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Abstract

Background: A previously introduced patient-specific computer 
model was applied to predict outcomes of the balloon occlusion test 
(BOT). The goal of this work was to propose an enhanced patient-
specific computer model using a new iterative multi-staged algorithm.

Method: This work presents an enhanced patient-specific computer mod-
el which converts several more terminals from generic, to patient-specific, 
resistances and also makes the aortic pressure and the stiffness coefficient 
patient-specific. A new iterative multi-staged algorithm is proposed to de-
termine the terminal resistances, the aortic pressure, and the stiffness coef-
ficient using vessel sizes and vessel flows measured by quantitative mag-
netic resonance angiography (qMRA) and cuff pressure. The predictions 
of the BOT were also evaluated for the validation of the proposed model.

Results: The predictions from the proposed model were accurate in 
comparison with the clinical outcomes of the two BOTs. The com-
puted stiffness coefficients were consistent with the ages of the two 
patients. The correlation coefficients between the flow measurements 
and the computed flows using the proposed computer model at base-
line for the two patients were 0.9861 and 0.9995, respectively. The 
computed aortic pressures were also comparable in waveform shape 
with the actual aortic pressure measurements obtained during the 
BOT using a catheter-transducer.

Conclusion: The present study makes the computer model more 
patient-specific with a new algorithm using non-invasive data from 
qMRA and cuff pressure. The six more sectors have made the termi-
nal resistances more patient-specific. The patient-specific aortic pres-
sure has made the forcing function patient-specific. And the stiffness 
coefficient has made the compliance patient-specific.

Keywords: Blood flow modeling; Magnetic resonance imaging; Bal-
loon occlusion test

Introduction

In recent years, great emphasis has been placed on the role of 
cerebrovascular modeling in the management of cerebrovas-
cular diseases [1-4]. A previously introduced computer model 
was applied to predict outcomes of the balloon occlusion test 
(BOT) [3, 4]. The use of models started with lumped param-
eter, one-dimensional (1D), two-dimensional (2D), three-di-
mensional (3D), and coupled 1D-3D approaches [5-19]. More 
recent works have been focused on image-based modeling 
techniques, since these techniques have made patient-specif-
ic modeling and its clinical utilization possible [20-23]. The 
challenge to these patient-specific models is that the parameter 
identification can be difficult due to the tremendous amount of 
imaging data available. These models are usually non-linear 
with multiple differential equations, which must be solved si-
multaneously, and include many structural and physiological 
parameters [1, 3, 4, 22, 23].

The sector model had been previously proposed [3, 4] to 
estimate patient-specific terminal resistances, where a sec-
tor was devised in which all of the terminal vessels were 
melded into one terminal vessel. A sector represents a region 
in the circulation with one or more primary inlet vessels to 
the region and an outlet vessel. The resistance on the out-
let vessel of a sector was called the sector resistance, which 
represents the individual arteriovenous capillary system in 
the region. Seven such sectors were created. Sector adjustor 
proposed [3, 4] was an iterative algorithm to determine the 
patient-specific terminal resistance for each sector such that 
the outlet flow for the sector was approximately equal to the 
regional blood flow measured by quantitative magnetic reso-
nance angiography (qMRA) [24]. The computer model with 
the estimated terminal resistances obtained from the sector-
adjustor was able to accurately predict which patient would 
not tolerate the BOT [3, 4]. However, generic resistances 
in the posterior cerebral area and the chest area, a generic 
pressure vs. time at the root of ascending aorta as the forc-
ing function, and a generic arterial stiffness were used in the 
sector model [3, 4].

This paper proposes an enhanced sector model with a total 
of 13 sectors which cover 13 regions, including both the pos-
terior cerebral area and the chest area. The forcing function, 
which is the pressure at the root of the ascending aorta, as well 
as arterial stiffness was made to be patient-specific. A new iter-
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ative multi-staged algorithm was proposed to determine these 
parameters, including the 13 terminal resistances, the forcing 
function, and the stiffness coefficient. To validate the proposed 
model using the new algorithm, the brain circulation including 
the systemic circulation of two patients was modeled and the 
predicted effect of the BOT was evaluated.

Materials and Methods

The data collected for each of the two patients include: 1) the 
blood flows of 19 - 21 arteries in the head, the neck, and the 
chest area described below; 2) the cuff pressure including both 
systolic and diastolic cuff pressure; 3) the heart rate; and 4) the 
clinical outcomes of the BOT, i.e., pass or failure. The data for 
1), 2) and 3) were acquired before or after BOT but before any 
intervention. The vessel sizes and flows were calculated us-
ing the NOVA software (VasSol, River Forest, IL) for qMRA. 
All enrolled patients had filled the consent form according to 
protocol, as established by the institutional review board at the 
University of Illinois at Chicago.

qMRA

The qMRA was performed on a three Tesla (3T) magnetic 
resonance imager (Excite; GE Healthcare, Milwaukee, WI). 
The protocol has been described previously [24, 25]. First, a 
2D or 3D time of flight (TOF) MRA was performed. Acquired 
images were transmitted to a computer workstation where 
the NOVA software was used to create a rotating 3D surface 
rendering of the vasculature using a marching cube algorithm 
[25]. The optimal perpendicular scan plan was calculated by 
a line-fitting algorithm, and a retrospectively gated 2D phase 
contrast scan was performed with a double-oblique prescrip-
tion that was perpendicular to the vessel flow direction. The 
peripheral gating signal was used for cardiac gating during 
qMRA acquisition. The temporal resolution was 20 data points 
per cardiac cycle providing a temporal resolution of approxi-
mately 50 ms. The acquired phase-contrast images were trans-
ferred to the workstation for vessel flow quantification and 
vessel diameter estimation.

The flow measurement in a total of 19 - 21 vessels in-
cluded six vessels in the neck, 9 - 11 vessels in the head, and 
four vessels in the chest. The six neck vessels included the 
left and right common carotid arteries (LCCA and RCCA), 
the left and right internal carotid arteries (LICA and RICA), 
and the left and right vertebral arteries (LVA and RVA). The 
9 - 11 head vessels included the basilar artery (BA), the M1 
segment of the left and right middle cerebral arteries (LMCA 
M1 and RMCA M1), the A1 and A2 segment of the left and 
right anterior cerebral arteries (LACA A1 and A2, and RACA 
A1 and A2), the P2 segment of the left and right posterior cer-
ebral arteries (LPCA P2 and RPCA P2), and the left and right 
posterior communicating arteries (LPCOM and RPCOM) if 
present. The four vessels in the chest included the ascending 
aorta (AA) and descending aorta (DA), and the left and right 
subclavian arteries (LSA and RSA).

Enhanced sector model

An enhanced sector model was proposed with a total of 13 
sectors (Fig. 1) by splitting the anterior cerebral (AC) sector 

Figure 1. Enhanced sector model of cerebral circulation with the fol-
lowing 13 sectors: right and left middle cerebral sectors (RMC and 
LMC sectors), right and left anterior cerebral sectors (RAC and LAC 
sectors), right and left posterior cerebral sectors (RPC and LPC sec-
tors), basilar sector (B sector), vertebral sector (V sector), right and left 
extracranial sectors (REC and LEC sectors), right and left subclavian 
sectors (RSUB and LSUB sectors), and abdominal aorta sector (ABD 
sector). The dashed lines represent the anastomosis between anterior 
cerebral sectors and middle cerebral sectors, and between posterior 
cerebral sectors and middle cerebral sectors. 
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included in the seven-sector model [4] into the right anterior 
cerebral (RAC) sector and left anterior cerebral (LAC) sec-
tor and adding five more sectors to the original seven-sector 
model [3, 4]: the right posterior cerebral (RPC) sector, the left 
posterior cerebral (LPC) sector, the right subclavian (RSUB) 
sector, the left subclavian (LSUB) sector, and the abdominal 
(ABD) sector.

Each sector consists of one or more primary vessels, zero 
or more secondary vessels, and one terminal outlet. The sector 
flow is defined as the total inlet flow to the sector (Table 1) 
which corresponds to the regional flow calculated by qMRA 
for most of the regions [24]. The terminal outlet in each sector 
is also called terminal resistance efferent, which is modeled by 
a three-element windkessel model [5]. The selection between 
primary and secondary vessels is based on the availabilities of 
vessel flow measurements.

The stiffness parameter β is used to express the stiffness of 
an artery [26]: ln(P/Ps) = β (R/Rs - 1), where Ps is the standard 

pressure and Rs is the arterial wall radius at the pressure of Ps. 
The nominal values for the arteries of the study are given in 
Table 2 where the values for common carotid artery, extracra-
nial portion of the vertebral artery, internal carotid artery, and 
intracranial portion of the vertebral artery were from Ref. [26]; 
the values for other intracranial arteries were taken the same as 
the value of the intracranial vertebral artery; the values for AA, 
DA, and subclavian arteries were chosen here in this article. 
But the arterial stiffness is also related to age, hypertension, 
and pathologic state [26-28]. To make the arterial stiffness 
patient-specific, the following equation was used: ln(P/Ps) = 
CβN(R/Rs - 1), where βN is the nominal values of β and C is a 
patient-specific constant, called “stiffness coefficient”.

Iterative multi-staged algorithm

Given the vessel size and flow measurements from qMRA and 

Table 1.  Primary and Secondary Vessels and Sector Flow of Enhanced Sector Model

Sector Primary Secondary Sector flow
LEC LECA LOA LCCA - LICA
REC RECA ROA RCCA - RICA
B BA, RPCA P2, LPCA P2 BA - LPCA P2 - RPCA P2
V LVA, RVA, BA LVA + RVA -BA
LMC LMCA M1 Anastomose between LMC and LAC 

Anastomose between LMC and LPC
LMCA M1

RMC RMCA M1 Anastomose between RMC and RAC 
Anastomose between RMC and RPC

RMCA M1

LAC LACA A2 Anastomose between LAC and LMC LACA A2
RAC RACA A2 Anastomose between RAC and RMC RACA A2
LPC LPCA P2 Anastomose between LPC and LMC LPCA P2
RPC RPCA P2 Anastomose between RPC and RMC RPCA P2
LSUB LSA LSA
RSUB RSA RSA
ABD DA DA

Table 2.  Nominal Values of Stiffness in Major Arteries

Artery Stiffness Artery Stiffness Artery Stiffness
RCCA 5.25 LCCA 5.25 ACOM 11.15
RICA 11.15 LICA 11.15 AA 1.969
RVA 7.58 LVA 7.58 BA 15.82
RMCA-M1 15.82 LMCA-M1 15.82 DA 1.969
RACA-A1 11.15 LACA-A1 11.15 LSUB 15.75
RACA-A2 15.82 LACA-A2 15.82 RSUB 15.75
RPCA-P2 15.82 LPCA-P2 15.82 LPCOM 15.82
RPCA-P1 15.82 LPCA-P1 15.82 RPCOM 15.82
RACA-A3 15.82 LACA-A3 15.82
RPCA-P3 15.82 LPCA-P3 15.82
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cuff pressure (both systolic and diastolic pressure), a new mul-
ti-staged algorithm shown in Figure 2 is used to decompose 
the parameter estimation of the arterial stiffness, the pressure 
at the ascending aorta, and the terminal resistance into multiple 
stages. First, the sector-adjustor [3, 4] with flow source which 
was obtained via qMRA at the ascending aorta, was used to get 
the first estimation for terminal resistances and the first estima-
tion for the pressure at the ascending aorta. The details of the 
sector-adjustor shown in Figure 3 will be described below. Sec-
ond, the β-adjustor shown in Figure 4 was used to estimate the 
stiffness coefficient via the minimization of the error between 
the pulse cuff pressure and the pulse pressure (the definition of 
pulse pressure see below) at the left subclavian artery or the 
right subclavian artery depending on the side the cuff pressure 
was taken. Pulse pressure = systolic pressure - diastolic pres-
sure. Third, the sector-adjustor with pressure source was used 
to get the second estimation for terminal resistances where the 
first estimated pressure at the ascending aorta was used as the 
pressure source. Fourth, the pressure-adjustor shown in Figure 
5 was used to finalize the pressure estimation at the ascending 
aorta. The detailed explanation for the pressure-adjustor will 
be described below. Finally, the sector-adjustor with pressure 
source was used to finalize the terminal resistances where the 
final estimated pressure at the ascending aorta was used as the 
pressure source.

As we can see from Figure 2, the sector-adjustor shown 
in Figure 3 was repeatedly run between the stages so that the 
terminal resistances were refined at each stage. The original 
sector-adjustor [3, 4] is enhanced here to adjust the terminal 
resistance to meet both the sector flows in the sector outlets 

and the average cuff pressure (the definition of average pres-
sure see below) in the subclavian artery with either flow or 
pressure source.

Average pressure = (diastolic pressure × 2 + systolic pres-
sure)/3

The adjustment of the terminal resistances will not occur 
in sector-adjustor until a steady-state has been reached. Ap-
proximately 10 pulse periods (Period-Init was set to 10 in Fig. 
3) of calculations are required to bring the pressures and flows 
into a steady state. The adjustment of the terminal resistance 
is based not only on the sector flows but also the average cuff 
pressure when Period > Period-Init and Period < Period-Max/2 
(Period-Max was set to 100). If the sector-adjustor still does 
not converge when Period ≥ Period-Max/2, the adjustment of 
terminal resistances will only be based on the sector flows, 
which is similar to the original sector model.

In pressure-adjustor shown in Figure 5, the pressure 
source was updated with the following equation: P* = C1P + 
C2, where the constant C1 was determined via the minimiza-
tion of the error between the pulse cuff pressure and the pulse 
pressure at the left or right subclavian artery, and the constant 
C2 was determined via the minimization of the error between 
the cuff average pressure and the average pressure at the left or 
right subclavian artery.

Balloon occlusion simulation

The parameters estimated with the above proposed iterative 
multi-staged algorithm were placed into the computer model 
to simulate the baseline and the carotid occlusion. The bal-
loon-occlusion was modeled by specifying the diameter of the 
ICA (either LICA or RICA depending on the side the patient 
had the BOT on) approaching zero (0.02 mm was used). The 
percent change of the ipsilateral and contralateral flows of the 
middle cerebral artery, M1 segment, anterior cerebral artery, 
A3 segment, posterior cerebral artery, and P2 segment at the 
baseline and the occlusion were calculated, and were used to 
predict whether or not the patient will tolerate the occlusion. 
The occluded vessel is the ICA (either LICA or RICA) and 
the aneurysm(s) is usually at the ICA or a branch of the ICA. 
The aneurysm(s) is not modeled under the assumption that the 
calculated percent changes affecting flow and pressures are not 
affected by the aneurysm(s).

Results

Two patients (patient 1: female, age 38; patient 2: female, 
age 78) with brain aneurysms were studied using the pro-
posed enhanced sector model. The 3D surface rendering of 
the vasculatures is shown in Figure 6 (patient 1) and Fig-
ure 7 (patient 2). An example of a perpendicular scan plan 
to the vessel flow direction in the 3D surface rendering and 
the phase contrast magnetic resonance images acquired using 
the scan plan are shown in Figure 8. The flow waveforms at 
the ascending aorta measured by qMRA are shown in Fig-
ure 9 (patient 1) and Figure 10 (patient 2). The diameters 

Figure 2. Multi-staged algorithm. 
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Figure 3. Sector-adjustor with flow source or pressure source (Period-Init: 10, Period-Max: 100, Num-Adjust-Max: 5). 

Figure 4. β-adjustor. 
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and the volume flows of major arteries measured by qMRA 
are demonstrated in Tables 3 and 4. The cuff pressures meas-
ured in the left arm and heart rates for patient 1 and patient 2 
were 111/68 (average pressure: 82 and pulse pressure: 43), 70 
bpm; and 157/86 (average pressure: 109.67 and pulse pres-
sure: 71), 75 bpm, respectively. The sector flows obtained 
from qMRA are shown in Tables 5 and 6 where the ABD 
sector flows were calculated as subtracting the flow at the 
ascending aorta from the sum of the 12 sector flows since the 
mass balance of the sector model has to be maintained. The 
BOT was performed at LICA for both patients. Patient 1 was 
able to tolerate the balloon occlusion at LICA but patient 2 
was not able to tolerate.

After successfully running the multi-staged algorithm 
(Figs. 2-5), the estimated stiffness coefficients C for patient 1 

and patient 2 were 1.213 and 2.364, respectively. These values 
are consistent with the ages of the patients. The pressures at the 
ascending aorta for patient 1 and patient 2 are shown in Figure 
11 (patient 1) and Figure 12 (patient 2). The pressures at the as-
cending aorta for both patients were also compared with the ac-
tual arterial pressure measurements at the arch during the BOT 
using a catheter-transducer (Figs. 11 and 12). The estimated 
sector flows obtained from the multi-staged algorithm were 
compared with the measured values from qMRA (Tables 5 and 
6). The percent changes between the measured flows and the 
simulated sector flows are within 3%. The estimated pressures 
in the left subclavian artery from the multi-staged algorithm 
for patient 1 and patient 2 were 109.91/68 and 151.90/82.28, 
respectively. The percent change between the cuff pressure and 
the simulated pressure at the left subclavian artery are within 

Figure 5. Pressure-adjustor. 

Figure 6. 3D surface rendering for patient 1. Figure 7. 3D surface rendering for patient 2. 
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5%. The correlations between the measurements from qMRA 
and the simulated values at baseline are shown in Figures 13 
and 14, respectively (correlation coefficient: 0.9861 for patient 
1 and 0.9995 for patient 2).

The balloon occlusion simulation results are shown in 
Table 7. The percent changes for flow and pressure between 
the baseline and occlusion were calculated for both ipsilateral 
and contralateral M1, A3 and P2 to the site of the balloon oc-
clusion. According to previous findings [3, 18], a decrease in 
blood flow in the ipsilateral M1 over 20% indicates a failure in 
the balloon occlusion test. This is consistent with the clinical 
outcomes of both patients, i.e., patient 1 tolerated the balloon 
occlusion but patient 2 did not.

Discussion

We have described a new multi-staged algorithm to estimate 
the arterial stiffness, the ascending aorta pressure, and the ter-
minal resistance distribution for the enhanced sector model 
using non-invasive data from both qMRA and cuff pressure. 
Moreover, we have successfully applied the proposed com-
puter model to predict the clinical outcomes of the BOT for 
two patients. This 1D pulsatile flow model consists of 156 
distensible vessel segments where the stiffness parameter β 
was used to represent the compliance of the arterial wall. The 

model uses 13 sectors to model the terminal resistances in the 
13 regions including both the cerebral circulation and the sys-
temic circulation.

The parameters estimated with the multi-staged algorithm 
were put into the computer model and we have successfully 
applied the enhanced computer model to simulate two patients 
undergoing a BOT, and were able to predict the clinical out-
comes of the two BOTs. The results of the stiffness parameter 
are consistent with the age of the patients, i.e., the higher the 
stiffness parameter, the stiffer the artery. The aortic pressure 
obtained from the simulation was compared with the actual 
aortic pressure measurement from the catheter transducer and 
the results have shown great concordance in the shapes of the 
waveform.

Our model did not consider auto-regulation [11, 22] and 
also did not simulate the hypotensive challenge used during 
the BOT [4]. Limitations of the present study were that the 
volume flows in the ophthalmic artery, middle meningeal ar-
tery, and other pial collaterals were assumed to be negligible. 
Future work towards the enhancement of the computer model 
will need to include auto-regulation [11, 22] and develop a 
new model to be able to simulate the hypotensive challenge.

In conclusion, the following patient-specificity has been 
achieved with the multi-staged algorithm: the stiffness coeffi-
cient, the ascending aortic pressure, and the terminal resistance 
distribution using non-invasive data from both qMRA and the 

Figure 8. A perpendicular scan plan to the vessel flow direction (RMCA) in the 3D surface rendering and the phase contrast 
magnetic resonance images acquired using the scan plan. 
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Figure 10. Flow waveform at ascending aorta measured from qMRA for patient 2. 

Figure 9. Flow waveform at ascending aorta measured from qMRA for patient 1. 
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Table 3.  Diameters (cm) and Flows (mL/min) of Major Arteries Measured by qMRA for Patient 1

Artery Diameter Flow Artery Diameter Flow
LCCA 5.8 339 RCCA 5.3 312
LICA 4.6 261 RICA 4.9 299
LVA 3.8 100 RVA 3.3 66
LMCA-M1 3.3 154 RMCA-M1 2.6 133
LACA-A1 2.7 89 RACA-A1 2.5 75
LACA-A2 2.4 69 RACA-A2 2.4 67
LPCA-P2 2 56 RPCA-P2 2.5 68
LPCOM 0 N/A RPCOM 1.3 -8
BA 3.3 139 ACOM 1.4 N/A
AA 26.6 3,935 DA 18.8 2,376
LSUB 4 120 RSUB 4 160

Table 4.  Diameters (cm) and Flows (mL/min) of Major Arteries Measured by qMRA for Patient 2

Artery Diameter Flow Artery Diameter Flow
LCCA 6.8 340 RCCA 6.9 428
LICA 5.1 217 RICA 5.2 286
LVA 4.5 105 RVA 4.2 102
LMCA-M1 2.9 137 RMCA-M1 3.2 120
LACA-A1 0.9 40 RACA-A1 2.5 113
LACA-A2 2.3 66 RACA-A2 2.4 80
LPCA-P2 2.6 60 RPCA-P2 2.7 54
LPCOM 0 N/A RPCOM 1.5 -5
BA 4.2 170 ACOM 2.1 N/A
AA 32.6 4,298 DA 26 1,587
LSUB 6.6 204 RSUB 8.9 245

Table 5.  Sector Flows (mL/min) Between Measurement From qMRA and Proposed Model for Patient 1

Sector qMRA Proposed Change % Sector qMRA Proposed Change %
RMC 144 143 0% LMC 167 166 0%
REC 14 14 0% LEC 84 84 0%
RAC 73 74 -1% LAC 75 75 -1%
RPC 74 72 3% LPC 61 61 0%
V 29 28 3% B 16 16 -1%
RSUB 173 177 -2% LSUB 130 129 1%
ABD 2,572* 2,497 3%

Table 6.  Sector Flows (mL/min) Between Measurement From qMRA and Proposed Model for Patient 2

Sector qMRA Proposed Change % Sector qMRA Proposed Change %
LMC 137 138 -1% RMC 120 117 3%
LEC 123 124 0% REC 142 139 2%
LAC 66 64 3% RAC 80 81 -1%
LPC 60 60 -1% RPC 54 53 1%
B 56 55 1% V 37 36 2%
LSUB 204 206 -1% RSUB 245 246 -1%
ABD 2,974* 2,937 1%
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Figure 11. Pressure waveforms: catheter-transducer vs. simulation for patient 1. 

Figure 12. Pressure waveforms: catheter-transducer vs. simulation for patient 2. 
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cuff pressure.
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