Vasoplegic Syndrome After Cardiovascular Surgery:  A Review of Pathophysiology and Outcome Oriented Therapeutic Management
 Abstract:
 Vasoplegic syndrome (VPS) is defined as systemic hypotension due to profound vasodilatation and loss of systemic vascular resistance (SVR), despite normal or increased cardiac index (CI). It occurs in 9- 44% of cardiac surgery patients after cardiopulmonary bypass (CPB) and is associated with significant morbidity and mortality.  The pathogenesis of VPS is multifactorial involving the activation of contact, coagulation, and complement systems and the activation of leukocytes. platelets and endothelial cells resulting in an imbalance in the regulation of the vascular tone; inducible nitric oxide synthase [iNOS] triggered by inflammatory cytokines during CPB produces nitric oxide (NO), which increases vascular levels of cyclic guanosine monophosphate (cGMP), resulting in vasodilation.  leading to postcardiac surgery VPS. Standard treatment options for severe refractory VPS are extremely limited and include vasopressor support. latest Surviving Sepsis Campaign guidelines also consider that the best therapeutic management of vascular hypo- responsiveness to vasopressors could be a combination of multiple vasopressors, including norepinephrine (NE) and early prescription of vasopressin. This review will address the various definitions, risk factors, pathophysiology, potential cardiac candidates, and potential therapeutic interventions for VPS following cardiac surgery focussed on the outcome. This review did not require any ethical approval or consent from the patients.
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Introduction:	
VPS is a well-known complication after cardiac surgery with or without CPB and is associated with a significant morbidity and mortality. Some authors have reported its incidence as 9% to 44% in cardiac surgical patients after CPB.[1], and others have reported as 5 to 10% and higher i.e., 30- 50% in subset of patients   with predisposing factors.[2] It is characterised by profound systemic hypotension due to persistently low SVR with high cardiac output but low-end organ perfusion. invariably it is associated with normal or supranormal cardiac functions but requires vasopressors to maintain end organ perfusion pressures. Refractory VPS develops from uncontrolled vasodilation and vascular hypo -responsiveness to fluid resuscitation and endogenous vasoconstrictors, leading to failure of physiological Vaso regulatory mechanics. Recently, non-catecholamine vasopressors like vasopressin, methylene blue, Angiotensin II, terlipressin, hydroxocobalamin, corticosteroid, ascorbic acid and thiamine have been used to restore the vascular tone and improving VPS. However, their effect with respect to mortality benefits is still not clear.  Despite the recent advances in therapy, the mortality remains as high as 30% to 50%, mainly due to inadequate cellular oxygen utilization and multiorgan failure especially acute kidney injury [AKI]. [3,4,5] This review will address the various definitions, risk factors, pathophysiology, potential cardiac candidates, and potential therapeutic interventions for VPS following cardiac surgery focussed on the outcome.



 Benchmark standards for Defining of Vasoplegic Syndrome:
There is no universal consensus definition of VPS after cardiac surgery. The criteria in the published literature have been variable, but broadly a mean arterial pressure(MAP) of less than 65 mmHg with a cardiac index(CI) of greater than 2.2 L/min/m2 is consistent with VPS.[6]  Jacob et al. have proposed VPS, as failure to  achieve Map>65mm Hg, despite vasopressor therapy and require resuscitative therapy with non -catecholamines or very high doses of combination of vasopressors.[7] Busse et al have defined the VPS  when shock occurs within 24 h of CPB in the setting of a  CI is greater than 2.2 L/kg/m2 and SVR less than 800 dyne s/cm5.[8]   Duran et al have defined VPS as MAP <50, requiring NE >.08Ug/kg/minute for  hypotension in the absence of low cardiac output state.[9] In 2017, Tsiouris et al have defined VPS as hypotension with low SVR (<800 dyn/s/cm) and preserved CI (>2.5). More specifically they have categorized vasoplegia as: mild: (1) MAP 50–60 mmHg, requiring administration of one vasopressor, moderate: MAP 50–60 mmHg, and requiring administration of two or more vasopressors, or MAP <50 mmHg and administration of one vasopressor, and severe:  MAP <50 mmHg, and requiring administration of two or more vasopressors. This definition correlates with increasingly worst outcome.[10] In 2017, Simon and colleagues have defined it as hypotension in absence of low CO, absence of infection, absence of ino-dilators such as dobutamine and milrinone and presence, and  evidence of tissue hypoperfusion assessed by lactate levels , central venous oxygen saturation and mixed venous oxygen saturation.[11]  Whereas, refractory VPS is defined  as a systemic hypotension ( MAP <50 mmHg) despite increasing vasopressors and fluid support, and  increased CI (>2.5 L/min/m2), low SVR (<800 dynes·s/cm5), and normal or increased filling pressures.[12] Almost all authors have suggested  a low MAP [<50 or <65 mmHg], and normal or supranormal cardiac function, and low SVR in patients with VPS after cardiac surgery. 

Pathophysiology of VPS following CPB.
The Mechanism by which cardiac surgery with CPB attributes  to VPS is multifactorial and depends on several patient characteristics as well as the type of the surgical procedure. The post-CPB vasoplegia is most likely related to the broad base immunological response; proinflammatory mediators release, complement activation secondary to surgical trauma, ischemia-reperfusion injury of heart and lungs, blood transfusion and/or exposure of blood to the foreign surfaces of CPB circuit.  These processes result in increased oxygen-free radicals, endothelins, NO, platelet-activating factors, thromboxane A2, prostaglandins, a variety of cytokines, and other vasoactive substances. [13] The relative plasma concentrations of the above-mentioned substances determines the vascular relaxation. In addition, these factors also involved in the development of a systemic inflammatory response syndrome [SIRS], that further exaggerates the generalized vascular dilatation.  In addition, the plasma levels of arginine vasopressin (AVP) are low to normal due to depletion of neuro-hypophysis store as well as release during stress of prolonged CPB and surgery. AVP is of particular importance in VPS, due to its ability to neutralize the effects of NO and decrease NO production. The relative or absolute deficiency of AVP levels as well as increased SIRS also depends upon the duration of CPB and so their attribution to VPS. Therefore, a combination of a reduced plasma levels of vasopressin, excess NO production and SIRS are thought to be the prime culprits of VPS after cardiac surgery with prolonged CPB (Fig. 1). [14,15,16]
[bookmark: _Hlk72085474] The cellular mechanism of VPS after CPB is overly complex, inducible nitric oxide synthase (iNOS), triggered by inflammatory cytokines, and prolonged CPB, is likely a major contributor to inappropriate vasodilation in vasoplegia.  iNOS produces nitric oxide (NO), which increases vascular cGMP), resulting in vasodilation, and the plasma levels of iNOS and severity of VPS are proportional to the total duration of CPB. NO is an activator of KATP channels thereby providing another pathophysiologic role in vasoplegia. [15] In addition, During CPB the Ca2+ voltage gated channels may be deactivated by lactic acidosis, intracellular acidosis, reduced ATP, and so Vasoconstriction will not occur even when these cells are exposed to high levels of catecholamines. Also, opening of K ATP channel which is a strong intracellular vasodilator mediator and opening of Ca sensitive K-efflux (K Ca efflux) decreases cytoplasmic calcium levels and blunts the vasoconstriction effect (Fig. 1). [1,15,16,17]
[bookmark: _Hlk72100651]Another pathophysiologic mediator is hydrogen sulfide (H2S), at high concentrations; such as in inflammatory states, H2S directly activates and hyperpolarizes KATP channels, therefore reducing the vascular tone. [14,15] This mechanism is similar to the NO-mediated pathway of vasoplegia, as mentioned above. A small proportion of its vasodilatory effects may also be attributed to its synergistic effect with NO. [15,17,18]
Potential Risk factors and surgical procedures involved with VPS following cardiac surgery:
Main contributing  factors   for post-CPB VPS  include hypothermia, total cadioplegic volume infused,  use of preoperative angiotensin-converting enzyme inhibitors (ACEi), angiotensin receptor blockers, calcium channel blockers or beta-blockers, and higher comorbid disease burden, low preoperative ejection fraction, higher age [>65 years], , diabetes mellites(DM), myocardial ischemia (MI), dialysis-dependent renal failure [DDRF], need for vasopressors before or during CPB, warmer core temperatures while on bypass, and relatively longer durations of aortic cross-clamping and CPB, and the use of inodilators [milrinone, dobutiamine, levosimendan] in the perioperative period.[2,9,10,19]  Tsiouris, et al and others have reported the various cardiac procedures traditionally associated the VPS, such as valve procedures [AVR, MVR, MVr, pulmonary or tricuspid valves], heart transplants, VAD implantations, Off- pump and on pump CABG surgery, and complex congenital cardiac anomalies and adult right sided congenital heart defects undergoing cardiac surgery.[10,20,21]
Outcome-based therapeutic management of VPS after cardiac surgery: [Table.1]
Early management of the postoperative VPS should focus on recognition of the problem by the presence of hypotension, low SVR, and normal/supranormal cardiac output and fluid unresponsiveness. Ideally the care providers for the patient at risk of postoperative VPS should   intervene before the onset of shock.  However, many risk factors are unmodifiable in the immediate preoperative period, and some of these are the inherent component of the surgical procedure. Ideally, fluid resuscitation and optimization of cardiac functions should be performed before initiation of vasopressors therapy. Following that, the management of VPS includes the use of agents of the sympathetic nervous system (catecholamines) with adrenergic alpha effects such as, NE, dopamine, epinephrine, and phenylephrine, and non-catecholamines like the arginine-vasopressin system (vasopressin), and the renin-angiotensin-aldosterone system (angiotensin II), as well as moderators of NO; (methylene blue, hydroxocobalamin, vitamin C, thiamine, and corticosteroids). Some authors have suggested that diuretics increase the risk of vasoplegia, whereas b-blockers are protective. Diuretics potentially worsen vasoplegia by reducing cardiac preload, reducing the stimulation of atrial baroreceptors and by causing electrolyte abnormalities, namely hyponatremia which can blunt the arginine vasopressin response. B blockers have also previously been reported to protect against vasoplegia. [10,11,22] A comprehensive list of all these agents is presented in Table- 1.
Vasopressors: 
Treatment of VPS is usually limited to the initiation of vasopressors if systemic perfusion pressure (MAP>65 mmHg) cannot be restored and/or maintained after optimization of fluid status and cardiac function.[18] Targeted therapies which address the multifaceted causes of post-CPB vasoplegia will be important for improving outcomes. 
Catecholamines: [Epinephrine, norepinephrine (NE), phenylephrine, dopamine]
[bookmark: _Hlk72949610]When MAP of >65mmHg cannot be established with other measures, a vasopressor therapy needs to be initiated to avoid the organs dysfunctions. Catecholamines are the mainstay of treatment but may be required in high doses and may yield insufficient hemodynamic stability. All these catecholamines with alpha-1 adrenergic agonist actions have been used successfully to increase MAP. Among these, NE has been compared with either dopamine or epinephrine in large RCTs, showing similar or improved clinical outcomes and less arrhythmogenic.[4,7] NE restores and maintains the systemic perfusion pressure, and   with evident mortality benefits has been  recommended as most frequent used vasopressor in cardiac surgical patients.[4,22,23] The effective dose of NE infusion for restoration and maintenance of  systemic  perfusion pressure is 0.025 µ g/kg/min to 0.2µ g/kg/min. However, some authors have used higher doses ( 0.1 µg/kg/min and 0.7 µg/kg/min) to maintain a MAP between 55 mmHg and 70 mmHg in VPS after CPB.[22]  Norepinephrine has numerous advantages over the other vasopressors: a) a very potent vasopressor effect equivalent to epinephrine and phenylephrine and higher than dopamine; b) compare  to epinephrine, NE does not act on β2 adrenergic receptors—hence, lactate levels do not increase and may be used to guide resuscitation; c) compare  to dopamine and epinephrine, NE increases C I without increasing heart rate and thus without excessively increasing myocardial oxygen consumption ; d) compare  to phenylephrine, which acts only on α1 adrenergic receptors, NE also acts on cardiac β1 adrenergic receptors and may therefore preserve ventricular–arterial coupling [24 ] Epinephrine, conversely, may worsen heart rate, myocardial oxygen consumption, and the likelihood of arrhythmia, and phenylephrine may worsen systole-diastolic function and ventriculoarterial coupling.[24,25]  Dopamine and phenylephrine are weak vasopressors and are usually not effective in severe or refractory VPS. Dopamine is also known to increase the risk of arrhythmias and mortality compared with NE, and probably should not be an ideal agent for VPS.[4]
Non- catecholamines:
Non-catecholamine vasopressors usually indicated in catecholamine resistant VPS. It is defined as a low SVR state with normal or increased CO with an inability to maintain a MAP of 60 mmHg despite high-dose norepinephrine (≥ 0.5 µg/kg/min). [7] Use of Non-catecholamines may simply exert a synergistic effect and allow for reduced doses of any one agent and provides a more balanced approach to vasopressor therapy.[15]

Vasopressin: 
Vasopressin binds to AVPR1a, AVPR1b, AVPR2 and oxytocin, and purinergic receptors. The AVPR1a receptor promotes vasoconstriction by inhibiting KATP channel opening, and reduces NO production, providing an entirely catecholamine-independent mechanism of mediating vasodilation. Hence, administration of Vasopressin can ameliorate the VPS by inactivating the K+ ATP channels and reducing the NO synthesis (by binding AVPRI receptors), and  blunts the NO induced increase in cGMP. [14,15] The half-life of vasopressin is 10–35 min, so it should be given as an infusion for good hemodynamic effects at physiologic doses (0.03-0.04 U/min). As discussed above, post-CPB patients may have low serum vasopressin levels, and therefore, vasopressin administration may be used with some success in the treatment of post-CPB VPS. [2,14] 
Vasopressin rescue therapy is an alternative approach after catecholamines and fluid infusions fail to improve hemodynamics. It effectively increases vascular tone and lowers CO without precipitating tachycardia or arrhythmias.[7] Patients of advanced VPS treated with Vasopressin vs  norepinephrine showed  a significant low HR, less norepinephrine requirement, low  incidence of new-onset tachyarrhythmias, and  maintains gastrointestinal perfusion, and MAP was significantly increased and maintained in vasopressin group.[14,27,28]  Hajjar et al. and James and colleague. and Duncer et al. have also analysed the vasopressin [0.04%iu/min] vs norepinephrine in patients with VPS after cardiac surgery and reported a significantly  lower 30- days mortality[32% vs 49%], and low incidence of  AKI, AF, length of ICU and hospital stay in vasopressin treated patients, and so with clinical  outcome benefits, vasopressin has been  suggested  a first-line vasopressor agent in postcardiac surgery VPS. [14,27,28] 
 some authors have used prophylactic low dose vasopressin[0.03iu/kg/min] infusion for prevention of VPS in patients preoperatively treated with ACE-I and a low E and reported a significant lower incidence of VPS and a higher 24 hrs urine output, and less additional catecholamines requirement.[29].  Jeon et al. have compared vasopressin [0.02-0.16 iu/min] and NE [2-16mc/min] in CABG patients receiving Milrinone and reported that both drugs increase SVR and PVR, but vasopressin decreases the PVR/ SVR ratio and therefore, is a drug of choice in patients with significant pulmonary arterial hypertension(PAH).[30] The use of vasopressin reduces the amount of catecholamines by a synergistic non-catecholaminergic effect on vascular muscle tone, thereby allowing a more balanced vasopressor therapy. The reduced catecholamine doses might lower the incidence of catecholaminergic side effects, thereby elucidating the reduction of important postoperative complications such as AF and AKI.[14]

Terlipressin:
Terlipressin (TP) is a long-acting vasopressin analog and a selective vasopressin V1a receptor activator, and thus allows   a more selective vasoconstriction. It is used as 1mg intravenous every 6hrs and/ or infusion at a rate of 1.3 μ g/kg/hour. However, it has a much longer half-life than vasopressin (4-6 h as opposed to 6 min), and thus can be intermittently administered without the need for continuous infusion. Some authors have compared T P and NE in milrinone induced VPS and reported a similar increase in MAP, but the mean pulmonary artery was significantly low in TP group  in comparison with norepinephrine group.[31]  El- Shaarawy and colleagues have compared TP infusion  Vs norepinephrine infusion for the management of postcoronary artery bypass grafting refractory hypotension and reported that TP induces a nonsignificant higher MAP, and significantly lower  creatine kinase – MB levels  and a higher lactate clearance, and minimises the cardiac ischemic risk. [32] When compared to NE, TP significantly reduces catecholamine requirements, prevents  rebound hypotension events, without increasing bilirubin levels.[31] Some authors have reported that prophylactic TP infusion[ 1.3 μ g / kg/ hour]  prevents  the development of VPS in patients treated with ACE -I undergoing coronary artery bypass graft surgery on CPB.[33] Still, there is insufficient evidence to make a recommendation on the use of TP in VPS following  cardiac surgical patients.[22] 
Methylene blue:
Methylene blue [MB], inhibits iNOS and NO synthesis, and cGMP synthesis resulting inhibition of vasodilatation in vascular smooth muscles. In addition, MB acts as a cholinesterase inhibitor by binding to endothelial muscarinic (M3) receptors and contributes to the correction of hemodynamic response by reducing basal NO release. The recommended MB dose is 1-2 mg/kg of iv bolus, since duration of action is only 40 min it may necessitates a continues infusion of 2mg/kg/hr.  MB infusion gradually increases MAP and SVR and allows a significant decrease in the norepinephrine and phenylephrine requirement in VPS after pediatric cardiac surgery.[34]
Levin et al and others  have reported a significant reduction in   morbidity and  mortality  of VPS in cardiac surgical patients treated with MB.[35,36] Others have reported that Preoperative Methylene Blue[1%, 2mg/kg/ 30min, 1hr before surgery] administration in  High Risk[on ACE-I] patients for VPS undergoing  CABG surgery, provides 100% protection against VPS,  and also decreases the ICU and hospital stay, [37] and early administration of MB has been associated with significantly reduced operative mortality (10.4 vs 28.6%, p=0.018) and risk-adjusted major adverse events (OR 0.35, p=0.037). [38] Additionally, MB administration has demonstrated an improvement in MAP, higher SVR and decrease in CI from supranormal level, lower TNFα concentration and a gradual reduction in vasopressors requirements.[38] Therefore, MB has been recommended as a rescue therapy for treating post cardiac surgery VPS.[22]  MB infusion also  has  dose dependent, mild to severe side effects like nausea and vomiting, chest pain, hypertension, and interference with pulse oximetry readings, and compromised splanchnic perfusion, methemoglobinemia, hyperbilirubinemia and serotonin syndrome.[17]
Angiotensin II: (AT II)
 AT II is an endogenous peptide produced by the liver as angiotensinogen, and subsequently splits   by renin in the kidney to angiotensin I and by lung endothelial-bound ACE to angiotensin II. AT II causes direct arterial vasoconstriction (by engagement of the AT-1 receptor on vascular smooth muscle), stimulation of aldosterone release, increases ADH secretion, and increase in sympathetic activity.[39] Endogenous angiotensin II works with catecholamines and vasopressin to maintain blood pressure, especially in the face of a hypotensive insult. It’s a non-catecholamine rescue vasopressor for VPS and causes a dramatic reduction in noradrenaline requirement. AT II is considered in patients who fail to respond to high-dose conventional vasoconstrictors in VPS due to ACE-I.[17,22]  Intravenous infusion at the rate of 2-10 ng/kg/min, and maximum of 20-40 ng/kg/min can restore and maintain the MAP in most of the patients. It has been observed that the patients with sepsis may develop a functional ACE or angiotensin II deficiency, leading to refractory shock. The Angiotensin II in High-Output Shock (ATHOS) pilot study showed favourable hemodynamic effects of angiotensin II infusion in patients with vasodilatory shock who required high doses of NE and vasopressin.[40]. Patients with less severe shock in ATHOS-3 and of AKI receiving renal replacement therapy who received angiotensin II seemed to have more favourable outcomes.[41] Till date, there is insufficient evidence to make a recommendation on the use of AT II in cardiac surgical patients.[22]
Hydroxocobalamin:
Hydroxocobalamin is a vitamin B12 precursor used clinically to reverse cyanide toxicity. It is a potent direct NO scavenger, and inhibits guanylate cyclase and  iNOS synthesis, and so attenuates  the NO- mediated vasodilatation.[42,43] In addition, it is also known to modify the hydrogen sulfide (an endothelial-bound endogenous vasodilator) by  increasing elimination, and thus effective against the  VPS precipitated by H2S.[42,44] some authors have used Hydroxocobalamin in  postoperative  VPS in cardiac surgery, liver transplant surgery, and vascular surgery and  reported increased MAP and decreased vasopressor needs after infusion.[12,22] Yi Cai et al. have successfully used intravenous   hydroxocobalamin as a rescue agent in refractory VPS in a patient for automatic implantable cardioverter defibrillator for LVAD for bridging to  cardiac transplant. The hypotension was refractory to epinephrine (400mcg), vasopressin (22u bolus, infusion 0.04 µ/min), NE (0.25 mcg/kg/min) and MB (1 mg/kg twice), and discontinuation of dobutamine and milrinone.  However, within 15 min of Hydroxocobalamin [5 gm iv] administration, the patient was separated from CPB (MAP 71 mmHg) and weaned completely from other vasopressors. This is the first reported case of VPS after CPB unresponsive to MB, whereas responsive to hydroxocobalamin. This potentially indicates that the effect of hydroxocobalamin outside of the NO system is significant or that the two drugs have a synergistic effect in one or multiple mechanisms.[12] Recently, case reports and series have demonstrated a significant  increase in MAP in patients with VPS on hydroxocobalamin  administration at a dose of 5 g over 15 min.[45] The drug's side effects may include a papular rash, headache, nausea, pruritus, chest discomfort, dysphagia, and decrease in lymphocytes. Due to its red colouring, hydroxocobalamin may also falsely elevate haematocrit and pulse oximetry.[46] The authors believe that further large RCTs are required to assess the outcome benefits of Hydroxocobalamin in patients with VPS after cardiac surgery.
Non-vasopressor Therapy: Ascorbic acid, thiamine, corticosteroids, calcium, and correction of acidosis in VPS
Ascorbic acid is a cofactor for production of endogenous catecholamines. Absolute or relative vitamin C deficiency in critically ill patients may contribute to shock by reducing the availability of the endogenous vasopressors like norepinephrine and vasopressin.  Its antioxidative properties may counteract excessive production of reactive oxygen species, which are known for decreased vascular tone and endothelial injury.[47] Therefore, administration of high-dose, intravenous ascorbic acid (25 mg/kg or 1.5 g every 6 h) may improve inflammation, hemodynamic variables, and organ function in critically ill patients, even without documented vitamin C deficiency.[48] However, when given at high doses, ascorbic acid may result in hyperoxaluria. Thiamine has been shown to decrease the conversion of ascorbic acid to oxalate, preventing hyperoxaluria and improves clearance of lactate by acting as a cofactor for metabolism of lactate-by-lactate dehydrogenase.[49] some case reports have highlighted the reduced ascorbic acid levels in cardiac surgical patients after CPB. Therefore, administration of ascorbic acid as an adjuvant to manage a refractory VPS after cardiac surgery requiring CPB decreases the requirement of epinephrine, vasopressin, and norepinephrine to maintain the MAP.[49] 
Glucocorticoids inhibit the arachidonic acid pathway, nuclear translocation of NF-kB transcription factor, synthesis of iNOS and COX2, and increase genetic expression of adrenergic receptors which have previously been downregulated.[50] corticosteroids also work synergistically with ascorbic acid to increase catecholamine synthesis, improve endothelial function, and increase vasopressor sensitivity.[51] Contrary, the use of corticosteroids in the setting of cardiac surgery may be responsible for delayed wound healing and poor glycemic control.[15] 
 Some authors have demonstrated a rapid and significant reduction in vasopressors requirement, and an improvement in the mortality and morbidity in a patient receiving 6 g of ascorbic acid, 200 mg hydrocortisone, and 400 mg thiamine daily in divided doses. However, Large-scale evaluations of these agents are required for regular use in VPS after cardiac surgery. [ 52,53] It has been observed that a combination of ascorbic acid, thiamine and corticosteroids is effective against the VPS after cardiac surgery, as their effects are interdependent. However, to date, the literature has revealed overall sparse scientific evidence on the effectiveness of individual agents against VPS.
 In severe metabolic acidosis (pH < 7.15) myocardial depression begins to appear and α-1 receptor responses are blunted, and so vasopressors responsiveness starts declining. Hence, the correction of acidosis by bicarbonate should therefore improve the catecholamine receptor sensitivity, and in turn improve the vasoplegia.[7] However, persistent use of sodium bicarbonate large volumes can produce hypernatremia and fluid overload.   Tris-hydroxylmethyl aminomethane [THAM]) is a buffering agent that does not generate carbon dioxide. So, it is an option for correction of acidosis in situations where additional sodium bicarbonate is for some reason undesirable such as in critically ill patients with hypernatremia. Contrary to bicarbonate, it is not associated with an intracellular shift of potassium, and even decreases PaCO2, that is helpful in respiratory acidosis. It can be used as 9 mL/kg (324 mg/kg or 2.7 mEq/kg) up to 500 mg/kg/dose over 60 min [7]
[bookmark: _Hlk72858372] As discussed earlier, the contraction of cardiac and vascular smooth muscle is mediated by intracellular calcium signaling.  Hypocalcaemia in any critically ill patient can depress cardiovascular function and produce hypotension. Administration of calcium chloride (Bolus: 1-2 g over5- 10 min, Infusion: 20-50 mg/kg/h) increases MAP by increasing vascular tone without augmenting cardiac output. However, to date there is lack of supportive evidence on outcome benefits with calcium administration in patients with VPS after cardiac surgery, rather cellular calcium overload is potentially harmful in sepsis and shock. [7,54]  


Current Approach for management of VPS after cardiac surgery: [Figure 2]
[bookmark: _Hlk72500411]A recent Cochrane analysis has concluded that there is insufficient evidence to prove that any one vasopressor is superior to others in terms of mortality, and the choice of a specific vasopressor may therefore be individualized and left to the discretion of treating physicians.[55] The standard management strategy includes the diagnosis of VPS as per definition [MAP, SVR, CI, cardiac functions], adjust and zero the transducer to eliminate any error, identification and correction of the underlying cause, administration of fluids based on measurable clinical metrics, maintain HB ≥9gm%. Vasopressor support is recommended to optimize the SVR, MAP after optimization of fluid status and cardiac functions. Catecholamines have traditionally been used for increasing SVR, and used as first line agents in many European heart centres. But outcome benefits of NE and dopamine are lacking in most of the large trials.[56] NE is recommended for restoration and maintenance of systemic perfusion pressure in VPS after cardiac surgery. [56] However, high dose catecholamines have significant adverse effects like arrhythmias, organ ischemia and mortality. [57,58] Vasopressin and TP have mortality and morbidity benefits in comparison with catecholamines in VPS and superior to norepinephrine with respect to combined primary outcome of 30 days mortality as well as severe complications like AKI, AF, and ICU and hospital stay. In addition, vasopressin is also effective in patients with Low EF, PAH and milrinone induced VPS after cardiac surgery.[59] Others have also recommended vasopressin and NE to restore and maintain SVR, and MAP in VPS, and phenylephrine used as a second line therapy, but only vasopressin has outcome benefits in term of mortality and morbidity. [38,60] To date, there is dearth of  evidence to recommend for the TP and AT II   in the VPS after cardiac surgery, and requires large RCT to consider them as appropriate anti- VPS agents.[22,35] In the literature, the  outcome benefits of MB are controversial; Levin et al have reported a reduced mortality and duration of VPS.[36] Whereas Weiner et al have reported an increased postoperative morbidity and mortality in VPS.[60] Therefore, MB is recommended only as a rescue therapy for treating post cardiac surgery VPS.[61]. High doses of Hydroxocobalamin (5 gm iv bolus over 15min, and maximum of 10gm) have been used successfully as a rescue therapy in a case report of refractory VPS during cardiac surgery on CPB, that was unresponsive to high doses of epinephrine, NE, vasopressin, and MB.[12] Therefore, hydroxocobalamin has been recommended only as a rescue therapy in VPS unresponsive to other vasopressors. A combination of high doses of ascorbic acid 6g /day, 50mg hydrocortisone every 6hours and thiamine 200mg / 12hr is recommended as an adjuvant therapy with the other vasopressors. This combination is known to cause a rapid and significant reduction in vasopressors requirement and their side effects, and rapidly restores the MAP and decreases CI, and improves the mortality.[52] 
Practical approach for optimum Doses, and optimum time to initiate and discontinue the vasopressors. (Fig .2)
 As discussed, NO, vasopressin deficiency, blunting of the sensitivity of catecholamines are likely the key modulators of vasoplegia after CPB. Therefore, during management, attention should be focussed on the targeted therapy, and the agents like methylene blue and hydroxocobalamin, vasopressin and NE hold promise for cardiac surgery patients.  Often, vasopressors are started if MAP remains low [<50 mmHg] despite adequate volume administration and optimization of cardiac functions. [3,36] The threshold for NE dose varied between 0.1 mc/kg/min and 0.7mc/kg/min for a target MAP between 50mmHg to 70 mmHg. [22] vasopressin infusions (0.03 -0.04 u/min) alone or in combination of NE can be quite effective in the management of catecholamine resistant VPS.[14] Vasopressin showed a significant low mortality, AKI, AF, and length of ICU and hospital stay in comparison with NE. [14] Early administration of MB is recommended if other vasopressors [NE, vasopressin] fail to maintain the optimum MAP[>50mmHg]. Patients receiving MB rescue therapy   as a bolus of 2 mg /kg over 30 min and followed by 0.5 – 1.0 mg /kg/hr infusion compared to placebo showed a decrease in mortality and duration of VPS. [36,62] Hydroxocobalamin[5-10gm] has been recommended as a rescue therapy in multiagent resistant VPS after cardiac surgery.[12] A combination of high dosage (as described above) of ascorbic acid, thiamine and hydrocortisone has been used successfully as an adjuvant therapy as and when required  to restore the perfusion pressure, and to make the  vasopressors therapy  more effective and balanced, considering the potential benefit and low risk associated with these therapies.[17]
[bookmark: _Hlk73297706][bookmark: _Hlk73297715]The duration of vasopressors therapy depends upon the hemodynamic status of the patients. VPS may last for many hours to days [9.9 ± 6.9 days].  But a VPS of more than 48 hrs duration has been reported to be associated with poor prognosis or even death. [16,38] Therefore, weaning from vasopressors therapy should be started once the vascular tone is restored. The use of multidrug therapy may help in improving the MAP and SVR,  and early reduction of the NE requirement, and  thus cardiac toxicity.[63] some authors have recommended an early addition of second vasopressor (NE or vasopressin) if optimum SVR and MAP are not restored with monotherapy or side effects attributable with high dose NE infusion are observed.[22] There is a  high possibility of development of hypotension if vasopressin is stopped first, and so it has been recommended to stop  vasopressin at the last in VPS after cardiac surgery.[22] 
Conclusion:
Currently, the VPS is frequently encountered [9-40%] in cardiac surgical patients with predisposing patient-specific risk factors, and combined with inflammatory response to CPB. Excessive NO and SIRS, and reduced AVP and cytoplasmic Ca2+ are believed to play a major role in refractory vasodilation, and thus are considered the potential targets for therapies. Vasopressors should be started if MAP remains low [<50 up to <70 mmHg] despite adequate volume administration and optimization of cardiac functions. It is recommended to start norepinephrine or vasopressin as a first line agent to restore and maintain the systemic perfusion pressure. Multidrug therapy [ MB, AVP, ATII, terlipressin] targeting multiple receptor systems is recommended in refractory VPS requiring high doses of vasopressin or norepinephrine therapy. Non-catecholamine vasopressor can be considered early by virtue of their improved safety profile and sparing complications like cardiac toxicity and AKI.[8] It has been observed that early administration of MB restores MAP, decreases the doses of other vasopressors, and improves the mortality in VPS after cardiac surgery. In addition, hydroxocobalamin [5-10 gm] can be used as a rescue therapy in VPS refractory to multiple agents. Methylene blue and hydroxocobalamin are two options in the clinician’s armamentarium for treating vasoplegia, however, further investigation of their utility and safety is unequivocally needed.  A combination of high dosage of ascorbic acid, hydrocortisone and thiamine has been used successfully as adjunctive therapy to restore the MAP. We also advocate for the early use of multiagent vasopressors therapy and catecholamine sparing adjunctive agents to restore the systemic perfusion pressure with a goal of preventing the progressive refractory VPS. 
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