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Abstract
Implementing endovascular stroke care often impedes neurological assessment in patients who need sedation or general anesthesia. Cerebral near-infrared spectroscopy (NIRS) may help physicians monitor cerebral tissue viability, but data in hyperacute stroke patients receiving endovascular treatment are sparse. In this observational study, the NIRS index regional oxygen saturation (rSO2) was measured noninvasively before, during, and after endovascular therapy via bilateral forehead NIRS optodes. During the study period, 63 patients were monitored with NIRS; 43 qualified for analysis. Before recanalization, ten distinct rSO2 decreases occurred in eleven patients with respect to time to intubation. During recanalization, two kinds of unilateral rSO2 changes occurred in the affected hemisphere: small peaks throughout the treatment (n=14, 32.6%) and sustained increases immediately after recanalization (n=2, 4.7%). Lower Area-Under-Curve 10% below baseline was associated with better reperfusion status (Thrombolysis in cerebral infarction ≥ 2b, p=0.009). At the end of the intervention, lower interhemispheric rSO2 difference predicted death within 90 days (p=0.037). After the intervention, higher rSO2 variability predicted poor outcome (modified Rankin Scale > 3, p=0.032). Our findings suggest that bi-channel rSO2-NIRS has potential for guiding neuroanesthesia and predicting outcome. To better monitor local revascularization, an improved stroke-specific set-up in future studies is necessary.

Introduction
In acute ischemic stroke, neurointerventionalists are increasingly employing endovascular procedures to treat intracranial large vessel occlusion ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
1-3
. General anesthesia or other sedation facilitates implementation of the endovascular procedure, but may be harmful ADDIN EN.CITE.DATA 


4, 5 ADDIN EN.CITE . Importantly, it impedes the repeated clinical assessment of patients ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
6
. Therefore, it would be desirable to establish a periprocedural means of monitoring the viability of brain tissue at the bedside.
Near-infrared light can penetrate the human skull and––using methods of spectroscopy (NIRS)––provides noninvasive access to determine regional oxygen saturation (rSO2) of the brain. This derived index reflects about 70% venous and 30% arterial cortical blood, but varies considerably between individuals and due to extracerebral signal contribution 7, emphasizing that relative changes rather than absolute values are of interest ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
8-11
.
NIRS-guided cerebral oximetry is associated with regional cerebral perfusion and/or oxygenation in tissue underlying the optodes ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
12-14
. However, this concept has only gained little attention in stroke 15. So far, the small observational studies investigated NIRS predominantly in the subacute phase of ischemic stroke ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
16-24
. In contrast, only three patients have been examined during the hyperacute phase of stroke 25, when the infarct core has not yet been determined and viable tissue is still present. 

We aimed to determine whether rSO2 measured by NIRS can help clinicians monitor those patients receiving endovascular treatment for acute ischemic stroke caused by major intracranial vessel occlusion. In detail, we investigated whether rSO2 (1) reflects relevant circulation and respiration disorders, (2) reflects local reperfusion, and (3) predicts the patients’ outcome.
Methods
Study design, setting, and recruitment:

This study was approved by an independent ethics committee and consent was waived since only routine monitoring parameters were analyzed in a purely observational fashion (University of Heidelberg, Medical Faculty, Ethics Committee, ID S-189/2013). Patients were eligible if they were suffering from acute ischemic stroke caused by large intracerebral vessel occlusion in the anterior cerebral circulation and were designated to receive endovascular treatment. Data were collected at the stroke center of the Heidelberg University. In a run-in phase of 6 months we adapted to the new technology and handling the device, gained experience, and implemented NIRS into our standard operating procedure (SOP) for periinterventional management of ischemic stroke patients. From July 2010 to July 2012 patients who were admitted (95% of all patients) were enrolled prospectively (5% run-in phase). A flow chart displays patient recruitment (Figure 1).
Endovascular treatment was performed under general anesthesia after intubation (using etomidate and fentanyl, then maintained by propofol and remifentanil). Mechanical ventilation (Primus®, Dräger, Drägerwerk AG & Co. KGaA, Lübeck, Germany) during the procedure was pressure-controlled, targeting physiological levels of arterial blood gases (PaO2 80-110mmHg, PaCO2 35-45mmHg). After the intervention, patients were transferred to the neurocritical care unit, extubated as soon as feasible, and further managed according to international standards of ischemic stroke management ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
26
.
Data acquisition
The NIRS signal was acquired noninvasively by using forehead adhesives that were placed on the upper outer forehead, as close to the hairline as possible without prior shaving. Optodes were connected to the NIRS device INVOS 5100 ® (Somanetics Corp, Detroit, MI). Being aware of the spatial limitation of NIRS in general 15, we aimed at a signal over the crucial border zone between the middle and anterior cerebral arteries territories. As reported previously ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
27
, this location may have potential for NIRS––emphasizing that blood flow is redirected using important anastomotic channels. We hypothesized that it enhances the possibility of NIRS covering penumbral tissue instead of covering “only” viable tissue (in case of positioning above non-affected anterior cerebral artery). In addition, it may not only reflect perfusion changes in tissue directly beneath the optode, but also capture upstream changes. Sampling rate was 0.03 Hz. 
NIRS monitoring was started as early as possible and continued until patients were extubated or until six hours after the intervention (whatever came first). Blood pressure, peripheral oxygen saturation (SpO2), heart rate, and electrocardiography were monitored every 5 to 15 min (Dräger Medical Systems, Infinity Delta ®).
Neuroimaging data were derived from the image archiving and communicating system (computed tomography [CT], magnetic resonance imaging [MRI], and digital subtraction angiography, respectively). We analyzed images from the CT and MR perfusion studies to examine whether NIRS optodes were overlying a presumably hypoperfused area. If perfusion could not be detected (n=24), we examined on follow-up neuroimaging studies whether the infarct was located in the proximity of the optodes. A binary variable indicated the alleged presence (status = 1) or absence (status = 0) of hypoperfusion of the tissue underneath the NIRS optodes. Reperfusion at the end of intervention was measured by the thrombolysis in cerebral infarction (TICI) score ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
28
. We considered a TICI score ≥2b to indicate a successful reperfusion and dichotomized at that cut-off for analysis. Carotid-T occlusions are known to correlate with a worse probability of reperfusion, and therefore a binary variable indicating presence of carotid-T occlusion served as confounder in our regression analysis.

Data quality and data preparation
One investigator (C.H.) assessed the data quality. If more than 80% of the NIRS readings in the corresponding, affected hemisphere were available, the data from the respective patients were included in the analysis. Vital signs and time of predefined events, including endotracheal intubation, recanalization, and extubation, were synchronized with the NIRS reading (Figure 2B). 
Analysis 
Two types of analyses were performed.
(A) Descriptive analysis
We inspected the NIRS curves, categorizing three predefined time periods– before, during, and after the intervention–with defined events of intubation, recanalization, and extubation. In each time period for each patient, data were assessed for correlations between rSO2 changes and events and for correlations between rSO2 and blood pressure, oxygen saturation, and ventilation. Special emphasis was placed on detecting unilateral alterations of rSO2. Data are presented descriptively by counts and percentages for the number of available readings and the number of detected events. To further determine whether unilateral findings were influenced by known limitations of NIRS, we correlated them with the alleged absence or presence of NIRS covering a hypoperfused tissue and with the skull thickness of the patients.
(B) Correlation analysis
Baseline rSO2 readings were averaged over the first 5 minutes from the start of monitoring. Area under the curve 10% below baseline (AUC10%) was calculated for the duration of the intervention as a marker of decrease in cerebral oxygenation over time. Previous studies that evaluated rSO2 AUC used a 20% reduction from baseline ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
29
. However, those studies investigated patients undergoing heart or abdominal surgery, in whom changes in hemodynamics are often greater. As only smaller local changes in deoxygenation were expected, we chose a 10% reduction from baseline. The concept of interhemispheric rSO2 difference has been employed before ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
16, 23
. We calculated interhemispheric rSO2 differences before and after the intervention as the difference in the averaged 5-minute rSO2 values of the affected hemisphere minus values in the nonaffected hemisphere, yielding positive or negative values. As a new index, average successive rSO2 variability (ASVrSO2-aff) was introduced and calculated for rSO2 values of the affected hemisphere as follows: 
[image: image1.png]



where N denotes the number of valid 30-second rSO2 values corresponding to each patient (similar to reported blood pressure variability 30). We chose the period after revascularization for this analysis because patients are physiologically more stable than during the intervention. 
RSO2 values correlate with major blood pressure changes as demonstrated in cardiothoracic surgery 11. Arterial vessels only contribute 20-30% to the cortical rSO2 signal 31, extracerebral skin blood flow contaminates this signal 7 and cerebral autoregulation usually stabilizes cerebral blow flow over a wide range of cerebral perfusion pressure, although this can be impaired in patients with acute ischemic stroke. Therefore, we expected only changes in mean arterial pressure (MAP) as great as at least 30 mm Hg within up to 20 minutes to be reflected by NIRS. We analyzed the correlation of ∆ MAP with ∆ rSO2 using Spearman rank test to confirm this known correlation in our sample.

Functional outcome as measured by modified Rankin Scale (mRS) was obtained at 90 days after stroke by an independent mRS-certified physician. Owing to the relatively small sample size, we chose two dichotomizations for statistical analysis: poor functional outcome (mRS>3) and death (mRS>5). As a secondary, short-term outcome we analyzed the National Institutes of Health Stroke Scale (NIHSS) score at discharge for correlations with the ASV using Spearman rank test.
We used SPSS (Version 21, SPSS Inc.), Graphpad Prism (Version 6, GraphPad Software, Inc., USA) and R (A language and environment for statistical computing, Vienna, Austria) for statistical analysis. For non-normal distributions of continuous variables Mann-Whitney-U test was applied, for categorical distributions the Fisher’s Exact test. A p-value ≤ 0.05 was considered significant. Binomial regression included a maximum of three adjusting confounders and a Firth correction algorithm was chosen to avoid overfitting 32. To improve internal validity and for more robust confidence intervals, we performed bootstrapping based on 9999 samples. Regression analyses were considered exploratory. We present results as common odds ratios and 95% confidence intervals. 
RESULTS
Patient characteristics

Of 522 stroke patients admitted during the study period, 32.8% received endovascular treatment. Of these 171 patients, NIRS monitoring was performed in 63, of whom 43 qualified for analysis (Figure 1). Patients had a mean age of 73 and were severely affected by stroke as determined by a median National Institutes of Health Stroke Scale Score (NIHSS) of 19 (IQR 15, 20.3). Sex was nearly equally distributed (48.8% females). Further baseline characteristics of the patients, surrogate outcomes, and functional outcomes at day 90 after stroke are presented (Table 1). 
Descriptive analysis of curves of regional oxygen saturation (A) 
Before the intervention
In eleven patients (25% of analyzed patients) the NIRS monitoring period included the intubation procedure. In ten of those patients (90.9%) rSO2 bilaterally decreased during the intubation period by a median of 15 absolute points (interquartile range: 13.3, 19; min: 10, max: 68, Figure 3A); mean arterial pressure (n=10) decreased in the median by 25.5 mmHg (interquartile range: 18.25–30.75). During intubation, pulse oximetry showed poor signal quality in six of eleven patients; the remaining five presented normal values (SpO2 ≥ 95%). Median heart rate (n=9) decreased by 10 beats per minute (interquartile range: 3–17). For individual patient data, please see Supplemenary Table I. During the preparation period we did not notice any relevant unilateral, event-related change in the NIRS signal. 

During the intervention
Data from all patients included in the analysis were available (n=43). We observed two different unilateral patterns over the affected hemisphere: rSO2 peaks and steady, sustained increases in rSO2. Fourteen patients (32.6%) showed rSO2 peaks (median 5-point absolute rSO2 increase, interquartile range 4–6) throughout the whole intervention; half of the patients had more than one rSO2 peak, and up to four (Figure 4A). The presence of rSO2 peaks during the intervention was not associated with the NIRS optode localization above hypoperfused tissue (p>0.999) or with the influence of skull thickness (U = 175, Z = -.713, p = .476). Two patients (4.7%) showed a steady, sustained increase that started directly after successful recanalization (Figure 4B). One patient showed severe bilateral rSO2 decreases while requiring pharmacological resuscitation (using norepinephrine, amiodarone, and atropine) during the revascularization procedure (Figure 4C). 
After the intervention

In seven patients (16.3% of all analyzed patients) NIRS monitoring was performed during extubation. Most other patients either underwent further necessary procedures, such as hemicraniectomy, or timely extubation was not feasible due to insufficient spontaneous breathing. Associated with extubation, six patients (85.7%) showed bilateral rSO2 increases (median 8-point absolute rSO2 increase, interquartile range 5.5, 9) (Figure 3B). One patient experienced two sequential episodes with a sudden loss of positive end-expiratory pressure (PEEP from 5 to 1 and 5 to 3), corresponding rSO2 readings showing a drop by 31 and 11 absolute points (Figure 3C). We did not notice any relevant unilateral, event-related change in the NIRS signal.
Correlation analysis of indices of regional oxygen saturation (B)
Regional oxygen saturation and mean arterial blood pressure

Twenty-six patients (60.5%) experienced at least one substantial change in mean arterial pressure; we found 55 samples that showed a significant association between ∆ MAP and ∆ rSO2 (Spearman’s ρ = .289, p = 0.032, Supplementary Figure I).
Area under Curve 10 % below baseline and reperfusion
AUC10% of rSO2 values in the corresponding, affected hemisphere was available for all patients (n=43). Patients in whom reperfusion was successful had a lower median AUC10% than patients in whom it was not (TICI≥2b: 0.0 vs TICI<2b: 15.03, U = 135.5, Z = -2.323, p = .02, r = -.52; Figure 5A). Binomial regression analysis adjusting for the confounders baseline NIHSS and presence of a carotid-T occlusion suggested AUC10% as an independent negative predictor of successful reperfusion (odds ratio 0.998, 95% confidence interval 0.996–1.000, p = 0.023, Supplementary Table II).
Interhemispheric difference in regional oxygen saturation and mortality at day 90
Median rSO2|diff at the beginning of the intervention (n=43) was nonsignificantly different in patients who died by day 90 compared to those who survived (mRS6: 18.04, mRS0-5: 22.38, U = 143.5, Z = -1.079, p = .281, r = -.169). 
Median rSO2|diff at the end of the intervention (n=43) showed significantly lower absolute values in patients who died by day 90 compared to those who survived (mRS6: -1.35, mRS0-5:  2.1, U = 113, Z = -2.09, p = .037, r = -.326, Figure 5B). Binomial regression analysis to predict death at day 90 and adjusting for confounders of death (age, baseline NIHSS) revealed lower values of end-intervention rSO2|diff as an independent predictor (rSO2|diff odds ratio 0.144 95% confidence interval 0.027–0.618, p = 0.008, Supplementary Table III). 

Variability in regional oxygen saturation and functional outcome at day 90
Assessing average, successive variability of rSO2 (ASVrSO2) during the complete 6h-period after intervention, a median time period per patient of 349 min was registered for 38 patients (interquartile range 304, 367). Variability in rSO2 was significantly lower in patients in whom functional outcome was poor (ASVrSO2 = 0.557) than in patients with acceptable functional outcome (ASVrSO2 = 0.717), U = 97, Z = -2.149, p = .032, r = -.38, Figure 5C). Binomial regression analysis to predict poor functional outcome at 90 days, adjusting for the confounder age and NIHSS, revealed ASVrSO2 as a significant, independent predictor (odds ratio 0.06, 95% confidence interval 0.002–0.948, p = 0.046, Supplementary Table IV). Patients who died within 90 days after stroke had lower median variability scores (ASVrSO2 = 0.542) than patients who survived (ASVrSO2 = 0.69); however, this was not significant (U = 117, Z = -1.543, p = .123, r = -.25). The NIHSS at discharge (as a surrogate short-term outcome measure) correlated negatively with the ASVrSO2 –– patients with lower ASVrSO2 (measured after the intervention) scored higher on the NIHSS (Spearman’s ρ = -.434, p = 0.006, Supplementary Figure II), i.e. remained more severely affected.
Discussion

In this study, regional cerebral oxygen saturation measured by NIRS reflected systemic disorders of circulation and respiration. The ability to monitor local revascularization appeared limited, though. rSO2 indices served as a composite measure for predicting outcome. 
In part A of our analysis (descriptive NIRS curve analysis), we found rSO2 decreases reflecting >90% of recorded intubations, a detrimental rSO2 course in a patient undergoing pharmacological resuscitation, and two episodes of respirator failure-associated rSO2 decreases (in one patient). In a randomized trial on cardiac surgery, Murkin demonstrated almost a decade ago that cardiac patients benefited when management was guided by NIRS ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
29
. There, rSO2 convincingly reflected systemic circulation disorders (e.g., caused by misplacing cannulas in aortic branches). In acute stroke treatment, such guidance is not nearly as advanced, although it would be highly desirable to establish whether brain tissue is viable. One study examining nine awake patients on the stroke unit found NIRS to respond well to hypotension and desaturation ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
24
. Another study investigating sleep-disordered breathing of subacute stroke also reported that NIRS could identify profound deoxygenation 33. In more severely affected patients requiring hemicraniectomy, the authors described NIRS as an aid in judging events such as cardiopulmonary resuscitation or herniation ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
23
. To this body of knowledge, our present study adds that––in hyperacute ischemic stroke patients undergoing endovascular treatment––NIRS-derived rSO2 reflects major systemic changes in circulation and respiration. 
Furthermore, we observed small unilateral rSO2 peaks in one third of patients throughout the whole intervention over the affected hemisphere. 

Wolf et al. 1997 , investigating NIRS in focal cerebral ischemia of the rat, co-registered a differential voltage potential by a calomel electrode and found “NIRS fingerprints of peri-infart depolarization (PID)” ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
34
. Originating from the border of the infarct core, these depolarizations typically spread over the whole hemisphere ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
35
 and evoke an increased local blood flow in viable tissue and a suppressed or even reversed one in penumbral tissue ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
35
. The morphology of peaks and their duration (see Figure 4 in ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
34
) appear similar to the rSO2 peaks in our observations; however, a different NIRS device was used and the large sampling volume in our study may not be ideal to capture PIDs. We did not perform EEG at the same time; therefore, we do not know whether the observed finding originates from PIDs. Other putative explanations for the small peaks observed may include recovered patency of small vessel by procedural steps, introduction of catheter devices, or manipulation thereof, the influence of intravenous (67.4%) and intraarterial (18.6%) recombinant tissue plasmin activator, and the influences of NIRS limitations – for example extracerebral skin blood or ambient light. To further investigate and elucidate this interesting finding, a co-registered EEG-NIRS approach (preferably multichannel) including a synchronized correction of NIRS influencing factors–primarily blood pressure,  carbon dioxide, and skin blood flow–is needed in future studies.
We observed a sustained rSO2 increase correlating to the time of recanalization in two cases (4.7%). One NIRS study investigating carotid endarterectomy for long-standing carotid stenosis reported increases of that kind to be more frequent in patients with hyperperfusion syndrome ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
36
, but the authors did not specify whether this was  bilateral or unilateral. Cerebral hyperperfusion follows carotid endarterectomy and stenting in about 3–5% ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
37, 38
. One of our patients required additional stenting of the internal carotid artery after intracranial thrombectomy, another suffered an iatrogenic dissection with subarachnoidal bleeding followed by balloon dilatation of the carotid artery. In both cases, an impaired autoregulation caused by a dysfunctional endothelium and injured sympathetic nerves 38 might have led to a unilateral increase in perfusion. These findings may support further investigating NIRS as an adjunctive tool to guide postintervention blood pressure management in endovascular stroke patients, especially involving stenting.

The NIRS-derived index of regional oxygen saturation is difficult to interpret per se: It is based on the ratio between arterial and venous blood in the measured area in an individual and is associated with many inherent, possible sources of bias (see below). Absolute values appear problematic, and only relative changes or changes over time may produce interpretable results. Previous studies tried to overcome this limitation by calculating the integral below a certain reduction of the baseline value of rSO2 over time (area under the curve, AUC). Cardiac NIRS studies established that a value of 20% below baseline is critical ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
29
. For stroke patients, however, this value may be insensitive because a change in local perfusion may not contribute to a great extent to the composite value of rSO2. 
In part B of our analysis (correlation analysis) we used AUC10% to assess changes in local perfusion during the endovascular intervention. RSO2 values of the affected hemisphere in unsuccessfully reperfused patients more often declined below 10% of rSO2 baseline (=higher AUC10% values) when compared to those in whom reperfusion was successful. This finding may emphasize the need for different rSO2 AUC cut-off values in different disciplines with different outcome settings (in this case, the surrogate outcome of cerebral reperfusion).

Another option for expressing changes in rSO2 is to use the nonaffected contralateral hemisphere as reference. Employing the interhemispheric difference as a prognostic indicator, Damian and colleagues found that stroke patients with higher values in the affected hemisphere tended to have better outcomes ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
23
. This appears to be in line with our results (lower values for median interhemispheric difference [mRS6: -1.35, mRS0-5: 2.1] after recanalization was associated with death within 90 days), although the two populations cannot be compared directly. Damian et al. investigated large, advanced infarcts treated by hemicraniectomy for brain edema, whereas our patients were monitored in the first several hours after stroke. Great caution is advised when interpreting the underlying cause of the measured interhemispheric difference in different stroke phases: The mainly venous NIRS index rSO2 does not allow for differentiation between perfusion changes or oxygen extraction changes (or both). As hypothesized by Damian et al. ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
23
 (i) less oxygen extraction in infarcted (dead) tissue, or (ii) edema in the infarcted hemisphere contributing to an rSO2 increase (more O2 left in the cortical veins) may be relevant in the phase of advanced, edematous infarcts. In hyperacute stroke, the first hypothesis may also apply if measurements are taken from an underlying infarct core. However, a (iii) true hypoperfusion in underlying tissue is in our opinion just as likely. Therefore, the marker of interhemispheric difference may be supportive as an additional prognostic marker in different stroke phases. One advantage of this measure is that it automatically adjusts for systemic changes because both hemispheres are affected simultaneously and it only shows the difference to normal. 
Continuous physiological measures such as heart rate and blood pressure reflect autonomic cardiovascular control 39, especially when successive measures of variability are applied 30. Lower variability or even a loss of variability as a consequence of autonomic failure is evidently disadvantageous in cerebrovascular diseases ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
40, 41
. Therefore, a third way to analyze rSO2 considers the concept of average successive variability. Employed in the most stable period of this study (after the intervention), lower ASVrSO2  was associated with higher values of stroke severity (as measured by NIHSS) at discharge and indicated poor functional outcome of patients at day 90 This possibly indicates localized neural circulatory dysfunction. 

For all of these indices, an external validation in a larger sample is clearly necessary, particularly because there has been little testing in the setting of acute ischemic stroke.
Our study has several limitations: First, the NIRS signal is influenced by factors such as ambient light, skin wetness, or extracerebral blood. Although the employed device intends to account for the latter using a two-distance approach, effectiveness of this correction is controversial. Our study set-up lacked separate monitoring of skin blood flow of the scalp, therefore we were not able to control for this potential source of inaccuracy. Second, several parameters such as status of cerebral collateralization, arterial carbon dioxide, continuous blood pressure, and cardiac output were not systematically assessed. Third, a considerable severity-related selection bias may have been associated with selecting only large-vessel strokes for endovascular treatment. In addition, 58 % of our anterior circulation patients were not monitored and we had 32% data quality dropouts. There are several reasons for this: Sometimes the device was being employed in one patient and was not available upon arrival of another eligible patient. In addition, owing to higher-priority matters the treating physician may have decided not to apply the device at all, the optodes may have been misplaced, or technical dysfunction alarms not corrected for. However, the strength here is that the treating physician employed the device independently, which thus reflected a more real-life scenario for the use of this technology in its current form. Furthermore, data quality in this study––despite its emergency character––compared well to other NIRS studies of subacute stroke, which also deemed 27% 33, 31% ADDIN EN.CITE.DATA 
 ADDIN EN.CITE 
23
, and 32% 22 of their data unsuitable. Finally, while the intervals during and after the intervention were well defined, the onset of stroke symptoms to intervention was highly variable, which means a heterogeneous penumbra state. The strengths of this largest NIRS study in early acute ischemic stroke to date are its prospective design, a typical, severely affected stroke population, standardized endovascular treatment, and the availability of outcome parameters. 

To improve our ability to detect changes in the microvasculature of stroke patients in the future, technology should adapt to the designated population – in our case emergency stroke patients. This may mean improving signal quality and reliability. One way would be to synchronously correct for factors that influence the signal most–such as blood pressure, carbon dioxide, and blood flow of the scalp skin. To improve the practical aspects, a lighter monitor, a long-lasting, independent power source, and a wireless set-up would be desirable.
We conclude that rSO2 monitoring of anesthetized acute ischemic stroke patients receiving endovascular treatment is in principle feasible, but needs to be optimized in terms of application and data acquisition. (1) It detected important systemic events and may help guide neuroanesthesia in the future if NIRS-based treatment protocols should prove to be beneficial in randomized trials. (2) The ability to monitor revascularization appeared to be limited in the current set-up and may require an improved stroke-specific technological adjustment (e.g. more optodes in particular positions, simultaneous perfusion assessment) in future studies. (3) We could calculate the indices area under the curve (10% below baseline), interhemispheric rSO2 difference, and rSO2 variability to predict reperfusion, mortality, and functional outcome, respectively. These findings should be confirmed in larger patient cohorts. 
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FIGURE LEGENDS

Figure 1. Flow chart of patients’ screening and recruitment.
Figure 2.  (A) Illustration of NIRS optode positioning at the border zone of the two territories of the middle and anterior cerebral arteries; the upper part shows six individual examples of time-to-peak magnetic resonance perfusion maps; the lower part is taken from a follow-up computed tomography scan – white arrow heads indicate NIRS optode positions (B) Individual curve of one patient demonstrating the NIRS monitoring workflow, in principle including the predefined events for analysis. AUC10% indicates area under the curve 10% below baseline; NIRS, near-infrared spectroscopy.
Figure 3. Individual examples of changes in regional oxygen saturation (rSO2) are given: (A) Before the intervention, a distinct bilateral drop in rSO2 with respect to time of intubation is followed by a recovery. (B) After the intervention, small transient increases in rSO2 time with respect to time of extubation, and (C) relevant transient decreases in rSO2 with respect to time of sudden loss of positive end-expiratory pressure are shown.
Figure 4. Individual examples of changes in regional oxygen saturation (rSO2) during the intervention. The black line indicates the affected hemisphere: (A) Throughout the whole intervention occurrence of small short peaks in rSO2 predominantly in the affected hemisphere. (B) After successful reperfusion (time of recanalization indicated by the dotted vertical line), a sustained rSO2 increase in the affected hemisphere was observed. (C) Pharmacological resuscitation during angiography: “N” indicates administration of norepinephrine; “A”, amiodarone; “a”, atropine; the area between the two dotted lines indicates a time of rSO2 signal loss.

Figure 5. (A) Association of rSO2-AUC10% with revascularization (measured by thrombolysis in cerebral infarction score (TICI), (B) Association of end-revascularization interhemispheric difference with death 90 days after stroke, (C) Association of variability measure ASVrSO2 after revascularization with poor functional outcome (modified Rankin scale 4-6). Asterisks (*) indicate p-value <0.05 in Mann-Whitney-U test.
Tables
Table 1: Patient characteristics

	N 
	43

	Median Age (IQR) – years
	73 (65–79)

	Sex – no. of women (%)
	21 (48.8)

	Hemisphere – no. of left (%)
	24 (55.8)

	Premorbid mRS – no. (%)
	

	   0
	22 (51.2)

	   1
	9 (20.9)

	   2
	7 (16.3)

	   3
	3 (7)

	   4
	1 (2.3)

	Risk factor status (on admission) – no. (%)
	

	   Atrial fibrillation 
	23 (53.5)

	   Coronary heart disease 
	16 (37.2)

	   Congestive heart failure
	4 (9.3)

	   Arterial hypertension 
	38 (88.4)

	   Diabetes mellitus 
	11 (25.6)

	   Glucose (mg/dl)
	125 (30)

	   Current smoking 
	9 (20.9)

	   Hyperlipidemia 
	20 (46.5)

	Median NIHSS on admission (IQR)
	19 (15–20.25)

	Vessel occlusion – no. (%)
	

	   M1
	20 (46.5)

	   ICA + M1
	18 (41.9)

	   M1 + M2
	2 (4.7)

	   M2
	1 (2.3)

	Intravenous rtPA – no. (%)
	29 (67.4)

	Intraarterial rtPA – no. (%)
	8 (18.6)

	Reperfusion result (TICI) – no. (%)
	

	   0
	7 (16.3)

	   1
	0 (0)

	   2a
	11 (25.6)

	   2b
	7 (16.3)

	   3
	18 (41.8)

	Etiology  (TOAST classification) – no. (%)
	

	   Large artery atherosclerosis
	5 (11.6)

	   Cardioembolism
	29 (67.4)

	   Small artery occlusion
	0 (0)

	   Other etiology
	3 (7)

	   Undetermined etiology
	6 (14)

	Median NIHSS at discharge (IQR)
	13 (8.75–19.5)

	mRS at day 90* – no. (%)
	

	   0
	2 (4.7)

	   1
	2 (4.7)

	   2
	3 (7.0)

	   3
	10 (23.2)

	   4
	7 (16.3)

	   5
	5 (11.6)

	   6
	14 (32.6)


mRS indicates modified Rankin scale; NIHSS, National Institutes of Health Stroke Scale, TICI, Thrombolysis in Cerebral Infarction; TOAST, Trial of Org 10172; M1, main branch of medial cerebral artery; ICA, internal carotid artery; M2, distal branch of medial cerebral artery; rtPA, recombinant tissue plasminogen activator; IQR, interquartile range. Data are presented as counts in absolute numbers and percentage, if not stated otherwise. 

* In one patient follow-up data at day 90 were missing; this value was imputed following the worst-case principle. Due to rounding, percentages may not exactly sum up to 100%.
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