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             Th e medical community has used implant-

able mechanical circulatory support (MCS) 

devices at increasing rates for patients dying 

from heart failure and cardiogenic shock.  1   

Traditionally, these devices were used with 

the intention to bridge patients to recovery 

or to heart transplantation. With the develop-

ment of more reliable continuous fl ow (CF) 

left  ventricular assist devices (LVADs), there 

has been a rise in implantation of devices as 

the defi nitive therapy for end-stage cardio-

myopathy without the intention for heart 

transplantation (destination therapy). 

Newer-generation LVADs off er a more 

compact and durable option when com-

pared with bulky, early-generation devices.  2   

 With increasing device usage, physicians 

have admitted a greater number of patients 

with MCS to the ICU. From perioperative 

management to hospital readmissions for 

complications, the patient with a CF LVAD 

presents a distinct cardiovascular physiology 

and unique set of complications. Further-

more, additional devices, including right 

ventricular assist devices (RVADs) and the 

total artifi cial heart (TAH), are used in 

patients with biventricular dysfunction or 

anatomic contraindications to an LVAD. 

 For reference, an early iteration of society-

sanctioned guidelines for care of patients 

with MCS have been previously published, 

albeit primarily with level C evidence 

(expert opinion), which highlights the 

absence of comparative, prospective studies 

in this fi eld.  3   Th is article is a succinct intro-

duction and overview of the hemodynamic 
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principles and complications after MCS implantation 

for ICU clinicians. For CF LVADs, we review the 

concepts of device physiology, clinical pearls for 

perioperative management, and the common medical 

complications aft er device implantation. Additionally, 

we provide a brief overview of the general periopera-

tive and postoperative management of individuals with 

the TAH. 

 Th e general purpose of an LVAD is to use a mechanical 

pump to draw blood from the left  side of the heart and 

eject it into the aorta. Th e typical implantable LVAD has 

an infl ow cannula that draws blood from the apex of the 

left  ventricular (LV) cavity and ejects it into the prox-

imal aorta through an outfl ow cannula ( Fig 1 ). Th e end 

result is a parallel circuit to the systemic cardiac outfl ow 

that mechanically reduces the LV fi lling pressure and 

augments cardiac output. Early-generation assist devices 

were bulky and cumbersome pumps with poor long-term 

durability and a high frequency of mechanical failure. 

Th ese displacement pumps have been replaced with 

CF technologies, which allow for a smaller and more 

durable design. CF pumps consist of a rapidly rotating, 

electromagnetically driven impeller that pumps blood 

in either an axial (linear; ie, HeartMate II; Th oratec 

Corporation  ) or centrifugal (tangential; ie, HVAD; 

HeartWare Inc) direction ( Fig 2 ).         

 Flow through a CF LVAD is dependent on the rotational 

speed of the impeller (set by the user) and the pressure 

diff erential ( D P) from the inlet cannula (preload) to the 

outlet cannula (aft erload). As the  D P increases, the fl ow 

or work performed at a given speed decreases. In other 

words, pump fl ow increases by decreasing systemic 

vascular resistance (SVR) and optimizing blood volume 

availability in the LV cavity. Since the  D P changes 

through the cardiac cycle, fl ow through a CF LVAD is 

not completely continuous but also changes throughout 

the cardiac cycle ( Fig 3 ) with augmentation of fl ow 

during systole.     

 Each LVAD has its own unique hydrodynamic perfor-

mance (HQ) curve, which describes the relationship of 

 D P and fl ow at various pump speeds. Generally 

speaking, the HQ curve for centrifugal fl ow LVADs tends 

to be more fl at, where a small change in the  D P results 

in a wide change in fl ow. Conversely, the HQ curve for 

axial fl ow devices tends to be steeper, where a change in 

the  D P results in a small change in fl ow. Because of these 

operating characteristics, centrifugal-fl ow LVADs tend 

to be more sensitive to high SVR states than axial-fl ow 

LVADs. Centrifugal fl ow pumps may exhibit low pump 

output and inadequate LV unloading when aft erload 

(ie, BP) is increased. Alternatively, centrifugal-fl ow 

LVADs are less likely to over-decompress the left  ventricle 

if there is an abrupt drop in preload. If the ventricle 

becomes too decompressed, the myocardium may crowd 

the infl ow cannula, leading to obstruction of blood fl ow, 

colloquially described as a “suction event.” A suction 

event may cause symptoms from disruption of fl ow or 

may be a subclinical event and detected only by algo-

rithms programmed in the controller of the LVAD. A 

comprehensive review has been published by Moazami 

et al  4   comparing the mechanics and physiology of these 

two device platforms.  

 Perioperative Management 

 In the postoperative period, one may frequently observe 

unstable hemodynamics and fl uctuations in LVAD fl ow, 

which may be due to a number of causes ( Tables 1 ,  2 ). A 

systematic approach is necessary to diagnose these 

problems and implement appropriate treatment. Many 

of these patients are critically ill prior to LVAD implan-

tation with existing or impending end-organ dysfunction. 

Patients may have pulmonary edema from cardiogenic 

shock, profound disturbances in coagulation, and 

unrecognized sepsis from central IV catheters or tempo-

rary mechanical support. Early postoperative problems 

that may lead to hemodynamic instability (discussed in 

more detail later) include right ventricular (RV) failure, 

  

 Figure 1  –     Th e diagram   depicts the general confi guration and determi-
nants of blood fl ow for a CF LVAD. Th e LVAD fl ow is parallel to the 
native circulation and is determined by the preload, aft erload, and LVAD 
speed. CF  5  continuous fl ow; LV  5  left  ventricle/ventricular; LVAD  5  left  
ventricular assist device.    
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bleeding, infection, LVAD dysfunction, and multiorgan 

failure. Use of transthoracic echocardiography (TTE) in 

the immediate postoperative period is oft en limited 

because of poor acoustic windows Transesophageal 

echocardiography, routinely used intraoperatively, can 

overcome the technical limitations of TTE for postoper-

ative LVAD troubleshooting. Additionally, invasive 

hemodynamic monitoring with a pulmonary artery 

catheter and arterial line are oft en invaluable and can 

guide management of inotropes, vasopressors, LVAD 

speed setting, and volume resuscitation/removal.           

 Left -Sided Heart Failure in Patients 
With LVAD 

 Left -sided heart failure aft er LVAD implantation can 

have a variety of causes and may be related to suboptimal 

pump parameters or pump-related complications. 

Patients with evidence of clinical heart failure on imaging 

(failure to decompress left  ventricle, mitral regurgitation, 

opening of the aortic valve) or hemodynamic evaluation 

(elevated pulmonary capillary wedge pressure) may 

simply need adjustments to increase LVAD fl ow. Increas-

ing the LVAD speed or reducing the SVR (vasodilation, 

withdrawal of vasoconstrictors) will augment LVAD 

fl ow and, thus, increase cardiac output and decompress 

the LV. Persistent or severe left -sided heart failure 

warrants expeditious and comprehensive evaluation of 

LVAD function. Several potential pathologies must be 

considered, including pump thrombosis, cannula 

obstruction/migration, and aortic valve regurgitation. 

 Th e clinical presentation of pump thrombosis aft er 

LVAD implantation can range from subclinical labora-

tory abnormalities to overt heart failure with high-grade 

clinical manifestations of hemolysis. Severe cases can 

result in cardiogenic shock and even pump stoppage. 

Th e initial presentation may be a cerebrovascular 

accident, especially if the clot extends beyond the pump 

housing. Predisposing factors may include interruptions 

in anticoagulation, infection, and low fl ow conditions 

(ie, high SVR). 

 Clinical evidence of hemolysis, power spikes, and 

inadequate decompression of the LV on echocardiog-

raphy (TTE or transesophageal echocardiography) 

should raise the suspicion for thrombosis. Clot around 

the impeller may cause intermittent or persistent 

increases in the power requirements from increased 

drag on the rotating element in the pump ( Fig 4 ). Severe 

cases can result in narrowing of the blood fl ow pathway 

and disruption of laminar fl ow leading to RBC destruc-

tion. Laboratory analysis oft en reveals anemia, hemoglo-

binuria, and a sharp rise in lactate dehydrogenase, 

plasma-free hemoglobin, and indirect bilirubin.  5   

  

 Figure 2  –     A, Chest radiograph of an axial-fl ow LVAD. B, Chest radiograph of a centrifugal-fl ow LVAD. See  Figure 1  legend for expansion of 
abbreviation.    

  

 Figure 3  –     A generic hydrodynamic performance curve for a CF LVAD, 
where the  D  P  is on the y-axis and LVAD fl ow is on the x-axis. Curves 
are generated for various LVAD speeds. At a given speed, an increase 
in the  D  P  results in a decrease in flow (move from number 1 to 
number 2) and vice versa. At a given  D  P , an increase in LVAD speed 
results in increased LVAD flow (move from number 1 to number 3). 
 D  P   5  pressure differential. See  Figure 1  legend for expansion of other 
abbreviations.    
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Echocardiography usually reveals evidence of inade-

quate LV decompression: dilated LV cavity, mitral 

regurgitation, and frequent opening of the aortic valve. 

Turbulent fl ow near the infl ow cannula or increased 

infl ow velocity may be associated with obstruction or 

thrombosis.  6   A bedside TTE with a ramping protocol 

can evaluate the interaction of the LVAD with the LV 

and detect pump thrombosis, possibly even before a 

 TABLE 2   ]     Postoperative LVAD Complications   

  Clinical Presentation Clinical Findings Therapeutic Considerations  

  Pump thrombosis Left-sided heart failure Intensify anticoagulation 
   and antiplatelet therapy 

 Left ventricle dilated, AV opening frequently, 
      MR

Systemic or directed thrombolytic 
   therapy 

 Pump parameters:   power or spikes in 
    power (drag on rotor)

Pump exchange 

 Evidence of hemolysis Emergent transplant 

  Rising LDH 

  Anemia, renal failure 

  Dark urine 

 Infl ow cannula obstruction 
    (due to cannula migration 

or LV remodeling)

May present with heart failure Volume resuscitation 

 Pump parameters:   power Decrease speed 

 High infl ow velocity with turbulent fl ow Surgical repositioning 

 CT imaging can confi rm 

 Outfl ow kink/obstruction Pump parameters:   power, CT imaging can 
    confi rm

Reexploration of chest 
   if symptomatic 

 Aortic regurgitation Heart failure with severe cases AV surgery 

 Left ventricle dilated 

 Pump parameters:   power,   fl ow 
    (recirculation)  

   AV  5  aortic valve; LDH  5  lactate dehydrogenase; LV  5  left ventricular; MR  5  mitral regurgitation. See  Table 1  legend for expansion of other abbreviation.   

 TABLE 1   ]     Early Postoperative LVAD Complications   

  Cause Clinical Findings Therapeutic Considerations  

  RV failure End-organ dysfunction Inotropes 

   CVP Pulmonary vasodilators 

 Dilated right ventricle and decompressed left ventricle  Inhaled NO/prostacyclin 

 Pump parameters:   fl ow,   power,    pulsatility  PDE5 inhibitors 

 Suction events Avoid blood products 

 Correct arrhythmias 

 RVAD 

 Tamponade Hypotension Surgical reexploration 

   CVP 

 Pericardial eff usion 

 Pump parameters:   fl ow,   power 

 Suction events 

 Hypovolemia   Chest tube output Volume resuscitation 

 Pump parameters:   pulsatility   Speed  

   CVP  5  central venous pressure; LVAD  5  left ventricular assist device; NO  5  nitric oxide; PDE5  5  phosphodiesterase type 5; RV  5  right ventricular; RVAD  5  right 
ventricular assist device.   
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fulminant decompensation occurs. For example, a protocol 

developed at Columbia University assesses the response 

of LV end-diastolic dimension, frequency of aortic valve 

opening, valvular insuffi  ciency, and HeartMate II LVAD 

parameters with incremental changes in the LVAD 

speed.  7   “Unresponsive” parameters to speed changes 

may indicate the presence of pump thrombosis and, 

thus, inadequate LVAD function.     

 Intensifi cation of anticoagulation or in some cases 

administration of thrombolytic therapy have been 

successfully used to treat the early stages of pump 

thrombosis, especially if the clinical presentation 

suggests acute clot formation.  8   More signifi cant throm-

bosis requires consideration of pump exchange or, if 

appropriate, emergent transplantation.  9 , 10   

 Cannula obstruction is a potential source of LV failure 

aft er LVAD implantation. Th e infl ow cannula may be 

obstructed from tissue ingrowth, thrombosis, or 

misalignment of the cannula orifi ce into the myocardial 

wall.  11   Th e ideal infl ow cannula position aft er device 

implantation is directed toward the mitral valve. Th e 

position of the infl ow cannula may “migrate” from the 

time of surgery because of change in body habitus or 

changes in ventricular geometry from chronic unload-

ing and positive ventricular remodeling. Echocardio-

graphic assessment may reveal abnormal Doppler 

assessment and color-fl ow mapping of blood fl ow into 

the LVAD, whereas CT scanning may confi rm the 

diagnosis.  12   A reduction in the device speed may 

abrogate the eff ects; however, in extreme cases, reopera-

tion for adjustment of cannula position and/or device 

replacement may be necessary. 

 Kinking of the outfl ow cannula can also lead to suboptimal 

LVAD function. Echocardiography may be used to evaluate 

the distal portion of the outfl ow cannula as it inserts into 

the ascending aorta. CT scanning is oft en required to more 

comprehensively evaluate the outfl ow cannula itself.  13   

 Aortic valve insuffi  ciency is also a potential source of 

left -sided heart failure aft er LVAD implantation, as 

blood ejected from the LVAD recirculates into the 

LV cavity rather than reaching the systemic circulation. 

With normal LVAD function, the retrograde fl ow into 

the aorta can lead to fusion of the valve leafl ets and 

degeneration over time.  14   Risk factors for aortic insuffi  -

ciency include preexisting aortic valve disease and 

persistent closure of the aortic valve. A thorough 

investigation of the aortic valve prior to LVAD implanta-

tion is warranted. Aortic valve insuffi  ciency may be 

progressive and may occur remotely from the implanta-

tion. Patients who develop signifi cant aortic insuffi  -

ciency will oft en have signifi cant increases in pump fl ow 

parameters. An increase in pump fl ow should initiate an 

evaluation of the competency of the aortic valve. 

Surgical correction of severe aortic insuffi  ciency aft er 

LVAD implantation has been reported using a variety of 

techniques, including aortic valve over-sewing, leafl et 

repair, or bioprosthetic valve replacement.  15     

 Right-Sided Heart Failure in Patients 
With LVAD 

 Competent RV function promotes an adequate reservoir 

of blood (preload) for the LVAD to eject into the 

systemic circulation. RV dysfunction can impair optimal 

LVAD function, and RV failure (RVF) remains a cause of 

morbidity and death aft er LVAD placement. RVF is 

associated with a higher incidence of reoperation for 

bleeding, higher transfusion requirements, increased 

inotrope use, and/or RVAD placement and decreased 

survival.  16   

 We do not completely understand the mechanism of 

RVF aft er LVAD; however, several factors likely contrib-

ute to worsening RV dysfunction of the intrinsically 

myopathic heart. LV decompression from the LVAD 

may decrease the septal component of RV contraction, 

thereby decreasing RV stroke work. Furthermore, septal 

shift  has been associated with worsening tricuspid 

regurgitation due to annular dilation. Some have 

hypothesized that the myopathic RV is incapable of 

handling the increased cardiac output and venous return 

aft er insertion of an LVAD.  17   Infl ammation associated 

with transfusion of blood products may induce pulmo-

nary vasoconstriction and further impair forward fl ow.  18   

 Several investigators have formulated risk prediction 

models using variables associated with hemodynamic 

evidence of RV dysfunction, end-organ dysfunction, and 

  

 Figure 4  –     Photograph of thrombosis of an LVAD impeller that resulted in 
LVAD failure and prompted a pump exchange. See  Figure 1  legend for 
expansion of abbreviation.    
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severity of illness to predict which patients may develop 

RV dysfunction aft er LVAD implantation. Kormos et al  16   

defi ned RVF in the HeartMate II trial as need for 

RVAD support, inotropic support for at least 14 days, 

or inotropic support starting  .  14 days aft er implant. 

Th e investigators found preoperative ventilator use 

(OR, 5.5; 95% CI, 2.3-13.2;  P   ,  .001), a central venous 

pressure (CVP) to pulmonary capillary wedge pressure 

ratio of  .  0.63 (OR, 2.3; 95% CI, 1.2-4.3;  P   5  .009), and 

blood urea nitrogen concentration  .  39 mg/dL (OR, 2.1; 

95% CI, 1.1-4.1;  P   5  .02) were independent predictors 

of RVF. Fitzpatrick et al  19   developed an algorithm for 

predicting RVF with high accuracy that includes cardiac 

index  ,  2.2 L/min/m 2  (OR, 5.7; 95% CI, 1.3-24.4; 

 P   5  .02), RV stroke work index  �  0.25 mm Hg  3  L/m 2  

(OR, 5.1; 95% CI, 2.1-12.2;  P   5  .0002), serum creatinine 

concentration  �  1.9 mg/dL (OR, 4.8; 95% CI, 1.9-12.0; 

 P   5  .001), history of cardiac surgery (OR, 4.5; 95% CI, 

1.7-11.8;  P   5  .002), severe preoperative RVF (OR, 5.0; 

95% CI, 2.0-12.5;  P   5  .0006), and systolic BP  ,  96 mm Hg 

(OR, 2.9; 95% CI, 1.2-6.9;  P   5  .02). Matthews et al  20     

developed a point system for predicting RVF that 

includes preoperative vasopressor use and laboratory 

markers of renal and hepatic function (area under the 

curve [AUC], 0.73;  P   ,  .05).  20   A more recent study by 

Atluri et al  21   looked at CVP  .  15 mm Hg, severe RV 

dysfunction, preoperative intubation, severe tricuspid 

regurgitation, and heart rate  .  100 as criteria for predict-

ing RVF. Th ese variables were used to create a fi ve-point 

risk score and showed improved predictive value com-

pared with the Matthews risk score (AUC, 0.80 vs 0.61; 

 P   ,  .008).  21   

 Echocardiography may further improve the discrimi-

natory power of clinical risk prediction models. In a 

separate cohort, Grant et al  22   found that reduced RV 

longitudinal strain ( ,   2 9.6%) on TTE incrementally 

improved the ability of the Matthews score to predict 

RVF (AUC, 0.77 vs 0.66;  P   ,  .01). In another study, 

an increased RV to LV diameter ratio ( .  0.75) on 

TTE was independently predictive of postoperative 

RVF (AUC, 0.68;  P   5  .005) and improved the pre-

dictive ability of both the Matthews and Kormos 

models.  3   

 Persistent end-organ dysfunction, venous congestion, 

and low cardiac output despite decompression of the left  

ventricle occur with RVF early aft er device implantation. 

On echocardiography, this is oft en associated with the 

presence of a decompressed left  ventricle and a dilated, 

hypocontractile right ventricle. Th e LVAD monitor will, 

typically, show decreased power and fl ow due to decreased 

LV preload. Th e patient may experience frequent suction 

events and arrhythmias from LV over-decompression 

and cannula irritation of the myocardium. 

 Acute RVF from intraoperative stress on an already 

myopathic right ventricle oft en improves with time, 

volume optimization, and supportive measures such as 

decreasing RV aft erload and improving RV contractility. 

RV contractility can be increased with inotropes or 

IV catecholamines (preferably at doses that minimize 

vasoconstrictive eff ects).  3   Inhaled nitric oxide or inhaled 

prostacyclin can decrease pulmonary artery pressure 

and pulmonary vascular resistance, thereby improving 

RV contractility by decreasing RV aft erload.  23   Sildenafi l 

has been shown to facilitate weaning of inhaled nitric 

oxide without signifi cant eff ect on systemic blood 

pressure.  24   Severe tricuspid regurgitation may be 

corrected during LVAD insertion; however, the 

benefi t for preventing RV failure is poorly defi ned.  25   

Additionally, avoiding blood transfusions (and the 

associated rise in pulmonary vascular resistance) by 

perioperatively correcting coagulopathies and 

achieving meticulous hemostasis is associated with 

improved outcomes.  26   Persistent or worsening RV failure 

despite medical therapy may prompt implantation of 

an RVAD.   

 Arrhythmias 

 Ventricular and atrial arrhythmias frequently occur aft er 

LVAD implantation and can impair optimal LVAD 

function. Th e cause of ventricular arrhythmias may be 

related to preexisting myopathic substrate, the newly 

cored apical cannula insertion site, or irritation of the 

endocardium by the infl ow cannula (ie, during suction 

event). Patients with ventricular arrhythmias prior to 

LVAD implantation are more likely to have ventricular 

arrhythmias aft er device implantation.  8   

 Arrhythmias can compromise RV function, conse-

quently reducing LV preload and fl ow through the 

LVAD. Symptoms may be subtle or result in overt heart 

failure. During rapid arrhythmias, the patient experi-

ences suction events, and the LVAD may display low 

fl ow and power on the monitor. An echocardiogram can 

help diagnose arrhythmias related to cannula irritation 

and over-decompression, and the clinician may then 

consider reducing the LVAD speed, evaluating/treating 

hypovolemia, or screening for RVF. For symptomatic 

patients, treatment with oral antiarrhythmic agents, 

direct current cardioversion, and ablation is appropriate. 

Th e clinical benefi t of implantable defi brillators in this 

population has not yet been defi ned.   
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 Infections 

 Standardized defi nitions of LVAD-related infections are 

divided into three categories: LVAD-specifi c infections 

(ie, pump, cannula, driveline), LVAD-related infections 

(ie, endocarditis, bloodstream infections, mediastinitis), 

and non-LVAD infections (ie, pneumonia, urinary tract 

infection).  27   

 Although the frequency of driveline infections has 

decreased, likely because of decreased driveline diam-

eter, smaller pump pockets, and improved implanting 

techniques, they continue to be the most common 

infection in patients with LVAD, occurring in 17% to 

30% of patients. Risk factors for driveline infection 

include young age, obesity, and a history of diabetes 

mellitus.  28   Th e causative microorganisms are, typically, 

skin fl ora (staphylococcal and enterococcal species), 

whereas gram-negative bacterial and fungal infections 

are seen less frequently.  29   Although data determining 

effi  cacy of antimicrobial treatment regimens are lacking, 

superfi cial infections, if caught early, can be managed 

with antibiotics and wound care. However, deeper 

infections may require surgical debridement. Addition-

ally, external driveline stabilization (ie, abdominal 

binder) to prevent repeated trauma to the exit site may 

reduce the risk of driveline infection.  30   Infections 

originating in or migrating to the pump pocket are 

serious, albeit infrequent, complications that may 

require protracted courses of IV antibiotic therapy, 

urgent LVAD replacement, or heart transplantation.  

 GI Bleeding 

 GI bleeding is a frequent complication aft er implanta-

tion of a CF LVAD, and various studies have demon-

strated the incidence of GI bleeding to be between 

5% and 30%.  31   Aggarwal et al  32   demonstrated that the 

majority of bleeding events were of “upper” rather than 

“lower” GI origin (57% vs 35%), with erosions, arterio-

venous malformations, and gastric ulcers accounting for 

the majority of events. GI bleeding is a frequent cause 

for rehospitalization, requiring transfusion of blood 

products (increasing risk of sensitization) and reduction 

of antiplatelet and anticoagulant therapy (increasing the 

risk of thrombotic complications). 

 Th e high frequency of bleeding is likely multifactorial in 

origin. Similar to patients with severe aortic stenosis 

(Heyde syndrome), patients with CF LVADs develop an 

acquired von Willebrand factor (vWF) defi ciency.  33   

Although total vWF levels are maintained, patients with 

CF LVAD have a pronounced reduction in multimeric 

vWF proteins, which participate in platelet activation 

and hemostasis. Th is reduction occurs early aft er device 

implantation, with correction aft er device removal.  34 , 35   It 

has been proposed that the decreased pulse pressure 

associated with CF LVAD therapy may promote angiodys-

plasia by modulating angiogenic growth factors.  31   Further 

supporting this theory, a lower incidence of nonsurgical 

bleeding has been observed in patients who have 

device-measured parameters of increased pulsatility.  36   

 No proven therapies for the treatment of LVAD-

associated GI bleeding exist. In addition to standard 

measures to identify the source of bleeding and resusci-

tate the patient, some have considered increasing 

pulsatility by reducing LVAD speed or instituting 

inotropes. Additionally, patients oft en require reduction 

or removal of warfarin and antiplatelet therapy. 

 Octreotide (somatostatin analog) may be eff ective to 

treat and prevent GI bleeding in patients with LVAD.  37   

Octreotide works to reduce variceal bleeding and 

idiopathic GI bleeding by inducing splanchnic vasocon-

striction, enhancing platelet aggregation, and inhibiting 

angiogenesis.  38   Additionally there are data supporting 

the use of octreotide for vWF syndrome and arteriove-

nous malformations, two conditions proposed to play a 

role in LVAD-associated GI bleeding.  39 , 40     

 Neurologic Complications 

 Despite advances in device design, neurologic events, 

including transient ischemic attacks and cerebrovascular 

accidents (ischemic and hemorrhagic), continue to be 

a signifi cant morbidity. Kato et al  41   reported that the 

prevalence of neurologic events was no diff erent 

between CF and older pulsatile devices (14% in each 

group). Backes et al  42   published a systematic review on 

cerebrovascular complications of LVADs and found 

a stroke risk of 0.25 events/patient-year with the 

HeartMate II LVAD. Furthermore, patients are at 

increased risk of ischemic and hemorrhagic stroke if 

they have an infection, as infl ammation may imbalance 

endogenous coagulation mechanisms.  43      

 Th e TAH 

 A small subset of patients with pronounced RV failure 

or other anatomic abnormality who are poor candidates 

for isolated LV mechanical support may benefi t from 

total heart replacement. Examples of concomitant 

pathology include acute myocardial infarction with 

ventricular septal defect, aortic root aneurysm/dissec-

tion, cardiac allograft  failure, massive ventricular 

thrombus, refractory malignant arrhythmias, hypertro-

phic/restrictive cardiomyopathy, and complex 
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congenital heart disease.  44   Patients oft en present 

emergently to the ICU preoperatively, and the majority 

of TAH implantations are done for critical cardiogenic 

shock or rapidly declining patients.  45    

 Device Design and Parameters 

 Th e SynCardia TAH (SynCardia Systems, Inc) is, to our 

knowledge, the only TAH currently in clinical use and 

US Food and Drug Administration approved as a bridge 

to transplantation. Th e native right and left  ventricles are 

excised and replaced with two 70-mL polyurethane 

pneumatic chambers. Each chamber has two mechanical 

tilting disc valves replicating the function of the excised 

cardiac valves and a pneumatically driven diaphragm. 

Pneumatic drivelines tunneled through the abdominal 

wall connect each chamber to an external driver. Th e driver 

forces air in and out through the drivelines to displace the 

diaphragms and circulate blood through the body ( Fig 5 ).     

 In contrast to the perioperative management of the 

patient with an LVAD, the TAH provides high cardiac 

output (6-8 L/min) with lower vasoconstrictor require-

ments and no potential for arrhythmia complications. 

Th e clinician can modify beat rate, drive pressure, 

percent of time in systole, and vacuum pressure to 

modify pump fi lling and ejection characteristics to 

optimize cardiac output. Airfl ow and pressure within the 

drivelines are graphically displayed beat to beat on the 

console to guide settings. To ensure constant movement 

of blood and minimize the potential for thrombus 

formation, device parameters are adjusted for “partial 

fi lling” (demonstrated as continuous airfl ow return at 

the end of systole on the fl ow curve) and “complete 

eject” (demonstrated as a small pressure spike at the end 

of systole on the pressure curve). 

 Patients generally begin IV anticoagulation and transition 

to oral anticoagulation, aspirin, and dipyridamole. Th e goal 

of therapy is an international normalized ratio between 

2 and 3. Patients with evidence of increasing hemolysis 

may benefi t from the addition of pentoxifylline.   

 TAH Complications 

 Perioperative complications of the TAH are unique from 

those observed with an LVAD. Early aft er device 

implantation, bleeding is common, and, thus, a strategy 

of delayed sternal closure is used at many centers. 

Mediastinal tamponade can compress systemic and/or 

pulmonary venous return, resulting in decreased pump 

output and persistent cardiogenic shock. Transesopha-

geal and intracardiac echocardiography are useful 

modalities to assess venous return intraoperatively. 

 Pulmonary congestion from left -sided heart failure 

usually improves early aft er device implantation; thus, 

persistent pulmonary congestion aft er device implantation 

warrants further investigation. In patients with long-

standing pulmonary hypertension and signifi cant 

pulmonary venous remodeling, the higher RV drive 

pressure required for full right-sided ejection may be 

detrimental. It is possible to “overdrive” the right-sided 

output leading to profound pulmonary edema. Severe 

respiratory failure (infl ammation or congestion) from any 

cause can be eff ectively managed with temporary venove-

nous extracorporeal membrane oxygenation support. 

 Renal failure occurs frequently aft er implantation of the 

TAH, which may be partly related to the abrupt decrease 

in endogenous natriuretic peptide production associated 

with ventricular excision. Perioperative supplementation 

with low-dose nesiritide infusion (0.005  m g/kg/min) 

appears to improve urine output and reduce the 

  

 Figure 5  –     Drawing of the total artifi cial heart, which replaces the entire 
ventricular myocardium, all four valves, and the proximal portion of the 
great vessels. (Image provided courtesy of SynCardia Systems, Inc.)    
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incidence of renal failure.  46 - 48   However, the long-term 

impact of nesiritide therapy on renal function and 

outcomes aft er transplantation is unknown. 

 Patients with TAH demonstrate signifi cant chronic 

anemia that reverses aft er heart transplantation.  49   Causes 

are believed to include low-grade hemolysis and 

ineff ective erythropoieses possibly related to chronic 

infl ammation. Despite the anemia, patients with TAH 

demonstrate acceptable exertional capacity and minimal 

symptoms even with hemoglobin concentrations of 5 to 

6 g/dL.  50   To avoid sensitization and other associated 

complications, transfusions should be avoided unless the 

patient has signifi cant symptoms or other end-organ 

dysfunction. Severe anemia requiring frequent blood 

transfusions should raise concern for obstruction to 

blood fl ow in one of the pumps caused by thrombosis, 

impingement, or tissue pannus. 

 Until recently, patients with TAH remained hospital 

bound and tethered to a 189 kg (418-pound) console. 

Increased waiting time for donor organs has been accom-

panied by signifi cantly reduced quality of life as well as 

increased fi nancial costs. A portable driver allowing 

dis charge to home has been evaluated for clinical use and is 

awaiting regulatory approval for use in the United States.  51     

 Future Directions for Total Heart Replacement 

 Considering the durability and compact size of CF 

LVADs, eff orts have been made toward fully implanting 

CF biventricular assist devices. Frazier et al  52 , 53   devel-

oped a technique in which two axial-fl ow LVADs 

supplanted excised ventricles by replacing the infl ow 

and outfl ow graft s with titanium adapters and eventually 

implanted two LVADs in a patient with systemic 

amyloidosis. Durable success has been obtained with 

biventricular implants of the centrifugal-fl ow LVADs.  54   

 Th ere are CF TAH devices in development in the United 

States and Europe. Th e Cleveland Clinic Continuous 

Flow Total Artifi cial Heart has a single direct current 

motor and rotating assembly affi  xed to two centrifugal 

pumps and is currently undergoing in vivo studies, 

bench testing, and fi t studies in humans.  55   French 

investigators are using bioprosthetic material to design 

the CARMAT TAH, (CARMAT) an implantable, 

electro-hydraulically-driven, pulsatile-fl ow device with 

four bioprosthetic valves.  56      

 Conclusions 

 As clinicians increasingly use mechanical circulatory 

devices, device technologies (and complications) will 

continue to evolve. Clinicians in the ICU have an 

impactful role in the diagnosis and treatment of MCS 

complications and optimization of device function.     
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