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Checklist: Direct Bypass surgery

Equipment needed

Neurophysiology
* Motor-evoked potentials
* Somatosensory-evoked potentials
* EEG to guide barbiturate-induced burst
suppression
Nursing
* Confirm patient compliance with
medication (e.g., aspirin)
 Confirm pre-procedure arterial ultrasound/
Allen’s test if radial artery graft planned
» Review serum chemistries and blood count
 Confirm availability of bypass instruments,
suture material, microsuction, and papaverine
Anesthesia
* Procedure done under general anesthesia;
routine preoperative medical clearance
* Avoid hypotension, especially during
induction
¢ Induced hypertension to augment
collateral circulation during temporary
occlusion, as directed
* Total intravenous anesthesia to facilitate
neuromonitoring
Neurosurgeon
* Review preoperative angiography to plan
for bypass and also to establish
contingency plan
* Operative microscope with mouthpiece
and video angiography capability

Complication Avoidance Flowchart

Complication | Cause Remedy

B.P. Walcott and M.T. Lawton

Procedural steps
Graft preparation
¢ Harvest and preparation of donor
graft (e.g., superficial temporal
artery, radial artery, etc.)
¢ Craniotomy and subarachnoid
dissection to the proximal graft
site
Anastomosis
* Temporary occlusion of recipient
vessel
* Arteriotomy and flushing of
vessels with heparinized saline
e Suturing with running Prolene
* Release of temporary occlusion
and reperfusion via opening of
donor graft
Management
* Micro-Doppler confirmation of
blood flow through graft and
recipient vessel
¢ Video angiography
* Digital subtraction angiography
postoperatively
e Aspirin therapy for life

Avoidance

Graft Anastomotic Reopen the graft if “Fish-mouth” opening of
occlusion stricture immediately discovered graft; meticulous suture
intraoperatively; reoperation | technique and continuous
if perfusion imaging inspection of suture line;
suggests territory at risk for | aspirin to prevent delayed
ischemia occlusion
Thrombus Reopen the graft if Aspirin therapy
immediately discovered
intraoperatively; reoperation
if perfusion imaging suggests
territory at risk for ischemia
Perioperative | Hypotension Supportive care Communication with
ischemia resulting in anesthesiologist to avoid
decreased cerebral hypotension during induction
perfusion and throughout the case
Temporary Supportive care Limit time needed for
occlusion during suturing; burst suppression;
anastomosis induced hypertension
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Introduction

Cerebral revascularization in the form of direct bypass (artery lumen anastomosis
with another artery lumen to permit immediate blood flow) is an important tool in
the treatment of a wide range of intracranial pathology. While it has a historically
controversial role in the treatment of symptomatic intracranial atherosclerosis [1],
few would question the utility of bypass to avert ischemia in other conditions such
as complex brain aneurysms or Moyamoya disease [2—7]. The variations of bypass
procedures available are diverse, with the workhorse of the superficial temporal
artery-to-middle cerebral artery bypass being the most common bypass encountered
in clinical practice. Other bypass procedures include extracranial-to-intracranial
bypass with interposition graft, aneurysm excision with parent vessel reimplanta-
tion, intracranial-to-intracranial bypass without interposition graft, left-to-right
hemisphere intracranial-to-intracranial bypass, aneurysm excision with primary
reanastomosis, and intracranial-to-intracranial bypass with interposition graft,
among others [8, 9]. Each operation can be tailored precisely to the patient-specific
anatomy and pathology, with a bias toward simplicity and intracranial-to-intracranial
solutions when possible. Even when the procedure appears to be technically sound,
perioperative ischemia and graft occlusion can occur and represent the pertinent
complications that must be avoided.

Preoperative Evaluation

Preoperative imaging studies are performed to thoroughly define the optimal treat-
ment plan, contingency plans, the collateral circulation present (if any), and the size
and location of the intended bypass recipient and donor vessels. This is best accom-
plished with digital subtraction angiography. For planning purposes of Moyamoya
revascularization, the external carotid artery injection gives detailed information
about the caliber and quality of the superficial temporal artery, which is the most
common donor vessel. In other diseases where vessel sacrifice is planned, a balloon
test occlusion can be performed, with single-photon emission computed tomogra-
phy (SPECT) imaging to improve the sensitivity and specificity of a “negative” test
[10, 11]. Vessel sacrifice can be considered in patients with a normal occlusion test,
although the risks of a false negative must be weighed against the procedural risk of
a bypass. When in doubt, a bypass procedure is favored, as it is a more predictable
option than hoping for adequate collateral circulation (Fig. 18.1).

Additional testing with CT angiography can help to define the relationship of the
skull base to the arterial tree, as common individual anatomical variations (aerated
clinoid process, exposed petrous carotid artery segment, extradural origin of the poste-
rior inferior cerebellar artery, etc.) are best appreciated before entering the operating
room. If a flow replacement (high flow) bypass procedure is planned, then radial artery
imaging with Doppler ultrasound is performed to determine both size of the radial
artery and patency of the palmar arch. A failed Allen’s test is a contraindication to using
the radial artery as a graft [12, 13], and if both left and right sides are unsuitable, then
a saphenous vein or cadaveric specimen can be considered for graft material.
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Fig. 18.1 Intracranial-to-intracranial bypass with aneurysm trapping for giant middle cerebral
artery aneurysm. A 70-year-old male presented with a giant middle cerebral artery aneurysm that
was producing recurrent emboli resulting in small ischemic events. (a) Preoperative angiography
demonstrated a giant middle cerebral artery aneurysm with the middle cerebral artery trunks com-
ing out of the base of the aneurysm. The aneurysm was not felt to be amendable to direct clipping,
and a bypass was planned in order to facilitate safe aneurysm trapping. (b) A saphenous vein graft
(dashed line) was used to connect a donor Al (end to side), to the frontal M2 MCA branch (side to
side, red arrow), as well as the temporal M2 MCA branch (end to side, white arrow). (c)
Postoperative angiogram demonstrated cure of the aneurysm with preservation of blood flow in the
bypass graft and the MCA branches

Since graft occlusion and perioperative ischemia are two major concerns with any
revascularization procedure, patients are placed on antiplatelet aggregation agents
either preoperatively or immediately postoperatively, with aspirin being the most
commonly used agent. Because aspirin and clopidogrel resistance are relatively com-
mon in the general population [14, 15], various point-of-care testing assays for drug
resistance may be helpful in personalization of care for these patients [16, 17].
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Procedural Overview and Complication Avoidance

Flow Replacement (“High Flow Bypass,” e.g., External Carotid
Artery-Middle Cerebral Artery)

When a planned operation involves abrupt occlusion of a previously patent carotid
artery, a flow replacement bypass is generally needed to support the blood flow
requirements of the downstream territory. This type of revascularization involves an
interposition graft from the external (or common) carotid artery to the proximal
intracranial circulation. The patient is placed under general anesthesia and posi-
tioned supine with the head rotated to a position that is similar to what is used for a
standard pterional craniotomy. This position allows for subarachnoid dissection of
the Sylvian fissure and exposure of the proximal middle cerebral artery, anterior
cerebral artery, and internal carotid artery. The arm is extended to the side on a sup-
ported table at a 90° angle to the body, allowing for access to the forearm in order
to harvest the radial artery.

The craniotomy is performed in the usual manner, and the bone removal can be
expanded to meet the specific needs of the tumor portion of the operation. Extensive
subarachnoid dissection of the Sylvian fissure, with splitting of the temporal and
frontal lobes apart, is helpful in opening the corridor and expanding the working
angles to the proximal anastomosis site. The parietal branch of the superficial tem-
poral artery should be preserved in continuity during the craniotomy and can be
used as a salvage graft if unexpected circumstances arise during the course of the
operation.

Next, the ipsilateral carotid artery bifurcation is isolated in the neck. We prefer to
use a horizontal incision that follows a natural crease line of the neck skin to improve
cosmetic outcome. The sternocleidomastoid muscle is mobilized laterally, along
with the jugular vein. The carotid artery is isolated within the carotid sheath, and the
common, internal, and external segments are marked with vessel loops. The exter-
nal carotid artery is carefully inspected to ensure it is free from atherosclerosis at the
planned cervical anastomosis site.

Next, or concurrently with the help of a co-surgeon, the radial artery is harvested
from the forearm. Using ultrasound, the surface projection of the radial artery can
be marked. An incision is made over this from the wrist all the way to the elbow
joint, traversing in a linear path pointing toward the medial olecranon. The artery is
bluntly dissected with scissors, and small Weck clips should be placed on the small
perforating muscular branches arising from it. Closure of these branches during the
dissection increases the likelihood that the graft will be free of leaks. When the full
length of the artery is dissected, from the wrist to the elbow crease, temporary aneu-
rysm clips are placed on the ends, the vessel is cut free, and the artery stumps are
ligated and cauterized. The graft is marked with ink to indicate the proximal and
distal ends. Heparinized saline flushes are used to clear the intraluminal blood con-
tents. Systemic heparin is not used secondary to the high risk of hemorrhagic com-
plications. Next, pressure distension angioplasty is performed by distal occlusion of
the graft and injecting it with heparinized saline using manual syringe pressure.
This minimizes the risk of graft vasospasm and also identifies occult leaks that can
be closed with 10-0 nylon suture. The ends of the graft are cleared of adherent
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connective tissue under microscopic vision to prepare for the anastomosis. The dis-
tal end of the graft is “fish mouthed” by cutting it at a 60° angle, followed by using
scissors to open a few contiguous millimeters along the more proximal portion of
the graft. The footprint this creates is a diamond shape, which ensures that the anas-
tomosis site diameter doesn’t become smaller than the average graft diameter, even
in the setting of sewing.

After identifying the proximal segment of the middle cerebral artery or internal
carotid artery where the anastomosis will be performed, temporary clips are then
placed on the cerebral vessel to isolate the segment from the circulation. During this
period, the amount of time the blood vessel can be occluded without resulting in
stroke is highly variable. It appears to be dependent on many patient-specific fac-
tors, such as collateral circulation from other vascular territories, although the vari-
ability in maximally tolerated ischemia time from patient to patient is not well
understood. Patients are closely monitored with somatosensory-evoked potentials
and motor-evoked potentials in order to detect the onset of early ischemic changes.
Measures to augment blood flow through collateral circulation, including temporary
induced systemic hypertension, are thought to be helpful and are routinely used
[18]. Alternative strategies to maximize the ischemia window are centered on
decreasing cerebral metabolic demand. Studies have examined the use of mild
hypothermia [19], although this was not found to be beneficial in patients undergo-
ing surgery for ruptured brain aneurysms. Its potential benefit in patients undergo-
ing elective procedures, or more specifically those undergoing temporary occlusion
of cerebral arteries, is not well studied. Another technique frequently used to
decrease cerebral metabolic demand is anesthetic-induced electroencephalographic
(EEG) burst suppression. Burst suppression is an EEG pattern in which high-voltage
activity alternates with isoelectric quiescence. It is characteristic of an “inactivated”
brain, is seen with deep levels of general anesthesia, and is thought to be associated
with a decrease in cerebral metabolic rate coupled with the stabilizing properties of
ATP-gated potassium channels [20]. In clinical practice, the rate of infusion of an
anesthetic (typically propofol) can be manipulated by the anesthesiologist based on
real-time feedback from continuous EEG monitoring in order to achieve 100%
intensity burst suppression. The neuroprotective benefit of this technique to extend
the ischemic window is a subject of ongoing investigation. The radial artery is then
grafted to the intracranial anastomosis site using continuous nylon suture, usually
9-0 or 10-0. The heel and toe sites are anchored first, and then the needle is passed
from extraluminal to intraluminal down each suture line. After all of the passes have
been made, forceps are then used to carefully tighten the suture. Alternatively, an
interrupted suturing technique can be used. The temporary aneurysm clips are then
released, completing the distal portion of the bypass.

The radial artery graft is then tunneled from the craniotomy opening down to the
cervical opening through a chest tube passed with a Kelly clamp in order to protect
the graft. The external carotid artery anastomosis site is identified, marked, and then
isolated with aneurysm clips. An arteriotomy is made in the external carotid artery,
allowing for introduction of an aortic punch to create a larger opening. The proxi-
mal portion of the radial artery graft is then sewn to this site using 8-0 nylon suture
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with a continuous technique. After the temporary aneurysm clips are released, there
is usually some amount of bleeding from the anastomosis site. This is controlled
with surgical fibrillar (Ethicon) or similar absorbable hemostatic agent. Foam-based
hemostatic agents with thrombin additives are avoided. Next careful inspection of
the vessels is performed to confirm patency. Micro-Doppler can be used, along with
video angiography (indocyanine green or sodium fluorescein). Once satisfied, a per-
manent aneurysm clip can be placed to proximally occlude the intracranial carotid
artery. Alternatively, endovascular proximal occlusion can be performed with inter-
mittent digital subtraction angiography as a gold standard to confirm graft patency.
Continuous blood pressure monitoring in the intensive care unit for the first day
after the procedure is standard in order to ensure normotension and euvolemia.
Postoperative aspirin is administered as soon as the patient is awake and able to
tolerate oral intake and is continued indefinitely. It is felt that aspirin decreases the
short-term rate of thromboembolism and improves long-term rates of graft patency,
drawing on the experience of aortocoronary bypass [21-23].

Flow Augmentation (Superficial Temporal Artery—-Middle
Cerebral Artery)

In certain cases, such as Moyamoya disease, flow augmentation can restore ade-
quate blood flow and alleviate hemodynamic insufficiency. For this procedure, there
is no interposition graft, and the donor vessel is a transposed superficial temporal
artery (STA) with its origin left in situ. The patient is placed under general anesthe-
sia and positioned with their head horizontal to the floor. The course of the STA is
mapped with ultrasound, and an incision over the surface projection of it, from just
above the zygoma to the just above the superior temporal line, is made under micro-
scope magnification. The subcutaneous tissues are dissected bluntly with scissors,
and the STA is exposed. The frontal branch of the artery can also be dissected for
several centimeters and preserved as a contingency graft. The parietal branch is
covered in a rubber sling and moved to the side in preparation for the craniotomy.
The exposed temporalis muscle is then incised into four quadrants, and fishhook-
style retractors are placed. The temporal craniotomy is then performed directly over
the Sylvian fissure, taking care to protect the STA. The dura is opened in a stellate
fashion, and the subarachnoid dissection of the exposed middle cerebral artery M3
and M4 segments is performed. A good recipient site is typically one with large cali-
ber, free of atherosclerosis, and has a course that leads most directly to the proximal
middle cerebral artery within the Sylvian fissure. There is a balance between select-
ing a more proximal vessel, which carries the risk of ischemia from temporary
occlusion over a greater territory, and selecting a vessel large enough to support
blood flow from the STA (Fig. 18.2).

Next, a temporary aneurysm clip is placed on the distal end of the dissected STA,
and it is ligated distally, thereby freeing it from its attachment. The vessel is flushed
with heparinized saline. The most distal end of the artery to be used in the anasto-
mosis is cleaned of connective tissue and fish mouthed as previously described.
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Anterior-Posterior Lateral

Pre-Operative

Post-Operative

Fig. 18.2 Superficial temporal artery-to-middle cerebral artery bypass for Moyamoya disease. A
woman in her 30s presented with Moyamoya disease and a hemorrhagic event. (a and b) After a
period of recovery, preoperative digital subtraction angiography demonstrated near occlusion of
her distal carotid artery and a paucity of blood flow through much of the anterior circulation on the
patient’s left side following carotid artery injection. (¢ and d) A superficial temporal artery-to-
middle cerebral artery bypass was performed resulting in profound revascularization of the middle
cerebral artery territory

Next, the recipient site is isolated with temporary aneurysm clips, and a beveled
needle is used to perform an arteriotomy. Microscissors are used to extend the arte-
riotomy in a line along the MCA that matches the length of the diameter of the
prepared STA. The STA is then approximated to the recipient site with heel and toe
stitches using 10-0 nylon suture. The suture lines are then completed using these
continuous running sutures. Other aspects of the operation, including neuromoni-
toring, graft inspection, and perioperative management, are similar to those
described for flow replacement bypass.
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Complication Management

A major complication of direct bypass surgery is graft occlusion with thrombus.
This can be detected either at the time of surgery, in the immediate postoperative
period, or at some delayed interval. Careful inspection of the graft immediately after
the anastomosis and before closing the craniotomy provides an opportunity to detect
this complication prior to ischemia. If video angiography and micro-Doppler detect
occlusion or inadequate flow, the graft should be reexplored immediately by reoc-
cluding the recipient vessel and opening the suture line. Thrombus can be extracted
and the vessel/graft lumen irrigated with heparinized saline. The bypass is then
repeated, always taking care to avoid stricture at the anastomosis site. In the imme-
diate postoperative period, if graft occlusion is detected as a result of surveillance
angiography, perfusion imaging can be obtained to ascertain whether any mismatch
is present between blood flow, blood volume, and transit time in the graft territory.
If asymptomatic, or without significant mismatch, the complication can be managed
expectantly. If an ischemic penumbra is present, then the graft should be reexplored
immediately as described above. Occlusion in the delayed interval (months to years)
rarely occurs, and repeated revascularization can be considered in unique scenarios
when symptomatic or when significant at-risk territory exists.

Conclusions

Complication avoidance in direct bypass surgery focuses on the prevention of
perioperative ischemia and graft occlusion. Patient selection, meticulous micro-
surgical technique, antiplatelet aggregation agents, and intraoperative neuropro-
tection strategies are the main tenants needed for successful outcomes.
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