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Chapter 48
ECMO Patient in Intensive Care Unit: 
Usefulness of Neurosonology in Neurologic 
Monitoring

Loïc Le Guennec and Alain Combes

Key Points
 1. Nonpulsatile blood flow caused by the ECMO pump might affect cerebral auto-

regulation through the alteration of the myogenic response.
 2. The addition of an IABP influences CBF depending on the systolic antegrade 

blood flow by spontaneous cardiac function. It decreases CBF in patients with 
cardiac stun because of transient end-diastolic reversal of intracranial blood flow 
induced by this device.

 3. Too-rapid hypercapnia correction after VV ECMO cannulation might lead to 
cerebral vasoconstriction and cerebrovascular complications.

 4. No correlation has been made yet, neither between MES and ECMO flow rate 
nor between MES and neurological outcome.

 5. TCD/TCCS is a good tool to assess cerebral circulatory arrest during ECMO 
only in patients with an LVEF higher than 20%.
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48.1  Introduction

Extracorporeal membrane oxygenation (ECMO) is an emergency support proce-
dure used to provide cardiac and/or pulmonary support in patient refractory to con-
ventional therapies [1]. Over recent years, the number of patients treated with 
ECMO has increased [2, 3] and risk–benefit balance ratio has improved [3, 4]. 
ECMO circuit is either in a veno-venous (VV) configuration or in a veno-arterial 
(VA) configuration. It is associated to a centrifugal pump, which provides a continu-
ous flow in the circuit, and to a membrane oxygenator. VV ECMO is used in acute 
respiratory distress syndrome (ARDS), and VA ECMO in refractory cardiogenic 
shock and cardiac arrest.

In VA ECMO, the circuit includes an inflow cannula, which drains blood from 
the venous system, and an outflow cannula, which delivers the warmed oxygenated 
blood back into the arterial system in order to restore a circulatory flow [5]. It is 
used for refractory cardiac dysfunction, regardless of the underlying cardiac pathol-
ogy (myocarditis, cardiomyopathy, postcardiotomy heart failure, primary graft fail-
ure after heart transplantation, ventricular dysfunction in patients with acute 
coronary syndrome, acute intoxications due to cardiotropic drugs, cardiac arrest) 
[5]. Intra-aortic balloon pump (IABP) is often added in those patients to protect 
against hydrostatic pulmonary edema [6], or to improve coronary bypass graft flows 
and cardiac function in refractory postoperative cardiogenic shock [7, 8]. It reduces 
left ventricular afterload, improves coronary perfusion, and provides a pulsatile 
blood flow [9, 10].

In VV ECMO, the outflow cannula delivers oxygenated and decarboxylated 
blood to the vena cava and the right atrium. The aim of this configuration is to insure 
a normal blood gas exchange during ARDS refractory to conventional therapy 
[5, 11].

The Extracorporeal Life Support Organization (ELSO) collects data since 2002 
from 359 centers managing with ECMO worldwide [12]. ELSO reported overall 
outcomes in 2018 in 35,632 adult patients, among which 15,686 were VV ECMO 
with a survival rate of 66% and 15,201 were VA ECMO with a survival rate of 55%; 
there were also 4745 extracorporeal cardiopulmonary resuscitation with a survival 
rate of 38% [12]. These data show that survival rate is higher in VV than in 
VA ECMO.

Use of ECMO is associated with several cerebrovascular complications (anoxic 
cerebral injury, ischemic stroke and cerebral hemorrhage, epileptic seizures, coma 
and brain death) [13–15], responsible for high morbidity and mortality [13, 16]. 
Many pre-ECMO factors are associated with neurological injury, but during the 
course of ECMO, the modality used is also diversely associated to nervous system 
complication. Stroke occurs mainly during VA ECMO [15], whereas cerebral 
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hemorrhage is mostly observed during VV ECMO [14, 17]. These complications 
have an important impact in terms of outcome, and consequently on multidisci-
plinary team decisions.

It is likely that both VA and VV ECMO affect cerebral blood flow (CBF) and 
impact cerebral hemodynamics, resulting in neurological impairment [15, 17–20]. 
IABP might also play a role in CBF modification in patients with cardiac failure 
[10]. Early detection and specific care for neurological complications could improve 
the prognosis of these patients. Indeed, because of the critical condition of those 
patients and the use of deep sedation and anesthesia, it can be difficult to diagnose 
a neurological event under ECMO.  Moreover, those neurological complications 
may be underestimated because of the difficulty to transfer these patients to other 
wards and to perform neuroimaging examinations.

As transcranial Doppler (TCD)/transcranial color-coded duplex sonography 
(TCCS) is a noninvasive monitoring procedure able to detect cerebral hemodynamic 
changes in real-time, microembolism, and has been used extensively in neurological 
and neurosurgical patients to monitor CBF velocities, there is an increasing litera-
ture about its usefulness in ECMO patients to detect as soon as possible ECMO- 
related cerebrovascular complication.

The aim of this chapter is to review literature concerning dynamic monitoring of 
CBF by TCD during ECMO and to give practical considerations.

48.2  Cerebral Hemodynamics

48.2.1  Physiological Mechanisms

The three processes responsible of cerebral hemodynamics regulation are the cere-
brovascular responses to: (1) brain metabolism, called neurovascular coupling; (2) 
autonomic neurogenic regulation; and (3) changes in cerebral perfusion pressure 
(CPP), called cerebral autoregulation (CA).

Neurovascular coupling aim is to increase the CBF in response to regional or 
global brain metabolic demands. This metabolic regulation is effected by vasoactive 
mediators concentration changes in the perineuronal space such as CO2, O2, lactate, 
NO, K+, Ca2+, H+, and adenosine [21–24].

Neurogenic regulation of the vascular tone is triggered by perivascular sympa-
thetic and cholinergic nerves that originate from peripheral nerve ganglia and intrin-
sic brain neurons [25]. This mechanism depends on autonomic nervous system 
reactivity and, for example, plays an important role in the pathophysiology of the 
migraine [26].
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CA is the ability of cerebral arterioles to maintain stable CBF while mean arterial 
blood pressure (MAP) and CPP vary [27]. The CPP is defined as the difference 
between the MAP and the intracranial pressure, which is the pressure of the cere-
brospinal fluid in the subarachnoid space. The constant CBF is obtained by vasodi-
lation and vasoconstriction of cerebral arterioles. This mechanism allows to maintain 
proper brain perfusion and to supply the brain with the necessary oxygen and energy 
substrates under physiological and pathological conditions. Indeed, changes in per-
fusion pressure occur under normal conditions, as exercise or during a change in 
posture, or may result from pathological conditions such as subarachnoid hemor-
rhage (SAH), traumatic brain injury, stroke, or drugs administration. The myogenic 
response observed in CA process is the intrinsic ability of small arteries and pial 
arterioles smooth muscle cells to respond to changes in transmural vascular pres-
sure resulting from MAP or CPP modification. This innate myogenic mechanism is 
not regulated by the autonomic nervous system. It is responsible for myogenic tone 
and subsequently cerebral vascular resistance.

Segmental and regional heterogeneity within the brain can result in varying lev-
els of CBF in different regions of the brain, over the same range of CPP [28].

In pathological conditions, cerebral hemodynamics may become dysfunctional. 
Several disease states resulting in impaired CA are known, such as traumatic brain 
injury [29, 30], ischemic stroke [31, 32], intracerebral hemorrhage [33, 34], and 
subarachnoid hemorrhage [35, 36].

48.2.2  Regulation During ECMO

In adult patients, there is limited literature about CA impairment during ECMO.
Although pre-ECMO factors, such as hypoxia, hypercapnia, hypoperfusion, or 

hypertension, can disrupt systemic blood flow regulation, leaving the brain vulner-
able to changes in blood pressure [37], it has been shown that cannulation of great 
blood vessels and alterations of pulsatile flow during the course of ECMO also 
affect CA [38, 39]. Most of those studies have been done in pediatric patients and 
have used near infrared spectrophotometry (NIRS) to assess this impairment. Thus, 
both pre- and ECMO factors may contribute to cerebrovascular complications com-
monly seen in ECMO.

48.2.2.1  VA ECMO

Various factors can alter CBF during ECMO. One of the main hypotheses is that the 
laminar blood flow caused by the ECMO pump affects CA through the myogenic 
response. The effect of nonpulsatile flow on the brain has been of concern first in 
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cardiopulmonary bypass (CPB). An experimental animal study in the 1980s com-
pared pulsatile and nonpulsatile bypass in a canine stroke model and found that 
pulsatile flow increased CBF significantly over nonpulsatile flow, showing the 
importance of pulsatile blood flow in ischemic brain disease [40]. In adult patients 
undergoing CPB, the mean lower limit of autoregulation, under which a drop in 
CPP results in a loss of CBF, has been found to be the MAP at 66 mmHg [41], but 
instead of targeting a specific MAP, CA monitoring using cerebral oximetry index 
to individualize optimal blood pressure is widely used to prevent neuronal 
injury [42].

During VA ECMO, CA has been evaluated in the early 1990s in newborn lambs 
[43]. Nonpulsatile roller-pump were used in this work. CA was evaluated during the 
course of ECMO by lowering the CPP via an increase in intracranial pressure 
through infusion of artificial cerebrospinal fluid into the lateral ventricle. CA was 
found to be impaired in lamb on VA ECMO (flow rates of 120–150 mL/kg/min) 
compared to control animals with right jugular vein and carotid artery ligation.

Multiple studies using NIRS and neuroimaging have shown abnormal CA in 
infants undergoing VA ECMO [20, 44, 45], but those studies are lacking in adult 
patients. Indeed, in neonates, the outflow arterial cannulation site can be the carotid 
artery, which can itself impact on CBF, whereas outflow arterial cannulation site in 
adult is often the femoral artery. However, when the outflow arterial cannula is the 
femoral artery, clinicians fear that the brain receives hypoxemic and undercarboxyl-
ated blood ejected from a residual activity of the left ventricle, in patient with poor 
lung function. This upper body differential hypoxemia defined as “Harlequin syn-
drome” [46] is usually detected by the monitoring of oxygen saturation within the 
right upper limb and could also impact CA.

The addition of an IABP in conjunction with VA ECMO to protect against hydro-
static pulmonary edema [6], or to improve coronary bypass graft flows and cardiac 
function in refractory postoperative cardiogenic shock [7, 8, 47], has also been 
shown to modify cerebral hemodynamics. Indeed, one study has shown, in patients 
with refractory cardiogenic shock after cardiac surgery requiring VA ECMO, that 
the addition of an IABP influences CBF depending on the systolic antegrade blood 
flow by spontaneous cardiac function. In this study, the addition of an IABP to VA 
ECMO support decreased the CBF in patients with cardiac stun, and it increased 
CBF in patients without cardiac stun [48].

48.2.2.2  VV ECMO

The main metabolic factors known to cause significant changes in CBF are PaCO2 
and pH. These parameters can rapidly change during VV ECMO [49]. Intracranial 
bleeding is the most frequent cerebrovascular complication during VV ECMO, and 
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it has been found that a decrease in PaCO2 after ECMO cannulation was indepen-
dently associated with this complication [17]. However, because rapid decrease in 
PaCO2 leads to cerebral vasoconstriction, the relationship between PaCO2 change 
and cerebral bleeding is difficult to understand. One hypothesis could be that those 
cerebral bleeding was in fact secondary hemorrhagic transformation after cerebral 
infarction due to a cerebral vasoconstriction induced by VV ECMO.

Another factor that could impair cerebral hemodynamic during VV ECMO is the 
internal jugular vein occlusion due to the inflow cannula, which can cause cerebral 
venous hypertension, resulting in a decreased CBF within the first hours of cannula-
tion, as it has been described in newborn [50]. In those studies, this effect tends to 
disappear after 24 h of VV ECMO, with normalization of the CBF [50, 51].

We can see that various factors can alter CBF during both VA and VV ECMO, 
and noninvasive monitoring procedures able to detect those cerebral hemodynamic 
changes in real time might be useful in everyday medical practice.

48.3  Transcranial Doppler Monitoring

TCD/TCCS is the reference tool to monitor CBF velocities. It is broadly used by 
neurointensivists. Briefly, it emits pulse wave ultrasounds that penetrate brain 
parenchyma and are reflected back after being scattered by circulating red blood 
cells. The frequency of this echo is then proportional to red blood cells velocity. 
Measurement of the pulsatility index (PI) (calculated as systolic velocity – diastolic 
velocity)/mean velocity), which reflects vascular resistance, is then performed to 
evaluate cerebral blood. In physiological condition, PIs ranges approximately from 
0.8 to 1.4 depending on patient’s age.

Studies looking at TCD/TCCS on adult patients treated with ECMO are very 
limited in literature. However, this tool can be useful to assess CA during ECMO 
and has numerous advantages compared to other modalities, as it is a noninvasive 
technique, available at bedside, and repeatable without any risk of radiation.

48.3.1  VA ECMO

In 2016, a study in eight VA ECMO patients without IABP, implanted for cardio-
genic shock or cardiac arrest, has shown a correlation between lowering of PIs and 
left ventricular ejection fraction (LVEF) [19]. Indeed, as the heart systolic function 
gives rise to the upstroke observed on TCDs, patients with a severely reduced LVEF 
displayed lower or noncomputable PIs. In this study, an ejection fraction (EF) of 
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less than 10% resulted in a nonpulsatile TCD waveform. Moreover, in those patients, 
the measurement of the diastolic phase during TCD for calculation of PIs corre-
sponded to the nonpulsatile flow generated by the ECMO circuit. In an expected 
manner, when the EF increased during recovery or following placement of total 
artificial heart and ECMO decannulation, the systolic upstroke increases in ampli-
tude, resulting in higher PIs values, and returns to normal. This study shows that low 
or noncomputable PIs and lack of systolic upstroke should not be mistaken with 
cerebral vasodilation in VA ECMO patients with laminar flow, and that rising of 
their PIs during the course of ECMO can be related to a cardiac recovery. However, 
focal or asymmetrical PIs modifications still suggest changes of vascular resistance 
and should evoke cerebrovascular disease [52, 53].

As IABP is increasingly used in addition to VA ECMO to improve coronary 
bypass graft flows and cardiac function, and protects against hydrostatic pulmonary 
edema in critically ill patients [6–8], some studies have evaluated the impact of this 
combination on CBF. As a reminder, the effect of IABP alone on CBF is controver-
sial, and there are some examples of contradictions in literature. For example, a 
study in patients with IABP support alone after cardiac surgery found that this 
device caused a small but significant increase in systolic antegrade mean flow veloc-
ity in the middle cerebral artery, but because 30% of those patients displayed tran-
sient end-diastolic reversal of intracranial blood flow induced by this device, the 
resulting average flow velocity was not influenced by the IABP [54]. An older study 
has also shown in 56 patients on IABP assistance alone a reduction of 11.6% in the 
ocular blood flow measured by ocular pneumoplethysmography [55].

However, the effect of the combination of VA ECMO and IABP on the CBF is 
not well known. Only one prospective study has investigated with TCD the effect of 
IABP in addition to VA ECMO on the CBF, analyzing the blood flow of the bilateral 
middle cerebral arteries [48].

In this work, 12 adult patients receiving VA ECMO and IABP support for refrac-
tory postcardiotomy cardiogenic shock after coronary artery bypass were analyzed. 
The IABP was implanted before VA ECMO. The CBF velocity were measured once 
every 12 h, under “turned on” IABP and “turned off” IABP support. Patients pro-
vided their own control values through the “turned off” IABP condition. All 12 
patients were successfully weaned from the IABP and VA ECMO, 8 patients were 
able to be discharged from the hospital, and survival rate was 66.7%. Cerebrovascular 
complications were not observed in this study. Concerning their CBF, no statisti-
cally significant differences for the mean CBFs were observed between VA ECMO 
alone and VA ECMO with IABP support, but the authors divided patients into two 
groups, considering their cardiac functional state and their basal pulsatile pressure 
without IABP support. Their conclusions were that the addition of an IABP to VA 
ECMO significantly decreased the mean CBF in patients with basal pulsatile pres-
sure under 10 mmHg and led to a significant increase in the mean CBF values in 
patients with basal pulsatile pressure higher than 10 mmHg. The CBF decrease in 
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cardiac-stunned patient with VA ECMO and IABP seems to be due to the diastolic 
inflation of the IABP, which might intermittently compromise the retrograde flow, 
as it has been described in patients with cardiogenic shock and IABP alone [54].

Finally, in a recent retrospective study performed in 20 VA ECMO patients 
implanted for cardiogenic shock and/or cardiac arrest, 4 different TCD/TCCS wave-
form were correlated to LVEF values and IABP support [56]: (1) double systolic 
peak pattern in patients with both cardiac systole and IABP waves detectable; (2) 
Normal waveform pattern in patient with detectable cardiac systole wave with no 
IABP or IABP turned off; (3) systolic IABP peak into a continuous demodulate 
waveform pattern in patient with undetectable cardiac systolic wave; (4) continuous 
and nonpulsatile flow corresponding to VA ECMO flow in patient without detect-
able cardiac systole and no IABP, or IABP turned off. In that study, cardiac systolic 
peaks could be detected by TCD/TCSS when LVEF was above 20%.

Figure 48.1 shows patterns of TCD/TCCS waveforms of VA ECMO with IABP 
from our center.

a

b

Fig. 48.1 Patterns of TCD waveforms of VA ECMO and VA ECMO with IABP patients, depend-
ing on their LVEF. Patient with LVEF of 30% and PP of 20 mmHg with VA ECMO and IABP. TCD 
monitoring of the right proximal segment of the middle cerebral artery of the right median cerebral 
artery showing (a) IABP off: Detectable cardiac systolic peak within a continuous demodulate 
waveform pattern. (b) IABP on: Double systolic peak corresponding to cardiac systole and IABP 
peak. ECMO extracorporeal membrane oxygenation, VA veno-arterial, LVEF left ventricular ejec-
tion fraction, PP pulsatile pressure, IABP intra-aortic balloon pump
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48.3.2  VV ECMO

Concerning VV ECMO, a pediatric study [51] has shown in 19 newborns infants, 
among which 1 developed intracranial hemorrhage, that, except in this case of cere-
bral hemorrhage where the velocity in each of the cerebral arteries was higher com-
pared with cases without cerebral complications, the CBF was either maintained or 
gradually increased before and during ECMO.  Because most of these newborns 
were treated with double-lumen cannula, introduced into the right internal jugular 
vein, CBF trends to decrease within the first hours of cannulation, probably because 
of a transitory cerebral venous hypertension [50]. As described before, this effect 
trends to disappeared in the first day of VV ECMO, with normalization of the CBF.

48.4  TCD/TCCS: Cerebrovascular Complications 
During ECMO

ECMO use is associated with cerebrovascular diseases. In this paragraph, we focus 
on ischemic stroke and cerebral hemorrhage during ECMO and the contribution of 
TCD/TCCS in their early detection and specific care. We also discuss about brain 
death, even if this complication is mainly due to pre-ECMO factors, because of the 
specific management of brain-dead donor supported by this device, and the poten-
tial usefulness of TCD/TCCS in this particular situation. Algorithm resumes TCD/
TCCS patterns depending on ECMO type.

48.4.1  Ischemic Stroke

48.4.1.1  VA ECMO

Ischemic strokes are more commonly observed in VA ECMO patients [15]. In 2016, 
a series of 137 patients with VA ECMO reported its incidence, diagnosed by brain 
imaging, at 10% [57]. However, this number was estimated at 50% in a 2006 study 
in which a cerebral magnetic resonance imaging (MRI) was performed systemati-
cally during the longitudinal follow-up of survivors, with median follow-up at 
5 years [15]. Finally, in a study of 84 patients undergoing VA ECMO, where a brain 
autopsy was performed in 25% of non-survivors (10 patients), ischemic brain 
lesions were found in 70% of them, although neurological disorder was not notified 
during their stay [13].

Regarding the risk factors for ischemic stroke, a recent study of 171 patients 
including 80% of VA ECMO reported that a lactate level >10 mmol/L before ECMO 
cannulation was an independent risk factor of their occurrence [58].
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48.4.1.2  VV ECMO

Ischemic stroke is less common in patients with VV ECMO compared to VA 
ECMO. The largest cohort that investigates neurological complications in patients 
undergoing VV ECMO has reported its incidence at 2% [17]. In this study, ischemic 
strokes occurred after a median of 21 days after ECMO implantation [17].

In 2006, a study in which a brain MRI was performed in survivors, no ischemic 
injury was found [15]. Studies with brain autopsy of patients undergoing VV ECMO 
have not been published so far.

48.4.1.3  Pathophysiological Mechanisms and TCD/TCCS Contribution

Mechanisms responsible for ischemic strokes are most likely to be different depend-
ing on the ECMO type. Regarding the mechanism of ischemic injury in patients 
undergoing VA ECMO, no study has analyzed their origin, but considering that 
these patients are more prone to ischemic stroke because of their underlying heart 
disease that motivates ECMO cannulation, the main cause seems to be cardioem-
bolic stroke.

The role of the ECMO circuit itself in those strokes remains unclear, but it is 
likely that, regardless of the underlying disease, the presence of an ECMO may 
itself be a source of embolism. Indeed, the shear stress imposed by the flow pump 
generates an increased platelet activation, which causes their aggregation [59]. This 
is particularly observed with centrifugal pumps, widely used nowadays because of 
a decreased hemolysis compared to old roller-pump systems [59].

Another mechanism that can explain the high frequency of ischemic stroke in VA 
ECMO patients is cerebral hypoperfusion during initial cardiogenic shock. In this 
situation, cerebral infarctions have a particular topography, called “watershed cere-
bral infarction,” also known as “border zone infarcts,” because they occurred at the 
border between cerebral vascular territories where the tissue is farthest from arterial 
supply, and thus most vulnerable to reductions in perfusion. They are observed at 
the level of anastomoses between the different cerebral arterial territories, anterior, 
middle, and posterior.

For patients under VV ECMO, stroke physiopathology is less obvious than for 
VA ECMO. A mechanism involving a paradoxical embolism, responsible for 2% of 
ischemic strokes [60], could be evoked during VV ECMO, especially in ARDS 
patients with elevation of right atrial pressures induced by ultraprotective mechani-
cal ventilation and high level of positive end-expiratory pressure, responsible for a 
reopening of their foramen ovale, and therefore, a higher risk of venous thrombo-
embolism toward the arterial circulation. Finally, too-rapid correction of hypercap-
nia can result in respiratory alkalemia in these patients and may be responsible for 
cerebrovascular vasoconstriction and reduction in CBF that may cause ischemic 
injury [61].
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TCD/TCCS can be used to identifying vessel occlusions and to monitor stroke 
response to treatment [62]. It is also used for microembolic signals (MES) detection 
[63]. MES are high-intensity transient signals detected by TCD/TCCS and have 
been shown to correspond to microemboli made of air, platelet, fibrinogen, or ath-
eromatous material [63]. Their detection is correlated with recurrent ischemic stroke 
in patient with acute cerebral infarction [64]. They are also used as predictors of 
cerebral events in patients with symptomatic and asymptomatic carotid disease [65].

As cerebral infarctions might be caused by microemboli created in the arterial 
line during the ECMO support, studies have investigated if TCD/TCCS can aid in 
detecting microemboli arising from the ECMO circuit [66, 67]. In a 2010 study, six 
VA ECMO patients were evaluated for MES [66]. Among them, four had refractory 
postcardiotomy cardiogenic shock, and two were implanted because of cardiac 
arrest. All patients were assisted with IABP and with continuous renal replacement 
therapy. The authors reported a correlation between MES count and high flow rate 
of ECMO support (≥4 l/min). In 2016, a largest study in 55 patients with VA, VV 
ECMO, and extracorporeal CO2 removal (ECCO2R) had been performed and inves-
tigated if MES could be correlated to neurological outcome [67]. In this study, MES 
count was higher in VA ECMO patient than other, but no correlation was made, 
neither between MES and ECMO flow rate nor between MES and neurological 
outcome.

48.4.2  Intracerebral Hemorrhage

It is important to note that it can be difficult to distinguish between primary cerebral 
hemorrhage and secondary hemorrhagic transformation after cerebral infarction, 
which is correlated with the size of cerebral infarction [68].

48.4.2.1  VA ECMO

In 2013, the ELSO registry reported a rate of intracranial hemorrhage of 2% in 
patients undergoing VA ECMO. In 1999, a retrospective study searching for risk 
factors of cerebral hemorrhage during VA ECMO reported that neither the underly-
ing disease nor the site of cannulation was associated with an increased risk of 
cerebral hemorrhage, as well as MAP, ECMO flow rate, or ECMO duration [69]. In 
addition, there was no evidence of a link between high activated clotting time (ACT) 
or low prothrombin time (PTT) and intracranial hemorrhage. In contrast, thrombo-
cytopenia <50,000/mm3 was an independent risk factor associated with a high risk 
of cerebral hemorrhage. Acute renal failure and hemodialysis were also associated 
with risk of intracranial bleeding. Unexpectedly, female sex was an independent 
risk factor for cerebral hemorrhage [69].
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48.4.2.2  VV ECMO

In 2013, the ELSO registry reported a higher rate of HIC in patients under VV 
ECMO at 4% [14], and this number was up to 15% in a recent study with 25 patients 
[70]. The largest series specifically dealing with cerebrovascular complications in 
VV ECMO reported a rate of brain bleeding of 7.5% [17]. In this study, the average 
duration of onset of cerebral bleeding was 3 days after VV ECMO implantation. 
Intracranial hemorrhage was independently associated with acute renal failure upon 
admission to intensive care, too-rapid correction of PaCO2 upon VV ECMO initia-
tion, and was not associated with patient’s age or hemostasis disorders.

48.4.2.3  Pathophysiological Mechanisms and TCD/TCCS Contribution

In the same way as for ischemic stroke, it is likely that pathophysiological mecha-
nisms causing brain bleeding are different depending on the type of ECMO.

In VA ECMO patients, sudden restoration of brain flow could lead to intracranial 
edema, equivalent to a cerebral hyperperfusion syndrome, leading to hemorrhagic 
transformation, particularly in patients with previous ischemic stroke, by analogy 
with what is observed in patients undergoing carotid endarterectomy [71].

For VV ECMO, rapid correction of hypercapnia is an independent factor of the 
occurrence of cerebral hemorrhage [17]. Cerebral vasoconstriction induced by this 
too-rapid decline in PaCO2 at the initiation of VV ECMO could be responsible for 
cerebral edema, with initial ischemic lesions evolving rapidly to and hemorrhagic 
transformation [61].

No study has yet investigated the usefulness of TCD/TCCS to prevent and moni-
tor intracranial hemorrhage during VA or VV ECMO.

48.4.3  Brain Death During ECMO

Brain death is in 84% of cases directly related to pre-ECMO factors and cerebral 
edema secondary to cardiac arrest in ECMO patients [72]. Other causes are repre-
sented by ischemic strokes or intracranial bleeding occurring during ECMO sup-
port, representing respectively 4% and 12% of brain death during ECMO [72]. 
Patients on ECMO, and particularly patients implanted for refractory cardiac arrest, 
are increasingly regarded as potential organ donors, but high plasma levels of seda-
tive drugs and hypothermia in those critically ill patients can make electroencepha-
logram examination unreliable and can delay brain death confirmation of brain 
death, as well as neurovascular imaging, because of the difficulty to transport these 
patients to radiology. TCD/TCCS could overcome all these limitations. To confirm 
a cerebral circulatory arrest with TCD/TCCS, several patterns are mandatory as a 
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reverberating flow, systolic spikes, and absence of signal, while mean flow velocity 
value detection is not required [73].

In 2018, a retrospective analysis has been performed in 25 patients (20 VA 
ECMO and 5 CPB) to evaluate the feasibility of cerebral circulatory arrest diagnosis 
by TCD during the circulatory support [56]. Indeed, TCD/TCCS is a worldwide 
accepted technique for cerebral circulatory arrest diagnosis for brain death confir-
mation [74]. In that study, brain death occurred in five patients. Those patients with 
VA ECMO were either assisted with IABP or had a LVEF higher than 20%. TCD/
TCCS brain death patterns were found in all five patients. The lack of brain dead 
patients without IABP or with very low cardiac output in this study is highlighted 
by their authors as a major limitation to conclude whether TCD/TCCS can be used 
to confirm cerebral circulatory arrest in patients with laminar, nonpulsatile arte-
rial flow.

48.5  Practical Considerations and Limitations

The specific management of these cerebrovascular complications remains the same 
as that of brain-damaged patients [75]. However, the evolution of patients on ECMO 
support during their stay in intensive care unit includes events that impose several 
constraints, for example, on patient’s coagulation and oxygenation state, thus limit-
ing specific therapeutic possibilities of these cerebrovascular complications. Even if 
TCD/TCCS is a practical tool to be informed about cerebral hemodynamics state in 
patients on ECMO support, the therapeutic impact of TCD/TCCS monitoring can 
be limited due to the many restrictions imposed by this circulatory device. Indeed, 
the heterogeneity of patients under ECMO requires individualized therapeutic strat-
egies concerning ECMO flow rate or IABP use, which can rely on extra- neurological 
failures.

In the following paragraphs, we will exemplify two situations where TCD/TCCS 
findings should not be followed by circulatory device support parameter changes.

48.5.1  VA ECMO

As said previously, IABP is often added to VA ECMO, particularly in nonpulsatile 
patient with very low LVEF, in order to off-load the left ventricle and to protect 
against hydrostatic pulmonary edema [6]. TCD/TCCS has shown that in this sub-
population, IABP activation decreases CBF due to a transient end-diastolic reversal 
of intracranial blood flow during the diastolic inflation of the IABP [48]. Common 
sense should therefore avoid this device in patient with cardiac stun, but without an 
IABP, the probability that those VA ECMO patients develop severe hydrostatic 
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pulmonary edema and ARDS is high. During the cardiac recovery process on 
ECMO, the heart might eject desaturated blood from the left ventricle, and evolve 
toward an “Harlequin syndrome” [46] which is deleterious for the brain, and might 
be responsible for hypoxic-ischemic encephalopathy.

Therefore, IABP should be added in those VA ECMO patients with cardiac stun, 
even if TCD/TCCS finds a reduction in CBF.

48.5.2  VV ECMO

Some severe ARDS patients develop severe hypercapnia with respiratory acidosis 
and consequently, display cerebral vasodilatation patterns and a decreased CBF on 
TCD/TCCS monitoring [76]. After VV ECMO cannulation of these patients, com-
mon sense would tend to restore a normal PaCO2 in order to restore a physiological 
pH and a normal CBF, but as told previously, intracranial bleeding is the most fre-
quent cerebrovascular complication during VV ECMO, associated with rapid 
hypercapnia correction due to too-high extracorporeal gas flow on the circuit after 
cannulation [17].

Therefore, hypercapnia after cannulation should be respected within the first 
hours of VV ECMO, even if TCD/TCCS shows a vasodilatation pattern with a 
decreased CBF.

48.6  Conclusion

TCD/TCCS studies of patient undergoing ECMO are mandatory, and due to the 
lack of evidence regarding its usefulness during this circulatory report, it is not yet 
recommended as a regular and systematic monitoring tool during the follow-up of 
those patients for early detection or specific care of ECMO-induced neurological 
complications.

However, TCD/TCCS can represent a useful bedside tool to detect cerebral 
hemodynamic changes in real time in sedated and critically ill patients, in which 
clinical examination can hardly diagnose a neurological complication. Indeed, some 
medical centers, as “Baylor St. Luke’s Medical Center” in Houston (Texas, USA), 
have established a neuromonitoring protocol for patients on ECMO support, in 
which daily TCD/TCCS are performed [77].
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 Algorithm

INTENSIVE CARE UNIT (ICU)
EMERGENCY DEPARTMENT (ED)

Clinical Status of the Patient

Brain Death DIAGNOSIS
Limitations to Diagnose

Laminar/Non-pulsatile Flow
LVEF <10% ARDS

Refractory Cardiogenic Shock
Cardiac Arrest

ECCO2R
Hypercapnic Situations

ALLOWS: Low MV Strategy
EFFECT of IABP OBJECTIVE: CO2 Clearance

Decrease CBF
PROTECT: Hydrostatic Pulmonary Edema ECMO

Transcranial Doppler (TCD)
Transcranial Color-Codede duplex Sonography (TCCS)

VA-ECMO VV-ECMO

Pulsatile
Pressure

<10 mmHg

Pulsatile
Pressure

>10 mmHg

CORRECTION OF PaCO2

Rapid Correction

IABP off IABP off

Continuous
demodulated

waveform

Cardiac
Systolic

Peak
Detected

Cerebral Vasoconstriction
Cerebral Ischemia and Edema

Low CBF
Analysis of Spectral Doppler Waveform

HIGH PI and LOWEDV
IABP on

IABP on Double 
Systolic Peak
(cardiac and 

IABP)

Systolic Peak within
a continuous

demodulated spectral
waveform

EFFECT OF IABP
Increase CBF

CEREBRAL AUTOREGULATION (CA)

Considerations Considerations
Return Cannula? Return Cannula?

FA / SCA / AAo Internal Jugular Vein (IJV ) ?
Non pulsatile flow? Low CBV drainage: Cerebral Venous Hypertension

ECMO PUMP: Laminar Blood Flow Rapid correction of PaCO2 ?
Lactate > 10 mmol/L? Respiratory Alkalemia

Before ECMO cannulation Cerebral vasoconstriction:  Low CBF
Flow Pump? Paradoxical Embolism?

ECMO CIRCUIT: Source of embolism High Right Atrial pressures: Reopening of FO
Platelet activation: Clots Formation Flow Pump?

Thrombocytopenia ? ECMO CIRCUIT:  Source of Embolism

<50,000/mm3 Thrombocytopenia ?
AKI / Hemodialysis ? <50,000/mm3

AKI / Hemodialysis ?

OPTIMIZE
CPP

• ABCD
• Level of consciousness (GCS)
• Bilateral Pupillary reactivity
• Hemodynamic stability?
• Oxygenation?

Acute Ischemic Stroke?
Intracerebral Hemorrhage?  

ABCD airway-breathing-circulation-disability, GCS Glasgow coma score, LVEF left ventricular 
ejection fraction, CBF Cerebral blood flow, MV mechanical ventilation, IABP Intra-aortic blood 
pump, PI pulsatility index, EDV end-diastolic velocity, FA femoral artery, SCA subclavian artery, 
AAo aortic, CBV cerebral blood volume, FO foramen ovale, AKI acute renal injury, CPP cerebral 
perfusion pressure
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