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Abstract: There are unique complications arising from mechanical support devices but some of the long-
term systemic haematological complications are indistinguishable from management problems affecting the 
care of other patients receiving intermediate to long term care in the cardiac ICU. The field of mechanical 
cardiac assist device (MCAD) is evolving. Despite major changes in design of these devices the most 
feared haematological complications have remained unchanged, namely haemolysis, pump thrombosis 
or thromboembolism. This review article gives an overview over the pathophysiology of MCAD related 
haematological complications, their management and where possible an outlook on future strategies to 
prevent such complications. The impact of MCAD on blood is discussed, starting with rheology, common 
pump mechanisms, current and future pump surface coating materials, anatomical considerations of the 
connection of the circuit and design of the circuit itself. Moreover, the duration of the cardiovascular 
support, impact of bleeding complications and other patient factors. This article also covers the impact of 
long term mechanical cardiac support on the properties of platelets, the anticoagulation strategies and a 
basic guide to the differential diagnosis of haemolysis is reviewed. The section on anaemia considers anaemia 
in the wider perioperative setting for patients in critical care having undergone cardiac surgery and also 
discusses transfusion alternatives.
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Introduction

The field of mechanical cardiac assist device (MCAD) 
is evolving. Despite major changes in design of these 
devices the most feared haematological complications have 
remained unchanged, namely haemolysis, pump thrombosis 
or thromboembolism. Ventricular assist devices have been 
used successfully since 1966 and there is now registry data 
for more than 15,000 implantations (1,2). In the UK in 
2019 the average wait for a heart transplant was 3 years (3). 
The use of MCAD as bridge or destination therapy has 
improved survival and quality of life.

The current guidelines regarding the implantation 
and maintenance anticoagulation are based on very small 

studies, registries and expert opinion. 
The implantation of cardiac assist devices typically is 

performed in patients with coagulopathy and commonly/
thrombocytopenia due to critical illness or right heart 
failure, but also in patients with advanced heart failure that 
are no longer critically ill. A number of patients are anaemic 
and show a degree of iron restriction. Whether these 
devices are used as a bridge or potential destination therapy, 
potential HLA sensitisation due to transfusion is a concern 
and transfusion avoidance is important.

Safe platelet and red cell transfusion thresholds vary 
between individuals and between adults and children. This 
review is an overview about the current practice, how to 
diagnose and approach mechanical assist device induced 
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haemolysis, the optimum perioperative transfusion strategy 
and alternatives to transfusion, current and future strategies 
to minimise contact activation are also discussed. 

Haematological aspects of cardiac assist 
devices

To understand the possible range of complications in 
patients with mechanical assist devices it is important to 
review the following shared principles and complications 
which apply to all devices to a varying degree. 

Rheology

Blood’s viscosity decreases with increasing shear force 
(non-Newtonian fluid or ‘shear-thinning’ fluid). Its 
compressibility which is caused predominantly by 
deformability of the red cells. At molecular level this also 
causes changes in the shape of platelets but also at a tertiary 
structure level of proteins such as von Willebrand factor 
(vWF). Red cell breakdown occurs at forces 15× greater 
than the force to unfold a vWF protein and 3× greater 
than the force required to activate a platelet. Shear force 
activated platelets participate in coating the surface of the 
tubing (4). Under physiological conditions the laminar flow 
of blood leads to marginalisation of platelets. Turbulent 
flow interrupts this physiological pattern. When platelets 
no longer marginalise so thrombocytopenia becomes 
more symptomatic, as more platelets are required per ul 
to achieve the same density of platelets in the outer layer 

close to the endothelium. Blood is more likely to exhibit a 
turbulent flow as the haematocrit decreases (5).

Figure 1 shows an overview of cell distribution under 
laminar and turbulent flow conditions.

Pump mechanism

Blood has evolved to undergo pulsatile flow with gradual 
deceleration. The introduction of MCAD pumps which 
maybe pulsatile [e.g., pneumatic (HeartMate I®, Abbot 
Chicago, IL, USA)] or continuous [centrifugal (HVAD®, 
HeartWare Int., Framingham, MA, USA) or axial [e.g., via 
an Archimedian screw (HeartMate II®, Abbot, Chicago, IL, 
USA)]. The majority of the devices currently use continuous 
flow with either axial or centrifugal pumps. Figure 1 gives 
an overview of flow patterns with continuous and pulsatile 
mechanical assist devices. Figure 2 gives an overview of 
mechanical assist devices (6). Axial flow is defined as a flow 
pattern that is associated with minimal change of the radial 
location of fluid particles (‘pushing’, the axis of flow is in 
line with the impella axis). In a centrifugal pump blood is 
moved tangentially and radially leading to a higher degree 
of turbulence (‘throwing’, the axis of flow is at 90 degrees to 
the impella axis) (7,8).

Partial circulatory support can enhance this turbulence 
effect even further (9).

This classification is made more complex by the ability 
of some pumps to vary the pressure pattern intermittently 
(e.g., HeartMate III®) and variability in the degree of 
valve opening and closing patterns participating in the 

Figure 1 These two panels depict laminar and turbulent flow. Note redistribution of cellular elements across the vascular cross section 
dependent on flow. 
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modulation of the pressure waves (10).
Areas of sudden deceleration or rapidly changing 

vascular geometry are sites of depletion particularly for high 
molecular-weight vWF which can lead to an unexpected 
discrepancy between circulating high vWF Antigen and 
vWF Activity [ristocetin cofactor (RicoF) or collagen 
binding (CB) or ristocetin induced platelet aggregation 
(RIPA)]. This is counter-intuitive at first as the total vWF 
Antigen is often very high but it is caused by this imbalance 
between molar concentration and functional interaction 
between endothelia and platelets causing acquired von 
Willebrand’s disease. 

Mechanical assist devices will introduce turbulence 
as described above but also lead to further platelet 
consumption, platelet degranulation and may predispose 
to clot formation in areas of relative stasis. While more 
physiological, pulsatile flow introduces additional 
complexity and platelet trauma through compression of 
the blood by the roller pumps, the body’s autoregulation 
and pressure sensing system has also been designed for 
pulsatile flow. Continuous flow has additional unintended 
consequences such as overstimulation of baroceptors 
and thus affecting microcirculation, increased risk of 
hemorrhagic stroke, increased matrix metalloproteinase 
expression, oxidative stress, and increased aortic stiffness (8).  
Hypoxic conditions are better tolerated when flow is 
pulsatile (11). Another pump related problem is heat 
generation. Heat, particularly when a clot affects the pump 
mechanism directly can be excessive and contribute both 

to haemolysis, thrombotic activation and consumption. 
Red cells break up may generate spurious thrombocytosis 
in automated cell counters. Changes in neutrophils can 
spuriously affect the automated differential white count 
causing an increase in measured eosinophils (12-16).

The pump circuit surface treatment 

Circuit tubing is often coated with chemically active 
compounds or anticoagulants,  also referred to as 
‘biomimetics’, the most commonly used one remains 
heparin. There are a number of potential replacement 
coating materials in development that reduce contact 
factor activation such as the monoclonal antibody 3F7 32 
to factor XIIa or single-strand RNA molecules (aptamers) 
that interfere at different stages of contact/intrinsic cascade 
activation (11F7t 33 alone or in combination with R9d-14t, 
RNABA4, R4c-XII-1t, Kall1-T4 or FELIAP). Imitation of 
the endothelial release of nitrous oxide (NO) by utilising 
N-diazeniumdiolates and potentially combining this with 
bonded direct thrombin inhibitors is another strategy. 
NO release is controlled by pH control locally within in 
the circuit and this does not cause systemic effects. This 
leads to conversion of endogenous S-nitrosothiols with 
the help of bonded copper ions into the circuit material. 
Another approach is to prevent interaction of the lining 
of the support device through passivation through 
phosphorylcholine, albumin and 2-methoxyethylacrylate 
(PMEA) (17,18).

Figure 2 Three current LVAD pump principles. (A) Depicts an axial flow impella such as the one used in the HeartMate II device; (B) 
depicts a centrifugal pump such as those used in the HVAD® device; (C) depicts the principle of a roller pump such as those used in 
paracardial devices such as during CPB. Action of the roller pump leads to intermittent marked compression of the blood tube. 
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The utilisation of actual host endothelial cells or 
biocompatible endothelial cells could allow long term 
support in the future, but is not currently technically 
feasible to induce rapid coating of the central access 
cannulae or oxygenator tubing using the patient’s stem cells 
(17-19).

The anatomical site of the cannulisation and the circuit 
design

Venous cannulation is associated with line infection 
and thromboembolism. Where in addition arteries are 
cannulated, injury to the thicker arterial wall can lead to 
embolization of plaque or calcium and artery dissection. In 
addition, the calibre of the catheter will cause a degree of 
obstruction in the artery distal to the insertion site, which 
can be associated with tissue ischaemia and compartment 
syndrome. Additional distal perfusion cannulae and 
sometimes surgical intervention (fasciotomy) can be 
required. Where the lung is bypassed rather than merely 
replaced in tandem to the patient’s lung (e.g., in VA ECMO 
as opposed to VV ECMO), the relative risk of long-term 
mortality and morbidity is greatly increased. Even very 
small emboli from the outflow cannulae have the capacity 
to cause arterial embolisation. Other circuit designs such as 
the tandem heart similarly induce a new risk of paradoxical 
emboli by creating right left shunting as the inflow cannula 
is positioned by piercing the atrial septum. 

While implantable MCAD are generally safer from 
a microbiological and thromboembolic perspective, the 
implantable devices have additional sources of infection 
such as the driveline which is tunnelled subcutaneously to 
the device to propel the internal mechanism while keeping 
the control element and battery outside the body.

For balloon pumps in particular improved balloon design 
and increasing miniaturisation have allowed insertion kits 
that do not require a sheath and so reducing the risk of 
dissection of the arterial wall. 

Duration

In addition to the mechanical aspects of MCAD the 
intended duration of support is also important to 
understand the range of complications. At baseline MCAD 
are typically used in those with the most severe cardiac 
impairment associated with prolonged inotropic support, 
multiorgan failure and due to the emergency context usually 
also complex platelet-based coagulopathy. The implantable 

mechanical assist devices are the left ventricular assist device 
is intended for long-term use or even destination therapy. 
Line related bleeding complications are more likely to be 
encountered at the beginning of therapy whereas other 
complications such as GI bleeding due to AV malformations 
are long term complications caused by the continuous flow 
support. 

Bleeding

Bleeding complications are common and the risk of 
bleeding varies greatly dependent on the type of circulatory 
support the patient is receiving and what other treatments 
the patient has received prior to MCAD support. Bleeding 
can broadly be classified into bleeding associated with 
cannulation or surgical implantation/intervention and 
spontaneous bleeding with no surgical cause. Where 
circulatory support was instituted as an emergency the 
history is often incomplete and particularly spontaneous 
bleeding and bleeding from the ear nose and throat region, 
upper gastrointestinal and urinary tract should prompt 
investigation for a congenital clotting factor deficiency with 
the help of a bleeding score and appropriate laboratory 
testing as well as considering acquired von Willebrand 
syndrome. A prolonged aPTT however may not only be 
caused by deficiency of the clotting factors VIII, IX and 
XI. Asymptomatic aPTT prolongation may also have been 
caused by other clotting factors that do not predispose to 
bleeding such as factor XII deficiency or isolated presence 
of Lupus anticoagulant antibodies. 

Acquired von Willebrand syndrome due to the loss of 
high molecular weight vWF is believed to be one of the 
key mechanisms that is associated with excessive bleeding 
in patients with prolonged extracorporeal circuit therapy. 
vWF is cleaved by the action of the enzyme ADAMTS13. 
Von Willebrand multimers in health are protected from 
premature cleavage by ADAMTS13 through the adoption 
of a conformation that reduces the exposure of potential 
cleavage sites (20,21).

As these assist devices consume particularly the high 
molecular weight vWF multimers gastrointestinal (GI) 
bleeding is common. Similar features are observed in 
subtypes of congenital vWD if there is absence of high 
molecular weight vWF (22). This in turn leads to a 
variable pattern of abnormal vWF function in vitro, e.g., 
predominantly affecting collagen binding. 

There are only a few studies that have analysed the 
prevalence of reduced vWF factor level and activity. 
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Generally a combination of vWF:Act [(RIcof)/(CB)]/
vWF:Antigen (vWF:Ag) of <0.70 is accepted as a diagnostic 
criterion. Where available Multimer analysis should 
be performed in addition to positively demonstrate the 
reduced concentration or absence of multimers. Prevalence 
varies according to the type of mechanical support with 
an unknown prevalence for the majority of devices. Small 
studies in ECMO have shown 85–100% prevalence. 

The overall relevance of the in vitro phenomenon for 
clinical bleeding and other outcomes is unclear. Treatment 
checklists and algorithms based on extrapolation and 
expert opinion or retrospective single centre studies have 
been published. The main concern from a haematological 
perspective is that vWF:Ag and vWF:Act are often 2–4× 
above the upper limit of normal and although the activity 
of the vWF lags behind it is still increased. Where Platelet 
aggregation is performed in addition to vWF:Act a 
suboptimal platelet aggregation maybe demonstrable (RIPA) 
in addition. However, these tests are time consuming and 
not always available when bleeding occurs. 

In percutaneous and paracorporeal MCAD the most 
common bleeding complications affect the access lines or 
concomitantly inserted other percutaneous lines like chest 
drains (23).

In implantable intracorporeal MCAD the most 
common sites of bleeding are intracranial (1–9%) and GI 
bleeding which can affect 5% to 40%. AV malformations, 
angiodysplasia and ulcers due to concomitant antiplatelet 
therapy can predispose to bleeding. AV malformations 
are especially prevalent in patients with continuous flow 
pumps.

Nearly all patients with ventricular assist devices will 
develop abnormal vWF Act/Ag ratios, however In only 14–
30% of patients VAD insertion is complicated by bleeding 
(4,20). Geisen et al. found that 10/12 of VAD recipients 
on day 1 showed acquired vWD and that all patients had 
acquired vWD by day 3 (24). The risk of bleeding is greatest 
in older patients, patients with cardiogenic shock, patients 
who are on anticoagulation or have liver dysfunction due to 
heart failure or kidney failure. The acquired vWD changes 
are reversible within 48h when ventricular assist ceases.

In a small retrospective study of 73 patients undergoing 
surgery during VV ECMO, Holzer found only a difference 
in Fibrinogen between those patients receiving more than 
2 units of blood vs. those who received fewer units of blood 
statistically significant (25). 

The risk of bleeding in continuous flow VAD devices is 
reported to be ten times greater than in pulsatile devices 

with AV malformations being responsible in 20–60% 
of cases of VAD (4,10,26), possibly caused by increased 
angiopoietin 2 levels (22). GI bleeding, however, is the 
most common VAD complication affecting 20–30%, 
but is shared complication for all long-term continuous 
flow devices (27). Axial flow may cause a lesser degree of 
acquired vWD compared to the centrifugal design (28).  
In the HeartMate II device (n=145), Bunte et al. (29) 
found the peak incidence of bleeding to occur was within 
2 weeks of implantation and then to be manifest as 
thoracic, mediastinal or GI bleeding. The reintroduction of 
pulsatility in the HeartMate III® design has not significantly 
reduced the frequency of GI bleeding despite reduced 
consumption of high molecular weight vWF (8,30).

Treatment is of MCAD associated acquired vWD 
deficiency is controversial.

Kalbhenn et  a l .  have published a s ingle centre 
experience-based transfusion algorithm with the thresholds 
for factor replacement on ECMO. In this paper they 
advocate aggressive correction of vWF:Ag/vWF:Act based 
on activity, factor VIII and factor XIII as well as fibrinogen 
of 1.5 g/dL (31).

The treatment with vWF concentrate is often not 
successful  due to mechanical  consumption of the 
replacement product. vWF concentrate will increase the 
vWF:Ag more than the activity and increase the patient’s 
factor VIII level so increasing the risk of thrombosis. 
Notably GI bleeding is also a 7× risk factor for stroke, likely 
through interruption of anticoagulation rebleeding rates 
after restarting anticoagulation are high (4).

The neoangiogenesis is a novel target for bleeding 
prevention with the use of ACE inhibitors or angiotensin 
receptor blockers in the first 30 d after implantation. 
Another target is the administration of omega-3-fatty acids 
which have been shown to reduce the risk of bleeding at a 
dose of several g daily in a retrospective study. Octreotide 
and thalidomide have also been tried off label with some 
success in small retrospective case series of LVAD bleeding. 
In vWD in the absence of MCAD in addition there are 
reports of successful use of Danazol for GI bleeding (21). 
There is a small cohort where Doxycylin has been used 
reduce ADAMTS13 activity and improve the vWF half-
life (27,32) but it is yet to be tested in patients with LVAD 
placement.

Platelet phenotype

The exposure of the blood to the circuit material leads 
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to the deposition of platelets on the circuit surface. This 
process begins within minutes of commencing mechanical 
support and is associated with clotting factor and contact 
factor activation and depletion. The number of platelets 
that take part in coating the surface increases with 
increasing shear force (4). In addition to the tubing system 
another area that attracts major platelet deposition is the 
pump itself. Where clots form in this area they typically 
contain fibrin cores with vWF deposited in the outer layers 
in association with platelets (20,33,34).

Platelet aggregometry shows a global reduction 
compared to pre ECMO (34). Platelets during ECMO 
therapy typically decrease in numbers and show altered 
expression of adhesion molecules such as GP VI, GPIα, 
CD62, CD63 and β-thromboglobulin. Transient changes 
in platelet factor 4 which recover over the following 7 days 
have also been described (4,34). 

In ventricular assist devices pulsatile devices seem to 
show more platelet activation than continuous flow devices, 
whereas the continuous flow devices show evidence of 
persistent endothelial activation. 

Intracorporeal pulsatile devices show activation of CD63, 
p-selectin and thrombospondin highest after implantation 
but increased still at 3 weeks, whereas paracoporeal pulsatile 
VAD patients were found to have abnormal p-selectin 
expression but not CD63 or thrombospondin (35). In the 
MicroMed® (Micromed Technology Inc., Houston, Texas, 
USA) continuous flow device p-selectin, CD63 and CD31 
was initially elevated but returned to normal after 4 weeks, 
the Jarvik2000® (Jarvik Heart Inc, New York, NY, USA) and 
HeartMate II® did not show activation of these markers (35). 
These markers have not been linked to clinical symptoms of 
thrombosis or bleeding yet (35). 

Reactive oxygen species mitochondrial membrane 
potential and markers of apoptosis were found increased in 
VAD (Jarvik2000®, HVAD® and HeartMate II®) patients 
and in a small group of HeartMate II® patients to be linked 
to bleeding complications (35).

It is likely also the consequence of a negative selection 
mechanism where the most reactive platelets adhere to 
catheters and pump surfaces and only less reactive platelets 
remain in circulation which in turn leads to a mixed platelet 
secretion defect affecting alpha and delta granules (36).

Shear stress also induces shedding of GP Ib which again 
if observed in the first 2 weeks may correlate to clinical 
bleeding phenotype but other receptors such as GP VI and 
GP IIb/IIIa also show shear force related shedding (35).  
Genetic polymorphisms such as of GpIIb/IIIa may also 

have an influence on complications (35). Increases in 
interactions with monocytes may also be important 
through formation of monocyte platelet complexes with 
increased expression of CD14 (35). In a small cohort of 15 
patients with ventricular assist device support these patients 
had an increased frequency of embolic complications (35). 
Patients in the early phase post LVAD insertion were found 
to have increased platelet microparticles with increased 
levels of IL4, IL6, I-CAM-1, E-selectin and VCAM-1. 
These elevations were persistent but less pronounced at 6 
months (35).

Anticoagulation

The initial insertion of MCAD devices follows protocols 
with significant variation between institutions (7,37). Most 
centres agree that haemostasis at the time of implantation 
should be normalised temporarily (21). Following 
insertion all of these devices are initially managed with 
a combination of unfractionated heparin (UFH) around 
the time of implantation with the majority of them 
having manufacturer’s recommendations to continue with 
heparinisation while they are in situ.

The 2013 International Society for Heart and Lung 
Transplantation (ISHLT) guidelines (38) recommend 
commencement of UFH or alternative anticoagulant 
within 2 d of implantation of ventricular assist devices. 
Those devices that can remain for more than just a few 
days typically transfer to oral anticoagulation with warfarin 
with an INR of 2.0 (HeartMate II) or 2.5–3.0 (HVAD). 
VAD insertion however has a high rate of reoperation for 
bleeding which can be as high as 30% which is why there 
are ongoing efforts to make the initial anticoagulation less 
aggressive.

The newer HeartMate III VAD was found to have a 
significantly lower rate of pump thrombosis compared to 
the HeartMate II device at 6 months in the Momentum 3 
RCT trial (0.7 vs. 7.7%, P=0.002) with comparable rates of 
bleeding or stroke (27).

Centres who have initiated warfarin loading without UFH 
but with aspirin and warfarin alone after device implantation 
of the HeartMate II® device have not seen a noticeable 
increase in thrombotic evens in the short term (27).

Conversely however the reduced intensity of bridging 
anticoagulation following the initial insertion period due 
to increased frequency of GI bleeding with the centrifugal 
flow devices has seen an increase of pump thrombosis at 
3 months for the HeartMate II® VAD (39). (incidence up 
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from levels of 2.2% (in 2011) to levels as high as 8.4% (in 
2013) (27). 

The prevention of pump thrombosis relies on mechanical 
and non-mechanical factors and only those HeartMate II® 
patients that had pump speeds >9,000/min, had consistent 
bridging, followed all surgical recommendations had 1.9% 
vs. 8.9% incidence of pump thrombosis in the PREVENT 
trial , which is referred to as the three P factors (patients, 
pumps and pills) (2,40).

The use of concomitant antiplatelet therapy varies. 
Heartmate I, HVAD and HeartMate II devices in addition 
are treated with aspirin by some centres (7,37). Some of the 
older designs in addition recommend dipyridamole dual 
antiplatelet therapy and some only during the first 4 weeks. 

Novel approaches are to measure the degree of platelet 
blockade in vitro (e.g., Platelet mapping®) warfarin alone 
and reduced intensity warfarin with an INR of 1.6–2.0 
(27,41,42).

In LVAD thrombin generation between warfarin treated 
patients with Aspirin or without Aspirin showed identical 
ETP but marked differences in peak and lag time (43).

Direct oral anticoagulants (DOACs) have not been 
shown to equivalent to warfarin in VAD patients. In one 
study dabigatran had comparable efficacy to warfarin and 
less major bleeding, another trial switching from warfarin to 
dabigatran after 4 weeks had to be discontinued prematurely 
due excess thromboembolic events (dabigatran 110 mg BD) 
(4,27).

Bridging is used frequently for subtherapeutic INRs but 
the threshold is not universal and some centres do not have an 
agreed lower limit below which LMWH would be given and 
practice varies depending on device and patient’s history (37).

If MCAD associated venous thrombosis occurs, 
consistent uninterrupted anticoagulation may be sufficient 
to reduce the clot burden but in some case repositioning of 
the line that is associated with the clot may be required. 

Venous thromboembolism and arterial embolic disease

Stroke occurs in VAD with an annualised risk of 7–10% (4). 
Strokes are complicated by a 12% fatality rate. Stroke risk 
reduction is achieved by heparinisation, warfarin therapy 
and possible additional anti-platelet therapy with aspirin 
and clopidogrel/dipyridamole but practice varies between 
centres and devices.

Large s trokes  may necess i tate  interrupt ion of 
anticoagulation therapy for a variable duration of time if 
the clinicians are concerned about the risk of haemorrhagic 

transformation of the stroke. 
Antithrombin (AT3) deficiency is highly prevalent around 

the time of MCAD insertion due sepsis, consumption, 
critical illness or hepatic impairment (41). In a meta-analysis 
of 20 AT3 replacement trials in patients on ICU it was 
shown to be associated with a 1.5× increased risk of bleeding 
but with no effect on mortality. There are a number of 
lower quality case series that report no increase in bleeding. 
It is important therefore to conduct further trials about the 
relative contribution of antithrombin replacement for VTE 
prophylaxis (2).

Pump thrombosis can affect the inflow cannula, pump 
and outflow cannula. Pump thrombosis should be suspected 
if two of the following criteria coexist: (I) abnormal pump 
parameters (pump power elevation); (II) raised LDH or 
plasma-free haemoglobin; (III) new heart failure symptoms 
unexplained by structural abnormality. Pump thrombosis 
has a high mortality with a survival of 65% after a first 
pump replacement and only 50% after a second.

The treatment of pump thrombosis can be medical or 
surgical dependent on location of the clot, overall prognosis 
for the patient and institutional experience. Medical therapy 
typically consists of a combination of UFH, thrombolysis 
and possibly GP IIb/IIIa blockers. Where case series 
have been reported the success rates are low—between 
25–50% resolution of clot and a mortality of up to 17–52%. 
Bleeding complications are observed in up to 65% of 
patients with increasing risk if thrombolysis is employed. 
Pump thrombosis especially if it affects the pumping 
mechanism itself is associated with haemolysis (4,44,45). 
A weak point of pump design are the rotor bearings which 
can be liable to heat generation if based on hydrodynamic 
or mechanical principles. Magnetically levitated impellers 
however may increase the dwell time of the blood in areas 
although the friction is much reduced. Pump thrombosis 
can also be secondary to aspiration of pannus material and 
cause embolic complications (40). 

The incidence of HIT is low and for ECMO is cited 
at 0.36%. Not all studies have diagnosed HIT with 
functional assays leading to variation in the reports on 
incidence and prognosis. Where HIT is diagnosed care 
must be taken to avoid further heparin exposure and the 
patient should be switched to non-heparin coated circuit 
and pump material (46).

Nafamostat mesylate (NM) (47) has been used in small 
case series in paediatric and adult patient for anticoagulation 
during ECMO support with conflicting results. It is 
a proteinase inhibitor with off target effects on renal 
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potassium excretion. Due to the non-cross reactivity with 
heparin this could be a promising anticoagulant in heparin 
intolerant patients.

Haemolysis

Haemolysis may be broadly categorised in immune and 
non-immune haemolysis. Immune haemolysis typically is 
caused by allo-antibodies in response to previous transfusion 
(Table 1).

The blood film may allow initial stratification. Presence 
of spherocytes or autoagglutination may indicate immune 
haemolysis whereas the presence of fragments may 
indicate mechanical haemolysis e.g., due to excessive flow 
velocities or pump thrombosis. LDH and haptoglobin 
allow an assessment of the briskness of haemolysis, 
similarly increased total and indirect bilirubin can indicate 
haemolysis. The ratio between direct and indirect bilirubin 
may further help to identify haemolysis as a cause but 
its interpretation is often limited by coexistent hepatic 
impairment. Haptoglobin is useful to try to distinguish 
between intra and extra-vascular haemolysis and would 
be expected to be absent in the presence of significant 
MCAD related intravascular haemolysis as well if there is 
brisk autoimmune haemolysis. The LDH further helps to 
assess the degree of intravascular haemolysis. The LDH 
however is not specific for haemolysis however is advocated 
by some to be a very reliable measure and changes over 
time can indicate pump thrombosis. In Immune haemolysis 
while oxygen delivery becomes less efficient with anaemia, 
no effect on the pump load would be expected. Red cells 

too are subjected to extreme shear forces and focal points 
of increased temperature. The shear force exerted on 
passing blood increases with reducing calibre which is why 
haemolysis is associated with small leaks and thrombosis. 

An increase in device power which is based on the 
Watt’s law relationship of power = voltage (pressure 
gradient) × current (flow) means that a clot in the pump 
mechanism will lead to a marked increase in power load to 
maintain device flow and thus causing haemolysis through 
the change in pressure and velocity across a reduced 
cross section (7). The impella device is associated with 
haemolysis in 60% of patients who requires support for 
>24 h (4). The speed of the centrifugal pump is markedly 
greater which combined with a much narrower calibre. 
Haemolysis is quantified with a combination of free 
haemoglobin, LDH and Haptoglobin. Confounding can 
occur due to rhabdomyolysis or hyperbilirubinemia (4). 
Haemosiderin in urine maybe a useful adjunctive test to 
confirm intravascular haemolysis.

Management will depend on the cause. Centrifugal, 
axial and pulsatile devices show different susceptibilities 
to pathophysiological changes causing changes in head 
pressure. Axial flow devices such as the HeartMate II show 
an increase in negative pressure is there are changes in the 
pressure gradient between the ventricle and the aortic arch 
that centrifugal devices are insensitive to. The suction can 
aspirate part of the ventricle wall and the reduction in inflow 
cannula diameter can be associated with haemolysis (7).  
Mechanical haemolysis should prompt investigation of the 
cause of haemolysis and an attempt at correction. Where 
the cause is not evident changes in flow or cannula position 

Table 1 Comparison of the clinical and laboratory features of immune haemolysis (auto-immune and allo-immune) and mechanical haemolysis

Haemolysis Auto-immune haemolytic anaemia Allo-immune haemolytic anaemia Non-immune

Blood film Spherocytes or auto-agglutination Spherocytes or auto-agglutination Red cell fragmentation

LDH Raised +++ Raised + Raised +++

Haptoglobin Absent, if detectable likely  
extra-vascular haemolysis

Absent, if detectable likely extra-vascular 
haemolysis

Absent

Liverfunction tests Indirect bilirubin ++/ Indirect bilirubin ++/ Indirect bilirubin ++/

Direct bilirubin + Direct bilirubin + Direct bilirubin +

Free haemoglobin Detectable Only in very brisk haemolysis Detectable

Urine haemosiderin Detectable Detectable Detectable

Clinical features Not causally related to transfusion History of transfusion in last 6/52 Not causally related to transfusion

Often concurs however Often concurs however
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should be considered. Where this is not an option careful 
monitoring should be instituted and it is important to 
note that chronic haemolysis can predispose to VTE and 
pulmonary hypertension. 

Allo-immune haemolysis is usually self-limiting and 
requires very minimal intervention. Careful antibody 
identification and sparing transfusion should be instituted. 
Only about 4% of patients who receive transfusions develop 
antibodies. In the acute phase of a delayed haemolytic 
transfusion reaction there may not be free detectable allo-
antibody until all allogeneic red cells have been destroyed. 

Autoimmune haemolysis may require aggressive 
intervention with a prolonged course of steroids but would 
be exceedingly unlikely in a patient receiving MCAD. A 
confounder is the fact that approximately 10% of patients 
have a positive direct antiglobulin (Coombs’) without being 
clinically affected by haemolysis, emphasizing that the 
intensity of the patient’s haemolysis cannot be derived from 
laboratory parameters alone. 

Anaemia, causes of, transfusion alternatives (48,49)

Oxygen delivery is a function of haemoglobin, cardiac 
output, haemoglobin oxygen saturation and partial pressure 
of O2 in the plasma. Delivery of oxygen is approximately 
2–5× of oxygen consumption in homeostasis. Oxygen 
consumption can therefore be maintained until oxygen 
delivery falls to 2× or less of oxygen consumption (11). The 
oxygen content of a volume of blood is dependent on pO2 
and haemoglobin content with the saturation levels that 
are achieved directly proportionate to the concentration 
of haemoglobin. Reduced oxygen delivery per ml of blood 
can be compensated for by increasing cardiac output but 
ultimately anaerobic metabolism results.

Transfusion in cardiac ICU should ideally be driven by 
oxygen delivery and cardiac oxygen demand rather than a 
set Hb level. 

Every additional gram of haemoglobin increases the 
delivery of oxygen however at the cost of increasing 
viscosity and heart strain. Conversely the ICU patient is 
usually at rest meaning that the oxygen extraction from the 
blood will be reduced and a gain in Hb concentration will 
not linearly increase the amount oxygen extracted but may 
allow to tolerate a reduction in cardiac output more easily. 
The above is borne out in the few studies that are available 
regarding restrictive and liberal transfusion strategy. 

In multicentre observational study (50), patients who 
received transfusions had excess mortality overall and 

in ICU. ICU stay also was significantly longer in the 
transfused group (7.2 vs. 2.6 d) This remained so even after 
sequential organ failure assessment (SOFA) score matching 
and at all admission haemoglobin levels. Transfusion 
decisions were left to individual clinicians in 146 ICUs who 
did not apply a unified threshold.

In a small (n=167) single centre observational cohort 
study with 54% cardiac patients (51) treated with a 
transfusion threshold of 70 g/L there was excess mortality, 
worse SOFA score on day 28, longer ICU and hospital stay 
in the transfused group which reached statistical significance 
and transfusion was a significant independent risk factor in 
multivariate analysis for mortality.

In a systematic review in critically ill patient Marik  
et al. (52) included 272,596 patients in 45 studies and found 
that the risk outweighed the benefits of red cell transfusion 
in 42 of 45, was neutral in 2 and was of patient benefit in 
one in the subgroup of the elderly and acute myocardial 
infarction, there with a haematocrit threshold of 30% (which 
would convert to approximately Hb <100 g/L). 

The original randomised controlled transfusion 
requirements in critical care (TRICC) trial that led to 
advocating a restrictive over a liberal transfusion strategy 
was conducted in a general ICU and included only 20% 
cardiac patients. The two transfusion thresholds trialled 
against one another were 70 and 100 g/L (49). There was 
a trend to lower 30 day mortality and ICU mortality in the 
overall cohort. 30-day mortality became significant only 
in the under 55 years old and those with an APACHEII 
score of ≤20. The restrictively transfused cardiac patient 
did not show the same trend in mortality difference as the 
other cohorts. When the same strategy was employed in 
septic ICU patients (TRISS) trial no significant difference 
in 90 d mortality or organ support was identified between 
a transfusion threshold of 90 g/L and 70 g/L. Cardiac 
patients made up 14% of TRISS patients.

Carson et al. (53) conducted a meta-analysis of 12,587 
patients in 31 trials comparing the transfusion triggers 
of 70–90 g/L against 90–100 g/L and found no effect on 
the 30 day mortality and other assessed outcomes (cardiac 
events, stroke, thromboembolism or infection) although 
the risk of transfusion was significantly reduced in patients 
treated with a restrictive strategy. 

Holst et al. (54) included 9,813 patients in 31 trials with 
no effect on mortality, myocardial infarction, cardiac events 
or overall morbidity. Transfusion triggers again varied 
between 70–97 g/L in Holst’s restrictive group. 

Docherty et al.’s meta-analysis (55) of 3,033 cardiac 
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patients not undergoing surgery in 11 trials showed no clear 
detriment with a restrictive strategy on 30-day mortality but 
an increased risk of acute coronary events (RR 1.78, 95% 
CI: 1.18–2.7, P=0.01) . Docherty’s study was not limited to 
ICU patients. 

In an observational study of 1711 ICU patients, the risk 
of infection was 15.38% vs. 2.93% in the transfused groups 
vs. untransfused. Each unit of blood received increase the 
risk of nosocomial infection by factor 1.5 with a mean 
number of units received in the transfused group of 4 (49).

Transfusion alternatives 
Despite widespread presence of iron restriction in up to 
35% ICU patients iron infusions were not shown to reduce 
transfusion dependence, length of stay, mortality or even 
Hb at 10 days or the end of follow-up in a meta-analysis of 
665 patients in RCTs (49,56).

Erythropoietin
When measured EPO levels were found to be relatively 
decreased compared to other patients with anaemia 
in ICU patients and although a modest reduction in 
transfusion requirement can be demonstrated when iron 
and erythropoietin are combine, there was no benefit in 
mortality or length of stay which is why the 2012 British 
Commission for Standards in Haematology guidelines 
advised against the use of EPO in ICU patients and advised 
the adoption of a transfusion threshold of 70 g/L instead (57).  
Adatya et al. has demonstrated in a meta-analysis of 
944,856 patients in 48 studies a significant increased risk 
of thromboembolic events in EPO treated critically ill 
patients. EPO use has also been found to be associated with 
a 2.4× increased risk of LVAD thrombosis (42). 

Conclusions

There are a large number of different cardiac assist devices 
in clinical use. They share a number of complications and 
despite great advances in design and experience still are 
often complicated by GI bleeding and pump thrombosis 
or systemic embolization. New biomaterials may allow safe 
reduction in anticoagulation and a better understanding of 
how to prevent the formation of AV malformation may help 
in the future make devices safer. 
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