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Editorial on the Research Topic
Vascular neurosurgery and microneuroanatomy



This Research Topic entitled Vascular Neurosurgery and Microneuroanatomy aims to bring together advanced techniques for the treatment of diseases such as aneurysms, cerebral arteriovenous malformations, cavernomas, epilepsy, and tumors that affect the nervous system, combined with advanced neuroanatomical knowledge that can contribute to a better understanding of these diseases and ultimately a better patient outcome.

This Research Topic consists of six original articles, three case reports, one review, and one mini-review.

The first original paper by Du et al. focused on verifying whether stereotaxic aspiration could bring benefits to patients with brainstem hemorrhage. Two groups of patients with brainstem hemorrhage received either stereotaxic aspiration (n = 42) or conservative treatment (n = 30). To assess these groups, the authors used CT scan images and Glasgow Scale Coma (GSC) and Modified Rankin Scale (mRS) score. They concluded that stereotaxic aspiration is effective in evacuating brainstem hemorrhage and promoting rapid recovery and better clinical outcomes for patients.

The second original paper by Hu et al. performed a retrospective study including three patients with blood blister-like aneurysm and two patients with communicating artery aneurysm to evaluate the effectiveness of the clip-reinforced wrapping technique with the Y-shaped temporalis fascia (CRYST). Overall, this study showed that the CRYST technique had favorable results in patients with intractable intracranial aneurysms, without neurological deficits after surgery. In addition, at follow-up, the patients did not present aneurysm or stenosis of the parent artery in the angiography performed 10–14 days after surgery.

The third original paper by Sun et al. performed a retrospective study to evaluate the risk factors related to the trigeminocardiac reflex (TCR) in patients undergoing Onyx embolization and under general anesthesia. It was shown that: (1) most patients were diagnosed with arteriovenous malformations; (2) 59 patients developed some degree of TCR; (3) TCR was more related to patients with dural arteriovenous fistula and embolization of the middle meningeal artery; and (4) postoperative adverse events were more likely to occur in the TCR group. The authors conclude that dural arteriovenous fistula (DAVF) and embolization of the middle meningeal artery (MMA) are the risk factors that are independent of TCR during Onyx embolization.

In the fourth original paper by Xiao et al. an “imperfect” end-to-side (ES) anastomosis was performed in rats to simulate different scenarios during bypass procedures. The common iliac artery (CIA) was exposed, and three types of end-to-side anastomosis were executed: proximal CIA to contralateral CIA, distal end of the CIA to the ipsilateral side of the common iliac vein. The authors conclude that practice with these proposed models can offer a good alternative for the improvement of bypass techniques in real operations.

In the fifth original paper, Zhang et al. aimed to evaluate the feasibility and effectivity of microvascular anastomosis using 3D exoscope in an in vivo animal study. They compared the use of conventional microscope and 3D exoscope during end-to-end (EE) anastomosis performed in the abdominal aorta on mice. The authors assessed the dissection duration, temporary occlusion duration, total procedure duration, and blood leakage at the sutures. They also examined vascular patency under sodium fluorescein angiography. The conclusions were that conventional microscope and 3D exoscope are comparable outcomes for microvascular anastomosis in terms of duration of the procedure, feasibility, and patency.

In the sixth original article, D’Andrea et al. proposed to validate a simplified, ready-to-use, reusable, and ergonomic bypass simulator. This simulator was evaluated by 12 novice and two expert vascular neurosurgeons. Each group performed eight EE, eight ES, and eight side-to-side (SS) microanastomoses using 2 mm synthetic vessels. The results presented demonstrated that the novice group showed improvement in the time to perform the three types of microanastomoses. In general, the more training was performed on the bypass model, the less time to perform them progressively. Such results suggest that the model proposed is efficient to improve the hand–eye coordination and dexterity in performing the microanastomoses.

The first case report by Wei et al. described the case of a 40-year-old male who was diagnosed with a ruptured fusiform aneurysm in the M1 segment of the middle cerebral artery. The authors chose the use of Tubridge flow diverters combined with coil embolization. The treatment proposed by the authors proved to be a good choice, with the patient presenting good results in the short term, and the angiography performed 2 and 12 months after surgery showing total occlusion of the aneurysm and good recovery of the patient.

The second case report by Liao et al. presented the case of a 59-year-old male, in whom the CT scan demonstrated a large aneurysm in the M1 portion of the left middle cerebral artery and a small aneurysm in the M2 portion. Surgical clipping was chosen. However, postoperatively, the patient was in coma and presented fever and high levels of creatine phosphokinase and creatine phosphokinase isoenzyme, indicating failure in kidney and liver function. Postsurgical rhabdomyolysis was diagnosed. The patient received anti-infective treatment, rehydration, urine alkalinization, preservation of renal and hepatic functions, and hemodialysis, which showed beneficial results.

In the third case report, Xu et al. present the case of a 29-year-old male with paroxysmal involuntary twitching of the left masticatory muscles (hemimasticatory spasm—HMS) accompanied by pain related to Parry–Romberg syndrome (PRS). As treatment, surgical resection of 50% of the cephalic and caudal branches of the motor root of the trigeminal nerve was performed, together with the communicating branch. The patient showed a significant improvement after treatment, with the disappearance of spasms and the absence of pain. Therefore, the authors concluded that partial resection of the trigeminal nerve motor branch presents good benefits in the treatment of HMS secondary to PRS.

The review paper by Nguyen et al. aimed to present the indications and microsurgical techniques, discussing step-by-step the bypass variants with technical pearls for the treatment of adult moyamoya disease (MMD). First, the authors presented the indications of surgery for patients with MMD. Second, different bypass techniques, starting with indirect bypass, passing through direct bypass, and ending with combination of these techniques. The authors end this review by presenting a case of an MMD patient treated with direct bypass double barrel/2D2R, and tips on what to do and what to avoid during an MMD surgery.

Liu et al. presented a mini-review of the literature on renovascular hypertension associated with MMD. Epidemiological data have shown that renal artery stenosis may be more frequent in chronic MMD disease, especially in children and Asian individuals. Furthermore, there seems to be a participation of mutations in the RNF213 gene. The authors also present a review of clinical studies showing the morphological and clinical characteristics of this type of renal artery stenosis associated with MMD, ending this mini-review with treatments that can be intravascular intervention with balloon angioplasty, surgical treatment by autotransplantation, and drug treatment.

In summary, this Research Topic for Frontiers in Surgery: Vascular Neurosurgery and Microneuroanatomy presented an overview of the current advances in the aspect of cerebrovascular diseases and treatment research and ongoing research directions. The papers discussed above have emphasized the importance of this area of research and highlighted additional works needed.
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Moyamoya disease (MMD) is a chronic, progressive cerebrovascular disease involving the occlusion or stenosis of the terminal portion of the internal carotid artery (ICA) and the proximal anterior and middle cerebral arteries. Adults with MMD have been shown to progressively accumulate neurological and cognitive deficits without treatment, with a mortality rate double that of pediatric patients with MMD. Surgical intervention is the mainstay of treatment to prevent disease progression and improve clinical outcomes. Several different types of bypasses can be utilized for revascularization in MMD, including indirect, direct, and combined forms of extracranial-to-intracranial (EC-IC) bypass. Overall, the choice of appropriate technique requires consideration of the age of the patient, preoperative hemodynamics, neurologic status, and territories most at risk and in need of revascularization. Here, we will review the indications and surgical techniques for the treatment of adult MMD. Step-by-step instructions for performing several bypass variants with technical pearls are discussed.
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Introduction

Moyamoya disease (MMD) is a chronic, progressive cerebrovascular disease involving the occlusion or stenosis of the terminal portion of the internal carotid artery (ICA) and the proximal anterior and middle cerebral arteries. Compensatory enlargement of lenticulostriate and thalamoperforating arteries near the apex of the internal carotid is often seen. The angiographic appearance of these small vessels was first described in 1957 by the Japanese term “Moyamoya,” meaning “puff of smoke” (1–3). The treatment goals of MMD are to augment blood flow and relieve hemodynamic stress on Moyamoya vessels to prevent cerebral ischemia and hemorrhage. Adults with MMD have been shown to progressively accumulate neurological and cognitive deficits without treatment, with a mortality rate double that of pediatric patients with MMD (10% vs. 4.3%, respectively) (4, 5). About half of adult patients present with hemorrhage, whereas nearly all pediatric patients present with ischemia (6).

Several different types of bypasses can be utilized for revascularization in MMD, including indirect, direct, and combined forms of extracranial-to-intracranial (EC-IC) bypass. Indirect bypass does not involve a direct anastomosis. Instead, it relocates vascularized tissue onto the brain's surface to promote angiogenesis utilizing several procedures such as burr holes, pial synangiosis, dural inversion, or omental transposition, among others (7–9). Unlike direct bypass, the indirect bypass only begins to augment cerebral blood flow after angiogenesis has taken place, which may take several months to a year (4, 10). Indirect bypass also eliminates the theorized risk of postoperative cerebral hyperperfusion seen in direct bypass (11).

Direct EC-IC bypass is a procedure first described by Donaghy and Yasargil in 1969 (12) and is commonly utilized in treating adult MMD. Direct bypass includes a direct anastomosis between a donor and recipient artery (typically the superficial temporal artery and middle cerebral artery). Technical variations include 1-donor-1-recipient (“1D1R”), 2-donor-2-recipient (“2D2R” or “Double Barrel”), and a newer technique 1-donor-2-recipient (“1D2R”) (13, 14). Combined bypass offers the immediate improvement in cerebral hemodynamics from direct bypass with the delayed collateralization from indirect bypass (15).

Direct bypass is often preferred in adults because the variants of indirect revascularization are associated with insufficient neo-angiogenesis when compared to children (16). However, controversy remains as to which surgical procedure is superior due to heterogeneous techniques and outcome measures used (17). Prior studies have shown improved functional and symptomatic outcomes (11, 18), angiographic revascularization (17, 19), recurrent stroke (20), and decreased hemorrhage rates (6) when utilizing direct bypass compared to indirect bypass (18) for revascularization in the setting of MMD.

These surgical methods have been compared in a number of studies (17, 21–26). Other meta-analyses have shown better angiographic outcomes with direct or combined techniques vs. indirect bypass (21, 24). Here, we will review the indications and surgical techniques for the treatment of adult MMD. Step-by-step instructions for performing several bypass variants with technical pearls are discussed.



Indications for surgery

When untreated, both adults and children with MMD suffer from progressive neurologic and cognitive deficits that may result in morbidity or mortality. Prophylactic therapy to reduce the risk of disease progression is crucial to improve outcomes for these patients (4). Medical therapy in the form of aspirin has demonstrated some benefit in ameliorating the effects of strokes, particularly in the pediatric population when cerebral hemodynamics are relatively preserved, but this does not reduce the risk of subsequent strokes (27–30). Surgical revascularization remains the definitive treatment for MMD by augmenting flow to the hypoperfused brain. Surgery is especially crucial for adult patients presenting with hemorrhage as these patients suffer a greater risk of both morbidity and mortality (31–34). Moreover, surgery is indicated based on cerebral blood flow studies demonstrating compromised hemodynamics, angiographic visualization of spontaneous stenosis or occlusion of Circle of Willis vessels, and evaluation of concurrent ischemic or hemorrhagic symptoms (6, 35, 36). Surgical revascularization improves cerebral blood flow, metabolism, and reduces the incidence of future ischemic and hemorrhagic events (15).

Revascularization surgery should be considered for all patients with ischemic or hemorrhagic symptoms and have evidence of impaired cerebrovascular reserve (37). Asymptomatic patients with documented impaired cerebral hemodynamics and progressive imaging findings should be considered for prophylactic revascularization (38).

Diagnostic workup includes CTA and MRI of the brain and formal catheter angiography to define the stage of disease (1), collateral formation, and size of potential donor vessels (37). Although Suzuki grading may not truly reflect the degree of hemodynamic compromise, most bypass candidates are typically stage II-IV disease (38). Advanced imaging studies such as CT perfusion with acetazolamide challenge or MRI with arterial spin labeling may be useful to determine impaired cerebrovascular reserve. In symptomatic patients with radiographic evidence of ischemia and impaired cerebrovascular reserve despite best medical management, surgical intervention should be pursued (37). (FlowChart 1) In hemorrhagic Moyamoya, bilateral revascularization is recommended based on prior prospective, randomized trials (6, 15) showing effective reduction of adverse hemorrhage rates.

Adjunct diagnostic tools to determine bypass candidacy include transcranial doppler vasomotor reactivity analysis (TCD VMR) (39). Patients inhale an O2/CO2 mixture before and after hyperventilation, while TCD is used to measure their MCA velocities. If their mean change in flow velocity from hypocapnia to hypercapnia is greater than 70%, it is normal, whereas changes less than 35% indicate impaired vasoreactivity.



Bypass techniques


Indirect bypass

Indirect bypass for revascularization can be performed by several different methods. The classification of the indirect bypass technique is determined by the tissue type used as the donor source for revascularization.



Encephaloduroarteriosynangiosis (EDAS): arterial donor tissue

This technique is most commonly used for indirect bypass. The superficial temporal artery (STA) is carefully dissected to separate the vessel from the encasing soft tissues, leaving a galeo-adventitial cuff along the artery. The dura is then opened along the course of the artery and the cuff is sewn down to the pia with interrupted suture (29). Other potential donor vessels include the occipital or posterior auricular arteries, which may be mobilized to revascularize different territories as needed. For instance, the posterior circulation can be revascularized using the occipital artery as the donor for the occipital cortex. The occipital artery's convoluted course and submuscular location proximally make graft harvesting less desirable than STA harvest (40). 40–50% of adult patients who undergo indirect bypass do not develop collateral pathways (29). Revascularization is typically obtained in a small area limited to the cortical surface exposed by the craniotomy, which does not restore regional cerebral blood flow in cases with significant anterior cerebral artery (ACA) involvement. Moreover, collaterals typically take 6–12 months postoperatively to develop, during which time the patient is at risk of stroke (29).

In 1984, Endo et al., described the indirect revascularization technique utilizing multiple burr holes to allow external carotid or middle meningeal artery branches to revascularize the brain through these openings (41). When used in conjunction with dural inversion and periosteal synangiosis, this multiple burr hole technique has been shown to be effective (42). However, this technique is unfavorable in patients with cortical atrophy and a significant distance from the brain surface to the burr hole. The burr holes may close prematurely, preventing adequate revascularization. If the revascularization is unsuccessful, future attempts with other bypass techniques may be more challenging (29).



Encephalomyosynangiosis (EMS): muscular donor tissue

EMS is a technique that was initially described in 1977 by Karasawa et al., in which the temporalis muscle is placed on the surface of the brain (43). As compared to EDAS, EMS carries an elevated risk of mass effect with temporalis swelling causing subsequent cerebral ischemia and seizures. Some have addressed poor cosmetic results by using only the temporalis fascia as a donor with equal angiographic outcomes to standard EMS (44). Kinugasa et al., describes a combined approach of encephaloduroarteriomyosynangiosis (EDAMS), utilizing both EDAS and EMS to maximize the area of vascularized donor with cortical surface (45).



Dural donor tissue

The technique of dural inversion was described in 1997 by Dauser et al. In this method of revascularization, a dural flap is incised around the middle meningeal artery (MMA) and inverted, placing the highly vascularized outer surface of the dura directly on the cortical surface (46). Others have described a modified version of this technique in which EDAS is performed in conjunction with split-duro-encephalosynagniosis (split DES), in which the outer and inner layers of dura on either side of the MMA were divided, allowing for both layers to attach to the cortical surface (47).



Other donor tissue

Another indirect bypass technique first described by Karasawa in 1978 is omental transplantation (48). Secondary to the second surgical procedure of the laparotomy for harvest of the omental flap, there are complications related to the addition of the abdominal procedure introduced by using this method (48). Steinberg's group describes a refined procedure using laparoscopic harvest techniques that is better tolerated than open laparotomy with excellent outcomes in pediatric Moya Moya patients (49).



Direct bypass

Direct bypass most commonly involves the anastomosis of a superficial temporal artery (STA) branch donor directly to a cortical M4 MCA recipient. Direct bypass is widely used for the treatment of MMD and allows for immediate augmentation of blood flow. While this technique may be more technically challenging and dependent on the availability of adequate recipient and donor vessels, it is also associated with more favorable outcomes compared to indirect bypass in adults (50).

In cases where the STA is unfavorable or unavailable, the occipital artery (OA), posterior auricular, or radial artery interpositional graft can be utilized as well (51). The direct bypass has been shown to be beneficial in hemorrhagic Moyamoya Disease by offloading hemodynamic stress from ruptured Moyamoya vessels (52). Direct revascularization has also been shown to prevent further episodes of ischemic stroke over follow-up periods up to 10 years (53). Complications from direct bypass include hyperperfusion syndrome resulting in transient deficits or intracranial hemorrhage (54, 55). Other complications include bypass occlusion, vasospasm, stroke, or aneurysm formation.

Since the first applications of the EC-IC bypass for ischemic vasculopathy in the 1970s, various novel techniques have been developed. These include single donor single recipient (1D1R), two donor two recipients (2D2R), and single donor two recipients (1D2R) (37, 39). Advancement in pre- and intraoperative imaging has allowed for more nuanced techniques, leading to improved revascularization. A case series done on patients who underwent double-barrel (2D2R) bypasses demonstrated an increase in total flow to the affected hemisphere, along with the added benefits of more options and flexibility compared to the single-barrel (1D1R) approach (37).



2D2R

The main advantage with 2-donor-2-recipient bypass is revascularization of more than one territory (i.e., frontal and temporal). Double bypass techniques have shown similar flow rates to traditional high flow bypasses such as radial artery or saphenous vein interposition grafts while avoiding the morbidity associated with additional cervical and graft incisions, tunneling, and risk of hyperperfusion hemorrhage (37, 56). Selected patients with multiple areas of need of flow augmentation would benefit from double bypass techniques. Flow-directed targeted revascularization techniques have been demonstrated with the aid of preoperative CT Perfusion and intraoperative ICG videoangiography (37). Intraoperative flow measurements including indocyanine green and ultrasonic flow probe measurement help determine which territories are most in need.

The disadvantages include poor scalp perfusion with possible impaired wound healing and longer operative times. Satellite incisions over the second donor with pulling the second donor into the primary incision over the primary donor have been designed to reduce the risk of scalp ischemia (37).



1D2R

Harvest of a single donor vessel can revascularize two separate territories with the 1-donor-2-recipient technique. Advantages include less dissection for revascularization of two territories compared to a 2D2R bypass. The unused STA branch improves scalp perfusion to reduce potential wound complications, proving particularly useful in patients with diabetes or peripheral vascular disease. The preserved branch can also be saved for future bypass if needed (13, 57). These bypasses can provide up to 50% more flow than a single bypass (39). However, they are technically demanding and require both a side-to-side bypass and an end-to-side bypass (13). Both anastomoses and cortical territories are at risk if a technical error occurs.



Combined bypass

Combined bypass combines a direct bypass with an indirect bypass. This provides immediate revascularization and protection against stroke through the direct bypass with long term protection through the indirect bypass. Large series have demonstrated the prevention of adverse cerebrovascular events for greater than 10 years postoperatively (15).

Combined revascularization technique involves concomitant direct and indirect bypass. Direct STA-MCA anastomosis with indirect EDAS (28, 35) or EDAMS (45, 58) are the most common techniques. Combined bypass harnesses the advantages of both direct and indirect techniques, optimizing immediate revascularization and induction of delayed indirect collaterals (58–60). Indirect bypass is technically uncomplicated and allows for wide cortical revascularization, but the maximum benefit requires time for vascular collaterals to develop with an increased risk of ischemia or hemorrhage during that time (29, 31). Direct bypass provides immediate restoration of cerebral blood flow and has been shown to reduce the risk of stroke and hemorrhage by 2–3 fold when compared to conservative measures (6). The degree of neovascularization may be more substantial following combined bypass as compared to indirect bypass alone (30, 61).

While combined revascularization is a more complex and time-consuming procedure, low complication rates and favorable clinical outcomes have been consistently reported (26, 35, 58, 60, 62). It is also important to consider interactions between direct and indirect bypass and serial changes over time (27). Favorable collateral neovascularization is associated with advanced disease stage in adults but has been suggested to not be associated with the degree of hemodynamic compromise (27). In contrast, other research suggests that the severity of hemodynamic compromise is directly correlated to collateral vessel development (33). While the longitudinal outcomes of combined revascularization merit continued investigation, the literature advocates for combined bypass as a safe and effective intervention for MMD.




Surgical technique


Indirect

Indirect bypass, as compared to direct or combined bypass, is not performed with direct anastomosis. The underlying concept for the various types of indirect revascularization is the transposition of a vascularized tissue source onto the surface of the brain. These vascular tissue sources are dissected with care to maintain their blood supply. A craniotomy or burr holes are made to allow the extracranial blood source to lie on the surface of the brain. The process is then dependent on angiogenesis to revascularize the cortex over the course of several months to a year postoperatively (4).

Most commonly, encephaloduroarteriosynangiosis (EDAS) involves two indirect donors: the superficial temporal artery and the dura mater (Figure 1). A generous galeal-adventitial cuff is harvested with the donor superficial temporal artery to increase the vascularized surface area available to the underlying cortex. The middle meningeal artery is carefully preserved while opening the dura, particularly if there are pre-existing ECA-ICA collaterals on preoperative angiogram. The vascularized dura is then inverted to augment indirect collateralization. The arachnoid is opened widely to reduce any barrier to new vessel ingrowth from the donor sources. The superficial temporal artery's galeo-adventitial cuff is then sewn directly to the pia to maximize contact from the donor tissue to the brain where the arachnoid has been widely opened (63).
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FIGURE 1
Intraoperative photograph of an indirect STA-MCA bypass (encephaloduroarteriosynangiosis). The parietal branch of the superficial temporal artery is secured to the underlying cortex by suturing the galeo-adventitial cuff to the pia mater using 9-0 nylon suture in an interrupted fashion. Dura is opened to preserve branches of the middle meningeal artery and inverted to augment indirect revascularization.




Direct

The most common direct bypass technique involves an STA-MCA anastomosis. Either the frontal or parietal branches of the STA can be used for this purpose, although the parietal branch is more commonly used. STA branches ideally are 1 mm or greater. We have found in some instances that preoperative angiography does not always represent the final vessel size seen intraoperatively.

We have found success using a visual doppler probe to map the entire length of the superficial temporal artery. This is the smaller “hockey-stick” shaped probe used for radial access in endovascular procedures. The course of the vessel is then confirmed using audio doppler (Figure 2).
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FIGURE 2
Over 10cm of the parietal branch can be routinely harvested by using a combination of the visual and audio dopplers to map the course of the donor vessel.


We harvest the maximum length possible, typically at least 8–10 cm which gives us multiple bypass options to choose from depending on the available recipient vessels exposed. The vessel is then carefully dissected using a combination of a Mosquito hemostat, 15 blade, micro-scissors, and Colorado tip bovie. An alternative technique popularized by Japanese bypass surgeons involves harvesting the vessel with “bipolar cutting” of the branch vessels to completely skeletonize the artery with great efficiency (64). A critical point is to ensure a thorough dissection and lysing of all fascial bands and excess adventitia that may be constricting or kinking the STA (Figure 3). The recipient vessels are cut at their ends at a 45-degree angle and fishmouthed to maximize the anastomotic area (Figure 4). The donor vessel is flushed with a column of heparinized saline that extends proximal to the temporary clip to ensure no thrombus formation occurs (Figure 5).
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FIGURE 3
Two fine-tipped bypass forceps are used with the appropriate amount of tension to “strip” the galeo-adventitial cuff off of the donor STA vessel, thereby reducing the resistance around the vessel and maximizing flow through the donor.
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FIGURE 4
The donor vessel is cut at a 45 degree angle and fish-mouthed to maximize the anastomotic contact area with the recipient vessel. This is performed in this illustration for the second donor vessel in a 2D2R bypass.
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FIGURE 5
The temporary clip is briefly removed while flushing the distal cut end of the donor vessel with heparinized saline to ensure there is a complete column of heparinized saline that fills the entire vessel all the way proximal to the temporary clip.


This is followed by a 3–4 cm frontotemporal craniotomy centered approximately 6 cm above the external auditory canal, which provides exposure of the distal Sylvian fissure and both frontal and temporal lobes (Figure 6). The dura is opened widely in cruciate fashion, preserving the middle meningeal artery branches, and a suitable M4 recipient artery is identified.
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FIGURE 6
A craniotomy is centered 6 centimeters above the external auditory canal to span the sylvian fissure, giving access to both frontal and temporal M4 recipients.


The recipient M4 artery is thoroughly prepared by isolating small branch vessels with mini-clips or sacrificing them to the minimum extent possible (Figure 7). This step is critical to avoid back bleeding into the recipient vessel during cross-clamping, which can lead to thrombus formation. The anastomosis is prepared by throwing the first stitch into the donor vessel prior to cross-clamping to minimize cross-clamp time (Figure 8). Care must be taken to throw the stitch in an “out-in, in-out” fashion to keep the knot extraluminal. The recipient vessel arteriotomy is best performed with an arachnoid knife to ensure a clean, continuous cut without any jagged edges (Figure 9).
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FIGURE 7
The arachnoid surrounding the M4 recipient is carefully dissected. A microhook is used here to ensure a background can be placed to lift the vessel away from the cortex for bypass. Any small perforating vessels branching from the recipient are sacrificed or secured with mini-clips to ensure no backbleeding and a dry field during the anastomosis.
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FIGURE 8
The first stitch is placed in the donor prior to cross clamping to minimize the total ischemia time. It is placed here in an “Out-In” fashion, then in an “In-Out” fashion on the recipient to ensure the stitch is extraluminal. Note the atraumatic technique of placing the bypass forceps gently intraluminally to facilitate throwing the stitch without injuring the intima.
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FIGURE 9
We prefer using an “unzipping” technique with an arachnoid knife to ensure a single, clean arteriotomy line without any jagged edges. The near end of the recipient vessel is gently held with bypass forceps while the knife cuts away from the operator in one clean cut. Heparinized saline is then flushed to thoroughly clean the vessel lumen of any blood and debris.


Heel and toe anchor stitches are thrown first to facilitate even suturing on both the far and near sides. Typically 3–5 sutures on each side, not including the heel and toe stitches, are sufficient (Figure 10). Once the near wall has been sewn, the donor vessel is mobilized around the recipient vessel clips to facilitate sewing of the far wall (Figure 11). A microhook is used to ensure there are no backwall stitches before proceeding with suturing of the far wall (Figure 12).
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FIGURE 10
Continuous suture technique is demonstrated here, with emphasis on tying the sutures loosely, particularly at the end of the suture line to facilitate visualization of the lumen and preventing any backwall stitches. 3–5 throws are usually sufficient to ensure a watertight anastomosis. Interrupted suture technique is another effective option but may increase anastomosis time because each knot needs to be tied and cut. Interrupted technique may be favored with very small vessel diameters or when the anastomosis is under tension.
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FIGURE 11
After finishing the near wall suturing, the donor vessel is mobilized around the recipient vessel clips. The clips are used as a buttress to hold the donor vessel in place while sewing the far wall.
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FIGURE 12
After completing the near wall suturing, a microhook is used to ensure there are no backwall stitches before proceeding with completion of the suture line.


The anastomosis is backbled by removing the distal temporary clip first. A small amount of backbleeding is evidence of a healthy bypass and easily controlled with a small amount of hemostatic agent (Figure 13). Brisk arterial bleeding that does not respond to these measures may require interrupted rescue stitching. Patency of the bypass can be evaluated using intraoperative indocyanine green (ICG) angiography (Figures 14), micro-doppler, and tactile inspection (50). The “milking test” confirms bypass patency by gently pinching the donor and recipient vessels and watching for an immediate refill (Figure 15).
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FIGURE 13
A small amount of backbleeding is welcomed as a healthy sign of a patent anastomosis following removal of the vessel clips. This can be easily controlled with a hemostatic agent such as Surgicel. More vigorous arterial bleeding may require a rescue stitch to control.
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FIGURE 14
ICG video angiography demonstrates patency of 2D2R bypass (Panel A) and 1D2R bypass (Panel B), allowing revascularization of both the frontal and temporal MCA territories. Panel C demonstrates a combined bypass. First, the frontal branch was dissected clean of all adventitial and fascial constricting bands for a direct anastomosis to the frontal M4 territory. A healthy galeoadventitial cuff was maintained on the parietal branch and tacked down to the pia to indirectly revascularize both the frontal and temporal MCA territories. The direct bypass was seen to fill early and first. The indirect bypass filled in a delayed fashion because of the resistance of the scalp and the galeo-adventitial cuff.
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FIGURE 15
The donor STA is gently “milked” with the micro bypass forceps and then sequentially released, watching for blanching and then immediate refill of the vessel to test for patency.


2D2R bypasses are performed by first harvesting the parietal branch in a distal to proximal fashion. The incision can then be curved anteriorly frontally to harvest the frontal branch in a proximal-distal fashion from within the flap to avoid a forehead scar. Alternatively, a noncontiguous satellite incision can be used to pull the frontal branch in towards the existing incision over the parietal branch (37). Each end-to-side anastomosis performed separately and sequentially. This minimizes temporary clipping time to reduce overall ischemia type for each recipient (Figure 14).

1D2R bypasses are reasonable if the STA bifurcation lies below the level of the planned craniotomy (39). 2D2R bypasses are performed more conveniently if the STA bifurcation is above the craniotomy. Once the parietal branch has been completely dissected, the side-to-side bypass is performed first. Both the recipient and donor vessels matched with linear arteriotomies of equal length about twice the diameter of the recipient vessel. Once the side-to-side bypass is complete and the recipient cross clamping clips are removed, a temporary clip is placed on the donor vessel just distal to the first anastomosis to allow perfusion of that territory. The second bypass is then performed in end-to-side fashion (Figure 14).



Combined

Combined bypass involves both direct anastomosis and indirect bypass. Most often the procedure involves a superficial temporal artery (STA) to middle cerebral artery (MCA) anastomosis and EDAMS or EDAS indirect bypass. Briefly, both branches of the STA (frontal and parietal) are dissected. Typically the parietal branch is harvested for a longer length and can be disconnected from the scalp as a donor for direct bypass. The remaining STA branch is harvested with a generous galeo-adventitial cuff and pial synangiosis is performed as described previously in the indirect bypass technique section (Figure 14). We recommend performing the direct anastomosis on the territory most at risk based on angiography/perfusion imaging to afford immediate revascularization. The indirect bypass can act as a backup if the direct bypass does not take and for revascularization in a delayed fashion.




Case presentation

A 46 year old Hispanic gentleman presented with dysarthria and right sided weakness and was found to have bilateral strokes on MRI with the left worse than the right hemisphere. His CT perfusion imaging demonstrated prolonged mean transit time (MTT) and time to peak (TTP) values bilaterally suggestive of global hypoperfusion (Figure 16). He was found to have progression of his Moyamoya disease on angiographic studies, with bilateral Suzuki Grade 3 disease (Figures 17, 18). His posterior circulation offers some meager pial collaterals to the right greater than left MCA territories (Figure 19). His superficial temporal arteries were considered adequate caliber, and there were no significant EC-IC collaterals (Figure 20). Given his active symptomatic presentation and imaging findings consistent with progressive, severe, uncompensated Moyamoya disease, he was offered bilateral cerebral revascularization through “Double Barrel/2D2R” direct bypass (FlowChart 1). Given that he was having ongoing symptoms with recently documented strokes, it was felt that he would most benefit from immediate revascularization through a direct bypass strategy revascularizing the hypoperfused MCA territories. The frontal and parietal branches of the superficial temporal arteries were individually harvested and directly anastomosed to the frontal and temporal M4 territories. Postoperative CTA demonstrates patency of the bypasses (Figure 21, 22). He has maintained on Aspirin 325 mg perioperatively and will continue this for life. He has resolved his preoperative stroke symptoms and has returned to work. This case demonstrates the appropriate imaging workup and decision-making for direct revascularization to prevent further ischemic events in an actively symptomatic adult Moyamoya patient.
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FIGURE 16
Panel A and B demonstrate prolonged time to peak (TTP) and mean transit time (MTT) of bilateral cerebral hemispheres. The mean transit time measures 15 seconds through most of the cerebral white matter (normal value ∼6 seconds). This is suggestive of global hypoperfusion. Panel C demonstrates bilateral scattered left greater than right infarcts.
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FIGURE 17
Right sided Suzuki Grade 3 Moyamoya disease is demonstrated on this cerebral angiogram. Smooth tapering of the supraclinoid ICA extending into the proximal MCA with “puff of smoke” lenticulostriate hypertrophy Moyamoya collaterals are visualized. There are some meager ACA-MCA pial collaterals. A large wedge of hypoperfused territory is seen on the lateral projection in the distal MCA territory.
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FIGURE 18
Left sided Suzuki Grade 3 Moyamoya disease is demonstrated on this cerebral angiogram. There is occlusion at the level of the ICA terminus with with hypertrophy of the posterior communicating artery and pial collaterals from the PCA to the ACA territory. His prior angiogram demonstrated filling of bilateral anterior cerebral arteries from this injection, demonstrating significant progression to no further filling of the ACA circulation on this exam.
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FIGURE 19
A left vertebral injection demonstrates splenial (PCA) to ACA collaterals and meager lateral temporal and inferior MCA territory pial collaterals.
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FIGURE 20
Bilateral ECA injections demonstrate no significant EC-IC collaterals and adequate caliber of the superficial temporal arteries (STA) for direct revascularization. Of note, both frontal and parietal branches of the STA were >0.7mm, which we use as an inferior size limit for direct bypass strategies.
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FIGURE 21
The postoperative CTA demonstrates patency of the right-sided double barrel STA-MCA direct bypass. The 3D reconstruction clearly demonstrates the bony craniectomy made to accommodate the donor graft to keep it free of any compression or kinking. The right MCA territory is well supplied by the STA donors. The green arrow demonstrates the STA main trunk. The red arrow demonstrates the parietal branch of the STA anastomosed to the temporal M4 and the blue arrow shows the frontal branch STA anastomosed to the frontal M4.
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FIGURE 22
This postoperative CTA demonstrates patency of bilateral STA-MCA bypasses filling both MCA territories robustly. The left sided STA-MCA double barrel bypass is patent (green arrow – main STA trunk; blue arrow – frontal STA to frontal M4; red arrow – parietal STA to temporal M4).




Pearls and pitfalls

Particularly if both frontal and parietal branches are harvested, over-aggressive hemostasis should be avoided as the incision is more likely to necrose given the relative ischemia imparted by the lack of perfusion from the harvested donor scalp vessels. The operative microscope must be utilized for dissection of the donor vessels and for the anastomosis (28, 58). Utilization of the microscope's mouthpiece and/or foot pedals increases surgeon efficiency by keeping both hands in the field while fine adjustments are made to the zoom and focus. The light from a high-powered microscope can easily dehydrate donor vessels, so precautions must be taken to keep the vessels well hydrated throughout the entire surgical procedure. This is of particular importance if a double-barrel bypass is performed, as the second donor vessel can easily dry out during the first anastomosis.

Harvesting of the artery is followed by adventitial stripping and vessel shortening to the minimal necessary length (39). Preoperative assessment for bypass in the setting of MMD should take into consideration vessel flow and resistance in the context of Ohm's law and the law of resistors in series and parallel (39). Measurements of donor cut flow, recipient flow, and final total bypass flow highlight the importance of key surgical steps including adventitia stripping and artery shortening which reduce the total resistance of the system (28, 37). However, care must be taken to avoid too high of flow that may lead to hyperperfusion syndrome, which can occur anywhere from 17 to 50% of cases, especially in patients with a hemorrhagic presentation (39). Hyperperfusion syndrome can cause neurologic deficits that are typically reversible and not explained by other causes, such as hemorrhage or infarction (38). Careful postoperative blood pressure control and judicious perioperative IV hydration maintain hemodynamic balance and help avoid excessive fluctuations that may precipitate hyperperfusion syndrome or infarction (65).

Injection of heparinized saline into the donor vessel throughout the anastomosis with a micro-back autonomous suction placed in the field to wash away blood and debris from the anastomotic site prevents thrombus formation. Wrapping the donor vessel in papaverine-soaked telfa prevents spasm and dehydration (58). It is critical to maintain a dry, bloodless surgical field during bypass to avoid platelet plug and thrombus formation.

These steps optimize bypass patency to avoid occlusion which can be ensured by indocyanine green (ICG) angiography and volumetric flow measurements across the anastomosis site using a microvascular ultrasonic flow probe (39). Meticulous care must be taken during closure to avoid kinking or compression of the vessel by the bone flap, muscle, or skin incision. A tunnel through the bony craniectomy and muscle is often fashioned to ensure the donor vessel is completely free from any compression. Deep galeal stitches are often avoided at the most proximal aspect of the donor vessel to avoid any potential injury or strangulation of the donor. The skin is closed with vertical mattress 3–0 non-absorbable monfilament sutures at the proximal aspect of the incision near the donor, and interrupted suturing for the remainder of the incision.

We administer full dose Aspirin 325 mg at least 3 days before direct bypass surgery in all of our patients and continue it indefinitely postoperatively. The antiplatelet effect is critical to avoid platelet plug/thrombus formation during surgery and maintain bypass patency postoperatively. Small boluses of intravenous heparin may be administered on an as-needed basis if there is a concern for thrombus formation intraoperatively.



Conclusion

MMD is a unique vascular pathology for which surgical intervention is the mainstay of treatment. While strategies to address this disease vary, well-described methods offer opportunities to prevent disease progression and improve clinical outcomes. Overall, the choice of appropriate technique requires consideration of the age of the patient, preoperative hemodynamics, neurologic status, and territories most at risk and in need of revascularization (29).
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Purpose: Brainstem hemorrhage is usually treated conservatively with medication and has high mortality and morbidity rates. Stereotactic aspiration can directly and microinvasively draw out the hemorrhage within a narrow space in the brainstem, thus promoting quick recovery and potentially saving the life of the patient. This study was conducted to investigate the effect of stereotactic aspiration on patients with brainstem hemorrhage in a case series.



Materials and methods: A total of 42 patients with brainstem hemorrhage were enrolled for stereotactic aspiration of the brain hemorrhage, and another 30 patients with brainstem hemorrhage were enrolled for conservative treatment. The clinical and imaging data were analyzed and compared.



Results: Stereotactic aspiration was successful in all patients (100%), with immediate elimination of hematoma in the brainstem. In five patients with the hemorrhage extending to the fourth ventricle (n = 1) and basal ganglia (n = 4), the hemorrhage was eliminated, resulting in good outcomes. However, four patients died of multiple organ failure after aspiration, resulting in a mortality rate of 9.5%. One week after surgery, the Glasgow Coma Scale (GCS) score ranged from 3 to 11 (mean 5.9 ± 2.3). At 1-month follow-up, 4 patients died, and 36 patients survived, with the GCS score ranging between 3 and 15 (mean 8.6 ± 2.1), which was significantly (P < 0.01) higher than that before surgery. The Modified Rankin Scale (mRS) score was 5 before treatment, 5 (4.4, 6) at 1 week after surgery, and 5 (4, 6) at 1 month. In the conservative group, 16 (53.3%) patients died during hospitalization. The GCS score was 0–6 (mean 2.3 ± 1.1), which was significantly (P < 0.05) worse than at admission or of that in the aspiration group at 1 month. The mRS score at 1 month was 6 (5, 6), which was significantly (P < 0.05) worse than that in the aspiration group.



Conclusion: Stereotactic aspiration for brainstem hemorrhage as an approach of microinvasiveness may be effective in evacuating brainstem hemorrhage and may promote quick recovery of the patient, resulting in better clinical outcomes.
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Introduction

Hypertensive brainstem hemorrhage denotes a catastrophic event with an extremely poor outcome (1, 2). The rate of incidence of primary brainstem hemorrhage is 2%–4% in 100,000 people every year, accounting for up to 10% of the cases of intracerebral hemorrhage, and the most common type is pontine hemorrhage, with a prevalence of 6%–7% and a mortality rate ranging from 40% to 50%. The prognosis for brainstem hemorrhage is very poor with a high mortality rate ranging from 30% to 90%, while the rate of favorable outcomes for patients receiving conservative therapy is very low, ranging from 15.3% to 78% (2–4). Brainstem hemorrhage usually leads to serious conscious disturbance, motor damage, and respiratory damage. Currently, it is being debated whether to manage brainstem hemorrhage with conservative or surgical approaches, with some researchers suggesting conservative therapy (1, 5, 6) but others advocating for surgical treatment (1, 7–9), because recent advances in microsurgery and neuroimaging techniques, intraprocedural neurophysiological monitoring, and neuronavigation have allowed for improvements in the outcomes of patients with primary brainstem hemorrhage. However, the surgical efficacy of brainstem hemorrhage remains debatable.

Aspiration of intracerebral hematoma with stereotactic surgery has been attempted for a long time, and Backlund and von Holst were the first to perform a successful aspiration of intracerebral hematoma at the acute stage in 1978 (10, 11), and since then, computed tomography (CT)-guided stereotactic surgery has been established for intracerebral hematoma, especially large hematomas at the acute stage, and tumors for biopsy. The aim of this procedure is to improve neurological functional recovery in patients with moderate and severe neurological deficits. Stereotactic aspiration has mostly been applied for intracranial hematomas, with varying effects (11–16), and a few studies have been performed to investigate the effect of stereotactic aspiration on brainstem hemorrhage. Beatty and Zervas used stereotactic aspiration to treat a brainstem hematoma in a patient, resulting in good recovery (17). In investigating the effect of CT-guided stereotactic aspiration of hypertensive pontine hemorrhage in 20 patients compared with conservative treatment for another 25 patients, Shitamichi et al. (18) achieved good outcomes in nine patients, fair in four, and poor in the remaining seven, with no death or deterioration after surgery in the aspiration group. For patients with a brainstem hematoma <5 ml, a good clinical outcome was achieved in both the conservative and the aspiration groups. For patients with a hematoma ranging from 5 to 10 ml, a good prognosis was achieved in the aspiration group but a poor one in the conservative group because there were six deaths. For patients with a hemorrhage greater than 10 ml, a poor outcome was observed in the aspiration group, but a miserable outcome (including 11 deaths) was observed in the conservative group (18). These reports demonstrated that stereotactic aspiration for brainstem hemorrhage had better outcomes compared with conservative therapy. We hypothesized that stereotactic aspiration could lead to good effects on patients with brainstem hemorrhage, and therefore, in this study, we sought to investigate the effects of this procedure on such patients.



Methods

This retrospective case-series study performed at a single center was approved by the ethics committee of our hospital, with all patients giving their signed informed consent. Between October 2018 and October 2019, consecutive patients with brainstem hemorrhage were enrolled in the study for stereotactic aspiration of the intracranial hemorrhage at a tertiary hospital (First Hospital) of Hebei Medical University. The inclusion criteria were as follows: patients with brainstem hemorrhage, decreased breathing or apnea with mechanical ventilation support, marked conscious dysfunction (Glasgow Coma Scale score or GCS < 12), volume of hemorrhage >3 ml deviating toward one side or the dorsal side, and hemorrhage within 72 h. The exclusion criteria were as follows: slight conscious dysfunction (GCS ≥ 12), slight neurological damage (muscle strength ≥ 3), bilateral pupil dilation, unstable circulation (systolic/diastolic pressure less than 12/8 kPa, respectively), head trauma, coagulopathy, cerebrovascular anomaly, brainstem failure, and hemorrhage beyond 72 h.

A CT scan was performed in all patients with a slice thickness of 5 mm, and the size and volume of the hematoma were measured according to the formula of A × B × C/2, with A standing for the greatest diameter of the hematoma on the axial plane of CT scanning, B for the diameter of the hematoma perpendicular to A on the same plane, and C for the total length on the vertical plane (2, 15). Preoperative preparation included endotracheal intubation, gastrointestinal decompression, and preparation of the head. Medications were administered for maintenance of normotension. Under local anesthesia conditions, the Anke stereotactic head frame (Anke Operation Plan System, Anke, Shenzhen, China) was installed. A head CT scan was performed. After the head was correctly positioned in the apparatus, the X-, Y-, and Z-axes coordinates were calculated on the CT scan, and the center of the hematoma was selected as the targeted point. Under general anesthesia, a hole was drilled in the skull below the transverse sinus to avoid the venous sinus, and the dura was opened in the shape of a “cross.” Based on the hematoma morphology, the hematoma long axis was chosen as the puncture route of a hematoma puncture needle. It was relatively safe to pass the puncture needle through the cerebellum–dorsal brainstem or the cerebellum–fourth ventricle–dorsal brainstem. A hematoma puncture needle was slowly sent to the hematoma center, and after the needle core was withdrawn, a 5-ml syringe was used to slowly aspirate the hematoma. During the aspiration process, a small amount of warm physiological saline was used to dilute the hemorrhage. First, a 2-ml hemorrhage was aspirated, and then a 2-ml warm physiological saline was injected into the hematoma. The aspiration was repeated with reduced amounts of both aspirated hemorrhage and injected physiological saline until most of the blood was aspirated. Then, the syringe was withdrawn, and a tube was put in place for drainage. Before surgical aspiration, the patient was evaluated with the GCS score, and after the surgery and at follow-up, the GCS and Modified Rankin Scale (mRS) score were used to assess the patient.



Statistical analysis

Statistical analysis was performed by using the SPSS software (IBM, Chicago, IL, USA). Measurement data were presented as mean ± standard deviation and tested by using the paired t-test, while enumeration data were presented as percentage and tested with the χ2 test. The significant level was set at P < 0.05.



Results

Between October 2018 and October 2019, 42 patients with brainstem hemorrhage were enrolled to undergo stereotactic aspiration treatment (aspiration group), of which 36 were men and 6 were women with an age range of 29–73 years (mean 47.4 ± 10.0, Table 1). The duration from disease onset to aspiration was within 6 h in five cases, 6–24 h in 35 cases, and 24–72 h in only the remaining two. The hemorrhagic location was in the pons in 23 (54.8%) patients; pons and midbrain in 14 (33.3%); pons, midbrain, and basal ganglia in 3 (7.1%); pons and basal ganglia in 1 (2.4%); and midbrain and left thalamus in 1 (2.4%). The hemorrhagic volume ranged 5–13 ml (mean 9 ± 4 ml), and the GCS score ranged 3–7 (mean 3.8 ± 1.3).


TABLE 1 Demography and treatment in the stereotactic aspiration and conservative groups.

[image: Table 1]

During the same period, 30 patients (22 men and 8 women) with brainstem hemorrhage and aged 45–60 years (mean 48.0 ± 4.5) were enrolled in the conservative control group (Table 1). The duration from disease onset to admission was 5–72 h, and the hemorrhagic volume was 5–12 ml (mean 8.6 ± 3.5). The hemorrhagic location was in the pons in 14 (46.7%) patients; pons and midbrain in 8 (26.7%); pons, midbrain, and basal ganglia in 5 (16.7%); and pons and basal ganglia in 3 (10%). The GCS score ranged 3–7 (mean 3.6 ± 1.5). No significant (P > 0.05) difference existed in the sex percentage, age, duration from onset to treatment, hemorrhagic location and volume, and GCS score between the two groups of patients.

The stereotactic aspiration procedure was performed in the stereotactic aspiration group and lasted about half an hour, and all patients had successful aspiration (100%) with no surgery-related deaths (Table 1, Figures 1–5). An immediate CT head scan revealed no presence of hematoma in the brainstem (Figures 2–4). In five patients with the brainstem hemorrhage extending to the fourth ventricle (n = 1) and basal ganglia (n = 4), immediate stereotactic aspiration eliminated the hemorrhage volume, resulting in good outcomes (Figures 3–5). Four patients died of multiple organ failure after aspiration, resulting in a mortality rate of 9.5%. One week after surgery, the GCS score ranged 3–11 (mean 5.9 ± 2.3). At 1-month follow-up, four patients died, and 36 patients survived, with the GCS score ranging between 3 and 15 (mean 8.6 ± 2.1), which was significantly (P < 0.01) greater than that before surgery. The mRS score was 5 before treatment, 5 (4.4, 5) at 1 week after surgery, and 5 (4, 6) at 1 month. In a comparison of the hemorrhagic volumes between patients who survived and those who died, a significant (P < 0.05) difference existed in the hemorrhagic volume (Table 1), with this volume being significantly greater in patients who died than in those who survived (11.8 ± 4.2 vs. 8.2 ± 3.6 ml).
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FIGURE 1
Brainstem hemorrhage treated with stereotactic aspiration. (A–C) A 59-year-old man had a sudden onset of unconsciousness 2 h before presentation. (A) Computed tomography (CT) revealed brainstem hemorrhage. Before the operation, he was on mechanical ventilation and in a moderate state of coma with a Glasgow Coma Scale (GCS) score of 5 (E1VTM4). (B) Stereotactic aspiration was performed (arrow). The arrow indicates the aspiration needle. On the third day following surgery, he regained consciousness and could get down from the bed with a GCS score of 14 (E4V4M6) and a Modified Rankin Scale score of 3. (C) Five months after surgery, the patient could walk and live without assistance. (D–F) A 65-year-old woman had a sudden loss of consciousness for 1 day. (D,E) CT imaging showed brainstem hemorrhage. Before surgery, she was in a moderate state of coma with GCS 6 (E2VTM4) and on mechanical ventilation (D,E). (F) Stereotactic aspiration was performed (arrow). After the surgery, the patient became conscious and could move her hands with a GCS score of 10 (E4VTM 6) and a modified Rankin Scale score of 4.



[image: Figure 2]
FIGURE 2
Brainstem hemorrhage. (A–C) A 52-year-old man had a sudden loss of consciousness 5 h before presentation. Before surgery, he was in a coma with a Glasgow Coma Scale (GCS) score of 5 (E1VTM4) supported with mechanical ventilation. (A) Computed tomography (CT) revealed brainstem hemorrhage. (B) Stereotactic aspiration was performed (arrow). (C) After surgical aspiration, the hematoma in the brainstem disappeared, and he became conscious with a GCS score of 10 (E4VTM6) and a Modified Rankin Scale score of 4. Twenty days later, he could move his hands. (D–F) A 46-year-old man had a sudden onset of unconsciousness with nausea and vomiting for three hours before presentation. (D) CT imaging demonstrated brainstem hemorrhage. Before surgery, he was in a coma with a GCS score of 5 (E1VTM4) and mechanical ventilation. (E) Stereotactic aspiration was performed (arrow). (F) Three weeks after the surgery, the hemorrhage in the brainstem disappeared, and he regained his consciousness with a GCS score of 10 (E4VTM6) and a Modified Rankin Scale score of 4.
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FIGURE 3
Brainstem hemorrhage. (A–C) A 48-year-old man had a sudden loss of consciousness 6 h before presentation. He was in a coma with a Glasgow Coma Scale (GCS) score of 3 (E1VTM2) but no spontaneous breathing before surgery. Computed tomography (CT) revealed brainstem hemorrhage (A). Stereotactic aspiration was performed (B, arrow). One month after surgery (C), the hemorrhage disappeared, and he regained his spontaneous breathing and could open his eyes with the GCS of E4TM5. (D–F) A 48-year-old man had a sudden onset of unconsciousness 6 h before being transferred to our hospital. CT scan showed severe hemorrhage in the brainstem and the fourth lateral ventricle (D,E), and he was in a coma with a GCS score of 3 (E1VTM2) but no spontaneous breathing. Preoperative estimation was that he might not survive, but his family was strongly in favor of surgical treatment. One week after the stereotactic aspiration (F), he could open his eyes, and on the ninth day, the hemorrhage disappeared completely.
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FIGURE 4
Brainstem hemorrhage. (A,B) A 45-year-old man had a sudden loss of consciousness 1 h before presentation. Head CT scan (A,B) showed severe hemorrhage in the brainstem, thalamus, and basal ganglia. The patient was in a coma with a Glasgow Coma Scale (GCS) score of 3 (E1VTM2). (C,D) An ultra-early stereotactic aspiration was performed (arrow). (E,F) Three months after surgery, the patient had a GCS score of 6 (E3VTM4) and was in active rehabilitation.
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FIGURE 5
A 39-year-old man had a sudden onset of unconsciousness 3 h before presentation. (A,B) A head CT scan showed severe hemorrhage in the brainstem (A), basal ganglia, and lateral ventricle (B). The patient was in a coma with no spontaneous breathing and with a Glasgow Coma Scale (GCS) score of 3 (E1VTM2). (C,D) An ultra-early stereotactic aspiration was performed (arrow). After surgery, the hemorrhage greatly reduced, and the patient regained his spontaneous breathing with a GCS score of 4 (E1VTM3). (E,F) One month later, the hemorrhage had completely disappeared.


In the conservative group (Table 1), 16 (53.3%) patients died during hospitalization. The GCS score was 0–6 (mean 2.3 ± 1.1), which was significantly (P < 0.05) worse than at admission or of that in the aspiration group at 1 month. The mRS score at 1 month was 6 (5, 6), which was significantly (P < 0.05) worse than that in the aspiration group. The hemorrhagic volume in patients who died was significantly greater than that in patients who survived (10.9 ± 4.8 vs. 5.8 ± 3.2 ml).



Discussion

This study investigated the clinical outcomes of patients with brainstem hemorrhage treated with stereotactic aspiration or conservatively, and it was found that stereotactic aspiration could significantly improve the clinical outcomes with a significantly decreased death rate. The advantages of stereotactic aspiration for brainstem hemorrhage over conventional open surgery for hematoma elimination lie in the following facts: short operation time, rapid and early evacuation of the hematoma, which is especially valuable for hemorrhage in the brainstem with limited space, minimal surgical invasion with a lower surgery-associated morbidity, and microinvasive surgery to enable treatment in elderly patients harboring comorbidities (19).

In the study reporting the experiences in managing brainstem hematomas, Rohde et al. (20) presented 15 comatose patients with brainstem hemorrhage who were managed medically with (n = 4) or without (n = 11) additional external ventricular drainage because of ventricular dilatation in acute occlusive hydrocephalus, and all of these patients died within days of hemorrhage. After analyzing 32 patients with brainstem hemorrhage treated conservatively, Komiyama et al. (5) reported the death of 11 patients (34.4%) who were comatose at the initial presentations, minimal neurological deficits in 10 patients (31.3%) who survived and resumed normal activities, and 11 patients (34.4%) rendered bedridden, necessitating full living support. In a study of the clinical and neuroradiological predictors of mortality in 32 patients with primary pontine hemorrhage treated medically, Balci et al. (21) found that 18 patients (56%) died and 14 patients (44%) survived, with significant predictors for mortality as coma at admission (P = 0.001), intraventricular extension (P = 0.019), extrapontine extension (P = 0.001), hydrocephalus (P = 0.024), necessity of mechanical ventilation (P = 0.007), and massive and bilateral tegmental localization (P = 0.006). It seems that most comatose patients with brainstem hemorrhage will die if treated conservatively. In our study, all patients were comatose, but stereotactic aspiration saved the lives of most patients in the stereotactic aspiration group. No surgery-related deaths occurred; however, four patients (9.5%) died of multiple organ failure after aspiration. In the conservative group, the mortality rate was as high as 53.3% (16 out of 30 patients).

The time to treatment is an extremely important factor for prognosis because hematoma elimination as early as possible can relieve not only the mass effect but also secondary brainstem injury induced by surrounding vasogenic edema. Some authors have suggested better outcomes if managed with surgery within 6 h after disease onset (1). In the study of surgical management of spontaneous hypertensive brainstem hemorrhage in five patients with a GCS of 3–7 (mean 5) (1), Shrestha et al. reported a better prognosis in patients who were treated with surgical evacuation of the brainstem hematoma within 6 h of onset, including two patients being able to do all daily tasks without any help, one wheelchair-bound patient needing some help to perform routine daily activities, and two bedridden patients at a follow-up of 6 months. These results were probably caused by rapid elimination of the hematoma, which can clear both the mass effect of the hematoma and the secondary injury caused by surrounding vasogenic edema. In the brainstem, one vital structure is the reticular formation, whose damage by hemorrhage can cause immediate and irreversible loss of consciousness (21). Timely elimination of brainstem hematoma can clear not only the mass effect caused by the hematoma but also the secondary effects of brainstem injury induced by surrounding vasogenic edema. In our study, an ultra-early stereotactic aspiration was performed within 6 h after hemorrhage in five patients who had the hemorrhage extending to the lateral ventricle and basal ganglia (Figures 4, 5), which was a severe condition, and this early aspiration could immediately eliminate these harmful effects and prevent worse clinical outcomes.

In a study investigating the effect of the anterior subtemporal surgical approach for 28 patients with severe upper pontine hematomas compared with 34 patients with a large amount of hematoma (>5 ml) treated conservatively, Zhang et al. (22) reported a death rate of 35.7% (n = 10), a 28.6% rate of good function (n = 8), a 10.7% disability rate (n = 3), and a 25% vegetative rate (n = 7) in the surgical group but a 73.5% death rate (n = 25) and a 14.7% rate of good function (n = 5) in the conservative group. This study clearly demonstrated better effects in surgery than in conservative treatment. After investigating the predictors of surgical effects in 45 patients with large (>5 ml) primary pontine hemorrhage and a GCS score <8, Tao et al. (23) reported a 30-day mortality rate of 31.1% (n = 14) and a favorable functional recovery rate of 15.6% (n = 7) within 3 months, with the patients who died being significantly older and having a lower GCS score, a larger hematoma volume, and rostrocaudal and ventricular extension of the hematoma.

The size of the hematoma and the level of consciousness on admission are associated with high mortalities and worsened dysfunction outcomes (4, 18, 23–25). In a study of CT-guided stereotactic aspiration for pontine hemorrhages (18), Shitamichi et al. reported that patients with a hematoma volume of 5–10 ml had better prognosis than those with >10 ml hematoma volume after hematoma aspiration. After studying survival outcomes in 32 patients with brainstem hemorrhage (5), Komiyama et al. found a good prognosis in patients with a hematoma of less than 2.5 cm. In the study of CT findings and clinical features as markers for patient outcome in primary pontine hemorrhage (25), Wessels et al. reported a high correlation between a poor prognosis (GOS score <4) and hematoma volume >4 ml, ventral hemorrhage, and a necessity for mechanical ventilation. In their study, a significantly better prognosis was achieved in patients with dorsal hematomas <4 ml in volume. In cases with a slighter disturbance of consciousness, stereotactic aspiration could have a favorable functional outcome (9), and a GCS score on admission which was not related to the hematoma volume may have an impact on the surgical outcome although a large hematoma may frequently causes severe disturbance in consciousness (23). In our study, the clinical outcomes did not correlate with the hematoma volume, and even in patients with the brainstem hemorrhage extending to the ventricles and basal ganglia, immediate stereotactic aspiration could save the patient's life, achieving good outcomes. Only if both the hematoma mass effect and the secondary brainstem injury are eliminated immediately can a worse clinical prognosis be prevented. In a study evaluating the effect of CT-guided stereotactic surgery in aspirating hypertensive intracerebral hematoma using the Archimedes screw between 1 and 24 days (mostly within 1 week) (11), Tankawa et al. found that consciousness improvement could be obtained within a short period of time in most of the 46 cases, perifocal edema decreased much earlier than those managed with medications only, and even patients operated on in the chronic stage experienced increased spontaneous activity but decreased hypersomnia. Thus, it seemed that CT-guided stereotactic surgery provided faster recovery.

Brainstem hemorrhage usually dissects or pushes rather than destroys surrounding structures and can expand quickly to the ventricles and basal ganglia, endangering the life of the patient. This effect, combined with the secondary surrounding vasogenic edema, can lead to a coma and disturbance of vegetative functions (disturbance of respiration, hyperthermia, cardiac dysrhythmias, and hypertension) (1). For patients with compression of the pyramidal tract, abducens nerve and oculomotor nuclei, facial nerve loop and nucleus, and reticular formation, timely elimination of the brainstem hemorrhage will improve eye movement and motor function and help regain consciousness by clearing disturbance. The toxic effects resulting from the disintegration of the hematoma can cause chemical injury to the cells if the hematoma is not eliminated quickly. The mass compression effect, secondary edema, and toxic effects will lead to worse clinical outcomes in patients treated conservatively. Elimination of these effects is the mechanism of surgical evacuation and aspiration. Stereotactic aspiration is a microinvasive approach and is suitable for older patients with other comorbidities who cannot tolerate open surgical procedures. External drainage of the lateral ventricle helps decrease the intracranial pressure, further benefiting the patient for recovery. In our study, all patients had an external drainage of the lateral ventricle irrespective of hemorrhage extension. Theoretically, brainstem hemorrhage can quickly lead to a degeneration and necrosis of neurons surrounding the hemorrhage, and evacuation of the hemorrhage will hardly restore the vitality of these neurons. Actually, in our daily practice with stereotactic aspiration combined with lateral ventricular drainage, we have observed that patients with brainstem hemorrhage could show significant clinical improvement 2 or 3 days after stereotactic aspiration, while those treated conservatively had rare clinical improvement and even deterioration of the conditions after liquefication of the hematoma and aggravation of perifocal edema. This is probably caused by the presence of more fiber bundles and fewer neurons in the brainstem, making the brainstem tolerable to hematoma compression, and timely evacuation of the hematoma can eliminate the compression effect and restore the function of the brainstem.

Simple aspiration was initially advocated as a treatment modality in the 1950s but was abandoned because of significant hematoma remnants at surgery or autopsy (19, 26). The two major challenges initially facing aspiration for intracerebral hemorrhage were targeting the hematoma and difficulty in completely aspirating the hematoma due to heterogeneity of the clot component. Within the initial few hours of hemorrhage, the hematoma comprises about 20% liquid blood and 80% denser clot by volume, which makes simple aspiration very difficult (19, 27, 28). With the advent of stereotactic techniques, targeting the lesion is not an issue any longer, and complete elimination of the hematoma has become the aim. Some instruments and drugs were developed to shatter and liquefy the consolidated hematoma besides increasing the volume of aspiration, including an Archimedes screw, which enabled almost complete aspiration of the clot (29). However, until now, stereotactic aspiration has still not been popularized, with most of these practices focusing on hemorrhage in other locations of the brain rather than the brainstem. Currently, the largest series of patients with brainstem hemorrhage treated with stereotactic aspiration was reported by Shitamichi et al., with only 20 patients being treated this way (18). In this series of patients, good outcomes were achieved in nine patients, fair in four, and poor in the remaining seven, with no death or deterioration after aspiration. During the first week following the aspiration procedure, activity recovery was gained in 75% of the patients, motor function improvement in 75%, and ocular motility recovery in 35% of the patients, with no other deterioration following the procedure.

The strength of this study was the use of the stereotactic aspiration procedure to directly and microinvasively draw out the hemorrhage within a small space in the brainstem, which facilitates quick recovery, decreases morbidity and mortality, and improves the quality of life for patients who survived. This study also had some limitations: it was a one-center study, it was retrospective in nature, only Chinese patients enrolled in it, and it had a short follow-up duration. In the future, a prospective, randomized study with the involvement of multiple centers and other ethnicities is necessary for better evaluation of the effect of stereotactic aspiration in patients with brainstem hemorrhage.

In conclusion, stereotactic aspiration for brainstem hemorrhage as an approach of microinvasiveness may be effective in evacuating brainstem hemorrhage and may promote quick recovery of the patient, resulting in better clinical outcomes.
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Moyamoya disease (MMD) is an idiopathic cerebrovascular disease which was first described by Suzuki and Takaku in 1969. Moyamoya disease is a non-atherosclerotic cerebrovascular structural disorder. MMD has been found all over the world, especially in Japan, Korea, and China. In recent years, many reports pointed out that the changes of vascular stenosis in patients with moyamoya disease occurred not only in intracranial vessels, but also in extracranial vessels, especially the changes of renal artery. Renovascular hypertension (RVH) is considered to be one of the important causes of hypertension in patients with moyamoya disease. The pathogenesis of moyamoya disease combined with renovascular hypertension is still unclear, and the selection of treatment has not yet reached a consensus. This article reviews the latest research progress in epidemiology, RNF213 gene, pathomorphology, clinical characteristics and treatment of moyamoya disease combined with renovascular hypertension, in order to provide reference for clinical workers.
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Introduction

Moyamoya disease is a non-atherosclerotic cerebrovascular structural disorder. It was first discovered and described by Japanese scholars in 1,957 (1). This disease is characterized by bilateral carotid stenosis or occlusion, and abnormal vascular network at the bottom of the brain (2, 3). The pathogenetic mechanisms remain to be fully elucidated. The prevalence of hypertension in patients with moyamoya disease ranges from 5.7% to 38.9% (4–6). Bleeding is the leading cause of death in patients with moyamoya disease, and hypertension is associated with increased mortality (7). In recent years, many reports have pointed out that the changes of vascular stenosis in patients with moyamoya disease occurred not only in intracranial vessels, but also in extra cranial vessels, especially the changes of renal artery (8–11). Renovascular hypertension is considered to be one of the important causes of hypertension in patients with moyamoya disease (6). The pathogenesis of moyamoya disease combined with renovascular hypertension is still unclear, and the selection of treatment has not yet reached a consensus. This article reviews the latest research progress in epidemiology, RNF213 gene, pathomorphology, clinical characteristics and treatment of moyamoya disease combined with renovascular hypertension, in order to provide reference for clinical workers.



Literature search

Articles in the PubMed and Web of Science databases were searched to identify articles related to MMD and renovascular hypertension findings as of 1 July 2022. The titles and abstracts of those articles were reviewed by two reviewers to confirm their quality and eligibility for further examination. The inclusion criteria were as follows: (1) MMD/MMS and renovascular hypertension were simultaneously mentioned in the title or abstract, and (2) original studies or case reports. Other relevant articles and reviews were considered. The final bibliography is based on originality and relevance to the subject. The exclusion criteria were as follows: (1) non-English article; (2) Comments, clinical trials were ruled out.

Based on the inclusion and exclusion criteria, a total of 57 eligible articles were identified and reviewed, and the year of publication ranged from 1988 to 2022. Due to space constraints, we do not drill down into statistical disaggregation.



Epidemiology

In western countries, the most common causes of renal vascular hypertension (RVH) in children are fibromuscular dysplasia (FMD) and Takayasu arteritis (12, 13). However, a study in Asia found that the most common cause of RVH in children was MMD, followed by FMD (5). It has been reported that the incidence of renal artery stenosis in renal vessels of patients with moyamoya disease is 5%–8%, which is one of the common extra cranial vascular changes (8, 14, 15). The small difference between the different reports may be due to the fact that the differences related to age and vascular risk factors in the study were not excluded. In the Asian Study of Children with Moyamoya Disease, Jin Wook Baek (4) studied 101 children with moyamoya disease, 8 of whom (7.9%) had renal artery stenosis and 6 of whom (6%) had hypertension. Five of these six hypertensive patients had renal artery stenosis (83%) and only one patient was diagnosed with primary hypertension. The statistical analysis also revealed that the higher the angiography stage of patients with moyamoya disease was, the more renal artery stenosis was found in the study. In another large study in Asia, 40 of 706 pediatric patients with MMD (5.7%) had hypertension (HTN) and 22 of these 40 patients had renal artery stenosis (6). In a Korean study of adults, only 1 of 63 patients (2%) with MMD was diagnosed with renal artery stenosis (11). The large difference may be due to the difference in age stratification among study samples or it may be related to the late onset moyamoya disease in adults. There may also be geographical differences, as in a European study in which renal artery stenosis was found in 4 of 20 children (20%) with moyamoya disease (16). Only angiography was performed in the study, no patients were operated on or necropsied, and the histopathological diagnosis of renal artery stenosis was not confirmed. Therefore, it cannot be concluded that renal artery stenosis was solely caused by extra cranial vascular involvement in a patient with moyamoya disease. There is currently no incidence of renal artery stenosis in the general population. Interestingly, in a long-term follow-up of children with moyamoya disease in South Korea, angiography confirmed the occurrence of new renal artery stenosis in normal renal arteries in three patients (17). Therefore, renal artery involvement may be more frequent in patients with chronic moyamoya disease, and the true prevalence of renal artery stenosis may be underestimated. Current studies are mostly in Southeast Asian countries, which is also consistent with the incidence of moyamoya disease (18–20). There are few studies on adult moyamoya disease complicated with renal artery stenosis, which may be related to the fact that early-onset moyamoya disease is more likely to be complicated with renal artery stenosis.



Genes-RNF213

Clinical studies have shown that the RNF213 gene variant is associated with systemic vascular disease as well as intracranial vascular lesions in MMD (10, 15, 21–23). The polymorphism r4810k (p.Arg4810Lys) in the ring finger protein 213 (RNF213) gene on chromosome 17q25.3 was identified as the strongest genetic susceptibility factor for MMD in the east asian population using whole-genome linkage and economics analysis (24). Known as a mystery protein, RNF213 encodes the 591-kDa protein “cyclophilin 213”, which has two AAA + modules (ATP enzymes associated with various cellular activities) and a cyclophilin ubiquitin lipase domain (25). In two homozygous cases of the r4810k variant for moyamoya disease and pulmonary artery stenosis reported by Fukushima and his colleagues, one of them had renal artery stenosis, suggesting that the r4810k variant causes classical moyamoya disease when present in the heterozygous state, but that the same variant causes moyamoya disease and systemic vascular disease in a gene dose-dependent manner when present in the homozygous state (10, 21). Severe early onset disorders associated with de novo mutation of RNF213 in a ring fin domain and a limited region defined by amino acids 4, 114 to 4, 120 downstream of that domain have been reported.This phenotype is characterized by early and progressive moyamoya disease in infancy or early childhood with other arterial occlusions, including the abdominal, renal, femoral and iliac arteries (15). The absence of the RNF213 p.R4810K variant has been suggested as a possible novel biomarker for identifying severe forms of childhood moyamoya disease (26). While the exact function of the gene RNF213 and the mechanism of the genetic variation leading to the disease are unknown, a mouse model deficient in RNF213 demonstrates abnormal angiogenesis and response to vascular injury (27, 28). Liver and kidney manifestations associated with the gene RNF213 variant have also been clinically described. For example, children with moyamoya disease have right renal dysplasia and young adult patients with moyamoya disease have polycystic kidney disease (29, 30). Alanna Strong et al. (31) report two cases of congenital presentation of liver, kidney, and skin disorders in children with severe MMD presented a novel multiple organ syndrome associated with neonatal RNF213 genetic variation in patients with moyamoya disease. In another study, 93.8% of pediatric patients with moyamoya disease HTN had heterozygous or homozygous forms of the RNF213 p.r4810k variant, and the renovascular hypertension (RVH) to non-RVH ratio in patients with moyamoya disease hypertension (HTN) and homozygous variants of RNF213 p.R4810K was 8.3, also reflecting the possibility that the RNF213 p.r4810k variant may contribute to renal artery stenosis of RVH (6). These cases all point to the RNF213 gene, so it is possible that patients with moyamoya disease associated with variants of the RNF213 gene have unique liver and kidney phenotypes. Mutations at different sites in RNF213 may have a variety of vascular effects, but the genotypic-phenotypic associations of rare variants of RNF213 have not been well studied in large patient cohorts (6, 32–34). Whether the RNF213 polymorphism in MMD is a gain-of function or loss-of- function mutation remains to be elucidated. In addition to genetic factors, multiple injuries such as autoimmune reaction, ischemia, infection and radiation may be necessary for the occurrence of moyamoya disease (28, 35–37). It is therefore unknown whether the RNF213 polymorphism in moyamoya disease is a function loss or function acquisition mutation.

16 genes are currently involved in moyamoya disease vasculopathy. Renovascular hypertension is also described in the literature with the exception of RNF 213 (38, 39). For example, in a case of progressive and symptomatic moyamoya disease vasculopathy caused by hemizygous deletion of BRCC3/MTCP1, he underwent left renal allotransplantation and right nephrectomy for renovascular hypertension in infancy (40). A child with Down's syndrome with moyamoya syndrome presented with renovascular hypertension with symptoms of left ventricular hypertrophy and heart failure (41). Therefore, many moyamoya vascular susceptibility genes may be involved in moyamoya disease or moyamoya syndrome complicated with renovascular hypertension, which needs further research in the future.



Morphological pathology

At present, there are few articles about the correlation between intracranial vessels and renal vascular morphological pathology in patients with moyamoya disease. Intracranial vascular pathology of moyamoya disease is characterized by fibrous thickening of the intima and a small amount of lipid deposition, the internal elastic layer is well preserved, and there is no obvious inflammatory cell infiltration in the vascular wall (42, 43). In Japan, a histopathological and morphometric analysis of intracranial and extracranial vessels in 13 necropsy cases of patients with moyamoya disease pointed out that the intimal thickness of pulmonary, renal and pancreatic arteries was statistically significant, and morphological research results strongly indicated that moyamoya disease involved not only intracranial but also extracranial vessels, and there were systemic etiological factors leading to systemic intimal thickening (9). In a recent case report (44), aortography of a young patient with moyamoya disease revealed a severe stenosis (stenosis >75%) of the left renal artery at the proximal lesion, while the right renal artery was unaffected. However, the stenosis progressively worsened until the flow to the left renal artery was completely interrupted, and a left nephrectomy was performed. Histopathological examination of the excised left renal artery revealed eccentric intimal fibers and medial thickening, with irregular fluctuations of the inner elastic layer, and similar findings were observed in arterioles of the renal parenchyma, such as interlobular or interlobular arteries. He later underwent a living donor kidney transplantation, with the remaining right kidney removed simultaneously. Interestingly, in the histopathology of his right kidney, a narrow vascular lumen was observed from interlobular to interlobular arteries in the right renal parenchyma, which was similar to the left kidney, but the right renal artery was pathologically intact. Although there was no lesion in the right renal artery, pathological facts suggest that refractory hypertension may also be associated with peripheral vasculopathy of the right renal parenchyma. Renal vascular morphology similar to intracranial vessels has also been presented in multiple sporadic case reports (45–48).



Clinical features

At present, studies on patients with moyamoya disease RVH mostly focus on children (4, 6, 11, 44). In a study of childhood moyamoya disease by Heeyeon Cho et al. (6) more women than men presented with a male to female ratio of 1: 86 in RVH and the mean ages at diagnosis of HTN and MMD were 10.9 ± 5.2 and 6.5 ± 3.7 years, respectively, with a body mass index of 19.7 ± 5.8. MMD and HTN were diagnosed at younger ages and with lower body indices compared to the non-RVH group. In another study (5), about half of the 10 patients with RVH of moyamoya disease developed hypertension-related symptoms at the time of diagnosis of moyamoya disease. It has been reported that the nervous system of children with moyamoya disease accompanied by renal artery stenosis and hypertension was not significantly worse (17). This may be due to successful bypass surgery in these patients during childhood. However, patients with renal artery stenosis tend to be younger when moyamoya disease is diagnosed, and the disease is more severe (higher Suzuki classification) and statistically significant (4). In other case studies (45, 46), younger patients with moyamoya disease were diagnosed at 8 months of age with slowly progressive hypertension, ineffective salt-limited diet, and resistance to antihypertensive drugs in some patients. Abdominal murmurs can be heard in some patients (43, 47). At present, there are few studies on the clinical characteristics of adult patients with moyamoya disease RVH (11, 49). In a study of the clinical characteristics of pregnancy and delivery in patients with moyamoya disease, it was pointed out that pregnant women with MMD accompanied by renal artery stenosis were more likely to suffer from hypertensive disorder complicating pregnancy (49). In a study by Jizong Zhao et al. (50) 156 of 542 adult MMD patients (28.8%) had hypertension with a mean age of 43.6 ± 8.49 years at the time of diagnosis, but unfortunately the etiology was not investigated in this study. In the imaging diagnosis, the renal artery stenosis may be unilateral or bilateral, and the renal artery stenosis part is mainly located near 1/3 of the main renal artery (5, 6, 11, 14). Plasma renin activity could be elevated in laboratory tests, and in an earlier study six pediatric patients with moyamoya disease combined with VRH had elevated plasma renin (47). Increases in plasma renin have also been reported in sporadic reports (51, 52).



Treatment

Worldwide, the treatment of moyamoya disease combined with renal hypertension is mainly in case reports and retrospective analysis. At present, the treatment of moyamoya disease combined with renovascular hypertension (RVH) is divided into three types. The first type is intravascular intervention, mainly balloon angioplasty. The second type is surgical treatment, mainly autotransplantation. The third type is drug treatment (5, 47, 53). Balloon angioplasty is a mainstream therapy for the treatment of renovascular hypertension, and has been used for the treatment of many cases of renovascular hypertension related to moyamoya disease. However, there is no large-scale study on the effectiveness of treatment for renal artery lesions in patients with moyamoya disease. In a retrospective analysis of nine patients with moyamoya disease complicated by RVH treated with PTA, three patients with MMD showed improvement after the first PTA, but two of them experienced restenosis and required a second PTA, and six patients with MMD showed no change in blood pressure after the first PTA (5). Choi et al. (47) reported the success of balloon angioplasty in only one of four patients with moyamoya disease RVH. In an 18-month-old baby girl, although renal blood flow was immediately restored after the first PTA surgery, severe stenosis developed 1 year later (54). Therefore, simple balloon angioplasty (PTA) seems to be difficult to effectively control the blood pressure of patients with moyamoya disease combined with RVH, and the recurrence rate is high. Some people think that stent implantation should be the first choice for angioplasty in patients with moyamoya disease, but there are no relevant treatment reports on patients with moyamoya disease (51). An example of treatment by Choi et al. (47) was a renal autotransplantation following a failed angioplasty (PTA) procedure that still required antihypertensive medications. Renin-angiotensin-aldosterone system antagonists, calcium channel blockers, and β-receptor blockers have contributed to the successful control of blood pressure in many patients with RVH, but there have been no large-scale prospective or retrospective studies regarding drug therapy in patients with moyamoya disease complicated with RVH (55–57).

Discussion Neurologists should recognize moyamoya disease as a disease that can be associated with extracranial vascular changes, particularly renal artery stenosis, which is a high incidence in patients with moyamoya disease and which may lead to nephrogenic hypertension. The degree of vasculopathy in patients with moyamoya disease is usually progressive. Early detection of renal arterial lesions is valuable in the treatment of patients with moyamoya disease. Renovascular hypertension may first appear even in pediatric patients before they develop moyamoya disease, which may provide a prediction for moyamoya disease. Renovascular hypertension can be a clinically relevant systemic manifestation during the treatment of patients with moyamoya disease. Clinicians should recognize that early diagnosis of renovascular hypertension is important to prevent hypertension-related conditions and reduce mortality. When hypertension is found, young age and low weight may indicate the existence of moyamoya disease, and such patients should be screened for intracranial vascular diseases to rule out moyamoya disease. It is suggested that MMD patients should be carefully screened for hypertension, especially for homozygous R4810K variant and elevated plasma renin activity to rule out renal artery stenosis. A Doppler ultrasound can be used for screening and, if necessary, CT renal angiography or DSA to assess renal artery stenosis.

Although there have been no large-scale prospective or retrospective studies in patients with moyamoya disease combined with renovascular hypertension, this remains an interesting topic. Whether there is an association between phenotype and renovascular hypertension in patients with moyamoya disease and how this association occurs needs to be further revealed. In the future, it may help reveal the genetic pattern of moyamoya disease, optimize the treatment for patients with moyamoya disease, and even provide a reference for predicting the occurrence of moyamoya disease in advance.
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Objectives: This study aims to identify the effectiveness of the clip-reinforced wrapping using the Y-shaped temporalis fascia (CRYST) technique for treating intracranial aneurysms (IAs).



Methods: We retrospectively reviewed five patients with ruptured IAs treated using the CRYST technique from July 2016 to May 2021. Three patients had blood blister-like aneurysms (BBAs) (one with intraoperative rupture), and two had anterior communicating artery (AcoA) aneurysms (one with intraoperative rupture). All patients had intraoperative indocyanine green angiography, and digital subtraction angiography (DSA) was reviewed 10–14 days after surgery. At 1 year postoperatively, three patients (two BBAs and one AcoA aneurysm) underwent DSA and two patients (one BBA and one AcoA aneurysm) underwent computed tomographic angiography (CTA).



Results: Two aneurysms ruptured intraoperatively during the clipping, and no severe complications occurred. No patients had neurological deficits after surgery, and they had good outcomes. Four DSAs showed no aneurysms and no significant stenosis of the parent artery 10–14 days after surgery. One patient had mild stenosis of the parent artery on DSA 10 days after surgery; the stenosis improved on DSA 1 year after surgery. No other aneurysms recurred, and parent arteries were clear on CTA or DSA 1 year after surgery.



Conclusions: Combining our accumulated experience in the work and literature, we described the CRYST technique to treat intractable IAs with specific morphologies and irregular wall structures in our patients. All outcomes and follow-up results were favorable.
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Introduction

Wrapping is an alternative treatment for intracranial aneurysms (IAs), which cannot be sufficiently treated using endovascular strategies or clipping. Using cotton gauze or artificial material, wrapping can induce local inflammation and generate a fibrotic scar that stabilizes the aneurysm wall (1). However, inflammatory reactions induced by wrapping materials may damage the parent vessel, leading to parent artery narrowing or occlusion (2). The perforating arteries may be damaged during the wrapping procedure, leading to brain infarction and disability. Shin et al. used the temporalis fascia and biologic glue to treat unclippable aneurysms successfully (3). Chen et al. later treated a patient with a blood blister-like aneurysm (BBA) using a Y-shaped fascia and obtained a good outcome (2). To test the appliance of this technique, we applied the clip-reinforced wrapping technique with the Y-shaped temporalis fascia (CRYST) technique in patients with BBAs and anterior communicating artery aneurysms (AcoAns) with specific configurations, particularly the intraoperatively re-hemorrhaged aneurysms. In this article, we described the procedures and technical details of CRYST techniques and showed the clinical and angiographic outcomes of the patients.



Methods


Patients and data

Our hospital's institutional ethics committee approved this study, and we obtained the consent of the patients or their close relatives. From July 2016 to May 2021, five patients were diagnosed with ruptured IAs and underwent CRYST procedures, including three patients with BBAs and two with AcoAns. All patients underwent emergent computed tomography (CT) on admission and digital subtraction angiography (DSA) within 72 h after hemorrhage to identify morphologic features (Figures 1A,C). The surgical selection was determined by the clinical characteristics, Hunt–Hess grades, and patient willingness. Three patients with BBAs underwent the Matas test preoperatively to analyze the compensation (Figure 1B). Indocyanine green angiography was used intraoperatively in all patients. All patients underwent DSA at 10–14 days postoperatively (Figure 1F). CTA or DSA was performed 1 year after surgery. Based on the three-dimensional DSA, the following morphological parameters were measured: D1—diameter of the proximal end of the parent artery or the diameter of the anterior communicating artery (AcoA) for AcoAns; D2—diameter of the distal end of the parent artery or diameter of A2 segment for AcoAns; and PD—perforating artery diameter or the A1 segment for AcoAns.


[image: Figure 1]
FIGURE 1
Clip-reinforced wrapping using the temporalis fascia technique for blood blister-like aneurysms. (A) Three-dimension digital subtraction angiography (3D-DSA) of the ICA. (B) Matas test revealing adequate compensation. (C) 3D-DSA images at the operation angle. (D) Microscopic view revealing the hematoma at the surface of the BBA. (E) Two permanent clips treating the aneurysm via the CRYST technique. (F) DSA images ten days postoperatively. Red triangle: posterior communicating artery.




Surgery

The patient was laid in the supine position, and a craniotomy via the pterion approach was performed. The scalp, temporalis muscle, and fascia were separated into a single layer. The bone flap was freed, the Sylvian fissure was exposed, and the pterygoid crest and anterior clinoid process were abraded. The cerebrospinal fluid was released to lower the intracranial pressure. Anatomical separation of the surrounding adhesive structures fully exposed the field of view and facilitated exposure of the proximal end of the parent artery for temporary clipping. Neighboring or perforating vessels were exposed, including the posterior communicating artery (PcoA) and anterior choroidal artery when treating BBAs or the A1 and A2 segments when treating the AcoA aneurysm. The fascia was based on the location of the aneurysm, size, shape, and intraoperative condition. The temporalis fascia was separated and evenly tailored into a Y-shape so that the perforating vessels would pass through the gap in the fascia. We presented the process of the CRYST technique based on the different situations in Figure 2. We carefully removed the blood clot on the surface of ruptured aneurysms (Figure 1D). The Y-shape temporalis fascia was then wrapped around the aneurysm. Finally, permanent clipping was performed (Figure 1E). An intraoperative view of treating rehemorrhaged aneurysms by the CRYST technique is shown in Supplementary Video 1.


[image: Figure 2]
FIGURE 2
Schematic presentation. (A) BBA located at the supraclinoid segment of ICA; (B) Y-shaped temporalis fascia wrapped the BBA; (C) PcoA crossed through the gap of the fascia and aneurysm was disappeared; (D) multiple acoAns; red triangle means the microaneurysm near the ipsilateral A2; (E) AcoAn was simply clipped and microaneurysm was wrapped by the Y-shaped temporalis fascia; (F) AcoAn was simply clipped and microaneurysm was disappeared; (G) remnant of large AcoAn treated by the simply clipping was presented as a red rectangle; (H) fascia wrapped the aneurysm and A1 crossed through the gap; (I) AcoAn was disappeared. AchA, anterior choroidal artery; AcoA, anterior communicating artery; AcoAn, anterior communicating artery aneurysm; BBA, blood blister-like aneurysm; CRYST, clip-reinforced wrapping using Y-shaped temporalis fascia; ICA, internal cerebral artery; OA, ophthalmic artery; PcoA, posterior communicating artery; PD, perforating artery.





Results


Patient conditions and outcomes

We included five patients; three had BBAs, and two had AcoAns; three (60.0%) were females. Patients’ age ranged from 43 to 57 years, with a mean age of 47.8 years. Three patients (60.0%) had hypertension, and two (40.0%) had hyperlipidemia. Two patients (40.0%) had a smoking history, and two (40.0%) had a drinking history. None had a history of heart disease. None had a family history of subarachnoid hemorrhage (SAH) or inherited diseases such as Marfan's syndrome. On admission, Hunt and Hess's grades were I in one patient (20.0%), II in two patients (40.0%), and III in two patients (40.0%).

Morphological parameters of the parent artery and the perforating artery are presented in Table 1. Compared with the preoperative diameters, the parent artery of BBA with intraoperative rehemorrhage had slight stenosis at 10 days and 1 year, respectively [D1, 4.1 mm vs. 3.3 mm, 3.6 mm; D2, 3.8 mm vs. 3 mm, 3.2 mm; perforating artery diameter (PD) and 2 mm vs. 1.8 mm, 1.8 mm]. However, good reconstruction could be seen after 1 year. None had complications or neurological deficits.


TABLE 1 Outcome of the IA treated using the CRYST technique.

[image: Table 1]



Intra- and postoperative findings

Intraoperative rupture hemorrhage occurred in two patients (one BBA and one AcoAn) (Table 1). The intraoperatively ruptured aneurysms were then treated with the CRYST technique without complications. All patients underwent indocyanine green angiography (ICGA), showing that the parent artery was clear and the proximal end was visualized. Follow-up DSAs were performed 10–14 days after surgery (Figure 1F), revealing no aneurysm recurrences. One patient had mild stenosis of the parent artery (Figure 3F); however, a DSA review 1 year after surgery revealed no aneurysm, and the stenosis got improved (Figures 4B,D). Two patients (one BBA and one AcoAn) underwent CTA after 1 year, and no evident signs of recurrence were seen.


[image: Figure 3]
FIGURE 3
Intraoperatively ruptured blood blister-like aneurysm (BBA) images. (A) three-dimension digital subtraction angiography showed the BBA; (B) Matas test showing adequate compensation; (C) microscopic view showing the BBA and surrounding structures; (D) Y-shaped fascia preposition, posterior communicating artery (red triangle) crossing the fascia valves; (E) BBA neck avulsion; (F) DSA 14 days after the surgery revealing slight stenosis of the internal carotid artery.
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FIGURE 4
(A,C) Presurgical two-dimensional and three-dimensional digital subtraction angiography (DSA) images, respectively. (B,D) DSA images 1 year after surgery revealing that the aneurysm had not recurred, and the parent artery was well reconstructed.




Typical patients

Case 1: A 52-year-old woman was hospitalized with a sudden headache and vomiting for 8 h. According to the Hunt–Hess scale, the patient's condition was classified as grade II. There were signs of meningeal irritation. A CT scan revealed diffuse SAH. DSA revealed an aneurysm at the dorsal wall of the supraclinoid segment of the left internal carotid artery (ICA) (Figure 3A), suggesting a BBA. The preoperative Matas test showed that the blood flow of the right ICA had adequate compensation (Figure 3B). The BBA and its contralateral PcoA were carefully separated from the surrounding structures during the operation. As the video showed, the Y-shaped fascia was prepositioned in advance, and PcoA passed through the Y-shaped fascia gap (Figure 3D). After three temporary clips were placed to close the PcoA and the distal and proximal ICA, we tried to clamp the BBA simply. Unfortunately, the walls of the aneurysms avulsed (Figure 3E). The aneurysm was then wrapped with fascia and treated with two permanent clips. After releasing the temporary clips, the aneurysm was completely clipped, and no bleeding was detected. DSA performed 10 days postoperatively revealed that the aneurysm had disappeared, and the PcoA was clear. However, slight stenosis of the ICA was found (Figure 3F), and the patient did not have any neurologic deficits. After 1 year, DSA revealed that the BBA had not recurred, the ICA was reconstructed, and the PcoA was clear (Figures 4B,D). There were no complications during the follow-up period.

Case 2: A 57-year-old woman was admitted to the hospital with a chief complaint of sudden headache for 6 h. An emergent CT scan revealed SAH, and DSA revealed a lobulated AcoAn with two blebs at the top (Figure 5A). A mild projection was found near the AcoAn (Figure 5B). Intraoperative images confirmed that this mild projection was a microaneurysm located near the ipsilateral A2 segment of the anterior cerebral artery (ACA) (Figure 5C). There was a perforating vessel between the microaneurysm and the lobulated aneurysm (Figure 5C). Initially, the lobulated aneurysm was treated with a miniclip. The lobulated aneurysm was obliterated. The AcoA and surrounding perforating vessels were preserved. However, this microaneurysm could not be treated. Because the thin wall presented a high risk of hemorrhage, we performed the CRYST technique. The previously placed clip was removed, and the Y-shaped fascia was prepositioned. Then, the lobulated aneurysm was clipped from the left side, and the microaneurysm was wrapped and clipped from the right side (Figure 5E). Finally, the lobulated aneurysm was completely clipped, the microaneurysm was wrapped tightly, and AcoA and perforating vessels were all preserved. A follow-up DSA at 1 year revealed that the lobulated aneurysm and microaneurysm had not recurred, and the perforating artery was clear (Figure 5F). There were no complications during the follow-up period.
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FIGURE 5
(A) Lobulated aneurysm (An); (B) magnified view revealing a microaneurysm (yellow triangle) located near the ipsilateral A2 segment of the anterior cerebral artery; (C) microscopic view revealing a perforating vessel (red triangle) between the lobulated aneurysm and the microaneurysm; (D) Y-shaped fascia (blue rectangle) was positioned; (E) two clips were applied to reinforce the wrapping; (F) digital subtraction angiography 1 year after surgery revealing that the aneurysm vanished and the perforating vessel was unobstructed.





Discussion

IAs often present a challenge for surgical management and are associated with various morbidities, especially for aneurysms with specific features that were intractable to clip (4). In the acute phase of hemorrhage, endovascular therapy also carries a high risk of thrombosis (5). Wrapping is a treatment for IAs that cannot be sufficiently treated by endovascular strategies or clipping. Although Dolt's wrapping technique inspired some early studies in 1931, the muscle paste and cotton gauze have mired the technique into questions regarding the uncertainty of prevention of rebleeding and inflammation reactions (6, 7). In addition, artificial materials lacked biological activity resulting in a foreign-body granuloma and damage to perforating arteries leading to neurological deficits (2). Although Coe et al. early caused thrombosis following the use of the pieces of the temporal fascia and cyanoacrylate for wrapping the aneurysm in a patient (8), Shin et al. treated 14 cases of unclippable aneurysms by wrapping using fascia and biologic glue successfully (3). Chen et al. subsequently used Y-shaped fascia to treat a ruptured aneurysm and get a good prognosis (2). We applied the CRYST technique in some cases and got favorable results. The CRYST technique could provide sufficient uniform strength and prevent damage to the perforating arteries.


Choice of the treatment

BBAs were considered pseudoaneurysms because they lacked an internal elastic lamina and media instead of having adventitial and fibrous tissue (9). The patient with an AcoAn also had a thin and fragile configuration. It often rebleeds intra- and postoperatively. Clinical series employed various surgical and endovascular techniques, reflecting the complexity of these aneurysms, and there is a lack of convincing evidence of the superiority of any method (10).

ICA sacrifice might not be viable in those rare patients with ICA BBAs that present with SAH (11). Furthermore, ICA sacrifice is needed for sufficient well-developed collaterals. An extracranial-to-intracranial (EI) bypass can assure the safety of ICA sacrifice. Nevertheless, bypassing the deep areas often requires an uninterrupted duration of blocking and a high level of surgical skill. Perioperative stroke rates of up to 14% highlight the intrinsically high-risk nature of bypass, with overall complication rates in complex IAs approaching 50% (12). Endovascular treatment of BBA has made substantial progress (13); nevertheless, IAs that are small or adopt strange forms present challenges. Due to dual antiplatelet therapy, there is an increased risk of subsequent surgical procedures such as external ventricular drainage or decompressive craniectomy (14).

Wrapping with routine materials (e.g., cotton, gauze, cellulose fabric, polytetrafluoroethylene, or Gore-Tex) has been cited in several studies (15–18). Wrapping with Gore-Tex is debated due to the associated recurrence rate (15). These materials are inelastic and possess even widths that cannot be fitted optimally with uneven arteries due to atherosclerosis (2). Furthermore, lack of biological activity may result in a foreign-body granuloma narrowing the parent artery, leading to neurologic deficits (18). Cotton augmentation is not reliable for treating aneurysms prone to rebleeding (17, 19). Direct suturing was criticized for wall tension, stenosis of vascular lumens, and prolonged blockage times (20, 21).

The Sundt clip graft could avoid the suture and be initially designed to repair injuries to vessel walls during the surgery (22); the technique was used to treat BBA, repair acute vessels, and decompress the trigeminal nerve (23, 24). It delivers mild mechanical stress to the surrounding nerve and could clip the dissecting aneurysms. However, the Sundt clip could lead to stenosis of the parent artery due to its unsuitable size and could injure the surrounding perforators.

ICA ligation has not been the standard option and often requires EI bypass. Braided stents, Willis-covered stents, and flow diverters (FDs) needing dual antiplatelet therapy could put patients at risk of ischemia and even hemorrhagic infarction (25, 26). FDs were associated with lower retreatment rates but higher occlusion rates (27). FDs were also prone to cause perforator occlusion and rebleeding of ruptured aneurysms, and there have even been reports of aneurysm rupture and bleeding after placing FD in the supraclinoid process segments (28).



CRYST technique

The CRYST technique is a modification of wrapping with autologous tissue. It could protect the PcoA and AcoA. Furthermore, comparatively common technical requirements allow most institutes to perform the technique. Based on our experience, the CRYST technique has many details that must be addressed. Preoperative DSA is required to assess compensation using the Matas test. Adequate compensatory blood flow allows the time of temporary occlusion. A high-flow bypass should be prepared, although it may not be used; therefore, it is appropriate to assess the radial artery and great saphenous vein for varicose and surgical history.

The temporalis fascia should be uniformly thick during the procedure without residual muscles. It is advisable to fully wrap the base of the aneurysm with more than 2–3 mm. Exceeding the length of the blades of the clip interferes with the wrapping and exploration field after the clipping. The anterior clinoid process must be removed via the subdural approach in BBA patients. The distal ring should be incised, and the optic canal should be opened for proximal control before the removal of the hematoma. Most importantly, the necessity of gentle suction must be emphasized. Excessive remnant hematoma complicates clarification of the range of the aneurysm base; this phenomenon may account for inaccurate wrapping. Overly thick hematoma may cross through the IA necks and protrude retrogradely into the IA, blocking the flow and ischemia complications. Again, we emphasize the significance of prepositioning the Y-shaped temporalis fascia. The preset fascia can help to clearly identify the vessels, facilitate hematoma removal, intraoperatively adjust the clips, and prevent emergent situations like an intraoperative rupture. An electrophysiological test and ICGA were required. Although ICGA cannot visualize the parent artery near the aneurysm, it can be determined using proximal and distal imaging. The CRYST technique can only be used for small aneurysms because it requires full exposure to the surgical field, and its large size makes it difficult to separate the IA and poor wrapping effect; nevertheless, the size does not matter significantly. Endovascular therapy can be used to treat these larger aneurysms. In a sense, the CRYST technique can be complementary to interventional therapy for aneurysms with abnormal structures.



Limitations

This study had some limitations. First, the limited sample size might reduce the robustness of our results. Nevertheless, the CRYST technique was effective for specific aneurysms, even intraoperatively and in the context of rehemorrhage. Second, two patients (one AcoA and one BBA) underwent CTA after 1 year. Tiny aneurysms cannot be clearly identified in the CTA. During the follow-up, patients did not have any discomfort and were unwilling to undergo DSA at the hospital. Further studies should consider more reliable methods. Third, a more prolonged follow-up period might improve the evidence's reliability. Finally, the locations of IAs are not generalizable; Therefore, more studies with sufficient sample sizes will be conducted in the future.




Conclusions

Combining our accumulated experience in the work and literature, we used the CRYST technique effectively to treat intractable IAs with specific morphologies and irregular wall structures. All outcomes and follow-up results were favorable.
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Introduction: Trigeminocardiac reflex (TCR) is a brainstem reflexive response of hemodynamic instability during surgery. Identification of risk factors relevant to TCR during cerebrovascular intervention procedures is helpful to efficiently prevent and treat its occurrence. The purpose of this study was to demonstrate the risk factors for Onyx embolization during cerebrovascular intervention operation so as to optimize perioperative management strategies on TCR.



Methods: We performed a retrospective study on the patients with Onyx embolization under general anaesthesia over 6-years period from 2013 to 2018. 354 patients were finally eligible for inclusion, and then divided into TCR group (group T) and control group (group N). Patient characteristics, clinical diagnosis, comorbidities, lesion sites, hemodynamics changes, and complications were compared between two groups. Several multivariable regression models were applied to analyze the risk factors associated with TCR.



Results: TCR occurred in 59 patients (16.7%) among 354 patients. There was no significant difference in patient characteristics between two groups (P > 0.05). During DMSO/Onyx injection, HR and MAP were much lower in group T than group N (P < 0.01). Notably, univariable analysis revealed that the patients with dural arteriovenous fistula (DAVF) and middle meningeal artery being affected were associated with a higher incidence of TCR (P < 0.01). Furthermore, multivariable analysis showed that there was a close link of TCR with DAVF [OR = 4.12; 95% CI (1.83–10.65)] and middle meningeal artery embolization [OR = 3.90; 95% CI (1.58–9.63)]. Further stratified analysis of patients with TCR found that patients with middle meningeal artery embolization were more likely to experience hypotension during TCR episode (P < 0.05). Finally, more incidence of postoperative adverse events was observed when TCR episode (P < 0.05).



Conclusion: We found that DAVF and middle meningeal artery embolization were independent risk factors for TCR episodes during Onyx endovascular embolization, highly likely leading to intraoperative hemodynamics fluctuations and postoperative adverse events.
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Introduction

Trigeminocardiac reflex (TCR) is a unique brain stem reflex that manifests as the sudden onset of hemodynamic perturbation in heart rate and blood pressure as a result of stimulation of any branches of the trigeminal nerve (1). There are several different subtypes of TCR, including diving reflex, Ganglion Gasseri, peripheral and central type. Cerebrovascular embolization induced TCR is one kind of central type TCR with typical brain stem reflex (2).

Inrecent years, with the development of neurointerventional technology, the treatment of Onyx embolization has gradually become an independent and important measures for the cerebrovascular malformation. This technique achieves the purpose of blood flow redistribution by blocking blood supply and occluding arteriovenous fistula (3). However, with the application of Onyx in interventional operation, the following complications and potential risks, especially TCR are common to occur. Onyx embolization induced central TCR in cerebrovascular interventional surgery usually lead to severe hemodynamic fluctuations and even cardiac arrest (4–9). Therefore, identification of risk factors underlying TCR would be helpful to establish prophylactic approaches and management strategies to efficiently prevent and treat TCR induced by Onyx embolization.

In this study, we performed a retrospective study of the patients with cerebrovascular embolization under general anaesthesia to explore the risk factors related to TCR. Aimed to quickly identify high-risk patients, prompt prevention and therapeutic measures to avoid unnecessary complications.



Methods

This retrospective observational cohort study was approved by the Institutional Review Board (IRB) of The First Affiliated Hospital of Nanjing Medical University/Jiangsu Province Hospital (JSPH; Jiangsu, China; IRB approval number: 2020-SR-312), and registered on Chinese Clinical Trial Register (chictr.org.cn ChiCTR2000038839; October 5, 2020). Considering the retrospective design of this study, the requirement for informed consent was waived by the IRB.


Participants and study design

This study utilised data stored and managed in the electronic medical record system of JSPH on 397 patients who were decided to perform Onyx embolization operation under general anesthesia by neurosurgeon, from January 2013 to December 2018 at a single academic institution. Patients <18 years old were excluded from the study. Similarly, patients with preoperative confusion, communication difficulties were not eligible. According to whether TCR episode during the operation, they were divided into TCR group (group T) and control group (group N). All the cases and data for the study period were screened by a group of medical record technicians in the medical informatics team who were not informed of the purpose of this study.



Monitoring and anesthesia

All patients were performed with standardization of anesthesia induction and maintenance, intraoperative anesthetic management was performed with continuous monitoring of peripheral capillary oxygen saturation, electrocardiography (ECG), arterial blood pressure, end-tidal carbon dioxide partial pressure (PetCO2) and Bispectral index (BIS). Anesthesia was induced with midazolam 0.05 mg/kg, fentanyl 3 mg/kg, propofol 2 mg/kg, cisatracurium 0.15 mg/kg. Mechanical ventilation (Drager, Fabius-Plus, Germany) was used during the operation to keep PetCO2 at 35–45 mmHg. All patients received 1%–2% sevoflurane and 2–5 mg/kg·h propofol for anesthesia maintenance until the end of operation, and 0.1 mg/kg·h cisatracurium for muscle relaxation to half an hour before the end. The depth of anesthesia was guided by BIS <60 to prevent intraoperative awareness. If TCR occurred, it would be handled by cessation of the manipulation, and administration of vagolytic agents or adrenaline when necessary (10).



Variables and outcomes

Perioperative variables were ascertained from patient records. The following data were recorded: patient age, sex, Body Mass Index (BMI), comorbidities, protopathy, supplying vessels, BIS value (record per 5 min during embolization), hemodynamic indexes (baseline, before embolization, embolization and end of procedure) and the use of atropine. The incidence of adverse events were also recorded including dizziness, delirium, postoperative nausea and vomiting (PONV), muscle weakness, and any other severe unexpected events (aphasia, hypopsia, etc) during operation and within the first 24 h post-operation. For the purposes of this study, TCR was defined as the sudden onset of bradycardia triggered by stimulation of the trigeminal nerve and its anatomic branches. The bradycardia is characterized by a reduction in HR of 20% or more from the baseline, and/or asystole. Change in MAP is an optional criterion for the definition of TCR (11, 12), but not included as part of the TCR definition in this study.



Statistical analysis

All the statistical analysis was performed with SPSS 23.0 (IBM Software Inc., USA). Categorical variables were presented using numbers with percentages and were analyzed with chi-square test or Fisher's exact test, whereas the continuous variables were expressed as mean ± standard deviation, and were compared with the Student's t-test for unpaired samples when a normal deviation was assumed. Non-normally deviation was represented by median (M) and interquartile spacing (IQR) which analyzed by Mann-Whitney U test. Univariate and stepwise multivariate logistic regression analysis were performed to determine the risk factors of TCR episode. All clinically sensible covariates were included in the model. For all analysis, a P value of <0.05 was considered statistically significant.




Results

A total of 397 Chinese patients were included for participation in this study. Of these, 24 patients with preoperative disturbance of consciousness, and 19 patients younger than 18 years were excluded. Therefore, 354 patients who fulfilled the selection criteria were finally included in this study (Figure 1).


[image: Figure 1]
FIGURE 1
Study flow chart.


The demographic and clinical characteristics were presented in Table 1. Regarding preoperative diagnosis, 164 patients (46.3%) were diagnosed with arteriovenous malformation (AVM), 104 (29.4%) with dural arteriovenous fistula (DAVF), 32 (9.0%) with carotid-cavernous fistula (CCF), and 54 (15.3%) with intracranial tumors. There were 59 (16.7%) patients developed TCR in varying degrees, even cardiac arrest suddenly occurred in five patients along with the onset of TCR (Table 3) and resumed normal circulation after discontinuation of the surgical procedures, administration of atropine or epinephrine and even CPR. With regard to the matched variables, there was no difference between the TCR and control group including age, sex, BMI, comorbidity and BIS value. However, the protopathy, supplying vessels and the incidence of postoperative adverse events were different.


TABLE 1 Characteristics of patients exhibiting with or without TCR.
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On univariable analysis, TCR cases more likely occurred in DAVF (78.0% vs. 19.7%, P < 0.01) and middle meningeal artery embolisation (72.9% vs. 15.9%, P < 0.01). The composite incidence of postoperative adverse events in group T was significantly higher than that in the group N (39.0% vs. 24.1%, P < 0.05). However, the incidence of single postoperative adverse events were quite similar in two groups.

Multivariate logistic regression analysis (Table 2) identified that the independent risk factors of TCR were DAVF [OR = 4.12; 95% CI (1.83–10.65); P < 0.01], and middle meningeal artery embolization [OR = 3.90; 95% CI (1.58–9.63); P < 0.01]. The results also showed that there was no significant difference in the incidence of TCR among BIS values (P > 0.05).


TABLE 2 Univariate and multivariate logistic regression analysis about TCR episode.
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As shown in Figure 2, during DMSO/Onyx injection, HR was much slower (40.4 ± 13.8 bpm vs. 65.4 ± 10.7 bpm, P < 0.01), and MAP was lower in group T (78.0 ± 33.9 mmHg vs. 86.2 ± 12.7 mmHg, P < 0.01) than that in group N. However, the blood pressure shows either decrease or increase in group T during TCR episode in Table 3. 37 patients presented with hypotension and 22 patients with hypertension. Among these patients, middle meningeal artery embolization induced TCR was more closely associated with hypotension (P < 0.05).
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FIGURE 2
Changes in heart rate and mean arterial pressure during the study. Data are shown for control and TCR groups at 4 time points during the study: T1, 5 min before anesthetic induction; T2, 1 min before DMSO/Onyx injection; T3, at the moment of DMSO/Onyx injection; T4, at the end of the operation. *P < 0.05, **P < 0.01, TCR group vs. the control group at certain time points. Abbreviations: HR, heart rate; MAP, mean arterial pressure.



TABLE 3 Description of patients with significant hemodynamic fluctuations.

[image: Table 3]

Univariate and multivariate logistic regression analysis (Table 4) were applied to analyze postoperative adverse events. The results showed that the TCR episode [OR = 2.18; 95% CI (1.20–3.95); P < 0.05] and the history of preoperative intracerebral hemorrhage [OR = 1.84; 95% CI (1.13–3.00); P < 0.05] were associated with postoperative adverse events.


TABLE 4 Univariate and multivariate logistic regression analysis of postoperative adverse events.
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Discussion

TCR is a critical cardiovascular event found in several surgical procedures on the trigeminal nerve-innervated anatomical structures. TCR can be seen during endovascular embolization and results in an intense autonomic disturbance of the heart that manifests as the sudden onset of bradycardia, hypotension, arrhythmias and even heart arrest. Sudden hemodynamic fluctuations may affect the course of surgery and patient prognosis. In this study, we demonstrated that the DAVF and middle meningeal artery embolization were independent risk factors for TCR, while the composite incidence of postoperative adverse events were significantly higher when TCR was present (39.0% vs. 24.1%). More patients experienced dizziness, headache, and delirium after surgery, which may be related to the dramatic hemodynamic fluctuations during TCR. We also found that middle meningeal artery embolization highly likely caused hypotension, implicating a more severe reflex variant under this condition.

In this study, all the TCR patients were belong to central type, however, we observed that just 37 patients experienced hypotention, but 22 patients presented with hypertention. Therefore, we suggest that central stimulant from chemical agents and distinct endovascular embolization might share the common efferent pathway for vagus activation, and the extent of vagus nerve activation might determine the alteration of blood pressure. Severe bradycardia causes hypotension when vagus nerve is profoundly activated, while relatively mild activation of vagus nerve leads to hypertension due to simultaneous stimulation on the inferior cardiovascular sympathetic nerve. The low incidence of hypotension in this study may be associated with the slower rate of ONYX injection and the greater susceptibility of sympathetic nerve stimulation. Meanwhile, continuous invasive arterial blood pressure monitoring can detect hemodynamic changes in time and immediately initiate the treatment process to prevent over-activation of the vagus nerve.

In this cohort, we found that in the TCR group, the patients with protopathy of DAVF accounted for 78.0% [OR = 4.12; 95% CI (1.83–10.65)], and the patients received middle meningeal artery embolization accounted for 72.9% [OR = 3.90; 95% CI (1.58–9.63)], which was significantly higher than that in the control group. Therefore, we conclude that the patients with DAVF or middle meningeal artery embolization are the risk factors for TCR episode during DMSO/Onyx injection. These results are consistent with the previous case reports that TCR occurs mainly in patients with DAVF during cerebrovascular interventional embolization operation (9).

DAVFs are abnormal connections between dural arteries and venous sinuses. The dura mater is innervated in part by branches of the trigeminal nerve and receives vascular supply from the meningeal artery as well as meningeal branches of the occipital artery (13). These vessels are primarily involved in the blood supply to the sensory area of the trigeminal nerve. Therefore, when the meningeal artery is stimulated, the trigeminal nerve attached to the artery is activated, resulting in a TCR. Further analysis revealed a significantly higher incidence of hypotension during middle meningeal artery embolization. It is the main supplying vessel for dura mater, and richly surrounded by trigeminal nerve sensory fibers that constitute the trigeminal neurovascular system. Stimulation of the middle meningeal artery will cause extensive excitation of the trigeminal nerve sensory endings, and then transmit the nociceptive stimulation to the cerebral center. Such stimulation signals cause the occurrence of central TCR that manifest as severe bradycardia and hypotension. To some extent, these results further support the anatomically specific triggering of TCR. Therefore, it should be noted that when operation on the middle meningeal artery with Onyx embolization in DAVF patients, anesthesiologists and neurointerventionist need to keep in mind to adopt appropriate strategies which has been recommended by Schaller and colleagues (10) to avoid occurrence of TCR.

Previous studies have revealed that Onyx do not affect hemodynamics by itself (14). However, mechanical stimulation of the trigeminal nerve during DMSO/Onyx injection is an essential inducement of TCR, and this effect is closely related to the dose and rate of injection (15). It has benn recommend that the injection rate of both DMSO and Onyx should not exceed 0.1 ml/min (16). In this study, there was no significant difference in embolization dose between the two groups, and all procedures were performed by the same experienced neurointerventionist in accordance with surgical requirements. Therefore, we do not expect a relevant difference in injection dose and injection rate and assume that this is not a relevant parameter for this study.

The occurrence of TCR is hard to predict during cerebrovascular embolization and there is no precise detection index. Currently, preventive measures for TCR mainly include the use of anticholinergic drugs to reduce vagal excitability and increase the heart rate (17). However, in some profound TCR cases, preemptive administration of anticholinergics for the prevention of TCR may be ineffective. It has been observed that bradycardia and hypotension in TCR includes both excessive activation of vagal and inhibition of adrenergic vaso-constriction after electrical stimulation of the spinal trigeminal tract and trigeminal nuclear complex (18). Atropine can only block the cholinergic fibers, yet cannot completely prevent bradycardia or hypotension. In this study, we also found that some patients often showed MAP increasing during embolization treatment, and atropine may increase the risk of hypertension while increasing the heart rate. In addition, atropine is at risk of refractory arrhythmia, so prophylactic use is not routinely recommended (19). In this study, 5 patients who suffered cardiac arrest resumed spontaneous circulation with atropine or small doses of epinephrine. Asystole as a result of severe TCR occasionally occurs during Onyx embolization, which was possibly due to the manipulation of Onyx embolization, speed and amount of DMSO/Onyx injection, enhanced vagal activity, etc. Similarly, multiple patients with HR < 40 bpm or recurrent TCR during embolization were improved with 0.5 mg atropine. We found that there was no significant difference in preoperative or before embolization HR between two groups and preembolization sinus bradycardia did not increase the risk of TCR. However, prophylactic correction of bradycardia may be beneficial for TCR high-risk patients with severe bradycardia before embolization. Recently, two case reports from Coleman et al (4) and our group (20) described that prophylactic intra-arterial injection of lidocaine was able to blunt TCR during endovascular treatment of CCF and DAVF. This approach may be become a novel strategy for TCR prevention and treatment.

Previous studies have demonstrated the depth of anesthesia is an important factor which affecting TCR episode. A meta-analysis (21) showed that lighter anesthesia (CSI > 60) were associated with a 1.2-fold increased incidence of bradycardia and a 4.5-fold increased risk of cardiac arrest than deeper anesthesia (CSI < 40). In our study, there was no significant difference in BIS value between the two groups and stratified analysis results also suggested that different depth of anesthesia had no significant influence on the occurrence of TCR, which may be related to the absence of patients with lighter anesthesia. However, this study showed that the incidence of postoperative adverse events in TCR group was significantly higher than that in the control group. Multivariate regression analysis also indicated that TCR episode was one of the independent risk factors. This may be mainly attributed to the change of intracranial pressure caused by the drastic fluctuation of intraoperative hemodynamics and abnormal embolism caused by surgical interruption.

The limitation of this study is being a single-centered study with a relatively limited sample size and potential bias in patient selection. Meanwhile, this study is a retrospective study, in which only BIS values were used as the evaluation index for anesthesia depth.



Conclusion

In summary, this study showed that DAVF and middle meningeal artery embolization are independent risk factors for TCR during Onyx endovascular embolization. TCR increases the risk of perioperative hemodynamic fluctuations and the incidence of postoperative adverse events. Therefore, our results might guide anesthesiologists and neurointerventionist to adopt efficient and appropriate prevention and treatment strategies for TCR during cerebrovascular interventional procedures, especially when performing Onyx embolization on DAVF patients with middle meningeal artery affected.



Data availability statement

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



Ethics statement

The studies involving human participants were reviewed and approved by Institutional Review Board of Jiangsu Province Hospital. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

YNQ, ZCS: study concept, literature review, manuscript preparation and revision. PB, HL: data collection, statistic analysis. HX: study concept, critical review, manuscript revision. All other authors provided substantial critical review and revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Special Funds for Anesthesiology Research of Jiangsu Medical Association SYH-32021-0038 (2021033).



Acknowledgments

The authors appreciate the neurosurgery department and neurointerventional team for their support in the work.



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.



References

1. Schaller B, Cornelius JF, Prabhakar H, Koerbel A, Gnanalingham K, Sandu N, et al. The trigemino-cardiac reflex: an update of the current knowledge. J Neurosurg Anesthesiol. (2009) 21(3):187–95. doi: 10.1097/ANA.0b013e3181a2bf22

2. Chowdhury T, Mendelowith D, Golanov E, Spiriev T, Arasho B, Sandu N, et al. Trigeminocardiac reflex: the current clinical and physiological knowledge. J Neurosurg Anesthesiol. (2015) 27:136–47. doi: 10.1097/ANA.0000000000000065

3. Van Rooij WJ, Jacobs S, Sluzewski M, van der Pol B, Beute GN, Sprengers ME. Curative embolization of brain arteriovenous malformations with onyx: patient selection, embolization technique, and results. Am J Neuroradiol. (2012) 33:1299–304. doi: 10.3174/ajnr.A2947

4. Coleman RL, Bezinover D, Jones DC, Cockroft KM, Parekh UR. Intra-arterial lidocaine blunts the trigeminocardiac reflex during endovascular treatment of a carotid-cavernous Fistula. Case Rep Anesthesiol. (2021) 2021:2342347. doi: 10.1155/2021/2342347

5. Potti TA, Gemmete JJ, Pandey AS, Chaudhary N. Trigeminocardiac reflex during the percutaneous injection of ethylene vinyl alcohol copolymer (Onyx) into a juvenile nasopharyngeal angiofibroma: a report of two cases. J Neurointerv Surg. (2011) 3:263–5. doi: 10.1136/jnis.2010.003723

6. Puri AS, Thiex R, Zarzour H, Rahbar R, Orbach DB. Trigeminocardiac reflex in a child during pre-Onyx DMSO injection for juvenile nasopharyngeal angiofibroma embolization. A case report. Interv Neuroradiol. (2011) 17:13–6. doi: 10.1177/159101991101700103

7. Sriganesh K, Arvinda HR, Umamaheswara Rao GS. Transient cardiac asystole during embolization of a caroticocavernous fistula. J Neurosurg Anesthesiol. (2012) 24:238–49. doi: 10.1097/ANA.0b013e3182597d57

8. Khatibi K, Choudhri O, Connolly ID, McTaggart RA, Do HM. Asystole during Onyx embolization of a pediatric arteriovenous malformation: a severe case of the trigeminocardiac reflex. World Neurosurg. (2017) 98:884.e1–e5. doi: 10.1016/j.wneu.2016.07.025

9. Ong CK, Ong MT, Le K, Power MA, Wang LL, Lam DV, et al. The trigeminocardiac reflex in Onyx embolisation of intracranial dural arteriovenous fistula. J Clin Neurosci. (2010) 17:1267–70. doi: 10.1016/j.jocn.2010.01.041

10. Sandu N, Chowdhury T, Meuwly C, Schaller B. Trigeminocardiac reflex in cerebrovascular surgery: a review and an attempt of a predictive analysis. Expert Rev Cardiovasc Ther. (2017) 15(3):203–9. doi: 10.1080/14779072.2017.1286983

11. Meuwly C, Chowdhury T, Sandu N, Golanov E, Erne P, Rosemann T, et al. Trigeminocardiac reflex: a grounded theory approach for an update. Front Neurol. (2017) 8:533. doi: 10.3389/fneur.2017.00533

12. Meuwly C, Leibundgut G, Rosemann T, Schaller B. Sinus arrest with prolonged asystole due to the trigeminocardiac reflex during application of local anaesthetic in the nasal mucosa. BMJ Case Rep. (2018) 2018:bcr2018226427. doi: 10.1136/bcr-2018-226427

13. Adeeb N, Mortazavi MM, Tubbs RS, Cohen-Gadol AA. The cranial dura mater: a review of its history, embryology, and anatomy. Child Nervous System. (2012) 28:827–37. doi: 10.1007/s00381-012-1744-6

14. Pamuk AG, Saatci I, Cekirge HS, Aypar U. A contribution to the controversy over dimethyl sulfoxide toxicity: anesthesia monitoring results in patients treated with Onyx embolization for intracranial aneurysms. Neuroradiology. (2005) 47:380–6. doi: 10.1007/s00234-004-1323-y

15. Hammond R, Vinters HV. A reexamination of the angiotoxicity of superselective injection of DMSO in the swine rete embolization model. AJNR Am J Neuroradiol. (1999) 20:401–10.

16. Amiridze N, Darwish R. Hemodynamic instability during treatment of intracranial dural arteriovenous fistula and carotid cavernous fistula with Onyx: preliminary results and anesthesia considerations. J Neurointerv Surg. (2009) 1:146–50. doi: 10.1136/jnis.2009.000042

17. Wang CM, Guan ZY, Zhao P, Huang HT, Zhang J, Li YF, et al. The effect of atropine on trigeminocardiac reflex-induced hemodynamic changes during therapeutic compression of the trigeminal ganglion. J Neurosurg Anesthesiol. (2020) 10:1097. doi: 10.1097/ANA.0000000000000702

18. Schaller B. Trigeminocardiac reflex. J Neurol. (2004) 251:658–65. doi: 10.1007/s00415-004-0458-4

19. Bauer DF, Youkilis A, Schenck C, Turner CR, Thompson BG. The falcine trigeminocardiac reflex: case report and review of the literature. Surg Neurol. (2005) 63:143–8. doi: 10.1016/j.surneu.2004.03.022

20. Sun Z, Lu H, Hu Y. Prophylactic intra-arterial injection of lidocaine prevents trigeminocardiac reflex during endovascular embolization for dural arteriovenous fistula: a report of 2 cases. Am J Case Rep. (2021) 22:e930837. doi: 10.12659/AJCR.930837

21. Meuwly C, Chowdhury T, Sandu N, Reck M, Erne P, Schaller B. Anesthetic influence on occurrence and treatment of the trigemino-cardiac reflex: a systematic literature review. Medicine (Baltimore). (2015) 94(18):e807. doi: 10.1097/MD.0000000000000807












	
	TYPE Original Research

PUBLISHED 20 October 2022
DOI 10.3389/fsurg.2022.1021098






[image: image2]

Microvascular anastomosis in a challenging setting using a 4 K three-dimensional exoscope compared with a conventional microscope: An in vivo animal study

Zhiping Zhang1,2,3, Yao Feng1,3, Xia Lu1,3, Bin Yang1,3, Hongqi Zhang1,3 and Yan Ma1,2,3*

1Department of Neurosurgery, Xuanwu Hospital, Capital Medical University, Beijing, China

2Yasargil Microsurgical Training Center, Beijing, China

3China International Neuroscience Institute, Xuanwu Hospital, Capital Medical University, Beijing, China

EDITED BY
Marcos Devanir S. Da Costa, Universidade Federal de Sao Paulo, Brazil

REVIEWED BY
Ignazio Gaspare Vetrano, IRCCS Carlo Besta Neurological Institute Foundation, Italy
Ricardo Wainberg, Pontifical Catholic University of Rio Grande do Sul, Brazil
Rony Gómez Rodríguez, Federal University of São Paulo, Brazil

*CORRESPONDENCE Yan Ma leavesyan@sina.com

SPECIALTY SECTION This article was submitted to Neurosurgery, a section of the journal Frontiers in Surgery

RECEIVED 17 August 2022
ACCEPTED 30 September 2022
PUBLISHED 20 October 2022

CITATION Zhang Z, Feng Y, Lu X, Yang B, Zhang H and Ma Y (2022) Microvascular anastomosis in a challenging setting using a 4 K three-dimensional exoscope compared with a conventional microscope: An in vivo animal study.
Front. Surg. 9:1021098.
doi: 10.3389/fsurg.2022.1021098

COPYRIGHT © 2022 Zhang, Feng, Lu, Yang, Zhang and Ma. 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.



Background: Three-dimensional (3D) exoscope systems have been developed and are reported to be adequate alternatives to the conventional microscope. This study aimed to evaluate the feasibility and effectivity of microvascular anastomosis using a 4 K 3D exoscope in an in vivo animal study.



Methods: The abdominal aortas of mice were selected as the target vessels for comparing the outcomes of microvascular anastomosis for both the conventional microscope and 3D exoscope. We recorded the vessel separation, temporary occlusion, and total procedure durations. Local conditions at the sutures were also recorded. Typical histopathological images were presented, and the patency of anastomotic vessels within 5 and 30 min were evaluated. All procedures included both superficial and deep anastomosis.



Results: Sixty mice were included in the analysis; the weight and vascular diameter were 38.5 ± 5.8 g and 0.77 ± 0.06 mm, respectively, and around 8 stiches were required. Regarding feasibility, vessel separation duration, temporary occlusion duration, total procedure duration, blood leak, and number of vascular folds between stiches, the results were comparable between the two types of microscopes. The feasibility of anastomosis was also confirmed by pathology. Regarding effectiveness, anastomotic vascular patency at 5 and 30 min were similar for both microscopes. Even in the more difficult scenario of deep anastomosis, the results were comparable.



Conclusions: In a challenging experimental setting, comparable outcomes of microvascular anastomosis were observed for the conventional microscope and 3D exoscope in these animal experiments. Therefore, in vivo microvascular anastomosis is feasible and effective using a 3D exoscope.
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Introduction

Cerebral bypass surgery, which relies on micromanipulation, is one of the most technically nuanced of neurosurgical procedures. With the introduction of the surgical microscope in the 1960s, the safety and efficiency of microsurgical intervention has improved due to the development of optical magnification and illumination of the surgical field (1). However, there are some limitations mainly related to ergonomics, visualization, and training for the conventional microscope (2). Detailly, the surgeon is often forced into uncomfortable positions owing to the ocular-dependent visualization when using a conventional microscope. Moreover, the surgical field of view is limited such that neither the assistant nor the visitor can gain a sufficient sense of participation.

In recent years, three-dimensional (3D) exoscope systems have been developed and are reported to be adequate alternatives to the conventional microscope (3). Exoscopes, a new series of optical devices characterized by a small orientable camera equipped with a slight pneumatic arm assembled on a portable base, offer a telescopic vision of the surgical field (4). The devices possess wide operative fields and focal distances long enough to allow nonobstructive positioning, and are easily maneuverable to simultaneously optimize operative angles and surgeon ergonomics. The entire surgical team also shares the same view, facilitating operative workflow and trainee education (5).

In a study by Hafez et al. (6), 1-mm chicken wing vessels were used for either exoscopic or microscopic bypass procedures. They found that both methods produced equally satisfactory results in experimental bypass procedures, while the exoscope offered better visualization. Hafez et al. (7) conducted another study to compare differences between the operating microscope and exoscope for end-to-side bypass procedures at a depth of 9 cm. The results demonstrated that these two devices had comparable procedural quality, and the authors believed that the digital 3D exoscope might become the main operative visualization system in microneurosurgery. However, their extperiments were conducted in vitro, which cannot accurately simulate the complex situation in vivo. Additionally, although several researchers (2, 5, 8, 9) reported their experience regarding exoscopes applied in clinical cases, the sample size was small; therefore, animal experiments are needed to illustrate the effect of 3D exoscopes applied for microsurgical intervention.

In this study, we aimed to compare the outcomes of microvascular anastomosis using a conventional microscope and 3D exoscope in a challenging setting based on in vivo animal experiments.



Materials and methods


Animals

Male mice weighing 30–50 g were purchased from Beijing Vital River Laboratory Animal Technology Company (Beijing, China). Experiments were performed under a project license (No.: XW-20201226-1) granted by the institutional ethics committee of Xuanwu Hospital, Capital Medical University, in compliance with the National Institutes of Health Guide for the care and use of animals. All mice were provided with free access to food and water and were allowed at least 2 days to adapt to new the environment without surgery.



Microvascular anastomosis

The mice were intraperitoneally anesthetized using 50 mg/kg of 1% phenobarbital sodium and were then fixed on the operating table in the supine position. After sterilization with aner's iodine, a middle abdominal incision, approximately 3–3.5 cm in length, was made. The inferior vena cava and abdominal aorta were exposed after retracting the subcutaneous fat and bowel around the perimeter using retractors, the tissue was dissected layer by layer, and the abdominal aorta was dissociated to approximately 7–8 mm in length. The abdominal aorta was temporally blocked with a microclip (Shanghai Medical Instruments Co., Ltd., Shanghai, China) and cut at the midpoint, creating an end-to-end anastomosis. Usually, 7–8 stitches are sutured, and before the last stitch is knotted, heparin saline (250 U/ml) is injected into the anastomosis site with a syringe needle. After the anastomosis was completed, the microclip was loosened; a small cotton pad was used to stop the bleeding by gently applying pressure, and a vascular patency test was performed to check the patency of the blood vessels (10). Mice were euthanized after 30 min of routine observation to analyze vascular patency and perform sodium fluorescein angiography. We then harvested the anastomosed vessel to visualize the folds between stitches, and the target vessel was stored in 10% formalin for further pathological examination. During the procedure, we recorded the vessel separation duration (time from exposure to complete separation), temporary occlusion duration (time from clipping to opening), total procedure duration (time from incising the skin to opening the microclip), and blood leakage at the sutures. All procedures were performed by ZZ and XL.



3D exoscope

The 3D exoscope (HawkSight; Mitaka Kohki Co., Ltd., Tokyo, Japan) used a 4-chip CCD 4 K image acquisition and dual fluorescence system (colored indocyanine green fluorescence and yellow fluorescence, based on yellow fluorescence). The video information is collected through the left and right fields of view to simulate the viewing angle of the human eye, and the high-resolution 4 K 3D display is used to present intraoperative images. A comparison between the 3D exoscope and conventional microscope is presented in Table 1.


TABLE 1 Comparison of technical specifications between the 3D exoscope and conventional microscope.
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Experimental grouping

In this animal experiment, two scenarios (superficial anastomosis and deep anastomosis) were designed. For deep anastomosis, operators were required to perform vascular anastomosis within a 5 cm depth and a exposed field diameter limited to 3 cm Additionally, the two microscopes were simultaneously applied in both scenarios (Figure 1). And animals were randomized by random numbers with the help of BY who was blinded with the procedures.


[image: Figure 1]
FIGURE 1
Two scenes of vascular anastomosis with different levels of difficulty. (A,B) Superficial anastomosis; the angle between the hands during operation was 38°. (C,D) Deep anastomosis; the angle between the hands during operation was 82°. (E) Enlarged view of the deep anastomosis device with a depth of about 5 cm.




Histopathological analysis

The vessel specimens were fixed in 10% neutral-buffered formalin, dehydrated in alcohol, and embedded in paraffin. Samples were sectioned at a thickness of 5 μm for hematoxylin-eosin (HE) staining, and a typical suture cross-section was presented. The pathology analysis was done by YF who was blind to the group.



Outcome analysis

We recorded the vessel separation, temporary occlusion, and total procedure durations throughout the vascular anastomosis procedure. The results were divided into four groups: (1) superficial anastomosis with the conventional microscope; (2) superficial anastomosis with the 3D exoscope; (3) deep anastomosis with the conventional microscope; and (4) deep anastomosis with the 3D exoscope. No less than 12 in each group. Blood leak was divided into three grades: grade 1, no bleeding was observed, without any additional action after releasing the clip; grade 2, bleeding could be stopped with a piece of cotton pad after loosening the clip; grade 3, bleeding was severe after releasing the clip and required several cotton pads or re-suturing to stop. The evaluation of these outcomes was done by YM and HZ.



Statistical analysis

Statistical analysis was performed using IBM SPSS Version 23.0 (IBM Corporation, Armonk, New York, USA). Continuous variables are expressed as mean values with standard deviation (SD), while categorical data are expressed as percentages. Comparisons between the conventional microscope and 3D exoscope were performed using Student's t-test, the Mann–Whitney U test, or the χ2 test. Odds ratios (ORs) or β were calculated with their 95% confidence intervals (CIs). A P value <0.05 was considered statistically significant.




Results

Experiments were performed on 63 mice in this study. Three mice died during the perioperative period, including one death due to anesthesia overdose and two deaths due to the surgical procedure. Consequently, 60 mice were included in our analysis. Targeted, anastomosed vessels were smaller than 1 mm, and on average, almost eight stiches were required to complete the end-to-end anastomosis. The detailed characteristics of the different experimental groups are presented in Table 2.


TABLE 2 Characteristics of different experimental groups.
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Feasibility

Although the targeted vessel was smaller than 1 mm, the procedure could still be completed using the 3D exoscope, as well as conventional microscope. The operational duration included vessel separation (superficial, P = 0.409; deep, P = 0.163), temporary occlusion (superficial, P = 0.874; deep, P = 0.614) and total procedure (P = 0.534 for superficial, P = 0.681 for deep) durations, which were comparable between conventional microscopes and 3D exoscopes. Blood leakage at the sutures also exhibited no significant difference between the microscope and 3D exoscope (superficial, P = 0.466; deep, P = 0.389). Furthermore, vascular folds evaluated with harvested vessels were almost not visible with conventional microscopes and 3D exoscopes (superficial, P = 0.443; deep, P = 0.054) (Table 2).



Effectiveness

Our team also evaluated the patency of the anastomotic vessels. We found no difference in patency duration, regardless of the type of microscope used ([5 min] superficial: P = 0.669, deep: P = 1.000; [30 min] superficial: P = 0.547, deep: P = 0.464) (Table 2). Given that the 3D exoscope could offer video-angiography, we show vascular patency sodium fluorescein angiography images in Figure 2. Additionally, the results of HE staining also showed comparable outcomes with these two different microscopes (Figure 3).


[image: Figure 2]
FIGURE 2
Real scene with 3D exooscope. (A) Real scene of operator anastomosis using a 3D exoscope. (B) Real situation of anastomotic blood vessel using a 3D exoscope. (C) Sodium fluorescein video-angiography for patent anastomotic vessels using a 3D exoscope.



[image: Figure 3]
FIGURE 3
Typical HE staining results (power of magnification: 100×). (A) Superficial anastomosis using a conventional microscope. (B) Superficial anastomosis using a 3D exoscope. (C) Deep anastomosis using a conventional microscope. (D) Deep anastomosis using a 3D exoscope.





Discussion

With the development of neurosurgery, many corresponding techniques and devices were created, such as neuronavigation, ultrasound, intraoperative magnetic resonance imaging (MRI) and/or computed tomography (CT), robotic technology, augmented reality, awake surgery (11). The advent of exoscopes in recent years may bring forth a new era of neurosurgery. At present, many publications have reported the application of exoscopes in the field of neurosurgery (3, 11), most of which focused on brain and spinal surgery; however, some research concentrated on neurovascular bypass. Hafez et al. (6, 7) reported a comparative and laboratory series with the use of exoscopes and conventional microscopes using chicken wing vessels. Nossek et al. (2) reported five patients who underwent bypass surgery with successful revascularization and no exoscope-related complications. The number of patients was too small to demonstrate the reliability of exoscopes in bypass surgery; therefore, it was necessary to perform vascular anastomosis with exoscopes on live animals to further clarify its value.

In this study, we compared the feasibility and effectiveness of a conventional microscope and 3D exoscope for performing microvascular anastomosis via in vivo animal experiments; a total of 60 mice were included for analysis. To better adapt to the complexity of clinical practice, we set up two scenes according to the depth of anastomosis to simulate more complicated situations; both visualization tools could complete these operations. For superficial anastomosis, the duration of the operation did not vary for the different microscopes, and when in the more difficult clinical scene of deep anastomosis, using either microscope again did not demonstrate a significant difference. These results indicate that the 3D exoscope had good operability in simple, as well as complex situations. The results of HE staining also demonstrated that both microscopes were able to complete difficult anastomosis well; additionally, using the 3D exoscope was equal to using a conventional microscope for retaining patency in the blood vessels for a certain period of time. As shown in Figure 2, when sodium fluorescein is injected intravenously, the exoscope can clearly demonstrate the patency of the blood vessels; we believe that this will provide great convenience in clinical practice. These results gave us confidence that the use of 3D exoscopes in the future can guarantee successful surgeries.

Two years ago, De Virgilio et al. (12) successfully performed free flap microvascular anastomosis in head and neck connections using 4 K 3D exoscopes in a series of 10 cases. They found that the 3D exoscope could be used to manage anastomoses in vessels as small as 1 mm in diameter. In fact, in 2009, De Virgilio et al. and Ichikawa et al. demonstrated the feasibility of free flap microvascular anastomosis using 3D exoscopes (13, 14). However, there are few reports regarding microvascular anastomosis in the neurosurgical field. We expect that our experimental results would lead to more confidence regarding neurosurgical vascular anastomosis.

Compared with the conventional microscope, the 3D exoscope provided better ergonomics. In a neck-neutral sitting position, the operator could attain more unconstrained movements and a more relaxed posture. Additionally, sharing the 3D view with all visitors made the exoscope an exceptionally good tool for teaching and communicating in laboratory settings. These findings are consistent with those of previous reports (2, 15, 16).


Limitations

This study has some limitations. First, the sample size was too small, and the results needed to be carefully interpreted. Second, only end-to-end anastomosis was performed to evaluate the effect of using a 3D exoscope, which might have left some issues overlooked. However, there is a scenario where the operation is performed within a 5 cm depth and a diameter limited to 3 cm, which is challenging for the surgeon. We think that different scenarios can offer more information to readers. Third, the outcome measures relied on subjective judgments, which might result in bias. Although some exoscopic systems do not have the ability to perform video-angiography, this kind of exoscope is equipped with two video-angiography modes, which can adapt to the needs of different scenes. Forth, the microscope used in the study is more technically limited compared to those used in high-complexity neurosurgery centers, what influences the image quality and ergonomics of the surgeon.




Conclusions

In a challenging experimental setting, the conventional microscope and 3D exoscope demonstrated comparable outcomes for microvascular anastomosis in the animal experiments. In vivo microvascular anastomosis is feasible and effective using the 3D exoscope. However, larger-scale clinical evaluation is necessary to draw definite conclusions regarding possible advantages in real-word practice in the future.
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Case Report: Tubridge flow diverter for a ruptured fusiform aneurysm of the M1 segments of the middle cerebral artery
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We report a case of the middle cerebral artery (MCA) M1 segment ruptured fusiform aneurysm that was successfully treated using a domestic Tubridge flow diverter (TFD). A 40-year-old man was admitted to the hospital because of a headache and was diagnosed with subarachnoid hemorrhage. Cerebral angiography revealed a ruptured fusiform aneurysm in the M1 segment of the right MCA. TFD, combined with coil embolization, was used for perioperative treatment. No obvious complications were observed. Follow-up digital subtraction angiography 2 and 12 months after the surgery showed that the aneurysm was occluded, and the patient recovered well. This is the first known case of this treatment with this type of stent in such an aneurysm and demonstrates that TFD can be used to treat ruptured fusiform aneurysms in the M1 segment of the MCA.
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Introduction

Intracranial fusiform aneurysms are difficult to treat and carry a higher risk of rebleeding and morbidity than saccular aneurysms (1). The emergence of a flow diverter (FD) provides a new option for the endovascular treatment of fusiform aneurysms. Several studies have reported that FD can effectively treat middle cerebral artery (MCA) aneurysms, including pipeline flow diverters (PFD) and domestic Tubridge flow diverters (TFD) (2–5). However, there are a few studies on the application of FD to ruptured fusiform aneurysms of the MCA. A previous case report demonstrated that the use of PFD in the treatment of a ruptured fusiform aneurysm in the MCA was successful, and the short-term follow-up results were good (6), while TFD in the treatment of MCA ruptured cases of fusiform aneurysms have not been reported in the literature. We report a case of a patient with a ruptured fusiform aneurysm in the M1 segment of the MCA that was successfully treated using TFD combined with coil embolization in October 2020.



Case presentation

A 40-year-old man presented with a headache, followed by a low mental state. An emergency computed tomography (CT) scan of the head revealed a subarachnoid hemorrhage (Figures 1A,B). The digital subtraction angiography (DSA) and preoperative third-dimensional rotational angiogram (Figures 1C,D) were performed to demonstrate a fusiform aneurysm measuring 10.11 × 6.47 mm in the right M1 segment of the MCA. There were multiple subsacs in the inferior wall, and a ruptured aneurysm was considered. Owing to fusiform aneurysms with high rebleeding and morbidity rates, after a discussion with his family regarding the treatment effect and prognosis, the decision was made to treat the aneurysm using TFD combined with coils. In addition, a neck pressure test was performed on the preoperative angiography of left internal carotid artery, which showed the opening of the anterior communicating artery.


[image: Figure 1]
FIGURE 1
(A) and (B) computed tomography of the head demonstrating subarachnoid hemorrhage. (C) Anterior-posterior the right internal carotid artery and (D) 3D rotational angiogram demonstrating a fusiform aneurysm of the M1 segment of the right MCA measuring 10.11 × 6.47 mm. Multiple ascuses (arrow) were visible in the inferior wall of aneurysm.




Treatment

The interventional procedure was performed under general anesthesia and systemic heparinization. A 7F long sheath (90 cm, Cook Company, USA) was used as a supporting catheter, which was placed at the C1 end of the right internal carotid artery. With the cooperation of a 5F Navien catheter (115 cm, Medtronic, USA) and 0.014 micro-guide wire (200 cm, Stryker, USA), a T-track stent catheter (MicroPort, Shanghai) was introduced in the ipsilateral MCA M3. A Tubridge stent (4.0 × 45 mm, MicroPort, China) was introduced along the stent catheter, and an SL-10 (Excelsior, Stryker, USA) microcatheter tip was attached to the microguide wire. After shaping, it was introduced into the aneurysmal sac. At this time, the stent was released to the beginning of M1, and AXIUM coils (7 mm × 30 cm, 4 mm × 12 cm, 3 mm × 8 cm, and 2 mm × 8 cm; Medtronic, USA) were successively filled along the embolization catheter. The coil and stent were repeatedly adjusted to place the coil on the anterior and inferior walls of the MCA. When the ruptured aneurysm sac was densely filled, the stent was completely released. Angiography and stent CT showed that the stent was well opened, and a dense tamponade was performed on the coils on the anterior and inferior walls. (Figures 2A,B). After the aneurysmal sac was densely packed, 10 ml of tirofiban injection was administered intravenously and then pumped in a 6 ml L/h micropump. After 24 h of tirofiban administration, 300 mg of aspirin and 300 mg of oral clopidogrel were administered, after which tirofiban was still administered for 4 h. The infusion of tirofiban was discontinued, and antiplatelet therapy was administered at 75 mg of clopidogrel and 100 mg of aspirin daily. The patient's vital signs were stable during the operation, and he did not complain of discomfort after waking. Three days after the operation, no obvious abnormality was found on re-examination of the head MRI, and the patient was discharged 7 days after the operation. The modified Rankin Scale (mRS) score at discharge was 0. After discharge, the patient was informed of regular dual anti-platelet aggregation therapy (75 mg clopidogrel + 100 mg aspirin orally once a day) within 6 months. Two months after the operation, the patient had no obvious discomfort, and the mRS score was 0. Re-examination via DSA showed aneurysm occlusion, moderate in-stent stenosis at the distal and proximal ends of the stent, and occlusion of the A1 segment of the right anterior cerebral artery and opening of the anterior communicating artery (Figures 2C,D).


[image: Figure 2]
FIGURE 2
(A) patient was treated by embolization with TFD. (B) The stent is completely released and filled with coils through microcatheter. (C) two months later, angiographic follow-up showed partial occlusion of the aneurysm and moderate in-stent stenosis of the ipsilateral middle cerebral artery. (D) The anterior communicating artery was open and the ipsilateral anterior cerebral artery was well developed.


The patient has asymptomatic moderate in-stent stenosis. He was recommended to continue oral aspirin and clopidogrel for anti-platelet aggregation therapy. At 12 months after operation, the patient was followed up in our hospital. The patient had no obvious discomfort and the mRS score was 0. DSA showed that, anteroposterior (Figure 3A) and lateral (Figure 3B) angiography of right internal carotid artery demonstrated the right middle artery was smooth, but right anterior cerebral artery was not visualized. The working position angiography showed that the blood flow in the stent was smooth, and the stenosis at the distal and proximal ends of the stent disappeared. (Figure 3C) The anteroposterior angiography of the left internal carotid artery (Figure 3D) showed an open anterior communication with no obvious loss of staining in the area supplied by the right anterior cerebral artery. The patient was instructed to discontinue clopidogrel but remain to take 100 mg of aspirin, and recheck angiography after 2 years.


[image: Figure 3]
FIGURE 3
DSA images findings 12-months after operation. (A) anteroposterior angiography of the right internal carotid artery. (B) Lateral angiography of the right internal carotid artery. (C) The working position angiography showed that the stenosis at the distal and proximal ends of the stent disappeared. (D) The anteroposterior angiography of the left internal carotid artery showed that the anterior communicating artery was open and the ipsilateral anterior cerebral artery was well developed.




Discussion

Ruptured fusiform aneurysms in the M1 segment of the MCA are relatively rare in clinical practice, and there is no consensus regarding the standard treatment regimen. Surgical craniotomy requires an isolated bypass, which is more traumatic. Considering that the lenticular artery originates from the M1 segment, the patient is likely to be disabled after surgery. In this case, after consultation with a neurosurgeon, surgical isolated bypass surgery was not recommended. Conventional stent-assisted embolization can embolize aneurysm sacs densely, but because of the low metal coverage of conventional stents, it is difficult to form a thrombus between the edge of the stent and the wall of the MCA lesion in a short period of time. Coupled with the application of antithrombotic drugs, there is a higher risk of rebleeding in the short term. Compared with conventional stent-assisted embolization, blood flow diverting devices may have higher safety, and there have been case reports of FD combined with coil embolization in the treatment of MCA ruptured fusiform aneurysms. The safety and short-term follow-up effects of the procedure are good (6). Based on the patient's condition and current treatment status, the patient was treated with FD combined with coil embolization.

The study of a flow-diverting device combined with coil embolization in the treatment of ruptured fusiform aneurysms of the MCA is limited to case reports. Moreover, PFD is used, and the postoperative follow-up time is short (6). To date, no reports on the use of TFD in the treatment of ruptured fusiform aneurysms in the MCA have been documented. To our knowledge, this is the first report of a patient with an MCA ruptured fusiform aneurysm treated using TFD combined with coil embolization. The patient recovered well after 1 year of follow-up, and the aneurysm had no obvious recurrence.

TFD is a new type of FD that was independently developed in China, and its safety and efficacy have been widely recognized (7). The patient had a ruptured fusiform aneurysm of the MCA. The coil is not only used to fill the ruptured anterior inferior wall but also as an effective support for TFD. Through TFD placement, the blood flow velocity and wall shear stress in the aneurysm are significantly reduced, which accelerated thrombosis between the TFD and the lesion wall, and achieves aneurysm occlusion and parent artery remodeling in the short term. Short-term follow-up also confirmed aneurysm occlusion, and long-term follow-up showed that the M1 segment of the MCA was well remodeled (8). Although short-term follow-up revealed moderate in-stent stenosis, the patient was asymptomatic. Previous literature has reported that, after FD treatment, most patients can tolerate reduced blood flow due to arterial occlusion or stenosis without significant associated symptoms or imaging findings (9). Benninghaus et al. reported that in-stent stenosis is a common phenomenon in the short-term follow-up after FD treatment, and the mechanism is unclear; however, most patients are asymptomatic, and the stenosis will improve with prolonged follow-up (10). In this case, moderate in-stent stenosis was found during the 2-month follow-up period, and regular dual anti-platelet aggregation therapy was continued. The stenosis disappeared during the 12-month follow-up, which is consistent with previous reports.

This article reports a successful case of the use of TFD, combined with coil embolization, in the treatment of a ruptured fusiform aneurysm in the M1 segment of the MCA, with good short-term and long-term follow-up. Future multicenter prospective cohort studies are needed to confirm this conclusion.
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Background: In recent years, some cases of rhabdomyolysis after surgery have been reported. In this report, we present an adult patient with rhabdomyolysis after intracranial aneurysm surgery.



Case Report: A 59-year-old male suffered from a coma, fever, and soy sauce urine after intracranial aneurysm clipping. A routine blood examination showed that liver and kidney function were impaired, and creatine phosphokinase(CK) and creatine phosphokinase isoenzyme(CK-MB) levels increased. Therefore, we consider patients with rhabdomyolysis after intracranial aneurysm surgery. A series of treatment schemes, such as intravenous fluid infusion, alkalized urine, and hemodialysis, were adopted immediately, and finally the patient was discharged safely.



Conclusion: For some postoperative patients, once the level of CK/CK-MB increases, acute renal damage occurs, and the urine color turns soy sauce, we should be alert to postoperative rhabdomyolysis.For those patients who have been diagnosed with rhabdomyolysis, we need to take timely treatment measures to avoid an unfortunate occurrence.
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Introduction

Rhabdomyolysis is the breakdown of skeletal muscle integrity with the direct release of intracellular contents including myoglobin, creatine kinase (CK), lactate dehydrogenase, and electrolytes. Common causes include trauma, weariness, strenuous exercise, convulsions, hypothermia, malignant hyperthermia, infections, electrolyte imbalances, medications, toxins, and genetic anomalies (1). The severity of rhabdomyolysis has been upgraded from myoglobin urine, which can lead to acute kidney injury (AKI) to other serious systemic complications. Early recognition and management of this condition are key to reducing permanent morbidity and mortality (2).

Rhabdomyolysis following surgery is a recognized complication that might be brought on by the patient's position, an extended procedure, or certain postoperative risk factors, with numerous reports detailing its impact on the management of the common indications for which patients undergo surgery (3, 4). Aneurysmal subarachnoid haemorrhage(aSAH) is a relative reason for prolonged surgery.

Aneurysmal subarachnoid hemorrhage results in severe disability and mortality in 50% of cases (5). Treatment of the ruptured aneurysm and prevention of delayed rupture of the SAH are important aspects of management to reduce poor outcomes. Endovascular embolization and microsurgical clip occlusion are the main methods to treat ruptured aneurysms. Occasionally, prolonged treatment times lead to patients remaining immobilized on an operating table with the risk of skeletal muscle injury and possibly rhabdomyolysis (6). The treatment of this complex condition can have an impact on SAH complications such as vasospasm, cerebral oedema, seizures, electrolytes, and cardiopulmonary disturbances.

We present a case of rhabdomyolysis following surgically managed aSAH and share lessons from our management of this case.



Case report


Patient information

A male patient in his fifties presented with a sudden onset of confusion and syncope. There were no co-morbid medical conditions or family histories of concern.



Clinical findings

The GCS score was 15, bilateral pupils were equal in size, 2.0 mm in diameter, slow in response to light, neck resistance, and normal muscle strength and muscle tension of the limbs. According to the general assessment, there is no evidence of muscle injury or visceral injury.



Diagnostic assessment

Head CT showed Fisher II SAH, and cerebral angiography showed that the left middle cerebral artery M1 had a large aneurysm with a neck width of 7.3 mm, a height of 7.9 mm, and a maximum transverse diameter of 8.5 mm; the left middle cerebral artery M2 had a small aneurysm at the beginning of its lower trunk with a neck width of 2.1 mm, a height of 2.2 mm, and a maximum transverse diameter of 1.5 mm; and the left posterior communicating artery had a neck width of 1.3 mm, a height of 3.1 mm, and a maximum transverse diameter of 2.1 mm. The rest of the cerebral vessels and their branches were well developed. Serum potassium was slightly lower (3.31 mmol/L), and other biochemical and hematological indices were normal.

The patient's symptoms are suspected to be connected to a middle cerebral aneurysm hemorrhage. The aneurysm can be treated using one of two methods: Endovascular treatment or craniotomy clipping. Considering the number, location, and operation cost of aneurysms, patients often choose craniotomies to clamp aneurysms.

Digital subtraction angiography (DSA) was performed to better describe the characteristics of the culprit aneurysm and evaluate the remaining vascular tree. Additionally, DSA is not complicated; it was conducted in a dedicated angiography room, and the patient was transported to the surgical operating room one hour later.

After general anesthesia, the patient took the supine position with his head tilted to the right and chose the left pterional approach. After conventional craniotomy, an aneurysm was clipped at the beginning of the posterior communicating artery, and then the neck of the aneurysm was clipped at the M1 bifurcation and M2 inferior branch of the middle cerebral artery, respectively. Intraoperative indocyanine green fluorography confirmed that the clipping effect of three aneurysms was satisfactory. The operation took 7.5 h, and it was complicated by 500 ml of bleeding caused by an aneurysm rupture during the operation. The intraoperative observation was always stable, with no anesthetic reaction, no adverse reaction of blood transfusion, and prophylactic antibiotics (cefotiam) during the operation. Thoroughly stop the bleeding on the wound, place a gelatin sponge near the artery clamp, and give nimodipine to prevent cerebral vasospasm after the operation, Valproate sodium is used for 72-hour antiepileptic prevention. At the same time, in order to reduce brain tissue metabolism and avoid irritability and other emotions, a small dose of sedative and analgesic drugs was given.

On the first postoperative day, the patient was unconscious with a GCS score of 5 T (E1VTM4), which was considered a symptom of cerebral vasospasm. On the third day following the procedure, the patient's peak body temperature was 40.2 °C. There was no sign of an intracranial infection discovered despite lumbar puncture and cerebrospinal fluid analysis. The liver, kidney, and electrolyte functions were monitored while vancomycin (1,000 mg every eight hours) and meropenem (2 g every eight hours) were administered as an anti-infection therapy. On the fifth day after surgery, his body temperature was 39.2°C, and he developed symptoms of impaired liver and kidney function. The level of alanine aminotransferase(ALT) was 169 U/L, aspartate aminotransferase(AST) was 850 u/L, creatinine was 106 U/L, and urea was 10.23 U/L. respectively. To protect liver and kidney function, we will discontinue the use of vancomycin in favor of imipenem to fight infection and magnesium isoglycyrrhizinate to protect the liver. When the patient's urine turned soy-colored on the sixth postoperative day(January 1st), reexamination revealed CK levels of more than 40,000 U/L and CK-MB 1,017.9 U/L, ALT was 354 U/L, AST was 1,180 U/L, creatinine was 131.4 U/L, and urea was 13.03 U/L (Table 1), which are considered diagnostic for rhabdomyolysis syndrome.


TABLE 1 Monitoring of various indices of patients during hospitalization: ALT (9–50 U/L) AST (15–40 U/L) creatinine (57–97 µmol/L) urea (3.1–8 mmol/L) CK (50–310 U/L) CK-MB (2–25 U/L) Potassium (3.5–5.5 mmol/L).
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Therapeutic intervention

The patient was diagnosed with rhabdomyolysis on January 1st. The creatine kinase level of the patient was still high after three days of alkalization urine, active rehydration, and diuresis. Then, from January 4th on, he received hemofiltration treatment once a day. On the 12th day after the operation (January 7th), The consciousness of the patient was better than before, and the GC score was 8 T (E3VTM5), urine color began to fade, creatine kinase level decreased obviously, and successfully disconnected from the ventilator. and symptomatic treatment such as alkalization liquid, infection treatment, renal function protection and nutritional support were continued. On the 13th day after the operation (January 8th), the biochemical values of CK, CK-MB, ALT, AST, creatinine, and urea in the patient's blood were 3,063 U/L, 27 U/L, 148 U/L, 133 U/L, and 13.48 U/L, respectively, so it was decided not to undergo hemodialysis. On the 19th postoperative day (January 14), the patient was conscious with a GCS score of 9 T (E4VTM5), a morning temperature of 38.5 C, CK value of 757 U/L, CK-MB value of 17.1 U/L, ALT of 55 U/L, AST of 50 U/L, creatinine of 97 U/L, and urea of 11.39 U/L, and decided to transfer out of the intensive care unit for follow-up treatment.



Timeline

You can see the timeline in Table 1.



Follow-up and outcomes

On January 15th, the patient was transferred to the general ward for further treatment. On January 19th, the patient was conscious with a GCS score of 10 T (E4VTM6) and no fever symptoms. Because of multiple venous thromboses in the right lower limb, the inferior vena cava filter was implanted. The patient can speak after suturing his tracheotomy on January 30th. On February 5th, the patient was conscious (GCS-15 points). After taking out the inferior vena cava filter, he was discharged from the hospital. When the patient was discharged from the hospital, there were no other sequelae, such as headache, nausea, blurred vision, seizures, etc.




Discussion

This report presented a case of postoperative cerebral aneurysm with cognitive disturbance, rhabdomyolysis, and severe liver and renal failure. Fever and liver and kidney function impairment are the first signs, followed by symptoms of soy sauce-colored urine. Adding adequate liquid, empirical anti-infection treatment, alkalizing urine, preserving liver and renal function, and hemodialysis were all beneficial treatments.

Rhabdomyolysis can be caused by a variety of factors, however postoperative rhabdomyolysis is an uncommon condition whose causes may be connected to obesity, operation duration, and operation posture (7, 8). Patients' poor posture and inadequate cushioning in the operation room might result in skeletal muscle crush damage and hypoxia. Patients with prolonged operation times and obesity are more susceptible to sustaining such injuries, which can lead to rhabdomyolysis following surgery (6). Our patient was not overweight, but the long-term supine position exposes the muscle groups to crush-related injuries.

Hypokalemia is a risk factor for rhabdomyolysis (9). Ischemia might be one explanation for the link between hypokalemia and rhabdomyolysis. It has long been reported that once hypokalemia begins in dogs, muscle blood flow is severely compromised (10). A suitable potassium concentration causes blood vessels in muscles to expand, boosting regional blood flow. Muscles are in relative ischemia when hypokalemia develops, and continuing in this state for an extended period of time can lead to muscular necrosis and rhabdomyolysis. Our patients were found to have hypokalemia during the perioperative period. Although he received potassium ion supplements on time, it is possible that this was a factor in his rhabdomyolysis. Correcting hypokalemia as soon as possible may be an effective way to avoid postoperative rhabdomyolysis.

Infection has been associated with rhabdo in the literature (11–13). The etiology of this association is not well established but is believed to be related to the toxic effect of bacterial metabolites on muscle tissue as well as damage from fever and hypoxia (14). Our patient remained pyrexial for a prolonged period despite antibiotic use.

Prolonged immobilization due to impaired consciousness, cerebral vasospasm, delayed cerebral ischemia, or as part of management may all increase the risk of rhabdomyolysis in patients with aSAH. Good nursing care and vasospasm prophylaxis are also important in avoiding this complication.

A combination of pre-operative hypokalemia, prolonged surgery, persisting post-operative fever, and depressed consciousness were thought to have led to the development of rhabdomyolysis in the present case. During this time, we avoided hypovolaemia to avoid vasospasm and made sure electrolytes were replaced to keep seizures from exacerbating the condition. In managing this patient's fluid resuscitation, urine alkalinization, and hemofiltration as guided by renal function, it was safe.



Conclusions

Rhabdomyolysis is a serious potential complication of cerebral aneurysm surgery. For patients with hypokalemia before the operation, prolonged operation time, persistent fever after the operation, and cerebral vasospasm leading to decreased consciousness, special attention should be paid to prevent this complication. For patients diagnosed with rhabdomyolysis, we should actively rehydrate intravenously, alkalize urine, protect liver and kidney functions, and conduct hemodialysis when necessary to avoid irreparable consequences for patients.
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Background: Microanastomosis is a challenging technique requiring continuous training to be mastered. Several models have been proposed, but few effectively reflect a real bypass surgery; even fewer are reusable, most are not easily accessible, and the setting is often quite long. We aim to validate a simplified, ready-to-use, reusable, ergonomic bypass simulator.



Methods: Twelve novice and two expert neurosurgeons completed eight End-to-End (EE), eight End-to-Side (ES), and eight Side-to-Side (SS) microanastomoses using 2-mm synthetic vessels. Data on time to perform bypass (TPB), number of sutures and time required to stop potential leaks were collected. After the last training, participants completed a Likert Like Survey for bypass simulator evaluation. Each participant was assessed using the Northwestern Objective Microanastomosis Assessment Tool (NOMAT).



Results: When comparing the first and last attempts, an improvement of the mean TPB was registered in both groups for the three types of microanastomosis. The improvement was always statistically significant in the novice group, while in the expert group, it was only significant for ES bypass. The NOMAT score improved in both groups, displaying statistical significance in the novices for EE bypass. The mean number of leakages, and the relative time for their resolution, also tended to progressively reduce in both groups by increasing the attempts. The Likert score expressed by the experts was slightly higher (25 vs. 24.58 by the novices).



Conclusions: Our proposed bypass training model may represent a simplified, ready-to-use, reusable, ergonomic, and efficient system to improve eye-hand coordination and dexterity in performing microanastomoses.
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Introduction

The introduction of endovascular techniques has progressively reduced the number of open surgeries for cerebrovascular diseases. Consequently, neurosurgical residents and young trainees have fewer opportunities to see, learn and practice cerebrovascular procedures. Nonetheless, bypass surgery still plays a crucial role in treating complex aneurysms, moyamoya disease, and in restoring adequate cerebral circulation when dealing with difficult intracranial tumors or other occlusive vascular lesions (1–8).

Microvascular anastomosis is one of the most challenging neurosurgical technique because of the small diameter of the vessels (less than 2 mm in most of the cases) as well as the depth and the narrowness of the surgical field. Hence, microvascular anastomosis techniques require dedicated and effective training to be mastered. Several training models, such as chicken wings, rats, placental vessels, human cadavers, and plastic tubing have been suggested for improving and refining microsurgical skills (2, 9–15). In the last years, virtual reality models and web-based simulators have also proved to be very powerful tools in enhancing trainees' learning experience at various levels (1, 16–22).

However, the proposed training models do not often adequately reflect the realism of an actual cerebrovascular bypass surgery and/or are not easily accessible. Here, we describe a simplified, ready-to-use, reusable, ergonomic simulator for training microvascular anastomosis techniques (1, 16–22).



Materials and methods


Iatrotek® bypass simulator: technical device description

The bypass simulator consists of a rectangular main structure (200 mm × 300 mm) in alloy EN-AW 6082/T6 with anodic oxidation treatment, stainless steel (X5CrNi 18/10), polymethylacrylate and polyvinyl chloride (C2H3Cl)n, with a maximum high of 250 mm. The platform's weight is 0.3 Kg. Several optional accessories are available: a mechanism to modify the depth of the working field; a bypass extender; 1, 2, and 3 mm holders for artificial vessels; set of short and long microsurgical instruments; indocyanine green; set of long needles for side-to-side anastomosis; and Kezlex Polyvinyl alcohol (PVA) hydrogel synthetic vessels with various diameters (1 mm, 2 mm, 3 mm for a length of 70 mm) (Figure 1). The PVA hydrogel vessels are qualitatively similar to the human donor and recipient arteries that are usually involved in bypass surgeries because their production is based on three-dimensional computed tomography/magnetic resonance imaging scanning data. Furthermore, several studies have confirmed that PVA hydrogel vessels represent a good biomaterial for practicing microsurgical anastomosis as they are similar to real arteries for mechanical properties (e.g., surface friction and elasticity), as well as for their transparency and for a comparable staining with blue dye (Figure 2) (23).


[image: Figure 1]
FIGURE 1
Setting of Iatrotek bypass simulator. The bypass simulator is placed on a stable support. Microsurgical scissors and needle holder are shown and tagged, together with Jewelry forceps, Kezlex Polyvinyl alcohol (PVA) hydrogel synthetic vessels, Indocyanine green and 9.0 Monosof thread.



[image: Figure 2]
FIGURE 2
Details of Kezlez PVA hydrogel vessels. Setting for EE, ES and SS microanastomosis is shown in picture (A–C) respectively.




Iatrotek® bypass simulator: setting

The training platform has to be placed on a stable support (I).

A mechanism permits to adjust the depth of the working field in accord with the desired degree of difficulty. In addition, a diaphragm is used to set the width of the working field (II).

Interchangeable approximators are inserted in the corresponding holes in relation to the size of the vessels that will be fixed to their nozzles. The length and tension of the vessels may be adjusted by moving the approximators (III).

The approximators are hollow and connected with a fluid pump. This allows a continuous or an “on demand” irrigation of the vessels (simulating the blood flow), as well as the use of the indocyanine green to check the tightness of the anastomosis (IV).

The setting procedure takes usually less than 5 min before the training could start (Supplementary Video S1 and Figure 3).


[image: Figure 3]
FIGURE 3
Workstation. The training platform has to be placed on a stable support. Workstation place is very versatile: it could be set in a laboratory, on study room desk or, as in this case, in the surgery room.




Participants

Ten neurosurgical residents and two postdoctoral research fellows (“novice group”) were enrolled in the study together with two expert vascular neurosurgeons (“expert group”). In 80 days, each trainee completed eight End to End (EE), eight End to Side (ES) and eight Side to Side (SS) microanastomoses using 9.0 Monosof™ interrupted sutures and 2-mm synthetic vessels. All the participants performed each trial (consisting of the 3 different microanastomoses) every ten days. Data on number of knots (NOK), time to perform bypass (TPB), number of sutures and time required to stop potential leaks after bypass execution were collected. Indocyanine green and/or fluoresceine were used for all the procedures showing leaks when present.

After completing the last training, participants completed a 6-question Likert Like Survey (Figure 4) in order to evaluate the bypass simulator (1). Each question was answered on a scale from 1 to 5: 5– exactly like; 4– very similar; 3– similar; 2– little similarity; 1– not similar, with the statements provided. The first four questions assessed face validity: the participants judged the degree of actual task replication and difficulty when compared to real surgery. The other questions appraised content validity, i.e., the potential of the training platform to upgrade their microdissection and microinstrument handling skills and the likelihood that this could determine improvements in their real surgical performance (1).


[image: Figure 4]
FIGURE 4
6-question Likert Like Survey. Each question was answered, after the 8th attempt by each of the partecipants, on a scale from 1 to 5: 5- exactly like; 4- very similar; 3– similar; 2– little similarity; 1– not similar, with the statements provided. The first four questions assessed face validity: the participants judged the degree of actual task replication and difficulty when compared to real surgery. The other questions appraised content validity, i.e. the potential of the training platform to upgrade their microdissection and microinstrument handling skills and the likelihood that this could determine improvements in their real surgical performance.


The overall performance of each participant was evaluated using the Northwestern Objective Microanastomosis Assessment Tool (NOMAT) (24). Two cameras recorded all the training procedures. One expert vascular neurosurgeon (MDA) blindly graded the performance of the participants, which were divided into a “novice group” and an “expert group” as described above.



Statistical analysis

A statistical analysis was performed using SPSS software (version 20; SPSS Inc., Chicago, IL, USA) in order to detect any difference between the two groups (“novice group” vs. “expert group”) at the first and at the last attempt with the three different types of microanastomosis. In addition, we searched for any difference in the overall performance in the two groups, comparing the overall results of the participants at their first and last attempts, in order to evaluate the potential improvement due to the use of the training platform.

The statistical analysis of data was carried out by the Pearson chi-square test for discrete variables and the t-test for continuous ones. The statistical significance was set at p < 0.05.




Results

A total of 336 bypasses were performed (24 for each trainee, 8EE, 8ES, 8SS). Detailed results are displayed in Tables 1–3.


TABLE 1 Results of the NOMAT score and objective task evaluation of the 2 mm vessels end-to-end bypass in each group at 1st and 8th attempts.

[image: Table 1]


TABLE 2 Results of the NOMAT score and objective task evaluation of the 2 mm vessels end-to-Side bypass in each group at 1st and 8th attempts.
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TABLE 3 Results of the NOMAT score and objective task evaluation of the 2 mm vessels Side-to-Side bypass in each group at 1st and 8th attempts.
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Novice group average TPB (minutes) at the first vs. at the eighth attempt was 37.25 vs. 21.25 min for EE (p < 0.0005), 41.58 vs. 28.83 min for ES (p < 0.0005), 40.67 vs. 28.83 min for SS (p < 0.0005).

The mean NOMAT score for the expert group at the first vs. at the eighth attempt was 44 vs. 45.5 for EE (p = 0.746), 44.25 vs. 48 for ES (p = 0.095), 39.25 vs. 43 for SS (p = 0.095). The mean NOMAT score for the novice group at the first vs. at the eighth attempt was 20.5 vs. 33.75 for EE (p < 0.0005), 20.50 vs. 20.58 for ES (p = 0.959), 33.75 vs. 33.75 for SS (p = 1.00).

The mean Likert score after the last attempt of microanastomosis was 25 for the expert group and 24.58 for the novice group out of a maximum score of 30 (Figure 3).



Discussion

Residents and young surgeons require a continuous training process in order to develop eye-hand coordination and dexterity in performing microvascular anastomosis techniques. However, the proposed training models do not often adequately reflect the realism of an actual cerebrovascular bypass surgery and/or are not easily accessible (Table 4).


TABLE 4 Summary of the advantages and disadvantages of available bypass training models for practicing microvascular anastomosis.

[image: Table 4]

In the past years live animals (in particular rats) were the most adopted training model. The main advantages of this model are obviously represented by the pulsatile blood flow and natural viscosity. Furthermore, the size and the feel of animal arteries resemble those of human vessels (1, 25). However, nowadays, increasingly strict regulations concerning animal welfare, appropriate shelter, economic and ethical issues, and surgical management have progressively imposed significant but necessary limitations of the use of live animal models. In addition, animals models have to be adequately prepared before starting a microvascular anastomosis training: a careful dissection of the surrounding fat and connective tissue is required to expose the vessels, and sometimes the vessels may not have the desirable size and/or length (1, 25).

For these reasons, other bypass training models have been evaluated in the last decades. Fresh human and bovine placentas proved to be excellent tissue models for bypass training, because their vessels are greatly similar to the cerebral ones, and a placenta may provide material for dozens of microsurgical anastomoses in a single session. Several placenta training models have been proposed and described in the medical literature (26–28). Oliveira et al. proposed a human placenta simulator, a high-fidelity and easily available simulator for training neurosurgeons in vascular microsurgery (17, 29). Belykh et al. demonstrated also that human and bovine placental vessels are convenient, anatomically relevant, and beneficial models for microneurosurgical training. Hence, the microanastomosis simulation using these models has high face, content, and construct validities (1). In 2020, Ferrarez et al. described a superficial temporal artery-middle cerebral artery bypass training simulator placing a human placenta in an artificial skull in which a fronto-temporal approach had been previously performed (18).

On the other hand, the use of placenta vessels has also several disadvantages: (1) scarce opportunities to work on these models on an individual basis (educational programs are often required); (2) a specific distribution route has to be arranged with the Obstetrics and Gynaecology unit; (3) storage issues; (4) placenta vessels, like animals' models, have to be adequately prepared before starting a microvascular anastomosis training.

Beyond live animals and placentas, several artificial models have been proposed and described in the medical literature. In 2011, Mori et al. proposed a simulation model for training posterior circulation revascularization: a three-dimensional skull model with artificial brain, where superior cerebellar and posterior inferior cerebellar arteries were made from artificial blood vessels and glued on the brain (30). In 2020, Cikla et al. described the “grapefruit training model” which may provide a realistic simulation of side-to-side distal anterior cerebral artery bypass procedure using a “dissected grapefruit” to simulate the interhemispheric fissure, chicken wing vessels or synthetic tubing for pericallosal arteries, and an aquarium pump to mimic circulation (31). The main disadvantage of this model is that its assembly is not so immediate (in particular if the vessels are harvested from chicken wings). In addition, the model is specifically designed for training only the distal anterior cerebral artery side-to-side bypass (31).

In consideration of the above, even if it is evident that several and different bypass training models have been proposed so far, few reflect the realism of an actual cerebrovascular bypass surgery, even fewer are reusable, most are not easily accessible, and the setting procedure before starting the bypass training is not so fast in almost all the models.

The setting procedure of the Iatrotek® bypass simulator is really quick, usually less than 5 min before the training could start. Our training model is reusable, and may be easily transported and used in any available place.

Obviously, the Kezlex PVA hydrogel synthetic vessels do not allow to train dissection skills, but they are more readily available, and easier to handle and store than live animals, placentas or artificial models. Then, the PVA hydrogel vessels are produced using three-dimensional computed tomography/magnetic resonance imaging scanning data, and their mechanical properties (e.g., surface friction and elasticity) and transparency are very similar to real arteries. In addition, the patency and the tightness of the bypass may be tested irrigating the vessels or using the indocyanine green.

Finally, when using the Iatrotek® bypass simulator, the degree of difficulty of the training may be easily and quickly adjusted modifying the depth and the width of the working field, as well as the position of the interchangeable approximators.

Our experience showed that the training with the Iatrotek® bypass simulator was able to determine a performance improvement in both the novice and expert groups. When comparing the results of the first and the last attempts, we registered an improvement in the mean TPB in both groups for all the three types of microanastomosis. The improvement was obviously more pronounced in the novice group, always reaching a statistical significance, while in the expert group the improvement was statistically significant only for the ES bypass. The NOMAT score also tended to improve in both groups, showing a statistically significant progress in the novice group for the EE bypass. The mean number of leakages after bypass execution, as well as the relative time for their resolution, also tended to slightly and progressively reduce in both groups by increasing the number of attempts, thus again underlining the potential effectiveness of the training model in refining microsurgical skills. Experienced trainees expressed a slightly better subjective evaluation of the training model than novices (Likert score of 25 vs. 24.58 out of 30, respectively).



Limitations

Iatrotek® didactic platform and PVA hydrogel vessels, despite the above described advantages, are more expensive than other models presented in our discussion. On the other hand this bypass simulator could be used not only by neurosurgeons but also by other physicians (e.g., vascular, plastic surgeons, etc.). In this way, by purchasing only one simulator, surgeons from different specialties could improve their microvascular skills. As a consequence, PVA hydrogel vessels could be purchased in large amounts and at a more convenient price from the supplier. However, as above mentioned, PVA hydrogel vessels are more expensive than placental ones. On the other hand, PVA hydrogel vessels have no storage issues and no costs of conservation. In addition, they are ready to use and realistic because of their technique of production and mechanical properties. Hence, according to our analysis, this bypass simulator could be practical and cost-effective when compared with the alternative solutions on the market.



Conclusions

In conclusion, our proposed bypass training model may represent a simplified, ready-to-use, reusable, ergonomic and efficient system to improve eye-hand coordination and dexterity in performing microanastomosis.
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Background: : Instead of only practicing these perfectly matched end-to-side anastomoses in microsurgical laboratories, we must learn how to perform these so-called “imperfect” end-to-side anastomoses in the laboratory.



Methods: Three types of end-to-side microvascular anastomoses using the rat common iliac artery (CIA), one with the proximal end of the CIA to the contralateral side of the CIA, another with the distal end of the CIA to the contralateral side of the CIA, and the third with the distal end of the CIA to the ipsilateral side of the common iliac vein (CIV), were presented to simulate different end-to-side anastomosis situations in a microsurgical laboratory. Diameters of CIA and CIV, distances between temporary clips, the length of arteriotomy or venotomy, and the distribution of stitches were recorded. The patency rates were evaluated immediately after the anastomosis was completed and 30 min later. After animal euthanasia, the donor vessel was cut close to the anastomotic site, and the orifice size and intimal attachment were evaluated by inspecting them through inside the vessel.



Results: The diameters of the CIA and CIV were 0.8–1.2 mm and 1.2–1.5 mm, respectively. The end-to-side microvascular anastomosis arteriotomy or venotomy is approximately 2.00–2.50 mm, the distance between the aneurysm clips on the recipient CIA or CIV is approximately 4.00–7.00 mm, and the distance between the corner of the arteriotomy or venotomy and the temporary aneurysm clip was 1.00–3.00 mm. Three types of end-to-side anastomoses using the CIA were successfully performed, and 100% patency rates were achieved immediately and 30 min postoperatively. Good distribution of stitches, wide orifice, and intimal attachment were recorded in the study in all groups.



Conclusions: Three types of end-to-side anastomoses using rat CIAs could be efficiently used to mimic three different anastomotic situations.
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Introduction

End-to-side microvascular anastomosis is one of the most commonly used anastomotic configurations in cerebral revascularization surgeries and connects the end of the donor artery with the side of the recipient artery through an anastomosis (1–5). Theoretically, the ideal anastomosis should be performed between two perfectly matched vessels under little or no tension situations; however, nonideal anastomosis, such as mismatched vessels or some tension between donor and recipient vessels, is commonly encountered in real operations (6, 7). Yarsagil emphasized that the microvascular anastomosis technique should be fully mastered in microsurgical training laboratories before its application in human beings (7, 8). Therefore, instead of only practicing these perfectly matched end-to-side anastomoses in microsurgical laboratories, we must learn how to perform these so-called “imperfect” end-to-side anastomoses in the laboratory. Previously, many types of end-to-side microvascular anastomosis training models have been described, such as those that are ipsilateral to contralateral common carotid arteries (9, 10), common carotid artery to external jugular vein (11, 12), ipsilateral to contralateral common iliac arteries (7, 9), and femoral artery to vein (13–15). In this article, three types of end-to-side microvascular anastomotic configurations using the rat common iliac artery (CIA), one with the proximal end of the CIA to the contralateral side of the CIA (Prox. CIA-Cont. CIA), another with the distal end of the CIA to the contralateral side of the CIA (Dist. CIA-Cont. CIA), and the third with the distal end of the CIA to the ipsilateral side of the common iliac vein (CIV) (Dist. CIA-Ipsi. CIV), were presented to simulate different end-to-side anastomosis situations in a microsurgical laboratory (Figure 1).


[image: Figure 1]
FIGURE 1
Schematic illustration about three types of end-to-side microvascular anastomosis training model using rat common iliac artery. Anatomy schematic illustration of the rat CIA regarding three types of end-to-side microvascular anastomosis training model using rat CIA (A). Prox. CIA to contralateral CIA end-to-side anastomosis (B). Distal CIA to contralateral CIA end-to-side anastomosis (C). Distal CIA to ipsilateral CIV end-to-side anastomosis (D). AA, abdominal aorta; CIA, common iliac artery; CIV, common iliac vein; Cont., contralateral; Dist., distal; Ipsi., Ipsilateral; IVC, inferior vena cava; Lt., left; Prox., proximal; Rt., right.




Methods and materials

Forty-eight male Sprague-Dawley (S-D) rats weighing 200–250 g (Beijing Vital River Laboratory Animal Technology Company, Beijing, China) were used in the study. Blue, nonabsorbable monofilament polypropylene 10-0 sutures (W2790, 13 cm in length, 3.8 mm, 3/8 circle taper point, BV 75-3, Ethicon) were used to perform microvascular anastomosis under a training microsurgical microscope (Zeiss, OPMI Pico; Carl Zeiss Meditec AG, Jena, Germany). Microsurgical instruments were purchased from Shanghai Medical Instruments Co., Ltd., Shanghai, China, including two microforceps with 0.15 mm (WA3060) and 0.3 mm (WA3070) tips, straight or curved microscissors (WA1050 and WA1060), and straight or curved microneedle holders (WA2050 and WA2060). All procedures were performed by the first author (ZX) using 10× or 16× magnification via a microscope. In the study, the rats were anesthetized intraperitoneally with pentobarbital (50 mg/kg), and they were euthanized by an intraperitoneal injection of pentobarbital (200 mg/kg) at the end of the experiment. No systemic anticoagulant agents or antibiotics were used in the study.


Ethical statement

The study was carried out in compliance with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines, and all animal experiments were performed according to the national and international guidelines and were approved by the Research Ethics Committee.



Proximal CIA to contralateral CIA end-to-side anastomosis

The animals were placed supine after anesthetization, and a midline abdominal skin incision was made. The bilateral CIAs were carefully and fully dissected from their abdominal aorta (AA) origin to their distal bifurcation into the internal and external iliac arteries, and the connective tissue around the CIA was meticulously dissected until the CIA was completely freed from them and the underling CIVs. Any tiny branches from the CIA were meticulously coagulated with fine-tipped bipolar forceps and were divided with microscissors (Figures 1A, 2). After the bilateral CIAs were fully isolated, the distal part of the left CIA was temporarily occluded with an aneurysm clip, the proximal part was ligated using 10-0 nylon sutures at its origin from the AA, and then the left CIA was transected just distal to the ligation point. The right CIA was temporarily occluded with two aneurysm clips (Figure 3A). The proximal cutting end of the left CIA was trimmed in an oblique fashion, and a linear arteriotomy with the same length as the left proximal CIA oblique cutting end was made on the anterior surface of the right CIA (Figure 3B). The adventitia around the cutting end of the left CIA and the arteriotomy on the right CIA were carefully removed. An end-to-side anastomosis was performed as we previously described (7). Two staying sutures were placed at the corner of the arteriotomy to draw the donor and recipient arteries together. Then, the posterior wall of the anastomosis was closed in an intraluminal continuous suturing technique. After that, the anterior wall was closed in an extraluminal continuous suture pattern, the depth of the sutures was one to two times the thickness of the CIA wall, and the spacing was approximately 3–5 sutures per millimeter. After completion of the anastomosis (Figure 3C), blood flow was restored by removing the temporary clips (Figures 1B, 3D). The patency of the anastomosis was evaluated using Acland's test (6, 7, 16–18), which was carried out by milking the distal part of the left CIA with microforceps to empty and refill it with bypass flow (Supplementary Video 1).


[image: Figure 2]
FIGURE 2
Anatomy of the CIA, CIV, IVC, and AA related to the end-to-side microvascular anastomosis using rat CIA. AA, abdominal aorta; CIA, common iliac artery; CIV, common iliac vein; IVC, inferior vena cava; Lt., left; Rt., right.
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FIGURE 3
Proximal CIA to contralateral CIA end-to-side anastomosis. After bilateral CIAs were carefully dissected, the right CIA was temporarily occluded, the distal part of the left CIA was temporarily occluded, and the proximal part was ligated at its origin (black arrow) (A). The proximal left CIA was divided distal to the ligation point (black arrow), and the cutting end of the CIA was cut in a fish-mouth fashion; an arteriotomy was made on the right CIA (B). Proximal CIA to contralateral CIA end-to-side anastomosis was performed (C), and blood flow was restored by releasing these temporary clips (D). Scale bar = 1 mm. AA, abdominal aorta; CIA, common iliac artery; CIV, common iliac vein; Lt., left; Prox., proximal; Rt., right.




Distal CIA to contralateral CIA end-to-side anastomosis

After the bilateral CIAs were fully dissected from their origin to their distal bifurcations (Figure 4A), the proximal part of the left CIA was temporarily clipped at its origin from the AA with an aneurysm clip, the distal part of the left CIA was ligated using 10-0 nylon sutures just before the bifurcation to the internal and external iliac arteries, and then it was transected proximal to the ligation point. The cutting end of the left CIA was trimmed in a fish-mouth fashion. The right CIA was temporarily occluded with two aneurysm clips, and a linear arteriotomy with the same length as the left distal CIA fish-mouthed cutting end was made on the right CIA (Figure 4B). After the completion of two staying sutures at the corner of the arteriotomy, an end-to-side anastomosis was performed using a traditional extraluminal interrupted or continuous suturing technique. The depth of the sutures and the spacing were the same as those in the Prox. CIA-Cont. CIA end-to-side anastomosis. After the anterior wall was closed, the posterior wall could be easily exposed by rotating the left CIA to the other side without obvious tension. Then, the posterior wall was placed by facing the surgeon and was sutured with the same extraluminal suturing technique (Figure 4C). After the blood flow of the anastomosis was restored (Figures 1C, 4D), the patency of the anastomosis was evaluated using Acland's test (6, 7, 16–18) on the distal part of the right CIA, while the right CIA proximal to the anastomosis was temporarily occluded (Supplementary Video 2).


[image: Figure 4]
FIGURE 4
Distal CIA to contralateral CIA end-to-side anastomosis. After bilateral CIAs were carefully dissected (A), the right CIA was temporarily occluded, the proximal part of the left CIA was temporarily occluded, and the distal part was ligated before its distal bifurcation; the cutting end of the left CIA was cut in fish-mouth fashion, and an arteriotomy was made on the right CIA (B). Distal CIA to contralateral CIA end-to-side anastomosis was performed (C), and blood flow was restored by releasing these temporary clips (D). Scale bar = 1 mm. AA, abdominal aorta; CIA, common iliac artery; CIV, common iliac vein; Dist., distal; IVC, inferior vena cava; Lt., left; Rt., right.




Distal CIA to ipsilateral CIV end-to-side anastomosis

The right CIA and CIV were fully dissected from their origin to their distal bifurcations, and any branches arising from the segment were meticulously coagulated and divided (Figure 5A). The proximal part of the right CIA was temporarily clipped, and the distal part of the right CIA was ligated using 10-0 nylon sutures just before the bifurcation into the internal and external iliac arteries. Then, the CIA was transected proximal to the ligation point, and the cutting end of the right distal CIA was cut in a fish-mouth fashion. Then, the right CIV was temporarily occluded with two aneurysm clips, and a linear venotomy with the same length as the right CIA fish-mouthed cutting end was made on the right CIV. Then, the distal end of the right CIA was anastomosed to the side of the CIV (Figure 5B). There was no obvious tension in the Dis. CIA-Ipsi. CIV, the right CIA could be rotated easily, and the anastomosis was performed using a traditional extraluminal interrupted or continuous suturing technique. The depth of the sutures was one to two times the thickness of the CIA wall, and the spacing was approximately 3–5 sutures per millimeter. After blood flow of the anastomosis was restored (Figures 1D, 5C), the patency of the anastomosis was evaluated using Acland's test (6, 7, 16–18) on the distal portion of the CIV (Supplementary Video 3).


[image: Figure 5]
FIGURE 5
Distal CIA to ipsilateral CIV end-to-side anastomosis. After right CIA and CIV were fully dissected (A), the distal cutting end of the right CIA was sutured to the side of the right CIV (B). After restoration of blood flow, right CIV appeared to be bright red-colored and expanded through patent anastomosis due to arterial blood flow from CIA (C), and the color of the right CIV turned back to dark red again when the right CIA was temporarily occluded (D). Scale bar = 1 mm. AA, abdominal aorta; CIA, common iliac artery; CIV, common iliac vein; IVC, inferior vena cava; Lt., left; Rt., right.




Patency evaluation

The patency of the anastomosis was evaluated through direct observation under a microscope or Acland's test immediately after the anastomosis was completed and 30 min later.



Measurement

The diameters of the CIA and CIV were recorded. The total suturing time, the distribution of stitches, the distance between the two temporary aneurysm clips on the recipient vessel, the length of the arteriotomy or venotomy, and the distance between the corner of the arteriotomy or venotomy and the temporary clips were recorded (Table 1, Figure 6). After animal euthanasia, the donor vessel was cut close to the anastomotic site, and the orifice size and intimal attachment were evaluated by inspecting them through inside the vessel, as suggested by Hafez et al. (19).


[image: Figure 6]
FIGURE 6
Schematic illustration shows the measurements in end-to-side anastomosis using rat common iliac arteries. (A) distance between two aneurysm clips; (B) length of the arteriotomy or venotomy; (C) distance between the proximal aneurysm clip and the proximal end of the arteriotomy or venotomy; (D) distance between the distal aneurysm clip and the distal end of the arteriotomy or venotomy.



TABLE 1 Measurements in end-to-side microvascular anastomosis using rat CIA.
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Statistical analysis

The data are presented as the means centerstandard deviation (SD). The analysis was carried out using SPSS 19.0 (SPSS, Inc., Chicago, IL, United States).




Results

In this study, the diameters of the CIA and CIV were 0.8–1.2 mm and 1.2–1.5 mm, respectively (Table 1). No animal seizures or animal deaths were recorded during the procedure. Three types of end-to-side anastomosis using the CIA were successfully performed. No thrombus or anastomotic aneurysms were observed at the end-to-side anastomosis sites, and 100% patency rates were achieved immediately and 30 min postoperatively. Pulsation of the artery or vein distal to the anastomosis was observed under a microscope after blood flow was restored in all groups. In the Dis. CIA-Ipsi. CIV end-to-side anastomosis, the CIV appeared to be bright red-colored and expanded through the patent anastomosis due to the arterial blood flow from the CIA, and the color of the CIV turned back to dark red again when the CIA was temporarily occluded (Figure 5D). Good distribution of stitches, wide orifice, and intimal attachment were recorded in the study in all groups. The thread was directly exposed in some of the anastomoses, especially in the Prox. CIA-Cont. CIA anastomosis when intraluminal suturing technique was used to close the posterior wall (Figure 7).


[image: Figure 7]
FIGURE 7
Distribution of stitches, orifice size, and intimal attachment were inspected in end-to-side anastomosis using rat common iliac arteries. Good distribution of stitches, wide orifice and intimal attachment were recorded in Prox. CIA-Cont. CIA (A,C), Dist. CIA-Cont. CIA (B,D), and Dist. CIA-Ipsi. CIV (C,F) end-to-side anastomosis. CIA, common iliac artery; CIV, common iliac vein; Cont., contralateral; Dist., distal; Ipsi., Ipsilateral; Prox., proximal.


In the study, 12 cases of Prox. CIA-Cont. CIA anastomosis (n = 12), 12 cases of Dist. CIA-Cont. CIA anastomosis (n = 12), and 12 cases of Dist. CIA-Ipsi. CIV anastomosis (n = 12) were performed with a continuous suturing technique, and 6 cases of Dist. CIA-Cont. CIA anastomosis and 6 cases of Dist. CIA-Ipsi. CIV anastomosis were performed using the interrupted suturing technique. The total suturing time for Prox. CIA-Cont. CIA, Dist. CIA-Cont. CIA, and Dist. CIA-Ipsi. CIV anastomosis using the continuous suturing technique was approximately 27.75 ± 1.36 min (26–30 min, n = 12), 25.33 ± 2.19 min (21–28 min, n = 12), and 27.58 ± 2.07 min (25–31 min, n = 12), respectively. The total suturing time for Dist. CIA-Cont. CIA and Dist. CIA-Ipsi. CIV anastomosis using the interrupted suturing technique was approximately 32.00 ± 2.97 min (27–35 min, n = 6) and 32.50 ± 3.39 min (28–36 min, n = 6), respectively.



Discussion

End-to-side microvascular anastomoses are one of the most commonly used anastomotic configurations in cerebral revascularization surgeries, especially extracranial to intracranial bypass surgeries, and some of these anastomoses include anastomoses of the superficial temporal artery (STA)-middle cerebral artery (MCA) (1), STA-anterior cerebral artery (ACA) (2), STA-superior cerebellar artery (SCA) or STA-posterior cerebral artery (PCA) (3), occipital artery (OA)-posterior inferior cerebellar artery (PICA) (4), OA-anterior inferior cerebellar artery (AICA) (5), etc. Theoretically, the ideal end-to-side microvascular anastomosis should be performed between two perfectly matched arteries under tension-free suturing conditions; however, different nonideal anastomotic situations are encountered in real operations and include different degrees of tension and discrepancies in the diameter, thickness, texture and consistency between the donor and recipient arteries, vessel direction, surgical corridor and depth, etc. (6, 7, 16, 18). Yarsagil emphasized that the microvascular anastomosis technique should be fully mastered in microsurgical laboratories before its application in human beings (7, 8). Therefore, instead of performing end-to-side microvascular anastomosis between two perfectly matched vessels, we also need to learn how to perform these so-called “imperfect” end-to-side anastomoses between mismatched vessels or under vascular tension in a microsurgical laboratory. In this article, three types of end-to-side microvascular anastomosis using the rat common iliac artery were presented to simulate three different anastomotic situations.

There are many types of end-to-side microvascular anastomosis training models, such as those that are ipsilateral to contralateral common carotid arteries (9, 10), common carotid artery to external jugular vein (11, 12), ipsilateral to contralateral common iliac arteries (7, 9), and femoral artery to vein (13–15). Previously, Tayebi Meybodi et al. (9), Hall (20), and we (7) have described Prox. CIA-Cont. CIA microvascular anastomosis for end-to-side microvascular anastomosis training; however, Dist. CIA-Cont. CIA and Dist. CIA-Ipsi. CIV end-to-side anastomosis have not been reported for anastomosis training. Due to the anatomical features, the rat CIA and CIV are tightly adhered to each other due to the thick layer of connective tissue between them, which makes the CIA and CIV dissection more difficult than dissection of the rat common carotid artery (9). In addition, multiple small branches from the CIA and CIV need to be coagulated and divided to fully isolate them; thus, dissection of the CIA and CIV carries the risk of potential vascular injury and hemorrhage, which may not be suitable for beginners of microvascular training when compared with the rat common carotid artery and femoral artery (9). However, delicate meticulous microsurgical dissection techniques are a prerequisite in neurosurgical interventions, especially when dealing with vital fragile structures. Tayebi Meybodi et al. mentioned that dissection of the aortoiliac arteries and their accompanying veins was very similar to the dissection of the middle cerebral artery and the adjacent Sylvian veins in the Sylvian fissure (21). Therefore, the end-to-side microvascular anastomosis training model using rat CIA provides trainees with a similar Sylvian fissure dissection opportunity before performing a CIA end-to-side anastomosis; moreover, we believe that coagulation of these small branches of CIA and CIV also provides trainees with another chance to learn how to perform meticulous coagulation using bipolar coagulation under high magnification.

Generally, we should always try to perform a microvascular anastomosis without placing the vessels under tension or only with little tension (7). Full isolation of the donor and recipient vessels could maximize the exposure and minimize the tension of the anastomosis. In this study, to achieve a sufficient length of the donor CIA to minimize the tension between the donor CIA and recipient CIA or CIV during anastomosis, we fully dissected the donor CIA from its origin from the AA to its most distal portion before its bifurcation into the internal and external iliac arteries. After full isolation of the donor and recipient vessels, the microvascular anastomosis working space is also important. As we described previously in a side-to-side microvascular anastomosis training model using rat cervical vessels, the minimum distance between the corner of the arteriotomy or venotomy and the temporary aneurysm clip should be at least 1 mm to guarantee the following side-to-side microvascular anastomotic procedures (6). In the end-to-side microvascular anastomosis study, we found that the rule is also applicable; the end-to-side microvascular anastomosis arteriotomy or venotomy is approximately 2.00–2.50 mm; and the distance between the aneurysm clips on the recipient CIA or CIV is approximately 4.00–7.00 mm, which is slightly longer than the length of the arteriotomy or venotomy. The distance between the corner of the arteriotomy or venotomy and temporary aneurysm clip was 1.00–3.00 mm, but the limited distance had no obvious side effects on the required surgical space in the end-to-side microvascular anastomosis procedures.

Regardless of whether the CIA was transected either distally or proximally, the CIAs retracted significantly. Tayebi Meybodi et al. reported that the CIA retracts to almost one-third of its original length (9). Although the transected donor CIA retracted significantly, it had no obvious tension on the vessels or the anastomosis sites in the Dist. CIA-Cont. CIA and the Dist. CIA-Ipsi. CIV end-to-side anastomosis; we can easily put the distal cutting end of the donor CIA to the contralateral CIA or ipsilateral CIV under tension-free situations, and the donor CIA can be rotated easily. Thus, both sides of the anastomosis can be performed using either interrupted or continuous traditional extraluminal suturing techniques. Therefore, the Dist. CIA-Cont. CIA and Dist. CIA-Ipsi. CIV end-to-side anastomoses mimic the traditional extraluminal suturing end-to-side anastomosis between two perfectly matched arteries under tension-free situations. However, a lot of tension was encountered in drawing the proximal cutting end of the donor CIA to the contralateral CIA in the Prox. CIA-Cont. CIA end-to-side model; the rotation of the anastomosis may place the vessel at high risk of injury due to undue tension. It was impossible to suture the posterior wall of the anastomosis with an extraluminal suturing technique, and all of posterior wall in our Prox. CIA-Cont. CIA end-to-side microvascular anastomosis was performed through an intraluminal continuous suturing technique. The intraluminal suturing technique is also called the “in situ suturing technique,” and it is an effective suturing technique to close the posterior wall of the anastomosis when the vessels cannot be rotated (7). However, the intraluminal suturing technique is more challenging than the extraluminal suturing technique, and the risk of injury to the vascular endothelium is relatively high. Thus, its anastomotic thrombosis rate is higher than that of the traditional extraluminal suturing technique, but proficiency in the intraluminal suturing technique can be gained in microsurgical training laboratories (6, 7). Tayebi Meybodi et al. tried to rotate the vessel and tried to suture them extraluminally in the same CIA end-to-side anastomosis training model, and the same findings were reported. The posterior wall could not be completed extraluminally in any of their anastomosis training rats due to the high amount of tension on the CIA, and they also sutured the posterior wall in the intraluminal suturing technique (9). However, in 1980, Hall (20) performed the same CIA end-to-side anastomosis with the help of an Acland approximator. After the completion of the anterior wall in the extraluminal suturing technique, they successfully rotated the donor CIA to the other side and held it with the Acland approximator. Then, the other side of the anastomosis was sutured extraluminally. Hall (20) accepted that some tension was transmitted to the donor CIA distally by rotating the vessel using the Acland approximator, but the anastomosis site was tension-free. In this way, they achieved 100% patency rates immediately and 2 weeks after the procedure in 25 consecutive end-to-side anastomoses. Although Hall successfully performed the anastomosis under tension-free conditions in the anastomosis site in the extraluminal technique using an Acland approximator, the high tension on the vessel may cause it to have a high risk of injury. We suggest that the posterior wall of the Prox. CIA-Cont. CIA end-to-side anastomosis should be performed intraluminally if too much tension is encountered when rotating the vessel. Thus, the Prox. CIA-Cont. CIA end-to-side anastomosis model mimics the arterial end-to-side anastomosis between perfectly matched vessels under much tension, which requires an intraluminal suturing technique.

Theoretically, the diameter, thickness, texture, and consistency of the donor and recipient arteries should be matched perfectly (6). In the study, the Dist. CIA-Cont. CIA and Prox. CIA-Cont. CIA arterial end-to-side anastomosis models mimic the end-to-side anastomosis between perfectly matched arteries. However, mismatched vessels are inevitably encountered in cerebrovascular bypass surgery even if there is careful preoperative planning (6, 22), and the difficulty of anastomosis increases when very thin-walled vessels are encountered (23). The artery-to-vein microvascular training model is a good model to mimic this situation because veins are thinner, more fragile, easier to damage, and more prone to collapse than arteries. Additionally, veins become transparent after the blood is removed from them; hence, veins require more precise and gentler manipulation (6). In the study, the Dist. CIA to Ipsi. CIV arteriovenous anastomosis model was used to mimic the situation. The CIV was obviously thinner than the CIA, and it became transparent during anastomosis. The anastomotic situations were very similar to the situation when the STA was anastomosed to a very thin-walled M4 segment of the MCA in Moyamoya disease. Due to the fragility of the CIV, anastomosis should be performed under tension-free conditions; otherwise, the CIV is easily damaged. In this model, a sufficient length segment of the CIA could be mobilized easily, similar to the Dist. CIA-Cont. CIA end-to-side anastomosis. Thus, the traditional extraluminal suturing technique could be used in the model, and this model mimics the anastomosis between vessels with discrepancies in their thickness and while under tension-free suturing conditions.

Despite the three types of end-to-side anastomosis using the rat CIA as we described above, there are still other types of end-to-side configuration designs. For example, De Carolis and Sepulveda (24) reported an end-to-side training model using the CIA. They ligated and transected the distal part of the right CIA and then brought the distal part of the CIA proximally toward the aorta. A longitudinal incision was made on the aorta at 3 mm before its bifurcation, and an end-to-side anastomosis was performed using 10-0 sutures between the CIA and the aorta. In their model, De Carolis and Sepulveda mimicked the situation between two arteries with different diameters. Based on the different diameters, thicknesses, textures and consistencies of the vessels, and the different degrees of tension between them, there are still many other combinations of anastomotic designs. Furthermore, the real anastomotic situation also varies according to many factors, including the direction of the recipient and donor vessels, the surgical corridor and depth, and the tilt of the surgical field (16, 18), which may render a simple anastomotic procedure difficult to perform under some specific surgical situations. Therefore, we suggest that we should train ourselves on the different anastomotic configurations under different surgical situations in microsurgical laboratories as much as possible so that we can handle these difficult anastomotic situations competently and confidently in real operations.

Regardless of the anastomotic configuration, the quality of microvascular anastomosis plays a key role in maintaining patency in the long term. Trainees should always follow the basic principles of microvascular anastomosis (16, 18). An experimental practical scale proposed by Hafez et al. (19) is valuable for evaluating the quality of anastomosis, including the vessel suturing time, stitch distribution, intimal attachment, and orifice size. The trainee may cut the vessel open and evaluate the anastomotic quality inside the vessel when a nonliving animal model is used or after the completion of anastomosis after animal anesthetization, which is not possible in live surgery. Hafez et al. (19) suggested that we should try to suture the vessel with an intima-to-intima pattern while embedding the thread inside the vessel wall because thread exposure to the bloodstream may result in anastomotic failure due to thrombosis. Hafez et al. (19) reported that the rate of thread exposure inside the lumen was approximately 34% in their end-to-side microvascular anastomotic procedure using chicken vessels and wet tubes. In our study, good intimal attachment was observed, but the thread was directly exposed in some of our anastomoses as Hafez et al. (19) reported, especially in almost every case of Prox. CIA-Cont. CIA anastomosis when the intraluminal suturing technique was used to close the posterior wall, similar to side-to-side microvascular anastomosis (6, 7). However, it seems that thread exposure had no obvious side effect on the patency rate in our study, with a 100% patency rate being achieved in all groups. Many microsurgical laboratory studies and clinical investigations have demonstrated that performing these anastomoses using the intraluminal continuous suturing technique could allow patency to be maintained over the long term (2, 6, 7, 16, 18), but more research is needed to investigate the relationship between intraluminal thread exposure and anastomotic patency in the long term.

In the Prox. CIA-Cont. CIA end-to-side microvascular anastomosis model, we restored the blood flow of both lower extremities of the animals, which did not cause obvious ischemic problems in the lower extremities because of the patent anastomosis. However, in the Dist. CIA-Cont. CIA and Dist. CIA-Ipsi. CIV end-to-side anastomosis, the donor CIA was transected distally, which may cause ischemic problems to this side of the lower extremity if the anastomosis needs to be observed in the long term. However, in this study, the patency of the anastomosis was observed only 30 min after the procedure, and the ischemic problem did not cause any side effects with regard to our training.



Conclusion

Three types of end-to-side anastomosis using rat CIAs could be efficiently used to mimic three different anastomotic situations. We suggested that the trainee should start performing end-to-side anastomosis surgeries using the Dist. CIA-Cont. CIA end-to-side anastomosis to mimic perfectly matched arterial anastomosis under tension-free conditions. Then, the trainee may further their training using the intraluminal suturing technique in the Prox. CIA-Cont. CIA end-to-side anastomosis to mimic perfectly matched arterial anastomosis under a lot of tension, or by performing the arteriovenous Dist. CIA-Ipsi. CIV end-to-side anastomosis to mimic anastomosis between mismatched vessels without tension.
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Parry-Romberg syndrome (PRS) combined with hemimasticatory spasm (HMS) is a rare craniofacial disorder characterized by unilateral facial tissue atrophy with paroxysmal involuntary contractions of the jaw-closing muscles. Although a majority believe that this is a result of demyelination changes from the effect of the facial involvement of PRS on the trigeminal nerve motor branches, the mechanism of PRS is presently unclear. Moreover, the therapeutic effects of existing drugs that target PRS have not been satisfactory. For intolerable spasms of the masticatory muscles, botulinum toxin injection may temporarily relieve the symptoms of spasms. We report a case of HMS secondary to PRS that was treated via a partial resection of the trigeminal nerve motor branch under intraoperative neurophysiological monitoring.
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1. Introduction

Parry-Romberg syndrome (PRS), also known as progressive hemifacial atrophy (PHA), is a rare acquired degenerative pathological condition. It is characterized by unilateral involvement of the facial and scalp skin, eyes, subcutaneous tissue, muscles, and bones; the rare atrophy of the trunk and limbs; and the recently discovered ipsilateral parotid atrophy, which can also accumulate bilaterally (1–5). The disease is usually self-limiting; however, its etiology is presently unclear. The main goal of PRS treatment is to halt disease progression with medications or early surgical therapy, followed by surgical correction of residual deformity (3–5).

Hemimasticatory spasm (HMS) is another rare trigeminal nerve disorder in which one or more jaw-closing muscles, such as the masseter and temporalis, are involved, causing unilateral paroxysmal contractions in the jaw-closing muscles, that prevent voluntary closing of the mouth, which may persist during sleep, and is accompanied by muscle pain, with compensatory hypertrophy changes also often seen in the muscles affected by spasms (6–11). Although electrophysiology suggests an ectopic excitation of the trigeminal nerve motor root or motor nucleus, an abnormality that is similar to the ectopic excitation of the facial nerve in hemifacial spasm (HFS), its etiology is unclear (12). In addition, unlike HFS, the presence of compression from offending blood vessels is not usually detected in general surgeries of HMS. Current HMS treatments include oral medications, botulinum toxin injections, avulsion of the peripheral trigeminal nerve motor branch, transcutaneous electrical nerve stimulation combined with ultrasound therapy, and microvascular decompression or partial resection of the trigeminal nerve motor root (6–13).

HMS secondary to PRS is extremely rare and is predominantly marked by unilateral hemifacial atrophy with involuntary spasms of the ipsilateral masticatory muscles, with only 16 reports of such cases from 1980 to 2022 (13–22). In addition, cases that have been reported to date involved non-surgical interventions, such as medications and botulinum toxin. We report a case of partial resection of the trigeminal nerve motor branch in the treatment of PRS combined with HMS.



2. Case report


2.1. Patient's clinical information

A 29-year-old man presented with progressive worsening of atrophy of the left facial muscles, which first occurred 8 years ago. Before October, he had paroxysmal involuntary twitching of the left masticatory muscles accompanied by pain. The attack happened dozens of times daily, with each attack lasting for 3–5 s before spontaneously resolving. During the periods between the attacks, the patient was free from these symptoms. However, he experienced cold and tension that worsened with emotional aggravation, and mouth-opening movements, such as chewing, were affected. The patient had no facial numbness, dysphagia, headache, dizziness, nausea, vomiting, unsteady gait, or sore throat. His condition did not improve with oral medications. Physical examination: There was involuntary twitching and hypertrophy of the left masseter muscle and temporalis muscle. There was evidence of facial atrophy in the left corner of the mouth, and the subcutaneous fat on the left side was relatively poor compared to that on the right side, with no other abnormalities found (Figures 1A–C). No notable abnormalities were detected from the routine blood tests, biochemical tests, electrocardiogram, and chest x-rays. Carotid artery Doppler ultrasound revealed uneven thickening of the intima-media of the left carotid artery. Head CT and three-dimensional (3D) reconstruction showed an intact skull bone, and no abnormal intracranial density foci or space-occupying lesion was seen. Oral cavity MRI showed thicker left masticatory muscles compared to the contralateral side, a significant reduction in the subcutaneous fat of the left cheek, and a significantly smaller left parotid gland compared to the contralateral side. (Figures 2A, B). MRI-3D-TOF and MRI-T2 sequences showed that the morphology of both sides of the trigeminal nerve were normal, and no offending blood vessels were found (Figures 2C, D). Reconstruction by the 3D-Slicer software (Figures 2E, F). Electromyography (EMG) showed synchronous bursts of motor unit activity in the left masticatory muscles during spasms, which were most predominant in the temporalis muscle. No abnormality was detected in the conduction velocity of the motor nerve. The patient was diagnosed with left PRS combined with HMS, and a decision was made to carry out a partial resection of the left trigeminal nerve motor root under intraoperative neurophysiological monitoring.


[image: Figure 1]
FIGURE 1
(A–C). Severe hemifacial atrophy on the left side and hypertrophy of the left masseter muscle.
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FIGURE 2
(A–F). Images and 3D reconstruction. (A). Reduction in the subcutaneous fat of the left cheek(Red arrow); (B). Left parotid gland atropy (Green arrow); (C). MRI-3D-TOF; (D). MRI-T2; (E,F). 3D reconstruction. A tiny blood vessel runs ventral to the CN V(Purple arrow).




2.2. Surgical procedure

The surgery was performed under general anesthesia with tracheal intubation and in the right lateral position. Needle electrodes were inserted into the patient's left temporalis muscle, masseter muscle, and external pterygoid muscle. Abnormal discharges of varying degrees in the aforementioned muscles could be recorded during spasms of the masticatory muscles, which was most notable in the temporalis muscle. When spasms were absent, no abnormal discharges were observed, and routine neurophysiological monitoring was carried out. Conventional retrosigmoid craniotomy was performed, with a longitudinal incision of approximately 5 cm in length behind the ear and inside the hairline. A retrosigmoid craniectomy of 3 cm in diameter was created, the dura was opened, and the entire course of the trigeminal nerve root was exposed after the cerebrospinal fluid was slowly released and the surrounding arachnoidal membrane were dissected. The sensory root was separated from the motor root in the root entry zone (REZ) of the left trigeminal nerve. The trigeminal nerve motor root could be seen to be divided into two branches, with a communicating branch in the middle (Figures 3A, B). The monopolar stimulation technique was used to stimulate the cephalic and caudal branches of the trigeminal nerve motor root, where the individual EMG responses of the masticatory muscles could be recorded (Figures 3C, D), and the contraction of the temporalis and masseter muscles could be observed. 50% of the cephalic and caudal branches of the trigeminal nerve motor root were resected, along with the communicating branch. The abnormal discharges in the left masticatory muscles of the patient completely disappeared, although contractions of the temporalis and masseter muscles continued to be present (Figures 4A, B). The portion of resected nerve tissue of the trigeminal nerve motor root was sent for pathological examination during the surgery (Table 1). There was no abnormality in the brainstem auditory evoked potentials during the surgery. The dura was repaired, followed by the skull defect, and the incision was gradually sutured in layers.


[image: Figure 3]
FIGURE 3
(A–G). Intraoperative Situation. (C). The masseter muscle responds to stimulation of Vm1; (D). The lateral pterygoid muscle responds to stimulation of Vm2; (E). Vm1 and Vm2 are cut off by 50%, respectively; (F). Preoperative EMG: Abnormal discharge was mainly in the temporal muscle (masticatory muscle spasm); (G). Postoperative EMG: After selective resection of the motor branch, the abnormal discharge disappeared, and masseter contraction was still observed.
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FIGURE 4
Pathological morphology of nerve tissue. (A). Hematoxylin Eosin (A1, A2, A3 × 200); (B). Toluidine Blue (B1, B2, B3 × 200); (C). Methyl Violet (C1, C2, C3 × 200); (D). Massion ( × 200); (E). MGT ( × 200); (F). Van Gieson ( × 200).





3. Results

Following surgery, the spasms of the left masticatory muscles disappeared, occlusion was normal, and the pain was absent from the masticatory muscles. The patient was satisfied with the treatment outcome. Physical examination: The left masticatory muscles appeared to be slightly weaker than that on the right side. Other cranial nerve examinations did not show any significant abnormalities. No recurrence occurred at 3, 6, and 12 months of follow-up after surgery. However, at 14 months, there was a recurrence of spasms of the left masticatory muscles, and a mild degree of atrophy in both the temporalis muscle and masseter muscles, while no occlusal disorder was present. The self-reported symptoms improved by approximately 50% compared to before the surgery.



4. Discussion

PRS is an extremely rare, acquired disorder of which etiology remains unclear. It may be associated with trauma, viral infections, endocrine disorders, genetic and autoimmune conditions, neurovasculitis, lipid metabolism disorders, nutritional disorders, or hyperactivity of the sympathetic nervous system (1–5). At present, the effects of PRS treatments are uncertain, and the methods that can be used include methotrexate (MTX), steroid hormones, ultraviolet A (UVA), psoralen plus ultraviolet A (PUVA), other related immune agents or early multiple autologous fat grafting, which are able to delay or achieve early stabilization of active PRS to a certain degree (3–5).

HMS is a rare trigeminal nerve disorder that manifests as involuntary spasms of the masticatory muscles resulting in compensatory hypertrophy changes, along with pain. Of the currently available treatments, most experts prefer BTX-A injection. In uncomplicated HMS, some research has found electrophysiologically similar potentials to the facial nerve of hemifacial spasm (12–18, 20). In recent years, an increasing number of experts concur with the neurovascular conflict theory and have attempted to apply simple microvascular decompression to the treatment of HMS, all of which have achieved a certain level of therapeutic effects (6–8, 10). Wu et al. reported on the surgical treatment of 10 HMS cases, and the findings showed that treatments with pure microvascular decompression or partial or complete resection of the trigeminal nerve motor branch were not all effective and did not prevent recurrences of spasms. Hence, the etiology of HMS remains unclear, and the possibility of a joint influence from both HMS and central factors cannot be ruled out (10).

PRS and HMS are both rare cases on their own, with HMS secondary to PRS being even rarer, thus only 16 cases have been reported to date worldwide (13–22), of which all patients were treated with medications and botulinum toxin without surgical intervention. In the review of 55 patients with HMS from 1980 to 2017 by Divya M et al., approximately 25% of patients were found to have an etiology that was related to PRS (9). Experts believe that the compression or focal demyelination of the trigeminal nerve branches may be caused by anatomical changes in the deep subcutaneous tissue due to PRS (6–12, 21–22).

In the present case, the patient had no previous history of trauma or underlying conditions and developed ipsilateral typical masticatory muscle spasm after 8 years of left facial atrophy. Preoperative oral MRI and EMG showed abnormalities, and diagnoses of PRS and HMS diagnoses were established. We believe that the HMS was secondary to PRS. Preoperative imaging and intraoperative findings revealed that the morphology of the left trigeminal nerve was normal, without the presence of vascular compression. In this case, we believe that vascular compression was not the cause of HMS secondary to PRS. With neurophysiological monitoring, we accurately located the trigeminal nerve motor root and performed a partial resection of the trigeminal nerve motor root. During the surgery, we first resected 50% of the cephalic and caudal branches of the motor root, followed by the resection of the communicating branch between the two branches. Since the abnormal discharges in the muscles completely disappeared during spasms of the left masticatory muscles at that point, we did not completely resect the motor root to avoid dysfunction of the masticatory muscles. Wu et al. reported of 3 HMS cases who underwent resection of the trigeminal nerve motor root, where the spasms disappeared following surgery, and there was no recurrence at 5 years of follow-up in two cases and no recurrence at 2 years of follow-up in one case; the patients only had mild atrophy of the masticatory muscles, and mouth opening was not restricted (10). Our patient only had mild atrophy of the temporalis and masseter muscles at 14 months after surgery, without any occlusal disorder.

As with any rhizotomy, the neurosurgeon faces the challenge of eliminating symptoms and reducing recurrence while avoiding severe neurological impairment. Unfortunately, so far, there is still no objective and effective method to guide the appropriate cut-off ratio. We also tried to investigate the etiology of HMS secondary to PRS. The patient's routine postoperative neuropathological examination and special staining showed that the nerve tissue was normal. Owing to the small number of specimens and the specialized nature of neuropathology, we were unable to determine whether demyelination changes occurred in the cisternal segment of the trigeminal nerve motor root. There is a need to further explore the etiology of the two diseases and the relationship between the two.



5. Conclusion

Partial resection of the trigeminal nerve motor branch under intraoperative neurophysiological intraoperative monitoring in cases of HMS secondary to PRS can achieve very good therapeutic effects in the short term, and it needs to be performed with caution.


TABLE 1 Review of 16 cases with PRS accompanied with HMS.
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Bypass training
model

Human cadaveric
head/brain

Advantages

Anatomically the most realistic and the closest model to live surgery

Disadvantages

Scarce opportunities for working with this model on individual basis:
educational programs like cadaver dissection courses are required;
expensive; infection risk

Swine artery;
Chicken wing model

Size and feel closely resemble those of human vessels; inexpensive and
casily obtainable at the grocery store or from a farm

Not ready-made for practicing: the removal of the fat and connective tissue
around the vessels is required before starting microvascular anastomosis;
vessels of the desired size and length may not be always harvested; potential
infection risk

Pulsatile blood flow; natural viscosity; size and feel very similar to those of
human vessels; real potential for thrombosis

Require dedicated laboratories; high costs; ethical issues; need careful and
adequate dissection before starting the microanastomosis training; vessels
may not have the desiderable size and/or lengths infection risk

Human placenta

Placental vessels offer a great similarity to main brain vessels; high face,
content, and construct validities; may provide material for dozens of
microsurgical anastomoses in a single session

A specific distribution route has to be arranged with the Obstetrics and
Gynaecology unit (hence, may not be suitable for individual use); storage
issues; not ready-made for practicing: placenta vessels have to be adequately
prepared before microanastomosis training; infection risk

Grapefruit model

Grapefruits and human brains have similar dimensions; inexpensive,
realistic, reusable

Specifically designed for training only the distal anterior cerebral artery
side-to-side bypass; its assembly is not so immediate

Silicone tube

Reusable, casy set-up, long duration, no infection risk

Different feel compared to real vessels (hard and inflexible without
moisture)

PVA hydrogel tube
(KEZLEX)

Qualitatively similar surface friction, transparency, and elasticity to real
human vessels; user friendly (as described for the silicone tube); no
infection risk

Easily dries (needs to be kept moist); short length (6-8 cm); more expensive
than silicone tubes

IATROTEK
MODEL with
KEZLEX

Ready-to-use, easy to sef; reusable, realistic, ergonomic simulator where
PVA hydrogel tubes (see above) are easily placed and used for
anastomosis. Vessels can be continuously injected with water and/or
Indocyanine green to detect any leak. The depth of the working field may
be adjusted in accord with the desired degree of difficulty

Does not allow vessels dissection, sulcus dissection; not as high fidelity as
human placenta or animal models; more expensive than other models above
described






OPS/images/fsurg-10-1048083/fsurg-10-1048083-g001.jpg
‘ latrotek® bypass simulator: setting

Stable support | _

| Green
indocyanine &
9.0 Monosof
thread

I
Microsurgical Kezlex PVA

scissors & hydrogel
Microsurgical synthetic
needle holder vessels

~ [Jewelry forceps






OPS/images/fsurg-10-1048083/fsurg-10-1048083-g002.jpg





OPS/images/fsurg-10-1048083/fsurg-10-1048083-g003.jpg





OPS/images/fsurg-10-1048083/fsurg-10-1048083-g004.jpg
CONTENT
VALIDITY

AFTER 8 EE ES S5

FACE VALIDITY

Does the simulator | Could the skills
Expert | ImPrOveyour | obtained be s the vessels wall Isthe platfornr’s Is the Is the flow
icrodissecti i istency deepoffield | anastomosis | restoration
Surgeons 5 s = et o =i = TOTAL
skills and micro | improvements | similartoreal | similartoreal | process similar | reliable after
instrument | in real surgical vessels? surgery? | torealsurgery? leak repair?
handlingskils? | performance?
or
Novice
A [} G [) 3 £

GroupA |Expert1 3 4 4 4 B 5 25
Expert 2 3 3 4 5 5| 5 25

GroupB | Novice 1 s s 3 4 3 s 25
Novice 2 4 4 4 4 4 4 2
Novice 3 3 5 4 B B 5 27
Novice 4 4 4 4 4 4 4 24
Novice 5 3 4 4 4 4 4 23
Novice 6 5 g 5 B 5 5 30
Novice 7 s 4 4 4 4 4 25
Novice 8 4 4 4 4 4 4 24
Novice 9 4 4 4 4 4 4 2
Novice 10 5 4 4 4 4 3 2
Novice 11 4 8| 4 4 3 4 22
Novice 12 4 4 4 4 3 4 23






OPS/images/fsurg-10-1229789/crossmark.jpg
(®) Check for updates.





OPS/images/fsurg-10-1146163/crossmark.jpg
(®) Check for updates.





OPS/images/fsurg-10-1122551/fsurg-10-1122551-g006.jpg





OPS/images/fsurg-10-1122551/fsurg-10-1122551-g007.jpg
Prox. CIA to Cont. CIA Dist. CIA to Cont. CIA Dist. CIA to Ipsi. CIV






OPS/images/fsurg-10-1122551/fsurg-10-1122551-t001.jpg
Measurement (mm) Prox. CIA-Cont. CIA 1 Dist. CIA-Cont. CIA 2 Dist. CIA-Ipsi. CIV
(n=12) (n=12) (S

Mean +SD Range Mean + SD Range Mean + SD Range
(A) Distance between two aneurysm clips on the recipient vessel 5.59=0.66 5.00-7.00 5722057 5402078
(B) Length of arteriotomy or venotomy 216022 2.00-2.50 218021 2092012
(C) Distance between proximal aneurysm clip and 171042 1.00-250 1754026 148044
proximal end of arteriotomy or venotomy

(D) Distance between distal aneurysm clip and 1.73£0.64 1.00-3.00 179045 183044
distal end of arteriotomy or venotomy
(E) Diameter of left CIA 0.94 £0.09 0.80-1.00 0.98 = 0.10
(F) Diameter of right CIA 113008 100-120 1132008 1052009
(G) Diameter of right CIV.

1.33£0.10

SD, standard deviation: CIA, common iliac artery: CIV, common iliac vei

it conwatateral Dist. Distal Tl ioslaterals Prok. Proxirmial
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Predictor Univariable Multivariable

OR (95% CI) P-value OR (95% CI) P-value

Age < median (yr) 1.00 (099, 1.02) 0.88 - -
Gender (M) 0.90 (055, 1.47) 0.67 = “
Protopathy

AVM 112 (067, 1.88) 0.66 - -

DAVF 0.74 (0.46, 1.20) 0.22 = =

CCF 1.79 (0.84, 3.81) 0.13 - -
Intracranial tumors 098 (051, 1.90) 0.95 - -
Supplying vessels

Middle meningeal artery 1.60 (095, 2.69) 0.08 . -

Cerebral artery 0.74 (0.46, 1.19) 0.22 - -
Comorbidity

Hypertension 139 (079, 2.44) 0.26 - -

Diabetes mellitus 0.88 (034, 227) 0.79 - -

History of cerebral hemorrhage 175 (1.08, 2.84) 002" 184 (113, 3.00) 002

TCR episode 205 (114, 3.70) 002+ 2.18 (1.20, 395) 0.01%

The postoperative adverse events (within the first 24 h after operation) were dizziness, delirium, headache, PONV (Post operative nausea and vomiting), muscle
weakness, aphasia and hypopsia

*P<0.05.

"Anabyred using mmuliivarists arafsi:





OPS/images/fsurg-09-1021098/crossmark.jpg
(®) Check for updates.





OPS/images/fsurg-09-1021098/fsurg-09-1021098-g001.jpg





OPS/images/fsurg-09-1021098/fsurg-09-1021098-g002.jpg





OPS/images/fsurg-09-989644/fsurg-09-989644-g002.jpg
HR (bpm)

80: e — 100
£ w0
60: E
E o0
40 o
g 40
20. - GroupN 2 - GroupN
= Group T = Group T
bl L ™ T4 ™ 2 ™ T





OPS/images/fsurg-09-989644/fsurg-09-989644-t001.jpg
Variable

Group T Group N lue
(N=59) (N=295)
Age (year) 478+126  454%153 025
Gender (M/F) 4118 177118 017
BMI (Kg/m®) 237+28 234£29 0.46
Comorbidity
Hypertension 14 (23.7) 59 (20.0) 052
Diabetes mellitus 5(8.5) 20 (6.8) 0.64
Bradycardia 8(136) 39 (132) 0.94
History of cerebral hemorrhage 18 (30.5) 111 (7.6) 030
Protopathy
AVM 5(85) 159 (539)  <0.01
DAVE 46 (78.0) 58 (19.7) <0.01
CCF 4(68) 28 (95) 0.68
Intracranial tumors 4(68) 50 (169) 0.07
Supplying vessels
Middle meningeal artery 43(729) 47 (159) <0017
Cerebral artery 8(136) 194 (658) <0017
Cavernous sinus 2(34) 2481 032
Other vessels 6(102) 30 (102) 1.00
Bradycardia (before embolization) 20 (33.9) 81.(275) 032
BIS value 474261 46.0+64 011
Volume (ml) 19(15-26) 20 (18-26) 045
Postoperative adverse events 23 (39.0) 71 (241) 0.02°
Dizziness 1(18.6) 34 (115) 013
Delirium 6(102) 21 (7.1) 0.42
Headache 8(136) 27 (92) 0.30
PONV 5(8.5) 18 (6.1) 0.50
Muscle weakness 2(34) 5(17) 073
Other severe unexpected events 2(3.4) 1137 1.00

N, number of patients;
DAVF, dural

BMI,

body mass index; AVM, arteriovenous

ﬁsmla BIS, bispectral index
*P<0.05 **P< 001

fistula;

CCF,
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redictor Univariable Multivariable
OR (95% CI) P-value OR (95% CI) P-value
Age (y1) 101 (0.99, 1.03) 025 - -
Gender (M) 0.6 (036, 1.20) 017
Protopathy
AVM 0.08 (0.03, 0.20) <0.01* 062 (0.16, 2.48) 050
MultivariableDAVF 14.46 (7.33, 28.52) <0.01*+* 4.12 (1.83, 1065) <0.01*
Supplying vessels
Cerebral artery 0.08 (0.04, 0.18) <0.01* 0.60 (0.17, 2.08) 042
Middle meningeal artery 14.20 (7.38, 27.25) <0.01* 3.90 (158, 9.63) <0.01*
Bradycardia 103 (045, 233) 094
BIS value
<40 1.33 (0.90, 1.96) 0.15 - -
40-50 115 (0.66, 201) 063 - -
>50 131 (072, 238) 038
AVM, DAVF, dural fistula; CCF, fistula; BIS, bispectral index; OR, odds ratio; Cl, confidence interval

*Analyzed using multivariate analysis.
=D . 001





OPS/images/fsurg-09-989644/fsurg-09-989644-t003.jpg
Total  DAVF  Other protopathy  P-value  Middle meningeal artery  Other vessels  P-value
TCR 59 46 (78.0) 13 (220) <0.01 43 (729) 16 (27.1) <0.01
Heart arrest 5 3(65) 2(15.4) 065 4(93) 1(63) 100
TCR with MAP decrease 37 28 (60.9) 9(69.2) 081 31(72.1) 6(37.5) 0.02*
TCR with MAP increase 2 18 (39.1) 4(30.8) 12 (27.9) 10 (62.5)

HR, heart rate; MAP, mean arterial pressure.

*P<0.05 **P< 0.0
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Excluded (n=43)
Preoperative disturbance of
Consciousness (n=24)
Younger than 18 yrs (n=19)

354 patients included for analysis |

|
/ N

Allocated to the control group (n=295) | - ‘ Allocated to the TCR group (n=59)

! |

Analysed (n=295) Analysed (n=59)

Excluded from analysis (n=0) Excluded from analysis (n=0)
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12251226 operation 17 2 581 4 198 174 238
operation
1228 (Day2) 1 18 957 52 + ¢ 307
1230 (Day 4) 21 3] 1352 1347 # ¢ 238
1231 (Day 5) 169 850 106 365 + ¢ 365
11 (Day §) 354 1180 1314 1023 540000 10179 52
12 (Day 7) 572 546 98 1086 14,569 2527 14
13 (Day 8) 540 822 115 1015 160142 989 45
14 Hemofilization 2 1246 1238 1405 55920 4392 376
15 (Day 10) 299 649 89 656 s [ 284
16 (Day 11) 259 370 835 501 10459 759 32
17 (Day 12) 177 184 94 678 3838 30 293
18 (Day 13) 148 133 103 13.48 3063 27 323
End of ialysi
110 (Day 15) 83 64 123 1657 1310 564 337
L12 (Day17) 67 68 % 1356 # . 279
L4 (Day 19) 55 50 97 1139 757 17.1 315
119 (Day 24) 33 3 85 601 + ¢ 371
ion of inferior vena cava filter screen

122 (Day 27) # # # ¢ 516 207 449
128 (Day 33) 50 35 632 558 1618 204 393
24 (Day 37) 0 2 506 362 + + 321
2 Lower vena cava mesh removal and Rehabilitate

On the sixth day after the operation, when the urine of the patient showed soy sauce color, the CK level exceeded 40,000 /L. On the 33rd day after the operation, the
OF el sstinred 1o Hie ootmal sance. And the Ersstrene el sermsised within e normsl ianse.
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Deep anastomosis
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Characteristics 3D exoscope Conventional microscope

Model HawkSight Pico 100
Light source LED Halogen light source
Magnification 5-100x 3.4-21.5x
Fluorescence detection Yes No
Field of view 20-155 mm 8-61mm
played video image 3D 4K Full HD
Working distance 200-1,000 mm 250 mm
Movement by controller Possible Possible

3D, three-dimensional; LED, light emitting diode; HD, high definition
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Characteristics Al Superficial anastomosis ORsorp Ls Deep anastomosis ORs orp L
(n=60)  Microscope 3D Exoscope ety o Microscope 3D Exoscope loskal e
(n=12) (n=18) (n=14) (n=16)
Animal baseline
Weight, g 385458 386+52 376441  1052(0888-1245] 0573 361456 417469 0866 [0758-0989] 0021
Vascular diameter, mm 0774006  0.77+0.07 0.77+0.05 NA 0851 0.79+0.05 NA 0434
Stiches, median (IQR) 8(78) 8(7.8) 8(7.8) 0909 [0.350-2.360]  0.699 8(7.8) 0754 [0.255-2.232] 0638
Feasibility
Vessel separation duration, min 19.09+6.56 17.7847.00 1593+516 1057 [0.930-1.200] 0409 2326+6.50 1998+6.03 1092 [0.965-1.236] 0.163
Temporary occlusion duration, min 30624877 28754821 29264876 0993 [0.908-1.085] 0.874 3129+7.82 3299+1007 0978 [0.901-1.062] 0614
Total procedure duration, min 559441327 521441432 55.33+13.12 0982 (0928-1.038] 0534 5889+12.39 56.88+13.90 1012[0.957-1.071] 0.681
Blood leak grade
1 34 (56.7%) 5 (41.7%) 10 (55.6%) 1301 [0.355-4.775]  0.466 10 (71.4%) 9 (56.3%) 1944 [0.424-8919]  0.389
2 25@17%)  7(83) 7 (389%) 1086%) 7 (438%)
3 10.7%) 0 1(56%) 0 0
Number of vascular folds between 0(0,1) 0(01) 0(0,1) 1554 [0.471-5.121] 0443 0(0,0) 0(0.0) 0.115 [0.012-1.129]  0.054
stiches, median (IQR)
Effectiveness
Anastomotic vascular patency lasts 5 min 46 (76.7%) 10 (83.3%) 13 (72.2%) 1923 [0307-12.053] 0.669 11 (78.6%) 12(75.0%)  1.222[0.222-6.730]  1.000
Anastomotic vascular patency lasts 30 min 28 (46.7%) 6 (50.0%) 7 (38.9%) 1571 [0.359-6.875]  0.547 8 (57.1%) 7 (43.8%) 1714 [0.403-7.292]  0.464

3D these-dimensionst O Odds ratics: Cl. confidence interval: NA, ot sisolicable: 1R, interquartile rande.
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Patient ~ Type  During operation DSA DSA Review 1 year  Review after 1 year

Preoperation 10-14 days
DI D2 PD DI D2 PD DI D2 PD
1 BBA Rehemorrhage 4.1 38 2 38 30 18 DSA 36 32 18
2 BBA - 36 36 12 L 5 a3 1.0 DSA 34 38 11
3 BBA - a7 35 14 33 33 11 CTA 35 335 13
4 AcoAn Rehemorrhage 26 24 28 15 22 28 CTA 26 23 28
AcoAn - 24 13 12 23 22 1.0 DSA 24 22 1.1

CRYST, clip-reinforced wrapping using Y-shaped temporalis fascia; 1A, intracranial aneurysm; BBA, blood blister-like aneurysm; ACoA, anterior communicating artery;
AcoAn, anterior communicating artery aneurysm; D1, proximal diameter of the parent artery or AcoA diameter for AcoAns; D2, distal diameter of the parent artery or
A2 segment for AcoAns: PD, perforating artery diameter.
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Variables Stereotactic onservative »
aspiration treatment
No. 2 30
M/E 36/6 218 056
Age (mean, year) 29-73 (4742100)  45-60 (480:45) 08
Duration of disease (h) 6-72 5-72 023
Hemorrhage location (%) 034
Pons. 23 (54.8%) 14 (46.7%)
Pons and midbrain 14 (333%) 8 (26.7%)
Pons, midbrain, and 3(7.1%) 5 (16.7%)
basal ganglia
Pons and basal 1(24%) 3 (10%)
ganglia
Midbrain and left 1(24%) 0
thalamus
Hemorrhage volume (ml)  5-13 (9.0 +4) 5-12 (86+35) 09
Death 118442 109+48 083
Alive 82136 58+32° 003
Pretreatment GCS 37 (38+13) 37 (36%15) 06
Postireatment GCS (1m) ~ 3-15 (8.6 +2.1) 0-6(23%11) <0001
Death (n, %) 6 (143%) 16 (533%)
Pretreatment mRS 5 5
1 week after surgery 5(44,5) 6(5,6) 004
1-month follow-up 5(4,6) 6(5,6) <005

GCS, Glasgow Coma Scale; mRS, modified Rankin Scale.
“A significant (P <0.05) difference in the hemorrhage volume when comparing
patients who survived and those who died.
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