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Abstract

Rationale: Large decreases in Paco, that occur when initiating
extracorporeal membrane oxygenation (ECMO) in patients with
respiratory failure may cause cerebral vasoconstriction and
compromise brain tissue perfusion.

Objectives: To determine if the magnitude of Paco, correction
upon ECMO initiation is associated with an increased incidence
of neurological complications in patients with respiratory
failure.

Methods: We conducted a multicenter, international, retrospective
cohort study using the Extracorporeal Life Support Organization
Registry, including adults with respiratory failure receiving ECMO
via any mode between 2012 and 2017. The relative change in Paco, in
the first 24 hours was calculated as (24-h post-ECMO Pago, — pre-
ECMO Pac,)/pre-ECMO Paco . The primary outcome was the
occurrence of neurological complications, defined as seizures,
ischemic stroke, intracranial hemorrhage, or brain death.

Patients with refractory respiratory failure
can be supported with extracorporeal
membrane oxygenation (ECMO). The
device can take up most of the native lung
gas exchange, providing both oxygenation
and carbon dioxide (CO,) clearance. A
significant proportion of patients have

prominent hypercapnia before ECMO
initiation. In the EOLIA (Extracorporeal
Membrane Oxygenation for Severe Acute
Respiratory Distress Syndrome) trial, 47%
of patients in the ECMO group had a Paco,
>55 mm Hg (1). An analysis of the
Extracorporeal Life Support Organization

Measurements and Main Results: We included 11,972 patients,
88% of whom were supported with venovenous ECMO. The median
relative change in Paco, was —31% (interquartile range, —46% to
—12%). Neurological complications were uncommon overall (6.9%),
with a low incidence of seizures (1.1%), ischemic stroke (1.9%),
intracranial hemorrhage (3.5%), and brain death (1.6%). Patients
with a large relative decrease in Paco, (>50%) had an increased
incidence of neurological complications compared with those with a
smaller decrease (9.8% vs. 6.4%; P < 0.001). A large relative decrease
in Paco, was independently associated with neurological
complications after controlling for previously described risk factors
(odds ratio, 1.7; 95% confidence interval, 1.3 to 2.3; P << 0.001).

Conclusions: In patients receiving ECMO for respiratory failure, a
large relative decrease in Paco, in the first 24 hours after ECMO
initiation is independently associated with an increased incidence of
neurological complications.

Keywords: extracorporeal membrane oxygenation; neurological
complications; carbon dioxide; hypercapnia; stroke

(ELSO) Registry suggested that a higher
pre-ECMO Paco, was associated with
increased mortality in patients receiving
ECMO (2). Hypercapnia is likely a marker
of underlying disease severity, and,
interestingly, the subgroup of patients with
severe acute respiratory distress syndrome
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At a Glance Commentary

Scientific Knowledge on the
Subject: When treating patients with
hypercapnia with extracorporeal
membrane oxygenation (ECMO),
careful attention to the rate of
correction of the Paco, has been
advocated. It is believed that large
changes in Paco, cause cerebral
vasoconstriction and compromise
brain tissue perfusion. Indeed,
retrospective single-center studies,
both in neonates and in adults, have
suggested that the magnitude of early
correction of Paco, upon initiation of
ECMO may be associated with adverse
outcomes.

What This Study Adds to the Field:
In this large, multicenter, retrospective
cohort study including 11,972 patients
receiving ECMO for respiratory failure,
a greater than 50% decrease in Paco, in
the first 24 hours was independently
associated with an increased incidence
of neurological complications.
Although further studies are needed to
determine best strategies and optimal
correction, modest sweep gas flow
rates should be used initially to limit
the magnitude of the correction in
Paco, in the first 24 hours.

with hypercapnic acidosis experienced the
greatest benefit from ECMO in EOLIA (1).
There is a paucity of data on the
optimal rate of hypercapnia correction in
either invasively or noninvasively ventilated
patients. However, given the rapidity with
which hypercapnia can be corrected with
ECMO, careful attention to the rate of
correction of Paco, has been advocated in
these patients (3). Indeed, retrospective
single-center evidence in both neonates (4)
and adults (3) has suggested that the
magnitude of correction of Paco, upon
initiation of ECMO may be associated with
adverse outcomes. Some have hypothesized
that a rapid change in Paco, in the first
hours of ECMO is paralleled by a similar
change in cerebrovascular vasomotor tone
resulting in brain hypoxia (5, 6). The rate of
Paco, decrease can be controlled by using a
very low initial sweep gas flow on the
membrane lung and increasing it
progressively afterward. Identifying a
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potentially harmful effect of rapid or large-
magnitude hypercapnia correction could
lead to easily implemented changes in
ECMO patient management. Therefore, our
primary objective in the present study was
to determine if the magnitude of Paco,
correction in the first 24 hours of ECMO
initiation is associated with an increased
incidence of neurological complications in
a large multicenter cohort of patients with
respiratory failure. In addition, we wanted
to evaluate the association between Paco,
correction and mortality.

Methods

Study Design

We conducted a multicenter retrospective
cohort study using a limited, deidentified data
set from the ELSO Registry. The ELSO
Registry compiles data on ECMO use from
more than 400 international centers after
approval by local institutional review boards.
For each ECMO run, participating centers fill
out a standardized case report form containing
patient demographics, diagnosis, and
procedure information; ECMO technique;
physiological and microbiological data;
complications; and outcomes (online
supplement). ELSO releases limited data sets
to participating centers for research purposes,
without any patient or hospital identifying
information. We extracted data on all adult
patients (>18 yr) who received ECMO
primarily for respiratory failure between
January 2012 and December 2017. All ECMO
modalities were included: venovenous,
venoarterial, or hybrid. If the patients had
multiple episodes of ECMO, only data from
the first episode were used for analyses. This
study was approved by the research ethics
board of the University Health Network
(Toronto, ON, Canada; 18-5183).

Principle Variable of Interest

The ELSO Registry collects arterial blood
gas (ABG) values before initiation of ECMO
and 24 hours after the initiation of ECMO.
The absolute early change in Paco, upon
ECMO initiation (AbsACO,) was
calculated using the following formula:

AbsACO; = post-ECMO Paco,-
pre-ECMO Paco, .
To minimize the influence of the pre-ECMO

Paco, in our measurement of early change,
we chose a priori to use the relative early

change in Paco, (RelACO,) as our main
variable of interest. It was calculated using
the following formula:

RelACO, = AbsACO, /pre-ECMO PaCO,.

Covariates

The pre-ECMO variables included
demographic variables, diagnosis, cardiac
arrest, ABG, ventilator settings, and pre-
ECMO rescue therapies. International
Classification of Diseases, Ninth Revision,
diagnosis codes were translated into the
diagnostic categories used in the Respiratory
Extracorporeal Membrane Oxygenation
Survival Prediction (RESP) score (2):
“bacterial pneumonia,” “viral pneumonia,”
“aspiration pneumonitis,” “asthma,”
“trauma/burn,” and “other acute
respiratory diagnoses.” “Renal dysfunction”
included chronic or acute renal
insufficiency (e.g., creatinine >1.5 mg/dl)
with or without renal replacement therapy.
Similarly, “heart dysfunction” was defined
by chronic or acute heart failure. “Acute
associated infection” was defined as a
bacterial, viral, parasitic, or fungal
infection that did not involve the lung
(e.g., intraabdominal sepsis).
“Immunocompromised” was defined as
hematologic malignancies, solid tumor,
solid organ transplant, HIV, or cirrhosis.
ECMO modes were reported as venoarterial
or venovenous, including dual-lumen
cannula, hybrid modes, or conversions
from one mode to another.

Outcome

ELSO collects data on the occurrence of the
following neurological complications:
clinical brain death, clinical seizures, EEG-
proven seizures, central nervous system
infarction, and central nervous system
hemorrhage. The primary outcome was
neurological complications, a composite
outcome defined as the occurrence of any of
the aforementioned complications. The
secondary outcome was ICU mortality.
Moreover, for the purpose of our study,
seizures were defined as the occurrence of
clinical seizures or EEG-proven seizures.

Statistical Analysis

The extracted database was thoroughly
inspected and cleaned. All physiologically
implausible ABG values were assessed for
possible entry in kilopascals (kPa) instead of
millimeters of mercury (mm Hg) by using
an algorithm to calculate the pH according
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to the Henderson-Hasselbalch equation
with the entered bicarbonates and the Paco,
as kPa. If the calculated pH corresponded
to the pH entered in the database, the Paco,
and Pag, values were converted to mm Hg
by multiplying them by 7.5. All values of
continuous variables that were not
physiologically possible were excluded
(treated as missing). Continuous variables
are presented as medians with interquartile
ranges (IQR). Categorical variables are
presented as counts and percentages. We
plotted the incidence of neurological
complications according to intervals of
RelACO, to evaluate the nature of the
relationship (i.e., linear or nonlinear)
between the two variables. We also
compared the incidence of individual
neurological complications across different
intervals of RelACO, using Pearson’s chi-
squared test. To assess if RelACO, was
independently associated with the incidence

Table 1. Baseline Characteristics

of neurological complications, we
performed a multivariable logistic
regression by entering RelACO, (as a
categorical variable) with the variables
found to be associated with neurological
complications in an earlier analysis of the
ELSO Registry (7): pre-ECMO cardiac
arrest, hyperbilirubinemia, and the use of
renal replacement therapy. We performed a
sensitivity analysis in which age and pre-
ECMO Paco, were entered in the
multivariable logistic regression as well. We
tested for interaction between pre-ECMO
Paco, and RelACO,. The primary analysis
was performed by excluding cases with
missing variables for the primary analysis.
A sensitivity analysis with a multiple
imputation model was also performed.
Moreover, sensitivity analyses with
AbsACO, instead of RelACO, or age and
baseline Paco, entered in the model are also
presented. To assess if RelACO, was

independently associated with mortality, we
also conducted a multivariable logistic
regression in which RelACO, was entered
with the RESP score variables established
by an earlier analysis of the same registry
(2). All of these analyses were planned a
priori.

Multiple post hoc sensitivity and
exploratory analyses were performed as
well. First, baseline acid-base status entered
into the model was added. The relationship
between RelACO, and the incidence of
neurological complications was also
assessed across different subgroups of
patients likely to have been exposed to
prolonged periods of hypercapnia: patients
with chronic obstructive pulmonary disease
(COPD), those with interstitial lung disease,
patients with lung transplant, and patients
with prolonged mechanical ventilation
(defined as invasive mechanical ventilation
[IMV] duration >7 d preceding ECMO

Parameter

Age, yr
Sex, M
Weight, kg
Diagnostic category
Viral pneumonia
Bacterial pneumonia
Asthma
Trauma/burns
Aspiration pneumonitis
Chronic lung disease
Other acute lung disease
Nonrespiratory disease
Immunocompromised
Respiratory function
Respiratory rate, breaths/min
Peak inspiratory pressure, cm H,O
Positive end-expiratory pressure,
cm H,O
Pag,/Fio, ratio
Oxygenatlon index, cm H,O/mm Hg
Baseline Paco,, mm Hg
Support
High-frequency ventilation
Nitric oxide
Neuromuscular blockade
Bicarbonate infusion
Pre-ECMO arrest
Nonrespiratory infection
ECMO mode
Venovenous
Venoarterial
Conversion
Hybrid
Duration of IMV before ECMO, h

Overall Relative Paco, Drop <50% Relative Paco, Drop >50%
(N=11,972) (n=7,155) (n=1,719)
48 (35-60) 48 (35-59) 46 (32-58)
6,968 (58%) 4,315 (61%) 1,010 (59%)
81 (68-100) 82 (69-100) 80 (65-96)
1,776 (16%) 1,159 (17%) 195 (12%)
1,345 (12%) 845 (13%) 172 (11%)
388 (4%) 152 (2%) 179 (11%)
603 (6%) 418 (6%) 9 (6%)
259 (2%) 152 (2%) 7 (3%)
306 (3%) 177 (3%) 1 (4%)
4,815 (44%) 2,965 (44%) 679 (42%)
1,552 (14%) 869 (13%) 180 (11%)
1,500 (13%) 926 (13%) 210 (12%)
22 (18-30) 22 (17-28) 24 (18-30)
34 (30-38) 33.6 (29-38) 35 (30-40)
12 (10-16) 13 (10-16) 12 (8-15)
65 (52-87) 64 (52-86) 71 (53-103)
34 (24-47) 34 (24-47) 33 (21-46)
59 (47-75) 54 (44-65) 92 (78-112)
361 (2%) 175 (3%) 32 (2%)
1,294 (11%) 968 (14%) 173 (10%)
3,394 (28%) 2,286 (32%) 599 (35%)
778 (T%) 482 (7%) 161 (9%)
995 (9%) 512 (7%) 207 (12%)
1,370 (12%) 5,883 (87%) 1,398 (87 %)
10,510 (88%) 6,369 (89%) 1 556 91%)
851 (7%) 445 (6%) 5 (6%)
341 (3%) 212 B8%) 37 (2%)
111 (1%) 5 (1%) 4 (1%)
4 (9-109) 40 (12-115) 5 (8-102)

Definition of abbreviations: ECMO = extracorporeal membrane oxygenation; IMV =

Data are presented as median (interquartile range) or n (%).
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initiation) or ABG values compatible with
chronic hypercapnia. Hypercapnic acidosis
was defined as a pH lower than 7.30 with a
Paco, >50 mm Hg. Acute hypercapnia was
defined as hypercapnic acidosis with <2
mEq of bicarbonate increase per 10 mm Hg
of Paco, increase, whereas chronic
hypercapnia was defined by the presence of
>2 mEq of bicarbonate compensation per
10 mm Hg of Paco, increase. The Breslow-
Day test was used to assess homogeneity
across subgroups, and the Mantel-Haenszel
test was used to assess overall significance.
Finally, the adjusted odds ratio (OR)

for the association between RelACO,

and neurological complications across
different age groups and ECMO mode was
assessed by performing stratified logistic
regression models. We also explored if
oxygenation variables (pre-ECMO Pag ,
post-ECMO Pag,, AbsAO,, and RelAO,)
were associated with neurological
complications and, if so, if the association
between RelACO, and neurological
complications remained significant once
oxygenation variables were entered in the
multiple logistic regression model. The
details of this analysis can be found in the
online supplement. All analyses were
performed using IBM SPSS Statistics
version 25.0 software (IBM Corp.) and
Python 3.6.5 software (Python Software
Foundation; www.python.org).

Results

During the study period, there were 12,177
episodes of ECMO support for respiratory
failure in 11,972 adult patients entered in the
ELSO Registry. Only first episodes were
included in the analyses. The baseline
characteristics of the patients can be found
in Table 1. The majority (88%) of patients
were supported with venovenous ECMO
exclusively, with the remainder being
supported with venoarterial ECMO, hybrid
modes, or more than one mode because of
conversions. Severe hypoxemia (Pag /Fio,
<100) (8) was present in 84% of cases,
and hypercapnic acidosis (pH <7.3 with
Paco, >50) (9, 10) was present in 54% of
cases. Critical hypoxemia (Pag /Fip, <50)
and hypercapnic acidosis (pH <7.25 with
Paco, >60) (1) were present at baseline in
21% and 35% of patients, respectively.
The median absolute early change in
Paco, was —18 mm Hg (IQR, —33 to
—6 mm Hg). This translated to a median
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RelACO, of —31% (IQR, —46% to
—12%). The histograms of the
distribution can be found in Figure 1. At
least one of the two Paco, values was
missing in 3,098 cases (26%).

The primary composite outcome of
neurological complications occurred in
6.9%, including seizures (1.1%), ischemic
stroke (1.9%), intracranial hemorrhage
(3.5%), and brain death (1.6%). The overall
ICU mortality was 39.7% (Table 2). We
found a U-shaped relationship between the
RelACO, and the incidence of neurological
complications (Figures 2 and 3). Patients

with a relative Paco, drop >50% had a
significantly increased incidence of
neurological complications compared with
patients with a relative Paco, drop <50%
(9.8% vs. 6.4%; P <0.001). A relative Paco,
drop <50% was documented in 1,719
patients (19%). The baseline characteristics
of this subgroup can be contrasted with
those of the rest of the patients in Table 1.
Apart from the expected difference in
baseline Pacp , we found more patients
with pre-ECMO cardiac arrest in the group
of patients with the largest decrease in
relative Paco . The association between the
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Figure 1. Distribution of the absolute and relative changes in Paco, in the first 24 hours after

extracorporeal membrane oxygenation initiation.
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Table 2. Outcomes

Relative Paco, Drop <50%

Relative Paco, Drop >50%

Overall
Outcome n %
Seizure 137 1.1%
Ischemic stroke 223 1.9%
Intracranial hemorrhage 415  3.5%
Brain death 186 1.6%
Neurological complications 832 6.9%
ICU mortality 4,721 39.7%

n % n
80 1.1% 33
124 1.7% 39
238 3.3% 79
96 1.3% 48
459 6.4% 168
2,735 38.6% 709

% Chi-Squared Test P Value
1.9% 0.008
2.3% 0.137
4.6% 0.011
2.8% <0.001
9.8% <0.001
41.5% 0.030

RelACO, and the incidence of neurological
complications, however, remained
significant when we controlled for pre-
ECMO cardiac arrest together with
the other two previously described risk
factors for neurological complications
(hyperbilirubinemia and renal replacement
therapy) (7) (Table 3).

This was also the case when we entered
age, baseline Paco,, baseline acid-base
status, and oxygenation variables in the

model. Age and baseline Pac, were not
significantly associated with the incidence
of neurological complications, but the
baseline acid-base status and oxygenation
variables were (see online supplement).
More specifically, baseline metabolic
acidosis was associated with an increased
risk of neurological complications (OR,
1.50; 95% confidence interval [CI],
1.08-2.09). Post-ECMO hypoxemia (Pag,
<60 mm Hg) and severe hyperoxemia
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Figure 2. Incidence of neurological complications according to RelACO. interval. *Significant

difference in the incidence of neurological complications between the subgroup of patients with the

highest relative decrease in Paco, (relative Paco, drop > 50%) and those with a minimal change

(=10% to +10%). Error bars represent 95% confidence intervals. RelACO, = relative change in Paco,

upon extracorporeal membrane oxygenation initiation.
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(Pagp, >300 mm Hg) were also associated
with an increased incidence of neurological
complications (OR, 1.31 [95% CI,
1.06-1.62]; and OR, 1.62 [95% CI,
1.08-2.43], respectively). There was no
significant interaction between baseline
Paco, and RelACO,. The association
between RelACO, and the incidence of
neurological complications remained
significant when multiple imputations
were used to estimate the missing values
(Table 4). The increase in the risk of
neurological complications associated

with a relative Paco, drop >50% was
significantly greater in patients with a
longer pre-ECMO duration of IMV (>7 d)
than in those with a shorter duration (<7
d) (OR, 2.87 [95% CI, 1.91-4.20] vs. 1.33
[95% CI, 1.06-1.66]; P=0.001). A similar
but nonsignificant trend was observed in
patients with COPD compared with those
without COPD (OR, 3.38 [95% ClI,
1.27-8.98] vs. 1.54 [95% CI, 1.27-1.86];
P=0.114). Other tested subgroups were
homogeneous (Figure 3). The association
between relative Paco, drop >50% and
neurological complications was similar
across age groups and ECMO modes
(Figure 4). A high AbsCO, was also
strongly and independently associated with
an increased incidence of neurological
complications (Table 5). Finally, a relative
Paco, drop >50% was associated with
increased ICU mortality in unadjusted
analysis (41.5% vs. 38.6%; P =0.03).
However, this association was no longer
significant after adjusting for the RESP
score variables (Table 6).

Discussion
In this cohort of 11,972 patients who

received ECMO for respiratory failure, we
found that the RelACO, upon ECMO
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Figure 3. Association of a relative Paco, drop greater than 50% with neurological complications (unadjusted odds ratio [OR]) across different subgroups
likely to have been exposed to hypercapnia for prolonged periods. Exploratory analysis was performed to assess the relationship between RelACO, and
the incidence of neurological complications across different subgroups of patients likely to have been exposed to prolonged periods of hypercapnia.
Hypercapnic acidosis was defined as a pH less than 7.30 with a Paco, >50 mm Hg. Acute hypercapnia was defined as hypercapnic acidosis with
<2 mEq of base excess per 10 mm Hg of Paco, increase, whereas chronic hypercapnia was defined by the presence of >2 mEq of bicarbonate
compensation per 10 mm Hg of Paco, increase. The Breslow-Day test was used to assess homogeneity across subgroups, and the Mantel-Haenszel
test was used to assess overall significance. Error bars represent 95% confidence intervals. Cl=confidence interval; COPD = chronic obstructive
pulmonary disease; ILD =interstitial lung disease; IMV =invasive mechanical ventilation (duration before extracorporeal membrane oxygenation [ECMO]
initiation); RelACO, =relative change in Paco, upon ECMO initiation.

initiation was associated with a
significantly increased incidence of
neurological complications. The RelACO,
was not, however, associated with the risk
of death when controlling for previously
described prognostic factors. Our data
suggest that clinicians should monitor the
ABGs frequently and use modest sweep
gas flow rates initially to limit the
magnitude of the correction in Paco,

in the first 24 hours to prevent
neurological complications in patients
with respiratory failure supported with
ECMO.
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The association we observed between
RelACO, and neurological complications
has strong biological plausibility. Both
hypercapnia and hypocapnia have generally
been associated with worse outcomes in
patients with neurological injury (11),
because cerebral vascular tone is highly
sensitive to changes in Paco, (12).
Hypercapnia results in vasodilation, which
can increase cerebral blood flow (13) that
could result in hyperperfusion (14) and
cerebral edema (15, 16). Moreover, a global
vasodilatory stimulus such as hypercapnia
could cause a “steal” phenomenon whereby

regions with less vasodilatory reserve
become hypoperfused, resulting in focal
ischemia (17). Decreases in Paco, cause
dose-dependent vasoconstriction (13), with
a resulting fall in cerebral blood flow of as
much as 3% per 1-mm Hg change in Paco,
(when going from 60 to 20 mm Hg) (18).
This may directly compromise brain
perfusion and cause ischemia (19).
Hypocapnia also increases the affinity

of hemoglobin for oxygen, further
compromising oxygen delivery. A low
Paco, increases neuronal excitability (20)
that can trigger seizures (21) or prolong
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Table 3. Multiple Logistic Regression Assessing Association between RelACO, and
Neurological Complications When Controlling for Previously Described Risk Factors

(n=8,760)
95% CI for OR
Variables OR Lower Bound Upper Bound P Value
Pre-ECMO cardiac arrest 2.394 1.909 3.003 <0.001
Hyperbilirubinemia 2.130 1.693 2.679 <0.001
Renal replacement therapy 1.403 1.179 1.670 <0.001
RelACO, — — — 0.002
<-50% 1.732 1.295 2.317 <0.001
—-50% to —30% 1.199 0.904 1.592 0.208
—30% to —10% 1.100 0.820 1.477 0.524
—-10% to +10% Reference
+10% to +30% 1.143 0.725 1.803 0.565
+30% to +50% 1.304 0.701 2.425 0.402
>+50% 1.394 0.695 2.795 0.349

Definition of abbreviations: Cl=confidence interval; ECMO = extracorporeal membrane oxygenation;

OR=odds ratio; RelACO, =relative change in Paco, upon ECMO initiation.

them (22). This increases the central
nervous system metabolic rate (23).
Hypocapnia thus results in an imbalance
between decreased oxygen delivery and
increased oxygen demand (24) and may
augment brain tissue ischemia and
reperfusion injury (25).

Patients supported with ECMO have
preserved cerebrovascular reactivity (26).
Although associated with an increase in
Pag, initiation of venovenous ECMO in
patients with respiratory failure has been
shown to be associated with a significant
drop in regional brain tissue oxygen

saturation as measured by near-infrared
spectroscopy (5, 6). This drop correlated
with the drop in Paco, in patients without
hypoxemia (5). Patients with hypercapnic
respiratory failure sustained for more
than a few hours have an increase in
cerebrospinal fluid (CSF) bicarbonate
concentration that reaches a maximum by
24 hours and partly restores the CSF pH
(27). Sudden correction of Paco, to the
normal range, which may occur with
ECMO initiation, acutely alkalinizes the
CSF as hypocapnia would in a healthy
individual, with resulting vasoconstriction
(Figure 5). In our study, patients with a
longer duration of IMV, possibly exposed
to hypercapnia for a longer period,
appeared more sensitive to the deleterious
effects of a large RelACO,. There was a
similar nonsignificant trend in patients
with COPD. Some studies have suggested
that patients chronically exposed to
hypercapnia, such as those with obstructive
sleep apnea, may have increased cerebral
vascular reactivity (28). This could

render them more sensitive to subsequent
drastic decreases in Paco, with ECMO
initiation.

Table 4. Sensitivity Analyses for Association of Relative Change in Paco, upon Extracorporeal Membrane Oxygenation Initiation

with Neurological Complications

Variables

Analysis with age and baseline Paco, without
interaction (n=8,730)*
Age
Baseline Paco,
Relative Paco, drop > 50%
Analysis with age, baseline Paco,, and interaction
(n=8,730)*
Age
Baseline Paco,
(Baseline Paco,) X (relative Paco, drop > 50%)
Relative Paco, drop > 50%
Analysis with baseline acid-base status (n=8,723)*
Relative Paco, drop > 50%
Baseline acid-base status
Normal pH
Alkalosis, respiratory
Alkalosis, metabolic
Acidosis, respiratory
Analysis with multiple imputation (N=11,972)
Pre-ECMO cardiac arrest
Hyperbilirubinemia
Renal replacement therapy
Relative Paco, drop > 50%

OR

0.996
1.002
1.399

0.996
1.003
0.998
1.622

1.444

0.949
0.249
1.238

2.417
2.145
1.403
1.542

95% CI for OR

Lower Bound

0.991
0.998
1.095

0.991
0.997
0.990
0.866

1.188

0.505
0.060
0.949

1.928
1.708
1.180
1.278

Upper Bound P Value
1.002 0.197
1.006 0.314
1.788 0.007
1.002 0.200
1.009 0.289
1.006 0.617
3.039 0.131
1.755 <0.001

— 0.022

Reference

1.784 0.872
1.025 0.054
1.614 0.115
3.029 <0.001
2.693 <0.001
1.669 <0.001
1.860 <0.001

Definition of abbreviations: Cl=confidence interval; ECMO = extracorporeal membrane oxygenation; OR = odds ratio.
*Pre-ECMO cardiac arrest, hyperbilirubinemia, and renal replacement therapy were entered in the model and found to be statistically significant

(P<0.001), but they are not shown.
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Figure 4. Association of a relative Paco, drop >50% with neurological complications (adjusted odds
ratio) across other age groups and extracorporeal membrane oxygenation (ECMO) mode. Exploratory
analysis was performed to assess the relationship between RelACO, and the incidence of
neurological complications across different age groups and ECMO modes, adjusted for
hyperbilirubinemia, renal replacement therapy, and pre-ECMO cardiac arrest. Error bars represent
95% confidence intervals. RelACO, = relative change in Paco, upon ECMO initiation; VV = venovenous.

The brain tissue ischemia caused by the
vasoconstriction accompanying acute
correction of the Paco, may be at the heart
of its association with neurological
complications. A similar relationship has

been observed in previous smaller studies,
both in adults receiving venovenous ECMO
(3) and venoarterial ECMO (29) and in
children (4). Patients with respiratory
failure who are receiving ECMO are a very

Table 5. Sensitivity Analyses for Association of Absolute Early Change in Paco, upon
Extracorporeal Membrane Oxygenation Initiation with Neurological Complications

(n=8,760)
95% CI for OR
Variables OR Lower Bound Upper Bound P Value
Pre-ECMO cardiac arrest 2.431 1.939 3.048 <0.001
Hyperbilirubinemia 2.143 1.703 2.696 <0.001
Renal replacement therapy 1.411 1.185 1.68 <0.001
AbsACO, — — — 0.001
<—60 mm Hg 1.957 1.395 2.747 <0.001
—60 to —40 mm Hg 1.548 1.127 2.126 0.007
—40 to —20 mm Hg 1.132 0.857 1.496 0.381
—20 to —5 mm Hg 1.141 0.868 1.499 0.345
—5to +5 mm Hg Reference
+5 to +20 mm Hg 1.069 0.707 1.617 0.751
>+420 mm Hg 1.863 0.766 4.530 0.170

Definition of abbreviations: AbsACO, = absolute early change in Paco, upon ECMO initiation;
Cl =confidence interval; ECMO = extracorporeal membrane oxygenation; OR = odds ratio.
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sick group that may be particularly sensitive
to the deleterious effects of rapid or large
changes in Paco, or Pag, because of a
complex interplay of disease- and
treatment-related factors (30). The
initiation of ECMO is a critical period in
which multiple elements coincide. During
cannulation, patients have to lie flat in a
supine position, which may temporarily
worsen gas exchange and increase
intracranial pressure. Then, they are usually
given a bolus of heparin, which puts them
at high risk of bleeding. Large cannulas are
often inserted into the right internal jugular
vein with the potential of causing cerebral
venous congestion (31). When the
extracorporeal support is started, blood
comes into contact with the circuit. This
activates inflammatory and coagulation
pathways with potential impacts on the
development of thromboembolic or
hemorrhagic complications. Interestingly,
however, recent studies found similar rates
of intracranial hemorrhage in patients with
severe acute respiratory failure, with or
without ECMO (1, 32), suggesting that
disease-related factors may be more
important than ECMO-related factors. The
6.9% rate of neurological complications we
found in our study is relatively low
compared with the median rate of 13%
found in a recent systematic review and
meta-analysis (33). This could suggest that
ECMO-related factors were minimized over
time with improvements in technology and
clinician experience. Our findings, however,
suggest that complications may be further
mitigated by preventing large, rapid shifts
in Paco, and avoiding hypoxemia and
severe hyperoxemia.

Our study represents the largest cohort
of patients with respiratory failure used to
evaluate the relationship between early
changes in Paco, and the occurrence of
neurological complications. Although our
study cannot prove causality, there are a
number of findings that support a causal
association between early changes in Paco,
and neurological complications (34). First,
the magnitude of the association is strong
(adjusted OR, 1.732; P < 0.001). Second, it
is consistent across a number of sensitivity
analyses and with the results of other
studies in different populations (3, 4, 29).
Third, there is a dose-response relationship
in both directions of change in Paco,
(Figure 2). Finally, there are many well-
documented physiological mechanisms by
which early changes in Paco, may result in
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Table 6. Multiple Logistic Regression Assessing Association between Relative Change
in Paco, upon Extracorporeal Membrane Oxygenation Initiation and Survival (n =5,604)

Variables OR
Age 0.973
Immunocompromised 0.454
Time on mechanical ventilation 0.999
Diagnostic category

Viral pneumonia 1.08

Bacterial pneumonia 2.686

Asthma 1.11

Trauma/burns 1.458

Aspiration pneumonitis 1.073

Chronic lung disease 0.902

Other acute lung disease 0.862
Nonrespiratory disease 0.716
Neuromuscular blockers 1.173
Nitric oxide 0.935
Bicarbonate infusion 0.802
Peak inspiratory pressure 0.986
Pre-ECMO cardiac arrest 0.649
Baseline Paco, 0.997
RelACO, —

<-50% 0.980

—50% to —30% 0.943
—30% to —10% 1.112
—-10% to +10%

+10% to +30% 1.107
+30% to +50% 0.682
>+50% 0.802

95%Cl 95% ClI
Lower Bound Upper Bound P Value
0.970 0.977 <0.001
0.385 0.534 <0.001
0.998 0.999 <0.001
<0.001
0.878 1.330 0.465
1.821 3.960 <0.001
0.849 1.452 0.446
0.977 2.176 0.065
0.737 1.561 0.713
0.764 1.066 0.228
0.693 1.073 0.184
0.604 0.848 <0.001
1.039 1.324 0.010
0.792 1.103 0.424
0.654 0.983 0.034
0.981 0.992 <0.001
0.525 0.803 <0.001
0.993 1.000 0.048
— — 0.145
0.755 1.272 0.881
0.774 1.149 0.56
0.919 1.345 0.275
Reference
0.814 1.507 0.516
0.441 1.056 0.086
0.483 1.334 0.396

Definition of abbreviations: Cl = confidence interval; ECMO = extracorporeal membrane oxygenation;
OR = odds ratio; RelACO, =relative change in Paco, upon ECMO initiation; RESP = Respiratory
Extracorporeal Membrane Oxygenation Survival Prediction.

We controlled for the RESP score variables.

neurological complications, as detailed
previously. Thus, our findings have
important implications for the
management of patients with respiratory
failure who are being supported with
ECMO. Although further studies are
needed to determine the best strategies
and optimal correction targets, it may be
appropriate to monitor ABGs frequently
and to use low sweep gas flows initially
to limit the correction of Pace, in

the first 24 hours (3). Noninvasive
neuromonitoring such as near-infrared
spectroscopy (5) or transcranial Doppler
ultrasonography could be used to avoid
harmful vasoconstriction. Such a strategy
could result in a reduction of neurological
complications and requires confirmation
in future studies.

Our study has a number of important
limitations. First, given the nonexperimental
design of this study, there is both residual
and unmeasured confounding. For instance,
the ELSO Registry did not collect data such
as platelet counts and coagulation tests.
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Second, only two ABGs per patient were
available. Averaging the absolute change in
Paco, associated with an increased
incidence of neurological complication over
a 24-hour period would suggest that a drop
>2 mm Hg/h may be deleterious. Targeting
a correction rate below that threshold could
represent a conservative approach to
mitigate the development of neurological
complications. This, however, could be an
overly stringent target. Markedly different
Paco, kinetics with probably markedly
different physiological effects on brain
perfusion may produce similar 24-hour
changes in Paco,. The same change in
Paco, may be produced by a slow and
steady decline over 24 hours but also by a
fast drop with subsequent stabilization or
even a very deep drop with subsequent
reincrease. Because ABG composition can
change very quickly, the Paco, value
reported may not even be representative of
the day’s average and may just represent a
very transient state. One may easily
conceive of 5 minutes of hypocapnia

probably not having the same effect as

5 hours of hypocapnia. Although this
phenomenon may introduce some
imprecision in the estimation of the general
trend of change in Paco,, it is unlikely that
it introduces a systematic bias resulting in
an overestimation of the effect. Data with
greater granularity are needed to provide
more accurate guidance on Paco,
correction targets. Third, missing ABG
values may limit the internal validity of our
study. We attempted to address this
problem through multiple imputation,
which was used in a sensitivity analysis.
Moreover, it is highly unlikely that any
patient receiving ECMO did not have any
ABG tests performed in the 24 hours before
and after ECMO initiation. Therefore,
missing values most likely represent
nonentry in the database rather than
nonmeasurement of ABGs. The distinction
is important because nonentry most likely
represents data that are missing at random,
as compared with a more systematic reason
for missingness. Fourth, the increased
incidence of neurological complications
with an increase in Paco, should be
interpreted with caution. A relatively small
number of patients (n=730; 8% of all
patients) experienced an increase in Paco,.
The increase in Paco, despite ECMO can be
explained physiologically in the majority of
these patients. In 295 patients, pH
increased despite the increase in Paco,
suggesting a respiratory compensation for
an increase in bicarbonate. Another 153
patients had baseline respiratory alkalosis
that improved over the first 24 hours. As
for the rest of the patients, the increase in
Paco, may be a sign of poorly functioning
or nonfunctioning extracorporeal support.
Finally, the use of a large international
multicenter cohort of patients with very
wide inclusion criteria gives our study
excellent external validity for the
population of patients with respiratory
failure receiving ECMO. However, whether
large changes in Paco, have the same
impact on patients with respiratory failure
receiving low-flow extracorporeal CO,
removal or on conventionally ventilated
patients should be further studied.
Although the same injurious physiological
changes probably occur in other patients,
there may be important differences in other
contributing factors previously alluded to
(e.g., anticoagulation, blood—circuit
interaction) in the other critically ill
patients.
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Figure 5. Pathogenesis of neurological injury occurring in patients with respiratory failure with large early changes in Paco, after initiation of ECMO.
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In patients receiving ECMO for
respiratory failure, a high relative decrease
in Paco, in the first 24 hours of ECMO
initiation appears to be independently

determining the optimal Paco, correction
rate in this patient population and on
whether our findings also apply to patients
with hypercapnic respiratory failure not
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of this article at www.atsjournals.org.

associated with an increased incidence of
neurological complications, including
seizures, stroke, intracranial hemorrhage,
and brain death. This finding has
important implications for the
management of patients with respiratory
failure being supported with ECMO.

Future research should focus on ECMO. B

receiving ECMO. Until then, our data
suggest that clinicians should monitor
ABGs frequently and use modest sweep
gas flow rates initially to limit the
magnitude of the correction in Paco, in
the first 24 hours in patients with
respiratory failure supported with
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