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Abstract
Context: Physiological insights into blood flow alterations in cortical vessels after superficial 
temporal artery‑middle cerebral artery (STA‑MCA) bypass surgery are important for the prognosis 
of bypass sustainability and hemodynamic patency. Aims: This study aims to assess the impact 
of STA‑MCA bypass on local hemodynamics for patients with symptomatic carotid occlusions 
and Moyamoya disease. Settings and Design: This article presents a prospective nonrandomized 
study of intraoperative blood flow measurements in cortical branches of MCA and donor 
vessel before and after cerebral revascularization. Materials and Methods: Evaluation of local 
hemodynamic parameters was established for 112 patients with symptomatic carotid occlusive 
disease and cerebrovascular insufficiency during STA‑MCA bypass surgery. We used intraoperative 
Doppler ultrasonography (89 patients – 72%), flowmetry (56 cases – 50%), and in 33 cases both 
methods. For physical justification of observed facts, we performed computational simulation 
with OpenFOAM CFD framework using Navier‑Stokes nonstationary hemodynamic model. 
Statistical Analysis Used: All calculations were performed with IBM SPSS Statistics version 10.0 
software. We used parametric (Z‑test and Student’s t‑test) and nonparametric models (Wilcoxon, 
Mann–Whitney). For categorical values, we used Fisher’s exact test. Results: Local cerebral 
hemodynamics after revascularization surgery significantly depended on initial perfusion deficit and 
the ability of bypass to reverse the blood flow in proximal parts of cortical artery (86 cases, 77%). 
Mechanism of cortical blood flow alteration was related to donor vessel cut flow value and potential 
consumption threshold of acceptor artery. Conclusions: Knowledge of hemodynamic principles of 
flow redistribution after STA‑MCA bypass is important to improve bypass stainability and leads to 
better revascularization results.
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Introduction
Since Yasargil performed first 
extra‑intracranial bypass between the 
parietal branch of the superficial temporal 
artery (STA) and the cortical branch of the 
middle cerebral artery (MCA) in 1967,[1] its 
surgical technique has undergone minimal 
changes. Nevertheless, the discussion about 
the conditions of sustainable functioning of 
the created anastomosis, its hemodynamic 
significance, and its role in the general 
blood supply of the brain is still alive 
among specialists. One of the reasons for 
this was the inconclusive results of large 
multicenter studies about the effectiveness 
of surgical revascularization of the brain in 
patients with chronic cerebral ischemia.[2] 
That, in its turn, created the prerequisites 
for continuing scientific research[3] to 

improve the results of the STA‑MCA 
bypass and reduce the frequency of 
perioperative complications. One of the 
directions of research is to identify the 
pathophysiological mechanisms of cerebral 
blood circulation in the condition of 
functioning anastomosis, where research of 
local cerebral hemodynamics in the donor 
and recipient arteries plays the key role. 
However, in the literature, there are only 
few publications devoted to this issue.[4‑8]

The main method for the study of local 
hemodynamics over a long period was 
selective cerebral angiography, which 
made possible to reveal the various 
impacts of anastomoses on cerebral blood 
flow (CBF).[9‑12] Angiographic criteria for 
hemodynamic efficiency were formulated 
depending on the degree of filling MCA 
territory through the anastomosis.[11] 
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However, these works provided only a qualitative analysis 
of local hemodynamics after the creation of bypass and did 
not allow to obtain quantitative information on changes in 
CBF in the territory of revascularization.

Spetzler and Owen were one of the first who presented 
the experience of using instrumental methods for the 
study of local hemodynamics in 1979–1980 in a series 
of works devoted to the creation of bypass in patients 
with giant aneurysms of the internal carotid artery (ICA). 
Based on the direct manometry in the donor and recipient 
arteries, he revealed a pressure gradient between the 
branches of external carotid artery (ECA) and ICAs, that 
exists even normally, increases in case of occlusion of the 
ICA and determines the value of blood flow through the 
anastomosis.[13,14]

The introduction of intraoperative contact dopplerography 
and flowmetry into clinical practice[15] made it possible 
to quantify the local blood circulation in the territory of 
revascularization immediately after creating the bypass, 
which opened up new possibilities for studying the 
pathophysiology of cerebral circulation in patients with 
chronic cerebral ischemia.[5,8,16] In particular, retrograde 
and anterograde types of blood flow direction in cortical 
arteries in patients with Moyamoya disease (MMD)[17] were 
detected, reference values of blood flow in cortical arteries 
in patients with signs of cerebral ischemia were obtained 
before and after performing STA‑MCA bypass.[5]

Nevertheless, the questions of studying the 
pathophysiological mechanisms of local blood supply 
reorganization in the territory of revascularization 
remain open. Their study can have great theoretical 
and practical importance. The aims of this work were to 
study the hemodynamic efficiency and sustainability of 
the anastomosis, identify criteria for the development 
of local hyperperfusion in the area of revascularization, 
and determine the parameters of cerebral hemodynamics 
depending on the initial value of perfusion deficit, based 
on intraoperative flowmetry, dopplerography, and direct 
measurement of pressure in the donor and recipient arteries.

Materials and Methods
A total of 112 patients with unilateral symptomatic 
occlusions of the carotid arteries, who were treated 
in Burdenko National Scientific and Practical Center 
for Neurosurgery from 1999 to 2015, were studied. 
Among them, there were 105 patients with occlusions 
of the ICA and 7 patients with MMD. Indications for 
surgical revascularization were unstable or undulating 
neurological symptoms in combination with the presence 
of gross perfusion deficit and reduced cerebrovascular 
reserves (CVR) in the territory of carotid occlusion. In all 
cases, the indications for surgical revascularization were 
discussed at the multidisciplinary commission, and the 
consent of patients and their relatives and approval of the 

local ethical committee of the center for neurosurgery were 
obtained.

Cerebral revascularization was carried out by performing 
microanastomosis between the parietal branch of the 
STA and the cortical branches of the MCA according to 
the classical method. In all patients, local hemodynamic 
parameters were studied intraoperatively before and 
after the STA‑MCA bypass using intraoperative contact 
Doppler sonography (89 patients – 72%) and flowmetry 
(56 observations – 50%). In 33 cases (29%), both 
modalities were used.

Intraoperative contact dopplerography was performed using 
a 16 MHz sensor (RIMED DigiLite, Israel). To exclude 
angular errors in measuring the Doppler signal, the sensor 
tightly pressed against the wall of the selected artery 
at a minimum angle to it. The depth of the location was 
set at 3–5 mm. The absolute values of the linear blood 
flow velocity (LFV) in the cortical artery were measured 
before performing the bypass. Then, based on these data, 
spectral patterns of blood flow were assessed by calculating 
of pulsation index (pulsating index [PI] ‑ the ratio of the 
difference in the values of systolic and diastolic LFV 
to the average LFV), and the initial blood flow direction 
was determined. After performing of bypass, the LFV 
was measured in the created anastomosis, at the distal and 
proximal parts of the cortical artery, and the change in the 
direction of blood flow in the cortical artery after bypass 
was also evaluated [Figure 1a].

For intraoperative contact flowmetry, a two‑channel 
digital flowmeter (Transonic, USA) was used with a set 
of sterilizable sensors with diameters of 1.5 and 2 mm. 
Measurement of volumetric blood flow (VBF) was performed 
in the donor artery during its harvesting (determination 

Figure 1: (a) Intraoperative contact dopplerography; (b) Direct 
intravascular pressure measurement in the recipient artery; (c) Free flow 
study  (“Cut  Flow”)  using  a  flowmeter;  (d) Control  of  bypass  function 
using flowmeter
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deficit. On CTP, they showed long‑lasting extensive 
perfusion deficit with an increase in MTT (160%–180% 
of contralateral values, or >8 sec) with small ischemic 
lesions (ASPECTS >8) and exhausted CVR.

The third group of patients consisted of 11 patients 
with unstable neurological symptoms with the signs of 
subcompensation of chronic oligemia, unsusceptible for 
medical therapy. CTP changes were represented by an increase 
in blood transit time (140%–160% of contralateral values), with 
persistently reduced CVR with a slight decrease in regional 
blood flow (within 17% relative to the opposite intact side).

The evaluation of bypass patency was carried out on the 
7th day after the operation and further during follow‑up. 
The anastomosis was visualized with a cardiosynchronized 
measurement of the VBF velocity according to ultrasound 
data, followed by verification using CT‑angiography.

For statistical evaluation, we use parametric and 
nonparametric methods with a significant level equal to 
0.05. Parametric models included Z‑test and Student’s 
t‑test with verification of normal distribution for analyzed 
values with Kolmogorov–Smirnov normality test. 
Nonparametric models included Wilcoxon rank‑sum 
test and Mann–Whitney U‑test. For the evaluation of 
nonquantitative classified values we used Fisher’s exact 
test. All calculations were performed in IBM SPSS 
Statistics environment (IBM Corp., IBM SPSS Statistics 
for Mac, Version 23.0. Armonk, NY, USA).

In order to justify the hemodynamic patterns identified 
during the study, a computational experiment was conducted 
with two‑dimensional geometric model of the anastomosis, 
which was imposed at an angle of 45% depending on 
the direction of blood flow in the donor and recipient 
arteries. Initial and boundary no‑slip conditions were 
selected according to register in vivo measurements. All 
calculations were performed in OpenFOAM environment 
for nonstationary navier‑stokes model with graphical 
postprocessing using ParaView 5.6 (Kitware Inc., USA).

Results
Totally, 112 STA‑MCA bypasses were performed. No 
perioperative complications and mortality were seen. 

of free blood flow‑“Cut flow”) [Figure 1c], in the cortical 
artery, and in the created bypass [Figure 1d]. For determining 
the potential power of the donor artery, the volume of free 
blood outflow (without peripheral resistance) from the donor 
artery (“Cut flow”) was measured. For these aims, it was 
harvested from the tissues and crossed distally. Its lumen 
was thoroughly rinsed with a solution of papaverine until 
the maximum blood flow from the branch was obtained, and 
then VBF was measured using contact flowmetry.

In addition, in 15 patients (13%), a direct measurement 
of blood pressure in the donor and recipient arteries was 
performed. For this plastic catheter with 3–4 F size was 
used, and two arterial lines: One to study the blood flow in 
the donor and recipient arteries, the others were the control 
line in the radial artery to monitor systemic blood pressure. 
In the recipient artery, the pressure was measured after 
an arteriotomy and catheterization of the cortical artery 
proximally [Figure 1b].

To study the parameters of local hemodynamics based on 
the value of the perfusion deficit, 42 patients were examined 
with computed tomography perfusion (CTP) technique 
according to the standard protocol[18] with intravenous bolus 
administration 40–60 ml of a contrast agent (“Ultravist,” 
300 mg/ml) depending on the age and weight of the patient. 
The processing of cerebral perfusion data was carried 
out on a workstation (GE Advantage Workstation) using 
integrated software (CTP) and numerical deconvolution 
algorithms (singular‑value decomposition).

Based on the changes in the parameters of CTP, three 
groups of patients with different types of perfusion 
deficit were distinguished. The first group consisted of 
six patients with acute occlusions of the ICA and signs 
of CBF decompensation, according to CTP. These signs 
were presented by an increase in hemispheric blood 
transit time (mean transit time [MTT]) on the occlusion 
side (>180% of contralateral values, or more than 
10 s), in combination with an increase in cerebral blood 
volume (>115% of contralateral values) and a decrease in 
regional blood flow (CBF) (<80% of contralateral values).

The second group included 25 patients with the 
consequences of a disabled ischemic stroke, slow 
rehabilitation dynamics, and an undulate neurological 

Figure 2: Changing the direction of blood flow in the cortical artery after the bypass: (a) The initial direction of blood flow; (b) Changing the direction of 
the blood flow (the blood flow reverses in the proximal part of the recipient artery); (c) No changes in blood flow after bypass
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During follow‑up examinations, a functioning anastomosis 
was confirmed in 108 cases (96.3%). The average 
VBF in bypass was 34.2 ± 5.7 ml/min. Thrombosis 
of the anastomosis during the follow‑up was seen in 
4 cases (3.7%).

The direction of blood flow in the cortical arteries 
before the bypass

The study revealed that in patients with ICA 
occlusion (105 patients) in all cases, blood flow in 
the distal direction was seen. For patients with MMD 
(7 observations), retrograde blood flow in the cortical 
arteries (proximal direction of blood flow) was seen more 
often in 5 cases (71%).

Parameters of hemodynamics in the cortical arteries 
before the bypass

The parameters of CBF obtained during the study differed 
significantly depending on the initial degree of perfusion 
deficit (P = 0.045; |z| = 1.978). At the same time, all studied 
patients had a reduced pressure in the cortical arteries that 
averaged 54.6 ± 5.4 mm Hg, which was almost two times 
less than the systemic arterial pressure [Table 1].

The obtained results confirm the dependence of the 
parameters of the cortical blood flow on the parameters 
of MTT, diagnosed during the preoperative CTP. Thus, 
the greatest reduction in blood pressure in the recipient 
artery was noticed in patients in the acute period with 
the greatest perfusion deficit (Group 1) – to 42.2 ± 7.4 
mm Hg, while in patients with the least changes of cerebral 
perfusion (Group 3) blood pressure in the proximal cortical 
artery was only slightly inferior to the normal values. Thus, 
the results of preoperative CTP studies made it possible 
to correctly identify the degree of reduction in perfusion 
pressure in the branches of MCA. The consequence of the 
decrease in perfusion pressure in the analyzed group of 
patients was a decrease in the VBF in the cortical arteries. 
According to the results of flowmetry in the recipient 

artery in patients with chronic cerebral ischemia, the value 
of blood flow ranged from 4.8 to 12.1 ml/min, averaging 
8.9 ± 2.7 ml/min (blood flow in the M4 segment of the 
MCA normally is from 12 to 18 ml/min).[4,19] The value of 
the blood flow significantly differed depending on the initial 
perfusion deficit. In patients with gross cerebrovascular 
insufficiency (group 1), the VBF was the smallest and 
amounted to only 6.7 ± 1.2 ml/min. For patients with 
long‑lasting oligemia (Group 2), the value of VBF averaged 
8.7 ± 2.2 ml/min, wherein significant variation in blood 
flow values was seen that varied from 7.4 to 12.5 1n. In 
patients with signs of chronic oligemia, the highest values 
of blood flow were registered – 11.3 ± 1.4 ml/min.

The described hemodynamic changes in patients with 
different perfusion deficits corresponded to the data of 
intraoperative contact Doppler sonography; wherein, there 
were changes in both patterns of LFV (systolic/diastolic) 
and spectral patterns indicating the value of peripheral 
resistance in the branches of MCA on the occlusion 
side – shown in Figure 3.

In patients with critical cerebrovascular 
insufficiency (group 1), the greatest decrease in systolic 
blood flow velocity was noted‑up to 10.3 ± 1.2 cm/s. At the 
same time, a collateral type of blood flow was detected in 
the cortical artery (PI < 0.6) [Figure 3a and b]. A similar 
Doppler ultrasound picture was also observed in the group of 
patients with persisting gross cerebrovascular insufficiency; 
only slightly larger values of systolic LFV were observed 
13.6 ± 1.8 cm/s [Figure 3c and d]. In the group of patients 
with chronic oligemia, the blood flow in the cortical artery 
was close to normal values (17–25 cm/s) [Figure 3e and f].[4,19] 
No impact of the initial degree of perfusion deficit on the 
value of blood flow in the diastole was detected.

Parameters of hemodynamics after the bypass

Changes in local hemodynamics after the bypass, depending 
on its hemodynamic significance, are of great interest. For this 

Table 1: Parameters of local hemodynamics depending on the initial degree of perfusion deficit (42 patients)
Parameters Perfusion deficit Mean

I group II group III group
Perfusion parameters on CTP MTT >14 s (>180% of 

contralateral values)
MTT >8 s (>160% of 
contralateral values)

MTT >6 s (>140% of 
contralateral values)

Mean blood pressure (mm Hg)a

In cortical 42.2±7.4 53.2±7.4 61.8±6.8 54.6±5.4
In donor 91.1±8.1 94.7±7.1 99.2±10.1 96.8±8.2
Systemic 105±7.4 98.3±8.9 102±9.7 101.5±7.9

LFV in cortical (cm/s)b

Systolic 10.3±1.2 13.6±1.8 16.8±1.7 14.2±1.5
Diastolic 8.7±0.9 8.3±0.7 8.6±0.9 8.5±0.8

VBF (ml/min)c 6.7±1.2 8.7±2.2 11.3±1.4 8.9±2.7
Total 6 25 11 42
aDirect measurement in the proximal part of cortical arteries (15 patients); bDopplerography in the group of patients with CTP (42 patients); 
cFlowmetry in the group of patients with CTP (21 patients). MTT – Mean transit time; CTP – Computed tomography perfusion, 
LFV – Linear blood flow velocity; VBF – Volumetric blood flow
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purpose, measurements of the values and directions of blood 
flow in the recipient artery in the proximal and distal to the 
anastomosis parts were made. The main parameters of local 
cerebral hemodynamics after the bypass are shown in Table 2.

The assessment of patency of the donor vessel was carried 
out by measuring the free blood flow (“Cut Flow”) after 
its marginal cutting and dilation with plastic catheter 
with papaverine. The obtained values of free VBF in the 
cutoff vessel with no peripheral resistance characterized 
the maximal available VBF in the bypass. In our study, 

the free blood flow in the donor artery ranged from 11 to 
42 ml/min, averaging 27.3 ± 14.8 ml/min (P < 0.05).

As shown in Table 2, local hemodynamics in the cortical 
arteries after revascularization significantly depended 
on the ability of bypass to reverse the blood flow in the 
proximal part of the recipient artery. Despite the presence 
of a pressure gradient between the donor artery (branches 
of ECA) and the proximal parts of the recipient artery in all 
cases, a reverse in the direction of blood flow was observed 
only in 86 cases (77%) [Figure 2b]. In 26 patients (23%), 

Table 2: Local hemodynamics after the bypass
Parameters Cortical artery proximally P, |z|

Reverse of blood flow No reverse of blood flow
“Cut flow” in donor artery (ml/min) 31.3±4.1, 18‑42 15.7±2.3, 11‑21 <0.031, 2.198
LFV in cortical artery

Systolic 11.7±2.5 18.6±2.2 <0.047, 1.974
Diastolic 8.1±1.2 7.7±0.9

Direction of bypassa (%)
Proximal 55 (69) 11 (42) n/s
Distal 31 (31) 15 (58)

Blood flow after bypass (cortical artery)
Doppler ultrasound

Distally (cm/s) 23.7±2.8 21.3±3.6 n/s
Proximally (cm/s) 27.9±6.9 14.7±1.9 <0.001

Flowmetry
Distally (ml/min) 16.7±1.8 14.3±0.9 n/s
Proximally (ml/min) 18.2±4.1 10.6±0.8 <0.001

Blood flow in bypassb (ml/min) 38.5±9.7 19.3±4.6 <0.05
Thrombosis of bypass ‑ 4 <0.001
Total (112) (%) 86 (77) 26 (23)
aAnastomosis was applied at an angle of 45° to the distal or proximal parts of acceptor artery; bAccording to postoperative ultrasound study. 
LFV – Linear blood flow velocity; n/s – Not statistically significant

Figure 3: Contact Doppler ultrasonography patterns of blood flow in cortical M4 branches of middle cerebral artery according to the severity of perfusion 
deficit. (a) Gross perfusion deficit on computed tomography perfusion with mean transit time prolongation more than 14 s (>180% of contralateral values) 
nd corresponding cortical blood flow (b); (c) Persistent severe perfusion defcit on computed tomography perfusion with mean transit time prolongation 
more than 8 s (>160% of contralateral values) and corresponding cortical blood flow (d); (e) Moderate perfusion defcit on computed tomography perfusion 
with mean transit time prolongation more than 6 s (>140% of contralateral values) and corresponding cortical blood flow (f)

b
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the direction of blood flow in the cortical artery did not 
change [Figure 2c].

The direction of the bypass in relation to the initial 
direction of blood flow

The quality of the created anastomosis and its direction 
in relation to the initial direction of blood flow in the 
recipient artery are of great importance. In our group 
of patients, the bypass was oriented at an angle of 
45° (like a fish mouth) in both proximal (66 cases, 59%) 
and distal (46 cases, 41%) directions in relation to the 
blood flow in the cortical artery. At the beginning of 
the study, the direction of the anastomosis was chosen 
randomly without taking into account associated factors. 
Subsequently, based on the results obtained during the 
study, the direction of the anastomosis was determined by 
indications, depending on the values of cut flow value in 
the donor artery. When analyzing the results of surgical 
revascularization in the group of patients with the changed 
direction of blood flow in the proximal part of recipient 
artery we reveal good patency of the bypass in all cases 
during the whole follow‑up period. At the same time, there 
was no statistically significant impact of the direction of 
the bypass on the final value of blood flow through the 
bypass (39.1 ± 8.9 ml/min in the proximal direction of 
bypass, 36.9 ± 9.1 ml/min in the distal direction).

Different results were obtained in patients with the 
preserved direction of blood flow in the recipient artery 
after the bypass. Thus in this group of patients, there 
were four thromboses of bypasses during the long‑term 
follow‑up. Wherein in three cases thrombosis developed 
with the proximal direction of the bypass (11%), despite the 
fact that in all cases the blood flow in the donor artery was 
instrumentally confirmed during the operation. Moreover, 
only in one case of distally oriented anastomosis (3.8%), 
we noticed bypass failure that could be explained by 
the possible technical error of the suture. In addition, in 
patients with preserved direction of blood flow in the 
recipient artery after the bypass, a significant decrease in 
the volume blood flow was seen when the bypass was 
applied in the proximal direction (against the blood flow 
in the recipient artery) ‑ 16.8 ± 2.9 ml/min compared 
to 21.1 ± 3.6 ml/min for the distal direction of bypass 
(along the blood flow in the recipient artery) (P < 0.05; 

|z| = 1.9697; Student’s t‑test). Apparently, hemodynamic 
factors that obstruct blood flow through the anastomosis 
and associated physical phenomena of collision flow in the 
area of the anastomosis were the reason for the decreased 
blood flow in such cases.

To study them and to explain the reasons for decrease 
in the effectiveness of the anastomosis, when it was 
applied against the blood flow in the recipient artery, a 
series of mathematical calculations of the corresponding 
two‑dimensional model was performed [Figure 4]. It 
was found that in case when the direction of blood flow 
in the acceptor artery is preserved after the bypass, the 
creation of the bypass in the proximal direction can lead 
to a collision of flows with the formation of a region of 
turbulence and hemodynamic stenosis [indicated by a red 
arrow on Figure 4a and b].

This may cause a decrease in blood flow both in the 
anastomosis and in the cortical artery [Figure 4b]. 
Modeling of the anastomosis along the direction of initial 
blood flow in the cortical artery [Figure 4c] revealed that 
no hemodynamic stenosis occurs, on the contrary, there is 
an increase in the velocity profile in the anastomosis area, 
which contributes to an increase in blood flow both in the 
distal part of the recipient artery and in the anastomosis 
itself. When comparing the results of calculations, 
the value of blood flow in the cortical artery after the 
anastomosis along flow direction in recipient artery (distal) 
was higher by 11%–13% than the value of blood flow in 
the anastomosis against the initial direction of cortical 
flow (proximal).

Discussion
Nowadays, modern methods of neuroimaging make it 
possible accurately to determine patients who need cerebral 
revascularization; however, the contradictory results 
of multicenter studies indicate the need for additional, 
more detailed, study of this problem. Obviously, the 
results of surgical intervention depend not only on the 
correct indications for surgery but also on the quality 
of the performed revascularization, the hemodynamic 
effectiveness of the created anastomoses, their ability 
to compensate the existing perfusion deficit and prevent 
possible complications of surgical treatment. In this regard, 

Figure 4: Results of mathematical modeling of blood flow in the anastomosis area, made at an angle of 45° (blue arrows indicate the direction of blood 
flow): The profile of blood flow velocity in the anastomosis against the blood flow in the recipient artery with the formation of hemodynamic stenosis and 
the turbulent blood flow region in a scalar (a) and vector representation (b); (c) A wide velocity profile in the anastomosis region “along the blood flow” 
without functional stenosis
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studies of local hemodynamics are of great theoretical and 
practical interest, as evidenced by a series of actual works 
devoted to this problem.[4‑8]

When planning a surgery of creating STA‑MCA 
bypass, preoperative diagnostics data of cerebrovascular 
insufficiency are very important. In our study, the method 
of CTP, widely used in clinical practice, was chosen as 
the main method for determining the perfusion deficit. 
When measuring blood flow in the cortical arteries, 
the MTT parameter was validated as a marker of gross 
cerebral ischemia, wherein the degree of its prolongation 
influenced the values and spectral patterns of blood flow in 
the cortical arteries. Thus, according to the data obtained 
by our group of patients, the LFV ranged from 10.3 to 
16.8 cm/s, and the VBF ranged from 6.7 to 11.3 ml/min, 
while lower values were recorded in patients with gross 
perfusion deficit (prolongation of MTT more than 180% 
compared with the contralateral side). The obtained data 
correspond to the results of blood flow measurements in 
patients with signs of poor perfusion selected for surgery 
based on isotopic diagnostic methods ‑ the average VBF in 
the cortical artery in them was 4.4 ml/min with an average 
linear blood flow rate of 9–15 cm/s.[4‑8]

Another important aspect of assessing the effectiveness of 
cerebral revascularization is the study of changes in blood 
flow after the bypass. It is known that the value of blood 
flow in the recipient artery after bypass largely depends on 
the size and throughput of the donor artery. Amin‑Hanjani 
et al. introduced the term “Cut flow‑index” – the maximum 
potential value of blood flow in a donor artery, which 
averages 68 ml/min (4–186 ml/min).[15] In our work, the 
free blood flow in the donor artery ranged from 11 to 
42 ml/min, averaging 27.3 ± 14.8 ml/min.

Exactly, the data on the volume of blood flow in the 
donor artery determine the change in the direction 
of blood flow in the recipient artery after the bypass. 
Greater hemodynamic significance was noted in patients 
with signs of proximal filling of the MCA territory, 
presented by a significantly higher value of the VBF 
rate in the bypass – 38.5 ± 9.7 ml/min compared to 
19.3 ± 4.6 ml/min in patients with filling of only distal 
MCA territory (P < 0.028, |z| = 2.2341; Student’s t‑test).

Furthermore, the mechanism of the local CBF alteration 
in the recipient artery, observed in the study, is of great 
interest. In most cases, the value of the linear and VBF 
rates distally to the anastomosis did not exceed 20 ml/min 
and 30 cm/s, averaging 16.7 ± 1.8 ml/min, and 23.7 ± 2.8 
cm/s, respectively, regardless of the direction of blood 
flow in the proximal part of the recipient artery. The small 
variability of the obtained values of the distal blood flow, 
apparently, indicates the physiological limit of the blood 
supply of the territory of the cortical artery, determined by 
the size of the distal branches and the mechanisms of CBF 
autoregulation.

With a higher power of the donor artery, the blood supply 
was redistributed toward proximal parts of the MCA 
branches. The saturation limit of the proximal parts of 
MCA is significantly greater than the distal one; therefore, 
the value of the proximal blood flow was limited only by 
the power of the donor artery. This explains the greater 
variation in the values of volumetric and linear blood flow 
rates in the proximal parts of the recipient artery, according 
to cut flow values of donor vessel, as well as their larger 
average values – 18.2 ± 4.1 ml/min and 27.9 ± 6.9 cm/s, 
respectively.

In patients with no proximal filling of the MCA territory, 
there was a significant increase in the distal blood flow 
up to the “saturation” threshold‑on average, volumetric 
and linear blood flow rates were 14.3 ± 0.9 ml/min and 
21.3 ± 3.6 cm/s, respectively. No changes in the proximal 
blood flow were noticed. The main factor affecting the 
ability of bypass to fill the proximal parts of the MCA 
territory was the potential power of the donor artery, 
and its importance in the ability to change the direction 
of blood flow in the acceptor artery was more significant 
than the pressure gradient. Hence, in the group of patients 
with changes in the direction of blood flow in the recipient 
artery after bypass, the free blood flow in the donor artery 
was significantly higher – 31.3 ± 4.1 ml/min compared 
to 15.7 ± 2.3 ml/min in the group without changes in 
blood flow direction (P < 0.031; |z| = 2198; Student’s 
t‑test). When the free blood flow in the donor artery was 
higher than 28 ml/min, the blood flow in the proximal 
cortical artery changed its direction in all cases, <18 ml/
min ‑ the blood flow in the acceptor artery preserved its 
direction [Figure 2]. With a cut flow varied from 18 to 28 
ml/min, the direction of blood flow in the cortical arteries 
after bypass depended on additional factors: the initial 
degree of perfusion deficit, diameter of the recipient artery, 
and volume of blood flow in recipient artery, the presence 
of spasm of the donor artery.

Thus, when determining the direction of the bypass 
creating, it is advisable to assess the probability of change 
in the direction of blood flow in the proximal cortical 
artery. In patients with medium‑sized STA branches 
and low free blood flow through them, it is preferable 
to apply the bypass along the direction of blood flow 
in the cortical vessel (distal direction). The creation 
of the anastomosis in the distal direction is absolutely 
indicated when the free blood flow through the donor 
artery is <20 ml/min. Otherwise, due to the collision 
of streams, hemodynamic obstacles to the blood flow 
develop that reduce the effectiveness of the anastomosis 
and can lead to its malfunction. The proximal direction 
for the anastomosis can be confidently selected when 
the free blood flow through the donor artery is more 
than 28 ml/min. When the “Cut Flow” is in the range 
of 20–30 ml/min, both a change in the proximal blood 
flow and its preservation are possible. In the latter case, 



Figure 5: Computed tomography perfusion: local hyperperfusion (“luxury perfusion”) is registered as the area of increased blood flow (arrow) compared 
with the area of comparison with a sharply reduced mean transit time (r mean transit time <1; rCBF >> 1)
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the formation of the anastomosis in the distal direction is 
prognostically safer ‑ this creates the best conditions for 
the functioning of the anastomosis even in the case of a 
change in the direction of blood flow in the proximal part 
of the recipient artery immediately or later.

This studied mechanism of the reorganization of blood 
circulation in the cortical arteries has another practical 
application ‑ the early detection of a local hyperperfusion 
syndrome after the bypass. The hyperperfusion syndrome 
has been reported after carotid endarterectomy,[20] carotid 
artery stenting,[21] and also after bypass surgery in patients 
with atherosclerotic occlusions[22] and MMD.[23] After 
revascularization surgery, a rapid and significant increase in 
ipsilateral CBF beyond the metabolic demand of the brain 
tissue may occur.

Impairment of autoregulatory functions in the regions of 
chronic ischemia may contribute to a transient or permanent 
ischemic injury to an already susceptible area.[8] Excessive 
blood flow directed into chronically ischemic brain through 
a bypass may induce a “luxury perfusion syndrome” 
resulting in neurological deterioration.[24] Patients with 
poorer cerebrovascular reactivity are known to have 
potentially higher risk for hyperperfusion syndrome.[23]

In our series of observations, the development of local 
hyperperfusion syndrome, verified by CTP‑pattern of 
“luxury perfusion” [Figure 5], was connected with an 
increase in blood flow in the recipient artery above the 
indicated “saturation threshold”. In these cases, the cause of 
hyperperfusion syndrome is a breakdown of autoregulation 
mechanisms. Consequently, the blood flow in the distal part 
of the recipient artery is more than 30 cm/s in combination 
with high values of retrograde blood flow in the proximal 
direction [Figure 6].

Several methods have been proposed for the detection 
of cerebral hyperperfusion during operation or early 
after operation.[25] Gesang et al.[26] indicated that laser 
Doppler flowmeter is useful for postoperative real‑time 
monitoring during the high‑risk period. Intraoperative 
measurements such as thermography, infrared brain 
surface monitoring, and ICG fluorescence angiography 
predict postanastomosis cortical hemodynamics.[25,27] 
Morisawa et al. in their study[5] revealed that systolic 

maximum flow velocity in recipient vessels after the 
bypass significantly elevates in patients with postoperative 
cerebral hyperperfusion on Xe‑CT and is significantly 
higher than in those without cerebral hyperperfusion. 
Nakayama et al.[6] defined that postoperative 
hyperperfusion syndrome is developed when there is an 
elevation of bypass blood flow over 50 ml/min.

The proposed method for the early diagnosis of 
hyperperfusion syndrome with an increase in blood 
flow in the recipient artery over 30 cm/s distally to 
bypass does not contradict the existing criteria and 
can supplement them to improve the accuracy of 
early detection. Thus, intraoperative diagnostics of 
local hemodynamics can also be helpful to predict 
postoperative hyperperfusion.

Conclusions
1. Planning of cerebral revascularization according to local 

hemodynamic measurements in donor and recipient 
vessels before and after STA‑MCA bypass leads to 
better bypass patency during follow‑up

2. Decrease of cortical blood flow on the side of carotid 
occlusion corresponds to the degree of perfusion deficit 
measured by MTT prolongation

3. Local hemodynamics in cortical recipient arteries 
depends on cut flow value in donor vessel and its 
potential power to reverse blood flow direction in 
proximal segments of the recipient artery. Retrograde 
blood flow is established after complete filling of 
the distal branches of the recipient artery. Described 
algorithm of local blood flow alteration after bypass 
can explain local hyperperfusion syndrome in cases of 
autoregulation failure

4. In cases of low flow in the donor vessel, the risk of its 
thrombosis is higher than the risk of hyperperfusion, 
so it is rational to perform bypass with low‑flow donor 
vessels in distal direction to provide hemodynamic 
patency and power of STA‑MCA bypass.
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