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Abstract

Although revascularization surgery in patients with moyamoya disease improves
cerebral hemodynamics and symptoms, its benefits are reduced by perioperative
complications through either transient or permanent neurological deficits. Apart
from hyperperfusion syndrome, perioperative complications associated with
revascularization surgery have been described in the literature and our clinical
experience. Typical perioperative complications include ischemic stroke caused
by hemodynamic insufficiency, which characteristically occurs in the advanced
stages of moyamoya disease. Moreover, the progression of the main cerebral
artery occlusion induces cerebral ischemia far from the surgery site. Intracranial
hemorrhage associated with postoperative hyperperfusion is the most severe
adverse effect after direct anastomosis. Other known and critical postoperative
complications include skin necrosis, anastomotic site aneurysm, and arteriove-
nous shunt formation. Understanding the various complications and their risk
factors could contribute toward lowering the perioperative complication rate in
revascularization surgery, as well as improving the long-term outcomes.
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19.1 Background

Moyamoya disease is a progressive steno-occlusive cerebrovascular disease that is
characterized by collateral vascular networks that resemble “a puff of smoke” (moy-
amoya vessels) at the brain base [1, 2]. Various revascularization procedures can
improve cerebral hemodynamics and decrease the ischemic stroke risk. However,
hemodynamic compromises and fragile collateral arteries increase the risk of post-
operative neurological morbidity. Furthermore, revascularization-specific surgical
procedures for moyamoya disease are associated with rare but critical complica-
tions. It is important to understand the various perioperative complications and the
underlying mechanisms in order to improve patient management and maximize the
benefit of revascularization surgery in stroke prevention.

19.2 Frequency and Pathophysiology
of Perioperative Complications

19.2.1 Classification

Perioperative complications result from a combination of surgical procedures and
hemodynamic insufficiency, as well as the fragility of collateral arteries at the brain
base. Based on the main underlying mechanisms, complications were characterized
as disease- or procedure-related complications. Typical disease-related complica-
tions are perioperative ischemic/hemorrhagic stroke, while typical procedure-
related complications include skin trouble, hyperperfusion, graft spasm/occlusion,
and postoperative intracranial hematoma.

19.3 Perioperative Stroke

Perioperative stroke is generally indicative of either infarction or intracranial hem-
orrhage (ICH), intraventricular hemorrhage, and subarachnoid hemorrhage, which
develop intraoperatively or within 4 postoperative weeks. Hyperperfusion is mostly
observed in adult moyamoya disease and can cause intracerebral hemorrhage or
seizures. Hyperperfusion diagnosis largely depends on the definition and frequency
of radiological studies.

19.3.1 Ischemic Complications

In anesthetic management, intraoperative hypocapnia induces a critical decrease in
cerebral blood flow (CBF). Moreover, crying is known to induce hyperventilation
and stroke during the perioperative period in children [3, 4]. Furthermore, hemody-
namic compromise is aggravated by blood loss, decreased circulating volume, and
low blood pressure [5, 6].
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Previous study reported angiographic outcome of direct/combined bypass as
excellent in 57.5% (95% CI; 13.2-100%), good in 35.8% (95% CI; 12.5-70.3%),
and poor in 6.7% (95%CI; 0-17.7%), respectively [7]. In indirect bypass, angio-
graphic outcome was excellent in 37.9% (95% CI; 16.4-59.4%), good in 38.0%
(95% CI; 23.5-50.8%), and poor in 24.1% (95%CI; 5.8-42.8%). Complication
rate was reported as 5.4% (ischemic; 4.1%, hemorrhagic 1.3%) in combined direct/
indirect surgery, whereas it was 5.5% (ischemic 5.2%, hemorrhagic; 0.27%) in
indirect surgery. In a single university study, the reported postoperative stroke fre-
quency is 4.7% per surgery (95% confidence interval [CI], 2.5-7.0) in direct/com-
bined bypass [7]. Compared with indirect procedures, surgery involving direct
anastomosis is technically demanding. However, performing direct anastomosis in
both pediatric and adult patients may not increase ischemic complications. In adult
patients, there was no significant difference in postoperative stroke between direct/
combined bypass (7.6%) and indirect bypass (5.1%). Furthermore, in pediatric
patients, perioperative stroke was significantly more frequent in indirect bypass
(6.0%) than in direct/combined bypass (2.5%) (odds ratio [OR], 2.36; 95% CI,
1.48-3.76). Additionally, ischemic complications in indirect surgery have been
reported in pediatric patients (7.1%) [8]. In combined direct/indirect surgery, post-
operative stroke was more frequent (8.5%) in adults than in pediatric patients
(1.1%) (OR, 8.29; 95% CI, 1.87-36.79) [7]. However, there is a need for special
caution in children aged under 3 years and in surgery within 6 weeks of the most
recent stroke [8].

Postoperative cerebral infarction can occur remotely to craniotomy and in the
contralateral hemisphere [9, 10]. Progressive occlusion in the main cerebral arteries
following revascularization surgery could cause remote cerebral infarction [5, 11].
Since collateral vessel development (i.e., moyamoya vessels) is generally unre-
markable in adults and moyamoya syndrome, the acute progression of main cere-
bral artery occlusion could induce severe consequences [12]. Specifically, in a
combined direct/indirect procedure, acute occlusive changes in major cerebral
arteries have been reported in approximately half of all postoperative ischemic
strokes [7]. Out of 358 procedures, rapid progression (<1 postoperative month) has
been observed in the anterior cerebral artery (n = 3), middle cerebral artery (n = 1),
and posterior cerebral artery (n = 2)(Fig. 19.1 a-c) [7]. TIA for several postoperative
months could be the underlying thromboembolic mechanism when radiological
examination reveals the normalization of regional CBF.

Risk factors for ischemic stroke include anemia, preoperative frequent TIA, his-
tory of minor completed stroke, PCA involvement, and diabetes [6, 13, 14]. Fatal
stroke can occur during the postoperative period [9]. A history of cerebral infarction
is considered a risk factor for adverse outcomes. Furthermore, spontaneous/iatro-
genic intracranial hemorrhage can increase intracranial pressure at a critical level,
which causes severe low perfusion in the cerebral tissue and subsequently
fatal stroke.

Moreover, ischemic stroke can occur during diagnostic procedures. The acet-
azolamide test for determining the perfusion reserve could result in critical adverse
effects. In patients with severe hemodynamic compromise, the acetazolamide test
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Fig. 19.1 Postoperative ischemic stroke in a 31-year-old patient with moyamoya syndrome after
combined direct/indirect anastomosis. The bilateral posterior cerebral artery became diminutive
after right revascularization surgery (a; preoperative MRA, b; postoperative MRA). Cerebral
infarction appeared in the right temporo-occipital region (c)

further reduces CBF in the affected area (steal phenomenon). Therefore, especially
in pediatric patients, this test should be avoided when there is a significant reduction
in the resting-state CBF.

19.4 Hemorrhagic Complications

The frequency of postoperative ICH is 1.7-3.0% in revascularization surgery
involving direct anastomosis [7, 9, 15]. Previous studies have reported postoperative
hemorrhage at 4 hours and 10 days postoperatively [9]. The most frequent ICH
onset timing was reported to be within 7 days or within 24 hours postoperatively
[15, 16]. Hemorrhage can either occur at the subcortical lesion beneath the anasto-
mosed cortex or as a subarachnoid hemorrhage. A previous study reported that half
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of the postoperative hemorrhage cases required hematoma evacuation. Untreated
cerebral aneurysms can bleed during the postoperative acute phase. Moreover, ICH
can occur far from the surgical site [15, 17]. Remote cerebral hemorrhage could
involve postoperative hyperperfusion beyond the revascularization area, which is
remarkable both in the medial frontal lobe and caudate head [18].

There is an association of postoperative ICH with older age [15]. Furthermore,
hemorrhagic presentation at onset and increased blood pressure from the pre- to the
postoperative stage are significantly associated with postoperative ICH [15].

19.4.1 Postoperative Hyperperfusion

Hyperperfusion is a frequent complication mostly observed in adult moyamoya dis-
ease that can cause intracerebral hemorrhage or seizures. Recent studies have
reported frequent postoperative hyperperfusion [19, 20]. Details regarding hyper-
perfusion syndrome have been described in part IV, Chap. 16.

19.5 Procedure-Related Complications

Revascularization surgery involves the several steps of the indirect procedure
(inverting the dura matter, suturing the temporalis muscle to the dura, and placing
the pericranial flap), as well as harvesting of the scalp arteries. Skin necrosis, tem-
poral muscle swelling, and subdural hematoma are the three most critical procedure-
related complications.

(a) Subdural hematoma

An acute subdural hematoma is the most critical complication after direct/com-
bined and indirect surgery. In adults, brain atrophy and the preoperative administra-
tion of antiplatelet medication may increase the subdural hematoma risk. Previous
studies have reported chronic subdural hematoma [21]; however, it is a rather rare
complication of revascularization for moyamoya disease.

(b) Temporal muscle swelling

Temporal muscle swelling causes brain compression [22, 23]. Increased intracra-
nial pressure resulting from the inserted extracranial tissue can cause headache and
ischemic brain injury (Fig. 19.2a—d). Temporal muscle swelling is observed when
the drainage vein is sacrificed during extracranial work. Moreover, bleeding from
the muscle undersurface is critical due to acute subdural hematoma.

(c¢) Wound break down due to skin necrosis

Wound complications have been reported in 2%, 17.6%, and 21.4% of cases of
revascularization surgery [17, 24]. They are more common when the superficial
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Fig. 19.2 Postoperative MRI shows temporal muscle swelling in the left frontal region (a).
Postoperative magnetic resonance angiography revealed patency of the left superficial temporal
artery—middle cerebral artery bypass (b). Moderate reduction of the regional cerebral blood flow
was observed on 123I- N-isopropyl-p-[123I]Jiodoamphetamine/single-photon emission computed
tomography (c). Ischemic brain damage was observed along with cortical laminar on diffusion-
weighted imaging (d)

temporal artery (STA) is peripherally harvested and/or both the frontal and parietal
branches of the STA are harvested [24]. Diabetes may increase the risk of skin trou-
ble [24]. Major skin complications have been reported in 21.4% of 98 revasculariza-
tion surgeries [24]; however, the risk of skin trouble largely depends on the skin
incision design and the harvesting procedures. Mild wound ulceration commonly
occurs at the hemicoronal incision corner (Fig. 19.3). Mild wound ulceration can be
treated using hydroxyproline, antibiotic ointment, and prostaglandin E1 ointment.
Severe skin erosion can progress to osteomyelitis in the bone flap. Treatment for
severe skin erosion and infection requires bone flap removal and necrotic skin tissue
debridement. Once the wound infection subsides, tissue expansion in the midline
area can be performed for scalp flap advancement. Cranioplasty using an artificial
bone flap was performed after 3—6 months later with scalp defect reconstruction.
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Fig. 19.3 Skin necrosis at
the corner of the scalp
incision

The cranial bone is protected from tissue layers, including the skin, subcutane-
ous tissue, galea, temporal muscle, and pericranium. Since revascularization sur-
gery uses part of the scalp tissue and muscle, the skin layer becomes prone to being
atrophic. The edge of the titanium fixation plate can penetrate the skin, which
requires it to be removed.

(d) Acute bypass spasm/occlusion

During the direct bypass of the STA-middle cerebral artery (MCA) anastomosis,
thrombosis at the anastomosis site is more frequent than that in bypass performed
for main cerebral artery occlusion due to arteriosclerosis [25]. The occlusion could
be associated with increased flow velocity and endothelial damage. Katsuta et al.
reported the phenomenon of the reversible occlusion of the STA-MCA bypass dur-
ing mouth opening in 5 out of 15 procedures and termed it as a big bite ischemic
phenomenon [26]. During mouth opening, the stretched temporalis muscle may
compress the STA against the bone window edge.

(e) Acute brain swelling



236 K. Kazumata and K. Houkin

Acute brain swelling has been reported after dural opening. Acute brain swelling
is associated with hypercapnia; child surgery; small craniotomy; and prone posi-
tion, including revascularization in the posterior cerebral artery territory. Upon the
occurrence of acute brain swelling, measures for reducing intracranial pressure,
including normalizing PaCO2, dripping mannitol, and elevating head position
should be promptly taken.

(f) Aneurysm at the anastomosis site

Hemodynamic stress may cause postoperative aneurysmal formation after sev-
eral decades [27, 28]. The reported bleeding timing from an anastomotic aneurysm
was 6, 8, 14, 20, and 27 postoperative years [27-30].

(g) Other rare complications

Previous studies have reported other rare complications. De novo formation of
arteriovenous malformation has been reported after moyamoya disease diagnosis
[31, 32]. Arteriovenous fistula (AVF) has been reported at the STA-MCA anastomo-
sis site [33]. Dural and pial AVF within the prior operative field has been reported in
routine 8-month postoperative angiography. Here, AVF spontaneously disappeared
without treatment upon a 2-year surveillance cerebral angiogram [34]. Moreover,
severe cerebral vasospasm and delayed cerebral infarction have been reported in a
7-year-old girl after intraventricular hemorrhage [35]. A patient with moyamoya
disease at 30 years old, after successful pial synangiosis when she was 6 years old,
presented with central retinal artery occlusion that caused unilateral blindness [36].

19.6 Perioperative Management to Prevent Complications

Hemodynamic assessment is performed to evaluate the perioperative risk through
nuclear medicine examinations and noninvasive MR. ['*’I]- p-iodoamphetamine/
single-photon emission computed tomography (SPECT) or O-gas positron emis-
sion tomography (PET) are often preferred. Cerebrovascular insufficiency can be
evaluated by administering 10 mg/kg acetazolamide on SPECT or by measuring the
oxygen-extracting fraction/cerebral blood volume on PET. For critical hemody-
namic insufficiency, 500—1000 ml/day intravenous drip for hydration is preopera-
tively administered (1 to 3 preoperative days). After general anesthesia induction,
PaCO, was strictly maintained above 35-40 mmHg throughout the surgery.
Subsequently, both colloids and crystalloids (25% albumin and/or 6% hydroxyethyl
starch) were administered for 3 postoperative days. In addition to volume supple-
mentation, fluid administration (1000 ml/day in pediatric patients and 1500 mL/day
in adult patients) is continued for 7 postoperative days. Postoperative CBF measure-
ments are performed to detect hyperperfusion on SPECT. Colloid and crystalloid
administration is discontinued in the case of abnormal focal increases in the CBF
[19]. Systolic blood pressure is maintained within 120-130 mmHg. To avoid
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temporal muscle bleeding, antiplatelet agents are discontinued between 7 preopera-
tive days and 3 postoperative days. It remains unclear whether preoperative anti-
platelet therapy reduces the postoperative stroke rate [16, 37].

19.7 Discussion

Revascularization surgery has an approximate complication rate of 5% [7, 9]. Poor
cerebrovascular reserve and ischemic attack episodes are hallmark signs and symp-
toms for surgical indication. However, recent and frequent ischemic attacks increase
the risk of postoperative ischemic complications [9, 38]. In children, surgery should
be delayed for approximately 6 weeks after the last ischemic infarction [8].

Postoperative hemorrhage mainly occurs in patients with a previous history of
intracranial hemorrhage [15]. Age is positively correlated with the postoperative
hemorrhage risk [15]. Although an RCT reported the benefit of direct revasculariza-
tion for preventing recurrent hemorrhage, the surgical revascularization effect can
be diminished by postoperative hemorrhagic complications. This demonstrates the
need for detecting the early signs of critical hyperperfusion in surgical and
remote areas.

The preference for surgical procedures is based on the technical feasibility and
complication rate. The procedure involving direct anastomosis allows an immediate
increase in the regional CBF and is associated with good neovascularization.
However, compared with indirect anastomosis, the direct procedure is considered to
have a greater risk of postoperative complications. Nevertheless, the direct/com-
bined procedure has a lower stroke rate than the indirect procedure in pediatric
patients [7]. This is counterintuitive since direct anastomosis is a difficult and time-
consuming procedure. It could be attributed to the immediate increase in CBF when
hemodynamic conditions are unstable. The immediate increase in the blood flow
from direct bypass could compensate for the detrimental effects of anemia, crying-
induced hypocapnia, hypotension, and circulation volume loss. Contrastingly, the
indirect procedure alone may critically decrease the CBF in the acute period.

Additionally, an excessive increase in intracranial pressure can cause critical
ischemia in patients with moyamoya disease. The standard encephaloduroarterio-
synangiosis procedure is performed with relatively small craniotomy, which can
cause brain protrusion from the craniotomy site. Temporal muscle swelling may
also aggravate the increased intracranial pressure [22]. Therefore, patients with
severe hemodynamic compromise can postoperatively develop global ischemia [39].

Previous studies have mainly focused on hemodynamic stroke originating from
hypocapnia, circulating volume loss, anemia, and hypotension [8, 40, 41] as the
main causes of perioperative stroke. The importance of acute occlusive changes
remote to the superficial area has been emphasized [5, 11]. This complication may
be associated with immediate blood flow alterations. Propofol has been recently
shown to increase cerebral perfusion pressure during general anesthesia, [42] which
suggests that improved anesthetic management may have decreased the incidence
of postoperative stroke.
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Skin trouble causes distress to both patients and surgeons. Harvesting of double
branches is a routine procedure in conventional combined direct/indirect bypass.
STA harvesting is often performed as extensively as possible, particularly in direct
STA-ACA anastomosis. After 30 years of experience, the improvement of the har-
vesting technique has reduced the rate of skin trouble. However, direct STA-ACA
anastomosis is not indiscriminately performed because of high frequency of skin
trouble.

Temporal muscle swelling complicates combined direct/indirect bypass proce-
dure, in which the muscle bulk is inserted under the bone flap. To reduce this com-
plication, we have attempted splitting the muscle in half and using an indirect
procedure. However, this muscle splitting technique was also associated with
remarkable swelling of the muscle. A sufficient craniotomy size with an arterialized
pedicle and preserved venous drainage is necessary for safe indirect procedures.

Detecting bleeding-prone arterial lesions is essential for prognosis. Revascularization
surgery is not always effective for eliminating aneurysms in the perforating artery.
Angiographical examination is necessary for patients with a history of intracranial
hemorrhage. De novo arteriovenous shunt is occasionally observed as a consequence
of acute stroke or revascularization surgery. In clinical settings, excision as primary
treatment is difficult, given the stroke-prone brain. Furthermore, subsequent surgery is
considered more difficult due to neovascularization.
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