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Abstract 

Even young, asymptomatic individuals with non-obstructive coronary disease can experience acute 
myocardial infarction due to plaque rupture. Computational fluid dynamics (CFD) enables the 
simulation of coronary hemodynamics and wall shear stress (WSS), a key biomechanical factor in 
plaque vulnerability. However, the influence of varying coronary geometries and flow conditions on 
WSS behavior remains unclear. This study analyzed how geometric factors (arterial diameter, 
tapering, and stenosis location) and hemodynamic or rheological parameters (inlet pressure, 
hematocrit) affect WSS distribution through CFD simulations. Idealized models of the left anterior 
descending, left circumflex, and right coronary arteries with 50% stenosis, along with a real right 
coronary artery mesh for validation, were evaluated under physiological conditions. Changes in 
hematocrit modified blood viscosity and density. Ansys CFD simulations showed that both 
geometric and hemodynamic factors significantly impact WSS. Higher hematocrit and inlet pressure 
increased WSS; larger diameters led to nonlinear amplification; and distal or tapered lesions altered 
shear stress distribution. WSS values often exceeded 30 Pa, aligning with previous findings. Even 
minor modifications in geometry or blood properties caused notable changes in WSS, indicating that 
percent stenosis and fractional flow reserve (FFR) alone may be inadequate to fully assess the risk of 
plaque rupture. 

Keywords: CFD; coronary; atheroma plaque; infarction; rupture 
 

1. Introduction 

Cardiovascular diseases are the leading cause of mortality worldwide[1], especially acute 
myocardial infarction (AMI)[2]. Although traditionally associated with risk factors such as 
dyslipidemia and smoking, cases of acute coronary occlusion in asymptomatic young individuals 
have been increasingly reported[3,4], possibly attributed to vulnerable plaques with little stenosis, 
but which are fragile to shear forces[4]. This finding reveals an important gap in the current 
literature[5]. 

Characterized by an extensive necrotic core, high lipid content, high content of activated 
macrophages, thin fibrotic matrix, and low calcium content, these plaques are highly vulnerable to 
stress at the flow-wall interface[6,7], known as wall shear stress (WSS). Under these conditions, while 
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more stable structures can resist without rupture, vulnerable plaques become susceptible to 
destabilization, potentially precipitating sudden ischemic events[8,9]. 

In this context, research focuses on two main objectives: (I) identifying patients with a higher 
propensity for vulnerable plaque formation who require specific diagnostic evaluation[10,11]; and 
(II) mapping WSS behavior in different coronary scenarios to assess the risk of plaque 
rupture[8,11,12]. For objective (II), in vitro[13,14] and in vivo[15] methods can be used for data 
acquisition; however, in silico[16] approaches have gained increasing prominence in recent years for 
simulating hemodynamic variables, particularly through computational fluid dynamics (CFD) 
software such as Ansys and OpenFOAM. 

In this sense, the present study proposes a CFD-based methodology to describe how geometric 
(taper, diameter, plaque position) and rheological/hemodynamic (hematocrit, inlet pressure) 
variations influence the magnitude and distribution of WSS on the simulated endothelium, 
representing the intensity of plaque rupture risk in vivo[4,8]. 

2. Materials and Methods 

2.1. Clinical Variables Applied to CFD 

The first stage of the study involved a well-founded selection of population-based clinical 
variables described in the medical literature. The pressure values input into the simulation, expressed 
in millimeters of mercury (mmHg) and subsequently converted to Pascals (Pa), encompassed both 
the ranges considered normal by current guidelines and those outside this range, which are 
frequently observed in emergency care settings[17,18]. The conversion from diastolic blood pressure 
(DBP) to coronary perfusion pressure (CPP) was defined as CPP = DBP – LVEDP, where DBP is 
diastolic blood pressure and LVEDP is left ventricular end-diastolic pressure[19]. 

Distal coronary bed pressure is determined by the interaction between vascular compliance and 
microvascular resistance[20,21]. Evidence indicates that in stenoses of up to approximately 80–
85%[22], compensatory vasodilation maintains post-stenotic flow. Under these conditions, pooled 
analyses indicate that distal pressure corresponds to approximately 82–88% of the inlet pressure at 
the inflow moment/second[23–25], with distal pressures showing a linear relationship with changes 
in inflow pressure[26]. 

Density and viscosity were modulated by varying hematocrit (Ht) values (Figure 1), 
encompassing both the normal clinical spectrum and values outside this range, but still plausible in 
clinical practice and previously tested in other studies[27].The relationship between Ht, density, and 
viscosity was defined according to formulas described in the medical literature[28]. Blood flow was 
modeled as Newtonian and incompressible, since previous investigations have shown that, under 
conditions of shear rate > 100 s⁻¹, arterial diameter > 1 mm, and Ht within physiological ranges, the 
consideration of non-Newtonian effects is unnecessary[29,30]. 
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Figure 1. viscosity and density as a function of hematocrit variations. (A) Density as a function of Ht is widely 
reported; however, the values for ρbc and ρp vary somewhat across the literature. In this study, we adopted values 
cited in more than one publication.(B) The formula for viscosity as a function of Ht also varies in the literature, 
with differences depending on whether the fluid is modeled as Newtonian or non-Newtonian. Here, was 
adopted a formulation consistent with a previous CFD study. Ht = hematocrit; ρbc = red blood cell density; ρb = 
blood density; ρp = plasma density; cP = centipoise. 

Computational Mesh Geometry  

Given the variations in mesh geometry required to reproduce different simulated behaviors, an 
idealized computational modeling approach was adopted. In this study, was used the formulations 
proposed by Ho et al. (2023)[31] to represent atherosclerotic plaques with 50% stenosis (equation 2) 
and 35% eccentricity (equation 4), considering that these formulations are based on the analysis of 
400 patients and therefore have a solid clinical foundation. 

However, slight adaptations were introduced into the mathematical modeling to reproduce the 
natural tapering[32] (equation 1 and 3) and positive remodeling on the plaque-free wall of arteries33, 
while preserving the principles described in the original study (equation 2,4,5).  
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In the geometric formulation, Eq. 1 defines the linear taper of the vessel from the inlet (Din) and 

outlet (Dout) diameters along the total length (L). Eq. 2 describes the multiplicative stenosis profile, 
characterized by the severity S0 and the axial positions z0, z1, z2, z3, which delimit the proximal lenght 
stenosis (Li), middle lenght (Lm) and distal lenght of stenosis (Lo). These three lenghts were fixed 
with a value of 6mm. The actual vessel diameter at each position d(z), results from the combination 
of the taper with the stenosis function (Eq. 3). To represent eccentric stenoses (Eq. 4), introduces the 
eccentricity e(z), modulated by the maximum parameter e0. Finally, Eq. 5 describes the parametric 
contour of the cross-section in Cartesian coordinates (x(z,θ),y(z,θ)), simultaneously incorporating 
tapering, narrowing, and eccentric displacement, with θ ranging from 0 to 2π. 
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To represent the three main coronary arteries, idealized geometries of the left circumflex artery 
(LCX), the right coronary artery (RCA), and the left anterior descending artery (LAD) were 
constructed. Their inlet, outlet, and taper diameters were defined based on mappings previously 
described in the literature[32]. The total length was calculated using an approach similar to that of 
Ho et al. [31], consisting of the following segments: the initial segment, a segment containing the 
atherosclerotic plaque, a fixed distal portion 20 mm downstream from the plaque, and an additional 
segment equivalent to 22.22% of the mean in vivo artery length. 

Considering that the large number of variables in CFD simulations has not yet been extensively 
tested or published, the comparative results available in the literature remain limited. As part of the 
validation process, in addition to comparison with other studies addressing the same approach, 
simulations were performed using a real right coronary artery (RCA) model provided by Vukicevic 
et al.[34] in .STL format (Table 1), which is compatible with the Ansys software employed in this 
study. 

Table 1. Mesh geometry characteristics. General description of the geometry of the idealized and real meshes 
used in the simulation modules. Coronary artery: LAD = anterior descending artery; RCA = right coronary 
artery; LCX = circumflex artery. 

 
The primary location of the atheromatous plaque in our study was initially defined according to 

mappings described in the medical literature[35] and was subsequently treated as one of the modified 
geometric variables, together with diameters and taper. The element size adopted was 3 × 10-4, and 
CFD simulations were carried out using Ansys Student 2025 R1 (Ansys® software, Ansys Inc., 
Canonsburg, PA, USA.). 

Boundary Conditions 
Inlet pressure was defined using the CPP formula, with the LVEDP value set at 5 mmHg[36]; 

thus, CPP values corresponded to diastolic pressure minus 5 mmHg. For flow triggering, two models 
can be applied: the transient model, which represents variation throughout a cardiac cycle, or the 
steady-state model, which evaluates the response to the main pulse trigger. In this study, the steady-
state model was adopted, as the analysis focused on peak WSS values and was not affected by cyclical 
variation, consistent with previous reports using similar models[37,38]. 

The specification of outlet pressure in CFD studies shows considerable variability in the 
literature, with some publications describing it as a fixed pressure set to zero, an arbitrary numerical 
value, or calculated using formulas, such as in the Lumped Parameter Network (LPN) model. From 
a clinical perspective, distal arterial residual pressure results from the interaction between 
compliance and vascular resistance[20,21], variables that are idiosyncratic to each individual. In the 
present study, was aimed for a hemodynamic assessment closer to physiological reality, by adopting 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 October 2025 doi:10.20944/preprints202510.0781.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0781.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 21 

 

mean distal coronary pressure values during perfusional instant[23–25], which were subsequently 
applied for validation in an additional simulation. 

This result was reapplied to a coronary artery model based on the geometry described by Ho et 
al. In this configuration, with Pinlet fixed at 90 mmHg and Poutlet set to 86% of the inlet pressure, 
the values obtained for Pd and distal velocity were highly consistent with the reference: 77.27 mmHg 
and 3.22 m/s in the present study versus 77.3 mmHg and 3.3 m/s reported by Ho et al.[31]. 

Regarding flow, none of the simulations produced velocity values associated with a Reynolds 
number greater than 2000. Therefore, a laminar viscous flow model was adopted. 

3. Results 

Geometric variations were proposed in this study (Figure 2). The analyses were primarily based 
on LAD coronary and compared with RCA, LCX as well real RCA. Posteriorly, to isolate the variables, 
was proposed modifications involved three main aspects for LAD: changes in the inlet diameter, 
repositioning of the stenosis site, and variation of tapering along the vessel length. To simulate these 
meshs, input parameters— inlet pressure, outlet pressure, and hematocrit—were systematically 
varied for each of the geometries considered. Together, these adjustments allowed a comprehensive 
assessment of how anatomical and hemodynamic factors interact to influence coronary blood flow. 

 

Figure 2. Proposed variations in the studied geometries. LAD = left anterior descending coronary artery; RCA = 
right coronary artery; LCX = left circumflex coronary artery. 

3.1. Comparison of Hematocrit  

The variation of wall shear stress (WSS) as a function of hematocrit across the different arterial 
models analyzed (Graph 1): (A) LAD, (B) LCX, (C) RCA, and (D) Real RCA. Each proposed geometry 
incorporates at least three variables modeled from real data—taper, diameter, and plaque 
positioning—which together define the hemodynamic environment. Variations in hematocrit 
produced distinct changes in the peak intensity and amplitude of WSS, demonstrating its critical role 
in modulating shear forces within coronary arteries. 

The simulations reveal that in all geometries, higher hematocrit values (65%) consistently 
amplified WSS peaks compared to lower levels (25%), with intermediate values (45%) showing peak 
nearly of Ht 65%. This effect was particularly evident in the LAD and RCA models, where the WSS 
peaks were more pronounced, reflecting the sensitivity of these regions to flow alterations. 
Interestingly, the real RCA geometry generated curves that closely followed those of the idealized 
models, reinforcing the robustness of the adopted methodology and highlighting the reproducibility 
of the hemodynamic patterns under controlled variations.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 October 2025 doi:10.20944/preprints202510.0781.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0781.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 21 

 

 

Graph 1. WSS variation as a function of hematocrit across different arterial models.( A) LAD; (B) LCX; (C) RCA; 
(D) Real RCA. 

3.2. Comparison of Different Inlet Pressure Values  

The Graph 2 presents the simulation in CFD software of wall shear stress (WSS) along the 
stenotic region under different diastolic pressure inputs. Panel (A) corresponds to the idealized LAD 
model, while panel (B) represents the real RCA geometry. In both cases, the WSS values increased 
consistently with higher imposed diastolic pressures, demonstrating that shear stress at the stenotic 
site is directly proportional to the initial pressure input. 

 
Graph 2. WSS values along the stenosis under different pressure inputs. (A) corresponds to the idealized LAD 
model; (B) represents the real RCA. 

For the LAD model, the maximum WSS recorded at plane 23 mm reached 52.17 Pa for 130 
mmHg, compared with 27.46 Pa for 70 mmHg, resulting in a ratio of 1.89. Similarly, in the real RCA, 
the maximum WSS at plane 68 mm was 74.40 Pa for 130 mmHg and 39.52 Pa for 70 mmHg, 
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corresponding to a ratio of 1.88. These simulations demonstrate a close agreement between the inlet 
pressure ratios and the WSS ratios, indicating that variations in inlet diastolic pressure are linearly 

3.3. Comparison of Different Arteries (Geometries) 

The Graph 3 illustrates the variation of wall shear stress (WSS) under identical hematocrit (Ht) 
and diastolic pressure (PAd) conditions across different coronary geometries. The results 
demonstrate that geometric differences—particularly taper, stenosis location, and inlet diameter—
significantly influence both the magnitude and distribution of WSS. 

Among the simulated cases, the RCA model exhibited the highest WSS peak (101.26 Pa at point 
3), whereas the LAD and LCX models reached lower maxima of 52.17 Pa and 32.85 Pa, respectively. 
These findings highlight that, despite being subjected to the same hemodynamic boundary 
conditions, each geometry produced distinct stress profiles. Importantly, variations were observed 
not only in peak intensity but also in the downstream behavior beyond the stenosis, where the 
interaction with the proximal shoulder (upstream) modulated the post-stenotic WSS distribution. 

 

Graph 3. WSS variation under identical Ht and diastolic pressure (PAd) across different geometries. 

Such simulations reinforce the role of vessel-specific geometry as a critical determinant of 
hemodynamic patterns and WSS. Given these differences , it was necessary to conduct an isolated 
analysis of each variable—namely inlet diameter, taper, and plaque position—in order to determine 
the relative influence of each on the maximum WSS. The analyses were organized as follows: 

3.4. Comparison of Different Inlet Diameters (Geometries)  

Using the LAD as a reference (Graph 4), a mean inlet diameter of 3.7 mm was adopted, with 
variations of ±1 mm, while maintaining the predefined inlet PA values. The results confirmed the 
trend observed in previous analyses: increasing the inlet diameter leads to an increase in WSS, 
although in a non-linear manner. The largest variation was observed between 2.7 and 3.7 mm, 
whereas between 3.7 and 4.7 mm the behavior tended to stabilize. 

The simulations confirmed that increasing the inlet diameter produces higher WSS values until 
reaching an apparent saturation peak. At this stage, smaller diameters yield lower WSS peaks, 
although these peaks tend to persist for a longer distance along the atheromatous plaque (proximal 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 October 2025 doi:10.20944/preprints202510.0781.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0781.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 21 

 

shoulder + plateau) as discussed in the subsequent Results section (Fundamentals of Fluid 
Mechanics). 

 

Graph 4. WSS variation across different coronary diameters. 

3.5. Comparison of Different Taper (Geometries) 

In addition, Graph 5 shows the impact of taper ratio on WSS behavior. By modifying the taper 
percentage, two key patterns were observed: first, the maximum WSS value increased as the taper 
decreased; second, the pressure drop across the stenotic site occurred more rapidly with lowly taper 
ratios. In the case of a 70% taper, WSS values at both the stenosis plateau and the proximal upstream 
shoulder were nearly equivalent, indicating a redistribution of hemodynamic stress along the lesion. 
These findings highlight the combined effects of geometric narrowing and tapering on the 
localization and intensity of WSS, reinforcing their clinical relevance in stenosis progression and 
rupture risk. 

By modifying the taper percentage, changes were observed in two main aspects: the maximum 
WSS value increased as the taper decreased; however, the pressure drop on the stenosis occurred 
more rapidly. In the case of a 70% taper, the pressure was virtually identical at both the stenosis 
plateau and the region corresponding to the proximal upstream shoulder. 
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Graph 5. WSS variation in different coronary narrowings. 

3.6. Comparison of Different Sites of Stenosis Initiation (Geometries) 

Graph 6 illustrates the hemodynamic impact of modifying the site of stenosis initiation. In line 
with literature reports, the original configuration positioned the plaque in the proximal third of the 
artery, approximately 17 mm from the vessel origin. To explore positional effects, two variations were 
introduced: one shifting the stenosis 10 mm proximally (at 7 mm from the origin) and another 10 mm 
distally (at 27 mm from the origin), while maintaining identical diameter and tapering parameters. 

The results revealed a consistent curve pattern across all simulations, with WSS increasing along 
the flow direction, peaking near the stenosis, and declining thereafter. However, the magnitude of 
these peaks varied according to the onset location, even hemodinamics parameters remain 
unchanged. Distal stenoses (27 mm) produced the highest WSS values, while proximal stenoses (7 
mm) exhibited lower shear intensities. The intermediate site (17 mm) yielded values between these 
two extremes, but nearly of the 27mm, demonstrating likely saturation position. 
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Graph 6. WSS variation at different stenosis onset locations. 

4. Discussion 

4.1. Gap in the Literature 

With the advancement of more sophisticated diagnostic modalities, such as CT angiography, 
optical coherence tomography, and intravascular ultrasound (IVUS), it has become possible to more 
accurately differentiate vulnerable plaques from more stable lesions. Nevertheless, a significant gap 
persists in the literature regarding the definition of when and how to intervene—clinically or 
mechanically—based on this characteristcs. 

The medical literature, both in scientific articles and in clinical guidelines, acknowledges this 
issue as a fundamental pillar yet to be fully elucidated: 

- Journal of the American Heart Association; september 2024: Ekmejian et al. [5]: “Despite the 
utility of WSS in the prognostication of coronary disease, there remains a paucity of outcome‐driven 
randomized clinical trials on the role of CFD and FSI in clinical practice and whether there are 
potential therapeutic targets linked to WSS. For example, it is unclear whether percutaneous coronary 
intervention of a coronary plaque associated with high WSS reduces the risk of future MI [...] 
Randomized clinical trials comparing CFD/FSI parameters to existing modalities such as 
intravascular imaging and invasive coronary physiology will be required for these techniques to 
transition from their predominant role in research to a more clinical role. 

- ESC 2023 ACUTE CORONARY SYNDROMES Guidelines for the management of acute 
coronary syndromes [39]: “Does management of non-infarct-related CAD with intravascular imaging 
guidance to identify rupture prone atherosclerotic plaque improve clinical outcomes?” 
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4.2. Analysis of Simulated Results 

The literature has highlighted the need for further investigation into the chronic effects of high 
WSS on plate destabilization[40]. Reference values differ: while some authors consider high WSS to 
be above 2.5 Pa[41,42], others adopt the limit of >7.0 Pa[43], classifying values >~15 to 25 Pa as super 
high WSS[40]. This discrepancy also extends to critical thresholds for endothelial integrity: whereas 
certain reports associate rupture risk with plaques exposed to WSS >4.95 Pa[44], other studies suggest 
that only values exceeding 35 Pa would be sufficient to trigger endothelial degradation[45]. 

Each variable related to the arterial network or blood rheology influences the pressure exerted 
on the endothelium. In our simulations, WSS peaks generally exceeded >30 Pa in the stenotic region, 
a finding that is consistent with similar studies, such as that of Alamir et al[46]., which describe values 
generally above 30 and peaks of up to 70 Pa in severe stenoses[46]. Similar results were also reported 
by Hoogen et al. [47], with records of 32.34 Pa in real coronary angiograms rendered and simulated 
in CFD, and by Nisco et al. [48], who observed values between 40 and 50 Pa in stenoses of 50 to 70%. 

Regarding the location of the WSS peak, our results demonstrated maximum values in the 
proximal portion of the plaque, in some cases maintained along the stenosis plateau. These 
topographic points corroborate findings previously described in the literature. Russo et al. [49], for 
example, reported in one of their models values of 48.7 Pa and 94.4 Pa in regions of ascending and 
mid-stenosis, respectively. These results are comparable to those obtained in our simulation of 
idealized RCA with 50% stenosis, 130 mmHg diastolic pressure, and 45% Ht, which presented values 
of 46.23 Pa and 101.26 Pa, respectively (Graph 3). 

About the rheological parameters analyzed in our simulations (graph 1), a correlation was 
observed between increased viscosity and elevated WSS. This increase in shear magnitude, evidenced 
in both real and idealized meshes, is in line with recent publications, such as that of Xie et al. [50], 
which demonstrated that elevated hematocrit intensifies WSS in regions of stenosis. From a clinical 
perspective, this association is also supported by longitudinal studies, such as that of Sorlie et al. [51], 
which demonstrated a greater propensity for acute myocardial infarction in patients with Ht > 49%, 
when compared to those with values below 42%. 

Relevant results were obtained by manipulating the inlet diameter (Graph 4), showing that 
increasing this parameter promotes an increase in the WSS until reaching a saturation point. This 
finding differs from some CFD publications that adopt fixed velocity values or flow waveform 
profiles in the inlet Lindsey et al. [52]; on the other hand, it converges with physiological data 
obtained by vascular ultrasound. Reneman et al. [53] describe that "a tenfold increase in flow 
combined with a 20% increase in diameter will cause a 5.8-fold increase in shear stress." This 
observation reinforces the explanation that, under constant flow conditions, larger diameters would 
tend to reduce the WSS; however, in clinical practice, the increase in arterial caliber is accompanied 
by an increase in flow during vasodilation processes, resulting in shear intensification[54]. 

Our atherosclerotic plaque model (18 mm long with a 6 mm plateau) showed that, in situations 
of greater taper (example 70% tapering), peak WSS is reduced at the proximal shoulder of the stenosis 
but remains elevated throughout the plaque, compared to arteries without taper (Graph 5). This 
behavior can be explained by the adaptation of Poiseuille's law to WSS in converging nozzles, in 
which flow in smaller diameters prolongs the pressure loss along the conduct due the distributed 
pressure drop, a phenomenon that will be described below (detailed in the section: Fundamentals of 
fluid mechanics).  

Similarly, when the plaque is more distant of the inlet it receive more peak of WSS when 
compared of proximal (Graph 6). These behavior too depends of diameter and flow , which generate 
difference of Total and Local Losses Pressure (detailed in the section: Fundamentals of fluid 
mechanics). 

Another relevant finding from the hemodynamic simulations was the existence of a 
proportionality between the inlet pressure ratio and the WSS values along the stenosis, evidenced 
both in idealized meshes and in the real model. From the results obtained in the present study, it was 
observed that the division of the WSS measured at the proximal shoulder or in the stenotic region 
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maintains proportions similar to the inlet pressure ratios used in the calculation. For example, 
diastolic Pinlet ratios of 130/70 mmHg and 90/70 mmHg resulted in values of 1.86 and 1.29, 
respectively, remaining reflected in the WSS values of the stenosis (Graph 2). 

We did not find similar simulation tests in the literature for comparison purposes, so for better 
accuracy, we compared an idealized mesh with a real one (Graph 2), where this pattern was 
maintained. If this proportionality is confirmed by in vitro experiments or in vivo methods, this 
information will be highly relevant for future applications, such as neural networks aimed at 
predicting hemodynamic patterns, with potential use in diagnostic imaging reports. 

4.3. Fundamentals of Fluid Mechanics 

Our analysis considered both real models (with dendritic and/or meandric geometries) and 
idealized meshes, the latter generally configured as conical profiles that converge-divergent in the 
stenosis region but converge globally. This idealized format incorporates principles of a gradually 
contracting converging nozzle associated with a stenosis point26, configuring itself as convergent-
divergent with a smoothed hydraulic singularity, like a Venturi tube (Figure 3). The stenosis 
generated by the atheromatous plaque is therefore interpreted as a structural anomaly in the conduit 
that promotes an increase in WSS in the proximal region and a significant decrease downstream of 
the irregularity. Mastering these hydraulic principles is essential for understanding the nuances of 
hemodynamics, interpreting results considering classical formulas, and assessing the influence of 
input variables on boundary conditions and output results. 

 
Figure 3. Schematic diagram in fluid mechanics for theoretical basis, represented in wireframe of idealized 
coronary mesh, compared with conventional engineering models. 
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For variations in inlet diameter, our conclusion is that, by using a "snapshot" of the moment the 
flow is triggered [37,38]— in which the inlet pressure is defined by the CPP and the basal distal 
pressure theoretically results from the combination of compliance and resistance — a global ΔP is 
established that, at that instant, governs parameters such as direction, velocity, and flow rate. A 
equation adapted and applied to converging nozzle diagrams, how smaller the radius/diameter, 
greater is the distributed pressure drop due to shear stress along the taper [26,55,56](Equation 2). 

In fluid dynamics, the pressure drop (Δp) is determined by distributed (Major Head Losses) plus 
Local Minor Losses. The Darcy-Weisbach (corresponding to the pressure dissipation due to 
continuous friction along the conduit) associated with WSS (which denotes the tangential stress) 
equation represents the of distributed pressure losses. Geometric parameters include vessel length 
(L), inner diameter (D, in meters), and inner radius (ri  ,in meters). Fluid properties are expressed by 
density (ρ, kg/m³), mean velocity (V, m/s), volumetric flow rate (Q, m³/s), and dynamic viscosity (η, 
Pa s). The equation that comes from both has shear inversely proportional to the radius cubed 
(Equation 6). 

 

Equation 6 – Distributed Pressure Loss as a Function of Shear Stress. 

Vessels with reduced diameters exhibit greater pressure consumption along their course, such 
that upon reaching the proximal shoulder of the stenosis they present lower flow velocity and, 
consequently, reduced local pressure loss (Eq. 6) [26]. Conversely, for larger diameters, the 
distributed pressure loss trend becomes less significant, as described by Equation 6, in which the 
radius is raised to the third power. In these cases, the overall pressure loss is concentrated in the 
losses localized to the stenosis[26], demonstrating the saturation behavior observed in Graph 4 for 
inlet diameters between 3.7 and 4.7 mm (Equation 7)[26]. 
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Equation 7: Local Minor Losses. 

For simulate these effects, the average head loss associated with the WSS, measured using the 
Surface Integrals Area Weighted Average, confirms the previously reported theoretical results. 
Arteries subjected to the same inlet diameter, viscosity, and inlet pressure, but with different taper 
values, exhibit considerable variations in both the mean peak of the stenotic region and the behavior 
in sections without abrupt disturbances. In these regions without stenosis, geometries with higher 
taper exhibit rising average WSS, while in the absence of taper, the WSS tends to remain at a plateau 
or even decline. 

 
Figure 4. simulation analysis diagram: absolute values verified, important analysis locations, stress distribution 
field. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 October 2025 doi:10.20944/preprints202510.0781.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0781.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 21 

 

 
Figure 5. Area Weighted Average WSS: simulation pattern represented as distributed and localized head loss 
along the artery. 

4.4. Biological Analysis and Future Clinical Applicability 

In the field of biological analysis, parameters such as low-attenuation plaque, positive 
remodeling, thin cap, spotty calcifications, macrophage and napkin-ring sign have received 
increasing attention because they indicate plaques more prone to rupture when identified on imaging 
tests[57]. Additionally, cardiovascular risk prediction protocols in young adults4, such as the PDAY 
risk score (2022)[58], and noninvasive indirect findings, including epicardial adipose tissue[59] and 
lipoprotein(a) levels[4], have been proposed as screening tools for selecting patients for investigation, 
even in the absence of classic risk factors. 

The eligibility of these patients converges with the GAP previously described in the literature 
on chronic and acute arterial disease, highlighting a specific profile composed of individuals with 
subclinical stenosis, without classic predictors of coronary artery disease, such as smoking or obesity, 
but with unstable plaques more susceptible to rupture. This spectrum of patients remains partially 
unattended by current screening methods, although it is already the focus of guidelines and recent 
studies[4]. 

4.5. Physical Analysis and Future Clinical Applicability 

Understanding the different parameters and results obtained is essential to address the existing 
gap in the literature. For example, according to CFD simulations, two arteries with 50% plaque 
stenosis may exhibit different behaviors: one with a larger inlet diameter tends to generate greater 
WSS at the proximal edge of the plaque, while the other, with a more angular taper, distributes this 
WSS along the atheroma plateau, producing diffuse fragility (Graph 3). These findings, when 
suggested by CFD simulations, analyzed in vitro, and confirmed in vivo, will be able to support the 
development of neural network or deep learning algorithms capable of generating angiographic 
reports estimating WSS, enabling the individualization of atherosclerotic plaque treatment. 

This individualization feature may, in the future, guide the decision between stent angioplasty 
and pharmacological therapy in subclinical atheroma plaques with FFR (fraction flow reserve) > 0.8—
currently outside the scope of interventions—but which present structural fragility associated with 
high WSS. The goal is to early identify patients at risk of rupture and infarction even in the absence 
of anginal chest pain[60].  

It is suggested that imaging examinations would be capable of identifying atheromatous plaques 
and, through specific neural networks, estimating the associated WSS be employed, thereby 
supporting more accurate decision-making regarding coronary interventions. This approach would 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 October 2025 doi:10.20944/preprints202510.0781.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202510.0781.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 21 

 

not replace current methods, but would open a new category of analysis, reducing the exclusive 
reliance on clinical angina, percentage lumen obstruction, or FFR. 

5. Conclusion 

This study demonstrated, through computational fluid dynamics simulations, that small clinical 
and geometric variations in the coronary artery can significantly modify WSS patterns. Therefore, 
based on CFD simulation, FFR and percent stenosis alone may prove insufficient as rupture risk 
predictors for atherosclerotic plaques, since the same lesion can generate significant discrepancies in 
shear stress values depending on coronary geometry. 

This suggests that the connection between a future, widely tested neural network for WSS 
estimates, coupled with biological knowledge of fragile atheroma plaques, apply to in vivo tests, 
would provide scientific support for hemodynamicists to make increasingly individualized clinical 
decisions, minimizing the risk of underestimating treatments in plaques that are subclinical from the 
point of view of percentual stenosis or FFR, but at high risk of rupture under shear stress, answering 
the current gap of the literature. 
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The following abbreviations are used in this manuscript: 

AMI acute myocardial infarction   
CCP coronary perfusion pressure   
CFD computational fluid dynamics     
FFR fraction flow reserve   
Ht hematocrit 
LAD left anterior descending   
LCX left circumflex artery 
RCA right coronary artery 
RCAreal real right coronary artery 
WSS wall shear stress 
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