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ABSTRACT  Background: Superficial temporal artery-middle cerebral ar-
tery microvascular bypass (STA-MCA MVB) is an important 
strategy for the management of selected patients.

  Objective: To present our 19-year experience with STA-MCA 
MVB. 

  Methods: Data for consecutive patients who underwent STA-
MCA MVB from 2000–2019 due to moyamoya/moyamoya-like 
disease, complex intracranial aneurysms, or intractable brain 
ischemia due to internal carotid artery or MCA occlusive dis-
ease with repeated ischemic events were retrospectively ana-
lyzed under a waiver of informed consent. Key surgical steps 
and the important role of neuroendovascular interventions are 
presented. Surgical results and late outcomes were analyzed.

  Results: The study included 32 patients (17 women [53%], 15 
men [47%]), mean age 42.94 years (range 16–66). The patients 
underwent 37 STA-MCA MVB procedures during the study pe-
riod; 22 with moyamoya/moyamoya-like disease (69%) under-
went 27 surgeries (five bilateral); 7 with complex aneurysms 
(22%) and 3 with vascular occlusive disease (9%) underwent 
unilateral bypass. Five of seven aneurysms were treated with 
coiling or flow-diverter stent implant prior to bypass surgery; 
two were clipped during the bypass procedure. There were 
no surgical complications, no perioperative mortality, and no 
death from complications related to neurovascular disease at 
late follow-up. Transient neurological deficits following 7/37 
surgeries (19%) resolved with no permanent neurologic se-
quelae. Transient ischemic attacks occurred only in the imme-
diate postoperative period in four patients (11%). 

  Conclusions: In specific cases, STA-MCA MVB is a feasible and 
clinically effective procedure. It is important to preserve this 
technique in the surgical armanentarium.
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In 1967, Yaşargil performed the first extracranial-intracranial 
bypass surgery with anastomosis of the superficial temporal 

artery (STA) to a branch of the middle cerebral artery (MCA) 
on the surface of the brain. The procedure gained wide accep-
tance until 1985, when a seminal study questioned its risk-bene-
fit profile [1]. Nevertheless, surgeons have continued to operate 
on patients in whom the natural history of their cerebrovascular 
disease poses significant risks to their well-being and survival, 
particularly moyamoya patients. The 1985 study did not include 
patients with moyamoya disease (MMD). The most frequent 
indications for STA-MCA microvascular bypass (STA-MCA 
MVB) today are MMD, selective cases of cerebral aneurysms, 
and symptomatic medically refractive occlusive disease of the 
internal carotid artery (ICA) or MCA that is associated with he-
modynamic compromise [2]. We present our 17-year experience 
performing revascularization using the STA-MCA MVB tech-
nique for these indications.

PATIENTS AND METHODS
We retrospectively analyzed our prospectively collected data-
base of serial STA-MCA MVB procedures performed between  
2001 and 2019. In the current study, we included consecutive 
patients who underwent STA-MCA MVB for the management 
of MMD or probable (unilateral) MMD, complex intracranial 
aneurysms, or intractable brain ischemia due to ICA or MCA 
occlusive disease with repeated ischemic events where the neu-
rologist recommended this type of surgery due to the failure of 
medical treatment and the danger of additional events. Patients 
with aneurysms or intractable brain ischemia due to occlusive 
disease were considered for bypass surgery only after it was 
determined that neuroendovascular techniques were unlikely to 
successfully achieve treatment goals and that aneurysms were 
not amenable to clipping. Patients who underwent high-flow 
bypass, bypass involving anastomosis of any other vascular 
structure, and indirect bypass (e.g., encephaloduroarteriosynan-
giosis) were excluded. This retrospective study was performed 
under a waiver of required consent (HMO 0350-19). 
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PATIENT DATA

The following parameters were collected and analyzed for all 
patients: age at time of surgery, gender, co-morbidities, number 
and characteristics of previous ischemic or hemorrhagic events, 
and degree of neurological disability prior to the operation. 
Perioperative parameters were length of hospital and intensive 
care unit stay, complications of the surgical procedure, and the 
surgical technique performed. Postoperative parameters include 
length of follow-up, bypass patency, rate of postoperative isch-
emic events, and other related or unrelated morbidities during 
postoperative follow-up. Modified Rankin score (mRS) was as-
sessed immediately after surgery and at late follow-up.

IMAGING PROTOCOL
Prior to surgery all patients underwent magnetic resonance im-
aging (MRI), MR angiography, computed tomography (CT), 
CT angiography (CTA), and six-vessel digital subtraction an-
giography (DSA) of the bilateral vertebral arteries and internal 
and external carotid arteries. Some patients also underwent sin-
gle-photon emission computed tomography with acetazolamide 
challenge for evaluation of cerebral perfusion reserve. All pa-
tients underwent unenhanced CT on the first postoperative day. 
Additional CTAs were performed in the early or late postopera-
tive period as needed. DSA was performed within the first year 
after surgery. Patients underwent annual MRI for a minimum of 
5 years and annual clinical follow-up thereafter.

OPERATIVE TECHNIQUE
Patients who were not taking aspirin received 100 mg beginning 
on the day before surgery. Aspirin was continued long-term. All 
patients were operated by the same vascular neurosurgeon (SS). 
The surgical technique, which is well established and described 
[3], was performed under general anesthesia. The main task 
was to find and prepare the donor artery from the scalp, which 
was usually the ascending parietal or frontal branch of the STA. 
Through a small cranial opening, the recipient artery was selected 
from the cerebral surface and then the donor and recipient arteries 
were anastomosed end-to-side with microtechniques under high 
microscopic magnification. As the diameter of the artery is about 
1 mm (0.8–1.5 mm), very fine instruments were used and suture 
was completed usually with ethilon 10/0. The patient typically 
stayed overnight in the neurosurgical intensive care unit and then 
moved to the regular neurosurgical department.

POSTOPERATIVE MANAGEMENT
Patients underwent non-contrast head CT on the first postopera-
tive day to rule out possible hemorrhagic complications. Those 
who developed new neurological signs during the immediate 
postoperative period were evaluated with head CT-CTA to rule 
out hemorrhagic events and to confirm bypass patency. After 
seizures and hemorrhage were ruled out, patients underwent 
diagnostic DSA to identify any potential causes of bypass dys-

function such as vasospasm or thrombosis. In cases in which a 
problem was identified, an infusion of diluted nimodipine and/
or nitroglycerine, and IIb/IIIa glycoprotein inhibitors such as 
eptifibatide (Integrilin, Schering Plough, Kenilworth, NJ, USA) 
was administered via selective microcatheter at the STA with 
the aim of improving bypass function.

NEUROENDOVASCULAR MANAGEMENT STRATEGY
Selected patients with complex aneurysms underwent flow-di-
verter stent placement and/or coiling. STA-MCA MVB was per-
formed one day later.

RESULTS 
A total of 32 patients (17 women [53%], 15 men [47%]), mean 
age 42.9 years (range 16–66) underwent 37 direct STA-MCA 
MVB procedures during the study period. Patient characteristics 
and indications, outcomes, and bypass patency are summarized 
in Table 1.

MOYAMOYA AND PROBABLE MOYAMOYA DISEASE
Overall, 22/32 patients (69%) had MMD or probable MMD, in-
cluding 5 who underwent bilateral STA-MCA MVB surgeries 
(27 procedures) [Figure 1]. The mean age was 45 years (range 
16–66). The most common presentation was an ischemic event 
in 20 patients; three presented with an intracranial hemorrhage 
and two with seizures. Preoperative mRS was 0–2 in 15 patients 
(68%), 3 in 6 patients (27%), and 5 in 1 patient (5%). There 
were no surgical perioperative complications or mortality. mRS 
at late follow-up (mean 3.8 years, range 0.5–13) was 0–2 in 
21/22 (96%) patients and 4 in one (4%). Overall, 26/27 (96%) 
bypasses remained patent [Figure 2].

EARLY EVENTS
Transient neurological deficits developed in four of these 
patients; none were left with new permanent deficits at the 
3-month follow-up [Table 1]. One 40-year-old woman had a 
single seizure event following surgery and was successfully 
weaned from anticonvulsive medication during follow-up. One 
61-year-old woman with a history of CVA and preoperative ste-
nosis had transient ischemic attacks (TIAs) and a seizure 5 days 
after surgery. Urgent DSA revealed vasospasm of the donor 
artery. A neuroendovascular procedure with local intra-arterial 
calcium channel block medication restored patency. The vessel 
remained patent at 43 months follow-up. She did not present 
with additional ischemic events, and her mRS had improved to 
0. She was weaned from anticonvulsive medications. 

A 49-year-old woman who presented with right hemiparesis 
and aphasia (mRS 3) had a TIA in the first days after surgery. 
Immediate DSA showed diffuse vasospasm, which resolved 
with administration of intra-arterial calcium channel block med-
ication and hypervolemia. She had no new neurological sequel-
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ae and improved 30 months after surgery (late mRS 1). 
A 50-year-old man with bilateral disease and a 10-year his-

tory of left hemiparesis (mRS 3) underwent an uneventful left 
STA-MCA MVB and postoperative recovery. Following a sim-
ilar right bypass procedure, he developed transient dysphasia, 
which resolved spontaneously within 3 days. At late follow-up 
his mRS had improved to 2. 

A 38-year-old man who presented with intraventricular hem-
orrhage and seizures had a TIA following surgery. At 6-month 
follow-up, he had no neurological deficit (mRS 0) and was suc-
cessfully weaned from anticonvulsant medications.

LATE EVENTS 
One 34-year-old man who presented intracranial hemorrhage 
due to severe bilateral disease underwent an uncomplicated left 
STA-MCA MVB and postoperative recovery. He developed 
ischemic stroke with left leg paresis 3 months later due to dis-
ease progression (mRS deterioration from 1 to 3) and therefore 
a second similar surgery was performed on the right side due 
to the high risk of additional stroke or hemorrhage. The second 
surgery was also uneventful, but he presented with a massive 
ventricular system hemorrhage 25 months later. He returned 
home after a lengthy rehabilitation with no motor deficit and on-
ly minimal memory limitation. A 63-year-old woman with bilat-
eral disease underwent uncomplicated left STA-MCA MVB and 
recovery. She had a TIA 2 days after surgery that resolved with 
conservative management leaving no late sequelae (mRS 1).

Table 1. Patient characteristics, outcomes, and STA-MCA bypass patency by indication

Moyamoya disease / 
moyamoya-like syndrome Complex Aneurysm Internal carotid occlusion All Patients

Patients (% of patients) 22 (69%) 7 (22%) 3 (9%) 32

Mean age (range) 46.3 (16–66) 31 (19–42) 46 (29–60) 43 (16–66)

Sex, female/male 13/9 3/4 2/1 18/14

STA-MCA procedures (% of all procedures) 27 (73%) 7 (19%) 3 (8%) 37

Mean preoperative mRS 1.9 (0–5) 0.7 (0–1) 3.0 (3–3) 1.8 (0–5)

Mean mRS 6 months postoperative 1.0 (0-4) 0 (0-0) 1.7 (0-3) 0.9 (0–4)

Late mRS 0.7 (0–4) 0 (0-0) 2.0 (0–3)* 0.7 (0–4)

Transient neurologic deficit (procedure-related) 4 1 2 7

Permanent neurologic deficit (procedure-related) 0 0 0 0

Vasospasm 2 2 0 4

Seizure 3 1 0 4

Stroke 1** 0 0 1**

Intracranial hemorrhage 1** 0 0 1**

Bypass patency (% of procedures) 26/27 (96%) 7/7 (100%) 3/3 (100%) 36/37 (97%)

*mRS in one patient deteriorated at late follow-up due to a co-morbidity. 
**Stroke and later intracranial hemorrhage in one patient occurred 25 months after the second (contralateral) bypass surgery due to disease 
progression, not as a sequela to bypass surgery 
mRS = modified Rankin Score, STA-MCA = superficial temporal artery-middle cerebral artery bypass 

Figure 1. Digital subtraction angiography (lateral view) of the left 
external carotid artery in a patient with moyamoya disease before (top) 
and 1 week after (bottom) superficial temporal artery-middle cerebral 
artery microvascular bypass. Arrows mark the ascending branch 
of the superficial temporal artery, utilized as a donor artery for the 
micro anastomosis (arrowhead). Dotted lines outline the hemispheric 
territory supplied through the newly created microvascular bypass
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One 57-year-old woman died 40 months after surgery for 
reasons unrelated to her cerebrovascular disease.

One 33-year-old woman underwent a successful bypass pro-
cedure, although her donor artery had a diameter of only 0.8 
mm and her recipient artery diameter was only 0.7 mm. At the 
18-month follow-up the bypass was not patent. Her neurological 
and functional status remained stable compared to pre-surgical 
levels (mRS 2, Karnofsky Score 80) 10.5 years after surgery.

COMPLEX ANEURYSM
Seven patients (22%) with complex aneurysms underwent a single 
STA-MCA MVB surgery in an elective or semi-elective manner 
due to progressive neurologic deficit and mass effect on image 
assessment. One patient presented with subarachnoid hemorrhage. 
There were four men and three women; mean age 31 years (range 
19–42). The mean preoperative mRS was 0.7 (range 0–1).

In five patients, staged procedures were performed. First, the 
aneurysm was excluded from blood flow by flow-diverter stent 
placement and/or coiling. STA-MCA MVB was performed 2–5 
days later in three patients and on the same day in two. In these 
five patients, antiplatelet regimens were transiently modified for 
the surgical procedure and then reinstated without incident. In 
two young patients with giant left MCA aneurysms that were 
not amenable to endovascular occlusion, STA-MCA MVB 
and aneurysmal exclusion from the blood flow (clipping) were 
performed in a single surgical procedure. Bypass patency was 
confirmed intraoperatively with idocyanide green infrared an-
giography, and the parent aneurysmal vessel was then clipped, 
achieving exclusion of the aneurysm from the blood flow. 

One 19-year-old man developed postoperative convulsive 
status. MRI (stroke protocol) and DSA were performed. There 
was no evidence of acute stroke, but DSA revealed local cortical 
vasospasm. Nimodipine injection led to improved bypass func-
tion, and the patient had a full and uneventful recovery.

One 30-year-old woman developed vasospasm in the temporal 
branch of the MCA, which was diagnosed on DSA due to a new 
speech disturbance and paresis 2 days after surgery. Neuroendo-
vascular intervention with balloon expansion led to full recovery. 

At the 6-month follow-up, there were no residual neurologi-
cal deficits and all bypasses were patent. All patients were stable 
with mRS 0 at a mean 10 years after surgery.

INTERNAL CAROTID ARTERY OCCLUSION
Three patients (9%; one man, two women) with ICA occlu-
sions who had experienced repeated ischemic events and were 
refractory to best medical treatment underwent unilateral STA-
MCA MVB. The bypass was performed after a minimum of 3–6 
months from the last ischemic event. Mean age was 46 years 
(range 29–60) and all patients had a preoperative mRS 3. In the 
early postoperative period, two developed slight transient neu-
rological deficits that resolved spontaneously. At the 6-month-
follow-up, all bypasses were patent and there were no new neu-

Figure 2. Bilateral digital subtraction angiography of the external carotid artery, anterior-
posterior views (upper left and right) and lateral views (lower left and right), 1 year 
after bilateral superficial temporal artery-middle cerebral artery microvascular bypass 
(STA-MCA) microvascular anastomosis in a patient with moyamoya disease. Note marked 
dilatation of the donor STA arteries (arrows), providing excellent supply to entire MCA 
basin (dotted lines)

rological deficits. There were no further ischemic events, and 
mRS had improved to 0 in one patient and was stable in two, at 
a mean follow-up of 10.6 years.

OVERALL
There were no surgical complications or perioperative mortality. 
Transient neurological deficits developed  following 7/37 proce-
dures (19%); all  were resolved at 6-month follow-up. Four pa-
tients (11%) experienced TIAs in the postoperative days that were 
not repeated during late follow-up. Neuroendovascular interven-
tion revealed vasospasm of the anastomosed vessels in the early 
postoperative period in four patients who had neurological events 
after the surgery. All deficits resolved at late follow-up. Seizures 
developed following surgery in four patients (11%). They were 
transient in three patients with moyamoya disease and medical-
ly controlled in one case. One moyamoya patient experienced a 
massive intraventricular hemorrhage 25 months after his second 
bypass surgery due to residual vascular abnormalities, but he 
gradually recovered after inpatient rehabilitation.
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At median follow-up of 58 months, there was mRS 0–2 in 29 
patients (91%) and 36/37 bypasses in 31 patients were patent.
Karnofsky scores were improved in 22/32 patients (69%) and 
stable in 10/32 (31%) at late follow-up compared to first pre-
sentation [Table 1].

DISCUSSION 
We report our experience with STA-MCA MVB in 32 patients 
with moyamoya/moyamoya-like disease, complex cerebral an-
eurysms, or intractable ischemic disease due to ICA occlusion. 
Although at the surgery narrow arteries are anastomosed (about 1 
mm in diameter), the patent anastomosed arteries may dilate sig-
nificantly with time, contributing much to cerebral blood supply 
[Figure 1, Figure 2]. There is evidence from multiple studies that 
cerebral perfusion improves after direct STA-MCA bypass [4-6] 
resulting in a reduction of ischemic events after surgery [5,6].

There is a consensus that microvascular bypass plays a cen-
tral role in the management of moyamoya disease and complex 
aneurysms that are not amenable to purely endovascular treat-
ment [7,8]. In patients with moyamoya disease, surgical revas-
cularization carries a low risk of complications, reduces the 
number of future ischemic events, and improves quality of life 
[9]. The surgery may be lifesaving in carefully selected aneu-
rysm patients. The lowest volume of surgeries is in patients with 
intractable occlusive disease, because they are usually managed 
conservatively; however, the only alternative to aspirin and anti-
coagulation medications in these patients is bypass surgery. In a 
study of 112 patients, Low et al. [6] found that STA-MCA MVB 
improved cerebrovascular perfusion and decreased the risk for 
subsequent ischemic events in this subpopulation. 

The pitfall is the risk of additional perioperative ischemic 
events. Indeed, in our series, there were transient neurological 
deficits after 19% of procedures and perioperative TIAs after 
11%. However, at a mean 58-month follow-up, there were no 
new late ischemic events after the surgery. The one late hemor-
rhagic event in our series most likely occurred because of unre-
solved abnormalities in the deep vascular network characteristic 
of moyamoya patients with advanced disease. There was no 
surgical mortality and no late mortality due to cerebrovascular 
disease. Our three patients with intractable ischemic disease due 
to ICA occlusion enjoyed increased quality of life after revas-
cularization.

Our experience is consistent with the report from Kalani and 
colleagues [7], who published their outcomes from a series of 
121 patients who underwent STA-MCA MVB using inclusion 
and exclusion criteria that are virtually identical to those we 
used. Symptoms had improved in 77.5% of patients with MMD 
(mean follow-up 19 months) and in 55.5% of those with occlu-
sive vascular disease (mean follow-up 10.4 months). There was 
a favorable outcome (Glasgow Outcome Score 4–5) in 81.5% of 
patients with aneurysms who underwent revascularization at a 

mean 18.5 months of follow-up, although 7/54 patients operated 
for aneurysms (13%) died in their series, six due to postopera-
tive stroke and one due to medical complications.

In adult patients with symptomatic moyamoya or moyam-
oya-like disease, STA-MCA MVB was associated with periop-
erative mortality of 0 and 0.7% and low perioperative stroke 
rates with minimum sequelae in recent series [7,10]. Rates of 
recurrent hemorrhagic and ischemic events were lower after 
STA-MCA bypass compared to conservative management at 
the 5-year follow-up in a multicenter, prospective, randomized 
controlled trial [11].

Outcomes following STA-MCA MVB bypass performed in 
centers with significant experience for patients with complex 
aneurysms show good patency and high rates of aneurysm oc-
clusion in the great majority of patients; however, perioperative 
mortality ranges from 0–5.6% for aneurysms in MCA territory 
[12,13], which may be explained by a more dangerous nature of 
aneurysmatic disease.

STA-MCA MVB bypass procedures require a high degree of 
surgical skill, and they are most successful when performed by 
experienced neurovascular surgeons who are part of a multidis-
ciplinary team with significant experience in the medical man-
agement of these complex patients. The availability of neuroint-
erventional support is also very important, as shown here in four 
patients where timely postoperative DSA revealed symptomatic 
vasospasm of the anastomosis and effective endovascular inter-
vention resolved the problem without neurological sequelae.

CONCLUSIONS
In specific cases, particularly patients with moyamoya angiop-
athy and in selected cases of complex aneurysms or occlusive 
vascular disease that is refractory to maximal medical manage-
ment, STA-MCA MVB is a feasible and clinically effective pro-
cedure. It is important to preserve this technique in the surgical 
armamentarium.
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Capsule

A T cell sleeper agent against stress
Considerable changes in cellular metabolism occur when 
T cells transition from a resting to an activated state. 
One side effect of this process is an increase in reactive 
oxygen species (ROS). These molecules potentiate T cell 
receptor (TCR) signaling but can also result in detrimental 
oxidative stress. Yue et al. describe one mechanism by 
which T cells can resolve this contradiction. Using mice 
with a T cell-specific deficiency in Schlafen 2 (SLFN2), 

they found that this protein binds to and protects transfer 
RNAs from oxidative stress-induced cleavage by the 
ribonuclease angiogenin. This process is downstream of 
ROS generation, which allows activated T cells to maintain 
protein synthesis despite the ROS that would otherwise 
inhibit translation.

Science 2021; 372: eaba4220 
Eitan Israeli

Capsule

Cancer imaging
A camera for intra-operative imaging of tumors could 
improve surgical outcomes, but some imaging technologies 
have been difficult to translate to clinical practice. Blair and 
co-authors designed an imaging system based on the eye 
of the mantis shrimp. This system detected multiple near-
infrared fluorescent signals simultaneously and was tested 
in a mouse model of human prostate cancer. In support 

of clinical feasibility, the authors showed that the sensor 
can detect fluorescently labeled sentinel lymph nodes in 
patients with breast cancer who are undergoing surgical 
resection. This bioinspired imaging sensor could offer a 
flexible tool for image-guided surgical removal of tumors.

Sci Transl Med 2021; 13: eaaw7067 
Eitan Israeli

Capsule

The Slovakian test case
Toward the end of 2020, Slovakia decided that it would test 
and then isolate positive severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2) cases among its entire 
population of approximately 5.5 million, and more than 
50,000 positive cases were found during a rapid antigen 
testing campaign. Pavelka and colleagues analyzed the 
data and found that in 41 counties before and after the two 
rounds of testing, infection prevalence declined by about 

80%. They also used the data to test a microsimulation 
model for one county. Quarantine of the whole household 
after a positive test was essential to achieving a large 
reduction in prevalence. Since autumn 2020, transmission 
in Slovakia has rebounded, despite other interventions, 
because high-intensity testing was not sustainable.

Science 2021; 372: 635 
Eitan Israeli


