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Abstract

Acute brain injury (ABI) occurs frequently in patients receiving venoarterial extracorporeal 

membrane oxygenation (VA-ECMO). We examined the association between peri-cannulation 

PaCO2 and ABI with granular blood gas data. We retrospectively analyzed adult patients who 

underwent VA-ECMO at a tertiary care center with standardized neuromonitoring. Pre- and 

post-cannulation PaCO2 were defined as the mean of all PaCO2 values in the 12 hours before 

and after cannulation, respectively. Peri-cannulation PaCO2 drop (△PaCO2) equaled pre- minus 

post-cannulation PaCO2. ABI included intracranial hemorrhage (ICH), ischemic stroke, hypoxic 

ischemic brain injury, cerebral edema, seizure, and brain death. Univariable logistic regression 

analysis was performed for the presence of ABI. Out of 129 VA-ECMO patients (median age=60, 

63% male), 43 (33%) patients experienced ABI. Patients had a median of 11 (interquartile range: 

8–14) peri-cannulation PaCO2 values. Comparing patients with and without ABI, pre-cannulation 

(39 vs. 42 mmHg, p=0.38) and post-cannulation (37 vs. 36 mmHg, p=0.82) PaCO2 were not 

different. However, higher pre-cannulation PaCO2 (OR=2.10, 95% confidence interval [CI]=1.10–

4.00, p=0.02) and larger △PaCO2 (OR=2.69, 95%CI=1.18–6.13, p=0.02) were associated with 
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ICH. In conclusion, in a cohort with granular ABG data and a standardized neuromonitoring 

protocol, higher pre-cannulation PaCO2 and larger △PaCO2 were associated with increased 

prevalence of ICH.
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Introduction

Venoarterial extracorporeal membrane oxygenation (VA-ECMO) is an increasingly utilized 

mode of circulatory support for patients with refractory cardiac or cardiopulmonary failure 

of reversible etiology(1). A high in-hospital mortality rate of 42–60% show the limitations 

of VA-ECMO therapy(2–4). As determined by the literature, acute brain injury (ABI) occurs 

in 11–20% (5,6) of patients, although this may be an underestimate since neuromonitoring 

protocols, not yet routinely applied, increase the sensitivity of ABI detection(7). Of 

importance, those with ABI have a nearly two-fold increase in mortality(6).

Despite its impact on mortality, the precise pathophysiology of ABI in patients with 

ECMO support remains to be elucidated. Recently, higher △ arterial carbon dioxide tension 

(PaCO2) in the peri-cannulation period was associated with higher prevalence of ABI in an 

analysis of the Extracorporeal Life Support Organization (ELSO) Registry(8). However, the 

ELSO registry only provides two arterial blood gas (ABG) data points, one pre and one 

post cannulation, and, furthermore, ABI is likely underdiagnosed in the registry due to an 

absence of standardized neuromonitoring and a central adjudication process for neurological 

diagnosis(6,7). Therefore, this finding would benefit from a further validation in ECMO 

centers where more frequent ABG collections and standardized neuromonitoring protocols 

are routinely implemented.

PaCO2 is an established driver of cerebral blood flow (CBF) autoregulation(9) and an 

important modulator for neuronal metabolic demand(10). Thus, a rapid reduction of 

PaCO2 after prolonged hypercapnia immediately after ECMO cannulation has mechanistic 

plausibility to be a cause of ABIs, resulting from disruptions in CBF autoregulation and 

sudden cerebral vasoconstriction. The purpose of this study was to better characterize 

the relationship between PaCO2 and ABI in a single institution VA-ECMO population 

with standardized neuromonitoring and granular ABG data, hypothesizing that PaCO2 

levels before ECMO and the magnitude and rate of PaCO2 removal upon cannulation are 

associated with specific subtypes of ABIs.

Materials and Methods

Study design

This study was approved by the Johns Hopkins Hospital Institutional Review Board with 

a waiver of informed consent since this was an observational study (IRB00216321). We 

performed a retrospective analysis of a database containing patients undergoing ECMO at 
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a tertiary care center between June 2016 and January 2021. This study derives from a 

multidisciplinary effort and a new initiative between the Cardiovascular Surgery Intensive 

Care Unit (CVSICU), Cardiac Critical Care Unit (CCU), and Division of Neurosciences 

Critical Care to improve overall clinical care and outcomes for patients treated with 

ECMO(7). Patients are housed in the CVSICU and CCU and all receive neurocritical 

care consultations according to our standardized neuromonitoring protocol(7). The ECMO 

attending physician rounds on both ICUs.

Participants

We included all adult patients (age ≥ 18 years) who received VA-ECMO. We excluded 

patients who underwent multiple runs to minimize the potential bias resulting from severe 

illness. This study was approved by Johns Hopkins Hospital Institutional Review Board and 

informed consent was waived as this was an observational study.

Data collection

For all patients in the study, we collected pre-cannulation characteristics including 

demographics, social history, past medical history, baseline neurologic function, cardiac 

diagnoses, pulmonary diagnoses, and laboratory values. ABGs were collected every 2–

4 hours according to standard clinical protocol in our institution with more frequent 

collections if necessary. All patients underwent standard-of-care neurocritical care 

consultations and a standardized neuromonitoring protocol(7). At our institution, any 

significant neurologic issues or pre-existing brain injury, such as intracranial hemorrhage, is 

an exclusion criterion for VA-ECMO. All patients had a right radial arterial line for accurate 

and frequent ABG measurements and as a sensitive indicator of Harlequin syndrome. 

Baseline ABGs prior to ECMO cannulation and serial blood gases following cannulation 

were collected. Patients were routinely given sedation holidays, as deemed safe, so that 

neurologic examinations could be obtained.

Definitions

Pre-ECMO and post-cannulation PaCO2 were defined as the mean of all PaCO2 (mmHg) 

values collected in the 12 hours immediately preceding and following cannulation, 

respectively. These time intervals were selected to adequately capture the state of pre- 

and post-cannulation PaCO2, rather than choosing only one pre and post cannulation ABG 

value as recorded by the ELSO registry. Peri-cannulation PaCO2 drop (△PaCO2) was equal 

to the pre-cannulation PaCO2 minus post-cannulation PaCO2. In addition, relative PaCO2 

drop percentage was calculated as: (△PaCO2 / pre-cannulation PaCO2)*100. The relative 

PaCO2 drop was arbitrarily categorized into five groups: −35% to −15%, −15% to 0%, 0 

to 15%, 15 to 30%, and >30% drop. Negative drops represent a rise in post-cannulation 

PaCO2 compared to pre-cannulation. Pre- and post-cannulation rates of PaCO2 change were 

calculated as the slope of the linear regression line of all PaCO2 values in the 12 hours 

before and after cannulation. Hypercapnia and hypocapnia were defined as PaCO2 > 45 

and < 35 mmHg, respectively. Good neurologic outcome was defined as a modified Rankin 

Score (mRS), at discharge, less than or equal to 3, while poor neurologic outcome was 

defined as mRS > 3.
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Outcomes

The primary outcome was the presence of ABI. ABI, as a composite variable, was defined 

as ischemic stroke, intracranial hemorrhage (ICH), hypoxic ischemic brain injury, cerebral 

edema, seizure, or brain death. The secondary outcomes were individual ABI diagnoses and 

in-hospital mortality.

Statistical analysis

All data were presented median (interquartile range: IQR) for continuous variables and 

absolute numbers with percentages for binary and categorical variables. Demographic 

and clinical characteristics in patients with and without events were compared using 

Wilcoxon rank-sum test for continuous variables and Pearson’s chi-square test for binary 

or categorical variables. Paired pre- and post-cannulation PaCO2 values were compared 

using the Wilcoxon signed-rank test. A p value less than 0.05 was considered statistically 

significant. Odds ratios (ORs) with 95% confidence intervals (CIs) were calculated by 

logistic regression analysis. All statistical analyses were performed using STATA 15.1 

(StataCorp, College Station, TX, USA).

Results

Of 215 total ECMO runs during the study period, 129 patients underwent VA-ECMO 

support. The median age was 60 (IQR: 49–68) and 63% were male (Table 1). The indication 

for VA-ECMO included post-cardiotomy shock (n=53, 41%), cardiogenic shock (n=74, 

57%), and cardiac arrest as extracorporeal cardiopulmonary resuscitation (n=37, 29%), 

though patients could have >1 indication. Patients were supported on VA-ECMO for a 

median of 94.8 hours (IQR: 58.3–189.4). The median Sequential Organ Failure Assessment 

(SOFA) score on day 1 of ECMO was 11 (10–13). Of 129 patients, 35 patients (27%) 

survived to discharge, 18 were discharged home (14%), 10 patients were discharged to acute 

rehabilitation (8%), 1 was discharged to a long-term facility (<1%), and 6 were discharged 

to a skilled nursing facility (5%). Ninety-four patients (73%) expired during the index 

hospitalization.

Survivors were younger (54 vs. 62 years old, p=0.01), with fewer prior ischemic stroke 

(0% vs. 11%, p=0.045), hyperlipidemia (40% vs. 61%, p=0.04), and post-cardiotomy shock 

as indication (26% vs. 47%, p=0.03), and had a lower BMI (27 vs. 31 kg/m2, p<0.001) 

and lower lactate (4.8 vs. 6.6 mmol/L, p=0.02) (Supplementary Table 1). Pre- and post-

cannulation PaCO2 and △PaCO2 were not associated with mortality (Supplementary Table 

2).

Overall, 43 (33%) patients had at least one ABI during ECMO support (Table 1). The most 

common ABI was ischemic stroke (n=19, 15%), followed by HIBI (n=15, 12%) and seizure 

(n=8, 6%). Baseline clinical characteristics were similar in patients with ABI and without 

ABI, as described in Table1, except for a history of ICH, more commonly present in the ABI 

group (p=0.04).

A median of 4 (2–7) pre-cannulation and 6 (4–8) post-cannulation PaCO2 values were 

captured per patient. Overall, the median pre-cannulation PaCO2 was 40 (37–44) mmHg; 
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the median post-cannulation PaCO2 was 36 (33–39) mmHg (pre- vs. post-cannulation, 

p<0.0001); and the median △PaCO2 was 5 (0–9) mmHg (Figure 1). Before ECMO 

support, hypercapnia and hypocapnia were present in 30 (23%) and 22 (17%) patients, 

respectively. In contrast, hypercapnia and hypocapnia were present in 5 (4%) and 48 (37%) 

patients, respectively, after ECMO cannulation. The presence of hypocapnia before or after 

cannulation was not associated with ABI. In univariable logistic regression, higher BMI 

(OR=1.06, 95% CI: 1.00–1.12, p=0.04) and cardiac arrest as an indication for VA-ECMO 

(OR=2.80, 95% CI: 1.01–7.15, p=0.03) were associated with greater odds of pre-cannulation 

hypercapnia.

In those with ABI vs. those without (Table 2), there was no significant difference in 

pre- and post-cannulation PaCO2 levels, rate of change of pCO2, or △PaCO2. There 

were also no differences in PaCO2 parameters when comparing ABI patients with good 

versus poor functional neurologic outcomes (Supplementary Table 3). However, in relating 

PaCO2 parameters with subtypes of ABI, patients with acute ICH had significantly higher 

pre-cannulation PaCO2 values than those who did not (47 vs. 40 mmHg, p=0.02) (Table 

2). Furthermore, those with ICH had a greater △PaCO2 (8.8 vs. 4.5 mmHg, p=0.03) and 

decreases in post-cannulation PaCO2 (+0.23 vs. −1.12 mmHg/hour, p=0.02) compared to 

those without. Patients with cerebral edema also had a greater △PaCO2 than those without 

(10.4 vs. 4.5 mmHg, p=0.03) (Supplementary Table 2).

In univariable logistic regression analysis, neither pre-cannulation PaCO2 nor △PaCO2 were 

associated with differential risk of in-hospital mortality or ABI as a composite variable. 

However, increased pre-cannulation PaCO2 was significantly associated with a higher risk 

of ICH (OR=2.10, 95% CI: 1.10–3.40, p=0.02) (Table 3), as was larger △PaCO2 (OR=2.69, 

95%CI: 1.18–6.13, p=0.02). Additionally, patients with hypercapnia before cannulation were 

more likely to experience ICH (OR=4.92, 95%CI: 1.04–23.29, p=0.045). Rates of pre- and 

post-cannulation PaCO2 change were not significantly associated with outcomes in logistic 

regression models. Multivariable logistic regression analysis was not performed due to 

sample size limitations.

Subgroup Analysis

For extracorporeal cardiopulmonary resuscitation (ECPR) patients, there were no differences 

in PaCO2 parameters between those who experienced ABI and those who did not. 

Furthermore, hypothermia, defined by a mean temperature in the first 24 hours of less 

than 36°C, was not associated with ABI, neurologic outcome, or mortality. Post-cardiotomy 

shock patients were older than those with other indications (68 vs. 55 years, p=0.002), 

however, other risk factors like BMI, sex, and pre-ECMO SOFA score were not statistically 

different. There were no significant differences in rates of ABI for post-cardiotomy shock 

survivors vs. non-survivors, however, survivors had a lower BMI (24 vs. 31 kg/m2, p=0.018) 

and much higher rates of having a good neurologic outcome (33% vs. 0%, p<0.001).

All collected PaCO2 values in the 24 hours peri-cannulation are plotted for those with and 

without ICH in Figure 2A. Those with the largest relative PaCO2 drop (>30% between pre- 

and post-cannulation) had a significantly increased risk of ICH compared to those with a 0–

15% drop (OR=13.8, 95% CI: 1.30–146.78, p=0.03) (Figure 2B). Indeed, as the magnitude 
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of peri-cannulation PaCO2 drop increases, so does the probability of ICH (Figure 2C). These 

relationships were not present for other ABI diagnoses.

Discussion

In this single institution study of 129 patients undergoing VA-ECMO, higher pre-

cannulation PaCO2 and larger peri-cannulation PaCO2 drops were associated with an 

increased odds of ICHs. However, we did not find PaCO2 before or after VA-ECMO 

cannulation, or peri-cannulation PaCO2 change, to be associated with mortality or composite 

ABI, as previously reported with ELSO registry data.

Arterial carbon dioxide tension may influence neurological outcomes through multiple 

mechanisms(9,11–13). It is well known to be a major driver in cerebral autoregulation. 

Hypocapnia induces vasoconstriction of cerebral vessels, which decreases CBF and 

increases the likelihood of ischemia(9,14,15). Additionally, acute hypocapnia can lead to 

ABI by increasing neuronal excitability and cerebral metabolic demand, which cannot be 

satisfied by the decreased CBF(10,16,17). However, these have not been studied extensively 

in the setting of continuous flow life support such as ECMO. Since carbon dioxide clearance 

is a highly effective and tunable setting, optimization of ABG parameters during ECMO has 

the potential to decrease ABI and improve survival.

Previous studies using single center data and the ELSO registry demonstrated that both 

hypo- and hypercapnia (PaCO2 < 30 mmHg and > 45 mmHg, respectively) prior to ECMO 

initiation were independently associated with mortality(8,18). There was also evidence 

suggesting that PaCO2 and its variability after ECMO initiation was associated with ABI, 

defined in the ELSO as ischemic stroke, ICH, seizure, and brain death(8,19–20). Further, 

Diehl et al.’s analysis of the ELSO registry revealed that neurological complications were 

also more common in VA-ECMO patients with >25 mmHg drops in PaCO2, and that hyper- 

and hypocapnia before initiation were associated with increased mortality(8). In the ELSO 

registry studies, PaCO2 prior to ECMO was not associated with composite ABI and degree 

of PaCO2 change after ECMO initiation was not associated with mortality(8,21).

However, studies using the ELSO registry are inherently limited by the type and timing of 

recorded data since there are only two time points of ABG data: one before (“pre-initiation”) 

and one after (“post-initiation”) ECMO initiation. Pre-initiation PaCO2 can be drawn at any 

time in the 6 hours prior to cannulation while post-initiation PaCO2 can be taken in the 6 

hours surrounding the 24-hour mark after cannulation (i.e., between 18 and 30 hours after 

cannulation). For patients with multiple ABGs, only the one closest to before cannulation 

and the 24 hour-mark are recorded. Thus, it is difficult to determine if these two time points 

alone represent the true pre- and post-cannulation PaCO2 status. These discrete ABG values 

may fail to capture the extent of a patient’s dynamic hyper-, hypo-, or normo-carbic states 

over time. Furthermore, it has also been suggested that the true nadir PaCO2 following 

ECMO initiation is closer to six hours post-cannulation, not 24 hours(22). We echo this 

finding in our cohort as most patients had a nadir PaCO2 within the 8 hours immediately 

following cannulation.
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There has been continued interest in targeted temperature management (TTM) and 

hypothermia for ECPR patients, with evidence both for and against targeted normothermia 

and hypothermia(23–26). A meta-analysis of ECPR studies has suggested that there is 

no difference in neurologic outcome between patients subjected to TTM vs non-TTM 

practices(27), and we echo this finding for our cohort’s neurologic outcome, ABI, 

and mortality. There is a paucity of multi-center studies examining PaCO2 and ABI 

specifically in ECPR patients, and a larger sample would permit multivariable analysis using 

temperature, PaCO2, and CPR practices. In our current ECPR cohort, there is no evidence to 

suggest that more conservative PaCO2 management will lead to better outcomes.

Our study provides strength in using a standardized neurological monitoring protocol. 

Current available literature on ABI in ECMO is limited by ill-defined guidelines for 

determining ABI and low sensitivity in ABI detection. Overall, the ABI proportion of 33% 

in our center is higher than previously reported by the ELSO studies(8,21,28,29). In our 

cohort, ABI was consistently diagnosed, and we captured two additional diagnoses, hypoxic 

ischemic injury and cerebral edema, which were not reported by the ELSO. These two 

diagnoses constituted 23% of all ABI occurrences in our cohort so their exclusion in the 

ELSO is an important consideration. Given these significant limitations, findings our study 

have important contribution to current literature regarding carbon dioxide tension and its 

impact on ICH.

Limitations

Our study was retrospective and only at a single institution, which may not reflect broader 

practice patterns. Additionally, our population was limited to 129 patients and small 

positive exposure groups, which restricts our statistical power. However, the sensitivity of 

ABI detection was high in our study with standardized neuromonitoring protocol, which 

strengthens the findings of the study. For patients with ECPR, we do not have an accurate 

duration of cardiac arrest, which may be an important covariate in ABI. However, ECPR is a 

subgroup (29%) of the entire study cohort. Finally, since we excluded those on venovenous 

ECMO support, our study may not reflect more vulnerable patients with primary respiratory 

failure who may have more severe blood gas derangements. Prospective, multicenter studies 

should be conducted to validate and generalize our findings.

Conclusions

Using granular ABG data and standardized neuromonitoring protocol, we demonstrated that 

arterial carbon dioxide before VA-ECMO and its change at cannulation were not associated 

with mortality or overall ABI occurrence, but higher values before cannulation and greater 

peri-cannulation drops were associated with ICH. A prospective multi-center study should 

be conducted to examine causal relationships between peri-cannulation PaCO2 and ABI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations and Acronyms

ABI acute brain injury

HIBI hypoxic ischemic brain injury

BMI body mass index (kg/m2)

CI confidence interval

△PaCO2 peri-cannulation arterial carbon dioxide drop

ELSO Extracorporeal Life Support Organization

ICH intracranial hemorrhage

IQR interquartile range

NMN noninvasive multimodal neuromonitoring

OR odds ratio

PaCO2 arterial carbon dioxide tension

SOFA Sequential Organ Failure Assessment score

VA-ECMO venoarterial extracorporeal membrane oxygenation
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Figure 1. 
Histograms of pre-cannulation PaCO2 and peri-cannulation PaCO2 drop (△PaCO2).
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Figure 2. 
A) Peri-cannulation PaCO2 in VA-ECMO by presence or absence of intracranial 

hemorrhage. Red and gray dots represent PaCO2 values for patients with and without 

intracranial hemorrhages, respectively. B) Those with the largest peri-cannulation PaCO2 

drop experience significantly more intracranial hemorrhages. P value by Pearson’s chi-

square test. C) Probability of intracranial hemorrhage increases with increasing drops in 

PaCO2.
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Table 1.

Baseline characteristics and clinical variables in patients with and without ABI.

Variable Total (n=129) Patients without ABI (n=86) Patients with ABI (n=43) P value

Demographics

 Age, years 60 (49–68) 62 (50–68) 55 (48–69) 0.38

 Male 81 (63%) 56 (65%) 25 (58%) 0.44

 Body Mass Index, kg/m2 29 (25–34) 29 (25–36) 29 (25–33) 0.62

 Ethnicity

  White 83 (64%) 58 (67%) 25 (58%) 0.30

  Black 26 (20%) 15 (17%) 11 (26%) 0.28

  Hispanic 2 (2%) 1 (1%) 1 (2%) 0.61

  Asian 9 (7%) 7 (8%) 2 (5%) 0.46

  Others 9 (7%) 5 (6%) 4 (9%) 0.46

Past medical history

 Ischemic stroke 10 (8%) 6 (7%) 4 (9%) 0.64

 Intracranial hemorrhage 2 (2%) 0 (0%) 2 (5%) 0.04

 Hypertension 97 (75%) 63 (73%) 34 (79%) 0.47

 Hyperlipidemia 71 (55%) 47 (55%) 24 (56%) 0.90

 Heart failure 44 (34%) 30 (35%) 14 (33%) 0.79

 Chronic kidney disease 18 (14%) 11 (13%) 7 (16%) 0.59

 Atrial fibrillation 38 (29%) 26 (30%) 12 (28%) 0.78

 Antiplatelet therapy before index 
hospitalization

68 (53%) 49 (57%) 19 (44%) 0.17

 Anticoagulation before index hospitalization 30 (23%) 21 (24%) 9 (21%) 0.66

Pre-cannulation variables (n = 126)

 Inotropic or vasoactive support 106 (84%) 73 (87%) 33 (79%) 0.23

 Cardiac arrest 57 (45%) 34 (40%) 23 (55%) 0.13

 Glasgow Coma Scale 15 (6–15) 15 (8–15) 15 (3–15) 0.55

 SOFA score 11 (10–13) 12 (10–13) 11 (10–13) 0.56

 Lactate (mmol/L) 5.8 (2.8–10.1) 5.4 (2.4–9.8) 7.3 (3.3–13.1) 0.10

ECMO indications

 Cardiogenic shock 74 (57%) 51 (59%) 23 (53%) 0.53

 Post-cardiotomy shock 53 (41%) 32 (37%) 21 (49%) 0.21

 Cardiac arrest 25 (19%) 14 (16%) 11 (26%) 0.21

Discharge location

 Home 18 (14%) 15 (17%) 3 (7%) 0.11

 Acute rehabilitation 10 (8%) 7 (8%) 3 (7%) 0.82

 Long-term facility 1 (1%) 1 (1%) 0 (0%) 0.48

 Skilled nursing facility 6 (5%) 4 (5%) 2 (5%) 1.00

Mortality 94 (73%) 59 (69%) 35 (81%) 0.12
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Variable Total (n=129) Patients without ABI (n=86) Patients with ABI (n=43) P value

ECMO duration (hours) 94.8 (58.3–189.4) 98.0 (54.3–201.8) 94.6 (58.3–154.8) 0.79

Good neurologic outcome (mRS≤3) 19 (15%) 15 (17%) 4 (9%) 0.22

Data are presented as median (IQR) for continuous measures and n (%) for categorical measures. ABI: acute brain injury; SOFA: sequential organ 
failure assessment score.
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Table 2.

PaCO2 and incidence of ABI.

PaCO2 Parameter Patients without ABI (n=86) Patients with ABI (n=43) P value

Pre-cannulation

 Mean 39 (36–45) 42 (37–44) 0.38

 Slope 0.28 (−1.15–1.87) 0.33 (−0.67–2.90) 0.78

 Highest 46 (40–56) 50 (43–54) 0.27

 Lowest 34 (28–39) 34 (30–39) 0.44

Post-cannulation

 Mean 37 (33–39) 36 (34–39) 0.82

 Slope 0.22 (−0.36–1.02) 0.10 (−0.68–0.94) 0.86

 Highest 43 (39–46) 43 (39–50) 0.36

 Lowest 30 (26–33) 30 (25–32) 0.48

△PaCO2 4.8 (−0.4–8.5) 4.5 (0.8–9.4) 0.62

Patients without ICH (n=122) Patients with ICH (n=7) P value

Pre-cannulation

 Mean 40 (37–44) 47 (41–56) 0.02

 Slope 0.31 (−0.78–1.93) −0.11 (−0.67–1.11) 0.57

 Highest 47 (41–54) 56 (48–65) 0.05

 Lowest 34 (29–39) 39 (33–56) 0.06

Post-cannulation

 Mean 36 (33–39) 36 (34–39) 0.70

 Slope 0.23 (−0.32–1.02) −1.12 (−1.47–0.06) 0.02

 Highest 43 (39–48) 48 (40–65) 0.16

 Lowest 30 (25–33) 30 (28–32) 0.67

△PaCO2 4.5 (−0.1–8.3) 8.8 (6.4–22.3) 0.03

Patients without Ischemic Stroke (n=110) Patients with Ischemic Stroke (n=19) P value

Pre-cannulation

 Mean 40 (37–45) 43 (38–43) 0.86

 Slope 0.28 (−0.78–2.56) 0.37 (−0.55–1.31) 0.90

 Highest 48 (41–56) 47 (43–54) 0.89

 Lowest 33 (29–39) 34 (30–39) 0.54

Post-cannulation

 Mean 36 (33–38) 37 (35–40) 0.14

 Slope 0.22 (−0.39–0.98) 0.10 (−0.46–0.71) 0.79

 Highest 43 (38–48) 46 (39–50) 0.34

 Lowest 30 (25–33) 32 (26–34) 0.27

△PaCO2 5.2 (0.0–9.3) 3.9 (0.3–7.6) 0.31

P values are from Wilcoxon rank-sum test. PaCO2 values are represented as median (IQR). All values are expressed as mmHg, or mmHg/hour for 

slopes. ABI: acute brain injury; ICH: intracranial hemorrhage; HIBI: hypoxic ischemic brain injury.
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Table 3.

Univariate logistic regression for incidence of ICHs.

Variable OR 95% CI P value

Pre-cannulation PaCO2* 2.10 1.10 – 4.00 0.02

△PaCO2** 2.69 1.18 – 6.13 0.02

Hypercapnia pre-cannulation 4.92 1.04 – 23.39 0.045

Neuromonitoring Protocol 4.03 0.47 – 34.50 0.20

Chronic Kidney Disease 2.65 0.47 – 14.83 0.27

Antiplatelet Therapy Pre-hospitalization 0.34 0.06 – 1.82 0.21

Male Sex 0.42 0.09 – 1.98 0.27

Body Mass Index 0.97 0.87 – 1.09 0.63

Positive values for △PaCO2 represent drops (decreases) in PaCO2.

*
Represents OR for every 10-mmHg increase in pre-cannulation PaCO2.

**
Represents OR for every 10-mmHg increase in peri-cannulation PaCO2 drop.
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