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Abstract
Autoregulation and neurovascular coupling are key mechanisms that modulate myogenic
tone (MT) in vessels to regulate cerebral blood flow (CBF) during resting state and peri-
ods of increased neural activity, respectively. To determine relative contributions of dis-
tinct vascular zones across different cortical depths in CBF regulation, we developed a
simplified yet detailed and computationally efficient model of the mouse cerebrovascula-
ture. The model integrates multiple simplifications and generalizations regarding vascular
morphology, the hierarchical organization of mural cells, and potentiation/inhibition of MT
in vessels. Our analysis showed that autoregulation is the result of the synergy between
these factors, but achieving an optimal balance across all cortical depths and throughout
the autoregulation range is a complex task. This complexity explains the non-uniformity
observed experimentally in capillary blood flow at different cortical depths. In silico sim-
ulations of cerebral autoregulation support the idea that the cerebral vasculature does
not maintain a plateau of blood flow throughout the autoregulatory range and consists of
both flat and sloped phases. We learned that small-diameter vessels with large contrac-
tility, such as penetrating arterioles and precapillary arterioles, have major control over
intravascular pressure at the entry points of capillaries and play a significant role in CBF
regulation. However, temporal alterations in capillary diameter contribute moderately
to cerebral autoregulation and minimally to functional hyperemia. In addition, hemody-
namic analysis shows that while hemodynamics within capillaries remain relatively stable
across all cortical depths throughout the entire autoregulation range, significant variabil-
ity in hemodynamics can be observed within the first few branch orders of precapillary
arterioles or transitional zone vessels. The computationally efficient cerebrovasculature
model, proposed in this study, provides a novel framework for analyzing dynamics of the
CBF regulation where hemodynamic and vasodynamic interactions are the foundation on
which more sophisticated models can be developed.
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Introduction
Autoregulation serves as the primary mechanism regulating CBF. This regulation is driven
by the myogenic response in vessels [1]. As mean arteriolar pressure increases, the potentia-
tion of the myogenic response works to maintain relatively constant blood flow throughout
the vascular network. Additionally, during periods of increased brain activity, the inhibi-
tion of the myogenic response through neurovascular coupling (NVC) leads to vasodilation
and enhancement of blood delivery to activated regions—a process termed functional hyper-
emia (FH). Understanding the mechanisms involved in the autoregulation and NVC and the
tight interplay between them in health and pathological condition has attracted significant
attention in recent years [1,2]. Analyzing variables such as RBC flux and velocity, blood flow
velocity, vessel diameter, and RBC line scan density has become a common practice in evalu-
ating cerebral autoregulation [3–12]. These physiological variables can be assessed quantita-
tively under static conditions including mild and stable anesthesia or in awake mice without
potent and transient neuronal activity. Therefore, it is scientifically valuable to understand
how these variables are influenced by factors such as cortical depth, vascular zone, disrupted
myogenic response, and particularly mean arterial pressure level which varies across diverse
experimental settings, especially due to variations of the heart rate [13].

Moving beyond the vascular-centric process of autoregulation [1], there is growing interest
in investigating hemodynamics and vasodynamics across various vascular zones during FH
to evaluate NVC under pathological conditions [14–17]. The diversity of vasodilatory mecha-
nisms across various vascular zones is well-recognized [2,18]. This diversity necessitates iden-
tifying the vascular zones where impaired NVC could most detrimentally affect blood deliv-
ery. Controversies exist in in-silico studies aiming to quantify in which vascular zones NVC-
induced vasodilations contribute most significantly to blood delivery. For example, Gould et
al. suggest that capillaries adjacent to feeding arterioles, now recognized also as transitional
zone (TZ) vessels, are key contributors to hydraulic resistance [19]. Another study by Hall
et al. calculated that a 6.7% dilation in cortical capillaries could account for 84% of the total
blood flow increase seen during FH [20]. However, it is worth noting that in their study, ves-
sels categorized as capillaries included the first four orders of bifurcated vessels from penetrat-
ing arterioles (PAs), which are now more specifically referred to as TZ vessels or precapillary
arterioles. In contrast to these studies, Rungta et al.’s experimental and computational analysis
of FH dynamics presented a different viewpoint proposing that vasodilation in higher-order
capillaries significantly contributes to FH [21]. These differing interpretations underscore the
challenges in quantifying these dynamics, particularly without considering the effect of fac-
tors such as the basal degree of constriction in vessels, cortical depth, intensity and period of
neuronal activity, and mean arteriolar pressure.

Computational studies of autoregulation have predominantly concentrated on the dynam-
ics of CBF regulation through time-domain analyses upon the application of vasoactive stim-
uli. These models often employ lumped mathematical models rooted in the principles of static
autoregulation [22–29]. Despite these efforts, a gap remained in the computational analy-
sis of core aspects of static autoregulation, particularly within the cerebral vasculature. Static
autoregulation is a vascular-centric regulatory process which functions by precisely trans-
ducing mechanical forces exerted on internal surfaces of blood vessels into mechanical forces
exerted by mural cells on the outer surface of the lumen. This mechanism finely adjusts lumi-
nal diameter, ensuring uniform and consistent blood flow across all cortical depths even
amidst substantial variations in intravascular pressure (IP) within the brain’s main feed-
ing arteries. Therefore, both outputs (like vessel diameter and CBF adjustments) and inputs
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(mechanical forces exerted by the bloodstream on the vessel walls) are coupled hemodynamic
and vasodynamic variables, integrated into this system. The tight coupling of vasodynamics
and hemodynamics highlights the less explored potential of incorporating analytical approach
to simulate these variables within cerebrovascular networks for studies focused on cerebral
autoregulation [30]. To date, hemodynamics-vasodynamics analysis in cerebrovascular mod-
els have been constrained by the application of fixed boundary conditions and constant vessel
diameters derived from segmented two-photon microscopy images [19,31–37].

The main objective of this work is to examine how the potentiation and inhibition of the
myogenic response across different vascular zones contribute to cerebral autoregulation and
enhance blood delivery during FH. To accomplish this we adopted several justifiable simplifi-
cations and generalizations to provide an abstract yet insightful perspective on the key aspects
of cerebral autoregulation using a simulated vasculature. We began by designing our in-silico
cerebrovascular model and progressively refined it by incorporating essential morphological
and mechanobiological characteristics of the mouse cerebrovasculature. The analysis focused
on achieving optimal IP distribution across the network’s nodes and regulating vessel segment
diameters, and therefore the resistance, to maintain relatively consistent blood flow in capil-
laries across all cortical depths, despite significant IP variations in main feeding arteries. This
approach enabled us to computationally investigate the system’s input-output relationship
across diverse cerebrovascular zones and analyze the necessary precision in these translations
for ideal blood distribution.

Results
A: Design and evaluation of a cerebrovascular model
Cerebral blood flow is directly proportional to the IP gradient between the main cerebral
arteries and veins, and inversely proportional to the blood flow resistance between them. This
resistance is determined by factors such as the vessel diameter and rheological properties of
the blood. To build the vascular model for the analysis of cerebral blood flow autoregulation
and vasodilation during FH, we need reasonable estimations of basal internal vessel diame-
ters pre-FH. For a vessel to form a suitable pathway for RBC movements, a force such as the
intravascular pressure should be applied to its elastic structure to induce passive distention
and create a tubular shape with a measurable diameter. In addition to the intravascular pres-
sure, the force exerted by mural cells, muscular cells encasing the vessel’s lumen, including
smooth muscle cells (SMCs) and pericytes, can cause active constriction which is another fac-
tor in determining vessel basal diameter. Thus, diameter of a vessel segment is the outcome of
the dynamic equilibrium between these two opposing forces, the passive distension and active
constriction. The magnitude of passive distension depends on the vessel’s distensibility and is
modulated by circumferential stress applied to the internal vessel wall. Meanwhile, the extent
of active constriction in each vessel segment depends on the concentration of contractile ele-
ments and is modulated by hemodynamic variables within the segment, including internal
pressure and blood flow. Therefore, for accurate modeling of an elastic vessel segment that
dynamically adjusts its diameter in response to internal hemodynamic variations, we need
information about the structural composition of vessel walls and the way the muscular force
is modulated by the hemodynamics. With this information in hand, we can calculate the equi-
librium between these forces in each vessel segment based on internal hemodynamic values
and use that to estimate the diameter of the segment and its resistance to blood flow.

It is technically challenging to obtain the information needed to model each vessel seg-
ment for two reasons: (1) The structural composition of vessel walls varies across different
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vascular zones and locations. To address this, we incorporated the morphological characteris-
tics of mouse cerebral vasculature to design the initial framework of our in-silico vasculature,
(2) Identifying the precise transfer function, the function that maps vessel’s internal hemo-
dynamics to the muscular force imposed on the vessel, is currently infeasible due to several
unknown principles that govern the calibration of this transfer function. There are multiple
hypotheses on how vessels adapt their lumen diameters to hemodynamics. A widely accepted
perspective suggests that each vascular segment independently seeks to balance the mechan-
ical forces it faces (such as wall tension and wall shear stress), aiming for durability and min-
imizing energy expenditure in the process of blood flow regulation [38–40]. However, the
specifics of these multivariable optimizations have remained unclear, including whether vas-
cular cells autonomously manage this minimization process and establish the transfer func-
tion, or if intermediaries like astrocytes continuously aid in adjusting blood flow, participat-
ing in cerebrovascular adaptation to precisely meet metabolic demands and calibrate these
transfer functions [41]. Despite these uncertainties, it is reasonable to assume that these pro-
cesses collectively strive to autoregulate the blood flow in a healthy vasculature. This cause-
and-effect assumption guided our approach in estimating the calibrated transfer function for
every segment within our in-silico vasculature.

Therefore, in the subsequent parts of this section, we employ numerical and analytical
methods to refine the cerebrovascular model and estimate the transfer function of all seg-
ments to enable functional autoregulation. The objective is to develop a computationally effec-
tive coarsely segmented cerebral vasculature with a calibrated transfer function for each seg-
ment that dynamically relates its internal hemodynamics to the vessel diameter. Within this
network, the interplay between changes in the hemodynamics and vessel diameter, particu-
larly when considering the existence of a delay in muscular force adjustment in response to
hemodynamic variations, leads to a scenario where vessels cannot maintain a dynamic bal-
ance between passive and active forces. In a system with a negative feedback, any increase in
the output triggers a response that decreases that output. In the CBF regulatory system, a rise
in IP triggers active constriction, effectively reducing the IP as a form of a negative feedback.
However, unlike the instantaneous passive distension, active constriction involves a sequence
of events—from detecting changes in IP to inter-cellular interactions in mural cells that reg-
ulate myosin light chain phosphorylation—thereby delaying the adjustment of the muscular
force. This strategy of integrating a delayed negative feedback, as seen in various biological
regulatory systems for inducing autonomous oscillations [42], is similarly employed in the
CBF regulatory system which generates oscillatory dynamics. Consider a PA experiencing
an increase in IP. Although the negative feedback should counter this increase, the interplay
between the delayed active constriction and instantaneous passive distension instead leads to
an augmented diameter and, subsequently, elevated pressure. This process creates a temporary
positive feedback scenario until the delayed adjustments in muscular force overcome the pas-
sive distension, reverting to its negative feedback role to curb the pressure increase and halt
the dilation cycle. Once the constriction cycle initiates, the IP within the PA begins to drop
immediately, yet the force applied by mural cells remains adjusted to peak IP levels. This con-
dition prompts mural cells to progressively reduce the diameter until the delayed adjustment
in muscular force is inadequate against passive distension, ending the constriction cycle and
triggering the new oscillations of the vessel diameter—a phenomenon known as vasomotion.
For the purposes of our analysis in Section B, we simplify the model by omitting this delay.
This simplification allows us determine the steady-state diameter of vessels.

Currently, realistic cerebrovascular models, which are derived from segmented images gen-
erated by two-photon microscopes, are commonly used to analyze cerebrovascular hemody-
namics. Simulating a high-resolution segmented cerebrovascular model requires significant
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computational power, especially when used for temporal and multi-scale quantitative anal-
ysis [43]. Fig 1a shows an example of a coarsely segmented vasculature model suitable for
multi-scale studies and for the modeling of each vascular segment. While these models are
useful in some studies, we encountered several challenges that made them impractical for our

(a)

(c)

(b)

(d)

Fig 1. Overview of cerebral autoregulation modeling in the cerebrovascular network (a, b) segmented microvasculature structures: (a) is rendered from coarsely
segmentation version of realistic in-silico mouse brain vasculature, provided by Kleinfeld’s laboratory [44], while (b) is an artificial vascular model. The vast number of
boundary nodes in (a) pose a significant challenge in conducting precise hemodynamic analysis. Additionally, the inability to clearly identify different vascular zones,
particularly TZ segments, makes it unsuitable for our study. These issues are addressed in (b) by incorporating only two boundary nodes and a monotonous structure.
This architecture made it possible to differentiate between TZ segments and capillaries and to assign suitable mural cell to each segment. The zoomed-in area in (b)
shows the structure of the microvessels, including sphincter, three layers of TZ segments (up to the 3rd order), and three layers of capillaries (beyond the 3rd order).
Capillary indices are assigned based on the convergence morphology, indicating the blood volume accommodated by each segment. The color coding illustrates the
pressure distribution across the vascular segments, with boundary node pressures set at 90 and 10 mmHg. The depicted in-silico vasculature model aims to replicate a
final major bifurcation of the Middle Cerebral Artery (MCA). This structure was inspired by the detailed reconstructed pial arterial network of mouse cerebrovascu-
lature in studies by Adams et al. and Epp et al. [45,46]. (c) Illustrates the autoregulation curve. In our in-silico model, we defined the lower autoregulation limit at 40
mmHg, where mural cells induce minimal resistance to passive distension across all vessels. Conversely, at the arterial boundary node set to 130 mmHg, mural cells
exert maximum resistance to passive distension, marking the upper limit in our model. This delineates the autoregulation range, within which mural cells dynami-
cally adjust to maintain steady blood flow. (d) Outlines steps in the design of an artificial vasculature model with defined segment-specific response to a wide range of
hemodynamic forces, aimed at achieving cerebral autoregulation within the network.

https://doi.org/10.1371/journal.pone.0321053.g001
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specific research needs. First, the inherent spatial limitations of segmented vasculature typi-
cally result in a large number of boundary nodes throughout these networks. This situation
requires estimating the unknown boundary conditions for less critical nodes, using physio-
logically informed conditions applied to principal nodes, to address the ill-posed nature of
hemodynamic analysis within these networks [31]. Such a process potentially diminishes the
precision of hemodynamic analysis in cerebrovascular model, which is the core aspect of our
analysis. Moreover, in working with cerebrovascular models, precise identification of vascu-
lar zones and types of mural cells that regulate each segment’s diameter is essential. However,
reaching this detailed level is difficult in realistic coarsely segmented cerebrovascular mod-
els without specific information about the types of mural cells encasing each vessel segment.
This difficulty arises from the inability to distinguish between PAs and TZ vessels, as well as
between TZ vessels and capillaries, especially deeper in the cortex, when relying solely on ves-
sel diameter and vascular organization. Additionally, our preliminary hemodynamic analyses
conducted on realistic coarsely segmented vasculature models, resulted in significant inhomo-
geneity in hemodynamic variables across the network, deviating from reality. This discrep-
ancy underscored the need to develop a simplified yet computationally effective model. To
address the complexities inherent in coarsely segmented realistic microvasculature, we devel-
oped an artificial vasculature depicted in Fig 1b. Design principles of this model are discussed
in detail in Sec A2.

It is recognized that during brain’s vasculature development, the formation of vascu-
lar walls is regulated to obtain certain key attributes. These include the luminal diameter of
vessels and the expression level of contractile elements encasing vessels. Estimating these vari-
ables was our first step in constructing the artificial cerebrovascular model. In tackling the
challenge of defining the diameter of vessel without accounting for internal hemodynamics,
we adopted a general approach for all segments. We started by identifying the diameter of
vessels at their maximum dilation state defined as the point where the force exerted by mural
cells balances out the passive distension during a stepwise increase in the IP of the vessel.
Beyond this point, any further increase in the IP results in constriction since the force from
mural cells overrides the passive distension and initiates vessel constriction. Theoretically, this
state of dilation can be viewed as placing the vasculature at the lower limit of its autoregula-
tion curve. As shown in Fig 1c, the autoregulation curve illustrates the vasculature’s capac-
ity to dynamically adjust vessel diameters, ensuring consistent blood perfusion in capillaries
independent of the IP at the feeding points. Thus, the moment when constriction begins, due
to an increased level of MT in vessels, can be considered theoretically as the lower limit of the
autoregulation range. Fig 1d presents a block diagram outlining the steps taken to incorporate
the fundamental principles of physiological vasculature design into the design of the artificial
vasculature model. We began by analyzing images of murine cerebral vasculature to extract
vessel branching patterns and general cortical depth-dependent trends in vascular morpho-
logical features and incorporating this data into the modeled luminal vessel diameters. We
specifically aimed to achieve energy-efficient and homogeneous blood delivery within the
network when the IP in the main vasculature artery was set to 40 mmHg, which is a hypo-
thetical value representing the lower limit of the autoregulation in our model. After achiev-
ing this uniformity, additional factors were introduced, such as various expression levels of
contractile elements in different segments of the vasculature. Next, the autoregulatory cause-
and-effect assumption was applied to estimate the response of each vascular segment to a wide
range of hemodynamic forces. This approach not only enables a systematic examination of
autoregulation in our model but also establishes a cerebrovascular model where segments can
autonomously respond to a wide range of hemodynamic forces.
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A1: Cortical depth-dependent variations in cerebral vasculature morphology Our
analysis of the publicly available two-photon-imaged murine cerebral vascular data [47,48]
shows a cortical depth-dependency in morphological characteristics of the brain vasculature.
Notably, aligned with Lauritzen et al.’s findings about sphincters [49,50], we observed that
these newly identified vascular segments typically form at strategic locations to help providing
uniform hemodynamics across capillaries at various cortical depths. A sphincter, character-
ized by a bulbous dilation of the lumen following constriction, is usually located at the origi-
nation point of the transitional zone (TZ)—where arterioles transit to capillaries. Fig 2a show
a PA that bifurcates into two daughter branches. A sphincter is visible at the origination point
of the left branch in this figure. Our statistical analysis of sphincters, using the two-photon
database, including the examination of 56 PAs across a cortical depth range of 0–600 µm in
12 mice (as detailed in Method), showed a close correlation between the likelihood of sphinc-
ter formation, cortical depth, and the ratio of daughter-to-parent vessel diameters. This result
confirms the findings of Zambach et al. [49]. As depicted in Fig 2b, our analysis revealed a
noticeable decrease in the probability of sphincter formation at the bifurcation points as PAs
delve deeper into the brain. Additionally, the results showed a strong correlation between the
daughter-to-parent diameter ratio and the formation probability of sphincters, with sphincters
being highly likely to form where the daughter branch diameter is less than that of the par-
ent branch (Fig 2b). This feature is exemplified in Fig 2(a), where a sphincter is visible at the
origination point of the left branch, with a lower daughter-to-parent diameter ratio, unlike the

Fig 2. Quantitative analysis of sphincter density and TZ vessel diameters in mouse brain vasculature, (a) illustrates the
presence of sphincters at PA-TZ bifurcation points. A sphincter is shown at the left bifurcation point, characterized by a low
daughter-to-parent diameter ratio. In contrast, the right bifurcation point, with a larger daughter-to-parent diameter ratio, has
no sphincter, (b) statistics of sphincter formation as a function of the daughter-to-parent diameter ratio at the PA bifurcation
points across various cortical depths. The analysis highlights a close correlation between the cortical depth and the likelihood
of sphincter formation at PA-TZ bifurcation points, (c) shows an increase in the diameter of TZ vessels as arterioles penetrate
deeper into the brain tissue. Vessels are categorized by their order of bifurcation: the “1st-order” TZ vessels emerge directly from
the parent PA, while the “2nd-order” TZ vessels are formed from the division of the 1st-order TZ vessels.

https://doi.org/10.1371/journal.pone.0321053.g002
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right branch where a sphincter is absent. Moreover, our analysis of the diameters of TZ seg-
ments in this dataset indicated a consistent enlargement trend in the average diameter of these
vessel segments as PAs penetrate deeper into the cortical tissue, as shown in Fig 2c.

A2: Design of the in-silico vasculature at the maximum dilation point The in-silico
brain vasculature, shown in Fig 1b, is a graph-based network composed of a series of inter-
connected nodes and segments. Each segment is modeled by a cylindrical tube with spe-
cific length and diameter that determine the resistance to blood flow according to Poiseuille’s
law [51]. To improve the precision of the hemodynamic analysis, we designed this artificial
vasculature with only two boundary nodes: a pial artery node for blood delivery and a vein
node for blood drainage. This network features a pial (surface) artery that bifurcates into two
branches, from which 15 PAs diverge and penetrate deep into the cortical tissue. We incor-
porated a total of 3 diverging bifurcations and up to 3 converging unifications connecting
a feeding arteriole to a draining venule, drawing upon the findings of a study by Kleinfeld
and colleagues [52]. Moreover, based on observations by Li et al. [9], blood flow in vessels
that bifurcate from PAs was found to be nearly threefold larger than the flow in vessels on
the venous side of the capillary bed, which direct blood towards ascending venules. Conse-
quently, adhering to the principle of mass conservation, they proposed that the number of
capillaries directing blood towards the venous side is approximately threefold larger than the
number of branches carrying blood from arterioles to the capillary bed. A detailed view of the
designed microvessels’ structure is provided in Fig 1b, illustrating a sequence beginning with
a sphincter, followed by three diverging layers of TZ segments, and ending with three lay-
ers of converging capillary segments. The proposed morphological structure of capillary bed
was designed to achieve smooth divergence and convergence and a good level of uniformity
in vessel distribution, while adhering to a simple 2-to-1 convergence/divergence ratio. This
results in eight non-bifurcating capillaries post TZ divergence that almost uniformly converge
into three segments before connecting to an ascending venule.

In our in-silico vasculature, due to the monotonous structure of the capillary beds in all
cortical depths, we assigned capillary branching order indices based on the blood flow level
in each capillary segment. Accordingly, non-bifurcating capillary segments with the low-
est blood flow were categorized as Cap1 segments. The first set of converging capillaries,
handling blood flow twice that of the non-bifurcating capillaries, were designated as Cap2.
Lastly, those capillaries accommodating a flow about four times higher than the non-
bifurcating capillaries were classified as Cap3 segments. The length and diameter of various
compartments within the network were established in accordance with recently published
data showing the distribution of vessels’ characteristics across different vasculature zones [8,
53,54]. The length of each arteriolar segment was approximated to match that of an arteriolar
endothelial cell (EC), typically around 30-35 𝜇m [54,55]. The lengths of sphincters were set
to 4 𝜇m and each microvessel segment (TZ vessels and capillaries) to 44 𝜇m.This adoption
of relatively long segment lengths (coarse segmentation) aimed to enhance the computational
efficiency.

To establish homogeneous hemodynamics across capillaries at various cortical depths,
we made several assumptions regarding the diameters of network segments. In line with our
cause-and-effect assumption, we optimized the diameter of vessel segments at their maxi-
mum dilation to tune the blood flow in our vasculature within its lower limit of autoregula-
tion curve. This optimization was aimed to ensure that, even with the IP in the main arterial
node set within the lower physiological range, capillaries in all non-bifurcating branches have
a hemodynamic with a Gaussian distribution, aligning with the range of values observed in
in-vivo experiments and other computational studies.
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Sphincters, TZ vessels and capillaries, classified as microvessels, account for a significant
portion of the overall vascular resistance owing to their small internal diameter and the con-
siderable distance that an RBC traverses within these segments. Thus, determining the diame-
ter of these segments accurately is crucial. Several studies have measured microvessels’ diam-
eters using in-vivo techniques [8,56–58]. However, under normal conditions, vessels typically
maintain a moderate level of MT, meaning that measured values do not reflect the diameter at
the state of maximum dilation. Nevertheless, if we consider that a specific level of MT is typi-
cally present in vessels under realistic conditions at a certain mean arterial pressure, examin-
ing the diameters of vascular segments in in-vivo conditions can still provide valuable insights
into their maximum dilation. In this regard, Watson et al. elucidated that TZ segments pre-
dominantly have a luminal diameter that is 20-25% larger than capillaries [8], aligned with
the nomenclature we adopted in this article where TZ segments are the 1st to 3rd bifurcated
vessel branch post-PA and capillaries are those beyond the 3rd order branch. Additionally,
their research pointed out that the initial branch of TZ segments, TZ1, generally has a luminal
diameter about 20% larger than that of the subsequent TZ segments (TZ2 and TZ3). In con-
cordance with their statistical analysis and considering the larger contraction level in vessels
in-vivo compared to their maximum dilation state, we estimated an additional 15% dilation
on top of their reported values to represent the maximum dilation state of these micovessels
more realistically. In particular, we set the TZ1 segments’ diameters based on a Gaussian dis-
tribution with mean value 5.5𝜇m and 0.25 standard deviation (DTZ1 ∼N (5.5, 0.252)), and
subsequently, diameters of TZ2 and TZ3 segments were defined by (DTZ2 ∼N (5, 0.252)),
and (DTZ3 ∼N (4.5, 0.252)). The diameters of Cap1 segments were also modeled by a Gaus-
sian distribution (DCap1 ∼N (4, 0.252)) [8,20,34,59]. For the two layers of converging capil-
laries, we assumed larger diameters (DCap2 ∼N (5.5, 0.52)), and (DCap3 ∼N (6.5, 0.52)). This
adjustment accounts for the larger flow of RBCs in these segments, which potentially necessi-
tates a larger cross-sectional area to accommodate the increased flow [56]. Additionally, blood
pressure in these capillaries that are close to veins is typically low, which requires larger cross-
sectional areas to provide low resistance to blood flow. The maximum dilation state of PAs
was preliminarily estimated to be 18 𝜇m, which is slightly larger than the average basal diam-
eter observed in in-vivo measurements made at the somatosensory cortex of mice that ranges
between 10-15 𝜇m [14,31,60–62]. Also, diameter of pial artery segments was initially approx-
imated to be around 60 𝜇m, a value derived from the physiological range observed in both
in-vitro and in-vivo studies [62–64]. These initial estimates are later refined in this section to
more accurately represent the maximum dilation state of these vessels.

To perform hemodynamic analysis within our designed vasculature, we set the IP bound-
ary conditions to 40 mmHg for the pial artery node and 10 mmHg for the vein node. These
values fall within the lower physiological range, aligning with our premise that our maxi-
mally dilated vasculature model would function optimally under low IP conditions closer to
the lower end of the autoregulation curve. Hemodynamic analysis was then conducted, as
detailed in Methods, to calculate blood flow, velocity, hematocrit, and pressure values across
all segments of the artificial vasculature.

Multiple factors influence the variability of hemodynamic variables as observed in in-vivo
studies [8–11,65] and computational analyses [19,31,32,34,35]. The key factors among these
are the anatomical location of the vessel where the hemodynamic variables are measured, and
the current state of the vasculature in its autoregulation range. To evaluate our in-silico vas-
culature’s ability to replicate actual conditions, and to mitigate the impact of the aforemen-
tioned factors causing hemodynamic variability for comparative analysis, selecting a compar-
atively stable physiological parameter was essential. We chose capillary blood flow as this key
measure. Our rationale was based on the principle of autoregulation stating that irrespective
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of a capillary’s position within the brain’s vasculature, and under the condition of adequate
blood oxygen and nutrients in experimental settings, blood should have a consistent range of
flow throughout these vessels. Given the convergence of vessels within the capillary network,
which can cause hemodynamic variability in capillaries [9,11,66,67], we chose the blood flow
in non-bifurcating segments, Cap1, as a representative measure of blood flow in capillaries.
Considering their prevalence in the capillary bed, these segments constitute 56% of the overall
vascular length of microvessels in our in-silico vasculature .

In in-vivo studies reported by Watson et al. [8] and Li et al. [9], RBC flux distribution in
capillaries is typically a semi-Gaussian distribution centered around a mean value but with a
skew towards higher fluxes [11,66]. This tail in the distribution likely reflects the higher flow
in converging capillaries, similar to what we modeled in our in-silico vasculature. Given that
this pattern was observed in in-vivo experiments, it seems reasonable to consider the mean
of this distribution as a desirable operating point of a healthy vasculature. A narrow distri-
bution around this mean would ensure that most capillaries experience a similar blood flow,
thereby minimizing instances of abnormally high or low flow. Computational studies typically
report mean blood flow in capillaries ranging between 0.3 to 0.8 nl/min [19,31,32]. Corre-
spondingly, RBC velocities measured in capillaries in in-vivo settings generally range from
0.4 mm/s to 1 mm/s [8–11,65]. Assuming single-file RBC movement in capillaries, it is rea-
sonable to assume that the blood flow velocity in the centerline of these vessels approximates
the RBC speed. Therefore, the measured RBC velocity in in-vivo settings, in a capillary with
a typical diameter of 4 𝜇m (D) [8,56,68,69], calculated by Eq. 1, results in a blood flow rate
(Q) of approximately 0.3 to 0.75 nl/min. We selected a value near the median of this range, 0.5
nl/min, as the optimal blood flow rate for Cap1 segments in our in-silico model. Therefore,
for an optimally designed in-silico vasculature, we anticipated that the blood flow within its
non-bifurcating capillary segments (Cap1) to be a random variable with a narrow Gaussian
distribution centered around 0.5 nl/min.

v = Q

𝜋 ⋅ (D2 )
2 (1)

Preliminary hemodynamic simulations conducted using our artificial vasculature under-
scored the importance of incorporating cortical depth-dependency in vessel luminal diam-
eters across different vasculature zones, particularly sphincters and TZ segments, as ana-
lyzed in Fig 2. Neglecting this depth-dependency led to a disruption in the uniformity of
RBC flux across capillaries at different cortical depths. Our results from these simulations
under two distinct scenarios are presented in Fig 3a. In the first scenario, we strategically posi-
tioned sphincters at their optimal locations and modeled narrower diverging TZ vessels in
upper layers. We adopted a simplified linear relationship between the sphincters and TZ ves-
sels diameter (Dsphinci/TZi) and cortical depth (Z). In our model, sphincter diameters ranged
from 3 𝜇m in the superficial layer to 6.6 𝜇m in the deep cortex, computed using the equation
Dsphinci = 3 + 3.6 × cdr(Zsphinci), where cdr(Zsphinci/TZi) = (

Zsphinci/TZi–ZCB1
ZCB7–ZCB1

) represents the cor-
tical depth ratio. Here, ZCBm is the depth of themth capillary bed (ZCB1 = 90𝜇m,ZCB7 = 840𝜇
m), and (Zsphinci/TZi) is the depth of the capillary bed where the ith sphincter or TZ segment is
located. For TZ vessels, a marked cortical depth-dependency in their diameters was observed,
as shown in Fig 2c (40–50% for a 400 𝜇m difference). This was modeled by a linear cortical
depth-dependent scaling of the Gaussian distribution allocated to TZ segments, defined by
DTZni =DTZn×(1+0.8×cdr(ZTZni )), where n is the branch order. This leads to an approximate
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Fig 3. Design and optimization of cerebrovasculature model. (a) Blood flow in non-bifurcating capillaries across various cortical depths under two scenarios.
Scenario 1 shows a more uniform distribution of blood flow, provided by the presence of sphincters and narrower superficial TZ segments, along with PAs that
narrow as they penetrate deeper. In scenario 2, the absence of sphincters (equal 5 𝜇m diameter for all cortical depths) and uniform diameters of TZ segments
across all depths(cdr(Z) = 0), combined with a constant diameter of PAs (no narrowing along the penetration), result in a non-uniform distribution of blood
flow across different cortical depths. (b) Presents a probability histogram of blood flow in Cap1 segments under two distinct scenarios. In the non-optimized
scenario, all pial artery segment diameters were set to 60 𝜇m, and PAs do not narrow as they approach the arterial boundary node. Non-optimized arteriolar
diameter, results in a broader and more uneven distribution of blood flow in the capillaries. In this scenario, superficial capillaries located closer to the arterial
boundary node have higher blood flow compared to those located further away. (c) A 2D schematic of the designed vasculature, emphasizing on the optimization
of arteriolar diameters. In this optimization, we attempted to adhere to the principles of Murray’s law and took into account the proximity of some PAs to the
arterial boundary node, where the IP is set to a fixed value. As a result, superficial segments of right PAs, being closer to higher pressure sources, are designed
to be narrower, to adequately compensate for the elevated pressure levels. (d) Distribution of maximal dilation across microvessels in the designed vasculature.
Cortical depth dependency considerations in TZ segments result in a higher standard deviation of diameters compared to capillaries. The “All” category rep-
resents the diameter distribution of all microvessels in the model, where a noticeable peak is observed around 4 𝜇m due to the larger prevalence of Cap1 in the
microvasculature. The “TZ” and “Cap“ groups denote vessels located within the transitional and capillary zones, respectively, without distinguishing between their
specific indices.

https://doi.org/10.1371/journal.pone.0321053.g003

80% increase in the diameter of TZ segments at 840 𝜇m depth compared to those at the depth
of 90 𝜇m.

Moreover, recognizing that deeper PA segments accommodate lower blood flow and
consequently require smaller diameters than superficial segments, we applied Murray’s
minimum-cost hypothesis as a guide to determine the rate at which each PA narrows. Accord-
ing to Murray’s law, the volumetric flow rate should be proportional to the cube of the vessel’s
radius, implying that uniform wall shear stress (WSS) across the vascular network optimizes
the system for minimum energy expenditure in fluid transport [38,70]. While our design
principle was shaped by insights fromMurray’s hypothesis, we did not rigorously implement
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it in a mathematical sense. A precise application would entail a detailed mathematical opti-
mization process, necessitating an accurate cost function and an advanced level of hemo-
dynamic analysis, where WSS is determined based on equations accounting for the various
blood velocities along the vessel axis. Our goal was to achieve a similar WSS across all seg-
ments, as formulated by Eq. 2, which provides a simplified equation for calculating WSS in
a cylindrical vessel based on blood flow rate Q, apparent viscosity of the blood 𝜇, and ves-
sel diameter D. With this guiding principle, we formed PAs to lineally narrow from 18 𝜇m
at the surface to 12.6 𝜇m in deeper layers. This gradual change in diameter was designed so
that deepest segments of a PA in our vasculature (each PA segment feeding a single capillary
bed (QPAdeepest =QCapillary bed)), would have approximately the same WSS as the more superficial
segments feeding seven capillary beds (QPAsurface = 7 × QCapillary bed). Equalizing WSS in these

segments requires that Ddeepest/Dsurface = (
𝜇deepest⋅Qdeepest
𝜇surface⋅Qsurface

)
1
3 , where the ratio Qdeepest

Qsurface
≈ 1

7 . Due to
the imprecise 1

7 flow ratio in these segments as well as variations in the apparent viscosity of
blood in microvessels with diameters ranging from 5 to 20 𝜇m [71], the ratio Ddeepest/Dsurface =
0.7 yielded approximately identical WSS in both the deepest and surface segments of the
PAs in our simulations. This is because the equation used to calculate blood viscosity and
resistance of each segment in our hemodynamic analysis is based on Secomb and Pries stud-
ies [51,71,72], which proposed an empirically-derived estimation of the dependence of blood
viscosity on the lumen diameter of the vessel segment.

WSS = 4 ⋅ 𝜇 ⋅Q𝜋 ⋅D3 (2)

In scenario 1, PAs are narrowed with depth and cortical depth considerations are applied
to sphincters and TZ vessels; however, these adaptations are not included in scenario 2. To
analyze hemodynamics across different cortical depths, we categorized vascular layers dif-
ferently from conventional cortical layer classifications, which are based on cellular com-
position and function at various depths. We defined four vascular layers within the cortex,
L1-L4, each 210 µm thick with uniform capillary density. As Fig 3a shows, the first scenario
achieves a uniform range of blood flow across non-bifurcating capillaries at various corti-
cal depths, consistent with the 0.5 nl/min expected in capillaries. This uniformity indicates
that the capillary blood flow distribution is closer to a narrow Gaussian distribution, a char-
acteristic indicative of an evenly distributed energy supply throughout different brain areas
which is well aligned with the conditions observed in realistic physiological settings [9]. Con-
versely, the second scenario leads to noticeable variations in blood flow across capillaries at
different cortical depths, deviating from the expected flow in capillaries, particularly in deeper
layers. These depth-dependent cerebrovascular morphological characteristics are essential
for ensuring that the flow in deep capillary beds, with the lowest possible IP gradient at the
lower limit of the autoregulation range, remains at levels comparable to those in superfi-
cial capillaries. Moreover, the progressive narrowing of PAs upon penetration plays a pivotal
role in reducing flow in deep capillaries when deep TZs are wider, thereby tuning the pres-
sure gradient and vascular resistance to equalize blood flow across capillaries at all cortical
depths.

While ensuring uniform blood flow in capillaries connected to a specific PA across vari-
ous cortical depths was crucial in our design, it was not the only criterion for adjusting vessel
diameters in our network. Another aspect of our design was the gradual narrowing of arte-
rioles as they approach to the arterial boundary node. This feature is essential to maintain
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consistent hemodynamics in capillaries, irrespective of their proximity to the main brain vas-
culature feeding point. To incorporate this aspect into our artificial vasculature, we posited
that at the maximum dilation state, each PA’s surface segment would diminish by 0.14 𝜇m as
it approaches the arterial boundary node. Consequently, in our model, the diameter of the
surface segments of the leftmost PA (PA1) was set to 18 𝜇m, and the rightmost PA (PA15) to
16 𝜇m. Note that due to the monotonous structure of the designed vasculature, where every
PA feeds 7 similar capillary beds, this difference in the maximum diameter of PAs with a sim-
ilar flow would result in varying WSS across different PAs (Eq 2), which is not in complete
agreement with the Murray’s law. However, for simplicity, we did not reduce the number
of capillary segments fed by PAs of smaller internal diameters. We also gradually narrowed
pial arteriolar segments, as guided by Murray’s law, to define their maximum dilation states.
Starting at 20 𝜇m diameter for pial segments adjacent to the leftmost PA (PA1)—a value close
to the diameter of that PA’s superficial segments—we linearly increased the diameter to 54
𝜇m for segments following all 15 successive PA bifurcations from that daughter pial artery
branch. This arteriolar diameter optimization strategy aimed to achieve approximately the
same WSS in the leftmost segments of the daughter pial branch, feeding a PA as in the seg-
ments after PA15, which feed 15 PAs (Eq 2). Given the similar structural configuration and
resultant blood flow at the origination point of the two daughter pial branches, we multiplied
the cube root of 2 to the diameter of these initial segments (54𝜇m × 3

√
2≈ 68𝜇m) to deter-

mine the diameter for the terminal segment of the parent pial artery before its bifurcation
into daughter branches. Since this parent pial artery experiences no further bifurcations, and
thus no changes in blood flow along its path, the segments’ diameter remains constant up to
the pial boundary node. These design considerations ensured that the distribution of blood
flow in non-bifurcating capillary segments throughout the in-silico vasculature closely aligns
with a Gaussian distribution. Fig 3b displays the probability histogram of blood flow in non-
bifurcating capillary segments (Cap1). This figure illustrates that networks with optimized
arteriolar diameters achieve a distribution of blood flow that is consistent with a Gaussian
distribution. Conversely, networks with non-optimized arteriolar diameters demonstrate a
more uneven distribution of blood flow. Fig 3c illustrates arterioles at their optimized maxi-
mum dilation state, and Fig 3d shows the distribution of the adjusted maximum dilation state
across microvessels, all modeled under an artery boundary pressure of 40 mmHg (30 mmHg
pressure gradient in the vascular network).

In designing our cerebrovascular model, we noticed the discrepancy that exists in stud-
ies regarding the ratio of number of PAs to the number of ascending venules (AVs), which
typically ranges from 1–3 AVs for every PA in rodent animals [73–76]. This discrepancy sug-
gests that, in reality, AVs carry a lower volume of blood compared to PAs, despite having basal
diameters that are generally comparable [44,77–79]. To account for this in our model—where
an equal number of PAs and AVs were included for simplicity—we assigned larger diameters
to AVs than PAs. This design choice ensures minimum IP drop as blood moves through venu-
lar segments, aligning with findings of previous researches [31,32,34]. Consequently, diam-
eters for AVs were set to 30 𝜇m for surface segments and 20 𝜇m for deep segments[80]. To
further prevent IP drop along the pial vein, diameters of these segments were also set to larger
values than those of the pial arteries, progressively increasing from 30 to 90 𝜇m from the left-
most to the rightmost segment. While this simplification might seem significant, it does not
impact the investigation of cerebral autoregulation critically, as the model ensures negligi-
ble IP drop occurrence in venous segments [25], maintaining the focus on arterial segments’
roles.
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A3: Analysis of in-silico vasculature at the maximum dilation point As shown in Fig 4a
and 4b, blood flow and flow velocity in non-bifurcating capillaries are at lowest values com-
pared to other branching indices. Blood flow is evenly distributed in Cap1 segments; there-
fore, at every convergence following Cap1, blood flow doubles. Moreover, our analysis sug-
gests that not distinguishing between converging and non-converging capillary segments can
broaden the Gaussian distribution of blood flow, leading to a distribution which has a skew
towards larger values. This effect, primarily linked to converging capillary segments, sub-
tly alters the overall expected distribution of RBC flux, which is typically dominated by the

Fig 4. Analysis of hemodynamics in microvessels of the cerebrovascular model at maximum dilation. (a) Shows that blood flow in capillaries is predomi-
nantly centered around the characteristics of Cap1 due to their larger prevalence in the network. The distribution tail is associated with the converging capillaries,
(b) in contrast, the blood flow velocity across all capillaries is relatively uniform and has a narrow Gaussian distribution, as displayed by the green violin plot,
(c) shows the relationship between the luminal diameter of capillaries and their blood flow velocity. This data shows no strong correlation in this relationship;
however, three distinct decremental trends are observable, each associated with a different capillary index. This observation is consistent with the assignment
of capillary indices and their luminal diameters, which were determined based on the typical range of blood flow that they accommodate. Within each capil-
lary index category, larger diameter capillaries have lower blood flow velocity, (d–e) shows blood flow and blood flow velocity in TZ segments, highlighting
noticeable variations across different branching orders and cortical depths. It is important to note that the blood flow velocity represented here corresponds to an
arterial boundary node pressure of 40 mmHg, which is the point where vessels are at their maximum dilation state. These values can be up to twice as high under
elevated pressure, which is a topic that will be further discussed in Sec A5. The subscript “L1, L2” corresponds to vascular segments located at cortical depths
from 0 to 420 𝜇m.

https://doi.org/10.1371/journal.pone.0321053.g004
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more abundant Cap1 segments. Consequently, this leads to a noticeable tailing effect in the
distribution patterns of RBC flux within the capillary networks, as observed in multiple in-
vivo studies [9,11,66]. Furthermore, Fig 4c illustrates the relationship between the diameter
of capillaries and their blood flow velocity in the cerebrovasculature model. As shown, despite
noticeable variations in both blood flow (Fig 4a) and the diameter of capillaries (Fig 3d), the
blood flow velocity within capillaries consistently ranges from 0.5 to 1 mm/s. This finding
aligns with results from previous in-vivo studies [8,81–83] in which lack of strong correla-
tion between capillary diameter and RBC velocity was also observed. Such a fundamental
morphological-hemodynamic relationship serves as a determining validation measure for the
design of our in-silico vasculature, particularly in terms of the morphological characteristics
that we incorporated in the design of the capillary networks. As illustrated in the green vio-
lin plot of Fig 4b, blood flow velocity across all capillaries is relatively uniform with a narrow
Gaussian distribution that aligns with in-vivo observations [19,66,82]. This distribution lacks
the apparent tailing effect observed in the blood flow distribution (green violin plot in Fig 4a),
suggesting a more uniform RBC velocity across all capillaries.

In our analysis of the TZ segments’ hemodynamics, as displayed in Fig 4d, depth-
dependent variations in the luminal diameter of TZ vessels, results in variable resistance at
the PAs’ bifurcation points. However, the combination of a larger resistance in capillary beds
of upper layers and a higher IP gradient, as well as smaller resistance and a lower IP gradient
in deeper layers, ultimately leads to a nearly equal amount of blood flowing into each capil-
lary bed. Upon entry into the capillary bed, the blood flow is approximately halved at each
successive bifurcation point within the TZ. Therefore, taking into account the three diver-
gences before reaching the Cap1 segments, the blood flow in the sphincters and TZ1 segments
is about eight times larger than the flow in the non-bifurcating capillaries.

While blood flow generally remains consistent across the similar branching order of TZ
segments in our network, we observed some variations in the blood flow velocity within
these segments, particularly in relation to the cortical depth. These variations are attributed
to the depth-dependent characteristics of the sphincters and TZ segments in our model.
Specifically, superficial TZ vessels, which are characterized by narrower maximum dilation
states, typically experience higher blood flow velocity. Moreover, a decreasing trend was
incorporated in the diameter of successive TZ branching orders in the cerebrovasculature
model [14,60] (Fig 3(d)), resulting in blood flow velocity diminishing to less than 50% after
passing each bifurcation point. This trend is consistent with the RBC velocity measurements
in TZ segments reported in studies such as those by Watson et al. [8]. However, a compre-
hensive analysis of blood flow velocity in TZ segments necessitates accounting for cortical
depth variations. As shown in Fig 4(e), blood velocity in cortical depths between 0-420 𝜇m
(L1-L2 in Fig 4(d-e)) is at the higher end of the blood flow velocity range across all branching
orders. Furthermore, the prevalence of TZ3 segments, being four times more abundant than
TZ1, significantly influences the average RBC velocity and flux in the TZ group (as shown
in Fig 4(d-e)), tending to reflect the characteristics typical of TZ3 segments. This branching
order and depth-dependencies are essential factors that need to be included in the analysis for
accurate interpretation of the hemodynamic behavior within the transitional zone.

Hemodynamics in TZ segments is influenced not only by the cortical depth but also by
the IP values at the vasculature feeding points, which determines the extent to which vessels
are constricted relative to their maximum dilation state. Similarly, hemodynamics in PAs is
also a function of IP variations at these feeding points. To explore the hemodynamic range
across other vascular zones more effectively, it is essential to first refine the model to make it
operational for artery boundary node pressures (ABNP) above 40 mmHg.
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A4: Design of the in-silico vasculature model within the autoregulation range Previ-
ously, we assumed that at the lower end of the autoregulation range, under the ABNP of 40
mmHg, the maximum luminal diameter of vascular segments is the only variable respon-
sible for the uniform distribution of blood in different regions (Fig 3(a)). We assumed that
by increasing the ABNP in a network of elastic vessels from 0 to 40 mmHg, all vessels would
dilate and once the ABNP reaches 40 mmHg, the IP is distributed such that all vessel seg-
ments are at the state of maximum dilation and all regions are nearly fed equally. In this state,
pial arteriolar segments, diameter of ∼ 68𝜇m, achieve their maximum dilation around 40
mmHg IP. However, because of the IP drop along the blood flow pathway, maximum dilation
in deeper PA segments, diameters ∼ 11 – 13𝜇m, occurs at IP values around 30-35 mmHg. This
variation indicates that the threshold force which initiates vessel constriction depends on the
vessels’ luminal diameter and its intensity changes as a function of the position of the vessel in
the vascular network. Therefore, based on this assumption, increasing ABNP above 40 mmHg
triggers concurrent constriction in all vessels encased by mural cells.

To model vessel constriction at ABNP values larger than 40 mmHg, we need detailed
information about the transfer function of individual vascular segments, which is a function
that relates a broad range of their internal hemodynamics to their luminal diameter. However,
obtaining these transfer functions for every vascular segment is technically infeasible. There-
fore, we opted for a generalized approach to avoid determining segment-specific transfer
functions. The goal behind the development of each vascular segment’s transfer function is
to regulate blood flow throughout the network independent of the ABNP value. This means
that for ABNP values larger than 40 mmHg, mural cells within each vascular segment should
detect hemodynamics to induce an appropriate level of constriction force to maintain capil-
lary blood flow at levels comparable to those at 40 mmHg. In our approach, we introduced the
hemodynamic regulation constriction transfer function (HRCTF), to estimate this constric-
tion force between the ABNP values of 40 to 130 mmHg, which is the hypothetical autoregu-
lation range of our model. HRCTF is a function that indicates vessels constriction percentage
relative to their maximum dilation to model autoregulation in the vasculature. However, due
to variations in the expression level of contractile elements across different segments, with
SMCs in PAs and SAs featuring larger constriction capacity compared to thin-strand pericytes
in capillaries [53,84], the constriction level is not uniform in all vascular segments. There-
fore, in addition to HRCTF, we also introduced the relative contractility (RC) for each seg-
ment, which serves as an index to indicate the ability of a vessel segment to actively constrict
and counteract the passive distention in response to ABNP changes. The product of the vas-
culature HRCTF and the RC indices of vascular segments estimates the level of constriction
in all segments relative to their maximum dilation, also known as the percent tone of vas-
cular segments. By incorporating these estimated percent tone values into the diameters of
vascular segments at different ABNP values, we achieve a flat ABNP-flow relationship in our
vasculature, to model autoregulation.

Before tuning the vasculature HRCTF for different ABNP values, first we should assign
RC indices to each segment. The RC of each vascular segment denotes the potential of mural
cells encasing that segment, compared to other segments, to exert force and contract the ves-
sel. This parameter is associated with the relative expression level of contractile proteins in
those cells. Some vascular segments, such as sphincters, produce larger pressure gradients
over small areas. To withstand a large IP without rupturing, these segments are usually for-
tified by a larger concentration of fibroblast-synthesized collagen [85], and an abundance of
contractile elements, particularly the 𝛼-SMA. Zambach et al. reported that, on average, the
𝛼-SMA expression in sphincters surpasses the amount found in the SMCs of PAs [49]. Our
simulations indicated that sphincters, especially in the superficial layer, experience higher IP
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at their entry points, compared to the average IP in PAs, as displayed in Fig 5(a). This cortical
depth-dependency suggests that a uniform RC index cannot be assigned to all sphincters or to
all vascular segments located at different cortical depths. The lack of quantitative studies com-
paring expression levels of contractile elements in different mural cells across various cortical
depths necessitates devising a method for allocating an appropriate RC index to each segment
in the model.

When ABNP increases from 40 mmHg, the force exerted by mural cells on the external
surface of the vessel lumen must exceed the force exerted by IP on the internal surface to initi-
ate constriction. Consequently, segments experiencing higher IP at 40 mmHg ABNP, such as
SAs and superficial PA segments, need to generate stronger forces to counteract the IP force.
Conversely, deeper PA segments do not require a substantial myogenic response since the
IP is attenuated along the blood flow pathway. This variation in the IP force across different
segments enabled us to estimate the relative contractility of each segment in our model by
comparing the IP forces at 40 mmHg ABNP. Therefore, we determined RC values by normal-
izing the IP of each segment to a reference value, which was the IP of the middle segment in
PA1. In this analysis, the assigned RC of the reference segment is 1.0. Segments with higher IP
than the reference have RC values larger than 1.0, while the downstream segments from the
reference have smaller RC values.

The graph in Fig 5(b) illustrates the distribution of estimated relative contractility of vascu-
lar segments in a portion of the in-silico vasculature model. As shown, superficial segments of
PA have slightly larger contractility compared to deeper segments. While no study has explic-
itly reported a decreasing trend in 𝛼-SMA expression with the progression of PAs through the
brain tissue, immunohistochemical staining for 𝛼-SMA in a slice of mouse cerebral vascula-
ture, as shown in Hartman’s study, suggests that such a trend exists (Figure 1(b,d) of [53]).
Furthermore, as illustrated in Fig 5(b, c), our analysis shows relatively uniform contractility
in similar branch orders of TZ vessels across various cortical depths, albeit with marginally
smaller values in superficial layers. In our vasculature design approach, we optimized lumen
diameters to ensure a uniform distribution of blood flow across various cortical depths at 40
mmHg ABNP. Due to the need for superficial layers to have narrower sphincters and TZ ves-
sels in their maximum dilation state to prevent excessive flow in their capillaries (Fig 3(a)),
superficial TZ vessels experience low IP at the 40 mmHg ABNP level; consequently, the cal-
culated RC indices for superficial TZ vessels are small. To the best of our knowledge, no study
has investigated the expression level of contractile proteins in TZ vessels across different cor-
tical depths. Nevertheless, Zambach et al. showed that when a sphincter is present at the PA
bifurcation point, primarily in superficial layers (Fig 2), the expression level of contractile pro-
teins in higher order branches of TZ vessels is noticeably small [49]. Fig 5(c) depicts the sta-
tistical analysis of RC across various vasculature zones. As shown, the RC of capillaries is on
average 67% of that in TZ vessels. This is supported by the findings of Hartman’s study, which
showed that constriction in cerebral capillaries following the transition from hypercapnia to
normocapnia is about 60% of the constriction in TZ vessels [53]. Furthermore, Klug et al.
showed that constriction in retinal capillaries is, on average, 57% of that in TZ vessels when
the ABNP of the retinal vasculature was gradually increased [87].

After obtaining estimates of each segment’s RC index, we modeled the autoregulation in
the vasculature. To accomplish this, we incrementally increased the ABNP from 40 to 130
mmHg in 10 mmHg steps. At each step, we calculated the HRCTF value such that, when mul-
tiplied by each segment’s RC index, the resulted constriction in vessels can maintain the aver-
age capillary blood flow at the level obtained at 40 mmHg ABNP (Fig 3(a)). RC indices are
relative values, and the reference segment could be anywhere in the vasculature. Although
the selection of a reference segment changes RC indices, multiplying these RC indices by the
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Fig 5. Designing a cerebrovascular model within the autoregulation range. (a-c) Relative contractility in the in-silico vasculature: (a) superficial sphincters typi-
cally experience higher average IP at their entry points (P̄sphincter’s start node) compared to deeper sphincters. This graph highlights the cortical depth-dependency in the
contractility of different vascular zones, (b) illustrates the estimated relative contractility of vascular segments across a portion of the in-silico vasculature model. RC
indices were estimated by dividing the IP of each segment to the IP of a designated reference segment in the maximally dilated vasculature, (c) statistical analysis of RC
in the cerebrovascular model shows that superficial PA segments and sphincters possess larger contractility compared to deeper PA segments. TZ segments also have
large contractility in contrast to capillaries which have the least contractility compared to preceding vascular zones. L1-L4 represent the four vascular layers, where each
is 210 𝜇m thick in the model, (d) the non-linear characteristic of the HRCTF required to maintain constant mean capillary blood flow as a function of ABNP values.
This relationship indicates the need for larger initial constriction, which lessens as the ABNP increases, (e) the solid line shows constriction in a PA segment at 100
𝜇m cortical depth. The dashed line represents the estimated passive distention of this segment when SMCs are inactive, (f) the solid line shows the MT of this segment
based on the curves plotted in panel (e), calculated from (

Dpassive–Dactive
Dpassive

) × 100. The dashed line illustrates the realistic MT profile for this segment, approximated by

averaging the MT profiles of male and female mouse PAs as reported by Jeffrey et al. [86].

https://doi.org/10.1371/journal.pone.0321053.g005
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HRCTF derived from the same set ultimately yields the same percent tone estimates for all
vascular segments and across all ABNP values. Moreover, we kept the vein boundary node
pressure (VBNP) constant at 10 mmHg in our simulations as ABNP increased from 40 to 130
mmHg. We posited this because the majority of the pressure drop in vessels should occur in
the arterial system before reaching capillaries and venous segments, which are encased by
mural cells with minimum contractility and are unable to handle high pressure.

Fig 5(d) displays the HRCTF of our vascular model, or the percent tone of the refer-
ence segment, across various ABNP values within the autoregulation range. Fig 5(e-solid
line) shows changes in the diameter of a PA segment located at 100 𝜇m depth with a rel-
ative contractility of 1.05. Based on our generalization approach, we assumed that ves-
sels behave like elastic elements and begin to inflate from zero ABNP until they reach a
threshold beyond which their muscles induce constriction. In our model, this threshold
occurs for all vascular segments at 40 mmHg ABNP. The superficial PA segment depicted
in Fig 5(e), achieves its maximum dilation approximately between 28-35 mmHg IP, align-
ing with observations of in-vitro pressure myography studies of PAs of mice cerebral vas-
culature with similar maximum luminal diameters [86]. The total constriction experienced
by this segment throughout the entire autoregulation range is around a maximum of 35%,
HRCTF (ABNP=130) × RC(PA100𝜇m)≈ 33.5%× 1.05, which falls within the reasonable range
for maximum constriction that an arteriolar segment can undergo over the entire autoregula-
tion range, as observed by Klug et al. [87].

The non-linear nature of the HRCTF indicates that to achieve autoregulatory plateau (flat
ABNP-flow relationship) in a vascular network as ABNP linearly increases, vessels must con-
strict in a non-linear manner. This non-linear constriction is essential to provide a propor-
tionately larger resistance to blood flow in the vasculature network for higher ABNP values,
to ensure the stability of capillary blood flow, or equivalently, artery boundary node flow.
This concept is shown in Fig 5(e). The figure shows that vessels initially constrict steeply. As
the pressure further increases, even a small constriction is enough to generate a larger resis-
tance. This behavior correlates with the findings from in-vitro studies investigating MT in
isolated vessels, where arterioles constrict more sharply in response to initial step-wise pres-
sure increases, followed by a gradual decrease in the constriction slope as the IP increases [86,
88,89]. This pattern reflects the interplay between the passive vessel distention and the active
force exerted by mural cells. Initially, mural cells can easily counteract the passive distention,
but as the IP rises, inducing further constriction becomes increasingly challenging.

MT signifies the ability of mural cells to counteract passive distention, while the percent
tone we estimated, indicates the level of vessel constriction necessary for flat autoregulation.
To assess how closely the estimated percent tone matches realistic conditions, we need to
estimate the MT of vessels, a parameter frequently reported in the studies of mouse cerebral
vasculature. Estimating MT involves determining how vessels passively distend in response
to an increase in IP when their muscles are inactive which reflects the vessels’ distensibility.
Given the delicate nature of PAs with a luminal diameter between 10-20 µm, only the study by
Jeffrey et al. has investigated MT in mouse cerebral PAs within this diameter range [86].
Drawing on data from Jeffrey’s study, the dashed curve in Fig 5(e) presents an estimated pro-
file for the passive distention of a PA segment at 100 µm cortical depth. Jeffrey et al. showed
that, similar to pial arteries [90,91], MT in PAs is influenced by the basal activity of endothe-
lial nitric oxide synthase (eNOS). Fig 5(f-dashed line) shows a representative MT profile from
Jeffrey’s study. The dashed curve in Fig 5(f), derived from plots in Fig 5(e), shows the MT pro-
file that results in flat autoregulation. Comparing the ideal MT profile with its realistic repre-
sentation in Fig 5(f) suggests that the capacity of mural cells in mice cerebral arterioles might
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not support flat autoregulation throughout the entire range, potentially showing a slight slope
in the flow-pressure relationship at the mid to upper autoregulation range.

A5: Analysis of in-Silico vasculature model within the autoregulation range Fig 6(a)
displays the mean and standard deviation of blood flow in non-bifurcating capillaries across
layers L1-L4 for different ABNP values. This vasculature was modeled to autoregulate blood
flow by adjusting diameters of segments based on their estimated percent tone calculated by
multiplying the HRCTF and RC indices. Simulation results show that in L1, and at the lower
limit of the autoregulation range, the existence of narrower sphincters and TZ segments lead
to a diminished capacity for low IP in the PAs to push RBCs through these narrow pathways.
Consequently, blood flow in L1 is typically at its minimum at low ABNP. As the ABNP, and
subsequently IP in the PA segments of L1 increase, the force driving RBCs through these nar-
row pathways also rises, which leads to an increased blood flow in this layer. The HRCTF was
tuned to maintain constant mean capillary blood flow across all cortical depths. As a result,
the inflow to the vasculature was kept constant. Therefore, while average blood flow in super-
ficial capillaries (L1-L2) increases with rising ABNP, it decreases in deeper capillaries(L3-L4).
Next, we combined blood flow data from non-bifurcating capillaries at all tested ABNP lev-
els (10 steps) into a single dataset and calculated the means and standard deviations across
layers L1-L4, Fig 6(b-c). Results of this statistical analysis of blood flow across different lay-
ers align well with Li et al.’s measurements of capillary RBC flux in layers I-V in the whisker
barrel cortex of awake mice[9]. Li et al. observed that RBC flux in Layers IV and V is lower
than in layers I-III. In our categorization of vascular layers, cortical layers IV and V approx-
imately correspond to layer L3. As shown in Fig 6(a), almost throughout the entire autoreg-
ulation range, capillaries in L3 consistently have lower blood flow compared to upper layers.
Li et al. proposed that the increase in the capillary density in layers IV and V might be the
reason for the reduced RBC flux in these layers. However, the lower blood flow in L3 of our
vasculature model, where capillary density is uniform across all cortical depths, has a different
cause.

Blood flow in a capillary bed is determined by the pressure gradient between the PAs’
bifurcation point and the capillary converging points leading to ascending venules, and the
resistance to blood flow determined by the microvessels’ lumen diameter. IP is a systemic
parameter, that is influenced by both the upstream and downstream segments and serves as
the main factor in adjusting vessel lumen diameters through the MT mechanism. This means
that to achieve uniform blood flow in all vascular segments throughout the broad range of
ABNP, there must always be a balance between IP distribution and lumen diameters across
the vascular network. In theory, achieving this balance across the entire autoregulation range
seems impossible, especially given the relatively static nature of the passive vessel lumen
diameter. The layered architecture of the brain vasculature suggests that, under the best-case
scenario, the vasculature development regulatory mechanisms could only ensure a uniform
blood flow distribution across all cortical depths within a narrow band of the autoregulation
range (ABNP 50 mmHg in Fig 6(a)). As depicted in Fig 6(a-blue), at the maximum dilation
state, capillaries in L1 have the least blood flow while capillaries in L4 have the largest, both
slightly deviating from the ideal capillary blood flow of 0.5 nl/min. As the ABNP increases
from 40 mmHg to 130 mmHg and with the potentiation of MT in vessels (Fig 6(a)), blood
flow in L1 increases and in L4 decreases, moving them closer to the ideal level, while L2 and
L3 begin to diverge from this ideal value. At the mid to larger values of the autoregulation
range (ABNP 80-130 mmHg), the potentiation of MT in deeper PA segments, which possess
smaller maximum lumen diameters, could undesirably reduce the IP along the penetration
below the preferred level. In our vasculature model, this IP reduction in deep PA segments
occurs since the model was designed to function optimally within the low to mid-range of
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Fig 6. Validation and predictive accuracy of the cerebrovascular model, (a-f) dependency of blood flow in capillaries on the cortical depth and ABNP values: (a)
mean and standard deviation of blood flow in Cap1 segments for various ABNP values, (b) layer-specific average blood flow in capillaries across the entire monophasic
flat autoregulation range, (c) indicates that the superficial layers have a more nonuniform hemodynamic distribution in capillaries, (d) mean capillary blood flow across
different vascular layers at physiological ABNP values (50-70 mmHg), (e) WT changes in superficial PA segments are more significant than in deeper segments across the
autoregulation range. This suggests that superficial PAs are prone to larger distortions in their lumen diameters, since their MT mechanism must perform over a wider
range of WT, (f) mean and standard deviation of blood flow resistance per 10 micrometer length of PA1. A larger variability in resistance is observed in L4 compared
to upper layers. (g) The ideal and realistic vasculature HRCTFs, correspond to monophasic and biphasic autoregulation, respectively. (h) The mean and standard devi-
ation of blood flow in Cap1 segments for various ABNP values when vessel lumen diameters were adjusted based on the biphasic HRCTF. (i) WT in vessels increases
linearly when ABNP increases linearly, if the vasculature is modeled for biphasic autoregulation. This observation suggests that the myogenic response is potentially
linearly potentiated with increasing WT; however, the decreased constriction ability of muscles in the sloped phase, is proven to be advantageous for the vasculature, as it
prevents reduced blood flow in deeper layers at high ABNP values.

https://doi.org/10.1371/journal.pone.0321053.g006
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the autoregulation range. In reality, the vasculature is potentially developed within the low
to mid-range of the autoregulation range, consequently tuning its elements to function opti-
mally within this range. As displayed in Fig 6(a), a larger decrease in blood flow relative to
the previous ABNP values is observed in L4 and then L3. Given L4’s initially large flow rate,
this reduction brings it closer to the ideal level at physiological ABNP values (50-70 mmHg in
our model [86]), while L3 starting near the ideal, shifts further away. Fig 6(d) demonstrates
the mean capillary blood flow at physiological ABNP values, which closely aligns with the
data reported by Li et al [9]. This result suggests that the observed reduction in blood flow
in layers IV and V of the mouse cerebral vasculature in Li’s study is perhaps caused by the
intrinsic limitations in achieving perfect synergy between the vascular segments’ morpho-
logical characteristics and the MT mechanism. Furthermore, this analysis demonstrates that
blood flow in capillaries across different cortical depths is highly dependent on the ABNP
values.

In addition to varying mean capillary blood flow across different cortical depths, simu-
lation results in Fig 6(a, c) show that the standard deviation of capillary blood flow is larger
in superficial layers (L1, L2) compared to deeper layers (L3, L4). This result aligns with the
in-vivo observations by Li et al., who reported more uniform capillary blood flow in the
deeper cortical layers [9]. In these simulations, our goal was to estimate vessel lumen diam-
eters at various ABNP values to ensure uniform mean blood flow across capillaries. How-
ever, there is a systematic distortion in these estimations, which arises from the imperfec-
tions in the design of maximally dilated vasculature, estimated RC indices, and the gener-
alization procedure used to model autoregulation. Since IP in superficial segments of PAs is
higher than in deeper segments, any distortion in lumen diameters leads to a larger devia-
tion in blood flow in superficial capillaries from the ideal level. As demonstrated in Fig 6(a),
the increase in ABNP and IP in the PA segments of L1 and L2 amplifies these deviations,
and more pronounced non-uniformity in blood flow is observed. The same process is poten-
tially happening in reality, with the difference that there is not a single generalized trans-
fer function for the vasculature. Instead, in biological vasculature, each segment, depend-
ing on its spatial position within the network, has a unique transfer function that relates
the mechanical parameter(s) it detects (input) to an ideal constriction level (output). It is
suggested that an increased wall tension (WT) might be directly associated with the poten-
tiation of the myogenic response in blood vessels [92,93]. This implies that the MT regu-
latory mechanism in a vascular segment could be calibrated based on the tension exerted
on its wall. According to the Laplace’s law, this tension is directly proportional to the IP
within that segment, its internal diameter (D), and inversely proportional to the segment’s
wall thickness (Δ), as expressed inWT = IP⋅D

Δ . The process of cytoskeletal remodeling or
the adjustment of wall thickness in response to wall tension, whether occurring concur-
rently with SMC contraction to mitigate WT or over extended periods in pathological con-
ditions like hypertension, is not fully understood [92]. Fig 6(e) displays the relative vari-
ation in WT across two segments of a PA located at different cortical depths presuming
that vessel wall thickness does not change throughout the autoregulation range. This figure
shows that a superficial PA segment experiences a wider range of WT changes compared
to a deeper PA. This wide dynamic range of input requires precise transduction into corre-
sponding constriction levels. However, biological systems characterized by high sensitiv-
ity, especially across wide ranges of inputs, are subject to larger output distortion. If there
is a deviation in howWT is transduced into muscular constriction, whether through the
complexity of biological feedback mechanisms [94,95] or other factors, these deviations are
more pronounced in vessels with a wider dynamic range of inputs, such as superficial vessels.
Consequently, these larger lumen diameter distortions in superficial layers, when coupled
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with high IP in these layers, result in a larger mismatch between the ideal balance of IP dis-
tribution and the vessel lumen diameters needed to obtain an ideal blood flow regulation.
This leads to increased non-uniformity in blood flow in superficial layers, as shown by our
simulations and in-vivo experiments [9].

Moreover, Fig 6(a,c) shows that the standard deviation of blood flow in the capillaries of
L4 is larger than in L3. Similarly, measurements by Li et al. of capillary RBC flux across layers
I-V in the mouse whisker barrel cortex revealed a larger standard deviation in the capillar-
ies of layer V compared to IV [9]. This large variability in the blood flow of deep capillar-
ies occurs even though the IP is not higher in layer V than in IV. As discussed, high IP not
only amplifies the effects of lumen diameter distortion on blood flow variability, but it also
means that vessels subjected to high IP are potentially prone to larger deviations in their MT
mechanisms, and more distortion in lumen diameter is expected. Therefore, more factors
may contribute to the larger variability of blood flow in deep layers. The IP at the entry point
of a deep capillary bed relies heavily on the blood flow resistance of PA segments along the
penetration direction. According to Poiseuille’s Law, resistance to blood flow in a vessel seg-
ment is inversely proportional to the fourth power of its radius, indicating that resistance is
highly sensitive to changes in diameter. In deep PA segments, which have smaller diameters,
even minor distortions in the lumen diameter result in a relatively large change in resistance.
Fig 6(f) illustrates the mean and standard deviation of blood flow resistance per 10 microme-
ter length of PA1 across the four vascular layers at various ABNP values. The data shows that
the standard deviation of resistance is larger in L4’s PA segments than in those of the upper
layers at various ABNP levels. An explanation for greater variance in resistance of L4’s PA
segments lies in the design of our vasculature model. We set the diameter of the deepest PA
segment such that it yields an identical WSS to the surface PA segment (Murray’s Law), and
then set other PA segments to linearly narrow in between (Sec A2). This simplification fails
to yield uniformWSS across all segments, especially considering the specific cortical depths
at which capillary beds bifurcate from PAs. This imperfection in the vasculature design adds
distortion to the lumen diameters of PA segments. As mentioned, distortion in the lumen
diameter of small-diameter vessels, such as deep PA segments, could significantly change vas-
cular segment resistance, and pressure drop across deep PA segments would also be highly
sensitive to such distortions. Together, these dynamics would result in a larger standard devi-
ation of capillary blood flow in L4 compared to L3. The amplified impact of lumen diameter
distortions on the resistance of small-diameter vascular segments, as observed in our model,
can also be applied to deep segments of biological cerebral vasculature, potentially explain-
ing the larger variability observed in deep capillaries. The source of these distortions may
arise either from deviations in the MT mechanism or from imperfections in the vasculature
design.

In Fig 5(e,f), the comparison between the ideal and realistic MT profiles indicated that
mural cells in mouse cerebral arterioles might not support monophasic flat autoregulation. In
the following simulation, we adjusted HRCTF to establish a biphasic ABNP-flow relationship,
transitioning from 70 mmHg ABNP to the upper bound of the autoregulation range with a
slight slope. The monophasic and biphasic ABNP-flow relationships, along with their corre-
sponding HRCTFs, are displayed in Fig 6(g). Fig 6(h) shows the mean and standard devia-
tion of blood flow in non-bifurcating capillaries when vessel lumen diameters were adjusted
based on the estimated percent tone for biphasic autoregulation. Although superficial capil-
laries have slightly higher blood flow at larger ABNP values, in deeper layers blood flow does
not decrease below the preferred level, unlike in the monophasic flat autoregulation scenario
(Fig 6(a)). Additionally, Fig 6(i) displays the relative variations in WT across PA segments
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located at different cortical depths when the vasculature was modeled for biphasic autoregula-
tion. As shown, WT increases linearly in all segments, unlike the plateaued phase observed at
large ABNP values in the middle PA segment under the monophasic flat autoregulation sce-
nario (Fig 6(e)). This observation suggests that biphasic autoregulation is more logical, since it
implies that MT potentiation in all vessels is directly related to the increase in WT.Therefore,
the following analyses in this study are based on biphasic autoregulation, consisting of flat
phase (ABNP between 40 to 70 mmHg) and sloped phase (ABNP between 70 to 130 mmHg).

Next, we evaluated hemodynamics in various vasculature zones across the entire autoreg-
ulation range. Fig 7(a-c) show the relationships between blood flow, blood flow velocity, and
diameter in capillaries. As shown in Fig 7(a), there is a moderate correlation between blood
flow and blood flow velocity, consistent with the theoretical results (Eq. 1) and aligned with
in-vivo observations [67,82,96,97]. Fig 7(b) shows a strong correlation between blood flow
and diameter, arising from the adherence to Murray’s law in our vasculature design includ-
ing in capillaries maximum lumen diameters, and is supported by the experimental data [82].
In contrast, there is no correlation between the blood flow velocity and diameter of capillar-
ies (Fig 7(c)), which aligns with findings from multiple in-vivo studies [8,67,81,82,97]. This is
while Eq. 1 would suggest a negative correlation, but the incorporation of Murray’s law in our
microvasculature design—albeit not in its precise form—offsets this potential negative corre-
lation. These results, in an absence of a noticeable correlation between capillary diameter and
blood velocity, suggest that RBC velocity across capillaries is more uniform compared to RBC
flux.

Fig 7(d) illustrates blood flow and blood flow velocity in non-bifurcating capillaries
(Cap1), as well as the IP of the entry points of capillary zone (end nodes of TZ segments). The
data shows that the mean blood flow in capillaries begins to increase with a slight slope start-
ing at 70 mmHg ABNP (green-solid). The standard deviation of capillary blood flow slightly
increases with rising ABNP, mainly due to the larger variability in superficial layers, as shown
in Fig 6(a, c). As these vessels constrict—albeit insignificantly due to their small RC indices—
throughout the entire autoregulation range, blood flow velocity does not remain constant
and tends to increase with rising ABNP values. This is expected because, according to Eq. 1,
a relative decrease in capillary diameter would result in increased velocity. While the reduced
level of vessel constriction after 70 mmHg ABNP would lead to a reduced rate of blood flow
velocity increase after this point (Fig 5(e-solid), Fig 7(d-blue dashed line)), the increase in
blood flow in the sloped phase results in a continuous linear increase of blood flow velocity
throughout the entire autoregulation range (Fig 7(d-blue solid line)). This linear dynamic was
observed in investigations of cerebral autoregulation in piglet brain pial arterioles [98]. The
range of blood flow velocity in this simulation aligns reasonably well with what was calcu-
lated in previous computational studies [19,31,32] and the RBC speed measured in in-vivo
experiments [67,82,96,97]. Notably, in the monophasic flat autoregulation scenario where
blood flow remains constant in the network, despite a 225% increase in ABNP values (40-
130 mmHg), IP at the capillary entry points does not change as much (Fig 7(d-red dashed
line)), ranging mainly between 25.5 mmHg and 37.5 mmHg (approximately a 47% increase).
This relatively small variation in IP at the capillary entry points within the autoregulation
range indicates that the IP gradient between the initial nodes of the capillaries and venular
nodes, a critical determinant of the force propelling RBCs through capillaries, is primarily
regulated by vessels preceding these points. This hemodynamics- vasodynamics interaction
in the vasculature underscores the moderate impact of constrictions in capillaries in main-
taining constant blood flow within these segments and emphasizes the crucial role of vessels
preceding capillaries in accurately regulating IP at these junctures during the autoregulation
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Fig 7. Analysis of hemodynamics across various vasculature zones within the autoregulation range, (a-c) key hemodynamic relationships in capillaries
across the autoregulation range: (a) data shows a moderate correlation between blood flow and blood flow velocity, (b) displays a strong correlation between
blood flow and diameter, indicating the adherence of our microvasculature design to Murray’s law, (c) shows no correlation between blood flow velocity and
luminal diameter in capillaries. Data is collected from a limited number of capillaries across the entire autoregulation range. However, the calculated cor-
relation coefficients are based on the entire database, encompassing 58,800 data points. (d-f) Changes in blood flow, flow velocity, and IP as a function of
ABNP for different vascular zones: (d) hemodynamic changes in non-bifurcating capillaries with minimum blood flow levels within the network. The IP axis
corresponds to the IP at the entry points of the capillary zone, (e) pronounced variations in blood flow velocity of TZ vessels, which depends on the corti-
cal depth, ABNP, and branching order. Dashed line marks the mean blood flow velocity of TZ1 vessels in L1. Solid lines correspond to similar branching
orders across all cortical depths, (f) variability in hemodynamics within PAs across the autoregulation range. The blood supplied to the vasculature, includ-
ing 30 PAs, is approximately 900 nl/min. This blood supply is nearly thirty times larger than the flow in superficial segments of the PAs and is in close agree-
ment with the data reported by Epp et al. for the similar artery branch [45]. (g) Changes in the WSS across the entire autoregulation range in various vascu-
lar zones. The PA zone shows the highest level of WSS increase due to its large contractility and a substantial rise in the apparent viscosity of blood in ves-
sels with PA lumen diameter ranges [71]. Despite nearly uniformWSS in maximally dilated vessels, more pronounced constrictions in segments with larger
contractility as ABNP increases have led to an unbalanced increase in WSS in all vessels, challenging the conditions for optimal blood delivery. Solid lines depict the
average increase in WSS across various vascular zones, while the shaded areas indicate the standard deviation. The upper boundary of the shaded areas is linked to
segments with larger contractility, and the lower boundary is associated with segments with smaller contractility.

https://doi.org/10.1371/journal.pone.0321053.g007
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process. We will delve into a detailed analysis of this aspect of the CBF regulatory mecha-
nism in Sec. B, where we examine distinct contributions of various vasculature zones to the
autoregulation.

We proceeded to assess hemodynamics in the TZ vessels across the entire autoregulation
range in our vasculature model. Fig 7(e) shows that blood flow begins to increase with a slight
slope starting at 70 mmHg ABNP across all branching orders of the TZ, as expected, though
with a larger variability at larger ABNP values. However, blood flow velocity shows notice-
able linear changes across the autoregulation range, with the increase being more pronounced
in the superficial layers (L1: dashed line in Fig 7(e), where only the mean values of TZ1 ves-
sels are plotted). The more significant increase in L1 is primarily due to the increased flow in
this layer as ABNP rises, shown in Fig 6(h). This simulation highlights a potential pronounced
dependency of RBC speed in TZ vessels on cortical depth and ABNP values; a dynamic yet to
be fully explored in in-vivo experiments.

Moreover, we evaluated hemodynamics in other vascular zones. Fig 7(f) displays the vari-
ability of hemodynamics in PAs across the entire autoregulation range. As anticipated, blood
flow in PAs also follows the biphasic autoregulation pattern with a large standard deviation.
This variability is caused by variations in blood flow at different cortical depths, with super-
ficial segments feeding seven capillary beds having the highest flow and deeper segments the
lowest. Similar to TZ vessels, blood flow velocity in PAs is highly dependent on the ABNP
value due to the high constriction level in these vessels across the autoregulation range. Addi-
tionally, statistical analysis of IP values of PA segments throughout the autoregulation range,
as shown in Fig 7(f), reveals that while the mean and standard deviation of IP increase with
rising ABNP, the lower limit of IP (corresponding to deep PA segments) increases at a rel-
atively smaller rate throughout the autoregulation range. This observation suggests that the
inherent narrowing of the luminal diameters of PAs toward deeper layers acts similar to
sphincters and narrower TZ vessels in superficial layers, serving as a protective mechanism
to prevent abnormal high pressure in deep capillaries. This is particularly relevant considering
the larger maximum lumen diameter of TZ segments in deeper layers. It can be inferred from
this observation that the strategic combination of larger PA segments with narrower TZ seg-
ments and sphincters in the superficial layer and their opposite arrangement in deeper layers
could help achieve a uniform distribution of capillary blood flow within the layered cerebral
vasculature.

Next, we sought to evaluate whether the principle of Murray’s law, which states that opti-
mal blood delivery necessitates a similar level of WSS across vasculature segments, remains
valid under conditions where vessels constrict for autoregulation. Although we optimized
arteriolar diameters to maintain nearly uniformWSS in arteriolar segments at the maximum
dilation state for 40 mmHg ABNP, Fig 7(g) shows that WSS, calculated based on the sim-
plified Eq. 2, tends to increase more in segments that experience larger constriction (larger
RC values). This simulation result suggests that under our systematic evaluation, WSS does
not necessarily maintain a uniform level throughout the entire autoregulation range in arte-
riolar segments, unless there is a regulatory mechanism in the brain vasculature specifically
responsible for regulating WSS, a factor not implemented in our analysis. Studies showed that
the activation of eNOS by increased WSS could be a key pathway in inhibiting MT and mit-
igating WSS (refer to Roux et al. [38] study for details). This WSS-dependent inhibition of
MT leads to the possibility that the vasculature might employ an additional transfer function,
wherein WSS serves as the input and the extent of vessel relaxation as the output. Integrat-
ing WSS-dependent inhibition of MT with the WT-dependent potentiation of MT, can the-
oretically ensure a consistent WSS across all vascular segments, thereby facilitating optimal
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blood delivery across the autoregulation range. However, such relaxation in vessels, partic-
ularly as ABNP increases, could disrupt autoregulation, leading to increased blood flow as
constrictions might not be sufficient to maintain nearly constant blood flow. Under these con-
ditions, as ABNP and subsequently blood flow increase, WSS also rises, potentially placing
the vasculature in a positive feedback loop at the upper bound of the autoregulation curve.
Consequently, the system may non-linearly move toward instability at the upper bound of
the autoregulation range, as observed in studies investigating autoregulation in the brain vas-
culature [1,98–101]( Fig 1(c)). This observation suggests that vessels with larger contractil-
ity should potentially produce more nitric oxide for vessel relaxation to mitigate the larger
increase in WSS throughout the autoregulation range and provide a uniformWSS across all
vascular segments. A similar trend was observed recently in the study by Sargent et al., where
they reported notably larger endothelial area in cross-sections of TZ vessels with larger con-
tractility compared to the endothelial area in capillaries characterized by smaller contractil-
ity [56].

B: Impact of Different Vascular Zones on CBF Regulatory System:
Autoregulation and Functional Hyperemia
In this section, we analyze the lumen diameter-dependent regulation of hemodynam-
ics in the brain vasculature, with emphasis placed on both static (autoregulation) and
dynamic (functional hyperemia) conditions. In the previous section, we showed that the
product of the vasculature HRCTF and the RC indices of vascular segments provides
an estimate of the percent tone in vessels’ segments at ABNP values above 40 mmHg.
This estimate reflects the MT level in vessels across the autoregulation range. In this
section, our goal is to identify the critical zones in the vasculature where the potentia-
tion or inhibition of MT plays an indispensable role in the optimal regulation of CBF.
Fig 8(a) provides a schematic that illustrates the categorization of vascular zones in this
study.

B1: Autoregulation Fig 8(b) shows the relative change in the mean blood flow of non-
bifurcating capillaries under various scenarios, compared to autoregulated blood flow when
MT is potentiated in all vessels (‘All’ scenario). In this simulation, at each ABNP value, vessel
diameters were set based on their estimated percent tone. Depending on the evaluated sce-
nario, we selectively adjusted vessel diameters in specific zones and assessed capillary blood
flow. The expectation is that vascular zones with long vascular lengths and large contractil-
ity, along with small vessel diameters that generate considerable resistance to increasing flow,
would play a key role in the autoregulation. As expected, MT potentiation in PAs alone gen-
erally has the largest contribution to autoregulation among other vascular zones. MT potenti-
ation exclusively in SAs, TZs, and Caps can moderate the rise in blood flow almost equally as
ABNP increases. Sphincters with their short vascular length contribute the least, primarily in
the superficial layers.

According to Poiseuille’s Law, the pressure drop in vascular segments is directly related to
the blood flow passing through the segment (Fig 6(f)). In Fig 7(d), we showed that, during the
autoregulation process, IP at the capillary entry points does not substantially vary throughout
the autoregulation range, and IP at these junctures is the primary determinant of blood flow
in the vasculature. If IP is increased at these junctures, the blood flow would also increase.
However, an increase in blood flow would cause a larger pressure drop in the preceding vas-
cular zones of the capillaries, thereby preventing any further increase in IP at capillary entry
points as well as in the flow within the capillaries and the network. IP and flow are coupled
systemic parameters due to resistance of the vessels, and the simulation results reflect the
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Fig 8. Analyzing the impact of vasodynamics on hemodynamics for CBF regulation across various vascular zones. (a) A schematic representation of var-
ious zones within the cerebral vasculature. The figure also illustrates the microvessels’ branching sequence from a PA. This sequence begins with a sphincter,
followed by 3-4 layers of diverging branches, each encased by ensheathing pericytes (EPs). The sequence ends in 3-4 layers of converging capillaries, encased
by capillary pericytes. Graphics created on BioRender.com, (b) assessing the individual and collective impacts of MT potentiation across various vascular
zones on the capillary blood flow. The data shows the relative change in the steady-state mean blood flow in non-bifurcating capillaries under various sce-
narios, compared to the autoregulated blood flow in the ’All’ scenario. In the ’All’ scenario, MT is potentiated in all vascular zones, which results in biphasic
autoregulation, (c) pressure drop in three distinct blood flow pathways through superficial, intermediate, and deep capillary networks within the vasculature
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under 70 mmHg ABNP. The data shows the pressure drop from a surface segment of a PA to a surface segment of an ascending venule. The pressure drop in
SAs of our model is about 10 mmHg at 70mmHg ABNP, (d) Left: Distinct and collective impact of MT inhibition across various vascular zones on enhancing
blood delivery during FH, assuming NVC can uniformly inhibit MT in all vascular segments. Right: Mean value of blood flow in superficial and deep capil-
laries pre-FH and during FH. Although MT inhibition delivers more blood to deep capillaries, since deep layers have lower blood flow pre-FH at 70 mmHg
ABNP (Fig 6(h)), blood flow during FH is nearly the same in both deep and superficial layers. (e) Compares the increase in blood flow in response to a 30%
MT inhibition in vessels for various ABNP values. Vasculature with a large basal MT shows a more pronounced increase in blood flow in response to a similar
MT inhibition. The % change in capillary blood flow for each scenario shows the mean value across both superficial (L1-L2) and deep layers(L3-L4).

https://doi.org/10.1371/journal.pone.0321053.g008

steady-state values derived from their balance in the hemodynamic analysis of the network.
In Fig 8(b-PAs), when MT is exclusively potentiated in PAs, blood flow remains relatively con-
stant from the mid-autoregulation range onward. This indicates that the increased blood flow
up to the mid-autoregulation range, combined with constriction in PAs, results in a larger
pressure drop along the PAs. The augmented IP drop per vessel length under this condition
effectively prevents further increases in IP at capillary entry points and limits the increase
in the blood flow. This dynamic also explains the declining trend in blood flow increases of
all tested scenarios in Fig 8b. Therefore, it is impractical to quantify the contribution of var-
ious vascular zones to autoregulation. This is because when ABNP increases, and a partic-
ular zone either does not contribute or is slow to adjust its myogenic response, blood flow
increases beyond the ideal level. In this situation, other zones compensate by generating a
higher pressure drop due to the increased blood flow, which helps prevent further increases
in blood flow. This process continues until a complete balance between IP, flow, and MT in
all vessels is achieved. This dynamic can be observed in experiments performed in Klug’s
study, where they abruptly increased the ABNP of mouse retinal vasculature from 20 to 80
mmHg and monitored changes in vessel diameters across different vascular zones [87]. In
their experiments, a delayed myogenic response was observed, with the delay being more pro-
nounced in capillaries, followed by TZ vessels, and then arterioles. The variation in the delay
of myogenic responses across different vascular zones led to intermittent episodes of con-
striction and dilation in vessels until a balance between the flow, IP, and MT in all vessels was
achieved.

Fig 8b displays the extent of moderating increases in the mean blood flow of non-
bifurcating capillaries across all cortical depths if ABNP increases and MT is potentiated in
one zone or a combination of zones. However, it does not specifically show the contributions
of various vascular zones to the regulation of blood flow at different depths. Fig 8c displays
the pressure drop along three distinct blood flow pathways through superficial, intermediate,
and deep capillary networks in the vasculature under 70 mmHg ABNP. As shown, there is a
pronounced cortical depth-dependency in how different vascular zones regulate blood flow
across vascular layers. In superficial layers, sphincters and TZ vessels generate a large pres-
sure drop while PAs generate less. Conversely, in deep layers, PAs produce the largest pres-
sure drop. This suggests that MT in TZ vessels and sphincters plays a more significant role in
autoregulating blood flow in superficial layers, while MT in PAs has a more significant role in
deep layers.

B2: Functional hyperemia Functional hyperemia refers to the entirety of interactions
in brain vasculature that boost blood flow to activated brain regions. This increase in blood
flow can be facilitated either by transient vasodilation in the feeding vessels by NVC or
through the deformability of RBCs. Although RBC deformability also plays a role in func-
tional hyperemia [102], our current analysis centers on vasodilation, being the key factor
in enhancing capillary blood perfusion. While the biological aspects of NVC resulting in
inhibition of MT in vascular segments are not the focus of this study, our primary goal is
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to identify vascular zones playing significant roles in augmenting blood flow in capillaries
during FH.

In our study of the effects of vasodynamics across various vascular zones on hemody-
namics during FH, we began by setting the ABNP to 70 mmHg. At this pressure, vessels
have noticeable MT-induced constriction, allowing us to analyze how the inhibition of MT
in different vascular zones can facilitate blood delivery. We then assumed that NVC can
inhibit MT by 30% in the vessels. This assumption of uniform inhibition of MT-induced
constriction across all vessels is a simplification that does not reflect the realistic physio-
logical conditions of FH for two main reasons. First, different vasodilatory mechanisms
operate across various vascular zones [2,18]. Second, and more importantly, distinct elec-
trophysiological properties of SMCs and pericytes influence the temporal dynamics of MT
inhibition by NVC across different vascular zones [53,103]. To the best of our knowledge,
there is no in-vivo evidence indicating that MT inhibition in capillary pericytes by NVC
occurs swiftly enough for vasodilation to be detected during typical short to moderate FH
episodes [57,104]. These differential temporal dynamics were not considered in our sim-
ulation, which analyzes steady-state hemodynamic changes in response to 30% MT inhi-
bition in vessels. In this simulation, we assumed that NVC inhibits 30% of MT in vessels.
However, we estimated the percent tone for vessels at different ABNP values. Therefore,
we needed to determine how a 30% inhibition of MT translates to reductions in percent
tone and increases in vessel diameters. To identify the relationship between MT and per-
cent tone, we must estimate how vessels passively distend with increases in ABNP under
a scenario where mural cells are inactive. In Fig 5e, we plotted a passive distension pro-
file of a PA segment at 100 µm cortical depth for various IP values. The curve showing pas-
sive distention in relation to IP was remapped to ABNP values and then fitted using an
exponential function. Given that this segment is within its maximum active dilation state
at an IP range of 27–35 mmHg, we posited that the segment initially reaches this range
when ABNP is at 30 mmHg. Note that at this ABNP level, even with vessels at maximum
dilation, blood flow falls below the ideal level within the autoregulation range due to the
lower IP gradient across the network. From the exponential function fitted to this curve, we
derived:

Dpass(ABNP) =Dmax_act ⋅ (1 + 𝛼 ⋅ (1 – e–K⋅(ABNP–30))) (3)

The parameter 𝛼 indicates the percentage increase in passive diameter, Dpass, at high
ABNP values (e.g., 130 mmHg) with respect to the maximum active diameter, Dmax_act.
The parameter K determines the rate at which the segment passively distends in response
to linear increases in ABNP. Through the fitting process, the values of 𝛼 and K were deter-
mined to be 27.8% and 0.03, respectively. Based on our initial assumption of a similar rate
of passive distention in all vessels when ABNP increases from 0 to 40 mmHg until reach-
ing their maximum active dilation state, we extended this assumption to the scenario with
inactive mural cells. We assumed vessels continue their passive distention at a similar rate
for ABNP values above 40 mmHg, implying a consistent passive distension rate across
the network. Therefore, we can generalize the above equation to all vessel segments and
write:

Dipass(ABNP) =Dimax_act ⋅
⎛
⎜⎜⎜
⎝
1 +

f(ABNP)
³¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹·¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹µ
𝛼 ⋅ (1 – e–K⋅(ABNP–30))

⎞
⎟⎟⎟
⎠

(4)
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where i refers to any segment in the network. Then, by utilizing the definition of percent
tone (PT), we can write:

PTi(ABNP) =
Dimax_act –Diact(ABNP)

Dimax_act

= 1 – Diact(ABNP)
Dimax_act

⇒ Diact(ABNP)
Dimax_act

= 1 – PTi(ABNP)

(5)

where Dimax_act is the active diameter of segment i at various ABNP values. Based on the defini-
tion of myogenic tone and substituting Eq. 4 and 5 into this definition, the result is:

MTi(ABNP) =
Dipass(ABNP) –Diact(ABNP)

Dipass(ABNP)

= 1 – Diact(ABNP)
Dimax_act ⋅ (1 + f(ABNP))

= 1 + PTi(ABNP) – 1
1 + f(ABNP)

= f(ABNP) + PTi(ABNP)
1 + f(ABNP)

(6)

We assumed a 30% inhibition of MT via NVC:

MT′i(ABNP)
MTi(ABNP)

= 70
100

⇒ f(ABNP) + PT′i(ABNP)
f(ABNP) + PTi(ABNP)

= 70
100

(7)

the prime superscript denotes an inhibited or reduced tone, or an increased diameter. By
solving the above equation for ABNP=70 and substituting f(ABNP = 70) = 0.194, we obtain:

PT′i(ABNP = 70) = –5.8% + 0.7 ⋅ PTi(ABNP = 70)
= –5.8% + 0.70 ⋅HRCTF(ABNP = 70) ⋅ RCi

(8)

then using Eq. 5 and 8, we can write:

D′
iact(ABNP = 70)

Diact(ABNP = 70)
= 1 – PT

′
i(ABNP = 70)

1 – PTi(ABNP = 70)
(9)

for superficial PA segments with RC indices between 1.0 and 1.1:

D′
i

Di
= 1 – (–5.8% + 0.7 ⋅

HRCTF(ABNP=70)
­
19.6% ⋅(1 ∶ 1.1))

1 – (19.6% ⋅ (1 ∶ 1.1)) = 14.5 ∶ 15.6%
(10)
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and for capillaries with RC indices around 0.5:

D′
i

Di
= 9.6% (11)

These calculations show that a 30% inhibition of MT does not result in equivalent relative
diameter changes across all vessels. For superficial PA segments, it results in approximately
a 15% increase in diameter, a range consistent with the relative vasodilation observed in FH
experiments in PAs [14,105–107].

The results of our simulations for various scenarios are displayed in Fig 8d. Considering
the differential impact of various vascular zones on hemodynamic regulation across different
layers, as shown in Fig 8c, we categorized the vasculature into two distinct layers: superficial
(L1-L2) and deep (L3-L4). The purpose of this stratification was to identify specific vascular
zones that exert a dominant influence on enhancing capillary blood flow in each layer dur-
ing FH. As expected, the dilation of SAs notably enhances blood flow by lowering the net-
work’s total resistance. Similar to the significant impact of MT potentiation in PAs on moder-
ating blood flow as ABNP increases (Fig 8b), MT inhibition in PAs plays the most substantial
role in increasing blood flow in FH, with this effect being more pronounced in deep layers.
Conversely, MT inhibition in TZ vessels and sphincters is more impactful on increasing blood
flow in superficial layers.

As shown in Fig 8c, at physiological levels of ABNP, a significant portion of the pres-
sure drop occurs in capillaries, indicating that they constitute a large portion of the over-
all vascular resistance in the cerebral vasculature due to their small diameters. This is sup-
ported by previous research [19,34]. However, our simulation results in Fig 8(d) show that
dilation in capillaries minimally enhances blood flow. This suggests that due to the cap-
illaries’ small diameter and the single-file movement of RBCs within them, even an aver-
age of 9.6% vasodilation in the capillary zone does not substantially alter the overall resis-
tance of the network to RBCs and blood flow. Additionally, we assumed a 30% MT inhibi-
tion in capillaries and an average of 9.6% dilation, which have not been observed during FH
in capillaries. This is likely because NVC-mediated MT inhibition in capillaries either has
slow dynamics and cannot achieve a full 30% inhibition during the period of FH, or it only
occurs in response to a perceived deficiency of metabolic factors [53]. Assuming a lower per-
centage of MT inhibition in capillaries, it can be inferred that capillary vasodilation would
have an even smaller effect on blood delivery during FH than what is shown in Fig 8d. The
slow dynamics of MT inhibition in capillaries suggest that to enhance blood flow in capillar-
ies and across the entire vascular system during FH, there are two critical factors: firstly, it
involves not the dilation of capillaries but the elevation of IP at their entry points, achieved
through the dilation of vessels with high temporal vasoreactivity to NVC signals; secondly,
the reduction of blood viscosity within capillaries, achieved through the deformation of
RBCs.

Simulation results in Fig 8d show that vasodilation solely in TZ vessels can increase
blood flow by an average of 8%. However, the capacity of TZ vessel dilation to enhance
blood flow increases by about 50% when combined with the dilation of preceding vessels.
This is evident when comparing blood flow increases in the TZ, SAs+PAs+Sphinc., and
SAs+PAs+Sphinc.+TZ scenarios. When TZ vessels undergo dilation, the overall resistance
within the network decreases, potentially leading to a proportional increase in the blood
flow. However, in the ‘TZ’ scenario, the expected proportional increase in the blood flow
is partially counteracted because the blood must traverse through preceding vessels that
remain constricted and exert a large resistance. This results in a larger pressure drop before
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the blood reaches the capillaries and leads to a smaller increase in the steady-state blood
flow. These results emphasize that increasing IP at the capillary entry points plays a more
determining role in boosting CBF than reducing the overall vascular resistance. Specifi-
cally, these simulations show that localized vasodilation, particularly in end-contributor
segments such as TZ vessels and capillaries, leads to an increased pressure drop upstream,
which can diminish the expected increase in blood flow due to the reduced vascular
resistance.

In our next series of simulations, we implemented the same 30%MT inhibition scenario
in vessels for various ABNP values. By solving Eq. 7 and calculating the reduced percent
tone resulting from the 30% MT inhibition at ABNP= 50, 60 and 80 mmHg, we determined
the extent of vasodilation in all segments at these ABNP values. Results of these simulations
are displayed in Fig 8e. Despite the uniform inhibition of MT in all scenarios, the extent
of IP drop reduction from the artery boundary node to the capillary entry points differs.
For instance, at ABNP of 50 mmHg, MT inhibition led to a 22.4% increase in the average
capillary blood perfusion. However, at 80 mmHg, the same inhibition resulted in a 67.7%
increase in capillary blood perfusion. These results align with interpretations of the HRCTF
profile and the diameter change profile of a PA segment, as shown in Figs 5d and 5e, respec-
tively. The HRCTF profile shows an initial steep increase at the lower bound of the autoregu-
lation range, with the slope gradually decreasing as the ABNP increases. This pattern indicates
that at low ABNP values, vessels must constrict more to achieve the preferred IP drop in ves-
sels leading to capillaries, to ensure preferred capillary blood flow. Conversely, at high ABNP
values, even minor vessel constrictions can significantly alter the IP drop. Therefore, MT
inhibition at higher ABNP values leads to a more substantial deviation in IP drop in vessels,
which significantly increases the blood flow in capillaries.

Methods
Mathematical framework for blood flow analysis in the
cerebrovascular model
The hemodynamic analysis in this study was based on the research conducted by
Secomb’s [72] and Pries’s [51] groups. These teams developed mathematical frameworks that
employ empirical laws to enhance the precision and reliability of simulations that model
the flow of blood in microvascular networks. These frameworks facilitate the process of
assessing blood flow in large cortical networks while incorporating non-Newtonian prop-
erties of blood and hematocrit heterogeneity in the model. The mathematical framework
was coded in C, and the structural characteristics of the segmented network and hemody-
namic parameters were fed as inputs. The flow rate Qj in segment j of the network is pre-
sumed to follow Poiseuille’s Law. We had a positive flow in each segment from the start node
to the end node. The relationship between nodal pressure pk and the flow Qj in segment j is
formulated by:

Qj =∑
k∈N

Mjkpk (12)

where N represents the set of all nodes in the network, and

Mjk =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

+𝜋d4j / (128𝜇jlj) , if k is the start node of segment j
–𝜋d4j / (128𝜇jlj) , if k is the end node of segment j

0, otherwise,
(13)
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is the conductance between nodes j and k, with lj,dj, and 𝜇j signifying the length, diameter,
and effective viscosity in segment j, respectively. According to mass conservation, the total
flow at each interior node is zero. This condition can be combined with the conditions on the
boundary nodes to write:

∑
j∈S

LijQj +Q0i = 0 for i∈N, (14)

where S denotes all segments in the network, and

Lij =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

–1, if i is the start node of segment j
+1, if i is the end node of segment j
0, otherwise

(15)

If node i is a boundary node, Q0i indicates the inflow (or outflow if negative). For interior
nodes, Q0i = 0. Combining Eq. 12 and Eq. 14 results in:

∑
k∈N

Kikpk = –Q0i, i∈N (16)

where network conductivity (Kik) is:

Kik =∑
j∈S

LijMjk (17)

A pressure boundary condition can be enforced at node i by substituting the i-th row of
the matrix K with a single diagonal entry of 1 and replacing Q0i with the specified pressure.
If the pressure or flow is known at each boundary node, then the system Eq. 16 is fully deter-
mined and can be solved using an iterative process proposed by Secomb et al. [72]. In their
proposed mathematical framework of blood flow simulations in microvascular network, the
effective viscosity 𝜇 in segment j is a function of the radius rj and the hematocrit Hj of each
segment, utilizing an empirical in-vivo viscosity relationship [108,109]. The inlet hematocrit
was set to 0.4 for pial boundaries. The hematocrit values for all segments can be determined
from the flow Qj, employing empirical relationships for hematocrit partitioning at bifurca-
tion points [109,110]. To satisfy these relationships, the flow in each vessel was determined
using initial values for discharge hematocrit. These flow values were then employed to update
Hj in each vessel segment. Effective viscosity was recalculated using the updated hematocrit
values. This procedure was repeated until convergence was achieved for Qj, Hj, and 𝜇j in each
segment.

Statistical analysis
In Sec. A1, we performed statistical analysis on two-photon images of murine cerebral vas-
culature to investigate the location of sphincters and estimate the diameters of daughter and
parent vessels at sphincter sites. In the algorithm we employed, we traced arterioles’ path as
they penetrate the brain and marked bifurcation nodes. We then searched for patterns resem-
bling sphincter signatures—constriction succeeded by bulb-shaped distension—to confirm
the presence of a sphincter. Following successful detection, we estimated the diameter ratio
of the daughter to parent branch. For the diameter quantification of TZ vessels, our analy-
sis relied on existing measurements and branching order data provided by the database from
Anna Devor’s laborator [47,48]. The findings presented in Fig 2c are entirely based on this
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external dataset, which enabled us to incorporate more detailed morphological characteristics
in our model.

Design and functional scope of the cerebrovascular model
The development of our in-silico cerebrovascular model involved a series of design steps
aimed at deriving hemodynamic-vasodynamic transfer functions (HVTFs) for each vascular
segment, which enable computationally efficient simulations of hemodynamic-vasodynamic
interactions within the cerebrovascular model. The flow diagram presented in Fig 9a outlines
these key design components, beginning with the construction of the base framework aligned
with physiological vessel branching patterns. This framework was subsequently optimized
using principles such as Murray’s Law and depth-dependent morphological adjustments. The
final step involved extracting HVTFs, with the model designed to accommodate additional
physiological details for future advanced applications. Detailed explanations of these steps
were provided in Sec. A.

The model’s primary demonstration in this study focused on showing that the experi-
mentally observed non-uniformity in capillary blood flow across different cortical depths is
a characteristic feature of static autoregulation in the cerebral vasculature. As illustrated in
Fig 9b, the model’s potential extends beyond static autoregulation, offering an in-silico frame-
work for future studies to simulate and investigate other core functionalities of the CBF regu-
latory system, such as vasomotion and functional hyperemia. Additionally, future adaptations
of this model could incorporate pathological alterations, providing researchers with a power-
ful tool for in-silico analysis of diseases in which cerebrovascular dysfunction is a key contrib-
utor. This methodological approach can pave the way for early diagnostic strategies and novel
therapeutic interventions for these diseases.

Discussion
Summary of findings
In this work, we present a computational investigation of hemodynamic-vasodynamic inter-
actions within cerebral vasculature to model autoregulation. Blood vessel segments, due
to their myogenic response regulatory mechanisms, function as variable hydraulic resis-
tors. These vessel segments adjust their diameters autonomously in response to mechani-
cal forces exerted by the flowing blood to maintain constant flow in capillaries. In our study,
we employed various simplifications and generalizations to capture these dynamics. First,
we assumed that as the mean arterial pressure increases from zero, the vasculature begins to
inflate due to passive distention in the vessels. Next, we assumed that the maximum dilation
state for all vessels occurs when the ABNP in the model reaches 40 mmHg, which is a hypo-
thetical value that falls within the lower limit of the autoregulation range. The analysis of the
model shows that to maintain the uniformity in capillary blood flow at various cortical depths
in the maximally dilated state, a set of morphological features need to be incorporated in the
model’s design. For example, sphincters and narrower TZ segments should be included in the
structure of the upper microvascular layers. Furthermore, a progressive narrowing of arter-
ies and arterioles, as these vessels bifurcate from the main brain feeding arteries and pene-
trate deeper into the tissue, also contributes to the uniformity of capillary blood flow. When
the ABNP exceeds 40 mmHg, the vascular-centric myogenic response helps the network to
obtain uniform blood flow in capillaries by adjusting the vessel constriction levels. In our
model, we introduced the relative contractility index to quantify the expression level of con-
tractile elements in each vascular segment. We assigned this index to all segments and showed
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Fig 9. (a) Design principles of the proposed cerebrovascular model. Solid arrows represent the successive steps taken to derive HVTFs, with a primary focus on
deriving WT-MT transfer functions. Dashed arrows indicate potential future enhancements, such as incorporating WSS-MT transfer functions and adding physiolog-
ical details like delays in WT/WSS-MT relationships. (b) Applications of the proposed cerebrovascular model.This diagram illustrates how the model can be used
for in-silico analysis of other core functionalities of the CBF regulatory system, including vasomotion and functional hyperemia, as well as for studying pathological
conditions associated with dysfunctions in these mechanisms.

https://doi.org/10.1371/journal.pone.0321053.g009
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that elevating ABNP from 40 mmHg to 130 mmHg, when paired with a well-regulated myo-
genic response in all vessels, can effectively model blood flow autoregulation across all cortical
depths (Fig 6a, 6h).

We investigated the validity of our computational model by comparing its dynamics to
experimental observations. Consistent with experimental data [9], our model showed that the
blood flow in middle-layer capillaries is less than the flow in both deep and superficial lay-
ers at physiological ABNP values (Fig 6a, 6d, 6h). This variability of blood flow as a function
of cortical depth arises from the complexity in interactions among the morphological char-
acteristics and the adjustments of MT in all vascular segments within the broad autoregula-
tion range. We showed that only in a narrow band of the autoregulation range it is possible
to achieve a uniform mean blood flow in capillaries at all depths. Furthermore, our model
showed that superficial and deep capillaries tend to have more non-uniform blood flow com-
pared to middle-layer capillaries (Fig 6c), a finding that is consistent with in-vivo observa-
tions [9]. Moreover, our analysis revealed that blood flow velocity in capillaries remains rel-
atively stable, contrasting with the pronounced variability observed in TZ vessels [8,104],
sphincters, and PAs. We showed that this variability is dependent on cortical depth and the
vasculature’s position within its autoregulation range.

After modeling and validating the autoregulation in our cerebrovascular model, we shifted
our focus to analyze hemodynamics across different vascular zones throughout the autoreg-
ulation range(Fig 7). First, we identified that IP at the entry points of the capillary bed is
a critical factor of the autoregulation (Fig 7d). We found that the precise development of
myogenic tone in vessels leading to these entry points is crucial for regulating this key vari-
able. Our analysis revealed the dependency on cortical depth in this regulation: in superfi-
cial layers, TZ vessels and sphincters play a major role, with a lesser contribution from PAs.
In contrast, this contribution pattern is reversed in deeper layers. This depth-dependent
dynamic was clearly evident in our simulation results (Fig 8c). Similarly, the depth-dependent
contribution of various vascular zones through MT potentiation for autoregulation can be
extended to MT inhibition by NVC during FH to enhance blood delivery. In superficial lay-
ers, MT inhibition (vasodilation) in sphincters and TZ vessels leads to a larger increase in
blood flow, while MT inhibition in PAs substantially increases blood flow in deep capillaries
(Fig 8d).

Assumptions and limitations
Unlike the static nature of autoregulation, FH is a dynamic process, meaning we cannot sim-
ply quantify the contribution of various vascular zones to blood delivery during FH without
considering factors such as the intensity and duration of neuronal activity, pre-FH MT levels
in vessels, or distinct differences in mural cell biology across various vascular zones that can
affect the extent and timing of MT inhibition by NVC. For example, in Fig 8e, we showed that
equal levels of MT inhibition via NVC at higher pre-FH MT levels led to a larger increase in
blood flow; however, if all environmental factors in FH experiments remain constant, except
for the IP in the main brain-feeding arteries, and similar neuronal activity is induced, it is
uncertain whether NVC would inhibit MT to the same extent at different pre-FH MT lev-
els. Mural cell biology suggests that they may adapt to manage these variations and prevent
excessive or insufficient blood delivery during FH, regardless of pre-FH MT levels. It is now
well-recognized that MT-induced constriction in mural cells is primarily controlled by WT-
dependent depolarizing ion channels [92]. On the other hand, rapid inhibition of MT during
FH is likely to be achieved through the direct induction of hyperpolarization in mural cells
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caused by adjacent cells such as endothelial cells [111,112], astrocytes [105,113], and neu-
rons [114] and not by suppressing the activity of depolarizing ion channels of mural cells. The
degree of MT inhibition through induced hyperpolarization in mural cells by adjacent cells
depends on the ability of the hyperpolarizing currents to counteract WT-depolarizing cur-
rents. When WT is large, depolarizing channels are more active, the resting membrane resis-
tance of mural cells is smaller, and hyperpolarizing factors have a reduced capacity to hyper-
polarize mural cells and inhibit MT. Given these uncertainties regarding the NVC-mediated
MT inhibition rate during FH in different vascular zones, it is technically challenging to quan-
tify the contribution of these zones to FH. Although our model did not explicitly address this
dynamic and was based on the assumption of a uniform NVC-mediated MT inhibition rate
across all vascular zones, we can infer that regions with small-diameter vessels, high con-
tractility, and strong vasoreactivity to NVC—such as PAs, sphincters, and TZs—are likely to
contribute more than other vascular zones.

The design of our coarsely segmented computational model of the cerebrovasculature
required several simplifications that may have had a bearing on outcomes. First, the capillary
network within our microvessel structure was modeled by a simplified hierarchy of 2-to-1
converging vessels. Although this model can emulate reasonably accurate flow and pressure
within the network, it does not capture the net-like structure of capillaries in their full com-
plexity [115,116]. In particular, the three distinct decremental trends observed in the capil-
lary blood flow velocity-diameter relationship (Fig 4c) are likely a result of this simplification.
While our capillary network is not a net-like model, when we incorporated Murray’s Law in
the microvasculature design, no pronounced correlation in the capillary blood flow velocity-
diameter was observed, similar to what we see in reality [8,67,81,82,97]. This means that the
three distinct decremental trends in our simplified model (Fig 4c) do not fully replicate the
hemodynamics in a realistic net-like structure of capillaries. Second, our approach in assign-
ing relative contractility to each segment of our cerebrovasculature model was based on a
plausible yet speculative assumption: segments subject to higher IP in maximally dilated vas-
culature were presumed to be encased by a denser array of contractile elements. The advent of
advanced imaging technologies now offers the potential to quantify different morphological
characteristics of vascular segments, such as luminal diameter, vessel wall thickness, and the
expression level of contractile elements, more accurately and realistically, promising improved
accuracy in future models.

The gradient between ABNP and VBNP is the primary factor determining IP distribution
in a vascular network. In our analysis, we increased only ABNP in our model, whereas, in a
comparable portion of the physiological vasculature at the scale of our model, both ABNP
and VBNP are likely to increase as mean arteriolar pressure rises. However, we assumed that
the increase in VBNP would be negligible compared to the rise in ABNP. This assumption
implies that our analysis primarily focused on the gradient between ABNP and VBNP, with
an increase in ABNP effectively representing an increase in this gradient. Nevertheless, in a
physiological setting, the WT detected by vascular components is determined not only by the
arteries-to-veins pressure gradient but also by extravascular factors such as the surrounding
tissue pressure and the osmolarity of the extravascular space, both of which were not included
in our mathematical framework. Despite these simplifications, our analysis demonstrated
that the designed cerebrovascular model, together with the simulated blood characterized by
its specific rheological properties, was capable of autoregulating blood flow over a dynamic
range where the pressure gradient could reach up to three times its minimum possible value
(120 mmHg vs. 30 mmHg), highlighting the extensive adaptive capacity of the cerebral
vasculature.
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In this study, we decoupled the vascular autoregulatory mechanism from the RBC
deformability mechanism, even though blood viscosity in the capillaries continuously links
these two mechanisms. In a dynamic environment, such as an actively functioning brain,
fluctuations in neuronal activity and the oxygenation level of delivered blood can lead to tran-
sient changes in PO2 levels in capillaries and, consequently, potential transient deformation of
RBCs. The deformation of RBCs in response to regulatory inputs (e.g., PO2 levels) effectively
mimics capillary diameter changes and modulates vascular resistance at the capillary level. As
discussed, a localized decrease in vascular resistance within capillaries increases blood flow,
which in turn raises the pressure drop along upstream pathways, necessitating adjustments in
the myogenic response of these vessels. This dynamic interaction illustrates how these regula-
tory systems are interconnected. In our analysis, we assumed constant viscosity in the capil-
laries under well-nourished conditions to specifically focus on the cerebral vascular autoreg-
ulatory mechanism. In fact, the adaptive response of RBCs to metabolic deficits is predicted
to alter the cerebral vasculature’s autoregulatory range and curve, dynamics that could be
explored by implementing small adjustments to our proposed simplified model.

Conclusions
In a well-nourished and healthy brain, MT development in vascular segments will bias the
network to an appropriate operating point for the RBC flux through capillaries (0.5 nl/min in
Cap1 in our model). Our computational analysis supports quadriphasic ABNP-flow dynamics
that have been previously observed experimentally [98], including the following physiologi-
cal phases: low ABNP with flow below the operating point, moderate ABNP with flow near
the operating point (flat phase of autoregulation), high ABNP with controlled increases at
the operating point (sloped phase of autoregulation), and extremely high ABNP with uncon-
trolled flow increases (unstable region). These phases are regulated by vascular cells to mit-
igate hemodynamic forces, such as WT andWSS, which could otherwise compromise ves-
sel wall integrity. We provided computational evidence supporting that an increase in WT
caused by increments in mean arteriolar pressure can be mitigated by MT in vessels and our
model suggests that this property is linear. Furthermore, a reduction in capacity of mural
cells to induce a large constriction in the mid to upper range of the autoregulation (attributed
to endothelial cells’ efforts to mitigate increased WSS) prevents the formation of a plateau
throughout the autoregulatory range. Focusing within the autoregulation range, our com-
putational analysis indicates that the biphasic ABNP-blood flow dynamic is the result of the
synergy between the morphological (e.g., vessel lumen diameter and expression levels of con-
tractile elements) and the mechanobiological (MT adjustment by vascular cells and regu-
lated by hemodynamics) characteristics of the vascular network. This biphasic dynamic in the
ABNP-flow results in a monophasic, linear ABNP-blood flow velocity dynamic across vessels
throughout the autoregulation range, again aligning with experimental observations [98,117].

The proposed simplified cerebrovascular model provides a computationally effec-
tive framework for multi-scale studies. It features a closed, coarsely segmented, circu-
latory network and integrates hemodynamics (WT andWSS) as fundamental inputs in
the transfer functions of vasodynamics. This design makes it possible to model dynamic
adjustments in vessel lumen diameters including both delayed and active forces gener-
ated by muscle activity and the immediate passive distension. Our computational frame-
work can be expanded to more sophisticated multi-scale computational studies, where
broader network inputs (e.g., neuron or astrocyte derived signaling) might be incorporated
to model, interrogate, and analyze transient hemodynamic/vasodynamic changes in the
cerebrovasculature.
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