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Abstract 

Background: Extracorporeal membrane oxygenation has a high risk of acute brain injury and resultant mortality. 
Transcranial Doppler characterizes cerebral hemodynamics in real time, but limited data exist on its interpretation in 
ECMO. Here, we report TCD mean flow velocity and pulsatility index in a large ECMO population.

Methods: This was a prospective cohort study at a tertiary care center. The patients were adults on venoarterial 
ECMO or venovenous ECMO undergoing TCD studies.

Results: A total of 135 patients underwent a total of 237 TCD studies while on VA‑ECMO (n = 95, 70.3%) or VV‑ECMO 
(n = 40, 29.6%). MFVs were captured reliably (approximately 90%) and were similar to a published healthy cohort in all 
vessels except the internal carotid artery. Presence of a recordable PI was strongly associated with ECMO mode (57% 
in VA vs. 95% in VV, p < 0.001). Absence of TCD pulsatility was associated with intraparenchymal hemorrhage (14.7 vs. 
1.6%, p = 0.03) in VA‑ECMO patients.

Conclusions: Transcranial Doppler analysis in a single‑center cohort of VA‑ECMO and VV‑ECMO patients demon‑
strates similar MFVs and PIs. Absence of PIs was associated with a higher frequency of intraparenchymal hemorrhage 
and a composite bleeding event. However, cautious interpretation and external validation is necessary for these find‑
ings with a multicenter study with a larger sample size.
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Introduction
Extracorporeal membrane oxygenation (ECMO) is a tem-
porary mechanical circulatory support used for medi-
cally refractory pulmonary and/or cardiac failure. ECMO 
is used with exponentially increasing frequency in the 
United States, with 18,260 runs in 2020, up from 3,446 in 
2010 [1]. Although often lifesaving, ECMO is commonly 
associated with thrombotic and hemorrhagic complica-
tions, which are significant risk factors for morbidity and 
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mortality, and embolism propagated from a cardiac or 
circuit source is a potential source of acute brain injury 
(ABI) [2].

In-hospital mortality for ECMO patients remains high 
(56% in venoarterial [VA] and 36% in venovenous [VV] 
ECMO), but mortality risk approximately doubles in the 
presence of ABI such as ischemic stroke, intraparen-
chymal hemorrhage (IPH), and hypoxic-ischemic brain 
injury [3, 4]. These complications are common, ranging 
from 5–10% prevalence in Extracorporeal Life Support 
Organization registry studies [3–6]. These rates are likely 
underestimated, however, due to lack of standardized 
neuromonitoring and the challenges of neuroimaging 
ECMO patients, as is evidenced by the drastically higher 
prevalence (up to 85%) described in pathological [7–9] 
and prospective clinical studies [10–12].

Transcranial Doppler (TCD) is a noninvasive, low-risk, 
bedside technique that allows real-time characterization 
of regional cerebral hemodynamics. Because of the rela-
tive rarity of ECMO and the high operator proficiency 
required of TCD, data regarding cerebral hemodynamics 
and their clinical significance in this population remain 
limited. To date, five articles have recently described cer-
ebral hemodynamics in ECMO patients, but with sample 
sizes ranging from 8–53 patients and limited clinical cor-
relation with relevant hemodynamic parameters or clini-
cal follow-up [13–17]. In this study, intracranial artery 
mean flow velocities (MFVs) and pulsatility indices (PIs) 
were captured in a large, clinically well-characterized 
cohort of VA-ECMO and VV-ECMO patients to describe 
cerebral hemodynamics, clinical correlates, and neuro-
logic outcomes with TCD use in this population.

Materials and Methods
Study Design
This study derives from a multidisciplinary effort involv-
ing the cardiovascular intensive care unit, cardiac critical 
care unit, and neurocritical care unit to improve overall 
care and outcomes for patients treated with ECMO at a 
tertiary care medical center. All ECMO patients cannu-
lated at the study site are included in a prospective cohort 
that undergoes a neurologic monitoring protocol [12]. 
This protocol, established in October 2017, includes neu-
rocritical care consultation with baseline and serial neu-
rologic examinations, serial TCDs as described below, 
and additional neurological studies as appropriate (elec-
troencephalography, SSEPs, and computed tomography). 
This was a retrospective observational study reviewing 
prospectively collected TCD examinations from ECMO 
patients from November 2017 through November 2021 
at a single tertiary care center. Although not a case–
control study, for the purposes of comparison of TCD 
variables between ECMO and non-ECMO patients, a 

well-characterized previously published cohort was stud-
ied [18].

Study Participants
We included all adult patients (age > 18  years) who 
received ECMO. We excluded patients who underwent 
multiple runs to minimize potential bias resulting from 
severe illness, as we considered that morbidity during 
the inter-ECMO periods could introduce a significant 
confounder. Patients who did not receive TCD or had 
absent temporal windows were excluded. The reasons 
for not having TCD tests were early deaths or ECMO 
withdrawals and noncompliance with the standardized 
neuromonitoring protocol, largely due to logistical chal-
lenges in the early phase of the coronavirus disease of 
2019 (COVID-19) pandemic. This study was approved by 
the Johns Hopkins University Institutional Review Board 
(IRB00216321), and all patients or their surrogates con-
sented for participation.

Data Collection and Definitions
For all patients in the study, we collected pre-ECMO 
characteristics including demographics, past medical his-
tory, precannulation neurologic function (Glasgow Coma 
Scale), cardiac diagnoses, pulmonary diagnoses, and lab-
oratory values. ECMO variables included the following: 
indication, cannulation method (central [right atrium-
aorta] vs. peripheral [femoral-femoral, femoral-internal 
jugular, or internal jugular dual lumen]) [19], ECMO flow 
(L/min), and ECMO pump speed (revolutions per min-
ute). A dedicated perfusion team assessed the ECMO cir-
cuit multiple times daily to identify the presence of fibrin 
and clot. Selected hemodynamic parameters (systolic 
blood pressure [SBP], diastolic blood pressure [DBP], 
mean arterial pressure, venous oxygen saturation, tran-
sthoracic echocardiographic ejection fraction, cardiac 
output, and cardiac index calculated by Fick’s formula) 
and laboratory findings (hemoglobin/hematocrit, arterial 
blood gas, aPTT, and INR) were collected at the closest 
available time to each TCD. Based on clinical availabil-
ity, the closest available time was typically within several 
minutes for hemodynamic parameters and within hours 
for laboratory values. These parameters were selected 
based on physiological relevance to cerebral blood flow 
hemodynamics [20, 21].

TCD Protocol and Variables
Serial TCD (DWL; Compumedics DWL, El Paso, TX) 
studies were performed while patients were on ECMO. 
Standard TCD protocols were used, and all studies were 
performed by registered vascular technologists [22]. We 
assessed cerebral blood flow velocities (peak systolic 
velocity, end diastolic velocity, and MFV), measured 
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bilaterally in anterior (internal carotid artery [ICA; C1 
segment], middle cerebral [MCA; M1 segment], anterior 
cerebral artery [ACA; A1 segment]) and posterior (verte-
bral artery [VrA], basilar artery [BA]) intracranial circu-
lation. As permitted by duration of ECMO support, three 
TCDs were scheduled routinely for all ECMO patients at 
ECMO day 1, days 3–5, and days 7–10 [12]. Additional 
studies were performed as clinically indicated, such as for 
positive microembolic signals, subarachnoid hemorrhage 
monitoring, or brain death evaluation. PIs were calcu-
lated for each vessel using Gosling’s formula: (peak sys-
tolic velocity − end diastolic velocity)/MFV.

Measures and Outcomes
Primary measures were MFV and PI on TCD, which were 
analyzed by ECMO mode. Secondary outcomes were 
clinical complications relevant to TCD including neuro-
logic (ischemic stroke, ICH, subdural hemorrhage, suba-
rachnoid hemorrhage, hypoxic-ischemic brain injury, 
seizure, brain death) and thromboembolic (intracardiac 
thrombus, pulmonary embolism, deep venous thrombo-
sis, heparin-induced thrombocytopenia, disseminated 
intravascular coagulation) events. A composite bleeding 
event was defined as one of the following the bleeding 
events: surgical site, cannulation site, gastrointestinal, 
pulmonary, disseminated intravascular coagulation, or 
any intracranial hemorrhage. We investigated systemic 
thromboembolic and bleeding events with TCD meas-
ures as a surrogate marker for hypercoagulable state or 
low pulsatility leading to bleeding events. Neurologic 
outcomes were assessed by a study team of neurointen-
sivists based on physical examination and imaging results 
as clinically indicated.

Statistical Analysis
Primary outcomes were described as proportions for cat-
egorical variables and as medians and interquartile ranges 
(IQRs) for continuous variables, applying χ2 test, Fisher’s 
exact test, or Mann–Whitney U-test as appropriate.

Using summary data from a published cohort of 364 
healthy adults, mean TCD MFVs for each studied vessel 
were compared with our study results by using Welch’s 
t-test due to unequal variances; men and women were 
analyzed separately due to known differences in normal 
values of TCD MFV and PI [23]. MFVs and PIs were then 
compared between VA-ECMO and VV-ECMO as well as 
between VA-ECMO with and without intraaortic balloon 
pump (IABP). For the above analyses, each patient first 
TCD on ECMO was used.

Correlations between MFVs in bilateral paired vessels 
were assessed by Spearman’s coefficient. Due to high pos-
itive correlations (> 0.75 Spearman’s coefficient) between 
MFVs in left and right paired vessels, these values were 

averaged for further correlation with clinical and hemo-
dynamic parameters at the time of TCD, using all avail-
able TCD studies. As previously described, the MCA M1 
segment (the average of left and right MFV in each study) 
was used as a representative vessel when analyzing covar-
iates of MFV and PI on binary logistic regression [21, 24].
p values below 0.05 were considered statistically signifi-

cant. Analyses were conducted in STATA 16.0 (StataCorp 
LLC; College Station, TX).

Results
Study Participant Characteristics
During the study period, 215 consecutive patients 
received ECMO support. Of these, 135 (62.7%) patients 
underwent at least one TCD study while on VA-ECMO 
(n = 95, 70.3%) or VV-ECMO (n = 40, 29.6%, Fig.  1). 
MFVs were reliably captured in 85% of VA-ECMO 
patients and 99% of VV-ECMO patients. Reasons for 
not completing a TCD study included COVID-19 infec-
tion (n = 30, 37.5%), less than 24  h of ECMO support 
(n = 6, 7.5%), absent temporal windows (n = 3, 3.8%), and 
no TCD monitoring pursued by primary team (n = 41, 
51.2%). The study cohort was 60.7% men with a median 
age of 55  years (IQR 42–65); baseline characteristics of 
included patients are presented in Supplemental Table 1. 
The only significant difference in baseline characteris-
tics between included patients and those excluded due 
to lack of a TCD study was a lower rate of COVID-19 in 
included VV-ECMO patients (50.0 vs. 76.9%, p = 0.02; 
Supplemental Table  2). Of 95 VA-ECMO patients, 50 
(52.6%) were centrally cannulated whereas 45 (47.4%) 
were peripherally cannulated; 41 (30.4%) had an IABP 
and 7 (5.2%) had a left ventricular assist device. These 135 
included patients underwent a total of 237 TCD stud-
ies, and median time to first study was 41 h (23–72) after 
ECMO cannulation (Fig. 2). 

TCD MFV
MFV values from the first TCD on ECMO for each 
insonated vessel by ECMO mode are described in 
Table 1. MFV was highest in the MCA M1 segment, fol-
lowed by ICA C1 segment, ACA A1 segment, BA, and 
finally VrA. The BA, left VrA, and right VrA exhibited 
slightly lower MFVs in VA-ECMO as compared with VV-
ECMO. This difference in MFV was preserved compar-
ing peripherally cannulated VA-ECMO to VV-ECMO in 
all three recorded vessels (e.g., in the BA 31 [26–40] vs. 
39 [33–45], p = 0.005), whereas there was no difference 
seen when comparing centrally cannulated VA-ECMO 
to VV-ECMO (BA 37 [24–45] cm/s vs. 39 [33–45] cm/s, 
p = 0.12). In VA-ECMO, no differences were observed 
in MFVs between central and peripheral cannulation, or 
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between presence and absence of IABP (Supplemental 
Table 3).

MFVs were highly positively correlated between left 
and right paired vessels, as demonstrated by high Spear-
man’s coefficients: 0.72 for the MCA, 0.85 for the ACA, 
0.78 for the ICA, and 0.78 for the VA. There were no sta-
tistically significant differences in median MFV by lat-
erality, except for in the VrA (median [IQR] 35 [28–44] 
cm/s in the left vs. 23 [20–28] cm/s in the right, p < 0.001).

Given high concordance between left and right vessels, 
these values were averaged for further analysis. Com-
pared by Welch’s t-test to normal values obtained from 
a cohort of 364 healthy adults, there was no significant 

difference in mean MFV of the MCA M1 segment, ACA 
A1 segment, BA, or VrA [23]. In the ICA C1 segment, 
however, MFVs for both men and women and for both 
VA-ECMO and VV-ECMO were significantly higher than 
published normal values (p values not shown, Table 2).

No robust statistically significant associations were 
demonstrated between mean MFVs and any studied 
hemodynamic and clinical parameters (SBP, DBP, mean 
arterial pressure, Fick’s cardiac output, cardiac index, 
arterial blood gas  pCO2 or  pO2, hemoglobin/hematocrit, 
fibrinogen, or ECMO flow).

TCD PI
Presence of a recordable PI in any insonated vessel was 
strongly associated with ECMO mode: 54 (57%) in VA 
vs. 38 (95%) in VV (p < 0.001). PIs by ECMO mode for 
each insonated vessel from the first TCD on ECMO are 
described in Table 2. Compared with patients with only 
VA-ECMO, those who also had IABP exhibited similar 
PIs (Supplemental Table  4). Presence of a recordable PI 
in any insonated vessel on a patient’s first TCD exami-
nation was not significantly different between centrally 
and peripherally cannulated VA-ECMO (48.9 vs. 56.0%, 
p = 0.54).

Patients with recordable PI in any insonated vessel were 
younger than those without (53 [39–62] years in pulsa-
tile TCD vs. 61 [49–69] years, p = 0.007). In VA-ECMO, 
hemodynamic covariates at the time of TCD study were 
strongly associated with presence versus absence of TCD 
pulsatility: pulse pressure (46 [34–60] mm Hg in pul-
satile TCD vs. 18 [6–44] mm Hg in nonpulsatile TCD, 
p < 0.001), SBP (104 [90–118] mm Hg vs. 87 [72–100] 

Fig. 1 Study design and participant selection from a prospective cohort of venoarterial (VA) extracorporeal membrane oxygenation (ECMO) and 
venovenous (VV) ECMO at a single tertiary care center. COVID‑19, coronavirus disease of 2019, TCD, transcranial Doppler

Fig. 2 Number and timing of transcranial Doppler (TCD) studies in 
VA‑ECMO and VV‑ECMO patients. ECMO, extracorporeal membrane 
oxygenation, VA, venoarterial, VV, venovenous
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mm Hg, p < 0.001), and DBP (60 [50–67] mm Hg vs. 62 
[56–70] mm Hg, p = 0.02).

Clinical Outcomes
Clinical outcomes by ECMO type are presented in Sup-
plemental Table  5. In VA-ECMO patients, absence of 

TCD pulsatility of any vessel in any study was more fre-
quently associated with IPH (14.7% vs. 1.6%, p = 0.02) 
and was also more frequently associated with a compos-
ite event of any bleeding while on VA-ECMO (79.4% vs. 
52.5%, p = 0.02).

Table 1 Mean flow velocity from the first transcranial Doppler study on ECMO

Normal values from a healthy adult cohort are listed for reference [18]

Bold values are statistically significant (p <  0.05)

ACA, anterior cerebral artery, BA, basilar artery, ECMO, extracorporeal membrane oxygenation, ICA, internal carotid artery, IQR, interquartile range, MCA, middle 
cerebral artery, MFV, mean flow velocity, SD, standard deviation, VA, venoarterial, VrA, vertebral artery, VV, venovenous

MFV Normal, 
mean ± SD 
(cm/s)

VA-ECMO (n = 95 studies), n (%) 
or median (IQR) (cm/s)

VV-ECMO (n = 40 studies), n (%) 
or median (IQR) (cm/s)

p value (VA vs. VV)

Right

MCA M1 60.1 ± 12.1 84 (88.4%) 52 (40–71) 39 (97.5%) 60 (45–65) 0.28

ACA A1 50.5 ± 10 78 (82.1%) 42 (30–58) 40 (100%) 46 (38–59) 0.13

ICA C1 36.5 ± 9.4 81 (85.3%) 50 (40–66) 40 (100%) 49 (33–64) 0.50

VrA 34.3 ± 9.4 82 (86.3%) 22 (18–28) 40 (100%) 26 (22–33) 0.006
Left

MCA M1 60.1 ± 12.1 82 (86.3%) 51 (37–70) 39 (97.5%) 55 (47–68) 0.52

ACA A1 50.5 ± 10 74 (77.8%) 44 (30–63) 40 (100%) 44 (38–62) 0.96

ICA C1 36.5 ± 9.4 79 (83.2%) 50 (30–65) 40 (100%) 44 (34–70%) 0.93

VrA 34.3 ± 9.4 80 (84.2%) 33 (25–43) 40 (100%) 39 (32–45) 0.04
BA proximal 39.7 ± 10.4 81 (85.3%) 32 (25–43) 40 (100%) 39 (33–45) 0.01
Clinical parameters at time of TCD

Systolic blood pressure (mm Hg) 87 (91.6%) 92 (76–110) 39 (97.5%) 116 (103–130)  < 0.001
Diastolic blood pressure (mm Hg) 87 (91.6%) 62 (54–68) 39 (97.5%) 60 (54–68) 0.60

Hematocrit (%) 95 (100%) 24.8 (22.8–28.2) 40 (100%) 25.5 (23.7–27.8) 0.66

Arterial blood gas  pCO2 (mm Hg) 95 (100%) 39 (34–45) 39 (97.5%) 45 (41–50)  < 0.001
Ejection fraction (%) 67 (70.5%) 30 (10–60) 29 (72.5%) 60 (50–65)  < 0.001

Table 2 PI from the first transcranial Doppler study on ECMO

Pulsatility indices were calculated by Gosling’s formula: (peak systolic velocity − end diastolic velocity)/mean flow velocity

ACA, anterior cerebral artery, BA, basilar artery, ECMO, extracorporeal membrane oxygenation, IABP, intraaortic balloon pump, ICA, internal carotid artery, IQR, 
interquartile range, MCA, middle cerebral artery, PI, pulsatility index, VA, venoarterial, VrA, vertebral artery, VV, venovenous

PI VA-ECMO 
(n = 95 studies), 
n (%)

VA-ECMO % 
abnormal (≥ 1.2), 
n (%)

PI, median (IQR) VV-ECMO 
(n = 40 studies), 
n (%)

VV-ECMO % 
abnormal (≥ 1.2), 
n (%)

PI, median (IQR) p value (PI)

Right

MCA M1 47 (49.5) 22 (46.8) 1.1 (1.0–1.6) 38 (95.0) 12 (31.6) 1.1 (1.0–1.2) 0.46

ACA A1 44 (46.3) 23 (52.2) 1.2 (1.1–1.5) 38 (95.0) 18 (47.4) 1.1 (1.1–1.3) 0.23

ICA C1 44 (46.3) 19 (43.2) 1.1 (1.0–1.4) 38 (95.0) 12 (31.6) 1.1 (1.0–1.2) 0.82

VrA 43 (45.3) 28 (65.1) 1.2 (1.1–1.6) 37 (92.5) 20 (54.1) 1.2 (1.1–1.2) 0.11

Left

MCA M1 46 (48.4) 25 (54.5) 1.2 (1.0–1.6) 38 (95.0) 14 (36.8) 1.1 (1.0–1.2) 0.34

ACA A1 42 (44.2) 23 (54.8) 1.2 (1.0–1.5) 38 (95.0) 15 (39.5) 1.1 (1.1–1.2) 0.55

ICA C1 44 (46.3) 23 (52.3) 1.2 (1.0–1.6) 38 (95.0) 13 (34.2) 1.1 (1.0–1.2) 0.22

VrA 47 (49.5) 30 (63.8) 1.2 (1.1–1.6) 36 (90.0) 18 (50.0) 1.2 (1.0–1.2) 0.05

BA proximal 44 (46.3) 28 (63.6) 1.2 (1.1–1.5) 37 (92.5) 16 (43.2) 1.1 (1.0–1.2) 0.07
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Discussion
In this large cohort of ECMO patients with TCD stud-
ies, cerebral hemodynamics were characterized com-
prehensively and correlated with relevant physiologic 
parameters during TCD monitoring. MFVs were reliably 
captured and generally comparable to normal values. PIs 
were correlated with hemodynamic SBP and DBP and 
thus were often absent in VA-ECMO, an absence that 
was associated with a higher burden of IPH.

MFV
For both men and women on both VA-ECMO and VV-
ECMO, MFVs were within published normal limits in all 
insonated vessels except the ICA C1 segment. This ves-
sel exhibited slightly higher cerebral blood flow in both 
VA-ECMO and VV-ECMO, with MFVs approximately 
5–10  cm/s above one standard deviation around the 
mean of a healthy cohort. This effect was preserved after 
subgrouping by ECMO type and cannulation method 
(central vs. peripheral, data not shown). Prior studies 
similarly exhibited MFVs largely within normal ranges in 
VA-ECMO [16].

Bilaterally paired vessels exhibited a high degree of cor-
relation and similar MFVs, except in the VrA where the 
right side was approximately 10–13 cm/s lower than the 
left, an effect that was again conserved across analyzed 
subgroups, including cannulation method. Although too 
small to likely be clinically significant, this difference may 
be in part attributable to a higher prevalence of right VrA 
hypoplasia in the general population [25, 26].

When comparing VA-ECMO to VV-ECMO, MFVs 
were very similar in the anterior circulation, but studies 
in VA-ECMO exhibited 3–5  cm/s lower MFVs in both 
VrAs and the proximal BA. This difference was affected 
by cannulation method, as comparing peripherally can-
nulated VA-ECMO versus VV-ECMO preserved this 
effect, while no significant difference in MFV in these 
vessels was observed between centrally cannulated VA-
ECMO and VV-ECMO.

PIs
Presence of pulsatile flow in at least one insonated ves-
sel was more frequently observed in VV-ECMO as com-
pared with VA-ECMO patients, and in VA patients with 
IABP as compared with those without IABP. These find-
ings are expected given the underlying indications and 
mechanics of the two ECMO modes, but interestingly, 
no difference was observed in the presence of pulsatile 
flow between centrally and peripherally cannulated VA-
ECMO patients. In contrast to a prior small study of 
TCD in VA-ECMO patients with severely reduced car-
diac function that demonstrated invariably absent or very 
low PIs on VA-ECMO [13], here a majority of VA-ECMO 

TCD studies exhibited recordable PIs, with values in the 
normal or indeed slightly elevated range. TCD pulsatility 
was strongly associated with hemodynamic parameters 
at the time of TCD, namely SBP, DBP, pulse pressure, 
and ejection fraction, as previously described [13, 27]. 
Absence of pulsatile flow was associated with a higher 
frequency of IPH. Early low pulse pressure (< 20 mm Hg) 
has been associated with ABI in VA-ECMO patients, 
indicating low pulse pressure may serve as a marker of 
ABI risk, which is consistent with our TCD analysis [28]. 
However, this association needs to be interpreted care-
fully given the low number of patients with IPHs in our 
cohort.

Limitations
This study’s limitations include being conducted at a sin-
gle center, which limits generalizability despite a sizable 
cohort. However, the high interobserver variability of 
TCD performance lends itself to a study design relying 
on a small group of experienced technologists [18]. The 
study was also subject to incomplete capture of eligible 
patients due to challenges obtaining TCD, such as clinical 
instability, short duration of ECMO support, staff avail-
ability, and COVID-19 restrictions. Most TCD studies 
were performed early during the ECMO support, limit-
ing our analysis of the early phase of ECMO course and 
TCD measures. Lack of a suitable control population for 
comparison to normal TCD values is a further limitation, 
which was addressed by direct comparison to published 
literature but would benefit from paired case–control 
study in the future.

Conclusions
TCD analysis in a single-center cohort of VA-ECMO and 
VV-ECMO patients demonstrates similar MFVs and PIs. 
Absence of PIs was associated with a higher frequency 
of IPH and a composite bleeding event. However, cau-
tious interpretation and external validation is necessary 
for these findings with a multicenter study with a larger 
sample size.
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