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Vertebrobasilar dolichoectatic aneurysms (VBDAs) are a rare cerebrovascular condition with poorly understood
pathophysiology. While complex flow-induced stresses are believed to influence aneurysm initiation, progres-
sion, and rupture, previous computational VBDA or more broadly cerebral aneurysm studies have focused pri-
marily on time-averaged wall shear stress at a single time point. In this study, we investigate a broader range of
mechanical stimuli using longitudinal data to explore their association with VBDA growth and remodeling,
which may lead to its rupture.

We performed high-fidelity/resolution fluid-structure interaction simulations of the posterior circulation in a
patient with VBDA using medical images from three time points. We computed stresses at and within the wall,
with the latter decomposed into low-frequency (pulsations) and high-frequency (vibrations) components. We
examined whether pulsations, vibrations, or conventional hemodynamic metrics independently contributed to
VBDA growth.

At the first time point, inflow jets from the left and right vertebral arteries collided, creating local flow in-
stabilities and associated wall vibrations above the vertebrobasilar junction. Within this region, spectrograms,
showing the evolution of vibration frequency, revealed several narrow band vibration peaks between 50 and 150
Hz. Only regions of high vibration amplitude correlated with VBDA growth; conventional hemodynamic metrics
and pulsations showed no such association. These results were broadly consistent across the second and third
time point, during which further growth of the VBDA was confirmed.

This case study demonstrates a qualitative spatial-temporal association between flow-induced high-frequency
wall vibrations and growth of the VBDA, supporting the hypothesis that wall vibrations may act as a mecha-
nobiological stimulus.

1. Introduction

Vertebrobasilar dolichoectatic aneurysms (VBDAs) are rare vascular
diseases characterized by elongation (dolicho) and dilatation (ectasia) of
cerebral arteries (Pico et al., 2015). The rarity of the disease and the lack
of clear anatomical definition make diagnosis challenging. Similarly, the
absence of well-defined treatment criteria complicates surgical planning
(Del Brutto et al., 2017). Although several endovascular procedures
have shown promising outcomes (Boardman and Byrne, 1998; Wu et al.,
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2013), craniotomy for VDBA remains challenging due to complex sur-
gical access to the basilar artery, with higher complication rates than
saccular aneurysms in the Circle of Willis (Dobrocky et al., 2021).
Furthermore, the pathophysiology of aneurysm formation and pro-
gression in general remains unclear (Krings et al., 2011), with several
hypotheses suggesting genetic (Finney et al., 1976), immunological
(Goldstein et al., 2010), or mechanobiological origins (Hoi et al., 2008).
In particular, the latter has gained attention due to increased evidence
demonstrating the role of wall shear stress (WSS) both in homeostasis

0021-9290/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0009-0005-3590-1938
https://orcid.org/0009-0005-3590-1938
mailto:kvs@simula.no
www.sciencedirect.com/science/journal/00219290
https://www.elsevier.com/locate/jbiomech
https://doi.org/10.1016/j.jbiomech.2026.113354
https://doi.org/10.1016/j.jbiomech.2026.113354
http://creativecommons.org/licenses/by/4.0/

K. Yamamoto et al.

and adverse vascular remodeling (Turjman et al., 2014). While previous
in vitro studies demonstrated the degenerative role of disturbed flow on
endothelial cells (Chien, 2007), histological studies specific to VBDAs
indicated disruption of elastic tissue in the tunica media (Caplan, 2005)
and neointimal hyperplasia (Nakatomi et al., 2000) rather than endo-
thelial dysfunction. We then wondered whether, to explain VBDA
growth, research should be extended beyond WSS induced effects on the
endothelial cells, to also consider potential adverse effects of mechanical
stresses acting within the entire vascular wall.

This idea is not new—clinicians and researchers have long investi-
gated a range of vascular phenomena (Ferguson, 1970; Simkins and
Stehbens, 1974). In 1970, Ferguson, who reported turbulence in aneu-
rysms, hypothesized that flow-induced vibrations may cause degenera-
tive change in vascular tissue. However, the lack of suitable
experimental or computational tools at the time may have made it
difficult to quantitatively measure or model these phenomena. Only
recently, our high-fidelity fluid-structure interaction (FSI) simulations
revealed transitional flow-induced high-frequency wall vibrations
(Souche and Valen-Sendstad, 2022; Bruneau et al., 2023), consistent

A. CT (2014) and MRI (2019, 2021) scans

Journal of Biomechanics 204 (2026) 113354

with Ferguson’s early predictions. While we hypothesized that these
vibrations may act as a mechanobiological stimulus, rather than a source
of mechanical fatigue as originally proposed by Ferguson, our earlier
work was limited to a single time point. This reflects standard clinical
imaging protocols aimed at minimizing patient risk, which restricted the
ability to assess the relationship between wall vibrations and aneurysm
progression. Consequently, the aim of this study was to investigate a
broader range of mechanical stimuli beyond WSS metrics alone, spe-
cifically high-frequency vessel wall vibrations, and their potential as-
sociation with aneurysm growth using retrospective longitudinal data.

2. Methods

A 59-year-old male patient with thunderclap headache and hyper-
tension was examined at the Department of Neurosurgery, ASST Papa
Giovanni XXIII Hospital (Bergamo, Italy). Informed consent for the use
of the patient's clinical data was obtained from the next of kin following
the patient’s death. The local institutional review board determined that
this retrospective study is exempt from the approval requirements. The
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Fig. 1. A. Axial cut of computed tomography (CT) and magnetic resonance image (MRI) scans with red arrows indicating the vertebrobasilar dolichoectatic
aneurysm and its growth over time. B. Lumen geometries segmented from medical images for three time points, comprising the left and right vertebral arteries (LVA/
RVA), the basilar artery, and the superior and posterior cerebral arteries. The spring-damper system represents the perivascular tissue with viscoelastic damping
effect. C. Patient-specific waveform measured in 2021 using phase-contrast MRI. D. Estimated pulsatile blood pressure waveform applied at the vascular wall. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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neurological examination in 2014 revealed VBDA, as shown in Fig. 1A,
with a mean diameter of 6.7 mm, exceeding the threshold for ectasia of
4.5 mm (Smoker et al., 1986). Due to high risk of complications asso-
ciated with surgery, close monitoring was chosen. In 2019, a follow-up
examination revealed further growth of the VBDA with a mean diameter
reaching 8 mm; however, a conservative approach with continued
monitoring was still preferred. Subsequent follow-up in 2021 detected
further aggravation with symptomatic mass effect and surgery was
decided due to high risk of aneurysm rupture. While the surgery was
successful, the patient passed away following the development of
ischemic lesions. The mean diameter in 2021 was 7.4 mm, slightly lower
than in 2019 potentially due to stenosis progression in certain regions,
but the length and tortuosity of the basilar artery increased from 59 mm
to 73 mm and from 0.19 to 0.40, respectively, indicating elongation. A
histogram illustrating the change of basilar artery radii is given in the
Supplementary Material (Fig. S1).

We performed high-fidelity FSI simulations using VBDA geometries
(Fig. 1B) reconstructed from CT (2014) and MRI (2019, 2021) images.
The segmented models were visually verified by the neurosurgeon who
performed the intervention to ensure consistency across the imaging
modalities. Patient-specific waveforms (Fig. 1C), derived in 2021 using
phase contrast MRI, were imposed with time-averaged flow rate of 78
mL/min and 68 mL/min at the inlet of left and right vertebral artery,
respectively. These values are within physiologically plausible ranges
for vertebral arteries (Ford et al., 2005; Amin-Hanjani et al., 2015). A
pulsatile blood pressure was estimated (Fig. 1D) and applied to the
luminal side of the wall, allowing the pressure to vary between 70 to
110 mmHg. Viscoelastic damping from the perivascular environment
was incorporated in FSI simulations (Anagnostakou et al., 2022), via the
spring-damper system (Fig. 1B), with increased damping for the 2021
case to reflect the symptomatic mass effect. Simulations and post-
processing were performed using the methods described in Yamamoto
et al. (2025b) and the open-source software VaSP (Yamamoto et al.,
2025a). Fluid velocity and wall displacement were decomposed using a
25 Hz cutoff frequency (Khan et al., 2017) to identify flow instabilities,
and to distinguish between wall pulsations versus vibrations,
respectively.

3. Results

Qualitative results are summarized in Fig. 2. Focusing first on 2014,
inflow jets from the left and right vertebral arteries collided, creating
flow instabilities in the basilar artery (Fig. 2A) and in regions near the
superior cerebellar and posterior cerebral branches. The flow in-
stabilities induced wall vibrations (B) with peak time-averaged ampli-
tudes of 0.2 pm in the vertebrobasilar junction and less pronounced
vibrations in the distal basilar artery. Within these two regions, wall
spectrograms (C), representing the evolution of vibration frequency,
revealed narrowband frequencies around 50 and 150 Hz, whereas much
weaker vibrations were observed at the left vertebral artery. Qualitative
comparison of the morphology from 2014 to 2019 suggests a spatial
association between wall vibration and VBDA growth.

Despite morphological changes, results from 2019 were broadly
similar to those of 2014 with stronger vibration amplitude near the
distal end of the basilar artery. The wall spectrogram from the verte-
brobasilar junction exhibited a more prominent narrowband frequency
at 150 Hz compared to 2014. Comparison of the morphology from 2019
to 2021 indicates a continued qualitative spatial association between
wall vibration and VBDA growth. The 2021 case exhibited similar pat-
terns of flow instabilities to the previous two time points, but vibration
amplitude was markedly reduced, which we hypothesize may be due to
increased compression from the perivascular environment associated
with the observed symptomatic mass effect.

Finally, we computed conventional hemodynamic metrics, time-
averaged wall shear stress (TAWSS) and oscillatory shear index (OSI),
and time-averaged low-frequency displacement (pulsation), stress, and
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strain. However, none showed a qualitative spatial-temporal association
with aneurysm growth. Details are provided in the Supplementary Ma-
terial (Fig. S3).

4. Discussion

This study focused on a VBDA patient with longitudinal medical
imaging. Although a larger cohort is required for generalization, we
observed a qualitative spatial-temporal association between flow-
induced high-frequency wall vibrations and VBDA progression in 2014
and 2019, when growth was confirmed. As neither conventional he-
modynamic indices nor traditional low-frequency wall displacement
(pulsation), stress, or strain showed a qualitative spatial-temporal as-
sociation with growth, our findings suggest that vascular wall vibration
may act as an adverse mechanobiological stimulus despite the limited
number of time points.

That being said, given the rarity of the disease, our study, like many
others (Hassan et al., 2004; Graziano et al., 2013), focused on a single
case. However, a notable exception is the study by Brinjikji et al. (2018),
who conducted CFD simulations on a large cohort of 37 unruptured
VBDAs followed longitudinally. By comparing hemodynamic factors,
they showed that unstable aneurysms tended to exhibit low WSS and
high OSI, driven by complex vortical flow structures. We similarly found
that such flow patterns, here quantified as flow instabilities above 25
Hz, can induce high-frequency wall vibrations. However, unlike the
broad distribution of OSI (high-sensitivity), we observed that these vi-
brations are more localized to the region of wall remodeling (high-
specificity). This finding does not contradict the conclusions of Brinjikji
et al., as complex vortices would likely lead to elevated wall motion,
potentially with high-frequency components if their study had focused
on high-fidelity modeling of the vascular wall. As such, our results
appear complementary, although we point to a different mechanism of
vascular remodeling.

In fact, elevated OSI has been reported to correlate not only with
VBDA growth but also with aneurysm rupture status in the Circle of
Willis (Can and Du, 2016; Liang et al., 2019). Although OSI is an
incomplete descriptor of unstable flow (Peiffer et al., 2013, Gallo et al.,
2016, Khan et al., 2017), elevated OSI may reflect underlying flow in-
stabilities, and potentially wall vibrations, if these had been properly
resolved in space and time (Valen-Sendstad and Steinman, 2014). This
interpretation is consistent with transitional flow observed in many
bifurcation aneurysms (Khan et al., 2021) and aligns with recent studies
showing that spatial (Rezaeitaleshmahalleh et al., 2025) and temporal
(Fukuda et al., 2025) gradients of WSS correlate more strongly with
rupture status than conventional time-averaged metrics. The phenom-
enon appears not to be limited to cerebral aneurysms (Souche and
Valen-Sendstad, 2022; Bruneau et al., 2023), as flow-induced wall vi-
brations have also been reported in malfunctioning arteriovenous fis-
tulas (Soliveri et al., 2024; Bozzetto et al., 2024; Soliveri et al., 2025).
While the pathophysiology and cellular composition of each vascular
wall may differ, it is reasonable to hypothesize that high-frequency wall
vibrations elicit similar mechanobiological effects. Supporting this,
several in vitro studies have investigated the impact of vibrations on
vascular tissue. In 1963, Roach (1963) observed experimentally the
coexistence of poststenotic dilatation and turbulence, where the pres-
ence of the latter was inferred from thrill and bruit. Roach hypothesized
that flow-induced vibrations could weaken the links between collagen
fibers and increase the distensibility of the arterial wall. Around the
same time and motivated by the growing clinical concern over the hand-
arm vibration syndrome, Ljung et al. (1975) conducted experiments in
which isolated rabbit portal vein and thoracic aorta were exposed to
vibrations of different frequencies. The results indicated a reduction in
active force of smooth muscle cells when vibration frequency exceeded
25 Hz. While these two studies focused on the macroscopic and tissue-
level effects of vibrations, Bittle (1994) later proposed a cellular-level
hypothesis: that inertial forces from acceleration induce smooth



K. Yamamoto et al. Journal of Biomechanics 204 (2026) 113354

2014 2019 2021

—-—
3\ P ,@

B. Vibration amplitude A. High-frequency velocity

w
o
o

Frequency [Hz]
S

Frequency [Hz]

C. Wall spectrogram

Frequency [Hz]

2.0 22 2.4 2.6 2.0 2.2 2.4 2.6 2.0 2.2 2.4 2.6
Time [s] Time [s] Time [s]

Fig. 2. A. High-frequency flow instabilities (>25 Hz) at peak systole. B. Higher time-averaged wall vibration amplitudes were observed at the distal basilar artery
and the vertebrobasilar junction, with the latter showing peak values in 2014 and 2019. C. Wall spectrograms were generated from three different regions, as
indicated by yellow spheres, exhibiting narrowband frequency between 50 to 150 Hz within the vertebrobasilar junction for 2014 and 2019. LVA/RVA = left/right
vertebral artery. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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muscle cell fatigue by causing asynchronous internal and external mo-
tion. Her experiments demonstrated increased cell proliferation in
response to vibrations with an amplitude of 12 pm and a frequency of
45 Hz. While prior findings suggest that flow-induced arterial wall vi-
brations may serve as mechanobiological stimuli promoting vascular
growth, the underlying molecular mechanisms of this adverse remod-
eling remain largely unknown (Carrara et al., 2024). Studying these
processes in situ is challenging, as abnormal WSS and flow-induced vi-
brations often coincide both spatially and temporally. Yet, there is
strong support for a distinct role of vibrations, especially in aneurysms,
where focal remodeling occurs despite most lacking the intact endo-
thelium needed to mediate WSS-driven changes (Frosen et al., 2004).
Taken together, it is plausible that intravascular mechanical stimuli
could contribute to vascular remodeling—analogous to externally
applied vibration therapies widely investigated in medical science, such
as bone regeneration (Thompson et al., 2014) and vibration-induced
cancer cell disruption (Ayala-Orozco et al., 2024) at specific frequencies.

However, we acknowledge that our reported frequencies and am-
plitudes are subject to uncertainties and model limitations (although the
vibration location is robust). For example, we assumed wall thickness
and stiffness based on a previous experimental study (Robertson et al.,
2015), although VBDAs likely exhibit heterogeneous wall properties.
Nonetheless, our previous sensitivity study has shown that wall vibra-
tions are robust to those unknown parameters (Yamamoto et al., 2025b),
and we expect the impact of wall heterogeneity to be secondary, as the
high-frequency vibrations are primarily driven by the unstable flow
rather than local wall properties. An additional limitation is that the
inflow waveform measured in 2021 was imposed for all three geome-
tries. Temporal changes in patient-specific inflow conditions were
therefore not captured and may have influenced the predicted vibration
amplitude and spectral content. The vibration frequencies reported here
and in our previous aneurysm wall vibration studies (Souche and Valen-
Sendstad, 2022; Bruneau et al., 2023) closely match the audible bruits
reported clinically (Kosugi et al., 1983; Kurokawa et al., 1994). While
the origin of the sound was debated, it was hypothesized to be wall vi-
brations generating “musical tones” (Aaslid et al., 1982), a mechanism
for which Bruneau et al. (2023) recently presented a mechanistic
explanation. Given our finding that wall vibration correlates with
aneurysm growth, this reinforces the potential of acoustic measurements
not only as a non-invasive detection method, but also as a tool for
monitoring VBDA growth.

5. Conclusion

This longitudinal single-case study suggests that flow-induced high-
frequency wall vibrations may be a possible mechanobiological
contributor to VBDA growth, potentially reflecting a broader phenom-
enon in which pathological vessels sense and remodel in response to
such mechanical stimuli.
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