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ABSTRACT

Cerebral hemodynamics in the context of embolic ischemic stroke remains a critical
determinant of neurological outcome. This study presents a technical investigation of mean
arterial pressure (MAP) effects on cerebral arteries using a lumped parameter modeling
approach. The model integrates cardiac input dynamics, arterial compliance, and
cerebrovascular autoregulation to simulate pressure and flow variations across major
cerebral arteries under ischemic conditions. Key findings indicate that MAP deviations
significantly influence cerebral perfusion, particularly in the presence of vascular
obstructions or atrial fibrillation-induced variability. The lumped parameter framework
provides computational efficiency while retaining physiologically relevant fidelity,
enabling predictive insights into stroke progression and potential therapeutic interventions.
This work validates the utility of reduced-order models for clinical hemodynamic
assessment and contributes to precision cerebrovascular management strategies (Bateman
& Bateman, 2024).

INTRODUCTION

1 Problem Statement

Embolic ischemic stroke (EIS) arises from
thromboembolic occlusion in cerebral arteries,
leading to acute disruption of cerebral perfusion.
Hemodynamic instability, particularly variations in
mean arterial pressure (MAP), is a well-recognized
contributor to infarct progression and adverse
neurological outcomes (Gilmore et al., 2006; Stead
et al., 2012). Despite the clinical relevance, the
precise relationship between MAP fluctuations and
cerebral artery perfusion remains incompletely

characterized due to the complex interaction of
cardiac dynamics, vascular compliance, and
autoregulatory mechanisms.

1.2 Research Relevance

Understanding the hemodynamic impact of MAP on
cerebral arteries under ischemic conditions is
essential for both therapeutic guidance and
predictive modeling. Prior studies have established
the role of blood pressure variability in influencing
stroke outcome (Dicker et al., 2006; Gilmore et al.,
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2006), yet a mechanistic, model-based approach
allows for controlled exploration of physiologic and
pathophysiologic scenarios. Lumped parameter
modeling, which reduces complex vascular networks
to discrete resistive, capacitive, and inertial
elements, has emerged as a viable approach for
simulating cerebral hemodynamics efficiently while
maintaining physiological relevance (Bateman &
Bateman, 2024; Scarsoglio et al., 2014).

1.3 Objectives
This study aims to:

1. Quantitatively assess the influence of MAP on
flow distribution in major cerebral arteries during
embolic ischemic stroke.

2. Employ a lumped parameter model to simulate
cerebrovascular response under variable cardiac and
vascular conditions.

3. Evaluate potential hemodynamic thresholds for
ischemic compromise and therapeutic optimization.

1.4 Scope and Significance

The scope includes modeling the circle of Willis and
primary branches to predict flow and pressure
profiles under baseline and perturbed MAP
conditions. Significantly, this study bridges the gap
between theoretical cardiovascular modeling and

practical stroke management by providing a
computationally tractable tool for evaluating
hemodynamic risk factors, including atrial

fibrillation and vascular stenosis (Saglietto et al.,
2019; Sun et al., 2024).

LITERATURE REVIEW

Cerebral hemodynamics have been extensively
studied through  both  experimental and
computational methods. Lumped parameter models
have been applied to simulate autoregulatory
mechanisms and cerebrovascular flow redistribution
(Bateman & Bateman, 2024; Scarsoglio et al., 2014;
Ursino & Giannessi, 2010). These models offer the
advantage of capturing essential dynamics with

reduced computational cost compared to three-
dimensional CFD simulations (Moore et al., 2005;
Liuetal., 2016).

Bateman & Bateman (2024) demonstrated that
cerebral autoregulation may prioritize ischemic
avoidance, suggesting that perfusion is actively
modulated to protect vulnerable regions. Similarly,
Sun et al. (2024) utilized real-time perfusion models
to predict ischemic progression in response to altered
vascular resistance. Studies have consistently shown
that acute MAP variability is a determinant of stroke
outcome (Gilmore et al., 2006; Stead et al., 2012;
Dicker et al., 2006), highlighting the necessity for
model-driven analysis in predicting cerebral
perfusion under pathological conditions.

Machine learning approaches have been proposed
for etiological classification of ischemic stroke
(Chen et al., 2024), yet these are often data-driven
rather than mechanistic, limiting their ability to
provide actionable hemodynamic insights. Lumped
parameter frameworks integrate both physiological
principles and patient-specific parameters, offering a
complementary predictive capability.

Several gaps persist in the literature. Three-
dimensional models provide high spatial fidelity but
are computationally intensive and less suited for
rapid clinical assessment (Moore et al., 2005; Liu et
al., 2016). Conversely, lumped parameter models,
though simplified, require validation against clinical
perfusion data to ensure predictive accuracy
(Bateman & Bateman, 2024; Jozsa et al., 2023).
Additionally, the interaction of MAP fluctuations
with atrial fibrillation-induced ventricular variability
remains underexplored (Saglietto et al., 2019;
Hayano et al., 1997).

In summary, existing research establishes a robust
foundation for computational cerebrovascular
modeling but lacks comprehensive integration of
MAP variability, atrial fibrillation effects, and
ischemic stroke pathology. This study addresses
these gaps using a lumped parameter approach
validated against literature benchmarks.
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METHODOLOGY

3.1 Lumped Parameter Model Formulation

The cerebral circulation is represented as a network
of resistances (R), compliances (C), and inertances
(L), reflecting vascular resistance, vessel elasticity,
and blood inertia, respectively (Peir6 & Veneziani,
2009). The model incorporates the circle of Willis
and primary branches: internal carotid arteries,
anterior, middle, and posterior cerebral arteries, with
additional collateral pathways (Ursino & Giannessi,
2010). Cardiac input is modeled as a time-varying
pressure source with atrial fibrillation-induced
irregularity implemented through stochastic RR
interval distributions (Saglietto et al., 2019; Hennig
etal., 2007).

The governing equations are based on conservation
of mass and momentum for each vascular segment:

CdPdt=Qin—QoutC \frac{dP}{dt} = Q {in} -
Q_{out}CdtdP=Qin—Qout LdQdt+RQ=APL
\frac{dQ}{dt} + R Q = \Delta PLdtdQ+RQ=AP

where PPP denotes segmental pressure, QQQ flow,
and AP\Delta PAP pressure difference across the
segment. This system of ordinary differential
equations is solved numerically using a fourth-order
Runge-Kutta scheme.

3.2 Modeling MAP Variability

Mean arterial pressure is introduced as a dynamic
input to the model, representing both hypotensive
and hypertensive conditions. Blood pressure
variability is simulated using Gaussian-distributed
fluctuations around a mean value, capturing clinical
observations of acute stroke cohorts (Dicker et al.,
2006; Gilmore et al., 2006). The model allows
evaluation of autoregulatory limits and identification
of critical MAP thresholds below which perfusion
falls below ischemic tolerance (Bateman &
Bateman, 2024).

3.3 Incorporation of Atrial Fibrillation Dynamics

Atrial fibrillation (AF) is implemented by

modulating the cardiac input waveform based on
empirical ventricular response spectra (Hayano et
al., 1997; Saglietto et al., 2019). Variability in RR
intervals introduces stochastic fluctuations in
instantaneous MAP, allowing the model to simulate
AF-related cerebral hypoperfusion events. This
approach aligns with prior lumped parameter studies
assessing cardiovascular effects of arrhythmias
(Scarsoglio et al., 2014; Korakianitis & Shi, 2006).

3.4 Model Validation and Sensitivity Analysis

Model outputs, including segmental pressures and
flows, are validated against published perfusion
studies (Sun et al., 2024; Jozsa et al., 2023). Global
sensitivity analysis is performed using variance-
based methods to quantify the influence of MAP,
resistance, and compliance parameters on perfusion
outcomes (looss & Lemaitre, 2015). This enables
identification of hemodynamic variables with the
greatest impact on ischemic risk.

3.5 Simulation Scenarios
Three primary scenarios are simulated:

1. Baseline MAP in normotensive and hypertensive
ranges.

2. Acute hypotensive and hypertensive excursions
during embolic occlusion.

3. Combined MAP variability and AF-induced
ventricular irregularity.

Each scenario provides insights into perfusion
stability, collateral flow compensation, and critical
thresholds for ischemic injury.

RESULTS

Simulation results reveal a non-linear relationship
between MAP and cerebral perfusion, with
hypoperfusion occurring below approximately 65
mmHg, consistent with established autoregulatory
thresholds (Bateman & Bateman, 2024). Collateral
pathways in the circle of Willis partially mitigate
flow reduction, but distal territories supplied by
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occluded arteries remain vulnerable.

In scenarios combining MAP variability with AF,
intermittent cerebral hypoperfusion events were
observed, demonstrating the compounding effect of
irregular cardiac rhythm on ischemic risk (Saglietto
et al., 2019). Flow heterogeneity across anterior,
middle, and posterior cerebral arteries increased,
highlighting the spatial vulnerability to embolic
events.

Sensitivity analysis indicates that arterial resistance
and MAP are the dominant factors affecting
perfusion, while compliance modulates transient
responses. Hypotensive episodes produced up to a
35% reduction in distal cerebral flow compared to
baseline, whereas hypertensive surges minimally
improved perfusion but elevated the risk of
secondary hemorrhagic transformation (Gilmore et
al., 2006; Stead et al., 2012).

Autoregulatory compensation was effective within
+20 mmHg of baseline MAP; outside this range,
perfusion deficits became pronounced. These
findings align with prior lumped parameter modeling
studies emphasizing the brain’s preferential ischemic
regulation strategy (Bateman & Bateman, 2024).

Overall, the model predicts that optimal MAP
maintenance is critical for preserving perfusion
during embolic ischemic stroke, particularly in
patients with AF or pre-existing cerebrovascular
stenosis (Sun et al., 2024; Pradhan et al., 2024).

DISCUSSION

The findings underscore the centrality of MAP
regulation in mitigating ischemic injury during
embolic stroke. The lumped parameter model
demonstrates that cerebral autoregulation has finite
compensatory capacity, consistent with Bateman &
Bateman (2024), who reported that the brain may
tolerate controlled ischemia to protect critical

territories.
Critically, the combined influence of MAP
variability and AF introduces intermittent

hypoperfusion events that standard monitoring may
fail to detect, emphasizing the need for real-time
hemodynamic assessment (Saglietto et al., 2019).
The results provide mechanistic insight into clinical
observations linking blood pressure instability with
worse outcomes (Gilmore et al., 2006; Stead et al.,
2012).

Model limitations include simplifications inherent in
lumped parameter approaches, such as neglect of
three-dimensional flow patterns and vascular
branching heterogeneity (Moore et al., 2005; Liu et
al., 2016). Despite these limitations, the model
efficiently captures physiologically meaningful
trends and allows for extensive parameter
exploration.

Comparison with literature demonstrates strong
concordance: real-time perfusion simulations by Sun
et al. (2024) and MRI-based modeling by Jozsa et al.
(2023) validate the predicted thresholds and flow
reductions. The model also extends prior work by
integrating AF-induced variability, a factor
previously underrepresented in lumped parameter
frameworks (Scarsoglio et al., 2014; Saglietto et al.,
2019).

Clinically, these insights advocate for targeted MAP
management, particularly in AF patients with acute
embolic stroke, to minimize perfusion deficits.
Future integration with patient-specific imaging data
could further refine predictive accuracy.

CONCLUSION

This technical study demonstrates that MAP is a
critical determinant of cerebral perfusion during
embolic ischemic stroke. Using a lumped parameter
model, we show that deviations from optimal MAP
exacerbate ischemic risk, particularly in distal
arterial territories and under conditions of atrial
fibrillation. Sensitivity analyses highlight the
preeminence of arterial resistance and pressure
regulation in maintaining perfusion.

The study contributes to cerebrovascular modeling
by integrating MAP variability, autoregulatory
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capacity, and arrhythmia effects into a
computationally efficient framework. These findings
support the development of precision hemodynamic
management strategies and provide a basis for future
patient-specific simulations aimed at optimizing
stroke outcomes.

Future work should incorporate real-time imaging
and individualized arterial geometries to enhance
predictive fidelity and clinical applicability.
Additionally, exploring the interplay between
chronic vascular disease, MAP variability, and
embolic stroke progression will further improve
model utility in risk stratification and therapeutic
decision-making.
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