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Abstract
Objective. Dynamic cerebral autoregulation (dCA) is a well-establishedmechanism that acts to
maintain cerebral blood flow (CBF) reasonably constant in response to short-termfluctuations in
blood pressure. It is known to be impaired inmany clinical conditions, including stenosis, which is
also amajor risk factor for ischaemic stroke. However, it is not yet well understoodwhether
impairment in dCA in one brain region is independent or not on dCA impairment in other brain
regions, for example, whether there are spatial effects of stenosis on dCA. This is due to the complex
blood flow environment and the lack of physiological experiments.Approach.We thus establish and
apply a novel computational stenosismodel including the circle ofWillis to investigate and to quantify
the degree of dCA impairment andCBF patterns as a function of stenosis fraction,measured in
different configurations of the cerebral vasculature.Main results.We find some evidence for
dependence between dCA in different brain regions, although this is very preliminary andmuchmore
experimental data will be required to answer this question fully. Significance.Our study has provided a
first attempt to consider the effect of stenosis in various arteries on cerebral autoregulation to
investigate spatial variations in dCA. This has potential applications in the treatment of
cerebrovascular diseases where the control of cerebral perfusion is critical but wheremeasurements
are scarce.

Introduction

Cerebral autoregulation (CA) is a vitalmechanismwithin the human brain that acts tomaintain cerebral blood
flow (CBF) approximately constant in response to short-term fluctuations in arterial blood pressure (ABP)
(Payne 2006). The tightly limited range of CBF set by both static CA (sCA) and dynamic CA (dCA) can
substantially reduce the occurrence of both hyper- and hypo- perfusion, reducing the risk of damage to the
brain. Even a temporary impairment of dCA can significantly alter the supply of CBF to the brain and the
maintenance of normal perfusion after events such as Acute Ischaemic Stroke (AIS) plays an important role in
clinical practice. One factor that is known to affect dCA is stenosis, with a number of studies having investigated
dCA in patients with varying degrees of stenosis.

Stenosis is a phenomenon of abnormal vessel narrowing, often caused by a plaque leading to a near blockage
of amajor blood vessel, which can cause a significant increase in local vessel resistance. In ageing populations,
atherosclerosis has becomemore prevalent, leading to a rise in stenosis prevalence (Freeman andOtto 2005).
Severe (70%) extracranial internal carotid artery (ICA) stenosis has also been found to be an important cause of
ischaemic stroke or transient ischaemic attack (TIA) (FlahertyML 2013). AIS is the cause of 87%of strokes,
occurringwhen thrombotic or embolic clots block large cerebral blood vessels (Benjamin et al 2018).
Approaches for treatments include using intravenous recombinant tissue plasminogen activator (IV rt-PA) and
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mechanical thrombectomy that have both been validated to treat ischaemic stroke and are now seen as gold
standards (HACKE et al 1995), (Palaniswami andYan 2015). To decrease the risk of recurrent stroke, prompt
revascularization using carotid endarterectomy (CEA) and carotid artery stenting (CAS) has beenwidely
adopted (Rothwell et al 2003), (Gong et al 2006). Decreased cerebrovascular reactivity (CVR) in asymptomatic
stenosis is also amajor risk factor for both TIA and stroke (Diehl 2002).

Both dCA andCVR inmiddle cerebral arteries (MCA) are known to be impaired due to stenosis in the
ipsilateral ICA (White andMarkus 1997), and dCAhas been shown to be severely impaired in bilateral ICA
stenosis (Reinhard et al 2003). Stenosis has been found to impair both static and dynamic cerebral
autoregulation, and the degree of impairment is strongly positively correlatedwith the degree of carotid cerebral
stenosis (Reinhard et al 2008). The rate of recovery (RoR) and phase have been shown to be impaired and
inversely related to the degree ofMCA stenosis above 50% (Chen et al 2014), and dCAhas been shown to be
ipsilaterally impaired and to have the potential to spread contralaterally in severe unilateralMCA stenosis in
asymptomatic patients (Wang et al 2015). In amore recent study, it was shown that CA is bilaterally impaired in
ICA stenosis caused by ischaemic stroke, and that the CA impairment pattern is heterogeneous in different
strokemechanisms (Tian et al 2021). A summary of previous studies in terms of numbers of subjects, status, and
the choice of dCAmetrics is shown in table 1; it should be noted that direct comparison between these studies is
difficult due to thewide choice of different dCAmetrics. Understanding the reasonwhy dCA is not impaired for
small values of stenosis andfinding the value of the threshold for impairment are both important for a better
understanding of dCA.

There are however only a few attempts tomodel the effect of stenosis on sCAor dCA. Liang et al proposed a
stenosis-induced pressure drop using an empiricalmodel proposed by Young andTsai (1973), to determine the
risk and location of post-CAS hyperperfusion through analysis of the circle ofWillis (CoW) anatomy and
stenosis distribution patterns (Liang et al 2011). Another study used a simple way to connect stenosis with CAby
changing the vessel radius with different stenosis degrees:

r r S1 , 1stenosis 0( ) ( )= -

where r0 is the initial artery radius, and S represents the level of stenosis; this study proved the importance of
high-level collateralization for blood supply compensation (Krames et al 2019). However, thesemodels did not
consider the effect of stenosis on both sCA and dCA.We thus extend our previousmodel of dCA (Tong et al
2021), inwhich a single vascular regulationmodel has been integratedwithin awhole-brain compartmental
model to consider the spatial variations and effects of stenosis in dCA to examinewhether changes in dCA in one
region influence changes elsewhere. This will be important in understanding the relationships between sCA and
dCA in different brain regions.

Methodology

Weadopt the simplified circuit equivalentmodel previously proposed (KennedyMcConnell and Payne 2016) as
shown infigure 1. This symmetricmodel assumes that each large artery can be considered as a simple resistance.
The connectionsmimic theCoW,which consists of eightmajor parts including two anterior cerebral arteries
(ACAs), an anterior communicating artery (ACoA), two internal carotid arteries (ICAs), twomiddle cerebral
arteries (MCAs), two posterior communicating arteries (PCoAs), two posterior cerebral arteries (PCAs), a
basilar artery (BA), and two vertebral arteries (VAs). The anterior circulation consists of theMCAs andACAs
with the blood supply from ICAs perfusing the frontal, parietal, and temporal regions of the brain. The posterior
circulation is provided by PCAswith the blood supply fromBA andVAs perfusing the stem region. TheACoA

Table 1. Summary of previous studies on the effect of stenosis on dCA.

Subject numbers dCAmetrics used Authors

27 patients with carotid stenosis (>60%) 21 age-matched

normal controls

Autoregulatory index (ARI) White andMarkus (1997)

30 patients with severe bilateral carotid stenosis (�75%) 30 patients
with unilateral stenosis

Transfer function analysis

(phase shift)
Reinhard et al (2003)

165 patients with ICA stenosis (>70%) Dx andMxphase (Reinhard et al (2008)
21 patients withMCA stenosis (mild,<50%;moderate, 50%–69%;

severe stenosis, 70%–99%) 15 healthy controls
Rate of recovery, phase

andCVR

Chen et al (2014)

57 patients with asymptomatic unilateralMCA stenosis (mild,<50%;

moderate, 50%–69%; severe stenosis, 70%–99%) 8 patients with
symptomatic severe unilateralMCA stenosis (> 70%) 24 healthy
controls

Transfer function analysis

(phase difference and gain)
Wang et al (2015)
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and PCoAs provide the interconnection between anterior and posterior circulation. In themodel, there are four
bloodflows into the circulation, from the left and right VA and ICA, and six blood flows out of the circulation at
the PCA,MCA, andACAon both sides. Pv represents the peripheral venous blood pressure of the outflow,
which is assumed throughout here to be 5mmHg.

From thefigure, we can see that there is a link between ICA stenosis and the local conditions in the PCAs,
MCAs, andACAs. In particular, there is both a direct effect of ICA stenosis on the other three arterial branches
due to changes inflow conditions that are caused by changes elsewhere in the network, and also an indirect effect
of ICA stenosis due to an indirect link between the ICA and the other three arterial branches, i.e. theremust be
some co-ordination of autoregulation across the different territories. Thismeans that autoregulation is not a set
of individual regulating vessels, rather amore coordinated response to changes in ABP.We can also see that
bilateralMCA stenosis can cut off theflow to the ACAs, whichwill cause a significant CA impairment.

In the large arterial vessels, to avoid using a full CFD solver, for simplicity, we use Poiseuille’s equationwith
the assumption that the bloodflow is laminar and fully developed, i.e.:

R
L

r

P

Q

8
, 2b

4
( )

m
p

= =
D

where bm is the viscosity of the blood flowwith the value of 4.5× 10−3Nsm−1, L is the vessel length, r is the
vessel radius, PD is the pressure drop alongside the vessel, and Q is the blood flow. The parameters for each
arterial resistance are taken fromAlastruey et al (2006) as shown in table 2. Since themajor part ofMCA is the
M2part and the rest isM1, we assume that the resistance value ofRMCA,M2 consists of 90% andRMCA,M1 consists
of 10%of theRMCA. The pressures at each point shown infigure 1 can easily be obtained by solving standard
conservation offlow relationships.

Figure 1. Schematic of simplified circuit equivalent network. Figure adapted fromKennedyMcConnell and Payne (2016). (A) and (B)
represent the points of input blood pressure. Red dashed squares represent the peripheral resistances near the outflow. © 2016 IEEE.
Adapted, with permission, fromKennedyMcConnell and Payne 2016.
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In themodel proposed here, we replace the peripheral resistances, shown in red dash-squared boxes in
figure 1.We divide thewhole peripheral resistances into two parts including the small arterial compartment and
the capillary and venous compartment, which is adapted fromour previous autoregulationmodel (Tong et al
2021) as shown infigure 2.

The equation for Rsa is given by:

R
L

r n

8 1
, 3b

sa 4
sa

· ( )
m
p

=

where nsa is the effective number of parallel arterioles in the vascular tree with the assumption that the vascular
network fully consists of parallel-arranged identical arterioles, andwhich is setmanually to be 7000 by adjusting
themodel to ensure correct baselineflows in the larger vessels based on the experimental data quoted byUrsino
et al (1996), where theCBF baseline in the PCA is 1.2598ml s−1, in theMCA is 1.3364ml s−1, and in the ACA is
1.2895ml s−1 at a baseline ABPof 100mmHg.We use the same ratio between Rsv and Rlv as given in Payne
(2006) to obtain the specific value of venous resistances in each peripheral resistance as shown in table 3.

The definitions of the compliance and the blood volume in both the venous and arterial compartments are
given by Tong et al (2021):

C
k P P P

1
, 4v

ven v ic v1( )
( )=

- -

where Cv is the compliance of venous, kven is the stiffness coefficient for venous compliance, Pv is venous
pressure, Pic is intracranial pressure, and Pv1 is the pressure offset for venous compliance. The blood volume in
the venous compartmentVv can be obtained from the integration of equation (4) to give:

V
k

P P P V
1

ln , 5v
ven

v ic v1 vn( ) ( )= - - +

Similarly, the compliance of the arterial compartment Ca is defined as:

C
k P P P

1
, 6a

art a ic a1( )
( )=

- -

where kart is the stiffness coefficient for arterial compliance, Pa1 is the pressure offset of arterial compliance. The
blood volume in the arterioles is given as:

V
k

P P P V
1

ln , 7a
art

a ic a1 an( ) ( )= - - +

whereVan is the offset.
To examine themodel’s dynamic response and hence to quantify dCA,we increase the inlet pressure by 10%

of the baseline inlet pressure (100mmHg), to investigate the response of vessel radius over time (Tong et al
2021). To conduct the simulation, we always assume that P PinA inB= for simplification, i.e. that the systemic
circulationmaintains a uniform inlet pressure despite anyflow changes within the brain.We then simulate the
effect of stenosis by increasing the value of resistance by decreasing the radius in the related vessels shown in
equation (1). To quantify the degree of dynamic autoregulation response, we use RoR for CBFV,which is a
simple and commonly used parameter tomeasure the recovery degree of theCBFV step response after a step
pressure change in time domain of dCA. This is defined byChen et al (2014) as:

Figure 2. Schematic of peripheral resistance. Figure adapted fromTong et al (2021). Adapted fromTong et al 2021, Copyright 2021,
with permission from©2021 IPEM. Published by Elsevier Ltd. All rights reserved.
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where thefirst 3 s after the step pressure changes are used for the calculation.

Results

Weconducted the computational simulation usingMATLAB to investigate both the static and dynamic
autoregulation impairment as a function of the effect of stenosis. For sCA, wefirst adjusted ourmodel without
any stenosis by setting the effective number of parallel arterioles in the vascular tree nsa to 7000 asmentioned in
the previous section tofit Lassen’s curve obtained from cats and rats (Ursino et al 1996). Having validated the
feasibility of ourmodel, we then conducted the simulation of sCAwith 70% stenosis in the left ICA andCBFV
measured in the systemic arterial tree as an illustration. The results are shown infigure 3.

Although ourmodel does not perfectlyfit the sharp jump in the experimental data exhibited between 120
mmHg and 130mmHg, the trends that wefind at the higher values of ABP are still in good agreement,
comparable to that found by other authors, enabling us to draw conclusions from thismodel. From thisfigure,
with 70% stenosis in the left ICA, wefind that sCA is only significantly impaired beyond a certain level in the
high systemic arterial pressure rangewith the appearance of severe stenosis, while the impairment in the lower
limit and plateau parts of Lassen’s curve appears to bemuch smaller. Compared to the baseline, the CBFV
measured at the aggregate arterial tree was found to decrease by just 1.55% at 100mmHg, and 6.70% at 150
mmHg respectively. Additionally, CBFVmeasured at the ipsilateral PCAdecreased 1.17% and contralateral
PCAdecreased 0.98% at 100mmHg, and 5.88% and 5.46% respectively at 150mmHg. CBFVmeasured at the
ipsilateralMCAdecreased 1.91% and contralateralMCAdecreased 0.62% at 100mmHg, and 8.26% and 5.36%
respectively at 150mmHg. Finally, CBFVmeasured at the ipsilateral ACAdecreased 2.75% and contralateral
ACAdecreased 1.86% at 100mmHg, and 8.40% and 6.94% respectively at 150mmHg. Thus, even in response to
large changes in driving pressure, CBFwas found to be highly robust, indicating that sCAwas onlyminimally
impaired in the presence of significant stenosis, if no other factors were assumed to affect static CBF.

To validate the robustness of ourmodel, we also conducted the Sobol global sensitivity analysis towards 9
different parameters including 8most top-right parameters infigure 13 in our previous paper (Tong et al 2021)
and nsa with±5%variation onfigure 3(a). The results are shown infigure 4.

For dCA,we investigated the effects of stenosis on dCAboth in the same arterial and in different arterial
vessels. First, we conducted simulations for both unilateral and bilateralMCA stenosismeasured at ipsilateral

Figure 3. sCA response without stenosis and ipsilateral and contralateralMCA70% stenosis in (a) total bloodflow; (b)PCA; (c)MCA;
(d)ACA.
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MCA, PCA, andACA respectively.We quantified the comparison by calculating the RoR at different degrees of
stenosis, which is calculated as the difference between the value of CBFV at 3 s after the step pressure occurs and
the initial value of CBFV. For ease of comparison, each value of RoR is compared to the baseline condition, i.e.
the 0% stenosis condition.We performed this calculation of relative changes in dCA strength to enable us to
compare our resultsmore easily with themany differentmetrics of dCAused in the literature. Thenwe
conducted the same simulations for unilateral and bilateral PCA andACA stenosis. The results are shown in
figure 5.

From thisfigure, we can clearly see that the RoRdrops dramatically past approximately 50% stenosis when
measured in the same arterial branch, indicating a severe dCA impairment. This finding is consistent with the
results fromChen et al (2014).We alsofind, however, that both unilateral and bilateral stenosis have little effect
on the strength of dCA in different arterial branches, indicating that stenosis appears to only have a local effect
rather than a global effect. The one exception to this is that bilateralMCA stenosis significantly affects dCA in the
ACAbranch. This is likely because the baselineflow in these circumstances will be very significantly altered in
the presence of significant stenosis. Hence, it appears that changes in dCA in one vessel occur largely
independently of changes in dCA in another vessel.

For comparisonwith previous studies, Chen et al (2014)usedRoR to indicate the strength of dCA function
measured in theMCA in theMCAstenosis condition. The results, using just the quoted average value, showed that
the relative values ofRoR in themild stenosis (<50%) are 75.24%, that in themoderate stenosis (50%−69%) are
44.83%, and that in the severe stenosis (>70%) are 2.93%, all relative to baseline conditions. These strongly
nonlinear relationships arewell capturedbyourmodel, although it is difficult to performadirect comparison given
thewide ranges of values quoted in the experimental studies and the very strongly nonlinear relationship shown.

Wang et al (2015)used phase difference to quantify dCA and obtained similar results, in that dCAwas found
to be impaired at severe unilateralMCA stenosismeasured in the ipsilateralMCA. The results, using the
averaged values, showed that the relative phase differences in themild stenosis (<50%) are 73.28%, that in the
moderate stenosis (50%−69%) are 80.14%, and that in the severe (>70%) asymptomatic and symptomatic
stenosis are 47.67%and 22.63%, all relative to baseline. It is again difficult to compare these results directly with
ours, but as above a strong nonlinear relationship is shownwith a sharp drop-off as the degree of stenosis
increases.

We next performed simulationswith both unilateral and bilateral ICA stenosis to investigate its effect on the
dCAmeasured in all three branches (PCA,MCA, andACA). The results are shown in figure 6. Although the
decrease in dCA (asmeasured by RoR) occurs even for small degrees of stenosis, the range of change in RoR is
much smaller thanwas shown in the previous results forMCA stenosis, indicating that ICA stenosis has amuch
smaller impact on dCA thanMCA stenosis.

From the results, wefind that both unilateral and bilateral ICA stenosis have a global effect on dCA in all the
MCA, PCA andACA.However, the effects are smaller, with even the bilateral stenosis having only amaximum
reduction of 21% in dCA. dCAmeasured in theMCAhas been found to be impairedwith 75%–89%bilateral
ICA stenosis and profoundly impairedwith 90%–100%bilateral ICA stenosis by Reinhard et al (2003). This
experimental study used phase shift calculated via TFA to represent the relationship between bilateral ICA
stenosis and the degree of dCA impairmentmeasured at theMCA.We alsofind that dCA is impaired, but not to
the same degree as in the experimental studies.We alsofind that the impairment is different in each arterial
branch: although theMCA andACA show similar behaviour, the PCA is also affected but to a smaller degree.

Figure 4.The sensitivity analysis with±5%variation.
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Toprovide an initial validation of the clinically feasibility of ourmodel, we rerun the simulations shown in
figures 3, 5, and 6with±5% nsa variationswhile keeping other parameters the same (results shown infigures S1,
S2, and S3 in the Supplementary Information). From these figures, we can clearly see that the results obtained
here are largely insensitive to the precise value of nsa and the trends remain the same, which provides reassurance
on the potential future use of themodel in clinical applications.

The results thus show that whilst stenosis in theMCAdirectly impairs dCA across the different vascular
territories through the changes inflow conditions discussed earlier, with indirect effects less evident, stenosis in
the ICA appears to cause a smaller direct effect on dCAwith the changes observed experimentally needing the
presence of a significant indirect effect to explain the large reductions in dCA.White andMarkus (1997)
quantified the relationship between unilateral ICA stenosis and the degree of dCA impairmentmeasured at the
ipsilateralMCAusing ARI.Despite the positive relationship between these two factors, dCAwas still found to be
preserved in some patients (5/23) and the significant impairment was only found in aminority of cases (7/23)
even in the severe ICA stenosis (>80%). The changes in ARIwere found to be very significant, withARI
dropping from around 6 to below 3 for stenosis above 80%,which appears to be amuch larger change than
found in our simulations.

Discussion

In this study, we have used amathematicalmodel to simulate different stenosis conditions in order to investigate
the question of whether dCA impairment in one large vessel leads to dCA impairment in other large vessels.We

Figure 5.Relationship betweenRoR, relative to baseline, and degree of unilateral and bilateral PCA,MCA,ACA stenosismeasured at
ipsilateral (where relevant)PCA,MCA, andACA.Note that no solutions were obtained for flow in theACA in the bilateralMCA
stenosismodel beyond 80% stenosis.
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first conducted a simulation to study the relationship between the systematic arterial pressure andCBFV, in
whichwe found that CBFV is preserved even in themost significant changes and that sCA is little affected by
stenosis.We then performed simulations to study the spatial effect of stenosis in dCA, inwhichwe found that
both bilateral and unilateral stenosis in PCAs,MCAs, andACAs largely only have a local influence, and that the
stenosis degree is positively related to dCA impairment degreemeasured in the same artery. Thisfinding is
consistent with the conclusion of Chen et al however, both bilateral and unilateral ICA stenosis have a global
influence, and bilateral stenosis can have a large impact on dCA impairment, which has also been shown by
Reinhard et al (2003).

Reinhard et alused LF phase shiftmeasured using TFA to represent the impairment degree of dCA. Their
results show that LF phase shift is preserved (53.6± 33.7) in the 75%–89%bilateral ICA stenosis but is
profoundly reduced (8.6± 15.6) in 90%–100%bilateral stenosis. A similar result is found in unilateral ICA
stenosis. The phase shift value is preserved (53.2± 26.9) in the 75%–89% stenosis but is significantly reduced
(30.1± 25.4) in 90%–100% stenosis. Although the LF phase shift in healthy subjects is not quoted, we still can
measure the impairment degree of severe stenosis by comparing the phase shift valuemeasured in the 90%–

100% stenosis groupwith the valuemeasured in the 75%–89% stenosis group since this value is preserved so
that it can roughly be treated as themeasured healthy control group. Therefore, the impairment degree
measured in 90%–100%bilateral ICA stenosis is 83.96% and thatmeasured in unilateral ICA stenosis is 43.42%.
Comparedwith the results gained fromour simulation, we do notfind the same degree of impairment, butwe
alsofind that dCA ismuchmore impaired in bilateral ICA stenosis than in unilateral ICA stenosis.

With the results given above, we can attempt to provide some insight into the spatial effects of dCA
impairment. First, only severe stenosis can impair sCAbut even this effect is small, indicating that sCA is very
robust to the presence of stenosis. Second, stenosis in the PCA,MCA, andACAonly significantly affects dCA in
the same artery. Although the dCA impairment degree is positively related to the stenosis degree, the CoWcan
largely functionwell due to its collateral pathways, and bilateral stenosis is not common (although it should be
noted thatwe do not have information about the completeness of the CoW in these subjects and have assumed a
complete CoW throughout in our numerical study). Finally, ICA stenosis can have a global effect, which
indicates that ICA stenosismight bemore likely to impact stroke response than stenosis in other arteries and
should bemore carefully studied in future.

One of themajor difficulties in comparing ourmodel predictions with experimental results is thewide
variety of differentmetrics used to quantify dCA (there are of order several dozen available in the literature and
even the relatively small number of stenosis studies use a substantial number). For example, Reinhard used the
phase angle at low frequency, but this is very difficult to predict with amathematicalmodel (hence our choice of
RoR to represent the impairment degree of dCA). This is a persistent problemwith themetrics of dCA. In
addition, the small number of studies (even though the numbers of subjects are large)means that not all the links
between local stenosis and dCA in the different arterial branches have been experimentallymeasured, for
example, there is no study that has investigated the effect of bilateral ICA stenosis on the PCA. Thus, we have
restricted ourselves to considering two types of stenosis to quantify the relationships between dCA in the
different large vessels.

Figure 6.The relationship betweenRoR and degree of unilateral (LHS) and bilateral (RHS) ICA stenosis,measured at PCA,MCA, and
ACA.
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There are threemajor limitations in this study. First, we adopted themultiscalemathematical cerebral
autoregulationmodel that we previously proposedwithout further refinement.Many physiologicalmechanisms
including intercellular conduction reaction, neural control, andmetabolicmechanisms are not considered here.
The reason that we adopted our previousmodel, however, is that it provides a simple but physiological way in
which to compare different results. Second, wemade a series of simplifications and assumptionswhenwe
incorporated theCoW into our existingCAmodel. For example, asmentioned previously in this paper, we
assume that the initial resistance values of Rsv andRlv in every large arterial segment share the same ratios (Tong
et al 2021): we assume that theM2part of theMCAconsists of 90%of the total resistance as it contributes the
major part of the vessel, andwe also assume that stenosis happens essentially simultaneously both in 1 and 2
parts in each large arterial stenosis in our simulations. These assumptionsmay not be perfectly consistent with
the actual physiological conditions but are sufficient in this study to provide an initial insight into the regional
behaviour of dCA. Lastly, our conclusion for the spatial variation effect of stenosismay lack direct support from
physiological experiments as there is little research on the global effect of stenosis in the existing literature.

With these limitations, futureworks can focus on the refinement of theCA and stenosismodel and further
validationwithmore clinical data. In detail, we can add further detailed elements of CA, for example, including
the effects of heart rate (Deegan et al 2010) andCO2 levels (Meng andGelb 2014), to establishmore
compartmentalmodels to achieve a better prediction of CA.We can also refine the assumptions regarding
stenosis that we adopted in this studywithmore accurate physiological parameters.Moreover, withmore
studies on the global effect of stenosis, we can further refine our prediction and analyse the sensitivity of our
model with all parameters.We can also perform a detailed validation by recording simultaneous TCD
recordings inmultiple large vessels in both healthy controls and patient groups if data become available in the
future.We can establish a 3DCFDmodel to better understand the spatial effect of stenosis on dCAbased on the
work done byKaufmann et al (2012), Neidlin et al (2014), and Ferrandez et al (2002). Although in our paper, a
sensitivity analysis has been conducted and the±5% nsa variation has been simulated to verify ourmodel’s
feasibility, thismodel of course still needs to be further testedwithmore parameter variations to show that the
generalisability of the trends is the same evenwith the variation, in order to determine its potential clinical
applicability.Moreover, wewill consider the transfer function approach including gain, phase, and coherence
function, as this is commonly used in dCA analysis, in our futurework to improve standardisation of dCA
measurement to use ourmodel clinically.

Conclusion

In this paper, we have proposed a newmodel of CA and systematically investigated the spatial effects in dCAwith
the presence of stenosis whenmeasured in different arteries.With the results obtained fromour simulation, we
find that both sCA and dCA can be affected by stenosis. For sCA,we find that it is onlyminimally impaired even
with severe stenosis. For dCA,wefind that it is predominantly locally influenced rather than globally influenced
by stenosis and that it can be fully impaired either with the appearance of 100% stenosismeasured in the same
large artery (PCA,MCA, andACA), orwith ICA stenosis, which has a global effect. In brief, our study gives a
preliminary prediction of spatial effects of stenosis inCA and introduces an insight for future physiological
studies. The data used in this paper is shown in the appendix.

Data availability statement

All data that support thefindings of this study are includedwithin the article (and any supplementary
information files).
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PCAs 22.61 15.88 6.73

ACAs 17.30 12.15 5.15
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