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Editorial on the Research Topic
 Cerebral autoregulation and neurovascular coupling in brain disorders





Introduction

Although the brain represents only 2% of our body weight, it consumes 20–25% of the total oxygen and nutrition of the body (1). Keeping adequate and constant blood supply to the brain is extremely important. This ensures the stable delivery of oxygen and other substances and the removal of the waste products of brain metabolism, especially in patients with brain disorders. Two important mechanisms involved in cerebral hemodynamic management are cerebral autoregulation (CA) and neurovascular coupling (NVC). Cerebral autoregulation refers to the ability of the brain to keep stable cerebral blood flow despite changes in cerebral perfusion pressure or arterial blood pressure (2), while NVC adapts cerebral blood flow in accordance with local neuronal activities [Liu et al.; (3)]. These two functions may be disturbed in patients with brain disorders in neuro intensive care units (NICU). The brain disorders could include stroke, hypoxia, traumatic brain injury (TBI), or subarachnoid hemorrhage (SAH). The damaged cerebral arterioles and capillaries in these patients would result in a lack of blood supply to the brain which may further aggravate cell death via blood-brain-barrier damage, inflammatory response, and endothelial cell and receptor dysfunction.

The early detection of the functional impairment of CA and NVC would enable early-stage decisions and prevent brain deterioration such as secondary brain injury, vasospasm, delayed cerebral infarction (DCI) after SAH, and sudden and severe headaches due to vessel constriction in reversible cerebral vasoconstriction syndrome (RCVS). Therefore, effective and prompt monitoring of brain blood perfusion and oxygenation with the quantitative metrics of CA or NVC assessment is in urgent need. Moreover, the mechanisms of impaired CA and NVC in brain disorders, the influence of clinical interventions on these two functions, and the effect of personalized treatment based on CA or NVC still need further investigation.

This Research Topic aims to provide the most recent update on the basic science of, and advanced techniques for, CA and NVC. The issue currently includes 24 papers on the dynamic mechanism of CA, new techniques for CA and NVC monitoring, the cellular mechanism of NVC, and reviews or commentaries on the current progress in this field. The papers cover several fields, including physics, biomedical engineering, clinical engineering, critical care medicine, pathology, and translational studies.



Novel techniques for CA monitoring

This thematic section introduces various novel and updated techniques for quantitative CA assessment, including transcranial doppler (TCD), near-infrared spectroscopy (NIRS), electroencephalograph (EEG), retina vessel diameter, and magnetic resonance imaging (MRI), aiming to find a non-invasive, efficient, and appropriate method for CA assessment applied at a patient's bedside.

Warner et al. provide a detailed temporal analysis of impaired cerebral vascular reactivity to hypercapnia after SAH in rats. They highlight the promising role of retinal vessel diameter as a non-invasive screening tool after SAH. Eleveld et al. investigate a newly developed NIRS-based CA index, i.e., oxygenated–deoxygenated hemoglobin phase differences in the (very) low frequency (VLF/LF) in an endotoxemia study population. The results show a reversible decrease in NIRS-derived CA phase difference after endotoxin infusion, suggesting that endotoxin administration in healthy participants reversibly impairs CA, accompanied by sustained microvascular vasodilation. Pham et al. applies a hemodynamic model of coherent hemodynamics spectroscopy (CHS) to assess CA in five healthy subjects and 3 NCCU patients. They demonstrate the feasibility of measuring coherent de-oxygenated hemoglobin concentrations and blood pressure oscillations to assess autoregulation in NICU patients. However, in a study by Robba, Cardim et al., they report that changes in arterial-oxyhemoglobin components detected by NIRS had the highest accuracy to assess CBF changes. Nonetheless, these studies propose the use of indexes derived from the different components of rSO2 for the bedside evaluation of cerebral hemodynamics.



CA in different brain disorders with clinical interventions

In this section, the authors investigate the changes in CA in patients with different brain disorders, such as acute ischemic stroke, aneurysmal subarachnoid hemorrhage (aSAH), steno-occlusive disease, and even COVID-19. They aim to investigate the influences of brain disorders on cerebral vasculature and cerebral perfusion to better understand the pathogenesis.

Uryga et al. investigate the influence of aSAH on the relationship between baroreflex sensitivity (BRS) and CA, which normally shows a compensatory interaction in healthy volunteers. However, this inverse relationship was lost in patients who developed cerebral vasospasm after aSAH, both before and during vasospasm.

Wu et al. report reduced network degree, local and global efficiency, and enhanced modularity in the contralateral normal hemispheres of steno-occlusive disease patients, compared with healthy volunteers using resting-state blood oxygen level-dependent (BOLD) imaging.

COVID-19 became a pandemic in 2020 and studies have shown the long-term impact of COVID-19 on the lungs, heart, and cognition. In this special collection, Robba, Messina et al. test the effects of the passive leg-raising test, fluid challenge, and norepinephrine on CA and oxygenation in critically ill COVID-19 patients. The study showed that the PLA test introduced adverse effects in CA in COVID-19 patients on a ventilator.

Concerning the influences of other treatments on CA, Wellard et al. investigate the changes of volume pressure compensation indices, cerebrovascular pressure reactivity indices, and heart rate variability indices after hyperosmolar admission in 30 children. They conclude that bolus therapy of hyperosmolar without preceding intracranial hypertension may alter cerebral dynamics by increasing intracranial pressure and decreasing pressure-volume compensation.

Yao et al. report a negative relationship between successive blood pressure variations and 3-month neurological outcome in acute ischemic stroke patients with intracranial artery stenosis or occlusion (SIASO) treated with intravenous thrombolysis. However, this relationship does not exist in patients without SIASO.



Novel techniques for NVC monitoring

This thematic section focuses on the new techniques for NVC assessment via either animal models or human studies. Albanna et al. introduce a new method to non-invasively assess NVC via retinal vessel analysis in patients after aSAH. They report that aSAH results in sustained impairments of NVC in the retina and characteristic changes in the kinetics of retinal arterial responses may be associated with delayed cerebral ischemia. Meanwhile, based on similar techniques, the same research group (Neumaier et al.) compare the response of retinal vessels during flicker stimulation between Cav2.3-deficient mice and control mice. They propose that Cav2.3 channels could be involved in NVC and may contribute to the impairment of vasomotor responses under pathophysiological conditions.

Seker et al. present a fast, reliable, and unbiased data processing tool for the analysis of NVC. This was assessed by laser speckle contrast imaging and two-photon microscopy. Using the new analysis tool, they find that NVC is differently affected during the aging process in mice, with maximal NVC reached in 1-year-old mice compared with mice aged 6–8 weeks and 2 years old.



Review articles in CA and NVC

This special collection also includes several review articles on the most up-to-date information about CA and NVC.

Longhitano et al. systematically review CA in three groups of non-brain injured patients: sepsis and septic shock, during surgery, and in pediatric population. They summarize that impaired CA may result in cognitive dysfunction, neurological damage, worse outcomes, and increased mortality. The authors conclude that monitoring CA might be a useful tool for the optimization of bedside treatment and the individualization of the clinical management of this group of patients.

Spilka et al. present a perspective on CA monitoring in neonatal cardiac surgery requiring cardiopulmonary bypass. They review the technical considerations for CA monitoring in the operating room and point out two requirements for cardiac surgery: that it should be hands-free and non-invasive, which reflects the advantage of using NIRS for CA monitoring.

Szczygielski et al. review the role of the Aquaporin-4 as a gatekeeper, regulating the water exchange between intracellular space, glymphatic system, and intravascular compartment. They point out that AQP4 as the key component of cerebral fluid homeostasis, acting not only as a passive channel for water and small molecular substances but playing a key role in the proper functioning of the blood-brain barrier and perivascular unit. As such, adapting the glymphatic flow to the phases of neuronal activity with increased blood flow demand is shown to be important.



Conclusion

In conclusion, this special collection provides the most recent findings about CA and NVC, focusing on new assessment techniques, basic mechanisms of CA and NVC functions, comparisons of CA or NVC between patients with brain diseases and healthy controls, and the change in CA and NVC during neuroprotective interventions. The collection highlights the importance of CA and NVC monitoring in NICU, which could potentially enable early treatment and improve patient outcomes. Nevertheless, great challenges in this field exist and the following are needed: (1) a standardized method for CA and NVC assessment at the patient's bedside; (2) multi-disciplinary knowledge to better understand the pathologies and course of cerebral vasculature changes over time in different brain diseases; (3) clinical trial validation for these novel techniques for patient-personalized treatment to improve patients' clinical outcomes.
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Objective: Transcranial Doppler is commonly used to calculate cerebral autoregulation, but measurements are typically restricted to a single cerebral artery. In exploring topographic heterogeneity, this study reports the first thorough comparison of autoregulation in all major cerebral vessels.

Methods: In forty healthy adults, flow velocity was monitored in the anterior, middle, and posterior cerebral arteries, and synchronized with arterial blood pressure. A transfer function analysis provided characteristics of autoregulation by quantifying the relationship between blood pressure and cerebral blood flow velocity.

Results: Phase, which quantifies the time course of autoregulation, was similar in all vessels. Gain, which quantifies the magnitude of hemodynamic regulation, was lower in posterior cerebral artery, indicative of tighter regulation. However, after adjusting for baseline flow differences in each vascular territory, normalized gain was similar in all vessels.

Conclusions: Discriminating dynamic cerebral autoregulation between cerebrovascular territories is feasible with a transcranial doppler based approach. In the posterior cerebral artery of healthy volunteers, absolute flow is more tightly regulated, but relative flow regulation is consistent across cerebrovascular territories.

Significance: The methodology can be applied to focal disease states such as stroke or posterior reversible encephalopathy syndrome, in which the topographic distribution of autoregulation may be particularly critical.

Keywords: cerebral autoregulation, cerebral blood flow, cerebral hemodynamics, transcranial Doppler, transfer function analysis


INTRODUCTION

Cerebral autoregulation (CA) describes the ability to maintain stable cerebral blood flow (CBF) despite fluctuations in blood pressure (BP), thus protecting the brain from hypoperfusion and hyperperfusion (1, 2). In acute stroke, subarachnoid hemorrhage, or traumatic brain injury, impaired CA contributes to secondary brain injury (3–5). CA impairment is also associated with cerebral small vessel disease and dementia (6, 7). In patients with carotid stenosis, CA impairment predicts stroke risk and cognitive decline (8, 9). A reliable approach to CA quantification is critical to understanding the pathophysiology of multiple disease states, and holds the potential to personalize care.

CA is typically assessed in a single cerebral vessel, neglecting potential topographic heterogeneity. There are many differences between the anterior and posterior circulation, including absolute CBF (10), vascular tone (11), autonomic innervation (12), and metabolism (13). Thus, CA may vary across vascular territories, both in healthy individuals and in various disease states (14–16). Quantifying CA in different territories could improve our understanding of the pathophysiology underlying cerebrovascular disease. In focal diseases, such as stroke or posterior reversible encephalopathy syndrome (PRES), the topographic distribution of CA may be particularly critical.

Dynamic CA (dCA) is a well-studied method for quantifying and reporting autoregulatory function. By synchronizing waveforms from transcranial Doppler ultrasonography (TCD) and arterial BP, a transfer function analysis (TFA) uses a Fourier decomposition of the two waveforms to quantify the effect of spontaneous BP fluctuations on CBF (17, 18). This approach negates the need to induce a BP change with a maneuver or medication and quantifies both the dampening effect and speed of CA. Typically, TCD assessments of dCA rely on middle cerebral artery (MCA) measurements (19); however, TCD reliably differentiates intracranial vessels, thus facilitating dCA measurements in other vessels. Still, a thorough comparison of the anterior (ACA), middle (MCA), and posterior (PCA) cerebral arteries is lacking.

Thus, the current study aimed to calculate dCA parameters in the ACA, MCA, and PCA in healthy volunteers, to test the hypothesis that there are differences in dCA between the anterior circulation (ACA and MCA) and posterior circulation (PCA).



MATERIALS AND METHODS


Subjects

Forty healthy adult volunteers were enrolled in this study at the Hospital of the University of Pennsylvania between 6/21/19 and 8/8/19. Individuals were eligible if they were at least 18 years but excluded if they had a history of stroke, structural brain lesion, cervico-cerebral vascular abnormality, skull defect, or prior cranial surgery that would interfere with TCD monitoring. The protocol was approved by the University of Pennsylvania Institutional Review Board (protocol #833083). The study was conducted according to the principles expressed in the Declaration of Helsinki. Written informed consent was signed by each study participant prior to enrollment.



Hemodynamic Monitoring

Subjects were positioned in the supine position, with head-of-bed elevated to 30°. Bed position may impact cerebral hemodynamics, so the bed position was held constant for all measurements and all subjects. The room was quiet and temperature controlled (22°C). The same room and bed were used for all subjects. Cerebral blood flow velocity (CBFv) was assessed using a Spencer Technologies ST3 TCD. A 2 MHz ultrasound probe was positioned over the subject's temporal bone window and adjusted to identify the ACA, MCA, and PCA. Each vessel was confirmed using standard velocity ranges, depth, and probe positioning (20). The ultrasound probe was secured to the subjects head using a Spencer Technologies Marc 600 transducer fixation headframe. Each vessel was sequentially monitored for 5 minutes. Symmetry was assumed in this healthy population (21), so data were collected from the right hemisphere to consolidate the protocol.

A finger plethysmograph system (Finometer® Pro, Finapres Medical Systems) was secured to the wrist and third digit was used to provide a continuous non-invasive measurement of the arterial blood pressure waveform. An inflatable brachial cuff was placed on the same arm and used to calibrate the Finometer® Pro prior to data collection. Re-calibration was performed before TCD data collection for each cerebral vessel. CBFv and BP waveforms were digitized and time synchronized.



Dynamic Cerebral Autoregulation Calculation

To calculate dCA, TFA quantifies the relationship between the input signal, the arterial BP waveform, and the output signal, the CBFv waveform. Exemplar BP and CBFv waveform data from the ACA, MCA, and PCA vessels is shown in Figure 1. TFA was performed using a Matlab script and algorithm provided by the International Cerebral Autoregulation Research Network (CARNet: www.car-net.org), to calculate gain, normalized gain, phase, and coherence for each vessel across three frequency bands (very low frequency (VLF): 0.02 – 0.07 Hz; low frequency (LF): 0.07 – 0.2 Hz; high frequency (HF): 0.2–0.5 Hz) (18). Gain (cm.s−1.mmHg−1) quantifies the damping effect of autoregulation (lower gain indicates more effective CA). Normalized gain (%.mmHg−1) accounts for mean CBFv differences between ACA, MCA, and PCA by using relative changes in CBFv rather than absolute. Phase, calculated in degrees, quantifies the time delay of cerebrovascular adaptation (larger phase shift indicates more effective CA). The coherence function assesses the validity of phase and gain estimates at each frequency band.


[image: Figure 1]
FIGURE 1. Representative data acquisition and time-series. (A) TCD probe is mounted over the temporal window in order to insonate the ACA, MCA and PCA, 5 min per vessel. (B) CBFv is synchronized with ABP, which serves as the input for the transfer function analysis. CBFv and ABP waveforms and mean values are depicted. TCD indicates transcranial Doppler. ABP indicates finometer measured arterial blood pressure. CBFv indicates TCD measured cerebral blood flow velocity. ACA indicates anterior cerebral artery. MCA indicates middle cerebral artery. PCA indicates posterior cerebral artery.


TCD and BP data were sampled at 200Hz. During data collection, care was taken to ensure the TCD signal was strong and largely free of artifact. If the vessel insonation was interrupted, the monitoring was extended to ensure 5 minutes of artifact-free monitoring. Data are synchronized during collection, so re-alignment was not performed during post-processing. After collection, raw waveform data were manually inspected to ensure they were free of excessive noise and artifact. Data from one subject was discarded due to excessive noise and low quality TCD data. For all other subjects, because of the lack of substantial artifacts, the waveform data were analyzed and used for the TFA, rather than beat-to-beat data. Low or high-pass filtering was not performed. A 100-second window length with 50% overlap was applied during TFA. The coherence threshold is inversely proportional to the duration of data collection. Based on 5 minutes of data collection for each vessel, a coherence threshold of 0.29 was applied, which represents the 95% confidence limit based on Monte Carlo simulation (18). If a coherence value was below the standard threshold, phase and gain values were discarded, as per the CARNet algorithm. As a result, the final analyzable sample size varied across frequency bands and vessels (Table 1).


Table 1. Hemodynamic data and TFA results.
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Finally, for a secondary analysis, the CARNet algorithm was used to compute the spectral powers of CBFv and BP across frequency bands and vessels for the analyzable sample size. Low frequency power in hemodynamic signals have been proposed as biomarkers of neuronal activity (22, 23).



Statistical Analyses

Summary statistics are presented using means and standard deviations. For all statistical tests, a p-value of < 0.05 was deemed to represent statistical significance. Phase, gain, and normalized gain values were tested for normality using Shapiro-Wilk normality test. The primary goal was to assess whether dCA varied by vascular territory. To this end, we compared phase, gain, and normalized gain between the ACA, MCA, and PCA vessels with repeated measures ANOVA, and if significance was found, a paired t-test between each group was used (i.e., ACA vs MCA, ACA vs PCA, MCA vs PCA). Analyses were repeated for each frequency band. In a secondary analysis, the same procedure was used to compare low frequency spectral powers of CBFv and BP between the ACA, MCA, and PCA vessels. All statistical analyses were performed in STATA/SE version 15.1 (StataCorp LLC, College Station, TX).




RESULTS

Forty consecutive healthy volunteers completed the study protocol. The median age was 21 years (IQR: 20–29) and 68% were female. Subject reported race was 60% Caucasian, 18% Asian, 12% African American, and 10% Other. Vascular risk factors were very uncommon: 8% of subjects had well controlled hypertension, and no subjects had a history of stroke, diabetes, hyperlipidemia, coronary artery disease, or heart failure. The monitoring protocol was well tolerated. Three subjects (8%) reported transient discomfort due to the TCD headframe, which resolved at the completion of the protocol and removal of headframe. No subjects elected to interrupt or terminate the protocol prior to completion. Data from the PCA in one subject was technically limited (waveform poorly captured) and was thus discarded. Data from all other vessels was analyzed.

CBFv and BP summary data, along with TFA results are summarized in Table 1. As expected, there were differences in mean CBFv between vessels. BP was stable between measurements performed on each vessel, and <10% of gain and phase values were discarded due to inadequate coherence. The resulting samples for each vessel and frequency band are reported in Table 1. The gain was different between vessels in all 3 frequency bands. In pairwise comparisons, gain was similar in the ACA and MCA, but significantly lower in the PCA. Representative data from the LF band are presented in Figure 2. Normalized gain, which accounts for differences in absolute CBFv, was similar across vessels (Figure 3). No difference between vessels was observed with respect to phase or coherence. Similarly, CBFv and BP spectral power was similar in each vessel (Table 1). These findings were consistent for all frequency bands.
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FIGURE 2. Absolute Gain in Different Vascular Territories. Gain is presented from the low frequency band (0.07–0.2 Hz). ACA indicates anterior cerebral artery. MCA indicates middle cerebral artery. PCA indicates posterior cerebral artery. Reported p-values were calculated by paired t-tests.
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FIGURE 3. Normalized gain in Different Vascular Territories. Normalized gain is presented from the low frequency band (0.07–0.2 Hz). ACA indicates anterior cerebral artery. MCA indicates middle cerebral artery. PCA indicates posterior cerebral artery. Reported p-values were calculated by paired t-tests.




DISCUSSION

In healthy volunteers, phase was similar in all cerebral vessels, indicating a consistent timing of the autoregulatory response. Lower gain in the posterior circulation raises the possibility of more tightly regulated CBF in this territory. However, after normalizing for differences in CBFv between vessels, this difference was no longer observed. While prior comparisons have been made between MCA and PCA in healthy and disease states (14, 15, 24–26), this study represents the first comparison across the ACA, MCA and PCA. Further, previous work comparing MCA and PCA dCA often fails to report both gain and normalized gain across all frequency bands. The methodology we describe represents a thorough and easily reproducible protocol that can be used to quantify possible topographic heterogeneity in focal disease states such as stroke, subarachnoid hemorrhage, and PRES. Similarly, focal variant anatomy could be addressed in future work.


Anterior and Posterior Circulation

A difference between anterior and posterior circulation autoregulation is physiologically plausible, as these two territories receive different sources of flow (carotid vs vertebrobasilar system) and varying degrees of autonomic innervation (12). Results of prior studies have, however, been inconsistent. A study of young adults revealed similar MCA and PCA autoregulation (26), but greater autoregulatory properties have been reported in the cerebellar vasculature (16). It is unclear if this highlights a difference between anterior and posterior hemodynamics, or supratentorial and infratentorial hemodynamics. Rosengarten et al. observed more rapid regulation in the posterior circulation and smaller absolute changes in the posterior circulation, but this may be related to differences in baseline CBFv (14). On the other hand, Haubrich et al. observed higher gain in the PCA as compared to MCA in older adults (25). Age is an important consideration, as PCA gain may disproportionately increase with age (15). In the current study, very few older subjects were included, thus precluding a secondary age-based analysis.



Absolute and Normalized Gain

It is unclear if absolute gain (cm.s−1.mmHg−1) or normalized gain (%. mmHg−1) is more informative of autoregulatory function. Normalization is an appealing concept when comparing data from multiple subjects or multiple vessels with varying CBFv, but absolute changes in CBFv may also be physiologically relevant. For example, age has been observed to impact MCA absolute gain, but not normalized gain (27). On the other hand, patients with atrial fibrillation have higher normalized gain (LF band) than hypertensive patients, but this discrepancy is not seen in absolute gain (28). Absolute gain and normalized gain have diverging responses to changes in carbon dioxide (29). This is not to say that absolute gain is more informative than normalized gain, but rather that exclusive reporting of only relative or absolute gain may yield misleading results, thus highlighting the need for complete reporting of TFA results (18). Discrepancies may be particularly relevant in disease states, such as stroke, in which there may be large differences in CBFv.



Transfer Function Analysis

The TFA was performed over three standard frequency bands (VLF, LF, and HF). Trends in gain and phase were consistent across frequency bands. Spontaneous BP oscillations in the VLF and LF range are more likely driven by autonomic vascular tone, less confounded by the cardiac or respiratory cycle (30). Many investigators therefore focus on LF and/or VLF bands, but this leads to inconsistent reporting of dCA result in the literature (31). With increasing frequency, BP oscillations may also be modulated by cardiac and respiratory variables, thus complicating the interpretation of the BP-CBF relationship. Complete reporting of frequency bands, regardless of the interpretation, is critical to transparency and reproducibility (18). To that end, this study utilized a standardized TFA script and algorithm that is available through CARNet (www.car-net.org).

Finally, low-frequency spectral powers of hemodynamic signals have been proposed as biomarkers of neurovascular coupling and neural activity (22, 23). Originally developed for functional magnetic resonance imaging (fMRI) (23), a more recent paper used TCD to measure low-frequency power in CBFv signals in post cardiac arrest patients, in which a difference in spectral power was observed between survivors and non-survivors (32). The measured low-frequency spectral powers of hemodynamic signals reported herein in Table 1 can be used to power future studies involving these biomarkers.



Limitations

There are limitations to this study. TCD data was collected unilaterally to optimize quality, assuming symmetry in this young, healthy cohort. Bilateral comparison could be particularly important in older subjects or focal disease states. TCD also provides a measure of CBFv rather than CBF. These two terms are proportional assuming the vessel trunk remains stable, which is a reasonable assumption during a brief study conducted at rest. The young age of the cohort limits the external validity when considering subjects of older age or with vascular risk factors. However, the objective was not to draw broad conclusions, but rather to report results for young, healthy adults and highlight a reproducible methodology that can easily be applied to additional populations in future work. A range of ages could be explored in a future healthy volunteer study before applying this protocol to older patient populations. Partial pressure of CO2 impacts vascular tone and CBF, so it may confound our results, though it was assumed that during the monitoring period (15 min at rest), CO2 remained stable, which has been the case in multiple prior studies (33). End-tidal CO2 could be monitored in future work to ensure there is no confounding. Variant anatomy (e.g., fetal PCA) may impact hemodynamics, but cannot be accounted for in the current study because subjects do not have vessel imaging for review. Variant anatomy could be specifically considered in future work. The TFA methodology is somewhat limited by the assumption that CA is a linear control system. Nonetheless, it is a well-accepted approach to CA quantification.




CONCLUSION

Discriminating dynamic cerebral autoregulation between cerebrovascular territories is feasible with a TCD-based approach. In healthy young adults, the time delay of autoregulation is consistent across territories, but the magnitude of hemodynamic regulation is more tightly regulated in the posterior circulation. Importantly, typical flow velocities are lower in the posterior circulation, so when considering percent hemodynamic changes, rather than absolute, no differences are observed between territories. Both absolute and normalized metrics contribute to the understanding of cerebrovascular physiology. The methodology described here can be easily reproduced and deployed to explore topographic characteristics of autoregulation in multiple disease states, in particular focal disease such as stroke.
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Objective: Metabolic demand increases with neuronal activity and adequate energy supply is ensured by neurovascular coupling (NVC). Impairments of NVC have been reported in the context of several diseases and may correlate with disease severity and outcome. Voltage-gated Ca2+-channels (VGCCs) are involved in the regulation of vasomotor tone. In the present study, we compared arterial and venous responses to flicker stimulation in Cav2.3-competent (Cav2.3[+/+]) and -deficient (Cav2.3[−/−]) mice using retinal vessel analysis.

Methods: The mice were anesthetized and the pupil of one eye was dilated by application of a mydriaticum. An adapted prototype of retinal vessel analyzer was used to perform dynamic retinal vessel analysis. Arterial and venous responses were quantified in terms of the area under the curve (AUCart/AUCven) during flicker application, mean maximum dilation (mMDart/mMDven) and time to maximum dilation (tMDart/tMDven) during the flicker, dilation at flicker cessation (DFCart/DFCven), mean maximum constriction (mMCart/mMCven), time to maximum constriction (tMCart/tMCven) after the flicker and reactive magnitude (RMart/RMven).

Results: A total of 33 retinal scans were conducted in 22 Cav2.3[+/+] and 11 Cav2.3[−/−] mice. Cav2.3[−/−] mice were characterized by attenuated and partially reversed arterial and venous responses, as reflected in significantly lower AUCart (p = 0.031) and AUCven (p = 0.047), a trend toward reduced DFCart (p = 0.100), DFCven (p = 0.100), mMDven (p = 0.075), and RMart (p = 0.090) and a trend toward increased tMDart (p = 0.096).

Conclusion: To our knowledge, this is the first study using a novel, non-invasive analysis technique to document impairment of retinal vessel responses in VGCC-deficient mice. We propose that Cav2.3 channels could be involved in NVC and may contribute to the impairment of vasomotor responses under pathophysiological conditions.

Keywords: in vivo retinal vessel analysis, neurovascular coupling, voltage- gated Ca2+ channels, dynamic retinal vessel analysis, Cav2.3-deficient mice


INTRODUCTION

As brain tissue lacks significant energy reserves, proper global cerebral blood flow is critical for a constant supply of metabolic substrates, which is achieved through cerebral autoregulation, metabolic feedback mechanisms, and input from the autonomic nervous system (1). Much less is known about the exact mechanisms underlying neurovascular coupling (NVC), which mediates continuous adjustment of local cerebral blood flow to dynamic and regionally heterogeneous changes in neuronal activity and thus metabolic demand. NVC is accomplished by the so-called neurovascular unit (NVU), a subsumption of cell types with intimate anatomical and chemical relationship that comprises neuronal, glial, endothelial and vascular cells (2–5). Although still poorly understood, NVU function is increasingly recognized to be a complex multidimensional process that involves mediators released from the different cell types, which engage parallel signaling pathways across the entire cerebrovascular network (6, 7). In addition, there is strong evidence that dysfunctional signaling within the NVU (8) and in some cases even inversion of NVC (9) are involved in delayed cerebral ischemia and secondary brain damage after ischemic or hemorrhagic brain injury [reviewed in Guo and Lo (10)]. Voltage-gated Ca2+-channels (VGCCs) are critical for Ca2+ influx into all types of cells in the NVU and almost certainly involved in NVC under physiological and pathophysiological conditions (11, 12). L-type VGCCs have traditionally been regarded as the main pathway for Ca2+ entry into vascular smooth muscle cells (11) and they remain the only approved target for prevention of cerebral vasospasm after subarachnoid hemorrhage by the Ca2+ channel antagonist nimodipine (13). However, while L-type channels predominate in large caliber proximal vessels, there is growing evidence for a role of non-L-type VGCCs in smaller diameter resistance vessels (11, 14, 15). Their exact identity and functional relevance remains controversial, which may reflect the existence of significant heterogeneity among different vascular beds, pathophysiological changes in the functional expression of different channels and/or the expression of these channels in other cell types of the NVU (11, 12). In addition, interpretation of experimental results on NVU function is complicated by the fact that many results from in vitro studies appear to be inconsistent (7), highlighting the importance of non-invasive in vivo approaches for valid studies on the mechanisms underlying NVC. One such approach is to analyze vascular responses in the retina, which is an embryological part of the central nervous system that can be assessed non-invasively, so that it provides a unique “window to the brain.” Retinal vessel analysis (RVA) has been used in a number of clinical studies to assess microvascular responsiveness and to show that NVC is altered after ischemic or hemorrhagic stroke (16–18). In a previous, proof-of-principle study, we showed that RVA is also a feasible method for non-invasive assessment of vessel responses in the murine retina (19). In the present work, we used the same adapted prototype of a non-contact retinal vessel analyzer to investigate how genetic ablation of Cav2.3 voltage-gated calcium channels affects arterial and venous retinal responses in mice. These channels have previously been implicated in delayed cerebral vasospasm and impaired NVC after subarachnoid hemorrhage (20), but their exact role for microvascular function remains to be elucidated. Our results suggest that Cav2.3 channel dysfunction could be associated with altered NVC in the murine retina and demonstrate how RVA can be used for non-invasive in vivo studies on NVC in small animal models.



MATERIALS AND METHODS


Animals

A total of 22 Cav2.3-competent (Cav2.3[+/+]) and 11 Cav2.3-deficient (Cav2.3[−/−]) male mice, aged 12–15 weeks, were used in the present study. Mice were housed in Makrolon type II cages at a constant temperature (20–22°C) with light on from 7 a.m. to 7 p.m. (light intensity at the surface of the animal cages was 5–10 lux) and ad libitum access to food and water. Cav2.3[−/−] mice were generated through deletion of exon 2 by Cre-mediated recombination (21). They are available from Mutant Mouse Resource and Research Centers (MMRRC) with the strain name B6J.129P2(Cg)-Cacna1etm1.1Tsch/Mmjax. Parallel breeding of parental inbred mouse lines of Cav2.3[−/−] and Cav2.3[+/+] mice ensured that they had the same mixed genetic background (C57Bl/6 × 129SvJ). The institutional and governmental committees on animal care [Landesamt für Natur, Umwelt und Verbraucherschutz [LANUV] Nordrhein—Westfalen, Recklinghausen, Germany; 84-02.04.2016.A4555] approved all experiments described in the text, which were conducted in accordance with accepted standards of humane animal care, as reported in the UFAW handbook on the care and management of laboratory animals.



RCrodent Vessels Analysis

The device used for vessel analysis was an adapted prototype of the Dynamic Vessel Analyzer (DVA) (RCrodent, IMEDOS Systems UG, Jena, Germany) previously used for other preclinical and clinical applications (22), which enables murine retinal vessel analysis as a function of time by applying flicker light impulses at defined frequencies like also reported in rats (23) (Figures 1A,B). Prior to the experiments, mice were dark-adapted overnight (12 h), anesthetized by intraperitoneal injection of ketamine (66.7 mg/kg body weight; Ketanest, Parke-Davis/Pfizer, Berlin, Germany) and xylazine (6.7 mg/kg body weight, Rompun 2% Bayer Vital, Leverkusen, Germany) and positioned on a heating plate to maintain a constant body temperature of 37°C. The left eye was then dilated by application of a mydriatic agent (Tropicamide, Mydriaticum Stulln UD, Pharma Stulln GmbH, Stulln, Germany) and equipped with a dedicated polymethylmethacrylate mouse contact lens (Back Optic Zone Radius 1.7 mm, diameter 3.2 mm, zero dioptric from Cantor & Nissel, Brackley, UK) to protect the cornea. For the measurements, we used a light intensity of 30 lux and the standard 350 s measurement protocol by IMEDOS Systems for human studies (24). After baseline assessment for 50 s, measurements were performed by application of three consecutive cycles of monochromatic rectangular flicker stimulation (530 nm, 12.5 Hz, 20 s). To assess retinal vessel diameters, we used the standard protocol and application mode of the DVA, where the fundus is illuminated during the whole measurement and the illumination light is diminished during the flicker stimulation with an application frequency of 12.5 Hz (19). This mode differs from alternative paradigms of visual stimulation in murine studies, where the application of light or other visual stimuli is preceded and followed by a measurement with no illumination (25).


[image: Figure 1]
FIGURE 1. Dynamic retinal vessel analysis. (A) Experimental setup showing the murine retinal vessel analyzer (RCrodent, IMEDOS Systems UG, Jena, Germany) in operation. (B) Murine retina as assessed with the retinal vessel analyzer. Proximal and distal arterial (A1 and A2) and venous (V1 and V2) segments are marked in red and blue, respectively, as described in detail in text. (C) Idealized representation of a retinal vessel response to flicker stimulation with the different parameters determined in the present study. The stimulation period is indicated by light yellow shading. Parameters used for quantification of the response comprised mean maximum dilation during the flicker (mMD), time to maximum dilation (tMD) relative to flicker initiation, dilation at flicker cessation (DFC), mean maximum constriction after the flicker (mMC), time to maximum constriction (tMC) relative to flicker initiation, the area under the curve (AUC) during the flicker (indicated by dark yellow shading) and the reactive magnitude (RM), determined as the difference between mean maximum dilation during the flicker and mean maximum constriction after the flicker. For additional information on these parameters see Table 1.


Retinal arteries and veins were selected arbitrarily for RVA assessment in the murine fundus. In order to improve signal-to-noise ratio of the assessment, each vessel type of a mouse was attempted to be measured in two locations: proximal and distal to the optic nerve head (ONH) (proximal: >0.3 and <2.5 ONH plexus diameters from the ONH plexus rim, distal: > 2.5 and <5 ONH plexus diameters) as illustrated in Figure 1B. The individual retinal vessel parameters (Table 1) were then determined by taking the mean values from these proximal and distal measurements. This approach succeeded in 6/11 venous and 3/11 arterial vessels of Cav2.3[−/−] mice and in 18/22 venous and 6/22 arterial vessels of Cav2.3[+/+] mice. In the remaining cases, only one segment of each vessel type located in the area between 0.3 and 5 ONH plexus diameters from the rim could be assessed per animal.


Table 1. Definition of dynamic retinal vessel analysis parameters.
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In addition to the automated analysis performed by the commercial DVA software, further parameters of dynamic vascular response were derived and analyzed as described previously (26) using a template-set with macros (Microsoft Office Excel 2016, Californian, USA) to filter, process, and analyze numerical data from the original DVA-assessment (26, 27). Briefly, absolute vessel diameters within the retina were gauged by arbitrary measuring units (MU), where 1 MU corresponds to roughly 1 μm in the mouse eye. The conversion from the imaging system was adjusted to the size of the charge-coupled device (CCD) matrix and was calculated based on the size of a theoretical standard eye. For comparison of flicker responses between different animals, relative changes in vessel diameters were calculated in % of the individual baselines. To improve the signal-to-noise ratio for manual analysis, the three response curves obtained for each animal (30 s of baseline before flicker application, 20 s during flicker application and 80 s after flicker application) were averaged and smoothed using a running median with a time-window of 4 s and the corresponding back shift. The resulting curves were used to determine the parameters indicated in Figure 1C and Table 1.

Average time courses of vessel diameter changes in a given group were calculated according to a technique described previously (26, 28), where each time point of the average curve for the group is the median of all individual (relative) vessel diameters at this time point. The quality of DVA recordings was assessed semi-objectively using the cumulative scoring method described previously (27). The score ranged from 0 (“inadequate”) to 5 (“excellent quality”) and only DVA recordings with score values ≥ 2.0 were included in the analysis.



Statistical Analysis

Unless noted otherwise, all data are shown as median [1st quartile−3rd quartile]. Statistical comparisons with the Mann-Whitney-U-test were carried out in an explorative manner without correction for multiple comparisons in order to show tendencies and to identify potential differences for further investigation. Statistical significance was set at p < 0.05 and statistical results with p ≤ 0.1 were considered as trend. All analyses and data presentation were performed with Excel (Microsoft Office Excel 2016, Californian, USA), SPSS v. 21 (IBM Chicago, Illinois, USA), and GraphPad Software (GraphPad Prism, Inc., La Jolla, USA). Boxplots show median values, 1st quartile and 3rd quartile (box), minimum and maximum values (whiskers), and individual data points (dots). Outliers were identified based on the definition by Turkey, where values below [1st quartile−1.5 * interquartile range (IQR)] or above [3rd quartile + 1.5 * IQR] are considered suspected outliers and values below [1st quartile−3 * IQR] or above [3rd quartile + 3 * IQR] are considered outliers.




RESULTS

The median body weight was 28.0 g (27.3 to 30.0 g) for Cav2.3[+/+] and 25.0 g (25.0 to 25.5 g) for Cav2.3[−/−] mice (p = 0.001).

The response characteristics and values of the retinal vessel analysis parameters in the two genotypes are summarized in Tables 2, 3. The quality of the data was similar in both groups and sufficiently high for a comparative analysis (Figure 2A). There was no significant difference in median arterial [Cav2.3[+/+]: 40.9 MU vs. Cav2.3[−/−]: 43.9 MU, p = 0.202] or venous [Cav2.3[+/+]: 55.5 MU vs. Cav2.3[−/−]: 61.9 MU, p = 0.285] diameter between the two genotypes, although the values tended to be slightly higher in Cav2.3[−/−] mice (Figure 2B). As a measure for the retinal vascular density in both genotypes, we also calculated the overall number of vessels leaving the ONH in the murine fundus, which amounted to 10.0 (9.5 to 11.0) in Cav2.3[+/+] and 10.0 (10.0 to 10.0) in Cav2.3[−/−] mice (p = 0.486). Likewise, no difference was detected in the proportion of cases where one or more vessels branched in the near periphery to the ONH, which amounted to 86% in Cav2.3[+/+] compared to 82% in Cav2.3[−/−] mice (p = 0.630).


Table 2. Response characteristics of retinal veins and arteries in Cav2.3[+/+] and Cav2.3[−/−] mice.
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Table 3. Dynamic retinal vessel analysis parameters in Cav2.3[+/+] and Cav2.3[−/−] mice.
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FIGURE 2. Comparison of retinal vessel diameters and data quality in Cav2.3[+/+] and Cav2.3[−/−] mice. (A) Comparison of semi-objective cumulative quality scores for venous and arterial responses recorded in Cav2.3[+/+] (black) or Cav2.3[−/−] (orange) mice. (B) Comparison of venous (left) and arterial (right) diameters determined in Cav2.3[+/+] (black) or Cav2.3[−/−] (orange) mice and expressed in arbitrary measuring units (MU). One MU corresponds to roughly 1 μm.


Figure 3 shows three representative examples of retinal arterial and venous reactions to monochromatic flickering light recorded in Cav2.3[+/+] (Figure 3A) or Cav2.3[−/−] (Figure 3B) mice. Venous responses could be recorded in all 22 Cav2.3[+/+] and 11 Cav2.3[−/−] mice included in the present study, while recording of arterial responses was technically feasible in 15 of the Cav2.3[+/+] and 10 of the Cav2.3[−/−] mice. Based on the venous area under the curve (AUCven), flicker stimulation evoked venous vasodilation (AUCven>2.5%*s), venous vasoconstriction (AUCven < -2.5%*s) or no response (−2.5 < AUCven <2.5%*s) in 18 (82%), 3 (14%), or 1 (5%) of the Cav2.3[+/+] and 4 (36%), 4 (36%), or 3 (27%) of the Cav2.3[−/−] mice (p = 0.028, Table 2). In the arterial compartment, vasodilation, vasoconstriction or no response were observed in 14 (64%), 3 (14%) or 5 (23%) of the Cav2.3[+/+] and 4 (36%), 7 (64%), or 0 (0%) of the Cav2.3[−/−] mice (p = 0.008, Table 2). A comparison of average arterial and venous responses in the two genotypes is provided in Figure 4. Consistent with the results of our previous proof-of-principle study, retinal vessel responses in normal (Cav2.3[+/+]) mice were smaller in magnitude than the corresponding responses observed in human subjects (17, 18, 26) but showed a similar biphasic shape with vasodilation during the flicker followed by vasoconstriction and gradual return to baseline or to a new steady-state after flicker cessation (Figure 4A).


[image: Figure 3]
FIGURE 3. Representative retinal vessel responses recorded in Cav2.3[+/+] and Cav2.3[−/−] mice. Shown are typical patterns of arterial (turquoise) and venous (purple) responses to flicker light recorded in (A) Cav2.3-competent (Cav2.3[+/+]) and (B) Cav2.3-deficient (Cav2.3[−/−]) mice. Note that both arterial and venous retinal vessel responses in Cav2.3[−/−] mice were consistently reduced or completely absent.



[image: Figure 4]
FIGURE 4. Comparison of retinal arterial and venous responses in the two genotypes. Shown are average arterial (turquoise) and venous (purple) responses to flicker light recorded in (A) Cav2.3-competent [Cav2.3[+/+]: n = 15 and 22 animals for arterial and venous responses, respectively] or (B) Cav2.3-deficient [Cav2.3[−/−]: n = 10 and 11 animals for arterial and venous responses, respectively]. Black dotted lines show the same data after smoothing with a 2-points FFT filter (cut-of frequency: 0.25) to remove high-frequency noise. Note that venous dilation during the flicker was consistently more pronounced than arterial dilation and that average responses in both vascular compartments were reduced in Cav2.3[−/−] mice.


On average, vessel dilation during the flicker was slower but more pronounced in the venous compartment, whereas vessel constriction after flicker cessation was stronger in the arterial compartment (Figure 4A). In addition, retinal vessel responses to flicker stimulation in both vascular compartments were altered in Cav2.3-deficient mice (Figure 4B), as described in more detail in the following sections.


Differences in Venous Responses to Flicker Stimulation

A comparison of average venous responses to flicker light measured in the two genotypes is provided in Figure 5A. Genetic ablation of Cav2.3 channels was associated with a pronounced decrease of venous responses during the flicker (Figures 3B, 5A), as reflected in a significantly lower median venous AUC, which amounted to 0.5%*s (−3.9 to 5.8%*s) in Cav2.3[−/−] and 8.7%*s (5.0 to 13.2%*s) in Cav2.3[+/+] mice (p = 0.047, Figure 5B). There was also a tendency for maximum venous dilation in response to flicker to be reduced, with median values of 1.2% (0.7 to 1.8%) in Cav2.3[+/+] and 0.6% (0.2 to 0.9%) in Cav2.3[−/−] mice. However, because two of the Cav2.3-deficient mice actually showed an increased venous dilation during the flicker when compared to Cav2.3-competent mice (Figure 5C), the difference between both groups did not reach statistical significance (p = 0.075). Likewise, comparison of venous dilation at flicker cessation revealed no significant difference between the two genotypes (p = 0.100), even though relative vessel diameters were clearly reduced in all but two Cav2.3[−/−] mice (Figure 5D). On the other hand, there was little difference between the two genotypes with regard to the timing of venous dilation during the flicker (p = 0.819) or the magnitude (p = 0.479) and timing (p = 0.268) of venous constriction after flicker cessation (Figure 5A, Table 3).
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FIGURE 5. Comparison of venous responses recorded in Cav2.3[+/+] and Cav2.3[−/−] mice. (A) Average venous responses to flicker stimulation in Cav2.3-competent (Cav2.3[+/+]: black curve, n = 22 animals) and Cav2.3-deficient (Cav2.3[−/−]: orange curve, n = 11 animals) mice. (B–D) Boxplots comparing (B) venous area under the curve (AUCven), (C) mean maximum venous dilation during the flicker (mMDven), and (D) venous dilation at flicker cessation (DFCven) in Cav2.3[+/+] (black) and Cav2.3[−/−] (orange) mice (same animals as in A). For remaining parameters see Table 3.




Differences in Arterial Responses to Flicker Stimulation

As illustrated in Figure 6A, genetic ablation of Cav2.3 channels also resulted in alterations in retinal arterial responses, which consisted of a decrease and apparent initial reversal of vasodilation during the flicker. Quantitatively, this was reflected in a significant decrease of the arterial AUC during the flicker from a positive median value of 2.3% (−1.7 to 10.0%) in Cav2.3[+/+] to a negative median value of −4.5% (−7.3 to 1.9%) in Cav2.3[−/−] mice (p = 0.031, Figure 6B). The median time to maximal arterial dilation was also delayed from 10.0 s (8.0 to 14.3 s) in Cav2.3[+/+] to 15.0 s (10.8 to 25.3 s) in Cav2.3[−/−] mice, even though this difference did not reach statistical significance (p = 0.096, Figure 6C). In addition, arterial dilation at flicker cessation (Figure 6D) and the arterial reactive magnitude (Table 3) showed a tendency to be reduced in Cav2.3-deficient compared to Cav2.3-competent mice, although these differences remained below the threshold for statistical significance as well (p = 0.100 and p = 0.090, respectively).
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FIGURE 6. Comparison of arterial responses recorded in Cav2.3[+/+] and Cav2.3[−/−] mice. (A) Average arterial responses to flicker stimulation in Cav2.3-competent [Cav2.3[+/+]: black curve, n = 15 animals] and Cav2.3-deficient [Cav2.3[−/−]: orange curve, n = 10 animals] mice. (B–D) Boxplots comparing (B) arterial area under the curve (AUCart), (C) time of maximum arterial dilation during the flicker (tMDart) and, (D) arterial dilation at flicker cessation (DFCven) in Cav2.3[+/+] (black) and Cav2.3[−/−] (orange) mice (same animals as in A). For remaining parameters see Table 3.





DISCUSSION

Dynamic retinal vessel analysis is a powerful tool for non-invasive assessment of neurovascular coupling that remains to be widely adopted to experimental and preclinical murine animal models. Here, we used an adapted prototype of a non-contact retinal vessel analyzer to compare the responses to flicker stimulation in Cav2.3-competent and -deficient mice.


Retinal Vessel Analysis in Mice

Our findings confirm and extent the results of a previous proof-of-concept study (19) by showing that non-invasive assessment of murine retinal vessel responses is feasible and that it can be used to analyze changes in genetically modified mice. Even though the signal-to-noise ratio (SNR) of individual responses to flicker stimulation remains to be improved by further technical and methodological refinements (see below), the variability of the parameter values obtained in wildtype mice was not excessive and in line with the relatively high (inter- and intra-subject) heterogeneity of microvascular responses observed in other studies (29–31). Moreover, while the shape of the individual responses was often not well-resolved, especially the average results obtained are in good agreement with the expected distinct pattern of retinal vessel responses to flicker stimulation (32). For example, previous studies in rats and human subjects have shown that retinal arteries exhibit rapid vasodilation on flicker initiation followed by a maintenance phase with little change before rapidly dropping below the baseline after flicker cessation and slowly returning back to their original value (31–37). While the maintenance phase in our average arterial responses appeared to have been obscured by the lower SNR in mouse recordings, wildtype mice clearly exhibited rapid vasodilation at stimulation onset, rapid and pronounced vasoconstriction after flicker cessation and a subsequent slow return of the vessel diameter to baseline (Figure 6A). Venous responses in the retina are typically characterized by much slower vasodilation during the flicker stimulation followed by a slow return to baseline after flicker cessation (31–37), which is in line with the average venous response we observed in wildtype mice (Figure 5A, but see below). That said, like in our previous study (19), the responses to flicker light stimulation appeared to be more consistent and pronounced in veins as compared to arteries, which would not be expected based on the dominant working model that arteries are the main effector of NVC and is in actual contrast to the small and inconsistent venous dilation previously observed in the rat retina (35). A possible explanation with regard to the latter could be differences in the anesthetic regimen, as common doses of many anesthetics have been shown to alter NVC and block vasodilation of veins in response to neuronal activity [reviewed in Gao et al. (38)]. While the aforementioned studies in rats were performed under α-chloralose anesthesia (35), which has been shown to reduce the metabolic rate in cortical neurons by 50% or more (39, 40), we used ketamine/xylazine at 2/3 of the common intraperitoneal dose, which might have contributed to the more pronounced venous responses observed in the present study. Moreover, even though arterial and venous responses in the human retina have often been reported to be comparable in magnitude (34, 41–43), more recent work by us and others has consistently demonstrated that the magnitude of venous responses actually exceeds the magnitude of arterial responses, and that these difference further increase with increasing age (31, 36, 37). Indeed, from a fluid mechanical point of view and assuming the same volumetric flow in both arteries and veins but a higher velocity in the arterial compartment, veins should dilate more to accommodate the same blood volume. Other factors that need to be considered with regard to the lower SNR in murine recordings are that veins are usually larger than arteries and that they appear darker, which increases their contrast to the background, makes venous responses less susceptible to erroneous diameter estimations and facilitates their separation from background noise. We intent to use fluorescent dyes to further improve the threshold for detection and resolution of arterial responses in the murine retina in future studies.

Another interesting observation of the present study is the fact that venous vasodilation during the flicker was often followed by vasoconstriction after flicker cessation, which was less marked than arterial vasoconstriction but still clearly evident in the average responses (Figure 5A). While this may seem to be at odds with the absence of vasoconstriction after flicker cessation usually observed in human retinal veins (34, 41–43), a recent study on the smallest vessels in the human retina found instances of constriction in venules as well (29), suggesting that their responses may at least in part be actively generated by contractile mural cells present at the vessel wall. In support of this assumption, the tone of porcine retinal veins without identifiable smooth muscle cells has previously been shown to be modulated by vasoconstricting and vasodilating agents (44–46). Interestingly, basal tone and its modulation by vasoactive agents were abolished in the absence of extracellular Ca2+, while the L-type VGCC antagonist nifedipine reduced basal tone but had no effect on venous vasoreactivity, possibly pointing to a role of Ca2+-influx through non-L-type VGCCs (45). This makes it tempting to speculate that Cav2.3 channels could be involved in the processes underlying venous vasoreactivity (but see next section), even though further studies will clearly be required to firmly establish whether the responses of veins in the mouse retina are attributable to passive stretch secondary to arterial vasodilation or at least in part actively generated by contractile cells like pericytes.



Effects of Cav2.3 Channel Ablation on Retinal Vessel Responses

Our results also suggest that Cav2.3 channel dysfunction is associated with significantly reduced venous and possibly even inverted arterial responses to flicker stimulation. However, taking into account the limited SNR, further studies will be required to determine if the apparent inversion of arterial responses evident in Figures 6A,B was due to arterial vasoconstriction during the flicker or merely an artifact generated by background noise. That said, a reduction in the magnitude of vasodilation during flicker stimulation was clearly observed in both arteries and veins from Cav2.3-deficient compared to wildtype mice, while the timing of vasodilation or the magnitude and timing of vasoconstriction after flicker cessation appeared to be much less affected. Attenuated vessel responses could reflect reduced light-induced neuronal activity with an associated decrease in metabolic demand or alterations in the coupling of neuronal activity to local vessel responses (i.e., impaired NVC). Our present data are clearly insufficient to draw firm conclusions with regard to the underlying mechanisms. However, previous electroretinographic (ERG) recordings from the isolated murine and bovine retina indicate that genetic or pharmacological ablation of Cav2.3 channels produces no drastic neuronal dysfunction and actually increases the ERG b-wave, presumably due to reduced GABAergic feedback inhibition of rod bipolar cells (47–51). Also, while the decrease in retinal vessel dilation during flicker stimulation could be accounted for by reduced neuronal activity, the partial reversal of arterial responses in Cav2.3-deficient mice is more difficult to explain in terms of altered neuronal activity alone. As such, we propose that the observed reduction of retinal vessel responses reflects—at least in part—impaired NVC due to changes in one or more of the signaling pathways within the neurovascular unit. On first sight, this may appear difficult to reconcile with previous findings that Ca2+ influx through Cav2.3 channels in cerebral vessels actually contributes to vasoconstriction after experimental subarachnoid hemorrhage (SAH) (20). However, it has also been shown that Cav2.3 channels are not normally expressed in these vessels and that subarachnoid blood degradation products like hemoglobin may be required to induce their functional upregulation (12, 20, 52). As such, our findings could point to a role of Cav2.3 channels in neurons, astrocytes, capillary pericytes and/or endothelial cells for NVC. For example, Cav2.3 channels have been shown to be expressed in cultured astrocytes (53) and astrocyte Ca2+ signaling has implicated in the modulation of basal tone and pressure-induced vascular responses of retinal arteries and veins (54). The inversion of NVC after SAH has been linked to changes in astrocyte Ca2+ signaling (55) as well, and sustained exposure to pathophysiologically relevant concentrations of the hemoglobin degradation product bilirubin has been shown to impair Cav2.3 channel function (56), which could conceivably promote changes in NVC similar to those observed in the present study. This could have important clinical implications with regard to the proposed use of Cav2.3 channel antagonists for the treatment of cerebral vasospasm (20), as suppression of these channels in non-vascular cell types of the NVU could possibly further impair NVC. In any case, further studies on the role of Cav2.3 channels in different cell types belonging to the NVU will clearly be required to delineate their contribution to NVC under physiological and pathophysiological conditions. In particular, combination of RVA with techniques for assessment of inner retinal signaling could be used to confirm or refute our hypothesis that altered retinal vessel responses in Cav2.3-deficient mice cannot be accounted for by changes in neuronal activity alone. More broadly speaking, non-invasive assessment of murine retinal vessel responses by RVA represents a powerful tool for preclinical research on NVC, which could not only provide insight into the therapeutic action of currently used drugs like nimodipine (13) but also help to identify novel targets for improved treatment strategies. However, a potential limitation of RVA in its current form that should be mentioned is that evaluation of retinal vessel diameters and responses without a mydriaticum is not technically feasible, so that a (differential) effect of tropicamide application on Cav2.3-competent and –deficient mice cannot be excluded. Although previous studies indicate that pharmacologic mydriasis with tropicamide has no effect on retinal microcirculation in the macula and peripapillary region (57), we are currently working on a refined prototype with infrared cameras to overcome the need for mydriasis and further evaluate its impact on retinal vessel parameters.




CONCLUSION

To our knowledge, this is the first study using a novel, non-contact analysis technique to investigate retinal vessel responses in VGCC-deficient mice. The observed changes in mice lacking Cav2.3 VGCCs raise the possibility that these channels are involved in NVC and deserve further investigation.
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All work was performed at the Barrow Neurological Institute at Phoenix Children's Hospital.

Objective: Investigate injury severity, neuroimaging, physiology, and outcomes with bolus hyperosmolar therapy (HT) of 3% hypertonic saline or mannitol.

Methods: Retrospective cohort analysis was performed. Physiologic variables included intracranial pressure (ICP), arterial blood pressure (ABP), and heart rate (HR). Volume-pressure compensation (PVC) indices included ICP pulse amplitude (AMP) and correlation of AMP and ICP (RAP). Cerebrovascular pressure reactivity (CVPR) indices included pressure reactivity index (PRx), pulse amplitude index (PAx), wavelet PRx (wPRx), and correlation of AMP and cerebral perfusion pressure (RAC). Heart rate variability (HRV) indices included heart rate standard deviation (HRsd), heart rate root mean square of successive differences (HRrmssd) and low-high frequency ratio (LHF). Outcome was assessed using Glasgow Outcomes Scale Extended Pediatrics, 12-months post-injury. Generalized estimating equations was applied to investigate associations of physiologic changes and pre-treatment indices with HT efficacy. Repeated measures analysis of variance was applied to investigate changes after HT without intracranial hypertension (ICH). Wilcoxon rank-sum was applied to investigate HT responsiveness with age, injury severity, neuroimaging, and outcomes.

Results: Thirty children received bolus HT. ICH reduction after HT was associated with reduced ICP (p = 0.0064), ABP (p = 0.0126), PRx (p = 0.0063), increased HRsd (p = 0.0408), and decreased pretreatment RAC (p = 0.0115) and wPRx (p = 0.0072). HT-responsive patients were older and had improved outcomes (p = 0.0394). HT without ICH was associated with increased ICP (P < 0.0001) and ABP (P < 0.0001), increases in all HRV indices and decreases in all PVC indices.

Conclusion: After pediatric TBI, efficacious HT is associated with decreased ICP and ABP, pre-treatment indices suggesting efficient CVPR, and potentially improved outcomes.

Keywords: hyperosmolar therapy, hypertonic saline, mannitol, traumatic brain injury, pediatrics, cerebrovascular pressure reactivity, multimodality monitoring


INTRODUCTION

Traumatic brain injury (TBI) represents a leading cause of pediatric morbidity and mortality, affecting an estimated 280 per 100,000 children in the United States (1). Despite the significance of this condition, high-level recommendations are not available in current pediatric guidelines, with no level I evidence existing to guide clinical management (2). While most level II evidence focuses on therapies to avoid in care, level II evidence does exist to support bolus therapy of hypertonic saline (3%) for treatment of intracranial hypertension (ICH). Mannitol is also available as a hyperosmolar agent, but it has not been subjected to rigorous controlled clinical trials vs. placebo or other therapy in children. After TBI, ICH can arise from multiple sources including cerebral edema, increased cerebral arterial blood volume (CABV), increased cerebral sinus pressure, or obstructive hydrocephalus. While use of hyperosmolar therapy (HT) has been shown to reduce ICH, its putative pharmacological mechanisms focus on reduction of cerebral edema, yet this would make it potentially ineffective when ICH arises from other etiologies. Furthermore, concern has arisen that in patients with intact cerebrovascular pressure reactivity (CVPR), hypertonic saline may impair cerebral hemodynamics (3). For these reasons, further study and understanding of the mechanisms of actions of HT and real time responses to treatment are necessary.

Multimodality neurologic monitoring (MMM) represents an emerging technique to help clinicians understand complex physiologic states after TBI (4). This technique offers both data visualization of real-time physiology, as well as calculation of biomarkers of cerebral dynamics. Model-based indices of CVPR, such as the pressure reactivity index (PRx), have been developed to understand a patient's state of pressure-related cerebral autoregulation, and have been demonstrated to be a strong marker of injury severity after pediatric TBI (5–7). Other model-based indices of heart rate variability (HRV) and pressure-volume compensation (PVC) offer an opportunity to better characterize a patient's physiologic state (8–10). These calculated biomarkers, however, have not yet been recognized to offer effective and immediately actionable information to guide clinical care.

In this study, we wished to investigate physiologic changes associated with HT in pediatric TBI patients, as well as the association of HT efficacy for ICH with physiologic, patient-specific, and neuroimaging characteristics. We hypothesized that HT is associated with reduction of ICH. We also hypothesized that HT efficacy for ICH is associated with pre-treatment CVPR and that treatment efficacy is associated with changes in CVPR, PVC, HRV as well as improved functional outcomes.



MATERIALS AND METHODS

This was a retrospective study from a prospectively collected clinical database. The study was conducted at Phoenix Children's Hospital (Phoenix Arizona, USA) and was approved by the Institutional Review Board (17-469).

Children (<21 years of age) with TBI from a single pediatric intensive care unit who underwent continuous intraparenchymal intracranial pressure (ICP) monitoring and MMM were retrospectively analyzed from September 2014 to December 2019. Patients were managed according to institutional standard of care, which consisted of invasive arterial blood pressure (ABP) and invasive intracranial pressure monitoring with an intraparenchymal probe and sometimes an external ventricular drain (EVD). The decision to place an intraparenchymal probe and/or EVD was made based on the risk/benefit ratio by the neurosurgeon on call. Clinical care was implemented using an institutional protocol founded upon the most current pediatric TBI guidelines at the time (2, 11).

The primary aim of this study was to investigate physiologic changes associated with bolus HT. We classified patients who had evidence of ICH during the immediate hour prior to bolus HT, as well as patients who had no evidence of ICH during that period. Evidence of ICH was classified using a threshold of a dose of ICP > 20 mmHg within the hour preceding treatment that was >0 mmHg/h. We calculated dose of ICH using a previously described methodology accounting for cumulative extent and duration identified by the area under the curve above the threshold, ICP >20 mmHg over a 1 h period, obtaining measurements of mmHg/hour (12). In patients without pre-treatment evidence of ICH, we compared physiologic changes in the hour immediately after HT as compared to the hour immediately preceding treatment. In patients with evidence of ICH, we compared physiologic changes associated with treatment efficacy as compared to changes associated with treatment inefficacy. We also investigated the association of treatment efficacy with pre-treatment serum sodium levels and model-based indices of CVPR, PVC and HRV. Secondary aims of this study were to investigate whether treatment efficacy of HT was associated with patient characteristics such as injury severity, initial neuroimaging characteristics and global functional outcomes.


Patient Characteristics

Demographic patient information included age. Injury characteristics included Glasgow Coma Scale (GCS) score (13) at presentation in addition to the Pediatric Risk of Mortality III (PRISM III) score (14) on day of admission. GCS scores range from 1 to 8 with lower scores indicative of increased injury severity. PRISM III scores range from 0 to 74 with higher scores indicative of increased injury severity. Global functional outcome was measured using the Glasgow Outcome Score Extended-Pediatrics (GOSE-PEDs) score at 12 months after injury (15), GOSE-PEDs scores range from 1 to 8 with higher values representing worsened outcome.



Physiologic Data

Patients underwent MMM that included intraparenchymal ICP, invasive ABP (arterial blood pressure) and electrocardiogram (ECG) monitoring. Cerebral perfusion pressure (CPP) was calculated as the intraparenchymal ICP subtracted from the mean ICP. All patients also underwent continuous electroencephalography (cEEG) as part of MMM. Continuous physiologic data from all monitoring devices were collected and time-synchronized using an MMM device (CNS200; Moberg ICU Solutions, Philadelphia, PA). ICM+ software (Cambridge, UK) was used to visualize and process MMM data to calculate model-based indices of CVPR, PVC, and HRV.

Cerebral hemodynamic variables collected for this study included intracranial pressure (ICP), arterial blood pressure (ABP) and heart rate (HR). Median dose of each hemodynamic variable was computed in the hour before and after bolus HT, and the difference after treatment was computed for each variable. Model-based indices utilized in this study were computed based upon each of these hemodynamic variables.

Model based indices of CVPR, PVC, and HRV are described in Supplementary Table 1. We classify model based indices as calculated values of two or more physiologic data captured from time series MMM signals that have been developed from conceptual models that describe physiologic states. Four different CVPR indices were explored, including the pressure reactivity index (PRx), pulse amplitude index (PAx), wavelet PRx (wPRx), and correlation of cerebral perfusion pressure and ICP pulse amplitude (RAC). A higher value for these indices signified impaired CVPR. PRx was calculated as a moving Pearson correlation coefficient between ABP and ICP within a 5-min averaging window (16). PAx was calculated similarly as a moving correlation coefficient between ABP and ICP pulse amplitude (17). RAC was calculated similarly as a moving correlation coefficient of ICP pulse amplitude and CPP (18). WPRx was calculated by taking the cosine of the wavelet transform phase shift between ABP and ICP (19). Physiologic indices of PVC included ICP pulse amplitude (AMP) and the correlation coefficient of AMP and ICP index (RAP). AMP represents the amplitude of the ICP waveform. RAP is calculated as a moving Pearson correlation coefficient between ICP within a 5-min averaging window (10). Indices of HRV included standard deviation of heart rate (HRsd), root-mean square of successive differences in heart rate (HRrmssd), and heart rate low-high frequency ratio (LHF). A lower value for these indices signifies impaired autonomic function. HRV variables were computed from time- and frequency-domain analyses according to international guidelines (8). For all HRV variables, a 30 s time series of R-R intervals was assessed from ECG that was updated every 10 s. HRsd and HRrmssd were computed from the time-domain signal. LHF was computed in the frequency domain, using Lomb-Scargle periodogram to calculate the spectral power of the RR time series in the low frequency range (0.04–0.15 Hz) and the high frequency range (0.15–0.4 Hz). To explore other physiologic biomarkers that may explain efficacy of HT based on its mechanism, we evaluated serum sodium levels acquired prior to HT.

Physiologic biomarkers investigated in relation to treatment efficacy were collected during the 1 h epoch immediately preceding and then proceeding bolus HT. The dose of ICH was also calculated in the 1 h immediately before and after bolus HT as the area under the curve during that time interval when ICP was >20 mmHg and was recorded in units of mmHg/hour, as done in previously described methods (12). Treatment efficacy was defined as a reduction in dose of ICP > 20 mmHg from the 1 h after initiation of bolus therapy as compared to the hour prior to bolus therapy. For example, a reduction from pre-treatment dose of ICH of 2.5 mmHg/h to a post-treatment dose of 1.8 mmHg/h would represent treatment efficacy. In contrast, a rise from a pre-treatment dose of ICH of 350.6 mmHg/h to a post-treatment dose of 355.6 mmHg/h would represent treatment inefficacy. The assessment of treatment efficacy was thus only evaluated for boluses which were preceded by ICP achieving a threshold dose of ICP >20 mmHg >0 mmHg/h. ICH Agents used for bolus dosing of HT included 3% hypertonic saline and mannitol. To characterize treatment responsiveness at the subject level, individual patients were considered responsive to HT if they experienced treatment efficacy to ≥50% of the bolus HT given to them during their monitoring.



Neuroimaging Characteristics

Initial computed tomography (CT) scans were reviewed by a neuroradiologist in their original digital form and graded according to the modified Marshall CT scan classification system (20). The neuroradiologist was blinded to MMM data or outcome measures at the time of analysis. Volumes of high- or mixed-density lesions consistent with intracranial hematomas were calculated by creating volumetric three-dimensional rendering using a commercially available region growing segmentation algorithm (Royal Phillips®, Best, Netherlands). Midline shift was measured in millimeters at the level of maximum deviation. The presence of basal cistern effacement was also described for each patient.



Statistical Analysis

Continuous and categorical variables were summarized with descriptive statistics including mean and standard deviation (SD) or median and interquartile range (IQR) of continuous variables, and frequencies of categorical variables. In patients with pre-treatment ICH, we employed generalized estimating equations (GEE), accounting for repeated measures (21), to test for the association of HT efficacy with differences in continuous physiologic variables. We also employed GEE in the same cohort to investigate the association of treatment efficacy with pre-treatment sodium levels and model-based indices of CVPR, PVC, and HRV. In patients without pre-treatment ICH, we employed one-way repeated measures analysis of variance (ANOVA) to test for changes in continuous physiologic variables before and after HT (22). Wilcoxon-rank sum test was used to investigate the association of continuous patient and neuroimaging characteristics with treatment responsiveness after HT. Fisher's exact test was used to test for the association of the presence or absence of basal cistern effacement or inflicted head trauma with treatment responsiveness. Findings were considered significant if the p < 0.05. Statistical analyses were performed using RStudio version 3.4.1.




RESULTS


Population

Seventy-nine children were identified with TBI undergoing MMM with ICP monitoring, among which seventy-four children (93.7%) underwent intraparenchymal ICP monitoring. Of those seventy-four children, thirty (40.5%) were identified to have received distinct boluses of HT during their care with MMM. Table 1 summarizes patient demographic data regarding TBI patients who received bolus HT. Ten patients (33.3%) were female. Ages ranged from 1 month to 16 years of age (median 6.5+/– interquartile range [IQR] 11.5). Nine of the thirty patients (30.0%) who underwent bolus HT had inflicted head injuries, among which five (55.6%) experiencing abusive head trauma and four (44.4%) experiencing gunshot wounds to the head. Initial GCS scores ranged from 3 to 15 (median 6.5 ± 4.8). Initial PRISM III scores ranged from 9 to 25 (median 16.5 ± 7.0). GOSE-PEDs scores at 12 months ranged from 1 to 8 (median 5.0 ± 3.0). Three patients (10.0%) experienced medically and surgically refractory ICH and died after withdrawal of life sustaining therapies. Serum sodium levels prior to bolus HT ranged from 138 to 175 mmol/L (median 148.0 ± 6.0). Twenty-two of the thirty patients (73.3%) receiving bolus HT had initial CT scans available for review. Initial CT Marshall scores ranged from 1 to 6 (median 2.0 ± 4.0). Intracranial hematoma volume ranged from 0 to 143.7 cm3 (median 17.8 ± 25.8). Midline shift ranged from 0 to 21 mm (median 1.0 ± 2.8). Six patients (27.3%) demonstrated evidence of basal cistern effacement. All patients received intravenous Levetiracetam for seizure prophylaxis and nine patients (30.0%) experienced post-seizures, although seizures and antiepileptic treatment administration were not identified during the hour before or after HT for observed patients.


Table 1. Patient characteristics.
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Characteristics of Bolus Hyperosmolar Therapy and Intracranial Hypertension

Characteristics are also summarized in Table 1. There were 148 boluses of HT identified during MMM, with each patient receiving between 1 and 21 distinct boluses of therapy (median 3.0 ± 4.8). Boluses of HT were obtained from 0 to 13 days after initial injury (median 2.0 ± 3.0). Seventeen patients (56.7%) received boluses exclusively with 3% hypertonic saline, five patients (16.7%) received boluses exclusively with mannitol, and eight patients (26.7%) received both mannitol and 3% hypertonic saline. Bolus dose of 3% hypertonic saline ranged from 0.6 to 13.3 mL/kg (median 5.8 ± 2.5). Bolus dose of mannitol ranged from 0.2 to 0.7 g/kg (median 0.3 ± 0.1). Of the 148 distinct boluses of HT, 78 boluses were preceded by evidence of ICH (52.7%) in the 1 h prior to treatment. Of these 78 treatments, 44 boluses (56.4%) were followed by reduction of ICH, representative of treatment efficacy. Seven patients (23.3%) had ≥50% treatment responsiveness and thus were considered responsive to HT.



Patient and Neuroimaging Characteristics Associated With Hyperosmolar Treatment Efficacy

Findings are summarized in Table 2. In patients with pre-treatment ICH, we observed that older age was associated with treatment efficacy (median 14.0±6.0 years; p = 0.0194) as compared to treatment inefficacy (median 4.0 ± 10.5 years). We did not observe associations of treatment efficacy with initial GCS or PRISM III scores, inflicted head trauma, CT Marshall scores, hematoma volume, midline shift, or the presence of basal cistern effacement. We did observe that patients who experienced treatment responsiveness had improved functional outcomes (median GOSE-PEDs 2.0 ± 3.5; p = 0.0394) at 12-months post-injury as compared to patients who did not experience treatment responsiveness (median GOSE-PEDs 5.0 ± 2.5).


Table 2. Pre-treatment characteristics associated with reduction of intracranial hypertension after hyperosmolar therapy.
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Pre-treatment Sodium Levels and Model-Based Indices Associated With Hyperosmolar Treatment Efficacy

Findings are also summarized in Table 2. We observed that HT efficacy was associated with decreased pre-treatment median wPRx (0.05 p = 0.0072) and RAC (p = 0.0115) values. We did not observe that treatment efficacy was associated with pre-treatment serum sodium levels or values of PRx, PAx, RAP, AMP, HRsd, HRrmssd, or LHF Ratio.



Physiologic Changes After Hyperosmolar Treatment With Preceding Intracranial Hypertension

Findings are summarized in Table 3. As expected, we observed that HT efficacy for ICH was associated with decreased median ICP, whereas treatment inefficacy was associated with increased median ICP (p = 0.0064). We observed that treatment efficacy was associated with decreased median ABP, whereas treatment unresponsiveness was associated with increased ABP (p = 0.0136). In terms of indices of CVPR, we observed that treatment efficacy was associated with decreases in median PRx, whereas treatment inefficacy was associated with increases in median PRx (p = 0.0063). We observed that treatment efficacy was associated with a greater decrease in median HRsd as compared to treatment inefficacy (p = 0.0408). We did not observe significant changes in relation to treatment responsiveness with regards to median HR, PAx, wPRx, RAC, RAP, AMP, HRrmssd, or LHF Ratio.


Table 3. Differences in cerebral physiology to bolus hyperosmolar therapy after intracranial hypertension.
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Physiologic Changes After Hyperosmolar Treatment Without Preceding Intracranial Hypertension

Findings are summarized in Table 4. In terms of physiologic vital signs, we observed that HT is associated with increases in ICP (p < 0.0001) and ABP (p < 0.0001) and decreases in HR (p < 0.0001). In terms of indices of CVPR, we observed that HT is associated with increases in PRx (p < 0.0001) and decreases in PAx (p = 0.0005), wPRx (p < 0.0001), and RAC (p < 0.0001). In terms of indices of PVC, we observed that HT is associated with increases in RAP (p < 0.0001) and AMP (p < 0.0001). In terms of HRV, we observed that HT is associated with increases in HRsd (p < 0.0001), HRrmssd (p < 0.0001), and LHF ratio (p < 0.0001).


Table 4. Differences in cerebral physiology in relation to hyperosmolar therapy without intracranial hypertension.
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DISCUSSION

We observed that HT efficacy against ICH is associated with reductions in ICP and ABP. We observed that pre-treatment evidence of efficient CVPR arising from two indices, wPRx and RAC, is associated with effective HT against ICH. In patients without ICH, HT led to increases in ICP and ABP, decreased PVC, and increased HRV.

HT is used against ICH for children with severe TBI. HT is thought to reduce ICH through two mechanisms (23). The first is the establishment of an osmotic gradient sufficient to draw cerebral edema from intraparenchymal tissue into cerebral circulation. The second involves plasma expansion resulting in decreased blood hematoma and reduced blood viscosity. If CVPR mechanisms are intact, this second response would lead to cerebral arteriolar vasoconstriction and a resultant decrease in CABV and ICP. If CVPR is impaired and an insufficient osmotic gradient is developed, HT carries risk of increasing CABV and worsening ICH and cerebral edema. In patients without evidence of ICH, it remains unclear how plasma expansion and the creation of osmotic gradients impacts CVPR, PVC and cerebral oxygen delivery.

Our findings that efficacy of HT against ICH is associated with reduced ICP and ABP is consistent with putative mechanisms. Development of an osmotic gradient reduces intraparenchymal cerebral edema and ICP. Reduced ABP may reflect an appropriate CVPR response to cerebral circulation volume expansion resulting from HT. This is supported by our observation that HT efficacy is associated with lower pre-treatment wPRx and RAC values, reflective of efficient CVPR. We note that PRx values decrease after efficacious treatments and increase after ineffective treatments. This may reflect improved CVPR after efficacious HT, though no changes in other CVPR indices demonstrated significance. Increases in PRx after ineffective treatment likely reflects worsening CVPR. Prospective work investigating the effect of 23.5% hypertonic saline in poor grade subarachnoid hemorrhage patients suggests that it increases cerebral blood flow (24), and work examining mannitol suggests it does not acutely decrease CABV (25). PVC likely differs in young patients with open anterior fontanelles or smaller skulls as compared to older children who may reflect more similar dynamics to adults. Such changes in PVC may reflect changes in treatment efficacy across pediatric ages as we observed.

Our analysis of bolus HT in patients without ICH was performed to gain further insight regarding both the putative mechanisms and implications of HT. Use of bolus HT without ICH is a clinical decision which at our institution may occur to achieve goal serum sodium or osmolality levels desired by the treating team. HT without preceding ICH was associated with increases in ICP and ABP, with each moving oppositely from when HT improves ICH. In treatments without preceding ICH, there was also evidence of decreased HR, increased HRV (HRsd, HRrmssd and LHF Ratio) and decreasing PVC (increasing values of ABP and RAP). In these patients, there is likely insufficient cerebral edema for an osmotic gradient to shift sufficient cerebral edema toward cerebral circulation to reduce ICP. Rather, there is likely plasma expansion resulting in increased CABV, increased ICP and decreased PVC. An increase in ABP along with ICP may reflect impaired CVPR, but this is not clear. Whereas, PRx values increased in these situations, other indices of CVPR decreased. It should be noted that none of these indices of CVPR represent a gold standard for assessment of CVPR. Concern has been raised in prior work as to whether ineffective HT may impair CVPR (3). PRx, regardless of its accuracy in describing CVPR, has been validated as a marker of injury severity in children with TBI (6, 7), and our findings raise question as to whether inefficient use of HT carries risk of disrupting healthy cerebral dynamics and worsening outcomes.

Model-based indices of CVPR, PVC, and HRV derived from MMM data offer clinicians an opportunity to better understand real-time cerebral physiology. What has remained elusive in the implementation of MMM for clinical decision support is whether specific indices of CVPR, PVC, or HRV confer potential benefit for specific treatment strategies in clinical care. In this study, we investigate pre-treatment indices of CVPR, PVC, and HRV as factors that may confer benefit for HT. We observed that lower pre-treatment values for two CVPR indices, wPRx and RAC, that were indicative of efficient CVPR were associated with HT efficacy. PRx represents the most studied index of CA yet its calculation carries significant assumptions. PRx assumes cerebral blood volume as a surrogate of cerebral blood flow, relies on adequate transmission of cerebral blood volume into ICP, assumes that variability of ICP is purely due to extracranial sources, and assumes no incoherence between ABP and ICP. Inadequate transmission of cerebral blood volume into ICP may be common in infants with open anterior fontanelles or children after decompressive craniectomy. In patients with ICH related to malignant cerebral edema and decreasing CPP, ICP variability is related to intracranial sources. The wPRx index investigates wavelet transform phase shifts from ABP and ICP, deriving values when there is strong coherence. The RAC index relates ICP pulse amplitude with CPP, accounting for situations in which there is inadequate transmission of cerebral blood volume into ICP as well as situations in which ICP values are reflective of evolving cerebral edema. Our finding that lower values of wPRx and RAC are associated with treatment responsiveness for ICH suggests that efficient CVPR may confer benefit for HT, and that these indices may offer utility in these circumstances by overcoming unaddressed assumptions made by the PRx calculation.

HT for severe ICH represents the only level II recommendation to offer benefit for pediatric TBI patients. Existing studies that have helped formulate level II recommendations focus on reduction of ICH (26–29) and there are no studies to date demonstrating that HT, or any other therapy, improves functional outcomes. The reasons for the inability to demonstrate such benefit may lie in selection of patients for whom therapy is considered. Existing clinical guidelines support use of HT as a tier II strategy (2, 30) in clinical care without a mechanistic understanding as to whether its use addresses etiologies of ICH at the individualized patient level. Its use focuses on the pathophysiology of cerebral edema, not accounting for circumstances in which ICH may more causally relate to increased CABV, obstructive hydrocephalus, increased metabolic demand, or poor venous drainage. The key component to demonstrating benefit in relation to functional outcomes may lie in the ability to use this therapeutic strategy in select patients demonstrating physiologic characteristics conferring potential to benefit. Our findings suggest that indices demonstrating efficient CVPR may identify those patients for whom HT will reduce ICH. Our findings also suggest that therapeutic benefit of HT in such patients may be associated with improved CVPR and functional outcomes.

This study is limited by a small sample size and its retrospective nature. HT occurred at varied time points in the course of TBI management, and we implemented a working cutoff of ≥50% of bolus HT efficacy to represent subject-level treatment responsiveness. For these reasons, we acknowledge limitations in extrapolating that treatment responsiveness is related to improved outcomes. The analysis methods employed in this study are exploratory techniques that serve for preliminary hypothesis generation. To account for small sample size, we aggregated data regarding both 3% hypertonic saline and mannitol and were unable to assess for differences in efficacy of either therapy. Our findings are limited given high variability of dosing employed for both agents. Because this is a single-center study, findings may not be generalizable across multiple centers. There is a need to conduct larger multi-center studies with standardized dosing and rigorous statistical methodologies to investigate whether model-based indices of CVPR, PVC and HRV may guide therapeutic targeting of HT to reduce ICH and improve functional outcomes.



CONCLUSION

After pediatric TBI, efficacy of bolus HT against ICH is associated with pre-treatment physiologic characteristics suggestive of efficient CVPR, and therapy leads to reduction of ICP and ABP. Bolus therapy of HT without preceding ICH may alter cerebral dynamics by increasing ICP and decreasing PVC.
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Dysfunctional cerebrovascular autoregulation may contribute to neurologic injury in neonatal hypoxic-ischemic encephalopathy (HIE). Identifying the optimal mean arterial blood pressure (MAPopt) that best supports autoregulation could help identify hemodynamic goals that support neurologic recovery. In neonates who received therapeutic hypothermia for HIE, we hypothesized that the wavelet hemoglobin volume index (wHVx) would identify MAPopt and that blood pressures closer to MAPopt would be associated with less brain injury on MRI. We also tested a correlation-derived hemoglobin volume index (HVx) and single- and multi-window data processing methodology. Autoregulation was monitored in consecutive 3-h periods using near infrared spectroscopy in an observational study. The neonates had a mean MAP of 54 mmHg (standard deviation: 9) during hypothermia. Greater blood pressure above the MAPopt from single-window wHVx was associated with less injury in the paracentral gyri (p = 0.044; n = 63), basal ganglia (p = 0.015), thalamus (p = 0.013), and brainstem (p = 0.041) after adjustments for sex, vasopressor use, seizures, arterial carbon dioxide level, and a perinatal insult score. Blood pressure exceeding MAPopt from the multi-window, correlation HVx was associated with less injury in the brainstem (p = 0.021) but not in other brain regions. We conclude that applying wavelet methodology to short autoregulation monitoring periods may improve the identification of MAPopt values that are associated with brain injury. Having blood pressure above MAPopt with an upper MAP of ~50–60 mmHg may reduce the risk of brain injury during therapeutic hypothermia. Though a cause-and-effect relationship cannot be inferred, the data support the need for randomized studies of autoregulation and brain injury in neonates with HIE.
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INTRODUCTION

Nearly one million neonatal deaths worldwide each year are related to hypoxic-ischemic encephalopathy (HIE) from intrapartum complications (1). Though therapeutic hypothermia has reduced mortality, additional treatments are needed to prevent the persistent moderate-to-severe neurologic disabilities that affect almost half of survivors who receive this therapy (2). Alterations in cerebrovascular blood pressure autoregulation, which holds blood flow stable across changes in perfusion pressure, may contribute to HIE-related brain injury. Neuroprotective hemodynamic goals for infants with HIE are unclear, and many clinicians base their blood pressure goals on the neonate's gestational age in weeks +5 (3). However, maintaining mean arterial blood pressure (MAP) above the gestational age+5 does not reduce neurologic injury in infants with HIE (4).

Autoregulation monitoring has the potential to clarify hemodynamic goals during recovery from brain injury. Blood pressures below the optimal MAP (MAPopt) at which autoregulation is most robust are associated with greater brain injury on MRI and worse neurocognitive outcomes in neonates with HIE (4–7). The pediatric traumatic brain injury guidelines recommend that clinicians consider monitoring autoregulation to reduce secondary injury (8). Unfortunately, similar recommendations cannot be made in neonatal medicine where autoregulation monitoring is challenged by the reliance on non-invasive cranial methods that often have high signal variability. More reliable techniques with less signal noise must be developed for neonatal autoregulation monitoring.

Mathematical algorithms that determine the relationship between blood pressure and cerebral blood volume can be used to assess autoregulation. The relative total tissue hemoglobin (rTHb) from near-infrared spectroscopy (NIRS) is a surrogate measure of cerebral blood volume during autoregulatory vasoreactivity (9). In theory, changes in cerebral metabolic rate, such as from temperature modulation, should have little effect on rTHb because rTHb measures oxygenated and deoxygenated hemoglobin. Indices derived from rTHb accurately measure autoregulation during therapeutic hypothermia (10).

The correlation between MAP and rTHb generates the hemoglobin volume index (HVx) (10). Though correlation is commonly used to assess autoregulation (4, 11), it can have considerable signal variability when applied to short monitoring periods. We therefore developed the wavelet hemoglobin volume index (wHVx) (12, 13) and a multi-window data processing method (14) to produce a more stable autoregulation index suitable for monitoring short time windows. Whether wHVx and multi-window processing can identify blood pressures associated with HIE brain injury is unknown. In this study, we tested wHVx and correlation HVx with single- and multi-window data processing in newborns with HIE. We hypothesized that blood pressure deviation from the MAPopt identified by wHVx would be associated with regional and global brain injury on MRI. We secondarily tested the MAPopt from correlation HVx and whether the multi-window technique improves MAPopt identification relative to the single-window technique.



MATERIALS AND METHODS

We measured autoregulatory vasoreactivity using NIRS in neonates who received therapeutic hypothermia for HIE in the Johns Hopkins neonatal intensive care unit (NICU). This prospective, observational study was approved by the Johns Hopkins Institutional Review Board. Before May 2013, written consent was obtained from neonates' parents for study participation. After that, NIRS became standard clinical care for HIE in our NICU, and the IRB waived the requirement for written consent. Sixty-six neonates in this study were reported in at least one of our past reports (4–7, 15–18). Four neonates contributed new data to the study.


Enrollment Criteria and Clinical Care

All neonates diagnosed with HIE were screened between September 2010 and November 2015. Study enrollment criteria included the receipt of therapeutic hypothermia, continuous arterial blood pressure monitoring, gestational age ≥35 weeks, and birth weight ≥1,800 g. Neonates without an arterial blood pressure cannula, who did not receive hypothermia, or who were transferred to another intensive care unit for potential extracorporeal membrane oxygenation were not eligible for the study.

Neonates were diagnosed with moderate or severe HIE at their birth hospital based on the National Institute of Child Health and Human Development (NICHD) Neonatal Research Network criteria as previously described (7, 19). Outborn neonates started passive cooling and were transported to our NICU for active therapeutic hypothermia. A modified Sarnat encephalopathy score (19, 20) was determined when they arrived at our NICU. Five neonates who were initially diagnosed with moderate HIE at the outside hospital were subsequently graded to have mild HIE at our institution during active cooling. The clinicians continued therapeutic hypothermia because perinatal acidosis increases the risk of persistent brain injury, even in mild encephalopathy (21), and the encephalopathy may rapidly evolve (22). These neonates met study criteria and therefore were enrolled.

We have reported our therapeutic hypothermia protocol (4, 6). Briefly, neonates underwent whole-body cooling to a goal rectal temperature of 33.5 ± 0.5°C for 72 h followed by rewarming at ≤ 0.5°C/h. For the study, the rewarming period was defined by a temperature increase from 34.1 to 36.4°C. The normothermia period was defined by a temperature ≥36.5°C. Clinicians followed routine clinical practice for blood pressure management, and they had access to the NIRS regional cerebral oxyhemoglobin data but not the HVx or wHVx. All neonates received morphine for sedation followed by as-needed fentanyl, hydromorphone, clonidine, or benzodiazepines. Dopamine was administered for hypotension, followed by dobutamine or epinephrine at the clinicians' discretion. Seizures were diagnosed by electroencephalogram and treated with phenobarbital. If the seizures persisted, neonates were administered levetiracetam, fosphenytoin, or topiramate. Hydrocortisone was administered for adrenal suppression or hypotension that was refractory to vasopressors. The neonates' partial pressure of arterial carbon dioxide (PaCO2) levels were categorized into one of four categories: (1) all 35–45 mmHg; (2) some <35 mmHg but none >45 mmHg; (3) none <35 mmHg but some >45 mmHg; and (4) some <35 mmHg and some >45 mmHg (4, 23).

We assigned each neonate a perinatal insult score based on common clinical criteria, including whether delivery was emergent, Apgar score at 10 min, first blood gas pH and base deficit, Sarnat stage, and need for mechanical ventilation (4, 24) (Supplementary Table 1). For outborn neonates, we used the Sarnat encephalopathy score that was obtained upon their arrival at our NICU. The purpose of the perinatal insult score, which is independently associated with HIE brain injury (24), is to provide a single variable that describes the neonate's clinical status soon after birth for multivariate analysis (4, 24). The investigator who assigned the perinatal insult scores (RC-V) was blinded to the autoregulation and MRI data.



Autoregulation Monitoring

A bedside laptop computer continuously monitored MAP from the arterial cannula and rTHb from bilateral cerebral NIRS (INVOS 5100; neonatal probes; Medtronic, Minneapolis, MN) during hypothermia, rewarming, and the first 3 h of normothermia. Data were sampled at 100 Hz with ICM+ software (University of Cambridge, Cambridge Enterprise, Cambridge, UK, https://icmplus.neurosurg.cam.ac.uk). The rTHb was detected by NIRS to obtain a surrogate measure of cerebral blood volume (9). (Additional information is provided in the Supplementary Material.) Artifacts in the arterial blood pressure tracing, including those from flushes and transducer adjustments, were filtered out manually. We averaged the MAP and rTHb data in consecutive, 10-s intervals to exclude high-frequency waveforms from respiration and pulse (Figure 1A). This filtering technique leaves slow-wave oscillation data from autoregulatory vasoreactivity (9). An investigator (XL) blinded to the neonate's temperature and brain MRI measures processed all of the autoregulation data.


[image: Figure 1]
FIGURE 1. Illustration of data processing. (A) The data were filtered to remove high-frequency waveforms, including those associated with pulse and respiration. (B) The hemoglobin volume index (HVx). (C) The wavelet hemoglobin volume index (wHVx). (D) Single-window, optimal mean arterial blood pressure (MAPopt). (E) Multi-window MAPopt. (F) MAPopt values were calculated in consecutive 3-hour periods that were coded by the neonate's core temperature. Boxes are not to scale. MAP, mean arterial blood pressure; rTHb, NIRS relative total tissue hemoglobin.




HVx Calculation

HVx was calculated as the Pearson correlation coefficient between 10-s averages of MAP and rTHb from 30 paired samples in consecutive, 300-s epochs (Figure 1B). HVx is a continuous metric of autoregulatory vasoreactivity that ranges from −1 to +1. Negative or near-zero HVx indicates functional autoregulation because MAP and cerebral blood volume correlate negatively or not at all. When autoregulation becomes dysfunctional, HVx becomes increasingly positive and approaches +1 because MAP and cerebral blood volume correlate (10).



wHVx Calculation

Using methodology that we previously validated in piglets (12, 13), we calculated the wavelet transform phase shift between MAP and rTHb in the frequency range of 0.007–0.05 Hz. Intracranial slow waves from autoregulatory vasoreactivity are known to occur in this frequency range (9, 25). In brief, we calculated the wavelet transform phase shift at each scale-frequency point in 800-s data segments using a moving time window that was updated every 10 s and a wavelet transform coherence threshold of 0.46 (26) (Supplementary Material). This method assumes that data with good coherence represent true physiology whereas poorly coherent data are from signal noise.

Then, we calculated the wavelet semblance (the cosine of wavelet phase shift) to generate the wHVx. This process produced several wavelet semblances from 0.007 to 0.05 Hz at each time point. The wavelet semblance values were then averaged along the frequency domain to create one wHVx value for each time point. We chose an 800-s window length because an edge effect necessitated that we reject approximately 500 s of data (27), leaving 300 s of data to calculate wHVx. Therefore, both the wHVx and correlation HVx data were analyzed in 300-s epochs (Figure 1C) (Supplementary Material).

The wHVx is a continuous autoregulatory vasoreactivity index that ranges from −1 to +1. Functional autoregulation generates a high phase shift owing to the inverse correlation between MAP and rTHb (28). For example, when autoregulation is functional, increases in blood pressure cause the cerebral arterioles to constrict with a reduction in cerebral blood volume that is detected by rTHb. Perfect autoregulation causes a 180° phase shift between MAP and rTHb, thereby generating a wHVx of −1. When autoregulation is dysfunctional, increases in blood pressure cause the cerebral blood volume and rTHb to rise also. Complete pressure passivity generates a 0° phase shift between MAP and rTHb with a wHVx of +1. Thus, the wHVx and correlation HVx indices have the same directionality. Functional autoregulation is indicated by negative or near-zero wHVx and HVx. Dysfunctional autoregulation causes wHVx and HVx to become positive.



Identification of MAPopt

Graphs were generated by sorting each neonate's MAP into 3-mmHg bins on the x-axis and the mean HVx or wHVx of each bin on the y-axis. An automatic curve fitting method that used the smallest curve fitting error in ICM+ (13) generated a U-shaped curve with MAPopt at the nadir (Figure 2). Neonates without a nadir were coded as having an unidentifiable MAPopt.


[image: Figure 2]
FIGURE 2. Identification of optimal mean arterial blood pressure (MAPopt) by the hemoglobin volume index (HVx) and the wavelet hemoglobin volume index (wHVx) in an example neonate. (A) Mean arterial blood pressure; (B) Using wHVx, the curve fitting method identified MAPopt at 53.5 mmHg. (C) HVx identified MAPopt at 56.5 mmHg. The curved lines show the optimal curve fit applied by ICM+ software. The bars are standard deviations.


We derived MAPopt from HVx and wHVx using single- and multi-window methods to generate four comparison indices. Single-window MAPopt was calculated in consecutive 3-h windows to generate one MAPopt per window (Figures 1D, 2). Thus, every neonate had many single-window MAPopt values from HVx and wHVx across time.

The multi-window MAPopt was calculated by using a previously published method (14). Twelve 2-h to 4-h overlapping windows of data were updated every 10 min (Figure 1E) to generate 12 MAP-HVx and 12 MAP-wHVx graphs. A weighting process was applied based on curve fit error, curve shape, and window duration. Data with smaller curve fit errors that formed U-shapes and that were from shorter time windows were weighted heavily and contributed more to the MAPopt calculation (14). The weighted average from the 12 graphs generated the final multi-window MAPopt values from HVx and wHVx across time.

Finally, each neonate's autoregulation recording was divided into consecutive 3-h periods from the beginning of the recording. These were coded according to the neonate's rectal temperature (Figure 1F). Temperatures ≤ 34.0°C were considered hypothermia, and the rewarming period consisted of temperatures 34.1°C to 36.4°C. The rewarming+normothermia period included at least 15 min of rewarming plus normothermia, which was defined as ≥36.5°C. We did not analyze periods that contained a mixture of hypothermia and rewarming or only normothermia. One investigator (JKL) who was blinded to the autoregulation and MRI data coded the temperatures for each period. Ultimately, each neonate had four MAPopt values calculated by the single- and multi-window methods from HVx and wHVx in each 3-h period across hypothermia, rewarming, and the transition between rewarming and normothermia.



Brain MRI

Brain MRIs were obtained in neonates between 4 and 16 days of life on 1.5T (Avanto; Siemens, Erlangen, Germany) or 3T (Avanto; Siemens) clinical MRI scanners. All neonates were imaged without anesthesia during natural sleep. We reported our MRI methods previously (5–7). The neuroradiologists were blinded to the autoregulation indices and blood pressure data. An experienced pediatric neuroradiologist (AT) scored each MRI qualitatively as no, mild, moderate, or severe injury using T1, T2, and diffusion tensor imaging (DTI) in six regions: paracentral gyri, global white matter, thalamus, basal ganglia, posterior limb of the internal capsule, and brainstem (4).

Two pediatric neuroradiologists (AT, BS) also graded the T1 and T2 MRIs using the NICHD Neonatal Research Network score (2). This is a standardized score with categories of 0: no injury; 1A: minimal cerebral lesions and no injury in the thalamus, basal ganglia, or internal capsule; 1B: more extensive cerebral lesions without injury in the thalamus, basal ganglia, or internal capsule and no infarction; 2A: any injury in thalamus, basal ganglia, or anterior or posterior limb of the internal capsule or watershed infarction; 2B: same criteria as category 2A with additional cerebral lesions; and 3: cerebral hemispheric devastation. To test agreement in grading the MRIs, the two neuroradiologists independently interpreted 10 MRIs.



Statistical Analysis

Statistical analysis was conducted with R (www.r-project.org/). We used proportional odds logistic regression to examine the associations between autoregulation and brain injury in data stratified by three temperatures: hypothermia, rewarming, and rewarming + normothermia. Autoregulation was measured in each neonate by the maximal blood pressure above or below MAPopt. We also measured the area under the curve (AUC; min × mmHg/h) of time (minutes) with blood pressure above or below MAPopt and blood pressure (mmHg) above or below MAPopt normalized to the monitoring duration (hours) (4). These autoregulation measures were obtained in each 3-h period coded by temperature.

The associations between each neonate's autoregulation and brain injury parameters were additionally analyzed with adjustments for sex, PaCO2 level, perinatal insult score, vasopressor use, and presence of electroencephalographic seizures. We selected these covariates because of their potential associations with autoregulation and brain injury (15, 23, 29–33).

We adjusted for multiple comparisons using Bonferroni corrections within each temperature and brain injury metric. For example, when analyzing the maximal blood pressure above MAPopt during hypothermia, 24 tests compared MAPopt from single- and multi-window wHVx and correlation HVx (four types of MAPopt) in 6 brain regions. Four additional tests compared maximal blood pressure above MAPopt with the NICHD global brain injury score. For the entire study encompassing the three temperatures (hypothermia, rewarming, and rewarming + normothermia), we performed 336 unadjusted and 336 adjusted comparisons. The Bonferroni correction controlled for the inflation of type 1 error caused by testing different MAPopt measures across time and in multiple brain regions (34). The 95% confidence intervals of the regression coefficients and the p-values were adjusted for multiple comparisons. p < 0.05 was considered statistically significant.



Sample Size Estimation

This is a secondary and exploratory analysis of data from our prior studies (4–7, 15–18). No other studies have calculated MAPopt using wavelet or multi-window autoregulation monitoring in HIE to our knowledge. Nonetheless, a separate study of HIE using a different wavelet autoregulation index showed that an approximate mean index difference of ≥0.25 identified neonates who died or suffered brain injury (35). Using these estimates, a sample of 17 newborns with brain injury and 17 without injury would have power >0.80 at the alpha 0.05 level (PS Power and Sample Size Calculations, v. 3.0) (36, 37).




RESULTS

Seventy-nine neonates were enrolled for autoregulation monitoring, and 70 (89%) received a brain MRI (Figure 3). The majority were delivered emergently by unscheduled cesarean section for documented fetal distress (Table 1). Autoregulation was monitored for a mean total of 54.4 h [standard deviation (SD): 21.7 h; 95% confidence interval (CI): 49.5, 59.1 h] in all neonates.
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FIGURE 3. Study screening and enrollment. ICU, intensive care unit; MRI, magnetic resonance imaging; NICHD, National Institute of Child Health and Human Development; DTI, diffusion tensor imaging; MAPopt, optimal mean arterial blood pressure.



Table 1. Clinical descriptions of neonates (n = 79).
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The neuroradiologists had 100% agreement in grading injury on 10 MRIs. Most neonates had mild or no injury in the paracentral gyri, white matter, basal ganglia, thalamus, posterior limb of the internal capsule, and brain stem, with NICHD scores of 0, 1A, or 1B (Table 2). The white matter most commonly showed injury, whether mild, moderate, or severe, whereas gray matter and brainstem more often had no injury. White matter was also the most common region to have severe injury.


Table 2. MRI interpretation by brain region and National Institute of Child Health and Human Development score.
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Blood Pressure and MAPopt

Mean MAP was 54 mmHg (SD: 9; 95% CI: 52, 55) during hypothermia, 49 mmHg (SD: 8; 95% CI: 48, 50) during rewarming, and 49 mmHg (SD: 7; 95% CI: 48, 50) during rewarming+normothermia. Values for MAPopt differed by 0–3 mmHg between indices when all values were averaged across a temperature period (Table 3).


Table 3. Mean optimal arterial blood pressure values identified by the autoregulation metrics.
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Wavelet HVx

Sixty-three neonates with MAPopt derived from single-window wHVx during hypothermia had regional brain injury scored on MRI. Greater maximal blood pressure above MAPopt was associated with less injury in the paracentral gyri (β = −0.147; 95% CI: −0.284, −0.010; p = 0.044), basal ganglia (β = −0.142; 95% CI: −0.261, −0.023; p = 0.015), thalamus (β= −0.149; 95% CI: −0.272, −0.026; p = 0.013), and brainstem (β = −0.120; 95% CI: −0.232, −0.009; p = 0.041) after adjusting for sex, vasopressors, seizures, PaCO2, and the perinatal insult score. An example coefficient interpretation would be that for every 1 mmHg increase in maximal blood pressure above MAPopt, the odds ratio of increased paracentral gyri injury was 0.863 [exp(−0.147)] per increase in injury level (e.g., mild to moderate).

Blood pressure below the single-window wHVx MAPopt and the AUC during hypothermia were not related to regional brain injury (p > 0.05 for all comparisons, Table 4). Blood pressure relative to this MAPopt during rewarming and rewarming + normothermia was also not associated with regional injury.


Table 4. Comparisons of blood pressure relative to the MAPopt from wHVx during hypothermia.
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NICHD global brain injury scores were graded in 65 neonates with MAPopt derived from single-window wHVx during hypothermia. Greater maximal blood pressure above this MAPopt was associated with less injury in the univariate analysis (β = −0.084; 95% CI: −0.160, −0.008; p = 0.033) but not in the multivariate analysis. The NICHD injury score was not related to blood pressure below this MAPopt or the AUC during hypothermia nor with any blood pressure metric during rewarming or rewarming + normothermia. The multi-window wHVx did not identify any relationships between blood pressure, MAPopt, and brain injury.



Correlation HVx

MAPopt during hypothermia was identified by the multi-window, correlation HVx in 64 neonates with regional brain injury measures. Higher blood pressure above this MAPopt was associated with less brainstem injury in the multivariate analysis (β = −0.117; 95% CI: −0.217, −0.009; p = 0.021). Blood pressure below this MAPopt and the AUC during hypothermia had no association with injury in any region. Moreover, regional brain injury was unrelated to blood pressure and MAPopt during rewarming or rewarming+normothermia. The NICHD score also was not associated with this MAPopt. Finally, single-window HVx did not identify any relationships between blood pressure, MAPopt, and brain injury.




DISCUSSION

Maintaining blood pressure within the range that optimizes autoregulation could mitigate brain injury in HIE (4–7, 16). We tested whether wHVx and correlation HVx, which we validated in piglets with HIE (13), and single- and multi-window methodology (14) identify MAPopt in short monitoring periods. Having blood pressure above the single-window wHVx-derived MAPopt during hypothermia was associated with less injury in the paracentral gyri, basal ganglia, thalamus, and brainstem after adjustments for sex, vasopressor use, seizures, PaCO2, and perinatal insult score. Blood pressure that exceeded the MAPopt from multi-window, correlation HVx was associated with reduced injury in the brainstem only. We conclude that single-window wavelet methodology may increase accuracy in identifying MAPopt values that are associated with brain injury when using short monitoring periods. In neonates with an upper MAP of approximately 50–60 mmHg, having blood pressure above the MAPopt identified by single-window wHVx might be able to reduce the risk of neurologic injury.


MAPopt From Wavelet and Correlation HVx

Autoregulation is a frequency-dependent phenomenon. We theorized that our wavelet methodology, which is a time-frequency analysis, would detect physiologically relevant fluctuations in blood pressure and cerebral blood volume. Correlation HVx might detect signals that are unrelated to the frequency of autoregulation because it characterizes all of the frequency components. Accordingly, wHVx identified MAPopt values that were significantly related to brain injury in multiple regions, including the paracentral gyri, basal ganglia, thalamus, and brainstem. In contrast, correlation HVx identified MAPopt that was only associated with brainstem injury. The time-frequency analysis might be responsible for the superior performance of wHVx relative to correlation HVx during short monitoring periods.

Neonates with greater blood pressure above the wHVx MAPopt had less brain injury than did neonates with lower blood pressure. This outcome agrees with our past findings that less paracentral gyri injury is associated with blood pressure exceeding MAPopt derived from correlation HVx (4). The risk of intraventricular hemorrhage in premature neonates is also reduced when blood pressure exceeds the MAPopt derived from a tissue oxygenation heart rate reactivity index (38). Moreover, we previously demonstrated that blood pressure below MAPopt relates to greater brain injury (4–6, 16). Though these findings suggest that higher blood pressure may be beneficial, extreme caution must be taken given the developing brain's fragile vascular anatomy and unique vulnerability (39). The neonates' MAP in our study had an upper 95% CI limit of 55 mmHg. We estimate that with an upper MAP limit of 50–60 mmHg, hypotension below MAPopt may be more deleterious than blood pressure above MAPopt.

MAPopt showed no association with white matter injury, even though white matter was the most commonly injured region. This finding contrasts with our past studies, which showed a relationship between white matter injury and autoregulation in long monitoring durations (4–6). Studies in preterm neonates show a link between periventricular white matter injury and hypotension (40). Less is known about cerebral blood flow–blood pressure regulation in subcortical and deep white matter in near-term or term newborns with HIE. It is possible that the gray matter is more sensitive to blood pressure deviation from MAPopt. Therapies beyond hemodynamic support may be needed to reduce white matter injury in HIE. Moreover, the 4–16-day age range in which the MRIs were obtained could have influenced the results because the neonates were imaged at different stages of evolving injury.



Single- and Multi-Window

We also tested single- and multi-window algorithms. In adults with traumatic brain injury, the multi-window method improved identification of the optimal cerebral perfusion pressure (CPPopt) with the most robust autoregulation. However, multi- and single-window CPPopt had comparable associations with neurologic outcome (14). In the current study, the single-window technique outperformed the multi-window technique with wHVx. Single-window wHVx identified MAPopt values associated with injury in the paracentral gyri, basal ganglia, thalamus, and brainstem in the multivariate analysis. The MAPopt from multi-window wHVx did not show any relationships with brain injury.



Clinical Considerations

Dysfunctional autoregulation is known to be associated with brain injury in newborns with HIE (35, 41, 42). We previously showed that having blood pressure below MAPopt is associated with greater brain injury on early MRI and poorer 2-year neurodevelopmental outcomes (4–6, 16). In those studies, we identified MAPopt using correlation HVx in 6–68-h recording durations. However, evolving brain injury (43, 44), cerebral edema (45), and hypercapnia (46) can shift the blood pressure limits of autoregulation. Averaging MAPopt across long periods of time might mask potential variation from acute clinical changes. Moreover, clinicians may need to identify MAPopt in neonates who have been monitored for only short periods. Therefore, we tested 3-h periods in the current study to advance the clinical potential of autoregulation monitoring. We also adjusted the analyses for sex, vasopressor use, seizures, PaCO2, and the perinatal insult score because they affect autoregulation and brain injury (15, 23, 29–33).

Our study used a time-frequency decomposition method to calculate wHVx within a coherence spectrum between MAP and rTHb. Alternative wavelet autoregulation methods use frequency-only decomposition with only one coherence spectrum. The hemoglobin volume phase index (HVP) is one example of wavelet autoregulation monitoring that uses only frequency decomposition and a specific spectral coherence identified by multivariate autoregressive models. The HVP identified an association between dysfunctional autoregulation and brain injury on MRI, developmental delay, or death (35). Additional research is needed to identify potential prognostic differences between these related but different wavelet methods.

Because our study was observational, we cannot infer whether clinically targeting MAPopt would affect the risk of brain injury. We also cannot assume a cause-and-effect relationship between autoregulation and brain injury from our data. Hemodynamic instability from severe brain injury itself may be responsible for blood pressure instability around MAPopt. This is likely reflected in the association that we identified between brainstem injury and MAPopt. Randomized clinical studies are needed to test whether optimizing autoregulation reduces brain injury in neonates with HIE.

Most neonates had moderate HIE according to the modified Sarnat staging and no or mild regional brain injury on MRI. We included five neonates who were initially diagnosed with moderate HIE at an outside hospital but were later diagnosed with mild HIE upon transfer to our NICU and during active therapeutic hypothermia. Because the clinicians decided to continue administering therapeutic hypothermia, these neonates met study criteria. Additional research is needed in a more diverse and larger population with greater HIE severity.




LIMITATIONS

We acknowledge several limitations to our pilot study. This was a single-center study in a small cohort of neonates. Additional studies with a larger sample size are needed to study the neurologic effects of having blood pressure above or below MAPopt and to identify the best methods for finding MAPopt in neonates. The smaller sample sizes of neonates with MAPopt identified during rewarming and rewarming + normothermia and the limited number of infants with moderate to severe brain injury may have left us underpowered to detect differences. We used autoregulation indices derived from NIRS rTHb, which theoretically should be less affected by changes in cerebral metabolic rate than indices based solely on oxyhemoglobin. Nonetheless, the predominant venous contribution to the NIRS signal limits the granularity of NIRS autoregulation monitoring. We only studied blood pressure autoregulation and could not account for additional factors that influence brain injury, including metabolic derangements and inflammation. Long-term neurodevelopmental outcome data were not available for all neonates. We adjusted our analyses for several clinical factors that are known to affect autoregulation and brain injury in HIE. Though we adjusted for seizures, we did not adjust for specific anti-epileptic medications.

Finally, our findings may not be generalizable because we studied a small sample size from a university-based NICU. Only neonates with arterial catheters could undergo autoregulation monitoring. Additional selection bias could also have occurred when cases were excluded because study consent was not obtained, the baby died before autoregulation monitoring or MRI, the baby was transferred to another intensive care unit for extracorporeal membrane oxygenation, or the MRI had motion artifact.



CONCLUSION

In neonates with HIE and upper MAP limits of approximately 50–60 mmHg during hypothermia, greater blood pressure above the MAPopt from single-window wHVx was associated with less injury in paracentral gyri, basal ganglia, thalamus, and brainstem. Wavelet HVx, which is a frequency-specific metric, improved the identification of neurologically relevant MAPopt values in short monitoring durations. Wavelet techniques have potential to improve neonatal autoregulation monitoring.
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Background: The preferred hyperosmolar therapy remains controversial. Differences in physical properties such as pH and osmolality may be important considerations in hyperosmolar agent selection. We aimed to characterize important physical properties of commercially available hyperosmolar solutions.

Methods: We measured pH and concentration in 37 commonly-used hyperosmolar solutions, including 20 and 25% mannitol and 3, 5, 14.6, and 23.4% hypertonic saline. pH was determined digitally and with litmus paper. Concentration was determined by freezing point and vapor pressure osmometry. Salinity/specific gravity was measured with portable refractometry. Particulate matter was analyzed with filtration and light microscopy and with dynamic light scattering nephelometry.

Results: pH of all solutions was below physiological range (measured range 4.13–6.80); there was no correlation between pH and solution concentration (R2 = 0.005, p = 0.60). Mannitol (mean 5.65, sd 0.94) was less acidic than hypertonic saline (5.16, 0.60). 14/59 (24%) pH measurements and 85/111 concentration measurements were outside manufacturer standards. All 36/36 mannitol concentration measurements were outside standards vs. 48/72 (67%) hypertonic saline (p < 0.0001). All solutions examined on light microscopy contained crystalline and/or non-crystalline particulate matter up to several hundred microns in diameter. From nephelometry, particulate matter was detected in 20/22 (91%) solutions.

Conclusion: We present a novel characterization of mannitol and hypertonic saline. Further research should be undertaken, including research examining development of acidosis following hyperosmolar therapy, the relevance of our findings for dose-response, and the clinical relevance of particulate matter in solution.

Keywords: hyperosmolar therapy, audit, acid-base imbalance, pH, hypertonic saline, intracranial hypertension, mannitol, particulate matter


INTRODUCTION

Hyperosmolar solutions are critical therapeutics in modern neurocritical care, and they have a long history of use. In 1919, changes were demonstrated in cat brain volume following intravenous administration of hyperosmolar and hypoosmolar solutions (1). The following year, the use of hypertonic saline to decrease brain edema caused by tumors was reported (2). In the 1950s, urea became the first agent in widespread use for reducing intracranial pressure (3). Mannitol has long been a workhorse treatment for intracranial hypertension and was the recommended agent in the Brain Trauma Foundation's (BTF's) original Guidelines for the Management of Severe Head Injury, published in 1996 (4). In the current, 4th edition guidelines, mannitol remains the sole agent recommended; nevertheless, the BTF judged there to be insufficient evidence to support the superiority of any specific hyperosmolar agent (5–7). In contrast, the more recent Guidelines for the Acute Treatment of Cerebral Edema in Neurocritical Care Patients from the Neurocritical Care Society acknowledge recently published evidence in favor of hypertonic saline (8). Despite this new evidence, however, there remains uncertainty as to which agent is preferable overall and whether one agent may be preferred in specific clinical circumstances (8–30).

Despite the critical role of hyperosmolar therapy, we are unaware of any prior effort to systematically measure the physical properties of commercially available mannitol and hypertonic saline solutions that can be administered to patients. Differences in physical properties such as pH and concentration may be important considerations in selecting a specific agent, and a better understanding of precisely what is administered is anticipated to inform patient care. Per manufacturer specifications, a remarkably wide range of physical properties is permissible: for instance, pH may range from 4.5 to 7.0; measured solution concentration may contain labeled concentration ±5%. Given this, we were interested in auditing how variable measured properties of these solutions actually are and how these change with labeled concentration. We were also interested in determining whether solutions contain particulate matter given the potential for mannitol and hypertonic saline to crystalize. Finally, we were interested in determining whether generalizable differences in these properties exist between various labeled concentrations of mannitol and hypertonic saline.



MATERIALS AND METHODS

We measured pH and concentration in 37 solutions from 4 different manufacturers and 13 different lots of commercially available solutions of 20 and 25% mannitol; 3, 5, 14.6, and 23.4% sodium chloride saline; and sterile water. Solutions were obtained by the Neuro ICU pharmacist through normal supply chain distribution. None of these samples or lots had been related to any FDA recalls. Proper storage and transportation was confirmed in accordance with usual clinical practices. Solutions were confirmed to be intact and unexpired, determined to be free from crystals or contaminants on visual inspection, and progressively labeled A through AK. All testing was conducted at a normal room temperature range of 20–25 degrees Celsius. All machines were calibrated and used in accordance with manufacturer specifications. All assays were performed at the University of Utah between September 2017 and February 2019.

pH was determined digitally (Orion 8103BNUWP Ultra pH probe with Orion 3-Star benchtop meter, Thermo Fisher Scientific Inc, West Valley City, Utah) and verified with litmus paper (pHydrion, Micro Essential Laboratory, Brooklyn, New York). Two investigators recorded measurements independently. Osmolality was determined by freezing point osmometry (model 3320, Advanced Instruments, Inc., Norwood, MA) and verified by vapor pressure osmometry (Vapro, ELITechGroup, Logan, Utah). Salinity/specific gravity was determined using portable refractometry (ETvalley, Shenzhen, China).

To visualize particulate matter, we pushed 1 mL of solutions A through V through 0.8-micron filter paper (Merck Millipore, Billerica, Massachusetts) and examined the dried filter under light microscopy. We corroborated these results using nephelometry with dynamic light scattering instrumentation (DynaPro Plate Reader II, Wyatt Technology, Santa Barbara, CA). With this technique, a laser is passed through a sample at an angle, and the intensity of scattered light is measured to determine the size-distribution of dissolved particles.

For all tests, a minimum of three measurements were taken. A one-way ANOVA with Tukey's post-hoc test to compare means across multiple groups was conducted in SAS version 9.4. Linear regression was conducted using GraphPad to assess labeled concentration-dependent trends. Fisher's exact test was conducted to evaluate proportions. Alpha was taken as 0.05 for all tests.



RESULTS

Our ANOVA model incorporated solution contents (i.e., 14.6% saline), type (i.e., saline), manufacturer, lot, and labeled concentration. Calculated p-value for this model was <0.0001. Sample characteristics and results are summarized in Table 1.


Table 1. Measured solution physical properties.
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pH of all solutions was below physiological range (digital range 4.13–6.80). For digital pH measurements, mannitol (mean 5.65, standard deviation 0.94) was significantly less acidic than hypertonic saline (5.16, 0.60). 20% mannitol (5.82, 1.00) was less acidic than all other solutions, including 25% mannitol (5.13, 0.63), 3% (5.10, 0.46), 5% (5.38, 0.23), 14.6% (5.78, 0.06), and 23.4% (4.84, 0.89) saline, and sterile water (mean 5.23). Litmus testing results were concordant with digital pH results. Although all solutions were more acidic than physiological pH, there was no apparent correlation between pH and the specified solution concentration (R2 = 0.005, p = 0.60, Figure 1).


[image: Figure 1]
FIGURE 1. There is no association between labeled solution concentration and pH—scatter plot showing pH as measured by digital pH meter and litmus paper for all solutions shows no significant trend in pH as a function of increasing labeled solution concentration.


14/59 (24%) pH measurements conducted fell outside of manufacturer standards (4.5–7.0, per package inserts). In all 14/14 instances, measured pH was below 4.5. 0/18 mannitol pH measurements were outside of manufacturer range vs. 14/39 (36%) hypertonic saline, p = 0.0025. 2/23 (9%) pH measurements for manufacturer A were out of standards vs. 3/24 (13%) for B, 6/9 (67%) for C, and 3/3 for D, p < 0.0001.

For osmolality as measured by freezing point depression, 20% mannitol (1349.22, 22.86) was significantly less concentrated than 14.6% (5082.00, 815.00) and 23.4% (7265.67, 718.49) saline; 25% mannitol (1410.33, 56.98), 3% saline (952.17, 8.33), and 5% saline (1613.00, 5.57) were less concentrated than 14.6 and 23.4% saline. As expected, osmolality as measured by freezing point depression increased with increasing labeled concentration (R2 = 0.29, p = 0.0006, Figure 2).


[image: Figure 2]
FIGURE 2. Freezing point osmolality increases with increasing labeled solution concentration—scatter plot showing osmolality as measured by freezing point depression for all solutions increases as a function of increasing labeled solution concentration, as expected.


For osmolality as measured by vapor point elevation, all solutions were significantly different from each other. These were, from low to high concentration: sterile water (4.60), 3% saline (939.70, 3.49), 20% mannitol (1236.04, 64.05), 25% mannitol (1422.00, 6.00), 5% (1574.53, 3.26), 14.6% (4561.87, 50.76), and 23.4% saline (7432.13, 57.26). As expected, osmolality as measured by vapor point elevation increased with increasing labeled concentration (R2 = 0.29, p = 0.0005, Figure 3). These vapor point elevation results were concordant with osmolality as measured by freezing point depression.


[image: Figure 3]
FIGURE 3. Boiling point osmolality increases with increasing labeled solution concentration—scatter plot showing osmolality as measured by vapor point elevation for all solutions increases as a function of increasing labeled solution concentration, as expected.


For salinity/specific gravity as measured by portable refractometry, all solutions were significantly different from each other, including: 20% (16.39, 0.99) and 25% (21.10, 1.05) mannitol; 3% (2.79, 0.09), 5% (4.63, 0.03), 14.6% (14.20, 1.30), and 23.4% (22.37, 0.92) hypertonic saline; and sterile water (0.00). As expected, salinity/specific gravity as measured by portable refractometry increased with increasing labeled concentration (R2 = 0.98, p < 0.0001, Figure 4).


[image: Figure 4]
FIGURE 4. Salinity/specific gravity increases with increasing labeled solution concentration—scatter plot showing salinity/specific gravity as measured by portable refractometer for all solutions increases as a function of increasing labeled solution concentration, as expected. These results showed measured values consistently and proportionally less than labeled concentration by a weighted mean difference of 18% for mannitol and 6% for hypertonic saline. This may be a result of crystallization. As with freezing point depression and vapor point elevation, there was increased variability at higher concentrations.


Measured concentration—including both osmometry and refractometry—differed significantly from labeled concentration, and there was a great deal of variability with measurements. 85/111 (77%) total concentration measurements fell out of manufacturer standards (published parameter ±5%). All 36/36 mannitol concentration measurements were out of standards vs. 48/72 (67%) for hypertonic saline, p < 0.0001. All mannitol specific gravity measurements were below the standard range and all mannitol osmolality measurements were above the standard range, which may suggest solvent evaporation or presence of impurities, intermediates, or breakdown products. 23/39 (59%) concentration measurements for manufacturer A were out of standards vs. 42/45 (93%) for B, 15/18 (83%) for C, and 5/9 (56%) for D, p = 0.0004.

4/22 (18%) comparisons between solutions with the same contents from the same manufacturer from different lots were statistically significantly different, whereas 3/12 (25%) comparisons between solutions with the same contents from different manufacturers were statistically significantly different; the statistical comparison between these proportions was not statistically significantly different, p = 0.68. These results may be underpowered given our small sample size, or they may suggest our findings are independent of manufacturer and lot.

All solutions examined on light microscopy—including sterile water, mannitol, and hypertonic saline solutions—were found to contain crystalline and/or non-crystalline particulate matter up to several hundred microns in diameter (Figure 5). From nephelometry, particulate matter was detected in 20/22 (91%) solutions, with mean particle diameter ranging from 0.1 to 96.3 microns. Based on standard classification used in this technique, 6/20 (30%) particulate matter containing solutions were highly monodisperse (homogeneous mixtures); 12/20 (60%) solutions were monodisperse and 2/20 (10%) solutions were polydisperse (heterogeneous mixtures). Nephelometry results are presented in further detail in Table 2.


[image: Figure 5]
FIGURE 5. Contaminants or crystals were found in all solutions examined by light microscopy—All images were obtained at the same magnification. Noncrystalline contaminants or crystals visualized are considerably larger than human capillary beds (5–10 microns). These are, clockwise, from top left, solutions A (sterile water), B (5% saline), I (3% saline), G (20% mannitol), L (20% mannitol), and P (23.4% saline).



Table 2. Dynamic light scattering nephelometry data for solutions A through V.
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DISCUSSION

Though mannitol has long-been the workhorse hyperosmolar therapy, a growing body of literature suggests that hypertonic saline is also effective in treating elevated intracranial pressure from a variety of causes (12). Although it has been suggested that hypertonic saline may be superior to mannitol in terms of rate, duration, effect size, and side effect profile, controversy remains (13–19). It may be reasonably inferred that hypertonic saline has the same osmotic effect as mannitol (20–22), yet crucial key differences may exist for additional mechanisms of action that have yet to be fully explored, and there may be particular circumstances or indications that favor one agent over the other (23–30).

Through our investigations of pH, osmolality, and salinity/specific gravity, we were able to detect many significant differences in physical properties among commercially available mannitol and hypertonic saline solutions taken from our ICU that may inform the decision of which hyperosmolar therapy to use for a particular patient. In summary, we found the following:


pH of all Hyperosmolar Solutions Was Considerably Below Physiological Range

We detected pH values considerably below physiological range (7.35–7.45)—and manufacturer standards (4.5–7.0)—across multiple solution contents, types, manufacturers, lots, and labeled concentrations, using multiple measurement modalities. The effect of hyperosmolar infusion on acid/base homeostasis is poorly understood. The differences we detected may be relevant, especially for acidotic patients. More research is needed on this matter, including correlation of measured solution properties with clinical and laboratory outcomes.



Mannitol Was Less Acidic Than Hypertonic Saline

Our results showed mannitol was less acidic than hypertonic saline. Previous investigations have shown the development of hyperchloremic metabolic acidosis after large saline infusions (31–34). This has been shown to be an independent risk factor for mortality in critically ill patients (35–37). Among studies of neurocritical care patients in particular, Riha et al. observed increased in-hospital mortality among patients with moderate hyperchloremia during 3% hypertonic saline infusion (38). Sadan et al. showed a strong association between hyperchloremia and acute kidney injury and between acute kidney injury and mortality in subarachnoid hemorrhage patients (39). Finally, Huang et al. demonstrated that hyperchloremia and increasing serum chloride were associated with increased odds of 30-day mortality and poor outcome after 6-months in a population of critically ill stroke patients (40). While none of these studies demonstrates a causal relationship between hypertonic saline infusion and poor clinical outcomes in neurocritical care patients, it may be preferable to choose mannitol over hypertonic saline in patients with concerning acidosis who require hyperosmolar therapy. In any case, one should be conscious of the propensity for such patients to develop hyperchloremic metabolic acidosis and the effects this can have on clinical outcomes and monitor accordingly. Our results suggest that further direct investigation of this question is warranted.



Measured Concentration Differed From Labeled Concentrations

Osmolality and salinity/specific gravity measurements were inconsistent with labeled concentrations across multiple solution contents, types, manufacturers, and lots using multiple measurement modalities. This suggests the presence of occult crystallization, evaporation, or impurities, intermediates, or breakdown products in solution. More research should be undertaken to investigate how variance in hyperosmolar solution contents may explain variant clinical responses and outcomes. In the meantime, our results suggest that clinicians may want to be cautious in administering the minimum effective dose of hyperosmolar therapy in conjunction with real-time monitoring for treatment effects and adverse effects such as those that may be caused by over- or under-diuresis or end-organ damage.



Mannitol Was More Likely to Be Out of the Specified Concentration Range Compared to Hypertonic Saline

Mannitol may be supersaturated at room temperature, and manufacturer labels state that it should be warmed before use if crystallization has occurred. We were unable to find any such recommendation for hypertonic saline, as the concentration at which aqueous sodium chloride becomes supersaturated is above that of the solutions we tested. Our tests were all conducted at room temperature, and no crystals were identified on gross visual inspection. If crystallization occurred, our results may suggest a need to warm solutions even without gross evidence of crystallization. Our results add to the existing literature demonstrating an inconsistent dose-response relationship between hyperosmolar solutions and intracranial pressure (41–43). While we cannot comment specifically on results of past studies or infer any effect on intracranial pressure from our data, our results suggest that future investigations of the dose-response relationship between hyperosmolar solutions and intracranial pressure may wish to consider validating their own findings by directly measuring the physical properties of the solutions given.



Large Particulate Matter Was Found in all Solutions we Examined

All solutions were found to contain particulate matter on both light microscopy and nephelometry. Nephelometry is an analytical chemistry method to measure intensity of scattered light and extrapolate particle size distribution within a solution. Nevertheless, this technique is limited to size analysis and does not discern specific chemical identity. We were therefore unable to definitively determine if particulate matter in our samples was due to crystallization, contamination, or both. Although speculative, the presence of non-degradable contaminants such as microplastics, which are now ubiquitous in the environment (44), in intravenous fluids would be a concerning finding warranting aggressive additional investigation.

Many solutions contained particles considerably larger than human capillary beds (5–10 μm). Such particulate matter in the bloodstream may be thrombogenic or obstruct blood vessels (45–47), thereby depriving the tissues of oxygen or other nutrients or impeding the expeditious diuresis that is the very purpose of hyperosmolar therapy. Furthermore, direct injury to body tissues including the lung, kidney, and brain may result from crystal or contaminant deposition, which may be compounded by a patent foramen ovale. It should be noted that intravenous fluids undergo sterile processing and are not filtered during manufacturing.



Study Limitations

There are many studies that examine clinical outcomes or surrogate endpoints (such as effect on intracranial pressure) in patients undergoing mannitol or hypertonic saline therapy. Likewise, there are many basic science studies involving the administration of hyperosmolar solutions under idealized laboratory conditions that rely on precise compounding and controlled experiment. We believe this is the first study that interrogates the physical properties of commercially-available hyperosmolar solutions as they actually exist in the ICU—that is to say, what actually gets infused into patients. While these solutions are manufactured and tested under tightly regulated systems of quality control, we found that, despite a remarkably wide range of values permitted, a large number of solutions fell out of that wide range when subjected to our own rigorous testing. We were able to corroborate our results using multiple complementary techniques—i.e., both digital and litmus paper measurement of pH; precise freezing point depression and boiling point elevation methods for determining osmolality along with an analog technique for determining salinity/specific gravity. Our divergent results do not speak directly to whether manufacturer standards and quality control are flawed, nor can we attribute causality to storage or transportation factors. Nevertheless, the high degree of variance in pH and concentration, along with evidence of widespread particulate matter, that we found in hyperosmolar solutions obtained through our normal supply chain distribution is concerning and should prompt additional investigation.

Our study also has several weaknesses: since our study is a novel characterization, we were not certain what we would find. Although the 37 solutions from 4 manufacturers and 13 lots that we did evaluate represents the widest range we were able to procure over a period of several months, perhaps due to supply chain difficulties, overall we did not investigate a large number of solutions, and our results were likely affected by this small sample size. More solutions from different manufacturers and lots must be sampled to more accurately characterize manufacturer- and lot-specific central tendency and variance. Additionally, we conducted our experiments at room temperature, rather than at body temperature. As mentioned above, mannitol may be supersaturated at room temperature, and manufacturer labels state that it should be warmed before use if crystallization has occurred. Nevertheless, no crystals were identified on gross visual inspection. Hyperosmolar solutions are often used emergently, and it is our experience that mannitol solutions are seldom warmed before use if there is no gross evidence of crystallization. It was our aim to recapitulate as faithfully as possible the conditions under which these solutions are actually administered. One would expect the solutions to warm in the body, but the rapidity and extent of crystals dissolving is uncertain in this circumstance. It would have been a useful investigation to warm the solutions to body temperature before passing them through filters or interrogating them using nephelometry with dynamic light scattering instrumentation in order to determine the effect of temperature on our detection of particulate matter. Furthermore, there are no recommendations for warming hypertonic saline; nevertheless, particulate matter was ubiquitous in all solutions and solution types. This warrants future investigation. Likewise, while solution package inserts allow for buffering to ensure the recommended pH range, it is our experience that pH of solutions is seldom checked before infusion, particularly in the emergent situations that may call for mannitol or hypertonic saline. If the patient experiences an acidosis following hyperosmolar therapy, it may be attributed to underlying disease rather than the possibility that it may be iatrogenic. As stipulated above, our findings confirm that clinicians should be particularly mindful if a patient develops a hyperchloremic metabolic acidosis following hypertonic saline infusion. Finally, our study is hypothesis generating: it is basic science conducted in a laboratory and cannot be directly extrapolated to patient care. Additional clinical or pathological research involving patients—i.e., causal investigations involving acidosis and alkalosis or deposition of crystal or non-crystalline contaminants in tissues following hyperosmolar therapy—is necessary to establish the clinical relevance of our findings.




CONCLUSION

In conclusion, our purpose was to present a novel and practical characterization of commercially available hyperosmolar solutions used for critically ill patients—including various concentrations of mannitol and hypertonic saline. Even with the remarkably broad range permitted for the physical properties of hyperosmolar solutions, values for many solutions fell outside of these permitted ranges. We found that pH of all hyperosmolar solutions was considerably below physiological range, although mannitol was less acidic than hypertonic saline. This finding may be relevant for patients with acid/base disturbances. Future clinical studies should investigate the development of acidosis following treatment with either agent. Measured solution concentrations differed considerably from labeled concentrations, suggesting occult crystallization or non-uniformity and potentially reduced effectiveness or potential for harm; mannitol was more likely to be outside of concentration standards compared to hypertonic saline. Crystalline and non-crystalline particulate matter was also observed in all solutions, even those that are not known to crystallize at room or physiological temperatures. Further research is needed to characterize manufacturer and lot effects and to determine if particulate matter in these solutions can induce thrombogenesis or occlude the microvasculature.
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Objective: Delayed cerebral ischemia (DCI) is a common complication after aneurysmal subarachnoid hemorrhage (aSAH) and can lead to infarction and poor clinical outcome. The underlying mechanisms are still incompletely understood, but animal models indicate that vasoactive metabolites and inflammatory cytokines produced within the subarachnoid space may progressively impair and partially invert neurovascular coupling (NVC) in the brain. Because cerebral and retinal microvasculature are governed by comparable regulatory mechanisms and may be connected by perivascular pathways, retinal vascular changes are increasingly recognized as a potential surrogate for altered NVC in the brain. Here, we used non-invasive retinal vessel analysis (RVA) to assess microvascular function in aSAH patients at different times after the ictus.

Methods: Static and dynamic RVA were performed using a Retinal Vessel Analyzer (IMEDOS Systems GmbH, Jena) in 70 aSAH patients during the early (d0−4), critical (d5−15), late (d16−23) phase, and at follow-up (f/u > 6 weeks) after the ictus. For comparison, an age-matched cohort of 42 healthy subjects was also included in the study. Vessel diameters were quantified in terms of the central retinal arterial and venous equivalent (CRAE, CRVE) and the retinal arterio-venous-ratio (AVR). Vessel responses to flicker light excitation (FLE) were quantified by recording the maximum arterial and venous dilation (MAD, MVD), the time to 30% and 100% of maximum dilation (tMAD30, tMVD30; tMAD, tMVD, resp.), and the arterial and venous area under the curve (AUCart, AUCven) during the FLE. For subgroup analyses, patients were stratified according to the development of DCI and clinical outcomes after 12 months.

Results: Vessel diameter (CRAE, CRVE) was significantly smaller in aSAH patients and showed little change throughout the whole observation period (p < 0.0001 vs. control for all time periods examined). In addition, aSAH patients exhibited impaired arterial but not venous responses to FLE, as reflected in a significantly lower MAD [2.2 (1.0–3.2)% vs. 3.6 (2.6–5.6)% in control subjects, p = 0.0016] and AUCart [21.5 (9.4–35.8)%*s vs. 51.4 (32.5–69.7)%*s in control subjects, p = 0.0001] on d0−4. However, gradual recovery was observed during the first 3 weeks, with close to normal levels at follow-up, when MAD and AUCart amounted to 3.0 [2.0–5.0]% (p = 0.141 vs. control, p = 0.0321 vs. d5−15) and 44.5 [23.2–61.1]%*s (p = 0.138 vs. control, p < 0.01 vs. d0−4 & d5−15). Finally, patients with clinical deterioration (DCI) showed opposite changes in the kinetics of arterial responses during early and late phase, as reflected in a significantly lower tMAD30 on d0−4 [4.0 (3.0–6.8) s vs. 7.0 (5.0–8.0) s in patients without DCI, p = 0.022) and a significantly higher tMAD on d16−23 (24.0 (21.0–29.3) s vs. 18.0 (14.0–21.0) s in patients without DCI, p = 0.017].

Conclusion: Our findings confirm and extend previous observations that aSAH results in sustained impairments of NVC in the retina. DCI may be associated with characteristic changes in the kinetics of retinal arterial responses. However, further studies will be required to determine their clinical implications and to assess if they can be used to identify patients at risk of developing DCI.

Trial Registration: ClinicalTrials.gov Identifier: NCT04094155.

Keywords: aneurysmal subarachnoid hemorrhage, cerebral infarction, delayed cerebral ischemia, microvascular function, neurovascular coupling, retinal vessel analysis


INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) due to sudden rupture of a cerebral aneurysm is responsible for only 5–7% of all stroke events (1) but is associated with a fatality rate of almost 50%, accounting for up to 20% of all cerebrovascular-related deaths (2). Owing to a complex pathophysiology that involves early and delayed forms of brain injury, a significant number of patients surviving aSAH remain disabled with or without compromise detected on detailed neuropsychological testing. Only 10% of patients recover completely. The most common complication responsible for long-term impairments is delayed cerebral ischemia (DCI), which is typically observed during the first two or at most 3 weeks after aSAH onset and is associated with the appearance of a new focal neurologic deficit or a persistent decline in the patient's Glasgow Coma Scale score (3). Although traditionally attributed to vasoconstriction of large caliber proximal vessels (i.e., angiographic vasospasm) secondary to degradation of subarachnoid blood and intrathecal immune activation, more recent findings also point to a critical role of microvascular dysfunction (4–7). In particular, several studies performed in animal models have demonstrated a progressive impairment and partial inversion of cerebral neurovascular coupling (NVC) (8–10), the process responsible for adjusting local cerebral blood flow (CBF) to regionally heterogeneous changes in metabolic demand due to neuronal activation. While there is evidence for similar impairment in human aSAH patients (11–13), clinical assessment of NVC remains a diagnostic challenge that is usually achieved through invasive CBF measurements or highly specialized and expensive functional imaging techniques. An alternative approach to evaluate NVC is to measure microvascular responses in the retina, an embryological part of the central nervous system that can be assessed non-invasively by retinal vessel analysis (RVA). Because cerebral and retinal microvasculature bear a close anatomical correlation and are governed by common regulatory mechanisms, retinal vascular changes are increasingly recognized as potential screening option for altered NVC in the brain (14, 15). For example, a potential role of RVA for predicting cerebrovascular changes has previously been shown in elderly adults (16, 17), after coarctation repair (18) and in patients with diabetes (19) or Alzheimer's disease (20). During aSAH, the sudden rise of intracranial pressure often forces subarachnoid blood into the pre-retinal space (21), which may expose retinal micro-vessels to the same blood degradation products and inflammatory cytokines thought to be responsible for microvascular dysfunction in the brain. In addition, recent discovery of a cerebral and retinal glymphatic system (22) argues for the existence of perivascular pathways through which vasoactive agents formed in the subarachnoid space may also directly reach the retinal microvasculature. We have previously demonstrated the feasibility of RVA in aSAH patients (23) and provided first evidence for retinal vasoconstriction and signs of impaired NVC in these patients compared to healthy control subjects (11). In this prospective study on a larger cohort of aSAH patients, we sought to validate our previous findings and evaluate the relationship between potential changes in NVC as detected by RVA and the occurrence of DCI and long-term clinical outcome.



MATERIALS AND METHODS

Patients with aSAH admitted to the Department of Neurosurgery at the RWTH Aachen University Hospital between July 2015 and December 2019 were considered for enrollment into the present study. Patients were selected based on the following inclusion criteria: (1) age ≥ 18 years, (2) aneurysmal origin of SAH as confirmed by computed tomography (CT) angiography and/or digital subtraction angiography (DSA), (3) absence of intraocular comorbidities or contraindications that would have precluded application of mydriatic agents, and (4) absence of Terson syndrome unless it did not interfere with the analysis of selected retinal vessels. Before enrolment, written informed consent according to the Declaration of Helsinki was obtained from all patients or their legal representatives and the study protocol was approved by the local Research Ethics Committee of the RWTH Aachen University (EK 069/15).

A total of 70 patients with aSAH were prospectively recruited, in whom measurements were performed 0–4 days (early phase: d0−4), 5–15 days (critical phase: d5−15), 16–23 days (late phase: d16−23) and more than 6 weeks (follow-up: f/u) after the ictus. If more than one measurement was available for a given patient in a given phase, all measurements in this phase were averaged to calculate a mean valued. For comparison, an age-matched cohort of 42 healthy subjects who were measured by RVA at the Department of Exercise and Health Sciences at the University of Basel was also included in the study.

The clinical severity of aSAH on admission was assessed according to the Hunt and Hess (HH) grading scale and the degree of aneurysmal bleeding was scored according to the modified Fischer (mFS) scale based on CT scans. Patients were treated according to current multidisciplinary consensus guidelines (3, 24, 25). The aneurysm was secured by neurosurgical clipping or endovascular coiling based on an interdisciplinary consensus. Patients received prophylactic nimodipine therapy (180–360 mg per day) unless precluded by hemodynamic instability. All patients were continuously monitored for complications such as delayed cerebral ischemia (DCI), which was considered as a neurological worsening according to the definition by Vergouwen et al. (3) or territorial or watershed hypoperfusion on perfusion CT scans. In analgosedated patients, deterioration in cerebral microdialysis (71 high cut-off catheter, μdialysis, Stockholm, Sweden) or cerebral tissue oxygen saturation (Neurovent PTO, Raumedic AG, Helmbrechts, Germany) were used as surrogates to trigger CT perfusion. First-tier treatment in case of DCI consisted of induced hypertension (>180 mmHg systolic blood pressure) as per institutional protocol. In refractory cases without clinical or neuromonitoring improvement but confirmed misery perfusion on CTA or DSA, second-tier rescue therapy by balloon dilatation and/or continuous intra-arterial infusion of nimodipine was considered based on angiographic findings (26, 27). Clinical outcome after 12 months according to the extended Glasgow Outcome Scale (GOS-E) was assessed by an independent investigator based on a telephone interview, clinical investigation in the outpatient clinic or clinical status compiled from the medical reports. A summary of the demographic and clinical data obtained on admission or during in-hospital treatment is provided in Table 1.


Table 1. Demographic and clinical data of control and aSAH patients.
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Retinal Vessel Analysis

Static and dynamic retinal vessel analyses were performed using a maneuverable Retinal Vessel Analyzer (IMEDOS Systems GmbH, Jena, Germany) as described previously (11, 23). Briefly, after unilateral application of a mydriatic agent (Tropicamide, Mydriaticum Stulln UD, Pharma Stulln GmbH, Stulln, Germany), conscious patients were examined in a sitting position while analgo-sedated patients were examined in supine position with the head and torso partially turned. For assessment of NVC, retinal veins and arteries were focused and the vessel diameters recorded continuously in operator-selected regions of interest located equidistant to the papilla. Measurements were performed with a standard 350 s dynamic vessel analysis protocol comprised of 50 s of baseline recording and three cycles of flicker-light excitation (FLE). For extended analysis the recorded vessel diameters were expressed as percentage of the baseline diameter and plotted as a function of time as described in detail elsewhere (20, 28). To improve the signal-to-noise ratio, the individual response curves obtained for each subject during the three successive cycles of FLE were averaged. In healthy subjects, the typical arterial response curves thus obtained feature primary vasodilation upon initiation of FLE, which reaches a maximum after a characteristic latency and is followed, after termination of the stimulus, by a reflectory vasoconstriction (29). The general shape and amplitude of the response curve provide an index for the integrity of NVC, and were quantified by calculating maximum arterial and venous dilatation (MAD, MVD), the arterial and venous area-under-the-curve (AUCart, AUCven) and the time to reach 30% (tMAD30, tMVD30) and 100% (tMAD, tMVD) of MAD and MVD after flicker initiation (Figure 1A). Following the dynamic analysis, monochromatic fundus images for static retinal vessel analysis (Figure 1B) were obtained at a 30° camera angle with the optic nerve centered and processed using a dedicated software tool (VisualIS, IMEDOS Systems GmbH., Jena, Germany). Central retinal arterial and venous equivalents (CRAE and CRVE, respectively), and arterio-venous ratio (AVR) were calculated as described previously (30, 31). All dynamic and static examinations were routinely paralleled by multimodal monitoring of mean arterial blood pressure (MAP), heart rate, blood gases, oxygenation and intracranial pressure (ICP), ensuring physiological conditions at the time of image acquisition. Measurement was aborted in case of hemodynamic or ventilatory instability.


[image: Figure 1]
FIGURE 1. Static and dynamic retinal vessel analysis (RVA). (A) Average retinal vessel response to flicker light excitation (FLE) in healthy subjects with the different parameters determined for dynamic RVA. The stimulation period is indicated above and by light gray shading. Parameters used for quantification of the response comprised maximum arterial or venous dilation (MAD/MVD), time to maximum arterial or venous dilation (tMAD/tMVD) relative to flicker initiation, time to 30% of the maximum arterial or venous dilation (tMAD30/tMVD30) relative to flicker initiation, and arterial or venous area under the curve (AUCart/AUCven) during the FLE. (B) Example of a monochromatic fundus image used for RVA. Arterial (A) and venous (V) segments are indicated in red and blue, respectively.




Statistical Analysis

Normal distribution was tested using the Kolmogorow-Smirnow normality test. Quantitative parameter values are presented as mean ± standard deviation (SD) or as median [1 quartile−3 quartile], and as percentage in case of nominal data. Differences between two groups were analyzed using the two-sided student t-test, Mann–Whitney-test or Chi-Square test, respectively. For subgroup analyses with regard to DCI and outcome, all patients were stratified into groups according to the development of DCI (DCI vs. no DCI) and clinical outcome after 12 months (unfavorable: GOS-E1−4 vs. favorable: GOS-E5−8), respectively (see Supplementary Tables 1, 2). For analysis of the influence of nimodipine, all measurements (see Supplementary Table 3) or all patients (see Supplementary Table 4) were stratified into groups according to oral nimodipine treatment (measurements in nimodipine-treated patients vs. measurements in patients with no nimodipine treatment for at least 24 h). Statistical significance was set at p < 0.05; statistical results with p < 0.1 were accepted as a trend. All analyses were performed using Excel (Microsoft Office Excel 2010, Californian, USA), SPSS v. 21 (IBM Chicago, Illinois, USA), Numbers®, Apple Inc., Cupertino, USA, GraphPad Prism® and GraphPad Software, Inc., La Jolla, USA.




RESULTS

The demographic data of patients included in this study are summarized in Table 1 In total, the aSAH cohort comprised 70 patients with a median age of 51 [48–59] years, of whom 51 (73%) were female and 19 (27%) were male. Twenty-three (32%) of the patients developed delayed cerebral ischemia (DCI), which progressed to infarction in one patient. The clinical outcome after 12 months was favorable (GOS-E5−8) in 64 (92%) and unfavorable (GOS-E1−4) in 6 (8%) of the patients. Retinal vessel analysis (RVA) could be performed in 32, 53, 23, and 40 patients during the early (d0−4), critical (d5−15), late (d16−23) phase, and follow-up, respectively. For comparison, a cohort of 42 healthy subjects with a median age of 50 [43–59] years, of whom 20 (48%) were female and 22 (52%) were male, was also included in the study (Table 1).


Vessel Diameters

When compared to control subjects, the arterial diameter, expressed as central retinal arterial equivalent (CRAE), was significantly reduced immediately after aSAH and remained so throughout the whole observation period (p < 0.0001 for all time periods examined), with only a minor, non-significant increase in vessel diameters observed in measurements performed at follow-up (f/u) more than 6 weeks after the ictus (Figure 2A, Table 2). Likewise, the central retinal venous equivalent (CRVE) was significantly reduced in aSAH patients compared to control subjects (p < 0.0001 for all time periods examined) and showed little change during the observation period (Figure 2B, Table 3). For relative assessment of vessel dimensions and to account for systematic variations in measurements, the retinal arterio-venous-ratio (AVR) was also calculated. As illustrated in Figure 2C, the AVR showed very similar changes, although the difference to the control subjects only reached statistical significance during the early phase (d0−4, p = 0.0396) and after more than 6 weeks (f/u, p = 0.0050).


[image: Figure 2]
FIGURE 2. Results from static RVA in aSAH patients and control subjects. Comparison of (A) central retinal arterial equivalent (CRAE) as a measure of arterial diameter, (B) central retinal venous equivalent (CRVE) as a measure of venous diameter and (C) retinal arterio-venous-ratio (AVR) in control subjects and aSAH patients during the early (aSAHd0−4), critical (aSAHd5−15) and late (aSAHd16−23) phase and at follow-up more than 6 weeks after the ictus (aSAHf/u). ***p < 0.001 vs. control; **p < 0.01 vs. control; *p < 0.05 vs. control.



Table 2. Arterial RVA parameters in control and aSAH patients.
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Table 3. Venous RVA parameters in control and aSAH patients.
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Neurovascular Coupling

Dynamic retinal vessel analysis revealed dramatic and sustained impairments in the arterial response of aSAH patients to flicker light stimulation when compared to the control subjects (Figure 3A). In particular, aSAH patients exhibited an acute reduction in arterial vasodilation during the flicker, as reflected in a significantly lower MAD [2.2 (1.0–3.2)% vs. 3.8 (2.6–5.6)% in control subjects, p = 0.0016] and AUCart [21.5 (9.4–35.8)%*s vs. 51.4 (32.5–69.7)%*s in control subjects, p = 0.0001] during the early phase (d0−4, Figures 3B,C), while the timing of the response (i.e., tMAD and tMAD30) appeared to be largely unaffected (Table 2). Unlike the changes in arterial diameter and AVR, both MAD and AUCart showed a gradual recovery toward healthy controls, with a significant reduction only during the first 3 weeks after the ictus (Figures 3B,C). For example, AUCart increased to 22.4 [12.6–45.0]%*s (p < 0.0001 vs. Control) during the critical (d5−15) and 30.5 [3.2–53.9]%*s (p = 0.0033 vs. Control) during the late (d16−23) phase (Figure 3C). In measurements performed at follow-up more than 6 weeks after the ictus, AUCart already amounted to 44.5 [23.2–61.1]%*s, which is close to the value of 51.4 [32.5–69.7]%*s (p = 0.1380) observed in the control subjects and significantly higher than the values observed during the early [21.5 (9.4–35.8)%*s, p = 0.0066] and critical [22.4 (12.6–45.0)%*s, p = 0.0047] phase (Figure 3C).
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FIGURE 3. Results from dynamic RVA in aSAH patients and control subjects. (A) Average relative retinal arterial responses to flicker light stimulation measured in control subjects and aSAH patients during the early (aSAHd0−4), critical (aSAHd5−15), and late (aSAHd16−23) phase and at follow-up more than 6 weeks after the ictus (aSAHf/u). Stimulation period is indicated by light gray shading. (B) Maximum arterial dilation (MAD) quantified from data shown in A. (C) Arterial area under the curve (AUCart ) quantified from the data shown in A. (D) Average retinal venous responses to flicker light stimulation measured in control subjects and aSAH patients at the same times as in A. (E) Maximum venous dilation (MVD) quantified from the data shown in D. (F) Venous area under the curve (AUCven) quantified from the data shown in A. ***p < 0.001 vs. control; **p < 0.01 vs. control; *p = 0.05 vs. control; ##p < 0.01 vs. aSAHf/u; #p < 0.05 vs. aSAHf/u.


Analysis of venous responses to flicker light revealed much less marked differences (Figure 3D, Table 3). In particular, neither MVD (Figure 3E) nor the timing of venous responses (Table 3) showed significant differences compared to control subjects. Moreover, there was only a tendency for AUCven during the early phase to be reduced when compared to control subjects [41.3 (16.4–46.8)%*s vs. 45.7 (31.2–62.2)%*s in control subjects, p = 0.0610], although a significant difference was detected when compared to the corresponding value at follow-up [41.3 (16.4–46.8)%*s vs. 52.4 (34.2–61.7)%*s at follow-up, p = 0.0205; Figure 3F].



Subgroup Analyses With Regard to Cardiovascular Risk Factors

Cardiovascular risk factors like diabetes mellitus have been shown to alter retinal vessel diameters and/or responses to stimulation (32) and could thus act as important confounding factors. There was only one patient with diabetes in our study, excluding further analysis of its potential as a confounding factor. However, to address the role of other cardiovascular risk factors like arterial hypertension, obesity and smoking, we examined their potential association with RVA parameters determined during the early phase. There was no difference in any of the parameters between patients stratified according to smoking status, but a tendency for AUCven to be lower in patients in hypertension [36.1 (12.8–43.2)%*s vs. 44.4 (27.6–56.5)%*s in normotensive patients, p = 0.0818], which may have contributed to the difference in AUCven between aSAH and control patients during the early phase described above. In addition, while AUCart tended to be lower in patients with BMI ≥ 30 [8.1 (−10.1–12.5)%*s vs. 26.9 (11.6–36.6)%*s in patients with BMI <30, p = 0.062], it actually tended to be higher in patients with arterial hypertension [27.8 (14.9–44.8)%*s vs. 11.9 (4.1–32.0)%*s in normotensive patients, p = 0.0502], although none of these differences reached statistical significance (for details see Supplementary Table 1).



Subgroup Analyses With Regard to DCI and Long-Term Clinical Outcome

To examine if differences in retinal vessel responses could facilitate early detection of patients at risk of complications and delayed brain injury, we also analyzed data stratified according to the occurrence of DCI and long-term clinical outcome. While most parameters were independent of the subgroup (Supplementary Tables 2, 3), there were some subtle but significant kinetic differences between arterial responses in patients with and without DCI. In particular, patients that developed DCI showed faster vasodilation on flicker initiation during the early phase (Figure 4A), which was most evident when the average responses in both groups were normalized by their maximum amplitude (inset and arrow in Figure 4A). Quantitatively, this difference was reflected in a significantly lower tMAD30 (Figure 4B), which amounted to 4.0 [3.0–6.8] s in patients with DCI (n = 10) vs. 7.0 [5.0–8.0] s (p = 0.022) in patients without DCI (n = 13). There was also a tendency for a lower tMAD in patients with DCI, but the difference was much less pronounced and did not reach statistical significance (p = 0.254, Figure 4C). Interestingly, these differences appeared to be restricted to the early phase and their direction actually reversed during the late phase (Figure 4D), where patients with DCI exhibited a higher tMAD30 (Figure 4E) and a significantly higher tMAD [24.0 (21.0–29.3) s, n = 6 vs. 18.0 (14.0–21.0) s in patients without DCI, n = 17, p = 0.017, Figure 4F]. In contrast, no significant differences were observed in venous retinal vessel parameters between patients with and without DCI (Supplementary Table 2). Comparison of results with regard to the clinical outcome after 12 months was hampered by the fact that RVA could only be performed in a total of six patients with a poor clinical outcome. However, patients with an unfavorable outcome were characterized by a tendency for lower arterial and venous diameters throughout the whole observation period (Supplementary Table 3), and the CRVE in these patients during the critical phase [d5−15: 171 (144–187) MU, n = 4] was significantly (p = 0.045) lower than the corresponding value in patients with a favorable outcome [199 (170–220) MU, n = 43]. Arterial and venous parameters from dynamic retinal vessel analysis on the other hand either showed no significant differences or the number of patients with a poor outcome was simply too small for statistical testing (Supplementary Table 3).
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FIGURE 4. Comparison of retinal arterial responses in aSAH patients with and without DCI. (A) Average relative retinal arterial responses to flicker light stimulation measured during the early phase (days 0–4) in aSAH patients with or without delayed cerebral ischemia (DCI). Stimulation period is indicated by light gray shading. Inset shows the rising phase on an expanded time-scale and after scaling the responses to the same amplitude to highlight kinetic changes. (B) Time to 30% of the maximum arterial dilation (tMAD30) and (C) time to maximum arterial dilation (tMAD) determined during the early phase in patients with and without DCI. (D) Time-course of changes in median [q1–q3] tMAD30 (bottom) and tMAD (top) observed in patients with or without DCI. (E) tMAD30 and (F) tMAD determined during the late phase (days 16–23) in patients with and without DCI. For a summary of all parameters and p-values see Supplementary Table 2.




Effects of Nimodipine Treatment

Finally, to examine if retinal vessel diameters or their response to flicker stimulation were affected by treatment with the L-type Ca2+ channel antagonist nimodipine, we compared data obtained during nimodipine treatment and data obtained while no nimodipine was administered (Supplementary Table 4). However, neither static nor dynamic retinal vessel parameters appeared to be affected by nimodipine. For example, in 51 static measurements performed during nimodipine treatment, arterial and venous diameters (CRAE & CRVE) were 158 [136–174] MU and 199 [171–214] MU, while the corresponding values in 30 measurements performed while no nimodipine was administered were 162 [133–178] MU (p = 0.4868) and 200 [174–209] MU (p = 0.9692). Likewise, maximum arterial and venous dilation upon stimulation (MAD and MVD) amounted to 2.2 [1.4–3.6]% and 3.6 [2.6–5.0]% during nimodipine treatment as compared to 2.9 [1.2–4.6]% (p = 0.4343) and 3.7 [2.4–4.7]% (p = 0.8484) in measurements performed while no nimodipine was administered (Figures 5A,B, for remaining parameters see Supplementary Table 4). Similar results were obtained when the same analysis was performed after stratification of the patients according to the occurrence of DCI (see Supplementary Table 4). Finally, to ensure that this was not due to differences in the time-frame of measurements performed with and without nimodipine treatment, we also compared data obtained during early, critical and late phase respectively (Figures 5C–H, Supplementary Table 6). However, neither retinal vessel diameters (Figures 5C,D), nor the maximum amplitude (Figures 5E,F), AUC (Supplementary Table 6), or time-course (Figures 5G,H) of vasodilation in response to flicker light stimulation during any of the phases appeared to be affected by nimodipine treatment.


[image: Figure 5]
FIGURE 5. Dependence of retinal vessel properties in aSAH patients on nimodipine treatment. (A) Average relative arterial responses to flicker light stimulation measured with or without nimodipine (nimo) treatment. Inset shows the same data but scaled to the same amplitude for comparison of response kinetics. Stimulation period is indicated by light gray shading. (B) Average relative venous responses to flicker light stimulation measured with or without nimodipine (nimo) treatment. Inset shows the same data but scaled to the same amplitude for comparison of response kinetics. Stimulation period is indicated by light gray shading. (C–H) Comparison of (C) central retinal arterial equivalent (CRAE), (D) central retinal venous equivalent (CRVE), (E) maximum arterial dilation (MAD), (F) maximum venous dilation (MVD), (G) time to 30 and 100% of maximum arterial dilation (tMAD30 & tMAD), and (H) time to 30 and 100% of maximum venous dilation (tMVD30 & tMVD) in aSAH patients with or without nimodipine treatment during the early (aSAHd0−4), critical (aSAHd5−15), and late (aSAHd16−23) phase.





DISCUSSION

The exact pathophysiological cascades underlying delayed cerebral ischemia (DCI) and other complications in aSAH patients surviving the initial bleed are still poorly understood. Evidence from animal models indicates that a mismatch between metabolic demand and local CBF due to impaired NVC could contribute to DCI, but the clinical relevance of these findings has remained elusive as there is still a lack of methods for non-invasive assessment of NVC in human subjects. A promising approach to evaluate NVC in aSAH patients is to measure microvascular responses in the retina, an embryological part of the central nervous system and possibly exposed to the same vasoactive hemoglobin metabolites and inflammatory cytokines as small cerebral vessels. Thus, recent discovery of a cerebral and retinal glymphatic system (22) indicates that there are perivascular pathways through which vasoactive agents formed in the subarachnoid space could directly reach the retinal microvasculature. Here, we used static and dynamic retinal vessel analysis (RVA) in aSAH patients to detect changes in basal diameter and responsiveness of retinal vessels to flicker light stimulation, both of which have been proposed as potential candidates for early detection of cerebrovascular dysfunction (14, 15).


Static RVA and Retinal Vessel Diameters After aSAH

Vasoconstriction of large caliber proximal vessels (i.e., angiographic vasospasm) is a common complication after aSAH and was long regarded as the main cause of DCI and poor clinical outcomes, but more recent studies have questioned this concept and proposed a more important role of microvascular changes (4, 5). Our present findings point to a sustained reduction in the diameter of retinal microvessels after aSAH compared to control subjects, which appeared to be more pronounced in the arterial compartment, as reflected in a parallel and significant decrease of the arterio-venous-ratio (AVR) during the early phase and at follow-up. The latter would be consistent with the general view that veins have only limited capability for active vasoconstriction and our previous proposal that the reduced venule diameter in the retina after aSAH is at least partly mediated by constriction of upstream arterioles and a resulting reduction in blood flow (11). In any case, the observed microvascular changes resemble aSAH-induced changes in large caliber vessels, namely early cerebral artery vasoconstriction and an associated reduction in cerebral perfusion which may contribute to DCI in some patients (33–35). Considering that increased intracranial pressure during the acute phase of aSAH forces subarachnoid blood into the preretinal space, a significant reduction in retinal vessel diameters observed during the early phase after aSAH is in line with previous in vitro and in vivo animal studies showing that blood-filled cerebrospinal fluid enhances constriction of both, the retinal (36) and cerebral (37) microvasculature. Interestingly and in contrast to angiographic vasospasm, which usually dissolves by week 2 after the ictus (34), however, there was almost no return of arterial and venous diameters toward the control level during the first 3 weeks after aSAH and only a partial, non-significant recovery at follow-up more than 6 weeks later. A possible explanation for these observations is that part of the reduced basal vessel diameter reflects pathophysiological mechanisms that are not readily reversible and outlast the impairments in vessel responsiveness to stimulation. This would be in line with the results from animal studies indicating that, at least in large caliber vessels, the initial arterial narrowing by vasoactive substances after aSAH leads to tissue damage and structural changes with an associated long-term alteration of the arterial tone (38, 39). In this context, it is also interesting to note that perivascular enlargement in the brain, a putative imaging biomarker for microvascular brain damage (40), has recently been demonstrated to be associated with narrower arterial calibers in the retina (41).



Dynamic RVA and Neurovascular Coupling After aSAH

Adequate NVC is critical for continuous adjustment of local CBF to regionally heterogeneous changes in metabolic demand but may be compromised by the pathophysiological cascades initiated during bleeding into the subarachnoid space. Our present findings demonstrate a sustained decrease of retinal arterial vasodilation with partial recovery in response to flicker light stimulation in aSAH patients, as reflected in a significantly reduced maximum amplitude and area under the response curve compared to control subjects. Unlike the changes in vessel diameters, arterial responsiveness in aSAH patients showed a gradual recovery during the first 3 weeks and reached almost normal levels at follow-up more than 6 weeks after the ictus. Given that complications like DCI and DCI-related infarctions, which have been proposed to be the result of microvascular dysfunction in the brain, are typically restricted to the first two or at most 3 weeks after the ictus as well, these findings support the assumption that retinal vessels could serve as a surrogate marker for changes in cerebral small vessels after aSAH. The observed time-course also matches the pathophysiological cascades traditionally thought to be responsible for vascular dysfunction after aSAH, namely hemolysis of subarachnoid blood and intrathecal immune activation during the early phase, secondary immune infiltration and formation of various vasoactive hemoglobin metabolites during the critical phase and their gradual clearance during the late phase (42–44). Further support for the idea comes from recent discovery of cerebral and retinal glymphatic systems (22), which could provide a perivascular pathway through which vasoactive agents formed during the critical phase reach the retinal microvasculature. If this turns out to be the case, dynamic RVA could not only provide a unique tool to monitor their impact on microvascular function in a relatively simple manner but also a read-out of disease- or treatment-related changes in cerebral small vessels that are otherwise difficult or impossible to assess directly and non-invasively. For example, our present findings suggest that nimodipine, the only FDA-approved pharmacological treatment for delayed cerebral vasospasm after aSAH (45), neither affects the basal diameter nor the responsiveness of retinal microvessels to stimulation, although this remains to be confirmed it future studies.

Likewise, further study will be required to evaluate the sensitivity of RVA with regard to the early detection of DCI.



Limitations and Confounding Factors

There are several confounding factors that have to be taken into account when interpreting our results. First and foremost, although adaptation of our current imaging technique allowed us to also recruit some more severely affected, analgo-sedated patients, cases with mild aSAH, good clinical grade (HH1−3), and/or good clinical outcome were still clearly overrepresented in our cohort, which may have biased the observed changes, likely toward milder alterations. To overcome this limitation, which is mainly brought about by the limited maneuverability of the required funduscope in supine patients, we are currently working on a miniaturized, wearable device for RVA that is comparable to commercially available “smartglasses” and should facilitate bedside testing of immobilized and sedated patients (46). That said, given the complexity of blood flow regulation and NVC, it is likely that numerous factors, some of which may still be unknown, can influence retinal vessel diameters and their responsiveness to stimulation. In order to reduce potential confounding factors and ensure standardized, physiological conditions at the time of image acquisition, our measurements were routinely paralleled by multimodal monitoring of mean arterial blood pressure (MAP), heart rate, blood gases, oxygenation, and intracranial pressure (ICP). In addition, our analysis indicates that there was no effect of nimodipine treatment on any of the parameters evaluated. With regard to static RVA, it is also important to keep in mind that direct comparison of CRAE and CRVE values between control and aSAH patients may have been influenced by the fact that measurements were performed using devices at two different facilities.

It is also worth noting that cardiovascular risk factors like diabetes or arterial hypertension could act as confounding factors and complicate the use of RVA in the context of aSAH. For example, in the present study, there was a tendency for AUCart to be higher in patients with arterial hypertension, which could partly mask the decrease of this parameter after aSAH. Consistent with previous studies (32), these differences were relatively subtle and they did not reach statistical significance, but further studies on the role of these and other cardiovascular risk factors will clearly be required before RVA can be reliably used for diagnostic applications in the context of aSAH.

Finally, it should be noted that in contrast to our previous study, we observed no significant effects of aSAH on the latency of arterial or venous responses, which could reflect the fact that these parameters are more sensitive to inherent technical limitations such as the finite signal-to-noise ratio. As such, our present findings that patients with DCI exhibit a reduced arterial latency (tMAD30) during the early but increased arterial latency (tMAD) during the late phase should be interpreted with care as well-until they can be confirmed in future studies.

In particular, given the subtle nature of these differences, it seems unlikely that they would allow for reliable prediction and/or confirmation of DCI in the clinical setting. However, based on the small number of patients we evaluated, future studies with larger patient populations may be able to identify more robust correlations between RVA parameters and DCI. Considering that DCI remains one of the main preventable causes of poor clinical outcomes after aSAH, such studies will almost certainly be performed in the near future and their results should help to conclusively rate the clinical value of RVA in this setting.




CONCLUSIONS

Our findings confirm and extend the results from previous studies that aSAH is associated with sustained vasoconstriction and impairments of NVC in retinal vessels. Retinal vessel responses may differ between patients with and without DCI. Although their clinical relevance remains to be firmly established, these findings suggest that RVA could be a unique tool for monitoring microvascular function in aSAH patients in a simple and non-invasive manner.
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Background: Coronavirus disease 2019 (COVID-19) patients are at high risk of neurological complications consequent to several factors including persistent hypotension. There is a paucity of data on the effects of therapeutic interventions designed to optimize systemic hemodynamics on cerebral autoregulation (CA) in this group of patients.

Methods: Single-center, observational prospective study conducted at San Martino Policlinico Hospital, Genoa, Italy, from October 1 to December 15, 2020. Mechanically ventilated COVID-19 patients, who had at least one episode of hypotension and received a passive leg raising (PLR) test, were included. They were then treated with fluid challenge (FC) and/or norepinephrine (NE), according to patients' clinical conditions, at different moments. The primary outcome was to assess the early effects of PLR test and of FC and NE [when clinically indicated to maintain adequate mean arterial pressure (MAP)] on CA (CA index) measured by transcranial Doppler (TCD). Secondary outcomes were to evaluate the effects of PLR test, FC, and NE on systemic hemodynamic variables, cerebral oxygenation (rSO2), and non-invasive intracranial pressure (nICP).

Results: Twenty-three patients were included and underwent PLR test. Of these, 22 patients received FC and 14 were treated with NE. The median age was 62 years (interquartile range = 57–68.5 years), and 78% were male. PLR test led to a low CA index [58% (44–76.3%)]. FC and NE administration resulted in a CA index of 90.8% (74.2–100%) and 100% (100–100%), respectively. After PLR test, nICP based on pulsatility index and nICP based on flow velocity diastolic formula was increased [18.6 (17.7–19.6) vs. 19.3 (18.2–19.8) mm Hg, p = 0.009, and 12.9 (8.5–18) vs. 15 (10.5–19.7) mm Hg, p = 0.001, respectively]. PLR test, FC, and NE resulted in a significant increase in MAP and rSO2.

Conclusions: In mechanically ventilated severe COVID-19 patients, PLR test adversely affects CA. An individualized strategy aimed at assessing both the hemodynamic and cerebral needs is warranted in patients at high risk of neurological complications.

Keywords: fluid challenge, norepinephrine, passive leg raising test, cerebral oxygenation, cerebral autoregulation


INTRODUCTION

Severe hypoxemic respiratory failure is the main reason for intensive care unit (ICU) admission in coronavirus disease 2019 (COVID-19) patients (1–3).

However, COVID-19 is a multisystemic disease (4), with significant implications for the brain (5–7). Different mechanisms related to neurological damage have been proposed, such as a direct viral neurotropism, hypercoagulable state, and systemic complications including hypoxia and hypotension (8). Therefore, it seems logical that in order to protect the brain, with optimized cerebral perfusion and oxygenation, hemodynamic stability should be maintained (6).

The current target of mean arterial pressure (MAP) commonly used in the general ICU population (>65 mm Hg) (7) may not always be sufficient to ensure adequate cerebral perfusion, as the brain might potentially require higher values of MAP to optimize cerebral perfusion pressure (CPP) and maintain cerebral autoregulation (CA) (9, 10), especially in the COVID-19 patients who often present altered cerebrovascular dynamics (5). A commonly used functional hemodynamic test to assess fluid responsiveness is the passive leg raising (PLR) test, which causes a shift of intravascular fluids from the legs to the abdominal compartment. Methods proposed to optimize MAP have different pathophysiological mechanisms and include a quick infusion of a small amount of fluids [the so-called fluid challenge (FC)], which provides an extrinsic increase in intravascular volume, and vasopressors, such as norepinephrine (NE), generally used in fluids non-responders, which increase vascular tone.

As no data are available regarding the effect of PLR test on cerebral function and in particular autoregulation in mechanically ventilated severe COVID-19 patients, we conducted a prospective observational study; the primary outcome was to assess the early effect of PLR test and of FC and/or NE—when clinically indicated—on static CA [CA index measured by transcranial Doppler (TCD)]. Secondary outcomes were to evaluate the effects of PLR test, FC, and NE on systemic hemodynamic variables, cerebral oxygenation [regional cerebral oxygen saturation (rSO2)], and non-invasive intracranial pressure (nICP).



MATERIALS AND METHODS

A single-center, prospective observational study was conducted at Policlinico San Martino, IRCCS for Oncology and Neuroscience, Genoa, Italy. This study is reported according to the Strengthening the Reporting of Observational Studies in Epidemiology statement guidelines for observational cohort studies (Supplementary Material 1) (11). The local ethical review board approved the protocol (Comitato Etico Regione Liguria, protocol n. CER Liguria: 23/2020). Mechanically ventilated patients admitted to ICU during the second wave of COVID-19 pandemic (from the October 1 to December 15, 2020) were included. COVID-19 patients were defined with a confirmed SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) polymerase chain reaction using nasopharyngeal swab or bronchoalveolar lavage. Inclusion criteria were (1) ≥18 years old; (2) mechanically ventilated severe COVID-19 patients requiring a PLR test as well as FC and/or NE administration, according to the indications of the attending physician, during the occurrence of hypotension [defined as MAP ≤65 mm Hg and/or systolic blood pressure (SBP) ≤90 mm Hg]; and (3) patients undergoing multimodal neuromonitoring [including cerebral oxygenation using near-infrared spectroscopy (NIRS) and TCD].

Exclusion criteria were (1) patients with a limited acoustic window for TCD assessment, which might have led to a non-precise measurement of the cerebral flow velocities; and (2) patients with known neurological conditions before or during ICU admission, which might have impaired CA (stroke, trauma, intracerebral masses, etc.).


Data Collection

Data were reviewed and collected by physicians trained in critical care patients' electronic medical records. Baseline characteristics, including demographic and clinical data, were collected at ICU admission. Patients' data have been partially previously presented Robba et al. (12). Data collection included age, gender, Sequential Organ Failure Assessment, body mass index, comorbidities (hypertension, diabetes mellitus, chronic kidney injury, chronic respiratory disease, previous neurological disease, liver failure, chronic cardiac disease), laboratory parameters [blood test, D-dimer, C-reactive protein, procalcitonin, creatinine, hemoglobin (Hb)], and ventilatory parameters [tidal volume (VT), fraction of inspired oxygen (FIO2), respiratory rate (RR), positive end-expiratory pressure (PEEP), plateau pressure (Pplat), and respiratory system compliance].



General Management in ICU

Patients were sedated with a combination of propofol, midazolam, and fentanyl and mechanically ventilated using pressure-controlled ventilation, aimed at maintaining Pplat <28 cm H2O, using a VT of 4–8 mL/kg of predicted body weight. FIO2 and PEEP were titrated in order to achieve peripheral saturation of oxygen (SpO2) 88–92%, and RR was set to maintain arterial partial pressure of carbon dioxide (PaCO2) = 35–45 mm Hg. Permissive hypercapnia was allowed as long as arterial pH was maintained ≥7.35. Specific ventilatory management has been previously described in Robba et al. (12). Invasive arterial blood pressure (ABP), heart rate (HR), and end-tidal carbon dioxide (ETCO2) were continuously measured. Using a Masimo root device with pulse CO–oximetry sensors connected to Rainbow devices, total Hb, perfusion index (Pi), and pleth variability index were non-invasively measured.



Hemodynamic Management

PLR test was performed to assess fluid responsiveness during episodes of hypotension. With the patient seated at 45° in a head-up semirecumbent position (T0PLR), patient's upper body was then lowered to a horizontal position with legs passively raised at 45°, for 30–90 s. At the end of the procedure, before repositioning patient's legs, T1PLR was defined (13–15). We considered a positive PLR test with 5% of ETCO2 increase in Delta ETCO2 from T0PLR to T1PLR (16, 17), as a surrogate of 10% increase in stroke volume (cardiac output monitor) (13). As this study is observational and did not change our practice, we did not have the possibility during the pandemic to use a more advanced hemodynamic tool in all our patients. Despite ETCO2 is not the criterion standard for PLR test evaluation, it has been previously used, and it demonstrated to be strongly associated with stroke volume changes, and therefore, it is now widely acceptable (13, 14, 17). According to the ETCO2 response to the PLR test as well as recommendation of the attending physician, patients received FC [crystalloids (4 mL/kg over 20 min)] (14, 15, 18) or NE infusion (central venous at a controlled rate using an infusion pump with an initial dose of 0.05 μg/kg per minute). NE infusion was then eventually started in PLR non-responding patients, or after FC, according to recommendation of attending physician if another episode of hypotension occurred. T0FC and T0NE were evaluated at the beginning of FC and NE infusion, whereas T1FC and T1NE were considered at the end of FC administration or at timepoints of 5 min after the beginning of NE, when the NE dosage was titrated (starting with a dose of 0.05 μg/kg per minute) to maintain an MAP >65 mm Hg. A complete hemodynamic assessment (HR, ABP, MAP, Hb, SpO2, Pi, and PVI) and neuromonitoring evaluation (TCD- and NIRS-derived indices) were obtained at timepoints T0 and T1 of FC and NE administration. No other interventions (such as mechanical ventilation settings changes, repositioning of the patient) were performed between T0 and T1.



Neuromonitoring Data

During the second wave of the pandemic, we started to use neuromonitoring tools in all our patients as routine, at least in the early phases from ICU admission, as we noticed a high number of neurological complications (5).



Cerebral Oxygenation

Masimo Root monitor® (USA) was used for the continuous measurement of rSO2 through bilateral sensors applied to the frontotemporal area. Different indices derived were obtained including (1) rSO2, which represents the total regional cerebral oxygen saturation value; (2) variation of O2Hbi, ΔO2Hbi, which represents the modifications of the oxygenated (arterial) component of the Hb of the total rSO2, whereas ΔHHbi defines the variation of the deoxygenated (venous) component of Hb of the total value of rSO2; (3) ΔcHbi, which is the sum of the values of ΔO2Hbi and ΔHHbi; and (4) ΔSpO2-rSO2 which represents the differences between the value of systemic and cerebral oxygenation. Final values were calculated as the mean between the right and left frontotemporal sensors.



Calculation of Static CA

CA index was measured using TCD. Percentage change in estimated cerebrovascular resistance (CVRe) in relation to the change in ABP over the entire period of time needed for an MAP increase from baseline (T0) to the higher level (T1) was calculated as CVRe = MAP/(cerebral blood flow velocity) (19). We calculated CA index as CA = (% ΔCVRe/% ΔMAP) × 100% as previously described (19). We expressed the CA index as a percentage of full autoregulatory capacity. A change in CVR, which would fully compensate for the drop in MAP, would yield a static CA of 100%, whereas no response of CVR, after ABP changes, would yield a static CA of 0%.



nICP Assessment

Transcranial color duplex Doppler technique (Philips, Bothell, WA, USA) was performed with a low-frequency (2 MHz) echographic micro convex through a temporal window to assess bilateral middle cerebral arteries (MCAs). Systolic, diastolic, and mean flow velocity (FVs, FVd, and FVm, respectively) were obtained bilaterally from the MCA.

nICP was measured using two different formulas:

(1) FVd formula (nICPFVd) (20, 21):

[image: image]

where nCPP is non-invasive cerebral perfusion pressure and then

[image: image]

(2) Pulsatility index (PI)–based nICP (nICPPI):

PI was measured according to the Gosling formula (22):

[image: image]

Estimation based on TCD-derived PI was based on the linear regression among known values of ICP and PI previously analyzed by Budohoski et al. (23):

[image: image]

The final nICPPI was calculated using the mean of the right and left PI, whereas nICPFVd was calculated using the mean flow velocity of both MCAs.



Statistical Analysis

No data on cerebral oxygenation after PLR test, FC, and NE are available in COVID-19 patients. Therefore, a formal sample size calculation was not feasible a priori. However, the achieved sample size was comparable to other physiologic studies in the field (24). The Shapiro–Wilk test was used to test the normality of the distribution of the results. Data are reported as median and interquartile range (IQR = 25th−75th percentiles), if not otherwise specified. Comparisons between different variables at T0 and T1 were performed by paired t-test, whereas non-normally distributed variables were compared by Wilcoxon signed rank test. One-way repeated-measures analysis of variance and Friedman test, followed by Bonferroni post-hoc test, were used for parametric and non-parametric data, respectively. Correlations between cerebral and systemic oxygenation were evaluated using Pearson or Spearman test. Correlations with repeated measurements were computed according to the Bland and Altman method (25). All statistical analyses were performed using SPSS 21® (IBM Corp., USA). p < 0.05 was considered statistically significant.




RESULTS

Baseline characteristics of the patients are presented in Table 1. The median age of the population was 62 years (IQR = 57–68.5 years), and 78% of the patients were male. Table 2 presents the hemodynamic and neuromonitoring parameters analyzed in the different subgroups [PLR (n = 23), FC (n = 22), and NE (n = 14)]. In all cases, PLR test was positive, and in 22 cases, FC was used as first-line treatment. In one patient, who presented with important fluid overload and respiratory failure, NE was started even with a positive PLR, based on the recommendation of ICU physician and patient's clinical conditions. After FC administration, despite a good initial response of MAP, 14 patients also required NE following another episode of hypotension (range between 0.05 and 1.5 μg/kg per minute).


Table 1. Characteristics of the patients included in the study.

[image: Table 1]


Table 2. Hemodynamic and neuromonitoring variables before (T0) and after (T1) passive leg raising test, fluid challenge, and norepinephrine.

[image: Table 2]


Effect of PLR Test, FC, and NE on CA

PLR test resulted in a CA index of 58% (44–76.3%), whereas FC and NE of 90.8% (74.2–100%) and 98% (96–100%), respectively. CA index did not differ between FC and NE (p = 0.169) (Figure 1). nICPPI (p = 0.542), nICPFVd (p = 0.529), and nCPP (p = 0.722) did not differ significantly between FC and NE (Supplementary Figures 1–3). NE yielded higher values of rSO2 compared to FC (Supplementary Figure 4) (NE vs. FC; p = 0.043).


[image: Figure 1]
FIGURE 1. Percentage of cerebral autoregulation index. Data are expressed as mean, standard deviation. PLRT, passive leg raising test; FC, fluid challenge; NE, norepinephrine.




Effect of PLR Test, FC, and NE on Systemic Hemodynamics, Cerebral Oxygenation, and nICP


PLR Test

After PLR test, MAP was increased [63 (59–64.5) vs. 69 (67.5–71.5) mm Hg, p < 0.001] and rSO2 [52% (51–59.5%) vs. 57% (54–63.5%), p < 0.001], as well as nICPPI and nICPFVd [18.6 (17.7–19.6) vs. 19.3 (18.2–19.8) mm Hg, p = 0.009, and 12.9 (8.5–18) vs. 15 (10.5–19.7) mm Hg, p = 0.001, respectively (Table 2)].



Fluid Challenge

Fluid administration resulted in a significant increase in MAP [61 (59–65) vs. 69 (67–72) mm Hg, p < 0.001], rSO2 [55 (52–60) vs. 58 (56–65)%, p < 0.001], and nICPFVd [10.9 (6.7–15.7) vs. 14.4 (5.6- 21.1) mm Hg, p = 0.004] but not nICPPI [19.6 (14.8–21.1) vs. 18.2 (16.4–19.1) mm Hg, p = 0.153] (Table 2).



Norepinephrine

The administration of NE led to a significant increase in MAP [63.5 (61–64) vs. 69 (66–71) mm Hg, p < 0.001] and of rSO2 [54.5% (53–62%) vs. 61.5% (61–66%), p = 0.001] (Table 2), but only the arterial component improved [ΔO2Hbi = 3.9 (3.2–4.3) vs. 5.7 (3.9–7.1), p = 0.001]. nICPFVd slightly increased [10 (6.9–21.3) vs. 12.2 (5.5–22.6) mm Hg, p = 0.022], but not nICPPI [17.6 (16.5–20.3) vs. 17.5 (16.5–19.9) mm Hg, p = 0.216].





DISCUSSION

In the present study, we investigated the effects of PLR test, FC, and NE on cerebral physiology in mechanically ventilated patients with severe COVID-19 pneumonia. We found that (1) PLR test is associated with impaired CA; (2) FC and NE yield increased MAP, CPP, and rSO2. However, rSO2 is significantly higher after NE therapy compared to FC.

This is the first study exploring the effects of hemodynamic changes on cerebral hemodynamics in critically ill COVID-19 patients undergoing mechanical ventilation. This topic is of clinical importance, but not sufficiently highlighted in the literature. Patients with COVID-19 are at high risk of hemodynamic instability, because of sedation, mechanical ventilation, and eventually sepsis with direct negative effect on cardiac function, yielding cardiological complications (26–28). Maintenance of hemodynamic stability and the prompt treatment of hypotensive events are fundamental in this cohort of patients, to provide systemic organ perfusion and an appropriate CPP to the brain (29). In fact, COVID-19 patients are at risk of short- and long-term neurological complications (5, 8). The occurrence of stroke is increased in this population (30), and it appears to be greater in patients with COVID-19 when compared to those with influenza (1.6 vs. 0.2%, respectively, with odds ratio 7.6) (31). This higher incidence has been attributed to the increased incidence of both venous and arterial thromboembolism. In this context, it is well-known that hemodynamic instability and in particular hypotension and altered autoregulation are important risk factors for cerebral damage and secondary brain injury (6, 29, 32, 33). Although COVID-19 patients are not primarily brain-injured patients, recent evidence suggests that the cerebrovascular dynamics are impaired in this cohort of patients, with altered intracranial pressure and pupillometer indexes in most cases (8, 10, 34). Moreover, impaired CA is associated with poor outcome not only in brain-injured patients, but also in several other groups of patients, such as sepsis and cardiac arrest (6, 34, 35). PLR test is often used in the clinical practice as a test to assess the need for fluids and to help in the decision of starting fluid therapy or vasopressors; however, PLR test causes an intrinsic increase in intravascular volume, with shift of intravascular fluids from the legs to the abdominal compartment. This may increase intra-abdominal and intrathoracic pressures (36), yielding impaired cerebral hemodynamics and for this reason has been often discouraged in patients at risk of intracranial complications (37). There are few previous studies including a minority of ICU patients with brain injury who underwent PLR test [i.e., two of 34 patients in the study by Biais et al. (38), six of 71 patients in the study by Monnet et al. (39)], and no specific data on this subpopulation are available. The best hemodynamic strategy to optimize cerebral perfusion and autoregulation remains unclear. Fluid therapy is often used as first-line therapy in critically ill patients with hypotension (36), inducing a transient increase in cardiac preload consequent to extrinsic increase in intravascular volume, whereas vasopressors are started to improve MAP acting on vasomotor tone. The choice to use PLR test in these patients and treat them with fluids or vasopressors should depend on both lung and cerebral needs, which are often in conflict (40, 41). Our results suggest that PLR test may significantly decrease the cerebral autoregulatory system function of COVID-19 patients. PLR test can also increase ICP, suggesting that it may not be appropriate in patients at risk of cerebral complications. FC and NE were able to increase MAP and CPP, but NE seems to have a better effect on cerebral oxygenation and autoregulation, even though no differences in MAP and CPP between the three strategies were observed at T1.

The impact of vasopressors and FC on CA is not completely understood. Klein et al. (42) recently found in a cohort of 91 traumatic brain injury and 13 stroke patients that dynamic intracranial pressure–based measurements of cerebrovascular reactivity are not affected by NE. Similarly, Johnston et al. (43) suggested that CPP augmentation with NE, but not with dopamine, resulted in a significant reduction in arterial–venous oxygen difference (37 ± 11 vs. 33 ± 12 mL/L) and a significant increase in brain tissue oxygen (2.6 ± 1.1 vs. 3.0 ± 1.1 kPa).

The mechanism according to which NE—compared to fluids—could potentially better preserve autoregulation and cerebral oxygenation might be related to a greater effect of NE on the arterial component of rSO2, ΔO2Hbi, compared to FC. Furthermore, this could be related to specific characteristics of NE and the brain-blood barrier (BBB), which contains monoaminoxidase, thus allowing preserving cerebral vessels from its potential vasoconstrictor effects. Indeed, previous evidence confirms that NE has neuroprotective effects and improves CA (44) and oxygenation (43), leading to a significant increase in cerebral blood flow, in both conditions when BBB is intact or experimentally opened (45). No data are available regarding the effect of FC on CA so far, but potentially changes in plasma osmolarity and vascular content might have less protective effect on cerebral hemodynamics and BBB.


Limitations

This study presents several limitations. First, the sample size of the patients included is small, especially considering each subgroup; however, no data are available in COVID-19 patients on this topic. Moreover, the number of patients in the current study is higher than that in similar studies on brain-injured patients (46). Second, the response to PLR test was defined according to changes of ETCO2, which is not the criterion standard (36, 47); the ETCO2 has been already used in patients with acute respiratory distress syndrome and NE infusion showing a better performance, as compared to systemic pressure (48). To the best of our knowledge, no data are available so far in COVID-19 patients regarding this use; however, we considered the performance of this surrogate good enough in a context of paucity of resources. Third, our results would have been strengthened by the availability of more specific data on physiological parameters including invasive neurologic, respiratory, and hemodynamic monitoring to assess the changes consequent to the application of the different hemodynamic strategies. In particular, the use of invasive ICP and oxygenation would have been of extreme utility, but no indications are available for their use in non-primarily brain-injured patients. Also, our population represents a specific subgroup with peculiar characteristics, and therefore, our results may not be applicable in other clinical settings. Fourth, PLR is a test, whereas FC and NE administration are two types of clinical interventions, and therefore, these are not comparable. The decision whether to avoid PLR test in patients at risk of cerebral complications should take into account patients' needs and clinical conditions, and further larger studies are warranted to clarify this issue. In addition, as some patients received both FC and NE, we cannot exclude a cumulative effect of these techniques. Finally, we evaluated the early effects of PLR test on static CA, and no information is provided from our results on a long-term effect of this technique.




CONCLUSIONS

In mechanically ventilated severe COVID-19 patients, PLR test results in a reduction of cerebral autoregulatory function. PLR test, FC, and NE increased cerebral oxygenation, but NE seemed to have the major beneficial effect on cerebral oxygenation compared to FC. An individualized strategy aimed at assessing both the hemodynamic and cerebral needs is warranted in COVID-19 patients at high risk of neurological complications.
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Subarachnoid hemorrhage (SAH) is a devastating stroke subtype with a high rate of mortality and morbidity. The poor clinical outcome can be attributed to the biphasic course of the disease: even if the patient survives the initial bleeding emergency, delayed cerebral ischemia (DCI) frequently follows within 2 weeks time and levies additional serious brain injury. Current therapeutic interventions do not specifically target the microvascular dysfunction underlying the ischemic event and as a consequence, provide only modest improvement in clinical outcome. SAH perturbs an extensive number of microvascular processes, including the “automated” control of cerebral perfusion, termed “cerebral autoregulation.” Recent evidence suggests that disrupted cerebral autoregulation is an important aspect of SAH-induced brain injury. This review presents the key clinical aspects of cerebral autoregulation and its disruption in SAH: it provides a mechanistic overview of cerebral autoregulation, describes current clinical methods for measuring autoregulation in SAH patients and reviews current and emerging therapeutic options for SAH patients. Recent advancements should fuel optimism that microvascular dysfunction and cerebral autoregulation can be rectified in SAH patients.
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INTRODUCTION

Cerebral aneurysms are common [1–5% prevalence (1, 2)] and pose a “silent risk” of severe brain injury. When an aneurysm ruptures, blood rapidly enters into the subarachnoid space: this event is termed aneurysmal subarachnoid hemorrhage (SAH) (1, 3, 4). In severe cases, intracranial pressure (ICP) elevates to levels that cause cerebrovascular arrest and death quickly ensues. As one might expect, SAH has a high case fatality rate (32–67%); of those that survive the initial bleed, 30-50% will suffer long-term disability as a result of serious brain injury (3–5). In terms of productive life years lost, SAH closely rivals more common forms of stroke due to its early age of onset (1, 6): thus, SAH incurs a disproportionately heavy cost (7), despite being a relatively rare form of stroke (~10 in 100,000 persons per year) (8–10). The interventions to halt ruptured aneurysm bleeding and prevent subsequent re-bleeds are frequently successful: thus, if the patient survives the initial bleeding event, which depends on the severity of bleeding and how quickly emergency medical attention is initiated, most of the treatable mortality and morbidity in SAH occurs during neurointensive care. In this regard, a pronounced secondary ischemic event, termed “delayed cerebral ischemia (DCI)” emerges 3–14 days following SAH. DCI is a significant cause of death and disability in SAH patients who survive the initial aneurysm rupture (1, 11, 12).

Until recently, DCI was attributed to radiographically visible large artery constriction, known as angiographic vasospasm, as this common complication often occurs concomitantly with the ischemic event (13). Consequently, the majority of research efforts focused on developing therapeutic interventions to curtail angiographic vasospasm, in the hopes that this would significantly improve patient outcome (4, 14). These efforts culminated in the disappointing CONSCIOUS clinical trials involving the endothelin-1 receptor antagonist clazosentan, which successfully reduced the incidence of large artery constriction, but failed to improve clinical outcome (15–18). This failure necessitated a shift in attention from the radiographically visible angiographic vasospasm to the radiographically invisible cerebral microcirculation. Indeed, given that the microcirculation is the primary determinant of cerebrovascular resistance (19), microcirculatory dysfunction is more aptly positioned to drive ischemic injury than large artery vasoconstriction. There are an extensive number of processes governed by the microcirculation; of these processes, the “automated” control of cerebral perfusion, termed “cerebral autoregulation,” appears to be an important aspect of SAH-induced brain injury, as it is clearly impaired following SAH (20–24) and it is a strong independent predictor of both DCI and negative outcome (22–24).

For physicians caring for SAH patients, this review summarizes the key clinical aspects of cerebral autoregulation and its disruption in the context of SAH. Our review is segmented into three primary subsections: (1) an overview of cerebral autoregulation, its mechanistic basis and predictions on how SAH alters autoregulatory function, (2) clinical measures of autoregulation and their relationship to patient outcomes, and (3) current therapeutic interventions for SAH in the context of autoregulation, which explains why alternative approaches are desperately required. In our subsequent discussion, we will examine some emerging therapeutic options that may be capable of correcting dysfunctional autoregulation in SAH.


Cerebral Blood Flow Autoregulation

Cerebral blood flow autoregulation is a regulatory mechanism that maintains constant brain perfusion over a relatively wide range of cerebral perfusion pressures (CPPs). This mechanism originates within the cerebral microcirculation, where resistance arteries actively match their level of constriction and hence, vascular resistance, to the prevalent perfusion pressure (25). Neils Lassen is credited with introducing the concept of cerebral blood flow autoregulation in 1959, after reviewing and integrating several human studies examining the effects of controlled hypotension on cerebral perfusion (26). However, the concept's roots date much further back, as the underlying myogenic mechanism had been identified by Sir William Bayliss in 1902 (27) and autoregulation had already been established within the renal microcirculation as early as 1946 (28).

Lassen's curve visually presents cerebral autoregulation as a correlation between cerebral blood flow against mean arterial pressure (MAP; Figure 1) (26). Technically, CPP (i.e., the difference between MAP and intracranial pressure) is the more appropriate x-axis ordinate, but there is generally a tight relationship between MAP and CPP in normal settings, since ICP is generally constant. The autoregulatory curve possesses three key regions: a central plateau flanked by two inflection points that define the lower and upper limits of autoregulatory activity (Figure 1). The region at and below the lower limit is a state of maximal dilation within the microcirculation and consequently, reductions in CPP within this region result in reductions in blood flow. While the lower limit of autoregulation is considered a critical clinical benchmark, the brain is generally able to tolerate blood flow reductions of 30–60% before the onset of ischemic symptoms (29, 30). In essence, the brain enjoys a degree of “luxury perfusion,” known clinically as the “cerebrovascular reserve capacity.” Thus, the MAP at which ischemic symptoms typically arise may be substantially lower than the MAP that defines the lower limit of autoregulation. As an important caveat, SAH patients may have reduced or exhausted cerebrovascular reserve capacity (31) and thus, are likely to be more vulnerable to hypotension than healthy individuals. On the other side of Lassen's curve, the region at and above the upper limit of autoregulation represents a state of maximal microcirculatory constriction and at high pressures, an inability to maintain constriction (i.e., “forced dilation”). This poses a different threat to the brain's viability, including pressure-induced microcirculatory damage (32, 33), blood brain barrier disruption (34–36), and vasogenic edema formation (36, 37). Since blood brain barrier disruption and cerebrovascular edema are predictive for poor neurological outcome in SAH (38, 39), the upper limit of autoregulation is as clinically significant as the lower limit.
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FIGURE 1. Cerebral autoregulation. Cerebral autoregulation is plotted as a relationship between cerebral blood flow (CBF) and mean arterial pressure (MAP). The autoregulatory range is defined by MAP levels that elicit maximal myogenic vasodilation (lower limit; ~70 mmHg) and myogenic vasoconstriction (upper limit; ~160 mmHg): CBF remains relatively stable as MAP changes within this range. Perfusion decreases when MAP drops below the lower limit; however, overt symptoms are not observed until a critical perfusion threshold is reached, usually 40–60% below normal levels. The MAP range where perfusion drops without symptoms is termed the cerebrovascular reserve capacity. Hypoperfusion and ischemia occur at MAP levels below the reserve capacity; hyperperfusion and vasogenic edema occur at MAP levels above the upper limit. It must be stressed that the lower and upper limits of autoregulation, the size of the cerebrovascular reserve capacity and the level of perfusion maintained by autoregulation all display variation. Thus, the plot represents regularly quoted values.


Since there are no systematic assessments defining the entire autoregulatory range in humans, the generally accepted range is 50-150 mmHg, as originally described by Lassen (25, 26). However, there are several key aspects of Lassen's work and our current understanding of autoregulation that are frequently overlooked (40). First, Lassen combined 11 different subject groups across 7 independent studies, regardless of patient health status or medication/anesthetic use: thus, the curve is highly prone to error, as it is composed of inter-subject means from uncontrolled and heterogenous conditions (26). As reviewed by Drummond (40), several subsequent studies specifically targeting the lower limit of autoregulation in humans suggest that the lower limit is actually much closer to a MAP of 70 mmHg. Second, the same studies reviewed by Drummond demonstrate remarkable inter-subject variability and consequently, the “one-size-fits-all” representation of the autoregulatory curve is considerably misleading: no single range can be broadly applied to a given patient (40). Third, the plateau of autoregulation is likely not perfectly flat, as there is evidence that autoregulatory responses to MAP elevation are more effective than responses to MAP reductions (41–44): thus, some degree of pressure passivity may be normal in healthy individuals and is not necessarily indicative of dysfunction (45). Finally, autoregulation is a physiologically fragile mechanism that is perturbed by many pathologies: thus, the autoregulatory range may be very different in SAH patients compared to healthy subjects and Lassen's curve (46–48). In summary, while the fundamental concept of autoregulation has withstood the test of time, the absolute values of Lassen's curve are outdated, and additional data derived from SAH patients is required in order to provide more effective guidance.

It must also be emphasized that pressure autoregulation is not the sole determinant of cerebral perfusion: in addition to automatically adjusting microvascular resistance to pressure, vascular smooth muscle cells also sense and integrate a variety of metabolic signals, which superimpose on autoregulation to elicit regional perfusion changes in response to heightened local metabolic demand (49–52). Examples of these metabolic signals include, but are certainly not limited to, pH, O2 and CO2 tensions, lactate, adenosine, nitric oxide, potassium ions, and vasoactive neurotransmitters (e.g., dopamine and acetylcholine) (49–52). These localized influences are most often termed “neurovascular coupling” (49–52), although “metabolic autoregulation” (i.e., the matching of perfusion to metabolic demand) has also been used (53). To avoid confusion, the present review refers to pressure autoregulation when the singular term “autoregulation” is used.

In pathological settings, autoregulatory dysfunction undoubtedly incorporates both intrinsic changes to how smooth muscle cells sense and respond to pressure and their vasomotor responses to the metabolic signals emanating from the external environment. Isolating the effects of SAH on the intrinsic pressure-sensitive mechanisms can only be effectively achieved with an in vitro experimental system that directly characterizes a resistance artery's response to pressure in a controlled external environment where confounding metabolic and neural inputs are eliminated.



The Myogenic Response

Sir William Bayliss introduced the concept that intravascular pressure significantly modulates vascular tone in 1902, publishing a set of elegant in situ and in vitro (i.e., excised arteries) experiments that demonstrated pressure-dependent vasoconstriction and vasodilation (27). Since Bayliss could not attribute these responses to neuronal (i.e., responses persisted despite severed nerves and artery excision) or metabolic (stable in vitro conditions) inputs, he deemed these responses to be myogenic in nature (i.e., “myocyte origin”) (27). Indeed, Bayliss noted that “The muscular coat of the arteries reacts, like smooth muscle in other situations, to stretching force by contraction… it also reacts to diminution of tension by relaxation, shown, of course, only when in a state of tone.” (27). Remarkably, Bayliss' discovery was largely ignored for 45 years (54), in part because another prominent physiologist, Gleb von Anrep, failed to reproduce Bayliss' results in similar experiments and instead attributed the constrictions and dilations to neuronal (adrenaline) and metabolic influences, respectively (55). Although several subsequent studies by others largely supported Bayliss' original conclusion (54), the mechanism did not rise to prominence until (i) blood flow autoregulation was shown to be due to a non-neural, pressure-dependent mechanism (56) and (ii) myogenic mechanisms were demonstrated to significantly alter vascular resistance in vivo (57, 58).

As a functional definition, the myogenic response is vasoconstriction in response to an increase in transmural pressure (i.e., the pressure across the vessel wall) and vasodilation in response to a decrease in transmural pressure. Small cerebral arteries (<300 μm in diameter) are myogenically active (19, 59–62) and given that these arteries account for ~80% of the cerebrovascular resistance (i.e., between the systemic circulation and the cerebral capillaries) (19), they are the prime determinants of cerebral perfusion. It must be highlighted, however, that large cerebral arteries (~ 1 mm or more) (62, 63), including middle cerebral, basilar and pial arteries (64, 65), are also myogenically active. This is not typically observed in other tissues: in skeletal muscle, for example, only the smaller resistance arteries are myogenically active, whereas larger arteries appear to have minimal myogenic reactivity and a limited role in autoregulation within that tissue (19, 66). This point highlights a key danger of generalizations, based on observations from other vascular beds. In the cerebral circulation, there is clearly a gradient in myogenic reactivity, with smaller vessels developing more myogenic tone than larger vessels (62). Larger arteries may engage their myogenic mechanisms predominantly at higher pressures (>120 mmHg) (59, 67), which could be a means of increasing autoregulatory range. Specifically, to prevent small resistance arteries from reaching their maximal myogenic vasoconstriction limit at high pressures, cerebrovascular resistance increases upstream to attenuate the downstream pressures, thereby permitting the small resistance arteries to retain a high degree of perfusion control (59, 67). As mentioned previously, regional differences in autoregulation exist, indicating that myogenic reactivity and segmental activity within different regions of the brain is not uniform (59). Thus, different regions of the brain are likely to respond differently to SAH and systemic interventions.

At the molecular level, the myogenic response is the conversion of a mechanical stimulus (i.e., wall tension) into an intracellular biochemical signal; however, reviews over the last 20 years attest to the enormous complexity and mechanistic diversity of myogenic mechanisms (32, 54, 68–75). It is also noteworthy that mechanistic variations across species, biological sex, developmental status, vascular bed, and artery branch order have been identified (74). With this in mind, our review will provide only a simplified and abbreviated overview of selected key mechanisms driving myogenic signaling.

Depolarization is the critical initiator of the myogenic response: vascular wall tension is sensed by mechanosensitive ion channels (76–78) and/or other mechanosensitive elements (79–81), eliciting depolarization, L-type calcium channel activation, and calcium influx (82). Other voltage and ion-sensitive channels are subsequently engaged by the depolarization and ion influx, for example voltage gated (Kv) and calcium-activated large conductance (BK) potassium channels, which play important roles in modulating the depolarization response (83, 84). Elevated cytosolic calcium levels stimulate calcium-dependent vasoconstriction, a process that involves the calcium/calmodulin-dependent activation of myosin light chain kinase and subsequent phosphorylation of myosin light chain 20: this phosphorylation event activates actin-myosin filament interaction and gliding (71). While extracellular calcium influx is generally considered to be the key source of calcium driving calcium-dependent vasoconstriction, calcium released from intracellular stores also plays a key role in mediating the constriction response (85, 86). In addition, calcium-independent mechanisms work in concert to increase calcium sensitization, which amplifies calcium-dependent responses by inhibiting the phosphatase that directly antagonizes the activity of myosin light chain kinase (i.e., myosin light chain phosphatase) (69, 71). In a previous review, we detailed a number of signaling entities that have been demonstrated to enhance calcium sensitivity in the context of the myogenic response (75): notable examples include sphingosine-1-phosphate (S1P) signaling (86, 87), 20-hydroxyeicosatetraenoic acid (20-HETE) signaling (72, 88), Rho kinase (89, 90), and protein kinase C (91, 92).

Only a handful of studies have utilized cannulated resistance arteries ex vivo to investigate the effects of SAH on myogenic reactivity (Table 1). As demonstrated in mouse olfactory (87, 93) and middle cerebral (94), rat parenchymal (95, 96) and middle cerebral (97), canine basilar (98), and rabbit cerebellar and posterior cerebral resistance arteries (99, 100), these studies are unanimous in concluding that SAH augments cerebral resistance artery myogenic reactivity. Through the use of endothelial denudation (95), smooth muscle cell specific gene deletion (87) and studies on freshly isolated artery myocytes (96, 100), this pathological effect can be attributed to a change in smooth muscle cell function. One common thread appears to be an enhancement of calcium-dependent signaling, which was either directly shown (95, 96, 100) or can be inferred (87, 93), based on previous studies (86, 90). Calcium sensitization is also likely to be enhanced, since the S1P-dependent signals characterized by Yagi et al., are known to enhance calcium sensitivity (69, 74, 86, 90). At the molecular level, (i) changes in potassium channel expression (96, 100) augment pressure-dependent depolarization and calcium influx (95), while (ii) augmented S1P signaling (87) further mobilizes intracellular calcium stores and increases calcium sensitization (86, 90). In summary, SAH appears to broadly increase myogenic reactivity throughout the cerebral microcirculation: since the basis of cerebral autoregulation is the myogenic response, these studies imply that autoregulation must also change in response to SAH.


Table 1. Research studies utilizing pressure myography to assess the effect of experimental subarachnoid hemorrhage on myogenic reactivity.
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Autoregulatory Changes in Response to Augmented Myogenic Reactivity

In clinical practice, it would be risky to assume that SAH does not alter the shape or position of the autoregulatory curve: thus, in order to properly interpret clinical measurements of autoregulation, we need to make predictions about how augmented myogenic vasoconstriction will affect autoregulation. Here, we will consider 3 potential scenarios involving microvascular and macrovascular constriction: (i) microcirculatory vasoconstriction (i.e., augmented myogenic vasoconstriction) in the absence of angiographic vasospasm, (ii) angiographic vasospasm alone, and (iii) both microcirculatory and large artery vasoconstriction. We propose the following effects on autoregulation:

Our first scenario (Figure 2A) is consistent with observations that DCI occurs in SAH patients in the absence of angiographic vasospasm (101–107). Augmented myogenic vasoconstriction reduces CBF and depending on the extent of the augmented myogenic reactivity, CBF may fall below the critical perfusion threshold, resulting in ischemia. The upper limit of autoregulation shifts to the left as a consequence of the enhanced constriction, assuming that the maximal constriction level for the artery is not altered. This is a reasonable conjecture, as the isolated artery studies found that SAH does not affect maximal artery diameter or enhance vasoconstriction to non-myogenic stimuli (87, 93, 95). One might speculate that the lower limit would also shift to the left, but there are two lines of evidence that suggest this would not occur. First, the pressure at which arteries lack wall tension (i.e., become slack) is very close to the lower limit of autoregulation: therefore, it is unlikely that mechanotransductive processes operate below the lower limit (108). Second, using hypocapnia as a means of inducing microvascular vasoconstriction and reducing CBF, Artru and Lam determined that the lower limit of autoregulation does not shift leftward as a result of enhanced vasoconstriction (109). Scenario 1 (Figure 2A) has been elegantly demonstrated in an experimental mouse model, where SAH induces (i) a marked reduction in CBF (ii) throughout a narrowed autoregulatory range that (iii) possesses a reduced upper limit and unchanged lower limit (110).
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FIGURE 2. Expected effects of subarachnoid hemorrhage on autoregulation. Altered vascular reactivity in subarachnoid hemorrhage (SAH) can have three hypothetical effects on cerebral autoregulation. Note that in this figure, cerebral autoregulation is plotted as the relationship between cerebral blood flow (CBF) and cerebral perfusion pressure (i.e., the difference between mean arterial pressure and intracranial pressure): this was done because intracranial pressure varies in SAH patients, thereby adding a variable to consider when relating CBF to mean arterial pressure in this pathological setting. The autoregulation curve in black represents the normal, non-pathological situation, while the red and yellow lines represent altered autoregulation. In (A), augmented myogenic reactivity (i.e., microvascular constriction) reduces perfusion, shifts the upper limit of autoregulation leftward and narrows the autoregulatory range. In severe cases, cerebral blood flow drops below the critical perfusion limit. In (B), upstream large artery constriction (i.e., angiographic vasospasm) reduces the perfusion pressure entering the microcirculation. This stimulates a right-ward shift in the autoregulatory curve, but perfusion deficits do not occur until the new lower limit is reached. In (C), both microvascular and larger artery constriction occur, creating a hybrid of (A) and (B).


Because autoregulation maintains constant CBF at reduced levels, perfusion will not increase unless the CPP passes the upper limit of autoregulation. In severe cases (i.e., where ischemic symptoms are present), the autoregulatory range may be small enough that the upper limit can be passed with “moderate elevations” in systemic blood pressure [e.g., an elevation of mean arterial pressure to 140 mmHg (46); Figure 2A]. Since elevated blood pressure is common in SAH patients (111), some patients who do not have ischemic symptoms may have CPPs above the upper limit that would be identified as abnormal autoregulation.

In our second scenario (Figure 2B), large artery vasoconstriction (i.e., angiographic vasospasm) would increase upstream resistance, thereby lowering the intravascular pressure sensed by the microvascular resistance arteries. In response, the resistance arteries would dilate to maintain CBF, until the lower limit of autoregulation is reached. Thus, the primary effect large artery vasoconstriction is a rightward shift in the autoregulatory curve, but not a change in the perfusion level. In severe angiographic vasospasm, the autoregulatory curve may shift far enough that CPP falls below the lower limit and reductions in perfusion are observed; however, some patients will remain in the reserve capacity zone and therefore, not suffer ischemic injury as a result (112). This scenario is consistent with observations that many patients with severe angiographic vasospasm do not suffer significant neurological decline (14, 112). Scenario 2 (Figure 2B) has been demonstrated in an experimental rabbit model associated with significant vasospasm: in this model, SAH profoundly compromises the lower limit of autoregulation, with CBF eventually reaching control levels at higher mean arterial pressures (113).

Our final scenario (Figure 2C) combines both of these elements: cerebral perfusion is reduced; the autoregulatory range narrows due to a leftward shift in the upper limit; and the autoregulatory curve shifts to the right due to the large artery constriction decreasing the “apparent” intravascular pressure sensed by the microcirculation. This represents a potentially dangerous scenario for SAH patients, as the rightward shift in the autoregulatory curve has the potential to shift the patient's CPP below the lower limit, thereby further reducing perfusion. Curtailing angiographic vasospasm may or may not increase cerebral perfusion in this scenario; even if perfusion increases, it may not sufficiently rise to prevent ischemic injury. This scenario provides a possible explanation for why therapeutically targeting angiographic vasospasm failed to deliver benefit (15, 16).




CLINICAL DATA ON CEREBRAL AUTOREGULATION

Cerebral autoregulation has been a focus of clinical assessment in SAH patients for over 50 years. In this subsection, we present distilled descriptions of the most frequently used methods to measure autoregulation in SAH patients, including the key principles, caveats, and conclusions.


Static Autoregulation Measurement

Direct cerebral blood flow measurements require lengthy time scales and consequently, provide only a snapshot of autoregulation in steady state settings (114). Fantini et al. provide a comprehensive review of the techniques utilized to quantitatively measure cerebral blood flow, which notably includes 133Xe clearance, positron emission tomography, thermal diffusion, magnetic resonance imaging arterial spin labeling, and perfusion computed tomography (114). Utilizing these approaches for autoregulation studies generally requires pharmacological interventions to persistently alter blood pressure, although positional changes can also be used. Transcranial Doppler (TCD) has been extensively used to assess static autoregulation in shorter time periods (41), but measuring blood flow velocity (BFV) as a surrogate for blood flow is error-prone, due to the poor assumption that the insonified artery's diameter does not change in response to the pharmacological intervention (113, 115, 116). The emergence of color-coded duplex ultrasonography (CDUS), which simultaneously measures BFV and arterial diameter, provides a superior ultrasound alternative to the standard TCD approach (115).

Static autoregulation measurements generally provide quantitative measures of the overall performance of autoregulation, in many cases with a high spatial resolution. In fact, Lassen's iconic autoregulatory curve was the result of combining 7 human studies with static measurements of cerebral blood flow and MAP (26). However, the approach is not without limitations, especially in SAH patients: (i) pharmacologically inducing blood pressure changes can be dangerous in critically ill SAH patients, (ii) sequential monitoring can require lengthy periods of time and therefore, it is not practical to routinely monitor static autoregulation, (iii) certain methods, such as 133Xe clearance, are invasive (intra-arterial injection) (114), (iv) anesthetics (e.g., halothane) and certain vasoactive agents very likely alter autoregulation, thereby incorporating a potential confound and (v) most measurements require non-bedside equipment.

Although autoregulation responds to both increases (vasoconstriction) and reductions (vasodilation) in perfusion pressure, running both protocols in SAH patients is logistically challenging. Thus, studies generally measure responses after a single stimulus in SAH patients, almost always a reduction in blood pressure (20, 101, 117–121). In some cases, a hypertensive stimulus has been utilized (122, 123) and in others no stimulus was utilized (124, 125). In this latter case, autoregulatory failure is inferred when angiographic vasospasm reduces downstream perfusion, due to an assumption that compensatory downstream vasodilation should engage (124). It is worth noting that the majority of static autoregulation studies are rather dated and that the standard of care for SAH patients has evolved considerably since.

Given that ischemia and perfusion deficits are common in SAH patients, it is not surprising that these studies largely confirm that SAH compromises autoregulation in many SAH patients (Table 2) (20, 101, 117–125). There is little and disparate data regarding the temporal profile of autoregulatory perturbation, with one study indicating that the initial phase displays the greatest autoregulatory disruption (<7 days) (20), while another suggests that significant deterioration occurs within the window of delayed ischemia (>7 days) (121). Similarly, there is little data relating these measures to outcome, with one study indicating that highly-disrupted autoregulation associates with poor Glasgow outcome score (117), while another found no autoregulatory differences between patients who develop symptomatic vasospasm vs. those who do not (121). Intriguingly, two studies indicate that autoregulatory dysfunction is heterogeneous and consequently, systemic interventions intended to increase blood flow within ischemic regions can paradoxically reduce perfusion in that region and/or others (101, 122). This raises concerns that empirically deploying systemic therapies may have serious unintended consequences.


Table 2. Clinical studies assessing cerebral blood flow autoregulation in subarachnoid hemorrhage patients.
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Dynamic Autoregulation Measurement

Dynamic autoregulation assessment refers to a relatively simple TCD-based method that evaluates the autoregulatory response to a transient reduction in perfusion pressure. In brief, middle cerebral artery (MCA) BFV is continuously measured by TCD. Autoregulatory responses are then measured following an alteration in CPP (the transmural pressure sensed by myogenic mechanisms): this is typically achieved in SAH patients by compressing the carotid artery ipsilateral to the insonified MCA (126–131), although in some cases, a bilateral thigh cuff is utilized (132, 133). Compression of the carotid artery (tailored to yield ~30% reduction in MCA BFV) decreases CPP: after a brief period (usually 3–5 s), the compression is released. When autoregulation is behaving normally, the microcirculation dilates in response to the reduced perfusion pressure: consequently, when pressure is rapidly restored, a brief hyperemic response occurs. Hence, the test is frequently referred to as a Transient Hyperemic Response Test (THRT). The test is scored as a binary measure (intact/perturbed), depending on whether the transient hyperemic BFV is 10% higher than the pre-compression BFV. In the thigh cuff approach, thigh cuffs are inflated to 200 mmHg for 2 min and then rapidly released, resulting in a negative step change in CPP. The autoregulatory BFV response is then mapped to 10 theoretical traces incorporating autoregulatory dynamic gain, a dampening factor and a time constant (134). Each curve represents a different degree of autoregulatory impairment, known as the Autoregulation Index (ARI), with 0 indicating no autoregulation and 9 indicating “perfect” autoregulation.

Although the methods are relatively simple, non-invasive and use readily available TCD equipment, there are some general caveats and limitations: (i) the measurements are highly prone to inconsistency, most likely due to short-term variations in autoregulatory activity, the influence of other physiological variables and noise in the system, (ii) there is an assumption that MCA diameter does not change as a result of the interventions, and (iii) the THRT is graded against a somewhat arbitrary present/absent threshold that oversimplifies the outcome.

SAH patients frequently display abnormal THRT results (Table 3) (126–131). Two studies show a timeline following SAH ictus, based on the proportion of patients with negative/abnormal THRT results: while these studies show variable proportions of negative results early after ictus (0–3 days post-SAH), there is a clear peak between days 7–10, after which point the proportion of negative THRT results declines (128, 129). This peak fits well with the timeline for development of DCI. Negative THRT results are frequently, but not always, a good predictor for the emergence of angiographic vasospasm (126, 127, 129, 130) and poor THRT results are clearly more prevalent in patients who develop cerebral infarction (129, 131), have poor neurological status (e.g., WFNS Score >2 or Glasgow Coma Score <6) (126–129, 131) and ultimately have poor outcomes (e.g., Glasgow Outcome Score ≤3 or modified Rankin Scale ≥4 at 6 months) (126, 128, 131). Likewise, the thigh cuff/ARI approach appears capable of segregating patients who will develop angiographic vasospasm, rapid neurological deterioration, and suffer poor outcome (132, 133). ARI is consistently reduced in SAH patients (ARI scores of 4–6 in good outcome and 1–4 in poor outcome) and generally increase over time (i.e., over 0-10 days post-SAH) in patients who improve and decline in those who deteriorate (132, 133).


Table 3. Clinical studies utilizing the Transient Hyperemic Response Test (THRT) in subarachnoid hemorrhage patients.
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Continuous Autoregulation Measurement

There are several practical considerations that hinder the routine measurement of static and dynamic cerebral autoregulation in critically ill patients: (i) static autoregulation measures require the use of vasoactive drugs or mechanical maneuvers that are often contraindicated in critically ill patients, (ii) assessments can be time consuming and consequently, frequent/routine assessment would add a substantial workload burden to neurocritical care staff, and (iii) assessments can be prohibitively expensive, especially if MRI-based methods are used. In a critical care setting, cerebral autoregulation assessments should be fast and inexpensive, minimally disturb the patient and ideally, utilize data that is already collected as part of neurocritical monitoring. Continuous autoregulation measurements largely meet these criteria, as they rely on endogenous variations in blood pressure and utilize continuous monitoring data from widely available equipment.

The Pressure Reactivity Index (PRx), first described in 1997 by Czosnyka et al. (135, 136), measures the association between slow waves in arterial blood pressure (ABP) and ICP, where ABP serves as a surrogate for CPP and ICP as a surrogate for vascular reactivity. The latter is predicated on the fact that vasomotor responses globally change cerebrovascular volume and consequently, ICP (as per the Monro-Kellie doctrine). In a setting with intact autoregulation, there is an inverse relationship between ABP and ICP: increases in ABP stimulate myogenic vasoconstriction, which decreases ICP via a blood volume reduction. The PRx index is calculated using a moving Pearson correlation; when PRx is subsequently plotted against CPP (i.e., CPP=ABP-ICP), a U-shaped relationship is observed (137), with the autoregulatory range defined by near-zero or slightly negative values and the progressive loss of autoregulation as increasingly positive values (i.e., increased ICP resulting from the transmission of ABP into the microcirculation).

Although measuring PRx requires is invasive (i.e., ventricular or intraparenchymal transducer), these parameters may be measured in SAH patients who are subject to continuous ICP monitoring. However, PRx measurements in SAH patients possesses key caveats: (i) ABP must be a reliable correlate of CPP, which may be problematic in patients with high ICP levels, putatively due to compression of intracranial veins and consequent increase in venous resistance (138, 139); (ii) slow waves in ICP must be solely dependent on blood volume changes, as experimentally validated in non-pathological settings (140); (iii) craniospinal compliance (i.e., the capacity to compensate for added intracranial volume) must not substantially increase following decompressive craniotomy (141, 142) or with the use of external ventricular drains (143), as this will alter PRx values regardless of autoregulatory status [decompressive craniotomy likely invalidates PRx measurements (142)]; and (iv) as a global measure, PRx measurements assume that all vascular beds within the cerebral microcirculation behave similarly with respect to pressure reactivity, which is probably true at normal perfusion pressures, but not at the extremes (144). It should also be noted that since the CPP estimation incorporates the ICP (i.e., CPP=ABP-ICP), there is a statistical bias in the U-shaped PRx/CPP relationship, owing to the fact that PRx and CPP share a common parameter, resulting in a degree of “autocorrelation” (145). Without correction, this bias likely distorts the true autoregulatory window and consequently, the estimates of appropriate perfusion pressures (145).

PRx measurements are more firmly established as a prognostic indicator for traumatic brain injury patients than they are for SAH patients (136, 146). Nevertheless, there are several informative PRx studies in SAH patients (Table 4) (46, 143, 147–151). The vast majority of SAH patients display abnormally positive PRx values (i.e., perturbed cerebral autoregulation) (46, 143, 147–149); as anomalies, one small study (21 patients) failed to show disrupted autoregulation in SAH patients (151) and another (42 patients) found normal autoregulation in patients who survived for 3 months, while non-survivors displayed significantly higher PRx values (150). A subset of studies measured PRx over a prolonged time course (i.e., within 1 day to 14 days post-SAH) (46, 147, 149): as a general trend, PRx values were highly positive initially, declined between days 1–3 and then rebounded to higher levels over the next 7-10 days (46, 147). The acutely elevated PRx levels (days 0–3) may indicate (or contribute to) the extent of early brain injury (152), while the delayed rise in PRx on day 4 and beyond is consistent with the timeframe that DCI clinically emerges (11).


Table 4. Clinical studies utilizing Pressure Reactivity Index (PRx) measurements in subarachnoid hemorrhage patients.
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The prognostic value of PRx measurements in SAH patients is not yet established. While several studies observe an association between higher PRx values and outcome parameters (46, 147, 150), others have not (148, 149, 151). Small numbers, variations in SAH severity and therapeutic interventions, different threshold values for abnormal PRx, technical differences (e.g., probe placement) and PRx calculation differences [e.g., signal averaging (149)] likely contribute to these discrepancies. In a 242 patient retrospective cohort study (46), higher PRx levels at 6.5–10 days post-SAH independently associate with unfavorable extended Glasgow outcome scores (GOS-E ≥4 at 12 months); interestingly, CPP levels below 90 mmHg (normal CPP target is 60-70 mmHg) also associated with unfavorable outcome. This potentially identifies a clinically significant augmentation of myogenic vasoconstriction, which would simultaneously induce a leftward shift in the upper limit of autoregulation (resulting in higher PRx values) and reduce perfusion (promoting ischemia at CPP levels of 60-70 mmHg). In support of this conclusion, Johnson et al., stratified SAH patients into high and low PRx values (≤0.1 vs. >1) and found that the high PRx group associated with lower CBF, despite the fact that both groups possessed similar/normal CPP and ICP levels (148). Interestingly, neither of these studies found a significant relation between PRx or CBF and development of symptomatic DCI (46, 148).

Of the other continuous methods for determining cerebral autoregulation, it is worth elaborating on the TCD-based Systolic Reactivity Index (Sx) and Mean Reactivity Index (Mx), as these are non-invasive alternatives to PRx. Both Sx and Mx are similar to PRx, in that they correlate slow waves in CPP and CBF surrogates. For Sx and Mx, systolic blood pressure (Sx) and mean blood pressure (Mx) serve as surrogates of CPP, while MCA BFV serves as a surrogate of CBF. In a setting with intact autoregulation, CBF remains constant despite changes in blood pressure and consequently, MCA BFV remains constant; when autoregulation is compromised, CBF increases with pressure and hence, BFV in the MCA concomitantly increases. Like PRx, the Sx and Mx indices are calculated using a moving Pearson correlation, yielding a U-shaped autoregulatory relationship.

Although measuring Sx or Mx is non-invasive, the method has several caveats and limitations: (i) the technique is highly operator-dependent and requires expertise for reliable and reproducible measurements (153); (ii) the measurement is applicable only to the territories perfused by the MCA; (iii) although TCD equipment is readily available in critical care settings, TCD monitoring in critically ill patients is cumbersome and generally time-limited to 1 h (138, 142); (iv) like PRx, Mx and Sx are impacted by high ICP, presumably due to compression of intracranial veins (138); and (v) BFV only serves as a reliable surrogate for CBF if the MCA diameter remains constant during the course of measurement. Since the Mx and Sx measurements do not rely on absolute BFV measurements, MCA vasospasm does not disrupt the measurement and thus, Mx, Sx and the presence of MCA vasospasm (profoundly accelerated flow velocity) can be derived from the same recordings (21). Interestingly, PRx and Mx only display a modest correlation to each other (r = 0.36 to 0.58), which likely reflects territorial differences (i.e., global vs. regional), measurement susceptibility to ICP and differences in model assumptions (138, 142).

Only a handful of studies have used Mx or Sx in SAH patients (Table 5) (21, 154–156). In these studies, the majority of SAH possessed elevated Mx or Sx values (21, 154, 155), although in one study, the elevated values were only found in patients who developed DCI (154). Only one study completed daily measurements over an extended time course and observed that Sx increased between days 2 and 8 in patients who develop DCI and then decline thereafter (154). Both Sx and Mx increase in the presence of vasospasm, indicating compromised autoregulation within the downstream microcirculation. In terms of prognostic value, Sx or Mx measurements in SAH patients successfully predict DCI (22, 154, 155); no studies have attempted to associate Sx or Mx values to longitudinal outcome scores in SAH patients. Taken together, these data show reasonable agreement with PRx in terms of the prevalence and time course of disrupted autoregulation and correlation to negative outcomes.


Table 5. Clinical studies utilizing Mean Flow Velocity Index (Mx) or Systolic Flow Velocity Index (Sx) measurements in subarachnoid hemorrhage patients.
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It should be mentioned that slow waves in blood pressure and TCD-based MCA BFV have been also analyzed with a transfer function analysis, instead of the moving Pearson correlation that generates the Mx and Sx values. Simplistically, a transfer function is Fourier decomposition of input and output signals that are transformed into sinusoids with the same frequency, but a different amplitude (gain) and a latency (shift in time; phase); a coherence function identifies conditions where estimates of gain and phase are reliable (157). When cerebral autoregulation is intact, the resistance arteries prevent/dampen the transmission of pressure fluctuations into cerebral flow (low gain and high phase). In contrast, when autoregulation is compromised, pressure fluctuations are rapidly transmitted as flow responses (high gain and low phase). Otite et al. demonstrate that higher transfer function gain and phase in SAH patients associates with angiographic vasospasm and DCI (158).

Of the remaining continuous autoregulation measures available, the Oxygen Reactivity Index (correlation between slow waves in oxygen saturation and blood pressure) (114) deserves a brief mention. ORx has been assessed in SAH patients, using either an invasive oxygen probe (23, 24) or by minimally invasive near infra-red spectroscopy (NIRS) (154, 159). Budohoski et al. (154) conducted Sx measurements in parallel with ORx measures and found a similar time course for autoregulation impairment and predictive value for DCI. Oxygen reactivity measures appear to predict the development of DCI (154, 159), delayed infarction (24) and unfavorable Glasgow outcome score (GOS ≤3) (23) in SAH; however, the invasiveness and/or availability of NIRS equipment likely prohibits the widespread use of this method in a clinical setting.



Summary of Clinical Data

Collectively, a large body of clinical data strongly support the conclusion that cerebral blood flow autoregulation is perturbed in SAH patients: this is not necessarily a surprising revelation. However, many issues hamper the overall interpretation of the literature and the utility of autoregulatory assessment as a prognostic indicator. Most notable among these issues are (i) the absence of a “gold standard” autoregulation measurement, (ii) the sparsity of studies utilizing multiple assessment techniques, and (iii) the diversity in patient populations and outcome measures. It can be argued that there is no “gold standard” method for measuring cerebral autoregulation, as every method has limitations (Table 6). Yet, the vast majority of clinical studies rely on a single approach to measure autoregulation, with ease-of-collection (or more accurately, the ability to collect data with minimal patient disturbance) moving to the forefront of practical considerations. With this in mind, it is worth acknowledging some of the key challenges and knowledge gaps with respect to clinical autoregulation measurements and its clinical use.


Table 6. Comparison of clinically utilized techniques to measure cerebral autoregulation in subarachnoid hemorrhage patients.
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First, static, dynamic, and continuous measurement assess different aspects and timescales of autoregulation: these may not be equally affected in pathological settings (160, 161). Comparing different methodologies, therefore, is impossible until we better define how the different assessment methods interrelate. Second, the brain has significant regional differences in vascular architecture and metabolic demand: thus, it is not surprising that regional differences in cerebral autoregulation exist in both normal (59) and pathological settings (101, 122). To add to this complexity, metabolic factors such as CO2 can profoundly alter autoregulation through direct actions on vascular reactivity (162): these effects would also be regional, as they should be more pronounced in ischemic regions compared to non-ischemic regions. Methodologies with limited spatial resolution will be unable to resolve regional and focal differences in autoregulation, thereby reducing their sensitivity and predictive capabilities. Third, determining the time course of autoregulatory impairment in different SAH patient populations (i.e., different severities) and more firmly establishing its relationship to DCI and other outcomes would require a significant, multi-center research undertaking; however, this information is critical for enabling accurate risk stratification that would direct clinical management. Finally, while identifying autoregulatory perturbation may indicate that an intervention is required, it does not inform the clinician with respect to how to respond. Thus, there is a clear need to elucidate the molecular mechanisms that perturb autoregulation in SAH. Without this knowledge, interventions will remain “blunt instruments” with some, but limited efficacy.




CLINICAL INTERVENTIONS FOR ISCHEMIA IN SAH

In the distant past (45–50 years ago and beyond), aneurysmal rebleeding was the primary cause of mortality and morbidity in SAH patients who survived the initial aneurysmal rupture. The development of aneurysm clips and effective microsurgical techniques (163, 164), pioneered in 1911 by Harvey Cushing's invention of the silver clip (165), significantly improved aneurysmal rebleeding rates. More recently, endovascular coiling has emerged as a less invasive alternative to surgical clipping: the aneurysm is accessed with a microcatheter and platinum coils are deployed into the aneurysm, stimulating the formation of a clot that permanently occludes the aneurysm (166, 167). Although re-bleeding remains a significant risk for SAH patients (11), cerebrovascular constriction and ischemia has now become the primary cause of death and disability in SAH patients who survive the initial rupture (1, 11, 12). This ischemic event is commonly termed DCI or “delayed ischemic neurological deficit,” due to its emergence 3–14 days post-SAH ictus (11, 12). It may also be referred to as “symptomatic vasospasm” or “clinical vasospasm,” due to its overlap with the emergence of angiographic vasospasm (13). Regardless of the term used, the clinical criteria for diagnosing DCI is “the occurrence of focal neurological impairment (e.g., hemiparesis, aphasia, apraxia, hemianopia, or neglect), or a decrease of at least 2 points on the Glasgow Coma Scale (either on the total score or on one of its individual components [eye, motor on either side, verbal]) that lasts for at least 1 h, is not apparent immediately after aneurysm occlusion and cannot be attributed to other causes by means of clinical assessment, CT or MRI scanning of the brain, and appropriate laboratory studies.” At present, there are only 2 interventions used to treat DCI: hyperdynamic therapy and the calcium channel antagonist nimodipine (168).


Hyperdynamic Therapy

Hyperdynamic therapy endeavors to alleviate ischemia by increasing the CPP, sometimes in combination with altered blood rheology (169). The combined therapy is referred to as “Triple H Therapy,” as it includes hypertension, hypervolemia, and hemodilution as core elements (169, 170). Vasopressors, typically phenylephrine, norepinephrine or dopamine, are used to induce hypertension. Hypervolemia is induced using colloid solutions containing albumin, hexastarch, dextrans, or gelatins and serves two functions: it adds to the hypertension and induces a state of hemodilution (i.e., reduced hematocrit). There are two distinct rationales underpinning these interventions: (i) the hypertension aspect assumes that cerebral autoregulation is absent or profoundly dysfunctional in ischemic regions and thus, flow will increase in a manner proportional to CPP; and (ii) according to the Hagen–Poiseuille law, flow should increase following hemodilution, because blood viscosity decreases.

The use of hypertension for treating neurological symptoms has a long history. In 1951, Denny-Brown recognized that hypotension caused rapid neurological deterioration in patients suffering from cerebral artery disease: consequently, he proposed that raising systemic blood pressure would alleviate the cerebrovascular insufficiency and hence, the symptoms (171). Denny-Brown's postulate was not acted upon until 1967, when Farhat and Schneider used hypertension to successfully treat hemiparesis in a case series of 4 patients with cerebrovascular insufficiency (172). In some cases, a modest blood pressure elevation was sufficient to reverse ischemic symptoms (from 110/70 to 150/100 mmHg), while in other patients, rather extreme levels of hypertension were utilized (250/120 mmHg) (172). The major impediment to using hypertension in SAH patients was the significant risk of rebleeding; however, advancements in surgical methods to definitively occlude the aneurysm (i.e., clipping) opened the door for this therapeutic approach. In 1976, Kosnik and Hunt demonstrated that hypertension improved DCI symptoms in 6 of 7 surgically clipped SAH patients (173), setting the stage for what would ultimately become its routine use in SAH.

Neither Triple H therapy, nor any of its individual components, have ever been subjected to large prospective randomized clinical trials and consequently, the evidence of benefit is limited to small studies or case reports that are frequently uncontrolled and utilize different protocols. Gathier et al. planned a 240 patient randomized trial to assess the effect of hypertension on patients presenting clinical symptoms of DCI; however, the trial was prematurely halted due to slow enrollment (174). Several prior studies, however, suggested that the treatment outcomes with hypertensive or Triple H therapy are better than not intervening at all (123, 175–189). As examples: in 9 studies reporting the clinical response to hypertension in 187 SAH patients, improvement of neurological deficits ranged from 50 to 100%, with most studies reporting improvement in around 80% of patients (123, 173, 175, 176, 181–185); in 5 studies reporting long-term functional outcome at 2 to 6 months (141 patients), a good functional outcome was seen in 38 to 54% of the patients (181, 186–189). Thus, there was an impetus to incorporate the procedure into the standard of care, despite the lack of rigorous data. As documented in the 1994 and 2009 AHA guidelines for managing SAH patients (190, 191), the use of Triple-H therapy was recommended as “a reasonable approach for treating symptomatic vasospasm” until relatively recently. The hypervolemia component has since fallen out of favor in revised AHA therapy guidelines (168). Hypervolemia is a physiological stressor that is associated with a high incidence of adverse side effects, including: profound diuresis (176), electrolyte abnormalities (192), reflexive bradycardia (176), pulmonary edema (169, 193), dilutional coagulopathy (194), renal dysfunction (194), and cardiac failure due to fluid overload (169). Not surprisingly, some studies now indicate that positive fluid balance is associated with negative functional outcomes in SAH patients (189, 195). The revised AHA guidelines (2012) recommend (i) maintaining euvolemia and normal circulating blood volume; and (ii) inducing hypertension in patients with delayed ischemia, unless blood pressure is elevated at baseline or cardiac status precludes it (168). Interestingly, Triple H therapy, which includes the adverse effect-prone hypervolemia aspect, is still used in some clinical settings (46). The 2012 guidelines (168) remain the current standard (196), despite: (i) several recent studies challenging the notion that hyperdynamic therapy confers benefit to SAH patients suffering ischemia (197–201); (ii) systematic reviews concluding that the available evidence, which is rated “moderate-to-low grade,” does not support a recommendation (202–205); (iii) a relatively high rate of serious complications, such as cardiac arrhythmia, pulmonary edema, hemorrhagic transformation, and intracranial bleeding (181, 185); and (iv) the risk of cerebral edema developing in response to induced hypertension (39).

In the context of autoregulation, hyperdynamic therapy faces a number of significant challenges. First, as discussed previously in section 2.1, there is high inter-subject variability in the upper and lower limits of autoregulation (40); in SAH patients, this is coupled with a variable degree of perturbation (Figure 2). Hence, there is no “universal threshold” that can adequately guide clinicians with respect to effective and/or safe hypertension limits. In the absence of a reliable, real-time CBF measurement, titrating hyperdynamic therapy would require incrementally increasing pressure until neurological benefit is achieved (i.e., presumably by monitoring conscious SAH patients). Pragmatically, clinicians simply use a target pressure, with the assumption and hope that this will translate into improved perfusion (204).

Second, cerebral autoregulation is not uniform throughout the brain under normal conditions (59), and autoregulatory dysfunction in SAH is clearly heterogenous (101, 122). Thus, the systemic nature of hyperdynamic therapy undoubtedly elicits variable effects in different brain regions: under-perfused regions may enjoy an increase in CBF (if the hypertension is sufficient to do so), but other regions may become hyperperfused (i.e., above the upper limit of autoregulation) and prone to injury from the high pressure (206–209). These conditions, which include posterior reversible encephalopathy syndrome (PRES) and reversible leukoencephalopathy (RLS) are both causes of altered neurological function during hyperdynamic therapy that may mimic worsening DCI (206–209). This raises an interesting conundrum: since PRES and RLS are not widely reported as complications of hyperdynamic therapy, continued neurological deterioration may be interpreted as uncorrected hypoperfusion and provoke even more aggressive blood pressure augmentation, which would only further exacerbate injury. On a similar note, in cases of severe microcirculatory constriction (Figure 2A), it is possible that the only means of increasing perfusion is to breach the upper limit of autoregulation, potentially setting the stage for vasogenic edema (39). Thus, hyperdynamic therapy may benefit some SAH patients suffering from cerebral ischemia, but in many cases, the improper titration of the therapy and regional variability makes it likely that it simply substitutes another form of brain injury in the place of ischemic injury. This may partially explain why recent meta-analyses generally fail to identify improvement or harm resulting from the therapeutic intervention (202–205).

Finally, there is a presumption that the vasopressors used to induce hypertension do not appreciably alter cerebrovascular tone. Under non-pathological conditions, systemic catecholamines do not cross the blood-brain barrier and hence, increasing systemic blood pressure with norepinephrine or epinephrine does not increase CBF (210), until the upper limit of autoregulation is passed. In SAH, the blood-brain barrier is likely to be disrupted (211), permitting systemically-applied vasopressors access to the cerebrovascular smooth muscle cells, where they can then exert direct effects. This is one possible explanation for the observations by Darby et al., where certain non-ischemic regions paradoxically decreased perfusion in response hyperdynamic therapy (a potential intracerebral steal phenomenon) (122).

In summary, hyperdynamic therapy is a “last resort” intervention, because the underlying mechanisms causing the microcirculatory constriction are not understood. Thus, there are few options available to increase CBF when symptoms of ischemic injury occur. Hyperdynamic therapy, therefore, attempts to override the constriction with high pressure: this may increase CBF, but with risks of both systemic and central nervous system injury. The evidence supporting hyperdynamic therapy as an intervention is weak (196, 202–205) and the methods and manner of administrating the therapy are highly variable (212). Nevertheless, hyperdynamic therapy appears destined to remain a routine intervention for DCI, until a clearly superior alternative is discovered.



Nimodipine

Nimodipine is the only FDA-approved medication for use in SAH: it belongs to the dihydropyridine (DHP) class of calcium channel blockers that inhibit L-type, voltage-sensitive calcium channels. The blockade of voltage-gated L-type calcium channels strongly impacts depolarization-stimulated vasoconstriction (213, 214), a core requirement for myogenic vasoconstriction (68). Nimodipine is rapidly absorbed from the gastrointestinal tract following oral administration and reaches peak plasma concentrations within 1 h. However, nimodipine undergoes extensive first-pass metabolism in the liver and its bioavailability following oral administration is reported to be ~13% (215, 216). Due to metabolism, nimodipine is rapidly eliminated, with an initial half-life of ~1-2 h (215, 216). Hence, nimodipine must be administered frequently (every 4 h orally) or through continuous intravenous infusion.

In order to increase cerebral perfusion, cerebrovascular resistance must decrease relative to systemic resistance. Nimodipine is characterized as a “preferential cerebrovascular dilator,” with several reports demonstrating that nimodipine stimulates an increase in cerebral blood flow at concentrations that either do not alter systemic blood pressure or elicit only modest reductions (217–220). This cerebrovascular dilatory action is preferentially exerted on small vessels (<70 μm) and there is no obvious effect on veins (220–223). Several aspects may contribute to this preferential effect:

First, nimodipine is more lipophilic than most other DHP antagonists and other calcium channel blockers, which enables it to cross the blood brain barrier: this is an obvious prerequisite for cerebrovascular efficacy. Although nimodipine crosses the blood-brain barrier, its concentration in cerebrospinal fluid (CSF) is much lower than in plasma (10-250x lower in CSF relative to plasma) (224–226). It is generally assumed, therefore, that nimodipine does not significantly bind to CSF proteins [95% of plasma nimodipine is protein-bound (215)] and is therefore absorbed by membrane structures or neuroglia within the brain. While membrane nimodipine concentrations may indeed be higher than CSF levels, the idea that nimodipine accumulates in cerebral cell membranes is largely not supported by available evidence: nimodipine possesses a relatively low partition coefficient, can easily wash out of membranes and has a short clinical half-life (227); radiolabeling distribution patterns show low concentrations in the brain (228). Nimodipine's cerebrovascular preference, therefore, is not likely due to a preferential distribution to the brain.

In the absence of a distribution effect (i.e., higher nimodipine concentrations in the brain), the cerebrovascular preference might entail a higher sensitivity to L-type calcium channel inhibition relative to peripheral arteries. This conclusion is primarily based on comparisons of agonist-stimulated responses (e.g., serotonin) in basilar and saphenous arteries (213, 214). However, the evidence that myogenically active cerebral resistance arteries are more sensitive to L-type calcium channel inhibition due to its ion channel composition is not clear. A systematic comparison of peripheral and cerebral artery channel expression that could more definitively address this issue is lacking.

Finally, the myogenic response is highly dependent on membrane potential, voltage-gated calcium channels, and calcium influx (68, 229, 230). Thus, vascular beds that have a high degree of autoregulation may be more susceptible to L-type calcium channel blockade, due to a more profound effect on its myogenic mechanism. Consistent with this premise, nimodipine preferentially increases both cerebral and coronary blood flow in rabbits (218): both are highly autoregulated vascular beds. Nimodipine's vasodilative effect is more pronounced in smaller arteries, which are more myogenically active than larger vessels (221, 222).

The FDA approved nimodipine for use in SAH in 1988. At the time, many of the studies supporting the use of nimodipine were “non-comparative” and relied on historical data to drive conclusions regarding the effect of nimodipine. Some notable examples of these non-comparative studies include Ljunggren et al. (231) and Auer et al. (232). While these studies generally supported the use of nimodipine therapy, their reliance on historical data as a comparator rendered them incapable of providing sound data pertaining to the overall efficacy of the nimodipine treatment. There were, however, 6 randomized placebo-controlled trials that clearly demonstrated an improvement in either neurological outcome or mortality (225, 233–237); an additional small trial that directly compared treated and untreated patients also demonstrated benefit (238) (Table 7). Long term survival assessments indicate that nimodipine reduces 3-month mortality and cerebral infarction in SAH patients (239, 243).


Table 7. Clinical studies involving nimodipine treatment in subarachnoid hemorrhage patients.
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Since nimodipine possesses vasodilatory properties, a vascular mechanism was presumed. However, there is scant evidence for an effect on cerebral perfusion in SAH patients. Only 2 of the controlled trials (1 placebo controlled) that preceded FDA approval conducted CBF measurements: neither found evidence that nimodipine increased cerebral perfusion (235, 238). In 4 studies, angiographic vasospasm was assessed: in 1 trial, nimodipine reduced the severity of angiographic vasospasm in patients with severe neurological outcomes (225); however, the remaining trials showed no difference in the incidence or severity of angiographic vasospasm (233–235). In summary, the FDA approved nimodipine based on solid evidence that it improves neurological outcomes and mortality after SAH across all grades, except perhaps for the most severe cases (244); however, there is minimal-to-no evidence that nimodipine improves cerebral perfusion as its mechanism of action (Table 7). It is also notable that nimodipine is not an effective treatment for acute ischemic stroke (245) or traumatic brain injury (246), both of which involve ischemic injury as a component of the pathologies.

Only a handful of studies have examined the effect of nimodipine on cerebral autoregulation in humans and animal models (240, 247–249): the majority of these studies found that nimodipine has no effect on CBF autoregulation; in one experimental study, nimodipine improved cerebral autoregulation in rats following SAH (measured by 133Xe clearance) (250). For obvious reasons, nimodipine has not been rigorously trialed against a placebo in SAH patients to determine its mechanism of action. While there is some evidence that nimodipine treatment increases cerebral perfusion in healthy volunteers (219, 247), only a handful of studies have attempted to determine whether nimodipine increases cerebral perfusion in SAH patients (235, 238, 240–242): these trials are difficult to interpret, due to the lack of an untreated control. Of the trials that use reasonably reliable CBF measurement methods (e.g., 133Xe clearance), the results are generally unsupportive of a perfusion effect (Table 7). Rasmussen et al. measured CBF in patients with severe SAH prior to and following nimodipine treatment and observed no effect on CBF or cerebral autoregulation (240). Choi et al. measured CBF following successive nimodipine dosing and generally found marginal reductions in CBF with each dose, concomitant with reductions in MAP (241). Hänggi et al. demonstrated that intra-arterial administration of nimodipine improved perfusion in patients with refractory vasospasm, but only transiently (242).

The absence of a clear vascular effect has spurred the search for non-vascular mechanisms of action that could explain nimodipine's beneficial effect in SAH. The attenuation of cortical spreading depolarizations is one potential non-vascular mechanism that has received significant attention (251). Spreading depolarizations are slow propagating waves of neuronal and glial mass depolarization that can occur when brain tissue is exposed to noxious stimuli following neurological injury (251). Under normal conditions, the depolarization is associated with a contaminant increase in regional CBF, to match the increased metabolic demand. However, after SAH and ischemic stroke, the oligemic response is converted to a ischemic response, resulting in paradoxical vasoconstriction and spreading ischemia. Since neurons express high levels of L-type calcium channels (252), nimodipine could directly protect neurons by inhibiting these spontaneous depolarizations. In support of this potential mechanism of action, spreading depolarizations are known to occur in SAH patients and are associated with delayed ischemic injury (253, 254); subarachnoid blood can acutely trigger spreading depolarizations that cause infarctions (255); and nimodipine is capable of attenuating spreading depolarizations (256, 257). Nimodipine can directly protect neurons from ischemic damage by this mechanism (258, 259) and could prevent electrical changes in response to oxygen/glucose deprivation (260). Taken together, there is a reasonable basis to propose that direct neuroprotection explains nimodipine's positive effect in SAH.

While a neuroprotective mechanism can confer benefit during ischemic episodes in SAH, directly targeting the perfusion deficit (i.e., the original intent of the treatment) would undoubtedly be more effective. However, globally targeting the cerebral microcirculation with a vasodilator has many of the same shortcomings as hyperdynamic therapy. Specifically, there is both normal or pathological heterogeneity in autoregulatory status within the cerebral microcirculation: thus, global treatment could undermine autoregulation in regions where it functions properly, potentially leading to hyperperfusion, edema and/or potentially, a steal phenomenon. It should also be noted that since the myogenic response, the basis of autoregulation, depends on L-type calcium channels (68, 229, 230), careful titration would be required to maintain autoregulatory function. As an illustration, Hockel et al. delivered nimodipine as a continuous intra-arterial infusion via the carotid artery, in order to maximally deliver a high nimodipine dose to the cerebral microcirculation (261). The authors measured an increase in PRx and oxygen tension, suggesting a vascular effect, albeit the overall effect was transient (6 h) (261). The increase in PRx value indicates deteriorated autoregulation, which should not occur unless the treatment compromises autoregulation as a whole (i.e., the myogenic mechanism may be ablated in some regions).

In summary, it appears unlikely that orally administered nimodipine elicits significant and sustained cerebrovascular dilation and increased perfusion. As a consequence, a neuroprotective mechanism is now favored. While it would be preferable to target the vascular mechanism, the global use of vasodilators is problematic and there are currently no alternative approaches available.




DISCUSSION

Cerebral autoregulation is a crucial homeostatic mechanism: its disruption in SAH can profoundly compromise cerebral perfusion and consequently, cause ischemic injury. Autoregulatory status can be measured in a clinical setting: while these measures are generally predictive of outcome, future efforts need to establish a “gold standard” procedure with sufficient numbers in order provide appropriate diagnostic and prognostic guidance. However, the absence of interventions that can correct perturbed autoregulation is a dire problem: a substantial research investment is required on this front, as the number of interventional options at the clinician's disposal is limited.

As reviewed by Daou et al., an array of pharmacological interventions have been tested for efficacy in SAH (262). Many of these interventions displayed early promise in reducing ischemic injury in SAH, only to later fail in larger trials: some notable examples include clazosentan (endothelin-1 receptor blocker) (15–18), nicardipine (263), magnesium (voltage-dependent calcium channel blocker) (264, 265), statins (pleiotropic vascular and neuroprotective effects) (266, 267), tirilizad (antioxidant) (268), and erythropoietin (pleiotropic vascular and neuroprotective effects) (269, 270). Given that the mechanisms underlying SAH-induced microvascular dysfunction have not been adequately defined, these interventions were predicated on their known vascular effects and/or their successful use in other pathological settings. However, since the etiology of microvascular dysfunction in SAH is largely uncharacterized and probably multifactorial, the failure to properly target a causal mechanism undoubtedly contributed to these interventions' lack of efficacy.

There are few studies that systematically investigate how myogenic reactivity, the underlying basis of autoregulation, changes in SAH (87, 93, 95, 96, 98–100). Isolating and cannulating small resistance arteries that are 0.1 mm in diameter and 0.5–0.8 mm in length is time consuming and technically demanding work; it is difficult to conduct biochemical assessments on artery samples, as the tissue amounts are highly limited; and molecular manipulations are generally limited to testing arteries from gene deletion models. As a consequence, only a small number of researchers utilize pressure myography as a core research technique and from there, only a small proportion of these researchers study SAH, as it is considered an orphan disease. In the current research climate, where high-throughput projects are favored for funding, it is hard to attract new researchers into this challenging discipline, despite the desperate need.

Based on the available myogenic reactivity studies utilizing SAH models, several potential therapeutic targets have been proposed (Figure 3), including Kv channels, tumor necrosis factor (TNF), S1P receptor subtype 2 (S1P2R), Rho-associated protein kinase (ROCK) and the cystic fibrosis transmembrane conductance regulator (CFTR). It is worth considering how these might fare as interventions (Table 8).
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FIGURE 3. Molecular mechanisms augmenting microvascular constriction in subarachnoid hemorrhage and potential interventions. A mechanosensitive complex initiates myogenic vasoconstriction via membrane potential depolarization: this leads to calcium entry via opening of voltage-gated calcium channels; voltage gated potassium channels also open, leading to hyperpolarizing potassium efflux that limits the extent of depolarization (negative feedback). Intracellular calcium activates calmodulin (CAM), myosin light chain kinase (MLCK) and the contraction apparatus. In addition, calcium entry and depolarization lead to the activation of sphingosine kinase 1 (Sphk1), which synthesizes and releases sphingosine-1-phosphate (S1P) into the extracellular compartment. Extracellular S1P activates the S1P2 receptor subtype (S1P2R), thereby activating the Rho-associated protein kinase (ROCK) signaling pathway. ROCK signaling inhibits myosin light chain phosphatase (MLCP), which enhances MLCK's activation of the contractile apparatus. Extracellular S1P is sequestered from S1P2R by the cystic fibrosis transmembrane conductance regulator (CFTR), which transports S1P across the plasma membrane for degradation. In subarachnoid hemorrhage (SAH), potassium channels are down-regulated, leading to enhanced depolarization through disinhibition. SAH also stimulates inflammatory tumor necrosis factor signaling, which down-regulates CFTR expression and enhances the activation of Sphk1. This increases pro-constrictive S1P / S1P2R / ROCK signaling, which enhances constriction via the inhibition of MLCP. Therapeutics targeting these pathological processes include: (i) intra-arterially-delivered nimodipine (calcium channel blocker; limits calcium entry), (ii) retigabine (potassium channel activator; reduces depolarization), (iii) etanercept (inhibits TNF signaling; reduces S1P synthesis and increases S1P degradation), (iv) lumacaftor (increases CFTR expression; increases S1P degradation), (v) fingolimod (stimulates S1P receptor internalization; inhibits ROCK activation), and (vi) fasudil (ROCK inhibitor; limits inhibition of MLCP).



Table 8. Potential interventions for treating dysfunctional autoregulation in subarachnoid hemorrhage.
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Several studies using isolated cerebral arteries (98) and/or primary smooth muscle cells derived from cerebral arteries (96, 98, 271) demonstrate that SAH reduces potassium currents, leading to enhanced depolarization and calcium entry in response to pressure (96, 100, 271). These results are buttressed by experiments demonstrating that oxyhemoglobin reduces potassium channel expression in vitro (272–274). The specific potassium channel types/subtypes affected have not been fully defined and may involve Kv1.5, Kv2.1, Kv2.2, Kv7, or BK channels (100, 271, 275, 276). Both Kv channel activators (e.g., retigabine) (276) and BK channel activators (e.g., zonisamide) (277, 278) are clinically available and have been used in experimental SAH settings; however, to our knowledge, these therapeutics have not been utilized to clinically treat SAH. Both retigabine and zonisamide are typically used as anti-seizure medications and are associated with several adverse central nervous system effects, including somnolence, dizziness and confusion (279, 280). Further, Kv and BK channels are expressed in neurons and many other excitable cell types and thus, widespread adverse effects could occur. These issues probably preclude their use clinical use in SAH.

The remaining targets (TNF, S1P, S1P2R, CFTR, and ROCK) may all be functionally linked into a pathological signaling chain (75). Briefly, our previous work shows that soluble TNF [i.e., TNF released via shedding (281–283)] enhances S1P signaling in cerebral arteries following SAH, by augmenting S1P synthesis and preventing S1P degradation (87, 93). Specifically, TNF enhances S1P synthesis via sphingosine kinase 1 activation (284); simultaneously, it reduces S1P degradation, via the down-regulation of CFTR protein expression (87, 93), a critical S1P transporter (285, 286) that sequesters S1P from its receptors (287). In cerebral vessels, S1P significantly enhances vascular tone and myogenic vasoconstriction (87, 285, 288–291), primarily via the S1P2R subtype (87). Mechanistically, S1P2R activation enhances calcium sensitivity (i.e., yielding more constriction for a given increase in intracellular calcium) via the activation of the ROCK signaling cascade (292).

There are several lines of evidence supporting TNF's role in SAH: (i) cerebrospinal TNF levels rise and peak 4–10 days post-SAH ictus (293–295), the timeframe when delayed autoregulatory disruption and ischemia generally occurs; (ii) TNF levels associate with perturbed cerebral flow velocities and poor outcomes (293, 296, 297); and (iii) anti-TNF therapy (i.e., etanercept or adalimumab) reduces vascular constriction and/or neurological injury in experimental SAH (298–300). Likewise, cerebrospinal S1P levels are also substantially elevated in SAH patients (301) and attenuating S1P receptor activity, either with an S1P2R antagonist (JTE-013) (87) or fingolimod (stimulates S1P receptor internalization) (302, 303), improves perfusion and outcomes in experimental SAH. The ROCK inhibitor fasudil, which inhibits the downstream signals associated with S1P2R activation, is currently used prophylactically in Japan and China, with some clinical studies demonstrating evidence of benefit (304–306). Collectively, these data strongly support that SAH activates a pro-constrictive TNF/S1P signaling axis. It should be noted, however, that there is limited clinical trial data from which to draw from and the purported benefits of fasudil remain to be confirmed in large randomized controlled clinical trials (307).

There are no clinically approved S1P2R antagonists. Fingolimod is approved to treat multiple sclerosis (308) and has been clinically tested in small trials involving acute cerebral stroke (309) and intracerebral hemorrhage (310). While these stroke trials did not observe adverse effects associated with treatment (309, 310), fingolimod is known to be immunosuppressive and is associated with several adverse effects, including infections, elevated liver enzymes, central nervous system effects [e.g., headache, dizziness and in some cases, leukoencephalopathy (311)] and cardiac effects (bradycardia and atrioventricular block) (308). The immunosuppression and known adverse effects have likely deterred fingolimod's use in SAH clinical trials. Like fingolimod, TNF antagonists (e.g., etanercept, adalimumab) are also immunosuppressive and bear a high risk of permitting opportunistic infections (312); additionally, the large physical size of the therapeutics (~150 kDa) would necessitate a compromised blood-brain barrier or intrathecal delivery in order to reach its targets within the brain. The immunosuppressive effects and risk of secondary infection probably deter the use of anti-TNF therapeutics. Fasudil appears to have reasonable safety in SAH patients (313). One possible drawback to fasudil treatment is that it likely requires proper titration, as strong ROCK inhibition would compromise myogenic reactivity altogether (90); fasudil may also compromise myogenic responses in cerebral vessels that are not perturbed by SAH. As stated previously, fasudil's efficacy has not been conclusively ascertained (307), as no large, randomized controlled clinical studies have been undertaken.

This narrows the already short list of candidates to one intriguing entity: CFTR therapeutics (75). Experimentally, the CFTR “corrector” therapeutic lumacaftor (314) increases wild-type CFTR expression in cerebral arteries by a proteostatic mechanism (93, 315): this modification normalizes the augmented myogenic reactivity in cerebral arteries derived from mice with experimental SAH, but has no apparent effect in control/sham arteries (93). Not surprisingly, lumacaftor successfully increases cerebral perfusion and protects against neuronal injury in experimental SAH (93). Additionally, skeletal muscle resistance arteries do not appear to appreciably express CFTR (93, 316): since these peripheral arteries would not be affected by the CFTR therapeutics, the chances of developing hypotension in response to treatment appears to be limited. Collectively, this represents the quintessential “magic bullet” scenario, where the therapeutic specifically targets a pathological cerebrovascular mechanism.

CFTR therapeutics are generally considered safe and are well-tolerated, although this pertains to its use in cystic fibrosis patients. There is limited safety data available for non-cystic fibrosis patients; however, CFTR therapeutics have been shown to be well-tolerated in a small cohort of healthy volunteers (317) and smokers with chronic obstructive pulmonary disease (318). There are two important caveats to the use of CFTR therapeutics in SAH patients: first and foremost, there is a large translational gap between animals and human subjects and it remains to be determined whether CFTR is a regulator of cerebrovascular tone in humans. On this note, our previous translational work comparing human/mouse mesenteric and skeletal muscle artery CFTR expression and function displayed excellent comparability (316), providing reasonable grounds to predict that human cerebral arteries will be modulated by CFTR therapeutics. Nevertheless, proof-of-principle clinical trials are needed. The second caveat pertains to the cost of the medication. Because cystic fibrosis is a rare disease, the medications are very expensive: this is necessary in order for the drug companies to recoup the heavy costs invested into their clinical trials. Since SAH is itself a rare disease, short-term use (i.e., a week to a few months) may incur a tolerable expense; it will be much more cost effective when the medications can be repurposed after they are off-patent.



CONCLUSION

Reliably improving cerebral perfusion in SAH patients has proven challenging: while many pathological mechanisms have been proposed, understanding why vascular reactivity changes in SAH remains a serious knowledge deficiency. Consequently, there have been no therapeutic interventions developed within the last 35 years that conclusively ameliorate ischemia in SAH, with the notable exception of nimodipine (which probably works by a different mechanism than intended). Myogenic reactivity and its systemic counterpart, cerebral autoregulation, are crucial homeostatic mechanisms that are perturbed in SAH. Understanding the molecular basis for this microvascular dysfunction, coupled with advances in clinical monitoring of autoregulation, will provide the best prospect of identifying new interventions that successfully restore autoregulation and perfusion in SAH patients.
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Background: Current understanding of the impact that sedative agents have on neurovascular coupling, cerebral blood flow (CBF) and cerebrovascular response remains uncertain. One confounding factor regarding the impact of sedative agents is the depth of sedation, which is often determined at the bedside using clinical examination scoring systems. Such systems do not objectively account for sedation depth at the neurovascular level. As the depth of sedation can impact CBF and cerebral metabolism, the need for objective assessments of sedation depth is key. This is particularly the case in traumatic brain injury (TBI), where emerging literature suggests that cerebrovascular dysfunction dominates the burden of physiological dysfunction. Processed electroencephalogram (EEG) entropy measures are one possible solution to objectively quantify depth of sedation. Such measures are widely employed within anesthesia and are easy to employ at the bedside. However, the association between such EEG measures and cerebrovascular response remains unclear. Thus, to improve our understanding of the relationship between objectively measured depth of sedation and cerebrovascular response, we performed a scoping review of the literature.

Methods: A systematically conduced scoping review of the existing literature on objectively measured sedation depth and CBF/cerebrovascular response was performed, search multiple databases from inception to November 2020. All available literature was reviewed to assess the association between objective sedation depth [as measured through processed electroencephalogram (EEG)] and CBF/cerebral autoregulation.

Results: A total of 13 articles, 12 on adult humans and 1 on animal models, were identified. Initiation of sedation was found to decrease processed EEG entropy and CBF/cerebrovascular response measures. However, after this initial drop in values there is a wide range of responses in CBF seen. There were limited statistically reproduceable associations between processed EEG and CBF/cerebrovascular response. The literature body remains heterogeneous in both pathological states studied and sedative agent utilized, limiting the strength of conclusions that can be made.

Conclusions: Conclusions about sedation depth, neurovascular coupling, CBF, and cerebrovascular response are limited. Much further work is required to outline the impact of sedation on neurovascular coupling.

Keywords: bispectral index, cerebrovascular autoregulation, cerebrovascular response, depth of sedation, entropy index


INTRODUCTION

The near ubiquitous use of sedation throughout a variety of critical care illnesses and its ability to help mediate the cascading secondary injury pathways in the setting of acute neurological injuries (1), highlights sedation as an important aspect of patient care in the intensive care unit (ICU). Despite the widespread use of sedation, the correlation between objectively measured depth of sedation, neurovascular coupling and cerebrovascular response/cerebral blood flow (CBF) is limited (2–5). To date, most assessments of sedation depth in the ICU occur using bedside clinical examination scoring systems, which are confounded by inter- and intra-assessor heterogeneity (6–8). In addition, such clinical exam scores do not objectively measure sedation depth at the neurological level but merely utilize the patient's response to stimuli as a surrogate for sedation depth. Moreover, there is still a major concern with overuse of sedatives as emerging evidence demonstrates an association between sedative dosing exposure and worse overall 6 month outcomes (9–12).

In specific critical illnesses, the impact that sedation has on cerebrovascular response is of paramount interest. Such is the case in the treatment of moderate/severe traumatic brain injuries (TBI), where sedation is used for its ability to reduce cerebral metabolic activity and conserve CBF with the hopes that it will maintain healthy homeostasis and reduce secondary injury (13, 14). However, recent comprehensive reviews evaluating the impact of various commonly utilized sedative agents in TBI care, and their corresponding impact on CBF/cerebrovascular response, have demonstrated conflicting results (3, 4, 15). Studies identified in these reviews failed to record objectively measured sedation depth, and only commented on the sedative agent type and dosing. Similarly, two recent works evaluating continuously measured cerebrovascular reactivity in TBI patients, in response to fluctuations in sedative agent doses, found that sedative dose change resulted in little-to-no impact on cerebrovascular reactivity (5, 16). However, again, no objective measures of sedation depth were utilized in these works. Thus, it remains unknown if there is an optimal depth of sedation in each individual patient which would promote recovery while preserving neurovascular coupling and a healthy cerebrovascular state.

Processed electroencephalogram (EEG) is a commonly utilized technology in the operating room, to objectively assess sedation depth during anesthesia. Bispectral index (BIS) monitoring is the most common processed EEG method to assess sedation depth objectively, with the Entropy index monitoring less prevalent. Both of these indices leverage primarily superficial EEG signals from the frontal lobe (17, 18). However, BIS and Entropy Index adoption for routine monitoring in the ICU has been limited. Furthermore, the association between BIS/Entropy metrics and CBF/cerebrovascular response is uncertain. Though recent work from our laboratory suggests there is the presence of individual patient optimal sedation levels in TBI as measured through BIS (16), such findings are still preliminary and exploratory in nature. Thus, if we are to adopt BIS for continuous assessment of sedation depth in critical and neurocritical care, we require clarity regarding any link between its metrics, neurovascular coupling and CBF/cerebrovascular response. As such, the goal of this study was to perform a systematically conducted scoping review of the literature, assessing for any documented association between BIS and CBF/cerebrovascular reactivity, in humans or animal models.



MATERIALS AND METHODS

A systematically conducted scoping review of the available literature was conducted using the methodology outlined in the Cochrane Handbook for Systematic Reviewers (19). The data was reported in line with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (20). Appendix A of the Supplementary Materials provides the PRISMA checklist. Search strategy and methodology is similar to other scoping reviews published by our group (3, 21, 22).

The review questions and search strategy were decided upon by the supervisor (F.A.Z.) and primary author (L.F.).


Search Question, Population, and Inclusion and Exclusion Criteria

The question posed for systematic review was: What is the association between objectively measured depth of sedation, as assessed with processed EEG (i.e., BIS), and the CBF/cerebrovascular response? All studies, either prospective or retrospective, of any size were included. We also included both human and animal studies, to be comprehensive in our scoping overview of the literature.

The primary outcome measure was the association between processed EEG measures and CBF or the cerebrovascular responsiveness, as documented by any neuroimaging technique (i.e., magnetic resonance imaging, computed tomography, PET) or continuous CBF/cerebrovascular monitoring (i.e., laser-Doppler flow probe, transcranial Doppler or any other objective means of CBF determination). Similarly, studies evaluating BIS and cerebral autoregulation/cerebrovascular reactivity, in response to sedation administration, we also included. Secondary outcomes included any other associated physiologic responses to BIS that were documented.

All studies whether prospective or retrospective, of all sizes, human subject or animal models, and with the use of processed EEG (i.e., BIS or Entropy Index) with formal documentation of cerebrovascular response/CBF were eligible for inclusion in this review. Exclusion criteria were the following: being non-English, using non-processed EEG (i.e., not BIS or Entropy Index), or lacking documentation of the association between processed EEG metrics and CBF/cerebrovascular response.



Search Strategy

MEDLINE, BIOSIS, EMBASE, Global Health, SCOPUS, and Cochrane Library from inception to November 2020 were searched using individualized search strategies for each database. The search strategy for MEDLINE can be seen in Appendix B of the Supplementary Materials, with a similar search strategy used for the other databases. Finally, the reference lists of review articles on the cerebrovascular/CBF response to sedation were examined to ensure no references were left out.



Study Selection

Using 2 reviewers (LF and JD), a 2-step review of all articles returned by our search strategies was performed. First, the reviewers independently screened all titles and abstracts of the returned articles to decide whether they met the inclusion criteria. Second, full text of the chosen articles was assessed to confirm whether they met the inclusion criteria and that the primary outcome of documented association between processed EEG and CBF/cerebrovascular response. Any discrepancies between the 2 reviewers were resolved by a third party (FZ).



Data Collection

Data was extracted from the selected articles and stored in multiple electronic databases to ensure data integrity.



Human Studies

Data fields included the following: number of patients, study type, mean age, patient characteristics, goal of the study, sedation dose and duration, technique to measure CBF/cerebrovascular assessment, CBF/cerebrovascular response, other outcomes and conclusion (i.e., regarding association between BIS and CBF/cerebrovascular response).



Animal Studies

Data fields included the following: type of models and model characteristics, goal of the study, sedation dose, technique to measure CBF/cerebrovascular assessment, CBF/cerebrovascular response, other outcomes, and conclusion (i.e., regarding association between BIS and CBF/cerebrovascular response).



Bias Assessment

Given the goal of this review was to provide a comprehensive scoping overview of the available literature, a formal bias assessment was not conducted.



Statistical Analysis

A meta-analysis was not performed in this study because of the heterogeneity of study designs and data.




RESULTS


Search Results and Study Characteristics

The results of the search strategy across all databases and other sources are summarized in Figure 1. Overall, a total of 8,707 articles were identified from the databases searched. A total of 2,747 articles were removed because of duplicated references, leaving 5,960 to review. By applying the inclusion/exclusion criteria to the title and abstract of these articles, we identified 72 articles that fit these criteria. Three articles were added from reference sections of pertinent review articles, leaving a total of 75 full papers to review. On applying the inclusion/exclusion criteria to the full-text documents, only 13 articles were found eligible for inclusion in the systematic review. Articles were excluded because they either did not report details around the association between processed EEG and CBF/cerebrovascular response, were review articles, or were non-relevant. Twelve articles described human adult patients, and the other 1 used animal models. All were original studies, with none describing patients under the age of 18.


[image: Figure 1]
FIGURE 1. PRISMA Flow Diagram. PRISMA, Preferred Reporting In Systematic Reviews and Meta-Analysis.


Tables 1, 2 show the 12 articles that had human patients and documented the association between processed EEG and CBF/cerebrovascular response (23–34). All articles used the BIS methodology, except for one which used the Entropy Index (23). Patients were either under deep sedation or varying levels of sedation (23, 26, 27), or sleeping (in one study) (24). In order to characterize CBF and vasculature response, the following techniques were used: Positron Emission Tomography (PET) (23, 24, 26–28), transcranial Doppler (25, 31–34) and laser Doppler flowmetry (29, 30). In the human studies, the following cohorts were studied: 7 studies used healthy patients (23–28, 34), two used patients undergoing a craniotomy (29, 30), one used TBI patients (31), one used patients with spinal or maxillofacial disorders (32), and one used patients undergoing carotid endarterectomy (33). The majority of these studies controlled partial carbon dioxide pressure (PCO2) through mechanical ventilation (29, 30). Appendix C shows the study that used deeply sedated animal models with BIS recording (35). The animal model study failed to comment on PCO2 (35).


Table 1. Human included studies–general characteristics and study goals.
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Table 2. Human treatment and cerebrovascular response–study details.
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BIS Human CBF Response

Overall there was limited direct correlation with BIS and CBF or cerebral blood flow velocity (CBFv), with many studies either demonstrating no correlation (26, 27, 29, 30) or a wide variation in response (24, 25, 28, 34). One study demonstrated BIS having a linear correlation with CBFv and propofol (34), though the variation in CBFv response was significant. Furthermore, in situations where consciousness was measured throughout the awake and sedated states, there was a consistent initial decrease in both BIS and CBF/CBFv from the conscious to unconscious state, with sevoflurane (26), propofol (28, 31, 32), or midazolam (25). However, after this initial drop in BIS and CBF/CBFv, there was a wide variation in CBF/CBFv response to similar BIS levels across the population. Of note, one study used midazolam as the initial agent to induce sedation after which flumazenil was used to reverse the sedative effects of midazolam, this increased BIS but did not change CBFv (25). Many of these studies measured various states of consciousness, as evaluated by different levels of BIS, with all having a wide individual variation in CBF/CBFv response at each level (26, 28, 29, 32, 34).

Within the study that evaluated the relationship between CBF and sleep stages, there was a linear correlation between regional CBF and BIS (24). Finally, in a single study that used cross clamping of the carotid artery to modify blood flow, a strong positive correlation between BIS and CBFv was found (33).



BIS Correlation With Cerebral Vessels and Regional Responses

Only two studies evaluated the capillary venous blood flow response (the blood flow assessed through the capillary bed of the brain) through the use of a laser Doppler flow and spectroscopy. Both studies found that there was limited connection with BIS and cerebrovascular response (29, 30). Three drugs were used to achieve BIS levels of 50 and 21; sevoflurane (29), propofol (30) and remifentanil (30). With each agent there was varying change in blood flow. However, propofol did have a significant increase in regional oxygen saturation by 20% (30). Sevoflurane at high doses (over 0.7%) caused significant decrease to CBF of cerebellum at over 18%, as measured through PET (26). Similarly, in the cortical areas there was a distinct decrease in CBF with a large dose of sevoflurane (over 0.7%) and propofol (over 12.5 ug/ml) (23).



Entropy Index Human CBF Response

In the single study that used the Entropy Index to assess depth of sedation, there was a wide variation in CBFv response (23). Within this study there were examples of the Entropy Index having a linear correlation with CBFv, during sevoflurane or propofol-remifentanil infusions, when the patient transitioned from awake to sedated states.



Animal Models

The single animal study used pigs with systemic arterial hypotension and liver trauma. This study found a slight positive correlation between CBFv and BIS, though this lacked statistical significance (35). Coupled with this, BIS was also linked with cerebral tissue oxygenation as measured through near infrared spectroscopy within these models.




DISCUSSION

Though the literature lacked consistent significant correlations between processed EEG/depth of sedation and cerebrovascular response/CBF, they are undoubtedly associated. This was depicted in all studies that measured BIS or Entropy Index values and CBF/CBFv response, from a conscious to unconscious state. Such studies found that all sedatives caused a decrease in processed EEG values and CBF/CBFv, while mean arterial pressure (MAP) was maintained (23, 25, 26, 28, 31, 32). Furthermore in the one study that clamped the carotid arteries, they found BIS to be correlated with a decrease in CBFv caused through the clamping (33). Though these are limited connections, it highlights that there exists some correlation between objectively measured sedation depth using processed EEG, neurovascular coupling and CBF.

Within this review, depth of sedation (as measure through BIS or Entropy Index) failed to be clearly linearly associated with CBF. However, this should not be a surprise given CBF is under the control of the innate cerebral autoregulatory function of the pre-capillary arterioles (36). CBF has been shown to follow an S-shaped curve in association with changes in systemic arterial blood pressure, allowing for maintenance of CBF during wide fluctuations of blood pressure. Yet, beyond certain points in MAP, CBF becomes pressure passive. Thus, with escalating sedative doses, corresponding to changes in BIS, there is the potential that we could alter the autoregulatory curve for a given patient, leading to a non-linear relationship between CBF and sedation depth. The influence of sedation on cerebral autoregulation has been demonstrated in past studies (37, 38), and we have illustrated some theoretical responses to sedation in Figure 2. In general, with the introduction of sedation, one would expect lower overall MAP and CBF levels, this would in turn indicate that the plateau of the Lassen curve would be lower than an awake patient. Furthermore, the lower limit of autoregulation would be reduced (emerge at a lower MAP) due to a less exhausted vasodilatory reserve caused through a decrease in metabolic demand (39), with the upper limit of autoregulation being more susceptible to metabolically demanding changes in MAP. There are presumed instances of metabolic suppression where the Lassen curve is greatly deteriorated and thus the lower and upper limits of autoregulation are significantly deranged (40). In such cases, the plateau wave would be greatly reduced or even absent.


[image: Figure 2]
FIGURE 2. Theoretical Autoregulation curve for Normal, Heavily Sedated, and Metabolically Suppressed Patients. The figure shows three therotical autoregulatory curves for three patient types: normal, heavily sedated and metabolically supressed. a.u., arbitray units; CBF, cerebral blood flow; LLA, lower limit of autoregulation; MAP, mean arterial blood pressure; ml/100 gm/min, milliliter per 100 grams per minute; mmHg, millimeters of mercury; ULA, upper limit of autoregulation.


This concept is further supported by recent work from our group, that continuously assessed BIS and cerebrovascular reactivity (using the pressure reactivity index) in high-frequency in TBI patients (16). This exploratory work found that there is a parabolic distribution between BIS and cerebrovascular reactivity, which is patient specific (see Figure 3 for example). We were able to demonstrate deterioration in cerebrovascular reactivity during both light sedation and heavy sedation (i.e., near burst suppression levels) states. Further, these findings in theory could lead to targeted sedation to optimize cerebral autoregulation and reduce secondary insult (16). This is in corollary to such advances seen with individualized optimal cerebral perfusion pressure physiologic targets using cerebrovascular reactivity (41, 42). In this way BIS could be coupled with other forms of cerebral autoregulatory treatment methods to achieve cerebral homeostasis, thus highlighting the impact that processed EEG metric may play in TBI. Furthermore, aside from TBI care, such optimized sedation targets in other critical illnesses may lead to improved cognitive outcomes in general critical care populations though this has yet to be explored.


[image: Figure 3]
FIGURE 3. Example of Optimal Depth of Sedation Based on BIS and PRx. (A) shows the error bar plot for ICP vs. CPP, (B) shows the error bar plot of MAP vs. BIS, (C) shows the error bar plot of PRx and different BIS values and demostrates the parabolic relationship between BIS and PRx. a.u., arbitray units; BIS, bisprectal index; CPP, cerebral perfusion pressure; ICP, intracraintal pressure; MAP, mean arterial pressure; mmHg, millimeters of mercury; PRx, pressure reactivity index.


However, the relationship between objective depth of sedation and CBF or cerebrovascular reactivity is not that simple. This review highlights a vast heterogeneity within the sedative agent used and, as the previous discrepancy of the literate illustrates, each agent may play a different role in cerebral response (3, 4). Thus the limited BIS and CBF connection demonstrated in this heterogeneous body of literature, could be related to disparities in medication type utilized. This was affirmed by the different cerebral responses seen in studies that used two sedative agents to achieve similar BIS values (23, 28, 30). Therefore, the full extent that each sedative agent has on BIS, neurovascular coupling, and CBF/cerebrovascular reactivity is still largely unknown, requiring further investigation.


Limitations

First, the literature uncovered was very heterogeneous in design, and results had a limited cross-sectional relationship based on the variation of sedative agent used. Second, most studies focused on small patient populations, with limited ability to extrapolate findings. Third, different CBF and cerebral vessel response methods were utilized, which further limits the ability to compare between studies, populations and extrapolate beyond the works identified in this review. Fourth, the disparity in response seen in CBF to changes in processed EEG metrics limits our ability to confidently state the correlation between processed EEG and CBF, highlighting the need for further investigation in this area. Fifth, most studies focused on low-resolution physiology data, in assessing the relationship between processed EEG and CBF/cerebrovascular reactivity. Such data is limited in its ability to explore the temporal profile of objective sedation depth changes, using BIS, and CBF/cerebrovascular response. This highlights the need for continuous high-fidelity data sets, with BIS and multi-modal cerebral physiologic monitoring to properly comment on any associations.



Future Directions

Despite the identified limitations of our review and the knowledge gap in the literature, there are essential avenues for future investigation highlighted by this work. First, metrics that focus on processed EEG like BIS or Entropy Index, use targeted algorithms to reduce the highly variable and vastly complex EEG output of the superficial area of the frontal lobe. Thus, if these metrics are implemented to help evaluate CBF or autoregulation the clinician must be aware that any change to the normal electrical impedance of the fontal cortex or the areas of interest are elsewhere, the results would have impeded accuracy. Therefore, studies will require high-frequency data streams of processed EEG metrics, linked with multi-modal cerebral physiologic monitoring to expose the more consistent physiological response and reduce confounding factors. Spatial resolution on EEG entropy index assessments could be improved with large EEG arrays, with signals process for each channel. Similarly, as PRx is derived from a focal pressure monitoring, future improvements in spatial resolution for autoregulation assessments may be facilitated by multi-channel functional near infrared spectroscopy or bilateral transcranial Doppler assessments.

The analysis of these continuous variables in conjunction with processed EEG, will allow the researcher to comment on the multiple factors that influence BIS like MAP, severe cerebral ischemia, impaired autoregulation and PCO2. Along with this, devices like near infrared spectroscopy or parenchymal brain tissue oxygen probes would both potentially offer both the assessment of regional cerebral oxygen delivery, in concert with sedation depth and cerebral autoregulation.

Additionally, multi-modal cerebral physiologic data linked with medication dosing information in time-series would also aid in the understanding of various sedative agents and their subsequent impact on physiology and BIS. As well, by pairing the dosing regimen the researcher can account for the influence of other confounding factors in these agents like MAP or the metabolic coupling effect. Furthermore, targeted sedation strategies using propofol or barbiturates that have similar effects globally throughout the brain (3, 43) would better isolate discrepancy between BIS response and outside confounding factors.

Finally, when assessing the parabolic relationship between BIS and PRx, the use of time connected high frequency physiological data would provide better insight as to the true impairment of the Lassen curve and optimal BIS values. Current literature assessing cerebral autoregulation and metabolic suppression is limited, and is hampered by global assumption about BIS response and sedation. Factors like subdural hemorrhage causing fluctuations to regional electrical impedance, ischemia/systemic vasopressors/blood gas levels causing metabolic fluctuations or other systemic stimuli triggering increase brain activity, all result in derangements to BIS values. Thus, continuous data sets would allow the analysis of separate physiological responses and patient states throughout treatment. Opening the opportunity to comment on the interconnected nature of processed EEG to other cerebral states.

All of this information will need large multi-center data sets with, studying a variety of critical illness states, healthy patients undergoing elective surgery, and awake volunteers. Such comprehensive data collection strategies will highlight the relationships between sedation depth and cerebrovascular response. The findings here will better delineate the role of processed EEG in routine monitoring for patients with critical illness and potentially the role of individualized sedation metrics to advance personalized medicine approaches in critical care (16). Such work is the focus of our lab, the Winnipeg Acute TBI Laboratories, and various research collaboratives (16, 44–47).




CONCLUSIONS

This review highlights the potential for processed EEG metrics to provide information regarding CBF/cerebrovascular response. The literature demonstrates that initiation of sedation will decrease BIS/Entropy Index, CBF and CBFv, highlighting processed EEG's potential to quantify neurovascular coupling. However, after this initial decrease there is a wide range of response between BIS and CBF/CBFv seen, both within and between patient cohorts. Thus, any conclusion about sedation and its role on neurovascular coupling and cerebrovascular response is uncertain. Variation in responses may be related to the differential effects of sedative agents on individual subject's autoregulatory function and/or patient's depth of sedation. Future research with high frequency datasets is required to evaluate processed EEG/BIS and its correlation with CBF/cerebral autoregulation.
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INTRODUCTION

Stroke is currently the second leading cause of death worldwide, and results in significant morbidity, and poorer quality of life for those affected (1). Stroke can be classified under two major sub-types: ischaemic and haemorrhagic. Ischaemic stroke accounts for ~70% of all stroke, and results from arterial occlusion, usually through embolism or small vessel thrombosis (2). Haemorrhagic stroke is a result of arterial rupture in the brain (2). However, the two sub-types frequently co-exist, with similar risk factors (e.g., hypertension), and overlap in pathological mechanisms (3).

Although stroke incidence has declined in high-income countries, it remains a prevalent issue amongst low and middle-income countries, disproportionately affecting a younger, working age population in these areas (1). The treatment of acute ischaemic stroke (AIS) has advanced over recent decades. Notably, the advent of both thrombolysis and mechanical thrombectomy has revolutionised the management of AIS, associated with reduced mortality, and improved functional outcome (2, 4, 5). Despite these advances, the management of haemorrhagic stroke has lagged behind, and treatment options are largely confined to reversal of anticoagulants and intensive blood pressure (BP) lowering (2). Conversely, in AIS, the target for BP management remains uncertain, and trials have largely shown equivalence (6, 7), or harm (8), associated with aggressive BP management strategies. To understand the mechanistic implications of BP lowering in AIS, studies have investigated the temporal changes in cerebral autoregulation (CA) following stroke (9). In healthy states, CA maintains a constant cerebral perfusion, despite fluctuations in systemic BP (10). However, the ability of the brain maintain CA may be compromised in the acute phase of stroke, increasing the vulnerability of the brain to hypoperfusion with intensive BP management strategies (11, 12). Conversely, surges in BP during this vulnerable phase may risk haemorrhagic transformation of the infarct, resulting in poorer outcomes (11, 12). Thus, understanding the temporal nature of CA in the acute phase of stroke could provide important mechanistic insights to guide BP management strategies in the clinical setting.

A related concept to CA is the physiological mechanism of neurovascular coupling (NVC). Under healthy conditions, neuronal activity is tightly coupled to cerebral blood flow (CBF), such that increases in neuronal activity will result in increases in CBF to ensure the metabolic demands of the brain are met. Intact NVC is integral to maintain optimal cognitive function, and thus may be an important physiological mechanism in the chronic or rehabilitation phase of stroke. The following sections consider the evidence to support a role for CA and NVC as important mechanistic factors in the acute and chronic phases of stroke, and the key clinical and research implications going forward.



CA

Dynamic cerebral autoregulation (dCA) has now been carefully characterised at rest in AIS (13), acute intracerebral haemorrhage (ICH) (14) and chronic stroke (15) states. Furthermore, several studies have modelled the relationship between arterial CO2 (PaCO2), cerebral blood flow and dynamic cerebral autoregulation (16, 17). Hypercapnia causes vasodilation and deteriorates CA, with hypocapnia conversely causing vasoconstriction and an improvement in CA status (16, 17). Meta-analyses, albeit with significant heterogeneity, have demonstrated transfer function analysis parameter [phase and autoregulation index (ARI)] impairment in large and small artery AIS, lower phase in ICH and “rebounding phase” in chronic stroke (13). Unfortunately, limitations of existing transcranial Doppler based haemodynamic studies include low assessment frequency post stroke [particularly lacking data in ultra-acute (hours) and medium to longer term (weeks to months)] and clarification of dCA “cut-points” for impairment. Until very recently, there was a lack of dCA data peri- mechanical thrombectomy (MT), however, recent studies have shown worse dCA in the first 24 h associated with higher rates of haemorrhagic transformation and lower rates of recanalization (18). Specific learnings from this data suggest incomplete recanalisation of large-vessel occlusion, with impaired autoregulation status confer complication—raising the importance of adequate blood pressure control in this context (18). Whilst there are confounders to consider when assessing dCA pre-, during or post- MT including blood pressure (19, 20), end-tidal carbon dioxide level (21) and mode of anaesthesia (22)—their behaviour and interactions are yet to be determined. Higher end-tidal CO2 levels in those with incomplete recanalisation, especially beyond 72 h post large-vessel occlusion (LVO) is of significant interest (18). In ICH, the storey differs, with severe hypocapnia (low arterial CO2 levels) associated with poor prognosis (23). Furthermore, lowering BP during acute hypertensive states during ICH, in the setting of low arterial CO2 levels, leads to a greater risk of ischaemic lesions on MRI imaging (23). These differences in acute haemodynamics between stroke sub-types could be explained by nature of structural lesion (infarct vs. haematoma), existence of pre-existing chronic hypertension or differing responses to blood pressure lowering. Given personalised autoregulation-based BP targets are now possible in both a ward based stroke setting (24) and neurocritical care (25). Unfortunately, there still remains an inability to quantify the potential modulation of dCA by chronic hypertension before, during and immediately after acute stroke. The perceived “rightward shift” in the dCA curve is yet to be proven in acute (within 96 h) and sub-acute (7 to 14 days) contexts with ongoing hypertension or antihypertensive treatment being administered (26).

Recent advancements have further highlighted the need to recognise inter-subject variability (27) and responders vs. non-responders (28). There is evidence to suggest dCA impairment is greatest in regions with critically reduced perfusion (greatest volume of viable tissue), though dCA impairment can be present across the entire hemisphere to varying degrees (27). In ICH, through routinely obtained MRI scans in the first 7 days post-event, initial BP, nadir BP, and arterial CO2 were independent predictors of diffusion-restricted lesion incidence (23). Pooled individual patient data meta-analyses from the ATACH-2 and MISTIE III trials demonstrated in a heterogeneous cohort of patients with ICH, diffusion-weighted imaging (DWI) lesions were associated with 2.5-fold heightened risk of stroke among ICH survivors—with elevated risk persisting for AIS but not for recurrent ICH (29). In order to determine whether ischaemic lesions noted on DWI are preventable, or indeed governed by therapeutic variation in BP approaches (30)—mechanistic dCA studies at time of BP lowering, with continuous end-tidal CO2 measurement are needed, with MRI DWI assessment at 7 days. White matter ischaemic change may be attributed to by high blood pressure variability in addition to adverse adaptations of CA. In hypertensives without acute stroke disease, dCA (assessed using ARI) and CO2 reactivity were not related to white matter lesions—however, relationships with duration of hypertension and nocturnal BP dipping were shown (31). Ultimately, there exists a complex interdependent relationship between acute and chronic hypertensive states, dCA, and chronic cerebrovascular ischaemic injury. Crucially, we have evidence to support the hypothesis that carbon dioxide change in the acute setting post-stroke may modify risk, through interaction with BP lowering and dCA status, increasing the ischaemic stroke risk post ICH (23).

In both AIS and ICH, there exist adverse pathophysiologically driven complications including vasogenic oedema and haematoma expansion, respectively. The behaviour of cerebrovascular tone (critical closing pressure, CrCP) and resistance (resistance area product, RAP) is less well-understood. There is debate as to the sensitivity of CrCP to variation in intracranial pressure (ICP) (32). However, the presence of a haematoma in ICH as compared to controls, during normocapnic and hypocapnic conditions, showed significant differences in CrCP and RAP (33). Beyond common indices of dCA, there is limited knowledge of tone and resistance parameters in acute cerebrovascular states as compared to the traumatic brain injury literature.



NVC

To date, the majority of studies have focussed on changes in CA in the acute, subacute, and chronic phases of stroke, with fewer studies investigating the effects on NVC (34). Animal models suggest that NVC is impaired early after stroke as a result of the reduction in neural activity which drives increases in CBF via feed forward mechanisms under normal conditions (35). In a mouse model of stroke, NVC processes were disrupted early after small-scale stroke, with disturbances peaking in the subacute period post-infarction, and remaining in the chronic phase (8 weeks post-event) (36). Impairments have been found to be widespread, occurring beyond the site of initial infarction (35, 36), and recovery of neural activity lags behind the restoration of perfusion (36). Perfusion in the acute phase was found to be predictive of neuronal outcome and recovery, in keeping with clinical studies discussed below (36).

In a systematic review, sixteen studies investigated changes in brain activation using transcranial Doppler or positron emission tomography based imaging (34). The review found mixed findings, with variable changes in response in both the affected and unaffected hemispheres (34). However, studies varied in the paradigm used to evoke CBF responses (sensorimotor, word finding, object recognition, word repetition and reading tasks), the phase of stroke studied, and the imaging modality used (34). Thus, it remains unclear to what extent these mixed findings are as a result of the heterogeneity in the methods used to assess NVC in stroke (34). Salinet et al. found NVC responses were reduced bilaterally to a passive motor paradigm within 48 h of stroke onset, and this correlated with stroke severity, and poorer functional outcome at 3 months (37). In a separate analysis, this was found to be as a result of myogenic, rather than metabolic impairment in NVC mechanisms (38). In a functional magnetic resonance imaging (MRI) study of chronic stroke patients, motor activity was associated with increases in CBF and cerebral blood volume (CBV) on arterial spin labelling, but with no discernible blood-oxygen level dependent response (39). However, CBF and CBV responses were attenuated when compared to healthy adults suggesting persistent abnormalities in NVC in chronic stroke, but these were dependent on the imaging modality used (39). The effects of thrombolysis on NVC processes are not fully understood, but may be as a result of effects on endothelial N-methyl-D-Aspartate receptor signalling (40, 41). However, function at the neurovascular unit has been suggested as one mechanism for the variability in inter-individual outcome with thrombolysis (42). In particular, patency of the microvasculature is essential to the recovery of neuronal function, and the level of injury in the unit determines the outcome with thrombolytic therapy (42).

To date, the majority of human studies have been cross-sectional, and longitudinal studies investigating the temporal evolution of NVC changes post-stroke are lacking. In particular, the role of NVC in the pathogenesis and outcome in haemorrhagic stroke has not been researched. Available evidence suggests NVC disruption in the early phases is predictive of functional outcome in ischaemic stroke (36, 37, 43), however cognitive outcomes have not been widely studied. The majority of human studies have focussed on sensori-motor rather than cognitive paradigms (34), which may be more relatable to recovery of motor rather than cognitive function. Importantly, up to one third of patients after stroke will experience long terms problems with memory and cognition, and severe stroke can bring forward the onset of dementia by up to 25 years (44). However, the relationship between cognitive function and NVC disruption remains under-researched. Thus, significant gaps remain in our understanding, particularly concerning how NVC process may be modulated to enhance functional and cognitive recovery in patients after stroke.



NVC AND CA RECOMMENDATIONS

Given the evolution of the field and the desire to utilise haemodynamic studies to deduce treatment response, prognostic indices and optimise physiological profiles—there is an ever-increasing individualised approach. However, gaps have emerged across both NVC and CA lines of investigation, offering an opportunity to highlight necessary short- and medium-term study recommendations:

• What is the longitudinal behaviour of NVC beyond sub-acute stroke and into chronic stroke states?

• Does NVC behaviour differ post ICH as compared to AIS?

• Can NVC be modulated to enhance functional and cognitive recovery in patients post stroke?

• Is there a longitudinal relationship between CO2 change post stroke and development of white matter lesions?

• To what extent does BP lowering cause harm due to its interaction with hypocapnia in AIS and ICH?

In order to address these pending research questions, multi-modality and inter-disciplinary studies are necessary. In addition, pooling of existing datasets to minimise research data waste and to maximise validity and statistical power is essential. There already exist multi-centre efforts to this effect, across cerebrovascular (45) and non-cerebrovascular (46) disease states. We encourage those working within the field to support these initiatives.
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Cerebral perfusion may be altered in sepsis patients. However, there are conflicting findings on cerebral autoregulation (CA) in healthy participants undergoing the experimental endotoxemia protocol, a proxy for systemic inflammation in sepsis. In the current study, a newly developed near-infrared spectroscopy (NIRS)-based CA index is investigated in an endotoxemia study population, together with an index of focal cerebral oxygenation.

Methods: Continuous-wave NIRS data were obtained from 11 healthy participants receiving a continuous infusion of bacterial endotoxin for 3 h (ClinicalTrials.gov NCT02922673) under extensive physiological monitoring. Oxygenated–deoxygenated hemoglobin phase differences in the (very)low frequency (VLF/LF) bands and the Tissue Saturation Index (TSI) were calculated at baseline, during systemic inflammation, and at the end of the experiment 7 h after the initiation of endotoxin administration.

Results: The median (inter-quartile range) LF phase difference was 16.2° (3.0–52.6°) at baseline and decreased to 3.9° (2.0–8.8°) at systemic inflammation (p = 0.03). The LF phase difference increased from systemic inflammation to 27.6° (12.7–67.5°) at the end of the experiment (p = 0.005). No significant changes in VLF phase difference were observed. The TSI (mean ± SD) increased from 63.7 ± 3.4% at baseline to 66.5 ± 2.8% during systemic inflammation (p = 0.03) and remained higher at the end of the experiment (67.1 ± 4.2%, p = 0.04). Further analysis did not reveal a major influence of changes in several covariates such as blood pressure, heart rate, PaCO2, and temperature, although some degree of interaction could not be excluded.

Discussion: A reversible decrease in NIRS-derived cerebral autoregulation phase difference was seen after endotoxin infusion, with a small, sustained increase in TSI. These findings suggest that endotoxin administration in healthy participants reversibly impairs CA, accompanied by sustained microvascular vasodilation.

Keywords: near-infrared spectroscopy, human endotoxemia model, dynamic cerebral autoregulation, sepsis, cerebral perfusion


INTRODUCTION

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host response to infection (1). Apart from systemic effects, sepsis patients may experience cerebral complications. Sepsis-associated encephalopathy (SAE) is a severe complication in sepsis (2) and is associated with increased mortality and long-term cognitive impairment. The pathophysiology of SAE is multifactorial, and inflammatory cytokines, alterations in cerebral metabolism, and blood–brain-barrier compromise have been described as etiological factors for the development of SAE (2). In addition, there is increasing evidence for alteration of the cerebral (micro-)circulation and cerebral autoregulation (CA) during sepsis, which may play an important role in SAE pathogenesis (3, 4).

The experimental human endotoxemia model is a standardized reproducible model in which healthy volunteers are challenged with endotoxin (lipopolysaccharide, LPS) to induce a systemic inflammatory response. This model can be used to study systemic inflammation and has been used to investigate several phenomena associated with sepsis, including cerebral perfusion, cerebral (micro-) vascular function, and SAE (5–9). In general, although alterations in CA are seen in patients with SAE, there are conflicting findings regarding CA in healthy participants undergoing experimental endotoxemia. Three studies have estimated the dynamic cerebral autoregulation (DCA) with transfer function analysis (TFA), in which the temporal relation was determined between oscillations in arterial blood pressure (ABP) and cerebral blood flow velocity (CBFv) measured with transcranial Doppler (TCD). DCA is quantified with “gain” and “phase difference”. Two earlier studies reported an improvement in DCA (reduced gain and increased phase difference) upon infusion of 2 ng/kg bacterial LPS (7, 10). In a recent study, Van den Brule et al. investigated DCA in an endotoxemia study with a continuous infusion of, in total, 4 ng/kg bacterial LPS. No changes in gain or phase difference were found (5).

CA has also been assessed with measurements of ABP and near-infrared spectroscopy (NIRS), a non-invasive technique that uses near-infrared light to calculate the concentration of hemoglobin (Hb) in the cerebral cortex (11, 12). Recently, a new DCA measurement model that employs only high-frequency continuous-wave NIRS measurements on the frontotemporal scalp was developed (13). In short, the temporal relation between the concentration of oxygenated (OxyHb) and deoxygenated hemoglobin (HHb) is determined with TFA, which results in phase difference values analogous to TFA for ABP and CBFv. Correction for transit time and blood flow/blood volume (TT-BF/BV) oscillations for phase difference values is needed, after which NIRS-derived DCA phase difference values were similar to the phase difference values obtained via the classic TCD- and ABP-based method in healthy volunteers during rest and hypercapnia (13).

The NIRS technique to assess DCA has several advantages over the technique using TCD and ABP: it requires little operator experience, is more comfortable for the participant, and allows for long-term measurements. These advantages could provide a higher signal-to-noise ratio for the NIRS compared to the TCD/ABP method. Further studies in clinically relevant populations are therefore warranted. In the current study, unilateral, frontotemporal NIRS measurements obtained from the same healthy participants that were studied by Van den Brule et al. during experimental endotoxemia (5) were analyzed to explore the temporal dynamics of NIRS-derived CA. We hypothesized that possible changes in CA can be detected more easily with NIRS than with TCD and ABP due to the aforementioned advantages of the NIRS-CA technique.

We compared the temporal dynamics of NIRS-derived dynamic cerebral autoregulation as characterized by TFA phase difference before, during, and after administration of endotoxin. Furthermore, we investigated the dynamics of the Tissue Saturation Index (TSI), a more common and clinically used NIRS measure of cerebral oxygenation, as the TSI is thought to be susceptible to changes in cerebral blood volume (CBV) or cerebral blood flow (CBF).

Lastly, the relation was explored between phase difference and TSI, and several potential confounders that have been described to influence cerebral perfusion and DCA: mean arterial pressure (MAP), PaCO2, pH, temperature, heart rate, inflammatory cytokine concentrations, and power in ABP and NIRS oscillations (14, 15).



MATERIALS AND METHODS


Participants and Study Protocol

NIRS data from 11 participants were used from an existing dataset of healthy adult males undergoing an experimental human endotoxemia study [ClinicalTrials.gov NCT02922673 (16)]. Of the original 13 datasets, two participants were excluded because of the insufficient quality of NIRS data resulting from excessive movement artifacts.

A comprehensive study protocol for the study has been published previously (5, 16). A summary of the study protocol is provided here. A continuous infusion of bacterial LPS was employed under extensive vital sign monitoring, with additional NIRS measurements. A schematic description of the protocol is provided in Figure 1. Data on age, body mass index (BMI), resting heart rate, MAP, and (tympanic) body temperature were obtained at baseline (T = −60 min). All participants received pre-hydration with 1.5 L of 2.5% glucose/0.45% saline solution in the hour before LPS administration, followed by 150-ml/h continuous hydration until the end of the experiment (5). Purified LPS (lipopolysaccharide, E. coli Type O113, lot no. 94332B4; List Biological Laboratories, Campbell, USA) was dissolved in normal saline (0.9%). An intravenous loading bolus of 1 ng/kg body weight was administered, followed by a continuous infusion of 1 ng/kg body weight/hour for a period of 3 h (5).


[image: Figure 1]
FIGURE 1. Setup of the human endotoxemia trial. The numbers indicate the measurements at (1) baseline, (2) systemic inflammation, and (3) the end of the experiment. ABG, arterial blood gas; HD, hemodynamic; LPS, lipopolysaccharide; NIRS, near-infrared spectroscopy; TCD, transcranial Doppler. Figure reproduced with permission from Figure 1 in Van den Brule et al., Shock (2018), doi: 10.1097/SHK.0000000000001003.




Monitoring and Data Collection

Monitoring of clinical parameters included continuous invasive ABP, electrocardiography, arterial oxygen saturation (SpO2), intermittent tympanic temperature, TCD-derived cerebral blood flow velocity in the middle cerebral artery (MCA), arterial blood gas, and inflammatory cytokine concentrations (5, 16).

NIRS recordings were performed at four time points: 60 min before LPS administration (baseline), during systemic inflammation at 150 and 300 min after the initiation of LPS administration, and at the end of the experiment, 420 min after the initiation of LPS administration. A continuous-wave NIRS device (Portalite, Artinis Medical Systems, Elst, The Netherlands) was placed on the frontotemporal forehead. Near-infrared light was transmitted with wavelengths of 760 and 850 nm by a light-emitting diode and was received by a photodiode at 35-mm inter-optode distance. Data were obtained at 50-Hz sampling frequency with device-specific acquisition software (Oxysoft, Artinis Medical Systems, Elst, The Netherlands). Changes in OxyHb and HHb were derived using the modified Beer–Lambert Law (17).

All OxyHb and HHb data were systematically inspected for artifacts and noise with in-house developed Labview data visualization and correction software (Labview 2015, National Instruments, Austin, TX, United States), which has been used before by our group (13). The artifacts were visually identified and removed by linear interpolation as recommended by the international Cerebral Autoregulation Research Network (CARNet) (18). For longer artifacts (>5 s), artifact containing data were removed. A second reviewer visually inspected the resulting data for any remaining artifacts. At least 5 min of high-quality data were required for each time point as is recommended (18).

The mean cerebral TSI was calculated from the artifact-corrected OxyHb and HHb data using spatially resolved spectroscopy in Oxysoft, following the method of Matcher et al. (19, 20).



Non-invasive, NIRS-Only-Derived Dynamic Cerebral Autoregulation

The relationship between OxyHb and HHb was determined with TFA following CARNet recommendations (18). Power spectral density and cross-spectral density estimates were determined using Welch's method (100-s epochs, 50% window overlap). Coherence, gain, and phase difference were computed and trichotomized into one of three frequency bands: very low frequency (VLF): 0.02–0.07 Hz, low frequency (LF): 0.07–0.2 Hz, and high frequency (HF): 0.2–0.5 Hz. Gain and phase difference values were excluded if the corresponding coherence values were below the window-dependent coherence threshold as defined in the CARNet White Paper (18).

The capillary TT-BF/BV correction method developed by our group was applied to the phase difference values after TFA calculation (13). In short, a linear trend line was fitted to the HF band phase difference values. Only data sections that yielded at least five consecutive frequency bins with significant coherence were used for line fitting, thereby avoiding inclusion of bins with significant coherence that arose by chance. Subsequently, this trend line was subtracted from the LF/VLF phase difference values, thereby obtaining the NIRS-derived TT-BF/BV-corrected CA estimation. NIRS-derived CA estimates were defined as TT-BF/BV-corrected VLF and LF phase differences. These were calculated for each time point for which NIRS data were available.



Data Pooling

For the measurements at 150 min after the initiation of endotoxin administration, movement-related artifacts were prominent in some of the NIRS data (healthy volunteers getting sicker), so for this time point, data from only n = 7 participants were available. Although there was a difference in inflammatory response as measured by plasma cytokine concentration between 150 and 300 min after the initiation of endotoxin administration, inflammation at both time points was markedly higher than at baseline or at the end of the experiment as was reported previously (5). We therefore decided to pool the data at these two time points by averaging to obtain one “intra-inflammatory” measurement for each participant. If measurements were only available at either 150 or 300 min, these data were used. For further analysis, data were therefore obtained from three time points: (1) baseline (−60 min), (2) systemic inflammation, and (3) at the end of the experiment (420 min).



Statistical Analysis

Data distribution was assessed for normality using histograms and the Shapiro–Wilk W-test and for sphericity using Mauchly's test. For normally distributed data, the between-time point differences were determined using a repeated-measures analysis of variance (rm-ANOVA). For non-normally distributed data, the non-parametric Friedman test was used. Paired t-tests and Wilcoxon signed rank tests were used for post-hoc testing in case of normally and non-normally distributed data, respectively. The significance level was set at α = 0.05. Pearson's correlation coefficient with Benjamini–Hochberg correction was used to explore the relation between the change in phase difference and TSI between different time points and changes in hemodynamic confounders related to cerebral perfusion and CA. Statistical analyses were performed using Stata/SE 16 (StataCorp., College Station, TX) and MATLAB 2019b (The MathWorks, Inc., Natick, MA).




RESULTS


Baseline Characteristics and Hemodynamic Parameters

The participants were healthy young adults (22.4 ± 1.6 years old) with a BMI of 24.2 ± 2.4 kg/m2 and normal baseline physiological measurements as can be seen in Table 1. The hemodynamic parameters at each time point are provided in Table 1 and Figure 2. A sustained decrease in MAP and a reversible decrease in PaCO2 was observed, respectively. Heart rate, temperature, and pH showed a reversible increase.


Table 1. Hemodynamic and clinical parameters of the participants (n = 11) for each time point.
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FIGURE 2. Boxplots of hemodynamic and clinical parameters of the participants (n = 11) for each time point with results of the statistical comparisons. (A) Mean arterial pressure (rm-ANOVA), (B) heart rate (rm-ANOVA), (C) temperature (Sign. Rnk), (D) PaCO2 (Sign. Rnk), (E) PaO2 (Sign. Rnk), (F) pH (Sign. Rnk), (G) SpO2 (Sign. Rnk), (H) IL-6 (Sign. Rnk), and (I) TNFα (Sign. Rnk). IL, interleukin; MAP, mean arterial pressure; PaO2/PaCO2, arterial partial pressure of oxygen/carbon dioxide; rm-ANOVA, repeated-measures analysis of variance; Sign. Rnk, Wilcoxon's signed rank test; SpO2, arterial saturation of oxygen; TNFα, tumor necrosis factor alpha. *p < 0.05 for difference between time points.




NIRS-Derived Cerebral Autoregulation

The NIRS measurement duration was 20.9 ± 7.4 min (mean ± SD). After the application of TT-BF/BV correction, phase difference values were obtained in the VLF and LF bands (data on coherence, gain, and phase difference for all frequency bands can be found in the Supplementary Material). Phase difference values are provided for each participant at each time point for both the VLF and LF frequency bands in Figures 3A,B, respectively. No statistically significant differences in VLF phase difference values were found between the different time points (χ2 = 5.10, p = 0.08, Friedman test), although a trend toward lower values at time point 2 could be observed. For the LF band, a statistically significant difference in phase difference values between the time points was found (χ2 = 7.82, p = 0.02). Median (IQR) LF phase difference values decreased from time point 1 (16.2°, 3.0–52.6°) to time point 2 (3.9°, 2.0–8.8°; Z = 2.13, p = 0.03). The LF phase difference values were also higher at time point 3 (27.6°, 12.7–67.5°) than at time point 2 (Z = −2.67, p = 0.005, all Wilcoxon signed rank tests). No significant difference between time points 1 and 3 was found (Z = −1.78, p = 0.08).
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FIGURE 3. TT-BF/BV-corrected phase differences (degrees) between OxyHb and HHb for the (A) very low frequency and (B) low frequency bands and (C) mean tissue saturation index (%) calculated with spatially resolved spectroscopy at three time points: (1) baseline, (2) systemic inflammation, and (3) at the end of the experiment. The per time point group median is shown by the black line.


No correlation was found between changes in LF phase difference between the time points and changes in the following variables: LF band power spectral density (PSD) in OxyHb, HHb, or ABP or PaCO2, pH, and IL-6 or TNFα concentrations (all R2 <0.25, p > 0.1; see Supplementary Material for details). A positive correlation was found between changes in LF phase difference between time points 1 and 2 and changes in MAP (R2 = 0.50, p = 0.015). A negative correlation was found between changes in LF phase difference between time points 2 and 3 and changes in heart rate (R2 = 0.45, p = 0.024) and temperature (R2 = 0.65, p = 0.003). Only the latter correlation remained statistically significant after correcting for multiple comparisons.



Tissue Saturation Index

TSI values are provided for each participant at each time point in Figure 3C. There was a significant difference in TSI between time points (F = 4.78, p = 0.02, rm-ANOVA). Post-hoc testing indicated that the TSI was higher at time points 2 (66.5 ± 2.8%) and 3 (67.1 ± 4.2%) than at time point 1 (63.7 ± 3.4%) [t(10) = −2.46, p = 0.03 and t(10) = −2.40, p = 0.04, respectively]. No significant differences between time points 2 and 3 were found [t(10) = −0.68, p = 0.51].

No correlation was found between changes in TSI between the time points and changes in the following variables: LF band PSD in OxyHb, HHb, or ABP, PaCO2, temperature, heart rate, and IL-6 or TNFα concentrations (all R2 <0.25, p > 0.1) (Supplementary Material). A weak, negative correlation was found between changes in TSI between time points 1 and 2 and pH (R2 = 0.40, p = 0.04).




DISCUSSION


Interpretation of the Results

In this study, NIRS-derived DCA estimations were obtained during experimental human endotoxemia with a continuous infusion of bacterial LPS. The TT-BF/BV-corrected phase difference values in the LF band were significantly lower during systemic inflammation compared with baseline and at the end of the experiment. In addition, the TSI increased significantly during systemic inflammation compared with baseline and remained significantly higher at the end of the experiment.

We found a reversible decrease in LF phase difference measured with NIRS, which suggests impaired CA during endotoxemia in healthy volunteers. The extensive physiological changes resulting from endotoxin administration could theoretically underlie the observed NIRS changes, but after extensive analysis, we found no unambiguous explanation for the observed decrease in LF phase difference measured with NIRS.

A decrease in LF phase difference between time points 1 (baseline) and 2 (systemic inflammation) correlated with a decrease in MAP, although this was not significant after correcting for multiple comparisons. Furthermore, although the LF phase difference increased between time points 2 and 3 (end of the experiment), MAP did not, attenuating the interpretation of a major influence of MAP changes on LF phase. Furthermore, an increase in LF phase correlated with a decrease in heart rate and temperature, although only the latter remained statistically significant after correcting for multiple comparisons and only between time points 2 and 3. There was no correlation with temperature and heart rate changes between time points 1 and 2, supporting the interpretation that these changes may not be an important confounder. Other potential confounders that we analyzed were changes in inflammatory cytokines (IL-6 and TNFα) and PaCO2. All these variables did not correlate with the changes in LF phase. Note that the absence of correlations with potential confounders in our small sample should not be interpreted as proof of the absence of any such relationship: it could be that there actually is a (weak) relationship that could be identified in larger samples.

Previous data by Brassard and colleagues support the idea that the improvement in dynamic CA that they found during experimental endotoxemia correlated with a decrease in carbon dioxide tension (7). The relation between hypocapnia and DCA phase difference is well recognized (21, 22). In our study, relative hypocapnia and alkalosis were also present, which are expected to induce an increase in LF band DCA phase difference. The opposite was observed (decrease in LF band phase). It could be that the effect of hypocapnia is masked in part by other physiological changes that occurred in our endotoxemia population, among others the decrease in MAP or a higher inflammatory response. Indeed the population studied by Brassard et al. had no decrease in MAP upon a lower bolus administration of 2 ng/kg of endotoxin.

The small but sustained increase in TSI that was observed may have resulted from microvascular vasodilatation, with concomitant increases in CBV and/or CBF. We could not further clarify this phenomenon based on our data, as we found only a weak, non-significant relation between the increase in TSI between time points 1 and 2 and an increase in pH. However, both an increase in TSI and a decrease in LF phase difference measured with NIRS are consistent with the interpretation of cerebral microvascular vasodilatation in response to endotoxin infusion.

No significant changes in VLF phase difference were found. We hypothesize that this is due to the limited reproducibility of VLF phase difference values using TFA (15, 23). A variation in LF phase difference values was seen between the participants showing an evident reversible decrease during endotoxin-induced systemic inflammation and the participants with consistently low phase difference values with limited variation. We hypothesize that CA was consistently “off” in the latter group, given the known non-stationarity of CA function, also in healthy participants (14).



Comparison With TCD- and ABP-Derived DCA

The reversible decrease in NIRS-derived LF phase difference observed in this study has not been found with TFA using TCD and ABP measurements as reported previously (5). It could be that the autoregulatory dysfunction observed upon endotoxin administration mainly demonstrates itself in a patchy distribution in the cortical microvasculature, the effects of which cannot be easily found in TCD-based CBF velocity in the MCA. Another possibility is that some of the CA effects of endotoxin administration occur at the level of pre-capillary sphincters and not only at the level of the cerebral arterioles themselves (13, 24, 25). The NIRS measurements could be sensitive to both microvascular regulators. The OxyHb and HHb components are present proximal and distal to both regulators, making NIRS suitable for the detection of alterations in the function of both the arterioles and the pre-capillary sphincters. The TCD-derived CBFv could be only sensitive to the upstream resistance effects of the arterioles. Another explanation may be methodological. The variation in TFA analysis has been shown to decrease with measurement duration (23). In our study, the mean ± SD duration of the NIRS measurements was 20.9 ± 7.4 min, compared with 5 min as previously reported for TCD and ABP (5).



Limitations

We recognize several limitations of our study. The sample size of 11 participants prevents an extensive, multivariate analysis of the data, and it may limit the external validity of the results. Furthermore, we pooled the NIRS parameters from two measurements (T = 150 and 300 min) due to movement artifacts in some measurements. This allowed an “intra-inflammatory” measurement for each participant, and it limited the number of statistical comparisons. We consider this justified and advisable, as the concentration of pro-inflammatory cytokines was high at both time points as published previously, indicating the systemic inflammatory response (5). Longer (>30 min) measurements would allow for more artifact-free data, but this was unfeasible in the current endotoxemia setup. The cerebral origin of the NIRS-only DCA measurements has previously been confirmed by comparison against TCD/ABP-derived DCA during rest and hypercapnia. However, we cannot exclude the confounding effects of changes in extracerebral perfusion that may have resulted from systemic microvascular vasodilation in the febrile phase of systemic inflammation in the current study. It should be mentioned that one participant was in a consistent hyperventilation (hypocapnic) state during the entire experiment (3.15 < PaCO2 <3.72 kPa) but was not excluded from the analysis to prevent selection bias. Lastly, the NIRS measurements are sensitive to movement artifacts, which was exemplified in our study as we had to exclude measurements from two participants. Movement-related artifacts may however be less pronounced in clinical target populations, including sedated patients in the ICU.



Future Perspective

The NIRS-only technique is a non-invasive, easy-to-use modality for the measurement and monitoring of CA. This study provides first insights that NIRS-only-derived DCA changes during experimental human endotoxemia. It provides indications for an influence of bacterial endotoxin on DCA, which warrants further investigation in larger endotoxemia studies. Moreover, it could be interesting to investigate NIRS-derived DCA in a sepsis population, as the systemic inflammatory response in sepsis is higher, longer, and has a stronger hemodynamic effect than during experimental endotoxemia, and there is more variability in (cerebrovascular) outcome.




CONCLUSION

Our findings suggest that endotoxin administration in healthy volunteers results in changes in cerebral microvascular autoregulation and microvascular vasodilation.
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The autoregulation of cerebral blood flow protects against brain injury from transient fluctuations in arterial blood pressure. Impaired autoregulation may contribute to hypoperfusion injury in neonates and infants. Monitoring cerebral autoregulation in neonatal cardiac surgery as a guide for arterial blood pressure management may reduce neurodevelopmental morbidity. Cerebral autoregulation monitoring has been validated in animal models and in an adult trial autoregulation monitoring during bypass improved postoperative delirium scores. The nuances of pediatric cardiac disease and congenital heart surgery make simply applying adult trial findings to this unique population inappropriate. Therefore, dedicated pediatric clinical trials of cerebral autoregulation monitoring are indicated.
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THE BURDEN OF NEUROLOGIC INJURY AFTER NEONATAL HEART SURGERY

Neurological injury occurs in roughly half of newborns undergoing cardiac surgery using cardiopulmonary bypass (CPB) (1). MRI studies reveal that stroke occurs in about 10% of this population (2) secondary to both ischemic and thromboembolic events. However, white matter injury (WMI) occurs at a much higher rate, affecting over 50% of neonates undergoing cardiac surgery with CPB +/- deep hypothermic circulatory arrest (DHCA) vs. only 4% in infants who require similar surgical procedures (3). The potential causes of inadequate perfusion instigating WMI are myriad. Neonates with critical congenital heart disease have oxygen delivery vulnerabilities in utero, preoperatively, intraoperatively, and postoperatively. Highly sensitive oligodendrocytes occupy a watershed region in the neonatal brain, and this is thought to contribute to the high incidence of white matter injury reminiscent of preterm periventricular leukomalacia (4). The duration of CPB, use and duration of DHCA, low arterial blood pressure (ABP), and hypoxemia in the first 48 post-operative hours are all associated with WMI (3, 5). The most complex congenital cardiac lesions require repair by a series of staged surgeries, potentially compounding injury over time through multiple episodes of CPB. The magnitude of disability associated with WMI is not yet established and cannot be studied without following cohorts to teenage and adult years. A recent, large meta-analysis of neurodevelopmental outcome after neonatal cardiac surgery showed a disappointing magnitude of impairment in both the psychomotor and cognitive indices of the Bayley Scale of Infant Development (78 and 88% of normative means on average). (6) Improved understanding of neonatal brain perfusion and interventions to reduce neurological injury have high potential impact for neonates who require heart surgery and CPB.


Watershed Injuries in the White Matter Suggest Vulnerability to Inadequate Cerebral Blood Flow

Neonates, especially preterm neonates, lack the robust, redundant cerebral vasculature that is present in infants and adults. Poor vascular redundancy in the deep white matter may enhance the risk of watershed injury during cerebral dysautoregulation. Fragile vascular overgrowth in the germinal matrix is a risk factor for hemorrhage for the preterm neonate, but germinal matrix hemorrhage is a less common injury after CPB than watershed WMI. (7) Congenital heart disease is associated with increased risk of abnormal brain development, independent of the finding of brain injury during surgical or procedural interventions. Neonates with congenital heart disease have small, relatively immature brains, perturbations in brain structural integrity and metabolism, regional growth differences, and an overall decrease in cerebral blood flow (8–12). The immaturity of the neurovascular system in neonates with congenital heart disease may contribute to both dysautoregulation of cerebral blood flow, and vulnerability to injury from dysautoregulation. Prevention of the dysautoregulated state by maintaining ABP within the limits of autoregulation is a modifiable care practice that may prevent or mitigate WMI in this population.



Hypotension, and Optimal ABP for Neonates With Heart Disease Are Unknown

The goal of autoregulation monitoring in neonates with congenital heart disease is to delineate the lower limit of autoregulation (LLA), providing a target for ABP management. (7) Maintaining ABP above LLA is hoped to protect watershed regions of the neonatal brain from fluctuations of cerebral blood flow that occur in the dysautoregulated state. (13) The limits of autoregulation for neonates, and the inter-subject variability of these limits are not known. Criteria for hypotension in neonates are poorly defined and best treatments of “hypotension” (fluid, vasopressors, ionotropes) are debated (14) Current ABP management is based solely on experiential knowledge rather than individualized physiological goals (7). Further, there is a dichotomy of physiological goals which occurs in the setting of neonatal cardiac pathology, which benefits from low ABP and maintaining cerebral autoregulation, which may require higher ABP. When the neonatal heart is weakened by surgery and critical illness, lowered systemic vascular resistance (SVR) improves stroke volume and cardiac output. There is no effective measure of SVR, stroke volume or cardiac output for neonates, so lowered ABP is used as a primary surrogate. Strict SVR control has improved outcomes for neonates with the most critical heart lesions (13, 15, 16). However, the brain is dependent on ABP, not cardiac output for perfusion, so this highly effective ABP lowering strategy may improve survival at the expense of an increase in brain injury.

In principle the maintenance of ABP above LLA during neonatal cardiac surgery may prevent neurological injury and improve neurodevelopmental outcomes. This remains as an only partially tested hypothesis which requires further study (13). Cerebral autoregulation monitoring during CPB in adults has shown improvement in neurological outcomes (17, 18). The uniqueness of neonatal physiology and the requirement for strict SVR control when heart disease is present are factors that elevate the importance of studying the limits of autoregulation in this population.



Technical Considerations for Autoregulation Monitoring in the Cardiac OR

The concept of autoregulation pre-dates the technical ability to measure autoregulation in real time. Conceptually, a real time autoregulation monitor requires a measure of arterial blood pressure (ABP) or cerebral perfusion pressure (CPP), a measure of cerebral blood flow (CBF) or a proxy, and a mathematical approach to determine if cerebral blood flow is passive to blood pressure (19).

The first modern attempts to monitor autoregulation in real time are typified by Czosnyka et al. in 2 seminal papers (20, 21). These methods utilized transcranial Doppler (the mean velocity index or Mx) or intracranial pressure (the pressure reactivity index or PRx). Czosnyka et al. explained that the positive correlation between middle cerebral artery flow velocity and CPP (i.e., positive Mx) was evidence of pressure passive cerebral blood flow (i.e., decreased ABP leads to decreased CBF) which defines disturbed autoregulation. Utilizing the same cohort and study design, ICP was used as a surrogate for cerebral blood volume to quantify vasoreactivity as passivity of blood volume to ABP (20). During normal cerebral vasoreactivity, a negative relationship between ABP and ICP should be observed (lower ABP leads to vasodilation, leads to higher blood volume, leads to higher ICP). Conversely, dysfunctional vasoreactivity renders a positive relationship between ABP and ICP (lower ABP, vascular tone does not change, blood volume decreases due to lower distending pressure, ICP decreases). These methods are ideal for patients with head trauma, but trans-cranial Doppler insonation under a surgical drape is difficult during neonatal heart surgery, and invasive intracranial pressure monitoring is not possible.



Two Requirements for the Cardiac OR: Hands-Free and Non-Invasive

The feasibility of less invasive monitors of cerebral pressure autoregulation using reflectance near infrared spectroscopy (NIRS) was established in a series of experiments in neonatal piglets (22, 23). In these experiments a “gold standard” autoregulation curve was established using invasive laser Doppler flow probes. Relative total hemoglobin (rTHb) was measured using NIRS as the inverse of the recovery of light isosbestic to the hemoglobin species. Whereas PRx correlates ABP with ICP, Hemoglobin Volume Index (HVx) correlated ABP with NIRS measure of total hemoglobin, which is a proxy for cerebral vascular tone and ICP. rTHb measured in this way served as a proxy for cerebral vascular tone to render a NIRS-based analog of the PRx, the Hemoglobin-Volume Index, or HVx. Additionally, standard, commercially available measures of cerebral tissue oxygenation were used as a proxy for CBF to render a NIRS-based analog of the Mx, the Cerebral Oximetry Index, or COx. Both the HVx and the COx were compared against the gold standard LLA. Receiver operator curves (ROC) describing the ability of HVx and COx to distinguish autoregulation from dysregulation were created.

Two relevant observations came from these experiments. First, rTHb showed high coherence (relatedness in the frequency domain) with ICP at the slow wave frequency. This observation inadvertently validated the assumption that ICP slow waves are the result of fluctuating CBV, which is an assumption inherent to the PRx. Second, non-invasive measures of autoregulation (COx) and cerebral vasoreactivity (HVx) effectively differentiate periods of cerebral autoregulation from dysregulation with similar performance to invasive measures (i.e., PRx). For example, the area under the curve (AUC) of the ROC for HVx was 0.85, compared to an AUC of 0.88 for the invasive measure PRx. HVx had a sensitivity of 77% and specificity of 84%. COx had an AUC of 0.89, sensitivity of 83%, and specificity of 75%.



Why Frequency Matters?

In their pioneering work, Czosnyka et al. discussed the importance of examining the correct frequency of waveform when monitoring cerebral autoregulation. ABP fluctuates over each second due to cardiac systole/diastole, every few seconds due to respirations, and over minutes to hours due to changes in clinical status. In addition, ABP fluctuates every 30 seconds to few minutes in a phenomenon termed slow waves. These waves were first described in the ICP pressure tracing and were termed B waves (early observations of cerebral autoregulation were seen by visual comparison of ABP and ICP tracings at the B wave frequency) (24). Slow waves are ideal for measuring autoregulation because they are naturally occurring blood pressure fluctuations that occur at a frequency that engages the autoregulation mechanism. By contrast, the ABP pulse due to cardiac systole/diastole occurs too rapidly and is not buffered by cerebral autoregulation. The respiratory cycle in ABP is also too rapid for reliable engagement of the autoregulation mechanism, especially at rapid respiratory rates seen in neonates. Therefore, slow wave oscillations in ABP have been used to measure autoregulation and vasoreactivity in most attempts to quantify autoregulation in real time. The use of slow waves dictates the refresh rate of autoregulation monitoring, and is the rate-limiter for time to delineate the lower limit of autoregulation. Current methods are estimated to require 15 to 30 min of monitoring to delineate the lower limit of autoregulation in the neonatal cardiac operating room.



Too Many Options: How Do We Validate Them?

The number of proposed measures of autoregulation and vasoreactivity has increased in the last decade, with varying levels of evidence to support their utilization. All metrics share 3 fundamental components (25):

1) Changes in ABP must occur and be measured. Measurement of ABP is straight forward using intra-arterial catheters which are standard practice in intensive care units. Most attempts to measure autoregulation have focused on the slow wave oscillations in ABP described above.

2) Changes in CBF or CBV must be measured. A number of different non-invasive monitors of CBF or CBV have been proposed, most of which rely on measuring blood flow by doppler effect, or oximetry and blood volume based on the light absorption of hemoglobin.

3) The relationship between ABP and CBF/CBV must be quantified to identify periods when CBF/CBV are passive to changes in ABP. Of the three components this is the least intuitive to most clinicians. Conceptually all measures of relatedness can be divided into time-domain and frequency-domain measures. Time domain measures of relatedness determine if and to what extent two variables “move together” over time. The Pearson correlation coefficient is the most commonly used time-domain metric. Alternatively, complex biologic signals such as ABP or cerebral tissue oxygenation can be broken down into combinations of waves of different frequencies and magnitudes. In an oversimplification, frequency domain measures determine if and to what degree the component waves that make up more complex signals are shared between different signals (i.e., between ABP and cerebral oxygenation).

Although the NIRS based measures utilizing correlation or phase shift have performed well in animal validation, there are several other potential measures of CBF/CBV and mathematical approaches to assessing passivity to blood pressure. This leads to an essentially endless list of possible combinations. With so many measures of autoregulation (and more likely to be developed), it is important to consider the evidence burden needed to compare and optimize these potential tools. The following three requirements have been proposed (26):

1) Validate the candidate index against an accepted gold standard measure of autoregulation (in pediatric cardiac surgery population, this would be an autoregulation curve calculated from laser doppler probe and arterial blood pressure). Given that gold standard measures of cerebral blood flow are invasive, this criterium is likely to require animal study.

2) Show strong relatedness of a candidate index to outcome reproducibly in prospective studies of humans.

3) Demonstrate feasibility of using actionable data from a candidate index, such that clinicians can optimize clinical care and minimize morbidity.



Surprisingly Poor Performances in Some Published Metrics When Studied Methodically

Utilizing the piglet experimental construct described above, a large number of candidate indices were compared with each other and to the gold standard LLA (19). The available measures included tissue oxygenation measured by NIRS (rSO2), total hemoglobin measured by NIRS (THb, measured using the isosbestic wavelength method), laser doppler flow (LDF), ICP, and mean arterial blood pressure (MAP). Four mathematical approaches (correlation, phase shift, gain of transfer and coherence) were applied to 6 variable pairs to create 24 indices of autoregulation. Receiver operator curves were created for each index (using the gold standard LLA) and area under the curves estimated to allow comparisons. These receiver operator curves determine the ability of each index to correctly discriminate between times within the ABP bounds of autoregulation (as determined by laser doppler probe-ABP relationship) and times outside the ABP bounds of autoregulation. Eight indices appeared to outperform the other metrics. This tedious, but important analysis showed that correlation and phase- based indices clearly outperformed those based on either gain of transfer or coherence. NIRS-derived measures of cerebral oximetry and blood volume (ie rTHb) performed as well as invasive ICP and out-performed direct flow measurements with laser-Doppler. Any new method to measure autoregulation, either by novel interrogation of the brain vasculature or novel mathematic assessment of passivity to ABP needs to undergo a similar evaluation as many published methods failed to delineate LLA when critically examined this way.



NIRS Can Measure Autoregulation. Is It Feasible in the Neonatal Cardiac OR?

HVx and COx are candidate indices that meet the requirements of being hands-free and non-invasive. Both performed well in the animal validation study. However, neither has been studied adequately in the clinical environment to demonstrate feasibility or efficacy to prevent neurologic injury in the neonatal cardiac population. As a start to this effort, the feasibility NIRS-based methods to measure autoregulation during cardiac surgery in children was demonstrated in a prospective observational pilot study of 54 children (13). The LLA was estimated using a COx threshold of 0.4 (extrapolated from the piglet data) and was able to be determined for 77% of the subjects during surgery. The average LLA was 42 mmHg but ranged from 20 to 55 mmHg (including non-neonates). This study demonstrated that LLA could be estimated in the clinical environment, but did not demonstrate relatedness to outcome, and did not demonstrate true feasibility: ie, if the LLA is known, is it actionable? How long did it take to delineate LLA? Can the burden of hypotension be reduced by knowing the LLA? One true demonstration of autoregulation monitoring feasibility using the mean velocity index (Mx) has been done in an adult population. Hogue et al. significantly reduced, by nearly half, the magnitude and duration of ABP below LLA when LLA was revealed to the care team with real time monitoring (18). The area-under-curve variable used in that study quantifies the burden of hypotension below LLA and is ideal for studying feasibility of autoregulation monitoring for the neonatal cardiac surgical population. If LLA can be known in a timely manner, and if the care team has options to raise ABP above LLA, then the hypotension exposure will be lower.



Safety Concerns in the Neonatal Population

As described above, function of the neonatal heart is negatively impacted by afterload in the perioperative window. Raising ABP to exceed LLA is an expected intervention from showing LLA to care providers with autoregulation monitoring. Options include increasing pump flow rates, contractility, preload, and systemic vascular resistance. Each of these has the potential for harm. Does optimizing perfusion of the brain also optimize cardiac performance and perfusion of the visceral organs? It seems unlikely given that the brain is dependent on ABP for perfusion while the viscera are dependent on cardiac output (27, 28). If ABP maintenance comes at the expense of cardiac output, then higher rates of acute kidney injury, bowel injury, acidosis, heart failure and pulmonary edema may occur. In the case of the adult cardiac population, maintenance of ABP above LLA was associated with improved multi-organ outcomes (18), but this cannot be applied to the neonatal case due to differences in neonatal myocardium and peculiarities related to shunted circulation in newborns with congenital heart disease.

Neonates undergoing cardiac surgery are at risk of a distinct low cardiac output state/syndrome (LCOS) about 6–18 h post-operatively. When LCOS is accompanied by high SVR cardiovascular collapse can result. This was noted in the Norwood procedure for hypoplastic left heart syndrome which historically had perioperative morbidity of 50% within the first 48 h of surgery (29). The initiation of afterload reduction via phenoxybenzamine (a vasodilator) during Norwood procedure resulted in lower indexed SVR, higher SVO2 via internal jugular oximetric measurements, decreased arteriovenous O2 content differences, and improved systemic blood flow (30, 31). Study has shown that freedom from circulatory collapse at 72 h was increased with phenoxybenzamine (95 vs. 69% without phenoxybenzamine (16). The PRIMACORP study in 2003 showed that milrinone (a vasodilator) also decreased the incidence of LCOS after biventricular repair with CPB (32). The need to reduce SVR to prevent LCOS and the need to raise SVR to achieve ABP above the LLA are diametrically opposed clinical goals in the neonates with cardiac disease. Understanding the effect of optimizing ABP based on LLA vs. the rate of LCOS and reduced survival cannot be inferred from adult trials.



The Challenge of Demonstrating Efficacy of Brain Protection in Neonates

If the burden of hypotension can be effectively reduced by autoregulation monitoring, will the burden of neurologic injury be similarly reduced, and how can that be demonstrated? In the adult RCT of autoregulation monitoring for cardiac surgery, multiple outcomes were evaluated. While MRI differences were not observed, patients with autoregulation monitoring experienced a 45% reduction in post-operative delirium compared to controls. (38 vs. 53%, p = 0.04) (17, 18).

The outcomes of adult studies cannot serve as a template for neonatal studies. MRI findings in adults are largely embolic while MRI findings in neonates after cardiopulmonary bypass are primarily watershed white matter injuries (WMI) (3, 4). It is not surprising that autoregulation monitoring did not change the incidence of embolic events, but it is conceivable that maintaining ABP above LLA would reduce ischemic WMI. Therefore, MRI will be important outcome measure for the neonatal population. To date, no intervention has reduced WMI seen on MRI in this population.

Overt neurologic injury is uncommonly seen in neonates, even with substantial MRI injury. Therefore, neurologic exam is likely too insensitive to use as an outcome. Delirium cannot be measured with the same precision in neonatal populations as in adult populations, so it is unlikely that a neonatal study could replicate the adult finding of reduced delirium.

Seizure activity occurs in nearly 10% of neonates after cardiac surgery, is most often clinically silent, and is strongly associated with developmental outcome (33, 34). Seizure activity is an attractive outcome for studying efficacy of autoregulation monitoring because the data are low cost and obtained immediately after surgery. Post-operative EEG should be included in any trial of neonatal autoregulation monitoring during cardiac surgery. With a baseline incidence of 10%, a multi-center trial with large sample size would be required to show a reduction in rate of post-operative seizure.

The gold standard neurologic outcome for neonates with neurologic risk is the developmental exam. Any study that collects data for 5 yr and then requires a 5 yr follow up developmental exam becomes a 10-yr study. The most impactful developmental study of neonates with cardiac disease is the Boston circulatory arrest trial, which followed serial developmental exams into the late teen years (35). Even if a substantial neonatal cohort could be recruited in 5 yr with randomization of autoregulation monitoring, the results of developmental testing at 15 yr would require 20 yr of effort. Extensive work done to date on developing autoregulation monitors for neonatal cardiac surgery is little more than foundation for the efforts of a subsequent generation of clinician-scientists.




CONCLUSION AND A LOOK TO THE FUTURE

Teams that care for neonates with cardiac disease have made substantial progress in achieving survival for complex and delicate surgical disease with very little room for error. The current frontier is the unacceptably high rate of neurologic injury in the survivors of neonatal heart surgery. Given the multifactorial vulnerabilities of the neonatal brain perfused by a malformed circulation, it is not likely that any single intervention will eliminate brain injury. Autoregulation monitoring stands at the front of the line with these interventions because low ABP is needed for survival of neonatal heart surgery, and we do not currently know how low we can lower ABP and still perfuse the brain. The most logical way to answer this question is to measure LLA with autoregulation monitoring.

Dynamic autoregulation monitoring has been developed with adequate validity to reliably delineate optimal perfusion pressure for patients with traumatic brain injury. These concepts have been applied to develop non-invasive methods using reflectance NIRS, and the NIRS-based measures have been validated against gold standard measures of LLA in animal models. What remains is clinical translation specific to the neonatal population, demonstrating feasibility, safety, and efficacy. We have outlined challenges peculiar to neonates with heart disease for each of these clinical research steps.

If feasibility cannot be demonstrated with current methods to measure autoregulation, one can ask if this is inability to modulate blood pressure in the setting of cardiac surgery, or if the autoregulation data is coming to slow to delineate LLA in a practical way. In the latter case, the challenge to making autoregulation monitoring faster has been the fundamental frequency of the autoregulation mechanism which acts as a high pass filter for ABP waves having a period of 30 seconds or longer (36). One promising effort to speed up autoregulation monitoring is the co-trending method put forward by Medtronic, Inc. (37). Another approach is to increase the precision of each measure of autoregulation (thereby decreasing the time to reliable LLA determination). This can be done with inducing low frequency blood pressure waves which can be done with a variety of minimal physiologic perturbations (38).

Safety was not only demonstrated in the adult data, but major morbidity including AKI (acute kidney injury) was lower in patients when ABP was above LLA. It is not clear that the same pattern will hold true in neonates. If SVR crisis, renal or bowel injury, respiratory failure, heart failure, arrhythmia or death are higher in study groups where ABP is kept above LLA, then the specific interventions used to manage ABP will have to be examined. Any method to raise ABP in this population has the potential to cause some combination of these complications. Autoregulation monitoring will only prove beneficial and safe if the intervention can maintain ABP above LLA without causing complication related to low cardiac output.

Once feasibility and safety are demonstrated, sample size required to document efficacy can be calculated. It is anticipated that such a trial will be multi-center, and that the outcomes will be a combination of MRI, seizure activity, and developmental follow-up. The stamina required to complete such a study is non-trivial and would likely span two decades of work. Although this study is the optimal pathway to apply evidence-based medicine to clinical practice, there is very little precedent for successful randomized trials of monitoring technologies. Most standard monitoring was adopted despite a failure of trials to demonstrate outcome benefit (39). Perhaps, given the success of the adult trial of autoregulation monitoring, this pattern will be broken, and proper evidence will be obtained for the rollout of a technology with potential to benefit such a vulnerable population.
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The brain has a high energy demand but little to no energy stores. Therefore, proper brain function relies on the delivery of glucose and oxygen by the cerebral vasculature. The regulation of cerebral blood flow (CBF) occurs at the level of the cerebral capillaries and is driven by a fast and efficient crosstalk between neurons and vessels, a process termed neurovascular coupling (NVC). Experimentally NVC is mainly triggered by sensory stimulation and assessed by measuring either CBF by laser Doppler fluxmetry, laser speckle contrast imaging (LSCI), intrinsic optical imaging, BOLD fMRI, near infrared spectroscopy (NIRS) or functional ultrasound imaging (fUS). Since these techniques have relatively low spatial resolution, diameters of cerebral vessels are mainly assessed by 2-photon microscopy (2-PM). Results of studies on NVC rely on stable animal physiology, high-quality data acquisition, and unbiased data analysis, criteria, which are not easy to achieve. In the current study, we assessed NVC using two different imaging modalities, i.e., LSCI and 2-PM, and analyzed our data using an investigator-independent Matlab-based analysis tool, after manually defining the area of analysis in LSCI and vessels to measure in 2-PM. By investigating NVC in 6–8 weeks, 1-, and 2-year-old mice, we found that NVC was maximal in 1-year old mice and was significantly reduced in aged mice. These findings suggest that NVC is differently affected during the aging process. Most interestingly, specifically pial arterioles, seem to be distinctly affected by the aging. The main finding of our study is that the automated analysis tool works very efficiently in terms of time and accuracy. In fact, the tool reduces the analysis time of one animal from approximately 23 h to about 2 s while basically making no mistakes. In summary, we developed an experimental workflow, which allows us to reliably measure NVC with high spatial and temporal resolution in young and aged mice and to analyze these data in an investigator-independent manner.
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INTRODUCTION

Since the brain stores very little energy, proper neuronal function depends on a constant supply of glucose and oxygen via cerebral blood flow. During increased neuronal activity, the need for nutrients increases and the necessary excess energy is delivered via a tightly regulated redistribution of blood flow to these active areas by dilation of cerebral blood vessels. This regulation of cerebral blood flow (CBF) by the crosstalk between neurons and cerebral vessels is called “neurovascular coupling” or NVC (1, 2). NVC responses can be utilized as an indicator of neuronal activity. Under pathological conditions, NVC may be used to detect dysfunctions of the cerebrovascular system (3–5).

To investigate NVC in vivo, three different steps are needed: (1) a stimulation paradigm, (2) a fast technique to measure CBF or to visualize cerebral vessel reactivity, and (3) an unbiased and reliable method for data analysis. The first step depends on which region of the brain is studied. Typically, odor and visual cues, electrical or tactile sensory stimulations of the whiskers or the paws are used (6–9). The second prerequisite can be achieved using non-invasive optical methods based on the speckle pattern of moving red blood cells (Laser Speckle Contrast Imaging, LSCI). LSCI is a very powerful imaging tool for the 2-D visualization of perfusion dynamics in tissues (10–12). Another imaging method for visualizing the dynamics of the cerebral vasculature is two-photon microscopy (2-PM) (13–15). 2-PM is a state-of-the-art confocal scanning microscopy technique with a high spatial and temporal resolution able to visualize pial vessels, penetrating arterioles, and deep cortical microvessels in vivo. The final, but equally critical step is data analysis. The software provided with commercially available LSCI units has mainly been developed for data acquisition in single human subjects and has therefore only limited analysis capabilities. This is particularly true when it comes to the analysis of data sets acquired at different time points and in whole groups of subjects. Therefore, commercially available LSCI analysis solutions are not entirely suitable for research purposes. Also analyzing images obtained by 2-PM is a time-consuming manual process prone to investigator bias. Therefore, the main aim of the current study is to present a novel tool for the analysis of LSCI and 2-PM data to establish a flexible, software-based analysis pipeline for an automated and investigator-independent analysis of the obtained data sets.

To test our new experimental workflow, we used a model of physiological aging, a paradigm well-known to be associated with an age-related decrease in NVC. The world population is aging and over 30% of the people in western countries will be older than 65 years of age by 2050 (16). Aging causes significant structural changes in brain volume, in the dendritic arbor, spine and synapse numbers, and vasculature (17, 18). Among this population, cognitive impairments related to vascular changes are responsible for at least 20% of all dementia cases (19). Surely, NVC as a key homeostatic regulator is inevitably affected by these vascular changes (20). Sensory-evoked NVC responses are indirect measures of neuronal activation and any alteration in NVC can predict underlying pathology (21, 22). A substantial number of publications from various laboratories suggests impaired NVC in aged humans and experimental animals (23–27). It has been shown that age strongly alters CBF regulation in humans, specifically steady-state CBF decreases progressively during the aging process concomitant with an increase in CBF pulsatility after midlife (28). Also, structurally, cerebrovascular pathologies involving small arteries and arterioles are very common in the aged brain (29–31). Therefore a deep understanding of how NVC changes during aging is an important prerequisite in order to decipher the mechanisms underlying cerebrovascular disease, dementia, and neurodegeneration (32–34). Aging affects the normal structure and function of the neurovascular unit (NVU). Aged mice show decreased astrocyte end-feet density, reduced pericyte coverage in the hippocampus, more activated microglia, and reduced CBF as compared to young mice (35). Moreover, aging and concomitant metabolic disorders such as obesity impair NVC in animals and humans thereby making the aging brain more vulnerable to age-related neurodegenerative disorders such as Alzheimer's and Parkinson's Disease (4, 36, 37). Therefore, deciphering how NVC is affected by aging may lead to new therapeutic strategies for these disorders.



MATERIALS AND METHODS


Experimental Animals

All experimental procedures were conducted according to institutional guidelines of the University of Munich and were approved by the Government of Upper Bavaria (animal protocol number: Vet_2-15-196). In all parts of the experiments, 6–8 weeks old C57BL/6N mice were purchased from Charles River Laboratories (Sulzfeld, Germany). Mice at the age of 6–8 weeks were categorized as young and mice at the age of 1 year and 2 years were categorized as aged. The mice were aged in the animal facility of the Institute of Stroke and Dementia Research. All mice were housed in groups of five in isolated ventilated HEPA filtered cages with a 12-h light/dark cycle with ad libitum access to food and water. All cages had standard enrichment.



Chronic Cranial Window Implantation

A chronic cranial window was implanted over the left somatosensory cortex between the coronal and the sagittal suture. The rostromedial corner of the window was placed as close as possible to Bregma. Mice received buprenorphine (0.1 mg/kg) 30 min before surgery for analgesia and anesthesia was induced with 5% isoflurane and maintained with 2% isoflurane in 70% room air and 30% O2 during surgery. A feedback-controlled heating pad was used to maintain body temperature at 37°C. Animals were fixed in a stereotactic frame using a nose clamp and the scalp was incised along the midline. Lidocaine (2%) was applied topically onto the skull as a local anesthetic and a round craniotomy with a diameter of 4 mm was performed above the somatosensory cortex and covered with a glass window. A plastic ring (diameter: 1 cm; weight: 0.1 g) was glued on top of the cranial window to form a water reservoir. After surgery, mice were placed in a pre-heated wake-up box (32°C) until all vital functions recovered. All mice received buprenorphine and enrofloxacin (10 mg/kg s.c.) once daily for three days after surgery.



Whisker Stimulation

Three weeks after window implantation, mice received medetomidine (0.05 mg/kg, sc) for light sedation. After 10 min animals were anesthetized with 2% isoflurane and placed in a stereotactic frame. Afterwards, isoflurane was gradually reduced to 0.5–0.75% (in 70/30% Air/O2) and whisker stimulation was performed over one minute by manually or mechanically stroking the contralateral (right) vibrissae with a brush at a frequency of 1–2 Hz. For 2-PM we developed a custom made motorized brush holder and use the same stimulation protocol as for the manual stimulation. The procedure was repeated three times with two min intervals (Figure 1A).


[image: Figure 1]
FIGURE 1. Assessment of neurovascular coupling (NVC) using laser speckle contrast imaging (LSCI) and a Matlab-based analysis pipeline. (A) Experimental setup for whisker stimulation and data analysis. Data visualization with LSCI shows a flow map and a perfusion trace (left), data processing steps show binary data exportation, ROI alignment, segmentation, % change map, grid preparation for quantification, and final averaged heat map (right). (B) Heat maps of cerebral perfusion (CBF) in individual mice of different ages following whisker stimulation. Each perfusion map was created by averaging LSCI values from three whisker stimulations. Mean depicts the average of all animals in one group. The dark blue color indicates no or small changes in cortical perfusion, while the yellow color indicates increases of cortical perfusion of up to 15%. (C) Quantification of maximal CBF changes. Young and 1-year-old mice had significantly higher NVC responses in comparison to 2 years old mice (*P < 0.05: 6–8 weeks vs. 2 years old, ***P < 0.001: 1 year vs. 2 year, One-way ANOVA). (D) Quantification of the velocity of CBF increase after whisker stimulation by slope analysis. Two year old mice had a significantly slower CBF increase in comparison to young and 1 year old mice (*P < 0.05: 6–8 weeks vs. 2 year and 1 year vs. 2 year) (n = 6–10 mice/group, mean ± SEM, One-way ANOVA).




CO2 Challenge

To evoke hypercapnic hyperemia, mice were ventilated with 10% CO2 and 30% O2 in room air for five min (Figure 2A). End-tidal CO2 was measured in % with a capnograph (Figure 2A, right) and recorded using a digital data acquisition system (PowerLab, AD Instruments, Australia).


[image: Figure 2]
FIGURE 2. Assessment of CO2 reactivity using laser speckle contrast imaging (LSCI). (A) Experimental setup of the CO2 challenge (left) and exemplary traces for LSCI perfusion (top right) and end-tidal CO2 (bottom right). (B) CBF changes before, during, and after hypercapnia in the three investigated age groups. Two-year-old mice showed a low (C) and slow (D) CBF increase during hypercapnia, whereas young and 1-year-old mice had higher peak values (*P < 0.05: 6–8 weeks vs. 2 year), and faster slope changes (*P < 0.05: 6–8 weeks vs. 2 year and 1 year vs. 2 year). (E) Quantification of the area under the curve (AUC) of graph B depicts smaller AUC in 2 year old mice in comparison to 6–8 weeks and 1 year old mice (*P < 0.05) (mean ± SEM, n = 6–8 mice/group, One-way ANOVA).




Measurement and Analysis of Local Cerebral Blood Flow by Laser Speckle Imaging

A laser speckle contrast imager (LSCI, Perimed, Järfälla, Sweden) was positioned 10.4 cm above the chronic cranial window and a 0.5 x 0.5 mm field of the cortex was imaged at 4.4 Hz. The data was recorded using the software supplied with the device (Pimsoft, Perimed, Järfälla, Sweden) and analyzed using a custom Matlab script (MATLAB, R2016b, The MathWorks, Natick, MA). First, a spherical region around the rim of the cranial window containing the exposed cortex (ROI), was drawn manually. For each pixel within the ROI, the perfusion signal was filtered with a cut-off frequency of 0.004 Hz to remove any signal drift and allows re-alignment of the acquired frames. This process is important while the brain and cerebral vessels move slightly due to heart beat and breathing. Hence, when using high resolution imaging, e.g., LSCI or 2-PM, images acquired at different time points shift slightly. Therefore, re-alignment is necessary to correctly allocate measurements obtained over time to exactly the same pixel. This filter was implemented using the MATLAB functions cheby1 and filtfilt to design a Chebyshev Type I filter of order 2 and to perform zero-phase digital filtering. Then a threshold was defined using Otsu's method, to detect stimulation periods automatically. The correct detection of stimulation periods was verified visually. To account for a potentially ramp-like increase of the perfusion signal at the beginning of the stimulation, the perfusion signal was averaged within 10 and 30 s after the automatically detected stimulation onset and normalized to the baseline perfusion signal, defined individually for each stimulation period as the average signal within 40 to 10 s before the automatically detected stimulation onset. The hereby resulting, normalized response of the perfusion signal to the stimulation was then averaged across stimulation periods. First individually for each animal and then across animals within each experimental group. To allow averaging across animals, the images, cropped around the spherical ROI, were resized to an image matrix of 120 x 120 pixels. For a better understanding of the individual responses, heat maps were also acquired for individual animals (Figure 1B).



Measurement and Analysis of Vessel Diameter by in vivo Two-Photon Microscopy

Two-photon microscopy (2-PM) was performed the day after the LSCI imaging using the same anesthesia protocol as described above. For visualizing the cerebral vasculature 0.1 ml of fluorescein isothiocyanate (2,000 kDa) was injected through the tail vein using a mouse tail illuminator (Braintree Scientific, USA). Then mice were transferred under the 2-PM. Pial and parenchymal vessels in the region of the barrel cortex were visualized as time series videos (2 s per frame) at a depth of 50–100 μm with a 10x Zeiss EC Plan—NeoFluar objective using a Li: Ti laser tuned to 800 nm. The whisker stimulation protocol was followed by 5 min 10% CO2 challenge. A custom-made automated brush holder was used for whisker stimulation while imaging with 2-PM (Figure 3A). For this device, a small brush and a voltage controller for frequency adjustments were mounted to a 300 rpm (6 V) battery-powered motor (Walfront, China). A gooseneck holder was used to fix the motor on the imaging platform, which allowed fine-tuning the angle of the brush.


[image: Figure 3]
FIGURE 3. Assessment of vessel diameter by 2-photon microscopy. (A) Experimental setup for whisker stimulation (top left) and hypercapnia during (top right) and a schematic drawing of the data analysis work flow by the newly developed Matlab script. (B) Quantification of maximal diameter changes in different vessel segments at different ages following whisker stimulation. Pial vessel reactivity increased with age (*P < 0.05: 6–8 weeks vs. 1 year and ***P < 0.001: 6–8 week vs. 2 year) while over all the capillary response was reduced in 2-year-old mice in comparison to young and 1-year-old mice. (C) Quantification of maximal diameter changes in different vessel segments at different ages following hypercapnia. Neurovascular reactivity of cerebral capillaries was impaired in 2-year-old mice as compared to 6–8 weeks and 1-year-old mice (*P < 0.05: 1 year vs. 2 year) (mean ± SEM, n = 4–10 mice/group, One-way ANOVA).


Vessel diameter analysis was performed using a custom-made Matlab routine (MathWorks version R2020a, Natick, Massachusetts, USA; www.mathworks.com) based on imshow3D developed by Maysam Shahedi (https://www.mathworks.com/matlabcentral/fileexchange/41334-imshow3d) and on a Zeiss LSM file reader developed by Cy Y (Zeiss Laser Scanning Confocal Microscope LSM file reader; https://github.com/joe-of-all-trades/lsmread). First, all images have been inspected and the ones containing artifacts (heavy motion between frames, low signal-to-noise ratio) were removed. Then, time series videos were binarized, and diameter and percent change graphs were displayed. Then, line segments were drawn by the user between the vessel walls. Every time a line was drawn, the diameter of the vessel in μm along time frames were calculated by counting the number of voxels with a value of 1 (“1” corresponds to a vessel, while “0” to the background) intersecting with the drawn line and multiplied by the voxel size. Of note, some erythrocytes passing through the vessel are reducing the intensities of specific voxels, which could lead to underestimation of vessel diameter. To minimize this effect, the thickness of the line was defined to 4 voxels and the computation of vessel diameter was thus adapted by averaging the lines around the drawn line. Based on the computation of vessel diameters along time, output graphs are displayed and updated for each new line and depicted with the same color as the line drawn on the image (Figure 3A, lower left). Moreover, automatic detection of percentage peak change was provided thanks to the Matlab routine. This peak detection was based on three parameters defined in the graphical interface. Briefly, the algorithm first computed the baseline diameter by averaging a predefined number of initial frames (no stimulation). For the peak detection, the difference between the subsequent frames (with stimulation), and the baseline was calculated. After the end of a peak, a new baseline was computed, and the peak detection continued in the subsequent frames. The detected peaks were then displayed in the first graph, in the same color as the line drawn on the image (see screenshots, Figure 3A, lower right). The slope of dilation between the maximal vessel diameter of a detected peak and related baseline was also calculated automatically using the following formula:

[image: image]

with diametermax, timemax, the diameter of the maximal value in the peak and the peak time, and diameterbaseline, timebaseline, baseline diameter and the time on when this baseline was calculated (last timepoint before the detection of the peak). This slope was then normalized by the baseline vessel diameter. Finally, the percent of change was calculated by the Matlab routine as the difference between the maximal vessel diameter of a detected peak and related baseline as:
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and displayed. For each drawn segment, all vessel diameters along time and information on peaks (start, end, slope, percentage of change) have also been exported in a table for subsequent statistical analyses.



Data Availability

Scripts will be shared upon request.



Statistics

Statistical analyses were performed with GraphPad Prism 7.0 software (GraphPad Software, San Diego, California USA). First, data were tested for normal distribution. Student t-test was used to compare two sets of normally distributed data. Multiple groups were compared with one-way ANOVA or one-way ANOVA on ranks depending on the presence or absence of normal distribution or two-way ANOVA for repetitive measurements. Differences with P < 0.05 were considered statistically significant.




RESULTS

In this study, we developed a fast, reliable, and unbiased data processing tool for the analysis of neurovascular reactivity (NVC and CO2 inhalation) assessed by LSCI and 2-PM. While LSCI provides information about CBF changes in the superficial layers of the cerebral cortex, in vivo 2-PM imaging directly visualizes diameter changes of individual cerebral vessels. For the validation of our newly developed analysis tools, we used aging as a model.


Decreased Neurovascular Coupling in Aged Mice

Mice were given three subsequent whisker stimulations (Figure 1A). All LSCI data were first acquired with Pimsoft software®. After the acquisition, data were extracted in binary format (.dat) and processed with a custom-made Matlab tool. The results were exported to a spreadsheet file and further analyzed and plotted. Furthermore, the Matlab tool generated an averaged image of all three stimulations, created CBF heat maps of individual mice, and allowed to average CBF values of all investigated mice in one single heat map (Figure 1B). The heat maps show an increased CBF in the area of the somatosensory cortex whereas CBF remained unchanged in the unstimulated surrounding cortex. CBF values from the heat maps could be extracted as numerical data and plotted. Two year-old mice had a 46 and 59% lower CBF response as compared to young and 1-year-old mice, respectively (Figure 1C, *P < 0.05: young vs. 2 year old, ***P < 0.001: 1 year vs. 2 year). No significant difference was found between young and 1-year-old mice. Moreover, 1-year-old mice had a moderately higher NVC response in comparison to young mice (Figure 1C). The slope of the CBF peak after the NVC stimulation was analyzed and a reduced slope was found in 2-years-old mice in comparison to young and 1-year-old mice, respectively (Figure 1D, *P < 0.05: young vs. 2 year and 1 year vs. 2 years), indicating a slower response in this age group. No difference was found between young and 1-year-old mice (Figure 2D).



Decreased and Sluggish CO2 Reactivity in Aged Mice

Following whisker stimulation, animals received 10% CO2 by inhalation to induce hypercapnia and subsequent cerebral hyperemia. End tidal pCO2 was assessed by microcapnometry and CBF was measured by LSCI (Figure 2A). A typical CBF response consists of an increase in CBF within one min after CO2 inhalation followed by a plateau phase and a gradual recovery phase after termination of CO2 inhalation (Figure 2B). Two-year-old mice showed a slower and lower CO2 response curve in comparison to young and 1-year-old mice [F(280, 2380) = 2.329, ***P < 0.0001, 2-way ANOVA]. The peak response in 2-year-old mice was reduced by 31 and 25% in comparison to young and 1-year-old mice, respectively (Figure 2C, *P < 0.05: young vs. 2 year). Not only the degree, but also the velocity of the CBF response was reduced in 2-year-old mice as indicated by a reduced slope of the CBF increase (Figure 2D, *P < 0.05: young vs. 2 year and 1 year vs. 2 year). As an integrative measure of the whole CBF response after hypercapnia we calculated the area under the curve (AUC). As expected from the previous measurements, also this value was significantly reduced in 2-year-old mice (Figure 2E, *P < 0.05: young vs. 2 year and 1 year vs. 2 year).



Reduced Vasodilation During NVC and Hypercapnia in Aged Mice

To directly visualize vascular reactivity in young, adult, and aged mice, animals received the plasma label FITC dextran and cerebral microvessels we imaged by in vivo 2-PM. Time series were recorded with the Zen® software (Zeiss, Oberkochen, Germany). Afterwards, original files were processed with our novel, investigator-independent vessel diameter measurement script and diameter changes of different vessel segments (pial arterioles, penetrating arterioles, and capillaries) were analyzed. A straight line crossing the investigated vessel at an angle of 90° was drawn and the inner diameter of the vessel was assessed based on the fluorescence of the injected plasma marker. Absolute changes of vessel diameter following whisker stimulation or hypercapnia were calculated by the script and expressed as % baseline (Figure 3A). A total of three whisker stimulations and one CO2 challenge were performed and analyzed.

The most pronounced vasodilation was observed in capillaries independent of the age of the animals or the stimulation paradigm (Figures 3B,C). Two-year-old mice showed a reduced response in penetrating arterioles and in capillaries, specifically after hypercapnia (Figure 3C, *P < 0.05: 1 year vs. 2 year), suggesting a spatially distinct effect of age on cerebrovascular reactivity.




DISCUSSION

In the current study, we developed two Matlab-based software tools, the “NVC-ToolBox,” to analyze neurovascular reactivity by in vivo LSCI and 2-PM imaging following whisker stimulation and hypercapnia. The NVC-ToolBox allowed us to analyze neurovascular reactivity in a fully blinded, automatized, fast, and user-friendly manner. Moreover, we used aging as a paradigm to validate the NVC-ToolBox, since aging is well-known to reduce neurovascular reactivity. Our results demonstrate that the NVC-ToolBox is an easy to use and reliable tool for the assessment of neurovascular reactivity. Statistically significant changes in neurovascular reactivity between groups could be identified with a group size of six animals and a reasonable variability. Further, the time needed to analyze the data could be shortened by over 90% and investigator bias was completely eliminated from the analysis process. In the manual analysis procedure, first, frames of 2-PM time series must be exported as separate images which is between 250 and 280 frames. Then these images are binarized, skeletonized and diameters were measured by another plugin using ImageJ software. This procedure takes for the manual analyzer approximately 5 min for each image. However, with the automated tool it takes only 1–2 s to analyze all frames. Therefore the differences between the manual and automated analysis in sense of time and quality is massive. In terms of the effect of age on neurovascular reactivity, our data suggest a differential response during aging. Further, 2-PM imaging revealed a distinct involvement of different vessel segments following NVC and hypercapnia, i.e., the most pronounced vasodilation was found primarily at the capillary level and aging reduced vascular reactivity mainly in this vascular bed; to our surprise pial arteriole reactivity following whisker stimulation was even increased during the aging.

NVC ensures rapid CBF regulation in response to neuronal activity. In vivo imaging techniques with a high spatiotemporal resolution are crucial for understanding changes in NVC, a process critical in many pathologies such as aging or dementia. Moreover, reliable assessment of NVC is only possible with proper surgical window preparations, stable animal physiology, reliable and reproducible stimulation modalities, precise data acquisition, and objective image analysis algorithms (38). One of the gold standard techniques for NVC measurements is LSCI which is a simple, non-invasive in vivo imaging technique for the measurement of tissue perfusion (39–43). When moving objects are illuminated by dispersed laser light, the scattered light will form an interference (“speckle”) pattern, which is proportional to tissue perfusion (44, 45). This technique is well-established and frequently used for dynamic imaging of CBF thanks to its high temporal resolution (11). When NVC is induced by forepaw, hind paw, or whisker stimulation, cerebral arterioles in the respective cortical area dilate to redistribute blood flow to the activated area. The subsequent increase in CBF can be visualized by 2-D heat maps using LSCI. Commercially available LSCI devices display, store and allow analyzing heat maps of individual animals, however, lack modalities to analyze data from cohorts of animals, specifically longitudinally. Since CBF responses can be spatially distinct and vary in intensity, changes often became only apparent when individual values of a group of animals are averaged or superimposed. This approach termed “co-registration” is not completely novel, since it has already been successfully used for the analysis of large cohorts of human and animal MRI, BOLD, or PET data (46, 47), however, it has, to the best of our knowledge, never been employed for the analysis of LSCI data sets. Using the NVC-ToolBox, multiple stimulations from the same subject and multiple subjects from the same experimental group can be averaged and high-resolution images displaying the mean response are created in a fully blinded and automated manner. Using this novel analysis tool, we observed that following whisker stimulation, young mice show a focal CBF response in the middle of the whisker area, while, 1-year-old mice showed a higher response covering almost the whole somatosensory cortex. In 2-year-old mice the response was focused again, but weak (Figure 1B). The observed changes in the spatial distribution of the laser speckle recordings could be linked to different factors. We can speculate that either the vascularization or the vascular function (or both) change with age. Many laboratories reported a reduction of capillary number and density in the aged brain (48–51). Others reported a substantial age-related decrease in brain arteriolar density in 24 vs. 13 months old rats (52–54). Some studies suggest that age-related changes can be multiphasic in the sense that capillary density increases during late adulthood and then declines at advanced ages in humans and rats (55, 56). Li et al. suggested a reduced capillary density together with a higher capillary flow velocity and heterogeneous capillary flow pattern in older vs. younger mice by using optical coherence tomography angiography (57). Therefore, oxygen delivery may be reduced during aging (58). Despite these data on vessel density and vessel function, quite little is known about cerebrovascular plasticity during the aging process. Our data suggest that aging is also associated with significant changes in the spatial CBF response, i.e., that aging induces plastic changes of the neuronal network, which is then followed, by a consecutive vascular change. Further experiments using longitudinal imaging in individual animals may answer this important issue.

Two-photon laser scanning microscopy is a state-of-the-art technique used for observing, and measuring vascular changes in vivo with high spatial and temporal resolution with deep tissue penetration (59). In the current study, we used 2-PM to visualize changes of the vascular diameter of different vessel segments upon whisker stimulation or hypercapnia. After acquiring 3-D image stacks from the cerebral cortex, the diameter of vessels needed to be measured in a reliable and efficient manner, since manual analysis of 2-PM data is a tedious, time-consuming, and quite subjective process. To overcome these shortcomings, we developed scripts to measure vessel diameter changes of all vessels present in the 3D stack quickly and reliably. The scripts used for the analysis of LSCI data, as well as the analysis of 2-PM data resulted in statistically significant changes in neurovascular reactivity between groups with a group size of six animals and reasonable variability. In addition, the time needed to analyze the data could be shortened significantly and investigator bias was abolished from the analysis process.

Another advantage of the currently used experimental approach is the use of two different imaging modalities investigating two different aspects of neurovascular reactivity. Two-photon microscopy allows the assessment of vessel reactivity with high spatial and temporal resolution, however, only in a very limited area of the cortex (e.g., 200 x 200 μm), while LSCI has a limited spatial resolution and depth penetration, but is able to assess CBF responses in much larger cortical areas (e.g., 4 x 4 mm or more). Hence, using these two techniques consecutively on the same animal has complementary advantages and will allow a more in depth understanding of neurovascular reactivity in the healthy and diseased brain.

Aging has multiple effects at the systemic, molecular, and cellular level and impairs, among others, cerebrovascular reactivity (8, 26, 27). In the current study, we performed whisker stimulation in three different age groups, namely young (6–8 weeks), 1-year, and 2-year-old mice. Our LSCI analysis tool successfully produced superimposed stimulation responses from individual mice and created high-resolution mean heat maps by averaging the data from a whole group of mice. After the creation of the maps, the visual data was processed with our tool to create numerical values. Thus, we observed a trend toward more pronounced neurovascular reactivity during the first year of age and significantly lower and slower responses in 2-year-old mice. These results are similar to those published by other laboratories, e.g., Park and colleagues also found a significant reduction of NVC in 2-year-old mice (27). Moeini et al. showed no significant tissue pO2 changes to whisker stimulation at the age of 15–16 months but a significant reduction at the age of 26–28 months (60). On the other hand Tucsek et al. (61) found a decreased NVC response at the age of 7 months by using laser doppler. Soleimanzad et al. also revealed a decreased response to odor stimulation at the age of 10 months by using multiexposure speckle imaging (36). Various results can be related to measurement techniques and response of specific cortex regions to specific stimuli can be differently affected during aging (60). Thus, the NVC-ToolBox generated data in line with the current literature.

Besides whisker response, 2-year-old mice had a reduced and slow vessel dilatation following hypercapnia, while 1-year-old mice showed no pathological response (Figure 2B). This data suggests that at the age of 1 year maximal dilation potential of the vessels maintain their ability to fully dilate while this function is significantly impaired by aging. Munting et al. showed no significant differences between young and 1-year-old mice to a 7.5% CO2 challenge by arterial spin labeling (62). In the current study we recorded a ~30% CBF increase following hypercapnia in young mice. Other studies, using different imaging techniques and anesthesia protocols, recorded values from 20 to 60% (8, 62, 63). These differences between laboratories emphasize the necessity for standardized and reproducible protocols for the assessment of neurovascular functions.

The analysis of vessel diameters at a depth of up to 100 μm within the cerebral cortex by 2-PM showed an increase in vascular reactivity toward smaller vessels, i.e., the highest response at the level of cortical capillaries. This observation was most pronounced in 1-year-old mature mice and almost eliminated in aged mice. Overall, neurovascular reactivity was reduced in 2-year-old mice in almost all vascular beds, except in pial vessels. This data suggest that different vessel segments react differently to sensory stimuli and that functional deterioration of the capillary bed might be the primary reason for reduced neurovascular reactivity and loss of vascular integrity during aging process (54). In fact, it has been reported that the tortuosity of the whole neurovascular tree (middle, anterior and posterior cerebral arterioles, penetrating arterioles, and capillaries) increases with age in mice and humans (64–67). Hence, such anatomical changes may well be part of the explanation why the functionality of the neurovascular network decreases with age. Moreover, distinct structural and functional characteristics of different vessel segments may explain why aging may have a differential effect on specific vascular beds. While pial arteries have a thick layer of smooth muscle cell lining and elastic lamina, penetrating arterioles have a thin smooth muscle layer, which gets completely lost while they dive deeper into the parenchyma. At the cerebral capillary level, endothelial cells are surrounded by a basement membrane, pericytes, and astrocytic end-feet (2, 68). Hence, these structures may be differentially affected by aging and may thus cause the observed spatially distinct neurovascular dysfunction.

Next to the degree and speed of neurovascular reactivity in different vascular beds, our data also shed some light on the signal transduction occurring along the vascular tree during NVC. A recent study from Rungta et al. showed that following neuronal stimulation blood velocity increases first in the surrounding capillary bed and only somewhat later in penetrating and pial arterioles (69), suggesting that capillaries trigger signals which are transferred to upstream arterioles and recruit them to the coupling response. Consequently, if the capillary response to neuronal activation is disturbed, also the upstream response should be reduced or interrupted. Interestingly, we did not observe this behavior in our current experiments. On the contrary, aging reduced the reactivity of cortical capillaries, but caused a hyperactive pial response, suggesting that aging may reduce the interaction between the brain parenchyma and cerebral vessels, but that upstream signaling along the vascular tree may remain intact. Hence, reduced capillary dilatation and subsequent lack of tissue perfusion would elicit increased upstream signaling and a hyperactive pial response. Investigating the mechanisms responsible for these changes, such as paravascular nerve fibers, perivascular astrocytes, adenosine, or neuronal nitric oxide (NO) (70–72), may help to reduce age related neurovascular dysfunction. Perivascular astrocytes, for example, which connect NO producing neurons with pial arterioles, are heavily activated in the aged brain (71, 73, 74). Thus, it may be speculated that activated astrocytes trigger dilation of pial arterioles in the presence of an impaired capillary response. On the other hand, pial arterioles are richly innervated by extrinsic perivascular sympathetic and parasympathetic postganglionic neurons (20, 75). Thus, it is possible that in the aged brain loss of cholinergic innervation or noradrenergic signaling could also reveal distinct pial arteriole responses in the aged brain (54, 76). Further experiments using the current developed setup may help to answer this and similar questions in the future.

Another question is of course which cellular or molecular mechanisms are responsible for the observed impairments of neurovascular reactivity during aging. Sufficient supply of the brain parenchyma with blood depends on an intact communication between the cells in the NVU, i.e. endothelial cells, astrocytes, and pericytes. It is well-known that during aging, elements of the NVU start to deteriorate resulting in dysfunction of the blood-brain barrier and capillary dilation (77–82). Reasons for these functional impairments maybe a decline in microvascular remodeling, i.e., the missing replacement of aged cells of the neurovascular unit (83), such as pericytes (80) due to the increased production of reactive oxidative species (ROS) in the aging brain (26, 84, 85) as suggested by Fan and colleagues who found significantly increased ROS production in 2-year-old mice and human brain tissue accompanied by reduced capillary density and cognitive decline (86).

In summary, we measured the effect of aging on neurovascular reactivity using two different imaging modalities and a custom-made, investigator-independent analysis tool. We show increased neurovascular reactivity during brain maturation and reduced neurovascular reactivity during aging. Furthermore, we showed that aging does not affect all cortical vessel segments equally, but has a distinct effect on capillaries. Thus, the NVC-ToolBox turned out to be a reliable, robust, and investigator-independent tool to analyze neurovascular reactivity in the healthy and aged mouse brain.
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Objective: Cerebral autoregulation limits the variability of cerebral blood flow (CBF) in the presence of systemic arterial blood pressure (ABP) changes. Monitoring cerebral autoregulation is important in the Neurocritical Care Unit (NCCU) to assess cerebral health. Here, our goal is to identify optimal frequency-domain near-infrared spectroscopy (FD-NIRS) parameters and apply a hemodynamic model of coherent hemodynamics spectroscopy (CHS) to assess cerebral autoregulation in healthy adult subjects and NCCU patients.

Methods: In five healthy subjects and three NCCU patients, ABP oscillations at a frequency around 0.065 Hz were induced by cyclic inflation-deflation of pneumatic thigh cuffs. Transfer function analysis based on wavelet transform was performed to measure dynamic relationships between ABP and oscillations in oxy- (O), deoxy- (D), and total- (T) hemoglobin concentrations measured with different FD-NIRS methods. In healthy subjects, we also obtained the dynamic CBF-ABP relationship by using FD-NIRS measurements and the CHS model. In healthy subjects, an interval of hypercapnia was performed to induce cerebral autoregulation impairment. In NCCU patients, the optical measurements of autoregulation were linked to individual clinical diagnoses.

Results: In healthy subjects, hypercapnia leads to a more negative phase difference of both O and D oscillations vs. ABP oscillations, which are consistent across different FD-NIRS methods and are highly correlated with a more negative phase difference CBF vs. ABP. In the NCCU, a less negative phase difference of D vs. ABP was observed in one patient as compared to two others, indicating a better autoregulation in that patient.

Conclusions: Non-invasive optical measurements of induced phase difference between D and ABP show the strongest sensitivity to cerebral autoregulation. The results from healthy subjects also show that the CHS model, in combination with FD-NIRS, can be applied to measure the CBF-ABP dynamics for a better direct measurement of cerebral autoregulation.

Keywords: cerebral autoregulation, cerebral blood flow, near-infrared spectroscopy, frequency-domain, coherent hemodynamics, neurocritical care, brain, oscillations


1. INTRODUCTION

Cerebral autoregulation is a homeostatic feedback mechanism that maintains stable cerebral blood flow (CBF) despite moderate changes in arterial blood pressure (ABP). This mechanism utilizes the arteries and arterioles of the brain that can dilate and constrict to regulate CBF and limit its variability. In the Neurocritical Care Unit (NCCU), measurements of cerebral autoregulation in patients with traumatic brain injury can help the diagnosis and monitoring of pathological conditions to improve patient care and to prevent further injury to the brain (1). In fact, impaired cerebral autoregulation is linked to poor clinical outcomes in a variety of conditions such as subarachnoid hemorrhage, stroke, traumatic brain injury, etc. (2–4).

Early studies refer to cerebral autoregulation as a static phenomenon described by a non-linear curve with a characteristic CBF plateau in a range of ABP in which cerebral autoregulation is active (5). With the use of transcranial Doppler ultrasound (TCD) for non-invasive and rapid measurements of CBF, dynamic cerebral autoregulation was introduced by investigating CBF transients in response to dynamic ABP changes (6, 7). One common protocol to assess dynamic autoregulation involves targeting ABP oscillations at low frequencies (<0.2 Hz). Such oscillations can occur spontaneously (8) or can be induced by using various protocols including periodic thigh-cuff inflation (9) and paced breathing (10–12). A transfer function analysis is performed to quantify the relationship between ABP (input, as monitored simultaneously by finger plethysmography) and CBF (output, as monitored by TCD). A more positive phase shift between CBF vs. ABP (i.e., a faster recovery of CBF in response to ABP changes) is often associated with an effective cerebral autoregulation (8, 10, 11, 13). This technique has been applied in the clinical setting to assess cerebral autoregulation in patients with intracranial hypertension (14), traumatic brain injury (15), acute ischemic stroke (16, 17), carotid artery occlusive disease (10), intracranial hemorrhage (4), etc. It was shown that a higher correlation coefficient (15) and a smaller phase difference (16) between CBF and ABP implies worsening autoregulation in those patients. Although TCD together with ABP measurements have been widely used for autoregulation assessment in various population, TCD has its limitations as it cannot measure microvascular and localized changes in CBF.

Oscillations in blood flow and blood volume have individual effects on the oscillations of hemoglobin concentrations that can be sensed by near-infrared spectroscopy (NIRS). Specifically, NIRS is an optical technique that can measure cerebral changes in oxy-, deoxy-, and total hemoglobin concentrations [O(t), D(t), and T(t), respectively]. As compared to TCD, NIRS is sensitive to more local changes in hemodynamics in different compartments of the microvasculature. NIRS can provide measurements with a spatial resolution of less than 4 cm spatially and less than 2 cm in depth (18), thus realizing a better self-contained and spatially congruent technology for local CBF and autoregulation assessment (11). Spontaneous and induced oscillations in hemoglobin concentrations measured by NIRS have been shown to be sensitive to cerebral autoregulation in literature. For instance, studies have reported dynamic cerebral autoregulation measured indirectly through the dynamic relationship between D and O (10, 19, 20), between O and ABP (11, 21–24), between D and ABP (10), between T and ABP (25), and between cerebral tissue saturation (the ratio of O to T) and ABP (26, 27). However, there is no clear evidence of which relative dynamic relationship between hemoglobin concentrations and blood pressure is the most sensitive to cerebral autoregulation. This could possibly be due to the issue of NIRS measurements as they are not solely sensitive to CBF but in fact a combination and interplay of CBF, cerebral blood volume (CBV), and cerebral metabolic rate of oxygen (CMRO2). As a result, it is highly relevant to translate NIRS measurements into underlying physiological processes, especially to more correct and direct measurements of CBF dynamics. This can be achieved by using a hemodynamic model for coherent hemodynamics spectroscopy (CHS) (28) that converts frequency-domain (FD) NIRS measurements into a relative CBF changes [cbf(t)]. This model takes into account the effects of CBV changes and blood transit times in the capillary and venous compartments in the measurements of hemoglobin concentrations (29, 30).

One well-known issue with non-invasive cerebral NIRS using continuous-wave (CW) instruments is the contribution to the optical signal from extra cerebral hemodynamics in superficial tissue (scalp) and in the skull. The most common setup for this kind of measurement is using intensity data in a single-distance (SD) configuration, which consists of one source and one detector separated by a set distance. Single-slope (SS) methods, based on either a single source and multiple detectors or a single detector and multiple sources have been introduced to improve the quality of optical measurements of tissue saturation and to reduce sensitivity to superficial tissue (31, 32). Another approach based on a special configuration of two sources and two detectors was proposed in frequency-domain (FD) spectroscopy for self-calibrating absolute measurements of optical properties in diffuse media (33). This method was implemented in commercial CW-NIRS tissue oximeters (34, 35). More recently, this special arrangement was revisited for enhanced depth discrimination on the basis of separate intensity or phase measurements in FD-NIRS (and named dual-slope (DS) method in this context) (18, 36), or the moments of the photon time of flight distribution in time-domain (TD) NIRS (37). Here, we consider separate intensity (I) and phase (ϕ) measurements obtained with FD-NIRS in SD, SS, and DS configurations. Based on previous studies (18, 38), slope measurements (SS, DS) were shown to be more sensitive to cerebral hemodynamics than SD data, and ϕ data were shown to be more sensitive to the brain than I data. Furthermore, from a practical viewpoint, the DS method also provides a benefit of being largely insensitive to instrumental drifts and optical coupling effects (36). We have demonstrated the potential of NIRS-CHS to measure cerebral autoregulation in healthy subjects in a protocol of rapid step changes in ABP (39). While in our previous study only CW measurements were used (39), here we further explore the potentiality of FD measurements for assessment of dynamic cerebral autoregulation in healthy controls and in the clinical settings.

The scope of this work is to first validate our protocol of induced cerebral hemodynamic oscillations to measure cerebral autoregulation in controlled healthy subjects and in NCCU patients. In the sample of healthy subjects, we first targeted the blood-pressure-induced hemoglobin oscillations (i.e., O, D, and T oscillations) at about 0.065 Hz that are most sensitive to cerebral autoregulation impairment by hypercapnia in healthy subjects. Hypercapnia, a state of elevated arterial CO2 concentration above normal levels (normocapnia), causes vasodilation of arterioles and, thus, an increase in CBF (40) and a decrease in cerebral autoregulation capacity (6, 41, 42). In the sample of NCCU patients, the results from healthy subjects were used to guide the clinical interpretation of three patients. We aim to demonstrate the feasibility of using these optical measurements with a protocol of blood-pressure-induced hemodynamic oscillations to monitor cerebral autoregulation efficiency in patients with brain injuries. The second goal of this study is to propose the applicability of the CHS model to provide optical measurements of CBF-ABP dynamics, which is more directly related to the cerebral autoregulation efficiency than NIRS measurements of O, D, and T, without any model. Finally, we aimed at investigating these results with different kinds of FD-NIRS methods (SD, SS, DS with either I or ϕ data) that may feature different relative sensitivities to cerebral vs. extracerebral hemodynamics, thus helping to address the issue of extracerebral tissue contamination in NIRS signals.



2. MATERIALS AND METHODS


2.1. Human Subjects

Eight subjects participated in the two studies: five healthy subjects (subjects 1–5; one female, four males, age range: 23–33 yr) and three NCCU patients (patients 1–3; one female, two males, age range: 17–67 yr). The NCCU patients were recruited from Tufts Medical Center, and a summary of patient demographic information can be found in Table 1. Both studies were approved by the Tufts University Institutional Review Board and all participants signed an informed consent prior to the experiment. For the NCCU patients, patient 1 participated on 3 days, patient 2 on 2 days, and patient 3 on 1 day. Each day, the measurement session was repeated three times. We report the results for a single day and measurement session, selected on the basis of low motion artifacts, high signal-to-noise ratio of the optical data, and maximum extent of induced oscillations in ABP and cerebral hemodynamics.


Table 1. Summary of patient information from neurocritical care unit.
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2.2. Data Acquisition and Experimental Protocol

Figure 1 shows the setups for the experiments on healthy subjects (Figures 1A,B) and on NCCU patients (Figures 1C,D). In the healthy subjects, the FD-NIRS measurements were performed using a commercial FD-NIRS instrument (Imagent, ISS Inc., Champaign, IL; wavelengths: 690 and 830 nm; modulation frequency: 140.625 MHz) operating at a data acquisition rate of 9.93 Hz. An optical probe was placed on the right side of the subject's forehead. This probe consisted of a linear array of two source fiber pairs and two detector fiber bundles that are symmetrical about the midline between the two sources. This configuration allows for two SD measurements at 35 mm source-detector distances, two SS measurements at source-detector distances of 25 and 35 mm, and one DS measurement with two sets of 25 and 35 mm source-detector distances (Figure 1A). In the NCCU, FD-NIRS measurements were done using a second commercial system (OxiplexTs, ISS Inc., Champaign, IL; wavelengths: 690 and 830 nm; modulation frequency: 110 MHz) operating at a data acquisition rate of 12.5 Hz. The optical probe was also placed on the right side of the patient's forehead. The probe consisted of one detector fiber bundle and four separate source fiber pairs, with source-detector distances of 20, 25, 30, and 35 mm (Figure 1C). The optical system was calibrated using a phantom of known optical properties, allowing for absolute measurements of tissue optical properties.


[image: Figure 1]
FIGURE 1. Experimental setup and schematic diagrams of the optical probes used for healthy subjects (A,B) and patients in the neurocritical care unit (NCCU; C,D). For the healthy subjects, the optical probe was placed on the right side of the forehead and included two sources [1 & 2] and two detectors [A & B] that are symmetrical about the midline of the two sources (A). The probe featured two single-distance (SD) measurements at 35 mm source-detector distances [1B & 2A], two single-slope (SS) measurements with 25 and 35 mm distances [1AB & 2BA], and one dual-slope (DS) measurement with two 25 mm and two 35 mm distances [1AB2]. For the NCCU patients, the optical probe was placed on the right side of the forehead, it featured four source-detector distances of 20, 25, 30, and 35 mm (C) in a multi-distance configuration. Both setups included an optical probe, finger plethysmograph to monitor arterial blood pressure (ABP), and pneumatic thigh cuffs wrapped around both thighs (B,D). During the healthy subject experiment (B), a facemask was worn to breath either medical air or 5% CO2 mixed with 21% O2 and balanced N2.


In both experiments on healthy subjects and in the NCCU, two pneumatic thigh cuffs were wrapped around the subject's thighs and were connected to an automatic cuff inflation system (E-20 Rapid Cuff Inflation System, D.E. Hokanson, Inc., Bellevue, WA). The air pressure in the thigh cuffs was monitored by a digital manometer (Series 626 Pressure Transmitter, Dwyer Instruments, Inc., Michigan City, IN). The maximum pressure was set to be above systolic blood pressure, specifically to 200 mmHg for healthy subjects, and between 150 and 180 mmHg (reported in Table 1) for the NCCU patients. This value was dependent on individual blood pressure and physician's recommendation. Inflation of the pneumatic thigh cuffs was done smoothly to maximum pressure and took approximately 1 s for healthy subjects and approximately 4 s for NCCU subjects. Previous work (not reported) has shown no effect on results due to inflation times.

In the experiment on healthy subjects, the subject breathed through a facemask (AFT25, BIOPAC Systems, Inc., Goleta, CA) medical air (21% O2, 79% N2) for 7 min (normocapnic baseline), 5% CO2 mixed with 21% O2 and balanced N2 (5% CO2, 21% O2, 74% N2) for 3 min (hypercapnic interval), and then medical air for 5 min of recovery. The setup for the normocapnia-hypercapnia experiment on healthy subjects was described elsewhere in detail (43). An end-tidal carbon dioxide pressure (PETCO2) signal was collected by using an infrared-based CO2 monitor module (CO2100C, BIOPAC Systems, Inc., Goleta, CA) connected to the facemask. The thigh cuff oscillations were performed at a frequency of 0.066 Hz for 1.5 min during the normocapnic baseline and during the second half of the hypercapnia interval. The experimental setup for healthy subjects is shown in Figure 1B. In the NCCU, the experimental protocol consisted of 5 min of baseline, 2 min of thigh cuff oscillations at a frequency of 0.063 Hz, and 5 min of recovery (44). The patients were assumed to be in a normocapnic state as they were either independently breathing room air (patient 2) or on ventilator support (patients 1 and 3). The experimental setup for NCCU patients is shown in Figure 1D.

In all the experiments, continuous ABP was monitored with a finger plethysmography system (NIBP100D, BIOPAC Systems, Goleta, CA). Analog outputs of the ABP monitor, the pneumatic thigh cuff manometer, and the PETCO2 monitor (in the case of healthy subject experiments) were fed to auxiliary inputs of the FD-NIRS instrument for concurrent recordings with the optical data at the same acquisition rate. In the NCCU, intracranial pressure (ICP) from an invasive ICP probe was recorded continuously during each experiment via an Philips Intellivue monitor (Philips Medical Systems, Eindhoven, the Netherlands) and synced to the optical data. The mean arterial pressure (MAP) was calculated from the non-invasive ABP measurements as a weighted average of systolic and diastolic ABP as MAP = [systolic blood pressure+(2× diastolic blood pressure)]/3. These two metrics were used to calculate cerebral perfusion pressure (CPP), which is computed as CPP = MAP − ICP for every time point. Table 1 reports the median value over the experiment with their respective 25% and 75% quartiles for ICP, MAP, and CPP.



2.3. Data Processing


2.3.1. Measurements of Absolute and Relative Hemoglobin Concentrations

During the initial baseline periods, average absolute oxy-, deoxy-, and total-hemoglobin concentrations (O0, D0, and T0 = O0 + D0, respectively, with subscript “0” indicating average baseline values) were computed. Specifically, these absolute hemoglobin concentration values were obtained from average baseline absorption coefficients (μa,0) at two wavelengths (690 and 830 nm) by using known extinction coefficients (45) and an assumed water content of 70% by volume (46). Tissue optical properties at baseline, namely μa,0 and the reduced scattering coefficient ([image: image]), were obtained at the two wavelengths using either the self-calibrating method (33) on data from healthy subjects or the calibrated multi-distance method (31) on data from the NCCU patients. Both methods were applied with an iterative approach on the NIRS intensity I and phase ϕ data collected at baseline. A full description of this iterative technique can be found in (47).

Relative changes in hemoglobin concentrations with respect to baseline [ΔO(t), ΔD(t), ΔT(t) = ΔO(t) + ΔD(t)] were obtained from relative changes in absorption, Δμa(t), at two wavelengths. Here, we calculated Δμa(t) by using three different configurations (SD, SS, and DS) and two data types (I and ϕ data). SDI and SDϕ measurements refer to the I and ϕ data, respectively, collected by a single source-detector pair. SSI and SSϕ refer to the linear dependence of an I-based function ([image: image]) and ϕ on source-detector distance ρ, respectively (43). Δμa from SDI and SDϕ were found by using the differential pathlength factors (DPF: DPFI for I and DPFϕ for ϕ), and from SSI and SSϕ by using the differential slope factors (DSF: DSFI for I and DSFϕ for ϕ). The expressions of DPF and DSF were described in detail elsewhere (18), and require the measurements of optical properties at baseline μa,0 and [image: image]. DS measurements for I or ϕ can be obtained by taking the average of the two symmetrical SS measurements. With the probe configuration used in the two experiments (Figure 1), we reported measurements from two SDI and two SDϕ at 35 mm source-detector distances, two SSI at 25 and 35 mm source-detector distances, one DSI, and one DSϕ for healthy subjects; and measurements from one SDI, one SDϕ at 35 mm, and one SSI measurement at 25 and 35 mm source-detector distances for NCCU patients. SSϕ measurements were not reported in this study due to a poor signal-to-noise ratio (18).

Figure 2 shows typical experimental time traces for a representative healthy subject (subject 1) and a representative NCCU patient (patient 2). The signals include: the recorded pneumatic thigh cuff pressure (PCUFF), PETCO2 (for the healthy subject), ABP, and time traces of ΔO and ΔD obtained with different data analysis methods.


[image: Figure 2]
FIGURE 2. Representative time traces collected during the experiment on healthy subjects (subject 1, left column) and patients in the neurocritical care unit (NCCU) (patient 2, right column). For the healthy subject, signals are shown for pneumatic thigh cuff pressure (PCUFF, black, A), end-tidal carbon dioxide pressure (PETCO2, yellow, A), arterial blood pressure (ABP, green, B), and changes in oxyhemoglobin (ΔO, red) and deoxyhemoglobin (ΔD, blue) measured with single-distance intensity (SDI 2A, 35 mm, C), single-distance phase (SDϕ 2A, 35 mm, D), single-slope intensity (SSI 1AB, 25 and 35 mm, E), dual-slope intensity (DSI 1AB2, 25 and 35 mm, F), and dual-slope phase (DSϕ 1AB2, 25 and 35 mm, G). For the NCCU patient, signals are shown for PCUFF (H), ABP (I), and for ΔO and ΔD measured with SDI (35 mm, J), SDϕ (35 mm, K), and SSI (25 and 35 mm, L). Gray shaded areas indicate the cuff inflation periods (from start of inflation to start of deflation). Thigh cuffs were inflated and deflated at a frequency of 0.066 Hz for healthy subjects and at 0.063 Hz for NCCU patients. Yellow shaded areas indicate hypercapnic interval. ABP and optical signal traces are lowpass filtered to 0.1 Hz.




2.3.2. Wavelet Analysis of Phasor Ratios

We performed transfer function analysis using Wavelet coherence and phasor analysis to determine the phase differences and amplitude ratios of the coherent hemodynamic oscillations (i.e., oscillations in O, D, T) vs. ABP oscillations within the interval of the thigh cuff inflation-deflation oscillations. The processing steps were the same for both healthy subjects and NCCU patients. These analyses were described in references (20, 38) and are summarized here.

Briefly, a continuous wavelet transform with complex Morlet mother wavelet was used to get two-dimensional phasor maps of D(t, ω), O(t, ω), T(t, ω), and ABP(t, ω), as functions of time (t) and frequency (ω). Note that we use bold-face notations to indicate phasor values. From these phasor maps, we computed the phasor ratio maps of [image: image], [image: image], and [image: image]. The phasor ratio maps refer to the dynamic relationship between oscillations of hemoglobin concentrations and ABP(t) at time t and angular frequency ω. Along with the phasor ratio maps, two-dimensional wavelet coherence maps between two signals (O vs. ABP, D vs. ABP, and T vs. ABP) were also computed. A measure of coherence defines coupling between one signal (ABP) and another [O(t), D(t), or T(t)]. A high coherence value (closer to 1) can be used to ensure the validity of phase and amplitude estimations of the phasor ratios (8, 13). We applied a map of coherence threshold values on each corresponding coherence map, and only considered the corresponding time-frequency pixels in the phasor ratio maps with coherence that passed the threshold (significantly high coherence) for further analysis. The coherence threshold map was generated from random surrogate data (48, 49) at a significance level of α = 0.05. For the phasor ratio [image: image], we used the regions in the time-frequency space with significantly high coherence for both O vs. ABP and D vs. ABP.

After applying the coherence threshold, we only considered the average phasor ratios D/ABP, O/ABP, T/ABP, and D/O with significantly high coherence within the time intervals of the thigh cuff oscillation and a frequency band centered at the central frequency of the induced oscillation. The central frequency was 0.066 Hz for the healthy subject data and 0.063 Hz for the NCCU patient data. The bandwidth of the frequency band was determined by the half power bandwidth of a simulated test sinusoidal signal, which resulted in six frequency bands in the range of 0.059–0.079 Hz for the healthy subject data, and five frequency bands in the range of 0.055–0.074 Hz for the NCCU patient data. Further criteria required to include an individual phasor sample in the average were that the region of interest consisted of continuous coherence longer than one period of the oscillation at the central frequency and at least two continuous frequency bands (where one is the central frequency). The argument of the phasor ratio represents the phase difference between the two phasors, and the magnitude represents the amplitude ratio of the two phasors. We used standard statistics and circular statistics (50) for the calculation of the mean and standard deviation of amplitudes and phase angles, respectively, within the induced oscillation interval with significantly high coherence. Standard errors of the measurements were calculated by dividing the standard deviations by the square root of number of independent observations, which was taken as the number of periods at the induced oscillation that passed the coherence threshold. This amplitude and phase analysis was applied to data collected with all the different analysis methods: SDI, SDϕ, SSI, DSI, and DSϕ for healthy subjects; SDI, SDϕ, and SSI for NCCU patients.



2.3.3. Hemodynamic Model to Determine the Relative Cerebral Blood Flow and Arterial Blood Pressure Dynamics

In the sample of healthy subjects, we applied the dynamic hemodynamic model of CHS introduced by Fantini (28) to calculate dynamic relationship between CBF and ABP. Specifically, the two-dimensional map of the phasor ratio [image: image] were obtained from the phasor ratio maps of [image: image], [image: image], and [image: image] with significantly high coherence. Here, cbf and abp refer to normalized changes in CBF (in units of mLblood/100 gtissue/min) and ABP, respectively, with respect to baseline values. The computation of the phasor ratio [image: image] by using the frequency-domain CHS model is described in detailed in the Supplementary Material. Briefly, the CHS model provides an analytical way to describe how NIRS measurements of hemoglobin concentrations O, D, and T are related to the effects of changes in blood volume in three microvascular compartments (arterial, capillary, venous) and the effects of changes in blood flow and metabolic rate of oxygen in the capillary and venous compartments. Under the assumption of negligible changes in CMRO2 during the dynamic oscillations, the CHS model can provide measurements of cbf from NIRS measurements of O(t) and D(t). Additional assumptions include negligible changes in capillary (c) blood volume cbv(c)(t) = 0 and equal arterial (a)-to-venous (v) dynamic CBV ratio [image: image]. We assumed values for CHS model parameters such as capillary baseline CBV fraction [image: image], baseline arterial and venous CBV ratios as [image: image], capillary blood transit time t(c) = 1 s, venous blood transit time t(v) = 5 s, and rate constant of oxygen diffusion α = 0.8 s−1 based on values from healthy human subjects (30). The calculation also requires the input of absolute baseline total-hemoglobin concentration T0. Using the same method and criteria as described in section 2.3.2, we computed the average phasor ratio cbf/abp within the time interval of the thigh cuff oscillation and a frequency band centered at the central frequency of the induced oscillation.




2.4. Statistical Analysis

Statistical tests were used to assess the differences between normocapnia and hypercapnia for phase differences and amplitude ratios of D vs. ABP, O vs. ABP, T vs. ABP, cbf vs. abp, and D vs. O. Specifically, the one-sample test for angular mean (50) was applied to test if the mean paired phase difference values during hypercapnia and normocapnia (hypercapnia − normocapnia) is significantly less than 0° (one-tailed test). A paired t-test on a linear scale was applied on the amplitude ratios to test if the mean paired difference between the amplitude ratio values during normocapnia and hypercapnia is significantly different from 0 (two-tailed test). These statistical tests assume that the phase values follow a von Mises distribution (50), and the amplitude ratio values follow a normal distribution. A value of p < 0.05 was considered as significant.




3. RESULTS


3.1. Phase and Amplitude Relations in Healthy Controls: Normocapnia vs. Hypercapnia

From five healthy subjects, hypercapnia caused a significant increase in PETCO2 from 37 ± 2 mmHg to 54 ± 1 mmHg (mean ± standard error, paired t-test p = 0.001). Figure 3 displays box plots showing phase and amplitude measurements of D/ABP, O/ABP, T/ABP, cbf/abp, and D/O obtained from five healthy subjects during normocapnia and hypercapnia for different FD-NIRS methods (SDI, SDϕ, SSI, DSI, and DSϕ). The median values and the respective [25%, 75%] quartiles of the phase values for normocapnia and hypercapnia are reported in Table 2. Note that for every subject from this data set, two measurements of SD and two measurements of SS were reported.


[image: Figure 3]
FIGURE 3. Box plots depicting average phase differences (left column) and amplitude ratios (right column) of phasors of deoxyhemoglobin (D) vs. phasors of arterial blood pressure (ABP) (panels A,F), oxyhemoglobin (O) vs. ABP (panels B,G), total hemoglobin (T) vs. ABP (panels C,H), normalized cerebral blood flow (cbf) vs. normalized arterial blood pressure (abp) (panels D,I), and D vs. O (panels E,J) at 0.066 Hz. Boxes are shown for normocapnia (blue) and hypercapnia (red). On each box, the central line is the median, the edges are the 25 and 75% quartiles, and the whiskers indicate the most extreme data points excluding outliers. Circles indicate individual measurements, and error bars represent the standard errors of the measurements. Each gray line connects normocapnic and hypercapnic data points from the same measurement session. Horizontal lines (black) indicate comparison between normocapnia and hypercapnia by means of statistical tests and corresponding p-values are denoted (*p < 0.05; **p < 0.01; ***p < 0.001).



Table 2. Values of the phase differences of phasors of deoxyhemoglobin (D) vs. arterial blood pressure (ABP), oxyhemoglobin (O) vs. ABP, total hemoglobin (T) vs. ABP, normalized cerebral blood flow (cbf) vs. normalized arterial blood pressure (abp), and D vs. O during normocapnia and hypercapnia.

[image: Table 2]

In general, the results presented by Figure 3 and Table 2 show that the relative phase of D vs. ABP (Figure 3A), O vs. ABP (Figure 3B), and cbf vs. abp (Figure 3D) are sensitive to autoregulation efficiency in healthy subjects across all measurement methods. The amplitude ratios are generally insensitive to autoregulation in all measurement methods and parameters. For the phase relationships, we observe a sensitivity to cerebral dynamic autoregulation for the relative phase of D vs. ABP (p < 0.02), O vs. ABP (p < 0.03), and cbf vs. abp (p < 0.01). Specifically, from normocapnia to hypercapnia, the phase of D vs. ABP is reduced by ~40° across all the methods, the phase of O vs. ABP is reduced by ~30°, and the phase of cbf vs. abp is reduced by ~25°. On the other hand, the relative phase of T vs. ABP shows significance for only two methods (SDϕ and DSI, p= 0.02 and 0.04, respectively) with the others showing no significant phase difference (remaining measurement methods, p>0.09) to a hypercapnia-induced change in cerebral autoregulation.

While both ∠D/ABP and ∠O/ABP indicate a significant change in response to a change in cerebral autoregulation efficiency in healthy subjects, D/ABP displayed a larger average change in phase in three of the five methods compared to O/ABP (Table 2). Statistically, the phase change in ∠D/ABP between normocapnia and hypercapnia is significantly greater than the phase change in ∠O/ABP (p = 0.02). This suggests that D oscillations could be a stronger indicator of dynamic cerebral autoregulation compared to O oscillations. Oscillations of D and O during normocapnia and hypercapnia had a mean phase difference of approximately −180° to −250°, indicating a counterphase relationship. For D/O, only measurements from I showed a significant reduction in phase from normocapnia to hypercapnia (SDI, SSI, and DSI; p < 0.03), while ϕ measurements showed no significant change to a change in cerebral autoregulation efficiency (SDϕ, p = 0.4; DSϕ, p = 0.5).

Finally, all the measurement methods (SDI, SDϕ, SSI, DSI, DSϕ) are sensitive to cerebral autoregulation changes as measured by ∠O/ABP, ∠D/ABP, and ∠cbf/abp, with p ≤ 0.03 for all methods and parameters as shown in Table 2. Statistical tests show no significant difference between DSI and DSϕ in the phase change from normocapnia to hypercapnia for ∠O/ABP, ∠D/ABP, and ∠cbf/abp (p > 0.1). Between SDI and SDϕ, only ∠O/ABP shows a significant difference in the normocapnia-hypercapnia phase changes (p = 0.009), while other parameters show no significant difference (p > 0.05).



3.2. Phase Relations in NCCU Patients

Figure 4 reports the relative phase of D vs. ABP (Figure 4A) and O vs. ABP (Figure 4B) for the three NCCU patients. Results are shown for SDI 35 mm, SDϕ 35 mm, and SSI 25 and 35 mm. The reason for reporting the relative phases of D vs. ABP and O vs. ABP for NCCU patients (Figure 4) is that the results on healthy subjects (Figure 3) showed them to be most sensitive to autoregulation changes, more so than the relative phases of T vs. ABP and D vs. O, and any amplitude ratios. We also opted to not report the phase of cbf vs. abp in NCCU patients because of the need to assume values of hemodynamic parameters (capillary and venous blood transit times, partial blood volume in the arterial, capillary, and venous compartments, etc.) that are expected to be more variable in NCCU patients than in healthy subjects.
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FIGURE 4. Relative phase of D vs. ABP (A) and O vs. ABP (B) for oscillations at 0.063 Hz in 3 NCCU patients measured with single-distance intensity (SDI), single-distance phase (SDϕ), and single-slope intensity (SSI). Color and marker style are consistent for each subject. Error bars represent the standard errors of the measurements. Data for SDϕ in patient 3 and SSI in patient 2 are missing due to a coherence level below the threshold.


It should be noted that the results of Figure 4 allow for a patient by patient comparison, but the number of patients (three) is too small to draw general conclusions. Additionally, we are lacking an independent measurement of cerebral autoregulation in each subject, and cannot make a definite statement on reproducibility among trials in individual patients due to lack of clean data for all three patients. Patients 1 and 3 had high quality data for only 1 day and trial, whereas patient 2 had multiple trials with acceptable data quality in a given day. The inter-trial variability of the relative phase of D vs. ABP in patient 2 was smaller than the inter-patient differences reported in Figure 4A. However, more work needs to be done to better characterize intra-patient and inter-patient variability in these non-invasive optical measurements of cerebral hemodynamics. Nevertheless, these results allow us to report the technical feasibility of NIRS measurements of cerebral oscillatory hemodynamics that are coherent with ABP. Furthermore, the measurements on healthy subjects during normocapnia and hypercapnia provide a key reference to read and interpret the results observed in the NCCU patients in relation to different levels of cerebral autoregulation.

Results on healthy subjects (Figure 3A) show that an impairment of cerebral autoregulation (during hypercapnia) results in a more negative relative phase of D vs. ABP as compared to normocapnia. In the NCCU patients (Figure 4A), we observe a less negative phase of D vs. ABP (with all measurements: SDI, SDϕ, SSI) in patient 2 compared to patients 1 and 3, suggesting a better autoregulation in patient 2. The phase between O and ABP also became more negative with impaired autoregulation in healthy subjects (as shown in Figure 3B). The results for the relative phase of O vs. ABP in the NCCU (Figure 4B) were not as clear as those for the relative phase of D vs. ABP, because of lack of some data (low coherence) for SDϕ patient 3 and SSI patient 2, and opposite results for SDI (more negative phase for patient 2) and SDϕ (less negative phase for patient 2). This result is in line with the smaller impact of autoregulation changes in the phase of O vs. ABP than D vs. ABP in the data from healthy subjects. This may be a consequence of incoherent hemodynamics contributions from the arterial compartment in scalp tissue.




4. DISCUSSION

This study showed that: (1) relative dynamics of cerebral O and D vs. ABP dynamics are sensitive to dynamic cerebral autoregulation changes between normocapnia and hypercapnia in healthy subjects, with the relative phase of D vs. ABP being the most sensitive indicator of cerebral autoregulation efficiency; (2) the relative phase of D vs. ABP measured in the oscillation protocol can be used in the NCCU to assess the degree of cerebral autoregulation in patients with brain injuries; (3) it is feasible to measure CBF-ABP dynamics by applying the CHS model on the blood-pressure-induced oscillations in cerebral O and D measured by FD-NIRS in healthy adult subjects; and (4) all the measurement methods (SDI, SDϕ, SSI, DSI, DSϕ) were found to have similar sensitivity to cerebral autoregulation changes for this specific protocol of hemodynamic oscillations.

The results from healthy subjects showed that both blood-pressure-induced O and D dynamics are sensitive to dynamic cerebral autoregulation, but the phase difference of D vs. ABP showed stronger sensitivity to the cerebral autoregulation changes between normocapnia and hypercapnia than O vs. ABP. We have shown that these results were consistent across different measurements within five healthy subjects. These results are somewhat in line with the NCCU patients results that suggest D oscillations as more robust than O oscillations for the assessment of cerebral autoregulation in the NCCU. Many studies in the literature have used O oscillations or the O-ABP phase difference to assess dynamic cerebral autoregulation, mostly because O changes are sensitive to all vascular compartments while D changes are more sensitive to the venous compartment (23). On the other hand, the results from NCCU patients in our study are consistent with the results from (10), who reported a significant change in the phase difference of D vs. ABP and no significant change in the phase difference of O vs. ABP between healthy controls (i.e., intact cerebral autoregulation) and the affected hemisphere of patients with unicarotid stenosis (i.e., impaired cerebral autoregulation). This observation may result from the fact that O and D are impacted to a similar extent by blood flow changes, whereas O is impacted to a greater extent by blood volume changes than D. Specifically, O is affected by blood volume changes in all vascular compartments, while D is mostly affected by blood volume changes in the capillaries and venous compartment. Our results on healthy subjects have shown that the phase of CBF oscillations is sensitive to cerebral autoregulation efficiency, while CBV (or T) oscillations do not exhibit significant changes between normocapnia and hypercapnia. This could explain the observation that D oscillations are more sensitive to cerebral autoregulation changes than O oscillations. Furthermore, it has been observed that NIRS measurements of task-evoked O changes measured non-invasively with NIRS correlate more closely than D changes with extracerebral functional magnetic resonance imaging (fMRI) signals (51–53), and that scalp tissue has poorer cerebral autoregulation efficiency than in the brain (54).

The pilot clinical study on NCCU patients demonstrated the proof of concept and technical feasibility of applying a protocol involving induced oscillations in ABP and associated coherent cerebral hemodynamics oscillations in a clinical settings. The non-invasive measurement of these coherent cerebral hemodynamics with FD-NIRS techniques, in conjunction with well-defined criteria for the required levels of coherence with ABP, allows for the measurement of quantities that are sensitive to the degree of dynamic cerebral autoregulation. The representative results reported here on three NCCU patients suggest better cerebral autoregulation conditions for patient 2 compared to patients 1 and 3 based on the relative phase of D vs. ABP. The values of the relative phase of D vs. ABP for patient 2 are also within the range observed in healthy subjects (−222° to −192° across methods for patient 2, and −214° to −208° for healthy subjects). This is bolstered by the fact that patient 2 recorded the lowest ICP value and highest CPP value over the time of the trial compared to the other two patients, as reported in Table 1. A higher ICP value is associated with decreased intracranial compliance, which can lead to lower CPP (55). Clinically, this could be a manifestation of poor cerebral autoregulation (4) resulting in reduced CBF (56). Higher ICP values in patients with a traumatic brain injury have previously been shown to be associated with poorer dynamic autoregulation (14), which alludes to the potential for patient 2 to have better autoregulation compared to the other two patients. The clinical diagnosis between patients (Table 1) indicates that patient 2 had no apparent brain injury and had an intraventricular hemorrhage that caused an obstruction of cerebral spinal fluid (CSF) flow. On the other hand, patient 1 had a large hemorrhage in the left frontal and parietal lobes, and patient 3 had a left occipital hemorrhage, both of these causing a larger brain injury than in patient 2. This larger brain damage in patients 1 and 3 as compared to patient 2 can potentially explain the results seen.

Oscillations in cerebral O and D as measured by FD-NIRS are the result of oscillations in blood flow and blood volume in the investigated tissue. One significant result of this study on healthy subjects is that we were able to show the feasibility of measuring CBF dynamics from O and D measurements by using the CHS model, and that the results have demonstrated the sensitivity of the cbf-abp dynamic relationship on cerebral autoregulation differences during normocapnia and hypercapnia in all of the measurement methods with FD-NIRS. We have also shown that the changes in cerebral T represent changes in local blood volume that are insensitive to cerebral autoregulation. This is consistent with (10). In this study, we did not report cbf vs. abp for NCCU patients since the absolute phase values depend on the assumption of parameter values for the CHS model. We also notice that the reported range of normocapnic phase difference of cbf vs. abp from healthy subjects (about 8° to 30°) is lower than the expected value of 40° (interquartile range of 30°) as measured by TCD for a frequency range of 0.02–0.07 Hz (8). The phase difference of cbf vs. abp depends on the assumption of model parameters. For instance, an increase in t(c) from 0.4 to 1 s can cause an increase in the relative phase of cbf vs. abp by about 10°, and an increase in t(v) from 3 to 7 s can increase the relative phase by up to 20°. However, we note that the relative phase difference between normocapnia and hypercapnia of cbf vs. abp is less affected by the parameter values assumptions. For example, this relative phase difference only changes by less than 5° and 1° with an increase in t(c) from 0.4 to 1 s and t(v) from 3 to 7 s, respectively. Future studies may include adding induced ABP oscillations at various frequencies (44, 57) or adding a transient change in ABP (30) to find individual values of CHS model parameters. In fact, we have previously demonstrated that the fitting procedure of CHS model at various frequencies to calculate CHS parameters are feasible for applications in the NCCU (44).

The relationship between cerebral D and O during normocapnia and during impaired autoregulation induced by hypercapnia was also investigated. Many previous studies have considered the phase difference between D and O oscillations measured by SDI as an indication of cerebral autoregulation (10, 19, 20). In this study, we have shown that different behaviors were observed for D/O measurements with SDI, SDϕ and DSϕ. Thus, using the dynamic phase relationship between D and O to interpret cerebral autoregulation may be misleading since the results depend on the measurement method. One possible explanation, at least for the protocol of hypercapnia and normocapnia on healthy subjects considered here, is that D/O results from the interplay of O and D, which may feature different sensitivities to hypercapnic-induced vascular hemodynamics in extracerebral and cerebral tissue.

Finally, all the measurement methods (SDI, SDϕ, SSI, DSI, DSϕ) were found to be sensitive to cerebral autoregulation changes as measured by D/ABP and cbf/abp. This result may suggest a similar performance of different FD-NIRS measurement methods for sensing autoregulation efficiency in the brain. However, systemic ABP oscillations can induce changes both in blood flow and blood volume of both cerebral and extracerebral tissue. This makes it difficult to interpret the measured quantity without fully understanding the blood volume dynamics in the scalp and the brain. One may notice that the DSϕ measurement of the phase difference of T vs. ABP at normocapnia is different from other measurement methods, having a positive phase. This may tell us that this measurement is sensitive to different dynamics of blood volume compared to other methods. Finally, a greater sensitivity to deeper tissue (compared to superficial tissue) has been demonstrated for the slope measurements, especially for DSϕ, in a homogeneous tissue setting (18, 38), but the situation can be more complicated in the presence of tissue heterogeneity and different scalp/skull anatomy of the subjects (43). We also stress that the SSϕ data was not reported in both healthy subjects and NCCU patients due to poor signal-to-noise ratio of the phase measurements, particularly in the SS configuration. The application of DSϕ holds promise as it is less affected by noise than SSϕ and largely insensitive to optical couplings and motion artifacts (18).

The results reported in this study are limited by the small sample size of NCCU patients. Due to this, we could not draw any statistical conclusions from the NCCU study but use this data set to show that the collection and processing techniques applied on healthy subjects is applicable outside of the laboratory setting. The major limitation of this approach is that it relies on the need to induce oscillations in blood pressure that have significant coherence with hemodynamic signals. In the NCCU, the thigh cuff occlusions may cause discomfort, and may not be applicable in obese patients. An alternative approach is to use spontaneous oscillations, but the high coherence between hemoglobin concentrations and blood pressure are not usually guaranteed. The second limitation is the requirement of CHS model parameters to calculate cbf(ω). In this study, we assumed values for the CHS parameters for healthy controls based on reported range (30). However, for NCCU patients whose physiological conditions are significantly different from healthy subjects, correct values for the model parameters are needed. This usually requires a complicated fitting procedure of CHS model to measurements obtained at multiple induced oscillation frequencies or with a transient change in ABP (30, 44, 57). Finally, subject's position and posture were different between the NCCU patients (lying down) vs. healthy subjects (sitting), which may have affected the variations in CBF dynamics (58, 59). Future studies will focus on the effects of the subject's position and different head of bed angle manipulation on our measurements of cerebral autoregulation. We will also improve our experimental design by keeping consistent position between healthy controls and patients.

Given the vital role of cerebral blood flow and the importance of its regulation in response to changes in cerebral perfusion pressure, a safe, non-invasive, and reliable technique for the assessment of cerebral autoregulation would play an important role in clinical settings, and especially on patients with acute brain injuries (traumatic brain injury, aneurysmal subarachnoid hemorrhage, ischemic stroke, etc.). Changes in autoregulation and cerebrovascular reactivity is a known marker of injury severity and has the potential to guide therapeutics and patient care (60). The proposed technique, which is based on local optical measurement of cerebral hemodynamics that are driven by systemic variations in ABP, can be extended to spatial mapping of autoregulation. This is potentially important in the assessment of localized brain injuries associated with focal ischemic or hemorrhagic events. Even in cases where cerebral autoregulation is impaired in the entire brain, multiple local measurements may help reduce errors contributed by each individual measurement, thus enhancing reliability and minimizing inter-examiner variability. Future studies will aim to characterize the intra-subject variability of autoregulation measurements, which will serve as a basis for clinical studies on a larger patient population to assess the ability of this technique in determining the level of cerebral autoregulation in different pathological conditions.



5. CONCLUSION

In this study, we have shown that blood-pressure-induced oscillations in the cerebral concentrations of O and D measured by various FD-NIRS methods can be sensitive to cerebral autoregulation efficiency. These O and D measurements were translated into CBF dynamics by using the CHS model on healthy subjects, which is directly related to the measurements of dynamic cerebral autoregulation; we found these CBF dynamics to distinguish autoregulation efficiency between normocapnia and hypercapnia. Further investigations suggested that oscillations of O, and especially D, appeared to be more sensitive to the CBF dynamics than CBV dynamics. We have demonstrated the feasibility of measuring coherent D and ABP oscillations to assess autoregulation in the NCCU. Future studies will target a more complete characterization of the depth sensitivity of various data types of FD-NIRS measurements in heterogeneous tissue, especially in this protocol of systemic blood pressure oscillations, and applications to clinical scenarios with a larger sample size.
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Introduction: Cerebral autoregulation (CA) plays a fundamental role in the maintenance of adequate cerebral blood flow (CBF). CA monitoring, through direct and indirect techniques, may guide an appropriate therapeutic approach aimed at improving CBF and reducing neurological complications; so far, the role of CA has been investigated mainly in brain-injured patients. The aim of this study is to investigate the role of CA in non-brain injured patients.

Methods: A systematic consultation of literature was carried out. Search terms included: “CA and sepsis,” “CA and surgery,” and “CA and non-brain injury.”

Results: Our research individualized 294 studies and after screening, 22 studies were analyzed in this study. Studies were divided in three groups: CA in sepsis and septic shock, CA during surgery, and CA in the pediatric population. Studies in sepsis and intraoperative setting highlighted a relationship between the incidence of sepsis-associated delirium and impaired CA. The most investigated setting in the pediatric population is cardiac surgery, but the role and measurement of CA need to be further elucidated.

Conclusion: In non-brain injured patients, impaired CA may result in cognitive dysfunction, neurological damage, worst outcome, and increased mortality. Monitoring CA might be a useful tool for the bedside optimization and individualization of the clinical management in this group of patients.

Keywords: cerebral autoregulation, non-brain injury, neurologic outcome, sepsis, perioperative care, pediatric surgery


INTRODUCTION

Cerebral autoregulation (CA) is a complex mechanism of brain protection against changes in cerebral perfusion pressure (CPP) in order to maintain an adequate cerebral blood flow (CBF) (1). CA works by balancing vasoconstriction and vasodilation of the cerebral vessels regulating CBF with the aim to maintain a constant CBF (1). The concept of CA was introduced approximately half a century ago and afterward it was progressively used as a parameter to help in the management of mean arterial blood pressure in relationship with CBF in the neuro-intensive care unit (neuro-ICU) settings. Indeed, monitoring CA has shown to be particularly useful in the context of acute subarachnoid hemorrhage, traumatic brain injury (TBI), and acute stroke (2–5). Although no randomized controlled trials (RCTs) assessing the effect of autoregulation on outcome are available at present, it is accepted among experts that impairment of CA can lead to secondary cerebral insult and poor outcomes also in patients without primary brain injury (6–10).

The latest guidelines from the Brain Trauma Foundation suggest to maintain a CPP of 60–70 mm Hg in patients with TBI (11); however, the concept of “one-size-fits-all” may not be appropriate, as it does not represent the physiological needs of an individual and changes of CA; more recently, experts suggest a personalized management of CA based on the intrinsic autoregulatory state and function of single patients (12). In this context, several methods aimed to individualize the assessment of CA status have been proposed (13). The gold standard for CA measurement is represented by the neuroimaging studies, which allow to obtain a direct visualization of CBF such as PET, single-photon emission CT (SPECT), and CT perfusion. However, these methods are expensive, time-consuming, and have a very limited role in the clinical context. Therefore, a number of indirect techniques aimed at CA monitoring by the bedside have been proposed and evaluated including invasive methods (based on intracranial pressure and invasive cerebral oxygenation monitoring) and non-invasive methods [based on transcranial Doppler (TCD) and near-IR spectroscopy (NIRS)]; both of them are widely adopted in the neuro-ICU population.

The aim of this study is to systematically review the role of CA in non-brain injured patients, in different clinical settings, such as surgery, sepsis, and septic shock and in the pediatric population.



METHODS


Data Sources and Search Strategy

In this study, we adhered to the Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRISMA-P) guidelines (14). A systematic literature search was performed by using the following databases to identify relevant studies in indexed scientific journals: the PubMed, the Medical Literature Analysis and Retrieval System Online (MEDLINE) (via Ovid), the Excerpta Medica dataBASE (EMBASE) (via Ovid), and the Cochrane Central Register of Controlled Trials by using the terms: cerebral autoregulation and sepsis, cerebral autoregulation and surgery and/or perioperative, and cerebral autoregulation and non-brain injured patients with filters for humans, language (English), and time of publication (January 1, 2010 to February 28, 2021). Inclusion criteria were studies describing the measurement of CA in non-brain injured patients and its effect on outcome of patients (evaluated as mortality and/or neurological outcome). This study was limited to clinical trials, meta-analysis, RCTs, review, and systematic review. Search criteria included “CA and surgery,” “CA and sepsis and/or metabolic coma,” “CA and general intensive care,” and “CA and non-brain injured patients.” A specific literature search was then conducted for the pediatric population, with the same search strategy, but including patients <18 years. We excluded literature concerning brain injury population and not concerning CA specifically or not mentioning the effect of CA measurement on outcome. We also excluded editorials, commentaries, letters to the editor, opinion articles, reviews, meeting abstracts, and original articles lacking abstract.



Study Selection and Data Collection

Two authors (FI and GB) selected the articles independently screening titles, abstracts, and full texts. The standardized data extraction form included aim and study design. The articles were then subdivided into three subgroups: “included” and “excluded” (if the two examiners agreed with the selection) or “uncertain” (in case of disagreement). In the case of “uncertain” classification, discrepancies were resolved by further examination performed by the two expert authors (CR and YL). We used a standardized electronic spreadsheet (Microsoft Excel, version 14.4.1; Microsoft, Redmond, Washington, USA) to extract the data from all the included studies and recording trial characteristics.



Endpoints

The primary outcome of this study is to investigate the CA in patients without brain injury. Secondary outcome is to assess whether alteration in CA in different settings such as surgery, sepsis, and septic shock and in the pediatric population can have an effect on morbidity and mortality.



Risk of Bias Assessment in the Included Studies

Two examiners (FI and YL) independently assessed the internal validity of the included studies and discrepancies were resolved by a third senior author (AM or CR) by using the version 2 of the Cochrane risk-of-bias tool for randomized trials (RoB 2). The RoB 2 considers five bias domains: (1) the randomization process, (2) the deviations from intended interventions, (3) missing outcome data, (4) measurement of the outcome, and (5) selection of the reported results. Finally, the overall risk of bias was calculated and, accordingly, studies were included in either high-risk/unclear risk/low-risk groups.




RESULTS

After general screening, initial results from this search lead to a number of 40 studies (Figure 1, Flowchart). Among them, 22 studies were further selected, which were divided in three sections (CA in sepsis and septic shock, CA in surgery, and CA in the pediatric population) (Tables 1, 2). Specific reasons for exclusion of the studies are presented in Table 3. The risk of bias assessment reported: “low risk” for 13 papers (59%), “unclear risk” for 9 articles (41%), and none of them reported high risk of bias. The bias was mostly related to the randomization process selection of the reported results (Table 4).


[image: Figure 1]
FIGURE 1. Flowchart.



Table 1. Summary of the included studies about CA in sepsis and pediatric population: primary findings, type of method to assess autoregulation, number of patients evaluated.
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Table 2. Summary of the included studies about CA in surgery: primary findings, type of method to assess autoregulation, number of patients evaluated.
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Table 3. Summary of excluded studies and reasons for exclusion.
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Table 4. Risk of bias evaluation.
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Cerebral Autoregulation in Sepsis and Septic Shock

A total of six studies were screened for septic shock and sepsis (Table 1). A disruption of CA prolonged over time can lead to cerebral hypoperfusion and consequently neuronal ischemia. In a prospective, observational study, 100 adult patients with sepsis were evaluated with the hypothesis that impaired CA may lead to brain hypoperfusion and neuronal damage (17). Crippa et al. registered impaired CA in 50 patients (50%) and this represented one of the independent predictors of sepsis-associated brain dysfunction (SABD), which was diagnosed in 57 patients (57%). SABD was defined as the Glasgow Coma Scale (GCS) score <15 or when disorientation, altered thinking, or agitation was reported. In case of continuous sedation (n = 6), patients were considered as having SABD. The CA was evaluated by using the mean flow index (Mxa) assessed by TCD (17). The authors concluded that in SABD, brain hypoperfusion and neuronal damage were probably caused by impaired CA and this could lead to a higher morbidity and mortality in these patients. The findings of this prospective observational study support the concept that cerebral hypoxia could contribute to the development of SABD, despite its multifactorial pathophysiology. Schramm et al. also found a relationship between impaired CA and sepsis-associated delirium (SAD). Indeed, in the majority of septic patients, CA is impaired, in particular the first 2 days, suggesting an important contribution of CA in the development of SAD (15). In this study (15), 30 patients were evaluated with the average Acute Physiologic Assessment and Chronic Health Evaluation (APACHE) score of 32 ± 6. The CA was estimated by using TCD and the Confusion Assessment Method for the ICU (CAM-ICU) was assessed at day 4 when sedative medications were temporarily reduced to reach the Richmond Agitation and Sedation Scale (RASS) score greater than−2. SAD was detected in 76% of patients. This study concluded that impaired CA at day 1 was associated with the incidence of SAD at day 4 (p = 0.035) (15).

Cerebral autoregulation can be also evaluated to guide optimal blood pressure. Indeed, in a study including six patients (18), pharmacological sedation free with extracranial sepsis and cerebral oximetry was measured with NIRS to identify blood pressure range, demonstrating feasibility to optimize autoregulation maintaining adequate blood pressure range. In this case series, Rosenblatt et al. found an association between cerebral autoregulatory function and the development and severity of encephalopathy defined as GCS <15 but ≥ 13 (mild encephalopathy), whereas values <13 were defined as moderate or severe impairment (18). The authors concluded that individualizing blood pressure goals by using bedside autoregulation monitoring may preserve cerebral perfusion by individualizing blood pressure range in Sepsis-associated encephalopathy (SAE) (18). In another prospective observational study, Bindra et al. investigated 28 patients with early septic shock in the ICU to understand if impaired CA was associated with neurological outcome and mortality (16). This study concluded that the mortality at 3-month follow-up was independently associated with impaired CA in early septic shock. Thus, bedside monitoring of CA could adjunct important information for hemodynamic optimization of patients with septic shock. Other two studies discussed the management of CA in the early stages of septic shock (8, 31). Both were based on small groups of patients (seven and nine patients, respectively). The first study analyzed seven critically ill patients, who underwent hyperventilation (8) and the second one described healthy volunteers, who underwent lipopolysaccharide (LPS) infusion to reproduce early sepsis (31). The CA was evaluated by TCD and the authors concluded that dynamic CA (dCA) to spontaneous fluctuations in blood pressure was enhanced and cerebral carbon dioxide vasoreactivity was preserved in the early phases of sepsis, but this regulation disappeared in the late stages (8, 31).



Cerebral Autoregulation During Surgery

A total of 12 studies were selected in the literature about CA in surgery (Table 2). A high number of articles about CA during surgery were performed in cardiac surgery, where a possible association between impaired CA and postoperative delirium (PD) was evaluated. Caldas et al. in his single-center observational and prospective study analyzed 67 patients undergoing cardiopulmonary bypass. All the enrolled subjects underwent TCD and the CAM-ICU assessment preoperatively at 24 h and 7 days after the procedure to evaluate CA and PD, respectively. Impaired CA was found in 55% of patients 24 h postoperatively and in 20% after 7 days. In addition, the authors concluded that impaired CA during coronary artery bypass graft (CABG) surgery is a significant independent risk factor for PD (p = 0.003) (22). Another study analyzed the use of CA with NIRS. In the prospective observational study, 110 patients who underwent cardiac surgery were analyzed (24). They were monitored with NIRS during surgery and in the first 3 h postoperatively and their CAM-ICU score was calculated on postoperative (PO) days 1 and 3. A total of 42.7% of patients presented delirium. Hori et al. observed no association between the perioperative blood pressure excursion and PD, but a secondary analysis showed higher blood pressure excursions above the optimal medial arterial pressure in the group who developed delirium postoperatively (r = 0.27, p = 0.011) (24). These data were also confirmed by a large prospective study, which analyzed 491 patients who were monitored with NIRS during surgery and the PD was assessed by the CAM-ICU. In this case, delirium was diagnosed in 9.2% of cases and the excursion of mean arterial pressure (MAP) above the upper limit of CA during cardiopulmonary bypass was independently associated with PO delirium [odds ratio (OR), 1.09; 95% CI, 1.03–1.15] (25).

In addition to a possible neuronal damage, an acute kidney injury (AKI) related to CA was investigated. Ono et al. in a large (410 patients) prospective study monitored CBF intraoperatively by using NIRS and evaluated the incidence of AKI by using the Risk, Injury, Failure, Loss of kidney function, and End-stage kidney disease (RIFLE) criteria during the first 7 days postoperatively. The results showed that MAP excursions below the lower limit of CBF autoregulation during cardiopulmonary bypass were independently associated with AKI [relative risk (RR), 1.02; 95% CI, 1.01 to 1.03; p < 0.0001] (23). These results were confirmed by another prospective study, which included 110 patients who underwent cardiopulmonary bypass. The CBF was monitored by NIRS during the surgery and the monitoring of AKI was performed for 2 days after surgery. A total of 27.3% of subjects developed AKI and the excursion below optimal blood pressure values during the perioperative period was associated with the development of AKI postoperatively (p = 0.008) (32). Other studies aimed to evaluate the principal risk factors associated to CA alteration. In a large prospective randomized clinical trial, 346 patients which underwent cardiac surgery and performed standardized general anesthesia were evaluated with preoperative TCD and cerebral MRI performed between days 3 and 5 after surgery to assess the preoperative factors, which can be associated with impaired CA in cardiac surgery. The presence of small vessel cerebral vascular disease was strongly associated with impaired CBF autoregulation (OR, 3.25; 95% CI, 1.21–8.71; p = 0.019). Other risk factors were male sex, high body temperature during surgery, elderly, and large vessel disease (10). Based on these evidences, it is possible to affirm that changes in CA during cardiac surgery influence clinical outcomes as rated by Caldas et al. in a recently published study (33). Also, Hogue et al. investigated the neurological impairment related to CA during cardiac surgery. A total of 460 patients were analyzed by TCD to correlate CA impairment with ischemic injury, PD, and performance on memory test 4–6 weeks after surgery. The presence of ischemic injuries was not related to intraoperative CA impairment (p = 0.752), instead both the delirium and memory test performance were strongly related to CA (p = 0.035 and p = 0.019, respectively) (30). However, further studies are needed to develop the therapeutic approaches in order to better understand the prognostic implications of this evidence.

In non-cardiac surgery, the role of CA was less frequently investigated and the results are discordant. Two large studies are available in scientific literature. The first one (27) is prospective and it is focused on PD and CA in major non-cardiac surgery. A total of 110 patients were included, who were intraoperatively monitored by NIRS and PO cognitive disorders were recorded. Chuan et al. concluded that impaired CA in these patients was associated with failure of cognitive recovery in the early PO period (p = 0.02) with 1-month mortality and morbidity (p = 0.04) (27). The second one (28) also investigated an association between impaired CA and PO cognitive dysfunction (POCD). Indeed, Goettel et al. recruited 86 patients who underwent non-cardiac surgery and standardized anesthesia and were intraoperatively evaluated with both the TCD and NIRS. In addition, C-reactive protein (CRP) and two biomarkers of neuronal injury neuron-specific enolase (NSE) and S100β protein were dosed on PO days 2 and 7. The study participants completed a battery of neuropsychological tests at baseline and 1 week after surgery and 3 months postoperatively. Authors concluded that dysregulation of CBF was not predictive of cognitive dysfunction after surgery, but there may be an association not yet fully explained (28). The risk factors associated with impaired CA in non-cardiac surgery were also evaluated in a study including 133 patients who underwent sevoflurane anesthesia during non-cardiac major surgery and subsequently they were divided in two groups depending on age. CBF thresholds were not influenced by the age of patients (p = 0.075) and autoregulatory plateau was shortened in both the groups during anesthesia with sevoflurane (34). In contrast, Sperna et al. evaluated CA in general anesthesia with TCD before surgery during 3 min of paced breathing at 6, 10, and 15 beats per min (bpm) and during surgery. The authors concluded that sevoflurane did not affect CA because preoperative and intraoperative values were superimposable (26). Finally, one study investigated the role of CA in liver transplant surgery. In this study, six patients were retrospectively analyzed with TCD to evaluate CA and its changes in perioperative period. Authors revealed marked alterations of CBF and they concluded that direct pressure management and others neuroprotective measures may reduce the risk for neurological complications in this group of patients (29).



Cerebral Autoregulation in the Pediatric Critically Ill Population

With respect to CA in the pediatric population, four studies were included (Table 1). Even in the pediatric population, the most studied field for CA use is the cardiac surgery. In the first study included (19), the lower limit of autoregulation during cardiac surgery was measured; hypotensive events were associated with increased values of the cerebral oximetry index (Cox) (p < 0.0001) and the mean lower limits of pressure autoregulation were 42 ± 7 mm Hg. Authors concluded that despite larger studies must confirm these findings, COx can be useful to determine the arterial blood pressure-dependent limits of autoregulation in the pediatric population (19). Another study (10) conducted in cardiac surgery aimed to detect brain hypoperfusion injuries by elevation in serum glial fibrillary acidic protein levels due to impaired cerebrovascular reactivity. A total of 57 children were analyzed and transient period of compromised CA was detected with dynamic noninvasive cerebrovascular reactivity monitoring that showed transient periods of impairment related to possible silent brain injury (10). Out of cardiac surgery settings, CA after propofol infusion in the pediatric population was investigated. During general anesthesia, hypotension due to low dose of propofol infusion before endotracheal intubation did not lead to cerebral hypoxia and with stable levels of regional cerebral oxygen saturation. Unharmed CA drug-related hypotension was detected, underlining its importance during MAP fluctuations (20).

Another study evaluated CA during Extracorporeal Membrane Oxygenation (ECMO) treatment. This prospective observational study analyzed 29 children, who required ECMO support; in particular, the CA was evaluated with NIRS (21). In this study, 34.5% experienced acute neurological events; it concluded that the first 24 h following ECMO is the most critical period regarding CA and altered CA is associated with acute neurological events (p = 0.04) (21).




DISCUSSION

In this study, we set out to describe how CA can be modified in patients without brain injury in sepsis/septic shock during surgery and in pediatric critically ill patients. Impaired autoregulation in these pathological situations can result in cognitive dysfunction, neurological damage, increased morbidity, and mortality even in non-brain injured patient (6–9). These pathological situations can alter the autoregulatory mechanisms and values, thus modifying the ability of CA to preserve good CBF and prevent possible secondary neuronal injury (8, 17, 24).

In sepsis and septic shock, the systemic alterations that involve compromise in CA have been studied by several authors for whom the condition of SABD has also been defined (24). Despite this, the timing at which impaired CA begins with respect to the onset of the disease still needs further investigations (33). Furthermore, a correlation was found between impaired CA and outcome and mortality of septic patients independently from baseline septic disease severity (16, 18). The lack of homogeneous outcomes found in the studies included can be explained by the different settings applied and makes difficult to draw any conclusion regarding the possible effects of brain monitoring on outcome. The presence of sedation during neurological evaluation, the use of different scores for neurological impairment, and CA evaluation methods can also impact on the reproducibility of the results; nevertheless, all the studies suggest that measuring CA is safe and feasible and can potentially provide important information regarding intracerebral changes during the ICU stay and possibly improve outcomes (16–18). The analyzed studies confirm the presence of frequently altered CA in sepsis or septic shock, mostly during latest phases of sepsis and altered CA is the important risk factor for cognitive dysfunction (15, 17).

Important consequences of impaired CA were also found in the PO period. The studies included were mainly conducted in the context of cardiac surgery, in particular during cardiopulmonary bypass in which the cause of PD must be sought together with other risk factors (22, 24, 25). In support of this theory, an increased level of neuronal biomarkers was found in the serum of patients with impaired CA in the PO period, but further studies are needed to fully understand the association between POCD and altered brain flow as a consequence of the loss of CA (28). Besides cardiac surgery, in a study conducted in liver transplant surgery, we found that blood pressure management and neuroprotective measures may help in reducing the neurological complications (29). In this pathological setting, the alteration of CA is related to PO neurological and cognitive impairment (22, 27, 34), but it is not the only one comorbidity related to altered CBF. Indeed, also AKI was associated with altered CA (23, 32).

In the pediatric population, CA was evaluated mainly during cardiopulmonary bypass surgery (10, 19). An increase in PO serum neurological biomarkers following impaired CA was also detected in pediatric patients. This has been related to major fluctuations in MAP and intraoperative hypotension (10). Although evidence is limited in this setting, even in this population, the use of CA monitoring seems to be beneficial to early detect the intracerebral complications (10).

The CBF was evaluated mostly by NIRS and TCD. In case of TCD, the correlation between systemic MAP and mean flow velocity (FVm) in the middle cerebral artery was used to evaluate CA (Mx index) (15, 22, 33). Instead, in case of NIRS, the CA can be monitored by the Pearson's correlation coefficient between MAP and NIRS signals to generate the variable COx. When MAP is within the limits of CBF autoregulation, Mx and Cox approach zero or are negative, but when MAP is outside the limits of autoregulation, Mx and Cox have positive values, indicating that CBF is blood pressure passive (16, 25). Sperna et al. evaluated CA with an innovative method by using paced breathing. Indeed, the blood pressure and CBF velocity fluctuate spontaneously around the two predominant frequencies. The low frequency is due to baroreflex-mediated sympathetic nervous system activity and the high frequency is due to respiration. By using “frequency domain” analysis, the power of these fluctuations can determine the efficacy of CA (26).

This study has some limitations. First, this study summarizes the available evidence. There are still inadequate data describing the impact of CA on outcome and its clinical use in both the adult and pediatric population without brain injury. Second, the studies described in our review included a small number of patients and are extremely heterogeneous with often important methodological limitations. This makes difficult to draw any conclusion and makes a meta-analysis of the available evidence unviable.



CONCLUSION

Impaired autoregulation in different pathological conditions can result in cognitive dysfunction, neurological damage, worse outcome, and increased mortality, even in non-brain injured patients. The analyzed studies show an association between alteration in CA and outcome; however, the heterogeneity of the studies and the low level of quality in the study design and methods further suggest that more in-depth investigations are needed, especially considering the different subgroups.
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Overlap between the pathogenesis of posterior reversible encephalopathy syndrome and that of cerebrovascular disease can confound their clinical and radiological presentations, posing a diagnostic challenge. This article presents a literature review and discussion of the clinical manifestations, pathological mechanisms, and imaging manifestations of subarachnoid hemorrhage and vasculitis leading to posterior reversible encephalopathy syndrome, coexistence of posterior reversible encephalopathy syndrome with reversible cerebral vasoconstriction syndrome, and hemorrhage and infarction secondary to posterior reversible encephalopathy syndrome. The findings show that posterior reversible encephalopathy syndrome shares some overlapping pathophysiological mechanisms with cerebrovascular disease. Importantly, neuroimaging plays an important role in identifying this entity in a timely manner and differentiating it from other diseases.
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INTRODUCTION

Posterior reversible encephalopathy syndrome (PRES) is a reversible acute neurological disorder characterized by varied neurological symptoms, including seizure, headache, focal neurological deficit, visual disturbance, and altered consciousness (1–3). Case series have shown that hypertension, eclampsia, renal failure, systemic lupus erythematosus, and use of some immunosuppressive agents are common causes of PRES (1–4). Brain MRI, particularly fluid-attenuated inversion recovery is the most sensitive sequence for detecting PRES, and usually reveals characteristic vasogenic edema predominantly affecting subcortical white matter of the parietal and occipital lobes (5, 6).

Among the various theories that have been proposed for the pathogenesis of PRES, hypertension and endothelial injury are often cited as the underlying mechanisms (1). Rapidly developing hypertension exceeds the upper limit of cerebral blood flow autoregulation and causes hyperperfusion, which leads to breakdown of the blood–brain–barrier and subsequent vasogenic brain edema (7, 8). Thus, multiple interactions exist between PRES and cerebrovascular diseases, such as subarachnoid hemorrhage (SAH) and vasculitis (9, 10), reversible cerebral vasoconstriction syndrome (RCVS) (11–13), and cerebral hemorrhage and infarction secondary to PRES (5, 14–16).

Overlap between PRES and cerebrovascular disease in terms of their clinical and pathological mechanisms and imaging manifestations can easily lead to misdiagnosis, differences in treatment modalities, and a poor prognosis when secondary hemorrhage and infarction are indicated. Therefore, it is important to understand and identify PRES associated with cerebrovascular disease (Table 1). In this review, we discuss PRES and multiple cerebrovascular diseases in terms of their clinical features, pathological mechanisms, and imaging manifestations.


Table 1. PRES and cerebrovascular disease.
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PRES SECONDARY TO SAH AND VASCULITIS


Clinical Features

SAH is most commonly caused by rupture of an intracranial aneurysm (17). After SAH, delayed cerebral ischemia (DCI) may occur when cerebral perfusion falls below the level required to meet metabolic demands, and this could lead to the development of cerebral infarction. Induced hypertension therapy raises blood pressure to above normal levels and results in an increase in cerebral blood flow; it remains the mainstay of treatment for DCI (18). However, in patients treated with induced hypertension therapy, an elevation in arterial blood pressure may exceed the threshold for autoregulatory function of the brain and may lead to spontaneous angioedema (19).

To date, PRES has been reported in 20 cases as a consequence of induced hypertension therapy, and 80% of the patients were female (19). Allen et al. (18) reported induced hypertension therapy in 68 patients with SAH, of which 5 patients (7%) were diagnosed with PRES, which most often occurred when mean arterial pressure was raised well above baseline to levels that exceed traditional autoregulatory thresholds. According to the latest data reported by Angermann et al. (9) showing that the incidence of PRES among patients with SAH after induced hypertension therapy is 1.7%, the authors noted that no safe upper limit of mean arterial pressure has been established during the treatment of vasospasm with induced hypertension therapy.

Takayasu's arteritis (TA) is a rare chronic inflammatory disease that primarily affects the aorta, aortic branches, and the pulmonary artery (10). PRES secondary to TA has been reported in 13 patients, according to a PubMed search (10, 20). In addition to TA secondary to PRES, in isolated cases, PRES has also been reported to occur secondary to rare vasculitis, such as cerebral amyloid angiopathy-related inflammation (21), and antineutrophil cytoplasmic antibody-associated vasculitis (22).



Pathological Mechanisms

According to the literature, the pathophysiological mechanism of PRES caused by induced hypertension therapy for SAH is unclear, and it is speculated that multiple factors may be responsible. On the one hand, acute hypertension caused by catecholamine surge during aneurysm rupture stimulates the sympathetic nerves, leading to a sudden increase in blood pressure, which may induce autonomic vasoconstriction and lead to ischemia and vasogenic edema in the affected area (23). Another hypothesis is that induced hypertension therapy may increase intravascular hydrostatic pressure over the damaged blood–brain barrier and cause the rupture of vascular endothelial junctions, leading to the development of acute PRES (19, 24). Accordingly, it has been found that the percentage change in blood pressure is significantly greater in patients with PRES than in those without PRES, and that an increase in mean arterial pressure to 50 mm Hg above the patients' physiological levels or to an absolute range of >130–140 mm Hg is a sensitive predictor of PRES (18).

The main pathophysiological change in TA is panarteritis involving all vessel wall layers. In the acute phase, production of inflammatory cytokines and mediators induces continuous endothelial injury, while in the chronic phase, hyperplasia of the vessel wall and fibrosis of the arterial wall cause luminal narrowing and can lead to the development of hypertension (20). Endothelial injury and hypertension in patients with TA make this disease an ideal environment for PRES development. Furthermore, the treatment of TA begins with control of acute arteritis with immunosuppressive drugs; however, their use is also a possible factor that contributes to PRES development (9).



Imaging Manifestations

As PRES is treated differently from vasospasm, and both may occur secondary to SAH, it is crucial to identify the two in a timely manner. Vasospasm usually develops 3–4 days after SAH and continues for 10–14 days (25). Yet, PRES is most often delayed, occurring ~1 week after induced hypertension therapy. Moreover, PRES is more likely to occur in older patients and in patients with a mean arterial pressure of 50 mmHg above habitual levels (or absolute levels of >130–140 mmHg) (18). CT perfusion imaging helps to identify delayed cerebral ischemia related to vasospasm, which can manifest as decreased cerebral blood flow and a prolonged mean transit time in the blood supply area of affected vessels (26). However, CT and MRI perfusion studies in PRES are contradictory, with two patterns: hyperperfusion and hypoperfusion. Hyperperfusion shows increased cerebral blood flow and cerebral blood volume and decreased time to peak and mean transit time, the mechanism behind which may be severe hypertension exceeding the limits of vascular autoregulation, leading to hyperperfusion (27, 28). Hypoperfusion possibly occurs due to vasoconstriction as a compensatory mechanism for hypertension, leading to decreased cerebral blood flow, near-normal cerebral blood volume, and increased time to peak and mean transit time (29, 30). The conflicting results likely reflect the complex pathophysiology of PRES. Therefore, although perfusion imaging cannot completely distinguish delayed cerebral ischemia from PRES by assessing hyperperfusion and hypoperfusion, assessing whether vasospasm leads to hemodynamic changes can help screen patients for induced hypertension therapy, avoiding blind lowering of blood pressure, which can lead to PRES development.

PRES secondary to TA presents as fluid-attenuated inversion recovery hyperintensities on MRI, while there is usually no diffusion restriction on DWI (10, 20). The onset could be in the bilateral parieto-occipital lobes, bilateral temporoparietal-occipital lobes, and the cerebellum, as reported for PRES caused by other factors (10, 20). In addition, after CTA or MRA, TA should be considered when combined intracranial artery stenosis, intracranial aneurysm, carotid artery occlusion, and other vascular changes are found.




PRES COEXISTING WITH RCVS


Clinical Features

RCVS is a clinical and radiological syndrome characterized by “thundering” headaches, transient, multifocal and segmental cerebral arterial vasoconstriction lasting weeks to months, and focal neurological symptoms that may also complicate ischemic or hemorrhagic stroke (13). Although RCVS is frequently reported in the literature, most studies on RCVS are observational and thus the etiology, and the underlying mechanism remain largely unknown. The occurrence of PRES with coexisting RCVS is not uncommon in clinical practice. Studies report that RCVS is present in ~8–85% of patients with PRES who undergo MRA or catheter angiography (11–13). The diagnostic criteria for RCVS emphasize acute onset of “thundering” headache with reversible, multisegmental cerebral vasoconstriction on imaging, while excluding other diagnoses such as aneurysmal SAH or central nervous system vasculitis.



Pathological Mechanisms

The main pathophysiological mechanisms for coexistence of PRES and RCVS include blood–brain barrier breakdown and abnormal cerebral autoregulation (3). Considering that RCVS occurs in the postpartum period and after vasoactive drug use, it is presumed that hormonal changes and drug-induced vascular endothelial damage are more directly responsible for RCVS occurrence with PRES. In addition, both vasoconstriction and hypoperfusion improve with increasing maturity of the involved brain region; thus, it has been suggested in the literature that children might be more prone to PRES and its complications (31).

RCVS has high hemorrhagic complications, some researchers attributed the high rate of hemorrhagic complications in RCVS to a reperfusion injury following the episode of severe vasoconstriction (32), and it has also been suggested that subarachnoid hemorrhage actually preceded typical segmental vasoconstriction revealed by DSA (33). However, in clinical observational studies, a causal relationship between subarachnoid hemorrhage and RCVS seems difficult to prove.



Imaging Manifestations

Radiological presentations, taken together with clinical context and symptoms, may help to reach a differential diagnosis. On MRI, the typical lesion distribution in patients with PRES is characterized by bilateral symmetrical parieto-occipital lesions, whereas vasogenic edematous changes secondary to RCVS are mostly distributed in periventricular white matter and lack cortical involvement (Figure 1). Of note, it has been reported in the literature that PRES in children exhibits more of a suprafrontal sulcus pattern, while the typical parieto-occipital pattern is less frequent in children compared with adults (4). Furthermore, patients with RCVS do not usually present with seizures or severe cerebral or brainstem edema (34). From the angiographic presentation, digital subtraction angiography is the gold standard for the diagnosis of vascular lesions, while CT angiography and MRA allow for non-invasive assessment of reversible vascular changes and facilitate follow-up review (12) (Figures 1E,F,H,I). In addition, MR vessel wall imaging may be helpful in distinguishing RCVS from vasculitis, since RCVS demonstrates arterial wall thickening with absent to minimal enhancement of vessel walls compared with more pronounced enhancement in vasculitis (35). Perfusion imaging may be a useful approach in identifying cerebral hypoperfusion secondary to RCVS and to assess radiographic improvement after treatment (36).


[image: Figure 1]
FIGURE 1. Typical MRI findings in PRES coexisting with RCVS. A 12-year-old female with lupus nephritis. T2WI and T2 -FLAIR imaging (A,B) show hyperintense signals involving bilateral subcortical white matter of the frontal, parietal, and temporal lobes. DWI (C) shows hyperintense signals in bilateral frontoparietal lobes. The corresponding ADC map (D) shows no diffusion restriction. MRA (E,F) demonstrates segmental vasoconstriction in the left middle cerebral artery branch. Follow-up MRI after 10 days (T2-FLAIR) (G) demonstrates complete resolution of signal abnormalities. MRA (H,I) demonstrates normalization of vessel irregularity.


When PRES and RCVS coexist, given the complicated disease course, the appropriate therapy is often controversial (37). Usual treatment for PRES in the setting of hypertension is to gradually lower blood pressure. However, in the setting of RCVS, an argument could be made to maintain or elevate blood pressure. Chung et al. (38) proposed the use of near-infrared spectroscopy, which is a non-invasive modality to monitor regional cerebral oxygenation and guide subsequent decision making. Therefore, the purpose of imaging is not to completely differentiate between RCVS and PRES, but to exclude other diseases and provide appropriate treatment recommendations and predict prognosis by assessing cerebral hemodynamics and cerebral oxygen saturation.




HEMORRHAGE AND INFARCTION SECONDARY TO PRES


Clinical Features

Intracranial hemorrhage is a common complication of PRES, with an incidence of 15.2–64.5% (14, 15), and is associated with incomplete resolution of PRES (39). Intracranial hemorrhage manifests in three main patterns: intracranial hematoma, subarachnoid hemorrhage, and microhemorrhage, with intracranial hematoma being the most common (14). Susceptibility-weighted imaging (SWI) sequences are more sensitive than conventional T2 gradient-recalled echo imaging in detecting cerebral hemorrhage and microhemorrhage (Figures 2E–H), and 58% of patients with PRES combined with microhemorrhage were identified by SWI (15).


[image: Figure 2]
FIGURE 2. Typical MRI findings in hemorrhage secondary to PRES.Imaging studies in a 29-year-old female with lupus (A–D). MRI shows vasogenic edema in the right frontal lobe and bilateral parieto-occipital lobes, multiple hematomas are seen in the area affected by the edema, with heterogeneous high signal on T1WI (A), low signal on T2WI (B), low signal on DWI b = 0 images (arrows) (C), and magnetically sensitive artifacts of high signal around the hematoma visible on DWI b = 1,000 images (D). An 18-year-old young female with nephrotic syndrome (E–H). PRES-related right parieto-occipital cortical and subcortical edema on MRI FLAIR image (E,F), with multiple small microhemorrhages on SWI (arrows) (G,H).


Vasogenic edema is a predominant feature of PRES, and the presence of restricted diffusion in some cases may represent the earliest irreversible sign: severe vasogenic edema progresses to cytotoxic edema, which further progresses to cerebral infarction (6). Covarrubias et al. (40) reported a group of 22 patients with PRES, 6 of whom developed diffusion abnormalities and 2 (9%) of whom showed progression to infarction at follow-up. Several studies have evaluated the clinical and radiological findings of patients with PRES and reported incomplete recovery and poor functional outcomes when PRES was associated with hemorrhage and infarction (3, 37, 41). Thus, early MRI features may be warning signs of a poor prognosis.



Pathological Mechanisms

In terms of etiology, hemorrhage in PRES is associated with ongoing therapeutic anticoagulation, intrinsic coagulopathy, bone marrow transplantation, and thrombocytopenia (8). There are multiple underlying pathophysiological mechanisms that can cause hemorrhage in patients with PRES. Pial vessel rupture during severe hypertension, reperfusion injury in the setting of vasoconstriction, and endothelial injury directly caused by use of immunosuppressive agents have all been postulated as mechanisms leading to hemorrhagic PRES (7). In 2020, three patients with coronavirus disease 2019 compatible with hemorrhagic PRES were reported (42, 43). Available data suggest that the severe acute respiratory syndrome coronavirus 2 directly infects endothelial cells, causing damage to their lining, and thus increasing the permeability of the blood–brain barrier. In addition, further secondary hemorrhage can occur due to cytokine release syndrome resulting from liver dysfunction and depletion of coagulation factors (1).

On the basis of vasogenic edema caused by PRES, when further arterial vasospasm and endothelial injury lead to a decrease in local cerebral blood flow and hypoxia in brain tissue, further cytotoxic edema can develop, leading to infarction (40, 41).



Imaging Manifestations

Intracranial hematoma secondary to PRES occurs within the area of the brain parenchyma affected by edema (Figures 2A–D). SAH secondary to PRES typically occurs in the cerebral convexities overlying vasogenic edema and is rarely seen in the basal cisterns; this is different from the area of distribution of SAH caused by aneurysm rupture and can help in the differential diagnosis of the two entities (44). In addition, PRES and cerebral venous sinus thrombosis have similar clinical presentations, causative factors, and imaging findings, such as vasogenic edema, diffusion restriction on DWI, and hemorrhage (45). The key to differentiating between them is the use of CT or MRI venography to exclude venous sinus thrombosis.

From an imaging perspective, DWI can help predict conversion to infarction and irreversible tissue damage (46). The hallmark of PRES lesions is a pattern of vasogenic edema, which is shown as an increased apparent diffusion coefficient (ADC), while decreased ADC values indicate cytotoxic edema that inevitably induces cell death and progression to true infarction. However, when vasogenic edema is combined with cytotoxic edema, it usually presents as small areas or short cortical gyriform foci of restricted diffusion within larger regions of vasogenic edema (7), unlike the territorial infarctions due to arterial occlusion.




CONCLUSION

In conclusion, the occurrence of PRES is associated with various pathological mechanisms, such as abnormalities in brain autoregulation, blood–brain barrier breakdown, and vascular endothelial damage, which are also factors associated with the development of related cerebrovascular diseases. Neuroimaging plays an important role in revealing the pathophysiological mechanisms of PRES, differentiating PRES from other cerebrovascular diseases, guiding treatment, and predicting a poor prognosis.
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In the past, water homeostasis of the brain was understood as a certain quantitative equilibrium of water content between intravascular, interstitial, and intracellular spaces governed mostly by hydrostatic effects i.e., strictly by physical laws. The recent achievements in molecular bioscience have led to substantial changes in this regard. Some new concepts elaborate the idea that all compartments involved in cerebral fluid homeostasis create a functional continuum with an active and precise regulation of fluid exchange between them rather than only serving as separate fluid receptacles with mere passive diffusion mechanisms, based on hydrostatic pressure. According to these concepts, aquaporin-4 (AQP4) plays the central role in cerebral fluid homeostasis, acting as a water channel protein. The AQP4 not only enables water permeability through the blood-brain barrier but also regulates water exchange between perivascular spaces and the rest of the glymphatic system, described as pan-cerebral fluid pathway interlacing macroscopic cerebrospinal fluid (CSF) spaces with the interstitial fluid of brain tissue. With regards to this, AQP4 makes water shift strongly dependent on active processes including changes in cerebral microcirculation and autoregulation of brain vessels capacity. In this paper, the role of the AQP4 as the gatekeeper, regulating the water exchange between intracellular space, glymphatic system (including the so-called neurovascular units), and intravascular compartment is reviewed. In addition, the new concepts of brain edema as a misbalance in water homeostasis are critically appraised based on the newly described role of AQP4 for fluid permeation. Finally, the relevance of these hypotheses for clinical conditions (including brain trauma and stroke) and for both new and old therapy concepts are analyzed.
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1. INTRODUCTION

Apart from the exchange of information, one of the most challenging tasks of the mammalian brain is to maintain the internal water and electrolyte homeostasis independent from the caprices of the external environment, in order to provide the neurons with nourishing substances and guarantee them a constancy of electrolyte concentration and osmolarity, required for their proper function (1, 2). As the modern techniques of histopathological and physiological research developed, the various tasks regarding global cerebral function have been attributed to the different cellular and acellular components of the brain tissue. Here, the neurons as the cells generating and propagating electrical impulses (which is considered as the major task of the whole brain), have been accorded the exclusive role of managing the information. Meanwhile, other brain components only play a minor role in maintaining the intracellular and molecular environment in optimal conditions for the appropriate function of the fastidious neural cells (3, 4). For instance, according to the common perception, the extracellular compartment is merely a vast space filled with a quite homogenous fluid, consisting mostly of water, substrate molecules, and the products of both the neuronal and glial metabolism floating together with nourishing vessels (2).

Certainly, this oversimplification is far from even approximating the whole complexity of the structure of brain fluid spaces, not to mention its extremely composed function regarding cerebral water turnover. The multidisciplinary research of recent years has delivered solid evidence that the intracerebral water balance is a highly complex, actively regulated process, involving all types of glia cells as well as the neurons and being highly responsible for the electrolyte and water homeostasis of the latter, thus impacting significantly the proper function of the whole central nervous system as a physiological unit (2, 4–6).

Due to a variable number of (sometimes concurring) theories, it is impossible to outline all neurobiological concepts describing how the brain water homeostasis is maintained in the limited text volume of the journal paper. Thus, the main goal of this narrative review is to provide the Reader with the critical appraisal of some of the latest ideas, which attempt to unify the recent findings in (micro-)anatomy, molecular neurophysiology, and biophysics into the form of a concise model of brain fluid turnover. In particular, the concept of the glymphatic system, conjoining the anatomic spaces filled with cerebrospinal fluid and the ultrastructures of extracellular space needs to be outlined (2, 7–10). The common denominator of all these theories is the function of cellular membrane components, called water channel proteins. Among these, particular attention was paid recently to the structure and function of aquaporins (AQPs), where aquaporine-4 (AQP4) has been acknowledged as the water channel protein of main importance for water turnover in the mammalian brain (11). First, recognized as a passive water channel, due to results of numerous neuromolecular studies, AQP4 has recently been acknowledged as an active and precise water homeostasis regulator, playing a crucial role both in physiological conditions as well as in situations where the exchange of fluids between all cerebral compartments is essential for the course of the disease (12–15). Here, the prime example is the development and subsidence of brain edema, being the major manifestation of the secondary cerebral damage in traumatic brain injury and in cerebral ischemia (16–18). For this reason, the potential of AQP4 as the target point for therapeutic methods will also be discussed.



2. CONCEPTS OF CEREBRAL INTEGRATED WATER SPACE

With the advent of modern neurosurgery, several concepts of cerebral fluid circulation and water turnover have been developed with the classic model of cerebrospinal fluid (CSF) flow also termed “third circulation” published by Cushing, which has since then become universally accepted (2, 19). According to his view, the brain was enveloped by the CSF layer being in constant flow. The CSF is produced in the lateral ventricles/choroid plexi, transported to the third ventricle, passing through the aqueduct and fourth ventricle, flowing to basal cisterns and distributed upon both hemispheres, where a paramedial area (superior sagittal sinus and arachnoid granulations) plays a major role in CSF reabsorption (2, 20). Already an important remark has been made, that the brain, despite its high water content lacks a usual lymphatic apparatus and lymph flow, and the CSF circulation was assumed to fulfill the role of the lymphatic circulation (provision and cleavage of water-soluble metabolites) in the brain (7, 21, 22). This macroscopic and very gross description of CSF turnover has been modified recently. In particular, the view that CSF production and resorption are the main forces behind brain fluid transportation needed to be revised (23–30). Here, the importance of perivascular spaces, called Virchow-Robin spaces (VRS) should be outlined. These fluid-filled areas, surrounding both arteries and veins running in the direct proximity or through the nervous tissue was attributed the role of the intermediate zone, joining the macroscopical subpial space, filled with CSF with the microscopically delineated extracellular area, in which single brain cells, including neurons and glia, were sustained (12, 31). Of note, in several studies, it was demonstrated that the fluid contained in VRS is moved not by simple diffusion or only due to a high pressure gradient, but is rather propelled by the pulsatile activity of arterial vessels (32–36). Such a pump mechanism seems to depend upon the cerebral microcirculation (37, 38) and the condition of disturbed vascular autoregulation impairs also the mechanism of bulk flow along the VRS (39–45). On the other hand, the raise of cerebral blood flow on the level of microcirculation can increase the dynamics of perivascular fluid (37). Clearly, cerebral microcirculation in physiological conditions relies on the metabolic demand of the nervous tissues, supplied by both blood and cerebral fluid flow (46–48). In respect to complex interactions between the cerebral vessels (including cerebral vasculature i.e., endothelial cells and pericytes, as well as astrocytes and neurons with their processes), the term neurovascular unit (NVU) has been coined. The concept of an NVU [exhaustively reviewed in (49)] encompasses these varieties of cells and their function, the interactions of which maintain the ionic, metabolic, and molecular homeostasis of the brain. In particular, the neuronal and astrocytic activity is able to provoke a dilation or a contraction of the arterial vessels [executed by smooth muscle cells (50)] or capillaries [provided by pericytes, being an integral part of NVU (51)] via a number of mediator substances, the release of which is strictly dependent on neuronal or astrocytic activity. This list includes not only the nitric oxide (NO), as the prime example of vasoactive substance (52, 53), but also products of cyclooxygenase-2 activity (prostanoids) (54, 55), D-serine of astrocytic origin (56), peptide-based vasoactive mediators including vasopressin (57), somatostatin (58), neuropeptide Y (NPY) (59, 60), and vasoactive intestinal peptide (VIP) (61), all of which the neurons or astrocytes are capable of secreting. This means, that depending on the current activity of the neurons, the autoregulation of the cerebral blood flow (on the level of microcirculation/NVU) would be able to adapt not only the blood supply but also, indirectly the control of CSF and the extracellular fluid extravasal flow (62).

Though the view of arteries and arterioles and their pulsatile action as the main pumping mechanism for cerebral fluid movement is quite straightforward and easy to understand, several physiological observations undermine this simplified concept of brain fluid mechanics (63). Here, the oscillating or even retrograde flow along VRS has been postulated and documented in several in vivo experiments (64, 65), drawing a conclusion that additional mechanisms exist (possibly on the molecular level) which contribute to the production, mixing, and flow of the fluid on the level of cerebral extracellular spaces. One of the most important factors is the temporal change in permeability for water and electrolytes or even larger particles of the blood-brain barrier (BBB) (66–69). The BBB, with its key component—tight junctions between endothelial cells lining the interior wall of cerebral microcirculation, used to be perceived as a seal, which prevented larger molecules from passing between the intravascular lumen and extracellular space. In this early concept, water and electrolytes were allowed to pass the BBB depending mostly on physical and chemical laws of osmosis and hydrostatic pressure (70, 71). However, the idea of BBB as the passive membrane exposed to the tides of CSF and blood circulation has been revised recently. Here, the exchange of electrolytes and larger particles (e.g., aminoacids) across the BBB has been described as an active, closely regulated process (72, 73), dependent on the energetic state of neurons, astrocytes, and endothelial cells (74, 75). The key argument, that BBB is not a passive, but an active structure, regulating the circulation of cerebral fluid on the ultramicroscopic level, was the capability of BBB to precisely regulate the amount of water passing across it. Moreover, in relation to water permeability, the BBB demonstrated high dynamics in changes of this property, both temporal and spatial (76–79). Thus, due to the rapid and physiological changes in BBB permeability to water and electrolytes, the brain can create compartments of fluid spaces, slightly but significantly different from the rest of global fluid space (80–83), in order to create a biochemical environment that is optimally adjusted to the current needs of the population of brain cells, both neurons and glia. Certainly, this dynamic function requires the presence of multiple molecular control systems, responsible for rapid changes in the transmission rate across BBB for different compounds (84). Regarding water permeability, the major control system is composed of several membrane proteins, labeled water channel proteins, with the AQP4 being appreciated as the most relevant for cerebral water turnover (85). The physiological function of AQP4 clearly results from its biochemical structure and gene expression as is described in the following chapter.



3. STRUCTURE, GENETICS, AND DISTRIBUTION OF AQP4

The AQP4 protein is a member of the large family of AQPs, the membrane water channels, which are widespread in all investigated organisms from bacteria and plants to vertebrates and responsible for bidirectional water permeability of phospholipid bilayers of cells (86). The AQP4 was first identified as 32-kDa mercurial-insensitive water channel in a rat lung (87) and then described in many different epithelial cells such as renal principal cells of collecting ducts, retina, iris, ciliary body, stomach parietal cells, colon epithelial cells, excretory tubules of lacrimal and salivary glands, organ of Corti, and in skeletal muscles. But it is mostly present in the mammalian brain and spinal cord, where it is localized in astrocytes directly in contact with capillaries and pia and in subpopulations of ependymal cells (88–91).


3.1. AQP4 Protein Structure

The structure of the monomeric subunit of AQP4 is similar for all AQPs and was at first described for AQP1 in human erythrocytes membrane (92). Any single subunit comprises two repeated segments, each built from three domains of the alpha-helix structure. All six domains (in pairs of the three) are arranged in the form of a non-polar bilayer and connected by five loops (A to E). The loops B and E (which connect the second and third domain in each segment) consist of highly conserved located motifs of three amino acids: asparagine—proline—arginine (NPA). According to the hourglass model, they cover the space between the bilayer leaflets and allow the water pore formation (92–94). The hemipore (as are also called B and E loops) is maintained by the van der Waals forces (95). The width of the pore along its lumen is not identical. The narrowest part, localized about 8Å above the center of the membrane, has a diameter of 2.8Å, similar to a single particle of water. In this site, NPA motifs make contact with each other. The pore diameter increases in the direction of the extra and intracellular layer of the membrane, which creates the hourglass-like shape of the whole structure (96). Several isoforms of AQP4 have been identified. In the rat brain, Jung et al. described two overlapping polypeptides of 323 or 301 amino acids, currently known as classical forms M1 and M23, transcribed from this same gene, but from differently localized initiation sites at the upstream (M1) and downstream (M23) of the gene. Authors have determined a polypeptide structure, similar to earlier identified AQP1, consisting of six membrane bilayer-spanning domains and five connecting loops, including hydrophobic loops B and E and containing, respectively, NPA 97–99 and NPA 213–216 sequences. The cytoplasmic amino terminus comprises both potential initiation sites, the carboxyl terminus, also localized in the cytoplasm consists of approximately 70 amino acids. Opposite to other AQPs, in the AQP4 amino acid chain no cysteine at site G94 nor at site A210, both responsible for mercurial inhibition, was found. In the amino acid sequence also three potential N-glycosylation sites were identified with the first (N153) localized in extracellular loop C. Both protein isoforms were synthesized in the presence of microsomes. When cRNA contained the downstream site, a single polypeptide of 301 amino acids and 30 kDA arose. In the presence of both initiation sites, besides the minor product, also the 323 amino acids polypeptide of 32 kDa were synthesized (93). Together with these first two AQP4 isoforms identified in humans, rats, and mice (87, 93, 97), nine AQP4 isoforms are as yet found (AQPa–f, 4, a ex and c ex) (98–100). When, as a result of the AQP4 rat gene mapping, four additional forms of AQP4 were described, the new terminology was implemented. M1 and M23 isoforms, respectively, have received names AQP4a and AQP4c, and AQP4 isoforms newly identified in rats were named AQPb and e-f (101). AQP4a, AQP4c, and AQP4e, considered classic, have six bilayer-spanning domains (1–6) and five interconnecting loops (A–E). AQP4b, AQP4d, AQP4f isoforms are devoid of helices 4 and 5 as well as connecting loop D. AQP4Δ found in human skeletal muscles is devoid of the terminal part of helix 5 and loop E (94). The recently identified isoforms of AQP4 in humans named a ex and c ex are characterized by C—terminal extension containing 29 amino acids (102). The AQP4 monomers independently of the isoform are organized into more complex structures in the form of tetramers, which additionally aggregate into orthogonal arrays of particles (OAPs) considerably various in respect of the size and shape as well as the isoform content (100, 103). The size of OAPs diameter evaluated by different microscopic methods reaches 100–500 nm (100) and the molecular weight of these higher-order structures is about 1,000 kDa (104). AQP4 a and AQP4 c are both incorporated into OAPs (105) as well as their extended variants AQPa ex and AQP4c ex (102). Additionally, it was reported that AQP4 a is able to attach to OAPs only in the presence of AQP4c, being the component of the OAPs core (106) and AQP4 c ex by the limitation of incorporated tetramers affect the size of OAPs (102). The AQP4e undergoes the incorporation into OAPs, while AQPs b and d do not (although both indirectly modulate the OAPs amount) and AQP4 f was not yet evaluated (100, 101, 103). Similarly, AQP4Δ lacks the ability to be attached to OAPs, but in the endoplasmatic reticulum, it exerts an effect limiting both the abundance and size of OAPs. This dominant-negative modulation is imposed through the interactions between AQP4 isoforms of the plasma membrane (99, 100).



3.2. AQP4 Gene Arrangement

All AQP4 isoforms are coded by a single copy of the gene localized in humans on chromosome 18 at the junction of q11.2 and q 12.1 (97, 98). As with other AQPs, the gene coding AQP4 consists of four exons including, respectively, 127, 55, 27, and 92 amino acids, between which three introns of 0.8, 0.3, and 5.2 kb are located. The unique feature, distinguishing the AQP4 gene from other AQPs genes is an alternative initiation sequence situated 2.7 kb upstream and named exon 0. It allows, after the splicing process, to encode the M1 and next 10 amino acids by exon 0 and subsequent 11 amino acids with M23 by exon 1 (97). In the promoter region, such regulatory elements as TATAAAA (TATA box) at 385 bp upstream from initiation codon, one CAAT box, and AP-1 were identified and additionally SP1, two E-boxes, two AP-2, and acute phase response elements (APRE). It was shown that the transcription initiation site is located at 46 bp downstream from the TATA box. In addition, it was revealed that at 138 bp downstream of the stop codon a sequence AATAAA is situated which is the signal of polyadenylation (107). The mRNA of AQP4 b, d, and f is formed after alternative splicing omitting exon 2 from AQP4 a, c, and e, respectively (101, 107). The AQP4Δ mRNA is alternatively spliced from AQP4 a with a lack of exon 4 (99). The variants AQP4 a and c ex are extended through translational readthrough (102). In the AQP4 gene, numerous polymorphic sites were reported across the entire gene including coding and non-coding regions, as well as 3' and 5', flanking regions (108), but the gene is considered as highly conservative and non-synonymous single nucleotide polymorphisms (nsSNPs) are rather rare (approximately 1–2% allele frequencies) (109). Several known nsSNPs influence the protein structure and function. The occurrence of variants I128T, D184E, I205L, M224T, and M278T, although all are localized relatively far from the NPA motifs, affect protein stability. The Ile-Thr substitution in position 128 results in the change of hydrophobic to hydrophilic residue in the transmembrane region and Met-Thr substitution exerts a similar effect in a loop if it involves position 224 or the C—terminal domain and position 278. Additionally, the substitution Met—Thr deprives the amino–acid residue of a sulfur atom. The chemical relevance of two other substitutions Asp—Glu and Ile—Leu is less significant. Nevertheless, all five nsSNPs impact the AQP4 function—I128T, D184E, I205L, M224T reducing, and M278T increasing water permeability (109).



3.3. AQP4 Distribution

As it was mentioned AQP4 is found predominantly in the astrocytes, but the AQP4 gene expression is different in various areas of the central nervous system (CNS) with the highest levels detected in astrocytes localized near the subarachnoid space, along ventricles and blood vessels. Also in areas engaged with water balance maintaining and responsible for the osmoregulation such as the supraoptic nucleus or subfornical organ, the intense AQP4 expression was recorded (90). The distribution of AQP4 isoforms inside astrocytes varies depending on the individual isoform. The most accurately is determined for AQP4a and AQP4c (known also as M1 and M23), being two first described and best-investigated isoforms. Both of them as well as their extended forms (AQP4a ex and AQP4c ex) were found at the plasma membrane aggregated in OAPs with the isoform c in the core of OAP and isoform an attached to c (98, 100, 105, 110). The isoform a may also occur in the plasma membrane in the simpler form of tetramers (111). The isoform e is localized not only at the plasma membrane, but also intracellularly (100, 101). Other isoforms were detected only in the intracellular structures such as Golgi apparatus (isoforms b,d, and f) or endoplasmatic reticulum (Δ4) (99, 100). Additionally, isoforms b and d were found in lysosomes and early endosomes (100, 103).

Several studies underlined the fact, that the regulation of AQP4 activity relies more on the subcellular relocation than on the expression of its gene. Both isoforms of AQP4 can be translated from the same full-length transcript by a “leaky scanning” mechanism (112, 113). Previous evidence shows that both isoforms are relocated equally and that the surface localization of AQP4 increased without changing the level of protein expression. In a study by Salman et al. mild hypothermic treatment increased the surface localization of AQP4 in human astrocytes even in the lack of significant change in total protein expression levels. Here, AQP4 mRNA increased modestly in cultured human primary astrocytes following 4 h mild hypothermia (32°C) compared with control cells grown at 37°C but this increase in transcript did not result in a change in protein level. Nevertheless, the decrease in temperature influenced the surface localization of AQP4, creating a space for the potential use of therapeutic brain hypothermia as an antiedematous treatment (114). Furthermore, analysis of Ciappelloni et al. indicated that the deleterious effect of anti-AQP4 autoantibodies involved in neuromyelitis optica (NMO) is probably based on perturbation of AQP4 surface dynamic and distribution. This impact differed between both isoforms of AQP4. Notably, in this study, the water transporting function of single AQP4 molecules remained intact despite exposition to AQP4 antibodies. This puts the nanoscale distribution of AQP4 in the spotlight as a major pathophysiological mechanism and the target for potential therapeutic strategy (15, 115), see also Chapter 6.




4. AQUAPORIN 4: ITS PHYSIOLOGICAL FUNCTION

The biochemical and molecular properties of AQP4 including its expression, assembly of subunits, and integration into organelle clearly define it as one of the membrane proteins. Indeed, the proper physiological function of AQP4 requires its polarized integration and anchoring into astrocytic cell membranes (116–119) and this process is regulated already at the stage of translation and protein folding (120). In particular, the location of the AQP4 along the parts of astrocytic membranes reflects its crucial function in regulating the water exchange between intra- and extravascular space: the density of AQP4 arrays is about 10 times higher in endfeet areas adjacent to cerebral microvasculature than in other zones (90, 117, 121) and this inhomogeneous localization seems to be crucial for the BBB integrity (122, 123). But even if the majority of AQP4 complexes are located in endfoot areas, the presence of AQP4 has also been demonstrated in astrocytic membrane zones, directly neighboring synaptic areas (124, 125), in particular excitatory synapses (90). This localization of AQP4 defines its main physiological functions: a direct impact on the clearance of water and cellular metabolites, altering extracellular fluid dynamics, and (most probably indirect and less precisely described) regulation of neuronal and synaptic activity including plasticity (thus impacting memory and behavior). Certainly, the role of AQP4 and the whole AQP family in the physiology of the nervous system is not limited to these two domains. Currently, up to 13 different AQPs have been identified. The diversity of their physiological roles comprises physiological solute transport including glycerol, ammonia, urea, carbon dioxide, and hydrogen peroxide (126). The permeability of water channels for different small, polar substrates depends not exclusively on transmembrane proteins, which form a more narrow or wider space but expresses considerably more complex interactions between the features of the solute as well as the pore constriction and polarity. Especially important in the highlighting of these phenomena seems to be recently described relevance between the single amino acid substitutions within the aromatic/arginine (ar/R) motifs known as the selectivity filters of different AQPs and between glycerol and urea permeability. In AQP4 the ar/R- motif is formed by phenylalanine in position 1, histidine, in position 2, and, being a small residue, alanine in position 3. In vitro, the mutagenesis of ar/R motifs of AQP4 consisting in substitution of histidine in position 2 and arginine in position 4 creates glycerol or urea permeable channels. The H201A and H206G substitutions, respectively, allow the glycerol and the urea permeable channels to form, while the R216A substitution creates the channel permeable for both substrates. Some authors hypothesized that the H201A mutation along with F77 composes a hydrophobic corner contacting with the alkyl chain of the glycerol due to van der Waals forces, while the loss of the alanine in the H201G mutation causes a disruption of this corner and accessibility of the V197 backbone carbonyl group for binding with water or solutes such as urea due to hydrogen bounds. Oppositely, analogous mutagenesis of AQP1 (R195A and H180/G) did not lead to the formation of urea or glycerol permeable channels (127). AQPs are also responsible for the trafficking of other membrane proteins and are involved in intercellular molecular interactions resulting in cell-cell adhesions. Due to their selectivity in ion transfer across the cell membrane and ability to counteract the osmotic changes, AQP has been attributed the role of cell volume/size regulators. As to the AQP4 itself, its role in cell adhesion (probably by facilitating aggregation or localization of other adhesion molecules) has been previously described (128, 129). For the exhaustive reviews on diversity in AQP family and AQP4 function see also (13, 130, 131), however for the sake of clarity and clinical context of this review we will focus on the AQP4 functions that are the most relevant for the function of the perivascular unit.


4.1. Role of AQP4 in Fluid Management

The information that is crucial for understanding AQP4 function for fluid homeostasis has been mostly (but not exclusively) gained through studies implementing animal lines with the genetic modification of AQP4 function. Accordingly, AQP4 knockout animals demonstrate enlarged interstitial fluid spaces (132, 133), increased brain water content (134, 135), and reduced capability to get rid of extracellular brain water excess (135, 136). These findings are highly suggestive of a regulatory role of AQP4 in water transportation across BBB between extracellular and perivascular space (137). Indeed, multiple attempts to trace the fluid movement demonstrated suppression of glymphatic flow in the absence of AQP4. Of note, this observation has been made not only in regard to exogenous, drug-like substances as mannitol (138) or dextran (137) but also applied to endogenous substances like tau (139–141), beta-amyloid (138, 140, 142, 143) or lipoproteins (144), which are involved in the pathogenesis of degenerative encephalopathies. Of note, the AQP4 role in facilitating the exchange of solute distribution and waste substance clearance is strongly dependent on adequate localization of AQP4 in the perivascular processes (145). Disturbance in the cell-level distribution of AQP4, as provoked by syntrophin-1-alpha (Snta-1) gene deletion (146) or seen in brains affected by aging (147), trauma (148), or ischemic damage (149) is related to impaired function of glymphatic clearance. Undoubtedly, it sheds new light on the role of the glymphatic system in the pathophysiology of diseases such as Alzheimer's disease or posttraumatic neurodegeneration.

Notably, based on the results of (150) and (151) a competitive hypothesis has emerged, assuming that an alternative, AQP4 independent system of fluid transportation exists. In both experiments, implementing alternative ways of tracer administration to the extracellular fluid space in experimental animals, the fluid/tracer transportation was not impacted by the AQP4 genetic status and thus by aquaporin function in both wildtype and AQP4-knockout animals.

However, the recent multicenter research effort, provided by five laboratories implementing independently developed transgenic animal models with impaired AQP function, clearly demonstrated, that transport of the tracers, cleared from extracellular space via perivascular fluid compartment is strongly dependent on the proper function of perivascular aquaporins (146).

In conclusion, the main and widely accepted role of AQP4 is the facilitation of fluid exchange between the extracellular space and the perivascular spaces (both being essential parts of the glymphatic system and incorporated in brain fluid circulation) as well as in the cleavage of several cerebral metabolites, crucial in pathophysiology of neurodegeneration. Importantly, even under the physiological condition, transportation of cerebral fluid does not represent a steady-state but is a very dynamic process constantly adapting to the current needs, being related to the energetic state of neurons and thus linked to autoregulation of microvasculature. Let us take a closer look at the previous evidence regarding this area.



4.2. AQP4 as a Potential Regulator of Glymphatic Flow

Soon after describing glymphatic system with the continuous fluid flow as its main function, the evidence about its dynamic adaptation to the current physiological status appeared. Of importance, the increased energetic demand of neurons on the one hand clearly increases cerebral blood flow on the level of microcirculation (152–155) [a phenomenon described as neurovascular coupling, for some recent reviews of molecular background, see also (156–159)], but on the other hand reduction of interstitial flow as the neuronal activity grew has been observed (160). More so, the conditions, that are clearly related to reduced neuronal activity i.e., sleep (161–163) and general anesthesia (164–167)—albeit in a dose-dependent manner (168) [reviewed also recently in (169, 170)]—have been associated with the enhanced glymphatic flow and interstitial fluid circulation.

Is the activity of AQP4 channels somehow responsible for this inversed relationship between neurovascular coupling and glymphatic flow? Indeed, the trend to the physiological flow reduction in regions of neuronal activation was reversed in AQP4 knockouts (171). AQP4 expression and polarization are also strongly dependent on circadian rhythm (162, 172), suggesting that proper AQP4 activity is required for physiological glymphatic stagnancy in periods/areas of neuronal excitation. Also, in clinical conditions, an increased volume of extracellular fluid/PVS spaces [as seen in AQP4 knockout animals (132, 133)] have been observed in subjects affected by neurodegenerative conditions with documented reduced daily cognitive activity (41). The linkage between neuronal excitation, increased blood microcirculation, and reduced glymphatic flow is not completely understood, but the properties of AQP4 allow us to hypothesize several interrelations between these physiological phenomena. One possibility is the direct impact of vasoactive substances on AQP4 function and expression. Indeed, NO was able to modulate AQP4 expression in cultured astrocytes via a cGMP-/ MAPK controlled mechanism (173, 174) as well as in the setting of animal experiments (175). Also, vasopressin an activation of its receptors seems to impact the density and function of AQP4 (176, 177) or AQP1 (178) channels. Finally, inflammatory vasoactive substances as thromboxane (179) seem to share AQP4 as the parallel lever of action triggering astrocytic swelling. However, some more direct and swifter response mechanisms of AQP4 response to increased neuronal activity do exist. Here, the participation of AQP4 channels in moderating the K+ exchange related to increased neuronal activity needs to be discussed [albeit some reports deny the importance of Kir4.1/AQP4 complex for the mechanism of astrocytic swelling (180), being proposed as the mechanism of the reduced glymphatic flow (181)]. The participation of AQP4 channels in potassium homeostasis is well-documented [as reviewed exhaustively in (130) and (182)] and relies mostly on providing the water flux necessary for spatial redistribution of K+ ions, released during the phase of neuronal activation (183). Importantly, the key role of AQP4 in managing K+ excess has been underlined by molecular studies in conditions directly related to neuronal hyperexcitation as spreading depolarization (184, 185) or seizures [both in experimental (186–190) and clinical (191–193) settings]. Since K+ surplus in extracellular fluid space is linked to the function of cerebral micro perfusion, including neurovascular coupling (194–197), it may be hypothesized, that disturbed AQP4 function underlies the pathophysiology of several conditions related to improper reactivity of small vessels, including migraine and cluster headache (198, 199) via this mechanism. More importantly, the disturbance in potassium homeostasis attributable to AQP4 misfunction seems to result in ischemic exacerbation of secondary brain damage as may be noticed in stroke (200–202), subarachnoid hemorrhage (203–207), spontaneous intracerebral hemorrhage (208, 209) or traumatic brain injury (210–213). With regard to these conditions, even stronger links between secondary injury and AQP4 function do exist, namely the development of brain edema, which is the most direct result of impaired cerebral fluid homeostasis.




5. BRAIN EDEMA AND ROLE OF AQP4 IN ITS PATHOPHYSIOLOGY

Certainly, the role of AQP4 in the development and subsiding of brain edema in different cerebral pathologies is of paramount importance for our understanding of the (patho-) physiology of cerebral fluid circulation. According to the canonical concept, forged by Klatzo and his research group, there are two main forms of cerebral edema existing. Vasogenic edema is characterized by extracellular water accumulation due to BBB dysfunction and increased transcytosis of plasma elements, including water (145). In turn, in cytotoxic edema water excess is gathered inside the cells (both neurons and astrocytes), manifested by beading i.e., swelling of astrocytic cells and neuronal dendrites (214–218). This dichotomy has, later on, been refined by numerous works by Marmarou and associates, describing in detail energetic depletion as the major drive for cytotoxic edema development as well as radiological manifestation of both edema types (219–224). In more recent works, a third kind of brain swelling, namely ionic edema, is distinguished. This type of edema is characterized by an early influx of both water and sodium ions from the perivascular compartment into the brain parenchyma, predominantly into the astrocytic cells. Ionic edema usually precedes the impairment of tight junctions being the first phase of ischemia-related edema formation (217, 225) and is associated with brain swelling of cytotoxic character (145, 217). Until the appearance of AQP4 on the stage, the main role in the molecular performance of both ionic and vasogenic edema remained vacant. Upon discovery and description of AQP4 function in water transportation (both in physiological and pathological conditions), our view on extracellular space and, more recently, the glymphatic system for development of brain edema has evolved dramatically (226).

Initially, the results of the experiments both in vivo and in vitro seemed to be inconclusive, since AQP4 and its expression demonstrated both surge and depletion of its activity due to developing brain edema. Thus, Ke et al. reported a reduction of AQP4 expression in areas of the traumatically swollen brain (227) and a similar observation has been made by Kiening et al. (228) and Bixt et al. in a rat model of posttraumatic edema (229). On the other hand, Fukuda et al. reported a delayed but significant raise in AQP4 level, following the development of posttraumatic brain edema (230) in juvenile rats, and similar observation has been made in adult animals by Taya et al. (231) and Zhang et al. (232). These observations were hard to reconcile until AQP4 knockout animals were available. Here, consequent analysis of different forms of edema in diverse experimental paradigms revealed that in the models with predominating cytotoxic edema demonstrable in transient or persistent ischemia models, lack of AQP4 function resulted in reduced water accumulation (233–235) and/or improved outcome (236–238). One possible explanation of these findings is, that in the absence of AQP4 channels, water excess, that would be accumulated in the swelling astrocytes due to compensatory mechanism after energetic depletion, remains in extracellular space and is managed by the glymphatic system and transported by perivascular spaces, being less effective (141) although more abundant in AQP4 knockouts (233). In conditions of vasogenic edema, the AQP4 channels seem to play a beneficial role, helping in the transportation of the fluid excess from the interstitial space to the glymphatic system. This hypothesis is sound with the observation, that in animal models of predominantly vasogenic edema, as in hemorrhagic stroke (209, 239–241) brain infection (136, 242–245) or brain tumor/cold lesion model (136, 246) brain edema subsides more efficiently in the presence of properly functioning AQP4. Importantly, not only the crude amount of AQP4 units defines its impact on brain edema or spinal cord edema development. AQP4-related permeability of astrocytic membranes is strongly dependent from subcellular localization of AQP4 water channels (112, 114). Pivotal study of Kitchen et al. demonstrated, that relocation of AQP4 units is modulated mainly by calmodulin (CaM), binding directly with AQP4 domains, while this action is further enhanced by AQP4 phosphorylation, performed by protein kinase A (PKA) (15). Thus, subcellular localization of AQP4 particles seems to be even more important for brain edema formation than expression of AQP4 genes.

The topic of AQP4 dual impact on brain edema development/resolution is the most clearly seen in neurotrauma research. Here, several traumatic brain injury (TBI) models exist, in which the dominance of cytotoxic or vasogenic edema type relies not only on the mechanism of primary injury but changes dynamically over time as the influence of AQP4 does. Several studies implementing controlled cortical impact paradigm (CCI) (227, 229, 247) (with an initial predominance of cytotoxic edema) demonstrated a decrease in AQP4 activity and expression accompanying edema development (227–229) [although Taya et al. (231) and Fukuda et al. (248) described an AQP4 concentration raise in early stages of CCI]. To the contrary, animal studies using fluid percussion injury (with predominantly vasogenic edema) (249, 250) or weight drop models (148) demonstrated a rise of AQP activity/expression. Notably, in models of more severe brain damage, the molecular effect of AQP4 activation may be counteracted by loss of the cells being AQP4 carriers, possibly making the interpretation of data even more difficult (251). The same refers to the models with mixed type of posttraumatic edema (232), demonstrable in several head injury studies conducted in AQP4 knockout animals, where the net differences in edema development were not as clear as in experiments, in which conditions of purely cytotoxic or purely vasogenic edema were analyzed (13, 252). Nevertheless, in long-term outcome analysis, it was documented that animals lacking AQP4 demonstrated better recovery regarding neuroinflammatory events and cognitive function (18). On the other hand, AQP4 deficiency was also associated with the lower threshold of posttraumatic seizures (188). Notably, in the animal model of minor head injury, where brain edema is of lesser relevance for the posttraumatic course, lack of AQP4 was demonstrated to be neuroprotective (253) (an effect similar to pathophysiological conditions with cerebral edema of cytotoxic type) (13). As was discussed above, previous studies have shown that AQP4 seems to have different functions and outcomes in different CNS disorders. Hence, the need for accurate and reproducible methods evaluating the activity of AQP4 should be underlined. These needs meet the recently developed calcein fluorescence assay. Shortly, calcein is a dye with fluorescent properties that is provided to plate adherent cells as the membrane-permeable and non-fluorescent acetoxymethyl ester (calcein-AM). Next, the calcein-AM is metabolized by intracellular enzymes to fluorescent calcein. Then, cell shrinkage is induced by using a hypertonic medium and the quenching fluorescence of calcein is continuously measured. The concentration-dependent fluorescence reflects cells volume and enables the evaluation of water transport across the plasma membrane. Obtained curves of the shrinkage of the cell allow quantifying relative and absolute water permeability (254). Of note, calcein fluorescent assay is only one of several ex vivo methods to assess AQP4 function. Here, the spectrum of methodology reaches from cell culture-based osmotic swelling tests over stopped-flow spectroscopy tests in e.g., liposome suspensions up to in silico computational assays. This variety of research methods should be critically considered, since every single assay carries its advantages and limitations, as outlined in exhaustive reviews of Verkman et al. (255) and Abi-Awan et al. (256).



6. DISCUSSION: AQP4 AS A TARGET FOR THERAPEUTICAL APPROACHES

Due to the ambiguous properties of AQP4 regarding its impact on water homeostasis in different types of edema, the results of experimental studies in which AQP4 function is blocked or enhanced need to be critically analyzed before being translated into clinical practice. Indeed, recently several compounds have been claimed to execute beneficial impact on the course of secondary brain damage, including brain edema via interference with AQP4 function and expression. Here, neuroprotective and antiedematous action of erythropoietin has been linked with the preservation of AQP4 function in trauma (257), hydrocephalus (258), and cerebral ischemia (259). Further, the neuroprotective action of several (food) antioxidants has been explained by the adjustment of AQP4 channel functions (260–264). Notably, the antiedematous effect of well-known osmolar drugs such as hypertonic saline and mannitol has been recently linked to modulation of AQP4-water channel permeability (265, 266). Finally, the idea of repurposing some of these well-known drugs like acetazolamide (267–269) or levetiracetam (270) was based on their presumed or proven effect on AQP4 channels. Even more promising is the therapeutic strategy, in which the AQP4 subcellular relocation as the main driver promoting brain or spinal cord edema is targeted. Here, the pharmacological inhibition of PKA and CaM as main regulators for AQP4 subcellular localization was efficient against spinal cord edema formation, breakdown of blood-spinal cord barrier, and improved functional outcome in a rat model of spinal cord injury (15). Since CaM inhibition was provided by trifluoperazine (TFP), a compound that is already approved as an antipsychotic drug, the perspective of swift clinical implementation of these experimental results emerges. Significantly, TFP has proven its neuroprotective and antiodematous effect also in experimental models of brain ischemia (271, 272). In the most recent study, implementing photothrombic stroke model, TFP has downregulated AQP4 expression, reduced the amount of brain edema, and improved the metabolic function (as demonstrated via increased glycogen level of astrocytes located in ischemic penumbra) (271).

Certainly, analyses of Kitchen et al. (15) and Sylvain et al. (271) clearly document the relationship between AQP4, its subcellular location, and the beneficial role of interfering AQP4 relocalization after an injury as the main mechanism for beneficial action of TFP. Nevertheless, for most of the other studies, the question emerges: are the antiedematous or neuroprotective properties truly mediated via impact on AQP4 activity, or is the shift in AQP4 expression/function only secondary and thus reflects rather an adapting reaction of the whole glymphatic system to the beneficial action of the given drug? This question should not hinder the research community in further search for treatment strategies, in which the pivotal position of AQP4 in cerebral edema management is utilized for the improvement of outcome and neuronal protection. A good example here is the use of decompressive craniectomy. This rapid change in physical properties of the skull and brain, including hydrostatic pressure change has been associated with increased AQP4 activity, at least in areas not affected by the abundant loss of neural and glial cells (250, 251). It is imaginable, that adding AQP4-targeted therapy [like acetazolamide (267, 273) or selective AQP4 channel blocker as TGN-020, being one of the most promising candidate drugs (274–277)] to the surgical decompression would allow reducing the risk of edema surplus, related with loss of hydrostatic resistance in the decompressed brain (267). Importantly, the list of structurally non-related compounds displaying the AQP4-inhibitory properties is long and includes ethoxzolamide, topiramate, lamotrigine, zonisamide, acetylsulfanilamide, phenytoin, bumetanide, furosemide, tetraethylammonium, and IMD0354 (273, 274, 278, 279). Obviously, this list encompasses several drugs that, similar to acetazolamide, have been already approved or tested for uses other than counteracting brain edema. Hence, the strategy of drug repurposing will open a fast track for the search for efficient AQP4-targeted treatment of brain edema. The importance of this approach is underlined by the fact, that despite several assays of AQP4 water transport function are available and has been abundantly used in basic research studies [for exhaustive review see (255, 256)], no single drug exists, that has yet been approved to successfully target AQP4 water channel function in a clinical setting (256). One of the possible obstacles is the toxicity and reduced selectivity of the compounds (including heavy metal derivates), which attempted to be used according to the traditional pore-blocking approach. It is difficult to circumvent this problem, even if modern pharmacodynamic forms of drug administration (e.g., liposome-encapsulated compounds) are used (256). Unfortunately, the strategy of virtually screening myriads of candidate inhibitors does not solve this problem but rather multiplies the number of putative AQP4 blockers that fail to exert their function in vivo. The possible reason here is the characteristic of AQP4 molecule, with the relatively small diameter of its pore and simple structure of its molecule, that, contrary to regular membrane receptors, lacks any complex intrinsic gating and transport mechanism (255). This makes AQP4 channels less prone to be targeted by the small inhibitory molecules, dramatically shortening the list of candidate drugs (255, 256). For this reason, the use of AQP4 targeted immunotherapy or AQP4-gene targeted treatment should be considered. Here, in the specific condition of NMO, the anti-AQP4 monoclonal antibody (aquaporumab), competitively binding to AQP4 has proven its efficacy in reducing lesions, at least in preclinical tests (280–283). It is noteworthy to consider an antibody-based approach in conditions where AQP4 function (as cytotoxic edema, ocular neovascularization, and astroglia proliferation including glial scarring and infiltration of glial tumors) is related to exacerbation or propagation of pathologic conditions. Limiting AQP4 expression by use of small interfering RNAs (siRNA) to suppress the translation process is another viable option (256), efficiently reducing the development of posttraumatic brain edema, at least in animal models (284, 285). Finally, the implementation of physical methods interfering with AQP4 function should be mentioned. For instance, global or focal brain hypothermia seems to exert their beneficial action not only by increasing AQP4 expression (286) but also partially via impacting the function of AQP4 channels (251, 287–289). Focusing on this aspect and enhancing the impact of cerebral hypothermia treatment with AQP4-active drugs would potentially allow the second renaissance of the latter treatment mode (currently abandoned due to clinical burden of side effects, including ionic disbalance) (290, 291). The key points of cellular AQP4 trafficking that are relevant for developing new treatment strategies are outlined in Figure 1.
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FIGURE 1. Summary figure, demonstrating aquaporin-4 (AQP4) cellular trafficking as a possible target for treatment. Blue arrows represent the process of AQP4 production and relocation, the groups of potential therapeutics are labeled by red text and their impact is marked by green (enhancing) or red arrows (blocking activity). AQP4 expression (transcription of the AQP4 gene and translation of AQP4 mRNA with ribosomal production of AQP single subunits may be disturbed by small interfering RNA (siRNA), attaching selectively to AQP4 mRNA domains and preventing the translational readout. The single subunits of AQP4 are organized into orthogonal arrays of particles (OAPs) and as tetramers are transferred by endosomal vesicles to the proximity of cell membrane (predominantly in astrocytic endfoot area). Here, the AQP4 translocation to the cell surface takes place. This process relies on the activity of vanilloid-receptor-related subfamily 4 calcium channel (TRPV4) and calmodulin (CaM), directly binding to the AQP4 particles. Importantly, blocking CaM activity by trifluoperazine (TFP) was efficient against AQP4 relocation and the formation of cytotoxic brain edema. Notably, hypothermia exerts opposite action enhancing AQP4 surface exposition and this effect may be counteracted by TRPV4 inhibitors, Ca2+ chelating compounds, or CaM blockers. This effect is more relevant than the impact of hypothermia on AQP4 expression, with increased transcription reported by some, but not all relevant studies. The AQP4 channel, while integrated into astrocytic surface membrane, may be simply blocked by a number of compounds, including acetazolamide, topiramate, lamotrigine, zonisamide, acetylsulfanilamide, phenytoin, bumetanide, furosemide, tetraethylammonium, and IMD0354 as well as by heavy metal derivates or—more selectively—by TGN-020. In conditions of autoimmune response that is driven against AQP4 channels, as seen in neuromyelitis optica (NMO), blocking of antigen epitopes by monoclonal antibodies (aquaporumab), has been demonstrated as an effective NMO treatment, at least in experimental conditions. Figure created with the use of Servier Medical Art images/content of smart.servier.com in compliance with the terms of the Creative Commons Attribution 3.0 Unported Licence.




7. CONCLUSION

There is growing interest in the structure and function of cerebral extracellular spaces described recently as the glymphatic system. Certainly, the glymphatic flow as well as water metabolismis dependent on numerous physical laws and molecular factors. However, evidence from recent years, regarding the role of cellular water channels in physiological conditions and diverse brain pathologies clearly point out AQP4 as the key component of cerebral fluid homeostasis, acting not only as a passive channel for water and small molecular substances but playing a key role in the proper functioning of blood-brain barrier and perivascular unit. Hereby adapting the glymphatic flow to the phases of neuronal activity with increased blood flow demand in an alternating manner. The knowledge about the role of AQP4 in cerebral fluid homeostasis is vast and continually growing, however, there is still a lot to discover in this field. For this reason, as well as the ambiguity of the impact of AQP4 on the neurological outcome of cerebral edema, attempts to translate somehow the positive results of in vivo studies into clinical practice should await more precise and more critical benefit-risk calculations for an inhomogeneous group of conditions, in which brain edema and/or neurovascular uncoupling play a major role.
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Introduction: The role of near-infrared spectroscopy (NIRS) for the evaluation of cerebral haemodynamics is gaining increasing popularity because of its noninvasive nature. The aim of this study was to evaluate the role of the integral components of regional cerebral oxygenation (rSO2) measured by NIRS [i.e., arterial-oxyhemoglobin (O2Hbi) and venous-deoxyhemoglobin (HHbi)-components], as indirect surrogates of cerebral blood flow (CBF) in a cohort of critically ill patients with coronavirus disease 2019 (COVID-19). We compared these findings to the gold standard technique for noninvasive CBF assessment, Transcranial Doppler (TCD).

Methods: Mechanically ventilated patients with COVID-19 admitted to the Intensive Care Unit (ICU) of Policlinico San Martino Hospital, Genova, Italy, who underwent multimodal neuromonitoring (including NIRS and TCD), were included. rSO2 and its components [relative changes in O2Hbi, HHbi, and total haemoglobin (cHbi)] were compared with TCD (cerebral blood flow velocity, CBFV). Changes (Δ) in CBFV and rSO2, ΔO2Hbi, ΔHHbi, and ΔcHbi after systemic arterial blood pressure (MAP) modifications induced by different manoeuvres (e.g., rescue therapies and haemodynamic manipulation) were assessed using mixed-effect linear regression analysis and repeated measures correlation coefficients. All values were normalised as percentage changes from the baseline (Δ%).

Results: One hundred and four measurements from 25 patients were included. Significant effects of Δ%MAP on Δ%CBF were observed after rescue manoeuvres for CBFV, ΔcHbi, and ΔO2Hbi. The highest correlation was found between ΔCBFV and ΔΔO2Hbi (R = 0.88, p < 0.0001), and the poorest between ΔCBFV and ΔΔHHbi (R = 0.34, p = 0.002).

Conclusions: ΔO2Hbi had the highest accuracy to assess CBF changes, reflecting its role as the main component for vasomotor response after changes in MAP. The use of indexes derived from the different components of rSO2 can be useful for the bedside evaluation of cerebral haemodynamics in mechanically ventilated patients with COVID-19.

Keywords: cerebral oxygenation, brain injury, autoregulation dysfunction, intensive care, NIRS (near infrared reflectance spectroscopy)


INTRODUCTION

Several neuromonitoring tools have been adopted as surrogate or indirect measures of cerebral blood flow (CBF) (1–3). Among these, transcranial Doppler (TCD)-derived cerebral blood flow velocity (CBFV) has been largely applied, being currently the most used technique for the evaluation of bedside cerebral haemodynamics (4), and is considered as the gold standard for noninvasive assessments of static cerebral autoregulation (CA) (3).

Near-infrared spectroscopy (NIRS) represents a promising but not highly utilised technique in critical care. NIRS measures the relative proportion of oxy (O2Hbi)- and -deoxy(HHbi) haemoglobin based on the transmission and absorption of near-infrared light as it passes through biological tissues (5, 6). For instance, NIRS enables the continuous non-invasive evaluation of cerebral oxygenation (6), which could potentially be used as a surrogate of CBF. A major concern of NIRS is the undesired contamination of extracranial blood and the intracranial venous blood (7, 8). However, recent improvement in technology has led to the availability of tools, which can measure not only the total rSO2 but also discriminate its different components, e.g., the arterial and venous compartments of cerebral circulation. This could potentially lead to a more detailed evaluation of CBF with NIRS, focusing on the role of different intracerebral components in the vasomotor response, and to assess the effect of mean arterial blood pressure (MAP) changes, specifically considering the arterial component of rSO2, thus minimising any confounding factors from the venous compartment. Such assessments can be relevant in acute critical care patients, especially those in risk of developing neurological complications due to non-traumatic brain injuries. In the temporal context of the present work, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has led to insurmountable clinical challenges regarding the assessment of such potential, unknown neurological complications that could become another major burden to coronavirus disease 2019 (COVID-19) survivors.

Therefore, the aim of this study was to assess the role of rSO2 and its different components as surrogates of CBF in a cohort of mechanically ventilated critically ill patients with COVID-19 undergoing different rescue therapies and haemodynamic manipulations yielding MAP changes. The primary objective was to assess the correlation of the different components of rSO2 with the gold standard CBFV. The secondary aim was to investigate which component of rSO2 is the best predictor of CBF in response to haemodynamic changes. We hypothesised that the arterial component of rSO2 is better correlated with CBFV and should better reflect MAP changes than its venous component, or total rSO2, after systemic blood pressure changes.



METHODS

We adhered to the “Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)” statement guidelines for observational cohort studies (Supplementary Material 1) (9).

This single centre prospective, observational study was performed at Policlinico San Martino Hospital, IRCCS for Oncology and Neuroscience, Genoa, Italy, from October 1, to December 15, 2020, and the protocol was approved by the local ethical review board (Comitato Etico Regione Liguria, protocol n. CER Liguria: 23/2020). Written consent was obtained from the next of kin, as the patients were unconscious at the time of inclusion.

Adult mechanically ventilated patients admitted to ICU [previously included in two studies (10, 11) from our group]; with a confirmed SARS-CoV-2 polymerase chain reaction test using nasopharyngeal swab or bronchoalveolar lavage; requiring any type of manoeuvre clinically indicated to optimise respiratory and haemodynamic functions with an effect on ABP; and who contemporarily underwent multimodal neuromonitoring (NIRS and TCD) were included.

These manoeuvres comprised ventilatory rescue therapies (such as recruitment manoeuvres, prone positioning, etc.) or haemodynamic strategies (such as passive leg raising test, fluid challenges, and norepinephrine administration) as previously described (10, 11). Despite different indications and types of manoeuvres, they all had in common to produce an effect on systemic haemodynamics and MAP, which could affect cerebral hemodynamics.

Exclusion criteria were patients negative for SARS-CoV-2 infection; patients who did not undergo any intervention with a haemodynamic effect, or who did not receive multimodal neuromonitoring (TCD and NIRS) or with known neurological conditions before or during ICU admission, which might have impaired cerebral haemodynamics a priori (stroke, trauma, intracerebral masses, etc.).


Patient Management and Data Collection

A combination of propofol, midazolam, and fentanyl was used to maintain sedation. The patients were mechanically ventilated using pressure-controlled ventilation, using a tidal volume (VT) of 4–8 ml/kg of predicted body weight, aiming to achieve plateau pressure (Pplat) <28 cmH20; inspired fraction of oxygen (FiO2) and positive end expiratory pressure (PEEP) were titrated to achieve peripheral saturation of oxygen (SpO2) = 88–92%, and the respiratory rate was set to maintain arterial partial pressure of carbon dioxide (PaCO2) = 35–45 mmHg. Indications and methods for each one of the strategies considered for the analyses have been previously presented in detail (10).

Data were reviewed and collected by physicians trained in critical care (10). Data collection included baseline characteristics, demographics, clinical data at ICU admission, laboratory and ventilatory parameters (i.e., VT, FiO2, PEEP), as well as haemodynamic and neuromonitoring data before (T0) and after (T1) the application of any type of manoeuvre. In brief, T1 measurements were taken after 5 min after recruitment manoeuvres and prone positioning, 5 min after the beginning of norepinephrine administration and fluid challenges administration, and immediately after passive leg raising test (10, 11). These procedures are standardised in our institution and, therefore, were expected to obtain a similar haemodynamic effect.

The decision to start any type of manoeuvre was related to the assessment and judgement of the clinician. Details on the different manoeuvres have been previously described (10, 11).



Neuromonitoring


Cerebral Oxygenation

We used the Masimo Root monitor® (Irvine, CA, USA) for the measurement of rSO2, applying bilateral sensors to the frontotemporal area of the patients. Final values of rSO2 and its components at T0 and T1 were calculated as the mean between single instant measurements obtained from the right and left frontotemporal sensors.

The parameters obtained included:

• rSO2, which represents the total regional cerebral oxygen saturation;

• ΔO2Hbi, which represents the change in the oxyhemoglobin component of the rSO2 calculation, i.e., changes in the cerebral arterial compartment;

• ΔHHbi, which represents the change in the deoxyhemoglobin component of the rSO2 calculation, i.e., changes in the cerebral venous compartment;

• ΔcHbi, the sum of the values of ΔO2Hbi e ΔHHbi.



Transcranial Doppler

A low frequency (2 MHz) echographic micro convex probe was employed to investigate intracranial vessels. The temporal window was privileged for the passage of Doppler signals for middle cerebral artery (MCA) insonation. Single instant measurements of mean cerebral blood flow velocities (CBFV) were obtained bilaterally from the MCA at T0 and T1. Cerebrovascular resistance (CVRi - pressure gradient/flow) and conductance (CVCi - flow/pressure gradient) indices of vasoconstriction and vasodilation were also calculated at each time point.




Statistical Analysis

The Shapiro–Wilk test was used to test the normality of the distribution of the results. Data are reported as the median and interquartile range [IQR = 25th−75th percentiles]. Comparisons between different variables at T0 and T1 were performed by the Wilcoxon-signed rank test.

Dependent variables were expressed as a change from the baseline (T0) in both absolute (Δ change) and relative terms (Δ% change). Changes in CBFV, NIRS parameters, CVCi, and CVRi (both derived from the ratio of mean CBFV/NIRS parameters and MAP) from the baseline were used to show changes for these dependent variables across the range of MAP in response to the rescue manoeuvres.

The correlations coefficients [95% confidence interval (CI)] between CBFV and the different NIRS variables were verified using the Bland and Altman method for repeated measurements (12, 13).

To provide prediction models for the relationship between CBFV and NIRS parameters with the observed changes in MAP, the relationships between Δ% CBFV and the Δ% NIRS parameters (rSO2, ΔO2Hbi, ΔHHbi, and ΔcHbi) with Δ% MAP were expressed as linear mixed effects models [R Software's package lme4 (14)]. As fixed effects, we entered Δ% CBFV or Δ% NIRS parameters and Δ% MAP into each respective model. As random effects, we had intercepts and slopes for the repeated measurement points for each patient (N = 104 measurements).

All statistical analyses were performed using RStudio software (version 4.0.3). A p < 0.05 was considered statistically significant.




RESULTS

One hundred and four measurements from 25 patients were analyzed. The patients had a range of three to six manoeuvres performed (mean ± SD: 4.16 ± 0.88). The characteristics of the patients are presented in Supplementary Table S1. The median age was 62 [57–69], and 80% were male. Fifteen patients (60%) died in ICU, and five (20%) patients were diagnosed with delirium. Non-survivors had smaller changes in CBFV and O2Hbi compared to survivors (−5 vs. 2 cm/s, p < 0.001, and −1.5 vs. 0.25-μM cm, p = 0.02, respectively).

Main variables at T0 and T1 are described in Table 1. At T1, compared to T0, MAP significantly increased by 6.0 (−1.25–8.25) mmHg (p < 0.0001); CBFV significantly decreased by −4.0 [−7–(−2)] cm/s (p = 0.03); ΔO2Hbi decreased by −1.3 (−1.9-0.3) (μM.cm) (p < 0.001); ΔHHbi significantly increased by 0.9 (0.1–1.3) (μM.cm) (p < 0.0001). PaCO2 decreased by −1.0 [−5.25–3.0] mmHg, although not statistically significant (p = 0.06). SpO2 significantly increased by 6.0 (−0.0–29.2) % (p < 0.0001).


Table 1. Systemic and brain haemodynamics haemodynamics and oxygenation at baseline (T0) and post-event (T1). Data are presented as median (IQR).
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ΔCBFV, the gold standard for CBF assessment, showed the highest correlation with the arterial component of cerebral oxygenation (ΔO2Hbi; R = 0.88 (0.81–0.92), p < 0.0001), followed by ΔcHbi and ΔrSO2 values (R = 0.79 (0.68–0.86), p < 0.0001 and R = 0.62 (0.46–0.74), p < 0.0001) (Figure 1). The lowest correlation was found for ΔHHbi [R = 0.34 (0.13–0.52), p = 0.002]. Table 2 shows the correlation coefficients of cerebrovascular resistance index (CVRi) and cerebrovascular conductance index (CVCi) for CBFV and NIRS parameters. Consistently, NIRS parameters of CVCi, not CVRi, were better correlated with CBFV.


[image: Figure 1]
FIGURE 1. Scatter plots showing the linear association and correlation (R) between changes in cerebral blood flow velocity (ΔCBFV) vs. total cerebral oxygenation (ΔrSO2 - plot A) (A), sum of arterial and venous components of cerebral oxygenation (ΔΔcHbi - plot B) (B), venous component (ΔΔHHbi - plot C) (C), and arterial component (ΔΔO2Hbi - plot D) (D). Repeated measurements for each patient are plotted in the same colour pattern. Linear regression lines are correspondent to repeated measurements within patients.



Table 2. Correlation of cerebrovascular resistance index (CVRi) and cerebrovascular conductance index (CVCi) for cerebral blood flow velocity (CBFV) and NIRS parameters.
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Individual data of CBF responses to changes in MAP from T0 to T1 and linear mixed-effects models marginal mean values of CBF are presented in Figure 2. Model parameters for the fixed effects of the Δ% CBF to Δ% MAP models are presented in Table 3. Significant effects of Δ% MAP on Δ% CBF from T0 to T1 were observed for CBFV (p = 0.001) and for ΔcHbi and ΔO2Hbi (p = 0.01 and 0.03, respectively) (Figures 2A–C, Table 3), but not for ΔHHbi and rSO2. Inclusion of PaCO2 as a covariate did not improve any of the models fits. Boxplot panels showing the delta difference (T1-T0) for each patient concerning the different parameters analysed are shown in ESM Supplementary Figure S1. A representative patient, showing the individual trajectories of the different parameters across the measurement points, is shown in ESM Supplementary Figure S2.


[image: Figure 2]
FIGURE 2. Individual data of cerebral blood flow relative response changes to MAP from T0 to T1 and linear mixed-effects models marginal mean values of CBF for cerebral blood flow velocity (ΔCBFV–plot A) (A), the arterial component of cerebral oxygenation (ΔO2Hbi–plot B) (B), and arterial plus venous components (ΔcHbi–plot C) (C).



Table 3. Linear mixed–model estimates of fixed effects of CBF responses to changes in MAP.
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DISCUSSION

In a cohort of mechanically ventilated patients with COVID-19 undergoing different rescue therapies and haemodynamic manipulations, we found that: (1) ΔO2Hbi was better correlated with ΔCBFV than ΔHHbi and other components of cerebral oxygenation. ΔHHbi showed the poorest correlation with ΔCBFV; (2) CVCi indices derived from NIRS parameters, especially rSO2, correlated consistently better with CBFV than CVRi; (3) changes in MAP led to cerebral vasoreactive responses, which could be detected using the arterial component of rSO2, but not total rSO2 or its venous component. Our data suggest that, as the arterial compartment is responsible for the major changes in cerebrovascular tone following arterial blood pressure changes, the ΔO2Hbi component of NIRS can more specifically describe these variations.

To our knowledge, this is the first study evaluating the role of NIRS in response to secondary changes in systemic haemodynamics in mechanically ventilated patients with COVID-19. Compared to our previous work (11), where CA was measured with TCD, we aimed to use for the first time NIRS and its components for the assessment of CBF changes, comparing it with TCD, the gold standard for noninvasive cerebral haemodynamics assessment. The novelty of this study relies on the use and comparison of the different components of rSO2 to assess CBF, which is allowed by the Masimo® device. We believe that this is important, as there is a knowledge gap concerning the comparison of specific components of the NIRS signal with CBFV.

Although NIRS has been previously used as surrogate of cerebral blood flow in the dynamic measurement of autoregulation (15, 16), its use is importantly limited by the fact that it takes into account both arterial and venous cerebral compartments, which do not take part in the same way for CBF regulation. Moreover, it has been mainly used in the paediatric population (15, 16), and data on patients with COVID-19 are lacking.

Although this is just a preliminary study, our results suggest that using only the arterial component of rSO2 could improve the accuracy in estimating CBF changes, eliminating the venous contamination (17). Furthermore, NIRS can provide reliable, practical, and quick assessments of cerebral haemodynamics in the challenging setting of critical care in the patients with COVID-19 with acute respiratory syndrome, in whom the development of neurological complications are common (18).

Several studies have highlighted the importance of the evaluation of cerebral haemodynamics and CA in the management of patients who are brain injured and patients who are non-brain injured (3–5). At present, no randomised controlled trials exploring the effect on the outcome of a therapeutic approach based on CA are available (19, 20); however, experts agree that the maintenance of the homeostasis of autoregulatory status of patients should be kept in consideration when managing patients who are brain injured, as impaired CBF dynamics can lead to secondary cerebral insult (6, 19).

The Brain Trauma Foundation Guidelines only suggest to maintain a cerebral perfusion pressure (CPP) of 60–70 mmHg in patients who are traumatically brain injured (21). However, the use of one single target of CPP for all the patients may not represent the individual physiological needs and CA changes over time (22, 23). An individualised management of CBF, based on the intrinsic autoregulatory state of the single patients and its changes over time, may better represent the physiological changes occurring in the vasomotor response of patients with brain injury (3, 24–26).

Amongst the methods proposed as possible surrogates of CBF (24), neuroimaging techniques, such as Positron Emission Tomography (PET) and Single-Photon Emission Computed Tomography (SPECT), are very accurate, but these are expensive, time-consuming, not available at bedsides of patients, and have a limited role in the clinical context (24).

A number of indirect techniques have been proposed based on invasive surrogates of CBF (intracranial pressure, invasive cerebral oxygenation monitoring) and non-invasive methods (TCD, NIRS) (24). Optical techniques, which can directly measure flow (i.e., diffuse correlation spectroscopy), and dynamic contrast enhanced NIRS have been used to measure CBF and validated against PET for regional cerebral blood flow measurement (25), but there is a paucity of studies in the literature regarding their use to assess cerebral haemodynamic responses (26).

CBF and CA can be evaluated by measuring relative blood flow changes in response to a steady-state change in the blood pressure (static methods) or during the response to spontaneous changes in blood pressure (dynamic methods) (23). Although dynamic methods do not require MAP manipulations (which can be dangerous in patients who are critically ill) and better reflect the changes of CA over time, they require the use of software, which is not always available at bedsides of patients (24). After MAP increase, a contemporary augmentation of CBFV, for instance, indicates a loss of CA, whereas, if CBFV decreases or remains constant, it indicates a functioning vasomotor response and preserved CA (27).

Outside the assessment of CA using TCD-based indices obtained via neuromonitoring software platforms (limited to few centres with technical resources and relevant clinical expertise), the simple assessment of CVRi/CVCi in response to systemic stimuli can be performed. Although routine assessment of these metrics is not always feasible, they present wide clinical applications, from the determination of stroke risk in individuals with severe asymptomatic carotid or intracranial steno-occlusive disease to concussions and patients with neurodegenerative conditions, such as Alzheimer's disease. In fact, previous works have described that changes in conductance (CVCi) better reflect the response in pressure regulation than do changes in resistance (CVRi) (28). This hypothesis is confirmed by the present data showing that CVCi measured by rSO2 correlated consistently better with CBFV when compared to CVRi in response to rescue therapies and haemodynamic changes.

In this context, rSO2 could potentially be applied as surrogate of CBF, as NIRS- similarly to TCD- is a low cost, easy available, and safe neuromonitoring tool (27). For example, NIRS has been previously used for the dynamic assessment of CA, with promising results, but several concerns have been raised regarding its routine use (7, 8, 29, 30). In particular, as NIR light penetrates skin, subcutaneous fat, skull, and underlying muscles and brain tissue, the absorption of light from chromophores depends on both the changes in oxygenated and deoxygenated haemoglobin, and, therefore, from both the arteriolar and venular beds. As a consequence, it has been shown that the absolute number of rSO2, as well as its changes, might not be always reliable in practise since venous contamination can lead to misinterpretation of the data (29, 31).

The use of a device capable of effectively discriminating the changes of the arterial and venous compartments can, therefore, improve the accuracy of NIRS in different clinical contexts, especially in the assessment of CBF. As CBF is mainly regulated by the vasomotor response, which is a mechanism that primarily affects the arterial compartment, we have demonstrated that, by eliminating the effect of the venular bed, the estimation of CBF is more accurate than using the total rSO2 values. Therefore, we believe that our results could pave the way for the application of a new technique for a quick and bedside assessment of CBF, with the adoption of tools, which are currently easily available and can provide important bedside information for cerebral haemodynamics assessment and management.

There are several limitations in this study that need to be mentioned. Firstly, although TCD is considered the gold standard for evaluation of cerebral haemodynamics, it only represents an indirect surrogate of CBF. A linear relationship has been demonstrated between CBFV and CBF (3), but with the assumption that the diameter of the insonated artery remains constant over time. Secondly, although in this study we included all rescue manoeuvres with a potential effect on MAP, these included a heterogeneous number of interventions (including fluids and norepinephrine administration, prone positioning, recruitment manoeuvres etc.); therefore, the increase in MAP was not standardised in the measurements. Typically, static cerebral autoregulation is assessed when MAP is increased by continuous infusion of a vasopressor (such as phenylephrine) to slowly increase MAP by ~20 mm Hg. In our study, MAP increased only by 6 mm Hg. As this was an observational study, we could not target to a specific MAP to guide our treatment; we just observed the effect of a treatment on different patients. This is an important limitation as, in our cohort, we were able to assess mainly the changes of CBF rather than static CA. In fact, as previously reported, the accuracy of estimating the autoregulatory curve, or its different segments, from only two points is considered unreliable (32).

In addition, TCD evaluates major arteries, while NIRS measures the cerebral oxygenation at the microvasculature level (i.e., tissue oxygenation). This could lead to a decoupling between large and micro vessels. However, both methods are currently considered as surrogate of CBF (24, 33). Finally, we did not have measurements of the arteriovenous oxygen content difference concomitantly with the TCD/NIRS assessments to determine the cerebral metabolic rate of oxygen.



CONCLUSIONS

The arterial component of rSO2 had the highest accuracy in assessing CBF changes, reflecting its role as the main component for vasomotor response after changes in MAP. These findings indicate that CBF assessed with NIRS, specifically through ΔO2Hbi, is comparable to TCD in this patient population. The use of indices derived from the different components of rSO2 can be useful for the bedside evaluation of cerebral haemodynamics in patients who are critically ill in order to optimise haemodynamics of patients and potentially improve their outcome. Further studies are warranted to better define the role of this technique in the clinical practise, especially the continuous assessment of cerebral autoregulation in mechanically ventilated patients with COVID-19, with acute respiratory syndrome.
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Introduction: Common consequences following aneurysmal subarachnoid hemorrhage (aSAH) are cerebral vasospasm (CV), impaired cerebral autoregulation (CA), and disturbance in the autonomic nervous system, as indicated by lower baroreflex sensitivity (BRS). The compensatory interaction between BRS and CA has been shown in healthy volunteers and stable pathological conditions such as carotid atherosclerosis. The aim of this study was to investigate whether the inverse correlation between BRS and CA would be lost in patients after aSAH during vasospasm. A secondary objective was to analyze the time-trend of BRS after aSAH.

Materials and Methods: Retrospective analysis of prospectively collected data was performed at the Neuro-Critical Care Unit of Addenbrooke's Hospital (Cambridge, UK) between June 2010 and January 2012. The cerebral blood flow velocity (CBFV) was measured in the middle cerebral artery using transcranial Doppler ultrasonography (TCD). The arterial blood pressure (ABP) was monitored invasively through an arterial line. CA was quantified by the correlation coefficient (Mxa) between slow oscillations in ABP and CBFV. BRS was calculated using the sequential cross-correlation method using the ABP signal.

Results: A total of 73 patients with aSAH were included. The age [median (lower-upper quartile)] was 58 (50–67). WFNS scale was 2 (1–4) and the modified Fisher scale was 3 (1–3). In the total group, 31 patients (42%) had a CV and 42 (58%) had no CV. ABP and CBFV were higher in patients with CV during vasospasm compared to patients without CV (p = 0.001 and p < 0.001). There was no significant correlation between Mxa and BRS in patients with CV, neither during nor before vasospasm. In patients without CV, a significant, although moderate correlation was found between BRS and Mxa (rS = 0.31; p = 0.040), with higher BRS being associated with worse CA. Multiple linear regression analysis showed a significant worsening of BRS after aSAH in patients with CV (Rp = −0.42; p < 0.001).

Conclusions: Inverse compensatory correlation between BRS and CA was lost in patients who developed CV after aSAH, both before and during vasospasm. The impact of these findings on the prognosis of aSAH should be investigated in larger studies.

Keywords: autonomic nervous system, subarachnoid hemorrhage, cerebral vasospasm, baroreflex, cerebral autoregulation, cerebrovascular regulation


INTRODUCTION

Subarachnoid hemorrhage caused by the rupture of an aneurysm (aSAH), can lead to the neurological disability or death. The aSAH can cause molecular alterations (oxidative stress, inflammatory reaction) and loss of vascular integrity, leading to brain edema or delayed cerebral ischemia (1).

One of the most common complications following aSAH is cerebral vasospasm (CV), which occurs on average 4–7 days after ictus. Despite intensive research effort, CV following aSAH remains incompletely understood from a pathogenic perspective and does not solely explain the occurrence of delayed ischemic deficit (2). Several factors are potentially pathogenic: decreased nitric oxide (NO) availability, calcium-dependent vasoconstriction, free radicals, inflammation, dysfunctional endothelial neuronal apoptosis, or neurogenic factors (3). Impaired cerebral autoregulation (CA) might play an important role in the occurrence of delayed ischemic deficit in patients who developed CV after aSAH (4). Impairment of the cardiovascular autonomic nervous system in the acute phase of aSAH, as reflected by the low-baroreflex sensitivity (BRS), also appears to impact prognosis as it has been associated with adverse outcomes 3 months post aSAH (5). Furthermore, it has been shown that BRS was lower in non-survivors than in survivors. Moreover, patients with disturbed BRS had more extensive hemorrhage (6). Finally, both the impaired BRS and impaired CA have been associated with unfavorable prognoses. These two homeostatic mechanisms are inversely correlated in both the healthy volunteers and patients suffering from stable chronic diseases, such as carotid stenosis or occlusion (7). However, the way they interact in acute neurological diseases such as aSAH is not known. Short-term time trends of BRS in acute pathological events and more specifically in aSAH are not well-documented, in contrast to changes in BRS during medium- and long-term physiological conditions (8–10).

In this study, our primary objective was to assess CA and BRS in relation to the occurrence of CV. We hypothesized that the inverse correlation between BRS and CA previously found in physiology and in stable pathological disease could be lost in patients with aSAH and more specifically in patients with CV. A secondary objective of this study was to investigate the changes of BRS in the days following aSAH.



MATERIALS AND METHODS


Study Design and Patient Management

The study was a retrospective analysis of data prospectively collected at the neuro- critical care unit of Addenbrooke's Hospital (Cambridge, UK) between June 2010 and January 2012. A total of 97 patients suffering from aSAH were screened for compatibility with the study inclusion criteria: ≥18 years of age; admission to the hospital <5 days after aSAH with an intracerebral aneurysm likely to be the source of bleeding [as determined by computed tomography angiography or digital subtraction angiography (DSA)]; continuous multimodal monitoring. Patients were not enrolled in the study if they had autoregulation monitoring only during CV or if the quality of the signals was poor. The study was approved by the Research Ethics Committee of Addenbrooke's Hospital (Protocol 29 LREC: 97/291). All patients or their next-of-kin were required to sign written consent before inclusion. Seventy-three patients were enrolled for the study (flow chart depicted in Figure 1).


[image: Figure 1]
FIGURE 1. Flow diagram of the study. ABP, arterial blood pressure; CBFV, cerebral blood flow velocity; CV, cerebral vasospasm; aSAH, aneurysmal subarachnoid hemorrhage.


All patients were treated according to the guidelines applicable at the time of admission (11). Decisions concerning surgical clipping or endovascular embolization were made by the neurosurgical and interventional neuroradiology team. Conservative treatment was applied in a few patients with very severe and poor-grade aSAH. On admission, patients were assessed using the Glasgow Coma Scale (GCS). Neurologic state on admission was evaluated with the World Federation of Neurosurgical Societies (WFNS) grading system. The extent of hemorrhage was assessed using a modified Fisher (mFisher) scale and patients who had clinical or radiological signs of hydrocephalus were treated with external ventricular drainage (EVD), lumbar drainage, or serial lumbar punctures until the permanent diversion of cerebrospinal fluid was required. The treatment protocol included euvolemia, nimodipine, and cardiopulmonary support. Although “Triple-H” therapy was recommended at the time of admission, only induced hypertension was used. Delayed cerebral ischemia (DCI) was defined as focal neurological impairment (a two-point decrease in GCS) lasting for at least 1 h or cerebral infarction, which was not apparent immediately after aneurysm occlusion and was attributable to ischemia and not to other causes (12). Patients with diagnosed DCI underwent hemodynamic therapy with intravenous crystalloids administration to achieve central venous pressure between 8 and 12 mm Hg, as well as blood pressure support using individually titrated doses of vasopressors. The outcome was evaluated at discharge from the hospital and then after 3 months using the Modified Rankin Scale for Neurologic Disability (mRS). Scores of 0 to 2 on mRS were classified as good and scores of 3–6 on mRS were classified as poor outcomes.



Signal Monitoring

Arterial blood pressure (ABP) was measured invasively in the radial artery using a pressure transducer and a pressure monitoring kit (Baxter Healthcare, Deerfield, IL, USA). Bilateral cerebral blood flow velocity (CBFV) in the middle cerebral artery (MCA) was monitored with transcranial Doppler ultrasonography (TCD) (DopplerBox; DWL Compumedics, Singen, Germany) using a head positioning device (Lam Rack, DWL Compumedics) through the temporal acoustic window. Data were acquired at a frequency of 200 Hz using an Intensive Care Monitor System (ICM+; Cambridge Enterprise Ltd, Cambridge, UK), and digitized using an analog-to-digital converter. All artifacts were identified manually or by custom-written algorithms. ABP and CBFV were measured in all patients.

Multimodal signal monitoring was started during the first days after admission. All patients had TCD performed every 1–2 days by a single investigator (BK). CBFV was monitored for about one hour; the minimum time was a half-hour and the maximum of one and a half hour. The median ± interquartile range (IQR) of the time of the start of the TCD recordings was 3 ± 3 days. The median ± IQR of the recordings per patient was 4 ± 3 (min-max: 1–11). There was one recording per day. The medians and IQRs of the observation time were: 11 days ± 5 days (min-max: 6–26 days) in the CV group and 7 days ± 5 days (min-max: 1–15 days) in the non-CV group, respectively. Illustrative time trends of the monitored signals are presented in Figure 2.


[image: Figure 2]
FIGURE 2. An example of the monitoring of (A) 45-year old man without cerebral vasospasm (CV) 12 days after aneurysmal subarachnoid hemorrhage (aSAH) from a ruptured aneurysm in the posterior cerebral artery (PCA). The high values of Mxa [worse cerebral autoregulation (CA), red panel] are counterbalanced with efficient, high-cardiac baroreflex sensitivity (BRS); (B) 67-year old woman during CV 8 days after aSAH from a ruptured aneurysm in the anterior communicating artery (ACom). The high values of Mxa (worse CA, red panel) occur in parallel with disrupted, low BRS; ABP, arterial blood pressure; CBFV, cerebral blood flow velocity; BRS, baroreflex sensitivity; Mxa, mean velocity index; the Mxa above 0.3 is interpreted as pathological.




Cerebral Vasospasm

Cerebral vasospasm was defined using TCD as mean CBFV in the MCA above 120 cm/s with a concomitant Lindegaard ratio (LR) above 3.0, where LR = CBFVMCA/CBFVICA. When DSA was performed CV was defined as 25% narrowing of cerebral arteries on DSA irrespective of TCD findings. Routine postoperative CT and DSA were not performed. The side on which CV was diagnosed at the time of monitoring was labeled as the ipsilateral side. In patients in whom bilateral vasospasm was diagnosed, an average of parameters on both sides was used and labeled as the ipsilateral side. In patients in whom no vasospasm was diagnosed, the aneurysm side was used as the ipsilateral side. In patients with midline aneurysms but without diagnosed vasospasm, an average of parameters on both sides was used as the ipsilateral side. CBFV and CA were assessed on the ipsilateral side.



Cerebral Autoregulation

CA was assessed from slow-wave oscillations of ABP and CBFV. The mean velocity index (Mxa) was calculated as the Pearson linear correlation coefficient between these signals (averaged over 10-s intervals) in a 5-min moving average window updated every 10 s. Values of Mxa >0.3 reflect impaired CA (13).



Baroreflex Sensitivity

The BRS was calculated using the sequential cross-correlation method (also called x-BRS), published by Westerhof (14), which was embedded in ICM+. ABP systolic peaks were used to obtain RR interval time series. BRS was estimated as the slope of the regression line between the segments of systolic ABP (the input signal) and the RR interval (the output signal). BRS calculations were performed using a moving 10-s window along with mean values of the other vital signs variables included in the analysis. The BRS algorithm required the systolic ABP and RR time series to be incrementally shifted with respect to each other in search of the highest value of cross-correlation. Thus, the total window length used in each BRS calculation was extended to 17 s (7). BRS was returned when the p-value of the correlation coefficient was <0.01 and no ectopic beats were detected (15).



Statistics

The normality distribution of the data was assessed using the Kruskal–Wallis test with the Lilliefors correction. Non–parametric tests were applied because the normality condition was not met for most of the analyzed parameters. The differences in median values were tested using the Mann–Whitney U-test. For non-numeric data, the Pearson CHI2 test (Fisher exact test/The Fisher-Freeman-Halton test) was used. McNemar's test was used to assess the increase in subjects with impaired CA during CV in comparison with the period before CV. Differences in median values before and during CV were compared using the Wilcoxon signed-rank test. Median values of CA and BRS were calculated using the entire time period in patients without CV, and using separately the time periods before and during vasospasm in patients with CV. Correlation analysis was performed using Spearman's rank test. The relationships between elapsed time (days) and physiological parameters were calculated using multiple linear regression analyses, with subjects treated as categorical factors using dummy variables (with respect to the inter– subject variability) and a partial coefficient (Rp) between analyzed variables as recommended by Bland and Altman (16, 17). Results are presented as medians ± interquartile ranges or median (25–75th percentile) if not otherwise specified. The level of significance was set at 0.05. Statistical analysis was performed using STATISTICA version 13 (Tibco, Palo Alto, CA, USA).




RESULTS


Baseline Characteristics

The group consisted of 24 (33%) men and 49 (67%) women, with a median age of 58 (50–67) years. Clinical data for the total group are presented in Table 1. Twenty-six patients (36%) underwent coiling and 51 (70%) underwent surgical clipping. In 5 patients (7%) conservative treatment was applied due to their severe condition. In this group, 3 patients died (60%), and these deaths were 50% of all deaths in this aSAH group. The 2 remaining patients were discharged from the hospital with good outcomes according to the evaluation of the mRS scale. Median WFNS scale was 2 (1–4) and median mFisher scale was 3 (1–3). CV was observed in 31 patients (42%) and occurred on day 8 ± 3. Mechanical ventilation was applied in 24 (33%) patients: 12 (39%) in the CV group and 12 (28%) in the non-CV group. Vasopressor agents were used in 26 (36%) patients: 18 (58%) in the CV group and 8 (19%) in the non-CV group.


Table 1. Patient characteristics.
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Clinical Data in the CV and Non-CV Groups

A comparison of clinical data for the CV group and the non-CV group is presented in Table 1. There were no significant differences between the CV and the non-CV group for the following parameters: sex, WFNS, and GCS scales. There were no significant differences between the CV and the non-CV group concerning treatment: the proportion of patients with mechanical ventilation, coiling, or clipping did not differ significantly between the two groups. DCI occurred more frequently in patients with CV than without CV: 61% vs. 7%, p < 0.001. Patients with CV had more extended hemorrhage (mFisher 4–5): 81% in the CV group vs. 61% in the non-CV group, p = 0.030. Patients with CV were significantly younger compared to patients without CV: 55 (43–63) vs. 62 (53–71), p = 0.009. There were no significant differences in the outcome at discharge or after 3 months, nor in the death rate between the CV and the non-CV group.



Physiological Metrics in the CV and Non-CV Groups

The results of the comparison of ABP, HR, and CBFV between the CV and non-CV groups are presented in Table 2. There was no significant difference in the physiological metrics between patients with CV in the period before vasospasm and averaged values of these parameters in patients without CV, except for a higher value of CBFV (p = 0.005, Table 2). In the CV group during vasospasm patients had significantly higher ABP (p = 0.001) and CBFV (p < 0.001) than averaged values of these parameters in patients without CV (Table 2). In the CV group during vasospasm, we observed a substantial increase in the following parameters compared with the period before vasospasm: ABP (p = 0.025), HR (p = 0.001), and CBFV (p < 0.001, Table 2).


Table 2. Physiological metrics and cerebral autoregulation in patients with and without cerebral vasospasm (CV).
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Baroreflex Sensitivity and Cerebral Autoregulation in the CV and Non-CV Groups

There was no significant difference in BRS between patients without CV and patients with CV, neither in the period before vasospasm nor during vasospasm (Table 2). In the patients with CV, BRS decreased substantially during vasospasm compared with the period before vasospasm: 9.53 (5.95–12.20) (ms/mm Hg) vs. 13.73 (8.41–20.50) (ms/mm Hg), p < 0.001.

The CA was impaired in 74% of patients without CV. In the CV group CA was significantly worse during vasospasm than before vasospasm [Mxa: 0.43 (0.36–0.52) vs. 0.37 (0.28–0.42), p = 0.002]. Moreover, in the CV group the proportion of patients with impaired CA increased from 68% before vasospasm to almost 90% during vasospasm. According to McNemar's test, CV was significantly associated with worse CA (p = 0.001).



Relationship Between Cerebral Autoregulation and Baroreflex Sensitivity in the CV and Non-CV Groups

There was a significant and moderate correlation between Mxa and BRS in patients without CV: rs = 0.31, p = 0.040 (higher—better BRS associated with higher—worse CA), Figure 3A. There was no significant correlation between Mxa and BRS in the CV group, neither before vasospasm (rs = 0.24, p = 0.187, Figure 3B) nor during vasospasm (rs = −0.04, p = 0.799, Figure 3C). There was no relationship between impairment of CA, BRS, and DCI.


[image: Figure 3]
FIGURE 3. Spearman correlation of cerebral autoregulation (Mxa) and baroreflex sensitivity (BRS) in patients (A), without cerebral vasospasm (CV), (B) before CV, (C) during CV. A solid red line is a linear regression and dashed lines represent 95% CI.




The Potential Impact of Treatment With Vasopressors

There were 26 (36%) patients who received vasopressors: 8 (19%) without CV, and 18 (58%) with CV. There was no significant difference for BRS between patients with vasopressors (n = 26) and patients without vasopressors (n = 47): Z = −0.81; p = 0.420. Moreover, in the CV group, BRS was significantly lower during CV compared with the period before CV both in patients with vasopressors (Z = 2.85; p = 0.004) as in patients without vasopressors (Z =2.97; p = 0.003). Loss of inverse correlation between BRS and Mxa before and during CV was found in the CV group, regardless of treatment with vasopressors. In the non-CV group, the inverse correlation between Mxa and BRS was not found when patients treated with vasopressors were excluded. However, the analysis of the impact of vasopressors on the relationship between BRS and CA could be biased by the limited number of observations in this subgroup.



Time Trends of Physiological Metrics, Baroreflex Sensitivity and Cerebral Autoregulation in the CV and Non-CV Groups

In patients with CV, multiple linear regression analysis showed a significant increase in ABP, HR, and CBFV in the days that followed aSAH—ABP: Rp = 0.31, p < 0.001; HR: Rp = 0.46, p < 0.001; CBFV: Rp = 0.29, p < 0.001. Furthermore, a moderate decrease in BRS was found in the days that followed aSAH in patients with CV: Rp = −0.42; p < 0.001 (Figure 4), but not in patients without CV.
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FIGURE 4. Time trends (solid red line) and the 95% CI (dashed line) of (A,B) cerebral blood flow velocity (CBFV) and (C,D) baroreflex sensitivity (BRS) in patients (A,C) with and (B,D) without cerebral vasospasm (CV) analyzed in the days that follow aneurysmal subarachnoid hemorrhage (aSAH). The relationship between days and physiological parameters was calculated using multiple linear regression analyses with subjects treated as categorical factors using dummy variables (with respect to the intersubject variability) and a partial coefficient (Rp) between analyzed variables.





DISCUSSION

Inverse correlation between BRS and CA was found to be lost in aSAH in patients with vasospasm both during vasospasm and during the period that preceded vasospasm. BRS decreased substantially in these patients during vasospasm as compared to the period before vasospasm. In patients without CV, a significant moderate correlation was found between BRS and CA, with worse BRS being associated with better CA, a finding previously termed as “inverse correlation” (7). Multiple linear regression analysis showed a significant relationship between the decrease in BRS, and the days elapsed from aSAH in the CV group.

Cerebral autoregulation regulates cerebral blood flow (CBF) in the distal arteries and stabilizes CBF in the face of changes in ABP mainly through myogenic and neurogenic mechanisms (18). CA is frequently impaired after aSAH (19, 20), even without any evidence of changes in flow velocity in the major arteries (21). It was found in this study that CA was getting worse during the CV. This observation is consistent with previous studies in patients with SAH, where Mxa was higher in patients with vasospasm compared to baseline (22, 23). It was shown that autoregulation is impaired in most patients with vasospasm of large cerebral arteries due to low-perfusion pressure distal to large arteries, and responsive maximal dilation of downstream vessels (23, 24).

Inverse correlation between CA and BRS was preserved in patients without CV. From a dynamic systems theory, the interaction between BRS and CA provides stable perfusion of the brain. The failure of both systems has previously been reported before syncope (25). The compensatory interaction between blood pressure regulation and cerebral perfusion pressure mechanisms was found in a previous study in the healthy young humans (7, 26). These studies have shown that impaired CA was counterbalanced with better BRS and vice-versa. The same observation has been found in patients with atherosclerotic stenosis or occlusion (7) and also in a cohort of patients with aSAH (6). Regulation of CBF is maintained through both arterial baroreflex control of blood pressure and CA operating through changes of cerebrovascular resistance. However, the relation between these two homeostatic mechanisms is still not clear. Rather than interpretation in a finalistic view, a mechanistic approach has been favored to explain the inverse correlation, linking better CA to enhanced cerebral vasomotor tone due to the increased sympathetic activity associated with diminished BRS (7). A finalist view, however, cannot be excluded and can be based on the theory of the physiological system complexity states that the structure is optimally configured to support its functions (27).

In this study, we found that inverse correlation between CA and BRS is lost in patients with aSAH, who developed CV. This finding could be the result of mechanical alterations caused by the local modifications in the cerebral vasomotor tone as a consequence of the degradation of hemoglobin after aSAH (28) that can potentially override the systemic input of the cardiovascular autonomic nervous system on CA. The potential consequences of the observed loss of inverse correlation between BRS and CA are not known. It might play a role in the occurrence of delayed ischemic deficit in a proportion of patients who develop CV after aSAH. However, we found that impaired BRS and CA occurred both in patients with DCI and non-DCI. Potentially improving both of these metrics should be targeted in post-SAH clinical management.

The findings on the relationship between the BRS–CA relationship and age are currently inconclusive. The correlation between pressure index reactivity (PRx) and BRS has been shown to be reciprocal in the elderly patients (>60 years) with traumatic brain injury (15). On the other hand, a study in the healthy volunteers (20–80 years) has shown that in older subjects BRS and CA were not correlated (29). Previous studies have shown that spontaneous BRS decreases significantly with age and that the loss of arterial distensibility with age would be the main mechanism responsible for the reduction in BRS in the older subjects. However, in our study, patients with CV were younger than patients without CV, so the decrease in BRS in that group of patients is not biased by age (30).

Another result from this study pertains to the behavior of BRS as a time-trend parameter, decreasing during the days that followed aSAH. BRS decreased significantly after aSAH and “stunned” values of BRS were observed in patients with CV almost three weeks after onset. In the non-CV group, a non-significant trend to a moderate decrease in BRS was also observed in the days following aSAH.

Baroreflex is central to the cardiovascular homeostasis maintained by the autonomic nervous system. An increase in sympathetic activity is associated with lower BRS (31). Autonomic nervous system impairment is common in patients with acute brain insult (32, 33). It can also occur in the subacute neurological diseases, such as Guillain–Barre syndrome (34). Thus, BRS impairment reflects a non-specific systemic impairment of the cardiovascular autonomic nervous system in the context of acute brain injury. Our study was not designed to assess the clinical significance of the loss of inverse correlation between CA and BRS during the CV. However, in case future studies confirm the loss of inverse correlation between BRS and CA in patients at risk of clinical deterioration after aSAH a comprehensive continuous real-time assessment of BRS along with CA could provide valuable information in patients with aSAH as both BRS and CA have been shown to be associated with outcome at 3 months (4, 5). In less acute pathological situations, medical therapy combined with baroreflex activation therapy (BAT) has been successful, such as in resistant hypertension (35) and heart failure with reduced ejection fraction (36). It is yet to demonstrate that BRS is a potential therapeutic target after an acute brain injury such as aSAH.

The cohort of patients utilized in our study has already been analyzed for assessment of prognosis in relation to BRS (5), and cerebral hemodynamic parameters (4, 37, 38). In this study, we aimed to assess integrative pathophysiology evaluating the interaction between the two main cardiovascular and cerebral homeostatic mechanisms that have been associated with prognosis after aSAH, e.g., BRS (5) and CA (4). The signal recordings analyzed in this study were routinely sampled at 200 Hz frequency and were appropriate for the calculation of xBRS in addition to CA assessment. The fact that signals have been recorded a few years ago have probably not affected the conclusions of this study. Concerning aSAH treatment, it has slightly changed from the guidelines applicable at the time of admission with the most significant change concerning the recommendation for systemic and cardiovascular monitoring to be applied (39).


Limitations

This study has several limitations. First, a relatively limited number of patients were included. In addition, patients were not stratified according to the previous comorbidities. DSA, which is assumed to be the gold standard for detecting the cause of SAH and for the preoperative evaluation of aSAH, was not available in all the included cases. Therefore, in those patients, aSAH had been diagnosed by CT angiography. A small proportion of patients had conservative treatment because of the poor grade SAH. A potentially confounding factor was the younger age of the patients with CV compared to the patients without CV in our study. This could be due to a bias related to the fact that in our study we used the same threshold for velocities to define vasospasm both in the young and old patients, although there is evidence that in older patients, CV is associated with lower velocities (40). However, there are no recommendations to diagnose CV in older patients based on different thresholds. As a consequence of the classic choice we made for similar thresholds for velocities to diagnose CV in younger and older patients, CV could have been underdiagnosed in the older patients. Another potentially confounding factor was a higher ABP in the CV group, which is the expected result of the applied therapeutics. However, it is unlikely that this result has biased the BRS assessment. Indeed, although resetting BRS to adapt to higher ABP values is known to occur in chronically hypertensive patients (41), there is no evidence that a short-term increase in ABP modifies BRS. Our study included mechanically ventilated patients, which could be another potential confounding factor. A previous study has shown that mechanical ventilation can attenuate respiratory arrhythmia and alter BRS (42). However, in this study, there was no significant difference in BRS between mechanically ventilated (n = 24) and non-mechanically ventilated patients (n = 49). Also, we found that BRS was significantly lower during CV compared to before CV both in patients with CV and mechanical ventilation (p = 0.016) and in patients with CV and without mechanical ventilation (p = 0.001). Furthermore, the loss of inverse correlation between Mxa and BRS was observed before vasospasm and during vasospasm in patients with CV regardless of mechanical ventilation. Thus, it seems unlikely that the correlation between BRS and CA was biased by mechanical ventilation. This study included sedated and mechanically ventilated patients in whom the main sedation drugs used were propofol and fentanyl. Propofol administration has been reported to reduce sympathetic autonomic outflow and decrease ABP due to its vasodilator effect (43, 44). However, propofol was shown to not significantly change the average HR, based on which BRS is measured (45, 46). As for fentanyl, it was reported that its effect on the autonomic nervous system is highly dose dependent. Our study population was homogeneous in terms of medical procedures and the use of drugs. However, patients have received individually titrated doses of vasopressors, which may alter BRS. Although in our study there was no significant difference in BRS between patients with vasopressors and patients without vasopressors, more studies are needed to assess the impact of vasopressors on the relationship between BRS and CA in patients with aSAH.




CONCLUSION

Inverse correlation between BRS and CA was lost in patients with CV following aSAH. Furthermore, BRS significantly decreased during the days that followed aSAH in patients who developed CV. These findings may have an impact on the prognosis of these patients and need to be investigated in larger multicentric studies.
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Objective: Impaired cerebral blood flow (CBF) regulation, such as reduced reactivity to hypercapnia, contributes to the pathophysiology after aneurysmal subarachnoid hemorrhage (SAH), but temporal dynamics in the acute phase are unknown. Featuring comparable molecular regulation mechanisms, the retinal vessels participate in chronic and subacute stroke- and SAH-associated vessel alterations in patients and can be studied non-invasively. This study is aimed to characterize the temporal course of the cerebral and retinal vascular reactivity to hypercapnia in the acute phase after experimental SAH and compare the potential degree of impairment.

Methods: Subarachnoid hemorrhage was induced by injecting 0.5 ml of heparinized autologous blood into the cisterna magna of male Wistar rats using two anesthesia protocols [isoflurane/fentanyl n = 25 (Sham + SAH): Iso—Group, ketamine/xylazine n = 32 (Sham + SAH): K/X—Group]. CBF (laser speckle contrast analysis) and physiological parameters were measured continuously for 6 h. At six predefined time points, hypercapnia was induced by hypoventilation controlled via blood gas analysis, and retinal vessel diameter (RVD) was determined non-invasively.

Results: Cerebral reactivity and retinal reactivity in Sham groups were stable with only a slight attenuation after 2 h in RVD of the K/X—Group. In the SAH Iso—Group, cerebral and retinal CO2 reactivity compared to baseline was immediately impaired starting at 30 min after SAH (CBF p = 0.0090, RVD p = 0.0135) and lasting up to 4 h (p = 0.0136, resp. p = 0.0263). Similarly, in the K/X—Group, cerebral CO2 reactivity was disturbed early after SAH (30 min, p = 0.003) albeit showing a recovery to baseline after 2 h while retinal CO2 reactivity was impaired over the whole observation period (360 min, p = 0.0001) in the K/X—Group. After normalization to baseline, both vascular beds showed a parallel behavior regarding the temporal course and extent of impairment.

Conclusion: This study provides a detailed temporal analysis of impaired cerebral vascular CO2 reactivity starting immediately after SAH and lasting up to 6 h. Importantly, the retinal vessels participate in these acute changes underscoring the promising role of the retina as a potential non-invasive screening tool after SAH. Further studies will be required to determine the correlation with functional outcomes.

Keywords: aneurysmal subarachnoid hemorrhage, acute phase, autoregulation, microvascular function, hypercapnia, retinal vessel analysis


INTRODUCTION

Aneurysmal subarachnoid hemorrhage (SAH) frequently leads to poor neurological outcomes with a high case fatality rate (1). Pathophysiological processes are complex, start early, and evolve with time, frequently causing neurological deterioration (delayed cerebral ischemia, DCI) and/or cerebral infarction with a typical delay time of 2 week after bleeding. The latest research identifies—among other factors, such as early brain injury, inflammation, microthrombosis, cortical spreading depolarization, and vasospasm—microcirculatory dysfunction with disturbance of cerebral blood flow (CBF) regulation as one of the driving mechanisms (2–5). The maintenance of a stable CBF is crucial for physiological brain function. To date, there are three key mechanisms specified: cerebral autoregulation (blood pressure-dependent cerebral vessel reaction), neurovascular coupling (local CBF regulation due to neuronal activity), and cerebrovascular reactivity to carbon dioxide (CO2) partial pressure [maintaining central pH and respiratory drive (6, 7)]. CO2 elevation (hypercapnia) in particular leads to strong vasodilatation in healthy brain tissue causing a “wash out” effect (6). For all three CBF regulation mechanisms, growing experimental (8–12) and clinical evidence of profound changes exist early and late after SAH, which are associated with the development of DCI and poor neurological outcome (2, 13). However, experimental data for the acute phase after SAH, where the complex pathophysiologic cascades accelerate, are scarce. Balbi et al. demonstrated a complete loss of CO2 reactivity 3 and 24 h after SAH in mice (8, 9) and similarly, Friedrich et al. demonstrated that cerebral arterioles were non-reactive to CO2 elevation at the same time points in rats after SAH (11). However, a detailed temporal profile of the CO2 reactivity as a key regulator early after SAH is still missing.

Assessment of CBF regulation after SAH in patients is still a diagnostic challenge that requires invasive and time-consuming diagnostic tools and algorithms (14) precluding this promising approach for most clinicians. As an embryologically original part of the central nervous system, the retina shares important features with the brain in morphology, vascular function, and pathophysiology (15). Furthermore, the retina and the brain both feature the three blood flow regulation mechanisms autoregulation, neurovascular coupling, and reactivity to CO2 elevation (16). In contrast to the brain, a considerable advantage is the comparatively easy diagnostic assessment of retinal vasculature and reactivity; new techniques, such as retinal vessel analysis, provide non-invasive and bedside direct insights on the retinal microcirculation and vasculature. Several studies report a link between retinal pathologies and neurodegenerative or cerebrovascular diseases raising expectations for a “window to the brain” (17). It has been shown that the retina participates in chronic cerebrovascular changes observed in patients with different types of dementia [for review (15)] and patients with suspected cerebral small vessel disease causing acute lacunar strokes (18). Subacute retinal changes up to 1 week following ischemic stroke (19) have also been reported. Furthermore, we recently presented the first clinical evidence of retinal vasculature changes after aneurysmal SAH. Days after SAH, retinal arteries were constricted, and neurovascular coupling was impaired compared to healthy controls. These changes were reversible in parts 3 mo after SAH indicating a time-dependent process of the observed alterations (20–22).

However, it is unclear whether these changes occur directly after SAH in the acute phase, which is substantially important to the further course of the disease. Also, it remains to be determined whether there is a correlation between the extent of pathophysiologic changes of cerebral vasculature and retinal vasculature, an indispensable requirement for the usability of retinal vascular assessment as a surrogate for cerebral circulation. As a diagnostic assessment in the acute prehospital phase is not feasible in patients and further a simultaneous assessment of retinal and cerebrovascular changes would acquire an immense and invasive effort, these questions were transferred from bed to bench side in a translational approach.

Therefore, the aim of this study was first to characterize the time course of vascular reactivity to hypercapnia in the important acute phase after experimental SAH. Second, cerebral vasculature and retinal vasculature were simultaneously assessed to investigate the comparability of the retinal alterations in the acute alterations. Finally, the extension of disturbance of the cerebral and retinal reactivity was compared.



METHODS


Animals

All experiments were performed in compliance with the German Animal Welfare Act and the EU Directive 2010/63. The study was approved by the national state authorities (LANUV, Recklinghausen, Germany, file reference: 84-02.04.2015.A412).

Fifty-seven male Wistar rats weighing between 314 ± 19 g (Janvier Labs, Le Genest-Saint-Isle, France) were used. The animals were kept in the animal facility of the Institute of Laboratory Animal Science of the University Hospital Aachen (quality management certified according to ISO9001:2015) in 2000P type cages with water and food available ad libitum (V1534-300, Ssniff, Soest, Germany). The light-dark cycle was set at 12 h (07:00–19:00). Room temperature was kept constant at 22 ± 2°C and humidity at 55 ± 5%. Health monitoring of animals was carried out according to the Federation of European Laboratory Animal Science Associations (FELASA) recommendations (23).

To allow the animals to sufficiently acclimate to the new environment, they underwent a 7-day adaptation period. The care and health control during the adaptation phase was performed by the animal caretakers of the Institute of Laboratory Animal Science of the University Hospital of RWTH Aachen.



Animal Preparation and Monitoring

Surgical preparation and monitoring were conducted by the same surgeon and performed as previously described (10, 24).

Surgery started at around 8 a.m. Briefly, anesthesia was induced by isoflurane, and the animal was placed in a supine position on a heating plate to maintain a constant body temperature (BT) of 37 ± 0.5°C. Ropivacaine (Ropivacaine hydrochloride, 2 mg/ml, Fresenius Kabi, Bad Homburg, Germany) as local anesthesia was used before each skin incision. After tracheotomy for artificial ventilation, femoral artery and vein were cannulated on one side for continuously measuring arterial blood pressure (ABP) and applying intravenous (i.v.) medication, respectively. Heart rate and oxygen saturation were monitored by pulse oximetry, and blood gas analyses were performed regularly. For CBF measurement, a closed cranial window was created by thinning out the bone with a drill under constant cooling over the right parietal cortex (12 × 5 mm, the center of the window ~8 mm caudal and 2.5 mm lateral of bregma). Afterward, anesthesia was changed to ketamine/xylazine (ketamine, K: 20 mg/kg/h, xylazine, X: 2 mg/kg/h) via continuous i.v. infusion for the K/X—Group. For the isoflurane/fentanyl group (Iso—Group), anesthesia with isoflurane and fentanyl (0.02 mg/kg/h) was continued. Additionally, both groups received a muscle relaxant to prevent involuntary eye movements (K/X—Group: Vecuronium i.v. 7.8 mg/kg/h, Iso—Group: Pancuronium bromide i.p. 1.5 mg/kg every 2 h). Two small craniotomies were performed for EEG measurement and cisterna magna blood injection. Continuous intracranial pressure (ICP) measurement was implemented via a needle inserted in the cisterna magna through the atlanto-occipital membrane.

For SAH induction, 0.5 ml of heparinized autologous blood, withdrawn from the femoral artery catheter, was injected over 1 min into cisterna magna as previously described (10). Sham animals underwent the same procedure as SAH animals except for the blood injection. ABP, EEG, and ICP were measured and recorded continuously during the whole observation period (starting 30 min pre-SAH for baseline record and continued until 6 h after SAH). At the end of the observation period after 6 h, the animals were sacrificed in deep anesthesia by i.v. injection of potassium chloride (2.5 M). Brains were removed, inspected, and documented for successful SAH induction.



Experimental Design


Anesthetic Protocols and Group Design

As isoflurane is a potent vasodilator by itself and has been reported to increase the retinal blood flow by 29% (25), the experiments were performed following two established anesthetic protocols: isoflurane/fentanyl (Iso—Group) and ketamine/xylazine (K/X—Group) summing up in 4 groups: Iso—Group Sham, Iso—Group SAH, K/X—Group Sham, and K/X—Group SAH (Figure 2). With this approach, we were able to analyze cerebral and retinal blood flow reactions to hypercapnia starting from two different base levels in health and disease. Sample size calculation was performed by a priori power analysis (G*Power 3.1.7) with alpha = 0.05 and power (1-beta) = 0.80, based on previous experience with comparable study design. Twenty-five animals were included in the Iso—Group (Sham n = 9; SAH n = 16). In the K/X—Group, 32 animals were included (Sham n = 16, SAH n = 16; Figure 2). Experiments of the Iso—Group were performed first, followed by K/X—Group with randomization between Sham and SAH in this group only.



CBF—Recording

Cerebral blood flow was measured, recorded, and evaluated as previously described (10). Briefly, animals were placed in a prone position under a prototype superficial tissue imaging system (STIS, Biomedical Optics Laboratory, RheinAhrCampus, Remagen, Germany). Data processing was performed offline. CBF was calculated from raw images of laser speckle contrast within a region of interest positioned over the somatosensory cortex at an area of microcirculation devoid of larger pial vessels (Figure 1). For CBF analysis, an initial baseline was recorded for 5 min with the further course of CBF normalized to this baseline. The increase during the triggered hypercapnia was calculated as the percentage change from the respective actual baseline immediately before the hypercapnic phase.


[image: Figure 1]
FIGURE 1. Experimental setup for RVD and CBF recording and offline analysis. (A) Experimental setup: the rat (dummy rat used for illustration) was positioned in a stereotactic frame (c) under a superficial tissue imaging system (a) and CBF was calculated from continuously recorded raw images of laser speckle contrast. A retinal vessel analyzer (b) was positioned in front of the left eye. RVDs were recorded intermittently during hypercapnia challenges induced by hypoventilation. (B) Anatomical image at the cranial window (thinned bone) with the region of interest for CBF time course calculation (red circle). (C) Example of a fundus image: 4–8 arteries were selected (red and purple circles) for offline analysis of RVD from each video sequence. (D) Typical time course of CBF during the hypercapnic period at baseline. (E) Example of diameter analysis of retinal vessels at baseline, performed by the commercial RCrodent Imedos- software. (D,E) The time period of hypercapnia is marked by the transparent yellow area, dotted lines indicate the recording period used for baseline (gray) and hypercapnic response calculation, respectively. RVD, retinal vessel diameter; CBF, cerebral blood flow.




Retinal Vessel Diameter (RVD)—Recording

To measure the RVD at selected time points, the camera system RCrodent from Imedos (IMEDOS Systems UG, Jena, Germany) was used for dynamic vessel analysis. To dilate the pupil, a mydriatic (Pharma Stulln GmbH, Stulln, Germany) was applied to the left eye, and a lens (Ocular Instruments, Bellevue, WA, USA) was positioned in front of the eye using a micromanipulator. The eye was regularly moistened with a transparent protective gel to avoid dehydration of the cornea. Illumination (530 nm) was set to a maximum of 30 lux. Videos of the retinae were recorded over a 9-min period (1 min baseline, 5 min hypercapnia, and 3 min regression phase). Vessel dilations were calculated offline. From each video sequence, four to eight arterial vessels were selected with a mean distance from the optic nerve head (ONH) of 2.5 × ONH plexus diameters, and diameter analysis (expressed in arbitrary units) was automatically performed by the commercial RCrodent Imedos-software (Figure 1). In each animal, the artery with the best reactivity at baseline was selected for subsequent analysis at later time points in Sham or after SAH. Due to variations in the quality of the fundus recordings between the subsequent hypercapnia periods, it was not always possible to record from identical vessel segments within each experiment over time. Reactivity to hypercapnia was expressed as percentage change from the individual baseline preceding each period of hypercapnia.



Hypercapnia

To evaluate the reactivity of cerebral and retinal vasculature to CO2 elevation, hypercapnia challenges were performed at several predefined time points: at baseline before SAH, and 30, 60, 120, 240, and 360 min after SAH, respectively, after the start of the 360 min recording period in Sham animals. Cerebral vasoreactivity and retinal vasoreactivity to hypercapnia were measured simultaneously in each animal. Measurements of RVD were exclusively performed at these time points, while measurement of CBF, EEG, ICP, and ABP was continuously recorded. Before each hypercapnia challenge, an arterial blood gas analysis was performed to document pCO2 and pO2. Each hypercapnia period lasted 9 min, after 1 min of measuring under physiological conditions, hypoventilation was started by reducing the respiratory rate by 20 breaths/min to induce hypercapnia. To prevent hypoxia, the O2 supply was simultaneously increased. After 4 min, blood gas analysis was performed again to verify the CO2 elevation. One minute later, the respiratory rate was increased back to normoventilation, followed by another 3 min of recording of the recovery phase of the vessels.




Statistical Analysis

For statistical analysis and graph design, GraphPad Prism (versions 9.1.1 and 9.1.2) was used. Data were tested for normal distribution via the Shapiro-Wilk test or Kolmogorov-Smirnov test. Statistical comparisons within each group against baseline were performed by 2-Way-ANOVA or mixed-model-ANOVA, if data points were missing, with time as the dependent factor and treatment (Iso—Group Sand SAH, K/X—Group Sham and SAH) as the independent factor, followed by Dunnett's multiple comparisons test and by Sidak's test for comparison of CBF with RVD reactivity, respectively. For comparison of vascular reactivity to CO2 elevation between retinal and cerebral vasculature in each group, reactivity was normalized to baseline for each group and vascular bed, respectively. In rare cases of comparably small reactivity at baseline, the normalization procedure may result in a disproportional and thus erroneously high percentage change even when only small changes of the original data occurred. Therefore, after normalization, Grubbs test with p < 0.01 was performed to identify outliers: Nine outliers out of 234 data points were removed as suggested by the test (0 of 36 in Iso-CBF, 3 of 36 in Iso-RVD, 2 of 78 in K/X-CBF, and 4 of 84 in K/X-RVD). The same test to identify outliers performed on the original (not-normalized) data set did not suggest excluding any data. Data written in the text are presented as median [first quartile to the third quartile]. In the figures, data are presented as boxplots with median and 25 and 75% percentile as boxes and data range as whiskers (Figures 3, 4) or as median as symbol and 25 and 75% percentile as whiskers (Figure 5). A p < 0.05 was considered as significantly different.




RESULTS


Animals and ICP and CBF Courses in SAH Groups

A total of 57 rats were randomly assigned to two different anesthetic groups. For data analysis, the following criteria had to be fulfilled to ensure successful SAH induction: increase in ICP and/or drop in CBF, and assessment of brains after SAH. A total of n = 15 animals were excluded for death during surgery (n = 11), failed SAH induction (n = 3), and uncontrollable bleeding from the surgery wound at the cranial window with distortion of CBF measurement (n = 1; Figure 2). The ICP showed the typical course known from other studies of the group (10, 24), presenting a high peak at the end of the 1 min blood-injection period, followed by a moderate, yet still significantly elevated plateau phase throughout the observation period (except for ICP in Iso—Group at 360 min), with no significant difference between both anesthesia protocols (Supplementary Figure 1A). With CBF starting from the baseline of 100%, after a transient severe drop to ischemic values at the time of the ICP peak (Iso—Group SAH: 6.1% [5.5–14.6], p < 0.0001; K/X—Group SAH: 9.3% [7.2–21.8], p < 0.0001; no significant difference between groups), CBF reached normal values again within 15 min in the K/X—Group and within 60 min in the Iso—Group, respectively. Further-on, a slight albeit significant hyperemia was detectable at 240 min (129.2% [116.6–137.6], p = 0.0198) and 360 min [136.3% [124.0–146.9], p = 0.0310) in K/X—Group, whereas a mild decrease in CBF occurred at the end of the measurement under Iso-anesthesia (70.8 [62.2–83.4], p = 0.0101). Significant differences occurred between both anesthesia protocols at 30 min (p = 0.0464) and 360 min (p = 0.0016; Supplementary Figure 1B).


[image: Figure 2]
FIGURE 2. Diagram of sample size distribution. A total of n = 57 animals were allocated to two different anesthesia groups. Within the group, a distinction was made between Sham and SAH. A total of 42 animals were included for statistical analysis. Reasons for exclusion were death during surgery (n = 11), failed SAH induction (n = 3), and uncontrollable bleeding from the surgery wound at the cranial window with distortion of CBF measurement (n = 1); SAH, subarachnoid hemorrhage; Iso, isoflurane; K/X, ketamine/xylazine.




Physiological Parameters

Arterial blood gas analyses (BGA; pO2, pCO2, pH), mean ABP, heart rate (HR), O2 saturation (SpO2), and BT remained within physiological ranges throughout the measurement (except for blood gases during hypercapnia; Table 1). While comparing the data at baseline with the data at the end of the measurement for each parameter, a slight but significant reduction in ABP occurred in the Iso-SAH-group (p = 0.047) and the K/X-Sham-group (p = 0.0242). The reduced values are still well above the lower limit of pressure autoregulation, therefore an impact on vascular reactivity to hypercapnia can be ruled out.


Table 1. Physiological parameters at baseline and after 6 h.

[image: Table 1]



Verification of Hypercapnia

During hypoventilation, there was a significant increase of pCO2 compared to baseline values in both SAH and Sham groups (K/X—Group: Sham 41.3 mmHg [20.2–44.4] vs. 57.1 mmHg [30.3–57.1], p < 0.0001, SAH 40.3 mmHg [34.5–44.6] vs. 60.3 mmHg [49.4–68.2], p < 0.0001, Iso—Group: Sham 39.7 mmHg [36.2–43.8] vs. 56.4 mmHg [50.8–65.6], p < 0.0001, SAH 36.0 mmHg [30.9–39.3] vs. 53.5 mmHg [48.0–61.9], p < 0.0001), with no difference in CO2 elevation between groups. In the Iso—Group, the pO2 remained stable (Sham 131.7 mmHg [108.0–150.8] vs. 128.3 mmHg [109.7–152.6], SAH 119.8 mmHg [103.4–140.9] vs. 132.2 mmHg [104.2–150.0]), whereas it was increased significantly in the K/X—Group (Sham 120.9 mmHg [106.8–140.39] vs. 155.8 mmHg [133.4–180.1], p < 0.0001, SAH 117.2 mmHg [103.6–139.3] vs. 147.8 mmHg [133.1–167.2], p < 0.0001; Figure 3).


[image: Figure 3]
FIGURE 3. Arterial pCO2 and pO2 analysis in hypercapnia periods. Blood gas analysis was performed before and during hypercapnia. In the Iso—Group there was a significant pCO2 increase during hypercapnia (A), while pO2 did not change significantly (B); during hypercapnia, both pCO2 (C) and pO2 (D) increased significantly in the K/X—Group; SAH, subarachnoid hemorrhage; Iso, isoflurane; K/X, ketamine/xylazine; HC, hypercapnia; boxes show median and 25 and 75% percentile and whiskers show data range; ****p < 0.0001.




Cerebral Vascular Reactivity to Hypercapnia

In both anesthetic protocols, cerebral CO2 reactivity in Sham-operated animals was stable over the observation period (Supplementary Figure 2).

In the Iso—Group SAH, cerebral CO2 reactivity was immediately impaired compared to baseline starting at 30 min after blood injection (baseline 55.2% [50.2–84.7] vs. 30 min 1.8% [−5.8–10.5], p = 0.0090) and lasting up to 240 min (240 min 7.3 % [−1.8–30.9], p = 0.0136). In the K/X—Group SAH, impairment of cerebral CO2 reactivity was comparable, however, with a faster recovery compared to Iso anesthesia. CO2 response was significantly impaired up to 120 min compared to baseline (baseline 38.5% [19.9–55.4] vs. 30 min 1.1% [−11.8–10.1], p = 0.0003; 120 min 14.0% [7.1–21.0], p = 0.0469; Figure 4).


[image: Figure 4]
FIGURE 4. Cerebral and retinal vascular reactivity to hypercapnia after SAH. Iso—Group: Cerebral vascular reactivity (A) as well as retinal vascular reactivity (B) to hypercapnia were impaired up to 240 min after SAH; K/X—Group: Cerebral CO2 reactivity was disturbed up to 120 min after SAH (C), whereas impairment of retinal vessels persisted throughout the whole measurement period of 360 min (D). SAH, subarachnoid hemorrhage; Iso, Isoflurane; K/X, Ketamine/Xylazine; CBF, cerebral blood flow; RVD, retinal vessel diameter; boxes show median and 25% and 75% percentile and whiskers show data range; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




Retinal Vascular Reactivity to Hypercapnia and Analysis of Resting Diameters

Retinal CO2 reactivity in Sham-operated animals was stable over the observation period with a slight albeit significant increase of CO2 reaction in the K/X—Group after 120 min.

Following SAH, similar to the cerebral vasculature, an impaired vascular reactivity to CO2 of the retinal vasculature was observed in both anesthesia groups. Under isoflurane, retinal vasculature showed disturbed CO2 reactivity during hypercapnia, even with a tendency toward vasoconstriction immediately after SAH (baseline 15.5% [9.6–19.9] vs. 30 min −0.4% [−1.4–1.1], p = 0.0135), and a reduced response lasting up to 240 min compared to baseline (240 min 3.9% [−1.9–8.6], p = 0.0263). In the K/X—Group SAH, retinal CO2 reactivity was significantly impaired over the whole observation period compared to baseline (baseline 13.43% [9.0–20.7] vs. 30 min 3.8% [0.1–6.4], p < 0.0001, vs. 360 min 4.5% [2.0–7.2], p = 0.0001; Figure 4).

For the cerebral circulation, it is known from this and our previous studies (10, 24) that with isoflurane anesthesia strong hypoperfusion occurs up to 2 h after SAH induction in this model. We, therefore, compared the resting diameters of the retinal vessels (in arbitrary units), taken directly before the hypercapnic challenges, at baseline with each time point thereafter in Sham or SAH. The diameters remained stable over the observation period in Sham and, in contrast to the known changes in CBF, we did not detect a significant change after SAH either (Supplementary Figure 3).



Comparison of Vascular Reactivity to CO2 Elevation Between Retinal and Cerebral Vasculature

Retinal and cerebral reactivity to hypercapnia was compared to assess whether they are comparably affected (Figure 5). For this purpose, reactivity was normalized to baseline for each group and vascular bed, respectively. In the Iso—Group, reactivity to hypercapnia in both cerebral and retinal vasculature was comparably and strongly disturbed up to 360 min after SAH induction, with a transient recovery of the retinal but not of the cerebral vasculature at 120 min. Under K/X anesthesia, the reactivity to hypercapnia in both the cerebral and retinal vasculature was again at least transiently disturbed up to 120 min after SAH induction. Retinal hypercapnia response remained persistently impaired, whereas reactivity in the cerebral circulation transiently recovered at 60 min (p = 0.1894), was impaired again at 120 min (p = 0.0064), and permanently recovered thereafter until the end of the measurement phase. While comparing retinal with cerebral reactivity at each time point in each group, no statistically significant difference was observed.


[image: Figure 5]
FIGURE 5. Comparison of vascular reactivity to hypercapnia between retinal and cerebral vasculature. Reactivity at baseline was normalized to 100% for each vascular bed in each animal, and the changes in percentage were calculated over time after SAH. Averaged data of both vascular beds of each group are depicted for comparison. No significant differences were found in the Iso—Group (A) and in the K/X—Group (B) for all time points of hypercapnia challenge. SAH, subarachnoid hemorrhage; Iso, isoflurane; K/X, ketamine/xylazine; CBF, cerebral blood flow; RVD, retinal vessel diameter; symbols show median and whiskers show 25 and 75% percentile.





DISCUSSION

Our experimental study on vascular reactivity to hypercapnia in the acute phase of SAH documents an immediate and pronounced disturbance of this key component of blood flow regulation both in the cerebral and the retinal vasculature. After SAH, the disturbance was observed as early as 30 min after induction and lasted for several hours in both compartments indicating the participation of the retinal vasculature in acute pathophysiologic alterations primarily affecting the brain. Notably, after normalization to baseline, not only a simultaneous and parallel behavior of both vascular beds but also a comparable extent of impairment could be observed. Additionally, we found that the two different anesthetic protocols neither influence the extent of impaired hypercapnia reactivity nor the temporal pattern except for a faster recovery of CBF in the K/X group.

Previous studies on the hypercapnia reactivity in the acute phase after experimental SAH also reported a significant impairment, albeit with a larger extent of disturbance: Friedrich et al. found that after SAH, the pial and cortical tissue microcirculation were non-reactive to CO2 after 3 and 24 h in mice and rats (11). Similarly, in additional studies from the same group, Balbi et al. also described a complete loss of CO2 reactivity after 3 and 24 h after SAH in mice (8, 9). In our study, we detected a significant reduction of the cerebrovascular reactivity, with a complete loss observed in some animals especially at the earliest time points. Depending on the anesthesia protocol, the CO2 reactivity in our study in rats was significantly reduced up to 2 or 4 h, respectively, with a recovery toward the end of the observation time of 6 h. Of note, there are inherent differences between the studies regarding the anesthesia protocol [combination of medetomidine/midazolam/fentanyl in mice (8, 9, 11), chloral hydrate in rats (11) vs. isoflurane/fentanyl or ketamine/xylazine in our study], the rat strain [Sprague Dawley (11) vs. Wistar in our study], and the SAH model [filament perforation model (8, 9, 11) vs. blood injection model in our study]. Thus, albeit a direct comparison to our data is impeded, the occurrence of significantly disturbed hypercapnia reactivity under variable experimental conditions points toward a universal pathophysiological alteration of the cerebral vasculature early after SAH.

Until now, experimental data about impaired hypercapnia reactivity during the hyperacute phase (within the first hour) and at more prolonged time points (up to 6 h) after SAH and data about retinal reactivity to CO2 after SAH, in general, are lacking. Our study is, therefore, the first to report a distinct temporal pattern of vascular CO2 reactivity in the acute phase after SAH both within the cerebral and the retinal vascular bed, with immediate impairment lasting over several hours.

There are several issues from our findings worthy of discussion: vascular dysfunction starts immediately after bleeding. This short time period possibly indicates the importance of the ictus itself with a massive ICP peak within the first minutes after bleeding, followed by a moderate plateau, with no significant difference between both anesthesia protocols. However, it seems unlikely that the elevated ICP during the plateau phase contributes to the reduced vascular responses to hypercapnia. After a transient severe drop to ischemic values at the time of the ICP peak, the CBF reached normal values again within 15 min in the K/X-Group and within 60 min in the Iso-Group, respectively. In addition, it has been shown that CBF and blood volume responses to functional activation remained preserved during moderately elevated ICP (26). We, therefore, assume that a primarily pressure induced impact on the blood supply to the brain and on cerebrovascular reactivity can be ruled out. A metabolic response evoked by blood degradation products in the subarachnoid space also seems more improbable in view of the immediate reaction. Based on our knowledge of the dependence of the cerebral vasculature on a basal nitric oxide (NO) availability for physiological neurovascular coupling and CO2 reactivity (27–29), functional impairment of vascular reactivity by scavenging of perivascular NO by—at this early time point still intact—erythrocytes seems reasonable (30). Wang et al. observed a decrease of CO2 reactivity after regional SAH caused by the punctuation of a single pial arteriole after 3 h (31). This makes an additional impact on the subarachnoid blood itself possible. Besides the blood-cell-induced reduction of perivascular NO, cortical spreading depolarization waves have to be considered as a further possible mechanism, as the hypercapnic response has been shown to be severely reduced for hours after a single CSD wave in healthy animals (32). The frequent occurrence of CSDs has recently been shown in the acute phase after SAH in mice (33) and has to be further evaluated in our SAH model in rats.

An ultra-early and at least sub-acutely protracted inability of the cerebral vasculature to properly react to hypercapnia might be of interest in translational research. A conceivable therapeutic potential of the vascular reactivity to CO2 after SAH will only be of success when the cerebral vasculature is physiologically reacting to changes of arterial pCO2. Results from experimental studies in mice show that CO2 reactivity recovers in the chronic phase 1 mo after SAH (34). In a clinical phase 1 study, CO2 as a potent vasodilator was used aiming at increasing CBF therapeutically on days 4–14 after SAH (35). A recently published follow-up study investigating the optimum duration of the hypercapnic challenge for CBF elevation again suggested hypercapnia as a promising approach for perfusion enhancement in the critical phase of DCI (36). Whether this potentially improves outcome remains to be determined. Importantly, spontaneous hyperventilation and consecutive cerebral hypoperfusion are associated with DCI and poorer neurological outcomes (37), underlining the crucial role of profound knowledge on the ability or disability of the cerebral vasculature to react to CO2 after SAH.

Therefore, an easily applicable bedside method for the assessment of cerebrovascular reactivity would be highly desirable. In the present experimental study, we demonstrate for the first time that the retinal vascular bed participates in the acute dysfunction of the cerebral vasculature after SAH not only in temporality but also in the degree of the observed disturbance. Only while using K/X as an anesthesia regime, there was a discrepancy between the retinal and the cerebral reactivity toward the end of the observation period, with persistent impairment of the retinal hypercapnic response throughout the measurement period while the CBF reactivity already recovered within 240 min. The reason for this difference is not known so far, however, specific mechanisms of the anesthetic drugs may be involved. Ketamine has been shown to be neuroprotective (38) and to reduce the occurrence of cerebral spreading depolarization in the acute phase after SAH (33) which may both specifically protect the neurovascular unit in the brain. Another explanation of the prolonged RVD reduction in the K/X-Group may be that isoflurane and ketamine/xylazine differently affect the intraocular pressure and associated functions, such as the scotopic threshold responses (39). However, due to methodological reasons, we did not additionally measure the intraocular pressure in our study. In summary, we think more data are needed to determine whether there is a truly prolonged impairment in the retinal vessels at time point 360 min or whether it is rather a narcotic effect.

Our findings of an overall parallel impairment of the hypercapnic reactivity of the retinal and cerebral vasculature extend the previous knowledge about the retina as a window to the brain in chronic neurodegenerative diseases, such as Alzheimer's and inaugurate, a potential new monitoring method as a non-invasive diagnostic tool for acute neurological diseases. From an embryological point of view, the retina is part of the central nervous system, more precisely of the diencephalon. The vascular supply of the retina is provided by the ophthalmic artery, thus sharing important autoregulatory mechanisms, such as CO2 reactivity or neurovascular coupling with strictly intracranial vessels. The optic nerve and the ophthalmic artery within its sheath directly connect the retina with the brain: Of note, in SAH, between 12 and 23% of the patients develop a vitreous/ and or subhyaloid hemorrhage (Terson's Syndrome). The pathophysiology is mostly but not exclusively linked to the raised ICP in the moment of bleeding (40). Furthermore, the latest research indicates a glymphatic system not only in the brain but in the retina (41) assuming perivascular pathways through which vasoactive agents of the subarachnoid space may also directly reach the retinal microvasculature. In summary, acute changes of retinal vascular reactivity in SAH seem reasonable. Our findings underscore the latest clinical research, where altered RVD and impairment of neurovascular coupling days after SAH were observed in patients. Importantly, changes were in parts reversible at the time of follow up implying an acute but transient effect of SAH on the retinal vasculature (20–22). However, information about the degree of parallel CBF impairment in these patients is lacking precluded by the invasive and extensive character of the necessary diagnostic procedures. Our experimental data show that in simultaneous measurement of CBF and RVD, both vessel beds behave in a parallel way in rats in the early phase after SAH. This supports the assumption that retinal vessel analysis may hold the key for a possible new, non-invasive, and bedside diagnostic tool enabling live vascular assessment in SAH. However, the clinical relevance in terms of DCI and neurological outcome of these findings still needs to be proven. In addition, further studies are needed to evaluate possible common mechanisms of impairment in both vascular beds for example by the spread of blood degradation products within the glymphatic space (41) or by autonomous nervous system dysfunction (42) in the acute and a chronic course of the disease.


Limitations

Our complex experimental setup with extensive surgical preparation on the one hand and the delicate and easily vulnerable brain and retinal tissue requiring careful preparation and maintenance on the other hand entailed a comparatively high drop-out rate of 26%. The drop-out rate was accentuated in the Iso—Group SAH causing comparatively few data points especially at the end of the observation period. This may have led to a sample size bias with a higher probability of effect inflation (43).

For the experiments, two different anesthesia protocols were used with the Iso—Group performed first, using our well-established regime (10, 24), resulting in significant increases to hypercapnia in the retinal and the cerebral vasculature, albeit with some variability between the animals. It is well-known that isoflurane itself dilates systemic and cerebral vasculature, probably being partly responsible for the variability. In addition, the isoflurane-induced dilation has been shown to be even larger in the retinal vasculature compared with the cerebral vasculature (44). To rule out that our finding is influenced by the type of anesthesia, we repeated the study while using a common protocol of ketamine/xylazine combination, which has been shown to significantly reduce the retinal blood flow at unstimulated conditions (45). Due to this sequential procedure, we were not able to randomize between the two anesthesia protocols, which may have introduced a possibly existing, albeit probably only small, bias.

Similar to every animal model, the single injection model used in this study has some important limitations itself. Especially the missing vessel perforation mimicking the human SAH in having an injured vessel with direct hemorrhagic brain lesions is an important drawback. The double hemorrhage model mimics best the cerebral vasospasm and delayed ischemic lesions and, therefore, seems to be more suitable to study the delayed effects of SAH (46, 47). However, we choose the single hemorrhage model instead of the perforation model because of better control of the subarachnoid blood amount resulting in a more comparable acute brain injury (SAH severity) and lower mortality rates.

Hypercapnia was achieved by controlled hypoventilation for a predefined time period in all animals. Simultaneously, the O2 supply was slightly increased to prevent hypoxia. This procedure was verified via blood gas analysis for every single measure period. In both KX—Groups, there was a slight but significant increase of arterial pO2 during hypercapnia. However, this moderate hyperoxia is not expected to influence functional vascular reactivity at all (48, 49).




CONCLUSION

This study demonstrates fundamental changes of one important CBF regulation mechanism in the acute phase after SAH in two vascular beds: the cerebral and the retinal vascular reactivity to hypercapnia is deeply impaired. Pathologic alterations start immediately after SAH and last up to several hours. Importantly, the retinal vasculature not only participates in these acute changes of altered cerebral vascular reactivity to hypercapnia but behaves in a parallel way regarding the degree of vascular impairment and the temporal course.

With this bedside to bench approach in form of a simultaneous assessment of CBF and retinal vessel reactivity after SAH, our results support and extend first data in patients with human SAH, which showed retinal vessel alterations several days after SAH. This underscores the potential role of the retina as a non-invasive, bedside screening tool even for highly acute neurological diseases. Further studies will be required to determine the long-time changes after experimental SAH and correlation with functional outcome.
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Introduction: Dynamic cerebral autoregulation (dCA) is frequently altered in patients with sepsis and may be associated with sepsis-associated brain dysfunction. However, the optimal index to quantify dCA in patients with sepsis is currently unknown.

Objective: To assess the agreement between two validated dCA indices in patients with sepsis.

Methods: Retrospective analysis of prospectively collected data in patients with sepsis; those with acute or chronic intracranial disease, arrhythmias, mechanical cardiac support, or history of supra-aortic vascular disease were excluded. Transcranial Doppler was performed on the right or left middle cerebral artery (MCA) with a 2-MHz probe, and MCA blood flow velocity (FV) and arterial pressure (BP) signals were simultaneously recorded. We calculated two indices of dCA: the mean flow index (Mxa), which is the Pearson correlation coefficient between BP and FV (MATLAB, MathWorks), and the autoregulation index (ARI), which is the transfer function analysis of spontaneous fluctuations in BP and FV (custom-written FORTRAN code). Impaired dCA was defined as Mxa >0.3 or ARI ≤ 4. The agreement between the two indices was assessed by Cohen's kappa coefficient.

Results: We included 95 patients (age 64 ± 13 years old; male 74%); ARI was 4.38 [2.83–6.04] and Mxa was 0.32 [0.14–0.59], respectively. There was no correlation between ARI and Mxa (r = −0.08; p = 0.39). dCA was altered in 40 (42%) patients according to ARI and in 50 (53%) patients according to Mxa. ARI and Mxa were concordant in classifying 23 (24%) patients as having impaired dCA and 28 (29%) patients as having intact dCA. Cohen's kappa coefficient was 0.08, suggesting poor agreement. ARI was altered more frequently in patients on mechanical ventilation than others (27/52, 52% vs. 13/43, 30%, p = 0.04), whereas Mxa did not differ between those two groups. On the contrary, Mxa was altered more frequently in patients receiving sedatives than others (23/34, 68% vs. 27/61, 44%, p = 0.03), whereas ARI did not differ between these two groups.

Conclusions: Agreement between ARI and Mxa in assessing dCA in patients with sepsis was poor. The identification of specific factors influencing the dCA analysis might lead to a better selection of the adequate cerebral autoregulation (CAR) index in critically ill patients with sepsis.

Keywords: correlation, autoregulation index, Mxa, cerebral autoregulation, sepsis


INTRODUCTION

Sepsis is a common cause of admission to the intensive care unit (ICU), with a great impact on mortality (1). Sepsis-associated brain dysfunction (SABD), ranging from delirium to coma, is common during sepsis and can be associated to poor outcomes (2). The pathophysiology of encephalopathy occurring during sepsis remains unclear, but likely involves alterations in neurotransmission, microglial activation, and blood–brain barrier dysfunction (3). Cerebral hypoperfusion may also play a role, indeed, cerebral blood flow (CBF) may be inadequate secondary to microcirculatory dysfunction (4, 5). Cerebral autoregulation (CAR) is the intrinsic cerebrovascular mechanism that maintains CBF constant within different ranges of cerebral perfusion pressure (CPP); indeed, cerebral arterioles can constrict or dilate in response to the elevation or reduction in CPP, the so-called pressure autoregulation, thus keeping CBF within stable values. As CPP is determined by the interaction between intracranial pressure and mean arterial pressure (MAP), the latter can be used as a valid surrogate of CPP in those patients in whom intracranial pressure is not expected to be elevated (6). Mechanisms of autoregulation are efficient for a range of MAP, which varies between subject, but is considered to be around 50–150 mmHg; as a consequence, alterations in CAR may result in brain hypoperfusion at MAP levels, which are considered to be adequate in routine practice (5). During sepsis, an impaired CAR has been reported in several studies (5, 7–10); such disturbances have been associated with increased serum concentrations of brain injury biomarkers (11) and with the occurrence of brain dysfunction (5).

Several studies investigating alterations of CAR in patients with sepsis and non-sepsis have been published. However, they differed in timing of autoregulation assessment, technique of assessment, and alteration measurements and definition. The autoregulation index (ARI) (12) and the mean flow index (Mxa) (13) have been validated in patients with critical illness. Both are based on spontaneous fluctuation in MAP and its correlation with intracranial artery blood flow velocity (FV) as measured by transcranial Doppler (TCD) (14). As no specific index is currently considered to be the “gold standard” in patients with critical illness, the classification of CAR based on different indices may result in divergent results when applied to the same study cohort. However, no study has previously compared ARI and Mxa in patients with sepsis.

The aim of this study was to compare the assessment of CAR using ARI and Mxa in a large cohort of patients with sepsis.



METHODS


Study Population and Data Collection

Retrospective analysis of prospectively collected data including adult (>18 years) patients who were diagnosed with sepsis either on admission or during ICU stay at Erasme University Hospital (from October 2018 to December 2020; Université Libre de Bruxelles, Belgium) and Althaia Foundation Hospital (from June 2012 to June 2015; University of Manresa, Barcelona, Spain), and who had a TCD performed within 72 h from diagnosis (Table 1). Exclusion criteria were chronic or acute cerebrovascular disease (i.e., ischemic or hemorrhagic stroke), history of supra-aortic vascular stenosis, cardiac arrhythmias, mechanical cardiac support (i.e., veno-arterial extracorporeal membrane oxygenation, left ventricular assist device, intra-aortic balloon pump counter-pulsation), severe hypotension (MAP <50 mmHg), severe hypercapnia (i.e., PaCO2 > 65 mmHg), pregnancy, moribund patient or withdrawal of life-sustaining therapy, absence of transtemporal bone window for TCD examination, and absence of invasive arterial BP monitoring. We collected demographic data, Acute Physiology and Chronic Health Evaluation II (APACHE II) score, site of infection, the pathogen(s) involved, and the outcome at ICU discharge. Use of sedation and/or neuromuscular blocking agents (NMBAs), vasopressors, and mechanical ventilation at the moment of CAR assessment was also recorded. The study protocol was approved by local ethics committees; due to the retrospective and anonymous nature of the study, the need for an informed consent was waived.


Table 1. Characteristics of the study population (n = 95). Data are presented as count (%), mean (±SD), or median [25th−75th percentiles].
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Cerebral Autoregulation Assessment

Transcranial Doppler was performed on the right or the left middle cerebral artery (MCA) using a 2-MHz, 100 Hz sampling TCD monitoring probe (Compumedics DWL, Germany), which was kept in place using a special helmet to ensure a constant angle of insonation for 8 min length recording at the bedside. FV and invasive arterial BP signals were downloaded on a personal computer. Patients were maintained in steady-state conditions throughout the examination. Modifications in respiratory settings and/or pharmacological or fluidic therapy were avoided either before or during TCD examination. Samples were automatically (by a custom-written script) and visually expected for artifacts (e.g., due to tracheal suctioning, arterial line flushing, or transducer malfunction); in case of artifacts, the entire cardiac cycle was discarded; in case of artifacts >10% of the total recording, the entire recording was discarded.

The Mxa is the Pearson correlation coefficient between BP and FV and was calculated as previously reported (5, 13), i.e., both signals were averaged on 10-s consecutive windows with 50% overlap for the entire length of the recording; therefore, the correlation coefficient was calculated using MATLAB (MathWorks, Natick, MA, USA). The Pearson correlation coefficient (r) represents the strength and direction of a relationship between two variables. It has a value between +1 and −1, where +1 represents a total positive correlation, 0 represents no correlation, and −1 represents total negative correlation. The correlation is considered to be moderately positive when r > 0.3. Given that changes in FV mirrors changes in CBF, Mxa > 0.3 means that CBF is dependent on BP changes and dynamic cerebral autoregulation (dCA) is impaired; when BP and FV have a weak or a negative correlation (Mxa ≤ 0.3), dCA is considered intact.

Autoregulation index was calculated as follows: all signals were low-pass filtered using an eighth-order Butterworth with a cutoff frequency of 20 Hz. Beat-to-beat parameters were interpolated with a third-order polynomial and resampled at 5 Hz to generate signals with a uniform time base. The Welch method was adopted for smoothing spectral estimates obtained with the fast Fourier transform (102.4 s segments, 50% superposition) (15). An interpolation procedure was adopted to obtain ARI values (ARI = 0 indicates absent dCA, whereas ARI = 9 corresponds to the most efficient dCA) that can be observed by fitting a second-order polynomial to the integer values of ARI neighboring the region of minimum error (15). Objective criteria were adopted for the acceptance of estimates of ARI, using the normalized mean square error for fitting the Tiecks model (15) to the FV step response and the 95% CI for the mean coherence function in the frequency interval 0.15–0.25 Hz (16). ARI ≤ 4 or Mxa <0.3 defined “impaired” dCA (14, 16).



Statistical Analysis

Data were tested for normality using the Kolmogorov–Smirnov test. Categorical variables were compared using the Fisher exact test or chi-square test, as appropriate, and the Student t-test or the Mann–Whitney U-test was used to compare continuous variables, as appropriate. The correlation between ARI and Mxa was assessed using Pearson's coefficient. Cohen's kappa (κ) coefficient (17) defined agreement between ARI and Mxa classification of dCA as either altered or intact: agreement was defined poor if κ <0.2; fair if 0.21 < κ <0.4; moderate if 0.41 < κ <0.6; substantial if 0.61 < κ <0.8; almost perfect if κ > 0.8. If ARI and Mxa were concordant, patients were categorized as having “impaired” dCA or “intact” dCA, accordingly; a third group, named “divergent” dCA included those patients for whom the classification was not concordant between the two indices. dCA according to ARI and Mxa was assessed in different subgroups of patients according to: (a) mechanical ventilation; (b) administration of sedatives; (c) administration of NMBAs; (d) use of vasopressors at the time of TCD assessment; and (e) ICU outcome. Statistical analysis was performed using SPSS (IBM SPSS Statistics 25.0 for Macintosh). For all statistical tests, the significance was set at p < 0.05. Data are presented as median (25th−75th percentiles) or mean ± SD, as appropriate. Categorical variables are presented as counts (%).




RESULTS

A total of 95 patients (mean age 64 years old; male 74%) were eligible over the study period; APACHE II score on admission was 23 [15–32], and the ICU length of stay was 6 [3–14] days. Most infections were due to bacteria (n = 66, 70%), and mostly affected the abdomen (n = 42, 44%) and the lungs (n = 26, 28%). ICU mortality was observed in 20 (21%) patients.

At the dCA assessment, sedatives, neuromuscular blocking agents, mechanical ventilation, and vasopressors were used in 34 (36%), 13 (14%), 52 (55%), and 69 (73%) patients, respectively. Median ARI and Mxa values were 4.38 [2.83–6.04] and 0.32 [0.14–0.59], respectively; there was no significant correlation between ARI and Mxa (r = −0.08; p = 0.39; Figure 1). Impaired dCA according to the ARI threshold was observed in 40 (42%) patients; impaired dCA according to Mxa threshold was observed in 50 (53%) patients. In particular, ARI and Mxa were concordant in classifying 23 (24%) patients with impaired dCA and 28 (29%) patients with intact dCA (Table 2); a poor agreement between the two indices to categorize dCA was therefore obtained (Cohen's kappa coefficient = 0.08).
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FIGURE 1. Correlation between autoregulation index (ARI) and mean flow index (Mxa).



Table 2. Comparison of altered and intact cerebral autoregulation using autoregulation index (ARI) and mean flow index (Mxa) thresholds.
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There were no differences in clinical variables according to different ARI and Mxa combinations (Table 3). ARI was altered more frequently in patients on mechanical ventilation than others (27/52, 52% vs. 13/43, 30%, p = 0.04), whereas Mxa did not differ between these two groups. On the contrary, Mxa was altered more frequently in patients receiving sedatives than others (23/34, 68% vs. 27/61, 44%, p = 0.03), whereas ARI did not differ between these two groups. No other differences were found between subgroups (Table 4).


Table 3. Differences between patients according to the combination of mean flow index (Mxa) and autoregulation index (ARI) values (see “Methods” Section).
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Table 4. Differences between impaired cerebral autoregulation according to Mxa and ARI in different subgroups of patients.
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DISCUSSION

In this study, we have shown that ARI and Mxa, two validated indices to assess dCA using invasive BP signal and cerebral FVs, are not inter-changeable in a large cohort of critically ill patients with sepsis. These data underline the need for further comparison between various indices of dCA in clinical practice in order to better standardize the approach to analyze this important physiological phenomenon.

Given the limited understanding of the pathophysiological processes of brain dysfunction in sepsis and the complexity of the mechanisms underlying CAR, identifying the “gold standard” index that would be suitable to quantify dCA at the bedside in these patients remains a difficult task. Over the last years, different studies have introduced new indices of dCA (i.e., based on oxygen saturation, COx; or on brain oxygen pressure, ORx), which have been “validated” not using direct measurements of CBF and their relationship to BP variations, but through the comparison with other available dCA indices (as an example, one based on intracranial pressure monitoring, PRx) (18). Although this approach has been repeatedly used in the literature, it has some important caveats: (a) a significant correlation between two indices does not imply that they have the same accuracy to define impaired dCA; (b) the presence of an acute brain injury in the studied population may affect the generalizability of one specific dCA index into a non-brain injured patients' population, as the pathophysiological mechanisms resulting in impaired dCA might differ between these two groups; and (c) the methodological characteristics to obtain some of these indices (i.e., for PRx, how long the recording should be, how many seconds the window of assessment should last, and which is the percentage of overlap between windows) are not entirely standardized and may vary across studies (19); reliability, reproducibility, and diagnostic and prognostic values are not always similar.

In our study focusing on patients with sepsis, ARI and Mxa showed a non-significant correlation, had a poor agreement to categorize the dCA impairment and even the proportion of patients identified as “impaired dCA” was different according to the used index. In the subgroup analysis, the presence of mechanical ventilation and sedation had a different impact on the determination of CAR function between the different indices. Unfortunately, we do not have a clear explanation for these findings, and some hypotheses include the use of different analytic constructs to obtain ARI and Mxa, the presence of “noise” or an inappropriate assumption, i.e., the analysis if performed at a “steady state,” whereas this is not the case in reality.

If we consider the analytic constructs underlying Mxa and ARI, both indices investigate dCA by measuring fluctuations of the MCA blood FV and arterial BP; however, Mxa is computed using a linear regression analysis, it is a non-parametric value and is not based on a predefined model (18). Moreover, Mxa describes the stability of CBF to changes in BP and quantifies how the variation of pressure would be significantly associated with variations in flow. As this approach is purely based on a time-domain measurement of dCA, Mxa has a “quasi-static” approach, since in most cases no information can be obtained about the speed of the response (20). On the contrary, ARI is based on a model in which the response of flow to a hypothetical impulse change in BP is estimated and therefore compared with the theoretical impulse response; as such, ARI explains how rapidly flow recovers after any change in pressure and is theoretically more sensitive to physiological changes than Mxa. ARI reflects both the temporal and amplitude relationship between CPP and CBF, which characterizes the dynamic dCA assessment (14, 19, 21). However, the validity of such model in different categories of patients remains unknown.

Another potential explanation is the presence of known or unknown “noise,” which can be present during recordings in different categories of patients. These factors could be minimal changes in PaCO2, which is a potent modulator of vascular reactivity, PaO2, which can also modify CBF in case of extreme oxygen values, or intracranial pressure (6). As not all patients in our cohort were on mechanical ventilation, PaCO2 might present significant fluctuations, therefore impacting on BF recordings. In one study, the addition of different intensity of “noise” to artificial BF and BP recordings resulted in a flattening of the relationship between ARI and Mx (22).

In one study conducted in patients with traumatic brain injury (TBI), ARI was significantly related to Mx (i.e., an index derived from CPP and FVs, which has a similar construct than Mxa), although the relationship was not linear (23). However, the authors also pointed out that both indices lost sensitivity for extreme values (i.e., close to −1 or +1 for Mx and ARI of <2). In another study from the same group focusing again on TBI, ARI, and Mx showed a significant linear relationship and correlated with outcome (18). These differences with our findings might be related to the different patients' populations (i.e., TBI vs. sepsis), the presence of brain injury and/or elevated intracranial pressure, which is extremely rare in sepsis, and different therapeutic strategies, which could result in different baseline BP values (i.e., higher in TBI than in sepsis) and lower BP variability (i.e., autonomous nervous system dysfunction during sepsis) (24) between groups. Other studies have also compared different indices among them, reporting conflicting results (18, 25–27). Only one of these studies compared different indices in patients with sepsis (28), used near-infrared spectroscopy and transfer Fourier analysis, concluding that these metrics are not interchangeable either. Future research should focus more frequently on comparison between different dCA indices in various diseases and quantify CAR through multiple analytical approaches, paying attention to their respective limitations and the caveats that must be considered.

A number of limitations of this study need to be mentioned. Our study was limited to only two of the many indices that are commonly used for the assessment of dCA. Including other indices could have identified better agreements. The application of Mxa and ARI to spontaneous BP recordings is also a limitation; it has been reported that increased variability of BP leads to more robust estimates of autoregulation (29, 30), accepting that different protocols, such as sit-to-stand or sudden release of compressed thigh-cuffs (31) can lead to different values of metrics. Nevertheless, protocols that induce significant changes in BP are not feasible in a critical care environment. Third, we routinely recorded PaCO2 values; PaCO2 is one of the strongest determinants of dCA performance (5), and it could have affected the ARI and Mxa in different ways. However, not all patients were on the controlled mechanical ventilation, and this might have resulted in variable PaCO2 values over the recording period for those on spontaneous breathing. Fourth, dCA was dichotomized as intact or impaired using specific thresholds proposed in previous studies; however, at least for Mxa, a threshold of 0.45 has also been suggested to better identify impaired dCA (32, 33), and healthy volunteers have also been found with Mxa values above 0.3 (33). However, the lack of correlation between absolute Mxa and ARI values would not significantly change the conclusions of our study if a different Mxa threshold would have been used to define impaired dCA. Fifth, we did not specifically assess the relationship of ARI or Mxa with the occurrence of brain complications, brain imaging, or mortality, and these analyses were beyond the scope of this investigation. Finally, Mxa could be highly dependent on the analytic approach (i.e., blocks, correlation periods, and overlaps of FV and BP), with a moderate repeatability (34); a recognized “gold standard” approach has not been identified yet.



CONCLUSIONS

In this cohort of patients with sepsis, two of the most common indices used for the assessment of dCA, the ARI, and the Mxa, had a weak correlation and a poor agreement to classify dCA. These findings underline the limitations in comparing results on dCA from different studies, which used different analytic approaches to characterize dCA. A standardization for the dCA assessment is definitely warranted.
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Background: Studies exploring the relationship between blood pressure (BP) fluctuations and outcome in acute ischemic stroke (AIS) patients treated with intravenous thrombolysis (IVT) are limited. We aimed to investigate the influence of blood pressure variability (BPV) during the first 24 h after IVT on early neurological deterioration (END) and 3-month outcome after IVT in terms of different stroke subtypes.

Methods: Clinical data from consecutive AIS patients who received IVT were retrospectively analyzed. The hourly systolic BP of all patients were recorded during the first 24 h following IVT. We calculated three systolic BPV parameters, including coefficient of variability (CV), standard deviation of mean BP (SD) and successive variation (SV), within the first 6, 12, and 24 h after IVT. END was defined as neurological deterioration with an increase in the National Institutes of Health Stroke Scale (NIHSS) score ≥ 4 points within the first 72 h after admission. Follow-up was performed at 90 days after onset, and favorable and poor outcomes were defined as a modified Rankin Scale scores (mRS) of ≤1 or ≥2, respectively.

Results: A total of 339 patients, which were divided into those with (intracranial artery stenosis or occlusion group, SIASO group) and without (non-SIASO group) SIASO, were included. Among them, 110 patients (32.4%) were with SIASO. Patients in SIASO group had higher NIHSS on admission and difference in term of mRS at 90 days compared with non-SIASO group (P < 0.001). In SIASO group, patients in favorable outcome group were younger and had lower NIHSS on admission, lower SV-24 h (14.5 ± 4.3 vs. 11.8 ± 3.2, respectively) and lower SD-24 h (12.7 ± 3.8 vs. 10.9 ± 3.3, respectively), compared with patients with poor outcome (all P < 0.05). In the multivariable logistic regression analysis, compared with the lowest SV (SV < 25% quartile), SV50−75% [odds ratio (OR) = 4.449, 95% confidence interval (CI) = 1.231–16.075, P = 0.023] and SV>75% (OR = 8.676, 95% CI = 1.892–39.775, P = 0.005) were significantly associated with poor outcome at 3 months in patients with SIASO, adjusted for age, NIHSS on admission and atrial fibrillation. No BPV parameters were associated with END in SIASO group. In non-SIASO group, there were no significant association between BPV patterns and END or 90-day outcome.

Conclusions: SV-24 h had a negative relationship with 3-month outcome in AIS patients with SIASO treated with IVT, indicating that BPV may affect the outcome of AIS.

Keywords: blood pressure variability, symptomatic intracranial artery stenosis or occlusion, intravenous thrombolysis, acute ischemic stroke, prognosis


BACKGROUND

Globally, stroke is the second most common cause of death and the third most common disabling disease (1, 2). Intravenous thrombolysis therapy (IVT) can significantly improve functional outcomes. However, previous studies have reported that IVT outcomes are associated with various factors (3–5), including age (6), Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification (7–10), National Institutes of Health Stroke Scale (NIHSS) score on admission, and systolic blood pressure (SBP) on admission (11).

Previous studies have confirmed that racial difference in intracranial atherosclerosis stenosis (ICAS), and non-Caucasian population are at higher risk of ICAS (12–16). The incidence of ICAS is up to 46.6% in Chinese with ischemic (17). ICAS is an important risk factor for poor prognosis after acute ischemic stroke (AIS) (18, 19).

Blood pressure variability (BPV) is the fluctuation of blood pressure (BP) over a certain period. BP fluctuations are a process of constant adjustment in response to various environmental factors, both inside and outside the body, to better adapt to the needs of the body. Fluctuations of BP are related to a range of factors, such as mood, temperature, and circadian rhythms. These factors ultimately influence BP by affecting nerve and humoral regulation (20). Recently, higher BPV within 24 h after stroke was reported to be associated with poor outcome after IVT (11, 19, 21–23). However, ICAS, which is identified to be associated with poor outcome after AIS as we mentioned before, was not analyzed in these previous studies. Hemodynamic change is one of the possible mechanisms for cerebral infarction caused by ICAS. The hemodynamic status in the ICAS territory can be easily altered by BP fluctuation (24, 25). Under normal condition, cerebral autoregulation occurs to maintain the cerebral blood flow against the effect of hypoperfusion or hyperperfusion (26). However, cerebral autoregulation is impaired after ischemic stroke, especially for patients with ICAS (24). The fluctuation of peripheral blood pressure can significantly affect cerebral perfusion pressure in these patients. A rapid drop of BP may easily lead to a rapidly decreasing perfusion, especially in patients with ICAS, while a rapid rise of BP may potentially lead to intracranial hemorrhage, which might result in early neurological deterioration (END) and poorer outcome (24, 25). Nevertheless, studies focusing on the relationship between BPV and outcome of AIS patients with symptomatic ICAS are still limited. In the present study, we aimed to explore the influence of BPV during the first 24 h after IVT on END and 3-month outcome in patients who had intracranial artery stenosis or occlusion (SIASO) and received IVT.



METHODS


Patient Selection

Patients with AIS who were treated with recombinant tissue plasminogen activator (r-tPA) IVT and admitted to Dongguan People's Hospital between 1 January 2017 and 31 December 2019 were consecutively recruited. The inclusion criteria were as follows: (1) aged >18 years; (2) AIS was confirmed by magnetic resonance imaging (MRI) during hospitalization; (3) onset of ischemic stroke symptoms was within 4.5 h of treatment with r-tPA; (4) clinical features and BP were recorded at baseline and then hourly for 24 h after IVT; (5) prestroke modified Rankin Scale (mRS) score ≤1; and (6) follow-up by face-to-face consultation or by phone at 3 months, with complete documentation. The exclusion criteria were as follows: (1) additional endovascular therapy after IVT; (2) incomplete clinical data or lost to follow-up. This study was approved by the ethics committee of Dongguan People's Hospital (approval number: KYKT2018-002). The study was considered exempt from requiring informed consent from patients because of its retrospective nature.



Definition of SIASO

SIASO was defined as no <50% stenosis of the intracranial artery that was responsible for the AIS (27). Symptomatic intracranial artery occlusion (SIAO) was defined as signal loss of distal blood flow ipsilateral to the infarction (27). Patients who didn't meet the criteria of SIAO were those with symptomatic intracranial artery stenosis (SIAS) in SIASO group. The degree of stenosis was measured using three-dimensional time-of-flight magnetic resonance angiography [the MRI parameters are detailed in our previous article (28)] by comparing the vessel diameter at the site of stenosis with the normal vessel diameter distal to the stenosis (29).



Data Collection

Demographic data including age, sex, and a history of hypertension, diabetes mellitus, smoking, atrial fibrillation (AF), and previous stroke were collected. Stroke subtypes were classified according to the TOAST criteria (30), and the NIHSS on admission, onset-to-treatment time, SBP on admission, and hourly SBP for 24 h after IVT were also collected.



Definition of BPV

The hourly SBPs of all patients were recorded during the first 24 h after IVT using a cuff-type BP monitor. According to the guidelines (31), intravenous urapidil was administered to reduce BP levels to <185/110 mmHg just before r-tPA administration, and to maintain BP levels at <180/105 mmHg during the first 24 h after IVT. The BPV was calculated using the following equation (19):

(1) Standard deviation of mean BP (SD): [image: image]

(2) Coefficient of variability (CV [%]): SD/BPmean × 100,

(3) Successive variation (SV): [image: image]



Definition of END

In our study, the definition of END referred to neurological deterioration, with an increase in NIHSS score ≥4 points in the first 72 h after admission (32).



Clinical Outcome

We followed up these patients and assessed their mRS scores at 90 days after onset. Favorable and poor outcomes were defined as mRS ≤1 and ≥2, respectively. Incidents of stroke recurrence and death within the follow-up period were also recorded.



Analysis of BPV

BPVs within 6 h (SV-6 h, SD-6 h, CV-6 h), 12 h (SV-12 h, SD-12 h, CV-12 h), and 24 h (SV-24 h, SD-24 h, CV-24 h) after IVT was calculated.SV was a continuous variable and SV-24 h was divided into four grades based on the quartiles. We assessed the relationship between SV and END, so did the relationship between SV and the 3-month outcome. We also assessed the relationship between each interval of SV-24 h and END, as well as the relationship between each interval of SV-24 h and the 3-month outcome.



Statistical Analysis

Statistical analyses were conducted using SPSS for Windows (v.20.0; IBM Corp., Armonk, NY, USA). Continuous variables with a normal distribution were reported as the mean ± SD and non-normally distributed variables as the median and interquartile range. Univariate analyses were performed using the t-test/Mann–Whitney U-test (for two groups) or one-way analysis of variance/Kruskal–Wallis H-test (for three or more groups) for continuous variables, and the χ2 test for categorical variables. Variables with P < 0.05 in the univariate analysis were included in further binary multivariate logistic regressions. Statistical significance was defined as P < 0.05 (two-sided). Statistical graphs were drawn using GraphPad Prism (v.9.0; GraphPad Software, San Diego, CA, USA).




RESULTS


Patients' Characteristics

Three hundred and sixty-two AIS patients who were treated with r-tPA IVT in our stroke unit were collected consecutively. Among these 362 patients, 23 patients were excluded for the following reasons: baseline mRS ≥ 2 (n = 7), underwent additional endovascular therapy (n = 4), died as a result of acute myocardial infarction (n = 2), and lost to follow-up (n = 10). Therefore, 339 patients were enrolled in this study and among them, 110 patients were with SIASO (Figure 1).


[image: Figure 1]
FIGURE 1. Flowchart of the selection process. AIS, acute ischemic stroke; IVT, intravenous thrombolysis; mRS, modified rankin scale; SIASO, symptomatic intracranial artery stenosis or occlusion.


These 339 patients had a mean age of 61.9 ± 12.1 years. Among them, 248 patients (73.2%) were male, and urapidil was used to lower BP in 34 patients (10.0%) before IVT. Forty-two patients (12.4%) had END and 195 patients (57.5%) had a poor outcome at the 3-month follow-up (Table 1).


Table 1. Characteristics of the study sample.

[image: Table 1]

We divided these 339 patients into two groups (SIASO group and non-SIASO group) based on whether they were with SIASO. There is no difference between these two groups in terms of age (62.0 ± 12.5 vs. 61.8 ± 12.0 years, P = 0.864), male (78.2 vs. 70.7%, P = 0.148), hypertension (66.4 vs. 72.5%, P = 0.247), diabetes mellitus (26.4 vs. 27.1%, P = 0.890), smokers/ex-smokers (43.6 vs. 34.1%, P = 0.088), AF (20.9 vs. 21.8%, P = 0.846), previous stroke (20.9 vs. 14.4%, P = 0.131), onset to treatment time (OTT, 194.2 ± 54.8 vs. 195.7 ± 56.6 min, P = 0.823) or symptomatic hemorrhagic transformation (sHT, 5.5 vs. 2.2%, P = 0.112). Patients in the SIASO group had a higher NIHSS on admission [9.0 (5.8–14.0) vs. 6.0 (4.0–9.0), respectively], a higher mRS at 90 days and a higher rate of hemorrhagic transformation (HT) compared with the non-SIASO group (P < 0.05, respectively). In the SIASO group, there were 26 patients (23.6%) with SIAS and 84 patients (76.4%) with SIAO. The respective characteristics of patients are shown in Table 1.

In SIASO group, there were significant differences among these four groups of SV quartiles in terms of age, hypertension, use of antihypertensive therapy before IVT, AF, and mRS score at 90 days. In the non-SIASO group, there were significant differences among the quartiles of SV in terms of hypertension, smokers/ex-smokers, systolic blood pressure on admission, OTT and NIHSS on admission (Table 2). In the univariable analysis of risk factors for END, there were no differences in age, AF, SBP on admission, OTT, NIHSS on admission, or medical history between the SIASO and non-SIASO groups (Table 3; Supplementary Table 1).


Table 2. Successive blood pressure variability of the study sample.

[image: Table 2]


Table 3. Risk factors of the 3-month poor outcome and END in univariable analysis of SIASO group.

[image: Table 3]

In SIASO group, compared with those with favorable outcome, patients with poor outcome were older, with higher NIHSS scores on admission and were more likely to have AF (Table 3). In non-SIASO group, those with favorable outcome were older, with higher NIHSS scores on admission as well as longer OTT and were more likely to have AF compared with people in poor outcome group (Supplementary Table 1).



Association Between BPV Parameters and Outcomes
 
Relationship Between BPV Parameters and 3-Month Outcome

Compared with patients in the favorable outcome group, SV-24 h and SD-24 h were significantly higher in the poor outcome group (all P < 0.05) in SIASO group, while CV-24 h did not differ between the two groups (Table 3). However, SV-24 h, SD-24 h, and CV-24 h were not related with 3-month poor outcome in non-SIASO group (Supplementary Table 1).

Independent variables in SIASO group that were significantly different between the favorable and poor outcome groups in the univariable analysis (p < 0.05) were then entered into the subsequent logistic regression models (Table 4). We set two models for logistic regression. In Model 1, age, NIHSS score on admission, AF, SD-24 h, and overall SV-24 h were entered using a backward Wald method. NIHSS score on admission [odds ratio (OR) = 1.206, 95% confidence interval (CI) = 1.084–1.342, P = 0.001] and overall SV (OR = 1.182, 95% CI = 1.035–1.348, P = 0.013) were significantly associated with poor outcome at 3 months. In Model 2, patients were divided into four groups based on systolic SV value quartiles (SV <25% <10.84, SV25−50% = 10.84–13.25, SV50−75% = 13.26–16.00 and SV>75% > 16.00), and these were entered into the model along with the other variables used in Model 1. NIHSS score on admission (OR = 1.227, 95% CI = 1.099–1.369, P < 0.001), SV50−75% (SV <25% as reference; OR = 4.449, 95% CI = 1.231–16.075, P = 0.023), and SV>75% (SV <25% as reference; OR = 8.676, 95% CI = 1.892–39.775, P = 0.005) were significant predictors of poor outcome at 3 months (Table 4). The univariable analysis and logistic regression for non-SIASO patients were shown in Supplementary Table 2. The mRS score distribution in SIASO group according to SV quartiles is shown in Figure 2.


Table 4. Multivariate logistic regression of risk factors for 3-month poor outcome in SAISO group.

[image: Table 4]


[image: Figure 2]
FIGURE 2. Modified Rankin Scale scores distribution in SIASO group according to quartiles of systolic SV-24 h.




Interaction Analysis

The interaction analysis of age, AF, hypertension and SV-24 h showed only age and SV-24 h (OR = 1.161, 95% CI = 1.031–1.308, P = 0.014) were significantly associated with poor outcome at 3 months in SIASO group, while SV-24 h by age (OR = 0.996, 95% CI = 0.986–1.006, P = 0.389), SV-24 h by AF (OR = 1.059, 95% CI = 0.959–1.168, P = 0.257) or SV-24 h by hypertension (OR = 1.011, 95% CI = 0.941–1.087, P = 0.760) was not significantly associated with poor outcome at 3 months in SIASO group (Supplementary Table 3). Interaction analysis of BPV and SIASO on the 3-month poor outcome in all patients with IVT showed NIHSS on admission and SV-24 h by SIASO (interaction variable between SV-24 h and SIASO) (OR = 1.104, 95% CI = 1.060–1.149, P = <0.001), rather than SV-24 h (OR = 0.992, 95% CI = 0.937–1.050, P = <0.774) or SIASO (OR = 0.388, 95% CI = 0.067–2.247, P = 0.291), were significantly associated with poor outcome at 3 months (Supplementary Table 4).



Relationship Between BPV Parameters Within the First 6, 12 h After IVT and 3-Month Outcome

In the univariate analysis, compared with patients in the favorable outcome group, SV-6 h, SV-12 h, and SD-12 h were significantly higher in the poor outcome group (all P < 0.05) in SIASO group, while SD-6 h, CV-6 h, and CV-12 h did not differ between the two groups (Supplementary Table 5). Age, NIHSS score on admission, AF, SV-6 h, SD-12 h, and SV-12 h were entered into the subsequent logistic regression models (Supplementary Table 6). SV-6 h (P = 0.130), SD-12 h (P = 0.960), and SV-12 h (P = 0.066) were not significantly associated with poor outcome at 3 months (Supplementary Table 6).



Relationship Between BPV Parameters and END

In SIASO group, although SV-24 h, SD-24 h, and CV-24 h all appeared to be higher in END group than in without-END group, there were no significant differences between the two groups (Table 3). In non-SIASO group, SV-24 h, SD-24 h, and CV-24 h were also not significantly different between END and without-END groups (Supplementary Table 1).



Relationship Between BPV Parameters and HT or sHT

No relationship was found between the 3 BPV patterns (SV-24 h, SD-24 h, and CV-24 h) and all HT or sHT neither in SIASO group or in non-SIASO group, (Supplementary Tables 7, 8).





DISCUSSION

In the present study, higher systolic SV-24 was associated with poorer 3-month outcome in patients with SIASO who were treated with IVT. An increase in systolic SV-24 h may thus predict a higher risk of poor outcome at 3 months. However, there was no clear relationship between any pattern of BPV and 3-month outcome in patients without SIASO. There was not relationship between BPV and END in neither of the two groups. Our findings may help physicians to identify patients with a relatively high risk of poor outcome at 3 months.

SV is an important index of BPV, and in our study SV-24 h was associated with 3-month outcome in AIS patients after IVT in patients with SIASO, while it was not associated with 3-month outcome in patients without SIASO. A study by Yong and Kaste (33) in the European Cooperative Acute Stroke Study II trial revealed that high SBP variability is associated with poor outcome. Furthermore, an analysis from the Third International Stroke Trial (IST-3) reported an association between higher BPV and adverse events, the occurrence of symptomatic intracranial hemorrhage, and poor 6-month outcome (34). However, patients with and without SIASO were not assessed separately in those studies. In the IST-3 study, BP was measured only at three timepoints after IVT (34), while we measured BP hourly for at least 24 h after IVT. Thus, the BPV in our study was likely more accurate than in other studies that measured BP less frequently. Additionally, we studied the effect of BPV within different times after IVT on 3 months poor outcome and we found that SV-24 h, rather than BPV patterns within the first 6 or 12 h after IVT, was associated with poor outcomes at 3 months, which was rarely reported in previous studies. Therefore, it is important to avoid excessive fluctuations in BP within 24 h after IVT in patients with SIASO. We also analyzed the 3-month poor outcome of all IVT patients by the interaction of SV-24 h and SIASO, and it showed that the interaction did have a significant effect on 3 months poor outcome, which also confirms the finding that SV-24 h affect the 3-month outcome only in patients with SIASO.

Our study indicated that higher SV-24 h was associated with worse outcome at 3 months after IVT in patients with SIASO rather than in those without SIASO. Although there were some studies on the relationship between BPV and prognosis of AIS after IVT, they did not focus on the patients with SIASO. As ischemic stroke is a clinical syndrome with various pathogenesis, including large artery atherosclerosis, small arterial occlusion, and cardiogenic embolism, and BP fluctuations have different effects on ischemic stroke caused by different mechanisms (35), our research will be more targeted. In addition, 33–55% of ischemic stroke in Chinese is caused by intracranial arterial stenosis or occlusion (IASO) (35). Therefore, IASO should be taken into consideration when studying the relationship between BPV and ischemic stroke outcome. In our study, we evaluated intracranial arteries by 3D-TOF-MRA. Due to the limitations of MRA for assessing the degree of stenosis of cerebral arteries, it was difficult to distinguish SIAO from SIAS accurately. Therefore, it would be reasonable to combine SIAO and SIAS into the category of SIASO.

Recent studies have reported that many patients have autonomic dysfunction after ischemic stroke (36–38). BP fluctuation is a manifestation of autonomic dysfunction. During the early stage of ischemic stroke, a rapid increase in BP may cause intracranial pressure to rise and edema or bleeding to occur at the infarction site, which can lead to death or poor functional outcome (25). However, a large decrease in BP may lead to low perfusion in the infarct area; this effect might be much clearer in AIS patients with large-artery stenosis because patients with SIASO are very sensitive to BP fluctuations, especially in the first few hours after AIS (25, 26).

Cerebral autoregulation (CA) is the ability of the brain to regulate its own blood supply, which maintains an adequate and stable cerebral blood flow despite changes in cerebral perfusion pressure. However, CA is impaired after ischemic stroke, and this autoregulation is damaged in patients with SIASO; furthermore, patients with more severe stenosis tend to have more severe dysautoregulation (35). One study reported that CA impairment ipsilateral to the AIS is associated with a larger infarction and poorer clinical outcome compared with patients with unimpaired CA ipsilateral to the AIS (35, 39). With CA impairment, BP fluctuations have an important effect on cerebral blood flow. Moreover, when BPV increases to levels beyond the regulation of CA, it can lead to hypoperfusion or hyperperfusion in the infarction area (35, 39).

In the present study, high SV-24 h after IVT among patients with SIASO increased the risk of poor outcome at 3 months. This finding may help physicians to screen the most high-risk patients with poor prognosis from other high-risk patients at the early stage of AIS, and thus provide more appropriate interventions. Theoretically, since BP fluctuation in early stage of ischemic stroke may lead to hypoperfusion or intracerebral hemorrhage (24), BPV should be associated with END. However, we did not find any correlation between BPV and END. One possible reason is that in our study, there were only 20 patients (18.2%) with END in SIASO group which may not be powerful to detect the difference of BPV between with END and without END groups. Nevertheless, we found a tendency of association between high BPV and the occurrence of END. Besides, previous studies by other researchers have also failed to find a link between short-term outcome (2-week outcome and in-hospital outcome) and BPV during the acute phase of ischemic stroke (11, 39, 40).

The accuracy of BP measurement for patients with AF might be controversial. In theory, irregular ventricular rate in patients with AF may lead to more pronounced fluctuation in BP than in patients with sinus heart rate. However, we didn't exclude patients with AF in our study. Olson et al. analyzed 42 patients with AF in the condition of AF and sinus rhythm, and the result showed they had similar BPV in these two conditions (41). Maria et al. studied 13,827 patients and found no significant difference in BPV between patients with AF and patients with sinus rhythm (42). Besides, Guideline from American Heart Association in 2009 also specified that oscillographic blood pressure monitors were reliable in patients with AF (43).

Commonly-used BPV parameters consist of SV, SD, and CV. In our study, we found that a high SV-24 h, rather than SD-24 h or CV-24 h, may predict 3-month poor outcome in SIASO group. SD represents the dispersion of values around the mean but does not reflect the effect of the measuring sequence of BP. Since CV is calculated from SD, it does not reflect the aforementioned effect, either. SV estimates the variation in successive measurements and thus takes the sequence into account (44). Therefore, SV is more commonly used in studies because it better reflects the time-series variability of BP. In contrast, SD and CV couldn't reflect the temporal changes in the data, which can result in the same SD or CV in individuals with different clinical characteristics (45).

In our study, SV-24 h was higher in patients who were older and more likely to have hypertension or AF. However, an interaction term analysis was performed (Supplementary Table 7) and it demonstrated that SV-24 h was a risk factor of poor outcome independent of age and hypertension, which was similar to a previous review (46).

There were several strengths to our study. First, BPV was calculated by recording hourly BP within 24 h after thrombolysis, which was far more frequently than in other studies and led to more accurate BPV results [11, 14]. Second, to the best of our knowledge, ours was one of the few studies to have focused on AIS patients after IVT and consider the effects of SIASO on prognosis. However, there were also several limitations in our study. First, the sample size was relatively small. Second, our study was a retrospective study. Third, magnetic resonance angiography was used to evaluate arterial stenosis in this study; however, this method is not as accurate as digital subtraction angiography for evaluating arterial stenosis and might overestimate SIASO. Forth, only four stroke patients received EVT during our research from 2017 to 2019 as we were still developing emergent endovascular therapy in our hospital, thus the finding of our study may be limited. Lastly, intermittent cuff measurement was used to monitor BP in the present study, while continuous cuff monitoring or invasive arterial BP are more accurate.



CONCLUSION

Systolic SV had a negative relationship with 3-month outcome in AIS patients with SIASO who were treated with IVT, which indicates that BPV may affect the outcome of AIS. Further multi-center prospective studies with larger sample sizes are warranted.
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The purpose of this study was to assess spatially remote effects of hemodynamic impairment on functional network topology contralateral to unilateral anterior circulation steno-occlusive disease (SOD) using resting-state blood oxygen level-dependent (BOLD) imaging, and to investigate the relationships between network connectivity and cerebrovascular reactivity (CVR), a measure of hemodynamic stress. Twenty patients with unilateral, chronic anterior circulation SOD and 20 age-matched healthy controls underwent resting-state BOLD imaging. Five-minute standardized baseline BOLD acquisition was followed by acetazolamide infusion to measure CVR. The BOLD baseline was used to analyze network connectivity contralateral to the diseased hemispheres of SOD patients. Compared to healthy controls, reduced network degree (z-score = −1.158 ± 1.217, P < 0.001, false discovery rate (FDR) corrected), local efficiency (z-score = −1.213 ± 1.120, P < 0.001, FDR corrected), global efficiency (z-score = −1.346 ± 1.119, P < 0.001, FDR corrected), and enhanced modularity (z-score = 1.000 ± 1.205, P = 0.002, FDR corrected) were observed in the contralateral, normal hemispheres of SOD patients. Network degree (P = 0.089, FDR corrected; P = 0.027, uncorrected) and nodal efficiency (P = 0.089, FDR corrected; P = 0.045, uncorrected) showed a trend toward a positive association with CVR. The results indicate remote abnormalities in functional connectivity contralateral to the diseased hemispheres in patients with unilateral SOD, despite the absence of macrovascular disease or demonstrable hemodynamic impairment. The clinical impact of remote functional disruptions requires dedicated investigation but may portend far reaching consequence for even putatively unilateral cerebrovascular disease.

Keywords: cerebrovascular reserve, functional magnetic resonance imaging, graph theory, functional connectivity, cerebrovascular disease


INTRODUCTION

Patients with chronic steno-occlusive disease (SOD) of the cerebrovascular system are at risk of ischemic stroke (1, 2). Cerebral hypoperfusion and impaired hemodynamics, which can be evaluated by cerebrovascular reactivity (CVR), lead to ischemic or potentially selective neuronal damage among these patients (3). Previous resting-state fMRI studies in stroke and cerebrovascular disease have detected blood oxygen level-dependent (BOLD) connectivity disruptions within several brain networks, including motor, attention, frontoparietal and default mode networks (4–8), and may include long range changes distant or even contralateral to areas of injury, such as in motor networks or interhemispheric functional connectivity (9, 10).

Observations of remote and widespread network dysfunction (11) have compelled investigation into its relation to hemodynamic failure and autoregulation. Graph theory provides an effective tool for capturing the topological principles that govern brain networks (12, 13). Under this framework, numerous lines of evidence support that brain organization is shaped by an optimal balance between functional segregation and integration (14, 15), as well as a trade-off between wiring costs, principles of minimum work, and efficiency of parallel information transfer (16). This configuration can be influenced by brain maturation (17), cognitive states (18–20), and brain diseases (21, 22). While disrupted organization of functional networks has been found in stroke and cerebrovascular disease (23–26), little is known about whether network topology in normal-appearing brain areas contralateral to lesions is similarly vulnerable.

A challenge to such paradigms, however, rests in the nature of BOLD functional network connectivity, which is influenced both by changes in neurovascular coupling and true neural connections (27, 28). In cerebrovascular disease, neurovascular coupling is likely impaired, particularly in the diseased hemispheres, which can undermine attempts to recover BOLD changes and thus faithful representations of connectivity (29, 30). Importantly, however, as even normal-appearing brain parenchyma contralateral to SOD may be affected by sub-clinical hemodynamic compromise and increased stroke risk (31, 32), we anticipated that remote, occult alterations in the hemodynamic response function could accompany or even drive changes in BOLD functional connectivity within the putatively normal hemispheres of such patients. Examining BOLD networks in the contralateral hemispheres and their associations with CVR may deepen our understanding of functional brain networks in cerebrovascular disease and potentially illuminate well-recognized, non-ischemic consequence of SOD such as cognitive and other functional impairments (33).

In the present study, we aimed to investigate remote effects of hemodynamic compromise on BOLD functional connectivity of the contralateral hemispheres in unilateral, chronic cerebral SOD, hypothesizing the presence of measurable disturbances in functional connectivity remote and even contralateral to SOD in patients with unilateral macrovascular disease on cross-sectional or catheter angiographic cerebrovascular imaging. Graph-theory metrics of functional networks were estimated using resting-state BOLD, addressing two questions: (i) As compared to healthy controls, do observable network alterations exist within the contralateral, normal hemispheres in SOD patients? (ii) Does network connectivity correlate with cerebral hemodynamics as measured by CVR in the normal-appearing hemispheres of the patients?



MATERIALS AND METHODS


Participants

Twenty patients with unilateral chronic SOD of the anterior circulation were studied (age, 49.00 ± 11.38 years; range, 29–70 years; seven males, 13 females; seven patients with right-sided disease), including eight patients with occlusion or high-grade (>75%) stenosis of the cervical internal carotid artery (ICA), 6 patients with occlusion or high-grade (>75%) stenosis of the intracranial ICA, 1 patient with occlusion of the middle cerebral artery, and five patients with idiopathic intracranial SOD. For each patient, the diseased hemisphere was determined on 3D time-of-flight MR angiography (N = 20), as well as on CT angiography (N = 7) or digital subtraction angiography (N = 13) when available. All imaging was assessed by a vascular neurologist (F.N.) and one of neuroradiologists (J.W.A. and S.D.), each with >10 years of experience.

Twenty age-matched healthy controls (age, 40.75 ± 16.21 years; range, 20-68 years; 12 males, 8 females) were enrolled for comparison. This study was approved by the Institutional Review Board at Emory University School of Medicine. Informed consent was obtained from healthy controls and retrospective review of patient data was performed.



Data Acquisition and Preprocessing

MR imaging was performed on a Siemens Tim Trio 3-Tesla scanner (Siemens Healthcare, Erlangen, Germany) equipped with a 32-channel head array coil in all patients with SOD. Twenty-minute (600 volumes) continuous BOLD data were collected using a gradient-echo echo-planar imaging (EPI) sequence (TR/TE = 2,000/30 ms, FA = 78°, FOV = 220 × 220 mm2, matrix = 64 × 64, slice thickness = 4 mm, 30 slices). After 5 min of baseline BOLD acquisition, acetazolamide (ACZ) (1 gram dissolved in 10 mL normal saline) was slowly infused intravenously over 3–5 min, followed by normal saline flush. The healthy controls underwent resting-state BOLD imaging without ACZ enhanced BOLD measurement for 13.33 min (400 volumes) using the same scan protocol with the same MRI scanner and coil models (Siemens Tim Trio with 32-channel head array coil). To avoid bias, the same duration of BOLD measurement from both patients and healthy controls was used for network analysis, as detailed below. In both patient and control groups, a high-resolution 3D anatomical image was also acquired using an axial T1-weighted magnetization-prepared rapid acquisition with gradient echo (MPRAGE) sequence (TR/TE = 1,900/3.52 ms, FA = 9°, FOV = 216 × 256 mm2, matrix = 216 × 256, slice thickness = 1 mm, 176 slices).

Images were processed using SPM8 (Wellcome Trust Center for Neuroimaging, University College London, London, UK) and MATLAB (MathWorks, Natick, Massachusetts, USA). Anatomical MPRAGE image was co-registered to BOLD images, and segmented to create gray matter, white matter (WM) and cerebrospinal fluid (CSF) masks. BOLD data preprocessing comprised removal of the first 10 volumes (20 s), slice-timing correction, motion correction, normalization to Montreal Neurological Institute space, and spatial smoothing with a 6-mm Gaussian kernel. For network analysis, the first 5 min of data were used, and underwent linear detrending, regression of nuisance signals and temporal band-pass filtering (0.01–0.1 Hz). The nuisance signals included head-motion profiles as well as WM and CSF signals. WM and CSF signals were extracted from contralateral hemispheres in the patients to eliminate contamination from lesions (8), and from both left and right hemispheres in the healthy controls.



CVR Calculation

CVR was measured by estimating the cerebrovascular response to ACZ. Although breath holding or inhalation of gas with increased CO2 concentration could be also used for CVR measurement, both approaches have their disadvantages. Breath-holding approach requires good subject cooperation and is difficult to control CO2 concentration in the lungs. While inhalation of gas with increased CO2 concentration is used in studies and has its advantages, complex gas delivery and sampling apparatus are required, limiting its translation to clinical settings. In contrast, ACZ is a safe and highly tolerated agent, and its intravenous administration is a relatively easy and accepted medical procedure in most patients (34).

In the patients, the mean BOLD images before (BOLDpre−ACZ) and after (BOLDpost−ACZ) ACZ administration were generated by averaging the first and the last 30 volumes (1 min, not including previously discarded volumes) of BOLD data, respectively. CVR maps were then determined as CVR = (BOLDpost−ACZ – BOLDpre−ACZ) / BOLDpre−ACZ × 100% (34).



Network Construction and Analysis

A network (i.e., graph) comprising nodes and edges that connect the nodes was established separately for each hemisphere for the purposes of hemispheric analysis. For the patients, the normal-appearing hemispheres contralateral to SOD were analyzed. For the healthy controls, individual hemispheres were analyzed separately to produce hemispheric, reference standard connectivity profiles for comparison and normalization. Nodes were defined by regions of interest (ROIs) in Anatomical Automatic Labeling atlas (35) that divides each hemisphere into 45 regions, and edges represented interregional functional connectivity, measured by Pearson correlation coefficients. Symmetric correlation matrices were built after computing the Pearson correlation coefficients of the average temporal signals between all pairs of ROIs. To convert the correlation matrices to sparse networks, a sparsity threshold, defined as the ratio of the number of actual edges to the maximum possible number of edges in a network, was used. The sparsity-based thresholding method ensures the same number of edges in the resultant networks by applying a network-specific correlation threshold. Currently, there is no definitive way to accurately determine thresholds, therefore the sparsity thresholds in this study were set to 20, 30, and 40%, which are within typical sparsity ranges of human neuron networks (36, 37).

Graph theory was applied to quantify the topological properties of weighted undirected networks using Brain Connectivity Toolbox (38) (http://www.brain-connectivity-toolbox.net). We calculated node-based network metrics including node degree, nodal efficiency Enodal, local efficiency Elocal and betweenness centrality, and global network metrics including global efficiency Eglobal, modularity and assortativity coefficient. Degree is the sum of all edge weights connected to a node. Nodal efficiency Enodal is defined as the reciprocal of the harmonic mean of shortest path lengths between a given node and all other nodes. The average Enodal across all nodes can be used to evaluate global efficiency Eglobal of parallel information processing in a network. Local efficiency Elocal is the global efficiency calculated in node neighborhoods. Elocal is an indicator of fault tolerance, measuring how well the information is transferred between the immediate neighbors of a given node when it is eliminated. Betweenness centrality is determined as the fraction of all shortest paths in the network that pass through a given node, thereby used to detect important nodes for information transfer. Modularity is defined as the ability of a network to be decomposed into subnetworks that are more linked within modules than between modules. Given that the optimal modular structure may be slightly different from run to run owing to heuristics in the algorithm (39), the modularity analysis was repeated 500 times and the averaged modularity was calculated. Assortativity coefficient is a correlation coefficient for the degrees of neighboring nodes, which measures how often nodes with a certain degree are connected to nodes with a similar degree. As an indicator of resilience, assortativity coefficient reflects network vulnerability to insult.



Statistical Analysis

In the healthy controls, the mean and standard deviation (SD) of network measures were calculated for both left and right hemispheres separately as a reference standard for the patients. To evaluate abnormalities in the hemispheres contralateral to SOD in the patient population, network parameters were scored in terms of z-values relative to the mean and SD of the respective hemispheres across all the healthy controls calculated above (Figure 1). Specifically, if a patient had right-sided disease, z-scores of network parameters in the left hemisphere were calculated relative to the mean and SD of the left hemispheres across all controls. One-sample t-test was performed to test if the z-scores had a mean of zero. The correlations between network parameters and ROI-specific CVR were evaluated using a linear mixed-effects model, with subject-specific slopes and intercepts modeled as random effects to assess the linear relationships between test variables. The false discovery rate (FDR; Q < 0.05) method was employed to correct for multiple comparisons.


[image: Figure 1]
FIGURE 1. Schematic illustration of the procedure involved in calculating z-scores of network parameters in the contralateral hemispheres of the patients relative to the respective hemispheres of the healthy controls. SD, standard deviation.





RESULTS

Figure 2 shows the averaged maps of degree, local efficiency Elocal, nodal efficiency Enodal, and betweenness centrality in both hemispheres of the healthy controls and in the contralateral hemispheres of the patients. In general, degree, Elocal and Enodal were lower in the patients as compared to the healthy controls. These observations were confirmed by z-scores of network parameters in the contralateral hemispheres of the patients relative to the respective hemispheres of the controls (Figure 3). One-sample t-test showed that at connectivity sparsity = 40%, the z-scores of degree (P < 0.001, FDR corrected), Elocal (P < 0.001, FDR corrected), and Egobal (P < 0.001, FDR corrected) were lower than zero, suggesting compromised network strength and efficiency in the patient cohort. The z-score of modularity was higher than zero (P = 0.002, FDR corrected), which suggests that the brain networks are subdivided into more clearly delineated groups in the patients. Similar results were obtained at connectivity sparsity = 20 and 30% (Table 1).


[image: Figure 2]
FIGURE 2. Averaged maps of degree (A), local efficiency Elocal (B), nodal efficiency Enodal (C), and betweenness centrality (BC) (D) in the left and right hemispheres of the healthy controls (HC) and in the contralateral hemispheres of the patients (PA) (connectivity sparsity = 40%). The maps of the patients with right-sided disease were left-right flipped to create the averaged maps. Overall, degree, Elocal and Enodal were lower in the patients as compared to the healthy controls.
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FIGURE 3. Z-scores of degree, local efficiency Elocal, global efficiency Eglobal, betweenness centrality (BC), modularity, and assortativity coefficient (AC) in the contralateral hemispheres of the patients relative to the respective hemispheres of the healthy controls (connectivity sparsity = 40%). The z-scores of degree, Elocal, and Enodal were significantly lower than zero, while the z-score of modularity was significantly higher than zero. Asterisks indicate statistical significance determined by one-sample t-test (**P < 0.005, ***P < 0.001; false discovery rate corrected).



Table 1. Mean z-scores of network parameters in the contralateral hemispheres.
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Figure 4 shows the z-maps of degree, Elocal, Enodal, and betweenness centrality in the contralateral hemispheres averaged over all patients. One-sample t-test with FDR correction showed that negative z-scores of degree were primarily observed in the supplementary motor, fusiform and temporal cortices. The z-scores of network efficiency were lower than zero across the brain. The z-scores of betweenness centrality were negative in the Rolandic operculum and inferior temporal gyrus (see Supplementary Table 1 for more details).


[image: Figure 4]
FIGURE 4. Z-maps of degree (A), local efficiency Elocal (B), nodal efficiency Enodal (C), and betweenness centrality (BC) (D) in the contralateral hemispheres averaged across all patients (connectivity sparsity = 40%). The maps of the patients with right-sided disease were left-right flipped to create the averaged maps. One-sample t-test with false discovery rate correction showed that negative z-scores of degree were primarily observed in the supplementary motor, fusiform and temporal cortices. Negative z-scores were found across the brain for Elocal and Enodal. The z-scores of betweenness centrality were negative in the Rolandic operculum and inferior temporal gyrus.


Figure 5 shows maps of CVR and network parameters in the contralateral hemispheres of two representative patients. Visual inspection suggested relationships between degree and CVR, as well as between Enodal and CVR. Mixed-effects model showed a trend toward significant correlations between degree and CVR (P = 0.089, FDR corrected; P = 0.027, uncorrected), and between Enodal and CVR (P = 0.089, FDR corrected; P = 0.045, uncorrected), while significance was not observed between Elocal and CVR (P = 0.115, FDR corrected; P = 0.086, uncorrected), and between betweenness centrality and CVR (P = 0.472, FDR corrected; P = 0.472, uncorrected) (Figure 6). For the correlations of degree, Elocal and Enodal with CVR, one patient exhibited a trend deviating from the remainder of the cohort (arrows in Figure 6). To estimate the influences of the potential outlier, the same analyses were repeated after excluding this participant. After the outlier exclusion, the associations between degree and CVR (P = 0.023, FDR corrected), and between Enodal and CVR (P = 0.023, FDR corrected) became significant.


[image: Figure 5]
FIGURE 5. Maps of cerebrovascular reactivity (CVR), degree, local efficiency Elocal, nodal efficiency Enodal, and betweenness centrality (BC) in the contralateral hemispheres in a patient with occlusion of left internal carotid artery (ICA) (P4) (A), and in a patient with stenosis of the left ICA (P12) (B). The CVR maps are similar to the maps of degree and Enodal. Connectivity sparsity was set to 40%.
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FIGURE 6. Correlations between cerebrovascular reactivity (CVR) and network parameters, including degree (A), local efficiency Elocal (B), nodal efficiency Enodal (C) and betweenness centrality (BC) (D) in the contralateral hemispheres of the patients. Mixed-effects model showed a trend toward significant correlations between CVR and degree, as well as between CVR and Enodal (P < 0.10, false discovery rate corrected). Each colored line represents an individual patient. The black bold lines indicate overall trends across patients. Arrows indicate a single patient (P9) with a trend deviating from the others. Connectivity sparsity was set to 40%.




DISCUSSION

This study reveals altered organization of BOLD functional brain networks contralateral to unilateral anterior circulation steno-occlusive disease. Reduced degree and efficiency, and enhanced modularity of functional networks were observed in normal-appearing hemispheres contralateral to SOD in patients as compared to healthy controls, indicating potentially long-range consequence to hemodynamic impairment manifesting in network disruptions or reorganization even remote from areas of apparent disease. The network degree and nodal efficiency furthermore showed a close relationship with CVR, suggesting that cerebral hemodynamics may be predictive of BOLD network metrics.

fMRI has been widely utilized to explore brain function (40) including in cerebrovascular disease and stroke (41–43). Compared to task-related fMRI, resting-state fMRI does not involve explicit or intentional task performance. Flexible post-hoc analyses for estimating intrinsic functional connectivity can be applied on resting-state data to explore multiple functional networks, thus resting-state imaging is potentially well-suited to clinical settings, including patients unable to perform complex tasks.

While most fMRI studies have interpreted BOLD signal as a measure of neural activity, based in the assumption that neurovascular coupling is relatively consistent (27), neurovascular coupling may be disrupted in patients with cerebrovascular disease, especially in affected hemispheres (29, 30). Moreover, based on comparisons with healthy controls, previous studies (31, 32) have reported compromised CVR even in putatively normal contralateral hemispheres, suggesting that a BOLD hemodynamic response function could be altered even contralateral to regions of macrovascular disease and without demonstrable vascular pathology on cross-sectional or catheter angiographic imaging.

BOLD functional networks likely reflect underlying physiology. Recent fMRI studies in healthy participants have reported relationships between network efficiency and cerebral blood flow (CBF) (44), and between functional connectivity and CVR (45). In this work, we further explored the physiological basis of functional connectivity among a patient group with cerebrovascular disease. Our results showed a trend toward significant correlations between either network degree or nodal efficiency and vascular reserve as quantified by CVR, implying that cerebral hemodynamics may at least partially account for the observed changes in functional networks. Importantly, the direction of influence between CVR and functional connectivity was not studied directly, and the findings do not specifically implicate the presence of intrinsic vascular pathology in the contralateral hemisphere, wherein a remote functional influence upon local vasoreactivity could alternatively modulate augmentation profiles. This potential impact of neurovascular uncoupling and perhaps anatomic variables including the extent of vascular connectivity (for instance across the anterior communicating artery) also cannot be easily disambiguated from our results; nevertheless, the correlations suggest that caution is merited when assessing BOLD functional connectivity among patients with cerebrovascular compromise, and that corrections for CVR effects should be contemplated when studying even remote BOLD connectivity in cerebrovascular disease.

Cerebrovascular disease may produce not only territorial, lacunar, and borderzone ischemia, but also demonstrable silent infarctions or even subclinical damage below the resolution of conventional imaging. It should be noted that neurophysiological changes occur even in anatomically intact areas (46). Remote alterations have been observed in neuronal activity, cortical metabolism and CBF (9). To further investigate remote manifestations, we examined the organization of apparent functional networks contralateral to cerebrovascular compromise. The results showed that network strength and efficiency were impaired in normal-appearing hemispheres, while the brain networks were subdivided into more clearly delineated groups. The most compromised brain regions were observed in the temporal lobe. Our findings corroborate the notion that apparent network dysfunction extends into the structurally intact regions (9, 25). However, as noted above it remains unclear to what extent such alterations in the contralateral hemispheres result from true differences in neuronal functional connectivity versus changes in neurovascular coupling. Systematic investigations are necessary to evaluate neurovascular coupling further within areas free of macrovascular disease.

Several issues remain to be addressed. First, the information of handedness and education was not collected in the participants. A balance between these factors is needed in the future. Second, a trend toward significant correlations of network degree and nodal efficiency with CVR was observed after FDR correction, perhaps due to the limited statistical power associated with the relatively small sample size in the present study. Future studies with larger sample size are needed to confirm this finding. Third, we investigated network parameters in the network level, where network analysis was performed for each hemisphere. For the analysis in module level, the statistical power is limited owing to the relatively small sample size in this study. Further studies with larger sample size are needed for the analysis in module level. Fourth, relatively large ROIs were selected to construct networks in the current study. Assessing functional connectivity strength to investigate voxel-wise changes in the patients is a focus of future study in our group. Fifth, single-band single-echo EPI with relatively low temporal (TR = 2 s) and spatial (voxel size = 3.4 × 3.4 × 4 mm3) resolution was employed for BOLD imaging in this study. A recently developed multi-band multi-echo EPI (47) can be used to increase temporal and/or spatial resolution (48, 49) and functional contrast-to-noise (50), thereby improving measurement accuracy. Finally, with an assumption of temporal stationarity, functional connectivity was calculated across the whole scan duration, and the future study of resting-state functional networks in terms of temporal fluctuations among patients with stroke and cerebrovascular disease may offer further mechanistic insights into the nature of remote functional connectivity in such patients.

In conclusion, our study provides evidence for altered BOLD functional connectivity contralateral to the diseased hemispheres in patients with unilateral SOD. The close relationship between network connectivity and CVR further suggests that caution should be taken when evaluating BOLD brain networks in cerebrovascular disease, even in regions with putatively normal macrovasculature.
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Background and Purpose: Dynamic cerebral autoregulation is impaired after ischemic stroke. External counterpulsation (ECP) augments the cerebral blood flow of patients with ischemic stroke by elevation of blood pressure (BP). We aimed to investigate if cerebral augmentation effects during ECP were associated with impaired dynamic cerebral autoregulation in patients after acute ischemic stroke.

Methods: Forty patients with unilateral ischemic stroke and large artery atherosclerosis in the anterior circulation territory within 7 days from symptom onset and eighteen healthy controls were recruited. We monitored changes in mean flow velocity over both middle cerebral arteries (MCA) by transcranial Doppler (TCD) before, during, and immediately after ECP. Cerebral augmentation index was MCA mean flow velocity increase in percentage during ECP compared with baseline to evaluate the augmentation effects of ECP. Spontaneous arterial BP and cerebral blood flow velocity in both bilateral MCAs were recorded using a servo-controlled plethysmograph and TCD, respectively. Transfer function analysis was used to derive the autoregulatory parameters, including phase difference (PD), and gain.

Results: The cerebral augmentation index in patients with stroke was significantly higher on both the ipsilateral and contralateral sides than that in controls, while the PD in patients with stroke was significantly lower on both sides than those in controls (all P < 0.05). The cerebral augmentation index did not correlate with PD and gain on either the ipsilateral or contralateral side of patients with stroke or in controls (all P > 0.05). The cerebral augmentation index of patients with stroke was significantly related to mean BP change on the ipsilateral side (R2 = 0.108, P = 0.038).

Conclusion: The degree of ECP-induced cerebral augmentation effects as measured by the cerebral augmentation index did not correlate with the magnitude of impaired dynamic cerebral autoregulation.

Keywords: cerebral blood flow, external counterpulsation, dynamic cerebral autoregulation, transfer function analysis, ischemic stroke


INTRODUCTION

In the traditional view, cerebral autoregulation ensures the constancy of cerebral blood flow to the brain as the systemic blood pressure (BP), and hence, cerebral perfusion pressure changes over a wide range. However, considering the compelling evidence currently available, cerebral blood flow regulation is far more pressure-passive in nature than traditionally believed. Indeed, cerebral blood flow will not necessarily remain stable in some physiological/clinical conditions (1). Cerebral autoregulation is impaired after ischemic stroke (2, 3). The brain becomes more vulnerable to ischemic damage caused by changes in systemic BP or intracranial pressure. Although the management of BP following acute ischemic stroke remains controversial, the available clinical data suggest that the use of BP augmentation may improve perfusion to ischemic tissue, which can result in at least short-term neurological improvement (4, 5).

External counterpulsation (ECP) is a noninvasive and well-established method for ischemic heart disease (6–8). ECP operates by applying electrocardiography-triggered diastolic pressure to the lower extremities through air-filled cuffs. The diastolic augmentation of the blood flow and the simultaneously decreasing systolic afterload increases the blood flow of vital organs such as the heart, brain, and kidneys (9, 10). Our pilot study showed that ECP is feasible for patients with ischemic stroke with large artery disease by improving neurological deficits (11). ECP may improve cerebral perfusion and collateral blood supply in ischemic stroke by augmenting BP and cerebral blood flow velocity (CBFV) (12). Without cerebral autoregulation, CBFV would passively follow BP. The cerebral augmentation effects induced by ECP possibly worked via impaired cerebral autoregulation. Furthermore, we first proposed the cerebral augmentation index to evaluate the degree of cerebral augmentation effects induced by ECP. Recently, we found that the higher cerebral augmentation index on the side ipsilateral to the infarct was independently correlated with an unfavorable functional outcome after acute ischemic stroke (13).

Without too much cooperation from patients, transfer function analysis (TFA) is a frequently used method to assess dynamic cerebral autoregulation using spontaneous oscillations in BP and CBFV despite the controversies and variations in its interpretation from different research groups (14, 15). TFA quantifies cerebral autoregulation in the parameters phase difference (PD), gain, and coherence with the assumption that cerebral autoregulation is a linear control system. It is based on the concept that cerebral autoregulation minimizes the effect of dynamic BP fluctuations on CBFV, which is reflected by reduced low-frequency gain and phase-lead of CBFV over BP (16, 17). Without cerebral autoregulation, CBFV would passively follow BP, and TFA would show constant gain and zero phases across the low-frequency band. In acute ischemic stroke, recent meta-analyses of TFA parameters, obtained from spontaneous fluctuations of BP at rest, have demonstrated that PD and the autoregulation index can show highly significant differences in comparison with healthy controls, while less clear-cut results were obtained for gain (18).

Therefore, in this study, we aimed to investigate whether the degree of cerebral blood flow augmentation effects induced by ECP was related to the magnitude of impaired dynamic cerebral autoregulation in patients with ischemic stroke, assessed by cerebral augmentation index and PD and gain, respectively.



METHODS


Subjects

Patients with unilateral ischemic stroke in the anterior circulation territory and large artery occlusive disease with a good acoustic window within 7 days of stroke onset in Prince of Wales Hospital in Hong Kong between November 2011 and December 2013 were recruited. Diagnosis of stroke was made based on the definition of the WHO, and ischemia was confirmed by computerized tomography or MRI. All patients were examined by TCD, duplex ultrasound, or magnetic resonance angiography to verify with intracranial or extracranial large artery stenosis (moderate stenosis or > 50% diameter reduction). Based on our previous study, (19). we excluded patients with evidence of cardioembolic strokes such as atrial fibrillation and rheumatic heart disease, evidence of hemorrhage on brain computerized tomography, evidence of arteriovenous malformation, arteriovenous fistula or aneurysm, a history of intracerebral hemorrhage, brain tumor or malignancy, sustained hypertension (systolic > 180 mmHg or diastolic > 100 mmHg), severe symptomatic peripheral vascular disease, evidence of co-existing systemic diseases such as renal failure (creatinine > 300 μmol/L, if known), cirrhosis, thrombocytopenia [platelet count <1,00,000/mm (3)] and severe dementia of psychosis as well as pregnant women. Patients with tissue plasminogen activator (tPA) and thrombectomy intervention were excluded due to their effects on dynamic cerebral autoregulation (20, 21). Healthy volunteers without a history of cerebrovascular events and risk factors were recruited as control subjects. Each healthy subject underwent TCD and carotid duplex to rule out large artery occlusive disease. Written informed consent was obtained from all participants prior to enrolment. This study was approved by the local medical ethics committee (Joint CUHK-NTEC Clinical Research Ethics Committee).



ECP TCD Monitoring

All the participants were asked to lie in the supine position for 15 mins prior to the beginning of data acquisition. ECP was performed using the Enhanced External Counterpulsation system, model number MC2 (Vamed Medical Instrument Company, Foshan, China). The treatment pressure of ECP was 150 mm Hg. TCD monitoring was performed using the ST3 TCD system (Spencer Technologies, Seattle, WA). The patients lay on the ECP treatment bed and their legs were wrapped with 3 pairs of air cuffs. Two 2-MHz probes were mounted on a head frame, which was fitted individually and worn on the head of patients. M1 segments of bilateral MCAs were insonated at the depth of highest mean flow velocity between 50 and 60 mm. We recorded bilateral CBFV of bilateral MCAs and continuous beat-to-beat arterial BP using a finger plethysmograph using the Task Force Monitor system (CNSystems Medizintechnik AG, Graz, Austria) before and during ECP, respectively, for 3 mins. The cerebral augmentation index was used to assess the augmentation effect of ECP, which was calculated by the increase in the percentage of mean flow velocity during ECP compared with baseline (12).



Dynamic Cerebral Autoregulation Measurement and Data Analysis

Continuous CBFV of bilateral MCAs via TCD and continuous beat-to-beat arterial BP were recorded simultaneously from each subject in the supine position for 10 mins. The recorded data were then used to evaluate dynamic cerebral autoregulation by the method of TFA (15, 22). The data were post-processed using MATLAB (MathWorks, Inc, Natick, MA). A cross-correlation function between arterial BP and CBFV was used to align the raw data in order to eliminate the possible time lags. The signals were then down-sampled to 1 Hz after the application of an anti-alias filter with a cutoff frequency of 0.5 Hz. The dynamic relationship between arterial BP and CBFV was assessed by TFA with an algorithm used in previous studies (23). PD, gain, and coherence within a low-frequency range, 0.06 to 0.12 Hz, were then derived from TFA to evaluate dynamic cerebral autoregulation. The autoregulatory parameters were accepted for further statistical analysis only when coherence was higher than 0.4 within 0.06 to 0.12 Hz.



Statistical Analysis

The mean flow velocity of MCA was automatically recorded by the TCD system, which was the mean value of the area under the envelope curve in a cardiac cycle. Data of patients with stroke were analyzed based on the side ipsilateral or contralateral to the infarct. Mean CBFV, cerebral augmentation index, PD, and gain on the right and left sides in the control group were averaged and used. Continuous data were analyzed by independent-sample Student t-tests when there was a normal distribution and by the Mann–Whitney test, if there was a skewed distribution between both sides of stroke and control groups. Category data were analyzed by the Pearson χ2 test or Fisher's exact test. The paired t-test was used to compare the difference in CBFV between baseline and during ECP in each group. Pearson correlation analysis was performed between cerebral augmentation index and PD or gain in the two groups as well as between cerebral augmentation index and BP changes in the stroke group by SPSS V.24.0 (SPSS, Inc, Chicago, IL). Differences with P < 0.05 were considered significant.




RESULTS

Forty ischemic stroke patients with large artery disease and eighteen healthy controls were recruited. There were more men in patients with stroke (36 men [90%]) compared with controls (9 men [50%]) (P = 0.002). The mean interval from stroke onset to examination was about 5 days, and the median admission National Institutes of Health Stroke Scale score in the patient group was 5 (Table 1). Among the forty stroke patients with large artery disease, 85% (34 cases) had intracranial large artery disease (MCA involved in 21 cases, intracranial internal carotid artery in 9 cases, and anterior cerebral artery in 4 cases) and two patients had extracranial large artery disease. A total of 4 patients had both intracranial and extracranial large artery disease.


Table 1. Baseline characteristics.
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Baseline mean CBFV of patients with stroke on both sides showed no significant difference in comparison with healthy controls (P = 0.854 on the ipsilateral side; P = 0.162 on the contralateral side). There were no differences in all parameters between the ipsilateral and contralateral sides in the stroke group (all P > 0.05). The mean CBFV of patients with stroke significantly increased during ECP as shown in Table 2. In the control group, mean CBFV did not change significantly during ECP from baseline. The cerebral augmentation index of stroke patients was much higher than that of controls. In the patient with stroke group, PD was significantly lower on the ipsilateral side (32.71 ± 39.13 degrees) as well as the contralateral side (28.59 ± 36.87 degrees) than that in the control group (52.64 ± 13.94 degrees, all P < 0.05), but there was no significant difference in gain on both sides between the two groups. The cerebral augmentation index did not correlate with PD or gain for either the ipsilateral or contralateral side in the stroke group (all P > 0.05). The correlation between cerebral augmentation index and PD was borderline significant in the control group (P = 0.05). During ECP, the cerebral augmentation index of patients with stroke was related to the mean BP change on the ipsilateral side (R2 = 0.108, P = 0.038, Figure 1). There was no significant correlation between cerebral augmentation index and BP change in controls (R2 = 0.349, P = 0.131) as well as on the contralateral side in patients with stroke (R2 = 0.041, P = 0.801).


Table 2. Cerebral augmentation effects of ECP and dynamic cerebral autoregulation.
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FIGURE 1. Correlation of BP change and ipsilateral cerebral augmentation index in patients with stroke. BP, blood pressure; ECP, external counterpulsation.




DISCUSSION

The present study was a continuation of our previous research work (12, 13, 19, 23). We further correlated the cerebral blood flow augmentation degree induced by ECP as measured by cerebral augmentation index with the impaired dynamic cerebral autoregulation using TFA analysis. We speculate ECP augmented cerebral blood flow of ischemic stroke via impaired dynamic cerebral autoregulation, while the degree of ECP-induced cerebral augmentation effects was not related to the magnitude of impaired dynamic cerebral autoregulation.

External counterpulsation increased the mean MCA flow velocities on both ipsilateral and contralateral sides in patients with unilateral ischemic stroke and large artery atherosclerosis. However, it did not change the flow velocities in healthy controls, although mean BP was elevated as well, which was consistent with our previous study (12). Differently, in the same patient cohorts, we investigated their status of dynamic cerebral autoregulation to study the possible hemodynamic mechanisms of augmentation effects following ECP treatment. TFA examines the transfer of the BP oscillations to CBFV as a measure of autoregulation. The autoregulation is supposed to attenuate the influence of ABP on CBFV by preventing a direct transfer of the waveform at a low-frequency range (normally <0.2 Hz). Previous studies of dynamic cerebral autoregulation suggested that autoregulatory parameters in a low-frequency band (0.06–0.12 Hz), used in our study, are more meaningful than in the other frequency bands (24, 25). A coherence threshold of > 0.4 was chosen to define a lower limit of the linearity between arterial BP and CBFV to apply the TFA (15). In the transfer function between BP and CBFV, the gain represents the damping effect of cerebral autoregulation on the magnitude of the BP oscillations. A low gain indicates efficient autoregulation, whereas an increase in gain represents a diminished efficiency of the dynamic process of cerebral autoregulation. PD can be considered a surrogate measure for the time delay of the autoregulatory response. A low PD indicates that CBFV follows the changes in mean BP passively, whereas a higher value of PD suggests that CBFV is actively regulated against the fluctuations of mean BP which represents the better status of autoregulation (26). The PD values on both cerebral sides of patients were significantly lower than that of controls. It indicated that dynamic cerebral autoregulation was bilaterally impaired on the ipsilateral side and contralateral side in the ischemic stroke patients with large artery atherosclerosis, which was comparable with a series of studies on the pattern of dynamic cerebral autoregulation in acute ischemic stroke patients with different subtypes (23, 27).

However, the interesting finding was that the cerebral augmentation index did not correlate with PD and gain on either the ipsilateral or contralateral side of patients with stroke or in controls. It meant the degree of ECP-induced cerebral augmentation effects was not related to the magnitude of impaired dynamic cerebral autoregulation. To the best of our knowledge, two approaches have been introduced to quantify cerebral autoregulation: the static cerebral autoregulation, which reflects the steady-state outcome of cerebral blood flow following a persistent change in BP using thigh cuff inflation, (28, 29) and the dynamic cerebral autoregulation, which investigates the transient relationship between BP and cerebral blood flow based on spontaneous fluctuations of BP (17, 28). To date, little evidence exists concerning the relationship between dynamic and static cerebral autoregulation. Dawson et al. investigated 61 patients with ischemic stroke within 96 h of ictus, and 54 age- and sex-matched controls and found dynamic but not static cerebral autoregulation was globally impaired in acute ischemic stroke (29). One recent study also found no linear correlations between dynamic and static cerebral autoregulation indices in healthy older adults (30). The response of flow velocities following the persistent change in BP induced by ECP may be comparable with the concept of static cerebral autoregulation, which is likely to elucidate a lack of linear correlations between cerebral augmentation effects of ECP and dynamic cerebral autoregulation, quantified by gain and PD in the current study.

The hidden mechanisms are largely unknown. Experimental studies found that ECP reduces endothelial damage, arrests vascular smooth muscle cell proliferation and migration, decreases the proliferating cell nuclear antigen proliferative index, suppresses extracellular matrix formation, and eventually inhibits intimal hyperplasia and the development of atherosclerosis by increasing the arterial wall shear stress, which in turn activates the endothelial-derived nitric oxide (NO) synthase/NO pathway and probably suppresses extracellular signal-regulated kinase 1/2 overactivation (31). In clinical studies on chronic angina (32, 33), a significant increase in plasma NO levels, which is a vasodilator, a decrease in endothelial endothelin-1 (ET-1) levels, which is a vasoconstrictor, and an increase in plasma vascular endothelial growth factor (VEGF), which plays a key role in angiogenesis, were reported after a course of ECP or after the completion of 35 1 h sessions of ECP. Such release of these biomarkers and augmented BP may help open the collateral channels and, thus, augments the collateral perfusion. Although all evidence of biomarker changes now comes from patients with the ischemic disease, we believe the cerebral augmentation effects induced by ECP in patients with stroke should be derived through the same mechanisms. However, there was uncertainty whether 3 min of a single ECP event instead of a series of ECP treatment sessions may produce these beneficial effects. We need to further test the biomarkers released by short-term ECP intervention in patients with acute ischemic stroke. Various neurohumoral, metabolic, and endothelial mechanisms participate in the stability and adjustment of cerebral blood flow (34). Some biomarkers released such as NO and increased activities of the sympathetic control by neurohumoral activation may affect the dynamic cerebral autoregulation, (35). which contributed to the final cerebral augmentation effect degree of ECP.

The limitations of this study included, first, the sample size was relatively small. We failed to subdivide patients with stroke into those with intracranial disease and with the additional extracranial disease, although it may influence cerebral augmentation effects of ECP. Second, age and gender were not comparable between patients with stroke and controls, although they were not the major reason influencing their distinct hemodynamic responses to ECP (36). Third, we independently quantified dynamic cerebral autoregulation using TFA and gain analysis between BP and CBFV fluctuations without ECP intervention, instead of measuring them during ECP. ECP does not compromise the dynamic cerebral autoregulation in healthy persons and patients with atherosclerotic, as revealed by stable values of PD and gain between BP and CBFV oscillations (37). However, the effects of ECP as a treatment on dynamic cerebral autoregulation remain unclear. There is an ongoing randomized controlled trial to investigate the effects of 35 h of daily 1-h ECP treatment sessions on impaired dynamic cerebral autoregulation in patients with ischemic stroke in our center (registration No. ChiCTR-TRC-07000706). The results from that study will be more convincing on whether ECP as a treatment is beneficial for impaired dynamic cerebral autoregulation or not.

In conclusion, the degree of ECP-induced cerebral augmentation effects as measured by the cerebral augmentation index did not correlate with the magnitude of impaired dynamic cerebral autoregulation.
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Patient Age Sex Cuff Pressure IcP MAP cPP Clinical diagnosis
(mmHg) (mmHg) (mmHg) (mmHg)
1 61 M 180 12 82 69 Left basal ganglia hemorthage
[11,14] 80, 84] 66.73) extending out to subcortical
and parietal area, cerebral
edema, ventricular effacement
2 67 M 150 0 81 81 Isolated IVH of unclear etiology
=11 [79.85) 78,85 with no apparent brain
tissue injury, Hydrocephalus
3 17 F 170 10 73 63 Left occipital AVM with IVH,
[10,11] 68.77) 158,67) AVM involves posterior irculation

Values are reported as median [25%, 75% quarties] over the entire experimental time trace.
M, Male; F, Female; ICP, Intracranial pressure; MAR, Mean arterial pressure; CPR, Cerebral perfusion pressure; IVH, Intraventricular Hemorrhage

WM, Arteriovenous Malformation.
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Phase difference ()

Normocapnia (NC) Hypercapnia (HC) HC - NC p-values
SDI —214 [-225, ~195] 250 [-323, ~237) ~50+33 n=8)
SDg —208 [-219, —204) -248 [-252, ~234) -3 19 =9
(D/ABP ssi —211 —263 [-292, ~239) —59+ 41
DSl —211 —263 (285, —233) —56+38
DS¢ —211 225 [-241, ~220) —21 %12
SDI -37 -53 (-64, —36] -14£12
SDg —18 -50 (-62, -30] ~33+23
ssi —28 -53 [-68, -34) 2626
DSl 28 -63 (66, -34) 27 +24
DSy a2 —42 187, 1) —78438
SDI —47 (68, ~30) —43 (-61, -31) —1%8
SDg -10 [-34,17) -30 [-43, ~19) 22426
LT/ABP ssi 21 45,7 —42 [-55, —27] —17x27
DS —27 [-49,8) —28 [-56, —24) 1717
DS¢ 109 62, 129 83 [5,114] —20 + 49
SDI 8 [-4,27) —22 -39, 1) 2919
SDg 16 [-5.39) -15 [-34,2) —34+26
Lebf/abp ss| 10 4,32 —20 [-54,-2) —40+34
DS 12 [-7.84 —34 [-87, 1] —36+24
DSg. 30 28, 41) —22 (-31,8) —46 24
SDI —181 [-190, —207 [~250, —205) —44.£30
SDg —193 [-197, —197 [-206, ~189) —1%9
ssi —186 (-187, -179) ~199 [-212, ~193) 2626
DS —181 [~189, -179] —201 [-203, ~199) 165
DS¢. —242 (~254, ~232) —192 [~220, ~152) 56431

Values are reported as medlan [25%, 75% quarties] for phase measurements at nomocapnia and hypercapnia. The diferences in the phase values between hypercapnia and
nomocapnia are shown as means  standard deviations. p-values from statistical test on angular means are shown and indicated in red color for significant values; * for p < 0.05;
** forp < 0.01; and ** forp < 0.001.
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CBF Measurement Properties

Technique Invasiveness ~ Spatial Relative/ Snapshot/ Significant References
resolution Absolute Continuous limitations
Thermal Invasive Regional level Absolute Continuous Measurements limited to cranial surgeries. (20, 117)
Conductivity Measurement are not completed at bedside.
Probe
Carotid Artery Invasive Low/Global ~ Absolute Continuous Measurements limited to cranial surgeries. Requires  (119)
Flow Probe level surgical implantation of flow probes.
Measurements are not completed at bedside.
13e Computed  Minimallyor  High/Local Absolute Snapshot Rapid washout limits the number of (101, 120,
Tomography Non-invasive  level views/projections per tral. Soft tissue may attenuate 122, 123)

signals, especially in anterior images. Method
requires specialized equipment.

Measurements are not completed at bedside.

Magnetic Minimally High/Local Absolute Snapshot Long scan times required to obtain measurements.  (124)
Resonance Invasive level Very expensive equipment reqired.
Imaging (MR))

Measurements are not completed at bedside.
150 Positron Minimally High/Local Absolute Snapshot Long scan times required to obtain measurements.  (125)
Emission Invasive level Very expensive equipment reqired.
Tomography

Measurements are not completed at bedside.
Transcranial Minimally Regional level Relative Continuous Assumes that insonified artery diameter remains (118)
Doppler Invasive constant. Not a reliable measure of CBF.
Transient Minimally Regional level  Relative Snapshot Highly prone to inconsistency. Assumes that MCA  (126-131)
Hyperemic Invasive diameter remains constant.
Response Test
Pressure Reactivity  Invasive Low/Global Relative Continuous ICP measurements are invasive, but may already be (46, 143,
Index (PRx) level included in standard of care. 147-151)

Decompressive craniotomy or ventricular drains.
may compromise ICP measurements.

Measurements when ICP is high are likely unreliable

Systolic Flow Non-invasive Regional level Relative Continuous Assumes that insonified artery diameter remains (21, 154-156)
Velocity Index (Sx) constant. Not a reliable measure of CBF.

or Mean Flow Requires a highly-qualified operator. Cumbersome

Velocity Index (Mx) to complete at bedside.

In this table, invasive techniques require surgical access, whie minimally invasive techniques require injections (intravenous or intraarteria). CBF; cerebral blood flow; ICR intracranial
pressure; MCA, middle cerebral artery.
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References Citation SAH grade Study size Nimodipine Placebo? Primary CBF Critical observations

dose endopoints  measured?

Alenetal, (225  NotDefned 116 (S6treated) 0.35 YES Neurologic, NO Nimodipine reduced the incidence of

1983 mg/kg/ah Radiographic severe neurological deficits, including
death. Nimodipine reduced vasospasm in
patients with severe outcomes, but not
normal outcomes.

Philppon  (233)  HuntHess1-3 70(31treated) 60 mg/dh  YES Neurologic, NO Nimodipine reduced neurological deficit

etal., 1986 Radiographic severity when vasospasm was present.
Nimodipine did not affect the incidence of
neurologial deficits or vasospasm.

Petruketal, (234)  HuntHess3-5 154 (72treated) 90mg/dh  YES Neurologic, NO Nimodipine improved Glasgow Outcome

1988 Radiographic Scores in Hunt-Hess 3-4 patients.
Nimodipine significantly recuced
neurological deficits associated with
vasospasm. Nimodipine did not influence
incidence or severity of vasospasm.

Meeetal, (235  AlGradeson 50 (25treated) 60 mg/dh  YES Neurologic, YES Nimodipine reduced mortality, but did not

1988 Radiographic, change the proportion of good/poor

cBF outcomes.
Custom Scale Nimodipine did not affect the incidence of

vasospasm and did not change CBF.

Janetal,  (236)  HuntHess1-5 127 (73treated) 0.03 YES Neurologic NO Nimodipine improved neurological

1988 mg/kg/h outcome in patients with vasospasm.

Pickard (237)  HuntHess 1-5 554 (278 treated) 60 mg/4h  YES Neurologic, NO Nimodipine reduced cerebral infarcts and

etal., 1989 Infarction poor outcomes; there was a strong
tendency for reduced mortality.

Messeter ~ (238)  HuntHess1-3 20(13treated) topicaliv.  NO Neurologic, CBF  YES Nimodipine did not atter CBF, but it

etal., 1987 improved neurological outcorne.

Ohman (239)  HuntHess 1-3 213 (109 treated) 0.03 YES Neurologic, NO Nimodipine reduced mortality, but did not

etal., 1991 mg/kg/h Infarction change the proportion of good/poor
outcome.
Nimodipine reduced the incidence of
cerebral infarcts and DCI.

Rasmussen  (240)  HuntHess3-5 8 (pre/post) 003 NO CBF, YES Nimodipine did not atter CBF or

etal, 1999 mg/kg/h autoregulation, autoregulation. Nimodipine may improve

CRMO, CRMO; during hypotension.

Choietal,  (241)  HuntHess3-5 16 30-60 NO MAP, CBF YES Each nimodipine dose caused small

2012 mg/4h decreases in MAP and CBF.

Hénggietal, (242 ~ WFNS1-4  26(pre/posi)  Intra-arterial NO CBF, YES In patients with severe vasospasm

2008 radiographic refractory to systemic nimodipine,

intra-arterial nimodipine transiently
reduced vasospasm and increased
perfusion.

These studies included SAH patients only. CBF; Cerebral blood flow; CRMO2, cerebral metabolic rate of oxygen; DCI, delayed cerebralischemia; MAR, mean arteriel pressure; SAH,
Subarachnoid hemorrhage; WFNS, World Federation of Neurosurgical Societies scale.
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Molecular target

Potassium channels (Kv and BK)

Galcium channels (L-Type)

S1PR

ROCK

TNF

CFTR

Target function

Counteracts depolarization
with a hyperpolarizing
current

Permits extracelular calcium
entry, which activates
molecular effectors of
cellular contraction.

Enhances calcium sensitivity
via ROCK-dependent
inhibition of MLGP

Enhances calcium sensitivity
via MLCP inhibition

Pathological mechanism
only. Stimulates S1P
production and
downregulates CFTR
expression.

Antagonizes S1P,R
signaling by sequestering
S1P away from receptors

Pathological mechanism

Channels are
downregulated in SAH
resulting in enhanced
depolarization

Calcium influx is augmented
in SAH due to enhanced
depolarization

Calcium sensitivity is
augmented in SAH via
enhanced S1P signaing

Calcium sensitiity is
augmented in SAH via
enhanced S1P signaling

Enhanced S1P signaling
augments calcium influx and
calcium sensitivity

Calcium sensitiity is
augmented in SAH via
enhanced S1P signaling

Intervention

Retigabine
Zonisamide

Nimodipine

Fingolimod

Fasudil

Etanercept

Lumacaftor

Mechanism of action and potential
negative effects on autoregulation

Intervention activates potassium channels,
thereby reducing cellular excitabilty.
Overdosing potentially abolishes myogenic
reactiity, thereby efiminating
autoregulation. Intervention is not specific
to myogenic reactivity or autoregulation.
Intervention attenuates
depolarization-dependent calcium influx.
Overdosing potentially abolishes myogenic
reactiity, thereby eliminating
autoregulation. Intervention is not specific
to myogenic reactivity or autoregulation
Intervention reduces calcium sensitivity by
antagonizing $1P,R signaling. Strong
$1P2R antagonism may abolish myogenic
reactiity, thereby eliminating
autoregulation. Intervention is
immunosuppressive.

Intervention reduces calcium sensitivty by
inhibiting ROCK. Strong ROCK inhibition
may abolish myogenic reactivty, thereby
eliminating autoregulation.

Intervention normalizes myogenic reactivity
and autoregulation by eliminating the
pathological enhancement of S1P
signaling. Intervention is
immunosuppressive.

Intervention normalizes myogenic reactivity
and autoregulation by eliminating the
pathological enhancement of S1P,R
signaling.

BK, calcium activated lerge conductance potassium channels; CFTR, Cystic fibrosis transmembrane conductance regulator; Ky; Voltage-gated potassium channel; MLCP, myosin light
chain phosphatase; ROCK, Rho-associated protein kinase; SAH, subarachnoid hemorhage; 1R, Sphingosine-1-phosphate; S1P,R, Sphingosine-1-phosphate receptor 2; TNF, Tumor

necrosis factor.
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Study size SAHgrade  CBF method

SAH - 14/Unruptured - 10 Hunt-Hess 1-4 Thermal Probe

SAH - 10

SAH - 9/Unruptured - 3

WFNS 1-4 “Thermal Probe

SAH - 10 Hunt-Hess 2-5 TD-rCBF
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SAH-T77 WFNS 1-5 Thermal Probe

SAH - 13 Hunt-Hess 1-5  Inhaled '®3Xe CT

4 SAH Case Reports Hunt-Hess 2-5 133Xe CT

SAH - 51/Healthy - 15 Hunt-Hess 1-5 MRI Spin Labeling

SAH - 25 WFNS 2-5 150 PET

Hunt-Hess 2-5 Intra-arterial '3Xe CT

Critical observations

Patients with Hunt-Hess 1-2 scores display perturbed
autoregulation when operated on within 7 days of SAH (1 =
6). After 7 days post-SAH ictus (0 = 8), perturbed
autoregulation was not evident.

4/9 SAH patients displayed a global loss of autoregulation.
4/5 patients with intact autoregulation had satisfactory
outcomes, while 3/4 patients with disrupted autoregulation
had poor outcomes.

SAH severity predicts perturbed autoregulation (n = 2 WFNS
3-4vs.n= 7 WFNS 1-2); perturbed autoregulation predicts
outcome (0 = 4 GOS 36 vs.n = 5 GOS 1-2).

Pathological values of autoregulation index were observed in
the patient population. Reductions in mean arterial pressure
result in decreased cerebral blood flow.

Grade 3 SAH (1 = 9) induces  rightward shift in the lower
limit of autoregulation (~76 mmHg), compared to grades 1-2
(0= 12; ~62 mmHg).

Halothane-induced hypotension increased CBF in 15/20
patients, with 1 developing neurological deficits; 5/20 had
reduced CBF during hypotension, with 4 developing
neurdlogical deficits.

WENS grade 1-2 patients (n = 23) had a better autoregulatory
index than WFNS 4-5 patients (n = 19). In WFNS grade 1-2
patients, better autoregulation was observed within 0-2 days
post-SAH compared to 3-7 days and >7 days.
Dopamine-induced hypertension (90110 mmHg) does not
alter overall CBF; however, ischemic terrtories increase CBF
while high perfusion territories decrease CBF.
Phenylephrine-induced hypertension (17-50 mmHg)
increases CBF. 3/4 patient MAPs were within the normal
autoregulatory range prior to (90-98 mmHg) and following
intervention (112-126 mmHg).

SAH patients have reduced CBF compared to controls.
Vasospasm reduces CBF in downstream region. Impaired
autoregulation is inferred by lack of compensatory
vasodilation, as measured by CBV.

Normal mean autoregulatory index following phenylephrine
treatment. However, data values were highly variable, with
many points outside “normal” range.

CB; cerebral blood flow; CBY, cerebral blood volume; CT, computed tomography; GOS, Glasgow outcome score; MAP, mean arterial pressure; MR, magnetic resonance imaging; PET,
positron emission tomography; SAH, Subarachnoid hemorrhage; TD-rCBF, Transcranial Doppler relative CBF measurement; WFNS, World Federation of Neurosurgical Societies scal.
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WFNS 1-5

Hunt-Hess 1-5

Not Defined

Critical observations

Negative THRT result (< 1.09) correlated with worse WFNS grade and
GOS.

6/20 patients displayed a negative THRT result (<1.09) 1 day after surgery:
5 developed DIDs.

6/14 remaining patients had a negative THRT resut 3-7 days
post-surgery: none developed DIDs.

Anegative THRT result (<1.10) was found in 22-35% of assessments over
0-19 days post-SAH ictus.

Negative THRT results peaked at 0-3 and 714 days. Negative THRT
associated with unfavorable GOS (1-2).

Negative THRT results (<1.10) were found in 33% of assessments over
0-18 days post-SAH ictus. Negative THRT restilts peaked at 0-3 and
7-14 days post-SAH. Negative THRT result associated with poor inital
WENS grade (>2), vasospasm and impaired consciousness.

7/15 patients had a negative THRT result (<1.09). A negative THRT result
predicts the development of symptomatic vasospasm (5/6).

19/40 patients had a negative THRT result (<1.09). Negative THRT result
correlated with Hunt-Hess score >4, higher APACHE Il scores (12 vs. 3.5)
and unfavorable outcome (MRS =4 at 6 months).

These studies included SAH patients only. In Rynkowski et l, Hunt-Hess scores were obtained for 11/40 patients. APACHE I, Acute Physiology And Chronic Health Evaluation Il; DIDs,
Delayed ischemic deficits; GOS, Glasgow outcome score; mRS, Modified Renkin score; SAH, Subarachnoid hemorrhage; THRT, Transient hyperemic response test; WFNS, World
Federation of Neurosurgical Societies scale.
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References Citation Studysize  SAH grade Critical observations

Svedung Wettervik et al,, 2021 (46) 242 WENS 1-5 PRx was >0 in SAH patients and tended to increase at 3-4 days post-ictus in
patients with unfavorable outcome (GOS-E 1-4 at 12 months). High PRx values
independently associate with unfavorable outcome.

Howells et al,, 2017 (143) 129 Hunt-Hess 1-6  80/129 patients had an extraventricular drain opened during ICP/PRx
measurements. An open drain did not corrupt ICP signal and conferred small,
but significant improvements in PRx.

Gaasch etal., 2018 (147) 43 Hunt-Hess 26 PRx values are highest at day O post-iotus (0.31), deciine and then rise at 4-10
days post-ictus. Patients with DCl and poor outcome (mRS 3-5 at 8 months) had
higher PRx values compared to those without.

High PRx values over 0-3 days post-ictus (0.21 vs. 0.08) associated with DCI
and poor outcome.

Johnson et al., 2016 (148) a7 Hunt-Hess 1-5 Patients with PRx >1 had lower CBF than PRx <1 patients over 14 day
assessment period. Dichotomized PRx groups did not associate with Hunt-Hess
score or predict the development of DCI.

Eide et al., 2012 (149) % Hunt-Hess 1-5  PRx was higher (0.28) in patients who die (MRS 6), compared to mRS 0-2 (0.16)
and mRS 3-5 (0.12) patients.

PRx could not differentiate mRS 0-2 and mRS 3-5 patients. Amplitude
correlation was a better predictor than PRx.

Bilenga et al,, 2012 (150) 42 WENS 4-5 PRx at 0-2 days post-ictus was higher in patients who died within 3 months
(0.10; 9/25) vs. survivors (~0.17; 16/25). PRx did not precict the development of
vasospasm; PRx values were not significantly affected by vasospasm.

Barth et al., 2010 (151) 21 Hunt-Hess 2-4 PRx values were not statistically different between patients who developed
infarcts (0.06; 8/21) vs. those who did not develop infarcts (0.10; 13/15). PRx did
not correlate with ORx or FRx indies.

These studies included SAH patients only. With the exception of Eice et al, all stuciies were retrospective. DC, delayed cerebral ischemia; FRx, flow reactivity indiex; GOS-E, Glasgow
outcome score-extended; ICR, intracranial pressure; mRS, Modlified Renkin score; ORx, oxygen reactivity index; PRx, Pressure reactivity indiex; SAH, Subarachnoid hemorrhage; WFNS,
World Federation of Neurosurgical Societies scale.
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Study size

32

96

30

27

SAH grade

WFNS 1-6

WFNS 1-5

WFNS 1-3

WFNS 2-5

Cri

al observations

Baseline Mx and Sx values in SAH patients were similar to previously reported
values for healthy volunteers.

Vasospasm (15/32 patients) significantly increased both Mx and Sx values.

Sx values are higher in patients who develop DCI (0.09; 32/98) vs. those who do
not (0.00; 66/98).

Higher Sx values at days 0-5 post-ictus independently predict DCI, but not
vasospasm.

Mx within 4 days and at 7 days post-SAH ictus, but not at 14 days post-ictus, is
higher compared to previously reported values for healthy volunteers. Mix alone
did not predict the development of DCI. Worsening Msx, combined with the
presence of vasospasm, precicted the development of DCI.

18/61 individual Mx measurements indicated disturbed autoregulation (Mx
>0.16). Mx correlated with TOx measurements when both recordings:
time-averaged over the recording interval. Non-averaged correlations were highly
variable.

These studies included SAH patients only. DC}, delayed cerebral ischemia; Mx, Mean flow velocity indiex; SAH, Subarachnoid hemorrhage; Sx, Systolic flow velocity index; TOx, Tissue
oxygenation index; WFNS, World Federation of Neurosurgical Societies scale.
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MAP (mmHg)
Heart rate (/min)
Temperature (°C)
S0, (%)

pH

P20, (kPa)
PaCOz (kPa)
IL-6 (ng/m)
TNFa (pg/mi)

Mean & SD
Mean + SD
Median (IQR)
Median (IQR)
Median (IQR)
Mean & SD
Median (IQR)
Median (IQR)
Median (IQR)

Time point 1
baseline

86.1+10.7
615+ 69
368 (36-36.9)
100 (100)
7.38(7.37-7.39)
140+£12
5.41 (4.73-5.69)
99 (32-30.4)
1.7 (7.3-17.7)

Time point 2
systemic
inflammation

76666
887 + 185
38.3(37.9-38.6)
985 (98.0-99.5)
7.43 (7.42-7.45)
12617
4.85 (4.36-5.09)
395 (134-1467)
243 (131-476)

Time point 3
end of
experiment

733+65
84.1+10.7
37.8(37.5-38.1)
99 (98 - 100)
7.42 (7.41-7.45)
18.7£10
4.79 (4.65-5.47)
17.2(10.3-24.2)
43.8(31.6-54.4)

p-value TP1 vs.
P2

0.0103
0.0000
0.0010
0.0020
0.0010
N.S.
0.0020
0.0010
0.0010

p-value TP1 vs.

TP3

0.0032
0.000
0.0010
00547
0.0020
N.S.
0.042
0.4131
0.0029

p-value TP2 vs.
T3

0.2168
0.0427
00186
0.2891
0.6563
N.S.
0.4131
0.0010
0.0010

IL, interleukin; IQR, inter-quartie range; MAR, mean arterial pressure; N.S., repeated-measures test statistic not significant; PaOy/PaCOy, arterial partal pressure of oxygen/carbon
dioxide; p-value, post-hoc test p-value for difference between time points; SpOg, arterial saturation of oxygen; SD, population standard deviation; TNF, tumor necrosis factor alpha;

TR, time point.
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Maksimow et al. (23)

Noithorme et al. (24)

Ogawa et al. (25)

Schiiinzen et al. (26)

Schiinzen et al. (27)

Veselis et.l. (28)

Craniectomy
Kiein et al. (29, 30)

Kiein et al. (29, 30)

Head injury
Skytioti et al. (31)

No.
patients

16

6

20

21

17

Other adult surgery populations

Contiet al. (32)

Dahaba et al. (33)

Ludbrook et al. (34)

40

20

7

study type

Prospective study
Prospective study
Prospective study

Prospective study

Prospective study

Prospective study

Prospective study

Prospective study

Prospective study

Prospective study

Prospective study

Prospective study

Mean age (y)

20-30

20-30

20-26

21-25

Not mentioned

36+ 10

Not mentioned

35-61

23-76

18-65

622£97

18-50

Patient characteristics

Healthy male volunteers
Healthy male volunteers
Healthy young males

Healthy volunteers

Healthy volunteers.

Healthy male volunteers

Patients undergoing a
craniotomy
Patients undergoing a
craniotomy

ASA physical status of | or

Patients undergoing
treatment for spinal or
maxillofacial disorders

Patients undergoing carotid
Endarterectomy

Healthy subjects undergoing
elective orthopedic surgery

Primary and secondary goal of study

Primary: Evaluate the correlation between EEG
Entropy and rCBF

Primary: Assess the correlation between BIS
and rCBF

Primary: Assess the cerebral circulatory effects
of flumazenil after midazolam sedation
Primary: Evaluate the rCBF effect of
sevofiurane Secondary: Differences for
sub-anesthesia and anesthesia dose

Primary: Evaluate the dose-dependent effects
of isoflurane on CBF

Primary: Assess the effects of thiopental and
propofol on regions of the brain

Primary: Assess the effect sevoflurane induced
BIS reduction on cerebral microcirculation

Primary: Effect of cerebral microcirculation
during propofol infusion

Primary: ICA flow response to anesthesia,
preumoperitoneum and head-up it

Primary: Efect of cerebral hemodynamics after
propofol-remifentanil or sevoflurane infusions

Primary: Detection of CBFv using BIS

Primary: Evaluate the effects of Propofol on the
Brain

ASA, American society of anesthesiologist; BIS, bispectral index; CBF, cerebral blood flow; CBFv, cerebral blood flow velocity; CPP. cerebral perfusion pressure; EEG,
electroencephalogram; ICA, internal carotid artery; rCBF, regional cerebral blood flow; TBI, traumatic brain injury.
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References Dose
administration

Healthy patients

Maksimow etal. (23) ~ + Sevoflurane:  Not mentioned
0.4,0.7, and
2%

 Propofol: 7.6,
12.5and

19 ug/ml

Noithomme et al. (24)  Sleep stages

Ogawa et al. (26)  Midazolam: ~ 2H
0.5mg every

2min until OAA

of3

After which

flumazenil was

administered at

0.2mg untila

OAAOf5

Sevoflurane at 0.4, Not mentioned
0.7,and 2%

Schitinzen et al. (26)

Schilinzen et al. (27) Isoflurane: 0.2, Not mentioned

0.4, and 1 MAC
Veselis et.al. (26) « Propofol: 2H
1.2-2.7 ug/ml
« Thiopental:
4.8-10.6 ug/ml
Craniectomy
Kleinetal. (29,30)  Sevoflurane Not mentioned

1.6-2.6% vol/vol

Kieinetal. (29,30) ' Propofol: 410  Not mentioned
mg/kg/h
* Remifentanil:
01—
0.4 pg/kg/min
Head injury
Skytioti et al. (31)

Propofol: 5.8to  Not mentioned

7.9 mg/kgh

Other adult surgery populations

Contiet al. (32) Sevoflurane and
propofol-
remifentanil
injected to induce
BIS values of 50
and 35

Not mentioned

Dahaba et al. (33) * Propofol: 4= Not mentioned
02 pg/ml

« Rocuronium:
600 ug/kg

 Phenylephrine:

50 ug

Ludbrook etal. (34)  Propofol 110 25Min
mg/min for 5 min
then 10 mg/min

for 20min

Mean duration of dose

Technique to measure
cerebrovascular response

1CBF: PET
Depth of Sedation: EEG
Entropy Index

rCBF: PET
Depth of Sedation: BIS

CBFv: Transcranial Doppler
ETCO,: Pulse oximeter
Depth of Sedation: BIS

4 channel

rCBF: PET
Depth of Sedation: BIS

rCBF: PET
Depth of Sedation: BIS

rCBF: SPM 99 analysis of PET
Depth of Sedation: BIS
Oxygenation: pulse oximeter

Capillary venous blood flow
and rSO: Laser-Doppler
flowmetry and spectroscopy
Depth of Sedation: BIS
Capillary venous blood flow
and rSO,: Laser-Doppler
flowmetry and spectroscopy
Depth of Sedation: BIS

CBFv: Transcranial Doppler
Uttrasound

Depth of Sedation: BIS
ETCO,: Breath samples
MAP: Finapres

CBFv: Transcranial Doppler
Depth of Sedation: BIS
THRR: Calculated from
biood flow

CBFv: Transcranial doppler
Depth of Sedation: BIS
MAP: Controlled

with vasopressin

MAP and blood samples:
Aterial catheter

CBFv: Transcranial Doppler
Depth of sedation: BIS

Cerebrovascular response Other outcome

Cortical areas of the
most significant
associations were
remarkably similar for
the two drugs

* Both drugs initally decreased BIS and
fCBF though after the initial decrease
(~5 ml/100 g/min) there was a wide
range in BIS and rCBF response

+ Heavy sedation indicated by BIS did
correlate with the lowest rCBF values

* Pooz maintained through ventiiation

Linear correlation with rCBF and BIS of up

to0 0,57 were found at various sleep

stages, however BIS values varied widely
inboth sleep stages and CBF levels

For both sedation, BIS and CBFv

decreased from baseline values (68 to

64 & 13 cmys) with limited change to

ETCO,

Despite the increase in BIS level after

Flumazenil infusion CBFv still decreased

both alone and after midazolam to 61 +

11 om/s

Flumazenil reversed the
BIS drop of Midazolam
without effecting CBFv

Sevoflurane decreased the BIS values
dose dependently from (96.8to 38.5
5)

No significant change in global CBF was
observed

[CBF increased in the anterior cingulate
(17-21%) and decreased in the
cerebellum (18-35%), this was identified
atall three levels of sedation compared
to baseline

Poog maintained through ventilation

Dose-dependent decrease to BIS (from

96 to 34 = 6) with Isoflurane infusion

but no significant change to global CBF

seen

rCBF increased in anterior cingulate and

decreased in the cerebellum

Poop maintained through ventilation

* BIS decreased similar in both sedations, Hypnosis drastically
however limited change to rCBF reduced BIS level to 70

* Pcop maintained through ventilation

Limited fluctuation from BIS levels of
$50-25 had little change to rCBF or rSO;

« The reduction of BIS from 40 to 21 in
both groups had limited results to
capillary venous blood flow but propofol
had a 20% increase in rSOz

CBFv and BIS decreased with the
introduction of propofol (~100 mV/min)
and remained low in both after
preumoperitoneum and head up it at
200 ml/min

Poo maintained through ventilation

AtBIS level of 50 both drugs decreased BIS at level 35
CBFv (over —10 cvs) however at BIS  demonstrated similar
35 sevoflurane saw a slight increase,  response as

though this was stillless then awake (o hypercapnia

<005)

Sevoflurane BIS value of 35 had a

decrease in THRR 0 1.1,

propofol-remientanil had a slight

increase to 1.3 baseline was 1.2

Poog maintained through ventilation

There was a correlation between BIS
and CBFv with a higher correlation after
cross clamping of the carotid artery on
either side (o = 0.112)

Good correlation (r=0.763) between
ipsilateral BIS-Vista and CBFv
BIS-Vista deciine with CBFv deciine
both 40%

* Pz maintained through ventiiation

Propofol rapidly dropped BIS after MAP also had a
6.5 min which correlated with low CBFv significant drop at
at 60% of baseline however BISdid ~ 6.5min

cary heavy patient variation

* Pooe maintained through ventiiation

Conclusions

Despite the EEG and rCBF
correlation at the extreme end of
the spectrum there is a vast
amount of internal variations

Though the level of rCBF and
BIS correlated, there was
massive variance within BIS
response to sleep stages
Despite the fluctuation in BIS,
OBFv remained reduced after
sedation, this indicates limited
correlation between these values

At sevoflurane concentrations at
0.79% and 2.0% a significant
decrease in rCBF with
dose-dependent decreases to
ES

Little corretation with BIS and
global CBF

There is no clear correlation
between CBF and BIS

Cerebral microcirculation and
oxygenation remains unaltered
by sevoflurane-induced changes
inBIS

Changes in BIS do not seem to
influence regional capillary blood
flow

Limited correlation from BIS to
CBFv as the true measured EEG
effects were not commented on

Propofol-remifentanil
demonstrated  preservation
pressure-flow  relationship by
inducing a  dose-dependent
low-flow state

Sevoflurane had differing effect
on cerebral autoregulation at
different concentrations

Despite the BIS and CBFy
coupling it is stil unclear if this
decrease in CBFv is associated
with EEG o rather the drug's
influence on cerebral circulation
*BIS and CBFv had a
measurable correlation
responsive to lateral influence
on the blood flow

BIS-Vista had a discriminative
power of depicting a CBFy
decline however it cannot be
considered a relfable indicator
of
cerebralischemia/hypoperfusion.
Propofol and BIS had close
relationship together but imited
correlation to CBFv

BIS, bispectral index; CA, cerebral autoregulation; CB; cerebral blood flow; CBFy, cerebral blood flow velocity; CMRO», cerebral metabolic rate of oxygen; EEG, electroencephalogram; ETCO», end tidal carbon dioxide; MAR, mean
arterial pressure; NoO, nitrous oxide; Poop, partial pressure of carbon dioxide; PET, positron emission tomography; rCBF, regional cerebral blood flow; rSO5, regional oxygen saturation; THRR, transient hyperemic response ratio.
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Models

A% CBFV Model 1

AlC
R%

R2

A% AcHbi Model 2

AlC
R%
2

A% AOzHbI Model 3

AlC
R%
RZ

Parameter

Bo Intercept

B1 A% MAP
8002

011

0.16

Bo Intercept

B1 A% MAP
296.8

008

0.09

Bo Intercept

B1 A% MAP
2473

005

0.10

Estimate

524
0.29

0.1
1.95

-0.19
1.37

Std. Error

119
0.08

0.10
0.77

0.08
0.62

p value

<0.001
0.001

0.28
0.01

0.02
0.03

95% Confidence Interval

Lower bound Upper bound
-7.76 —-2.68
o1 0.50
-0.10 032
042 358
-036 -002
0.12 280

AIC, Akaike information criterion; CBFV, cerebral blood flow velocity; AcHbi, sum of AOHbiand AHHbicomponents of the region tissue oxygen saturation; AOHbi, index representing
the change in the oxyhemoglobin of the regional tissue oxygen saturation. R2,: marginal coefiicient of determination of the model, describing the proportion of variance expleined by the
fixed effects. R2: conditional coefficient of determination of the model, describing the proportion of variance explained by both the fixed and random effects.
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ACVRicsry p-value
ACVRiisoz 099 (0.99-0.99) <0.0001
ACVRi,cHbi 0.17 (-0.05-0.38) 0.12
ACVRis O2Hbi 0.28(0.06-0.47) 0.01
ACVRiy HHbi 001 (<0.22-0.23) 095

ACVCiison
ACVCiscHbi
ACVCis O2Hbi
ACVCisHHbi

ACVCicsry

08(0.71-081)
062 (0.47-0.74)
0.71(0.58-0.80)
032 (0.11-051)

p-value

<0.0001

<0.0001

<0.0001
0.004

CBFV, cerebral blood flow velocity; CI, confidence interval; AcHbi, sum of AOHbi and AHHbi components of the regional fissue oxygen saturation; AOzHbi, index representing the
change in the oxyhemoglobin of the regional tissue oxygen saturation; AHHbI, index representing the change in the deoxyhemoglobin of the regional tissue oxygen saturation; SOz,

regional cerebal oxygenation.
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MAP (mmHg)  CBFV (cm/sec) rSO2 (%) AcHbi AOzHbi AHHbi PaCO; (mmHg) SpO2 (%)

T 650(61.0-71.0) 56.0(50.0-592) 530(61.7-58.0) 4.7 (3.2-63) 35@8-4.4)  1.1(04-19) 510(460-662) 865 (610-89.0)
T 69.5(66.0-73.2) 53.0(46.0-58.2) 57.0(53.0-59.0) 4.8(3.3-7.0) 2.7(1.6-4.2) 1.9(1.3-28) 48.0(45.0-56.0) 91.0(89.0-92.0)
Achanges  60(-12-82) -40(-7-(-2) 20(-32-52 -02(-17-13 -13(-1.9-0.3) 09(01-13) -10(-52-30)  6.0(0.0-29.2)

CBFV, cerebral blood flow velosity (cm/s); AcHibi, sum of AO,Hbi and AHHbi components of the regional tissue oxygen saturation (M.cm); AOzHbi, index representing the change in
the oxyhemoglobin of the regional fissue oxygen saturation (WM.cm); AHHb index representing the change i the deoxyhemoglobin of the regional fissue oxygen saturation (wM.cm);
S0, regional tissue oxygen saturation (%); MAR, mean arterial blood pressure (mm Hg); PaCOy, partial pressure of CO, (mm Hg); SpO, systemic oxygen saturation (%). Bold values
indicate statistical significance (o < 0.05).
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Incidence

Pathogenesis

Imaging

PRES secondary to SAH and vasculitis

1. Incidence of PRES among patients with
SAH after induced hypertension therapy is
17-7%

2. PRES secondary to TA has been reported
in 13 patients

1. Ruptured aneurysm causing a sudden

increase in blood pressure and BBB

breakdown after induced

hypertension therapy;

2. Panarteritis involving vessel wall layers

1. Vasospasm and PRES can be
iferentiated by time of onset, age, blood
pressure and perfusion imaging

2. Hemodynamic changes provided by
perfusion imaging can help screen patients
with SAH for induced hypertension therapy
3. TA combined with intracranial artery
stenosis, intracranial aneurysm, carotid artery
occlusion and other vascular changes

PRES coexisting with RCVS

RCVS is present in ~8-85% of patients with
PRES

1. Abnormal cerebral autoregulation
2. BBB breakdown

3. Vascular endothelial damage

1. The distribution of edema secondary to
RCVS is different from the typical PRES
lesions

2. Follow-up CTA or MRA can assess
reversible vascular changes in RCVS

3. MR vessel wall imaging may be helpful in
distinguishing RCVS from vasculitis

4. Perfusion imaging may be a useful
approach in identifying cerebral
hypoperfusion secondary to ROVS

Hemorrhage and infarction secondary to
PRES

1. The incidence of intracranial hemorrhage
secondary to PRES was 15.2-64.5%

2. The incidence of cerebral infarction
secondary to PRES is 9%

. Vessel rupture
2. Reperfusion injury
3. Cytotoxic edema

1. Intracranial hematoma secondary to PRES
ocours within the area of brain parenchyma
affected by edema

2. SAH typically secondary to PRES ocours in
the cerebral convexities overlying vasogenic
edema and is rarely seen in basal cisterns

3. Decreased ADC values represent cytotoxic
edema and can help prediict infarction and
irreversible tissue damage

ADC, apparent diffusion coefficient; BBB, blood-brain barrier; RCVS, reversible cerebral vasoconstriction syndrome; PRES, posterior reversible encephalopathy syndrome; SAH,
subarachnoid hemorrhage.
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Randomization
00c0000 000000000000000 -

process
intended
interventions

Schramm et al. (15)
Berg et al. (8)

Bindra et al. (16)
Crippa et al. (17)
Rosenblatt et al. (18)
Berg et al. (8)

Easley et al. (10)
Brady et al. (19)
Thewissen et al. (20)
Caldas et al. (22)
Ono etal. (23)

Hori et al. (24)

Hori et al. (25)

Hori et al. (24)

Sperna Weiland et al.
(@6)

Chuan et al. (27)
Gosttel et al. (26)
Zheng et al. (29)

Nomura et al. (9)
Gosttel et al. (28)

Hogue et al. (30)

Joram et al. (21)

. low risk of bias; . unclear risk of bias; . high risk of bias.

outcome data

Missing

Measurement of
the outcome

Selection of the
reported result

‘..."‘ ....‘.......... Overall
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Excluded studies

Taccone et al., Current Vascular Pharmacology 2013
Tauber et al., Expert Review of Ant-Infective Therapy 2016
Donnelly et al., Gritical Care 2016

Goodson et al., JICM 2018

Danielski et al., Molecular Neurobiology 2018

Masse et al., Critical Care Medicine 2018

Gu et al., Neurotoxicity Research 2020

Semenyutin et al., Frontiers in Physiology 2017

Vranken et al., The Journal of Extra-Corporeal Technology 2017
Lewis et al., Journal of Cardiothoracic and Vascular Anesthesia 2018

Saxena et al., Presse Medicale 2018
Bonow et al., Neurosurgical Focus 2019

Kool et al., Expert Review of Neurotherapeutics 2018
Rhee et al., Pediatric Research 2018

Jildenstal et al., Pediatric Anaesthesia 2019
Montgomery et al., Anesthesia and Analgesia 2020

Koo et al., Glinics in Perinatology 2020
Govindan et al., Journal of Perinatology 2020;

Reason for exclusion

Nerrative Review
Narrative Review

Narrative Review

Narrative Review

Narrative Review

Not about cerebral autoregulation specifically, but about cerebral perfusion i septic patients
Narrative Review

Deal with indications to surgery in patients with compromised dynarmic cerebral autoregulation
Nerrative Review

Nerrative Review

Nerrative Review

Narrative Review

Nerrative Review

Narrative Review

Evaluate the agreement between frontal and occipital recordings of 1Sc02%

The aim s to determine the performance of the co-trending method by comparing GA metrics
to data derived from TCD methods.

Narrative Review
Determine whether ventilator-related fluctuations in CBV

rSc02%, regional cerebral oxygen saturation; CA, cerebral autoregulation; TDC, transcranial doppler; CBV, cerebral blood volume.
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First author N of

patients

Year Journal

CEREBRAL AUTOREGULATION DURING SURGERY

Caldaseetal. (22) 2019 Clin Neurophysiol 67

Onoetal. (23) 2013 Crit Care Med 410

Hori etal. (24) 2014 J Cardiothorac 110
Vasc Anesth

Hori et al. (25) 2014 BrJ Anaesth J 491

Hori et al. (24) 2016  Interact 110
CardioVasc
Thorac Surg

Sperna Weiland 2017 BrJ Anaesth 14

etal. (26)

Chuanetal. (27) 2018 Acta Anaesthesiol 140
Scand

Goettel etal. (28) 2016 J Clin Monit 133
Comput

Zhengetal. (29) 2012 Neurocrit Care 9

Nomura et al. (9) 2018 Anesthesia 346
Analgesia

Goettel etal. (28) 2017 Geriatric 82
Anesthesia

Hogue etal. (30) 2020 Semin Thorac 460
Cardiovasc Surg

Type
autoregulation

TCD

NIRS

NIRS

NIRS

UT-NIRS

TCD

NIRS

TCD

TCD, NIRS

TCD, MRI

TCD, NIRS

TCD

Design of study

Sistematic review

Prospective
observational study.

Prospective
randormized clinical trial

Prospective
observational study

Prospective
observational study

Prospective study

prospective
observational single
centre study

prospective
observational cohort

study

Prospective
observational study

retrospective cohort
analysis

prospective
observational cohort
study

Prospective
randomized clinical trial

Finding

Dynaric GA was impaired after CABG surgery with CPB
and was a significant independent risk factor of PD.

Excursions of MAP below the limit of autoregulation and
not absolute MAP are independently associated with for
AKI. Monitoring Cox may provide a novel method for
precisely guiding MAP targets during CPB.

The presence of deliium was not associated with
perioperative blood pressure excursions, but the
secondary analysis showed the association between
excursion above the optimal mean arterial pressure and
the severity of delium in early PO period.

Excursions of MAP above the upper limit of GA during
CPB are associated with risk for delirium. Optimizing
MAP during CPB to remain within the CA range might
reduce risk of deliium.

Excursion below optimal biood pressure during
perioperative period is associated with CSA-AKI.

During surgery, CA indices were similar to values
determined before surgery. This indicates that CA can be
quantified reffably and non-invasively using this novel
method and confirms earler evidence that CAis
unaffected by sevoflurane anaesthesia.

In older and higher risk patients having major noncardiac
surgery, impaired CA was associated with failure of
cognitive recovery in the early postoperative period and
with 1-month mortality and morbidity.

The autoregulatory plateau is shortened in both young
and older patients under Sevoflurane anesthesia with
approximately 1 MAC. Lower and upper limits of CBF
autoregulation, as well as the autoregulatory range, are
not influenced by the age of anesthetized patients.
These results suggest that autoregulation is impaired in
patients undergoing liver transplantation, even in the
absence of acute, fulminant liver failure. Identification of
patients at risk for neurologic complications after surgery
may allow for prompt neuroprotective interventions,
including directed pressure management

Impaired CBF autoregulation is prevalent during CPB
predisposing affected patients to brain hypoperfusion or
hyperperfusion with low or high blood pressure,
respectively. Small vessel, but not large vessel, cerebral
vascular disease, male sex, and higher average body
temperature during CPB appear to be associated with
impaired CA.

Impairment of intraoperative CBF autoregulation is not
predictive of early POCD in elderly patients, although
secondary analyses indicate that an association probably
exists.

Basing MAP during CPB on cerebral autoregulation
monitoring did not recluce the frequency of the primary
neurological outcome in high-risk patients compared
with usual care but it was associated with a reduction in
the frequency of delirium and better performance on
tests of memory 4-6 weeks after surgery

TDC, Transcranial Doppler; MAR. Mean Arterial Pressure; NIRS, Near InfraRed Spectroscopy; CA, Cerebral Autoregulation; ICU, Intensive Care Unit; SABD, Sepsis-associated brain
dysfunction; SAE, Sepsis-associated Encephalopathy; AKI, Acute Kidney Injury; CPB, Cardiac Pulmonary Bypass; PO, postoperative; CABG, Coronary Artery Bypass Graft; PD,

Post-operative Delirium; CBF, Cerebral Blood Flow.
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First author Year Journal N of

patients

Type
autoregulation

'CEREBRAL AUTOREGULATION IN SEPSIS AND SEPTIC SHOCK

Schrammetal. 2012 Critical Care 30 TCD
(19

Berg et al. (3) 2016 Scand J Clin Lab 9 TcD
Bindraetal. (1) 2016 Critic Care Resusc 28 NIRS
Crippaetal.(17) 2018 Ciit Care 100 TcD
Rosenblatt etal. 2020 J Intensive Care 6 NIRS / COx
(18) Medicine

Berg et al. (8) 2016 Scand J Clin Lab & TCD

CEREBRAL AUTOREGULATION IN PEDIATRIC CRITICALLY ILL PATIENTS

Easley etal. (10) 2018 Cardiol Young 57 NIRS
Bradyetal. (19 2010 Crit Care Medicine 54 NIRS
Thewissen etal. 2018 Pediatr Res 22 NIRS
©0)

Jorametal. (21) 2020 Neurocritical Care 29 NIRS

Design of study

Prospective study

Prospective study

Prospective,
observational

Prospective,
observational

Case series

Prospective study

multicenter
observational piot
study

prospective,
observational pilot

study

Prospective,
observational study

Prospective
observational study

Findings

AR s impaired in the great majority of patients with
severe sepsis during the first two days. Impaired AR is
associated with SAD, suggesting that dysfunction of CA
is one of the trigger mechanisms contributing to the
development of SAD.

Dynarmic CAis enhanced during the very early stages of
sepsis, they remain inconclusive with regard to more
advanced stages of disease, because thigh-cuff deflation
failed to induce sufficient MAP reductions in patients.

CAls impaired early in septic shock and is independently
associated with mortality at 3-month follow-up.
Information based on bedside monitoring of CA in the
1CU could form a valuable adjunct to guide
haemodynamic optimization in patients with septic
shock.

CAwas altered in half of the patients with sepsis and
was associated with the development of SABD. These
findings support the concept that cerebral hypoxia could
contribute to the development of SABD.

I this high-fidelty group of patients with SAE,
continuous, NIRS-based monitoring can identify blood
pressure ranges that improve autoregulation. This is
important given the association between cerebral
autoregulatory function and severity of encephalopathy.
Individualizing blood pressure goals using bedside
autoregulation monitoring may better preserve cerebral
perfusion in SAE than current practice

Cerebral CO, vasoreactivity was found to be preserved
in septic patients; nevertheless, and in contrast to our
working hypothesis, short-term mechanical
hyperventiation did not enhance dCA.

Individual, dynamic non-invasive cerebrovascular
reactivity monitoring demonstrated transient periods of
impairment related to possible silent brain injury. The
association between an impaired autoregulation burden
and elevation in the serum brain biomarker may identify
brain perfusion risk that could result in injury.

This pilot study of COx monitoring in pedatric patients
demonstrates an association between hypotension
during CPB and impairment of autoregulation. The COx
may be useful to identify arterial blood
pressure-dependent limits of during CPB. Larger trials
with neurological outcomes are indicated!

Drug-related hypotension and decreased cerebral
activity after intubation with low propofol doses in
preterm neonates were observed, without evidence of
cerebral ischemic hypoxia. CA remained intact during
drug-related hypotension in 95.5% of patients. Cerebral
monitoring including CA clarifies the cerebral impact of
MAP fluctuations.

CA assessment s feasible in pediatric ECMO. The first
24 following ECMO represents the most critical period
regarding CA. Impaired autoregulation is significantly
more severe among patients who experience acute
neurological event.

TDC, Transcranial Doppler; AR, Autoregulation; SAD, Sepsis-associated Deliium; MAR, Mean Arterial Pressure; NIRS, Near InfraRed Spectroscopy; CVAR: Cerebrovasculer
Autoregulation; ICU: Intensive Care Unit; SABD, Sepsis-associated brain dysfunction; COx, cerebral oxygen index; SAE, Sepsis-associated Encephalopathy; CA, cerebral autoregulation;

CPB, cardio-pulmonary by-pass.





OPS/images/fneur-12-662089/crossmark.jpg
©

2

i

|





OPS/images/fneur-12-662089/fneur-12-662089-t001.jpg
Characteristic (n = 30) Number (%) of

patients
Female, number (%) 10 333)
Mortality 3(10.0)
3% Hypertonic saline, exclusively 17 (66.7)
Mannitol, exclusively 5(16.7)
3% hypertonic saline and mannitol 8(26.7%)
Treatment Responders 7 (23.3%)
Presence of basal cistern effacement 6 (27.3%)

Median (IQR)

Age 65(11.5)
Initial Glasgow Coma Score 65 (4.8
Initial PRISM ll Score 16.5(7.0)
GOSE-PEDs, 12 months 5.0(3.0)
Na level prior to therapy, mmol/L. 148.0 (6.0)
CT Marshall Score 2.0(4.0)
Intracranial Hematoma Volume (cm?) 17.8(25.8)
Midiine shift (mm) 1.0(2.8)
Bolus therapies per patient 3.0(4.8
3% Hypertonic saline dose, mUkg 58(2.5)
Mannitol dose, gm/kg 03(0.1)
Timing of bolus hyperosmolar therapy after initial injury (days) 2.0(3.0)

Note that values “prior to hyperosmolar therapy” reflect the 1h prior to therapy.
Abbreviations: N, count; Ne, sodium; GOSE-PEDs, Glasgow Outcome Scale Extended
Pediatrics; PRISM, Peditric Risk of Mortalty; CT, computed tomogrephy, mL, militers;
gm, grams; kg, kilograms; %, percent; IQR, interquartile range.
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Biomarker Effective Ineffective  p-value
[median (IQR)]  [median (IQR)]

Age, years 14.00 (6.00) 400 (1050)  0.0194
GOS score at presentation 4.00 (4.00) 7.00400) 02345
PRISM Ill score at 15.00 (5.00) 17.00(7.00) 09407
presentation

GOSE-PEDs, 12 months 200 (3.50) 500(250)  0.0394
CT Marshall score 2.00 (2.00) 3.00(4.00) 05907
Hematoma volume (cm?) 19.50 (21.90) 16.00(15.40) 08907
Midiine shift (mm) 2.00 (2.50) 000(300) 08794
Serum Na (mmoL) 148.00 (6.00) 14800(6.00) 00885
PRx, median 0.04 (0.43) 021088  0.1148
PAX, median -030(037) ~0.13(052) 04071
WPRx, median ~0.09 (0.28) 004(0.71)  0.0064
RAC, median ~0.61(0.38) -055(061)  0.0115
RAP, median 0.81(0.29) 076(043) 04764
AMP, median 1.62 (1.65) 1.87 (1.72) 0.3239
HRsd, median 2,62 (2.60) 186(298) 04606
HRrmssd, median 15.00 (16.11) 578(1821) 02517
LHF Ratio, median 2.11(2.08) 1.56 (2.30) 0.9469

Number (%) of  Number (%) of
patients patients

Presence of basal cistern 6(27.3% 16(72.7%)  0.1208
effacement

Inficted head trauma 4(25.0%) 5(35.7%) 0.3932

Analysis of age, GCS, PRISM Il CT Marshall Score, hematoma volume, and midiine shift
performed using Wilcoxon rank sum test. Analysis of basal cistern effacement performed
using Fisher's exact test. Analysis of al other variables performed using generalized
estimating equations. Bold variables are representative of statistical significance. IR,
interquartle range; GCS, Glasgow Coma Scale; PRISM, Pedatric Risk of Mortalty;
GOSE-PEDs, Glasgow Outcome Scale ~Extended Pediatics; CT, computed tomography;
cm, centimeters, mm, milimeters; Na, sodium; mmoyL, milimoles per lter; mmHg,
millmeters of mercury; PRx, pressure reactivity index; wPRY, wavelet-pressure reactivity;
PAx, pulse amplitude index; RAC, correlation coefficient between intracranial pressure
puise ampltude and cerebral perfusion pressure; RAR, correlation coefficient between
intracranal pressure pulse amplitude and intracranial pressure; AMP, intracranial pressure
puise amplitude; HRsd, standard deviation of heart rate; HRmssd, root mean square of
successive differences of heart rate; LHF, low high frequency ratio.
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Parameter

Arterial/Venous area under the curve during the
flicker (AUCa/AUCyen)

Mean maximal arterial/venous dilation in response
1o the flicker (MMDar/mMDyen)

Time to maximal arterial/venous dilation during the
flicker (tMDn/tMDien)

Arterial/venous dilation at flicker cessation
(DFCart/DFCren)

Mean maximal arterial/venous constriction after
flicker cessation (MMCan/mMCyen)

Time to maximal arterial/venous constriction after
flicker cessation (tMCyn/tMCicn)

Arterial/venous reactive magnitude (RMat/RMyeq)

% of baseline

% of baseline

% of baseline

Meaning

Avea under the response curve during the 205 flicker
stimulation

Absolute maximum of the response to flicker stimulation

Time between flicker initiation and the absolute maximum
response during the flicker
Value of the response at the end of flicker stimulation

Absolute minimum of the response curve after fiicker
cessation

Time between flicker initiation and the absolute minimurm
response after fiicker cessation

Difference between mean maximal dilation during the flicker
and mean maximal constriction after fiicker cessation
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Response toflicker  Ca,2.34/4

stimulation n (%)
Veins

No response 1(6%)
Vasoconstriction 3(14%)
Vasodilation 18 (82%)
Al 22 (100%)
Arteries

No response 5(28%)
Vasoconstriction 3(14%)
Vasodiation 14 (64%)
Al 22 (100%)

Bold values indicate p < 0.1.

Ca 231/
n (%)

3(27%)

4(36%)

4(36%)
11 (100%)

0(0%)
7 (64%)
4.(36%)

11 (100%)

p-value

0.028

0.008
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General parameters:

Age, [months]

Weight, [q]

Arterial parameters:

Data quality, [subjective score 1.0 to 5.0]

Arterial diameter, [MU]

Mean maximal arterial dilation (mMDag), [% baseline]
Time to maximal arterial cllation (tMDart), [5]

Arterial diation at flcker cessation (DFCa), [% baseling]
Arterial reactive magnitude (RMar), (% baseline]

Arterial AUG during the ficker (AUCq), [%'s]

Mean maximal arterial constriction (MMCan), [% baseline]
Time to maximal arterial constriction (tMCay), [s]
Venous parameters:

Data quality, [subjective score 1.0 to 5.0]

Venous diameter, [MU]

Mean maximal venous dilation (mMDyen), [% baseline]
Time to maximal venous dilation (tMDyen), [5]

Venous dilation at flicker cessation (DFCyen), [% baseline]
Venous reactive magnitude (RMyen), [% baseline]
Venous AUC during the flicker (AUC,en), [%°S]

Mean maximal venous constriction (MMCen), [% baseline]
Time to maximal venous constriction (tMCyen), [5]

Bold values indicate p < 0.1.

Ca,2.3[+/+] median (1.q-3.q)

n=22
47(4.0105.7)
28,0(27.31030.0)
n=15
4.5(4.0t05.0)
40.9(35.5 1050.9)
13(0.6t02.2)
100(8010 14.3)
0.3(-0.4100.5)
3.1(241037)
23(-1.71010.0)
—03(~1.0t00.6)
57.5(4051065.3)
n=22
4.5(4.110 4.9)
55.5(4791064.5)
12(0.7t01.8)
15.0 (10.6 10 20.6)
06(00t00.8)
21 (1.7t03.4)
87 (5010 132)
—1.2(~1810 -06)
57.5(5031076.8)

Ca, 2.3[~/-] median (1.q-3.q)

n=11
49(35106.0)
250(2501025.5)
n=10
45(3.81050)
439 (39010 59.2)
05(02t01.2)
15.0 (108 t0.25.3)
0.1 (-0.7 10 0.1)
1.8(1.41029)
—45(-73101.9)
04(-1.1101.0)
54.0 (38510 62.5)
=11
40(331050)
61.9(57.81066.9)
06(021009)
17.0(7510 18.3)
0.0(-0.7t0 0.1)
1.8(1.1102.4)
05(-39105.8)
~10(-1210 -05)
50.0 (42.3 t0 63.0)

p-value

0.592
0.001

0.246
0.202
0.127
0.096
0.100
0.090
0.031
0.396
0.396

0.435
0.285
0.075
0.819
0.100
0.236
0.047
0.479
0.268
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Characteristics Total sample SIASO group Non-SIASO group P-value

(n =339) (n=110) (n = 229)
Age® (years) 61.9(12.1) 62,0 (12.5) 61.8(12.0) 0.864
Men, n (%) 248 (73.2%) 86 (78.2%) 162 (70.7%) 0.148
Hypertension?, n (%) 239 (70.5%) 73 (66.4%) 166 (72.5%) 0247
Use antihypertensive therapy before IVT®, n (%) 34 (10.0%) 9(8.2%) 25 (10.9%) 0.330
Diabetes melltus®, n (%) 91 (26.8%) 29 (26.4%) 62 (27.1%) 0.890
History of hypercholesterolemia®, n (%) 132 (38.9%) 41(37.3%) 91(39.7%) 0.806
Smokers/ex-smokers®, n (%) 126 (37.2%) 48 (43.6%) 78 (34.1%) 0.088
AR, 1 (%) 73 (21.5%) 23 (20.9%) 50 (21.8%) 0.846
History of coronary heart disease®, n (%) 18 (6.3%) 9(8.2%) 19 (8:3%) 0971
Previous stroke®, n (%) 56 (16.5%) 23 (20.9%) 33 (14.4%) 0.131
Systolic blood pressure on admission® 1565 (24.7) 153.7 (24.0) 158.3 (25.0) 0.141
OTT® (minutes) 195.2 (65.9) 194.2 (54.8) 195.7 (56.6) 0823
NIHSS on admission® (IQR, 25-75) 7.0 (4.0-10.0) 9.0(658-14.0) 6.0(40-9.0) <0.001
SIAS®, n (%) 84 (24.8%) 84 (76.4%) - -
SIAQY, n (%) 26 (7.7%) 26 (23.6%) - -
END®, n (%) 42 (12.4%) 20 (18.2%) 22 (9.6%) 0019
HT®, 0 (%) 74 (21.8%) 33 (30.0%) 41.(17.9%) 0.012
SHT®, n (%) 10 (2.9%) 6(5.5%) 5(2.2%) 0.112
mRS at 90 days®, n (%) <0.001
0 121 (36.7%) 20 (18.2%) 101 (44.1%)
1 74 (21.8%) 17 (15.5%) 57 (24.9%)
2 49 (14.5%) 21 (19.1%) 28(12.2%)
3 41 (12.1%) 17 (15.5%) 24(10.5%)
4 31(9.1%) 19 (17.3%) 12 (5.2%)
5 10 (2.9%) 6(5.5%) 4(1.7%)
6 13 (3.8%) 10(9.1%) 3(1.3%)

2Mean (SD), t-test.

bn (%), chi-square test.

SMann-Whiteny U-test.

NIHSS, national institutes of health stroke scale; OTT, onset to treatment time; AF, atrial fibrillation; mRS, modiified rankin scale; END, early neurological deterioration; VT, intravenous
thrombolysis; SIASO, symptomatic intracranial artery stenosis or occlusion; SIAS, symptomatic intracranial arterial stenosis; SIAO, symptomatic intracranial arterial occlusion; HT,
hemorrhagic transformation; sHT, symptomatic hemorrhagic transformation. The bold values mean P < 0.05.
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MV (0= 62)
NON MV (n = 43)
p-value

Sedatives (n = 34)
No-sedatives (1 = 67)
p-value

NMBA (0 = 13)
No-NMBA (n = 82)
p-value

Vasopressors (0 = 69)
No vasopressors (n = 26)
p-value

Sunivors (0 = 75)
Non-survivors (n = 20)
p-value

Altered ARI
(=40

27
13
0.04
18
22
0.13
8
32
0.14
33
7
0.10
29
"
021

Altered Mxa
(n=50)

31
19
0.16
23
27
0.03
s
43
0.99
36
14
0.99
37
13
0.31

p-value

0.64
0.26

036
0.42

0.99
0.09

071
0.12

0.22
077

MV, mechanical ventilation; NMBA, neuromuscular blocking agent; Mxa, mean flow index;

AR, autoregulation index.
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Age, years
Meale gender, n (%)
APACHE Il score on admission
ICU length of stay, days
ICU mortality, n (%)
At time of dCA assessment
Sedation, 1 (%)
NMBA, 1 (%)
Mechanical ventiation, n (%)
Vasopressors, n (%)
Infection source, n (%)
Abdominal
Respiratory
Urinary tract
Others
Pathogen, n (%)
Bacterial
Fungus
Virus
Unknown bug

Al patients
(n=095)

64(13)
70(74)
23(11)
6(3-14)
20(21)

34(36)
13 (14)
52 (55)
69(73)

42 (44)
26(27)
7m
2021)

66 (70)
9(10)
3@

17 (18)

Altered CAR
(n=23)

65 (14)
17 (74)
26 (11)
8[4-18)
6(26)

1148)
3(19)
17 (74)
2087)

8(35)
5(22)
3(13)
7(0)

14 (61)
5(2)
00
4(17)

Divergent CAR
(n=24)

64(14)
32(73)
23(11)
5[3-14)
12(27)

19 (43)
91
24 (55)
29 (66)

21 (48)
15 (34)
12
7(16)

35 (80)
3M
2
40

Intact CAR
(n=28)

63(12)
21 (75)
22(9)
5[3-12)
2()

4(14)
14
11(39)
20 (71)

18 (46)
6(21)
3(11)
6(21)

17 61)
14
1(4)

9(32)

p-value

0.86
0.99
0.38
0.29
0.09

0.14
011
0.05
0.19

0.62
0.44
0.18
0.34

0.14
0.09
0.80
029

Data are presented as count (%), mean (SD), or median [(25%—75%) percentiles)].
APACHE |, Acute Physiology Age Chronic Health Evaluation Il ICU, intensive care unit; LOS, length of stay; NMBA, neuromuscular blocking agent; GGA, dynamic cerebral autoregulation;

CAR, cerebral autoregulation.
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Age, years 64(13)

Male gender, n (%) 70 (74)
APACHE Il score on admission 23[15-32)
ICU length of stay, days 6[3-14]
1CU mortality, n (%) 75 (79)
Carindices
ARI 4.38(2.83-6.04)
Mxa 0.32(0.14-059]
Attime of car assessment
Sedation, n (%) 34/(36)
NMBA, n (%) 13 (14)
Mechanical ventilation, n (%) 52(85)
Vasopressors, n (%) 69(73)
Infection source
Abdominal, n (%) 42 (ad)
Respiratory, n (%) 26 (27)
Urinary tract, n (%) m
Ofhers, n (%) 20 (21)
Pathogen
Bacterial, n (%) 66 (70)
Fungus, n (%) 9(10)
Virus, n (%) 3@
Unknown, 1 (%) 17 (18)

APACHE 1], Acute Physiology Age Chronic Health Evaluation Il ICU, intensive care unit;
LOS, length of stay; Mxa, mean flow index; CA, dynamic cerebral autoregulation; NMBA,
neuromuscular blocking agent; CAR, cerebral autoregulation.
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Normalized gain
Phase
Coherence
CBFv spectral power
BP spectral power
LF
Gain
Normalized gain
Phase
Coherence
CBFv spectral power
BP spectral power
HF
Gain
Normalized gain
Phase
Coherence
CBFv spectral power
BP spectral power

ACA

39.8(16.0)

83.5(14.7)

n=234
0.41(0.15)
077 0.28)
53.4° (32.0°)
0.40(0.16)
10.8 (6.4)
8:8(6.9)
n=239
052(0.26)
0.99(0.37)
33.1(24.3)
047 (0.20)
9.4(5.9)
72(6.1)
n=38
057 (0.33)
1.1(0.53)
—27(17.8)
034 (0.16)
39(2.4)
22(1.7)

MCA

506 (15.4)

85.6(10.7)

n=33
052(0.26)
081(0.33)

57.9° (31.4°)

037 (0.15)
104 (7.1)
88(5.2)
n=39

059 (0.24)
093(0.37)
342(177°)
0.48(0.21)
83(4.8)
6.4(38)
n=39
0.61(0.32)
094 (0.44)
30(1.79)
0.40(0.28)
38(3.2)
27(29)

PCA

P-value

275 (13.8) <0.0001

842(16.4)

n=232
0.31(0.11)
083 (0.27)
55.1° (28.0°)
0.38(0.18)
12.3(7.3)
99(55)
n=36
037 (0.13)
1.02 (0.38)
30.9(17.87)
0.48 (0.21)
8.7 (4.1)
7.4(683)
n=235
0.44 (0.19)
1.16 (0.55)
—86(235%)
0.31(0.47)
42(2.4)
20(1.6)

0.80

0.0001
0.68
0.84
0.77
030
0.67

0.001
0.56
0.78
0.90
0.66
0.97

0.03
017
0.06
0.15
0.16
0.53

Gain is presented as cm.s™'.mmHg="

Normalized Gain is presented as %.mmHg~".

Phase is presented as °.

BP and CBFv spectral power are presented as (mmHg)? and (cm/sP, respectively.
P-values were calculated by repeated measures one-way ANOVA.
CBFv indicates cerebral blood flow velocity.

BP indicates blood pressure.

Sample sizes vary because data were discarded if there was a failure to meet the standard

coherence threshold for each frequency band in each vessel.
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Iso—Group, baseline K/X—Group, baseline

‘Sham SAH Sham SAH

e 151[130-166] 140 [125-141] 107 [108-130] 129 [109-157]
(mmHg):
pCO;  38.6[28.2-40.4) 35.4[32.3-42.8] 40.5(36.8-46.3] 39.1(33.8-46.3)
(mmHg)

pH: 7.38[7.37-7.40) 7.39 [7.37-7.40] 7.37 [7.33-7.39] 7.38 (7.36-7.42)
ABP 74(63-83]  90[70-104  8O[78-97)  83([76-93]
(mmHg):
BT (°C): 37.3(37.0-37.5) 37.4(36.9-37.4)" 37.8 [37.3-37.9)" 37.4 [37.0-37.6]
HR 337(311-350] 379[346-420] 344 [305-405] 354 [305-429)]
(bpm):
SpO, 99 (99-99) 99 (09-99) 99 09-99) 99 (99-99)
(%):
Iso—Group, 6 h K/X—Group, 6 h

Sham SAH Sham SAH
O, 145 [116-161)  145[106-186] 182 [114-142) 124 [114-146]
(mmHg):

pCO2 35.4 [31.7-39.4) 37.2(34.0-38.3] 41.9[39.4-44.5] 41.3 [37.1-45.6]
(mmHg)

pH:  7.36[7.33-7.38) 7.38[7.37-7.39] 7.36(7.34-7.37) 7.36 [7.35-7.39]
ABP 74(69-78)  76[70-81)  82(70-85]  77([73-83)
(mmHg):

BT (°C): 87.5[37.3-37.5] 37.2[37.0-37.6] 37.3[37.1-37.7] 37.5[37.2-37.7)
HR 347(331-363] 349 (306-360] 367 [332-419] 319 (295-347]
(bpm):

SpO, 99 (99-99) 99 [99-99) 99 [99-99) 99 (99-99)
(%):

All parameters remained within physiological ranges during the measuring period. ABF,
mean arterial blood pressure; BT, body temperature; HR, heart rate in beats per minute;
SpOy, systemic oxygen saturation; *,* p < 0.05 for bl vs. 6h in the respective group; *p
< 0.05 between respective groups at baseline.
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Parameter No-CV n = 42
ABP (mm Hg) 89.49 (90.51-80.87)
HR (bpm) 71.99 (64,03-76.19)
CBFV (cm/s) 65.33 (48.63-76.33)
Mxa ipsilateral (a.u.) 0.37 (0.30-0.46)
Mxa ipsiateral >0.3 [0 (%)) 31 (74%)

BRS (ms/mm Hg) 10.92 (7.63-15.93)

CV Beforen =31

93.74 (82.91-106.44)
66.41 (61.12-81.15)
76.65 (63.31-96.89)

037 (0.28-0.42)
21 (68%)
13.73 (8.41-20.50)

CV During n = 31

106.50 (89.70-116.65)
75.12 (63.76-86.92)
143.20 (122.99-154.71)
0.43 (0.36-0.62)

28 (90%)

953 (5.95-12.20)

P

0.145
0.425
0.005
0.691
0571
0.130

I’

0.001
0.281
<0.001
0.039

0.068

0.244

2
P

0.025
0.001

<0.001
0.002
0.001
<0.001

Data are presented as median (ower quartie-upper quartie). p-values marked with bold indicate statisticall significant differences between the groups. Following comparisons are
presented for patients: non-CV vs. before CV* (U Mann-Whitney test), non-CV vs. during CV* (U Mann-Whitney test), before CV vs. during CV* (Wilcoxon signed rank test); ABR, arterial
blood pressure; HR, heart rate; CBFV, cerebral blood flow velocity; Mxa, mean velocity index of cerebral autoregulation; BRS, baroreflex sensitivity:
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Al patients n = 73 cVn=31 Non-CV n = 42 p
Female, n (%) 49 (67%) 21 (64%) 28 (67%) 0.922°
Age (years), median (IQR) 58 (50-67) 55 (48-63) 62 (53-71) 0.009°
GCS, median (IGR) 14(11-15) 12(11-15) 14 (13-15) 03722
mFisher, median (QR) 3(1-3) 3@) 3(1-3) 0.415°
1,0 (%) 19 (26%) 4(13%) 15 (36%) 0.030°
2,n (%) 4(6%) 2(6%) 2(4%)
3,n (%) 36 (49%) 21 (68%) 15 (36%)
4,n (%) 14 (19%) 4(13%) 10 (24%)
WFNS, median (IQR) 2(1-4) 2(1-4) 2(1-9) 0.499°
1,0 (%) 26 (36%) 10 (32%) 16 (38%) 0.772>
2,n (%) 26 (32%) 10 (32%) 14(33%)
3,n (%) 4(6%) 1(3%) 3(7%)
4,n (%) 16 (22%) 9(30%) 7(17%)
5,n (%) 3(4%) 1(3%) 2(4%)
Treatments”
Endovascular cailing, n (%) 26 (36%) 8(26%) 18 (43%) 0.133°
Surgical clipping, n (%) 51(70%) 25 (81%) 26 (62%) 0.085>
Conservative treatment, n (%) 5(7%) 0(0%) 5(12%) 0.068>
Mechanical ventilation, n (%) 24 (33%) 12 (39%) 12 (28%) 0.327°
Vasopressor agents, n (%) 26 (36%) 18 (58%) 8(19%) 0.006°
Complications
Hydrocephalus, n (%) 37 (61%) 18 (58%) 19 (45%) 0.279°
EVD, n (%) 24 (33%) 13 (42%) 11 (26%) 0.157°
DO, n (%) 22 (30%) 19 (61%) 3(7%) <0.001°
Rebleeding, n (%) 68%) 1(3%) 5(12%) 0.227°
Outcome
Deaths, n (%) 68%) 2(6%) 4(10%) 0.491>
mRS at discharge, median (IQR) 2(1-3) 2(1-9) 2(1-4) 0.648°
0-2,n (%) 46 (63%) 17 (65%) 29 (69%) 0.214>
3-6,n (%) 27 (37%) 14.(45%) 13(31%)
3 months mRS, median (IQR) 10-2) 102 10-2) 0.799°
0-2,n (%) 60 (82%) 35 (83%) 25 (81%) 0.767>
3-6,n (%) 13 (18%) 7(17%) 6(19%)

p-values marked with bold indicate statistically significant differences between the groups. CV cerebral vasospasm; EVD, extemal ventricular drain; DCI, delayed cerebral ischemia;

mRS, modified rankin scale; a-U mann-whitney test, b-Chi-squared test, #-More than one procedure per patient allowed.
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Parameters Stroke Stroke
ipsilateral  contralateral
(h=40)  (1=40)

ECP-induced hemodynamics changes

Mean CBFV at baseline (cmvs) 575222 563+215
Mean CBFV during ECP (cm/s) 509227 59.4+235
P (oaseline vs ECP) <0001 <0001
CAI (%) 44+56°  53+5.1"

Dynamic cerebral autoregulation
Phase difference (degree) 32.7+30.4" 28.6+369"
Gain (cm/s/mmHg) 12+09 1.0+ 06

Correlation P value (CAI vs. phase) 0326 0.791

Correlation P value (CAI vs. gain) 0.821 0389

ECR, external counterpuisation; CBFV, cerebral blood flow velocity;
augmentation index.
*P < 0.05 in comparison with healthy controls.

Healthy
controls
(n=18)

575 £ 119
569+ 113
0297
-0.7+36

526+ 139
09+05
0.050
0.840

CAl, cerebral
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Parameters Stroke

patients
(n=40)

Gender (male/female) 36/4

Age (mean  SD), years 65.0:+ 10.6

Day from symptom onset to recruitment 5.2 + 3.0
(mean + SD, d)

Admission NIHSS (median, range) 5(4-9)
Hypertension, n (%) 35 (87.5)
Diabetes, 1 (%) 18 (45.0)
Ischemic heart disease, n (%) 4(100)
Hyperlipidemia, n (%) 20 (50.0)
Previous stroke, 1 (%) 11(27.5)
Smoker, n (%) 21 (52.5)
Drinker, n (%) 7(175)
Intracranial large artery disease, n (%) 34/(85.0)
Extracranial large artery disease, n (%) 2(6.0)
Intra- and extracranial large artery 4(10.0)
disease, n (%)

Left side infarct, n (%) 24 (60.0)
Right side infarct, n (%) 16 (40.0)

NIHSS, National Institutes of Health stroke scale.
*Pearson x* test.

Healthy P
controls
=18

9 0.002°

61.1+£45 0051
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
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Connectivity sparsity = 20% Connectivity sparsity = 30% Connectivity sparsity = 40%

2z-score (mean = SD) P-value® Zz-score (mean & SD) P-value® 2z-score (mean = SD) P-value®
Degree —1.108 £ 1.131 0,002 —1.146 £ 1.186 <0001 —1.158 £ 1217 <0001
Eocar -0.868 £ 1.191 0.008 —1.400 £ 1272 <0.001 —1213:£1.120 <0001
Egobar —0.835 £ 1.022 0,005 —1.306 + 1.056 <0.001 ~1.346 % 1.119 <0.001
Betweenness Centrality 0.284 +0.933 0.226 —0.038 + 1.453 0907 ~0.195 1981 0.656
Modularity 0.721 %0920 0005 0.786 £ 1.115 0008 1.000 & 1.205 0002
Assortativity Cosfficient —0.111 £ 1.091 0.654 0.065 + 1.163 0907 0.127 + 1.130 0.656

ap.value of one-sample t-test with false discovery rate correction to assess for zero mean z-scores.
SD, standard deviation; Eiscar, local efficiency; Eqoval, global efficiency.
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Parameter

CRVE [MU]
Gontrol
aSAHco-4
aSAHgs- 15
aSAHat6-23
aSAHy.
AVR
Control
aSAHg0-4
aSAHgs-15
aSAHg16-23
aSAHyy
MVD [%]
Control
aSAHgo-4
aSAHus-15
aSAHg16-23
aSAHy,
MVD [s]
Control
aSAHgo-4
aSAHus_15
aSAHg16-23
aSAHyy
tMVDso [s]
Gontrol
aSAH0-4
aSAHgs-15
aSAHg16-23
aSAHy
AUCier [%*s]
Gontrol
aSAHg0-4
aSAHas-15
aSAHg16-23
aSAHyy

Median [q1-q3]

224 [218-236]
196 [177-214)
194 [169-217)
191 [173-214)
198 [181-209)

085 [0.82-0.89)
080(0.73-089]
082 0.75-089)
083 [0.75-0.86]
082 [0.75-087)

39(3.0-58)
37[2.9-4.7)
41 [2.7-5.2)
43[2.6-5.4)
4.5[34-5.4)

205(19.0-220]
22.0 200-24.0)
21.0[190-225]
22,0 200-24.0]
19.0 [18.0-22.0)

7.0[6.0-8.4]
6.0(5.0-8.0]
7.0(6.0-8.0]
7.0(7.0-80)
65[55-8.0)

45.7 [313-62.2]
41.3[16.4-46.8)
45.027.5-60.8]
445 [20.2-60.9]
52.4[34.2-61.7)

42
32

23
40

388

23
40

42
32
53
23
40

42
32
53
23
40

42
32
53
23
40

42
32
53
23
40

p-value (vs. Control)

<0.0001
<0.0001
<0.0001
<0.0001

0.0396
0.0802
0.0086
0.0050

03179
0.4165
0.6356
0.7270

0.1872
0.9903
0.4663
0.2040

0.1269
0.7015
0.0720
0.1530

0.0810
0.3833
0.3054
0.6030

p-value (vs. aSAHy,)

0.2909
0.4043
0.2454

0.8626
0.4306
0.7186

0.1432
0.2388
0.5304

0.0235
0.0761
0.0110

0.6026
0.3347
0.1297

0.0205
0.1464
0.1853

AUCyen, venous area under the curve during flicker stimulation; AVR, retinal arterio-venous-ratio; CRVE, central retinal venous equivalent; f/u, follow-up (>6 weeks after ictus); MVD,
maximum venous dilation; RVA, retinal vessel analysis; tMVD, time to maximum venous dilation; tMVDag, time to 30% of maximum venous dilation. Bold values indicate p < 0.05.
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Characteristics of patients.

Demographics
Gender, male, n (%)

Age (years), median (QR)

BMI (kg/m?), median (IQR)

PBW (kg), median (IQR)
Comorbidities

Respiratory disease, n (%)
Cardiovascular disease, n (%)
Cancer, n (%)

Moderate/severe liver disease, n (%)
End-stage kidney injury, n (%)
Hypertension, n (%)

Diabetes melitus, n (%)

ICU characteristics at admission
SOFA score, median (QR)

Paoy /Fioz, median (QR)

PEEP, median (QR)

Vr (L), median (QR)

Pplat,rs (om H0), median (IQR)

Crs (ml/cm H,0), median (QR)
D-Dimer (ng/mL), median (QR)
C-reactive protein (mg/dL), median (QR)
Procalcitonin (ng/mL), median (IQR)
Interleukin 6 (pg/dlL), median (QR)
Creatinine (mg/dL), median (QR)
Heart rate (opm), median (QR)

Mean arterial pressure (mm Hg), median (IQR)

ICU discharge characteristics
Dead, n (%)
Alive, n (%)

Al patients (n = 23)

18(78.3)
62 (57-68.5)
26 (24.7-29)

70 (61-75)

3(18.4)
5(1.7)
0(0)
1.3
0(0)
13 (56.5)
3(13)

5(-7)
81(65-83)

11 (9-12)
434 (370-560)
265 (25-28)
24 (22-30)
1794 (1251-6252)
108.5 (60-135)
06(0.18-1.76)
39(31-83.9)
0.7 (0.6-1.1)
86 (72-97)

78 (73-85)

13 (56.5)
10 (43.5)

IQR, interquartie range; n, number; BMI, body mass index; PBW, predicted body
weight; SOFA, Sequential Organ Failure Assessment; ICU, intensive care unit; Paca/Fiog,
arterial oxygen partial pressure/fraction of inspired oxygen; PEER, posilive end expiratory
pressure; Vr, tical volume; Polatrs, respiratory system plateau pressure; Crs, respiratory

system compliance.
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Patient characteristic

Al patients
Gender
Female
Male

Age

Aneurysm location
Anterior circulation

Posterior circulation

Both

Hunt and hess (HH) grade

Good grade (HH1_3)

Poor grade (HHs-s)

Modified fisher (mFS) scale

Thin blood (mFSo.2)

Thick blood (mFS3_4)

Treatment modality

Clipping

Coiling

Both

Delayed cerebral ischemia (DCI)
ot

DCl-related infarction

Outcome

Favorable (GOS-Es-c)

Unfavorable (GOS-E1 )

Patients, n (%)

70 (100%)

51(73%)
19 (27%)

51[48-59] yrs

53 (76%)
16 (23%)
1(1%)

56 (80%)
14 (20%)

34 (49%)
36 (51%)

24 (34%)
44 (63%)
2(3%)

23 (32%)
1(1%)

64 (92%)
6(8%)

Control, n (%)

42 (100%)

20 (48%)
22 (52%)

50 (43-59] yrs
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Parameter

CRAE [MU]
Control
aSAHco-4
aSAHgs-15
aSAHg16-23
aSAHyy
AVR
Control
aSAH-s
aSAHes-15
aSAHg16-23
aSAHyu
MAD [%]
Gontrol
aSAHco-4
aSAHgs- 15
aSAHate-23
aSAHyy
tMAD [s]
Gontrol
aSAH-s
aSAHus-15
aSAHg16-23
aSAHyy
tMADgo [s]
Gontrol
aSAHgo-4
aSAHGs- 15
aSAHg16-25
aSAHy,
AUC [%*s]
Control
aSAHgo-4
aSAHos-15
aSAHa1e-23
aSAHyy

Median [q1-q3]

192 [184-197)
167 (187-175)
158 [136-174]
167 [181-174)
164 [148-177)

085 [0.82-0.89]
080 [0.73-0.89]
082 0.75-0.89]
0.83 [0.75-0.86]
082[0.75-0.87]

38[2.6-56)
22(1.0-32)
2.1[1.4-36)
29(1.6-42)
30(2.05.0)

19.0(17.0-21.0)
17.0 [14.0-22.0)
18.0(14.8-19.8)
200(17.3-218)
18.0(12.3-20.0)

5.0[4.1-5.5)
5.0 [4.0-8.0]
50(3.0-7.0
5.0[3.0-6.0)
40(25-55)

51.4[32.5-60.7)
215[9.4-35.8)
22.4(12.6-45.0]
305 [3.2-53.9]
445 [23.2-61.1)

42
32
E
28
40

42
32
53
23
40

42
32
53
23
40

42
32
53
23
40

42
32
53
23
40

42
32
53
23
40

p-value (vs. Control)

<0.0001
<0.0001
<0.0001
<0.0001

0.0396
0.0802
0.0986
0.0050

0.0016
0.0002
0.0189
0.1410

0.2638
0.1296
0.7620
0.0830

0.1762
0.8656
0.8524
0.0680

0.0001
<0.0001
0.0033
0.1380

p-value (vs. aSAH)

0.2214
0.3996
0.6614

0.8626
0.4305
0.7186

0.0521
0.0321
0.2623

0.6574
0.7246
0.0907

0.0266
0.1599
0.3451

0.0066
0.0047
0.0890

AUCqn, arterial area under the curve during ficker stimulation; AVR, retinal arterio-venous-ratio; CRAE, central retinal arterial equivalent; f/u, follow-up (>6 weeks after ictus); MAD,
maximum arterial dilation; RVA, retinal vessel analysis; tMAD, time to maximum arterial dilation; tMADzg, time to 30% of maximum arterial dilation. Bold values indicate p < 0.05.
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Variable

Model*

Age

NIHSS on admission
AF

sv-24h

sD-24h

Model®

Age

NIHSS on admission
AF

sD-24h

SV (SV.zsy; as reference)
SVas-s0%

SVso-75%

SV.75%

2With overall SV entered.
PWith categorized SV entered.

0.038
0.187
0.204
0.167
-0.048

0.033
0.204
-0.007
0.005

0.766
1.493
2.161

3-month

OR (95% Cl)

1.038 (0.998-1.081)
1.206 (1.084-1.342)
1.227 (0.278-5.40)
1.182 (1.035-1.348)
0954 (0.780-1.166)

1.033 (0.992-1.076)
1.227 (1.099-1.369)
0.993 (0.218-4.520)
1.005 (0.855-1.181)

2.152 (0.650-7.128)
4.449 (1.231-16.075)
8676 (1.892-89.775)

P-value

0.084
0.001
0.787
0.013
0.643

0.114
<0.001
0.993
0.951
0.013
0.210
0.023
0.005

SV-24h, successive variabiliy of systolic blood pressure within the first 24 hours after
IVT; SD-24h, standard deviation of systolic blood pressure within the first 24 hours after
IVT; SIASO, symptomatic intracranial artery stenosis or occlusion; AF, atrial fibrillation. The

bold values mean P < 0.05.
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Poor Favorable tIX?/z P-value With END Without END tIX?z P-value

outcome outcome value (n=20) (n=90) Value
(MRS=2-6) (MRS =0-1)

(n=73) (n=37)
Age® (years) 64.8 (10.9) 567 (13.8) ~8.129 0.003 64.8(10.3) 61.43 (12.9) —1.077 0284
Men®, n (%) 12 (16.4%) 12 (32.4%) 3.682 0.055 17 (85.0%) 69 (76.7%) 0.666 0.556
Hypertension®, n (%) 51(69.9%) 22 (59.5%) 1.191 0275 17 (85.0%) 56 (62.2%) 3.803 0.067
Use antihypertensive therapy 7 (9.6%) 2(5.4%) 0572 0715 4(20.0%) 5 (5.6%) 4545 0,055
before IVT®, n (%)
Diabetes melitus®, n (%) 21 (28.8%) 8(21.6%) 0,646 0.422 6(30.0%) 23(25.6%) 0.167 0683
History of hypercholesterolemia®, 25 (34.7%) 16 (43.2%) 0.756 0.385 6(68.4%) 35(61.1%) 0357 0550
n (%)
Smokers/ex-smokers®, n (%) 31 (42.5%) 17 (45.9%) 0.121 0.728 11 (55.0%) 37 (41.1%) 1.283 0.257
AF®, 1 (%) 20 (27.4%) 3(8.1%) 5525 0.024 6(30.0%) 17 (18.9%) 1.222 0.269
History of coronary heart 8(11.0%) 1@2.7%) 2228 0.268 2(10.0%) 7(7.8%) 0.108 0.666
disease®, n (%)
Previous stroke®, 1 (%) 19 (26.1%) 4(10.8%) 3.438 0.083 6(30.0%) 17 (18.9%) 1.222 0269
Systolic blood pressure on 153.7 (24.4) 1532 (24.2) -0.108 0.914 161.2 (25.6) 1519 (23.7) —1.488 0.140
admission®
OTT® (minutes) 201 (49.8) 1809 (62.0) —1.842 0,068 193.0 (66.8) 194.5 (54.6) 0.115 0.909
NIHSS on admission® (IGR, 11.0 60(35-9.0) —4377 <0001 10(63-168)  9(58-14.0) —0.641 0522
25-75) (7.0-16.0)
Sv-24 he 145 (4.3) 11.8(3.2) ~3.650 <0.001 15.2(4.3) 13.2(4.0) —1.972 0,051
SD-24 he 127 38) 10.9(3.3) ~2.569 0.012 13.7 (4.8) 1.7 3.4) —1.751 0,003
ov-24h® 8926 80(2.4) 0.002 92(32) 85 (2.4) ~1.165 0247

Mean (SD), t-test.

bn (%), chi-square test.

©Mann-Whiteny U-test.

SV-24h, successive variabilty of systolic blood pressure within the first 24 hours after IVT; SD-24 h, standard deviation of systolic blood pressure within the first 24 hours after IVT;
CV-24h, coefficient of systolic blood pressure variation within the first 24 hours after IVT; NIHSS, national institutes of health stroke scale; OTT, onset to treatment time; IVT, intravenous
thrombolysis; AF, atrial fibrillation; mRS, modified rankin scale; END, eary neurological deterioration; SIASO, symptomatic intracranial artery stenosis or occlusion. The bold values mean
P < 0.05.
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Characteristics

Age® (years)
Men®, n (%)
Hypertension®, n (%)

Use antihypertensive therapy before IVT®, n (%)

Diabetes mellitus®, n (%)

History of hypercholesterolemia®, n (%)
Smokers/ex-smokers®, n (%)

A, n (%)

History of coronary heart disease®, n (%)

Previous stroke®, n (%)

Systolic blood pressure on admission®
OTT® (minutes)

NIHSS on admission® (IQR, 26-75)
ENDP, n (%)

mRS at 90 days®, n (%)

o O s ®N = O

20ne-way ANOVA.
bx? test.
CKruskal-Walls H test.

SVasg; <
1084 (1 =
27)

55.4(13.4)
21 (77.8%)
16 (59.3%)
13.7%)
4(14.8%)
7 (25.9%)
11 (40.7%)
3(11.1%)
13.7%)
3(11.1%)
148.1(23.8)
183.0 (65.2)
8.0(4.0-14.0)
2(7.4%)

7 (25.9%)
6(22.2%)
6(22.2%)
3(11.1%)
5(18.5%)
0
0

SIASO group (n = 110)

SVas_s0%, =
10.84-13.25
(n=28)

60.2 (14.1)
23 (82.1%)
16 (57.1%)
1(3.6%)
6(21.4%)
11(39.3%)
13 (46.4%)
5(17.9%)
1(3.6%)
4(14.3%)
150.8 (27.8)
181.1(52.7)
95 (6.0-14.0)
5(17.9%)

4(14.3%)
7 (25.0%)
1(3.6%)
6(21.4%)
6(21.4%)
2(7.1%)
2(7.1%)

SVso_75% =
13.26-16.00

(=27

67.7(8.7)
22(81.5%)
17 (63.0%)

0

9(33.3%)
11 (40.7%)
9(33.3%)
6(22.2%)
5(18.5%)
4(14.8%)
147.1(21.8)
215.9 (47.8)

7.0(4.0-15.0)
4(14.8%)

4(14.8%)
2(7.4%)
7 (25.9%)
4(14.8%)
7 (25.9%)
2(7.4%)
1(3.7%)

SVarsy >
16.00 (n =
28)

647 (9.8)
20 (71.4%)
24.(85.7%)
7 (25.0%)
10 (35.7%)
12 (42.9%)
15 (53.6%)
9(32.1%)

2(7.4%)
12 (42.9%)
168.9 (16.1)
197.3 (68.4)
9.0(6.3-13.8)
9(82.1%)

5(17.9%)
2(7.4%)
7 25.0%)
4(14.3%)
1(3.6%)
2(7.4%)
7 (25.0%)

P-value

0.004
0.475
0.026
0.002
0.472
0.787
0.082
0.006
0.705
0.187
0.353
0.067
0.001
0.320
0.007

SV.s0 <
10.08 (0 =
57)

61.4(12.3)
43 (75.49%)
41 (71.9%)
4(7.0%)
12 21.1%)
19 (33.3%)
24 (42.1%)
15 (26.3%)
7 (12:3%)
9(15.8%)
1493 (23.5)
2195 (47.9)
6.0 (4.0-10.0)
5(8.8%)

26 (45.6%)

14 (24.6%)
9(15.8%)
85%)
3(5.3%)
2(35%)
1(1.8%)

Non-SIASO (n = 229)

SVas-s0%, =
10.08-12.93
(n="57)

60.9(11.6)
40 (70.2%)
38(66.7%)
5(8.8%)
16 (28.1%)
23 (40.4%)
11(19.3%)
10(17.6%)
4(7.0%)
7(12.3%)
154.7 (24.7)
185.6 (59.0)
7.0(4.0-11.0)
8(14.0%)

18 (31.6%)
15 (26.3%)
7 (12.3%)
12 21.1%)
5(8.0%)
0
0

SVso_rs% =
12.94-15.32
(n=58)

617 (12.0)
37 (63.8%)
38 (65.5%)
12 (20.7%)
17 (29.3%)
22 (37.9%)
21(36.2%)
14 (24.1%)

3(5.2%)
10 (17.2%)
167.1(25.7)

184.0 (59.6)

55(4.0-80)
6(10.3%)

28 (48.3%)

12 (20.7%)
8(13.8%)
5(8.6%)
2(3.4%)
2(3.4%)
1(1.7%)

SVs750 >
1532(n =
57)

63.2(12.2)
42 (73.7%)
49 (86.0%)
4(7.0%)
17 (29.8%)
27 (47.4%)
22 (38.6%)
11(19.3%)
5(8.8%)
7(12.3%)
162.1(22.4)
193.9(53.1)
50(3.0-7.0)
3(5.3%)

29 (60.9%)
16(28.1%)
4(7.0%)
5(8.8%)
2(3.5%)
0
1(1.8%)

P-value

0.845
0.464
0.050
0.089
0.822
0.408
0.042
0.575
0.591
0818
0.001
0.011
0.021
0.449
0.232

SV, successive variabilty of systolic blood pressure; NIHSS, national institutes of heaith stroke scale; OTT, onset to treatment time; AF, atrial fbrillation; mRS, modified rankin scale; END, early neurological deterioration; IVT, intravenous
thrombolysis; SIASO, symptomatic intracranial artery stenosis or occlusion. The bold values mean P < 0.05.
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Species

Mouse

Mouse

Mouse

Rat

Rat
Rat

Dog

Rabbit

Rabbit

Cerebral artery

Olfactory

Offactory

Middle Cerebral

Parenchymal

Parenchymal
Middle Cerebral

Basilar

Basilar, Posterior and Cerebellar

Posterior and Cerebellar

Critical observations

SAH augments myogenic reactivity and reduces CBF. Etanercept
(TNF inhibitor) and JTE-013 (S1P2 receptor antagonist) normalize
myogenic reactivity and reduce neurological injury in SAH;
etanercept improves CBF in SAH.

SAH augments myogenic reactivity and reduces CBF. Lumacaftor
(CFTR corrector therapeutic) normalizes myogenic reactivty,
improves CBF and reduces neurological injury in SAH.

Hemolyzed blood reversibly augments myogenic tone in vitro and
invivo. Superoxide scavenging (Tempol) prevents myogenic tone
augmentation in vitro and in vivo.

SAH augments pressure-dependent membrane depolarization,
calcium influx and vasoconstriction

SAH augments potassium currents and myogenic tone.

SAH increases TRMP4 expression/activity, resulting in augmented
depolarization and vascular tone.

Blockade of TRMP4 (9-phenanthrol) significantly improves
vascular tone and OBF in SAH.

SAH reduces basiar artery potassium conductance and induces
basilar artery vasospasm.

Inhibiting potassium efflux (nicorandil) reduces basilar artery
constriction in vitro and in vivo.

SAH augments posterior and cerebellar artery myogenic tone.
SAH augments basilr artery constriction n vivo (measured
angiographicaly).

SAH augments arterial wall depolarization, calcium influx and

myogenic tone. SAH reduces calcium spark frequency, suggesting
recluced BK channel activity.

A blood injection model of SAH was used in all publications. BK, calcium activated large conductance potassium channels; CBF; cerebral blood flow; S1P2, Sphingosine-1-phosphate
receptor 2; SAH, Subarachnoid hemorrhage; TRMPA4, Transient receptor potential melastatin-4.
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Parameter

Hemodynamics
MAP (mm Hg)

HR (bpm)

Hb (/L)

PVI

Pi

Neuromonitoring

rSoz (%)

AcHbi

AOzHbi

AHHbi

nICPPI (mm Hg)

nICPFVd (mm Hg)

nCPP (mm Hg)

GVR (mm Hg/cm per second)
Others

ETCO; (mm Hg)

Spoz (%)

DeltaSpoz-rSoz (%)

Passive leg raising test (1 = 23)

T0 T p-Value
63(59-645) 69 (67.5-715) <0.001"
76(665-885)  77(67-85)  0.822
7.9(7.6-8.4) 8.2(7.9-8.4) 0.132
20(16-24)  155(12-19) <0.001*
3(3-4) 4(4-5) <0.001*
52(51-59.5) 57 (54-63.5) <0.001*
47(3.6-66) 668 <0001
382845  41(B25) <0001
1.1(08-19)  2.1(1.8-29) <0001
18.6(17.7-19.6) 19.3 (182-19.8) 0.009"
12.9(85-18)  15(10.5-19.7)  0.001*
499 (42.1-53.8) 54.5(49.3-59.6) <0.001"
1.1(1-1.2) 12(1.1-1.4)  <0.001*
43(40-47)  46(43-52.5)  0.001*
90 (88-92) 91(88-92 0854
36(32-885)  32(28-355) <0.001"

Fluid challenge (1 = 22)

To T
61 (59-65) 69 (67-72)
755(67-89)  75(67-92)
7.7(71-86)  85(8.1-88)
20 (16-24) 16 (12-19)
3(3-4) 445
55 (52-60) 58 (56-65)
53(@.1-7)  66(4.584)
352846 398256
1204-21)  24(1.4-3.1)

19.6 (14.8-21.1) 18.2 (16.4-19.1)

10.9(6.7-16.7) 14.4 (5.6 (21.1)

49.6(44.8-61.1) 54.9 (50.7-65)
1.4 (1-1.2) 1.2(1.1-1.3)
43(88-51) 465 (44-50)
90 (89-92) 91(89-92)
35(30-87) 32 (27-35)

p-Value

<0.001*
0910
0.434

<0.001*

<0.001"

<0.001"
<0.001*
<0.001*
<0.001*
0.153
0.004*
<0.001*
<0.001*

0.047*
0.357
<0.001*

Norepinephrine (n = 14)

To T p-Value
635(61-64)  69(66-71)  <0.001"
765(65-87)  785(67-87) 0239
83 (7.8-84) 88(82-9) 0.432

19 (16-23) 19(15-23) 0324
3(3-4) 4(3-4) 0.046"
54.5(53-62)  61.5(61-66)  0.001*
53(43-81) 7.3(64-105) 0001
39(82-43)  57(39-7.1) 0001
180729 190099 0143

17.6 (165-20.3) 17.6(165-19.9) 0216
10(69-21.9 122(55-226) 0.022"

53.5(41.2-60.5) 57.4(45.3-62.5) <0.001"
12(1.1-1.2) 12(1.2-1.3)  0.001"
435(38-47)  45(41-65) 0001
805(87-94)  895(87-94) 0317

33(20-37) 26(25-82)  0.001"

Values are expressed as median and interquartie range if not otherwise specified. Hemodynamic and neuromonitoring variables before (T0) and after (T1) passive leg raising test, flid
challenge, and norepinephrine. Values are expressed as medlan and interquartie range if not otherwise specified. rSoz, cerebral oxygenation saturation; Delta OpHbi (AOzHbi), variation
of the oxygenated component of the hemoglobin (Hb); Delta HHbi (AHHbi), variations of the deoxygenated component of Hb; Delta cHbi (AcHb), sum of the values of AOzHbi and
AHHbi in the calculation of 1Soz value (AcHbi = AHHbi + AOzHbi); ASpoy-rSoy, difference between the value of Spoz and rSoz; N, number; MAR, mean arterial pressure; HR, heart
rate; P, perfusion index; PV, pleth variabilty index; ETCOg, end-tidal carbon dioxide; nCPR. non-invasive cerebral perfusion pressure; niCPPY, non-invasive intracranial pressure (ICF)
based on pulsatilty index; niCPFVd, non-invasive ICP based on flow velocity diastolic (FVd) formula; CVR, cerebrovascular resistance. *p < 0.05.
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Mathematical algorithm Hypothermia mean (SD) Rewarming mean (SD) Rewarming + normothermia mean (SD)

n mmHg n mmHg n mmHg
MAPopt_HVx (SW) 7% 52(6) 48 51(9) 45 51(®)
MAPopt_wHVx (SW) 74 52(6) 45 52(9) a7 54(8)
MAPopt_HVx (MW) 76 53(6) 50 51(8) 52 518)
MAPopt_wHVx (MW) 77 52(5) 55 52(7) 55 53(7)

SD, standard deviation; HVx, hemoglobin volume index; wHVx, wavelet hemoglobin volume index; SW, single window; MW, multiole window; MAPopt, optimal mean arterial
blood pressure.
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Maximal MAP above MAPopt (n = 63) Maximal MAP below MAPopt (n = 63) AUC above MAPopt (n = 63) AUC below MAPopt (n = 63)

B P B P 3 P B P
Single-window wHVx
Paracentral gyri ~0.147 0.044 -0019 1.000 -0003 1.000 -0002 1.000
White matter -0075 0473 —0.004 1.000 -0.002 1.000 0000 1.000
Basal ganglia ~0.142 0.015 0003 1.000 ~0.005 0.446 0002 1.000
Thalamus ~0.149 0013 ~0011 1.000 -0005 0.439 0001 1.000
Posterior imb of the internal capsule  —0.064 1.000 0010 1.000 ~0.004 1.000 0000 1.000
Brainstem -0.120 0.041 0008 1.000 -0004 1.000 0002 1.000

Maximal MAP above MAPopt ( = 65) Maximal MAP below MAPopt ( = 65) AUC above MAPopt (n = 65) AUC below MAPopt (n = 65)

[ P B P B P [ P
Multi-window wHVx
Paracentral gyri ~0069 1.000 0008 1.000 ~0004 1.000 0001 1.000
White matter -0.037 1.000 0.004 1.000 -0.002 1.000 0000 1.000
Basal ganglia -0.085 0216 -0012 1.000 -0.004 1.000 0002 1.000
Thalamus -0.089 0.194 —0.021 1.000 ~0.005 1.000 0001 1.000
Posterior fimb of the internal capsule ~ —0.040 1.000 0019 1.000 -0003 1.000 0001 1.000
Brainstem -0089 0.139 ~0017 1.000 -0.003 1.000 0001 1.000

Comparisons were adjusted for sex, partial pressure of arterial carbon dioxide, perinatal insult score, vasopressor use, and presence of electroencephalographic seizures. The analyses were also adjusted for multiple comparisons using
Bonferroni corrections. Bold values are statistically significant p-values (o-values < 0.05).
MAP, mean arterial blood pressure; MAPopt, optimal mean arterial blood pressure; wHVx, wavelet hemoglobin volume index; AUC, area under the curve.
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Characteristic Mean (SD) or n (%)

Male sex 47 (59%)
Gestational age, weeks 39.1(15)
Emergency delivery® 56 (71%)
Cesarean section 60 (76%)
10-min Apgar score 48(22)
Vasopressor use 52 (66%)
Seizures® 31(39%)
Required mechanical ventilation 41 (52%)
Sarnat encephalopathy score®
1 5(6%)
2 59 (75%)
3 15 (19%)
PaC0;, mmHg
Al 35-45 6(8%)
Some <35, all <45 16 (20%)
None <36, some >45 31(39%)
Some <35, some >45 26 (33%)
pH o first arterial blood gas? 7.10(0.16)
Base deficit of first arterial blood gas® —16.1(7.4)
Perinatal insult score 6(1.4)

%Defined as an unschedluled cesarean delivery for fetal distress.

bDiagnosed by electroencephalography.

SFor neonates bom at an outside hospital, the Samat score obtained after arrival to the
Johns Hopkins neonatalintensive care unit s reported.

9Seventy seven neonates had pH values from their first arterial blood gas.

Fifty four neonates had base deficit values from their first arterial blood gas.

PaCOs, partial pressure of arterial carbon dioxide.
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Brain region® n (%)

Paracentral gyri (n = 68)

No injury 41(60)
Mild injury 14(21)
Moderate injury 6(9
Severe injury 7(10)
White matter (n = 68)

No injury 15 (22)
Mild injury 29(43)
Moderate injury 11(16)
Severe injury 13(19)
Basal ganglia (n = 68)

No injury 32 (47)
Mild injury 19(28)
Moderate injury 10(15)
Severe injury 7(10)
Thalamus (n = 68)

No injury 30 (44)
Mild injury 18 (27)
Moderate injury 11(16)
Severe injury 9(13)
Posterior limb of the internal capsule (n = 68)

No injury 46 (68)
Mild injury 11(16)
Moderate injury 6(9
Severe injury 50
Brainstem (1 = 68)

No injury 32(47)
Mild injury 19(28)
Moderate injury 10(15)
Severe injury 7(10)
NICHD score (n = 70)

0 37 (53)
1A 6(9
1B 12(17)
2A 609
2B 8(11)
3 1(1)

aSeventy neonates had National Institute of Chid Health and Humen Development
(NICHD) brain injury scoring on T1 and T2 MRI. The regional injury score, which required
interpretation of T1, T2, and difusion tensor imaging (DTI) MR, was completed in only 68
reEhieE bacaiine SNe Tad Mot srisct i DTL
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Physiologic variable Difference with Difference with  p-value

treatment treatment

responsiveness  unresponsiveness

[median (IQR)] [median (IQR)]
ICP, median (mmHg) —1.66 (3.38) +214(2910)  0.0064
ABP, median (mmHg) —0.67 (4.19) +0.31 (5.26) 0.0126
HR, median (opm) —1.00 (7.64) +0.32 (6.38) 0.8903
PRx, median -0.04 (0.22) +002(0.24)  0.0063
PAX, median ~0.06(0.25) +0.02 (0.25) 00725
wPRx, median -0.08(0.27) ~001(0.25) 02610
RAC, median —0.01(0.17) ~003(0.19) 03672
RAP, median -001(0.31) +0.03(0.11) 00756
AMP, median -0.10(0.40) +0.16 (0.46) 0.0795
HRsd, median —0.06 (0.83) —0.03 (0.40) 0.0408
HRrmssd, median —0.38 (5.06) +0.04 (2.56) 05242
LHF Ratio, median +0.05 (1.08) +0.00 (0.29) 0.8476

Analysis performed using generalized estimating equations. Bold variables are
representative of statistical significance. ICP, intracranial pressure; ABF, arterial blood
pressure; HR, heart rate; bpm, beats per minute; mmHg, millmeters of mercury; PRX,
pressure reactivity index; PAX, pulse amplitude index; wPRx, wavelet-pressure reactivity;
RAC, correlation coeffcient between intracranial pressure puise amplitude and cerebral
pertusion pressure; RAR, corelation coefficient between intracranial pressure puise
amplitude and intracranial pressure; AMP, intracranial pressure puise ampltude; HRSd,
standard deviation of heart rate; HRrmssd, root mean square of successive differences
of heart rate; LHF, low frequency-high frequency ratio.
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Physiologic variable  Prior to treatment  After treatment  p-value

[mean (SD)] [mean (SD)]

ICP, median (mmHg) 11.06 (4.96) 12.81(10.49)  <0.0001
ABP, median (mmHg) 77.78 (11.25) 7857(11.07)  <0.0001
HR, median (bpm) 99.87 (29.35) 97.22(31.49)  <0.0001
PRx, median 009 (0.41) 010(0.40)  <0.0001
PAx, median —0.22 (0.37) -0.24 (0.36) 0.0005
WPRx, median 0.04(0.35) 003(036)  <0.0001
RAC, median ~0.35 (0.42) -038(0.40)  <0.0001
RAP, median 0.46 (0.39) 048(038)  <0.0001
AMP, median 1.21 (1.17) 1.26 (1.15) <0.0001
HRsd, median 3.41(1.82) 338(239)  <0.0001
HRrmssd, median 18.75 (18.43) 20.89 (19.46) <0.0001
LHF Ratio, median 1.59 (1.56) 295(1081)  <0.0001

Analysis performed using one-way repeated-measures analysis of variance. Bold variables
are representative of statistical significance. ICR, intracranial pressure; ABP, arterial blood
pressure; HR, heart rate; bpm, beats per minute; mmHg, millmeters of mercury; PRX,
pressure reactivity index; PAx, puise amplitude index; wPRy, wavelet-pressure reactivity;
RAC, correlation coefficient between intracranial pressure pulse amplitude and cerebral
pertusion pressure; RAR comelation coefficient between intracranial pressure puise
amplitude and intracranial pressure; AMP, intracranial pressure puise ampltuce; HRSd,
standard deviation of heart rate; HRrmssd, root mean square of successive differences
of heart rate; LHF, low frequency-high frequency ratio.
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Contents

Sterile water
5% saline

6% saline

5% saline
20% mannitol
20% mannitol
20% mannitol
3% saline

3% saline
3% saline
20% mannitol
20% mannitol
20% mannitol
23.4% saline
23.4% saline
23.4% saline
14.6% saline
14.6% saline
14.6% saline
3% saline

3% saline
3% saline

3% saline

3% saline

3% saline

3% saline

3% saline

3% saline
25% mannitol
25% mannitol
25% mannitol
23.4% saline
23.4% saline
23.4% saline
20% mannitol
20% mannitol
20% mannitol

Type

Control
Saline
Saline
Saline
Mannitol
Mannitol
Mannitol
Saline
Saline
Saline
Mannitol
Mannitol
Mannitol
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Saline
Mannitol
Mannitol
Mannitol
Saline
Saline
Saline
Mannitol
Mannitol
Mannitol

Maker

VDWW OOOTBWDWOOO>»>>>>>TVDDO0O0TID>>>0 0D > > > >

Lot

© O EO®®ENNTDDDN NN EEDOOON NN o

9
10
10
10
th
1
1
12
12
12
13
13
13

Digital pH

523
526
523
564
582
632
651
521
538
539
665
6.80
664
556
568
568
585
575
5.74
565
5.42
552
501
530
5.19
4.40
4.39
437
581
457
501
413
430
371
460
451
451

Fp osmolality

0()
1,697 (1,548-1,712)
1,607 (1,548-1,712)
1,616 (1,548-1,712)
1,367 (869-961)
1,345 (869-961)
1,407 (869-961)
950 (947-1,047)
955 (947-1,047)
946 (947-1,047)
1,347 (869-961)
1,356 (869-961)
1,334 (869-961)
7,150 (6,164-6,814)
5,914 (6,164-6,814)
8,022 (6,164-6,814)
4,880 (4,144-4,582)
4,387 (4,144-4,582)
5,979 (4,144-4,582)
961 (947-1,047)
960 (947-1,047)
960 (947-1,047)
944 (947-1,047)
943.7 (947-1,047)
940.7 (947-1,047)
942 (947-1,047)
960.7 (947-1,047)
944 (947-1,047)
1475.7 (1,043-1,153)
1381(1,043-1,153)
1,374 (1,043-1,153)
7,502 (6,164-6,814)
7,492 (6,164-6,814)
7514 (6,164-6,814)
1,349 (869-961)
1,308 (869-961)
1,317 (869-961)

Bp osmolality

46(0)

1,676 (1,648-1,712)
1576.8 (1,648-1,712)
1570.8 (1,548-1,712)

1287.4 (869-961)
1285.2 (869-961)
1281.2 (869-961)

938.8 (947-1,047)

937.6 (947-1,047)

937.6 (947-1,047)

1,278 (869-961)

1258.6 (869-961)

1,278 (869-961)
74832 (6,164-6,814)
7482.4(6,164-6,814)
7487.2(6,164-6,814)
4558.2 (4,144-4,582)

4,516 (4,144-4,582)
4616.4 (4,144-4,582)

934.2 (947-1,047)

936.4 (947-1,047)

935.8 (947-1,047)

944 (947-1,047)
944 (947-1,047)
943 (947-1,047)
944/(947-1,047)
941 (947-1,047)
940 (947-1,047)

1,422 (1,043-1,153)
1,428 (1,043-1,153)
1,416 (1,043-1,153)
7,374 (6,164-6,814)
7,386 (6,164-6,814)
7,380 (6,164-6,814)

1,140 (869-961)
1,146 (869-961)
1,170 (869-961)

Salinity/sg (%)

00
4.65 (4.75-5.25)
4.65 (4.75-5.25)
4.6(4.75-5.25)
15.6 (19-21)
16 (19-21)
16.8 (19-21)
27 (2.85-3.15)
2.7 (2.85-3.15)
2.75 (2.85-3.15)
15.5(19-21)
15.8 (19-21)
16 (19-21)
216 (22.2-24.6)
216 (22.2-24.6)
21.4 (22.2-24.6)
135 (13.8-15.3)
13.4(13.8-15.3)
15.7 (13.8-15.3)
27 (2.85-3.15)
2.7 (2.85-3.15)
27 (2.85-3.15)
28(2.85-3.15)
2.85 (2.85-3.15)
2,85 (2.85-3.15)
29(2.85-3.15)
2.9(2.85-3.15)
29(2.85-3.15)
20.1(23.7-26.3)
21 (28.7-2633)
22.2(23.7-26.3)
23.1(22.2-24.6)
23.4 (22.2-24.6)
23.1(22.2-24.6)
18 (19-21)
16.8(19-21)
18(19-21)

Industry standard pHfor allsolutions is 4-5-7.0. Industry standardis for osmolality and!salinity/specific gravity are labeled concentration 5%. These are specified in parentheses following
the measured parameter. ID, solution identifier; fp, freezing point; vp, vapor pressure; sg, specific gravity.
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ID Contents Mean particle % Polydispersity  Polydispersity

diameter (m) index
A Sterlle water 0 0 0
B 5%NaCl 456 202 002
C  5%NaCl 839 15.32 0.15
D 5%NaCl 353 18.74 0.14
€ 20% mannitol 430 22.11 022
F 20% mannitol 552 875 009
G 20% mannitol o1 827 008
H 3% NaCl 0.1 000 000
I 8%NaCl 0 0.00 0.00
J 3%NaCl 0068 399 004
K 20% mannitol 202 0.00 0.00
L 20% mannitol 06 9.49 009
M 20% mannitol 02 12.15 0.12
N 23.4% NaCl o1 6.60 007
O 28.4% NaCl o1 359 004
P 23.4%NaCl 03 18.21 0.18
Q  14.6% NaCl 757 9.41 009
R 14.6% NaCl 122 17.49 047
S 14.6% NaCl 436 13.94 0.4
T 3%NaCl 963 1008 0.10
U 8%NaCl 577 636 006
V. 3%NaCl 06 2296 023

Here we include a measure of central tendency as mean particle size and a measure
of variance as polydispersity. Polydispersity describes the width of the Gaussian
distribution. The percent polydispersity may be used to broadly characterize a solution
as monodisperse (<20%) o polydisperse (20%). The polydispersity index is a
dimensionless and scaled number that s calculated from correlated data. It has been used
toindicate the fitness of the sample for analysis by dynamic light scattering nephelometry.
Solution samples with polydispersity indices between 0.05 and 0.7 are typically good
candidates for DLS analyss. Values > 0.7 indicate a broad diversity of particle size ranges.
Mean particle sizes varied widely between the solutions, ranging from 0 uum (solutions A
and |) to 96.3 um (solution T). In accordance with their percent polydispersity, solutions
E (22.11%) and V (22.96%) would be characterized as polydisperse; all other solutions
are monodisperse. Solutions B, H, I, J, K, and O, have a polydispersity index below 0.05.
Values <0.05 are rarely seen and usually indicate highly monodisperse standard solutions.
Nevertheless, the average particle sizes in these 6 highly monodisperse solutions range
from 00 45.6 um. Itis possible that because many of these particle sizes are in the micron
range rather than nano range, the machine may have had some difficulty in analysis.
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