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High-Frequency Vessel Wall Vibrations

Associate With Stenosis Formation and

Arteriovenous Fistula Failure
To the Editor:
Despite significant computational and experimental ef-

forts and progress made over the past few decades, the
mechanobiological mechanism underlying vascular ste-
nosis formation in arteriovenous fistulae (AVF) for he-
modialysis (HD) remains mostly unknown.

To investigate potential mechanisms, we presented the
case of a 72-year old patient with end-stage kidney disease
who experienced the failure of a distal radio-cephalic AVF 1.5
years post-surgery due to stenosis formation. High-fidelity
patient-specific fluid-structure interaction simulations were
performed at 5 consecutive time points to assess the evolu-
tion of hemodynamics and vascular wall mechanical stresses.

The results revealed that flow instabilities induced
elevated vibration amplitudes and high-pass strain in the
initial segment of the cephalic vein, corresponding with
the region where stenosis subsequently manifested in this
patient. These vibrations reached their maximum value just
before the formation of stenosis. This suggests that high-
frequency vascular wall vibrations and strain may be
overlooked mechanobiological stimuli that directly influ-
ence vascular cells, potentially contributing to adverse
vascular remodeling, and warrant further investigation.

If confirmed in larger cohorts, our findings could
potentially pave the way for a rapid, noninvasive, and cost-
effective method for monitoring AVF evolution through
the quantification of mechanical vibration amplitudes and
frequencies.

The AVFs are vital conduits for patients with kidney
failure who require kidney replacement therapy through
HD; however, 40% fail within the first year after surgery.1

The primary cause of AVF failure is vascular stenosis
resulting from intimal hyperplasia development. Despite
numerous efforts to correlate this inward vascular
remodeling with altered wall shear stress at the endothe-
lium, a definitive association remains elusive.2

Our grouphas recently shown that transitionalflow,3 from
laminar to turbulent, induces high-frequency vibrations in
the wall of the AVF vein.4,5 We hypothesized that vascular
wall vibrations, whether complementary to or independent
of wall shear stress, could be a trigger that directly impacts the
mechanobiology of endothelial and smooth muscle cells,
potentially leading to adverse vascular remodeling.

We explored this hypothesis in a particularly interesting
patient with a native radio-cephalic AVF who developed
stenosis leading to AVF failure 1.5 years after surgery, thus
offering the opportunity to gain valuable insights into
stenosis progression. This AVF was monitored at 5 time
points during follow-up using magnetic resonance imag-
ing (MRI), ultrasounds (US), and computational analysis.

A 72-year male individual with kidney failure due to
chronic hypertension received a native radio-cephalic side-
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to-end AVF in the distal forearm at the Unit of Nephrology
and Dialysis of ASST Papa Giovanni XXIII hospital (Bergamo,
Italy). No preexistingmedical history of vascular pathologies
or prothrombotic disorders was reported at the time of the
AVF creation. TheUS-measured preoperative diameter of the
radial artery and cephalic vein in the distal forearm were
2.55 mm and 2.65 mm, respectively. Noncontrast-
enhanced MRI and Doppler US examinations were per-
formed 3 days after the successful surgical creation of the
AVF. Subsequent follow-ups were scheduled at 40 days, 6
months, 1 year, and 1.5 years post-surgery (Fig 1A). TheAVF
3Dmodelswere reconstructed fromMRI acquisitions at each
time point (Fig 1B). A detailed description ofMRI acquisition
and model reconstruction can be found in our previous
work.6 During the first 40 days after surgery, the AVF
experienced successful maturation, characterized by the
vein’s cross-sectional areas increasing by an average
of +15.6% and doubling in blood flow rate (268 mL/min vs
567 mL/min). Thus, 43 days after surgery, when the venous
limb of the AVF was easily palpable, the patient started HD
with a schedule of twice-weekly sessions with buttonhole
cannulation. This cannulation technique, not considered
standard of care, may have contributed to the altered AVF
hemodynamics,7 and subsequent vascular remodeling.8

Then, at the 6-month follow-up, the vein’s cross-sectional
areas had further increased (+19.5% on average) and the
blood flow volume tripled relative to its post-surgery value.
However, between 6 months and 1-year post-surgery,
venous stenosis developed, causing a 63% decrease in lumen
cross-sectional area, which became very marked at 1.5 years
(−79% in lumen cross-sectional area). Concurrently, the
blood flow rate declined, returning to immediate post-sur-
gery levels, beingno longer adequate for performingHD(Fig
1B). As a result of this AVF failure, a new vascular access had
to be created in a more proximal location.

The MRI-based models were used to perform high-
fidelity fluid-structure interaction simulations of the
blood flow, vascular wall, and perivascular tissue.9 Patient-
specific flow waveforms derived from Doppler US mea-
surements were imposed on the model at the inlet of the
proximal and distal artery. The simulations also accounted
for the distinct mechanical properties of the vein and ar-
tery, and the stiffening and thickening of the cephalic vein
during maturation. A detailed methodological description
is provided in the Supplementary Material (Item S1).

The illustration of vortical structures at peak systole
(Fig 2A) identifies areas of complex and transitional flow
in the juxta-anastomotic vein (JAV). Over time, flow in-
stabilities in the JAV progressively intensified, peaking at 6
months post-surgery before decreasing after the onset of
stenosis. The computed vascular wall displacement and
strain underwent high-pass filtering with a frequency
threshold of 25 Hz to isolate high-frequency vibrations
from low-frequency pulsations.5,10 Complex flow patterns
within the JAV induced wall vibrations with amplitudes
that consistently increased until 6 months, as both inflow
and turbulence reached their maximum values, peaking at
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Figure 1. Study timeline and corresponding AVF 3D models and average blood flow volume. (A) study timeline from surgical creation
of AVF until failure, highlighting the 5 time points considered in the study. (B) 3D model reconstructions of AVF and related average
blood flow volume at the inlet of the proximal and distal artery, at all 5 time points. AVF, arteriovenous fistula; DA, distal artery; DUS,
doppler ultrasound; FSI, fluid-structure interaction; MRI, magnetic resonance imaging; PA, proximal artery; V, vein.
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33 μm near the bifurcation (Fig 2B). Consistently, the
high-pass strain was elevated just before stenosis devel-
opment, with maximum values occurring at the inner
curvature of the vein (Fig 2C).

Spectrograms represent the evolution of high-frequency
content within the fluid velocity and wall displacement
signals. Fluid velocity in the JAV increased during matu-
ration and peaked in both frequency and amplitude at 6
months, exhibiting high-frequency content up to 400 Hz
and amplitudes exceeding −6 dB (Fig 2D). These intensi-
fied flow instabilities led to prominent narrow bands in the
wall displacement spectrograms (Fig 2E). Furthermore,
just before stenosis formation (6 months), 2 bands
emerged between 40-55 Hz and 65-80 Hz, with consistent
amplitudes exceeding −22 dB. Both fluid velocity and wall
displacement frequency contributions progressively
decreased parallel with stenosis progression, as a result of
blood flow regularization caused by inward remodeling.6

Characterization of the vibration modal frequencies,
along with the other hemodynamic results, is detailed in
the Supplementary Material (Items S2 and S3) and illus-
trated in Figures S1 and S2.

This study focused on a single patient with AVF, who
was monitored for 1.5 years after the surgical creation. To
the best of our knowledge, this is the first report to use
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high-fidelity computational tools to show the impact that
vibrations have on AVF adverse remodeling. Notably, these
vibrations not only related to a specific spatial location but
also occurred in conjunction with the formation of intimal
hyperplasia. Indeed, our results showed a consistent increase
in vibration amplitudes and frequencies in the wall of the
AVF vein over time, peaking at 6 months post-surgery,
before stenosis formation. Similarly, high-pass strain values
exhibited a similar trend, which was particularly pro-
nounced in the initial segment of the anastomosed vein at 6
months, exactly where the stenosis later developed.

This suggests that transitional flow-induced high-
frequency wall vibrations and elevated high-pass strain
may specifically stimulate subsequent focal inward
vascular remodeling. These findings highlight the nov-
elty of this study, indicating that flow-induced vascular
wall vibrations may represent an overlooked mechano-
biological stimulus acting on smooth muscle cells to
develop stenosis. This hypothesis warrants further
investigation, as the impact of high-frequency mechan-
ical stresses on smooth muscle cells has been explored in
only a few biological studies.11

Notably, our results revealed high-frequency vibra-
tions well before stenosis onset. Although we acknowl-
edge that our findings are based on only a single case,
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Figure 2. Effect of flow instabilities on deformation metrics and corresponding frequencies. (A) vortices visualization (Q-Criterion)
highlighting the flow instabilities within the AVF. (B) wall vibration amplitudes visualization. (C) high-pass strain (ie, the strain contri-
bution for frequencies > 25 Hz) visualization. (D) fluid velocity spectrograms. (E) wall displacement spectrograms. DA, distal artery;
PA, proximal artery; V, vein.
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and the prognostic value of vibrations remains to be
demonstrated, our study suggests that, in this specific
patient, wall vibrations could have been used as a pre-
dictive factor for intimal hyperplasia development,
enabling timely intervention and potentially preventing
AVF failure.

Thus, if confirmed in future longitudinal studies with
a larger cohort of patients, the influence of high-
frequency vibrations on intimal hyperplasia formation
and AVF failure might have significant implications that
could ultimately enhance routine clinical practice and
AVF surveillance. To date, nurses and clinicians typically
monitor AVF function based on qualitative assessments
of skin vibration, the AVF thrill, and by listening to AVF
sounds with a stethoscope.12 However, these approaches
are subjective and dependent on the operator’s experi-
ence and judgment, highlighting the need for more
objective criteria. Thus, the quantitative assessment of
AVF vibrations could play a crucial role in addressing
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this need. Looking ahead, our findings could potentially
pave the way for a rapid, noninvasive, and cost-effective
device capable of quantifying vessel wall vibration am-
plitudes and related frequencies, enabling objective and
quantitative monitoring of AVF function. Notably,
recent research proposed a similar approach using a
pulsed radar sensor to analyze vascular wall motion and
correlate it with AVF flow rate and functionality,13 but
focused solely on the low-frequency range, whereas our
study considered high-frequency wall vibration
amplitudes.

Finally, we believe that our results may inspire in-
vestigations into alternative anastomotic configurations or
vascular devices14 that could effectively mitigate vibra-
tions, thereby promoting AVF patency.

Luca Soliveri, MS, Sofia Poloni, MS, Paolo Brambilla, MD,
Anna Caroli, PhD, Andrea Remuzzi, EngD, Michela
Bozzetto, PhD, and Kristian Valen-Sendstad, PhD
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Figure S1: Wall shear stress hemodynamics. (A) time-averaged wall
shear stress (TAWSS). (B) oscillatory shear index (OSI). (C) spectral
power index (SPI).

Figure S2: AVF vibration modal frequencies, amplitudes and mode
shapes. (A) spectrogram of wall displacement, emphasizing the
rocking modes (ways of motion of the AVF) of increasing frequency.
Subsequent rows in this figure follow the same coloring scheme. (B)
spatial 99th percentile value of the vibration amplitude associated
with rocking modes and bruit, in μm. (C-G) mode shape
representation in the region predominantly influenced by the
associated frequencies. The shapes are normalized to the size of the
AVF vein so that each mode is shown at the same visual amplitude.

Item S1: Fluid-structure interaction pipeline.

Item S2: Wall shear stress hemodynamics.

Item S3: AVF vibration modal frequencies, amplitudes and mode
shapes.
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