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Abstract
Microsurgical treatment is well established as the preferred strategy for definitive obliteration of middle cerebral artery (MCA) aneurysms. However, increasing reports on the feasibility and efficacy of endovascular treatment of MCA aneurysms in large case series suggest coiling as a viable alternative to microsurgery. This review provides a critical overview of the current literature regarding MCA aneurysm treatment, with the objective to clarify the available evidence of efficacy with microsurgical compared to endovascular treatment.

Keywords
Middle cerebral arteryAneurysmEndovascularSurgery
Abbreviations
BRATBarrow Ruptured Aneurysm Trial


DSADigital subtraction angiography


EEGElectroencephalography


ICAInternal cerebral artery


ICGIndocyanine green


ICHIntracerebral hemorrhage


ISATInternational Subarachnoid Aneurysm Trial


MCAMiddle cerebral artery


RCTRandomized control trial


SAHSubarachnoid hemorrhage


SSEPSomatosensory evoked potential




Introduction
Management strategies for intracranial aneurysms have changed dramatically over the past decades. Endovascular treatment has been increasingly adopted as the primary procedure for a wide spectrum of aneurysms [1–6]. The decision to pursue endovascular treatment over microsurgical treatment is particularly appealing for patients as the procedures are safe, are less invasive, and do not affect the patient from a cosmetic point of view [2]. Comparative treatment efficacy of an endovascular approach was evaluated in the multicenter randomized control trial (RCT) conducted by the International Subarachnoid Aneurysm Trial (ISAT) group in 2002, in which the early results at 1-year follow-up suggested superiority of coiling compared to clipping [7]. In response to ISAT, which resulted in the widespread adoption of a “coil first” policy, the Barrow Ruptured Aneurysm Trial (BRAT) was conducted in 2003 with the emphasis on treatment selection strategy in the presence of clinical equipoise. The results released in 2012 confirmed the conclusions in the ISAT trial with coiling demonstrating a significant absolute risk reduction of 10.5 % when compared to clipping at 1-year follow-up [8].Table 1Summary of studies on MCA aneurysms


	Study name
	Study period
	Number of patients
	Mean/median age
	SAH
	MCA aneurysm size
	Follow-up (months)
	Good outcome
	Occlusion rate (%)
	Recurrence rate (%)

	Surgical series

	 Suzuki et al. [23]
	1961–1981
	413
	–
	259 (97.7 %)a
                                       
	–
	0b
                                       
	85.0 %
	–
	–

	 Rinne et al. [16]
	1977–1992
	561
	48.9
	513 (91.4 %)c
                                       
	2–7 mm: 141
	12
	62 % (GOS ≤2)
	–
	–

	8–14 mm: 104

	15–24 mm: 38

	≥25 mm: 17

	 Ogilvy et al. [32]
	1985–1989
	62
	–
	–
	–
	1
	82.3 %
	–
	–

	 Morgan et al. [34]
	1989–2009
	263
	52.7
	0 (0.0 %)
	<7 mm: 153
	1.5
	94.7 % (mRS ≤1)
	–
	–

	7–14 mm: 81

	15–24 mm: 26

	≥25 mm: 20

	 Rodriguez-Hernandez et al. [15]
	1997–2010
	543
	55.3
	282 (51.9 %)
	“Giant”: 30
	46.8d
                                       
	SAH: 92.0 %
	98.3
	3.8

	UR: 72.0 % (mRS ≤2)

	 Van Dijk et al. [1]
	2001–2006
	105
	52.3
	77 (73.3 %)
	<6 mm: 37
	56.4
	80 % (mRS ≤2)
	89
	–

	6–10 mm: 54

	>10 mm: 25

	 Choi et al. [47]
	2007–2010
	125
	58
	0 (0.0 %)
	<5 mm: 89
	22.5
	100.0 %
	95.8
	0

	5–10 mm: 54

	Endovascular series

	 Suzuki et al. [41]
	1990–2007
	115
	55.1
	48 (41.7 %)
	<10 mm: 81
	15.5
	82.6 % (mRS ≤2)
	46.0
	10.0

	11–25 mm: 22

	>25 mm: 12

	 Bracard et al. [37]
	1992–2001
	140
	–
	73 (48.0 %)e
                                       
	<4 mm: 37
	51.6
	89.3 % (GOS ≤2)
	84.2
	9.1

	4–10 mm: 90

	11–20 mm: 12

	>20 mm: 13

	 Mortimer et al. [49]
	1996–2012
	295
	53.7
	242 (82.0 %)
	<10 mm: 232
	35
	87.1 % (GOS ≤3)
	69.4
	30.5

	11–24 mm: 64

	≥25 mm: 4

	 Kadkhodayan et al. [38]
	1996–2013
	292
	56.5
	95 (27.5 %)f
                                       
	6.6 mm
	24
	97.1 %g
                                       
	68.5
	8.2

	 Iijima et al. [40]
	1998–2002
	137
	48
	72 (46.8 %)h
                                       
	7 mm
	15
	89.8 % (mRS ≤3)
	77.2
	20.0

	 Vendrell et al. [48]
	1999–2006
	153
	49.5
	98 (64.1 %)
	<7 mm: 104
	50
	92.9 % (GOS ≤2)
	64.0
	27.2

	7–12 mm: 59

	13–24 mm: 11

	≥25 mm: 0

	 Doerfler et al. [50]
	2001–2005
	31
	48.3
	15 (48.4 %)
	<6 mm: 24
	6
	82.4 %
	86.8
	20.0

	6–10 mm: 7

	>10 mm: 7

	 Brinjiki et al. [36]
	2002–2009
	36
	60
	6 (16.7 %)
	–
	≥3
	–
	42.9
	–

	Surgical and endovascular series

	 Regli et al. [42]
	1993–1997
	30
	45.2
	0 (0.0 %)
	<6 mm: 18
	0
	–
	E: 15
	–

	6–10 mm: 11

	11–25 mm: 4
	S: 100

	>25 mm: 1

	 Güresir et al. [35]
	1999–2009
	E: 59
	E: –
	E: 38 (64.4 %)
	E: 7 mm
	60
	E: 69.5 %
	E: 65
	E: 6.8

	S: 271
	S: 50.4
	S: 163 (60.1 %)
	S: 7 mm
	S: 71.2 %
	S: 98
	S: 0

	 Taha et al. [39]
	2001–2004
	133
	60.28
	53 (39.8 %)
	7.21 mm
	26.7
	SAH: E: 62 %, S: 44 %
	E: 57.5
	–

	UR: E: 93 %, S: 81 %
	S: 81.4

	 Diaz et al. [30]
	2005–2010
	E: 50
	E: 57.7
	E: 10 (20.0 %)
	E: 7.12 mm
	9.02
	E: 90.0 %
	E: 86
	E: 14

	S: 34
	S: 57.7
	S: 9 (26.5 %)
	S: 6.0 mm
	S: 94.1 %
	S: 95
	S: 0

	 Kim et al. [4]
	2008–2011
	E: 30
	E: 56.7
	E: 3 (10.0 %)
	–
	0.25–6
	E: 86.7 %
	E: 93
	–

	S: 78
	S: 58.5
	S: 9 (11.5 %)
	S: 93.5 %
	S: 92



                                 SAH subarachnoid hemorrhage, E endovascular, S surgery, UR unruptured

                                 aThe authors only reported number of ruptured cases in 265 patients with single aneurysm

                                 bOutcomes were evaluated at time of discharge

                                 cLong term follow-up for 106 patients out of 480 eligible patients (22 %)

                                 dA total of 513 patients presented with SAH, 438 were attributable to MCA aneurysms

                                 eThe authors reported 140 patients with 152 MCA aneurysm, among which 73 aneurysms ruptured (48.0 %)

                                 fThe authors reported 292 patients with 346 MCA aneurysms, among which 95 aneurysms ruptured (27.5 %)

                                 gClinical outcome was only observed at 30-day post-op

                                 hThe authors reported 137 patients with 149 MCA aneurysms, among which 72 aneurysms ruptured (48.3 %)



                     
Despite the endorsement of endovascular treatment by early outcome results in both studies as an excellent option for ruptured intracranial aneurysm treatment, the uncertainty between “coil first” and “clip first” approaches continued as long-term follow-up was awaited to confirm the advantage of coiling over clipping. Ultimately, long-term follow-up outcomes in both studies were evaluated at 18 and 3 years, respectively, and an attenuation of the benefit gain achieved by endovascular treatment became evident, to the point where no significant difference of neurological outcomes at long-term follow-up was observed between the two treatment groups [9–12]. In addition, the authors have also identified an increase in suboptimal secondary outcomes in the endovascular arm, including higher re-bleeding risk, lower obliteration rate, and higher retreatment rate, which are known limitations of endovascular treatment [1, 9, 12–15]. The emergence of adverse events following endovascular treatment warrants an even longer follow-up for these studies to fully appreciate the treatment efficacy of endovascular treatment.

Review
General characteristics
The middle cerebral artery (MCA) is a direct extension of the internal cerebral artery (ICA) and is divided into four segments (M1–M4). The prevalence of MCA aneurysms is approximately 14.0–43.0 % among all cerebral aneurysms [6–10, 16–18]. These aneurysms are usually observed to arise from the M2 bifurcation segment or the proximal M1 segment [16, 19–24]. Rinne et al. explored anatomical and clinical features of MCA aneurysms in a Finnish population of 1314 consecutive patients. According to their observations, 42.6 % of all aneurysm patients have at least one MCA aneurysm, in which 20.0 % have multiple MCA aneurysms, 17.8 % have bilateral MCA aneurysms, and 11.2 % have mirror MCA aneurysms [16]. Most of the MCA aneurysms (45 %) are laterally projecting, with 38 % inferiorly pointing, 15 % superiorly projecting, and only 2 % medially pointing.
A positive family history of aneurysms is found in 11 % of all patients bearing a single aneurysm and may increase to 22 % when the patient has bilateral MCA aneurysms [16]. Risk of rupture is affected by multiple factors such as large size, irregular dome morphology, cigarette smoking, use of illicit drugs, hypertension and female sex [17, 25–29]. The annual risk of rupture is reported to be 0.0 %–8.0 % depending on the size of the aneurysm [16, 17, 24, 28].

Trend for MCA aneurysm management
In contrast to the treatment of most posterior circulation aneurysms where there is an evident advantage of endovascular compared to surgical approaches regarding ease of access and treatment outcomes, the selection of treatment for MCA aneurysms consistently favors microsurgical management [1, 2, 15, 24, 30, 31]. The relatively superficial location of MCA aneurysms permits easy surgical access with minimal frontal or temporal lobe retraction, thereby resulting in excellent prognosis [1, 15, 16, 20–23, 32–35]. In addition, typical MCA aneurysm morphology is considered unsuitable for an endovascular approach as the majority of these aneurysms are distant to access and are usually broad-necked with undesirable dome-to-neck ratios [15, 16]. However, with recent advancement of endovascular techniques and devices, and with endovascular aneurysm management established by the ISAT and other studies, there is an emerging interest in the exploration of MCA aneurysm management by endovascular approaches [4, 36–41]. In a recent systematic review of MCA aneurysm treatment by Blackburn et al. in 2014, the authors performed a comprehensive search of all MCA aneurysm-related articles between 2004 and 2013, and 23 published series were included in this study, with 839 aneurysms treated by coiling and 1052 aneurysms treated surgically [31]. Another systematic review focusing on endovascular treatment included 11 studies with a total of 1076 MCA aneurysms treated via endovascular approach between 1990 and 2009 [36]. We provided a summary of major studies on MCA aneurysm in Table 1. The substantial growth in the number of MCA aneurysm patients treated by coiling demonstrates an increasing interest in exploring the feasibility of coiling as an alternative option in MCA aneurysm management.
Although there is a dramatic increase of interest in endovascular management of MCA aneurysms, the evidence to advance coiling as a strategy for MCA aneurysm management is inadequate. When examining the short-term (1 year) follow-up results in ISAT, patients bearing MCA aneurysms are the only subgroup in which superiority of clipping compared to coiling regarding treatment outcomes was demonstrated [10]. In addition, as suggested by Rodriguez and authors [15], the distribution of aneurysm locations in the ISAT study is significantly different from what was previously reported, with MCA aneurysms comprising only 14.0 % of all aneurysms in ISAT as compared to approximately 25.0 % in reported literature, suggesting a potential sampling bias that favors maximizing outcome in the coiling group. Furthermore, current available comparative studies and meta-analyses on MCA aneurysm treatment suggested slight to moderate advantage of clipping over coiling [24, 30, 31, 42]. Therefore, further investigation is warranted for justification of endovascular therapy as a viable alternative to surgical therapy in definitive treatment of MCA aneurysms.

The surgical perspective of MCA aneurysm treatment
Techniques regarding surgical management of MCA aneurysms have been well established since the age of Dandy [43]. As proposed by Washington and authors, the majority of MCA bifurcation aneurysms can be easily categorized into four distinct categories with recommended clipping strategy illustrated in detail for each of the category [44].
Most MCA aneurysms can be directly viewed after a pterional or minipterional craniotomy combined with arachnoid dissection through the Sylvian fissure corridor with minimal brain retraction [16, 45]. The surgical field can be widely opened with minimal manipulation of surrounding brain tissue to provide sufficient exposure of the aneurysm and the related MCA vessels, with ability to maneuver for clip application. Direct view of MCA branches is also critical in recognizing potential perforators that may not be appreciated on digital subtraction angiography (DSA) due to limitations of two-dimensional imaging modality. The implementation of adjunctive intraoperative tools including continuous somatosensory evoked potential (SSEP) and electroencephalography (EEG) monitoring, indocyanine green (ICG) angiography, and intraoperative DSA improve surgical outcomes by providing critical information regarding optimal clip placement [33, 46].
Excellent outcomes can be achieved via a microsurgical approach when cases are carefully selected and planned. According to previous reports, good outcomes were reported in 70–100 % MCA aneurysm patients who underwent clipping, with 70–80 % for ruptured patients and 92–100 % for the unruptured cohort [1, 15, 16, 24, 30, 34, 47]. Aneurysm occlusion rates were reported to be 90–98.3 % [1, 15]. Overall mortality rate in post-operative and follow-up periods were reported to be around 5 % but varies greatly depending on the underlying severity of disease at presentation [15, 20–23]. Major complications associated with MCA aneurysm clipping were vasospasm, re-bleeding, epilepsy, hemiparesis, and visual field deficits [1, 15, 16, 34]. Patients presenting with subarachnoid hemorrhage (SAH), a higher Hunt and Hess grade, and larger size aneurysms have significantly worse outcomes [1, 15, 16].
Under specific circumstances, surgery harbors significant advantages when considering treatment options for MCA aneurysms. For patients presenting with a distal MCA aneurysm where catheter manipulation is challenging due to distal location on small caliber vessels, clipping is preferred over coiling to minimize procedural risk and ensure optimal outcome [48]. In addition, for patients presenting with ruptured MCA aneurysms accompanied by a large intraparenchymal hematoma, open surgery combining aneurysm clipping, hematoma evacuation, and possibly hemicraniectomy is critical for relief of intracranial pressure to optimize patient outcome.

The endovascular perspective of MCA aneurysm treatment
In contrast to anatomical considerations favoring microsurgical treatment for successful management of MCA aneurysms, endovascular neurosurgeons must overcome technical challenges regarding the unique anatomical features of MCA aneurysms. MCA aneurysms are mostly located on the proximal M1 or MCA bifurcation, which is relatively distal compared to common locations preferable for endovascular treatment. The narrowing of the arterial lumen beginning from the proximal MCA also poses procedural challenges to advancing flexible catheters with larger outer diameter into distant MCA arteries against increasing vessel resistance. The majority of MCA aneurysms are also reported to present with a wide-necked base, which are considered suboptimal for endovascular management. In addition, the visualization of MCA aneurysms may be relatively limited due to overlapping trunks of the MCA bifurcation or trifurcation on DSA.
Despite technical disadvantages, emerging interest has arisen during the past decade on the feasibility of coiling as an option in MCA aneurysm management. Continued innovations in endovascular techniques and devices were introduced to overcome these technical challenges, including stent assisted coiling, catheter enhancement with increased inner diameter and flexibility, balloon remodeling, and three-dimensional rotational angiography. In an early report by Iijima et al. in 2005 with a case series of 149 MCA aneurysm patients, overall mortality and morbidity rate was 6 and 1 % for ruptured aneurysms and 1 and 3 % for unruptured aneurysms, respectively [40]. The reported outcomes are comparable and even appeared to be superior when compared with microsurgical treatment. However, only 77.2 % of all patients achieved complete occlusion of the aneurysm. The authors also identified a 20.0 % recurrence rate at 15 months follow-up, in which 11.4 % required retreatment. Following this study, multiple studies regarding feasibility and efficacy of endovascular treatment in MCA aneurysm management have been reported [4, 36–38, 40, 49–51]. A recent series reported by Kadkhodayan et al. in 2014 including 292 patients and 346 MCA aneurysms demonstrated an intraoperative thromboembolic event rate of 13.6 %, overall morbidity rate of 2.9 % at 30-day follow-up and complete or near complete occlusion rate of 91.8 %, with an average of 2 years of follow-up [38]. These endovascular studies on MCA aneurysm management achieved outcomes comparable to surgical management and established the consideration of extending the “coil first” policy to MCA aneurysm management.

Clip versus coil for MCA aneurysm treatment
To our knowledge, no RCT has compared safety and efficacy of MCA aneurysm treatment between the two modalities. Most direct comparisons were reported in the form of retrospective or prospective observational studies. Regli and authors described the first series of comparison between the two modalities for MCA aneurysm management in a single cohort; they observed a failure rate of 85.0 % in coiling, with only two patients successfully treated by coiling with a “coil first” policy [42]. Despite the excellent surgical result achieved with only 3 % morbidity, the primary limitation is that the study cohort was selected from 1993 to 1997, suggesting that the study is representative of outdated endovascular techniques and devices. A most recent comparison conducted by Diaz et al. in 2014 included patients from 2005 to 2010, with the selection criteria bearing a moderate disadvantage towards surgery, where only large MCA aneurysms with unfavorable dome-to-neck ratio were recommended to undergo clipping for unruptured patients and a “coil first” strategy was implemented for all ruptured MCA aneurysm patients in the absence of a contraindication. The authors observed comparable results in poor outcomes for coiling (10.0 %) and clipping (5.9 %) with a slight advantage towards clipping. They also reported a 14.0 % retreatment rate for coiling group in comparison to none in the clipping group in a 9-month follow-up period [30]. Although no significant difference was observed for functional outcomes at follow-up, coiling was still associated with more procedural complications (16.0 versus 0.0 %) and higher retreatment rates. The difference in poor outcome approached near statistical significance for the unruptured group (p = 0.066), in which five patients (12.5 %) had poor outcomes in the endovascular cohort compared to none in the surgical group. Their results were supported by evidence from systematic reviews and meta-analysis of the current literature that demonstrated slight to moderate advantage of clipping over coiling in treatment of MCA aneurysms [24, 31].
Despite both management strategies demonstrating acceptable treatment outcomes, reviews including studies reporting case series with a single treatment modality may suffer from multiple potential biases, thereby limiting the interpretation of results generated by systematic reviews and meta-analyses. As suggested by Rodriguez-Hernandez et al., the treatment outcome was very likely biased by the institutional or operator policy on treatment selection, in which operator preference favors one treatment over another [15]. In their series of 631 MCA aneurysms managed with a “clip first” policy, good or unchanged patient functional outcome is achieved in 93 % of unruptured aneurysms and in 87 % of subarachnoid hemorrhage patients, with an overall occlusion rate of 98.3 %. Other large series that demonstrated surgical expertise in managing aneurysms have achieved similar results [16, 23, 34]. However, despite the advantage of optimal outcome, lower long-term complications, and lower retreatment rates in clipping, with increasing adoption of “coil first” policy in various centers, the decreased caseload compromising microsurgical skills has become concerning as a potential cause of decline of favorable surgical outcomes in current and future studies [1, 15].
Another bias associated with these studies is related to the incomplete observation of outcomes due to short follow-up period. Although endovascular series continue to demonstrate acceptable functional outcomes in the short-term, the “unchanged or improved” functional outcome is most likely attributable to a less invasive approach rather than actual reduced risk of subsequent bleeding. The persistent risk of hemorrhage leading to significant mortality and morbidity as a consequence of residual or recurrent aneurysm is not taken into account when calculating functional outcomes at short-term follow-up. Furthermore, functional outcome measurement does not consider the procedural risks, quality of life impact, and cost in patients receiving multiple treatments. Therefore, in the absence of unbiased studies demonstrating non-inferiority of outcomes in coiling versus clipping, and with the best available evidence suggesting superiority in functional outcome, high occlusion rate, and low retreatment rate for management of MCA aneurysms in surgical series, microsurgical clipping remains the treatment of choice for definitive MCA aneurysm treatment.


Conclusions
An endovascular approach has been increasingly adopted as an alternative to surgical approach in MCA aneurysm management during the past decade. Recent endovascular series demonstrated acceptable morbidity and mortality rates but are also associated with significantly higher retreatment rates and lower occlusion rates. Microsurgical treatment of MCA aneurysms is durable and safe. Taken together, since appropriate patient selection is paramount to optimize outcomes, a microsurgical approach should still be considered as the preferred strategy in definitive MCA aneurysm management.
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