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Introduction

The basic tenets for treatment of intracranial aneurysms (IAs) are to eliminate the
aneurysm from the circulation completely, to preserve the patency of the parent ves-
sels and associated branches, and to maintain or improve the patient’s neurologic
function. Because of the complexity of aneurysm treatment, better outcomes are
achieved in large volume centers where neurosurgical, endovascular, neurointensive
care, and neuroanesthesia teams work together to care for these patients [1, 2]. The
decision to treat and by which modality depends on factors of the patient (i.e., age,
clinical status, and risk factors for hemorrhage) and the aneurysm (i.e., size, shape,
configuration, multiplicity, and presence of thrombus). This chapter will focus on
indications for surgical treatment of IAs in this era of rapid endovascular
advancements.
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History of Surgical Management of Aneurysms

As early as the 1800s, IAs were surgically treated by Hunterian ligation — or gradual
occlusion of the carotid artery — to promote aneurysm thrombosis. Direct exposure
of a ruptured IA and muscle wrapping was performed by Sir Norman Dott in 1931.
The first aneurysm clip, a Cushing-McKenzie silver clip, was placed on the neck of
a saccular TA in 1937 by Walter Dandy, while modern, spring-loaded aneurysm
clips were first introduced in 1950 by Frank Mayfield and George Kees. Further
design refinements were made by Charles Drake with the fenestrated clip, Thoralf
Sundt Jr with the encircling clip, Gazi Yasargil, and Kenichiro Sugita. The pterional
craniotomy was refined in the 1960s. In 1969, Yasargil described the superficial
temporal artery to middle cerebral artery (STA-MCA) bypass as an adjunct in the
treatment of complex IAs [3]. With the introduction of the operating microscope,
refinements in microsurgical techniques, improved anesthetic and intensive care
management, and development of diagnostic imaging, the risk of surgery for IAs
decreased over time. Prior to 1991, when Guglielmi introduced detachable platinum
coils, microsurgical clip ligation remained the primary treatment for [As [1, 4].

Neuro-Imaging Evaluation

Imaging of IAs has improved tremendously over time. While axial angiography
using computed tomography (CT) or magnetic resonance imaging (MRI) modali-
ties is frequently used for screening and follow-up of both treated and observed
aneurysms, noninvasive imaging is most sensitive for aneurysms >3 mm in size [2,
5]. Axial imaging may also provide complimentary and clinically important infor-
mation regarding the presence of intraluminal thrombus and calcification of aneu-
rysms [5]. Digital subtraction angiography (DSA) is the “gold standard” to evaluate
IAs. Two- and three-dimensional DSAs are critical to evaluate the following fea-
tures of the aneurysm and the surrounding vasculature: (1) parent vessel, (2) size,
shape, and relationship to parent and adjacent arteries, (3) presence and location of
vasospasm, (4) displacement of adjacent vessels, and (5) the presence of additional
aneurysms or vascular malformations [5, 6].

Indications for Aneurysm Surgery in the Endovascular Era

Pediatric Patients

Considering the life expectancy of young adult and pediatric patients, optimal treat-
ment for cerebral aneurysms remains unclear. Endovascular therapies confer
reduced durability with recurrence reported to be as high at 20-40% [7-9].
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Furthermore, the long-term outcomes of endovascular devices such as flow divert-
ers are unknown due to lack of sufficient follow-up in the growing child or adoles-
cent. Due to the rarity of pediatric aneurysms, only small clinical series have been
published, which makes it difficult to make treatment recommendations.

Aneurysms in pediatric patients are more frequently large or giant or fusiform in
morphology than adult aneurysms [7-9]. Complete occlusion of the aneurysm is
achieved only for 80-82% after endovascular therapies [7-9]. Sanai et al. demon-
strated a 14% recurrence after endovascular treatment (EVT) over a mean follow-up
period of just 5.7 years [8]. Recurrence after surgery is documented to be around
2.5% or less [8, 9]. The clinical outcomes did not differ significantly between endo-
vascular and microsurgical treatments with overall 7-14% long-term morbidity and
low morality in this pediatric population [7-9].

Multiple Aneurysms

Multiple aneurysms are found in 20-34% of patients with intracranial aneurysms
[10-12]. Female sex, smoking, and hypertension are all risk factors for developing
multiple intracranial aneurysms [11, 12]. When possible, treatment of all aneurysms
simultaneously in one procedure is ideal to reduce the number of invasive proce-
dures. Though the overall length of the procedure and risk of complication is
increased when treating multiple aneurysms at once, a one-staged operation has
overall lower mortality than treating the patient in multiple stages or leaving an
unruptured aneurysm untreated [13]. Additionally, one study compared surgical and
endovascular treatment for multiple intracranial aneurysms and found similar com-
plication rates (10.9% and 10.3%, respectively) but higher retreatment rates for the
endovascular group (3% vs. 18%, respectively) [14]. In cases of multiplicity, micro-
surgical clip ligation should be considered to safely treat the highest number of
aneurysms in the fewest number of procedures if EVT cannot address all of the
aneurysms.

Very Small Aneurysms

Very small aneurysms (VSAs) are defined as aneurysms with a maximum diameter
of 3 mm or smaller. Whether to treat unruptured VSAs remains controversial due to
low reported risk of rupture in large epidemiological studies [15, 16]. Several rea-
sons that may encourage treatment of unruptured VSAs include high risk patient
populations, personal or family history of SAH, multiple aneurysms, and irregular
shape or daughter sac, all of which portend higher risk of rupture. The International
Subarachnoid Aneurysm Trial (ISAT) excluded small aneurysms (<3 mm) from the
trial, which leaves questions about the best treatment strategy for small ruptured
aneurysms [17, 18].
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Aneurysms <3 mm pose technical endovascular challenges for catheterizing the
aneurysm, microcatheter stability, and deploying coils into a small volume.
Endovascular failure (9.9-13.7%) or incomplete occlusion often results in cross
over to surgery [19, 20]. Studies demonstrate that the risk of intraprocedural rupture
during EVT is higher for VSAs (7.7%) than larger aneurysms (3.6%) and for rup-
tured (10.7%) over unruptured (5%) VSAs [19-23]. These data bias toward surgical
management for VSAs when treatment is indicated.

Overall, permanent morbidity and mortality are similar between endovascular
and surgical treatment of VSAs, but procedure-related complications may be
slightly higher for surgical intervention [19, 24, 25]. Data support that very small
posterior circulation aneurysms should preferentially undergo endovascular therapy
if amenable due to higher postoperative deficits compared to surgically treated ante-
rior circulation aneurysms (45.5% vs. 3.9%, respectively) [22]. Figure 8.1 and
Video 8.1 depict a case of young patient with multiple aneurysms including
two VSAs.

Endovascular Treatment Failures

The volume of EVT failures that require retreatment either endovascularly or micro-
surgically will continue to grow as the number of endovascular procedures per-
formed increases. In ISAT, 191 patients (17.4%) required retreatment in the
endovascular cohort, and 54% of these patients required surgery [26]. Hayakawa
et al. followed 73 aneurysms with residual necks an average of 17.3 months, and
49% showed recanalization on follow-up. Wide-neck (>4 mm) and large or giant
aneurysms were more likely to recur [27]. In one series of previously coiled aneu-
rysms requiring microsurgical retreatment, 4 of 81 patients presented with

»
»

Fig. 8.1 The case of a young patient who was admitted for Hunt and Hess grade 1 subarachnoid
hemorrhage is depicted. (a and b) Anteroposterior and lateral 2-D cerebral angiograms of the right
internal carotid artery (ICA) reveal posterior communicating artery (Pcomm) and anterior choroi-
dal artery (AchorA) origin aneurysms (open arrow). A double density at the proximal A1 segment
of the ACA is suspicious for an aneurysm. (¢) Three-dimensional reconstruction of the right ICA
angiogram in the surgical orientation shows the Pcomm and AchorA aneurysms (open arrow) and
the posterior wall A1 segment aneurysm (broken arrow). (d) Posteroanterior three-dimensional
reconstruction better shows the Al segment aneurysm (broken arrow). (e) Intraoperative photo of
the ICA after dissection of the necks of the Pcomm and AchorA aneurysms. The “shoulder” of
both the Pcomm and AchorA are well seen originating at the proximal neck of each aneurysm then
taking their typical course behind the ICA. (f) Indocyanine green (ICG) video angiography reveals
patency of the AchorA (arrow) — inset shows light microscopy of the selected ICG frame. (g and
h) The posterior wall Al segment aneurysm was occluded with a straight miniclip. (i and j)
Intraoperative angiography reveals complete occlusion of the aneurysms and maintained patency
of the normal vasculature, including the Pcomm and AchorA
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Contraindications to Dual Antiplatelet Therapies
and Noncompliant Patients

Dual antiplatelet therapy (DAPT) is needed for the placement of an intracranial
stent or flow diverter to minimize thromboembolic complications. Employing
DAPT should be balanced with the risk of bleeding and individualized for each
patient. Some patients have contraindications to DAPT which may make microsur-
gical clip ligation necessary. Contraindications to DAPT include known esophageal
varices or gastric ulcers, thrombocytopenia (50,000/pL blood), decompensated liver
disease or baseline INR >1.5, other coagulopathy, barriers to compliance (i.e., poly-
substance abuse, dementia, and financial constraints), or imminent need for major
surgery. While thrombocytopenia and coagulopathy are relative contraindications to
cranial surgery, these can typically be corrected and maintained within normal lim-
its in the short term to safely complete surgery.

Many patients presenting with ruptured aneurysms require external ventricular
drain (EVD) or ventriculoperitoneal (VP) shunt placement for cerebrospinal fluid
diversion. In one series, six of seven patients on DAPT for stent-assisted coiling
who required placement of an EVD and/or VP shunt suffered a hemorrhagic com-
plication. Four of these instances were due to placement or exchange of a ventricu-
lar catheter, and the remaining two patients suffered rebleeding events [34]. We are,
therefore, hesitant to treat patients with aneurysmal SAH by endovascular methods
that require DAPT. In the case of flow diversion, the aneurysm may not be immedi-
ately secured, which does not mitigate the risk of rebleeding.

Additionally, patients who may be noncompliant with DAPT regimen or unable
to maintain the prescribed follow-up after EVT are better candidates for microsurgi-
cal treatment. Inability to correctly take a DAPT regimen after stent-assisted coiling
or flow diversion could lead to disastrous thromboembolic complications. EVT
requires diligent follow-up due to the higher rate of aneurysm recurrence and rerup-
ture when compared to microsurgical treatment [29].

Associated Intracerebral Hemorrhage

Approximately 12-21% of patients with aneurysmal SAH present with concomitant
intracerebral hemorrhage (ICH) [35, 36]. Patients with SAH and an associated ICH
have worse Hunt and Hess grades on presentation and worse outcomes than those
without ICH [36]. Aneurysms with associated ICH are more likely to be located on
the middle cerebral artery (MCA) or anterior communicating artery (ACoA) [36].
Studies demonstrate substantial functional and mortality benefit in patients who
undergo surgical evacuation of the associated ICH and clip ligation of the offending
aneurysm compared to those treated without surgical decompression of the brain
[37, 38]. The primary benefit of an endovascular procedure is avoidance of a
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Fig. 8.2 Microsurgical treatment of a giant, partially thrombosed right M1 segment aneurysm
after endovascular treatment failure. A 36-year-old man presented with left-sided hemiparesis and
1 week of worsening headache with nausea. (a) Computed tomography scan showed a large recur-
rence of a previously coiled aneurysm with intraluminal hemorrhage. (b) Angiography showed
only partial filling of the aneurysm and marked stenosis of the middle cerebral artery (MCA)
beyond the neck of the aneurysm. The outline of the aneurysm is noted by red dots. Lenticulostriates
draped over the lateral margin of the aneurysm are delineated by green arrows. (¢) The surgical
strategy was to perform a radial artery bypass graft from the common carotid artery to an M2 seg-
ment (red arrow — recipient site) with clip occlusion distal to the neck of the aneurysm (red bar).
(d) Intraoperative image of the radial artery to M2 anastomosis. (e and f) One-month follow-up
angiogram demonstrated the radial artery bypass filling the entire MCA distribution with back fill-
ing of the lenticulostriate arteries (green arrows), and complete occlusion of the aneurysm.
Occlusion of the aneurysm and proximal M1 segment are demonstrated as the delayed angiogram
shows that the internal carotid artery terminates at the A1
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Fig. 8.2 (continued)

craniotomy. If the patient needs surgery for evacuation of a life- or health-threaten-
ing hematoma, treatment of the aneurysm at the time of the craniotomy is the most
parsimonious therapeutic strategy. Figure 8.3 demonstrates a case of a large, rup-
tured right MCA aneurysm with an associated ICH.

Large Aneurysms with Mass Effect

Large (13—-24 mm) and giant (>25 mm) [As pose technical challenges due to devel-
opment of calcification at the neck and partial thrombosis of the dome, presence of
perforators and branch vessels from the aneurysmal walls, and compression of adja-
cent brain or cranial nerves. Left untreated, giant aneurysms are associated with
70-80% morbidity and mortality rates over 2 years due to rupture, thromboembolic
complications, or progressive compressive symptoms [39, 40].

Endovascular vessel sacrifice or surgical trapping is often not feasible for aneu-
rysms that are at or distal to the internal carotid artery (ICA) bifurcation or for
patients that fail a balloon test occlusion (BTO). Large and giant aneurysms have a
well-documented low complete occlusion rate and high rate of recanalization after
endovascular coiling, necessitating subsequent retreatment [41, 42]. Although well
established to treat aneurysms of the petrocavernous and paraclinoid segments of
the ICA, flow diversion does not immediately address the mass effect of large and
giant [As and can cause compressive symptoms to worsen [6, 43]. Consequently,
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Fig. 8.3 A middle-aged gentleman admitted with a Hunt and Hess grade 3 subarachnoid hemor-
rhage is shown. (a—c) Preoperative axial noncontrast computed tomography (CT) of the head
shows a large intraparenchymal hemorrhage (IPH) in the right temporal lobe. (d—g) Two- and
three-dimensional cerebral angiography revealed a large right middle cerebral artery (MCA) bifur-
cation aneurysm. (h) Intraoperative photo after clipping shows reconstruction of the MCA bifurca-
tion and obliteration of the aneurysm using a side-angled clip placed parallel to the origins of the
M2 segment takeoffs (M2f — frontal division; M2t — temporal division; M1 — M1 segment coming
out of the Sylvian fissure). (i and j) Intraoperative angiography shows complete elimination of the
aneurysm from the circulation. (k) Intraoperative photo after removal of the IPH. The IPH was
removed from the point at which it broke through the temporal lobe surface anteriorly. The dome
of the aneurysm is seen in the resection cavity (black arrows). (I-n) Postoperative CT shows near-
complete evacuation of the IPH
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Fig. 8.3 (continued)

surgical management remains a mainstay of treatment of large and giant IAs. Once
the aneurysm is surgically occluded, it can be punctured or intrasaccular thrombus
can be resected to immediately reduce the mass effect on critical structures, such as
cranial nerves, the optic apparatus, or the brainstem. Figure 8.4 and Video 8.2 depict
a case of a giant left ophthalmic artery origin ICA aneurysm treated by clipping fol-
lowed by decompression of the optic apparatus.

Many large and giant aneurysms can be primarily clipped or clip reconstructed
(40-60%) [39, 42, 44]. Simple clipping is the preferred treatment strategy but is
often prevented by dolichoectatic morphology, aberrant branch anatomy, athero-
sclerosis at the aneurysm neck, and intraluminal thrombosis. Aneurysms that can-
not be directly clipped require alternative techniques to indirectly occlude the
aneurysm, which include distal occlusion, proximal occlusion, trapping, or exci-
sion with or without bypass. Overall, treatment-related surgical morbidity and mor-
tality for giant IAs is approximately 20-30% with mortality comprising 8-22%
[39, 42, 44].

When collateral circulation is inadequate to provide sufficient perfusion after
permanent vessel occlusion, a revascularization procedure is required. BTO may be
used in selected patients to determine which patients will not tolerate parent vessel
occlusion. Many bypass techniques have been described, and the selection of bypass
type depends on the location of the aneurysm, the need for low- versus high-flow
revascularization, and surgeon preference. Special surgical considerations during
bypass procedures include starting aspirin prior to surgery, giving intravenous hepa-
rin during the anastomosis, and inducing burst suppression and arterial pressure
elevation to 20% above baseline during temporary clip occlusion.



8 Microsurgical Aneurysm Treatment 167

Fig. 8.4 Giant thrombotic internal carotid artery aneurysm arising at the ophthalmic segment
causing mass effect. A 59-year-old man presented with progressive vision loss. Axial (a) and coro-
nal (b) T1 pre-contrast magnetic resonance images with a large heterogeneous mass displacing the
optic chiasm. (¢) Angiography showed a partially thrombosed left ophthalmic artery aneurysm
with residual filling measuring 5.3 mm x 6.7 mm x 5.6 mm with a 4.1 mm neck. (d and e)
Intraoperative angiography demonstrated complete occlusion of the aneurysm after placement of
single side-angled clip. (f) Follow-up computed tomography scan showed decreased mass effect
after aneurysm debulking

Wide-Necked Aneurysms

The most commonly used definition for wide-necked aneurysms (WNAs) is neck
size >4 mm or dome-to-neck ratio <2. Many endovascular techniques exist for the
treatment of WNAs including balloon-assisted coiling, stent-assisted coiling, com-
plex neck support devices (i.e., PulseRider and pCONus), parent artery flow diver-
sion (i.e., Pipeline, FRED, and Surpass), and intra-saccular flow diversion (i.e.,
Woven EndoBridge). Brinjikji et al. found that aneurysms with aspect (height-to-
neck) and dome-to-neck ratios >1.6 typically did not require the use of adjunctive
techniques during EVT [45]. WNAs are more likely to have a neck remnant and
more likely to have recanalization on follow-up than aneurysms with narrow necks
after coil embolization [27, 41].

Few studies have examined the results of microsurgical clipping of WNAs while
a large number of studies have examined EVT. A post hoc subgroup analysis in the
Barrow Ruptured Aneurysm Trial (BRAT) examined WNAs. WNAs comprised
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54.1% of the aneurysms treated; were more likely to arise from the MCA, basilar
tip, or internal carotid artery (ICA) other than the ICA-posterior communicating
artery (PCoA) junction; and were more common in older patients with worse clini-
cal presentation. Complete obliteration on postoperative imaging was lower and
retreatment rate was higher for coiling compared with clipping (51.2% vs. 84.3%
and 26.8% vs. 0%, respectively), but clinical outcomes after either treatment were
not significantly different at any time point [46]. A meta-analysis comparing EVT
to surgical clipping for wide-necked bifurcation aneurysms showed similar adverse
events (21.1% vs. 24.3%) but lower complete occlusion with EVT (39.8% vs.
52.5%) [47].

Complex Configuration

Numerous factors can make an IA “complex” including deep location, wide neck,
large size, inclusion of branching vessels, dolichoectactic morphology, presence of
intraluminal thrombus or atherosclerotic walls, or previous endovascular or surgical
treatments. Simple aneurysms are readily treated with current endovascular tech-
niques including stand-alone coiling, balloon- or stent-assisted coiling, or parent
artery and intra-saccular flow diversion. As this field develops, vascular neurosur-
geons are left with more complex aneurysms deemed unsuitable for endovascular
therapies. Microsurgical treatment of complex IAs requires careful planning and
innovative thinking, expanding the exposure with skull base approaches, temporary
occlusion or hypothermic circulatory arrest, the use of a variety of bypass tech-
niques, and, sometimes, the combination of microsurgical and endovascular
treatments.

Aneurysms with complex configurations are often located at branch points and
have efferent arteries arising from the aneurysm walls. Clip reconstruction is the
preferred strategy to obliterate the aneurysm and maintain patency of the parent and
branching arteries. When this is not feasible, vessel occlusion (i.e., distal, proximal,
or both [trapping]) or aneurysm excision with or without bypass can be performed.
Many bypass techniques have been described for the treatment of complex aneu-
rysms including extracranial-intracranial (EC-IC) bypass, EC-IC interpositional
bypass, reimplantation, reanastamosis, in situ bypass, IC-IC interpositional bypass,
and combination bypass [48]. When microsurgical and endovascular techniques are
used together, the number of possible treatment strategies increases drastically to
include the following possibilities: coil embolization after partial aneurysm clipping
to narrow the neck, endovascular parent vessel and aneurysm occlusion after surgi-
cal bypass, proximal endovascular occlusion after distal surgical occlusion and
bypass for complete trapping of aneurysm, aneurysm debulking after endovascular
parent vessel occlusion, and balloon catheter placement for temporary proximal
occlusion and/or suction decompression to allow for surgical clipping [49-53].

Several clinical series have been published examining the combination of endo-
vascular and microsurgical management for complex aneurysms. Aneurysm
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occlusion was obtained in 95% of cases [49, 51]. Good or excellent outcomes were
seen in 77.1-86% of patients, permanent morbidity occurred in 5.2-8.3%, and pro-
cedural mortality was 9.1-14.3% [49, 51, 52]. As seen previously, death or poor
outcome was more common after the treatment of a posterior circulation aneurysm
than an anterior circulation aneurysm [51, 52].

Thrombotic Aneurysms

Cerebral aneurysms with significant intraluminal thrombus are poorly described in
the literature because they are often included in larger series along with fusiform or
giant aneurysms, but account for up to 16.8% of aneurysms [54]. These aneurysms
should be studied with CT and/or MRI plus catheter angiography due to the discrep-
ancies between aneurysm size and luminal filling. Most patients present with symp-
toms from mass effect (32%), which is indicative of their predilection to be larger in
size. Only 10% of patients with thrombotic aneurysms present with embolic symp-
toms [55].

Surgical treatment is often preferred to endovascular therapies for thrombosed
aneurysms, for which recanalization after coiling is up to five times greater than in
non-thrombosed aneurysms [54]. Recurrence of thrombotic aneurysms is multifac-
torial and likely related to their large or giant size, coil migration into the adjacent
thrombus, and failure to endothelialize across the neck [41, 56].

Microsurgical approaches include direct clipping, thrombectomy with clip
reconstruction, bypass with aneurysm occlusion, and trapping without bypass. The
best surgical results were achieved with direct clipping, which is dependent on com-
pliance of the neck of the aneurysm. Concentric and complete thrombotic aneu-
rysms have noncompliant necks, and canalized thrombotic aneurysms do not have a
defined neck. Eccentric thrombotic aneurysms or coiled thrombotic aneurysms with
eccentric coil compaction were more likely to be amenable to direct clipping. For
unclippable thrombotic aneurysms, better results were achieved with bypass and
parent vessel occlusion over thrombectomy with clip reconstruction [55].
Observation is recommended for completely thrombosed aneurysms.

Fusiform or Dolichoectatic Aneurysms

Fusiform aneurysms comprise <0.1% of IAs [57]. They are defined based on appear-
ance of fusiform arterial ectasia at a nonbranching site. In contrast to saccular aneu-
rysms, fusiform aneurysms are more often found in younger patients and more
frequently in males [57-59]. The proposed mechanism of formation starts with arte-
rial dissection [58]. The acute dissecting type typically presents with rupture,
whereas the chronic type presents with continual growth [60, 61]. Patients may be
diagnosed incidentally due to compressive symptoms related to mass effect on the
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brain or cranial nerves, thromboembolic events, or rupture. Patients with fusiform
aneurysms associated with atherosclerosis, symptomatic presentation, or size
>7 mm are at higher risk for progression [62]. A select group of patients can tolerate
conservative management or anticoagulation alone with good results.

These lesions are extremely difficult to treat whether by endovascular techniques,
microsurgery, or a multidisciplinary approach. Surgical treatment carries a morbid-
ity and mortality rate of approximately 25% [57-59, 62]. Surgical options include
clip reconstruction, clip wrapping, bypass and trapping, proximal or distal occlu-
sion only, or excision with reanastomosis [57, 61].

Infectious Aneurysms

Infectious TAs (I-IAs) account for approximately 2% of all IAs [6, 63]. Infective
endocarditis is responsible for 70-80% of infectious aneurysms, which typically
occur in the distal MCA territory [63, 64]. Extravascular infections such as menin-
gitis, cavernous sinus thrombophlebitis, cerebral abscess, subdural empyema,
osteomyelitis of the skull, and sinus infections can also cause infectious aneurysms.
These aneurysms typically occur in more proximal locations due to direct infectious
spread at the base of the brain.

I-IAs are most commonly due to Streptococcus species or Staphylococcus aureus,
but can be caused by a variety of bacterial, fungal, spirochetal, amebic, or viral
pathogens [63, 65]. Pathologic changes show infiltration of the adventitia and tunica
media by polymorphonuclear leukocytes, marked intimal proliferation, and destruc-
tion of the internal elastic lamina. They are typically friable and thin-walled with a
wide or absent neck and are often not easy to separate from the brain parenchyma.

No trials exist comparing surgical and endovascular treatment of I-IAs; therefore,
treatment recommendations are based on large case series and systematic reviews.
Unruptured infectious aneurysms should initially be treated with appropriate antibi-
otic therapy for at least 4-6 weeks. Repeat imaging can be performed at 1-week inter-
vals initially to determine stability or change in aneurysm size. Surgical or endovascular
treatment should be pursued if an unruptured aneurysm increases in size despite anti-
biotic therapy, or if a patient presents with a ruptured aneurysm. Rupture of I-IAs may
occur in as high as 75% of cases [64]. Morbidity and mortality from infectious aneu-
rysms are 36% and 20%, respectively, though this is likely an underestimate due to
death before presentation to neurosurgical attention [63]. If hospitalized for endocar-
ditis, mortality in patients with unruptured I-IAs is 30% but is 80% if ruptured [66].
Fungal etiologies are more frequently fatal despite medical or surgical therapy [65].

Surgical clipping, trapping, or excision of an I-IA is preferred if a symptomatic
hematoma is present, if eloquent territory is at risk from parent artery occlusion,
or if inaccessible by endovascular means. Surgery offers the opportunity to per-
form an anastomotic procedure if eloquent, distal circulation will be affected by
vessel sacrifice. If the I-IA is proximal to ineloquent brain and is on a sufficiently
small vessel, the diseased parent artery may be sacrificed, particularly if a long
segment of the artery is diseased, as in the case presented in Fig. 8.5 and Video 8.3.
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Fig. 8.5 An elderly gentleman with infectious endocarditis was admitted with a left frontoparietal
intraparenchymal hemorrhage (IPH). (a) Axial noncontrast head computed tomography (CT)
shows the IPH, while CT angiography demonstrated a M4 segment middle cerebral artery (MCA)
aneurysm. (b) Sequential intraoperative photos show removal of the IPH, which unveils the dome
of the aneurysm (open arrow). Further dissection reveals the diseased M4 branch proximal to the
aneurysm (green arrows). The aneurysm is noted to involve 360° of the vessel lumen with no neck,
which rendered clip reconstruction impossible. Aneurysm clips were applied and the aneurysm
was excised (open arrowhead). After complete removal of the IPH and sacrifice of the diseased
segment the brain is relaxed (blue circle). Shown in the accompanying video, but not here, primary
reanastomosis was attempted, but the vessel was under too much tension and given that the branch
supplied blood to brain posterior to the primary motor area, the decision was made to excise the
aneurysm without reanastamosis. (¢) Postoperative CT and magnetic resonance images show the
clips, complete IPH evacuation, and no ischemic changes distal to the vessel sacrifice
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Frameless stereotactic guidance is helpful when the aneurysm is buried within
unusual locations. Open surgical treatment confers a higher rate of success than
medical therapy and similar complication rate to EVT [64, 65]. EVT may be
favored in cases in which the patient has severe cardiac dysfunction and anesthesia
risks are too great.

Pseudoaneurysms

Pseudoaneurysms represent <1% of all IAs, but constitute as high as 20% of pedi-
atric IAs [67, 68]. Pseudoaneurysm rupture is associated with mortality as high at
30% [69]. The most common cause of pseudoaneurysms is penetrating or blunt
trauma. Other causes include iatrogenic (i.e., trans-sphenoidal surgery, sinus sur-
gery, ventricular taps, stereotactic brain biopsy, endoscopic third ventriculostomy),
infectious, radiation-associated, and connective tissue disease. False aneurysms or
pseudoaneurysms are distinct from true aneurysms because they are caused by com-
plete disruption of the vessel wall. A contained hematoma outside the vessel then
develops a false lumen. The lack of well-formed walls in pseudoaneurysms makes
both clipping and coiling difficult.

Despite advancements of EVTs, several limitations remain, including inaccessi-
ble distal locations, risk of intraprocedural rupture due to the lack of aneurysm wall,
and coil extrusion through the false lumen leading to recurrence of the aneurysm.
EVTs are most useful in locations where there are bony confines, like the petrous or
cavernous segments of the internal carotid artery, and subacute pseudoaneurysms
where the walls are more mature [70]. While the use of DAPT can be limiting, flow
diversion has gained traction in the treatment of these lesions, particularly as they
provide an intraluminal scaffold for endothelialization.

Many surgical techniques have been used to treat pseudoaneurysms including
clipping, vascular reconstruction and revascularization, trapping, wrapping, or
simple excision with or without arterial bypass. Direct clipping is possible only
in 10-15% [63]. As previously stated, surgery is the preferred treatment strategy
for ruptured pseudoaneurysms with associated large ICHs that need urgent
evacuation.

Basic Principles of Surgery

Considerations for surgical approach to specific aneurysms are addressed else-
where; however, the basic tenets of microsurgical clipping of IAs are reviewed in
the ensuing text.
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Anesthetic Considerations

Optimal management of the patient in the operating room depends on open com-
munication between the surgical and anesthesia teams. Generally, the anesthetic
used should be short acting, not reduce cerebral blood flow or increase intracranial
pressure, and allow for careful blood pressure control. When using motor and
somatosensory evoked potentials, total intravenous anesthesia may be necessary.
The anesthesiologist should employ measures to decrease the intracranial pressure
including mild hyperventilation, osmotic diuresis with mannitol, and monitoring
output from the EVD if present. During temporary occlusion, the blood pressure
should be augmented (i.e., goal mean arterial pressure [MAP] >90 mmHg) and
burst suppression may be induced to limit the risk of cerebral ischemia [1, 6].
Systemic mild hypothermia is widely used during aneurysm surgery for brain pro-
tection. In rare circumstances, deep hypothermic circulatory arrest can prolong the
duration of cessation of blood flow during the final aneurysm dissection and clip
reconstruction. The anesthesiologist should have adenosine readily available to
induce transient cardiac arrest in the event of an untimely intraoperative rupture.
Finally, the anesthesia team should closely monitor glucose and electrolytes to pre-
vent hyperglycemia, hyponatremia, or hyperkalemia. Typed and cross-matched
blood should be available for all aneurysm surgery.

Positioning and Craniotomy

The chosen craniotomy should maximize surgical exposure and shorten the surgical
corridor as much as possible. No matter the surgical approach, the head should be
positioned above the heart and as neutral as possible to aid in venous drainage and
prevent hyperemia. In addition, the surgeon should use gravity to enhance exposure
where possible. Adequate bony exposure minimizes the need for fixed retractors
and provides sufficient room to obtain distal and proximal control while providing
sufficient degrees of freedom to maximize clip application angle.

Microsurgical Technique

Mannitol is given prior to skin incision to improve rheology and relax the brain to
facilitate subarachnoid dissection. The intradural component of aneurysm surgery is
completed using a surgical microscope to maximize illumination and magnification.
The CSF cisterns are then opened sequentially from superficial to deep taking care
notto breach the pia, which may be injurious to the surrounding brain. Microdissection
is carried out both sharply, to cut recalcitrant bands of arachnoid, and with gentle
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spreading using micro-forceps. Blunt dissection is generally directed along the long
axis of the sulcus or fissure to be opened with force applied perpendicular to the
brain surfaces (e.g., the Sylvian fissure is opened parallel to its overall course, either
distal to proximal, or vice versa, but application of force applied by the tips and
shaft of the micro-forceps are directed outward from the middle of the Sylvian fis-
sure to gently separate the frontal and temporal lobes). Temporary clipping is a
useful surgical adjunct to make final dissection of the aneurysm neck and clip appli-
cation safer. In addition, temporary clipping softens large, turgid aneurysms to
allow for complete reconstruction. Blind or excessive blunt dissection should be
minimized or completely avoided, particularly around the aneurysm neck, to pre-
vent tearing of the aneurysm, which may be challenging to repair. Permanent clips
come in a variety of sizes and configurations, making clipping versatile and durable.
In general, the simplest possible clipping strategy should be employed to maximize
the likelihood of complete aneurysm occlusion while limiting the chance of parent
or branch vessel compromise. When possible, the long axis of the clip(s) should be
placed parallel to the long access of the parent vessel to limit vessel wall stress at the
neck. In the face of intraoperative rupture, calm on the part of the surgeon is para-
mount. The field is cleared of blood with large-bore suctions, proximal and distal
vessel control is achieved, neck dissection is completed, and permanent clips are
applied. Cotton tamponade can be gently applied over the site of rupture, either
using a suction or by applying light pressure with a fixed retractor to act as a “third
hand.” The surgeon must consciously avoid the temptation to prematurely “jam”
permanent clips across the aneurysm before complete dissection and visualization
is achieved. So doing may worsen the rent in the aneurysm and/or parent artery, or
avulse small perforating arteries. Once the aneurysm is occluded, temporary clips
are removed sequentially from distal to proximal. Each temporary clip is opened
partially and the field is closely inspected to assure no residual bleeding before the
clip is completely removed. Finally, the surgeon must be prepared for a variety of
bailout options, such as cotton-clipping used in the setting of a neck tear, or bypass
to revascularize permanently compromised vessels.

Conclusion

As endovascular technology advances, the pool of IAs treated surgically continues
to ebb. However, the complexity of aneurysms referred for surgical treatment has
increased as a result. Indubitably, the need for well-trained, capable cerebrovascular
surgeons will continue into the future. IAs currently considered for microsurgical
treatment in the current era include those in the very young, geometries not ame-
nable to EVT, endovascular failures, patients intolerant to or noncompliant with
DAPT required for EVT, ruptured aneurysms with associated ICH, very small aneu-
rysms, large and giant aneurysms — particularly those with thrombus — and infec-
tious aneurysms among others.
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