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Abstract

Background: Multi-organ dysfunction is seen in up to 45% of patients presenting with sepsis/septic
shock and is associated with worse short-term outcomes and long-term organ dysfunction. Sepsis
is frequently associated with cardiovascular and renal dysfunction and injury either in isolation orin
combination. However, there are limited data on cardiorenal syndrome (CRS) in septic patients. CRS
is defined as the primary dysfunction of either the heart or kidney resulting in secondary dysfunction
or injury to the other organ and is classified into five types based on the chronicity and direction of
‘organ cross-talk’. CRS type 5 (CRS-5) reflects concomitant cardiac and renal dysfunction secondary
to a systemic condition that affects both organs. Sepsis, cirrhosis, systemic lupus erythematosus,
sarcoidosis, systemic sclerosis, amyloidosis, and toxins are all well-established causes of CRS-5. SCM
is a consequence of hemodynamic alterations and changes in myocardial blood flow, in addition to
direct myocardial toxicity from bacterial toxins. Under-resuscitation using intravenous fluids has
been recognized to contribute to the traditional ‘cold shock’ in sepsis. However, modern literature
has emphasized the role of judicious fluid resuscitation. Often restoration of vascular tone and
adequate fluid loading unmasks left ventricular (LV) systolic dysfunction
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Introduction:

Sepsis continues as a leading cause of mortality and morbidity. In a report from 2008, it accounted
for 1,141,000 hospital admissions. Despite recent advances in clinical care, mortality in septic
shock remains N40% in contemporary practice (1).

Multi-organ dysfunction is seen in up to 45% of patients presenting with sepsis/septic shock and
is associated with worse short-term outcomes and long-term organ dysfunction. Sepsis is frequently
associated with cardiovascular and renal dysfunction and injury cither in isolation or in

combination. However, there are limited data on cardiorenal syndrome (CRS) in septic patients

(2).
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CRS is defined as the primary dysfunction of either the heart or kidney resulting in secondary
dysfunction or injury to the other organ and is classified into five types based on the chronicity
and direction of ‘organ cross-talk’. CRS type 5 (CRS-5) reflects concomitant cardiac and renal
dysfunction secondary to a systemic condition that affects both organs. Sepsis, cirrhosis, systemic
lupus erythematosus, sarcoidosis, systemic sclerosis, amyloidosis, and toxins are all well-established

causes of CRS-5 (3).
Definitions

According to the recent Sepsis-3 guidelines, sepsis is defined as a ‘life-threatening organ
dysfunction due to a dysregulated host response to infection’. In the intensive care unit, sepsis is
diagnosed by N2 points rise in the Sequential Organ Failure Assessment score. Cardiovascular
dysfunction in sepsis can manifest as circulatory failure, septic cardiomyopathy (SCM) and
autonomic dysregulation. Traditionally, hemodynamic measurements of biventricular function
using pulmonary artery catheter have been used to define cardiac dysfunction (4).

However, the advent of critical care echocardiography has resulted in widespread adoption of
echocardiographic definitions of myocardial dysfunction. Cardiac injury in the current era is
almost exclusively defined by elevations in cardiac troponin-T (¢TnT) and/or troponin-I (cTnl),
and these biomarkers have been validated as mortality predictors in the septic population (5).

Increase in ¢TnT or ¢Tnl >0.01 ng/mL or an upward change in ¢<TnT of >0.03 ng/mL has been
used to define cardiac injury in sepsis. Historically acute kidney injury (AKI) was diagnosed using
the Risk, Injury, Failure, Loss and End-Stage criteria that was subsequently updated to AKI
Network criteria in 2007 (6).

Kidney Disease Improving Global Outcomes (KDIGO) criteria combines the prior definitions
and defines AKI as an absolute increase in serum creatinine >0.3 mg/dL (26.5 pmol/L) within 48
h or by a 50% increase in serum creatinine from baseline within 7 days, or a urine volume of b0.5

mL/kg/h for at least 6 h (7).
Epidemiology

The knowledge of the relationship between CRS-5 and systemic conditions in septic patients is
limited. AKI occurs with an incidence of 16-41% in septic patients, with a higher incidence noted
in older patients and those with higher prior comorbidity (8).

Attributable mortality to AKI varies from 0 to 41%, and factors including delayed diagnosis, multi-
organ involvement, and processes of care contribute to the reported variability in this relationship.
Nearly 20-60% of patients with sepsis and septic shock develop SCM and have a worse prognosis
as compared to those without SCM. Myocardial injury as demonstrated by elevation in ¢TnT or
cTnl is seen in about 60% of septic patients. The incidence and prevalence of CRS-5 and its
individual components of AKI and SCM/cardiac injury vary across literature due to the following
reasons (9).

a) Inconsistent definitions: Prior to the development of the KDIGO definition of AKI, the
prevalence of AKI was reported to be 16-67%. Standardization of the AKI definitions has led to
greater applicability across health care systems. The optimal research definition of cardiac
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dysfunction in sepsis is still lacking. Current echocardiographic definitions are extrapolated from

heart failure literature and lack precision in septic patients. cI'nT has high specificity for minimal
myocardial injury. However, the role of serial cTnT testing in this population has not been

validated (10).

b) Use of electronic health records: Ability to compile longitudinal data, electronic ‘alerting’

systems and use of quality control initiatives has all improved recognition and prevention of AKI

and SCM (9).

¢) Use of non-invasive technology: Advances in echocardiography and use of modern methods has
aided in the detection of subtle SCM. Additionally, the development of high-sensitivity cTnT has

increased the rate of myocardial injury identification (11).

d) Processes of care: Improvement in the processes of care, faster recognition of sepsis, and
prevention of therapeutic harm have all resulted in greater attention to prevention of organ injury

9).
Pathophysiology

pathological vasodilatation and multiorgan failure. Alterations in physiology can occur from sepsis
systemic effects, heart and kidney cross talk, and the impact of care processes (12).
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Figure 1: Pathogenesis of cardiorenal syndrome in sepsis. Legend: Black boxes and arrows
demonstrate the effects of sepsis pathophysiology and colored arrows highlight the effects of
processes of care on the development of cardiorenal syndrome. Abbreviations: ARDS: acute
respiratory distress syndrome; CBF: coronary blood flow; RV: right ventricular; SCM: septic

cardiomyopathy (9).
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Table 1 Factors contributing to organ cross-talk in cardiorenal syndrome (9).

Primary pathology

Mechanism of organ cross-talk

Cardiovascular

Excessive fluid resuscitation

Renal  hyperemia and  reno-venous
congestion

Right ventricular failure

Reno-venous congestion, renal edema

Under-resuscitation

Renal ischemia, ATN

Left ventricular failure

Decreased renal perfusion, renal ischemia,

ATN

Tachycardia/tachyarrhythmia

Impaired  cardiac  output, increased
vasopressor use causing renal ischemia and
toxicity

Refractory circulatory shock

Vasopressor toxicity, excessive reno-vascular

constriction

Renal

Metabolic acidosis Worsening shock, decreased vasopressor
efficacy

Protein, immunoglobulin loss Decreased immunity, worsening
inflammation

Microvascular derangements

Worsening capillary leak, decreased preload

Decreased RAAS activation

Circulatory failure

Need for renal replacement therapy

Catheter-related  infections,  increased

Vasopressor usc

ATN: acute tubular necrosis; RAAS: renin—angiotensin—aldosterone system.

Cardiac dysfunction in sepsis

SCM is a consequence of hemodynamic alterations and changes in myocardial blood flow, in
addition to direct myocardial toxicity from bacterial toxins. Under-resuscitation using intravenous
fluids has been recognized to contribute to the traditional ‘cold shock’ in sepsis. However, modern
literature has emphasized the role of judicious fluid resuscitation. Often restoration of vascular

tone and adequate fluid loading unmasks left ventricular (LV) systolic dysfunction (13).
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Adequate fluid loading can worsen new or pre-existing diastolic dysfunction leading to inability
to maintain hemodynamic stability. The right ventricle (RV) is exquisitely sensitive to increase in
afterload due to pulmonary vasoconstriction and use of positive pressure ventilation (14).

In addition to these hemodynamic alterations, sepsis is associated with changes in coronary blood
flow induced by inflammatory mediators such as nitric oxide, endothelin-1, calcium channels and
cytokines. A full review of these mechanisms has been elegantly described by Antonucci et al. and
is beyond the scope of this review (14).

Classic LV systolic dysfunction as defined by LV ¢jection fraction (LVEF) of b50% is present in
14-27% of patients with sepsis and septic shock. Additionally, sepsis is associated with tachycardia
due to autonomic dysreflexia that contributes to impaired diastolic filling, worsening arrhythmias
and decreased cardiac output (9).

Kidney injury in sepsis

Sepsis-associated AKI is a multifactorial phenomenon and involves derangements in renal vascular
tone, renal blood flow, and direct renal toxicity from infection and inflammation. A complete
review of pathophysiological mechanisms is beyond the scope of this review (15).

In a meta-analysis of 160 studies on sepsis, normal or increased renal blood flow was noted in
nearly 30% of the patients. Wan et al. showed that there might be a diversion of renal blood flow
towards the renal cortex resulting in relative renal medullary hypoxia. Inflammatory mediators in
sepsis cause renal dysfunction by apoptosis of tubular cells (15).

Patients with higher endotoxin activity in CRS-5 demonstrated greater renal apoptosis than those
without high endotoxin activity. Additionally, in septic patients decreased cardiac output due to
extrinsic compression from abdominal compartment syndrome and/or positive pressure ventilation

can result in decreased renal perfusion (16).
Organ cross talk

Multiple pathophysiological mechanisms and processes of care affect both organ systems.
Macrovascular hemodynamic alterations in sepsis can result in selective hypoperfusion of the renal
medulla and hence ischemic AKI and acute tubular necrosis. Conversely, renal ischemia leads to
in increased inflammatory mediators in the heart that result in an enhanced LV dimensions and
therefore declined systolic function. Worsening circulatory failure would also mandate increasing
doses of vasopressors and consequently renal hypoperfusion and ischemia. AKI, on the other hand,
is associated with worsening acidosis with impact on decreased efficacy of vasopressors. Excessive
intravenous fluids during resuscitation can cause visceral edema and abdominal or kidney intra-
capsular compartment syndrome, with a further decline in the renal blood flow. On the other
hand, fluid overload has direct influence in worsening of cardiac function by elevation of cardiac

filling pressures (21).
Risk factors

There are limited data highlighting the risk factors for the development of CRS-5 in sepsis.
Advanced age, higher comorbidity and septic shock are shared risk factors for cardiac and renal
dysfunction in sepsis (22).
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In a prospective study of 29 septic patients, patients requiring renal replacement therapy had a
lower LVEF compared to those not requiring renal replacement therapy (34.7 + 4.1% vs. 42.8 +
3%, p b 0.001). Patients with SCM were dialyzed more frequently than patients without SCM
(94% vs 16%, p b 0.001). The group with SCM also exhibited higher severity of AKI. Older age,
hypertension and coronary disease were predictive of new-onset LV diastolic dysfunction, but not
systolic dysfunction (9).

In a multi-center prospective observational study conducted in 23 countries, Bagshaw et al.
demonstrated the severity of illness, concomitant non-renal organ dysfunction, need for
vasopressors and mechanical ventilation to be risk factors for the development of septic AKI.
Emergent surgical admission and delayed time to antibiotic therapy were associated with greater
AKI in patients with sepsis (9).

Diagnosis

The timeline of CRS-5 development is divided into five phases from the onset of sepsis: hyperacute
(0=72 h), acute (3—7 days), subacute (7— 30 days) and chronic (=30 days). CRS-5 is a clinical
diagnosis, which is characterized by concomitant presence of acute kidney and heart dysfunction
and/or injury in the setting of sepsis (9).

Cardiac dysfunction and injury

SCM is described by echocardiographic evidence of new-onset LV systolic, LV diastolic or RV
dysfunction. American Society of Echocardiography definitions are used to classify ventricular
dysfunction. Varying cut-offs of LVEF from 45 to 55% have been used in literature to define LV
systolic dysfunction (17).

Due to the dynamic nature of LVEF, the incidence of reduced LVEF may increase over time based
on afterload conditions and fluid resuscitation. Various authors have used strain imaging to define
systolic dysfunction that has demonstrated greater correlation with clinical outcomes. LV diastolic
dysfunction is defined as grades II-IV dysfunction on tissue Doppler imaging (18).

The traditional criteria employ multiple parameters that might not be applicable or measurable in
acute critical illness, leading to the development of modified definitions by some authors. Semi-
quantitative echocardiography and strain imaging have been used to measure RV function. B-type
natriuretic peptide and N-terminal pro-B-type natriuretic peptide are strong biomarkers of
ventricular dysfunction and mortality in septic patients. However, the optimal cut-offs of these
peptides are poorly defined. Haines et al. demonstrated natriuretic peptides to be predictive of
maximum stage of AKI and need for renal replacement therapy (19).

Myocardial injury, on the other hand, is usually classified using cT'nT or ¢Tnl. Up to 85% of
patients with sepsis and septic shock have detectable cT'nT levels using standard troponin assays
and troponin levels have demonstrated a strong association with mortality. cT'nT levels correlate
with the presence of LV systolic and diastolic dysfunction and RV dysfunction on
echocardiography (20).

cTnT levels in patients with sepsis correlate with duration of hypotension and extent of vasopressor

support. cI'nT >0.01 ng/mL have been associated with higher mortality in sepsis and septic shock.
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A study demonstrated high sensitivity cTnT values to correlate with LV diastolic dysfunction and
RV dysfunction at higher cutoff values, alluding to a likely etiology of troponin release in these
patients (21).

Use of troponin for the diagnosis of CRS presents a diagnostic dilemma in patients on chronic
hemodialysis as about two-third of these patients have elevated troponin in the absence of cardiac
dysfunction. Pro-inflammatory cytokines such as interleukins 1 and 6 are highly sensitive for
myocardial cell injury; however, their nonspecific elevation in inflammatory conditions and the
increased specificity of ¢cI'nT and ¢T'nl have decreased their use in clinical practice (22).

Renal injury

Use of biomarkers to detect sub-clinical and early AKI is rapidly evolving. In septic patients,
neutrophil gelatinase-associated lipocalin (NGAL), is not only sensitive to detect AKI but also has
a high correlation with severity of sepsis. NGAL is also specific for septic AKI as compared to AKI
due to other causes and is predictive of need for intensive care admission and renal replacement

therapy (23).

However, the external validity of NGAL has not been confirmed as the source of data is from
homogenous populations and single centers. Urine Insulin-like growth factor-binding protein 7
and tissue inhibitor of metalloproteinases-2, both inducers of G1 cell cycle arrest are superior to
other biomarkers in predicting development of moderate-severe AKI (KDIGO stage 2 or 3) in
septic patients within 12 h. Other novel biomarker for early AKI such as N-acetyl-
betaglucosaminidase, kidney injury molecule-1, interleukin-18 and cystatin-C need further
validation in human studies ( 24).

Management

Due to the limited data on the etiopathogenesis, temporal course and clinically robust definitions
of CRS-5, the diagnosis, and management of CRS-5 is varied and inconsistent. In CRS-5 where it
is secondary to systemic process like sepsis, the cornerstone of management is the treatment of
underlying disease (16).

Early antibiotics and early judicious fluid resuscitation are the cornerstone of sepsis management
with concurrent vasopressor therapy for septic shock. Source control, blood product
administration and mechanical ventilation are therapeutic adjuncts that are used as mandated by
the clinical context (9).

Fluid and vasopressor therapy are used to stabilize the hemodynamic alterations. Current
guidelines recommend fluid loading with 30 mL/kg body weight of crystalloids prior to initiation
of vasopressors. Patients with chronic heart failure and kidney disease have a high risk of under-
resuscitation due to concerns for fluid overload (25).

Patients with CRS-5 likely suffer from the same biases by treating intensivists resulting in potential
under-resuscitation and persistence of circulatory failure. The use of ‘balanced’ crystalloids in sepsis
is associated with improved outcomes, especially in patients with severe metabolic acidosis. Use of
high-chloride containing fluids is associated with the development of normal anion gap metabolic
acidosis in addition to high anion-gap metabolic acidosis (from lactic acidosis). This results in
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decreased efficacy of vasoactive medications and antibiotics causing potentially prolonged and
more severe circulatory failure (26).

Management of acidosis is further complicated by co-existing AKI, potentially necessitating renal

replacement therapy. Over-zealous fluid resuscitation often results in visceral edema, renal vascular
congestion and intra-abdominal hypertension all of which potentially decrease renal blood flow
and impair venous return. The use of diuretics to optimize fluid management in these patients is
limited by the development of AKI. The consequent fluid accumulation results in worse outcomes
due to persistent positive pressure balance. The initial premise that patients with sepsis all require
30 ml/kg fluid resuscitation has subsequently been challenged, especially in patients with SCM.
Ongoing studies evaluating the role of echocardiography-directed fluid resuscitation will likely help
guide clinicians on fluid management in CRS-5 (27).

Norepinephrine is the recommended first line vasoactive agent in these patients due to its cardiac-
sparing effects and effective restoration of vascular tone. However, in patients with CRS-5, there
is concern for norepinephrine toxicity due to excessive renal vascular constriction and renal

medullary hypoxia (9).

Use of inotropes in the management of septic shock has declined over the past decade, despite the
initial enthusiasm generated by the Early Goal-Directed Therapy Guidelines. The specific role of
inotropes in the management of SCM remains to be explored. Augmentation of cardiac index to
supra-normal levels using inotropes did not achieve any reduction in mortality or morbidity in
patients with septic shock (28).

SCM is considered by some authorities as a survival adaptation and increasing the beta-receptor
stimulation could contribute to worse outcomes. Levosimendan has shown promising results in
patients with acute heart failure; however, it did not demonstrate a difference in outcomes in sepsis.
Levosimendan has shown improvement in physiological LV and RV parameters, and needs further
study specifically in septic patients with SCM. Current guidelines do not recommend
levosimendan for renal protection in patients with sepsis (9).

The ideal combination of vasopressors, inotropes and fluid therapy in the CRS-5 remains to be
defined due to the complex interactions between the therapeutic strategies and the organ systems.
Fluid and vasopressor therapy should be used to restore perfusion pressure with a consideration for
a higher mean arterial pressure goal in patients with chronic hypertension. However, these higher
blood pressure targets often are associated with greater vasoactive medication use and its

consequent toxicity, necessitating a fine clinical balance (9).

Loop diuretics such as furosemide have been used to increased urinary output, but as it can worsen
renal function. Current guidelines recommend against using loop diuretics to prevent AKI solely.
However, diuretics could be utilized to control or avoid fluid overload. In case of refractory AKI
in spite of achieving normal blood pressure, continuous renal replacement therapy (CRRT) should

be considered (29).

CRRT may also help clear inflammatory cytokines, which could improve hemodynamics in septic
patient and decrease myocardial strain. Currently, there is a lack of unanimity amongst intensivists
regarding early vs late initiation of CRRT; however literature has favored early start, especially in
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post-surgical patients. In a multicenter trial, patients receiving CRRT had better renal recovery

than patients receiving intermittent hemodialysis (9).

Convective CRRT has been shown to decrease the need for vasopressor support over the first week

of therapy as compared to diffuse CRRT; however, this has not been specifically evaluated in CRS-

5. In sepsis, there are multiple pro and anti-inflammatory mediators and selectively blocking one

mediator has not been shown to improve outcomes. The ‘peak concentration hypothesis’

conceptualizes the prevention of peak concentration of mediators via continuous filtration. CRRT,

by virtue of continuously removing all of the pro and anti-inflammatory mediators improves

outcomes (9).
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