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Extracorporeal membrane oxygenation (ECMO) is a life-saving technique that is widely being used in centers throughout the
world. However, there is a paucity of literature surrounding the mechanisms aﬀecting cerebral physiology while on ECMO.
Studies have shown alterations in cerebral blood ﬂow characteristics and subsequently autoregulation. Furthermore, the mechanical aspects of the ECMO circuit itself may aﬀect cerebral circulation. The nature of these physiological/pathophysiological
changes can lead to profound neurological complications. This review aims at describing the changes to normal cerebral
autoregulation during ECMO, illustrating the various neuromonitoring tools available to assess markers of cerebral autoregulation, and ﬁnally discussing potential neurological complications that are associated with ECMO.

1. Introduction
The purpose of ECMO is to provide adequate oxygenated
blood to the tissues by bypassing either the pulmonary or
cardiopulmonary system in severe respiratory failure and/or
cardiac failure, respectively. The ECMO circuit essentially
consists of 4 components: (1) an inﬂow cannula which drains
blood from the venous system, (2) a pump which provides
ﬂow in the circuit, (3) an oxygenator, which is responsible
for oxygenating the venous blood, and (4) an outﬂow
cannula which delivers the warmed oxygenated blood back
into the venous or arterial system [1, 2]. In venovenous(VV-) ECMO, the outﬂow cannula is directed into the
venous system (typically the femoral, internal jugular, or
subclavian vein), whereas in venoarterial- (VA-) ECMO the
outﬂow cannula is inserted into the arterial system (usually
the femoral artery but the subclavian, axillary, and common
carotid arteries can be used as well) [3].

The eﬀects on cerebral circulation for a patient on ECMO
are complex and not precisely understood. This review aims
at delineating the possible mechanisms of impaired cerebral
autoregulation, identifying the diﬀerent modalities to measure cerebral blood ﬂow characteristics, and reviewing the
neurological complications associated with ECMO.

2. Cerebral Autoregulation
Cerebral autoregulation is the ability of cerebral arterioles to
maintain steady cerebral blood ﬂow (CBF) over a varying
range of mean arterial pressures (MAP) [4]. This is termed as
cerebral pressure autoregulation and can be classically described using the Lassen curve [5], where MAP on the x-axis
is plotted against CBF on the y-axis (Figure 1). A steady CBF
is achieved by vasodilation and vasoconstriction of cerebral
arterioles which in turn are inﬂuenced by neurogenic, myogenic,
and metabolic mechanisms responding to changes in MAP [6].
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Figure 1: Lassen curve of autoregulation depicting variations of
cerebral blood ﬂow (CBF) over a range of cerebral perfusion
pressures (CPP). Point A is the lower limit of the curve (LLA) after
which a decrease in CPP will lead to reductions in CBF. Point B is
the higher limit of the curve (HLA) after which an increase in CPP
with increase CBF. The range of CPP depicted by X is the zone of
autoregulation where the CBF remains constant over changes in
CPP. This is regulated by vasoconstriction and vasodilation of
cerebral arterioles.

These are complex processes and are poorly understood in
the setting of diﬀerent pathophysiological states. Neurogenic
regulation is thought to be inﬂuenced via sympathetic and
cholinergic pathways [7]. Myogenic regulation is carried out
by the smooth muscle cells in the cerebral vessels which are
responsible for myogenic tone and subsequently cerebral
vascular resistance [8]. Metabolic regulation is related to
changes in perineuronal concentrations of CO2, O2, K+, Ca2+,
H+, and adenosine [9–13]. It should be kept in mind, however,
that there is likely segmental and regional heterogeneity
between the pial and parenchymal arteries and arterioles and
their response to the above regulatory factors which can result
in varying levels of CBF over the same range of CPP in
diﬀerent regions of the brain [8, 14–16].
In pathological conditions, cerebral autoregulation
may become impaired. There may be focal impairment or
global impairment depending on the pathological condition
[17–19]. One of the most studied disease states resulting in
impaired autoregulation is traumatic brain injury (TBI).
Multiple studies have shown disturbed autoregulation after
varying degrees of TBI even within “normal” ranges of CPP
and CBF [20–23]. The loss of cerebral autoregulation can
result in ischemia or edema, and hemorrhage even with
slight changes in CPP. This is likely secondary to a combination of impaired neurogenic, myogenic, metabolic, and
pressure dependent mechanisms [24]. Similar aberrations in
cerebral autoregulation have been found in ischemic stroke
[18, 25–27], intracerebral hemorrhage [28–30], and subarachnoid hemorrhage [31–33].

3. Cerebral Blood Flow Regulation on ECMO
Perhaps the greatest parallel that can be drawn to provide
insight into autoregulation during ECMO is from the cardiopulmonary bypass (CPB) literature. On-pump CPB resembles
VA-ECMO to a certain extent from which we can extrapolate
similar changes in cerebral and systemic hemodynamics leading

to changes in cerebral blood ﬂow and autoregulation. In certain
studies, up to 24% of patients have showed signs of impaired
autoregulation during CPB, with numbers higher during the
rewarming phase from hypothermia [34]. Cerebral blood ﬂow
was found to be arterial-pressure passive, resulting in a linear
correlation of CBF and MAP indicating impaired cerebral
autoregulation. Predictors of impaired autoregulation included
male gender, average cerebral blood ﬂow velocity, timeaveraged cerebral oximetry index (COx) during CPB, PaCO2,
and preoperative aspirin use according to one study which
utilized near-infrared spectroscopy (NIRS) and transcranial
Doppler (TCD) as tools to monitor cerebral autoregulation [35];
NIRS is a commonly used modality to monitor regional cerebral
oxygen saturation during cardiac surgery, and its relationship
with MAP can serve as an indicator of cerebral autoregulation.
NIRS can provide information of cerebral oxygen supply and
oxidative metabolic demand, from which a surrogate CBF can
be derived [36–40]. TCD has been commonly used to measure
CBF velocities from which CBF can be derived to give an estimation of CPP [41, 42]. In addition, TCD can also be used to
detect microemboli [43]. The mean lower limit of autoregulation, after which a decrease in CPP results in a loss of CBF
according to the Lassen curve, has been found to be 66 mmHg
with values ranging from 40 to 90 mmHg in patients undergoing CPB [44]. Instead of targeting a speciﬁc number, it has
been postulated that individualizing blood pressure management parameters using cerebral autoregulation monitoring can
prevent neuronal injury [45].
Cerebral blood ﬂow and autoregulation may be aﬀected
diﬀerently during ECMO. Initial animal studies suggested
that CBF and oxygen metabolism did not change with the
initiation of VA-ECMO [46]. However, at ﬂow rates of less
than 150 mL/kg/min, cerebral blood ﬂow and oxygen delivery were found to decrease [47]. In addition, cerebral
autoregulation was found to be impaired in newborn lambs
on VA-ECMO at ﬂow rates of 120–150 mL/kg/min [48].
These studies suggest that even though adequate cerebral
blood ﬂow can be maintained on VA-ECMO by adjusting
ﬂow rates, there are still aberrations in cerebral autoregulation. A possible explanation for these ﬁndings may be
due to the pumps being used in the ECMO circuit. Previously used roller pumps have now been replaced by
centrifugal pumps which provide continuous blood ﬂow to
the cerebral circulation. Pump ﬂow is characterized by
decreased systolic upstroke, lack of dichrotic notch, and
continuous diastolic ﬂow [49], and this loss of pulsatile ﬂow
may be responsible for the impairments seen in cerebral
autoregulation. Indeed, low pulsatility indices have been
demonstrated in patients undergoing ECMO along with
decreased cerebral blood ﬂow velocities [50, 51]. The pulsatility of CBF during partial bypass is likely related to
preserved myocardial reserve while the regulation of CBF
during prolonged bypass may be dependent on the presence
of pulsatile ﬂow [52].
Multiple pediatric studies have shown abnormal cerebral
autoregulation in patients undergoing ECMO using noninvasive measures [53–55]. Most of these studies used the
presence of a correlation between MAP and cerebral oxygen
saturation using NIRS as a surrogate of cerebral autoregulation.
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A recent study correlated impaired cerebral autoregulation with abnormal neuroimaging ﬁndings [56]. This
was a study of 25 pediatric patients who underwent either
VA- or VV-ECMO on whom cerebral autoregulation was
monitored using MAP and NIRS, focusing on a pressurepassive state. Brain imaging consisted of head ultrasound,
CT scan of the head, and MRI of the brain post-ECMO.
The study showed a higher degree of cerebral autoregulation impairment during ECMO, measured using
wavelet transform coherence [57]; this impairment was
associated with severe neuroimaging abnormalities. Another
study of 6 pediatric patients showed a higher concordance
between MAP and oxyhemoglobin concentrations with
decreasing ECMO ﬂow rates, indicative of a loss of autoregulation [50]. These studies suggest that the cerebral circulation undergoes some degree of impairment of
autoregulation while on ECMO in the pediatric population,
which may aﬀect long-term neurological outcomes. Data to
assess similar changes in adults are lacking.
There are various factors that can aﬀect CBF in patients
on ECMO. Out-ﬂow cannulation site in VA-ECMO may
contribute to variations in CBF. In peripheral VA-ECMO,
the femoral artery is usually the site for out-ﬂow cannulation
in adults. The return of oxygenated blood directed towards
the descending aorta via the femoral artery results in retrograde ﬂow which can result in limb ischemia. In addition,
retrograde blood ﬂow creates additional afterload to the left
ventricle (LV) which may lead to LV distension, reduced
coronary ﬂow, pulmonary edema, and hypoxemia [58]. The
high ﬂow states in VA-ECMO which serve to optimize
systemic perfusion can compromise LV recovery by increasing afterload and hence pulmonary edema. It can be
postulated that CBF may also be aﬀected. In pediatric patients, the out-ﬂow cannulation site can be the carotid artery,
which would also potentiate alterations in CBF. Prior studies
have shown that carotid artery ligation may produce an
acute drop in CBF velocity at the onset of VA-ECMO
[49, 59–63]. In addition, internal jugular vein occlusion
due to in-ﬂow cannulation can cause cerebral venous hypertension resulting in decreased CBF velocities [64]. A
common clinical problem encountered in patients undergoing ECMO is dual circulation or Harlequin syndrome.
This mainly represents upper body desaturation due to the
position of the out-ﬂow cannula in the distal aortic arch in
cases of poor pulmonary function. Given that left ventricular
unloading is often incomplete, the blood supply to the
coronaries, brachiocephalic, and left carotid may not be
adequately oxygenated due to being proximal to the out-ﬂow
cannula, resulting in lower oxygen saturations measured in
the right arm. The risk of upper body desaturation can be
minimized if the out-ﬂow cannulation site is made in the
ascending aorta (via sternotomy), axillary artery, subclavian
artery, or the carotid artery [65–68]. However, positioning
the in-ﬂow cannula in the superior vena cava, instead of the
femoral vein, has also been shown to improve upper body
oxygenation while keeping the out-ﬂow cannulation site the
same [69]. This can reduce the risk of Harlequin syndrome
and provide adequate oxygen delivery to the cerebral
circulation.
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Ventilatory management in ECMO patients can also
aﬀect the cerebral circulation. “Ultraprotective” mechanical
ventilation (tidal volume of less than 4 mL/kg of ideal body
weight) has been a favored strategy in ECMO patients given
the reduced rates of pulmonary edema and lung injury
[70, 71]; however, it has not been shown to reduce the
number of ventilator free days [72]. Higher plateau pressures
have been associated with increased mortality [73]. Early
higher positive end expiratory pressures (PEEP) has been
independently associated with improved overall mortality in
patients on ECMO [74]. The eﬀects of these ventilatory
strategies on cerebral circulation are not completely understood. Increased PEEP has been shown to increase ICP
and decrease CPP in brain injury patients; however, this has
not been shown to be clinically signiﬁcant [75].
Many centers are now employing the addition of an
intra-arterial balloon pump (IABP) in conjunction with VAECMO for patients in cardiogenic shock due to evidence that
it improves outcomes [76]. One study showed adequate
carotid blood ﬂow and oxygenation during cardiac arrest
with the dual VA-ECMO and IABP regimen [77]. The
addition of an IABP can inﬂuence CBF depending on the
degree of native LV function. One study showed that
the addition of an IABP in peripheral VA-ECMO signiﬁcantly decreased CBF in myocardial stunning. However, as
the LV recovered, the CBF tended to increase with the IABP
[78]. Further studies need to be conducted to ascertain the
changes in CBF and if these changes are clinically signiﬁcant.
PaCO2 and pH are known to cause signiﬁcant changes in
CBF, and these parameters can rapidly change during ECMO
[79]. In addition, peri-ECMO hemodynamic changes can
aﬀect the cerebral circulation. ECMO patients have severe
derangements in their systemic hemodynamic status as
baseline, and the addition of stress due to surgery, sedatives,
paralytics, and vasopressors can induce a multitude of
changes in the cerebral vasculature. If end-organ perfusion is
not adequate, it can result in various systemic complications
which may further aﬀect CBF. It is diﬃcult to ascertain exact
individual etiologies and their eﬀects on CBF during ECMO
due to these reasons.

4. Neuromonitoring during ECMO
Neuromonitoring during ECMO is an important measure to
obtain data on CBF features. A variety of noninvasive
techniques have been suggested, each with their advantages
and disadvantages, and these are employed across various
institutions. The optimal neuromonitoring protocol has not
been well established with current practices dependent on
physician preference or device availability.
4.1. Near-Infrared Spectroscopy (NIRS). NIRS is a noninvasive modality that is able to obtain a continuous measurement of cerebral oxygenation saturation usually by
placing a frontal scalp electrode. The near-infrared light
penetrates up to 2–2.5 cm into the brain and detects the
concentrations of oxygenated and deoxygenated hemoglobin in the cerebral circulation [80–82]. This is usually
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Figure 2: TCD waveforms of a patient on venovenous- (VV-) ECMO. Low mean cerebral blood ﬂow velocities are observed in bilateral
middle cerebral artery distributions with normal pulsatility indices. L-MCA: left middle cerebral artery; R-MCA: right middle cerebral
artery; PI: pulsatility index.

expressed as a ratio of oxygenated hemoglobin to total
hemoglobin termed regional cerebral oxygen saturation
(rSO2). NIRS measures rSO2, which may be a reliable surrogate of CBF [83]. When rSO2 is plotted against a spectrum
of MAPs, the cerebral oximetry index (COx) is generated
which serves as a measure of cerebral autoregulatory vasoreactivity. When COx approaches 1, there is a strong
correlation of MAP and rSO2 indicating a pressure-passive
state of impaired autoregulatory vasoreactivity, and it has
been validated in studies on adults [39, 84].
4.2. Transcranial Doppler. TCD has been used extensively in
neurological and neurosurgical patients to monitor cerebral
blood ﬂow velocities. The device emits pulse wave ultrasounds that penetrate the brain and are reﬂected back after
being scattered by moving red blood cells in the cerebral
vasculature. The frequency is proportional to the blood ﬂow
velocity from which cerebral blood ﬂow can be derived. The
pulsatility index (PI) that is calculated as Doppler (systolic
velocity – diastolic velocity)/mean velocity has been shown
to be lower during ECMO initiation, and rising PI may be an
indication of cerebral pathology [59, 62]. Furthermore, TCD
can aid in detecting microemboli arising from the ECMO
circuit in real time [85, 86]. The mean velocity index (Mx) is
a derived variable that gives the strength of correlation
between CBFV and CPP and has been described in the

TBI literature [87]. Figures 2 and 3 are examples of TCD
waveforms of patients on VV-ECMO and VA-ECMO, respectively (from our center).
4.3. Neuroimaging. Imaging of the brain during ECMO can
be diﬃcult; however, it is a helpful tool to aid in detecting
neurological injury. In pediatric patients, head ultrasound
can be used to detect acute neurological injury [88].
Computed tomography of the head, particularly if can be
done portably, is a useful tool to rule out signiﬁcant acute
intracranial pathology. MRI of the brain cannot be used
while on ECMO due to hardware incompatibility but is
useful for evaluation of neurological injury post-ECMO.
However, these imaging modalities give a snapshot of the
brain architecture and do not give any information on
dynamic cerebral hemodynamics.
4.4. Electroencephalogram. The electroencephalogram (EEG)
monitors brain wave activity by placing electrodes on the
scalp. When used continuously, it can provide important
information regarding seizure activity; 50 to 80% of ECMO
patients may have an abnormal EEG with electrographic
seizures reported at 8–20% [89, 90]. However, cEEG is
a scarce resource to have during the course of ECMO
treatment; hence, many institutions may check periodic
EEGs ranging from 20 min to 1 hour at a time.
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Figure 3: TCD waveforms of a patient on venoarterial- (VA-) ECMO. Low mean cerebral blood ﬂow velocities are observed in bilateral
middle cerebral artery distributions along with low pulsatility indices. L-MCA: left middle cerebral artery; R-MCA: right middle cerebral
artery; PI: pulsatility index.

4.5. Biomarkers. Various biomarkers of neuronal injury
sampled from plasma have been used as markers of cerebral
injury. Glial ﬁbrillary acidic protein (GFAP), S100b, neuron
speciﬁc enolase (NSE), intercellular adhesion molecule 5
(ICAM-5), brain-derived neurotrophic factor (BDNF), and
monocyte chemoattractant protein 1/chemokine (c-c motif)
ligand 2 (MCP-1/CCL-2) have been investigated in ECMO
patients [91–94]. It is still not well established what the presence
of these biomarkers signiﬁes in terms of injury related to ECMO
or from injury due to the initial diseased state. There is debate on
the optimal cutoﬀ values of these biomarkers as well as if serial
assessment provides any meaningful information [95].

(ELSO) reports an overall survival rate of 55% with ECMO
(http://www.elso.org), evidence of CNS infarction or hemorrhage confers a near ﬁvefold increase in the odds for
mortality, and poor survival rates of about 11% [99, 100].
Trends in prevalence of neurological complications from
ECMO show that following an increase in prevalence rates
between the early 1990s to early 2000s, there has been
a signiﬁcant decline in the prevalence of CNS injury in
recent years [99]. Clinical seizures, ischemic strokes, and
intracerebral hemorrhage are among the most common
neurological complications reported.

4.6. Other Neuromonitoring Techniques. Somatosensory
evoked potentials (SSEP) provide information about cortical
signals in the somatosensory cortex after a peripheral stimulus.
This can be helpful to prognosticate cerebral injury if the
cortical potentials are absent [96]. The optic nerve sheath diameter (ONSD) can be used at bedside to detect elevated ICP
[97]. Diﬀuse correlation spectroscopy (DCS) is an emerging
technique to noninvasively monitor regional CBF directly [98].

5.1. Adults. Overall incidence of any clinical neurological
event up to 19% has been reported with VA- and VV-ECMO
[99, 101]. Reports from case series, population-based database,
and the ELSO registry estimate a variable incidence rate for
neurological complications among adults on ECMO: clinical
seizures (1.8%–4%), cerebral infarction (2%–5.4%), and ICH
(1.8%–19%) [99, 101–106]. Brain death is reported among
5%–21% of ECMO-treated adults [99, 100, 107–109]. A higher
incidence of CNS complications is reported among patients
on VA-ECMO when compared to VV-ECMO, based on data
available from studies that separately analyzed patients based
on ECMO-type [99, 101, 109–111]. An even higher prevalence
of infarction and hemorrhage has been reported from
postmortem neuropathological examinations of pediatric and

5. Neurological Complications on ECMO
Neurological injury causes signiﬁcant morbidity and is a risk
factor for mortality among critically ill patients undergoing
ECMO. While the Extracorporeal Life Support Organization
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adult ECMO nonsurvivors, showing that neurologic injury
may be clinically undetected in 23–50% of cases [112–114].
Age, female sex, pre-ECMO cardiac arrest, use of inotropes, and post-ECMO hypoglycemia are factors shown to be
independently associated with CNS complications with VAECMO [99, 102]. Rapid PaCO2 decrease at ECMO initiation
and renal failure at ICU admission were independent predictors of ICH among patients undergoing VV-ECMO in one
study [101]. In the same study, interestingly, disorders of
hemostasis and anticoagulant use were not associated with
neurological complications, including ICH.
5.2. Pediatrics. Neurological outcomes among pediatric patients undergoing ECMO have also been extensively studied.
In a retrospective review of over 5000 pediatric patients aged 1
month to 18 years receiving ECMO from the ELSO database,
the overall rate of acute severe neurological complications with
ECMO was 13%, while patients undergoing ECMO-CPR had
a higher incidence (26%) [115]. Other studies from the ELSO
registry have found the rate of clinical seizures of up to 9.4%
and 5.9%, ischemic stroke rates up to 7.4% and 4%, and ICH
rates up to 7% and 6%, respectively, among neonates and
children [116]. Risk factors for CNS complications in pediatrics
include use of vasopressors, inotropes, serum bicarbonate
administration, sepsis, severity of acidosis, pulmonary failure,
elevated creatinine, and myocardial stunning [115].
5.3. Neurological Complications in ECMO-CPR. The incidence rates of neurological complications with ECMOCPR are as high as 22% and are higher than with ECMO for
other indications; in-hospital mortality rates can be as high as
89% among patients with neurological injury [99, 117]. Hypoxia,
cardiac disease, acidosis, and need for CPR while on ECMO,
presence of renal failure, cerebral hypoperfusion, and postresuscitation reperfusion injury are predictors of neurological
injury after ECMO-CPR [108, 117, 118]. A cutoﬀ value for
arterial blood pH that can predict the occurrence of neurological complications has not been determined, and thus using
blood pH as a sole predictor for decision-making in the context
of neurological injury has been discouraged. It is possible that in
many patients supported with ECMO-CPR, central nervous
system (CNS) injury was sustained prior to ECMO deployment
and as a consequence of cardiac arrest and shock.
5.4. Pathophysiology of Neurological Complications from
ECMO. There is a lack of conclusive cause-eﬀect relationship of CNS injury diagnosed during ECMO. The pathophysiology of neurological injury during ECMO is likely
multifactorial and probably diﬀers between VA-ECMO and
VV-ECMO. While disorders from the ECMO circuit and
oxygenator (hemolysis, thrombocytopenia, acquired Von
Willebrand disease, and ﬁbrinolysis) [119] are similar between VA- and VV-ECMO, pre-ECMO factors and the
ECMO-induced metabolic changes could diﬀer. Pre-ECMO
illness severity and treatments (low blood pressure and low
cerebral blood ﬂow, acidosis, hypoxia, electrolyte disturbances, disorders of hemostasis secondary to hepatic failure
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from cardiogenic shock, to name a few), factors associated
with ECMO implementation (reperfusion injury and embolic events from ECMO cannula), and post-ECMO events
can contribute to CNS injury.
Loss of cerebral autoregulation during severe arterial hypertension or hypotension, hemorrhage secondary to anticoagulation, cerebral vasospasm, thromboembolism, and
secondary brain injury from tissue edema surrounding an area
of focal neurological injury are some mechanisms implicated in
brain injury among ECMO patients [108–110, 114, 116, 120, 121].
A linear relationship between duration of ECMO and cerebral
thromboembolic events was shown in one study [110]. Intracranial vascular hyperreactivity or hyporeactivity due to the
loss of pulsatile blood ﬂow during ECMO and in the presence of
high dose vasoactive medications can cause tissue hypoperfusion and brain ischemia [50]. Long-lasting tissue hypoxia
in the vascular distribution of the supraaortic blood vessels
(Harlequin syndrome) [122] and suboptimal ﬂuid and blood
component management [121] further contribute to brain
pathophysiology in an ECMO environment.
Factors speciﬁc to VV-ECMO include abrupt PaO2 and
PaCO2 changes during initiation [123, 124]. Variations in
arterial CO2 exert a profound inﬂuence on CBF. Around
normal PaCO2, CBF changes by about 4% for each mmHg
change in arterial PaCO2. Hypercapnia can cause cerebral
vasodilation while hypocapnia causes constriction that can
be marked. Cerebral vasodilation tends to increase cerebral
blood volume and hence the intracranial pressure. Sudden
changes in CO2 level (from hypercapnia to normocapnia or
hypocapnia) during ECMO initiation can induce sudden
decrement in CBF resulting in brain injury. A decrease in
cerebral regional tissue oxygen saturation at VV-ECMO
initiation linked to PaCO2 change has been demonstrated,
which could be involved in pathogenesis of brain injury
[125]. Avoiding rapid correction of hypercapnia by starting
with a low sweep gas ﬂow and gradually increasing with time
is recommended to reduce the incidence of complications.
5.5. Healthcare Costs and Long-Term Neurological
Outcomes. Neurological complications contribute signiﬁcantly to the already-high healthcare costs associated with
ECMO treatment. Hospitalization costs are more than US
$100,000 higher among patients suﬀering from neurological
complications of ECMO, than for patients without such
complications [106]. Survival with good neurological outcomes has been estimated in the range of 13% to 65% among
pediatric patients and up to 73% among adults undergoing
ECMO and ECMO-CPR [126–128]. While there is scarcity of
data on long-term neurological outcomes, one small study
showed an unimpaired survival in nearly half of the adult
survivors of ECMO during longer term (ﬁve years or more)
neurological follow-up [129].

6. Practical Considerations
The management of ECMO can be challenging and complex.
Most institutions have protocols to help guide optimal
management; however, the neurological impact of ECMO is
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often over looked. At our institution (Baylor St. Luke’s
Medical Center, Houston, TX), we have instituted a neurosurveillance protocol termed the “Neuro-ECMO protocol.” This involves obtaining a CT head immediately after
initiation of ECMO and a repeat scan 72 hours later. In
addition, continuous electroencephalography is obtained
and discontinued after 24 hours if there is no sign of seizures.
Daily TCDs are also employed as well as NIRS, and daily
neurological examinations are carried out by neurointensivists. We try to minimize sedation in order to obtain
reliable neurological assessments when feasible. This can
lead to the early detection of neurological complications. In
addition, anticoagulation protocols mainly utilize heparin
and take into account measuring partial thromboplastin
times (PTT), measuring R time using thromboelastography
(TEG), and obtaining anti-Xa and antithrombin 3 levels.
PTT goals are usually set at 60 to 80 seconds if a patient has
no risk factors. If two out of the three variables of PTT, R
time and Anti Xa are therapeutic, the patient is considered to
be adequately anticoagulated. Ventilator strategies aim for
lung protective ventilation. A multidisciplinary approach is
employed which involves cardiovascular anesthesiologists,
cardiothoracic surgeons, cardiologists, perfusionists, and
neurointensivists. We hope that the institution of such
protocols and multidisciplinary teams can help improve the
neurological impact associated with patients on ECMO.
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