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Background: Arterial vasospasm has been ascribed as the responsible etiology of delayed cerebral infarction in patients with aneurysmal subarachnoid hemorrhage (aSAH), but other neurovascular structures may be involved. We present the protocol for a multicenter, prospective, observational study focused on analyzing morphological changes in cerebral veins of patients with aSAH.

Methods and Analysis: In a retrospective arm, we will collect head arterial and venous CT angiograms (CTA) of 50 patients with aSAH and 50 matching healthy controls at days 0–2 and 7–10, comparing morphological venous changes. A multicenter prospective observational study will follow. Patients aged ≥18 years of any gender with aSAH will be enrolled at 9 participating centers based on the predetermined eligibility criteria. A sample size of 52 aSAH patients is expected, and 52 healthy controls matched per age, gender, and comorbidities will be identified. For each patient, sequential CTA will be conducted upon admission (day 0–2), at 7–10 days, and at 14–21 days after aSAH, evaluating volumes and morphology of the cerebral deep veins and main cortical veins. One specialized image collecting center will analyze all anonymized CTA scans, performing volumetric calculation of targeted veins. Morphological venous changes over time will be evaluated using the Dice coefficient and the Jaccard index and scored using the Boeckh–Behrens system. Morphological venous changes will be correlated to clinical outcomes and compared between patients with aSAH and healthy-controls, and among groups based on surgical/endovascular treatments for aSAH.

Ethics and Dissemination: This protocol has been approved by the ethics committee and institutional review board of Ethikkommission, SALK, Salzburg, Austria, and will be approved at all participating sites. The study will comply with the Declaration of Helsinki. Written informed consent will be obtained from all enrolled patients or their legal tutors. We will present our findings at academic conferences and peer-reviewed journals.

Approved Protocol Version and Registration: Version 2, 09 June 2021.
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INTRODUCTION

Subarachnoid hemorrhage represents one of the deadliest type of strokes, and significantly burdens healthcare across the globe. As estimated, it accounts for 5–10% of all strokes, and, when non-traumatic, it mostly originates from ruptured intracranial aneurysms (1). The reported incidence of aneurysmal subarachnoid hemorrhage (aSAH) is highly variable worldwide, ranging from 3 to 23 cases per 100,000 persons/year, probably due to the geographic differences in genetic and/or social risk factors (2, 3). aSAH most commonly occurs in young individuals, with reported fatality rates of 25–50%- However, since a significant portion of patients die before receiving medical assistance, the actual death rate is expected to be higher (4, 5). In addition, aSAH strongly affects quality-of-life, as up to half of survivors suffer from long-term neurocognitive deficits and psychological symptoms, failing to fully return to work or independent life (6, 7). The modern management of aSAH remains focused in combining surgical/endovascular techniques with advanced neurocritical care and rehabilitation protocols, aimed at reducing mortality and neurological/systemic sequelae (8).

Delayed cerebral infarction (DCI) is a major cause of disability and mortality in patients with aSAH. DCI may occur in up to one third of patients, presenting with new focal neurological deficits and clinical deterioration 4–14 days after aneurysm rupture (9). The etiology of DCI has been historically ascribed to the transient narrowing on intracranial arteries (vasospasm) detected at angiography. Likely originating from the release of spasmogenic agents following subarachnoid blood degradation, arterial vasospasm frequently starts 3–4 days after aSAH and self-resolves by 14–21 days (10). However, the absolute relationship between vasospasm and DCI has been recently questioned due to the absence of DCI in half of patients with angiographically proven vasospasm and, in some cases, the discrepancy between narrowed vessels and ischemic territories (11, 12). This hypothesis has been further corroborated by several studies analyzing the prophylactic role of the nimodipine in preventing DCI. Despite reducing the risk of DCI and improving clinical outcomes, nimodipine showed no effects in altering the incidence and severity of arterial vasospasm (13). Hence, other than arterial vasospasm, a variety of neural and vascular changes induced by aSAH may concur in the onset of DCI.

In order to maintain the physiologic cerebral circulation, arterial blood inflow and venous outflow need to harmonize (14). By disrupting this circulation, a stroke event, such as aSAH, alters the vascular neural network and damages the neural tissue. Indeed, the aftermath of aSAH releases several oxidative stress factors and inflammatory cytokines, inducing arterial injury with brain edema. Consequently, the increased intracranial pressure compresses the thin wall of venules, slowing venous outflow and aggravating the oxidative stress and inflammation. At the same time, the large cerebral venous system appears to be also directly involved in aSAH. Dai et al. (15) demonstrated post-aSAH cerebral venous spasm in rabbits on MRI scans, noticing peaks at 5–7 days after aSAH with severely reduced venous blood flow leading to brain venous infarcts. Hence, in the presence of venous vasospasm and reduced venous drainage, arterial vasodilation may not be sufficient to improve venous flow and outcomes, likely explaining the limited results obtained using calcium-channel blockers for treating DCI compared to prevention (11, 16).

In humans, the relationship between aSAH and cerebral veins has not been thoroughly investigated. The potential role of large vein vasospasm needs to be examined, with the hope of improving treatment strategies for DCI, protecting and restoring the vascular neural network, and, thus, reducing morbidity and mortality in affected patients (14). Therefore, we present a multicenter, prospective, observational study, called Subarachnoid hemorrhage Multicenter Study (SMS), aimed at analyzing and quantifying potential morphological changes in cerebral and internal jugular veins following aSAH using sequential CT angiography (CTA) scans, including arterial and venous phases, obtained at patient admission and at later days after aSAH.



METHODS AND ANALYSIS


Study Objective

We aim to detect and quantify potential morphological changes of cerebral and internal jugular veins in patients with aSAH using CTA scans performed at admission and at subsequent follow-ups. We also plan to examine possible correlations between the severity of venous vasospasm and clinical outcomes.



Study Design

In a retrospective arm of the study, we will collect head CTAs – both arterial and venous phases – of 50 patients affected by aSAH at day 0–2 and 7–10, and 50 matching healthy controls. CTA images will be analyzed and compared following the methodology described below. Based on these findings, we will move forward to a multicenter prospective observational study as follows. Nine centers from 3 countries will participate, ensuring adequate aSAH patient enrollment. Each enrolled patient will be followed-up for 6 months. The protocol has been approved by the local committee at the coordinating center (Department of Neurological Surgery Christian Doppler Klinik Paracelsus Medical University Salzburg, Austria) and is expected to be approved at each participating site. All participating centers will treat patients with aSAH according to local emergency and intensive care protocols and surgeon's expertise and will obtain standard CTA scans – comprising both arterial and venous phases – at each stage of care. Images will be anonymized and then sent to an image collection center (Sant'Orsola University Hospital, Bologna, Italy), which will segment, measure, and assess the morphological changes of cerebral and internal jugular veins. Figure 1 summarizes the study process algorithm.
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FIGURE 1. Flow chart of the study process.


The Department of Neurosurgery at Cannizzaro Hospital Trauma Center Gamma Knife Center in Catania, Italy and the Department of Neurological Surgery Christian Doppler Klinik, Paracelsus Medical University, Salzburg, Austria centers designed and launched the study, coordinated by the primary investigators (G.E.U., O.S.T., G.E., C. G., P.A.W). Additional 7 centers have been invited to participate in the study for improving the generalizability of the results, with each center having significant expertise and resources in the management of patients with aSAH. At each participating center, each participating center, a primary data collection recorder (neurosurgeon/neuroradiologist) and a data checker (neurosurgeon/neuroradiologist) were appointed. At this point we also welcome additional centers meeting the relevant standards to join. This protocol was drafted in accordance with the Standardized Protocol Items: Recommendations for Observational Studies statement (SPIROS) (Supplementary File 1).



Patient and Public Involvement

Patients and the public were not involved in the study design. Patients will participate during the recruitment stage of the study on a voluntary basis. The study results will be disseminated to patients and the public through academic conferences and peer-reviewed scientific publications.



Population and Recruitment

The analysis of the retrospective cohort is planned to start in 2022. The recruitment of prospective patients will start after the statistical analysis of the retrospective cohort, and will end ~1 year later, with an anticipated sample size of 52 patients. The last 6-month follow-up assessment of the last enrolled patient is expected to be concluded by the fall of 2023. Patients aged ≥ 18 years of any gender presenting to the emergency room of participating centers with a confirmed diagnosis of aSAH will be eligible for inclusion. Patients will be recruited only if the inclusion criteria are met per the referring neurosurgeon/neuroradiologist at each participating center. Enrolled patients will be grouped based on the different ruptured aneurysm treatments, and differences in volumetric scores will be analyzed separately for each of the following treatment groups: surgical clipping; endovascular coiling; other endovascular adjuncts (balloon-assisted coiling, stenting, flow-diverting stents); no treatment. An equal number of healthy patients, aged ≥18 years, not affected by aSAH or any other brain disease, and matched for age, gender, and comorbidities with the study participants, will be included in the control group. Healthy controls will be enrolled among hospitalized patients undergoing CTA examination for suspected vascular lesions but showing no pathological alteration at final CTA scans.



Eligibility Criteria

For the aSAH cohort, the following inclusion criteria were set: (1) patients aged ≥ 18 years; (2) medical history of spontaneous hemorrhages from aneurysm rupture (aSAH); (3) obtained informed consent for study participation either from the patient or the next of kin.

The following exclusion criteria were set: (1) patients with subarachnoid hemorrhages arising from AVM, traumatic injury, previous brain surgery, perimesencephalic; (2) missed ≥1 follow-up CTA examinations; (3) refusal to consent.



Outcome Measures

The primary outcomes of interest are the progressive morphological changes of cerebral and internal jugular veins detected at CTA examinations. The following veins will be studied: (1) the superficial middle cerebral vein (or superior Sylvian vein); (2) the vein of Labbé (or inferior anastomotic vein); (3) the vein of Trolard (or superior anastomotic vein); (4) other prominent veins of the upper cerebral convexity; (5) the deep middle cerebral vein; (6) the basal vein of Rosenthal; (7) the internal cerebral veins; (8) the vein of Galen; (9) the internal jugular veins. CTA scans will be acquired upon the following standardized protocol: (1) initial arterial phase with “Smart Prep” at the level of the aortic arch; (2) first venous scan obtained after 6.6 seconds (i.e., the minimum time delay to restart the volumetric acquisition); (3) second venous scan obtained 6.6 seconds after the firs venous scan. At each participating center, CTA scans will be performed as per standardized protocols at three different stages: at patient admission (0–2 days after aSAH); at 7–10 days after aSAH; and at 14–21 days after aSAH (17). Additional CTA scans will be obtained in healthy patients aged ≥ 18 years (i.e., not suffering from aSAH or any other brain diseases) and included in the control group. All morphological analyses will be conducted at the specialized image collection center (Sant'Orsola University Hospital, Bologna, Italy). For each CTA scan obtained at the different time intervals, the target veins will be segmented using an automatic tool. This algorithm is also capable of removing clips, coils, or other endovascular adjuncts from the field of view (FOV) of post-procedural CTA scans. For external validation, contours will be appraised by the referring physicians of each participating center. Volumes of segmented veins will be calculated after contrast administration, for ~1 cm of their length including the section with abnormal morphology detected by the referring neuroradiologist at each participating center. The venous morphology will also be evaluated using the scoring system proposed by Boeckh–Behrens et al. (18), defining: normal venous appearance with regular smooth shape and branching pattern (3 points); irregular shape and branching pattern of the veins (2 points); collapsed or disorganized veins, local thrombi/occlusions (1 point). The volumes and morphological scores of the segmented veins will be compared between patients with aSAH and healthy controls. The baseline CT dataset of the prospective arm will be compared with the control's mean value CT, and the prospective cohort's second and third CT datasets will be compared with the baseline CT dataset of the same prospective cohort.

The secondary outcomes of interest are correlations of venous morphological scores with clinical outcomes in patients with aSAH. Clinical outcomes will be calculated at patient admission and subsequent follow-ups using the following scoring systems: Glasgow Coma Scale (GCS), Glasgow Outcome Score (GOS), modified ranking score for disability (mRS), World Federation of Neurological Surgeons (WFNS) SAH grading, the Hunt–Hess scale, the modified Fisher grade, and the BNI SAH grading scale. At each participating center, such measurements will be completed by one senior neuroradiologist and one senior neurosurgeon, each with ≥ 10 year of experience. For each patient, the following data on management courses will also be specified: presence of arterial vasospasm detected at CTA; completion of external ventricular drainage or other procedures for cerebrospinal fluid diversion; intensive care supports provided for hemodynamic and respiratory stabilization.



Data Collection and Management

All anonymized data on patients' demographics, clinical variables, venous volumes, and morphological venous changes will be collected and stored in a digital data bank accessible to each referring physician involved in this study. At each participating center data will be entered into an online database by primary data collection recorders who obtained entry qualifications and regularly reviewed for quality control. The specialized image collection center (Sant'Orsola University Hospital, Bologna, Italy) will have access to anonymized data on CTA scans shared by participating centers but not any of the related clinical information. The coordination center (Department of Neurological Surgery, Christian Doppler Klinik, Paracelsus Medical University, Salzburg, Austria) will have access to all data and will ensure the correct management and operation of the data bank. At the end of the study, collected data will be analyzed and published in an anonymized form.



Sample Size Calculation

The primary objective of our study is to investigate potential volume and morphological venous changes in patients with aSAH and compare venous scores to an equivalent cohort of healthy patients matched per age and gender. Contours of cerebral veins and jugular veins on three patients and three controls were measured in a pilot statistical study to calculate the required prospective sample size. Assuming a normal distribution of all obtained venous volumes, a two-tailed alpha level of 0.05, and a power of 0.8, we calculated that a minimum sample size of 52 patients in the aSAH cohort is required to reach a mean effect size, and an equal number of healthy controls needs to be identified.



Data Analysis

All statistical analysis will be performed using R-package or Matlab (The Mathworks Inc. Natick, MA). Continuous variables, such as volumes of segmented veins, will be presented as means or medians and ranges, while categorical variables, such as scoring systems for venous morphology and clinical outcomes, will be presented as frequencies or percentages. Differences between patients in the aSAH cohort and healthy control, and among treatment groups, will be compared using the repeated-measures Student t-test or Mann-Whitney U test for continuous variables, and χ2 test or Fisher's exact test for categorical variables.

The volumes of the target veins, studied at different time intervals, will be compared using the Dice coefficient and the Jaccard index (19, 20). These indexes will be calculated using MIM Vista (MIM Software, Cleveland, OH) at the collection center. The Dice coefficient and the Jaccard index are similar statistical measures of the spatial overlap between two volumes and are calculated by the following equations: Dice coefficient: (A,B) = 2 |AnB||A|+|B| and Jaccard index: (A,B)=|AnB||A?B| (where A and B denote the volumes to be compared). The Dice coefficient is defined as 2 × intersection volume/total sum of volumes, while the Jaccard index describes the volume of intersection between two volumes/volume of the union of these volumes. Both overlap coefficients normalize the degree of intersection from 0 (no overlap) to 1 (perfect overlap). The comparison between patients and controls will be performed based on the contours drawn on the baseline CT images of patients and those of controls. In the patients' group, we will assess the contours change over time compared to the baseline determination.




DISCUSSION

This protocol describes the SMS study, which will be the first multicenter project exploring morphologic and volumetric changes of the cerebral venous system in patients with aSAH, from hospital admission to 21 days follow-up. In particular, the SMS study aims at scoring morphological venous changes following aSAH and analyzing their role in relation with severity of clinical outcomes and functional status of affected patients. We will also compare these pathological findings with venous morphology obtained from healthy individuals without aSAH nor other brain diseases.

The management of patients with aSAH remains challenging, and the primary goal focuses on preventing DCI or easing its clinical burden (8, 10). In addition to the substantial expenses of surgical/endovascular treatments of aSAH, delayed aSAH complications considerably increase costs of patient care due to the high morbidity and mortality rates in affected individuals (6, 21, 22). On the basis of the decreased cerebral perfusion and the narrowed arteries detected angiographically, several arterial vasodilator agents are currently adopted worldwide as feasible treatments; however, their clinical impact and outcome results are ambiguous (23). Still, the poor cerebral blood flow appears to be the primary factor in DCI, thus different structures of the neural vascular network have been hypothesized to be involved other than the cerebral arteries (14). In particular, the cerebral venous system may play a pivotal role in the aftermath of aSAH, since the decreased venous drainage may favor tissue ischemia by contrasting the removal of newly released inflammatory and oxidative substances (24, 25).

The glymphatic system, present within the para-vascular spaces in tight relation with astrocytes' aquaporin-4 channel, serves as a para-vascular cerebrospinal fluid stream having a bidirectional flow with input from para-arterial spaces and output to para-venular spaces through the aquaporin-4 channels (26). In the pathophysiology of post-SAH DCI, pericytes have been demonstrated to regulate the diameter of small vessel, such as capillaries, venules, and arterioles, via exchanges of oxygenated hemoglobin (OxyHb) between the para-vascular and glymphatic systems. Indeed, OxyHb suppresses nitric oxide and cyclic guanosine monophosphate molecules, leading to pericytes contraction and reduction of small vessels' calibers (27, 28). OxyHb also promotes the production of reactive oxygen species (ROS) and endothelin 1 (ET-1) in astrocytes, causing further increase in pericytes contraction and astrocyte swelling with greater reduction of vessels' lumen, contributing to the worsening of the normal blood stream (28–30). As a consequence of SAH, the reduction of the brain perfusion causes diffuse ischemia and greater intracranial pressure, further favoring the constriction of the pericytes with worsening of the blood circulation (31–33).

The role of pericytes in the regulation of the vessel's lumen is fundamental due to their anatomic and functional relation with the brain vessels. While pericytes shield postcapillary venules, larger venous vessels, like the cerebral veins, present stellate peri-endothelial cells on their surface, which play a similar role to the smooth muscles of the arterial vessels (34). Moreover, the cerebral venous system is regulated by adrenergic nervous system (35). Due to their physical properties, major and minor veins are likely to collapse in response to minor external stimuli including brain swelling, increase in intracranial pressure, and direct compression by clots. The compression of the veins causes a further increase in intracranial pressure due to the reduced blood outflow, starting a self-sustaining mechanism typical of the post-SAH pathophysiology (35). In literature, animal models have been reported, demonstrating the importance of the venous system alterations as a consequence of SAH functional and structural modifications. The injection of blood or the positioning of clots at the level of the subarachnoid space has showed to stimulate the infiltration of erythrocytes in the Virchow-Robin spaces with congestion of capillaries and other small vessels, which may even collapse and cause brain swelling (36). MRI studies performed in rats after clot delivery at the level of the cisterna magna have also showed marked rise of the venous volume at 3 hours and 1 day after SAH (37). Another study on rabbits described vasospasm or collapse in deep cerebral veins due to brain swelling compression, with an increasing rate starting from day 1 and progressively worsening until day 5–7 (31). Finally, endothelial venous damage is the result of inflammatory process and oxidative stress, and this can favor clot formation in the venous system as a consequence of SAH, with high risk of thrombosis due to the slower blood flow at this level (35, 38).

However, clinical and radiologic data on volumetric and morphological changes of cerebral veins following aSAH are lacking in the current literature. With the SMS study, we aim to gather comprehensive data on the role of cerebral venous system in patients with aSAH and validate a standardized protocol for radiologic venous assessment in routine clinical settings. Indeed, despite digital subtraction angiography remaining the gold standard for aSAH, we prefer to use CTA due to its favorable accessibility, reduced invasiveness and costs compared to other radiologic modalities (39). Then, by relating morphologic venous changes, if any detected, to the clinical status of patients with aSAH, we may be able to identify favorable treatments, medical or endovascular, for improving cerebral venous outflow and functional outcomes (40).

The main limitations of this study, similarly to other multicenter prospective observational studies, will mostly comprise of differences in treatment approaches for aSAH among participating centers and the loss of follow-ups in some patients. While the heterogeneity in aSAH treatments will likely be of limited importance for the outcomes of this study which mostly focuses on radiologic assessments, we plan to overcome the limitations related to lost follow-ups by planning to contact enrolled patients via email or phone. Lastly, we will exclude any patients with incomplete follow-up results at the end of the study.

In conclusion, this prospective study is expected to improve the current understanding of the role of the cerebral venous system in patients with aSAH. Hopefully this will help to optimize treatments and clinical outcomes of aSAH patients.



STRENGTHS AND LIMITATIONS

Controversies currently exist about the absolute role of arterial vasospasm in DCI following aSAH, and the clinical interest is slowly steering toward a more comprehensive understanding of the neural vascular network.

This will be the first multicenter, prospective, observational study to evaluate and quantify the morphological venous changes in patients with aSAH and examine potential correlations with the severity of clinical outcomes.

The cerebral venous system will be investigated using standardized and worldwide accessible CTA examinations, with the hope to better define its role in the pathogenesis of DCI and guide new treatments aimed at improving the management of such a dire complication.

Some limitations of this study may be represented by variations in aSAH treatments based on individual expertise at the different participating centers, but the centralized volumetric analyses of CTA scans will likely prevent subjective biases in radiological assessments.



ETHICS AND DISSEMINATION

The SMS study protocol has been approved by the Medical Ethics Committee of Ethikkommission, SALK, Salzburg, Austria. At each participating center, ethics approval will be obtained by communication of the obtained ethical approval from the coordinator center (Department of Neurological Surgery, Christian Doppler Klinik, Paracelsus Medical University, Salzburg, Austria), to the local ethics committees before starting the patient recruitment. All patients will be provided with full oral and written information about the protocol and their involvement in the study. Before enrollment, signed consent forms will be obtained for each patient or the next of kin. Healthy individuals (i.e., not suffering from aSAH nor other brain diseases) comprising the control group will be selected at each participating center from registries of patients with no brain-related conditions and will be approached by the referring physicians to receive full information about their involvement in the study and to provide their signed written consent. All participating centers will share the results of this study, which will be presented at academic conferences and peer-reviewed scientific journals.



ETHICS STATEMENT

This protocol has been approved by the Ethics Committee and institutional review board of Ethikkommission, SALK, Salzburg, Austria, and will be approved at all participating sites. The study will comply with the Declaration of Helsinki. Written informed consent will be obtained from all enrolled patients or their legal tutors.



AUTHOR CONTRIBUTIONS

GU and ST are the primary investigators, proposed and initiated SMS, and defined the research strategy. PP, GU, PW, GE, and CG contributed substantially to conception, design of the study, and drafting of the manuscript. ML, LS, VD, GS, RA-S, PS, and GE helped to draft the manuscript and revised the manuscript for important intellectual content. RM and LB visualization and final draft validation. GG and RG data collection and first draft editing. FP did statistical analysis. RC did data curation and visualization. LB language revision and first draft editing. All authors have read and approved the final manuscript.



ACKNOWLEDGMENTS

We acknowledge all the patients and families that in a critical moment of their lives, will support the presented study with their consent, pursuing the unique interest of improve patient's care.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fsurg.2022.847429/full#supplementary-material



REFERENCES

 1. Rincon F, Rossenwasser RH, Dumont A. The Epidemiology of Admissions of Nontraumatic Subarachnoid Hemorrhage in the United States. Neurosurgery. (2013) 73:217–23. doi: 10.1227/01.neu.0000430290.93304.33

 2. Ingall T, Asplund K, Mähónen M, Bonita R. A Multinational Comparison of Subarachnoid Hemorrhage Epidemiology in the WHO MONICA Stroke Study. Stroke. (2000) 31:1054–61. doi: 10.1161/01.STR.31.5.1054

 3. de Rooij NK, Linn FHH, van der Plas JA, Algra A, Rinkel GJE. Incidence of subarachnoid haemorrhage: a systematic review with emphasis on region, age, gender and time trends. J Neurol Neurosurg Psychiatry. (2007) 78:1365–72. doi: 10.1136/jnnp.2007.117655

 4. Huang J, van Gelder JM. The probability of sudden death from rupture of intracranial aneurysms: a meta-analysis. Neurosurgery. (2002) 51:1101–7. doi: 10.1097/00006123-200211000-00001

 5. Nieuwkamp DJ, Setz LE, Algra A, Linn FH, de Rooij NK, Rinkel GJ. Changes in case fatality of aneurysmal subarachnoid haemorrhage over time, according to age, sex, and region: a meta-analysis. Lancet Neurol. (2009) 8:635–42. doi: 10.1016/S1474-4422(09)70126-7

 6. Wong GKC, Poon WS, Boet R, Chan MTV, Gin T, Ng SCP, et al. Health-Related Quality of Life After Aneurysmal Subarachnoid Hemorrhage: Profile and Clinical Factors. Neurosurgery. (2011) 68:1556–61. doi: 10.1227/NEU.0b013e31820cd40d

 7. Taufique Z, May T, Meyers E, Falo C, Mayer SA, Agarwal S, et al. Predictors of Poor Quality of Life 1 Year After Subarachnoid Hemorrhage. Neurosurgery. (2016) 78:256–64. doi: 10.1227/NEU.0000000000001042

 8. Lawton MT, Vates GE. Subarachnoid Hemorrhage. N Engl J Med. (2017) 377:257–66. doi: 10.1056/NEJMcp1605827

 9. Kassell NF, Torner JC, Haley EC, Jane JA, Adams HP, Kongable GL. The International Cooperative Studyon the Timing of Aneurysm Surgery. J Neurosurg. (1990) 73:18–36. doi: 10.3171/jns.1990.73.1.0018

 10. Macdonald RL, Pluta RM, Zhang JH. Cerebral vasospasm after subarachnoid hemorrhage: the emerging revolution. Nat Clin Pract Neurol. (2007) 3:256–63. doi: 10.1038/ncpneuro0490

 11. Rowland MJ, Hadjipavlou G, Kelly M, Westbrook J, Pattinson KTS. Delayed cerebral ischaemia after subarachnoid haemorrhage: looking beyond vasospasm. Br J Anaesth. (2012) 109:315–29. doi: 10.1093/bja/aes264

 12. Lucke-Wold B, Logsdon A, Manoranjan B, Turner R, McConnell E, Vates G, et al. Aneurysmal Subarachnoid Hemorrhage and Neuroinflammation: A Comprehensive Review. Int J Mol Sci. (2016) 17:497. doi: 10.3390/ijms17040497

 13. Feigin VL, Rinkel GJE, Algra A, Vermeulen M, van Gijn J. Calcium antagonists in patients with aneurysmal subarachnoid hemorrhage: a systematic review. Neurology. (1998) 50:876–83. doi: 10.1212/WNL.50.4.876

 14. Zhang JH. Vascular neural network in subarachnoid hemorrhage. Transl Stroke Res. (2014) 5:423–8. doi: 10.1007/s12975-014-0355-9

 15. Dai Z, Deng X, Zhang Z, Zhu Y, Zhang Y, Li D, et al. study of deep cerebral veins after subarachniod hemorrhage in rabbits. Chinese J Clin Anat. (2012) 30:176–80. 

 16. Zhang JH, Badaut J, Tang J, Obenaus A, Hartman R, Pearce WJ. The vascular neural network - a new paradigm in stroke pathophysiology. Nat Rev Neurol. (2012) 8:711–6. doi: 10.1038/nrneurol.2012.210

 17. Bricout N, Estrade L, Boustia F, Kalsoum E, Pruvo JP, Leclerc X. Reduced-dose CT protocol for the assessment of cerebral vasospasm. Neuroradiology. (2015) 57:1211–8. doi: 10.1007/s00234-015-1585-6

 18. Boeckh-Behrens T, Lutz J, Lummel N, Burke M, Wesemann T, Schöpf V, et al. Susceptibility-weighted angiography (SWAN) of cerebral veins and arteries compared to TOF-MRA. Eur J Radiol. (2012) 81:1238–45. doi: 10.1016/j.ejrad.2011.02.057

 19. Dice LR. Measures of the amount of ecologic association between species. Ecology. (1945) 26:297–302. doi: 10.2307/1932409 

 20. Jaccard P. The distribution of the flora in the Alpine zone. New Phytol. (1912) 11:37–50. doi: 10.1111/j.1469-8137.1912.tb05611.x 

 21. Chou C-H, Reed SD, Allsbrook JS, Steele JL, Schulman KA, Alexander MJ. Costs of Vasospasm in Patients With Aneurysmal Subarachnoid Hemorrhage. Neurosurgery. (2010) 67:345–52. doi: 10.1227/01.NEU.0000371980.08391.71

 22. Yoon S, Yoon JC, Winkler E, Liu C, Lawton MT. Nationwide Analysis of Cost Variation for Treatment of Aneurysmal Subarachnoid Hemorrhage. Stroke. (2019) 50:199–203. doi: 10.1161/STROKEAHA.118.023079

 23. Li K, Barras CD, Chandra R V, Kok HK, Maingard JT, Carter NS, et al. Review of the Management of Cerebral Vasospasm After Aneurysmal Subarachnoid Hemorrhage. World Neurosurg. (2019) 126:513–27. doi: 10.1016/j.wneu.2019.03.083

 24. Suzuki H, Kanamaru H, Kawakita F, Asada R, Fujimoto M, Shiba M. Cerebrovascular pathophysiology of delayed cerebral ischemia after aneurysmal subarachnoid hemorrhage. Histol Histopathol. (2021) 36:143–58. doi: 10.14670/HH-18-253

 25. Fragata I, Bustamante A, Penalba A, Ferreira P, Nunes AP, Canhão P, et al. TNF-R1 Correlates with Cerebral Perfusion and Acute Ischemia Following Subarachnoid Hemorrhage. Neurocrit Care. (2020) 33:679–87. doi: 10.1007/s12028-020-01082-3

 26. Luo C, Yao X, Li J, He B, Liu Q, Ren H, et al. Paravascular pathways contribute to vasculitis and neuroinflammation after subarachnoid hemorrhage independently of glymphatic control. Cell Death Dis. (2016) 7:e2160–e2160. doi: 10.1038/cddis.2016.63

 27. Pu T, Zou W, Feng W, Zhang Y, Wang L, Wang H, et al. Persistent Malfunction of Glymphatic and Meningeal Lymphatic Drainage in a Mouse Model of Subarachnoid Hemorrhage. Exp Neurobiol. (2019) 28:104–18. doi: 10.5607/en.2019.28.1.104

 28. Geraghty JR, Davis JL, Testai FD. Neuroinflammation and Microvascular Dysfunction After Experimental Subarachnoid Hemorrhage: Emerging Components of Early Brain Injury Related to Outcome. Neurocrit Care. (2019) 31:373–89. doi: 10.1007/s12028-019-00710-x

 29. Østergaard L, Aamand R, Karabegovic S, Tietze A, Blicher JU, Mikkelsen IK, et al. The Role of the Microcirculation in Delayed Cerebral Ischemia and Chronic Degenerative Changes after Subarachnoid Hemorrhage. J Cereb Blood Flow Metab. (2013) 33:1825–37. doi: 10.1038/jcbfm.2013.173

 30. Tso MK, Macdonald RL. Subarachnoid Hemorrhage: a Review of Experimental Studies on the Microcirculation and the Neurovascular Unit. Transl Stroke Res. (2014) 5:174–89. doi: 10.1007/s12975-014-0323-4

 31. Xiao M, Li Q, Feng H, Zhang L, Chen Y. Neural Vascular Mechanism for the Cerebral Blood Flow Autoregulation after Hemorrhagic Stroke. Neural Plast. (2017) 2017:1–12. doi: 10.1155/2017/5819514

 32. Tomasi SO, Umana GE, Scalia G, Raudino G, Graziano F, Palmisciano P, et al. The Superficial Anastomosing Veins of the Human Brain Cortex: A Microneurosurgical Anatomical Study. Front Surg. (2022) 8:817002. doi: 10.3389/fsurg.2021.817002

 33. Tomasi SO, Umana GE, Scalia G, Rubio-Rodriguez RL, Raudino G, Rechberger J, et al. Perforating arteries of the lemniscal trigone: a microsurgical neuroanatomic description. Front Neuroanat. (2021) 15:675313. doi: 10.3389/fnana.2021.675313

 34. Takahashi A, Ushiki T, Abe K, Houkin K, Abe H. Cytoarchitecture of Periendothelial Cells in Human Cerebral Venous Vessels as Compared with the Scalp Vein. A Scanning Electron Microscopic Study. Arch Histol Cytol. (1994) 57:331–9. doi: 10.1679/aohc.57.331

 35. Chen S, Chen Y, Xu L, Matei N, Tang J, Feng H, et al. Venous system in acute brain injury: Mechanisms of pathophysiological change and function. Exp Neurol. (2015) 272:4–10. doi: 10.1016/j.expneurol.2015.03.007

 36. Hartings JA, York J, Carroll CP, Hinzman JM, Mahoney E, Krueger B, et al. Subarachnoid blood acutely induces spreading depolarizations and early cortical infarction. Brain. (2017) 140:2673–90. doi: 10.1093/brain/awx214

 37. Trinh VT, Medina-Flores R, Chohan MO. Leptomeningeal carcinomatosis as primary manifestation of pancreatic cancer. J Clin Neurosci. (2016) 30:124–7. doi: 10.1016/j.jocn.2015.12.027

 38. Tomasi SO, Umana GE, Scalia G, Rubio-Rodriguez RL, Cappai PF, Capone C, et al. Importance of Veins for Neurosurgery as Landmarks Against Brain Shifting Phenomenon: An Anatomical and 3D-MPRAGE MR Reconstruction of Superficial Cortical Veins. Front Neuroanat. (2020) 14:596167. doi: 10.3389/fnana.2020.596167

 39. Sanelli PC, Pandya A, Segal AZ, Gupta A, Hurtado-Rua S, Ivanidze J, et al. Cost-Effectiveness of CT Angiography and Perfusion Imaging for Delayed Cerebral Ischemia and Vasospasm in Aneurysmal Subarachnoid Hemorrhage. Am J Neuroradiol. (2014) 35:1714–20. doi: 10.3174/ajnr.A3947

 40. Schwein A, Georg Y, Lejay A, Nicolini P, Hartung O, Contassot D, et al. Endovascular Treatment for Venous Diseases: Where are the Venous Stents? Methodist Debakey Cardiovasc J. (2018) 14:208–13. doi: 10.14797/mdcj-14-3-208

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

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

Copyright © 2022 Umana, Tomasi, Palmisciano, Scalia, Da Ros, Al-Schameri, Priola, Brunasso, Giammalva, Paolini, Costanzo, Bonosi, Gerardi, Maugeri, Strigari, Stieg, Esposito, Lawton, Griessenauer and Winkler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Intracranial Venous Alteration in Patients With Aneurysmal Subarachnoid Hemorrhage: Protocol for the Prospective and Observational SAH Multicenter Study (SMS)



		Introduction



		Methods and Analysis



		Study Objective



		Study Design



		Patient and Public Involvement



		Population and Recruitment



		Eligibility Criteria



		Outcome Measures



		Data Collection and Management



		Sample Size Calculation



		Data Analysis







		Discussion



		Strengths and Limitations



		Ethics and Dissemination



		Ethics Statement



		Author Contributions



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in surgery

Intracranial Venous Alteration in
Patients With Aneurysmal
Subarachnoid Hemorrhage: Protocol
for the Prospective and
Observational SAH Multicenter
Study (SMS)





OPS/images/fsurg-09-847429-g001.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Surgery





