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Abstract

Background: Some cerebral flow models have good accuracy in
predicting patient outcome, but are too complicated to be readily du-
plicated by others. Others are simpler, but lack accuracy in utilizing
patient-specific boundary conditions.

Methods: A new patient-specific cerebral flow model aimed at both
simplicity and accuracy was designed and applied to predict stump
pressure (SP) during balloon test occlusion (BTO). The new model
simulates both a baseline and an internal carotid artery (ICA) occlu-
sion flow model. The former involves building a novel patient-spe-
cific cerebral flow model with regional flows, where the resistances
of all inlet and internal vessels were obtained using a multi-objective
optimization algorithm; regional blood flows were calculated using
vessel flows measured from quantitative magnetic resonance angi-
ography (QMRA). The ICA occlusion flow model computes the new
blood flows and pressures of efferent, inlet and internal vessels with
the simulated occlusion of the ICA, while keeping the resistances of
the peripheral, inlet and internal vessels constant.

Results: The model was applied to predict SPs of four patients under-
going BTO. When aortic pressures are used, the simulated SPs dem-
onstrate -11% to 7% error when compared to actual clinical measure-
ments. When cuff pressures are used to approximate aortic pressures,
the errors of the corresponding SPs becomes -19% to 1%.

Conclusions: The proposed model flow was validated with both clin-
ically measured blood flows and SPs. Even when cuff pressures were
used to approximate aortic pressures, the reliable predicted SPs were
achieved. The model may be promising for clinical use.
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Introduction

Cerebral flow and stump pressure (SP) play critical roles in
clinical diagnosis and surgical procedures [1-6]. SP is also
called internal carotid artery (ICA) back pressure [7], and is
measured by inserting a needle pressure catheter into ICA
while a clip is applied proximal to the needle catheter. In lit-
erature many studies estimate both flow rates and pressure in
the circle of Willis (COW) using cerebral flow modeling. A
simple and accurate model can be valuable in assisting physi-
cians to make clinical diagnoses and predict outcomes before
performing invasive treatment procedures [8-10].

Cerebral flow models can be classified as lumped or ze-
ro-dimensional (0D) models [11-13], one-dimensional (1D)
models [14-16], two-dimensional (2D) models [17] and three-
dimensional (3D) models [18-21]. The 3D models require ad-
vanced experience in extracting patient data from computed
tomography (CT), angiograms or magnetic resonance imaging
(MRI) to build 3D vessel meshes and running computational
fluid dynamics (CFD) software packages. Compared to other
models, computing time for 3D models is significantly longer.
The results from 3D models are hard for physicians to com-
prehend [22].

Most 0D models involve solving ordinary differential
equations (ODEs) while 1D to 3D models include solving par-
tial differential equations (PDEs). For both ODEs and PDEs,
finding model parameters and assigning boundary conditions
have been challenges. Model parameters normally require
invasive measurement of both pressure and flow at selected
positions, which is impractical [11]. Among the latest 3D mod-
els, although the COW 3D geometry was patient-specific, the
models [20, 21] used generic flows or pressures at either inlets
or outlets. All the generic flows or generic pressures caused the
modeling to deviate from patient-specific values.

For any models to be clinical usable, their boundary con-
ditions must be patient-specific, specially distal or terminal
resistances. A previously described 1D model [10] combined
three-element windkessel model [23] with try and error method
to calculate patient-specific terminal resistances in predicting
balloon test occlusion (BTO) outcome. Although the results
were promising, the try and error method is time consuming
and not guaranteed to be convergent. The model also used a
generic pressure at the aorta. An improved model [15] em-
ployed an iterative multi-staged algorithm to calculate patient-
specific terminal resistances and aortic pressure. However, the
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Figure 1. COW without LPCoA. (a) Baseline topology. (b) Left ICA occlusion topology. The 12 regional flows: right and left extra
cranial regional flows (REC" and LEC'), right and left ophthalmic regional flows (ROP" and LOP"), right and left middle cerebral
regional flows (RMC" and LMC"), right and left anterior cerebral arteries section 2 regional flows (RAC" and LAC'), right and left
posterior cerebral artery section 2 regional flows (RPC' and LPC'), anterior inferior cerebella regional flow (ICE") and superior
cerebella regional flow (SCE"); the four influent flows: right and left common carotid arteries (RCCA and LCCA), and right and
left vertebral arteries (RVA and LVA); the 12 internal flows: BAIl between VA and ICE, basilar artery (BA), BAS between BA and
PCAA1, right and left internal carotid arteries section 1 and 2 (RICA1, LICA1, RICA2 and LICAZ2), right posterior artery section 1
(RPCAM1), right posterior communicating artery (RPCoA), right and left anterior cerebral arteries section 1 (RACA1 and LACA1),
anterior cerebral communicating artery (ACoA). COW: circle of Willis.

model is difficult to be duplicate, due to its complexity.

A more recent 0D model [22] utilized both structured tree
model [24] and autoregulation as the centerpiece to find termi-
nal resistances. Using this model, key parameters in estimating
terminal resistances were calculated from the data of 10 pa-
tients. Therefore, the calculated terminal resistances were not
truly patient-specific. This limitation is apparent in the wide
errors between the model’s calculated flows and the clinically
measured flows: -125% to 125%.

The model proposed herein is based on relatively simple
concepts. It involves only linear equations based upon mass
conservation, i.e., flow in is equal to flow out, as well as incor-
porating the use of Poiseuille’s law for steady flow. We vali-
date the model by demonstrating its performance relative to
clinically measured blood flows and SPs in patients undergo-
ing BTO.

Materials and Methods

Data including vessel diameters and corresponding flow rates,
cuff pressures, aortic pressures, and SPs (measured invasively
during BTO) for four patients were collected. Our institutional
BTO protocol has been previously published [25]. All four pa-
tients had provided consent, as approved by the Institutional
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Review Board at the University of Illinois at Chicago. The
study was conducted in compliance with the ethical standards
of the responsible institution on human subjects as well as with
the Helsinki Declaration.

Vessel flow rates and diameters were obtained from quan-
titative magnetic resonance angiography (QMRA) performed
using commercial software Noninvasive Optimal Vessel Anal-
ysis (NOVA) software (VasSol, Inc., River Forest, IL). NOVA
was used to measure vessel flow rates and diameters; 3D mod-
els of the vessel surface were also rendered. The technique of
flow measurement has been previously published [26]. A more
detailed description of flow measurement using NOVA can be
found from [15].

The terminal blood flows of the new model are based upon
the concept of regional flow [27]. The brain arterial network
was partitioned into 12 different regions, and each regional
flow was calculated from the measured vessel flows of 15 cer-
ebral arteries. In addition to the original 12 regional flows [27],
four new regional flows were added: anterior inferior cerebel-
lar region, superior cerebellar region, and right and left oph-
thalmic regions. All four new regional flows can also be calcu-
lated from measured flows. The regional blood flows serve as
terminal blood flows in the model. Figure 1a shows 12 efferent
regional flows of COW without a left posterior communicating
(LPCoA).

www.neurores.org
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Baseline flow model

Figure la shows baseline topology for patients without LP-
CoA, which includes 16 vessels and 12 efferent regional flows.
The topology is applicable to the first two patients.

Based upon flow continuity, whereby flow in is equal to
flow out, there are 13 equations.

Qreea = Qricar = Qric’ (1)
Qrva T Quva - Qpar =0 (2)
Queca ™ Quicar = Quec’ (3)
Qpar~ Qpa = Qier’ (4)
Qpa - Qpas = Qscr” (5)
Qrecal = Qrecon = Qrec’ (6)
Qpas = Qrecar = Quec’ (7)
Qricat * Qrecoa = Qricar™ Qror” (8)
Quicar = Quicaz = Quor’ )
Qricaz - Qracar = Qrmic” (10)
Quicaz = Quacar = Quuc” (11)
Qracai = Qacon = Qrac’ (12)
Quacat T Qacoa = Quac’ (13)

There are three additional pressure equations. Both verte-
bral artery (VA) and common carotid artery (CCA) originate
from the ascending aorta area with nearly identical pressure.
Thus for the outer layer loop, the pressure between right CCA
(RCCA) through anterior cerebral communicating artery
(ACoA) is equal to the pressure between left CCA (LCCA)
through left anterior cerebral artery section 1 (LACA1):

QRCCARRCCA + QRICAIRRICAI + QRICAZRRICAZ +

QracarRracar * QacoaRacoa - (QuecaRicea * (14)
QuicaiReuicar T QuicazReicaz ¥ QuacaiRiacan) =
where R stands for vessel resistance for vessel “v”.

For the left bottom inner loop, the pressure between RVA
through right posterior communicating artery (RPCoA) is
equal to the pressure between RCCA through right internal ca-
rotid artery section 1 (RICA1):

QRVARRVA + QBAIRBAI * QBARBA +
QBASRBAS + QRPCAIRRPCAI + (15)

QrpcoaRrroa = (QrecaRreca T QricarRricar) =0
Both VAs pressures are equal:
QrvaRpva - QryaRiya =0 (16)

All the 12 regional flows on the right side of the above equa-
tions (1) and (3) - (13) can be calculated from flow measurement
using NOVA. The flow rates are denoted as Q™pccx> QLccas
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QmRVA’ QmLVA’ QmRICAl’ QmLICAl’ QmBA’ QmRMCA’ QmLMCA’
m m m m m m

RACAI> X LACAI> X RACA2 X LACA2 X RPCA2 X LPCA2
QMrpcon. Where Q™ indicates the measured flow rate for vessel

“v”. Based on mass conservation, eight efferent regional flows

Qrec’> Quec’s Qruic’ Qumc’ Qrac’ Quac’ Qrpc’s and Qppc” can
be obtained as follow:

Qrec” = Q"rcca = Qrical (17)
Quec’= Q"cea ™ QMwicar (18)
Qruc" = Qruca (19)
Qumc" = Qimca (20)
Qrac"= Qracaz (21)
Quac"= Q"acaz (22)
Qrec’ = Qrpca2 (23)
Qupc"= Qrpcar (24)

Four more efferent regional flows Qpp", Q; op"> Qicr'> and
Qgcg" can be calculated as follows:

Qror' = Qricat 7 Qrpcoa ~ Qruc” T Qracar)  (25)
Quor" = Qicar = (Qumc” T QMracar) (26)
Quice" = Qrva + Qrva - QMpa (27)

Qsce" = Q"a - (Qrec” T Qrpcon T Quec?) (28)

Because all the 12 efferent regional flows are known, there
are 16 variable flows and thus 16 necessary equations (1) -
(16). The 16 flows can be solved independently, but the 16
resistances are unknown.

The flow rates of CCA, VA, BA, ICA1, PCoA, ACA1 and
ACO0A have been obtained from NOVA; therefore, a multi-
objective optimization algorithm was used to find resistances
in such a way that the calculated flow rates are as close to the
measured flow rates as possible:

Minimize Y(R) =X, (1-Q,/Q")’ (29)

Subject to: LB <R < UB (30)

where n is the number of targeted flow rates, i.e., the number
of measured afferent flows including CCA and VA, and the
measured internal flows including BA, ICA1, PCoA, ACALI
and ACoA. Qi is the calculated flow rate from the model, and
is the corresponding measured flow rate from NOVA. LB
and UB are the respective lower and the upper boundary con-
straints of resistance.

Each item in the minimization objective function Y is a
scaled dimensionless and equalized weight factor for a targeted
vessel’s flow rate. Therefore, the multiple objective optimiza-
tion for each targeted vessel is converted to a single objective
optimization function.

Optimization starts with the initial resistance R, which is
a vector including all 16 vessels, and it employs equations (1)
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Table 1. Vessel Standard Lengths

Vessel name Length (cm)
RCCA 9.6
LCCA 12.1
RVA 9.2
LVA 7.8
BA 3
RPCAL1 0.68
LPCA1 0.68
RICA1 17.7
LICA1 17.7
RPCoA 1.35
LPCoA 1.35
RACAIL 1.47
LACA1 1.38
ACoA 0.3

R/LCCA: right/ left common carotid artery; R/LVA: right/left vertebral
artery; BA: basilar artery; R/LICA1: right/left internal carotid artery sec-
tion 1; R/ILPCAA1: right/left posterior artery section 1; R/LPCoA: right/left
posterior communicating artery; R/LACA1: right/left anterior cerebral
artery section 1; ACoA: anterior cerebral communicating artery.

- (16) to get new flow rates. The new flow rates are then used
to get objective function value of Y, i.e., equation (29). After-
wards, a resistance change (also called step) AR is decided by
the property of objective function Y and its constraints (30).
A new resistance value R + AR is used for the next cycle (de-
noted as an iteration) until the objective function value cannot
be reduced any further and constraints (30) are also satisfied.
An introduction to optimization can be found from [28].

The initial optimization point of resistance R, was esti-
mated from Poiseuille’s equation:

R =128 pL/nD* (31)

where p is blood viscosity (4.9 ¢7 mm Hg-min, converted
from p = 0.0039 Pa-s [29]), L is vessel length, and D is vessel
diameter as measured by NOVA. The resistance R is denoted
in units of mm Hg-min/mL, vessel length and diameter in cm,
and flow rate in mL/min.

Standardized vessel lengths were utilized in lieu of ac-
tual vessel lengths since vessel lengths were not specifically
measured by NOVA. Table 1 shows the standard vessel lengths
from [30-33].

UB was calculated using a 10% decrease in diameter (i.e.,
1.5242R0), and LB was calculated using a 10% increase in di-
ameter (i.e., 0.6561R0). The 20% freedom in diameter bounda-
ries was chosen because NOVA has a 4.5% mean measurement
error [27], and the additional 15.5% is to account for other
possible errors such as using standard vessel lengths, generic
blood viscosity and Poiseuille’s equation (31).

There are three simplifications related to unavailable ves-
sel lengths. First, the ophthalmic vessel location on ICA1 is
approximated to be in the same location as the PCoA on ICA1,
i.e., the starting point of ICA2. Second, the resistance of ICA2
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was assumed to be 2.5% of ICA1. The 2.5% factor estimation
was based on the length ratio between ICA2 and ICA1 from
[33]. Finally, the sectional resistances between the anterior in-
ferior cerebellar artery (ICE) and VA, as well as the sectional
resistance between the superior cerebellar artery (SCE) and
PCAL1, were also assumed to be 2.5% of the BA resistance.

Peripheral regional resistance calculation at baseline

After the internal vessel resistances and flows are obtained, the
12 regional pressure drop (from aorta) can be calculated using
equations here (Supplementary Material 1, www.neurores.org)
for patient 1 and 2. Where P, . is aortic pressure and P is
venous pressure. P is assumed to be a constant 10 mmHg.
The peripheral regional resistance for each region can be

found using the equation below:

Rregionr = Pregionr/ Qregionr (3 2)

where P___. Tis the regional pressure and Q

al flow.

. L
region region 19 the region

ICA occlusion flow model

Figure 1b shows the corresponding ICA occlusion topology
for the first two patients. It is assumed that all the peripheral
regional resistances are unchanged after ICA occlusion, as we
did in our previous publication [10]. The new efferent regional
(peripheral) flows and pressures, the new flows and pressures
of inlet and internal vessels can be found by solving the cor-
responding linear equations.

There are total of 36 unknowns: 11 peripheral regional
pressures, 11 new regional flows and14 new internal flows.
The 36 required equations are shown in (Supplementary Mate-
rial 2, www.neurores.org).

SP calculation at ICA occlusion

Venous pressure (10 mm Hg) is added back to the ipsilateral
ophthalmic regional pressure drop at ICA occlusion to obtain
the SP.

SP= PLOPr + Pvenous (33)

Optimization in Matlab

The source code for this model was written in Matlab. The mul-
ti-variable, constrained optimization uses the standard Matlab
function fmincon. The following format was used: (R, fval) =
fmincon (@Fun, Ry, (), (), (), (), LB, UB), which returns a
vector of optimal vessel resistance and the corresponding objec-
tive function value defined by equation (29). Fun is the objective
function. For every set of vessel resistance, their corresponding
vessel flow rates are calculated using governing equations (1)
- (16). Then the corresponding objective function value is calcu-
lated using equation (29). R is a vector of initial vessel resist-
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Table 2. Patient Demographics/BTO Outcomes/Aortic/Cuff Pressure Measurements

Patient Gender Age Aneurysm location Aortic pressure (mm Hg) Cuff pressure (mm Hg) BTO pass/fail
1 Female 38 LICA 103 94 Passed
2 Female 78 LICA 108 100 Failed
3 Male 32 LICA 99 89 Passed
4 Male 49 RICA 98 93 Failed

BTO: balloon test occlusion; R/LICA: right/left internal carotid artery.

ance defined by equation (31). LB and UB are lower and upper
boundary limits of vessel resistance. The other four options are
for linear inequality and linear equality constraints. They are left
empty because there are no linear constraints for this case.

Statistical analysis

The linear fitting between the NOVA flows and the model
flows was analyzed using the Curve Fitting Apps in Matlab.
Matlab command Corr2 was used to calculate the correlations
coefficient between the NOVA flows and the model flows.

Results

Both baseline and ICA occlusion flow models were applied
to the first two patients shown in Table 2. Both patients have
LICA aneurysms without LPCoA. Figure 2 shows patient 1°s
flow chart and 3D surface rendering. Table 3 provides diam-
eter and flow comparisons between NOVA and the proposed
model. The calculated flows using the initial resistance R
(without optimization), the initial resistance R and the opti-
mal resistance R from the model are also listed. The optimal
diameters were converted from equation (31) using optimal
resistances. They are used for comparison only.

Because RPCA1 was not measured by NOVA, its flow

Volumetric Flow Rate (ml/min)
Total Cranial Flow: 817

Rs'g‘:‘ ?&CA? %ACA? T
1 133

was omitted from objective function Y. RPCAlassumes the
diameter of RPCA2, which was measured by NOVA.

The objective function targets include CCA, VAs, BA,
ICA1ls, RPCoA, ACAls and ACoA:

Y = (1 - Qpeea’339)7 + (1 - Qpeca/312)* +
(1 - Qpya/100)? + (1 - Quya/66)* + (1 - Qp,/139)?
+(1- QRICA1/261)2 +(1- QLICA1/299)2 (34)
(1 - Qgpcoa/(-8)F + (1 - Qpacar/89)?
* (1 - QLACA1/75)2 + (1 - QACoA/())2

The initial objective function Y value is 1.7952 and the
optimal Y value is 0.0684. Matlab fmincon analysis suggests
that a local minimum was achieved.

The obtained optimal resistances were used to calculate
peripheral regional resistances shown as in Table 4. The pe-
ripheral resistances were then applied to the ICA occlusion
flow model to obtain SP of 88 mm Hg shown in Table 5, i.c.,
-7% error.

The flow and pressure comparison between baseline and
occlusion is shown in Table 6. The vessel pressures were cal-
culated at the middle section of each vessel. The biggest drop
of both flow and pressure during occlusion were 12% and 13%
respectively.

The models were applied to patient 2 in the same way. For
patient 3 and 4, different topologies and equations were applied
because of their different vascular morphologies from the first
two patients. The NOVA flow charts for both patient 3 and 4

Figure 2. Patient 1’s flow chart and 3D surface rendering. 3D: three-dimensional.
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Table 3. Patient 1 Diameters and Flows Comparison Between NOVA and Model

Vessel N.OVA thimal NOVA Model Flf)w Model Fl?w error | hal R Optimal R
name diameter  diameter  flow ] flow q e flow . (mm Hg'min/mL) (mm Hg-min/mL)
(cm) (cm) (mL/min) (mL/min) initial R error (%) intial R
RCCA 0.59 0.6067 339 325 312 -4 -8 0.00199 0.00178
LCCA 0.53 0.532 312 298 301 -5 -4 0.00243 0.00239
RVA 0.37 0.3476 100 100 106 0 0.0098 0.01258
LVA 0.32 0.3007 66 66 70 0 6 0.01485 0.01905
BA 0.33 0.307 139 139 149 0 0.00505 0.00674
RPCA1  0.2%* 0.1887 - 48 58 - - 0.00849 0.01071
RICALI 0.46 0.4893 261 247 234 -5 -10 0.00789 0.00617
LICA1 0.49 0.5052 299 285 288 -5 -4 0.00613 0.00543
RPCoA  0.13 0.1349 -8 -8 2 0 125 0.09437 0.08147
RACA1 0.27 0.2623 89 75 72 -16 -19 0.00552 0.0062
LACA1 0.25 0.2466 75 61 64 -19 -15 0.00705 0.00745
ACoA 0.13 0.127 6 6 3 0 -50 0.02097 0.02302

*Using RPCA2’s diameter, no flow measurement. R/LCCA: right/ left common carotid artery; R/LVA: right/left vertebral artery; BA: basilar artery; R/
LICA1: right/left internal carotid artery section 1; RPCA1: right posterior artery section 1; RPCoA: right posterior communicating artery; R/LACA1:
right/left anterior cerebral artery section 1; ACoA: anterior cerebral communicating artery.

are shown in Figure 3. All calculated SPs are shown in Table 5.

Discussion

The majority of the flow rates that were calculated using
this model were close to the corresponding measurement by
NOVA. There are 52 NOVA flow measurement for the four
patients. Figure 4 shows the comparison between the model

Table 4. Peripheral Regional Resistance at Baseline for Pa-
tient 1

Region Results (mm Hg-min/mL)
REC 1.18
RPC 1.61
ROP 9.09
RMC 0.59
RAC 1.31
LAC 1.35
LMC 0.68
LOP 1.0
LPC 1.33
SCE 3.95
ICE 34
LEC 7.1

R/LEC: right/left external carotid artery; R/LPC: right/left posterior cerebral
artery; R/LMC: right/left middle cerebral artery; R/LAC: right/left anterior
artery; SCE: superior cerebellar artery; ICE: inferior cerebellar artery; R/
LOP: right and left ophthalmic artery.
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flows and NOVA flows of the four patients. The linear fitting
R? is 0.9832. The correlations coefficient between the model
flows and NOVA flows is 0.9917. Comparing both model cal-
culated flows and R?, our model has better accuracy than the
previous model [22], which does not have pressure validation.

The calculated flows using initial resistance (without opti-
mization) have much wider error. For patient 1, the error is of
-50% to +125%, versus -19% to 0% from using optimization
(the new model), shown in Table 3. The flow calculation ac-
curacy was improved by using optimization.

Poiseuille’s equation (31) is only an approximation of ves-
sel resistance [34]. Poiseuille’s equation is based upon the as-
sumption that blood is a Newtonian fluid with vessels being
rigid tubes. In physiologic circulation, however, blood behaves
in a non-Newtonian fashion, and vessels are flexible and dis-
tensible. In addition, using a uniformed diameter to represent
the taped and curved vessel also introduces error. However,
Poiseuille’s equation (31) was used in this model simply to
estimate the initial resistance in the optimization, and was
not required in the optimization process. The proposed model
calculates optimal resistances that may or may not align with
those calculated using Poiseuille’s equation.

Optimization requires an initial point, i.e., the initial es-
timation of vessel resistances. The closer the initial point is
to the optimal point, the better the result. According to Poi-
seuille’s equation (31), vessel diameter is the dominant factor
of vessel resistance because of its exponential property, while
both blood viscosity and vessel length play a minor role be-
cause of their linear properties. By using the measured vessels’
diameters, the key patient-specific information was used in es-
timation of vessel resistances. Using generic blood viscosity,
standard vessel length and the three 2.5% simplifications have
a minor impact on the accuracy of vessel resistance’s estima-
tion. Because NOVA flows were closed matched by the model

www.neurores.org
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Table 5. SPs Comparison Between Model and Clinical Measurement

Pt mby  wiisrdepenre Ok wiheftpere  CHNECO)
1 95 88 -7 81 -15

2 70 62 -1 57 -19

3 92 95 3 85 8

4 69 74 7 70 1

SP: stump pressure.

flows and the calculated SPs are close to the measured SPs, the
optimization was thus able to filter some errors in estimation
of vessel resistances from the several factors mentioned above.

Venous pressure was first used to calculate peripheral re-
gional pressure drop, then it was added back to calculate the
SP. Therefore, using the generic venous pressure also has mi-
nor impact to the model.

The used aortic pressure was measured invasively. How-
ever, aortic pressure can be measured noninvasively using a
sensor on the wrist [35]. Less invasively measured direct arte-

rial blood pressure is closer to aortic pressure than cuff pres-
sure [36]. If cuff pressures are used as approximation for aortic
pressures, the corresponding calculated SPs are shown in Ta-
ble 5. The results from both groups are similar.

The aortic pressures used in the model were invasively
measured. From the data in Table 5, aortic pressures can be
approximated by cuff pressures. Both noninvasively meas-
ured cuff pressures and cerebral blood flows can be used to
estimate all pressures and flows of the major cerebral vessels
under both baseline and ICA occlusion conditions. Physicians

Table 6. Flow and Pressure Comparison Between Baseline and Occlusion Model for Patient 1

Flow (mL/min)

Pressure (mm Hg)

Region/vessel

Baseline Occlusion Change (%) Baseline Occlusion Change (%)
RECT 78 78 0 102 102 0
RPC* 56 56 0 100 100 0
ROP* 10 10 0 101 99 2
RMCr 154 151 -2 101 99 -2
RACT 69 66 -4 100 96 -4
LACT 67 60 -10 100 90 -10
LMCr 133 117 -12 101 88 -13
LOP* 91 80 -12 101 88 -13
LPCt 68 68 101 100 -1
SCE* 23 23 101 100 -1
ICE" 27 27 102 102 0
RCCA 325 552 70 103 103 0
RVA 100 110 10 102 102 0
LVA 66 73 11 102 102 0
BA 139 156 12 101 101 0
RPCA1 48 65 35 101 100 -1
RICAL1 247 475 92 102 98 -4
RPCoA -8 9 213 101 99 -2
RACAL1 75 323 331 101 98 -3
LACAL 61 197 223 101 90 -11
ACoA 6 257 4,183 100 94 -6

REC': right extra cranial regional flow; ROP" and LOP": right and left ophthalmic regional flows; RMC" and LMC': right and left middle cerebral regional
flows; RAC" and LAC": right and left anterior cerebral arteries regional flows; RPC" and LPC': right and left posterior cerebral artery regional flows;
ICE": anterior inferior cerebella regional flow; SCE": superior cerebella regional flow; RCCA: right common carotid artery; RVA and LVA: right and left
vertebral arteries; BA: basilar artery; RICA1: right internal carotid artery section 1; RPCA1: right posterior artery section 1; RPCoA: right posterior
communicating artery; RACA1 and LACAA1: right and left anterior cerebral arteries section 1; ACoA: anterior cerebral communicating artery.
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Figure 3. NOVA flow charts for patient 3 (left) and patient 4 (right).
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Figure 4. Scatter plot comparison between model flows and NOVA flows. The linear fitting R2 = 0.9832. NOVA: Noninvasive
Optimal Vessel Analysis.
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may use the data such as the estimated SPs to decide if clinical
procedure ICA occlusion or shunting is feasible.

The model could be expanded to a variety of clinical sce-
narios, including patients with a complete COW, or any other
anatomical variation. The model can also be used to corrobo-
rate other cerebral circulation models to improve vessel resist-
ance estimation.

The model’s validation was limited to the data from four
available patients. More patient data would be helpful. Our
model did not consider the possible anastomoses between dif-
ferent blood flow regions, nor the effects of vessel auto-regu-
lation. The non-Newtonian characteristics of blood flow, or the
pulsatile nature of vessels was also unaccounted for, although
we hope to investigate these properties in future studies.

Conclusions

A new and simple patient-specific cerebral flow model was
proposed based upon both regional flows and multi-objective
optimization. Regional flows were used to build the basic gov-
erning equations of the baseline flow model. Optimization uti-
lized the basic governing equations to find the optimal vessel
resistances. Then the obtained optimal vessel resistances were
used to build the ICA occlusion flow model.

The model was validated by both clinically measured blood
flows and SPs. Cuff pressure can be used to replace aortic pres-
sure in the model. All pressures and flows of the major cerebral
vessels under both baseline and ICA occlusion conditions can
be estimated using both noninvasively measured cuff pressures
and cerebral blood flows. Both estimated cerebral blood flows
and pressures may help physicians to make clinical decisions.

Supplementary Material

Suppl 1. Equations of regional pressure drop at baseline for
patient 1 and 2.

Suppl 2. Equations of regional flow model at ICA occlusion
for patient 1 and 2.
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