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Cerebral Blood Flow Hemispheric Asymmetry in Comatose Adults Receiving Extracorporeal Membrane Oxygenation
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Peripheral veno-arterial extracorporeal membrane oxygenation (ECMO) artificially oxygenates and circulates blood retrograde from the femoral artery, potentially exposing the brain to asymmetric perfusion. Though ECMO patients frequently experience brain injury, neurologic exams and imaging are difficult to obtain. Diffuse correlation spectroscopy (DCS) non-invasively measures relative cerebral blood flow (rBF) at the bedside using an optical probe on each side of the forehead. In this study we observed interhemispheric rBF differences in response to mean arterial pressure (MAP) changes in adult ECMO recipients. We recruited 13 subjects aged 21–78 years (7 with cardiac arrest, 4 with acute heart failure, and 2 with acute respiratory distress syndrome). They were dichotomized via Glasgow Coma Scale Motor score (GCS-M) into comatose (GCS-M ≤ 4; n = 4) and non-comatose (GCS-M > 4; n = 9) groups. Comatose patients had greater interhemispheric rBF asymmetry (ASYMrBF) vs. non-comatose patients over a range of MAP values (29 vs. 11%, p = 0.009). ASYMrBF in comatose patients resolved near a MAP range of 70–80 mmHg, while rBF remained symmetric through a wider MAP range in non-comatose patients. Correlations between post-oxygenator pCO2 or pH vs. ASYMrBF were significantly different between comatose and non-comatose groups. Our findings indicate that comatose patients are more likely to have asymmetric cerebral perfusion.
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INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is a method of external mechanical circulatory support (MCS) designed to oxygenate and circulate blood, thus supplementing insufficient respiratory and cardiac functions during critical illness. Its use has increased in the preceding decade as technology and techniques have improved. However, approximately 13% of ECMO recipients are found to have neurologic injuries either from underlying pathology or the ECMO therapy itself (Migdady et al., 2019; Shoskes et al., 2020; Kietaibl et al., 2021). Performing accurate neurologic examinations in this population is challenging due to sedation and neuromuscular blockade (NMB) requirements to prevent cannula dislodgement, optimize hemodynamics, or to force ventilator compliance (Debacker et al., 2018; Patel et al., 2020). Neuroimaging requires resource-intensive, multi-disciplinary transportation to imaging suites (Prodhan et al., 2010), while invasive neuromonitoring can further increase the risk of cerebral hemorrhage due to anticoagulation requirements while on ECMO (Thomas et al., 2018). Thus, the brain’s perfusion and oxygenation requirements are not routinely monitored in current clinical practice, furthering the potential for injury.

Diffuse correlation spectroscopy (DCS) provides non-invasive, continuous bedside neuromonitoring using near-infrared light, modeled with the correlation diffusion equation (Durduran et al., 2010a), to measure blood flow index (BFI), which is directly proportional to cerebral blood flow (CBF) (Durduran and Yodh, 2014). Its use to monitor CBF has been described in a number of brain-injured cohorts (Durduran et al., 2009; Delgado-Mederos et al., 2018; Baker et al., 2019) and has been validated against other CBF measurement modalities including transcranial Doppler (TCD) (Durduran et al., 2010b; Kim et al., 2010; Mesquita et al., 2011). DCS is closely related to near-infrared spectroscopy (NIRS), a commercially available technology that measures cerebral oxygenation, but DCS offers the advantage of measuring CBF directly rather than using oximetry as a surrogate marker.

Veno-arterial (VA) ECMO is often configured to supply oxygenated blood in retrograde flow up the aorta via a cannula placed in the femoral artery. This is contrasted with veno-venous (VV) ECMO, in which oxygenated blood is returned to the body via the venous system and perfuses the arterial system in a normal physiologic manner. This distinction is important as asymmetric cerebral and somatic oxygenation and perfusion have been described in VA ECMO (Cove, 2015; Acharya et al., 2017; Nezami et al., 2021). The presence of disrupted cerebrovascular autoregulation in comatose patients with hypoxic brain injury furthers the possibility of asymmetric perfusion arising from the brain’s interaction with the ECMO circuit and the unique changes in circulatory physiology ECMO produces (Van Den Brule et al., 2018). We used DCS to record hemispheric CBF in adult ECMO patients with the hypothesis that comatose patients will exhibit more interhemispheric asymmetry than in non-comatose patients.



MATERIALS AND METHODS


Patient Recruitment

This prospective cohort study was approved by the Institutional Review Board (IRB) at the University of Rochester Medical Center. Adult patients aged 18 years and older admitted to the cardiac intensive care unit (CICU) for either VA or VV ECMO therapy irrespective of etiology at the University of Rochester Medical Center (URMC) between 12/2019 and 7/2021 were eligible for participation. Informed consent was obtained from patients’ legally authorized representatives 24 h after ECMO initiation. Exclusion criteria consisted of pre-existing neurologic conditions and facial injuries impeding DCS measurement.



Experimental Design

A detailed description of the experimental design and instrumentation used for this study has been previously published (Dar et al., 2020). In summary, enrolled patients underwent a protocol of daily CBF monitoring using an in-house designed DCS system as well as a commercially available TCD system. Both devices were approved by URMC’s Clinical Engineering Department. The DCS system employs a 785 nm laser with long coherence length to non-invasively quantify BFI, which is proportional to CBF (Carp et al., 2010; Durduran et al., 2010b; Kim et al., 2010; Mesquita et al., 2011). Two slim-profiled optical probes using a 45-degree prism were attached to the left and right forehead of the patient using double-sided tape (3M, St. Paul, MN, United States) and Tegaderm (3M, St. Paul, MN, United States). Light emitted from these two probes propagated into the tissue, then was collected by single mode optical fibers at 2.5 cm separation from the source that were connected to single-photon counting detectors. Autocorrelation curves were calculated using a 2 s integration time, which translated to BFI values at 0.25 Hz for each hemisphere. BFI values were calculated from the autocorrelation curves using constant absorption and scattering coefficients previously reported in the literature for brain measurements (Brady et al., 2010; Parthasarathy et al., 2018; Selb et al., 2018; Dar et al., 2020). Data were discarded if artifacts were present or had poor signal to noise ratio (SNR), which was defined as less than 4 kilo-counts per second (kcps) measured by the detectors.

Transcranial Doppler was performed on subjects at the bedside using the ST3 system (Spencer Technologies, Redmond, WA, United States). Cerebral blood flow velocity (CBFV) was measured from both middle cerebral arteries, one at a time, for up to 5 min on each day during simultaneous DCS recording. Measurements were performed once daily using a single TCD probe held at the temporal window by trained study staff. Mean CBFV was reported at 1 Hz frequency, and data were discarded if the SNR was low or artifacts were present.

Continuous physiological data including systolic, diastolic, and mean arterial pressure (MAP) were recorded continuously at the bedside using MediCollector software (MediCollector Inc., Boston, MA, United States) at 1 Hz. ECMO pump speed and flow were also recorded at 0.2 Hz from the ECMO machine. BFI and physiologic monitoring were performed for up to 3 h during the initial resuscitation phase, during which ECMO fully supported the circulation at constant pump speeds. Monitoring was performed for up to 8 h during the ECMO wean phase while pump speeds were gradually tapered by clinical staff to test native cardiovascular function. This prolonged duration was performed to capture as much hemodynamic change as possible.



Cerebral Autoregulation Asymmetry Analysis

Cerebral autoregulation curves correlating cerebral perfusion with MAP were created from left and right hemispheric DCS data for all patients. All analysis was performed using MATLAB 2020 (Mathworks, Natick, MA, United States). BFI and MAP data were first resampled to 0.25 Hz to ensure a uniform time series between the data sets. The continuous measurement of relative blood flow (rBF, in %) was determined for each day of DCS monitoring to evaluate the relative change in BFI for all subjects. This was calculated by normalizing the BFI data of each hemisphere by the median BFI value of that hemisphere (Selb et al., 2018). Figure 1A displays the rBF for the right hemisphere of one subject while Figure 1B shows the concurrent MAP. Using the concurrent rBF and MAP time series, rBF values were plotted against MAP values between 50 and 120 mmHg at 1 mmHg increments shown in the background scatterplot of Figure 1C. From this scatterplot, the average rBF value was calculated at each MAP value, shown as the red circles in Figure 1C. Average rBF values were discarded if there were less than 5 data points at the specific MAP value. Figure 1D shows the average curve for both left and right hemisphere.
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FIGURE 1. Calculation of average relative blood flow (rBF, in %) vs. mean arterial pressure (MAP). An example time trace for (A) rBF and (B) MAP for a single day of monitoring are shown. Using these time traces, (C) rBF is plotted against MAP and an average rBF value at each MAP is calculated (red circle). (D) An averaged rBF vs. MAP curve is generated for both the right (red circle) and left hemisphere (blue circle). Using the data in (D), |ΔrBFMAP| (in %/mmHg) is plotted against MAP in (E). ASYMrBF, averaged |ΔrBFMAP| of this monitoring day for a patient is shown on the upper right corner.


Using these data, asymmetry between the hemispheric data was calculated for each day of monitoring for all subjects. First, the magnitude of difference was calculated as |ΔrBFMAP(MAPi)| defined in Equation 1 and reported as %. MAPi are the MAP values in increments of 1 mmHg derived from the MAP range that day, to a maximum MAP value at MAPN, where N is the total number of MAP increments of the monitoring day. We averaged |ΔrBFMAP(MAPi)| to calculate ASYMrBF for the monitoring day, shown in Equation 2 and Figure 1E, reported as %.
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TCD data were used to calculate the absolute interhemispheric difference in relative CBFV, | ΔrCBFVMAP(MAPi)|, similar to above and shown in Equation 3.
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rCBFV was determined using the same method as the rBF calculation, which was to divide the measured CBFV by its median value. These values were used to compare asymmetry measured by TCD with asymmetry measured by DCS (Altman and Bland, 1983; Giavarina, 2015).



Clinical Characteristics

Data obtained from the electronic medical record data for each patient were recorded in a secure REDCap database. We recorded demographics, ECMO characteristics (duration, location of cannula, and reason for cannulation), and daily clinical characteristics. Clinical characteristics included Glasgow Coma Scale (GCS), Sequential Organ Failure Assessment (SOFA), arterial blood gas (ABG) parameters including pH, partial pressure of arterial oxygen (pO2), partial pressure of arterial CO2 (pCO2), lactate, cardiac left ventricular ejection fraction (LVEF), and sedation/analgesia infusion rates.



Cerebral Autoregulation Asymmetry vs. Comatose Status

Per institutional standard of care, clinical nursing staff neurologically examined each subject and documented the GCS. Examinations were performed at least once daily when clinically feasible (e.g., without significant risk of ventilator dyssynchrony or cannula dislodgement) with sedation and NMB pauses. When sedation/NMB was unable to be paused, the GCS was documented as is with infusion running. For this study, each subject’s highest daily neurologic GCS Motor (GCS-M) subscores were recorded during monitoring (see Supplementary Table 1). Subjects who were able to attain a GCS-M score of 6 at any time during ECMO were characterized as “non-comatose,” while those who were remained unconscious with GCS-M ≤ 4 were categorized as “comatose.” This definition was based on prior studies of cardiac arrest patients where therapeutic hypothermia was initiated in comatose patients who were unconscious and unable to follow verbal commands (Dankiewicz et al., 2021). Since all subjects in our study that had GCS-M scores of 5 eventually reached a score of 6, we chose GCS-M 4 as the dichotomization cut-off. To evaluate the difference in ASYMrBF between comatose and non-comatose patients, the maximum value of ASYMrBF from the monitoring period was determined.



Statistical Analysis

One-tailed and two-tailed two-sample t-tests were used to compare maximum ASYMrBF in comatose vs. non-comatose patients. Normality was checked using the Shapiro–Wilks test, and variances between the two groups were tested using a F-test. Alternative hypotheses were defined for both the one-tailed and two-tailed test. With the F-test result and appropriate alternative hypothesis, p-values were calculated for both the one-tailed and two-tailed t-test. To compare data collection methodologies, TCD and DCS blood flow asymmetry measurements were compared using Bland–Altman analysis over the range of MAP values the patient experienced during simultaneous TCD and DCS recording (Altman and Bland, 1983; Giavarina, 2015). The average difference per patient was calculated between |ΔrBFMAP(MAPi)| and |ΔrCBFVMAP(MAPi)|, and a two-sided one-sample rank-sum test was performed after normality test revealed a non-normal distribution, and a p-value was calculated. The p-values were compared to a significance level α of 0.05, and was considered statistically significant if less than α. Scatter plots with Pearson correlation coefficients were calculated to assess whether pCO2, pO2, pH, and LVEF associated with either maximal or daily ASYMrBF for each patient. Statistical analysis was performed using MATLAB software.




RESULTS

Out of 62 of eligible patients undergoing ECMO treatment for different indications, thirteen (21%) were consented for participation (five females; mean age 46 years [range 21–78]). Patient demographics and pertinent clinical parameters are shown in Table 1. Seven subjects required ECMO for cardiac arrest, four for cardiogenic shock and two for acute respiratory distress syndrome (ARDS). VA ECMO was performed on 11 patients and VV ECMO on the two patients with ARDS. The mean length of hospital stay was 27 days. The mean duration of ECMO treatment was 266 h. Mean pre-ECMO SOFA score was 12. Nine subjects (69%) were classified as “awake” and four (31%) as “comatose” as defined above. Nine subjects survived to ECMO decannulation and seven to hospital discharge. A total of 63 monitoring sessions were conducted, with an average of five sessions per subject. Data from seven sessions were omitted from analysis due to low SNR (subject 3, days 1 through 6 and subject 11, day 3). Data for the first 6 days of Subject 3’s recording were discarded due to jaundice, which confounded DCS signal strength. Subject 11 had low signal quality that could not be corrected from the right hemisphere on day 3 which was also discarded.


TABLE 1. Patient demographics and pertinent clinical data.
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Daily GCS-M scores recorded during ECMO treatment for each subject are shown in Supplementary Figure 1. Subjects 1, 2, and 4 were awake and remained so, while subjects 8, 9, 11, and 13 remained comatose throughout monitoring. GCS-M scores for subjects 3, 5, 6, 7, 10, and 12 fluctuated but were able to improve to follow commands at some point (GCS-M = 6). Notably, subjects 7 and 10 awoke to follow commands after paralytics and sedation were weaned, while the exam for subject 5 improved spontaneously on day 4.

Table 2 details the clinical characteristics for all subjects. These include cumulative sedation the subjects received during the monitoring period, ABG results, and ECMO circuit pCO2 measured both pre and post-oxygenator on the day of maximum observed ASYMrBF. Supplementary Table 1 shows the mean values of these clinical characteristics for the comatose and non-comatose groups. None of the values were significantly different between the two groups.


TABLE 2. Clinical characteristics of all patients for the day of maximum ASYMrBF.

[image: Table 2]
As archetypes of the observed asymmetry phenomenon, Figure 2 highlights ASYMrBF vs. GCS-M data for subjects 1 (awake, conversant) and 11 (comatose, severely brain injured due to cardiac arrest with hypoxic-ischemic encephalopathy confirmed by CT and MRI neuroimaging). Daily ASYMrBF is shown for all subjects in Supplementary Figure 2. For each subject’s day of maximum ASYMrBF, Supplementary Figure 3 shows correlation between hemispheric rBF and MAP and Figure 3 displays |ΔrBFMAP|. Figure 4 summarizes these data with a group-level comparison: comatose subjects experienced significantly higher ASYMrBF values compared to awake subjects (29% [IQR 23–34%] vs. 11% [IQR 8–13%], one-tailed p = 0.009, two-tailed p = 0.018).
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FIGURE 2. Glasgow Coma Scale Motor score (black), ASYMrBF (red), and |ΔrBFMAP| vs. MAP from the day of maximum ASYMrBF for subject 1 (A,C,E) and subject 11 (B,D,F) during their monitoring periods. (A) Subject 1, defined as non-comatose, displayed a constant GCS-Motor score of 6 while (B) subject 11, defined as comatose, varied between 1 and 4. ASYMrBF data is shown for (C) subject 1 and (D) subject 11. The shaded region marked by the asterisk (*) denotes the maximum ASYMrBF value that was chosen for each subject. | ΔrBFMAP| of the gray shaded region shown in (C,D) is shown for (E) subject 1 and (F) subject 11. BFI data for day 3 of subject 11 was discarded due to low SNR thus ASYMrBF was not calculated.



[image: image]

FIGURE 3. |ΔrBFMAP| for all the patients for each specific day that corresponded to their maximum ASYMrBF value. The number displayed in the legend of each plot was the ASYMrBF for that day. Subjects 8, 9, 11, and 13, highlighted in red, were subjects defined to be comatose.
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FIGURE 4. Boxplot of maximum ASYMrBF values for all the subjects grouped by GCS-Motor score. Non-comatose patients had a median value of 11% [IQR 8–13%] and comatose patients 29% [IQR 23–34%] (one-tailed p = 0.009, two-tailed p = 0.018).


Time-courses of ΔrBFMAP during the total monitoring period on the day of maximum asymmetry are shown for all patients in Supplementary Figure 4. Among comatose patients, subject 8 showed rBF skewed toward the right hemisphere at lower MAP values while subject 9, 11, and 13 showed rBF values skewed toward the left hemisphere. However, these patients showed equal rBF of both hemispheres at around a MAP value of 80 mmHg. On the contrary, non-comatose patients show an equal rBF throughout the entire MAP range compared to the comatose patients.

Regarding TCD and DCS comparison analysis, an example of the difference in MAP range experienced by patients is illustrated in Figure 5A. Due to the limitations in obtaining continuous TCD measurements in the MAP range, only values over a limited MAP range were acquired compared to DCS. The shaded region denotes the overlap between the asymmetry quantified by DCS and TCD values for subject 1. A Bland–Altman plot comparing |ΔrBFMAP| and |ΔrCBFVMAP| for all patient data is shown in Figure 5B, revealing most data to fall within the 95% confidence interval. A non-parametric Wilcox rank sum test resulted in a p-value of 0.54, indicating that the two methods do not significantly differ in their measurement of CBF asymmetry. A boxplot showing the individual subjects’ average difference between DCS and TCD asymmetry is shown in Supplementary Figure 5.
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FIGURE 5. (A) Comparison between TCD and DCS measurements of cerebral blood flow asymmetry. |ΔrBFMAP(MAPi)| (red X marks) and |ΔrCBFVMAP(MAPi)| (black circles) data are shown for subject 1 over a range of MAP values. The shaded area denotes the MAP values where |ΔrBFMAP(MAPi)| and |ΔrCBFVMAP(MAPi)| overlap. (B) Bland–Altman analysis was performed to compare the difference between the two measurements against the average of the two measurements. Solid line indicates the mean of the y-axis and dashed lines are the 95% confidence interval.


Univariate linear modeling with Pearson correlation analysis was performed with ASYMrBF vs. ABG and post-oxygenator pH, pCO2, and pO2 values, as well as LVEF. Subsets of these analyses are shown in Figure 6. There were no significant associations between ASYMrBF and pO2 or LVEF in either comatose or non-comatose groups and are not shown. Neither were any associations found to be significant for ABG data: ASYMrBF vs. ABG pCO2, comatose slope = 0.26 %/mmHg (R = 0.22, p = 0.78), non-comatose slope = 0.12%/mmHg (R = 0.53, p = 0.15); ASYMrBF vs. ABG pH, comatose slope = 51.04%/(mmol/L) (R = 0.24, p = 0.76), non-comatose slope = −2.00%/(mmol/L) (R = −0.03, p = 0.93). In addition, there was no significant association found for post-oxygenator data although excellent R values were noted for some cases: ASYMrBF vs. post-oxygenator pCO2, comatose slope = 0.75%/mmHg (R = 0.91, p = 0.09), non-comatose slope = 0.19%/mmHg (R = 0.60, p = 0.09); ASYMrBF vs. post-oxygenator pH, comatose slope = −105.27%/(mmol/L) (R = −0.89, p = 0.11), non-comatose slope = −11.87%/(mmol/L) (R = −0.26, p = 0.50). However, comparison of linear model slopes between the comatose and non-comatose subgroups did reveal a significant difference both for post-oxygenator pCO2 (p = 0.03) and post-oxygenator pH (p = 0.04).
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FIGURE 6. Maximum ASYMrBF vs. pCO2 and pH values from post-oxygenator and arterial blood gas (ABG). Red circles indicate comatose subjects and blue triangles indicate non-comatose subjects. pCO2 and pH values taken from the post-oxygenator are shown in (A,C), while values taken from the ABG are shown in (B,D). Comatose patients showed higher R-value between maximum ASYMrBF and clinical markers (A,C) taken from the post-oxygenator compared to non-comatose patients.


Two of four comatose subjects did not survive to ECMO decannulation and underwent withdrawal of care due to septic shock (subject 9) or severe neurologic injury (subject 13). Subject 8 survived decannulation and regained consciousness, but had care withdrawn in context of subsequent recurrent cardiogenic shock. Subject 11 survived decannulation, remained comatose and was discharged to a coma rehabilitation program but died from recurrent cardiac arrest within 1 week of discharge. Three of the nine non-comatose subjects died prior to discharge due to septic shock (subject 2), hemorrhagic shock (subject 3), or recurrent cardiogenic shock (subject 12).



DISCUSSION

In this pilot study of 13 patients undergoing ECMO, those who remained comatose throughout their duration of treatment were found to have relatively high hemispheric asymmetry in rBF over a range of blood pressures. In these four subjects, the degree of asymmetry appears to change with MAP, but rBF was elevated on the left hemisphere in 3 (75%) of them. Though ASYMrBF was found to be elevated in comatose subjects, this metric did not associate with survival to discharge. To our knowledge, this is the first study to demonstrate this phenomenon using continuous, non-invasive CBF monitoring via DCS.

Multiple possible physiologic reasons may explain the presence of asymmetric perfusion, though our study was not powered to elucidate specific justifications of this phenomenon. All four comatose subjects underwent peripheral VA ECMO, whereby blood is ejected from the ECMO circuit directly into arterial circulation retrograde up the aorta from the femoral artery. Under the pressure of ECMO device, the blood flows against intrinsic cardiac outflow in a mixing cloud (Alwardt et al., 2013). Increasing cardiac contractility pushes this cloud distally, supplying the brain with native cardiac blood via the carotid arteries which diverge from the proximal aorta. Conversely, increasing ECMO flow pushes the cloud proximally toward the heart, perfusing the brain with ECMO circulation. Native and ECMO blood typically have different pH levels, oxygen saturations, and amounts of dissolved carbon dioxide. If the mixing cloud lies in between the brachiocephalic trunk and left common carotid artery, the two sides of the brain may receive blood under different pressures and with different levels of oxygen, CO2, pulsatility, and pressure (Stevens et al., 2017; Nezami et al., 2021). We did not find significant differences in comatose vs. non-comatose patients in average pH, pCO2 from multiple sources, ECMO flows, MAP range, or pulsatility (Supplementary Table 1). Comatose subjects did experience a lower range of pulse pressures, but this did not correlate with ASYMrBF and may have been because they were unconscious and less responsive to external stimuli. A previous study looking at angiography of the brain in VA ECMO patients illustrated this asymmetric blood flow via filling time of injected iodine contrast (Acharya et al., 2017). Thus, it is possible that the left hemisphere receives a higher proportion of blood from the ECMO circuit, and at higher flow rates, than the right hemisphere.

Underlying cardiogenic shock, cardiac arrest, and ARDS may predispose the brain to hypoxic-ischemic brain injury (HIBI) before ECMO is initiated, which can prime the brain for secondary injury (Inoue et al., 2020). Cerebrovascular dysregulation is a feature of HIBI (Sundgreen et al., 2001) and, in the setting of asymmetric ECMO blood flow, may lead to interhemispheric differences in CBF due to impaired cerebral autoregulation. In the setting of disrupted cerebral autoregulation post-arrest, optimal MAPs for cerebral perfusion are often higher than the clinically accepted norm of 65 mmHg (Sundgreen et al., 2001; Peberdy et al., 2010; Sekhon et al., 2019). Furthermore, interhemispheric communication may be disrupted resulting in regional independence of function and thus BFI oscillations that are independent on each side of the brain. Disruption in interhemispheric communication is seen in patients with traumatic brain and concussion (Schmidt et al., 2021; Wang et al., 2021), and thus may play a role in other global brain injuries such as HIBI. In addition, asymmetry in the intrinsic ischemic damage may result in differential dysregulation and cerebrovascular coupling, leading to asymmetry in the cerebral metabolic rate of oxygen consumption (CMRO2) and thus oxygen extraction fraction and local CO2 production. CO2 vasodilates cerebral arterioles and precapillary sphincters by increasing local [H+], triggering voltage-gated [K+] channels to hyperpolarize endothelial cells leading to vascular relaxation (Battisti-Charbonney et al., 2011). There are many other contributing factors affecting diameter of the blood vessels, including reduced cerebrovascular reactivity to vasomotor stimuli (Girouard and Iadecola, 2006), reduced CMRO2 in regions of cell death (Duckrow et al., 1981) and reduced CBF in proportion to neural activity (and thus CMRO2) (Bundo et al., 2002). Augmented by asymmetric perfusion resulting from the ECMO circuit, these differences may become even more pronounced as noted in our comatose patient cohort.

Our data showed potential for an increased sensitivity to the effects of post-oxygenator pH and pCO2 on rBF asymmetry with significant differences in linear model slopes between comatose and non-comatose patients. However, the associations themselves were not found to be significant. This discrepancy is likely due to low degrees of freedom secondary to small sample sizes when assessing each individual association’s significance, vs. increased degrees of freedom when comparing the two models against one another. ABG pH and pCO2 obtained from the patient’s right radial artery, representing native circulation, were not correlated with ASYMrBF, and importantly, nor were any differences noted between the two subgroup models. Of note, comatose patients had a higher, though nonsignificant, difference in PCO2 between pre- and post-oxygenator blood (Supplementary Table 1), implicating the degree of gas exchange in our findings. One possible reason for comatose patients having increased sensitivity to post-oxygenator pH and pCO2 is that these patients are more likely to be outside the zone of cerebral autoregulation (Van Den Brule et al., 2018). As implied above, it is possible that the left hemisphere is being exposed to the post-oxygenator blood more than the right side, and thus the effects of pCO2 on brain perfusion and autoregulation may be asymmetric with the difference being highlighted by an unstable neurovascular unit. While this evidence is insufficient to claim that differential association exists, it warrants further investigation. Should this finding hold true in larger future studies, it could provide novel evidence that post-oxygenator parameters should be controlled more tightly and in a more individualized manner, particularly for patients with suspected brain injury.

Previous studies have measured cerebral autoregulation using cross-correlation analysis between continuously measured blood pressure and either invasive (intracranial pressure, brain tissue oximetry) or non-invasive (NIRS-based cerebral oximetry, TCD-based CBF velocity) (Zweifel et al., 2008; Aries et al., 2010; Andresen et al., 2018; Montgomery et al., 2020) neuromonitoring modalities. We did not use this method because MAP variation was low (<5 mmHg) for long periods during monitoring, thus did not yield wide enough MAP ranges to generate full autoregulation curves. We did not utilize a circuit manipulation protocol to challenge MAP as has been performed in other studies (Papademetriou et al., 2012; Busch et al., 2020) because of the possible danger of secondary brain injury from hypo- or hyperperfusion. Though our methodology was unable to explore the upper and lower limits of autoregulation for each patient, optimal MAPs that minimized asymmetry can be identified in Supplementary Figure 4. The variability of this optimal MAP may represent the customized ranges of individual blood pressure targets for optimal cerebral perfusion observed in ECMO patients with HIBI (Rikhraj et al., 2021). Past clinical trials of increased MAP goals for cardiac arrest survivors resulted in improved cerebral oxygenation, but not improved outcomes (Jakkula et al., 2018; Ameloot et al., 2019). However, none of these studies utilized individualized, autoregulation-based MAP targets (Russo et al., 2017, 2018). The hypothesized benefit of CBF augmentation in this population is predicated on patchy hypoperfusion due to the no-reflow pathophysiology (Kloner et al., 2018). In contrast, the physiology by which asymmetric dysregulation may occur in our cohort remains to be elucidated.

Several limitations to our study must be considered when interpreting these data. Our study captured a small population with heterogeneous pathologies ranging from cardiac arrest to acute heart or lung failure. Not all patients were treated with the same modality of ECMO, and the physiology of VA ECMO differs significantly from VV ECMO as the latter relies on the native heart for forward uniform circulation. We analyzed ASYMrBF in comatose vs. non-comatose patients excluding VV ECMO recipients in order to evaluate the effect of ECMO type on our findings and found comatose patients still had higher ASYMrBF (n = 10, 28.7 ± 8.2 vs. 10.2 ± 2.5, two-tailed p = 0.04). We chose to keep VV ECMO patients in our study design as comparators with a priori risk of ischemic injury. Subjects varied by other factors such as cardiac function, level of sedation, receipt of NMB, and severity of illness (e.g., pre-ECMO SOFA score). Our small sample size precluded the ability to analyze these factors as covariates for association between ASYMrBF and GCS-M. Furthermore, our monitoring methodology was not equipped to differentiate the source of cerebral perfusion (ECMO circuit vs. native circulation). Future studies should include specific ECMO populations with a single ECMO subtype and similar etiology necessitating ECMO.

One challenge we faced in designing our study was the need to dichotomize patients into “comatose” vs. “non-comatose” groups. Fundamentally, coma is a disordered state of consciousness in which the individual has no interaction with their environment (Provencio et al., 2020). A robust clinical definition of coma in the acute setting has not yet been developed and has often been disease-specific in prior research (Provencio et al., 2020). We relied on prior clinical trials (Nielsen et al., 2013; Lascarrou et al., 2019; Dankiewicz et al., 2021), to establish parameters for cohort dichotomization.

To derive rBF, the median BFI value was defined as the baseline for each monitoring session as was described in the method section. However, previous DCS studies define baseline differently (Durduran et al., 2009; Kim et al., 2010; Busch et al., 2019). In these studies, the baseline BFI is defined as a period of the measurement where the subject is at rest. This period of rest precedes a defined perturbation, allowing comparison of the relative change of BFI between the baseline and perturbation. Since this study did not include controlled perturbations, defining such a baseline period for these subjects is difficult and arbitrary. Additionally, there is no indication that the selected baseline region corresponds to when the subject is truly at rest, thus introducing user selection bias. We did not observe statistical significance in |ASYMrBF| between the two groups when using this method of normalization.

Alternatively, the mean value of the BFI time series could be used as a baseline for calculating rBF (Giovannella et al., 2020) but this would be disproportionately affected if there are spontaneous changes in BFI. The median is less affected by such changes than the mean. We compared the median with the mean resting baseline values calculated in the following manner. First, each monitoring period was smoothed using a moving average filter and regions where drastic flow changes occurred were removed. This modified signal was then averaged to define a baseline to calculate rBF. The difference between the median and the mean resting baseline varied case-by-case (i.e., sometimes they matched well, and other times they differed significantly). Despite the difference, ASYMrBF computed using the mean resting baseline for normalization showed statistical significance between the two groups (comatose vs. non-comatose) as was shown using the median value (p < 0.006 for one-tailed and p < 0.01 for two-tailed). This affirms that using the median value as the baseline definition did not alter the major findings of this study. This might be due to our data having relatively few incidents of drastic changes in BFI as many patients were sedated or kept stable. While this mean resting baseline method seems to capture the baseline well, it does require user input when deciding on regions of drastic BFI changes. Thus, we chose to use the median as the baseline to allow for consistent selection for all the measurement periods. Future studies will continue to investigate the optimal method to estimate baseline values.

Measuring blood flow with DCS also presents its own set of limitations. As with all near-infrared spectroscopic methods, DCS is limited in its depth of penetration to cortical tissue (Buckley et al., 2014). Blood flow in subcortical regions is not well-captured. Moreover, spatial resolution was limited to the forehead because DCS is much more sensitive to interference from hair than continuous wave NIRS, which has been employed with multiple detectors throughout the head in other studies (Papademetriou et al., 2013). The lack of spatial resolution is less likely to be a limitation in whole-brain injury, including states of reduced consciousness or coma, as the entire hemisphere may be affected to a similar magnitude (Kaloostian et al., 2012; Ohshima et al., 2012; Foley et al., 2013; Sato et al., 2014; Baker et al., 2019).

Our simultaneous measurements of CBFV with TCD enabled us to compare the asymmetry in CBF measured by our experimental device vs. clinical gold standard. Using Bland–Altman analysis, we found that the two methods did not significantly differ in their measurement of asymmetry and thus lent further support to the validity of DCS measurements. However, it must be noted that this comparison was done over a range of MAP values limited to those the patient experienced during simultaneous TCD and DCS measurement, a limitation of manually placed TCD probe measurement. Future use of either phased array Doppler ultrasound (Pietrangelo et al., 2018) or headframe-assisted probe placement would facilitate longer-term measurements and enable a more robust comparison between DCS and TCD measurements of CBF.

Another limitation of our DCS measurements was the use of constant optical coefficients of scattering and absorption. These coefficients were based on data in the literature (Brady et al., 2010; Parthasarathy et al., 2018; Selb et al., 2018). Incorrect values can lead to error in the BFI calculation, particularly the scattering coefficient. It is reasonable to assume the scattering coefficient does not change during brain monitoring. However, absorption may change based on the changes in total hemoglobin concentration or blood oxygen saturation. Relative changes in blood flow are less sensitive to absorption changes, compared to absolute BFI values. Our results remain valid since we are quantifying the difference between hemispheres based on relative changes in blood flow. Nevertheless, concurrently quantifying absorption and scattering coefficients will improve the accuracy of the BFI. In the future, a frequency domain NIRS system will be added to extract coefficients of absorption and scattering alongside DCS measurements.

The manner in which DCS was utilized in this study does not allow for measurements of absolute blood flow, but instead uses a relative measure of CBF. Our asymmetry measure is based on the rBF normalized to the median value for each day, which allows us to better compare between days and subjects. Absolute blood flow calibration can require imaging modalities such as CT perfusion (Verdecchia et al., 2016) or MRI arterial spin labeling (Durduran et al., 2004; Carp et al., 2010). We decided against using these techniques for this pilot study to minimize transport to CT scanners and avoid nephrotoxic exposure to intravenous contrast dye; furthermore, the ECMO circuit is not MRI compatible. A recent study utilized time-resolved dynamic contrast enhanced NIRS (DCE-NIRS) in conjunction with a one-time bolus of indocyanine green to calibrate DCS measurements in critically ill adults (He et al., 2018). The use of indocyanine green may be contraindicated in patients with renal dysfunction, which is common among patients with severe cardiac disease (Hu et al., 2016; Sandroni et al., 2016). Nevertheless, absolute CBF calibration may be important in quantifying differences in CBF as the cause of asymmetric perfusion.



CONCLUSION

In this study of adult ECMO recipients, comatose patients demonstrated increased cerebral hemispheric perfusion asymmetry as measured with DCS when compared to non-comatose patients. Future studies will include larger sample sizes, other modalities of neuromonitoring, and patients with specific conditions to validate hemispheric asymmetry as a biomarker of neuronal dysfunction in this population. Ultimately, it remains to be seen whether this marker is a predictor of coma recovery, informs pathophysiological basis of asymmetric perfusion, and provides a goal for targeted ECMO therapy.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the University of Rochester Research Subjects Review Board. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

TJ contributed to study concept and acquisition, analysis, and interpretation of the data, and played a significant role in drafting this manuscript. ID contributed to study design and acquisition, analysis, and interpretation of the data, and played a significant role in drafting this manuscript. KD, YX, and ES contributed to data acquisition and analysis. OS contributed to study concept and design, participated in patient recruitment, as well as data interpretation, and revised this manuscript for intellectual content. MM and RM contributed to study concept and design, as well as data interpretation, and revised this manuscript for intellectual content. TW contributed to statistical analysis. IG contributed to data acquisition and study design, and revised this manuscript for intellectual content. GS contributed to study concept and design, and revised this manuscript for intellectual content. RC contributed to study concept, design, data acquisition, analysis and interpretation, and revised this manuscript for intellectual content. IK contributed to study design, concept, data acquisition, interpretation, and drafted and revised this manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the University of Rochester 2019 University Research Award.



ACKNOWLEDGMENTS

We would like to thank the staff of the Cardiac Intensive Care Unit at the University of Rochester Medical Center, without whom this study would not have been possible, as well as the University of Rochester Research Award committee for providing pilot funding for this project.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.858404/full#supplementary-material



REFERENCES

Acharya, J., Rajamohan, A. G., Skalski, M. R., Law, M., Kim, P., and Gibbs, W. (2017). CT Angiography of the head in extracorporeal membrane oxygenation. AJNR Am. J. Neuroradiol. 38, 773–776. doi: 10.3174/ajnr.A5060

Altman, D. G., and Bland, J. M. (1983). Measurement in medicine - the analysis of method comparison studies. J. R. Stat. Soc. Ser. D Stat. 32, 307–317. doi: 10.2307/2987937

Alwardt, C. M., Patel, B. M., Lowell, A., Dobberpuhl, J., Riley, J. B., and Devaleria, P. A. (2013). Regional perfusion during venoarterial extracorporeal membrane oxygenation: a case report and educational modules on the concept of dual circulations. J. Extra Corpor. Technol. 45, 187–194.

Ameloot, K., De Deyne, C., Eertmans, W., Ferdinande, B., Dupont, M., Palmers, P. J., et al. (2019). Early goal-directed haemodynamic optimization of cerebral oxygenation in comatose survivors after cardiac arrest: the neuroprotect post-cardiac arrest trial. Eur. Heart J. 40, 1804–1814. doi: 10.1093/eurheartj/ehz120

Andresen, M., Donnelly, J., Aries, M., Juhler, M., Menon, D., Hutchinson, P., et al. (2018). Further controversies about brain tissue oxygenation pressure-reactivity after traumatic brain injury. Neurocrit. Care 28, 162–168. doi: 10.1007/s12028-017-0438-z

Aries, M. J., Elting, J. W., De Keyser, J., Kremer, B. P., and Vroomen, P. C. (2010). Cerebral autoregulation in stroke: a review of transcranial Doppler studies. Stroke 41, 2697–2704. doi: 10.1161/strokeaha.110.594168

Baker, W. B., Balu, R., He, L., Kavuri, V. C., Busch, D. R., Amendolia, O., et al. (2019). Continuous non-invasive optical monitoring of cerebral blood flow and oxidative metabolism after acute brain injury. J. Cereb. Blood Flow Metab. 39, 1469–1485. doi: 10.1177/0271678X19846657

Battisti-Charbonney, A., Fisher, J., and Duffin, J. (2011). The cerebrovascular response to carbon dioxide in humans. J. Physiol. 589, 3039–3048. doi: 10.1113/jphysiol.2011.206052

Brady, K., Joshi, B., Zweifel, C., Smielewski, P., Czosnyka, M., Easley, R. B., et al. (2010). Real-time continuous monitoring of cerebral blood flow autoregulation using near-infrared spectroscopy in patients undergoing cardiopulmonary bypass. Stroke 41, 1951–1956. doi: 10.1161/STROKEAHA.109.575159

Buckley, E. M., Parthasarathy, A. B., Grant, P. E., Yodh, A. G., and Franceschini, M. A. (2014). Diffuse correlation spectroscopy for measurement of cerebral blood flow: future prospects. Neurophotonics 1:011009. doi: 10.1117/1.NPh.1.1.011009

Bundo, M., Inao, S., Nakamura, A., Kato, T., Ito, K., Tadokoro, M., et al. (2002). Changes of neural activity correlate with the severity of cortical ischemia in patients with unilateral major cerebral artery occlusion. Stroke 33, 61–66. doi: 10.1161/hs0102.101816

Busch, D. R., Baker, W. B., Mavroudis, C. D., Ko, T. S., Lynch, J. M., Mccarthy, A. L., et al. (2020). Noninvasive optical measurement of microvascular cerebral hemodynamics and autoregulation in the neonatal ECMO patient. Pediatr. Res. 88, 925–933. doi: 10.1038/s41390-020-0841-6

Busch, D. R., Balu, R., Baker, W. B., Guo, W., He, L., Diop, M., et al. (2019). Detection of brain hypoxia based on noninvasive optical monitoring of cerebral blood flow with diffuse correlation spectroscopy. Neurocrit. Care 30, 72–80. doi: 10.1007/s12028-018-0573-1

Carp, S. A., Dai, G. P., Boas, D. A., Franceschini, M. A., and Kim, Y. R. (2010). Validation of diffuse correlation spectroscopy measurements of rodent cerebral blood flow with simultaneous arterial spin labeling MRI; towards MRI-optical continuous cerebral metabolic monitoring. Biomed. Opt. Express 1, 553–565. doi: 10.1364/BOE.1.000553

Cove, M. E. (2015). Disrupting differential hypoxia in peripheral veno-arterial extracorporeal membrane oxygenation. Crit. Care 19:280. doi: 10.1186/s13054-015-0997-3

Dankiewicz, J., Cronberg, T., Lilja, G., Jakobsen, J. C., Levin, H., Ullen, S., et al. (2021). Hypothermia versus normothermia after out-of-hospital cardiac arrest. N. Engl. J. Med. 384, 2283–2294.

Dar, I. A., Khan, I. R., Maddox, R. K., Selioutski, O., Donohue, K. L., Marinescu, M. A., et al. (2020). Towards detection of brain injury using multimodal non-invasive neuromonitoring in adults undergoing extracorporeal membrane oxygenation. Biomed. Opt. Express 11, 6551–6569. doi: 10.1364/BOE.401641

Debacker, J., Tamberg, E., Munshi, L., Burry, L., Fan, E., and Mehta, S. (2018). Sedation practice in extracorporeal membrane oxygenation-treated patients with acute respiratory distress syndrome: a retrospective study. ASAIO J. 64, 544–551. doi: 10.1097/MAT.0000000000000658

Delgado-Mederos, R., Gregori-Pla, C., Zirak, P., Blanco, I., Dinia, L., Marin, R., et al. (2018). Transcranial diffuse optical assessment of the microvascular reperfusion after thrombolysis for acute ischemic stroke. Biomed. Opt. Express 9, 1262–1271. doi: 10.1364/BOE.9.001262

Duckrow, R. B., Lamanna, J. S., and Rosenthal, M. (1981). Disparate recovery of resting and stimulated oxidative metabolism following transient ischemia. Stroke 12, 677–686. doi: 10.1161/01.str.12.5.677

Durduran, T., Choe, R., Baker, W. B., and Yodh, A. G. (2010a). Diffuse optics for tissue monitoring and tomography. Rep. Prog. Phys. 73:076701. doi: 10.1088/0034-4885/73/7/076701

Durduran, T., Zhou, C., Buckley, E. M., Kim, M. N., Yu, G., Choe, R., et al. (2010b). Optical measurement of cerebral hemodynamics and oxygen metabolism in neonates with congenital heart defects. J. Biomed. Opt. 15:037004. doi: 10.1117/1.3425884

Durduran, T., and Yodh, A. G. (2014). Diffuse correlation spectroscopy for non-invasive, micro-vascular cerebral blood flow measurement. NeuroImage 85, Part 1, 51–63. doi: 10.1016/j.neuroimage.2013.06.017

Durduran, T., Yu, G., Burnett, M. G., Detre, J. A., Greenberg, J. H., Wang, J., et al. (2004). Diffuse optical measurement of blood flow, blood oxygenation, and metabolism in a human brain during sensorimotor cortex activation. Opt. Lett. 29, 1766–1768. doi: 10.1364/ol.29.001766

Durduran, T., Zhou, C., Edlow, B. L., Yu, G., Choe, R., Kim, M. N., et al. (2009). Transcranial optical monitoring of cerebrovascular hemodynamics in acute stroke patients. Opt. Express 17, 3884–3902. doi: 10.1364/oe.17.003884

Foley, L. M., Iqbal O’meara, A. M., Wisniewski, S. R., Hitchens, T. K., Melick, J. A., Ho, C., et al. (2013). MRI assessment of cerebral blood flow after experimental traumatic brain injury combined with hemorrhagic shock in mice. J. Cereb. Blood Flow Metab. 33, 129–136. doi: 10.1038/jcbfm.2012.145

Giavarina, D. (2015). Understanding bland altman analysis. Biochem. Med. (Zagreb). 25, 141–151. doi: 10.11613/BM.2015.015

Giovannella, M., Andresen, B., Andersen, J. B., El-Mahdaoui, S., Contini, D., Spinelli, L., et al. (2020). Validation of diffuse correlation spectroscopy against (15)O-water PET for regional cerebral blood flow measurement in neonatal piglets. J. Cereb. Blood Flow Metab. 40, 2055–2065. doi: 10.1177/0271678X19883751

Girouard, H., and Iadecola, C. (2006). Neurovascular coupling in the normal brain and in hypertension, stroke, and Alzheimer disease. J. Appl. Physiol. (1985) 100, 328–335. doi: 10.1152/japplphysiol.00966.2005

He, L., Baker, W. B., Milej, D., Kavuri, V. C., Mesquita, R. C., Busch, D. R., et al. (2018). Noninvasive continuous optical monitoring of absolute cerebral blood flow in critically ill adults. Neurophotonics 5:045006. doi: 10.1117/1.NPh.5.4.045006

Hu, J., Chen, R., Liu, S., Yu, X., Zou, J., and Ding, X. (2016). Global incidence and outcomes of adult patients with acute kidney injury after cardiac surgery: a systematic review and meta-analysis. J. Cardiothorac. Vasc. Anesth. 30, 82–89. doi: 10.1053/j.jvca.2015.06.017

Inoue, A., Hifumi, T., Sakamoto, T., and Kuroda, Y. (2020). Extracorporeal cardiopulmonary resuscitation for out-of-hospital cardiac arrest in adult patients. J. Am. Heart Assoc. 9:e015291.

Jakkula, P., Pettila, V., Skrifvars, M. B., Hastbacka, J., Loisa, P., Tiainen, M., et al. (2018). Targeting low-normal or high-normal mean arterial pressure after cardiac arrest and resuscitation: a randomised pilot trial. Intensive Care Med. 44, 2091–2101. doi: 10.1007/s00134-018-5446-8

Kaloostian, P., Robertson, C., Gopinath, S. P., Stippler, M., King, C. C., Qualls, C., et al. (2012). Outcome prediction within twelve hours after severe traumatic brain injury by quantitative cerebral blood flow. J. Neurotrauma 29, 727–734. doi: 10.1089/neu.2011.2147

Kietaibl, C., Horvat Menih, I., Engel, A., Ullrich, R., Klein, K. U., and Erdoes, G. (2021). Cerebral microemboli during extracorporeal life support: a single-centre cohort study. Eur. J. Cardiothorac. Surg. 61, 172–179. doi: 10.1093/ejcts/ezab353

Kim, M. N., Durduran, T., Frangos, S., Edlow, B. L., Buckley, E. M., Moss, H. E., et al. (2010). Noninvasive measurement of cerebral blood flow and blood oxygenation using near-infrared and diffuse correlation spectroscopies in critically brain-injured adults. Neurocrit. Care 12, 173–180. doi: 10.1007/s12028-009-9305-x

Kloner, R. A., King, K. S., and Harrington, M. G. (2018). No-reflow phenomenon in the heart and brain. Am. J. Physiol. Heart Circ. Physiol. 315, H550–H562. doi: 10.1152/ajpheart.00183.2018

Lascarrou, J. B., Merdji, H., Le Gouge, A., Colin, G., Grillet, G., Girardie, P., et al. (2019). Targeted Temperature Management for Cardiac Arrest with Nonshockable Rhythm. N. Engl. J. Med. 381, 2327–2337.

Mesquita, R. C., Durduran, T., Yu, G., Buckley, E. M., Kim, M. N., Zhou, C., et al. (2011). Direct measurement of tissue blood flow and metabolism with diffuse optics. Philos. Trans. A Math. Phys. Eng. Sci. 369, 4390–4406. doi: 10.1098/rsta.2011.0232

Migdady, I., Rice, C., Uchino, K., and Cho, S. (2019). Neurological outcomes of extracorporeal cardiopulmonary resuscitation (ECPR): a systematic review. Neurology 92:S2.009.

Montgomery, D., Brown, C., Hogue, C. W., Brady, K., Nakano, M., Nomura, Y., et al. (2020). Real-time intraoperative determination and reporting of cerebral autoregulation state using near-infrared spectroscopy. Anesth. Analg. 131, 1520–1528. doi: 10.1213/ANE.0000000000004614

Nezami, F. R., Khodaee, F., Edelman, E. R., and Keller, S. P. (2021). A computational fluid dynamics study of the extracorporeal membrane oxygenation-failing heart circulation. ASAIO J. 67, 276–283. doi: 10.1097/MAT.0000000000001221

Nielsen, N., Wetterslev, J., Cronberg, T., Erlinge, D., Gasche, Y., Hassager, C., et al. (2013). Targeted temperature management at 33 degrees C versus 36 degrees C after cardiac arrest. N. Engl. J. Med. 369, 2197–2206. doi: 10.1177/2048872619870031

Ohshima, M., Tsuji, M., Taguchi, A., Kasahara, Y., and Ikeda, T. (2012). Cerebral blood flow during reperfusion predicts later brain damage in a mouse and a rat model of neonatal hypoxic-ischemic encephalopathy. Exp. Neurol. 233, 481–489. doi: 10.1016/j.expneurol.2011.11.025

Papademetriou, M., Tachtsidis, I., Elliott, M. J., Hoskote, A., and Elwell, C. E. (2013). Wavelet cross-correlation to investigate regional variations in cerebral oxygenation in infants supported on extracorporeal membrane oxygenation. Adv. Exp. Med. Biol. 765, 203–209. doi: 10.1007/978-1-4614-4989-8_28

Papademetriou, M. D., Tachtsidis, I., Elliot, M. J., Hoskote, A., and Elwell, C. E. (2012). Multichannel near infrared spectroscopy indicates regional variations in cerebral autoregulation in infants supported on extracorporeal membrane oxygenation. J. Biomed. Opt. 17:067008. doi: 10.1117/1.JBO.17.6.067008

Parthasarathy, A. B., Gannon, K. P., Baker, W. B., Favilla, C. G., Balu, R., Kasner, S. E., et al. (2018). Dynamic autoregulation of cerebral blood flow measured non-invasively with fast diffuse correlation spectroscopy. J. Cereb. Blood Flow Metab. 38, 230–240. doi: 10.1177/0271678X17747833

Patel, M., Altshuler, D., Lewis, T. C., Merchan, C., Smith, D. E. III, Toy, B., et al. (2020). Sedation requirements in patients on venovenous or venoarterial extracorporeal membrane oxygenation. Ann. Pharmacother. 54, 122–130. doi: 10.1177/1060028019877806

Peberdy, M. A., Callaway, C. W., Neumar, R. W., Geocadin, R. G., Zimmerman, J. L., Donnino, M., et al. (2010). Part 9: post-cardiac arrest care: 2010 american heart association guidelines for cardiopulmonary resuscitation and emergency cardiovascular care. Circulation 122, S768–S786. doi: 10.1161/CIRCULATIONAHA.110.971002

Pietrangelo, S. J., Lee, H. S., and Sodini, C. G. (2018). A wearable transcranial doppler ultrasound phased array system. Acta. Neurochir. Suppl. 126, 111–114. doi: 10.1007/978-3-319-65798-1_24

Prodhan, P., Fiser, R. T., Cenac, S., Bhutta, A. T., Fontenot, E., Moss, M., et al. (2010). Intrahospital transport of children on extracorporeal membrane oxygenation: indications, process, interventions, and effectiveness. Pediatr. Crit. Care Med. 11, 227–233. doi: 10.1097/PCC.0b013e3181b063b2

Provencio, J. J., Hemphill, J. C., Claassen, J., Edlow, B. L., Helbok, R., Vespa, P. M., et al. (2020). The curing coma campaign: framing initial scientific challenges-proceedings of the first curing coma campaign scientific advisory council meeting. Neurocrit. Care 33, 1–12. doi: 10.1007/s12028-020-01028-9

Rikhraj, K. J. K., Wood, M. D., Hoiland, R. L., Thiara, S., Griesdale, D. E. G., and Sekhon, M. S. (2021). Determining optimal mean arterial pressure after cardiac arrest: a systematic review. Neurocrit. Care 34, 621–634. doi: 10.1007/s12028-020-01027-w

Russo, J. J., Di Santo, P., Simard, T., James, T. E., Hibbert, B., Couture, E., et al. (2018). Optimal mean arterial pressure in comatose survivors of out-of-hospital cardiac arrest: An analysis of area below blood pressure thresholds. Resuscitation 128, 175–180. doi: 10.1016/j.resuscitation.2018.04.028

Russo, J. J., James, T. E., Hibbert, B., Yousef, A., Osborne, C., Wells, G. A., et al. (2017). Impact of mean arterial pressure on clinical outcomes in comatose survivors of out-of-hospital cardiac arrest: insights from the university of ottawa heart institute regional cardiac arrest registry (CAPITAL-CARe). Resuscitation 113, 27–32. doi: 10.1016/j.resuscitation.2017.01.007

Sandroni, C., Dell’anna, A. M., Tujjar, O., Geri, G., Cariou, A., and Taccone, F. S. (2016). Acute kidney injury after cardiac arrest: a systematic review and meta-analysis of clinical studies. Minerva. Anestesiol. 82, 989–999.

Sato, K., Shimizu, H., Inoue, T., Fujimura, M., Matsumoto, Y., Kondo, R., et al. (2014). Angiographic circulation time and cerebral blood flow during balloon test occlusion of the internal carotid artery. J. Cereb. Blood Flow Metab. 34, 136–143. doi: 10.1038/jcbfm.2013.176

Schmidt, J., Brown, K. E., Feldman, S. J., Babul, S., Zwicker, J. G., and Boyd, L. A. (2021). Evidence of altered interhemispheric communication after pediatric concussion. Brain Inj. 35, 1143–1161. doi: 10.1080/02699052.2021.1929485

Sekhon, M. S., Gooderham, P., Menon, D. K., Brasher, P. M. A., Foster, D., Cardim, D., et al. (2019). The burden of brain hypoxia and optimal mean arterial pressure in patients with hypoxic ischemic brain injury after cardiac arrest. Crit. Care Med. 47, 960–969. doi: 10.1097/CCM.0000000000003745

Selb, J., Wu, K. C., Sutin, J., Lin, P. I., Farzam, P., Bechek, S., et al. (2018). Prolonged monitoring of cerebral blood flow and autoregulation with diffuse correlation spectroscopy in neurocritical care patients. Neurophotonics 5:045005.

Shoskes, A., Migdady, I., Rice, C., Hassett, C., Deshpande, A., Price, C., et al. (2020). Brain injury is more common in venoarterial extracorporeal membrane oxygenation than venovenous extracorporeal membrane oxygenation: a systematic review and meta-analysis. Crit. Care Med. 48, 1799–1808. doi: 10.1097/CCM.0000000000004618

Stevens, M. C., Callaghan, F. M., Forrest, P., Bannon, P. G., and Grieve, S. M. (2017). Flow mixing during peripheral veno-arterial extra corporeal membrane oxygenation - a simulation study. J. Biomech. 55, 64–70. doi: 10.1016/j.jbiomech.2017.02.009

Sundgreen, C., Larsen, F. S., Herzog, T. M., Knudsen, G. M., Boesgaard, S., and Aldershvile, J. (2001). Autoregulation of cerebral blood flow in patients resuscitated from cardiac arrest. Stroke 32, 128–132. doi: 10.1161/01.str.32.1.128

Thomas, J., Kostousov, V., and Teruya, J. (2018). Bleeding and thrombotic complications in the use of extracorporeal membrane oxygenation. Semin. Thromb. Hemost. 44, 20–29. doi: 10.1055/s-0037-1606179

Van Den Brule, J. M. D., Van Der Hoeven, J. G., and Hoedemaekers, C. W. E. (2018). Cerebral perfusion and cerebral autoregulation after cardiac arrest. Biomed. Res. Int. 2018, 4143636. doi: 10.1155/2018/4143636

Verdecchia, K., Diop, M., Lee, A., Morrison, L. B., Lee, T. Y., and St Lawrence, K. (2016). Assessment of a multi-layered diffuse correlation spectroscopy method for monitoring cerebral blood flow in adults. Biomed. Opt. Express 7, 3659–3674. doi: 10.1364/BOE.7.003659

Wang, Z., Zhang, M., Sun, C., Wang, S., Cao, J., Wang, K. K. W., et al. (2021). Single mild traumatic brain injury deteriorates progressive interhemispheric functional and structural connectivity. J. Neurotrauma 38, 464–473. doi: 10.1089/neu.2018.6196

Zweifel, C., Lavinio, A., Steiner, L. A., Radolovich, D., Smielewski, P., Timofeev, I., et al. (2008). Continuous monitoring of cerebrovascular pressure reactivity in patients with head injury. Neurosurg. Focus 25:E2. doi: 10.3171/FOC.2008.25.10.E2


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Johnson, Dar, Donohue, Xu, Santiago, Selioutski, Marinescu, Maddox, Wu, Schifitto, Gosev, Choe and Khan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cerebral Blood Flow Hemispheric Asymmetry in Comatose Adults Receiving Extracorporeal Membrane Oxygenation



		INTRODUCTION



		MATERIALS AND METHODS



		Patient Recruitment



		Experimental Design



		Cerebral Autoregulation Asymmetry Analysis



		Clinical Characteristics



		Cerebral Autoregulation Asymmetry vs. Comatose Status



		Statistical Analysis







		RESULTS



		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

Cerebral Blood Flow
Hemispheric Asymmetry
in Comatose Adults Receiving
Extracorporeal Membrane
Oxygenation





OPS/images/fnins-16-858404-g006.jpg
A pCO,, from PostOxy B

pCO2 from ABG

Comatose R:0.22
Non-comatose R:0.53

40 - 40 -
Comatose R:0.91
Non-comatose R:0.60
— 301 30
o~
o
2*— 20 - 20 -
7 2
< a2
10 o 10 -
A
0 | 1 1 1 | 1 ] 0
10 20 30 40 50 60 70 80 10
pCO, (mmHg)
C . D

pH from PostOxy

20 30 40 50 60 70 80
pCO2 (mmHg)

pH from ABG

40 40 ’
Comatose R:-0.89 Comatose R:0.24
Non-comatose R:-0.26 Non-comatose R:-0.03
§ 30 i ” @ 0 | /
"
< 207 v 20 ¢ .
‘>’; A2 - A A
< 10 B A = 4 10 L y Y A
A A - A A
0 I | | 1 1 | 0 1 | 1 | | |
7.3 7.35 7.4 7.45 1.5 1.59 76 7.3 7.35 7.4 7.45 1.5 1.09 7.6
pH (mmolL/L) pH (mmolL/L)





OPS/images/fnins-16-858404-g005.jpg
30 40

20
Average between TCD and DCS Asymmetry (%)

] 1
] 1
1 1
] 1
] 1
] ]
@ : :
] 1
1 1
] 1
1 1
1 1
] 1
1 1
] 1
] 1
] 1
1 1
1 1
1 1
| "
] ° 1
o 1 1
£ 1 a d "
o ' “
o + ° : 3
(= Y o o 1
] 1
Py | WA 5
1 0% b © Ond | 1
" o " o & o o9 “
" € 8% ooooo "
" o %?ooo 0% “
1 (/] o (o] 1
I ' < o 1
I o I
] 1
1 1
L 1 1 1 1 | 1 L1 L 1
o o o o o o o [ o o o
0 < M N L - o @ | %
(%) AlzewwAsy §9(Q pue o)L usamiyaq asuasayiq
dVIN
(%) 7" Adg24V|
o wn (=] n (=] n o
<t ™ (+p] oN N — ~— (o] oo
T T T T (5 T &,
_LVI b, o
L o Ao e, x
= X
Q —
o P MR e g
e T
x..:.:wn -

, T |
- wzoo -
g %
lj = 'x
o) X
@ PV

I X&.uul‘% ’ %

_@=x
2
IR ...
_ =
Puwsssaus at
g ik e =y 1S 0

o 0 o 0 o 0 o 0 o®

< (3p] (a2 ] o N L o —

dVIN
(%) |77 " 4g4v|

35

25

15

10

MAP (mmHg)





OPS/images/fnins-16-858404-e002.jpg
| ATCBFVvap (MAP))| = |rCBFVeq (MAP;) —rCBFV sgn,

(MAP)|, i=1,2,..N ()







OPS/images/fnins-16-858404-g004.jpg
Subject 1
Subject 2
Subject 3
Subject 4

* Subject 5

Subject 6
Subject 7
Subject 8
Subject 9
Subject 10
Subject 11
Subject 12
Subject 13

Non-Comatose [GCS-M>5]

Comatose [GCS-M<4]







OPS/images/fnins-16-858404-g003.jpg
|ArBF ol (%) |ATBF, ol (%)  |ArBF, .| (%)

|A rBF, ol (%)

100

50

100

50

100

50

100

50

Subject 1

|——Day 1: 7.44%|
AT T
60 80 100 120
Subject 5

60

M_

|——Day 5: 6.49%|

80 100 120

Subject 9

'——Day 1: 18.52%)|

P

60 80 100 120
Subject 13
|——Day 3: 29.94%
60 80 100 120

MAP

100

50

100

50

0

100

50

120

Subject 2

|——Day 5: 12.45%|

60 80 100

Subject 6

120

\——Day 1: 9.58%|

et N

60 80 100

Subject 10

120

|——Day 5: 13.83%|

60 80 100
MAP

100

50

100

50

0

100

50

Subject 3
|——Day 11: 13.29%|
60 80 100 120
Subject 7
|——Day 4: 7.95%|
e N ¥
60 80 100 120
Subject 11
[—*—Day - 28.05%|
60 80 100 120
MAP

100

50

100

50

100

50

Subject 4
|——Day 5: 10.55%|
60 80 100 120
Subject 8
|——Day 2: 38.42%|
60 80 100 120
Subject 12
|——Day 2: 11.54%|
60 80 100 120
MAP





OPS/images/fnins-16-858404-e000.jpg
1,2,..N (1)

| ArBFyiap (MAP)| = [rBFje (MAP;) —rBE gy, (MAP;)

i






OPS/images/fnins-16-858404-g002.jpg
| |
o ]
! 1
(&] 1
LA .-
2 :
- '
w
OUOTMN™
(18]
— "
b 1
© .
-pl '
o) :
- '
n "
OUOTMN ™
10J0N-S D9
<

120

~ * @ 1~ =
1
1
\
\
\
i ...m -
\ 4 Q@
\ -—
\
/
n (To] /
/ o
/ (o))
2\
<
o \
// o
\ 0
/
1 ™ \
\
\
\
\
\ o
// N~
® N \
\
\
\
\
/ o
- = % ©
\
\
\
\
\
\
| / I 0
o o o o o o\
<t N o wn
o IR
m
/ | L
/
/
/
/
/
~ N~ / =
7/ b gl
P L
/
\
1 © \
/ o
/ =)
\ i
/
/
/
nH wn /
4 1
\ Q
\ o
«F /
o/
/
o
s\ o0
-1 ) \
/
/
/
/
\ Q
/ M~
AN
/
/
4
()
| g * - ©
S L = _ o
T
o o o o o o
<t N & o)
494 il
(%) ~" INASY dVIN
()
) w (%) 77494V

MAP (mmHg)

MAP (mmHg)





OPS/images/fnins-16-858404-e001.jpg
N
1
ASYMpp = N Z |ArBFyap (MAPY)|, i = 1,2,...N (2)






OPS/images/fnins-16-858404-g001.jpg
>

= 200
100

rBF (%

0

N
o
o

9]
o

I

O MAP (mmHg) @
o

200

150
LL
m 100
e

50|

60

80 100 120
MAP (mmHg)

3
Hour

—e—Right Hemisphere
—e—|_eft Hemisphere

60

80 100 120
MAP (mmHg)

m

|ABF | (%)

100

80|

60

40 |

20|

ASYM BF- 7.44%

60 80 100 |

20
MAP (mmHg)





OPS/images/fnins-16-858404-t002.jpg
Subject Monitoring Cumulative sedation ABG ECMO circuitry
duration (hours)

Fentanyl Dilaudid Precedex  Propofol Versed Lactate pCO; Pre-oxy pCO; Post-oxy
(mcg/kg) (mg/kg) (mcg/kg) (mcg/kg) (mg/kg) (mmol/L) (mmHg) (mmHg) pCO, (mmHg)

8 2.38 229.2 0 2.4 0 0 1.5 31 61 50

9 2.45 183.8 0 0 0 9.8 3.9 28 39 29

11 1.82 230.4 0 0 R 0 1.2 40 43 35

18 22 Ziller 0 1.3 0 0 it 43 53 47

1 6.12 359.2 0 0 0 0 3.3 33 34 26

2 2.65 0 0 0 0 0 1.3 36 50 45

3 217 0 3.3 1.7 325 0 2.3 35 4 36

4 1.60 0 0 0 0 0 11 34 4 36

5 4.30 716.3 0 3.0 0 0 1.3 39 47 41

6 2.73 267.9 0 1.4 0 0 2.0 33 28 35

7 1.82 26.3 0 0 0 3.6 1.5 25 36 36

10 2.08 0 14.8 3.1 0 18.2 0.7 67 67 57

12 1.82 0 0 0 0 0 0.4 36 49 41

Sedation values are the cumulative amount during monitoring period. Shaded rows indicate patients that were defined as comatose. ABG, arterial blood gas. Pre- and
post-oxy indicate blood drawn from pre and post oxygenator of the ECMO machine.
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Shaded rows indicate patients that were defined as comatose.

LOS, length of stay; SOFA, Sequential Organ Failure Assessment; ARDS, acute respiratory distress syndrome; CA, cardiac arrest; CS, cardiogenic shock; VA, venoarterial;, VV, venovenous; GCS-M, Glasgow Coma
Scale Motor score; N/A, not applicable; FA, femoral-axillary; FF, femoral-femoral; FJ, femoral-jugular.

1Two cannula (femoral and jugular) returning oxygenated blood to patient from two separate oxygenators.





OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





