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Patient specific numerical hemodynamics for postoperative
risk assessment: series case study of EC-IC cerebral bypass
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Abstract — The study is devoted to the hemodynamics during cerebral vascular bypass surgery for
the treatment of cerebral aneurysms in two patients. The location, morphological characteristics and
treatment approaches of the patients were similar, but different outcomes were observed as a result
of the performed microsurgical procedures . Computational approach was used to analyze the hemo-
dynamic differences of aneurysms, treated via extra-intra cranial (EC-IC) cerebral bypass shunt. The
paper presents a new criterion based on the energy parameters of healthy compartment of cerebral cir-
culation. The applied approach demonstrates a new effective method of preoperative risk modelling
for medical decision-making.
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Treatment of the intracranial aneurysms (IA) is one of the most challenging prob-
lems in neurosurgery [7]. IA present in 2 out of 100 people [14]. Rupture of IA,
leads to an intracranial hemorrhage with severe consequences: neurological deficit,
disability and death [24, 31].

Possible treatment options include endovascular treatment [4, 11, 23] and mi-
crosurgery clipping [5, 10, 26]. In some cases, none of the methods is able to achieve
occlusion of the aneurysm itself, in which case it is necessary to occlude the parent
artery. In this case, to avoid cerebral ischemia, it is necessary to form a vascular
anastomosis, namely bypass. It should be noted that the formation of a bypass sig-
nificantly changes the geometry of the cerebral vessels, which leads to a redistribu-
tion of cerebral blood flow. These changes do not always have a beneficial effect
on cerebral hemodynamics. Thus, before surgery, it is necessary to evaluate all the
associated risks. Currently, there are many works on the hemodynamics of cereb-
ral vessels associated with bypasses [3, 12, 15, 25, 27, 37, 38]. However, almost
every study is based on the consideration of one or more clinical cases, without the
formation of common criteria and approaches for assessing preoperative risks. In
some works, the authors propose general approaches [32] to assessing the effective-
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ness of creating a bypass, however, such approaches are mainly based on primitive
hydraulic models of local hemodynamics at the site of the shunt, without affecting
the remaining vessels of the circle of Willis (COW) or use only local hemodynamic
parameters like wall shear stress (WSS). Thus, the problem of assessing the risks of
postoperative complications during the formation of cerebral bypass has not been
fully elucidated. Meanwhile, the use of non-invasive methods for assessing cerebral
blood flow [36], as well as performing model numerical calculations [17, 21, 29],
makes it possible to formulate criteria for the effectiveness of anastomoses.

This paper presents an approach for calculating a new risk criterion based on the
results of numerical simulations for CT angiography data of two patients who had
similar morphology of the aneurysms and, at the same time, different postoperative
outcomes.

1. Methods
1.1. Description of clinical cases and surgical intervention

Patient A was a 20 year-old male diagnosed with a giant cavernous IA portion of
the left ICA. The patient underwent a craniotomy on the left, the creation of EC-IC
[8, 20, 30] high-flow bypass between the left maxillary artery and the M1 segment
of the left middle cerebral artery (MCA) using an arterial autograft.

Then the patient was transferred to the endovascular operating room and en-
dovascular proximal occlusion of the aneurysm was performed using microcoils
and adhesive composition. In the postoperative period, a right sided hemiparesis
was noted.

Control cerebral angiography was performed: the shunt is patent, however, in a
day after the treatment thrombosis of the proximal part M1 of the left MCA segment
was noted.

Patient B was a 50 year-old female diagnosed with giant fusiform partially
thrombosed aneurysm of the cavernous part of the right ICA saccular aneurysm of
the V4 segment of the right VA. The patient underwent right-sided pterional crani-
otomy, the creation of EC-IC high-flow bypass between the temporal artery (TA)
and the right MCA using the radial artery, proximal occlusion of the giant fusiform
cavernous aneurysm of the right ICA. The postoperative period was uneventful.

1.2. 3D-geometry of the circle of Willis

To restore the patient-specific vessel geometry of the circle of Willis (COW) of
both patients, we used computed tomography (CT) angiography data obtained on a
Siemens Somatom Definition AS medical computer tomograph (64 slice-scanner).
The extracted medical DICOM images were processed using the free software ITK
SNAP [33] which is widely used to reconstruct the 3D geometry of vascular net-
works [6, 18, 35].
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1.3. Gathering equations

We performed a numerical simulation of the blood flow in patient-specific 3D con-
figurations of cerebral vessels. The calculations were performed for two real geo-
metry cases (before and after surgery) and two virtual ones: so called an alternative
technique (when only ICA occlusion without bypasses was done) and so called
‘healthy network’ (the cerebral aneurysm domain was virtually cut off from the
COW geometry before the surgery). The calculations were performed in a station-
ary formulation with rigid walls, in an unsteady formulation with rigid walls (taking
into account the pulsating nature of the blood flow: the flow profile is taken from
[16]), as well as in a stationary FSI formulation (taking into account the elastic
nature of the blood-wall interaction arteries).

In all formulations of the problem, the blood was assumed as a Newtonian fluid
(with the density p =997 kg/m? and viscosity 4 = 0.0032 Pa-s), which means that
the fluid viscosity does not depend on the shear rate [1]. We suppose that due to the
fact that the rather high flow rates allow to use Newtonian fluid model and if the
required criterion is qualitatively achieved for a model that is simpler and cheaper
in terms of time cost, then it is this model that should be used. Otherwise, when
the blood flow velocity is sufficiently low (for example, in processes involving the
gradual occlusion of an aneurysm), non-Newtonian models, such as the Carreau—
Yasuda, Casson models and some others [2, 22], will be more accurate to describe
the processes occurring in the vascular system.

The problem was considered in three different formulations: a stationary flow
(with rigid walls and the FSI model) and an unsteady flow with rigid walls. The
governing equations for all formulations are given by the formulae:

p(aal;—i—(u-V)u)——Vp—i—V-T, Vu=0 (1.1)

where u is the velocity field, ¢ is time, p is pressure and 7 is the deviatoric stress
tensor, which can be written in the following way:

Tij =Ky (1.2)

due to the Newtonian approach being used, where 7 is a shear rate. The Hooke
law of the mechanics of the cerebral aneurysm wall for FSI models is given by the
formula:

F =kAl (1.3)

where £k is the stiffness factor and Al is the elongation.

1.4. Boundary conditions

On the vessel wall the no-slip condition takes place:

v=0, x¢& 8ﬁwan (1.4)
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Figure 1. Normalized velocity profile measured in the ICA.

where dQy is the fluid domain surface. For stationary flow, the mass velocity
of blood flow, normal for a healthy person, was used as boundary conditions at
the inputs of the configurations [34]. The pressure corresponding to the average
measurement data was set at the outputs. In the case of the unsteady flow we use the
velocity profile for ICA blood flow in the norm, calculated on the basis of mass flow
rates in the corresponding arteries (see Fig. 1). The normal velocity and the given
pressure are specified at the inlets dQ;, and the outlets dQqy, respectively:

v=vin(t)n, x€dQi,, 1€ (0,7)

(1.5)
p=poult), X€dQou, 1€(0,T).
In unsteady formulation the initial conditions are those as following:
V’t:O =0, p|t:0 = Pam, XE Q (1.6)

where pam is the reference pressure, which is equal to atmospheric one (760
mmHg).

1.5. Meshing

In each case an unstructured tetrahedral mesh that is refined at bends was used. The
number of mesh elements for each configuration was approximately 1.5 million.
Considering the fact that blood is a viscous fluid, five prismatic layers were built
along the wall.

The optimal amount of grid elements was found for the calculations. Calcu-
lations were carried out with 4 different grids, consisting of 1, 2, 4, and 8 million
elements (grids M1-M4, respectively). To search for the optimal one among the spe-
cified grids, the values of mass flow rates at the outputs of the configuration were
compared varying the number of elements (the outputs of the specified configuration
are presented in Fig. 2).

Mass flow data for each of the grids is presented in Table 1. It is seen from
Table 2, that as the number of grid elements increases, the difference in mass flow
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Figure 2. Arrows indicate the input and output from the configuration.

Table 1. Values of the mass flow at the outlets on M1-M4 grids.
Mass flow (g/s) Mesh 1 (M1) Mesh2 (M2) Mesh3 (M3) Mesh4 (M4)

Outlet 1 2.606 2.611 2.61 2.61
Outlet 2 0.989 0.989 0.989 0.989
Outlet 3 1.405 1.4 1.401 1.405

Table 2. Difterence in the mass flow on M1-M4 grids.
Difference in mass flow (g/s) MI1-M2 M2-M3 M3-M4

Outlet 1 —0.005  0.001 0
Outlet 2 0 0 0
Outlet 3 0.005 —0.001 0

rate at the outputs decreases. Comparing the time cost being spent on the numerical
calculations for each grid, in the case of calculations in a model with rigid walls,
calculations on grids of 1 million elements were carried out within 10 minutes,
while calculations on a grid of 8 million elements took more than an hour for the
same Core i7 PC. Considering FSI models, the difference in time cost was large
with minor changes in the result. Thus, we can say that a grid consisting of 1 mil-
lion elements for such calculations is optimal, therefore such grids are used for all
calculations in this study.
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Figure 3. The stagnant zone is found at the rest compartment (risk zone) of ICA after the clip-
ping. The enlarged image shows the trajectories of particles launched inside this region, i.e., particles
trapped in a formed vortex. The highlighted area does not contain the particles that started from the
left ICA inlet.

1.6. Methodology of the numerical simulations

In this study, we presume that the hydrodynamic features of the entire cerebral vas-
culature can affect the outcome of a bypass installation, which significantly expands
assumption used in [19]. Taking this into account, it is necessary to analyze a certain
general indicator related to the entire vasculature. We found that when solving the
model problem of the optimal angle of anastomosis [17], this parameter can be the
value of the viscous dissipation of blood flow energy in the circulation domain. The
same indicator was chosen in the current work. The equation of viscous dissipation
of energy for domain Q per 1 sec is defined [28] as follows:

_ 2
D_/Q|w 1O (1.7)

where @ is a vorticity.

The indicated value determines the amount of energy that is dissipated in the
blood flow as it passes through the vascular network. This energy can be directed to:
deformation of the vessel wall or to maintain vortices in the domain, stagnant zones
as subdomains of cerebral circulation (see Fig. 3), the presence of which [13, 39] can
lead to thrombosis. However, it is obvious that such a value substantially depends
on the volume (the energy dissipated in the system grows with the growing volume)
of the domain and for the correct comparison of the data from different patients, it
is necessary to consider an indicator that is independent of their cerebral circulation
domain volume. As such an indicator, we have chosen the value of the specific
energy dissipation equal to:

Danit = </Q|w2|d£2>/|§2| (1.8)



Patient specific numerical hemodynamics 7

Figure 4. 1) Geometry of the COW for Patient A before the treatment; 2) Geometry of the COW
for Patient A with bypass formed after aneurysm occlusion; 3) Geometry of the COW for Patient B
(rotated 180 degrees) before the treatment; 4) Geometry of the COW for Case B (rotated 180 degrees)
after the treatment; 5) Velocity streamlines for Patient A before the treatment; 6) Velocity streamlines
Patient A after the treatment and aneurysm occlusion; 7) Velocity streamlines for Patient B (rotated
180 degrees) before the treatment; 8) Velocity streamlines for Patient B (rotated 180 degrees) after the
treatment. For Patient B rotated 180 degrees configuration is presented to better understand a little
difference between configurations in volume and quantity of reconstructed configuration.

where |Q| is the volume of a computational domain Q. From the point of view
of both the efficiency of the circulatory network and its safety, this value should
be minimal. The growth of this energy increases the loss of blood flow energy in
the COW. Consequently, the pressure in the distal sections of the vascular network
drops, which can lead to its transport failure.

2. Results

Numerical simulations were performed in ANSYS 17.2 (CEX+Structural). In Fig. 4
the stagnant zone is not visible, since a limited number of the streamlines were spe-
cified during the construction of streamlines and, due to extremely low velocities,
the flow was not visualized in this region. To visualize a streamlines in a stagnant
zone, it was necessary to specify additional starting points for streamlines near this
zone. The established fact indicates the difficulty of detecting such a zone of stag-
nation both numerically and when observing a patient in a hospital.

As aresult of numerical simulation, the hemodynamics parameters, such as vis-
cous dissipation energy and flow rate, were calculated (see Tables 3-5). It was found
that for both patients there was an increase in the specific energy of viscous dissipa-
tion per 1 sec (Dypit), moreover, this growth was more significant for virtual surgery
than for an alternative treatment technique, which indirectly indicates the correct-
ness of the decision to impose an anastomosis for both cases. It turned out that the
hydrodynamic system of cerebral vessels has become less effective than before the
anastomosis was formed, but more effective than the virtual alternative technique.
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Table 3. The values of principle hemodynamic quantities in the steady case of the configuration with
rigid walls before and after surgery and assuming that the shunt was not installed.

AcomA Q through D value Dynic D value Dynit
cross-sectional AComA  (J/s) VvV (Jlem3s)  (J/s) VvV (Jlem™3s)
area (cm?) (gs)  x1077 (em®) %1077 %1077 (cm?) x1077
Case A
before 0.30 033  45293.4 9237 49038 35017.5 12.74 2749.51
after 0.64 3.40  15574.6 21.18 735.51 — — —
without shunt 0.58 325 214334 17.63 1215.81 — — —
Case B
before 0.36 0.11  28631.6 90.72 315.59 25045.8 18.47 1355.73
after 0.23 0.95 275523 1733 1589.76  — — —
without shunt 0.24 0.97 252303 14.46 174472  — — —

Full model (healthy compartment + aneurysm volume) Healthy compartment

Table 4. The values of principle hemodynamic quantities in the steady case of the configuration with
FSI before and after surgery and assuming that the shunt was not installed.

AcomA Q through D value Dynic D value Dynit
cross-sectional AComA  (J/s) VvV (Jlem™3s)  (J/s) VvV (Jlem™3s)
area (cm?) (gs)  x1077 (em®) %1077  x1077 (cm?) x1077
Case A
before 0.29 0.3 460743 9240 498.67 44814.5 13.58 3299.68
after 0.65 3.46  22980.2 21.18 1085.2 — — —
without shunt 0.65 3.49 221852 17.63 1258.41 — — —
Case B
before 0.34 0.12 330902 90.82 36437 27679 18.48 1498.13
after 0.23 1.13 317157 1733 1829.91 — — —
without shunt 0.24 1.18 305074 14.46 2109.57  — — —

Full model (healthy compartment + aneurysm volume) Healthy compartment

Table 5. The values of principle hemodynamic quantities in the transient case of the configuration
with rigid walls before and after surgery and assuming that the shunt was not installed.

AcomA Q through D value Dynit D value Dynit
cross-sectional AComA /s) V  (lem3s) /s) VvV (J/em3s)
area (cm?) (gfs) x10~7 (cm?) %1077 x10~7 (em®) %1077
Case A
before 0.30 0.28 42578.8 92.36 47497 42578.82 13.58 3135.38
after 0.64 3.13 211649 21.18 999.51 — — —
without shunt 0.58 2.87 18486.1 17.63 1048.62 — — —
Case B
before 0.36 0.18 29246.5 90.72 34731 26010.8 18.47 1407.97
after 0.23 1.04 28814.8 17.33 1662.60 — — —
without shunt 0.24 1.08 27523.2 14.46 1903.28 — — —

Full model (healthy compartment + aneurysm volume) Healthy compartment




Patient specific numerical hemodynamics 9

Table 6. The values of pressure in the MCA before operation (iMCAP), at the moment of the occlu-
sion during the operation and MCAP,;, for both patients.

iMCAP  cMCAP  rgnpt 1ica MCAPy0

Patient A 90.18 90.1 7.14  6.75 0.98
Patient B 90.20 89.9 499 1.7 0.99

Despite the fact that, from the point of view of hydrodynamics, the system has
become slightly less efficient, however, by eliminating the aneurysm from the cir-
culation, the risk of its rupture was eliminated. Comparing the results of simulation
for rigid case and FSI approach, we noted that the qualitative changes are the same
for both approaches. It is not correct to quantify these approaches, since for FSI
calculation the blood flow deflects the wall, which changes both the volume and the
geometry of the blood flow domain.

For all approaches used: steady, FSI and non-stationary, there is a significant
difference in the Dy value calculated for the healthy compartment for the cases
with (Patient A) and without (Patient B) complications.

In the case of stationary formulation for Patient A the value of Dyp; is 2.2 times
higher than the same value for Patient B in the FSI model before operation in healthy
compartment and 2.02 times higher in the configuration with rigid walls. At the
same time in the full model (healthy compartment + aneurysm volume) for Patient
A this value is 1.37 times higher in the FSI model and 1.55 times higher in the
configuration with rigid walls (see Tables 3 and 4).

In the case of transient formulation, we noted qualitatively the same relations
between Dy, in the case of calculation for a network of vessels for patients with
and without complication, as in a stationary setting. This result is quite expected
since w = rot (v), and thus, the desired integral will be a function of the volumetric
blood flow. A similar fact has already been noted in [9]: for the purpose of calcu-
lating volumetric blood flow, taking into account the pulsating nature of the blood
flow does not give significantly more accurate results compared to a stationary cal-
culation that uses averaged data to set the boundary conditions in the computational
fluid domain.

3. Discussion

The motivation for this study was appeared after analyzing the approach described
in [19] in relation to the described clinical cases. Namely, the calculation of para-
meters that are based on the geometry of the vascular domain and are described by
the formula:

2

MCAP,y0 = (1 — k) <’M> +k 3.1)
TIcA

we obtained that coefficient rgpaf / rica = 3.57 / 3.375, and as a final value MCAP

ratio § 0.8 (see Table 6), that according to [19] means a good quality of bypass
function. The inferiority of the criterion is due to the fact that it does not take into
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Figure 5. Roadmap of the study: from DICOM images towards dissipative reserve calculation.

account either the flow of blood throughout the network, the features of its geometry,
interaction of the blood flow with the wall, pulsating nature of the blood flow. This
example shows the insufficiency of the parameter available in the literature for the
correct adoption of a medical decision.

The parameter we use shows both qualitative and quantitative changes in the
hydrodynamics of the cerebral vascular network. Previously, it has already shown
its effectiveness in the model problem of the optimal angle of the bypass installation
[17] and in the validation of the rupture risk of multiple cerebral aneurysms [16].

From the results (see Tables 3-5) we see that by the value of parameter Dyy;
(for healthy compartment) one can qualitatively judge the initial tendency of cereb-
ral vasculature for appearing clots. Its higher value, means the higher dissipative
characteristics of the COW and, as a consequence, the lower its efficiency. Thus,
parameter Dy,; for healthy domain (as we call it ‘dissipative reserve’) can be con-
sidered as a new indicator for increased attention to the patient in some cases like
bypass installing.

In addition, the results of the study show that the complication of the calcu-
lation model is impractical, because a qualitative result is preserved for all used
approaches. The proposed scheme of the used approach is shown in Fig 5.

A limitation of this study is a small sample of patients. At the moment, we
only qualitatively understand the differences in the case with and without complic-
ation. The purpose of further research will be to calculate the dissipative reserve
for amount of patients accumulate statistical information to form a quantitative cri-
terion that allows to determine the boundary of the zone of occurrence of possible
complications. Moreover, we used simple Newtonian approach as blood viscosity
model. In some papers it was shown that the viscosity model significantly changes
hemodynamic of domain with stagnant zones like aneurysms. However, as noted
above, the approach should not be complicated if it works well.
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4. Conclusion

A new qualitative criterion is proposed for assessing risk of prescribed events of
blood clots during revascularization procedures in cerebral blood vessels. The cri-
terion takes into account the geometry of cerebral vasculature and is based on the
optimization of the unit energy of viscous dissipation per 1 sec, which characterizes
the effectiveness of cerebral vessels as a hydrodynamic system. Considering that
additional cases could provide quantitative criterion of postoperative complications
for cerebral shunting procedures.

Abbreviations

AComA — anterior communicating artery
COW —circle of Willis

CT — computed tomography

EC-IC bypass — extracranial—-intracranial bypass
FSI— fluid—solid interface

IA — intracranial aneurysms

ICA —internal carotid artery

M1 —segment of middle cerebral artery
MCA — middle cerebral artery

MCAP — middle cerebral artery pressure
TA — temporal artery

VA — vertebral artery

WSS — wall shear stress
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