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In this study, a new numerical model simulating interaction among static cerebral autoregulation, cerebrovas-
cular CO; and Ox reactivities and systemic peripheral resistance regulation was developed and integrated into a
cardiovascular system model including heart chambers, systemic and pulmonary circulations, and cerebral cir-
culation with Circle of Willis. Simulations were performed to evaluate cerebral blood flow in a healthy condition,
effect of altered static cerebral autoregulation in heart failure, effect of impaired static cerebral autoregulation in
malignant hypertension, effects of arterial CO5 and O, pressures in hypercapnia, hypocapnia and hypoxemia on
cerebral blood flow. Also, sensitivity analysis was performed to assess influence of arterial CO, and O, pressure,
aortic pressure set point in the cerebral flow autoregulatory function, systemic peripheral resistance, left ven-
tricular active and passive properties on the cerebral blood flow rate. There was a high and positive correlation
between cerebral blood flow rate and arterial COy pressure whereas left ventricular contractility influenced
cerebral blood flow rate slightly. Cerebral blood flow rate in the healthy condition, heart failure, malignant
hypertension, hypercapnia, hypocapnia and hypoxemia was 721 mL/min, 606 mL/min, 1313 mL/min, 950 mL/
min, 504 mL/min and 972 mL/min, respectively. Simulation results and sensitivity analysis showed that the new
numerical model can be used to evaluate cerebral blood flow in various physiological cases.

1. Introduction

Cerebral blood flow rate is regulated by highly complex and inter-
acting mechanisms such as autoregulatory function, metabolic, chemi-
cal or neurogenic mechanisms to keep the brain functioning properly
under normal conditions [1,2]. Metabolic control of cerebral blood flow
rate implies the coupling between cerebral flow, cerebral metabolism
and cerebral function [3]. Chemical control of cerebral blood flow rate
implies response of the cerebral blood flow rate to the arterial gases such
as CO3 [4]. Neurogenic cerebral flow rate control mechanisms include
role of perivascular nerves in regulating the cerebral blood flow [4].

Cerebral flow rate autoregulation mechanisms are affected by the
health problems such as ischemia, congestive heart failure or chronic
hypertension [5-7] and some of these mechanisms have been modelled
to simulate healthy conditions and clinical cases. For instance, Ursino
modelled human intracranial hydrodynamics and simulated clinical
scenarios [8]. Piechnik et al., [9] modelled relationship between
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cerebral blood volume and flow rate for CO, manipulation whereas
interaction between the CO; reactivity and intracranial pressure is
modelled by Ursino and Lodi [10]. The latter model was also extended to
simulate interaction between the cerebral flow rate autoregulatory
function, cerebrovascular CO; reactivity and intracranial pressure [11].
Aoi et al., [12] optimised a model simulating the cerebral flow rate
autoregulatory function using patient data. Banaji et al., [13] combined
simplified models of circulatory system, brain metabolic biochemistry,
and a model of the functioning of vascular smooth muscle to simulate
cerebral blood flow rate control. Payne et al., [14] modelled effects of
cerebral flow autoregulation and CO reactivity on cerebral oxygen
transport. Spronck et al., [15] developed a lumped parameter model of
cerebral blood flow control combining cerebral autoregulation and
neurovascular coupling. Mahdi et al., developed a model simulating
interaction between arterial between baroreflex control and cerebral
flow autoregulation [16]. Czosnyka et al., [17] modelled interactions
among the pressure, flow rate and cerebral blood volume and
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cerebrospinal fluid using a lumped parameter model for cerebral cir-
culation. Piechnik et al., [18] studied the asymmetry of hemispheric
blood flow rate in response to simulated changes in arterial blood
pressure and carbon dioxide concentration using a lumped parameter
model.

Clinical cases have been also evaluated using numerical and exper-
imental models for the cerebral blood flow rate regulation mechanisms.
For instance, Duffin et al., [19] developed a mathematical model of
cerebral blood flow control in anaemia and hypoxia. Liu et al., [20]
evaluated cerebral autoregulation indices from modelling perspective.
Bozkurt evaluated effect of cerebral flow rate autoregulatory function on
cerebral flow rate during left ventricular assist device support utilising
numerical simulations [21]. Furthermore, time and frequency domain
methods have been utilised to analyse and model cerebral autor-
egulation in clinical cases [22]. Although different models and model-
ling approaches have been used to simulate cerebral blood flow rate
autoregulation only a few studies aim to simulate physiological cases
affecting the cerebral autoregulation as presented in [23]. Numerical
models simulating cerebral blood flow rate regulation mechanisms and
capable of describing altered cerebral circulation physiology in clinical
cases such as heart failure or hypertension can also be utilised to study
treatments methods as well.

In this study, a new numerical model simulating static cerebral
autoregulatory function, cerebrovascular CO2 and O, reactivities and
arterial baroreflex regulation was developed and used to evaluate effect
of physiological cases such as heart failure, impaired cerebral autor-
egulation due to malignant hypertension, hyper and hypoventilation
and hypoxemia on cerebral blood flow rate. The developed numerical
model simulates altered cerebral flow rate autoregulation in heart fail-
ure with reduced ejection fraction whilst a detailed cerebral circulation
model includes compartments such middle cerebral arteries allowing to
compare clinical data to the simulation results.

2. Methods

Numerical model used in this study includes cerebral flow rate
autoregulatory functions, CO3 and Oz cerebrovascular reactivity and a
cardiovascular system model. Cardiovascular system model includes
compartments simulating heart chambers and heart valves, systemic and
pulmonary circulations, cerebral circulation, systemic arteriolar resis-
tance regulation mechanism.

Simulations were performed using Matlab Simulink R2021b. The set
of equations was solved using the odel5s solver. The maximum step size
was 5e-4 s, relative tolerance was set to 5e-4. The heart rate was kept at
75 bpm for all the conditions in the numerical simulations. The abbre-
viations used in the equations and figures are given in Table 1. The
parameter values used in the cardiovascular system model and cerebral
flow rate regulation mechanisms for each physiological scenario are
given in Supplementary Material 1 and the numerical models together
with the description of each model are given in Supplementary Material
2.

2.1. Cerebral flow rate control mechanisms

In this study, cerebrovascular CO, and O, reactivities and static ce-
rebral autoregulatory function were modelled. These mechanisms con-
trol the resistance of pial circulation (Ry) to regulate the cerebral flow
rate in the numerical model.

2.1.1. Cerebrovascular CO; reactivity

Change in arterial CO, pressure affects the cerebral flow rate
significantly. Radii of the cerebral arteries increase as response to
increasing arterial CO, pressure and cerebral blood flow rate increases
with the increasing arterial CO, pressure to remove the CO, from brain
tissue [24]. An exponential model (Eq. (1)) which utilises arterial COy
pressure (pgcoz2) was developed to regulate resistance of the pial
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Table 1
Abbreviations used in the equations and figures.

Nomenclature roa right ophthalmic artery

p pressure loa left ophthalmic artery

A volume ba basilar artery

Q flow rate pca posterior cerebral arteries

t time rpca right posterior cerebral artery

R resistance Ipca left posterior cerebral artery

L inertance rpcoa  right posterior communicating
artery

C compliance Ipcoa left posterior communicating
artery

AV aortic valve rsca right superior cerebellar artery

MV mitral valve Isca left superior cerebellar artery

PV pulmonary valve racha  right anterior choroidal artery

TV tricuspid valve lacha  left anterior choroidal artery

EF ejection fraction rmca right middle cerebral artery

MAP mean arterial pressure Imca left middle cerebral artery

co cardiac output mca middle cerebral artery

S sensitivity raca right anterior cerebral artery

Subscripts laca left anterior cerebral artery

la left atrium acoa anterior communicating artery

v left ventricle pc pial circulation

ra right atrium cc cerebral capillaries

v right ventricle ve cerebral veins

ao aorta es end systolic

aa aortic arch cbf cerebral blood flow

ars systemic arterioles set set point

cs systemic capillaries m mean

vs systemic veins n normalised

ap pulmonary arteries COy carbon dioxide

arp pulmonary arterioles Oz oxygen

vp pulmonary veins Pcoz carbon dioxide pressure

rica right internal carotid Po2 oxygen pressure

artery
lica left internal carotid 0 zero value, initial
artery
rva right vertebral artery 1 segment one
Iva left vertebral artery segment two

circulation (Ry,coz) using the data for the change in total cerebral blood
flow rate with respect to arterial CO, pressure given in [11,25,26]. The
numerical model in [21] was used to simulate cerebral blood flow rate
change as given [11,25,26] to generate a data set for the arterial CO,
pressure (pgco2) and resistance of the pial circulation (Rp,coz2). The
cerebrovascular CO; reactivity model was developed using the gener-
ated data in Curve Fitting Toolbox in Matlab R2021b. Data used to
develop cerebrovascular CO3 reactivity are given in Table 2.

Roc.co, = Ryesu™ar *e® Pecor 1)
Here, Ry s: represents set point for the resistance of the pial circulation
at 40 mmHg arterial CO, pressure (pq coz) and a; and az are coefficients
in the model.

2.1.2. Cerebrovascular O reactivity
Cerebral blood flow rate is not very sensitive to the changes in

Table 2
Arterial CO, pressures, cerebral flow rates and pial circulation resistances used
to develop cerebrovascular CO, reactivity model.

Arterial CO, Pressure Cerebral Flow Rate Pial Circulation Resistance

[mmHg] [mL/s] [mmHg s/mL]
100 24.08 0.23
20 22.87 0.41
80 21.65 0.61
70 19.87 0.95
60 18.13 1.34
50 15.06 2.25
40 12.03 3.60
30 7.87 7.15
20 6.02 10.30
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arterial O, pressure. Cerebral blood flow rate remains relatively constant
for the arterial O, pressures higher than 50 mmHg [27]. A two-term
exponential model (Eq. (2)) utilising arterial Oy pressure (pgo0z2) was
developed to regulate resistance of the pial circulation (Rp 02) using the
data for the change in total cerebral blood flow rate with respect to
arterial O, pressure reported in [28]. The numerical model in [21] was
used to simulate cerebral blood flow rate change as given [28] to
generate a data set for the arterial O, pressure (pg02) and resistance of
the pial circulation (Rpc02). The cerebrovascular O, reactivity model
was developed using the generated data in Curve Fitting Toolbox in
Matlab R2021b. Data used to develop cerebrovascular O, reactivity are
given in Table 3.

RI,(_‘O2 = Rpﬁ_m (b]webz’*pa.oz + bsa\-ebﬁpu.oz) 2)

Here, Ry s: represents set point for the resistance of the pial circulation
at 100 mmHg arterial Oy pressure (pg02) and by, by, bz and by are co-
efficients in the model.

2.1.3. Static cerebral flow rate autoregulatory function

Static cerebral flow rate autoregulatory function maintains the
average cerebral blood flow rate at a relatively constant value between
60 mmHg and 120 mmHg mean arterial blood pressure [29]. A model
was adopted from [21] to regulate resistance of the pial circulation (Rp,
a0) With respect to mean arterial pressure (pgo,m) in the simulations.

Ava,pau = !SRpc.pau (puu,cbf,.wr _Pau,m)Rpc,.wr (3)
R — Rpc.pao - ARp(r.pao pao.mzpaa.cbf,xet (4)
pepao Rycpao + ARp("pa(l Paom < Pao.chf set

Here, Srpc,a0, ARpc,a0> Rpc,ser AN Pao, cbf,sec TEPTEsent sensitivity of the pial
circulation resistance, change in the pial circulation resistance, pial
circulation resistance at the aortic pressure set point and aortic pressure
set point in the cerebral flow autoregulatory function.

2.1.4. Interaction of the cerebral flow rate regulation mechanisms

Interaction among the cerebrovascular CO5 and O» reactivities and
the static cerebral autoregulatory function was modelled using nor-
malised resistance of the pial circulation (Rp¢pco2, Rpc,po2> Rpcpao,m) for
each mechanism as given below.

RFL'-P02.n 7:Ia[”\]’(m n (5)

C.PCO2n

Rpe = Ryc et ™R,

Here, R, and Ry represent resistance of the pial circulation and set
point of the pial circulation resistance for healthy condition. Normalised

Table 3
Arterial O, pressures, cerebral flow rates and pial circulation resistances used to
develop O, reactivity model.

Arterial O, Pressure Cerebral Flow Rate [mL/  Pial Circulation

[mmHg] s] Resistance [mmHg s/
mL]
35 23.82 0.27
40 18.64 1.22
50 14.43 2.48
60 12.99 3.10
70 12.50 3.35
80 12 3.60
90 12 3.60
100 12 3.60
110 12 3.60
120 12 3.60
130 12 3.60
140 12 3.60
150 12 3.60
160 12 3.60
170 12 3.60

180 12 3.60
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resistance of the pial circulation for each mechanism are simulated by as
given below.

R[’C~Pcoz.n = Rpt‘.l’cuz /Rpt‘,.wz (6)
RIN\Poz n R[)L‘.]Ioz /Rp(‘.sel (7)
Ry puon = Rpepu / Ryc ser (8)

2.2. Cardiovascular system model

Left and right ventricular functions were described by modelling the
relationship between ventricular pressure and volume variation over a
cardiac cycle. Left ventricular pressure (py) was modelled to simulate
active and passive contractions during systolic and diastolic phases as
given below.

Prv =DPiva+Pwp (C)]
Prva(t) = Em.[v(vlv — Vlv,())fucz,lv(t) (10)
P = AP0 00) 1) an

Here, py.q and py,p are the active and passive components of the left
ventricular pressure (pp). Eesly is the left ventricular end-systolic ela-
stance, Vi, and Vj, g left ventricular volume and zero-pressure volume in
the left ventricle. fyc 1y is the left ventricular activation function. A and B
are coefficients used in the left ventricular passive pressure model. Left
ventricular volume (Vp) was modelled using the left ventricular radius
(ry), long axis length (I,) and a parameter (Kj,) which includes effects of
the contraction in the long axis. Change of the left ventricular radius (ry,)
was described using the flow rates through the aortic and mitral valves
(Qay, Qmy), left ventricular volume (Vy), long axis length (I;) and the
coefficient Ky,

Vi = %ﬂKnvr,z‘,l/v 12)
dry, 3(Qm — Q) ( 3V \ 13)
dt — 4nK,l, 21Kl

The activation function (fqcn) was described using instantaneous
time (t), the durations of active contraction (T;) and relaxation (T5)
phases and the duration of a cardiac cycle (T) [30].

1 —cos((z/T))x)

) 0<t < T,
actw(f) = 1 —T T, —T 14
Jactao(t) + cos((t ;)/( » —Ti)x) T<i<T a4
0 h<t<T

Right ventricular pressure and volume over a cardiac cycle were
modelled in a similar way using different parameter values. Detailed
information about modelling of the left and right ventricular functions
can be found in [31].

Left and right atrial functions were modelled using atrial elastances.
Left atrial pressure (p;q) was described using left atrial volume (Vjg),
zero-pressure volume (Vi o) and left atrial elastance (Ela).

Pia(t) = E(t) (Vi — Viao) (15)

Left atrial volume (V},) was described using the left atrial radius (ryy),
long axis length (Ij5) and a scaling parameter (Kj,). Change of the left
atrial radius (r,) was described using the flow rates through the mitral
valve and pulmonary vein (Qny, Qyp), left atrial volume, long axis length
and Kj, [31].

2
Vie = gﬂklari;lla (16)
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drla
dt

_ B(va - va) ( 3Vla (17)

—1/2
47[K[alm ZEKIQI[,I)

Left atrial elastance function was described using left atrial minimal
and maximal elastances (Epin,la, Emax,la) and left atrial activation func-
tion (facsia)- Left atrial activation function (facr1a) Was described using
time (t) and atrial activation time instant (T,) [30] as given below.

Eio(t) = Eninga + O-S(Emax,lu - Emin,za) rierta(t — D) (18)
0 o<t < T,

actlall) = -T 19

Jaetaa ) lfcos(er]t_ ]‘_‘) T.<t<T (19)

The right ventricular pressure and volume signals were modelled in a
similar way to the left ventricular pressure and volume signals using
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different parameter values. Detailed information about the models used
to describe atrial ventricular functions can be found in [31].

Heart valves were modelled as ideal diodes allowing one-way blood
flow. Circulatory system was modelled using resistance (R), inertance
(L) and compliance (C) elements. Change of aortic pressure (dp,,/dt) and
flow rate (dQqo/dt) with respect to time are given below.

dpao Qav - Qan
_ 20
dt Couo (20)
ann — Pao — Paa — QanRau (21)

dt Lq

Here, Qg is the aortic valve blood flow rate, C4 is the aortic
compliance, py, is the pressure in the aortic arch, Ry, and Ly, are the
aortic resistance and inertance. In the cardiovascular system model,
systemic circulation includes aorta, aortic arch, systemic arterioles,

ploa
A Cloa

o=

- |

Cerebral Circulation

Rpc,CO;_

Rpc,0,

Rpc,mAP

-
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Fig. 1. Electric analogue of the cardiovascular system model and the block diagram for the cerebral flow rate regulatory mechanisms.
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capillaries and veins, pulmonary circulation includes pulmonary ar-
teries, peripheral pulmonary circulation and pulmonary veins. Cerebral
circulation includes left and right internal carotid arteries, left and right
vertebral arteries, basilar artery, left and right superior cerebellar ar-
teries, left and right anterior choroidal arteries, left and right ophthalmic
arteries, left and right middle arteries, left and right posterior cerebral
arteries, left and right posterior communicating arteries, left and right
anterior cerebral arteries, and the anterior communicating artery, pial
circulation, cerebral capillaries and cerebral veins. Pressure and blood
flow rate in these compartments were simulated in a similar way to aorta
(Eq. (20) and (21)) using different parameter values. All the blood
vessels on the left and right sections in the cerebral circulation are
assumed to be identical. Because blood flow is distributed uniformly in
Circle of Willis and does not vary considerably in each section on the left
and right sides unless there are significant anatomical variations or
anomalies in the structure of the cerebral arteries [32].

Systemic arteriolar resistance (R,s) was regulated using mean aortic
pressure (pqo,m) in the cardiovascular system model as described in [33].

ARars = |SRarx(pao‘ars,szt - pao,m)Rarx.:zt‘ (22)

— > S
Rarv :{ Rum ARam PaomZPaoarsset (23)

Rarx + ARar: Paom < Paoarsset

Here, Srars, ARars, Rars,ser and Pao,ars,ser T€Present sensitivity of the
systemic arteriolar resistance, change in the systemic arteriolar resis-
tance, systemic arteriolar resistance at the aortic pressure set point and
aortic pressure set point in the systemic arteriolar resistance control.
Electric-analogue diagram of the heart and circulatory system model
and block diagram of the blood flow rate regulatory mechanisms are
given in Fig. 1.

2.3. Physiological scenarios

Computational simulations were performed to evaluate following
clinical scenarios: cerebral flow rate autoregulatory mechanisms with
healthy cardiac function and heart failure with reduced ejection frac-
tion, impaired cerebral flow rate autoregulatory function due to ma-
lignant hypertension, hypercapnia, hypocapnia and hypoxemia.

2.3.1. Normal cardiac function and cerebral flow rate autoregulation
mechanisms

Normal cardiovascular system physiology and cerebral flow rate
regulatory mechanisms were simulated using the setpoints for left ven-
tricular systolic elastance, parameter A, left ventricular zero pressure
volume (Eesjy = 2.5 mmHg/mL, A = 1 mmHg, Vi, o = 15 mL) [31],
arterial CO, and O pressures (pa,co2 = 40 mmHg, p, 02 = 100 mmHg)
[34,35] and the aortic pressure set point in the cerebral flow autor-
egulatory function (pgo,chfser = 93 mmHg) [36] which yield cardiac
output, ejection fraction and mean cerebral flow rate over a cardiac
cycle within a physiological range for healthy conditions.

2.3.2. Heart failure with reduced ejection fraction

Cardiac function in heart failure with reduced ejection fraction was
simulated reducing the left ventricular systolic elastance (Ep,) from 2.5
mmHg/mL to 0.75 mmHg/mL and parameter A from 1 mmHg to 0.65
mmHg in the left ventricle model, and increasing the left ventricular
zero-pressure volume (V) from 15 mL to 25 mL. A downward shift
occurs in the cerebral flow rate autoregulatory curve [6] which results in
decreased cerebral blood flow rate in patients with heart failure [37].
Downward shift in the cerebral flow rate autoregulatory curve was
simulated reducing the aortic pressure set point in the cerebral flow
autoregulatory function (pgo,cpf,ser) from 93 mmHg to 75 mmHg in the
numerical model simulating heart failure with reduced ejection fraction.
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2.3.3. Impaired cerebral flow rate autoregulatory function

Cerebral autoregulatory function may be impaired or may remain
absent in certain conditions such as ischaemic stroke, traumatic brain
injury, infections like meningitis or malignant hypertension [38-41].
Impaired cerebral autoregulatory function was simulated by keeping the
resistance of pial circulation (Rp;) constant at 3.6 mmHg s/mL. High
arterial blood pressure as in malignant hypertension with impaired ce-
rebral autoregulation as described in [41] was simulated by increasing
the peripheral arterial resistance from 0.75 mmHg s/mL to 2 mmHg s/
mL.

2.3.4. Hypercapnia and hypocapnia

Hypercapnia is caused by arterial CO, partial pressure higher than
42 mmHg [42] and hypocapnia is caused a decrease in COy partial
pressure in the arteries below 35 mmHg [43]. Both conditions alter
cerebral blood flow rate and effect of hypercapnia is increasing the ce-
rebral flow rate whereas hypocapnia reduces it [44]. Hypercapnia was
simulated by increasing the arterial CO5 partial pressure to 50 mmHg
from 40 mmHg and hypocapnia was simulated by decreasing the arterial
COq partial pressure to 30 mmHg from 40 mmHg.

2.3.5. Hypoxemia

Hypoxemia is caused by a decrease in the partial pressure of oxygen
in the blood [45]. The cerebral vasculature responds partial pressure of
arterial oxygen around 50 ~ 53 mmHg [46,47]. Hypoxemia was simu-
lated by reducing oxygen partial pressure in the arteries to 45 mmHg
from 100 mmHg.

2.3.6. Simulation of cerebral blood flow rate regulation curves

Static cerebral autoregulation curve is evaluated by infusing phen-
ylephrine continuously to increase systemic arteriolar resistance and
arterial blood pressure without altering myocardial contractility [48].
Therefore, static cerebral autoregulatory functions in the numerical
models simulating normophysiology, heart failure with reduced ejection
fraction and impaired cerebral autoregulatory function were evaluated
by increasing the systemic arteriolar resistance (Ry) iteratively in each
simulation between 60 mmHg and 150 mmHg mean aortic pressure.
CO; and Oy cerebral vascular reactivities were evaluated by increasing
the partial pressures of CO5 and Os in arteries from 20 mmHg to 100
mmHg and 30 mmHg and 180 mmHg respectively.

2.4. Sensitivity analysis

Parameters modified manually to simulate different physiological
scenarios were systolic elastance (Eegy), parameter A and zero-pressure
volume (Vo) in the compartment simulating left ventricular function,
systemic arteriolar resistance (Ra) in the blood circulatory system,
arterial CO3 and O pressures (pcoz, Po2) and aortic pressure set point in
the cerebral flow autoregulatory function (pgo,chfser)- Therefore, sensi-
tivity of the mean cerebral flow rate on these parameters was evaluated
using Matlab Simulink Sensitivity Analyzer application. Values of the
parameters used in the cardiovascular numerical model changes within
a large range for different physiological cases and healthy conditions.
Fifty samples for each parameter were generated randomly using uni-
form distributions. Uniform distribution was used in the sensitivity
analysis to assign equal probability to all values between its minimum
and maximum. Upper and lower values of the variables in the sensitivity
analysis were selected considering the physiological range of the ela-
stance (Eelv), parameter A and zero-pressure volume (Vojy) in the
compartment simulating left ventricular function, systemic arteriolar
resistance (Rars) [31] whereas upper and lower values of arterial CO,
and O pressures (pco2, Po2) were selected according data used in the
curve fitting (Tables 2 and 3). Upper and Lower values of the aortic
pressure set point in the cerebral flow autoregulatory function (pqo,chf,set)
were determined considering the pressures in healthy and heart failure
conditions in previously published studies [21]. Upper and lower values



S. Bozkurt et al.

for the samples for each parameter are given in Table 4. Scatter plots and
histograms for the samples used in the sensitivity analysis is given in
Fig. 2.

Overlay linear fit lines utilising R-values were used to evaluate cor-
relation between the total cerebral blood flow rate and the variables
evaluated in the sensitivity analysis. Tornado plot was used to compare
the relative importance of variables.

3. Results

Initially, coefficients in the cerebrovascular CO, and O reactivities
were determined using Curve Fitting Toolbox in Matlab R2021b to
describe cerebral autoregulatory mechanisms and interaction among
them. Coefficients in the equations describing the cerebrovascular CO5
and O, reactivities (Eq. (1) and Eq. (2)) are given in Table 5 and the
curves fit to simulate cerebrovascular CO, and O reactivities are given
in Fig. 3. Coefficient of determination (R?) values in curve fitting for
both models were around 0.99. Cerebral autoregulation curves simu-
lating cerebrovascular CO, and Oy reactivities, static cerebral autor-
egulation curve in normophysiology and heart failure with reduced
ejection fraction, impaired cerebral autoregulation curve are given in
Fig. 4.

Cerebral flow rate increased rapidly with increase of arterial CO5
pressure whereas there was a rapid decrease in cerebral flow rate until
arterial Oy pressure reduced around 60 mmHg. It remained constant
between 60 mmHg and 180 mmHg arterial O, pressures. Cerebral blood
flow rate remained constant between 60 mmHg and 150 mmHg mean
arterial blood pressures in the numerical model simulating normal car-
diovascular physiology and cerebral autoregulatory mechanisms. Static
autoregulatory curve plateau shifted down in the numerical model
simulating heart failure with reduced ejection fraction where cerebral
flow rate increased with increasing mean arterial blood pressures be-
tween 60 mmHg and 135 mmHg. Ther was no plateau in the cerebral
autoregulatory curve and cerebral blood flow rate increased with
increasing mean arterial blood pressure in the numerical model simu-
lating impaired cerebral autoregulation. Cerebral blood flow rate, car-
diac output, mean aortic pressure, ejection fraction, pial circulation and
systemic arteriolar resistances in the numerical models simulating nor-
mophsyiology, heart failure with reduced ejection fraction, impaired
cerebral autoregulation during malignant hypertension, hypercapnia,
hypocapnia and hypoxemia are given in Table 6. Left ventricular and
aortic pressures, right ventricular and pulmonary arterial pressures, left
and right ventricular volumes and blood flow rates in the right internal
carotid, vertebral and middle cerebral arteries in the numerical model
simulating normal cardiovascular physiology and cerebral autor-
egulatory mechanisms are given in Fig. 5.

Left ventricular and aortic systolic pressures were around 120 mmHg
whereas right ventricular and pulmonary arterial systolic pressure were
around 35 mmHg. Right ventricular volume remained higher than left
ventricular volume over a cardiac cycle. Flow rates in the internal

Table 4

Sample upper and lower values for the parameters evaluated in the sensitivity
analysis. Ecg v, A, Vo,1v> Rarss Pa,co2s Pa,02 and Pao cbfset Fepresent left ventricular
systolic elastance, parameter A in the left ventricle model, left ventricular zero-
pressure volume, systemic arteriolar resistance, arterial pressures of CO5 and O,
and aortic pressure set point in the cerebral flow autoregulatory function,
respectively.

Lower Value Upper Value

Emax,lv [mmHg/mL] 0.5 3

A [mmHg] 0.6 1.2

Vo,1v [mL] 10 30

Rars [mmHg s/mL] 0.2 2.5

Pa,co2 [mmHg] 20 100

Pa,02 [mmHg] 35 180
Pao,cbf,set [MmHg] 70 100
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carotid, vertebral and middle cerebral arteries over a cardiac cycle
changed between 155 mL/min and 500 mL/min, 47 mL/min and 150
mL/min and 80 mL/min and 250 mL/min respectively. Left ventricular
and aortic pressures, right ventricular and pulmonary arterial pressures,
left and right ventricular volumes and blood flow rates in the right in-
ternal carotid, vertebral and middle cerebral arteries in the numerical
model simulating heart failure with ejection fraction are given in Fig. 6.

Left ventricular and aortic systolic pressures reduced to 91 mmHg
whereas right ventricular and pulmonary arterial systolic pressure were
around 37 mmHg. Left and right ventricular volumes over a cardiac
cycle changed between 128 mL and 175 mL and 74 mL and 121 mL,
respectively. Flow rates in the internal carotid, vertebral and middle
cerebral arteries over a cardiac cycle changed between 150 mL/min and
375 mL/min, 45 mL/min and 113 mL/min and 77 mL/min and 190 mL/
min respectively. Left ventricular and aortic pressures, right ventricular
and pulmonary arterial pressures, left and right ventricular volumes and
blood flow rates in the right internal carotid, vertebral and middle ce-
rebral arteries in the numerical model simulating impaired cerebral
autoregulation due to malignant hypertension are given in Fig. 7.

Left ventricular and aortic systolic pressures were 183 mmHg
whereas right ventricular and pulmonary arterial systolic pressure were
around 33 mmHg. Left and right ventricular volumes over a cardiac
cycle changed between 51 mL and 116 mL and 69 mL and 134 mL,
respectively. Flow rates in the internal carotid, vertebral and middle
cerebral arteries over a cardiac cycle changed between 381 mL/min and
751 mL/min, 115 mL/min and 226 mL/min and 195 mL/min and 377
mL/min respectively. Blood flow rates in the right internal carotid,
vertebral and middle cerebral arteries in the numerical model simu-
lating hyper and hypocapnia are given in Fig. 8.

Internal carotid, vertebral and middle cerebral arterial flow rates
over a cardiac cycle changed between 242 mL/min and 587 mL/min, 73
mL/min and 177 mL/min and 124 mL/min and 295 mL/min in the
numerical model simulating hypercapnia. Internal carotid, vertebral
and middle cerebral arterial flow rates over a cardiac cycle changed
between 72 mL/min and 416 mL/min, 22 mL/min and 125 mL/min and
38 mL/min and 208 mL/min in the numerical model simulating hypo-
capnia. Blood flow rates in the right internal carotid, vertebral and
middle cerebral arteries in the numerical model simulating hypoxemia
are given in Fig. 9.

Internal carotid, vertebral and middle cerebral arterial flow rates
over a cardiac cycle changed between 250 mL/min and 595 mL/min, 76
mL/min and 180 mL/min and 129 mL/min and 300 mL/min in the
numerical model simulating hypoxemia. Overlay linear fit in the sample
scatter plots for each parameter evaluated in the sensitivity analysis and
histogram for the mean cerebral blood flow rate is given in Fig. 10.

Overlay linear fit line in the scatter plots show that the arterial CO4
pressure (pa,co2) is positively related with the cerebral blood flow rate
and there is high correlation between these two parameters whereas
arterial Oy pressure (p,02) is negatively corelated with the cerebral
blood flow rate. Left ventricular systolic elastance (Ecs),) which de-
scribes the active contraction properties of the left ventricle is negatively
correlated with cerebral blood flow rate whereas A}, which describes the
passive contraction properties of the left ventricle is positively corre-
lated with cerebral blood flow rate. Left ventricular zero-pressure vol-
ume (Vo 1y), systemic arteriolar resistance (Rars) and aortic pressure set
point in the cerebral flow autoregulatory function (Pao cbf,set) are posi-
tively correlated with the cerebral blood flowrate. The tornado plot
showing the correlation of the parameters with the mean cerebral flow
rate in the numerical model is given in Fig. 11.

There was a high correlation between arterial CO5 pressure (pa,co2)
and cerebral blood flow rate. Aortic pressure set point in the cerebral
flow autoregulatory function (Pao,cbfset) and arterial Oy pressure influ-
enced cerebral blood flow rate relatively less with respect to arterial CO5
pressure (P co2) in the numerical model. Left ventricular systolic ela-
stance had the least influence on cerebral blood flow rate when
compared with the influence of the other parameter evaluated in the
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Table 5

Coefficients in the equations describing the cerebral flow rate CO, and O, re-
activities (a and b are the coefficients and the numbers show the coefficient
indices in Eq.1 and Eq.2).

sensitivity analysis.

4. Discussion

In this study, interaction among static cerebral autoregulation, ce-

1 2 8 4 rebrovascular CO; and O reactivities and systemic arterial resistance
CO, reactivity a 9.025 —0.055 - - regulation was simulated to evaluate cerebral blood flow rate in
O reactivity b 1042 —0.00026 —10.96 —0.0694 different physiological scenarios. Also, new models have been devel-
oped to simulate cerebrovascular CO, and O, reactivities. A one-term
exponential model was used to simulate cerebrovascular CO, reac-
tivity whereas cerebrovascular O, reactivity was simulated using a two-
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Fig. 3. Curve fit to simulate cerebral flow rate (a) CO reactivity and (b) O, reactivity.
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Table 6

Cerebral blood flow rate (CBF), cardiac output (CO), mean aortic pressure (MAP), systolic and diastolic aortic pressures (Pao,sys, Pao,dias) €jection fraction (EF), pial
circulation and systemic arteriolar resistances (Rpc, Rars) in the numerical models simulating normophsyiology, heart failure with reduced ejection fraction (HFrEF),
impaired cerebral autoregulation (CA) during malignant hypertension, hypercapnia, hypocapnia and hypoxemia. (* shows the R, value adjusted manually to simulate
malignant hypertension in the numerical model with impaired CA).

CBF CO [L/min] MAP [mmHg] Pao,sys [mmHg] Pao,dias [MmHg] EF Rpe Rars
[mL/min] [%] [mmHgs/mL] [mmHgs/mL]
Normophysiology 721 5.06 93 119 78 54.78 3.62 0.75
HFrEF 606 3.47 74 920 64 26.50 3.50 1
Impaired CA 1313 4.89 153 182 138 56.28 3.62 2%
Hypercapnia 950 5.09 91 117 76 55.25 2 0.77
Hypocapnia 504 5.02 95 120 80 54.38 6.52 0.73
Hypoxemia 972 5.09 91 117 76 55.29 1.89 0.77
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simulating normal cardiovascular physiology and cerebral autoregulatory mechanisms.
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V.) and blood flow rates in the (d) right internal carotid (Qyica), (e) right vertebral (Q,yv,) and (f) right middle cerebral arteries (Qmca) in the numerical model

simulating heart failure with reduced ejection fraction.

term exponential model. The plateau in the cerebrovascular O, reac-
tivity after 80 mmHg arterial O, pressure (Fig. 3b) was simulated by the
two-term exponential with high accuracy. Coefficient of determination
(R?) values in the curve fitting was around 0.99 for both CO, and O,
cerebrovascular reactivities suggesting that the developed models can
simulate the cerebral blood flow rate with respect to varying values of
arterial CO, and O pressures with a good accuracy. Lower and upper
limits of the arterial CO, and O, pressure data used to develop cere-
brovascular CO3 and O3 reactivities were 20 mmHg and 100 mmHg and
35 mmHg and 180mmg, respectively. Therefore, CO, and O, cerebro-
vascular reactivity models work accurately within these limits. Structure
of the developed concept models simulating cerebrovascular CO5 and O,
reactivities will be the same for the given data intervals. Coefficients in
the developed models may be different if additional data is used, how-
ever, such a difference is also expected if personalised simulations are
performed using patient specific data.

Curve fitting for the cerebrovascular CO, and O, reactivities was
done considering the isolated effects of each mechanism on the resis-
tance of the pial circulation (Rpc). Therefore, resistance of the pial cir-
culation (Rpc) was normalised using the set value (Rpcset, Eqs. 6-8) and
interaction of the cerebral autoregulatory mechanisms was modelled
using the normalised values (Eq. (5)). Also, scaling coefficients in the
exponential models used to simulate cerebrovascular CO5 and O, re-
activities included the set value for resistance of the pial circulation (Rp,
set)- This assumption allows the set value (Rpcgser) to play role on the
response of the cerebrovascular CO5 and O, reactivities. Impaired static
autoregulatory function in the numerical model simulating heart failure
was described by reducing the set value for the aortic pressure (pao,cbf,set)
from 93 mmHg to 75 mmHg to simulate the total cerebral flow rate as
reported in [37]. Parameters in the compartment describing the left

ventricular function was modified considering a systolic heart failure as
described in [31].

Detailed description of the cerebral circulation in this study allows
simulating blood flow rates in different compartments such middle ce-
rebral arteries where the cerebral blood flow is usually evaluated from.
Relatively simple models describing cerebral circulation with less
compartments as described in [10,49] simulate only total cerebral blood
flow rate. In this study, cerebral circulation is included Circle of Willis
and pial circulation. Therefore, the simulation results can be compared
to clinical data. Also, cerebral autoregulation in pial arteries is inte-
grated into the model to simulate changes in the cerebral blood flow rate
for different physiological cases in a realistic way. Previously developed
models describing cerebrovascular autoregulation simulate cerebral
circulation with less compartments or present isolated effects of certain
autoregulation mechanisms [8-11,15,17]. Presented cerebral flow rate
autoregulation model in this study simulates combined effects of sys-
temic arteriolar baroreflex control, static cerebral autoregulatory func-
tion and cerebrovascular CO, and O reactivities using a detailed
cerebral circulation model. More detailed studies simulating cerebral
autoregulation and cerebrovascular CO, reactivity with a detailed as
presented in [13,18] does not include cerebrovascular O, reactivity as
presented in the current study. Also, altered static cerebral autor-
egulation during heart failure was simulated using aortic pressure set
point in the cerebral flow autoregulatory function in this study.

In healthy adults average total cerebral blood flow rate is around
717 mL/min [32] within a large variation range [50]. Numerical model
simulated 721 mL/min mean cerebral flow rate (Table 6) for the simu-
lated healthy condition. Weakened ventricular contractions in heart
failure results in reduced cardiac output and arterial blood flow rate.
Decreased stretching of pressure baroreceptors enhance sympathetic
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Fig. 7. (a) Left ventricular and aortic pressures (pyy, Pao), (b) right ventricular and pulmonary arterial pressures (py, Ppo), (c) left and right ventricular volumes (Vyy,
V.v) and blood flow rates in the (d) right internal carotid (Qyica), (€) right vertebral (Q,y,) and (f) right middle cerebral arteries (Quca) in the numerical model

simulating impaired cerebral autoregulation due to malignant hypertension.

tone resulting in increased peripheral vascular resistance [51]. Numer-
ical model simulated this mechanism by increasing the systemic arteri-
olar resistance to 1 mmHg s/mL from 0.75 mmHg s/mL (Table 6).
Moreover, sensitivity analysis showed that there is a positive correlation
between the systemic arteriolar resistance and cerebral blood flow rate.
However, static cerebral autoregulatory curve is shifted down in pa-
tients with heart failure [6] reducing the cerebral blood flow rate in
these patients [37]. This mechanism was simulated by using different
aortic pressure set points for static cerebral autoregulation and systemic
arteriolar resistance regulation (Pao,cbf,sets Pao,ars,set)- A downward shift
in the static cerebral autoregulatory curve (Fig. 4c) and decrease in the
cerebral blood flow rate in the simulations (Table 6) were achieved by
reducing the aortic pressure set points for static cerebral autoregulation
(Pao,cbiset) to 75 mmHg from 93 mmHg whilst systemic arteriolar
resistance increased.

Static cerebral autoregulation function may be impaired due to
malignant hypertension [41] as simulated by the numerical model.
Malignant hypertension is caused by renovascular diseases, endocrine
dysfunction, coarctation of aorta or central nervous system disorders
[52]. In this study, increased systemic vascular resistance simulated
similar conditions to coarctation of aorta. Pial circulation resistance
(Rp) was kept at 3.6 mmHgs/mL to simulate impaired cerebral autor-
egulation. Keeping pial circulation resistance (Rp.) at constant value
simulated only passive dilation of the blood vessels in pial circulation
compartment due to increased blood pressure and flow rate. Moreover, a
linear relation as reported in [41] was simulated between mean aortic
pressure and cerebral blood flow (Fig. 4d).

Arterial CO2 pressure (p,co2) around 50 mmHg in hypercapnic
subjects may increase the cerebral flow rate between 40 percent and 180
percent [53]. In this study, 50 mmHg arterial COy pressure (pscoz)
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increased cerebral blood flow rate from 721 mL/min to 950 mL/min
(Table 6) resulting in 33 percent change in cerebral blood flow rate. On
the other hand, 30 mmHg arterial CO, pressure (pa,co2) in haypocapnic
subjects as simulated in this study may result in 30 percent to 50 percent
decrease in cerebral blood flow rate [53]. In this study, cerebral blood
flow rate reduced from 721 mL/min to 504 mL/min at 30 mmHg arterial
CO;, pressure (p,,coz) resulting in 30 percent change in cerebral blood
flow rate. Therefore, the simulation results for hyper and hypocapnia are
in a good agreement with the data reported in the literature.

Cerebral blood flow rate increases with the arterial O, pressure (p,,
02) lower than 50 mmHg [28]. Moreover, different mechanisms such as
chemical and metabolic mechanisms, neurogenic mechanism or nitric
oxide may also influence hypoxemic response of cerebral blood flow rate
[28]. Although hypoxemia profoundly increases cerebral blood rate, the
increase may vary in different subjects. In this study, hypoxemia simu-
lated by adjusting the arterial O, pressure (pa,02) to 50 mmHg increased
cerebral blood flow rate from 721 mL/min to 972 mL/min. This corre-
sponds to 35 percent increase in cerebral blood flow rate and in a good
with the data reported in [28].

Blood flow rate signals in the right internal carotid artery, right
vertebral artery and right middle cerebral artery are presented for each
case in this study. The reason for choosing these compartments was
blood is carried to the cerebral circulation by the internal carotid and
vertebral arteries in the numerical model. Also, cerebral blood flow is
usually evaluated from the middle cerebral arteries because the thinnest
site in adult skull is where the middle cerebral arteries are located [54].
The flow rate in the internal carotid arteries changed between 155 mL/
min and 500 mL/min over a cardiac cycle. Additionally, the flow rate in
the vertebral arteries changed between 47 mL/min and 150 mL/min
over a cardiac cycle. The variation range of the flow rate in the internal
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Fig. 9. Blood flow rates in the (a) right internal carotid artery (Qyica), (b) right vertebral artery (Q,va) and (c) right middle cerebral artery (Qmca) during hypoxemia.

carotid arteries and vertebral arteries is quite high and the average of
flow rate signals obtained from the clinical data [55] shows a similar
variation range with the flow rate signals simulated in the healthy car-
diovascular system over a cardiac cycle. Also pressures in the ventricles,
aorta and pulmonary arteries and ventricular volumes remained within
a physiological range for the healthy condition [29] in the numerical
model simulating normophysiology (Fig. 5). Systolic left ventricular
failure results in reduced systolic pressures in the left ventricle and aorta
whereas right ventricular and pulmonary arterial pressures at the systole
increase [56]. There is also an increase in the overall left ventricular
volume whilst ventricular stroke volumes and ejection fraction reduce
[56]. Ventricular, aortic and pulmonary arterial pressures and ventric-
ular volumes followed similar trends in the numerical model simulating
heart failure with reduced ejection fraction (Fig. 6). Reduced middle

cerebral arterial blood flow rate in the simulations also confirms the
validity of the results for heart failure with reduced ejection fraction
[57]. Malignant hypertension increased the systolic left ventricular
pressure and aortic pressure which resulted in increased internal ca-
rotid, vertebral and middle cerebral arterial flow rates although the
cardiac output slightly decreased with respect to healthy condition
(Fig. 7). Impaired cerebral autoregulation results in similar physiolog-
ical outcome in malignant hypertension [41]. Blood flow rates in the
internal carotid and middle cerebral arteries increase in hypercapnia
and decrease in hypocapnia [58]. Similar results were simulated in the
numerical models simulating hypercapnia and hypocapnia (Fig. 8). Also
hypoxemia increases the cerebral blood flow rates [45]. Increased flow
rates in the internal carotid, vertebral and middle cerebral arteries in the
numerical model simulating hypoxemia (Fig. 9) is coherent with clinical
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findings. Although overall flow rates were different in the simulated
physiological cases, amplitude of the flow rate signals remained similar
for each cerebral circulation compartment in the numerical models
simulating normophysiology, hypercapnia, hypocapnia and hypoxemia.
This was because systolic and diastolic aortic pressures and amplitude of
the aortic pressure signal in these physiological cases were also similar
(Table 6). Ito et al [59] reported similar systolic and diastolic aortic
pressures in normocapnic, hypercapnic and hypocapnic subjects un-
dergone co positron emission tomography measurements confirming
the validity of the simulations. Decreased aortic pressure signal ampli-
tude in the numerical model simulating heart failure with reduced
ejection also reduced blood flow rate amplitudes in the right internal
carotid artery, right vertebral artery and right middle cerebral artery
whereas increased aortic pressure signal amplitude in the numerical
model simulating impaired static cerebral autoregulation increased
blood flow rate amplitudes in these compartments.

Sensitivity analysis showed that cerebral blood flow rate is positively
correlated with arterial CO, pressure (pa,co2) and highly sensitive to
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changes to changes in this parameter (Fig. 11). Such a relation between
cerebral blood flow rate and arterial CO; pressure (pa,co2) has already
been reported in the literature [60]. Altered aortic pressure set point in
the cerebral flow autoregulatory function (pao,chfset) Were also had a
profound influence on the cerebral blood flow rate which may explain
downward shift in the static cerebral autoregulation curve in patients
affected by heart failure. Sensitivity analysis showed that left ventricular
systolic elastance which describes the cardiac contractility had the least
effect on cerebral blood flow rate (Fig. 11) among the evaluated pa-
rameters. Moreover, it was negatively correlated with the cerebral blood
flow rate. It has already been reported that increased cardiac contrac-
tility has a little effect on the carotid arterial blood flow rate with a
negative correlation [61] confirming the validity of the simulations. On
the other hand parameter A (Ayy, Eq. (11)) which describes the passive
contraction properties of the had a more profound effect on the cerebral
flow rate (Fig. 11). Such a result show that left ventricular filling
properties has more influence on the cerebral blood flow rate when
compared with left ventricular contraction properties in the numerical
model.

Numerical model presented in this study has limitations. Recent
studies show that static cerebral autoregulation function regulates the
cerebral blood flow rate for slow changes in arterial blood pressure [62].
Dynamic changes in arterial blood pressure during daily activities such
as sit to stand or acute exercise affect cerebral blood flow rate causing
fluctuations in blood flow rate in cerebral circulation [62]. In this study,
dynamic regulation of cerebral blood flow rate has not been modelled
because, a case study such as acute exercise has not been considered.
Static cerebral autoregulatory curve regulates cerebral blood flow rate
only over the plateau between 60 mmHg and 150 mmHg. Hypo and
hyper cerebral perfusion and reserve capacity of the cerebral vessel has
not been included in the static cerebral autoregulation curve. None-
theless, simulated physiological cases remain within capability of the
numerical model and has a good agreement with data reported in the
literature. CO5 and O5 cerebrovascular reactivities are described within
20 mmHg an 100 mmHg arterial CO; pressure (p, co2) and 35 mmHg an
180 mmHg arterial O, pressure (p, 02). However, again the developed
numerical model simulates cerebral blood flow rate in a good agreement
with the literature for the evaluated physiological scenarios within these
arterial CO, pressure (pa,co2) and arterial O, pressure (pa,02) ranges.
Uniqueness of the curve fitting was not evaluated in Eq. (2) which de-
scribes the Oy cerebrovascular reactivity.
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5. Conclusions

Numerical model developed in this study simulates cerebral blood
flow rate within the physiological range for normophsyiology and
studied physiological conditions. The developed numerical model can
be used to evaluate different clinical and physiological scenarios which
alter the cerebral blood flow rate.
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