimally balance the bleeding and thrombotic risks of MCS use in patients with comorbid septic and cardiogenic shock, any risk–benefit discussion must include this. Whether the hemodynamic benefit provided by MCS outweighs the increased risk of major hemorrhage or venous thromboembolism should be an individualized decision for every patient.





6. Conclusions and Future Outlook


Sepsis management in the CICU is challenging, nuanced, and rapidly evolving due to the steady influx of new evidence on fluid resuscitation and vasopressor use, as well as the advancing MCS technologies. Artificial intelligence-guided screening and management tools for sepsis have also been undergoing active modeling and testing, though these initial applications should always be approached with equal parts optimism and caution.







Author Contributions


Y.Z., M.T.M. and J.L. shared responsibilities for the literature review, primary writing, and editing of the manuscript. All authors provided critical insight in the writing process and edited and approved the final draft of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


M.T.M is the chief medical officer of BOA Biomedical. M.T.M is also an advisor to the Sepsis Alliance and Healcisio.




References


	



Feldman, E.W.; Dugan, E.; Stephens, R.S.; Schulman, S.; Zakaria, S.; Metkus, T. Presentation and Outcomes of Sepsis in the Cardiac Intensive Care Unit. Am. Heart J. Plus Cardiol. Res. Pract. 2021, 7, 100040. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Govindan, S.; Prescott, H.C. Quick Sequential Organ Failure Assessment: Illness Severity Indicator, Clinical Decision Support Tool, or Both? Crit. Care Med. 2017, 45, 1947–1949. [Google Scholar] [CrossRef]

	



Thompson, K.; Venkatesh, B.; Finfer, S. Sepsis and Septic Shock: Current Approaches to Management. Intern. Med. J. 2019, 49, 160–170. [Google Scholar] [CrossRef] [PubMed]

	



Jentzer, J.C.; Bhat, A.G.; Patlolla, S.H.; Sinha, S.S.; Miller, P.E.; Lawler, P.R.; van Diepen, S.; Khanna, A.K.; Zhao, D.X.; Vallabhajosyula, S. Concomitant Sepsis Diagnoses in Acute Myocardial Infarction-Cardiogenic Shock: 15-Year National Temporal Trends, Management, and Outcomes. Crit. Care Explor. 2022, 4, e0637. [Google Scholar] [CrossRef] [PubMed]

	



Vahdatpour, C.; Collins, D.; Goldberg, S. Cardiogenic Shock. J. Am. Heart Assoc. 2019, 8, e011991. [Google Scholar] [CrossRef]

	



Kobbari, G.; Yandrapalli, S.; Anugu, V.R.; Pasam, R.T.; Atti, V.; Kanaparthy, N.; Nabors, C.; Aronow, W. Incidence and Outcomes of Cardiogenic Shock in Patients with Sepsis Complicated by Acute Myocardial Infarction. J. Am. Coll. Cardiol. 2019, 73 (Suppl. S1), 288. [Google Scholar] [CrossRef]

	



Hochman, J.S.; Sleeper, L.A.; Webb, J.G.; Sanborn, T.A.; White, H.D.; Talley, J.D.; Buller, C.E.; Jacobs, A.K.; Slater, J.N.; Col, J.; et al. Early Revascularization in Acute Myocardial Infarction Complicated by Cardiogenic Shock. SHOCK Investigators. Should We Emergently Revascularize Occluded Coronaries for Cardiogenic Shock. N. Engl. J. Med. 1999, 341, 625–634. [Google Scholar] [CrossRef]

	



Ponikowski, P.; Voors, A.A.; Anker, S.D.; Bueno, H.; Cleland, J.G.F.; Coats, A.J.S.; Falk, V.; González-Juanatey, J.R.; Harjola, V.-P.; Jankowska, E.A.; et al. 2016 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure: The Task Force for the Diagnosis and Treatment of Acute and Chronic Heart Failure of the European Society of Cardiology (ESC)Developed with the Special Contribution of the Heart Failure Association (HFA) of the ESC. Eur. Heart J. 2016, 37, 2129–2200. [Google Scholar] [CrossRef]

	



Chioncel, O.; Parissis, J.; Mebazaa, A.; Thiele, H.; Desch, S.; Bauersachs, J.; Harjola, V.-P.; Antohi, E.-L.; Arrigo, M.; Ben Gal, T.; et al. Epidemiology, Pathophysiology and Contemporary Management of Cardiogenic Shock—A Position Statement from the Heart Failure Association of the European Society of Cardiology. Eur. J. Heart Fail. 2020, 22, 1315–1341. [Google Scholar] [CrossRef]

	



Tehrani, B.N.; Truesdell, A.G.; Psotka, M.A.; Rosner, C.; Singh, R.; Sinha, S.S.; Damluji, A.A.; Batchelor, W.B. A Standardized and Comprehensive Approach to the Management of Cardiogenic Shock. JACC Heart Fail. 2020, 8, 879–891. [Google Scholar] [CrossRef] [PubMed]

	



Just, H. Peripheral Adaptations in Congestive Heart Failure: A Review. Am. J. Med. 1991, 90, 23S–26S. [Google Scholar] [CrossRef]

	



Dhakal, B.P.; Malhotra, R.; Murphy, R.M.; Pappagianopoulos, P.P.; Baggish, A.L.; Weiner, R.B.; Houstis, N.E.; Eisman, A.S.; Hough, S.S.; Lewis, G.D. Mechanisms of Exercise Intolerance in Heart Failure with Preserved Ejection Fraction: The Role of Abnormal Peripheral Oxygen Extraction. Circ. Heart Fail. 2015, 8, 286–294. [Google Scholar] [CrossRef] [PubMed]

	



Greer, J. Pathophysiology of Cardiovascular Dysfunction in Sepsis. BJA Educ. 2015, 15, 316–321. [Google Scholar] [CrossRef]

	



VINCENT, J.-L.; ZHANG, H.; SZABO, C.; PREISER, J.-C. Effects of Nitric Oxide in Septic Shock. Am. J. Respir. Crit. Care Med. 2000, 161, 1781–1785. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Jarczak, D.; Kluge, S.; Nierhaus, A. Sepsis—Pathophysiology and Therapeutic Concepts. Front. Med. 2021, 8, 609. [Google Scholar] [CrossRef]

	



Brealey, D.; Brand, M.; Hargreaves, I.; Heales, S.; Land, J.; Smolenski, R.; Davies, N.A.; Cooper, C.E.; Singer, M. Association between Mitochondrial Dysfunction and Severity and Outcome of Septic Shock. Lancet Lond. Engl. 2002, 360, 219–223. [Google Scholar] [CrossRef]

	



Niederbichler, A.D.; Hoesel, L.M.; Westfall, M.V.; Gao, H.; Ipaktchi, K.R.; Sun, L.; Zetoune, F.S.; Su, G.L.; Arbabi, S.; Sarma, J.V.; et al. An Essential Role for Complement C5a in the Pathogenesis of Septic Cardiac Dysfunction. J. Exp. Med. 2006, 203, 53–61. [Google Scholar] [CrossRef]

	



Sheyin, O.; Davies, O.; Duan, W.; Perez, X. The Prognostic Significance of Troponin Elevation in Patients with Sepsis: A Meta-Analysis. Heart Lung J. Crit. Care 2015, 44, 75–81. [Google Scholar] [CrossRef]

	



Frencken, J.F.; Donker, D.W.; Spitoni, C.; Koster-Brouwer, M.E.; Soliman, I.W.; Ong, D.S.Y.; Horn, J.; van der Poll, T.; van Klei, W.A.; Bonten, M.J.M.; et al. Myocardial Injury in Patients with Sepsis and Its Association with Long-Term Outcome. Circ. Cardiovasc. Qual. Outcomes 2018, 11, e004040. [Google Scholar] [CrossRef] [PubMed]

	



Omar, A.S.; Ur Rahman, M.; Dhatt, G.S.; Salami, G.O.; Abuhasna, S. Dynamics of Brain Natriuretic Peptide in Critically Ill Patients with Severe Sepsis and Septic Shock. Saudi J. Anaesth. 2013, 7, 270–276. [Google Scholar] [CrossRef] [PubMed]

	



Jeyaraju, M.; McCurdy, M.T.; Levine, A.R.; Devarajan, P.; Mazzeffi, M.A.; Mullins, K.E.; Reif, M.; Yim, D.N.; Parrino, C.; Lankford, A.S.; et al. Renin Kinetics Are Superior to Lactate Kinetics for Predicting In-Hospital Mortality in Hypotensive Critically Ill Patients. Crit. Care Med. 2022, 50, 50–60. [Google Scholar] [CrossRef]

	



Villacorta, H.; Maisel, A.S. Soluble ST2 Testing: A Promising Biomarker in the Management of Heart Failure. Arq. Bras. Cardiol. 2016, 106, 145–152. [Google Scholar] [CrossRef] [PubMed]

	



Gomes, D.A.; de Almeida Beltrão, R.L.; de Oliveira Junior, F.M.; da Silva Junior, J.C.; de Arruda, E.P.C.; Lira, E.C.; da Rocha, M.J.A. Vasopressin and Copeptin Release during Sepsis and Septic Shock. Peptides 2021, 136, 170437. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Tang, D.; Chen, J.; Hu, Y.; Cai, X.; Zhang, P. The Clinical Value of GDF15 and Its Prospective Mechanism in Sepsis. Front. Immunol. 2021, 12, 710977. [Google Scholar] [CrossRef]

	



Rivers, E.; Nguyen, B.; Havstad, S.; Ressler, J.; Muzzin, A.; Knoblich, B.; Peterson, E.; Tomlanovich, M. Early Goal-Directed Therapy in the Treatment of Severe Sepsis and Septic Shock. N. Engl. J. Med. 2001, 345, 1368–1377. [Google Scholar] [CrossRef]

	



Baloch, K.; Rehman Memon, A.; Ikhlaq, U.; Umair, M.; Ansari, M.I.; Abubaker, J.; Salahuddin, N. Assessing the Utility of End-Tidal Carbon Dioxide as a Marker for Fluid Responsiveness in Cardiogenic Shock. Cureus 2021, 13, e13164. [Google Scholar] [CrossRef]

	



Salerno, A.; Kuhn, D.; El Sibai, R.; Levine, A.R.; McCurdy, M.T. Real-Time Remote Tele-Mentored Echocardiography: A Systematic Review. Med. Kaunas Lith. 2020, 56, 668. [Google Scholar] [CrossRef]

	



Safadi, S.; Murthi, S.; Kashani, K.B. Use of Ultrasound to Assess Hemodynamics in Acutely Ill Patients. Kidney360 2021, 2, 1349–1359. [Google Scholar] [CrossRef]

	



Beaubien-Souligny, W.; Rola, P.; Haycock, K.; Bouchard, J.; Lamarche, Y.; Spiegel, R.; Denault, A.Y. Quantifying Systemic Congestion with Point-Of-Care Ultrasound: Development of the Venous Excess Ultrasound Grading System. Ultrasound J. 2020, 12, 16. [Google Scholar] [CrossRef] [PubMed]

	



Barjaktarevic, I.; Kenny, J.-É.S.; Berlin, D.; Cannesson, M. The Evolution of Ultrasound in Critical Care: From Procedural Guidance to Hemodynamic Monitor. J. Ultrasound Med. Off. J. Am. Inst. Ultrasound Med. 2021, 40, 401–405. [Google Scholar] [CrossRef] [PubMed]

	



Monnet, X.; Teboul, J.-L. Passive Leg Raising: Five Rules, Not a Drop of Fluid! Crit. Care 2015, 19, 18. [Google Scholar] [CrossRef] [PubMed]

	



Marik, P.E. Noninvasive Cardiac Output Monitors: A State-of the-Art Review. J. Cardiothorac. Vasc. Anesth. 2013, 27, 121–134. [Google Scholar] [CrossRef] [PubMed]

	



Argueta, E.; Berdine, G.; Pena, C.; Nugent, K.M. FloTrac® Monitoring System: What Are Its Uses in Critically Ill Medical Patients? Am. J. Med. Sci. 2015, 349, 352–356. [Google Scholar] [CrossRef]

	



Ranka, S.; Mastoris, I.; Kapur, N.K.; Tedford, R.J.; Rali, A.; Acharya, P.; Weidling, R.; Goyal, A.; Sauer, A.J.; Gupta, B.; et al. Right Heart Catheterization in Cardiogenic Shock Is Associated with Improved Outcomes: Insights From the Nationwide Readmissions Database. J. Am. Heart Assoc. 2021, 10, e019843. [Google Scholar] [CrossRef]

	



Shah, M.R.; Hasselblad, V.; Stevenson, L.W.; Binanay, C.; O’Connor, C.M.; Sopko, G.; Califf, R.M. Impact of the Pulmonary Artery Catheter in Critically Ill Patients: Meta-Analysis of Randomized Clinical Trials. JAMA 2005, 294, 1664–1670. [Google Scholar] [CrossRef]

	



Bertaina, M.; Galluzzo, A.; Morici, N.; Sacco, A.; Oliva, F.; Valente, S.; D’Ascenzo, F.; Frea, S.; Sbarra, P.; Petitti, E.; et al. Pulmonary Artery Catheter Monitoring in Patients with Cardiogenic Shock: Time for a Reappraisal? Card. Fail. Rev. 2022, 8, e15. [Google Scholar] [CrossRef]

	



Saxena, A.; Garan, A.R.; Kapur, N.K.; O’Neill, W.W.; Lindenfeld, J.; Pinney, S.P.; Uriel, N.; Burkhoff, D.; Kern, M. Value of Hemodynamic Monitoring in Patients with Cardiogenic Shock Undergoing Mechanical Circulatory Support. Circulation 2020, 141, 1184–1197. [Google Scholar] [CrossRef]

	



Martínez, M.L.; Plata-Menchaca, E.P.; Ruiz-Rodríguez, J.C.; Ferrer, R. An Approach to Antibiotic Treatment in Patients with Sepsis. J. Thorac. Dis. 2020, 12, 1007–1021. [Google Scholar] [CrossRef]

	



Strich, J.R.; Heil, E.L.; Masur, H. Considerations for Empiric Antimicrobial Therapy in Sepsis and Septic Shock in an Era of Antimicrobial Resistance. J. Infect. Dis. 2020, 222 (Suppl. S2), S119–S131. [Google Scholar] [CrossRef] [PubMed]

	



Rhodes, A.; Evans, L.E.; Alhazzani, W.; Levy, M.M.; Antonelli, M.; Ferrer, R.; Kumar, A.; Sevransky, J.E.; Sprung, C.L.; Nunnally, M.E.; et al. Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock: 2016. Intensive Care Med. 2017, 43, 304–377. [Google Scholar] [CrossRef] [PubMed]

	



DiPiro, J.T. Pathophysiology and Treatment of Gram-Negative Sepsis. Am. J. Hosp. Pharm. 1990, 47 (Suppl. S3), S6–S10. [Google Scholar] [CrossRef] [PubMed]

	



Gentile, L.F.; Moldawer, L.L. DAMPs, PAMPs, and the Origins of SIRS in Bacterial Sepsis. Shock 2013, 39, 113–114. [Google Scholar] [CrossRef] [PubMed]

	



Kalil, A.C.; Metersky, M.L.; Klompas, M.; Muscedere, J.; Sweeney, D.A.; Palmer, L.B.; Napolitano, L.M.; O’Grady, N.P.; Bartlett, J.G.; Carratalà, J.; et al. Management of Adults with Hospital-Acquired and Ventilator-Associated Pneumonia: 2016 Clinical Practice Guidelines by the Infectious Diseases Society of America and the American Thoracic Society. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2016, 63, e61–e111. [Google Scholar] [CrossRef]

	



Zakhour, J.; Sharara, S.L.; Hindy, J.-R.; Haddad, S.F.; Kanj, S.S. Antimicrobial Treatment of Pseudomonas Aeruginosa Severe Sepsis. Antibiotics 2022, 11, 1432. [Google Scholar] [CrossRef]

	



Amaral, A.C.K.B.; Fowler, R.A.; Pinto, R.; Rubenfeld, G.D.; Ellis, P.; Bookatz, B.; Marshall, J.C.; Martinka, G.; Keenan, S.; Laporta, D.; et al. Patient and Organizational Factors Associated with Delays in Antimicrobial Therapy for Septic Shock. Crit. Care Med. 2016, 44, 2145–2153. [Google Scholar] [CrossRef]

	



Deshpande, A.; Haessler, S.; Brizendine, K.; Lindenauer, P.; Lagu, T.; Yu, P.-C.; Bakaki, P.; Pekow, P.; Rothberg, M. Empiric Double Coverage for Healthcare-Associated Pneumonia: Is It Still Necessary? Open Forum Infect. Dis. 2016, 3 (Suppl. S1), 1252. [Google Scholar] [CrossRef]

	



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]

	



Maimone, S.; Mazzeo, A.T.; Squadrito, G.; Raimondo, G. Sodium Load and Intravenous Antimicrobials in Patients with Cirrhosis. Dig. Liver Dis. Off. J. Ital. Soc. Gastroenterol. Ital. Assoc. Study Liver 2019, 51, 1490–1492. [Google Scholar] [CrossRef]

	



Wang, N.; Nguyen, P.K.; Pham, C.U.; Smith, E.A.; Kim, B.; Goetz, M.B.; Graber, C.J. Sodium Content of Intravenous Antibiotic Preparations. Open Forum Infect. Dis. 2019, 6, ofz508. [Google Scholar] [CrossRef] [PubMed]

	



Semler, M.W.; Rice, T.W. Sepsis Resuscitation: Fluid Choice and Dose. Clin. Chest Med. 2016, 37, 241–250. [Google Scholar] [CrossRef] [PubMed]

	



Finfer, S.; Liu, B.; Taylor, C.; Bellomo, R.; Billot, L.; Cook, D.; Du, B.; McArthur, C.; Myburgh, J. Resuscitation Fluid Use in Critically Ill Adults: An International Cross-Sectional Study in 391 Intensive Care Units. Crit. Care Lond. Engl. 2010, 14, R185. [Google Scholar] [CrossRef] [PubMed]

	



Sivapalan, P.; Ellekjaer, K.L.; Jessen, M.K.; Meyhoff, T.S.; Cronhjort, M.; Hjortrup, P.B.; Wetterslev, J.; Granholm, A.; Møller, M.H.; Perner, A. Lower vs Higher Fluid Volumes in Adult Patients with Sepsis: An Updated Systematic Review with Meta-Analysis and Trial Sequential Analysis. Chest 2023, 164, 892–912. [Google Scholar] [CrossRef]

	



Moschopoulos, C.D.; Dimopoulou, D.; Dimopoulou, A.; Dimopoulou, K.; Protopapas, K.; Zavras, N.; Tsiodras, S.; Kotanidou, A.; Fragkou, P.C. New Insights into the Fluid Management in Patients with Septic Shock. Medicina 2023, 59, 1047. [Google Scholar] [CrossRef]

	



Caironi, P.; Tognoni, G.; Masson, S.; Fumagalli, R.; Pesenti, A.; Romero, M.; Fanizza, C.; Caspani, L.; Faenza, S.; Grasselli, G.; et al. Albumin Replacement in Patients with Severe Sepsis or Septic Shock. N. Engl. J. Med. 2014, 370, 1412–1421. [Google Scholar] [CrossRef]

	



Hahn, R.G.; Lyons, G. The Half-Life of Infusion Fluids: An Educational Review. Eur. J. Anaesthesiol. 2016, 33, 475–482. [Google Scholar] [CrossRef]

	



The SAFE Study Investigators. A Comparison of Albumin and Saline for Fluid Resuscitation in the Intensive Care Unit. N. Engl. J. Med. 2004, 350, 2247–2256. [Google Scholar] [CrossRef]

	



Annane, D.; Siami, S.; Jaber, S.; Martin, C.; Elatrous, S.; Declère, A.D.; Preiser, J.C.; Outin, H.; Troché, G.; Charpentier, C.; et al. Effects of Fluid Resuscitation with Colloids vs Crystalloids on Mortality in Critically Ill Patients Presenting with Hypovolemic Shock: The CRISTAL Randomized Trial. JAMA 2013, 310, 1809–1817. [Google Scholar] [CrossRef]

	



Hanley, C.; Callum, J.; Karkouti, K.; Bartoszko, J. Albumin in Adult Cardiac Surgery: A Narrative Review. Can. J. Anesth. Can. Anesth. 2021, 68, 1197–1213. [Google Scholar] [CrossRef]

	



Geng, L.; Tian, X.; Gao, Z.; Mao, A.; Feng, L.; He, C. Different Concentrations of Albumin Versus Crystalloid in Patients with Sepsis and Septic Shock: A Meta-Analysis of Randomized Clinical Trials. J. Intensive Care Med. 2023, 38, 679–689. [Google Scholar] [CrossRef] [PubMed]

	



Sakr, Y.; Bauer, M.; Nierhaus, A.; Kluge, S.; Schumacher, U.; Putensen, C.; Fichtner, F.; Petros, S.; Scheer, C.; Jaschinski, U.; et al. Randomized Controlled Multicentre Study of Albumin Replacement Therapy in Septic Shock (ARISS): Protocol for a Randomized Controlled Trial. Trials 2020, 21, 1002. [Google Scholar] [CrossRef] [PubMed]

	



Semler, M.W.; Kellum, J.A. Balanced Crystalloid Solutions. Am. J. Respir. Crit. Care Med. 2019, 199, 952–960. [Google Scholar] [CrossRef] [PubMed]

	



Semler, M.W.; Self, W.H.; Wanderer, J.P.; Ehrenfeld, J.M.; Wang, L.; Byrne, D.W.; Stollings, J.L.; Kumar, A.B.; Hughes, C.G.; Hernandez, A.; et al. Balanced Crystalloids versus Saline in Critically Ill Adults. N. Engl. J. Med. 2018, 378, 829–839. [Google Scholar] [CrossRef]

	



Self, W.H.; Semler, M.W.; Wanderer, J.P.; Wang, L.; Byrne, D.W.; Collins, S.P.; Slovis, C.M.; Lindsell, C.J.; Ehrenfeld, J.M.; Siew, E.D.; et al. Balanced Crystalloids versus Saline in Noncritically Ill Adults. N. Engl. J. Med. 2018, 378, 819–828. [Google Scholar] [CrossRef]

	



Zampieri, F.G.; Machado, F.R.; Biondi, R.S.; Freitas, F.G.R.; Veiga, V.C.; Figueiredo, R.C.; Lovato, W.J.; Amêndola, C.P.; Serpa-Neto, A.; Paranhos, J.L.R.; et al. Effect of Intravenous Fluid Treatment with a Balanced Solution vs 0.9% Saline Solution on Mortality in Critically Ill Patients: The BaSICS Randomized Clinical Trial. JAMA 2021, 326, 818–829. [Google Scholar] [CrossRef]

	



Finfer, S.; Micallef, S.; Hammond, N.; Navarra, L.; Bellomo, R.; Billot, L.; Delaney, A.; Gallagher, M.; Gattas, D.; Li, Q.; et al. Balanced Multielectrolyte Solution versus Saline in Critically Ill Adults. N. Engl. J. Med. 2022, 386, 815–826. [Google Scholar] [CrossRef]

	



Vallon, V. Tubuloglomerular Feedback and the Control of Glomerular Filtration Rate. Physiology 2003, 18, 169–174. [Google Scholar] [CrossRef]

	



Toporek, A.H.; Semler, M.W.; Self, W.H.; Bernard, G.R.; Wang, L.; Siew, E.D.; Stollings, J.L.; Wanderer, J.P.; Rice, T.W.; Casey, J.D. Balanced Crystalloids versus Saline in Critically Ill Adults with Hyperkalemia or Acute Kidney Injury: Secondary Analysis of a Clinical Trial. Am. J. Respir. Crit. Care Med. 2021, 203, 1322–1325. [Google Scholar] [CrossRef]

	



Demiselle, J.; Fage, N.; Radermacher, P.; Asfar, P. Vasopressin and Its Analogues in Shock States: A Review. Ann. Intensive Care 2020, 10, 9. [Google Scholar] [CrossRef]

	



Tarvasmäki, T.; Lassus, J.; Varpula, M.; Sionis, A.; Sund, R.; Køber, L.; Spinar, J.; Parissis, J.; Banaszewski, M.; Silva Cardoso, J.; et al. Current Real-Life Use of Vasopressors and Inotropes in Cardiogenic Shock—Adrenaline Use Is Associated with Excess Organ Injury and Mortality. Crit. Care Lond. Engl. 2016, 20, 208. [Google Scholar] [CrossRef]

	



De Backer, D.; Biston, P.; Devriendt, J.; Madl, C.; Chochrad, D.; Aldecoa, C.; Brasseur, A.; Defrance, P.; Gottignies, P.; Vincent, J.-L. Comparison of Dopamine and Norepinephrine in the Treatment of Shock. N. Engl. J. Med. 2010, 362, 779–789. [Google Scholar] [CrossRef]

	



Conti, N.; Gatti, M.; Raschi, E.; Diemberger, I.; Potena, L. Evidence and Current Use of Levosimendan in the Treatment of Heart Failure: Filling the Gap. Drug Des. Devel. Ther. 2021, 15, 3391–3409. [Google Scholar] [CrossRef]

	



Gordon, A.C.; Perkins, G.D.; Singer, M.; McAuley, D.F.; Orme, R.M.L.; Santhakumaran, S.; Mason, A.J.; Cross, M.; Al-Beidh, F.; Best-Lane, J.; et al. Levosimendan for the Prevention of Acute Organ Dysfunction in Sepsis. N. Engl. J. Med. 2016, 375, 1638–1648. [Google Scholar] [CrossRef]

	



McCurdy, M.T.; Busse, L.W. Rethinking Vasopressor Education: The Need to Avoid Teaching the Bare Minimum. ATS Sch. 2023, 4, 389–390. [Google Scholar] [CrossRef]

	



Khanna, A.; English, S.W.; Wang, X.S.; Ham, K.; Tumlin, J.; Szerlip, H.; Busse, L.W.; Altaweel, L.; Albertson, T.E.; Mackey, C.; et al. Angiotensin II for the Treatment of Vasodilatory Shock. N. Engl. J. Med. 2017, 377, 419–430. [Google Scholar] [CrossRef]

	



Busse, L.W.; McCurdy, M.T.; Ali, O.; Hall, A.; Chen, H.; Ostermann, M. The Effect of Angiotensin II on Blood Pressure in Patients with Circulatory Shock: A Structured Review of the Literature. Crit. Care Lond. Engl. 2017, 21, 324. [Google Scholar] [CrossRef]

	



Mercat, A.; Richard, J.-C.M.; Vielle, B.; Jaber, S.; Osman, D.; Diehl, J.-L.; Lefrant, J.-Y.; Prat, G.; Richecoeur, J.; Nieszkowska, A.; et al. Positive End-Expiratory Pressure Setting in Adults with Acute Lung Injury and Acute Respiratory Distress Syndrome: A Randomized Controlled Trial. JAMA 2008, 299, 646–655. [Google Scholar] [CrossRef]

	



Alviar, C.L.; Miller, P.E.; McAreavey, D.; Katz, J.N.; Lee, B.; Moriyama, B.; Soble, J.; van Diepen, S.; Solomon, M.A.; Morrow, D.A. Positive Pressure Ventilation in the Cardiac Intensive Care Unit. J. Am. Coll. Cardiol. 2018, 72, 1532–1553. [Google Scholar] [CrossRef]

	



Corp, A.; Thomas, C.; Adlam, M. The Cardiovascular Effects of Positive Pressure Ventilation. BJA Educ. 2021, 21, 202–209. [Google Scholar] [CrossRef]

	



Disselkamp, M.; Adkins, D.; Pandey, S.; Coz Yataco, A.O. Physiologic Approach to Mechanical Ventilation in Right Ventricular Failure. Ann. Am. Thorac. Soc. 2018, 15, 383–389. [Google Scholar] [CrossRef]

	



Atti, V.; Narayanan, M.A.; Patel, B.; Balla, S.; Siddique, A.; Lundgren, S.; Velagapudi, P. A Comprehensive Review of Mechanical Circulatory Support Devices. Heart Int. 2022, 16, 37–48. [Google Scholar] [CrossRef]

	



Thiele, H.; Ohman, E.M.; Desch, S.; Eitel, I.; de Waha, S. Management of Cardiogenic Shock. Eur. Heart J. 2015, 36, 1223–1230. [Google Scholar] [CrossRef]

	



Alkhunaizi, F.A.; Burkhoff, D.; Brener, M.I. Right-Sided Mechanical Circulatory Support—A Hemodynamic Perspective. Curr. Heart Fail. Rep. 2022, 19, 334–345. [Google Scholar] [CrossRef]

	



Vis, A.; Arfaee, M.; Khambati, H.; Slaughter, M.S.; Gummert, J.F.; Overvelde, J.T.B.; Kluin, J. The Ongoing Quest for the First Total Artificial Heart as Destination Therapy. Nat. Rev. Cardiol. 2022, 19, 813–828. [Google Scholar] [CrossRef]

	



Marasco, S.F.; Lukas, G.; McDonald, M.; McMillan, J.; Ihle, B. Review of ECMO (Extra Corporeal Membrane Oxygenation) Support in Critically Ill Adult Patients. Heart Lung Circ. 2008, 17 (Suppl. S4), S41–S47. [Google Scholar] [CrossRef]

	



Shin, T.G.; Choi, J.-H.; Jo, I.J.; Sim, M.S.; Song, H.G.; Jeong, Y.K.; Song, Y.-B.; Hahn, J.-Y.; Choi, S.H.; Gwon, H.-C. Extracorporeal Cardiopulmonary Resuscitation in Patients with Inhospital Cardiac Arrest: A Comparison with Conventional Cardiopulmonary Resuscitation. Crit. Care Med. 2011, 39, 1–7. [Google Scholar] [CrossRef]

	



Chen, Y.-S.; Lin, J.-W.; Yu, H.-Y.; Ko, W.-J.; Jerng, J.-S.; Chang, W.-T.; Chen, W.-J.; Huang, S.-C.; Chi, N.-H.; Wang, C.-H. Cardiopulmonary Resuscitation with Assisted Extracorporeal Life-Support versus Conventional Cardiopulmonary Resuscitation in Adults with in-Hospital Cardiac Arrest: An Observational Study and Propensity Analysis. Lancet 2008, 372, 554–561. [Google Scholar] [CrossRef]

	



Ostadal, P.; Rokyta, R.; Karasek, J.; Kruger, A.; Vondrakova, D.; Janotka, M.; Naar, J.; Smalcova, J.; Hubatova, M.; Hromadka, M.; et al. Extracorporeal Membrane Oxygenation in the Therapy of Cardiogenic Shock: Results of the ECMO-CS Randomized Clinical Trial. Circulation 2023, 147, 454–464. [Google Scholar] [CrossRef]

	



Thiele, H.; Zeymer, U.; Akin, I.; Behnes, M.; Rassaf, T.; Mahabadi, A.A.; Lehmann, R.; Eitel, I.; Graf, T.; Seidler, T.; et al. Extracorporeal Life Support in Infarct-Related Cardiogenic Shock. N. Engl. J. Med. 2023, 389, 1286–1297. [Google Scholar] [CrossRef]

	



Ling, R.R.; Ramanathan, K.; Poon, W.H.; Tan, C.S.; Brechot, N.; Brodie, D.; Combes, A.; MacLaren, G. Venoarterial Extracorporeal Membrane Oxygenation as Mechanical Circulatory Support in Adult Septic Shock: A Systematic Review and Meta-Analysis with Individual Participant Data Meta-Regression Analysis. Crit. Care 2021, 25, 246. [Google Scholar] [CrossRef]

	



Geller, B.J.; Sinha, S.S.; Kapur, N.K.; Bakitas, M.; Balsam, L.B.; Chikwe, J.; Klein, D.G.; Kochar, A.; Masri, S.C.; Sims, D.B.; et al. Escalating and De-Escalating Temporary Mechanical Circulatory Support in Cardiogenic Shock: A Scientific Statement From the American Heart Association. Circulation 2022, 146, e50–e68. [Google Scholar] [CrossRef]

	



Sato, R.; Hasegawa, D.; Guo, S.C.; Nishida, K.; Dugar, S. Temporary Mechanical Circulatory Support in Sepsis-Associated Cardiogenic Shock with and Without Acute Myocardial Infarction. J. Cardiothorac. Vasc. Anesth. 2023, 9, 26. [Google Scholar] [CrossRef]

	



Chvojka, J.; Martinkova, V.; Benes, J.; Valesova, L.; Danihel, V.; Nalos, L.; Matejovic, M. Mechanical Circulatory Support in Refractory Vasodilatory Septic Shock: A Randomized Controlled Porcine Study. Shock 2020, 53, 124–131. [Google Scholar] [CrossRef]

	



Gilotra, N.A.; Stevens, G.R. Temporary Mechanical Circulatory Support: A Review of the Options, Indications, and Outcomes. Clin. Med. Insights Cardiol. 2014, 8 (Suppl. S1), 75–85. [Google Scholar] [CrossRef]

	



Mayr, V.D.; Dünser, M.W.; Greil, V.; Jochberger, S.; Luckner, G.; Ulmer, H.; Friesenecker, B.E.; Takala, J.; Hasibeder, W.R. Causes of Death and Determinants of Outcome in Critically Ill Patients. Crit. Care 2006, 10, R154. [Google Scholar] [CrossRef]

	



George, P.; Srivastava, M.C.; Ludmir, J.; Reed, R.M.; Tewelde, S.Z.; Gupta, A.; McCurdy, M.T. Augmenting Function for Infarction from Infection: Impella 2.5 for Ischemic Cardiogenic Shock Complicating Sepsis. Case Rep. Cardiol. 2017, 2017, 8407530. [Google Scholar] [CrossRef]

	



Petricevic, M.; Milicic, D.; Boban, M.; Mihaljevic, M.Z.; Baricevic, Z.; Kolic, K.; Dolic, K.; Konosic, L.; Kopjar, T.; Biocina, B. Bleeding and Thrombotic Events in Patients Undergoing Mechanical Circulatory Support: A Review of Literature. Thorac. Cardiovasc. Surg. 2015, 63, 636–646. [Google Scholar] [CrossRef]

	



Baumann Kreuziger, L.; Massicotte, M.P. Mechanical Circulatory Support: Balancing Bleeding and Clotting in High-Risk Patients. Hematology 2015, 2015, 61–68. [Google Scholar] [CrossRef]








[image: Jcdd 10 00429 g001] 





Figure 1. Stepwise Considerations in Management of Mixed Septic and Cardiogenic Shock. 
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Table 1. Classic Hemodynamic Profiles of Discrete vs. Mixed Shock Etiologies.
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	Etiology of Shock
	Cardiac Index (CI)
	Systemic Vascular Resistance (SVR)
	Central Venous O2 Saturation (ScVO2)
	Central Venous Pressure (CVP)





	Cardiogenic
	Decreased
	Increased
	Decreased
	Increased



	Distributive
	Increased or normal
	Decreased
	Increased
	Decreased or normal



	Hypovolemic
	Decreased
	Increased
	Decreased
	Decreased



	Obstructive
	Decreased
	Increased or normal
	Decreased or normal
	Increased



	Mixed Cardiogenic & Distributive
	Decreased or variable
	Decreased or variable
	Variable
	Variable










 





Table 2. Electrolyte and Osmolality Statistics of Common Resuscitation Fluids as Compared with Plasma.
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	Fluid Type
	Sodium-Na (mEq/L)
	Chloride-Cl (mEq/L)
	Potassium-K (mEq/L)
	Osmolality (mosm/L)





	Plasma
	140
	103
	4
	290



	Normal Saline (0.9%)
	154
	154
	0
	308



	Lactated Ringers
	130
	109
	4
	273



	Plasmalyte
	140
	98
	5
	294



	Colloids (e.g., 25% albumin)
	145
	Dependent on diluent
	Dependent on diluent
	~300
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