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ARTICLE INFO ABSTRACT
Keywords: Background and aims: Local biomechanical factors are known to influence atherosclerosis in extracranial carotid
Atherosclerosis arteries. While the role of some flow-driven biomechanical factors has been investigated, the influence of

Carotid artery
calcification
Computed tomography angiography

pressure-driven mechanical wall stress (MWS) has received limited attention. In this study, the association of the
pressure-driven and flow-driven biomechanical factors with carotid atherosclerosis was examined.

Mechanical stress Methods: Carotid arteries (n = 150) with mild-to-moderate stenosis from 75 symptomatic patients (Plaque-At-
Shear stress Risk study) were imaged using multi-detector computed tomography angiography (MDCTA) at the time of in-
Oscillatory shear index clusion and after 2 years. Structural changes in carotid wall and calcifications were quantified from MDCTA data
while the local baseline biomechanical factors in the carotids were determined using fluid-structure interaction
(FSI) computational models. The associations of the local pressure-driven and flow-driven biomechanical factors
with the carotid wall and calcification changes were studied using Generalized Linear Mixed models.

Results: Over two years, plaque sectors, with calcified and non-calcified sectors combined, exhibited minimal
change in wall thickness, likely due to medical treatment. High MWS was associated (p < 0.001) with a reduction
in plaque thickness. In calcified plaque sectors, high MWS and low oscillatory shear index (OSI) were associated
(p < 0.001) with greater calcification thickness increase. The distance between the lumen and calcification
decreased over time, especially in the sectors exposed to high time-averaged wall shear stress (TAWSS) and high
MWS.

Conclusions: Our results suggest that the pressure-driven local MWS and flow-driven OSI and TAWSS significantly
correlate with the development of calcified and non-calcified plaques in carotid arteries.

Registration: URL: https://www.clinicaltrials.gov; Unique identifier: NCT01208025.

1. Introduction development, and compositional changes of atherosclerotic plaques is
local artery biomechanics [4,5].

One of the key indicators of risk for ischemic events is carotid artery Previously, some blood flow-driven biomechanical factors were
atherosclerosis [1]. The uneven distribution of atherosclerotic plaques shown to correlate with atherosclerosis [6]. For instance, atherosclerotic
in vascular territories and the variation in their compositions suggest the plaques typically form in the areas of low wall shear stress (WSS) [7,8].
influence of local risk factors [2,3]. A key player in the initiation, Endothelial cells activate inflammatory pathways under low WSS
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conditions, leading to plaque initiation and development [9,10]. Also,
high levels of the oscillatory shear index (OSI), which quantifies the
oscillations (changes) in WSS, have been linked to plaque growth and
destabilization of plaques [10,11].

The other class of vascular biomechanical factors is the blood
pressure-driven ones (e.g., mechanical wall stress (MWS)) [12,13].
Although vascular cells, like endothelial and smooth muscle cells are
mechanosensitive [14,15], the potential involvement of blood
pressure-driven biomechanical factors in atherosclerosis has been
mainly overlooked. For coronary arteries, we recently showed that the
WSS and MWS, separately and combined, were associated with vessel
wall and plaque composition change over time [16].

In this study, we investigate the impact of the pressure-driven
biomechanical factors, individually and combined with flow-driven
factors on carotid atherosclerosis, using artery-specific computational
models and longitudinal carotid multidetector computational tomogra-
phy angiography (MDCTA) scans.

2. Methods
2.1. Study design

The present study included participants (n = 244), from the Plaque
At RISK cohort (PARISK) [16]. Participants in the PARISK study expe-
rienced recent (<3 months) large artery ischemic event, such as tran-
sient ischemic attack (TIA), minor stroke or amaurosis fugax, and had an
ipsilateral carotid plaque of at least 2 mm thick with mild-to-moderate
carotid artery stenosis (<70 %) at the time of study enrollment. A
likely cause of a heart embolism (such as atrial fibrillation), renal
clearance less than 30 mL/min, coagulation disorders, severe comor-
bidities and known allergies to contrast agents were among the exclu-
sion criteria.

The baseline and 2-year follow-up MDCTA imaging was scheduled
for 118 patients, but due to logistical problems (n = 13), contra-
indications for contrast material (n = 11), informed consent with-
drawal (n = 9) and patient death (n = 3), the MDCTA scans were present
for 82 patients. Information on cardiovascular risk factors (CVRF),
comprising body mass index, hypertension, smoking status, hypercho-
lesterolemia, diabetes mellitus and patients’ medication was obtained at
the baseline (Supplementary Data). Written informed permission was
provided by each patient, and Institutional Ethical Review Board (IRB)
authorisation (MEC 09-2-082) was acquired. The research centres’
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ethics committees had previously authorised the study procedure, which
complied with the 1975 Declaration of Helsinki’s ethical standards.
Comprehensive details regarding the study’s population have been
published [17]. The reporting of this study adheres to the STROBE
guidelines (Supplementary Data).

2.2. Data acquisition

A MDCT system was utilised to obtain the baseline and follow-up
MDCTA records for the current investigation utilising an MDCTA tech-
nique with contrast enhancement. The cerebral circulation (3 cm above
the sella turcica) and the ascending aorta were both included in the scan
range. At an injection rate of 4 or 5 mL per second, each patient received
80-85 mL of an iodinated contrast agent (300-320 mg/mL) and a 45 mL
saline bolus chaser. Detailed description of the imaging protocol has
been previously published [17].

2.3. Artery segmentation and 3D reconstruction

Semi-automatic segmentation of the lumen, vessel wall, calcifica-
tion, and lipid-rich necrotic core (LRNC) in the carotid bifurcations, on
both sides, at baseline and follow-up (Fig. 1) was performed utilising the
QAngioCT, Medis (version 3.2.0.13) [18,19]. A minimum of 30 hori-
zontal CTA slices upstream and downstream of the carotid bifurcation
were chosen in order to identify the region of interest (ROI). Then,
QAngioCT performed longitudinal contouring, based on Hounsfield
Units (HU), of the inner lumen (320-500 HU) and outer vessel wall (>90
HU) automatically [20,21], and manual adjustments were made as
needed. To separate the calcium deposits from the contrast agent, the
HU for the calcification detection was set higher than 600 HU [22,23]
(Fig. 1). For LRNC detection, a HU range between —20 and 60 HU was
used as reported before [24]. To assess intra- and inter-observer vari-
ability, the reader (A.T.) and a second trained reader (F.F.) indepen-
dently re-segmented and evaluated a subset of 30 patients at both
baseline and follow-up (120 arteries in total).

The baseline and follow-up 2D contours of the lumen, vessel wall,
and plaque components were exported from QAngioCT 3D Workbench
and converted into 3D solid surfaces (Fig. 1), using an in-house built
MATLAB code (v.2017B, MathWorks). For each patient, the 3D artery
geometries at baseline and follow-up were co-registered and aligned
both longitudinally and circumferentially. This alignment was achieved
using the location of the lumen flow divider at the carotid bifurcation
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Fig. 1. Study design pipeline.



A. Tziotziou et al.

[25], the positions of the internal and external carotid arteries, and the
reconstructed lumen centerlines [26], all processed by the in-house
developed MATLAB code. Between the baseline and follow-up scans,
the slice distance remained constant.

2.4. Computational modeling at baseline

The fluid-structure Interaction (FSI) modeling approach was used to
compute the pressure-driven and flow-driven biomechanical stress
metrics at the carotid arteries [27]. In the FSI modeling approach, blood
flow is simulated within the lumen of the carotid arteries, allowing the
arterial wall to deform accordingly to account for the interaction be-
tween fluid flow and arterial wall deformation. Flow extensions to the
inlet (CCA) and outlet (ICA & ECA) were added to the 3D reconstructed
carotid arteries. Then, the geometries were uploaded into the FSI
modeling software FEBio Studio (Columbia University, University of
Utah, version 2.6), that has previously been utilised for FSI analysis in
the carotid bifurcation [28,29]. A mesh sensitivity analysis was con-
ducted to ensure that numerical simulation results were independent of
the mesh resolution, using the Grid Convergence Index method [30],
resulting in, approximately, 450-10° “tet4” elements and 150-10°
“penta6” elements per artery.

The backward incremental approach [12] was utilised to ascertain
the existing stresses within the carotid geometries via the prestrain
method of FEBio. Specifically, we calculated the strain distribution
within the carotid vessel wall at the moment the MDCTA scans were
acquired and integrated this distribution into the FSI model as the
“initial strain” of the artery. The material properties of the plaque
components were modeled as isotropic, nonlinear, hyperelastic, and
incompressible, using a modified Mooney-Rivlin model (Supplementary
Data: Table S1) [4,12,31]. Blood was considered to be incompressible,
non-Newtonian and modeled using the Carreau model with a no-slip and
Fluid-FSI traction boundary condition implemented. According to a
mean flow profile presented in Lee et al. study [32], a transient flow
curve was implemented at CCA. The flow curve was adjusted so that the
mean flow matched the patient-specific flow values in the CCA as
determined by ultrasound Doppler. Color Doppler velocity data was
combined with local arterial diameter measurements to determine the
flow in order to reduce sensitivity to measurement artefacts. Addition-
ally, a patient-specific heart rate that was obtained from ultrasound
Doppler readings was used. In the CCA inlet, a parabolic flow curve was
suggested, utilising these patient-specific flow profiles [33]. According
the literature [34], the ICA and ECA were estimated to have outflow
values of 64 % and 36 %, respectively. The boundary condition at
outflow was applied by using the distal vascular resistance model [35].
The simulation was completed for two heart cycles. The biomechanical
stress parameters were calculated in the second cardiac cycle, while
initialization was done in the first. Every cardiac cycle was split up into
100 time increments.

2.5. Biomechanical factors

Across the entire length of the carotid artery, the following pressure-
driven biomechanical factors were calculated: the maximum and time-
averaged (i.e., averaged over a cardiac cycle) von Mises and max Prin-
cipal stresses were calculated at the lumen and within the vessel wall.
Regarding the flow-driven biomechanical factors, the following metrics
were calculated: the cross-flow index (CFI), which quantifies the extent
of secondary or transverse flow components over the arterial wall; the
oscillatory shear index (OSI), which represents the ratio of backward to
forward shear stress; the relative residence time (RRT), indicating the
duration blood remains at a specific arterial site; the time-averaged wall
shear stress (TAWSS), which measures the average wall shear stress over
a cardiac cycle; and transverse wall shear stress (transWSS), which de-
scribes the shear stress acting perpendicular to the primary flow direc-
tion along the vessel’s surface [11,36]. A detailed definition of the

Atherosclerosis 408 (2025) 120415

biomechanical factors is provided in Supplementary Data: Table S2.
2.6. Change in vessel wall thickness and structure

The radial length between the lumen and the outer vessel wall was
determined in order to calculate the vessel wall thickness change (AWT)
in cross-sections orthogonal to the centerline, by subtracting the base-
line measurements from the 2-year follow-up measurements. The al-
terations in arterial structure, on both baseline and follow-up, were
evaluated by the absolute and relative thickness change of calcifications,
and by the change of the radial distance between the lumen surface and
calcification.

2.7. Statistical analysis

Continuous variables are presented as mean with standard deviation
or in case of skewed distribution, as median with interquartile range
[Q1-Q3], and the categorical variables as absolute numbers with relative
frequencies. The intra- and inter-observer variability was estimated via
the intraclass correlation (Bland-Altman plots) of lumen, vessel wall,
plaque burden (i.e., the plaque volume in the total arterial area (%)),
and calcification cross-sectional area measurements. We determined the
correlations between the pressure-driven and flow-driven biomechan-
ical stress metrics, using Spearman correlation tests and calculated the
distributions of the metrics at baseline and follow-up.

Every artery was separated into sectors that were 1 mm long
(longitudinally) and 45° wide (circumferentially). The external carotid
artery (ECA) and the inflow and outflow extensions were excluded from
further analyses. The sectors were split, based on 1.5 mm thickness, into
sectors free of plaque or plaque-containing. AWT, compositional
changes, and all pressure-driven and flow-driven biomechanical factors
were quantified per sector, and the biomechanical factors were split into
tertiles (low, mid, and high).

The mixed model effect was applied to investigate the association
between baseline biomechanical stress metrics in plaque sectors with the
vessel wall thickness and plaque composition at follow-up in carotid
arteries and specifically, the generalized linear mixed model (GLMM)
was implemented. The pressure-driven and flow-driven biomechanical
stress metrics, the calcification presence, the interaction between
pressure-driven and flow-driven biomechanics, the interaction between
pressure-driven biomechanics and calcification presence, and the
interaction between flow-driven biomechanics and calcification pres-
ence were used as fixed factors. Repeated comparisons of the p-values
were corrected using the Bonferroni technique. The artery and patient
information was used as random factors to acknowledge the intra-artery
and within-patient correlations while correcting for patient age, sex, and
cardiovascular risk factors including smoking, diabetes, obesity, hy-
pertension, hypercholesterolemia and patients’ medication at baseline.
A two-tailed p < 0.05 was chosen as the significance level, using SPSS
(IBM 27). The follow-up analysis was adjusted for baseline metrics to
reflect the change over time. Deducting the adjusted baseline metrics
from the estimated follow-up metrics provided the AWT and the
compositional changes.

3. Results
3.1. Patient and sector characteristics

Fig. 2 illustrates the study design flowchart for patient inclusion. Out
of the 82 patients from the PARISK cohort who underwent MDCTA
imaging at baseline and at the 2-year follow-up, seven were excluded
from the prospective analysis—two due to poor-quality CTA scans and
five due to missing ultrasound color Doppler measurements. The
remaining 75 patients were included in the current study.

In Table 1 the population’s characteristics at the time of inclusion are
listed. In brief, the study group (n = 75) presented a mean age of 66 +
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244 patients
enrolled in PARISK study.

118 patients
were scheduled for baseline and follow-up
MDCTA scans.

36 patients excluded:

logistical problems (n = 13},

contrast material contra-indication (n = 11},
informed consent withdrawal (n = 5),
patient death (n=3).

82 patients

baseline & follow-up MDCTA carotid imaging.

-~

2 patients excluded:
Mo segmentation (artifacts on MDCTA).

-

L

5 patients excluded:

No Ultrasound Doppler measurements.

75 patients
included in the current study.

Fig. 2. Study design flowchart.

Table 1
Patients’ characteristics at time of study inclusion.

Patients’ characteristics at time of study inclusion (n = 75)

Age (years, mean + SD): 66 + 8.3
Sex (men, n (%)): 56 (75 %)
BMI (kg/m?, mean + SD): 26 + 4.1
Hypertension, n (%): 58 (77 %)
Hypercholesterolemia, n (%): 59 (78 %)
Diabetes Mellitus, n (%): 14 (19 %)
Current Smoking, n (%): 24 (32 %)
Medication use at index event:

Use of statins, n (%) 36 (48 %)

Use of antihypertensive drugs, n (%) 40 (53 %)

Use of antithrombotic drugs, n (%) 29 (39 %)

SD: standard deviation.

8.3 years, 19 % had diabetes mellitus, 77 % had hypertension, 78 % had
hypercholesterolemia, and 32 % were current smokers. The group was
predominantly male (75 %), with no significant variations in cardio-
vascular risk factor distribution between men and women. Patients who
were on statin therapy before baseline or started statin treatment after
baseline did not show significant differences in vessel wall or calcifica-
tion thickness at follow-up. During the follow-up period, seven patients
quit smoking, while the distribution of other cardiovascular risk factors
remained similar.

From the 150 carotid arteries imaged (75 patients), 33637 sectors
were obtained and analyzed. At baseline, 23 % (n = 7819) of the sectors
had plaque (55 % (n = 4301) of these sections included calcifications
and 2 % (n = 167) presented soft plaque components). At follow-up,
5682 sectors showed calcifications and 298 sectors contained soft

plaque components. At the time of inclusion, sectors with plaque pre-
sented 2.1 mm median WT (1.7-2.5 mm). Both calcified and non-
calcified sectors displayed baseline WT of 2.4 mm (1.9-2.9 mm) and
1.7 mm (1.6-2.1 mm), respectively. In plaque sectors with calcifications,
the absolute and relative median (range) of calcification thickness was
0.6 mm (0.2-1.2 mm) and 21 % (7-40 %), respectively. The lumen-
calcification distance at baseline showed a median (range) of 0.2 mm
(0.1-0.4 mm).

Excellent agreement was found in the assessment of intra- and inter-
observer variability; a detailed analysis is provided in Supplementary
Data Table S3 and Fig. S1. The pressure-driven and flow-driven stress
metrics at baseline were not correlated (r < 0.7) (Supplementary
Table S4). However, all (pressure-driven) mechanical wall stress metrics
were highly correlated (r > 0.9) and showed similar stress distribution
patterns. As a result, only max principal stress in the lumen (MWS) was
used for further statistical analyses. For the (flow-driven) shear stress
metrics, the TAWSS, CFI, OS], and transWSS were uncorrelated (r <
0.75) and were included in the further statistical analyses.

For pressure-driven stress metrics, the tertiles were separated based
on 42.7 kPa and 63.6 kPa, for TAWSS tertiles the 0.7 Pa and 1.9 Pa
values were used, for CFI tertiles 0.03 and 0.07 values were applied, for
OSI tertiles 0.004 and 0.03 numbers were set and for transWSS tertiles
0.06 Pa and 0.15 Pa values were applied.

3.2. Biomechanics and plaque thickness change

During the two-year study period, plaque sectors presented a median
AWT (i.e., baseline measurements were subtracted from the 2-year
follow-up measurements) of 0.01 mm, IQR [—0.2, 0.2] and 55 % of
sectors presented a reduction in wall thickness. The Supplementary
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Table S5 offers more thorough baseline and follow-up WT measures.
Only baseline MWS and the interaction term of the baseline MWS and
OSI were statistically significant for AWT, whereas baseline OSI alone
showed no significant association with AWT. A negative association
between MWS and AWT (p < 0.001) was found where higher levels of
MWS were associated with a greater decrease in wall thickness (Fig. 3A).
The interaction effect of MWS and OSI revealed that the combination of
high MWS and low OSI was associated (p < 0.05) with the highest
decrease in wall thickness over time (Fig. 3B).

The plaque sectors were further stratified based on the calcification
presence at baseline. Calcified plaque sectors (55 % of plaque sectors)
presented a median AWT of 0.04 mm, IQR [—0.2, 0.2], compared to
non-calcified sectors with a median AWT of - 0.01 mm, IQR [-0.2, 0.2]
(Supplementary Table S5). The AWT was significantly different (p <
0.001) between plaque sectors with and without calcification (Fig. 3C).
The baseline MWS distribution was also significantly different (p <
0.001) between plaque sectors with and without calcification, where the
AWT was associated with the baseline MWS only in non-calcified plaque
sectors (Fig. 3D).

3.3. Biomechanics and calcium thickness change

Plaque sectors with calcification at baseline revealed a median
calcification thickness change of 0.04 mm, IQR [—0.1, 0.4] (relative
thickness change of 2 %, IQR [—6, 12]. During the two-year study
period, 65 % of the calcified sectors demonstrated an increase in

>
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calcification thickness. The Supplementary Table S6 and Table S7 offer
more thorough absolute and relative calcification thickness measures.
The baseline MWS was significantly associated (p < 0.001) with the
absolute and relative calcification thickness change over time, where the
lower baseline MWS correlated with higher calcification thickness in-
crease over time (Fig. 4A). The opposite trend (p < 0.05) was found
between the baseline OSI and the calcification thickness change,
revealing that higher levels of OSI were associated with a greater in-
crease in calcification thickness over time (Fig. 4B).

3.4. Biomechanics and lumen - calcium distance change

Calcified plaque sectors presented a median lumen - calcification
distance change of —0.02 mm, IQR [—0.2, 0.1] and 69 % of these sectors
presented a reduction in lumen - calcification distance over time. The
lumen - calcification distance parameters at baseline and follow-up are
explained in the Supplementary Table S8. Baseline TAWSS was signifi-
cantly associated with changes in the lumen-calcification distance over
time (p < 0.01), with higher baseline TAWSS correlating with a greater
reduction in lumen-calcification distance (Fig. 4C). A similar trend was
observed for baseline MWS (p < 0.05), showing that higher MWS levels
were associated with a more pronounced decrease in calcification
thickness over time (Fig. 4D). Regarding the association of baseline
MWS with the outer vessel wall — calcification distance change over
time, a significant positive (p < 0.01) trend was observed
(Supplementary Fig. S2).

*kk
= 0.4+ ;
E 4 — e e e :
E E - :
% 0.2" E :
§ | & 027 :
5 : :
g 00 5 j 7
PR R EEENEEI RS As— CRn SRR e o
c | ] !
E -0.2- S ;
g E .0.24 :
= = . ;
0.4 r , ' = '
Low Mid High 0.4 r . r ! : ' '
Mechanical Wall Stress Low Mid  High Low Mid High :MWS
Low OSI High OSI|
04 — ° 0.4 —
'E i —_ | ' dedede
E E, :
% 0.2 —_— o 0.2- :
] o =1 g o :
'~ = [
& [ o i
w go0d---------- 8 . — E———— 0 00T Lo
] . g '
Q
£ 4 £ : :
< — = :
F 0.2+ —— E 0.2+ :
— -— ]
-0.4 -
0.4 T T N f e - i igh : MWS
With Without Lowﬂ Mld' ‘ Hl-gh Lc’iw Mid _ 'ng_h
Calcification Calcification With Calcification Without Calcification

Fig. 3. (A) Association of baseline MWS with wall thickness change, (B) association of combination of baseline MWS and OSI with wall thickness change, (C) as-
sociation of calcification presence in plaque sectors with wall thickness change, (D) association of baseline MWS, stratified by calcification presence, with wall
thickness change, in plaque sectors based on GLMM (mean, 95 % CI), CI: confidence interval; ***: p < 0.001; **: p < 0.01; *: p < 0.05.



A. Tziotziou et al.

o
wn
]

e
F-
A
-
)
1

e
w
al

e
-
1

e
°
L.

-0.14

Calcification Thickness Change (mm) }>
o
N
L
(%) abueyg ssauyoiy) uonesyided

s
o
N

T T T
Low Mid High
Mechanical Wall Stress

0.10 edud

0.05+

000 d e T

-0.05+

-0.10

-0.15+

1 1 1
Low Mid High
Time - averaged Wall Shear Stress

Lumen - Calcification Distance Change (mm)

Atherosclerosis 408 (2025) 120415

o
L

]

*
N
o

J

e
-y
s
-
I
1

e
w
al

=4
-
1

e
o
-

.

o

-
1

54

Calcification Thickness Change (mm) [0
o
N
1
(%) 35“@3 ssawyoly] uoneoyioed

s
e
)

I ) T
Low Mid High
Oscillatory Shear Index

w)

0.10+ *

0.05-

o.oo efessscsodescccccsssscsccsssssscsssssnsasss
-0.05
-0.10-
-0.15- , , ,

1 1 1
Low Mid High
Mechanical Wall Stress

Lumen - Calcification Distance Change (mm)

Fig. 4. (A) Association of baseline mechanical wall stress with calcification absolute and relative thickness change, (B) association of baseline oscillatory shear index
with calcification absolute and relative thickness change, (C) association of baseline time-averaged wall shear stress with lumen-calcification distance change, (D)
association of baseline mechanical wall stress with lumen-calcification distance change, in plaque sectors based on GLMM (mean, 95 % CI), CI: confidence interval;
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4. Discussion

The influence of the individual and combined effect of pressure-
driven and flow-driven biomechanical factors on the development of
carotid artery disease was assessed in this study. Our main findings
regarding the carotid plaque sectors are summarized as follows: (1) high
MWS (combined with low OSI) is associated with greater vessel wall
reduction over time, (2) low MWS and high OSI are associated with
greater calcification thickness increase, and (3) high TAWSS and high
MWS are associated with higher lumen - calcification distance decrease
over time.

The measurements of our study showed that, at the baseline, half of
the plaque sectors contained calcification. Calcification is a highly
prevalent structural component in atherosclerotic carotid arteries [2].
Over the two-year follow-up time of our study, we observed that the
plaque sectors, with calcified and non-calcified sectors combined,
exhibited minimal change in wall thickness. However, in calcified pla-
que sectors, the calcification thickness increased. The impact of statin
medication may be the cause of these results. It is well established that
statins prevent plaque progression while, paradoxically, promote calci-
fication progression [37,38]. In addition, the distance between lumen
and calcification decreased over time, highlighting the active remodel-
ing process of carotid calcifications within plaques [39,40].

Our analysis is the first to present the influence of pressure-driven
biomechanical factors, combined with flow-driven ones, on carotid
atherosclerosis. In agreement with our previous research on human
coronaries [16], our analyses demonstrated that high MWS also

correlates with greater plaque thickness reduction in non-calcified re-
gions of plaques in carotid arteries. Similarly, in human coronary ar-
teries, the reduction of fibrous tissue was linked to increased MWS, as
reported by Costopoulos et al. [4]. Moreover, the co-existence of low
OSI, reflecting a more stable, unidirectional, atheroprotective blood
flow [41], with high MWS, highlighted their interactive effect on
atherosclerosis by causing the greatest decrease in plaque thickness in
carotid arteries.

Previous studies [8,11,42] have shown that high OSI (i.e., disturbed
flow patterns) contributes to adverse hemodynamic conditions that
promote endothelial dysfunction and inflammatory pathways, leading
to abnormal tissue remodeling, which could potentially be a precursor to
calcification development. Mirza et al. [43] and Hsu et al. [44] pre-
sented the association of high OSI values with the development of
calcific aortic valve disease (CAVD), suggesting a link between disturbed
blood flow patterns and calcification development. Our results not only
support this finding but also demonstrate that also low MWS is associ-
ated with greater calcification thickness increase over time. Earlier
research [45,46] indicated that lower MWS was correlated with more
stable plaque characteristics, which may promote calcification growth
over time. However, high MWS showed an ambiguous influence on
calcification thickness change. When considering the associations with
wall thickness change observed in our study, high MWS had minimal or
no effect on calcified sectors or on calcification thickness change over
time. Furthermore, high levels of WSS or MWS are known to be asso-
ciated with vascular remodeling [16,47]. In line with that, our study
demonstrated that high TAWSS and high MWS are related
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independently to a greater reduction in the distance between the lumen
and calcification.

Our study has several limitations. First, we only segmented calcifi-
cations with densities exceeding 600 HU [22], which may have resulted
in the low-density calcifications being overlooked and an underestima-
tion of the total calcification volume. Second, the patients either were
already at the study enrollment or were put during the study under statin
treatment. Therefore, the potential impact of statins on carotid athero-
sclerosis [38] should be taken into account when interpreting our study
findings. Third, our study focused specifically on carotid calcifications,
for which standard clinical CTA scans were sufficient for accurate
detection and segmentation. Emerging advancements in CT imaging,
such as photon-counting computed tomography [48], may further
enhance the assessment of soft plaque components and their interaction
with calcifications.

5. Conclusion

The association of pressure-driven and flow-driven biomechanical
factors, individually and combined, with atherosclerosis development in
carotid arteries was examined. Our analyses demonstrated that high
MWS (combined with low OSI) was correlated with greater plaque
thickness reduction over time, high MWS and low OSI were indepen-
dently associated with greater calcification thickness increase, and high
TAWSS and high MWS were associated with higher lumen - calcification
distance decrease over time. Our findings provide new insights into
carotid artery disease and the role of biomechanical factors in its
development.
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