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Abstract

Background: Acute brain injury (ABI) is a frequent complication of pediatric extracorporeal membrane oxygenation
(ECMO) that could be detected by continuous neuromonitoring. Cerebral near-infrared spectroscopy (NIRS) allows
monitoring of cerebral oxygenation.

Objective: To assess whether an impaired cerebral oxygenation was associated with short-term outcome during
pediatric ECMO.

Methods: We conducted a single-center retrospective study in a pediatric intensive care unit. Children under

18 years old were included if receiving veno-venous or veno-arterial ECMO with concurrent NIRS monitoring. Cer-
ebral saturation impairment was defined as rScO2 under 50% or 20% from the baseline for desaturation, and above
80%. Cerebral imaging (magnetic resonance imaging or CT scan) was performed in case of neurological concern. A
radiologist blinded for patient history identified ABI as any hemorragic or ischemic lesion, then classified as major or
minor. Primary endpoint was the outcome at hospital discharge. Poor outcome was defined as death or survival with
a pediatric cerebral performance category scale (PCPC) score >3 and/or a major ABI. Good outcome was defined as
survival with a PCPC score <2 and/or a minor or no ABI. Secondary endpoint was mortality before PICU discharge.

Results: Sixty-three patients met inclusion criteria; 48 (76%) had veno-arterial ECMO. Mortality rate was 51%. Forty-
eight of sixty-three patients (76%) evolved with a poor outcome, including 20 major ABI. Mean rScO?2 in the right/left
hemisphere was 73 +9%/75 £+ 9%. Cerebral desaturation and decline of rScO, below 20% from the baseline, regardless
of side, were each associated with poor outcome (multivariable-adjusted odds ratio (OR), 4 [95%Cl 1.2; 15.1], p=0.03,
and 3.9 [95%Cl 1.1; 14.9], p=0.04, respectively), as well as a mean right rScO, < 70% during the ECMO course (adjusted
OR, 5.6 [95%Cl 1.3; 34], p=0.04). Left rSCO, = 80% was inversely correlated with hospital mortality (adjusted OR of 0.14
[95%Cl 0.02; 0.8], p=0.04).

Conclusions: Cerebral desaturation attested by NIRS was associated with a poor short-term outcome in children
of all ages undergoing ECMO, and rScO2 > 80% seemed to be protective. NIRS monitoring might be included within
multimodal neuromonitoring to assess the risk of the brain injury related to pediatric ECMO.
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Introduction

Extracorporeal membrane oxygenation (ECMO) is an
increasingly used technique that provides temporary
cardiopulmonary support. Neurological complications
are frequent [1, 2] and associated with increased hospital
mortality [2]. Children’s growing brain exposes them to
acute brain injury (ABI) [3] Hence, pediatric stroke may
occur in 5 to 22% during ECMO [2, 4, 5] with a higher
prevalence in neonates and young infants [4, 6]. In this
population, ABI is of difficult diagnosis because of seda-
tion and curarization that strongly limit clinical exami-
nation accuracy. Continuous cerebral monitoring is
therefore a matter of importance. Near-infra red spec-
troscopy (NIRS) offers a continuous and noninvasive cer-
ebral saturation monitoring [7] that might reflect cerebral
oxygenation and cerebral blood flow [8]. NIRS monitor-
ing is routinely used in pediatric [9] and adult patients
[10] undergoing cardiopulmonary bypass: cerebral oxy-
genation optimization driven by NIRS may reduce the
incidence of post-operative complications [10] and stroke
[11]. In patients under prolonged ECMO, the use of NIRS
as a neuromonitoring tool may allow early detection of
cerebrovascular events [12, 13]. Two pediatric studies
including mostly neonates found an association between
cerebral desaturation and hospital mortality or ABI
defined by imaging [4] or by a poor neurological clini-
cal score [14]. Data are lacking addressing older pediat-
ric range, and no study addressed the impact of cerebral
hyperoxia [15]. We aimed to assess if an impaired cere-
bral oxygenation was associated with mortality and ABI
in children under ECMO.

Methods

Design and Population

We conducted a retrospective single-center study in a
French pediatric intensive care unit (PICU), being an
ECMO-center since 2014. Study was approved by the
hospital institutional review board. ECMO management
is described in the supplemental material.

All patients less than 18 years old receiving veno-
venous (V-V) or veno-arterial (V-A) ECMO from Janu-
ary 2014 to December 2018 who had concurrent cerebral
oxymetry monitoring for more than 6 h were included in
the study.

NIRS Monitoring

Cerebral tissue oxygen saturation (rScO2) was continu-
ously recorded using a 4-wavelength cerebral oxymeter
(EQUANOX 7600%, Nonin, Eurocare) or a 2-wavelength

cerebral oxymeter (INVOS 5100C®, Covidien, Medtron-
ics, USA). Two sensors were placed on both sides of the
patient’s forehead to allow for screening of unilateral
lesions. Cerebral desaturation was defined as a decrease
in rScO, value under the threshold of 50%, or >20% from
baseline [4, 16]. We also recorded increases in rScO,
value above the threshold of 80% [17]. Baseline rScO,
was defined as the first value recorded after ECMO can-
nulation. We abstracted all rScO, recordings at each
hour, from the first 6 h after initiation of ECMO until
its discontinuation. We then calculated mean rScO, and
divided the cumulative spent time with rScO, under or
above the defined threshold by the duration of ECMO
support (in hours) to obtain the time percentage.

Data Collection and Definitions

Baseline demographic and ECMO data were collected
for all patients. Severity scores and comorbidities were
assessed using the vasoactive-inotropic score (VIS), the
Pediatric Index of Mortality-3 score (PIM-3), the Pediat-
ric Logistic Organ Dysfunction-2 score (PELOD-2), and
blood gas and lactate analyses. We recorded the lowest
pH and the highest lactate and aterial P,CO,. We calcu-
lated P,CO, variation between immediate pre- and post-
ECMO initiation (delta=P,CO, before ECMO - PaCO,
after initiation of ECMO).

Outcomes

For all survivors, a pediatric neurologist (MK) systemati-
cally performed a complete clinical examination before
hospital discharge as part of our institutional practice.
Pediatric Cerebral Performance Category Scale (PCPC)
was calculated. Brain imaging was performed if neu-
rological concern was raised, because of neurological
acute events (including seizures), altered neurological
examination, and/or suspicion of a patient’s history sug-
gesting cerebral prolonged hypoxia or lesion (i.e., known
neurological comorbidities, extracorporeal cardiopulmo-
nary resuscitation (ECPR) prolonged more than 15 min,
severe hemodynamic disability despite ECMO requiring
high doses of inotropes or vasoactive drugs, deep ane-
mia and/or disseminated intravascular coagulation and/
or hemorragic shock). Cerebral tomography (CT) scan
was used during ECMO, while magnetic resonance imag-
ing (MRI) was performed after its discontinuation. A
pediatric radiologist (RL), blind to the procedure and the
patient’s outcome, reviewed retrospectively all images.
Patients without neurological concern at PICU discharge
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were considered free of ABI, even in the absence of cer-
ebral imaging.

The primary endpoint was an outcome composite cri-
teria assessed at hospital discharge: (1) good outcome
was defined as survival with a PCPC score<2 with no
ABI or minor ABI on imaging; (2) poor outcome was
defined as death or survival with a PCPC score >3 and/or
a major ABI on imaging. ABI was defined as any hemor-
ragic or ischemic lesion on cerebral imaging (CT scan
or MRI) or on autopsy when performed. Lesions were
classified using a previously described radiological clas-
sification [6]. Ischemic lesions were classified as minor
or major according to their size (respectively<l cm
or>1 c¢cm). Minor hemorragic lesions included extra-axial
hemorrhage without mass effect, parenchymal hemor-
rhage<1 cm (including microbleeds, which are common
after ECMO [18]), and grade 1 or 2 intraventricular hem-
orrhage. Other subtypes of hemorrhage were classified as
major.

Statistical Analysis

Results are presented as means+standard deviations
(SD) or medians and interquartile range (IQR) for con-
tinuous variables depending on their normality and
numbers, and percentages for categorical variables. Con-
tinuous variables were compared using Student’s T test
or Wilcoxon rank sum test. Categorical variables were
compared using Chi-squared or a Fisher test. Patients’
severity and cerebral oxymetry were tested in univariate
analysis for association with outcome and death. We con-
ducted multivariable regression analyses to adjust for the
potential confounders. We retained variables achieving
p<0.1 in the univariate analysis and previously reported
to be associated with outcome [14]. Variables were tested
for colinearity and excluded of the model in case of
association with another one. We considered rScO, as a
binary variable using the pre-defined thresholds. Mean
rScO2 was dichotomized in a two classes of categorical
variable based on prior works [4, 14] and on the results of
the univariate analysis. A p value <0.05 defined statistical
significance. Data were analyzed using R programming
software.

Results

Patients’ Characteristics and Evolution

Between January 2014 and December 2018, we treated
71 patients with ECMO. Among them, 63 patients had
concurrent NIRS monitoring and were included in this
study. Median [IQR] age was 1.1 [0.2; 4.3] years old.
V-A ECMO was the most common type of extracor-
poreal assistance (76% (n=48) versus 24% (n=15) for
V-V ECMO), all implanted with a jugulo-carotid can-
nulation. The median duration of ECMO therapy was

Table 1 Patients baseline characteristics

Patients (n=63)

Age (years) 1.1[0.2;43]
Male 27 (43)
Immunocompromised 13(21)
Reasons for ECMO
ECPR (cardiomyopathy) 23
Cardiogenic shock 17 (27)
Cardiomyopathy (dilated and/or hypertrophic)
(n=4)
Myocarditis (n=13)
Rythm troubles 6(10)
Septic shock 4 (6)
ARDS 22 (35)
Refractory hypoxemia 9(14)
Severe status asthmaticus 3(5)

V-A/V-V ECMO
Mobile circulatory support unit
Initial parameters

48 (76)/15 (24)
7(11)

PIM-3 11 [6; 26]
PELOD-2 NP=12 10£4
Blood lactate (mmol/L)NP=° 4725115
PaCo, (mmHg)ND:2 58+ 21
Pa0,/FiohP=* 80 [61; 155]
OsINP=21 18+13
VIS 35[10; 100]
Biological parameters during ECMO
Maximum blood lactate (mmol/L) 103+6.2
Minimum pH 70+0.2
Maximum PaC0, (mmHg) 76+21
Minimum PaC0, (mmHg) 317
Delta PaCO0, before/after ECMONP= 7+23
Evolution
CRRT 17 (27)
Systemic bleeding 12(19)
ECMO duration (days) 9[5;13]

Normally distributed variables represented as mean + SD (standard deviation).
Non-normally distributed variables represented as median [IQR]. Categorical
variables represented as n (%); systemic bleeding was defined as requiring

red blood cells transfusion and/or use of anti-fibrinolytics agents; ARDS: acute
respiratory distress syndrome; CRRT: continuous renal replacement therapy;
ECPR: extracorporeal cardiopulmonary resuscitation; ND: no data; OSI: Oxygen
Saturation Index; PELOD-2: pediatric logistic organ dysfunction score-2; PIM-3:
Pediatric Index of Mortality-3; V-A: veino-arterial; VIS: Vasoactive Inotrope Score;
V-V: veno-veinous

9 [5, 13] days. Patients’ characteristics are presented
in Table 1 (Table 1). NIRS monitoring duration was 8
[4, 12] days. Regardless of side, cerebral desaturation
occurred in 42 (68%) patients, and rSCO2>80% in 54
(87%) patients. On the right side (n=62), baseline and
mean rScO, were, respectively, 70+13% and 73 +9%.
On the left side (n=61), baseline and mean rScO, were,
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respectively, 73+13% and 75+ 9%. There was no differ-
ence between both sides.

Neurological evolution and classification of patient
outcomes are presented in Fig. 1. Thirty-two patients
(51%) died before hospital discharge. Five patients were
brain dead and 15 died following a withdrawal of life-
sustaining treatments. Twenty of the deceased patients
did not have cerebral imaging or autopsy. Detailed rea-
sons for these deaths are summarized in the supplemen-
tal (table S1). Neurological concern was raised in (49%)
of survivors (19/31), leading to diagnosis of major ABI in
10, minor one in 8, and no ABI in 1. Clinical and radio-
logical features of the nine patients with minor or no ABI
are described in the supplemental (table S2). Overall, 42
(67%) patients had poor outcome at hospital discharge
(Fig. 1). Survivors with poor and good outcomes had a
median PCPC score at 2 [1.25; 2] and 1 [1; 1.25], respec-
tively. In patients with major ABI, lesions were mostly
bilateral (16 bilateral lesions versus 4 right-located and 2
left-located).

Cerebral Oxygenation and Short-Term Outcome

The proportion of patients with cerebral desaturation,
regardless of side, was significantly higher in patients
with a poor outcome. This difference seemed to be pre-
sent in the left hemisphere and due to the drop in rScO2

below 20% from the baseline. Contrarily, episodes of
rScO2>80% and the proportion of time with impaired
cerebral oxygenation did not differ between groups
(Table 2). In the multivariable regression logistic model
adjusted on age, ECMO indication (cardiac or respira-
tory), ECMO duration, and maximum blood lactate,
global cerebral desaturation and decline of rScO2 > 20%
from the baseline, regardless of side, remained sig-
nificantly associated with poor outcome (adjusted OR
[CI95%] of 4 [1.2; 15.1] for any cerebral desaturation,
p=0.03, and of 3.9 [1.1; 14.9] for decline of 20% from
baseline, p=0.04) (Table 3). The sensitivity of cerebral
oxymetry to predict poor outcome seemed enhanced
by the threshold of 20% decline from baseline (Table 4).
A mean right rScO, of less than 70% during the ECMO
course was significantly associated with poor outcome
(Adjusted OR [CI95%] of 5.6 [1.3; 34], p=0.04) (Table 3).

Cerebral Oxygenation and Mortality

Cerebral oxymetry did not differ between groups
addressing cerebral desaturation. Conversely, survivors
presented more episodes of rScO2>80% than non-survi-
vors on both hemispheres, without difference addressing
proportion of time spent with rScO, above 80% (Table 2).
In the multivariable regression logistic model adjusted on
age, ECMO indication (cardiac or respiratory), ECMO

Patients
n=63
Non survivors
n=32(51) Survivors
* Braindeathn=5 n =31 (49)
- Withdrawal of life-sustaining treatment n =15 |
I
2 L2 l wl'
No imagin, Imagin i
_ ging _g & Imaging Clinical concern
n=21 n=11 n=19 i i
- No imaging
l | * CTscann=1 n=12
* MRIn=17
Autopsy MRI CT-scan ¢ Bothn=1
n=1 n=5 n=6 I
R Major ABI Major ABI Major ABI Minor ABI
Malorag! n=5* n=6* n=10* n=8*

Hemorrhagic + Hemorrht?glc n=2 Hemorrhqg/c n=5 Hemorrht.ngc n=3 Hemorrhqglc n=9 No ABI No ABI
ischeme Ischemicn =5 Ischemicn =6 Ischemic n-=10 Ischemicn =3 n=1 n=12

!

Poor outcome
n=42(67)

Fig. 1 Evolution of patients based on the study’s outcome definition. Grey boxes represent patients with a good outcome; dotted boxes represent
patients with a poor outcome. * The total number of patients is lower than the number of lesions because some patients presented both ischemic
and hemorrhagic lesions. ABI: acute brain injury; CT: cerebral tomodensitometry; MRI: magnetic resonance imaging

|

Good outcome
n=21(33)
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Table 2 Univariate comparison of severity and cerebral oxymetry by outcome and survival

Outcome Survival

Good outcome (n=21) Poor outcome (n=42) p Non-survivors (n=32)  Survivors (n=31) p
Initial parameters
PIM-3 9[7,14] 13 [5;30] 046  13[6.8;25] 10 [6, 25] 0.56
PELOD-2NP=13 9435 10£4.5 036 10%5 9+4 053
Blood lactate (mmol/L)NP=6 41[1465] 5[3;11.7] 026  49[2/6;11.5] 47016;114] 065
PaCO, (mmHg)\P=2 61+27 56419 043  583+18.1 5724247 0.84
Parameters during ECMO
Maximum blood lactate (mmol/L) 79+57 11.5+6.1 0.03 11946 865 0.03
Minimum pH\P=! 7.1+0.1 7402 002 69402 71402 0.01
Maximum PaC0, (mmHg) 74124 76+20 068  70+20 71£22 0.1
Minimum PaC0, (mmHg) 3217 3118 0.62 3216 318 0.03
Delta PaC0, before/after ECMONP=* 4118 9+24 042  9%25 5+20 047
NIRS monitoring
Duration 5[4,9] 10[4,13] 0.16 812, 13] 81[4.511] 0.89
Cerebral desaturation regardless of side 9 (43) 33 (79) 3107 19(59) 23 (74) 0.28
rScO, >80% regardless of side 20 (95) 34(81) 017 30 (94) 24.(77) 023
Right side*
Baseline rSc0, 7211 69+ 14 034 68+14 72+12 033
Mean rSc0, 765 72+10 0.07 72+10 74+7 0.71
Cerebral desaturation 7 (35) 25 (60) 0.07 20 (33) 19 (63) 1
r5¢0, <50% 2(10) 13 (31) (AN 9 (28) 6 (20) 0.46
rSc0, decline >20% from baseline 5(25) 19 (45) 013 11(34) 13(43) 047
rSc0, >80%. n (%) 18 (90) 33(79) 047  23(72) 28 (93) 0.03
% time rS5c02 < 50% 010; 0] 01[0; 1] 0.05 01[0;1.5] 01[0; 0] 032
% time rSc02 decline >20% from 01[0;0.5] 01[0;2] 0.28 0[0; 1] 01[0; 2.8] 0.48
baseline
% time rSc02 > 80%"P=" 15[4.8;42.8] 17[1;32.5] 06 18 [0;33] 11[43;338] 0.74
Left side*
Baseline rSc0, 74+12 73+14 0.79 73+15 73+11 0.87
Mean rSc0, 78+6 73+10 007 7311 76+7 0.39
Cerebral desaturation 6 (29) 25 (62) 0.01 20 (67) 19 (61) 0.86
rSc0, < 50% 2(10) 10 (25) 019  6(20) 6(19) 0.95
rSc0, decline >20% from baseline 5(24) 22 (55) 0.02 14 (47) 13 (42) 0.71
rSc0,>80% 18 (86) 30 (75) 0.51 20 (67) 28 (90) 0.02
% time rSc02 < 50% 01[0;0] 01[0; 0] 0.15 01[0; 0] 01[0; 0] 09
9% time r5c02 decline > 20% from 0[0; 0] 01[0;4,5] 023 0[0;1.8] 01[0;3] 0.72
baseline
% time rSc02 > 80%"0=3 23[5;52] 20[0.8;37] 025  24[0;40] 16 [2.5;48.8] 057

Normally distributed variables represented as mean + SD (standard deviation). non-normally distributed variables represented as median [IQR]. Categorical variables
represented as n (%); ECMO: extracorporeal membrane oxygenation; ND: no data; NIRS: near-Infrared spectroscopy; PELOD-2: pediatric logistic organ dysfunction
score-2; PIM-3: Pediatric Index of Mortality-3

*Missing data for right side for one patient survivor with ABI, and for left side for two patients deceased without ABI

duration, minimum pCO,, and maximum blood lactate, Neurological involvement was uncertain in 4/20
only left rSCO,>80% remained significantly inversely = deceased patients without imaging (2 patients had
correlated with mortality (adjusted OR [CI95%] of 0.14  refractory shock at weaning and 2 deceased consecu-
[0.02; 0.8] p=0.04). tively to a decision of withdrawing life support treat-

ments because of refractory respiratory compromise)
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Table 3 Association between cerebral oxymetry and poor outcome

Cerebral oxymetry

Any cerebral desaturation Regardless of side
Left

Right

Regardless of side
Left

Right

Regardless of side
Left

Right

Right

Left

Any rScO, < 50%

Any r5¢O, decline > 20% from baseline

Mean rScO, < 70%

Poor outcome (n=42)

Adjusted OR* C195%
42/62 (68) 4% [1.2;15.1]
31/61 (51) 28 [0.7;823]
32/62 (52) 23 [0.7;8.2]
18/63 (29) 15 [0.4;6.6]
12/61 (20) 1.9 [0.4;15.5]
15/62 (24) 34 [0.7;27.5]
35/61 (57) 3.9% [1.1;14.9]
27/61 (44) 2.7 [0.7;106]
24/62 (39) 2 [0.6;8.3]
16/61 (26) 56* [1.3;34]
18/62 (29) 46 1.1;27.2]

T Explicative variables included in the model for the logistic regression were age, indication for ECMO (cardiogenic shock or respiratory failure), ECMO duration,

maximum blood lactate
*p<0.05

OR: odd ratio; Cl: confidence interval

Table 4 Diagnostic performance of cerebral desaturation thresholds to predict poor outcome

Poor outcome (n=42) Good outcome (n=20)

50% threshold
Any r5cO, <50% 14
15c0,=50% 28
Sensitivity of 33%
A 20% threshold (decline > 20% from the baseline)
Any rScO, decline >20% 28
No rScO, decline 12
Sensitivity of 70%
Combined threshold (< 50% and/or > A20%)
Any cerebral desaturation 33
No cerebral desaturation 8
Sensitivity of 81%

4 PPV of 78%
17 NPV of 38%
Specificity of 81%
7 PPV of 80%
14 NPV of 54%
Specificity of 61%
9 PPV of 79%
12 NPV of 60%
Specificity of 57%

NPV: negative predictive value; PPV: positive predictive value

(supplemental table S1). Results were not modified
when we performed secondary analysis excluding them.

Cerebral Oxygenation in V-A and V-V ECMO

Comparison of the outcome in patients under V-A and
V-V ECMO is presented in the supplemental (tables S3
and S4). Twenty-three patients/48 (48%) treated with
V-A ECMO died before hospital discharge, 15 (31%)
had good outcome. Their NIRS monitoring showed
similar patterns with the global population. Nine
patients/15 (60%) treated with V-V ECMO deceased
before hospital discharge; 6 (40%) evolved with good
outcome. Baseline rScO, measured at the beginning of
V-V ECMO was lower in non-survivors (58% [56; 70]

versus 78% [72; 81.8] in the survivors groups, p =0.04),
conversely cerebral oxymetry did not differ during the
course of ECMO.

We sought to investigate the variation in P,CO,
before and after starting V-V ECMO (AP,CO,):
AP,CO, tended to be higher in patients with major cer-
ebral bleeding (p =0.05) (supplemental S5).

Discussion

We report herein our single-center experience of con-
tinuous cerebral oxymetry monitoring during prolonged
pediatric ECMO. We found an association between cere-
bral desaturation and poor outcome. Conversely, a higher
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rScO, was associated with a better survival, with a spe-
cific trend in patients under V-V ECMO.

Almost half of our population developed an ABI This
proportion might therefore have been underestimated
because some patients had no imaging. ABI under
ECMO ranges from 8 to 50% and is variable across stud-
ies [5, 14], mostly because of heterogeneous popula-
tions and definitions. A higher proportion of unilateral
lesions is reported in children [6], due to impaired cer-
ebral autoregulation and to the ligation of the carotid
artery and jugular vein induced by cannulation in infants
under V-A ECMO, that can alter cerebral blood flow and
drainage. In contrast with previous pediatric studies [4,
14], we included more children with previous complex
genetic diseases or immunodeficiency, but we had a few
neonates. This different population may explain the high
rate of ABIL

Mortality and patients’ severity were similar to that
previously described in pediatric prolonged ECMO [4,
14, 19]. Proportion of ischemic or hemorragic lesions
depending on the type of ECMO was in accordance with
literature [18, 20]. Anticoagulation in children under
ECMO remains challenging [21]. A lower anticoagulation
under V-V ECMO might avoid cerebral bleeding events.
The high prevalence of cerebral bleeding in our study may
be explained because we deliberately chose to include in
this definition all types of bleeding including microbleeds
as minor ABI. Cerebral microbleeds have been described
in adults [18] and children [22] under ECMO with seem-
ingly little effect on survival, but no study has investi-
gated their impact on neurological outcome.

Despite the lack of randomized trials in the field of
neuromonitoring during ECMO, several observational
studies have now assessed the specific value of cerebral
oxymetry in children [4, 14] and adults [12, 13]. All
have shown an association between cerebral desatura-
tion and poor neurological outcome. In our study, the
impact of cerebral desaturation on outcome seemed to
differ between hemispheres. Some hypotheses might
explain this laterality: First, in patients with right jug-
ulo-carotid V-A ECMO, collateral vascularization might
lead either to a contralateral hyperhemia (similar to a
brain ischemia—reperfusion syndrome) with subsequent
left cerebral lesion [23] or to a right cerebral hypoperfu-
sion with subsequent right cerebral ischemic lesion. The
association found only in the right hemisphere between
a lower mean rScO, during the ECMO course and poor
outcome relies with that latter hypothesis. Second, left
rScO, reflects the adequacy of systemic perfusion and
oxygen delivery through both the circuit and systemic
circulation. In this situation and in patients with cardiac
failure, left cerebral desaturation would be more reliant
on the ECMO circuit. We cannot conclude about these

assumptions because we did not perform concomitant
transcranial Doppler ultrasound and because data (S,0,,
S,0,, mean arterial pressure) were insufficient to indi-
cate circuit performance or systemic perfusion/oxygen
delivery in a retrospective design. Moreover, the trends
observed for a rather left-sided desaturation in the uni-
variate analysis were not confirmed when adjusting on
the confounders, and more probably might be due to
chance.

Unfortunately, our study was not designed to investi-
gate the significance of asymmetric cerebral desatura-
tion. Moreover, patients had mainly bilateral lesions,
so we cannot conclude about a direct link between the
side of the rScO, decrease and the occurrence of later-
alized ischemic or hemorrhagic stroke.

We have to be cautious interpreting the association
between cerebral desaturation and neurological out-
come. First, mortality might not be entirely attributed
to brain injury in our study. Patients needing ECMO
often present in a very precarious state. When look-
ing at the reasons for deaths in the 20 patients without
imaging, 8/20 deceased from multiple organ dysfunc-
tion syndrome, which could uncertainly induce neu-
rological injury, and 15 deaths were consecutive to
a decision of withdrawing life-support treatments
(supplemental). In those cases, the role of cerebral
desaturation is uncertain. Nevertheless, neurological
involvement seemed too obtuse only in 4/20 patients
who did not appear to affect the results.

Second, cerebral desaturation as defined by our study
was of accurate sensitivity to predict poor outcome, but
the proportion of patients with good outcome and cer-
ebral desaturation was important. It cannot be ruled
out that our results would have differed in a less severe
population.

Third, as developed in the previous paragraph, preclud-
ing any direct and independent link between cerebral
desaturation and cerebral injury would probably lead to
erroneous conclusion. Cerebral oxygenation depends on
multiple parameters [24] including an optimal adequa-
tion between oxygen demand and delivery both at the
systemic and the regional levels. Cerebral blood flow is
maintained thanks to the cardiac output and/or ECMO
rate flow, arterial pressure, and cerebral vasoreactiv-
ity, which in turn might be impacted by PaCO, varia-
tions and cerebral oxygen consumption. Because we lack
some of these data, we cannot conclude that the decrease
in rScO, alone was responsible for the brain lesions we
observed. P,CO, concentration has a well-known impact
on cerebral autoregulation that may influence cerebral
oximetry. High vasoconstriction induced by hypocap-
nia may lead to brain ischemic lesions in patients with
low P,CO, and rScO,, especially in children under V-A
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ECMO [25]. Prompt P,CO, variations at the beginning
of ECMO may alter cerebral blood flow and cerebral oxy-
genation and are known to be a risk factor of cerebral
bleeding in V-V and V-A ECMO [18, 20]. In our study
and in the V-V ECMO group, the level of P,CO, varia-
tion tended to be higher in patients with major cerebral
bleeding, although proportion of cerebral hyperoxia was
higher. This suggests that NIRS alone does not allow
interpretation of cerebral hemodynamics.

In contrast to others, cerebral desaturation was not
associated with mortality in our study [4, 12, 13]. We
chose a different threshold of rScO, to define cerebral
desaturation [12, 13] that was validated in children under
cardiac or general surgery [16, 26, 27] and in neonates [4,
14, 17].

Unexpectedly, rScO2>80% was associated with a bet-
ter survival. This difference seemed to be prominent
in patients under V-V ECMO. Conversely, deceased
patients had a lower baseline rScO, at the initiation
of ECMO, suggesting that a protective impact of cer-
ebral hyperoxia might be present after implantation of
ECMO. Hyperoxia is known to be deleterious on the
immature brain in experimental studies [28] and rep-
resents an independent risk factor for mortality under
pediatric ECMO [25]. However, no previous study has
investigated the role of cerebral hyperoxia on neurologi-
cal outcome and mortality. One explanation of our result
could be that survivors in patients under V-V ECMO
were less hypoxemic than non-survivors. Their survival
might be due to a less serious illness rather than a bet-
ter cerebral oxygenation. Oxygen transport to the living
tissues depends on the arterial oxygen content, which is
determined among others by arterial oxygen saturation
and hemoglobin. Thus, rScO, may vary because of S,0,
modifications without hemodynamic disorders [29]. This
preliminary result encourages further studies to replicate
investigations on the impact of high cerebral saturation
in this setting, taking into account systemic oxygenation
and a stricter definition (i.e., rScO, > 85%).

Our study presented some limitations. First, popu-
lation was small, especially in the V-V ECMO group.
Second, NIRS monitoring was not designed for the
study. We used two different NIRS devices along the
study period, with different number of wavelengths
and spectrum emission that could induce variations in
rScO, estimation overtime due to different measured
concentrations of oxy and deoxyhemoglobin. NIRS
sensors were placed on the forehead of the patients,
which gives cerebral oxygenation for the frontal cor-
tex only, yet we could have missed an event in patients
with parieto-temporal lesion, which is more frequent
in ECMO population. This constitutes one of the lim-
its of the NIRS technique to predict the occurrence of a

focalized lesion. Electroencephalogram (EEG) monitor-
ing could be of interest in this situation, but our retro-
spective study was not designed to take EEG recordings
into account. Because of the procedure for data collec-
tion, we may have missed some events during the entire
NIRS monitoring. As the proportion of time with cer-
ebral desaturation in relation to the total time under
ECMO ranges only for several minutes in children [4],
we believe that this bias was minimized by the long
time our patients were recorded and by the averaging
of rScO,. Another limit of the NIRS technology is the
poor accuracy of the rScO, measure in case of modi-
fications of the underlying tissue, which might lead
misinterpretation. Therefore, the intrinsic variations
of rScO, (20% decrement from the baseline value) are
more important to take into account than the rScO,’s
fall under absolute values.

Third, at the time of the study no systematic radiolog-
ical neurological follow-up of ECMO patients had been
implemented. Consequently, we may have underesti-
mated the prevalence of brain lesions in patients who
did not undergo brain imaging because of satisfactory
clinical examination. On the other hand, short-term
evaluation might be misinterpreted because of adjunc-
tive sedative therapies and may have missed long-term
disabilities. A systematic clinical and radiological long-
term follow-up including quality of life evaluation is
encouraged in children after ECMO.

This study is still one of the only pediatric studies that
investigate the impact of cerebral oxygenation impair-
ment on all age groups children under ECMO, and the
first to assess the association between cerebral hyper-
oxia and outcome. NIRS monitoring alone is insuf-
ficient to predict unfavorable outcome for pediatric
patients under ECMO. Nevertheless, a cerebral desatu-
ration might reflect an impaired systemic oxygenation
and hemodynamics, and a low rScO, has to alert about
possible brain suffering. In this situation, intensivists
should complete their neurohemodynamic assessment
(including transcranial Doppler ultrasound, electroen-
cephalogram, and therefore, brain imaging in case of
potent neurological concerns) and rapidly correct any
systemic oxygenation or hemodynamic disturbance,
aiming at preventing cerebral injury. Further prospec-
tive studies with long-term outcome are needed to
assess first the feasibility and then the impact of a mul-
timodal neurological monitoring including NIRS in
children under ECMO.
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