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Extracorporeal membrane oxygenation (ECMO) is a superior life support

technology, commonly employed in critical patients with severe respiratory

or hemodynamic failure to provide e�ective respiratory and circulatory

support, which is especially recommended for the treatment of critical

neonates. However, the vascular management of neonates with veno-

arterial extracorporeal membrane oxygenation (VA-ECMO) is still under

controversy. Reconstruction or ligation for the right common carotid artery

(RCCA) after ECMO is inconclusive. This review summarized the existed

studies on hemodynamics and neurological function after vascular ligation or

reconstruction hoping to provide better strategies for vessel management in

newborns after ECMO. After reconstruction, the right cerebral blood flow can

increase immediately, and the normal blood supply can be restored rapidly. But

the reconstructed vessel may be occluded and stenotic in long-term follow-

ups. Ligationmay cause lateralization damage, but there could be no significant

e�ect owing to the establishment of collateral circulation. The completion of

the circle of Willis, the congenital anomalies of cerebral or cervical vasculature,

the duration of ECMO, and the vascular condition at the site of arterial

catheterization should be assessed carefully before making the decision. It

is also necessary to follow up on the reconstructed vessel sustainability, and

the association between cerebral hemodynamics and neurological function

requires further large-scale multi-center studies.

KEYWORDS

extracorporeal membrane oxygenation, neonate, hemodynamics, neurologic

function, blood vessel

Introduction

Extracorporeal membrane oxygenation (ECMO) can reduce the mortality of

neonates with reversible cardiopulmonary failure, which is difficult to treat with

conventional mechanical ventilation (1, 2), approximately from 80 to 20%. The outcomes

of neonates with critical illnesses such as congenital diaphragmatic hernia, persistent
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pulmonary hypertension, respiratory distress syndrome, or

congenital heart diseases in NICU have improved significantly

over the decades since the advent of ECMO (3, 4). Except

for the central cannulation draining from the right atrium

returning into the aortic arch after chest opening (5, 6), the

common way to establish neonatal arteriovenous access is to

connect the proximal end of the corresponding vessels to

ECMO machines, followed by ligating the distal end of the

right common carotid artery (RCCA) and the right jugular

vein (7, 8). In terms of the distal vessel management, some

studies recommend reconstructing the RCCA because of the

occurrence of a right hemisphere injury after ligation (9), and

due to the rapidly-increasing right cerebral blood flow which

improves the brain tissue supply after reconstruction. However,

reconstruction is not recommended by other studies, due to the

risk of stenosis and occlusion occurring in the reconstructed

vasculature, which may affect the blood supply in long-term

follow-ups (10). Moreover, some studies showed that after

ligation, the immediate establishment of collateral circulation

was sufficient to maintain the blood supply to the right cerebral

hemisphere. In addition, no lateralization injury was found in

either of the cerebral hemispheres (11, 12). Therefore, it is still

under debate whether to apply ligation or reconstruction in

neonates who had ECMO (13). Thus, numerous studies have

focused on the association between the cerebral hemodynamic

patterns and neurological function in neonates with ECMO after

arteriovenous catheterization.

Hemodynamics during ECMO

ECMO can be divided into two modes in terms of the

blood return: veno-venous ECMO (VV-ECMO) and veno-

arterial ECMO (VA-ECMO). Arterial drainage was adopted

in the VA-ECMO mode. For adults and children, multiple

arteries could be selected to establish circulation, and the

artery could be repaired immediately instead of permanent

ligation. However, for newborns, the selections are limited

due to the tenuous blood vessel wall. The RCCA is the most

commonly used vessel for catheterization and ligation, especially

for premature babies. Thus, the blood supply to the right

hemisphere is completely cut off. ECMO should be started

immediately after catheterization to restore the blood supply to

the right brain through collateral circulation. Cephalic vascular

ultrasound is an important measurement for monitoring the

cerebral blood supply during ECMO. In general, the blood

flow velocity of major cerebral arteries in the systolic (Vs)

and diastolic (Vd) stages reflects the changes in the cerebral

blood flow. Abnormal transcranial Doppler flow velocity may

precede neurological injury in children with ECMO, and

these abnormalities include intracranial hemorrhage, increased

intracranial pressure, and ischemic injury (14). Therefore, the

evaluation of the blood flow velocity in the major brain vessels

is crucial for neurological prognosis. The middle cerebral

artery (MCA) had an obvious decrease in the peak systolic

velocity (PSV) after ligation, which increased back to 70%

of baseline within 3 to 5min. Conversely, the end diastolic

velocity (EDV) remained unchanged initially, and increased

from baseline within 3 to 5min. The flow of the MCA

was anterograde throughout the ECMO operation, showing

that collateral circulation was established instantaneously after

ligation and increased in a short time (15), consistent with

the changes in cerebral oxygenation measured by near-infrared

spectrophotometry (NIRS) after the initiation of ECMO and the

ligation of the RCCA (16).

Hemodynamic changes occurred in carotid arteries while

ECMO was initiated: The velocity of the blood flow in the

proximal right internal carotid artery showed a significant

decrease, the PSV dropped sharply, and the EDV remained

basically unchanged. However, the blood flow elevated on

the other side suggesting that the bilateral intracranial blood

supply was restored by a compensatory increase in the left

common carotid artery (15, 17). In addition, the right external

carotid artery and ophthalmic artery may also provide collateral

blood flow by anastomosis with the left carotid artery (7,

17). Correspondingly, intracranial collateral pathways were

established through the circle of Willis, including flow from left

to right in the anterior communicating artery and retrograde

flow from the right anterior cerebral artery A1 segment. Hence,

the compensatory blood flow was increased in the left brain

maintaining the blood supply for both hemispheres. Arno et al.

found that the average velocity of the left MCA was elevated

and that reflux flow appeared in the right internal carotid artery

in some newborns, even in the subclavian artery steal (18).

However, the correlation between such changes in the internal

carotid blood flow and direction with brain injury were still

undefined (17, 19, 20). The MCA flow increased in patients with

intracerebral hemorrhage in one study (14); in contrast, changes

in the cerebral artery flow velocity showed no correlation with

acute nerve injuries (ANI) such as intracranial hemorrhage,

ischemic injury, or epilepsy in other studies (21, 22). However,

they all agreed that the increased pulsatility index of arteries

might be a marker of a cerebral ischemia injury (14, 22). Jay

et al. suggested that change in a single arterial flow was not

significantly associated with ANI (17). The flow velocity of the

right posterior cerebral artery was significantly higher than that

of the left and the systolic flow of the left middle cerebral artery

was higher than that of the right after ECMO initiation, which

may indicate a neurological injury throughout the disturbance

and asymmetrical distribution of blood flow in different cerebral

arteries, as hemorrhagic lesions tend to occur in the left brain

while ischemic injury increases in the right (9, 23). Contrary to

Arno’s study, there was no different impact on the left and right

hemispheres due to changes in hemodynamics (18).

Apart from the changes in arteries, it was found that the

changes in veins caused by ligation might be related to brain
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injury. There might be a relationship between the continuous

decrease in the blood flow velocity of the superior sagittal sinus

after ligating the right jugular vein and cerebrovascular injury

in neonates (24). It was found that a significant decrease in

the left MCA flow following the close of the cephalic venous

drainage and a considerable increase in the resistance index. This

change disappeared after cephalic vein drainage opening, which

suggested that the cephalic venous drainage could maintain

normal cerebral blood flow and might reduce the possibility of

brain injury (25). However, some researchers hold the opposite

view that this injury may not be caused by abnormal venous

drainage, since approximately half of the patients showed no

change in the flow velocity in the superior sagittal sinus after

venous drainage close; meanwhile, there was evidence that the

drainage patterns varied from entirely one single jugular vein

to both jugular veins and vertebral veins after a brief occlusion

of one or both jugular veins in a healthy newborn, and this

met the demand of adequate cerebral venous drainage (26).

Therefore, it seemed that the hemodynamic changes in the

intracranial venous blood flow during ECMO were unlikely to

be due to partial obstruction of cephalic venous drainage caused

by intravenous catheterization.

ANI was more strongly associated with the changes in the

cerebral arterial blood flow than veins, which hadmore collateral

circulation and were also related to brain injury by affecting the

hemodynamics of the cerebral arteries. During the running of

ECMO, most studies hold that the interruption of the cerebral

blood flow could be restored in a short time by a complete

circle of Willis and collateral circulations. The asymmetric flow

pattern after ECMO initiation could potentially cause ANI,

and the RI might be an important predictor. Additionally,

autoregulatory functions achieved by cerebral vasoconstriction

and relaxation may be impaired in neonates in various severe

disease states (27). With the common involvement of the two

above, both hypoperfused and hyperperfused blood flow states

occurring in cerebral hemispheres may contribute to severe

acute neurological damage and even play an important role in

long-term neurological dysfunction.

Hemodynamics after ECMO

Hemodynamics after ligation

During medium and long-term follow-ups, the blood flow

velocity and vessel diameter of the right carotid artery were

smaller than those of the left carotid artery in patients with

permanent ligation of the RCCA (28). After ligation, the

flow velocity of the right anterior cerebral artery A1 segment

decreased, yet increased in the left anterior cerebral artery,

and the flow velocity of the right posterior cerebral artery

was significantly higher than that of the left. This abnormal

increase in the cerebral blood flowmay be related to brain injury

(15, 17). At present, there is no definite evidence for long-term

neurological deficits after permanent ligation, but it remains

unknown whether such compensatory cerebral perfusion meets

the needs of neonatal brain development.

Hemodynamics after reconstruction

For patients with the RCCA reconstruction, the flow

velocities of the right internal carotid artery and bilateral

anterior and middle cerebral artery were generally high, and

the distribution became more symmetrical which increased

the blood flow of the left and right MCA immediately after

extubation (7, 15). The blood flow direction and velocity of

the left and right carotid arteries after reconstruction were

the same as those of normal neonates in the same age (19).

Another study using SPECT also showed that the cerebral blood

flow was restored to normal after reconstruction (29). Moulton

et al. (30) found that the mean blood flow velocity of the right

internal carotid artery was slightly slower than that of the left

within 24 h after reconstruction, but gradually recovered and

was even faster than the left artery within 4 to 7 months after

reconstruction. In summary, there is no doubt that blood flow

will be restored in the cerebral hemispheres after reconstruction.

However, it is not clear whether it could reverse the potential

neurological injury caused by the short-term insufficient blood

supply to the right cerebral hemisphere during ECMO. In

addition, stenosis or occlusion of reconstructed vessels and

reperfusion injury could affect the long-term outcome of

reconstruction, and may even cause additional neurological

impairment (31).

Vascular patency after reconstruction

The patency of the reconstructed RCCA may compromise

the restoration of the right cerebral blood supply, and associated

vascular complications may occur. More than half of the

reconstructed RCCAs were either occlusive or severely stenotic

in a long-term MRA follow-up study, but almost all of the

right internal carotid arteries were patent, which suggested

that there was an extracranial collateral blood supply, despite

the shrunken internal carotid artery (10). A 4-year follow-up

study that evaluated children with the RCCA reconstruction

found that the reconstructed artery had no structural or

hemodynamic impairments, and the patency rate was the

highest in the neonatal period but gradually decreased over time

(32). The right subcortical cerebral blood flow was decreased

when the reconstructed RCCA was obstructed, but the bilateral

subcortical cerebral blood flow was still higher than that in

the other critically ill children without ECMO. The brain

perfusion could be maintained by the anterior and posterior

communicating arteries or extracranial collateral vessels despite
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stenosis or occlusion after the RCCA reconstruction. The

extracranial collateral vessels were mainly filled by the right

internal carotid artery with the thyrocervical trunk, the right

external carotid artery and the occipital artery (33), which may

be similar to permanent ligation of the RCCA.

The others hold the oppositive view that most of the

reconstructed RCCAs were patent and only a small part were

stenotic or occluded (7, 8, 15). A recent study of infants except

for newborns showed that approximately half of the RCCAs

were patent after repair and could be used for intubation to

perform ECMO again (13). Moreover, the duration of ECMO

was shorter in patients whose RCCAwas patent after repair than

in those whose RCCA was not (34), which may be associated

with less injury in the arterial intima caused by a shorter

duration of ECMO (35). Tissue biopsies have suggested that

circular transmural necrosis (CTN) mainly characterized by

vessel wall necrosis and elastic fiber fragmentation was common

surrounding the catheterization site, and it was correlated with

the range of CTN and the duration of ECMO. In addition,

limited subintimal necrosis or localized transmural necrosis was

also present at the proximal part of the catheterization site (30).

Levy et al. (36) conducted a study to assess the degree of

stenosis for the RCCA reconstruction by using the diameter

index (DI, the diameter of the anastomosis / the diameter of

5mm proximal to the anastomosis), which was determined

at the 1 week, 6 to 9 months, and 4 years follow-up

visits, and the RCCA reconstruction had a high patency rate

and no relevant manifestations such as hemangioma after

reconstruction. However, it was also shown that stenosis of the

RCCA was more common in the early stage, and the DI tended

to increase with the gradually alleviative stenosis over time. The

higher patency rate may be associated with the strict criteria

used in this research: reconstruction was not performed when

there was dissection of the proximal or distal intimal, arterial

dissection, arterial thrombus, disappearance of free flow, or high

tension at the anastomotic site. These differences in the patency

studies may be related to the manners of reconstruction and

vascular circumstances. Thus, the vitality of surrounding vessels

and tissue should be evaluated before reconstruction, and the

patency after reconstruction and its variation need to be further

followed-up over time.

Different management protocols of the RCCA after weaning

produce different hemodynamic changes: after ligation, there

was a compensatory increase in the left cerebral blood flow,

which provided compensation to the right hemisphere through

the circle of Willis. Whether this pattern of blood flow

can meet the needs of the neonate’s neurodevelopment also

requires long-term neurological studies. The immediate and

long-term studies that evaluated the results after the RCCA

reconstruction showed restoration of blood flow in the right

cerebral hemisphere. Therefore, the authors believed that the

RCCA reconstruction should be performed aggressively to

restore the normal physiological structures whenever possible.

However, the reconstruction was affected by many aspects,

such as the duration of ECMO and the viability of the

surrounding vascular tissue. Hence, a comprehensive evaluation

was needed. Also, whether reconstruction can reverse the

short-term ischemic injury during ECMO and the reperfusion

injury after restoration still lacks corresponding clinical research

evidence. Studies have shown that the patency rate of the

reconstructed RCCA decreases gradually with increasing age.

Because a lack of compensatory mechanisms, stenosis, and

occlusion of carotid arteries had a huge impact on the adult

cerebral blood supply and systemic blood circulation (37, 38),

long-term and sustained follow-up of the reconstructed RCCA

patency is highly necessary.

Evaluation of the nervous system
after reconstruction or ligation

Assessment of imaging

Hemorrhagic or ischemic infarcts and diffuse atrophy

were typically included in the abnormal imaging findings in

children after ECMO. Some studies hold that these findings

showed no difference between the two cerebral hemispheres

in children with the RCCA ligation (8) and were not

correlated with the arterial flow velocity in the left and right

cerebral hemisphere (19). Cranial CT or MRI also showed

no difference in the long-term neurological outcomes between

ligation and reconstruction (15, 35), and brain CT performed

before and after anastomotic stricture in children with the

reconstructed RCCA also showed the same result (32). These

research studies concluded that there was no difference in the

neurological injuries caused by ligation or reconstruction in

either hemisphere. In contrast, MRA examination of children

with ECMO suggested that focal cerebral lesions might be

related to the asymmetric blood flow pattern of the right

and left MCA after ligation (39). Therefore, it is possible

that artery ligation may lead to a unilateral brain injury.

Moreover, some studies found no lateralization abnormalities

of the bilateral cerebral hemispheres in children after the

RCCA reconstruction (10, 19, 36). Considering this opinion,

it seems that reconstruction is beneficial to eliminate the

lateralization injury.

Assessment of neurofunction

Electroencephalogram (EEG) is an important tool for

neurological assessment. Early monitoring of EEG is necessary

during ECMO, especially after ECMO initiation to 48 h after

extubation, when the degree of abnormalities and the severity

of the neuroimaging findings are clearly correlated and seem

to predict the neurological outcome (40, 41). Electroconvulsive
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features were reported to be found on the EEG of the

ipsilateral side of children on ECMO with unilateral arterial

cannulation, which seemed to illustrate the association of

abnormal cerebral hemodynamic changes and impairments

of neurological function (42). In a retrospective study of 59

neonates who survived after ECMO, Schumacher et al. (9) found

that eight patients had varying degrees of injury within the

right hemisphere and the EEG showed an increased incidence

of background slowing, attenuation, and diffuse abnormalities

in the right hemisphere (9). In infants, cerebral palsy was more

likely to occur after ligation instead of reconstruction (8), and

focal convulsion was much more common on the right side

(23). For infants with the RCCA ligation, neurophysiological

abnormalities of the right hemisphere seemed to be more

common than those of the left hemisphere. But some researchers

found that the EEGs of the reconstructed and ligated groups

were basically the same on both sides (43).

The auditory threshold, auditory evoked potential latency,

V wave amplitude of automatic auditory brainstem response,

auditory P30 wave of evoked potential, and N12 wave amplitude

of somatosensory evoked potential all showed no significant

difference in long-term follow-up of the brain bilaterally (28).

In neonates, brain metabology studies have suggested a decrease

in N-acetyl-aspartate and an increase in lactic acid, which

were associated with adverse neurodevelopmental outcomes.

However, there was no difference in the levels of N-acetyl-

aspartate and lactic acid in the bilateral basal ganglia by 1H-MRS

examination after ligation (44, 45).

In terms of the long-term neurological assessment,

intellectual impairment, hearing impairment, and cerebral

palsy were the common sequelae in children after ECMO. No

significant difference was found in the intelligence quotient

between the reconstruction and ligation group (8, 46). Long-

term neuropsychological deficits were associated with the

underlying disease processes in the neonatal period instead of

with ECMO treatment (47). In contrast, some studies found

that the duration of ECMO treatment was associated with

ANI in children, while the long-term neurological prognosis

was favorable (48). At present, there is no definite evidence

that either reconstruction or ligation will lead to long-term

neurological abnormalities. More prospective comparative

studies are urgently needed.

Assessment of cerebral oxygenation

In recent years, NIRS has provided a new perspective

estimating the neurological outcomes by monitoring the

cerebral oxygen saturation (rScO2). The rScO2 decreased by

12 to 25% from the baseline in the right frontal region after

ligation and this lasted for a few minutes, and then returned

to the baseline level, while there was no obvious change in the

left. Subsequently, transient elevation of rScO2 was observed in

both cerebral hemispheres upon the initiation of ECMO (16). In

addition, a study that monitored the cerebral oxygenation and

related indicators by the NIRS and that explored the relationship

with cerebral autoregulatory function, found that the brain

autoregulatory function might be impaired when the blood

flow was lower during ECMO (49). The right cerebral blood

flow decreased during ECMO and was more susceptible to the

interference of autoregulatory function, which seemed to explain

the susceptibility to ANI in the right cerebral hemisphere.

Additional studies showed that decreased cerebral oxygenation

was associated with adverse short-term neurological outcomes

and death (50–53). In addition, a high rScO2 (>80%) was a

protective factor that might predict a lower in-hospital mortality

(54). Therefore, cerebral oxygen monitoring may serve as a

potential important method for monitoring the neurological

prognosis and clinical outcomes in neonates with ECMO.

Further studies focusing on cerebral oxygen saturation after the

RCCA ligation and reconstruction may help to assess whether to

reconstruct or not.

Non-invasive monitoring methods of neurological function

were feasible in neonatal ECMO, such as EEG, somatosensory

evoked potentials (SSEP) and NIRS (55). Convulsive seizures,

in particular, were often suggestive of moderate to severe brain

damage and were correlated strongly with the neuroimaging

findings. Although studies have found that neonates with ECMO

have more neurological impairment than those without. But

there is still considerable heterogeneity in the available studies

in terms of the long-term neurological outcomes, and there is

currently no clear evidence pointing to the superiority of either

reconstruction or ligation (56–59). It is imperative to provide

more definitive clinical decisions on vascular management by

a standardized follow-up program (60), and more prospective

studies are needed to evaluate the correlation between cerebral

hemodynamics and neurological function.

E�ect of anatomical variations on
reconstruction and ligation

The circle of Willis is an important anatomic structure to

guarantee the blood supply to the right brain in children with

ECMO, and there is a large variability in the general population

(35). The congenital anatomic variations of the circle of Willis

may have an important impact on the hemodynamic and

vascular changes after ligation. Reconstruction may be beneficial

in children with an incomplete circle of Willis after ECMO (61).

In addition, in children with a common origin of the carotid

arteries (COCA), the risk of neurological injury did not increase

after ligation, but further evaluation is needed (62).

The completeness of the circle of Willis and congenital

variations of the cerebral and cervical vasculature may have a

profound impact on the choice of reconstruction or permanent

ligation after ECMO.
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FIGURE 1

The flow chart of vascular image management post decannulation.

Management of vascular
complications after reconstruction

During ECMO, the application of anticoagulant therapy is

necessary, because the damage to the vessel wall caused by

intubation leads to the occurrence of cascades of coagulation

and inflammation (63, 64). Additionally, the contact of the blood

with the non-vessel walls in the machine line, also stimulate the

coagulation cascade (65). During ECMO, the anticoagulation

strategies should be more aggressively and dynamically adjusted

due to the presence of “developmental hemostasis” (66, 67).

Previous studies showed a 15 to 85% incidence of catheter-

related deep vein thrombosis after extubation in adult patients

who had the VV ECMO (68–70). In addition, some patients

developed arterial complications such as limb ischemia and

arterial stenosis (70). For neonatal patients, reconstruction with

the RCCA may be of great importance to maintain the normal

physiological status when possible, as described previously. But

the formation of arteriovenous thrombi and stenoses can make

a profound hemodynamic impact on the brain function. It

should be monitored more closely for vascular morphology and

function after reconstruction. Currently, there is no common

view on the use of anticoagulants after weaning. Some research

studies have suggested the routine use of duplex ultrasound for

follow-up of vascular complications after extubation in adult

patients; anticoagulation therapy should be continued for at least

3 months in adult patients who developed catheter-related deep

vein thrombosis, and follow-up should be continued until the

thrombus disappears (68, 71). However, for neonatal patients,

the related clinical data are very scarce, and further clinical

studies are needed to evaluate the type of anticoagulant drugs

and the timing of their use after weaning. Additionally, whether

the use of anticoagulant drugs is meaningful for maintaining the

patency of the reconstructed vessels also needs further study.

There may be vascular complications after ECMO, especially

for the reconstructed vessels, and a long-term follow-up

Frontiers in Pediatrics 06 frontiersin.org

https://doi.org/10.3389/fped.2022.908861
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org


Yu et al. 10.3389/fped.2022.908861

of the vascular function and morphology is important.

Anticoagulation medication after weaning is still controversial,

and the treatment should be dynamically adjusted according

to the vascular findings on follow-up. Further clinical studies

should be performed.

Conclusion

Reconstruction or ligation for the RCCA after ECMO is

still controversial. The completion of the circle of Willis, the

congenital anomalies of cerebral or cervical vasculature, the

duration of ECMO and the vascular condition at the site

of arterial catheterization should be assessed carefully before

making the decision. It is also necessary to follow up on the

reconstructed vessel sustainability, and the association between

cerebral hemodynamics and neurological function requires

further large-scale multi-center studies.

A suggested management strategy post decannulation is

shown in Figure 1. However, limited to the existing studies,

the content in management still cannot be clearly stated.

Therefore, this flow chart can only reflect the preliminary

management strategy, and more studies are needed to refine the

management process.
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