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The prediction of neointimal hyperplasia (NIH) growth, leading to vein graft failure in lower-limb peripheral
arterial disease (PAD), is hindered by the multifactorial and multiscale mechanobiological mechanisms under-
lying the vascular remodelling process. Multiscale in silico models, linking patients’ hemodynamics to NIH
pathobiological mechanisms, can serve as a clinical support tool to monitor disease progression. Here, we pro-
pose a new computational pipeline for simulating NIH growth, carefully balancing model complexity/inclusion
of mechanisms and readily available clinical data, and we use it to predict NIH growth for an entire vein graft. To
this end, three different fittings to published in vitro data of time-averaged wall shear stress (TAWSS) vs nitric
oxide (NO) production were tested for predicting long-term graft response (10-month follow-up) on a single
patient. Additionally, the sensitivity of the model’s predictions to different inflow boundary conditions (BCs) was
assessed. The main findings indicate that: (i) a TAWSS-NO hyperbolic relationship best predicts long-term graft
response; (ii) the model is insensitive to the inflow BCs if the waveform shape and the systolic acceleration time
are comparable with the one acquired at the same time as the computed-tomography scan. This proof-of-concept
study demonstrates the potential of using multiscale, computational techniques to predict NIH growth in lower-
limb vein grafts, considering the routine clinical scenario of non-standardised data collection and sparse,
incomplete datasets.

1. Introduction i.e. they occlude or develop significant restenosis (Owens et al., 2015) —

from 1 to 18 months post-intervention (Owens, 2010). This period is the

Peripheral arterial disease (PAD) is a progressive pathology, char-
acterised by the build-up of lipid-rich plaque, gradually reducing blood
flow in the lower limbs (Criqui et al., 2021). Bypass surgery using an
autogenous vein — e.g. saphenous vein graft — has been the clinical
standard and the most durable revascularisation procedure for patients
with severe manifestations of lower extremity PAD (Lu et al., 2014;
Muto et al., 2010). Nevertheless, 30-50 % of saphenous vein grafts fail —

most active from a biological viewpoint (Owens, 2010). Lumen re-
narrowing is caused by aggressive neointimal growth, referred to as
neointimal hyperplasia (NIH), characterised by exacerbated smooth
muscle cells (SMCs) activity (Chaabane et al., 2013). The cause of this
phenomenon and why some patients develop clinical restenosis (>50 %
vessel diameter reduction (Singh et al., 2004)) at seemingly indiscrim-
inate timescales is not yet fully understood. The biological complexity
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and multifactorial nature of NIH growth makes it an excellent candidate
for the use of multiscale in silico models, accounting for a complex
network of components interacting at different spatial and temporal
scales (Gosak et al., 2018; Walpole et al., 2013).

Multiscale in silico models can be divided into equation- and agent-
based (ABM) models and have been developed for several vascular
adaptation processes in different vascular regions, as reported by (Corti
et al., 2021). Equation-based models are usually deterministic, contin-
uum models based on systems of ordinary and/or partial differential
equations. These models have been broadly implemented to describe the
transport of molecular proatherogenic species (Silva et al., 2020) and
evaluate the mechanical behaviour or the fluid dynamics at the tissue/
organ scale (Chiastra et al., 2021a, 2021b; Colombo et al., 2021a,
2021b). ABMs incorporate stochasticity and are commonly adopted to
model the cell-tissue level more realistically (Corti et al., 2021; Hwang
et al., 2009). ABMs can be coupled with continuum models (Corti et al.,
2021), which allow the computation of near-wall hemodynamic indices
— such as time-averaged wall shear stress (TAWSS) - that have been
linked to restenosis progression (Ninno et al., 2023). The applicability of
ABMs in clinical practice is limited by high computational costs and the
availability of information regarding molecular intracellular pathways
(Corti et al., 2022b), which is not routinely collected. In this context,
parsimonious, multiscale continuum models solely relying on available
clinical data for PAD - such as computed tomography (CT) scans and
Doppler ultrasound (DUS) images — represent a valid possible
alternative.

In our previous work (Donadoni et al., 2017), we developed an
equation-based model of the biological mechanisms leading to NIH
growth in lower-limb vein grafts. These mechanisms (i.e., SMCs and
collagen turnover, growth factors and nitric oxide (NO) production),
were described by ordinary differential equations and linked to TAWSS.
This hemodynamic metric was obtained from computational fluid dy-
namics (CFD) analyses, starting from patients’ CT and DUS imaging
data. The model’s output was the three-dimensional (3D) vessel geom-
etry at the desired follow-up. The study demonstrated an overall
agreement between the locations of simulated NIH development and
those observed in clinical data. Nevertheless, the model presented some
limitations. The baseline geometry prior to restenosis was obtained by
virtually eliminating the NIH, and only severely stenosed regions were
compared against the geometry reconstructed from the CT scan at that
specific follow-up. A linear relationship between TAWSS and NO pro-
duction was assumed, although in vitro results suggested that other
fitting functions (i.e., hyperbolic and sigmoidal) might better match the
data (Andrews et al., 2010). Furthermore, the sensitivity of the model to
different inlet boundary conditions (BCs) was not examined. This aspect
is crucial as inflow conditions need to be derived from DUS images, often
acquired at different time points from the CT scan (Ninno et al., 2024),
due to fragmented datasets and unsystematic clinical data collection.
Practically, this discrepancy implies that computed TAWSS values for a
particular graft do not reflect the patient’s hemodynamic condition at
that time, potentially resulting in misleading predictions.

In view of the above, in the present study we propose a new, proof-of-
concept computational pipeline for predicting neointimal hyperplasia
growth along vein grafts, based on readily available clinical data. First,
we refined the aforementioned model (Donadoni et al., 2017) by
employing different relationships (i.e., linear, hyperbolic and sigmoidal)
between TAWSS and NO production based on established in vitro ex-
periments (Andrews et al., 2010). We identified the relationship that
provides the best NIH predictions for long-term vein graft response on
one patient (10-month follow-up). Second, we analysed the influence of
different applied inlet BCs - extracted from DUS images acquired at
different time points than the CT scan — on restenosis prediction results.
Unlike (Donadoni et al., 2017), no virtual NIH removal was needed due
to available baseline CT scans, and the model’s performance was eval-
uated along the entire graft rather than selected locations.
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2. Methods

Fig. 1 depicts our computational workflow, which is structured into
three modules: (i) vessel reconstruction and patient-specific CFD mod-
ule: blood flow simulations and TAWSS calculations are performed
along the whole vein graft on the baseline geometry; (ii) remodelling
module: estimated TAWSS values are used as input to a biochemical
model of NIH growth; (iii) output module: the model’s performance is
evaluated by comparing the simulated vessel geometry to clinical scans.
Detailed explanations of each module are provided in the following
subsections.

2.1. Patient dataset

We considered one PAD patient who underwent femoropopliteal
bypass surgery using an autogenous vein graft. CT scans were available
at baseline and at 10-month follow-up (10M FU). DUS images were
collected at the same time point (“Matching”) as the baseline CT scan
acquisition, and at 12-, 6-months before (12M prior, 6M prior, respec-
tively) and 2-months after (2M FU). Given the availability of a 10M FU
CT scan, we conducted predictive computations of long-term NIH
growth. The deidentified data were obtained from VA Connecticut
Healthcare Systems (West Haven, CT, USA) and the study received
ethical approval from the West Haven VA Connecticut Healthcare Sys-
tems (approval number AD0009).

2.2. Vessel reconstruction and patient-specific CFD module

The femoropopliteal vessel was segmented and 3D reconstructed
using a previously validated semi-automatic algorithm (Colombo et al.,
2020) implemented in MATLAB (MathWorks, Natick, MA, USA). The
bypass reconstruction was carried out until reaching areas with subop-
timal contrast agent visibility.

The fluid domain was discretised using a combination of tetrahedral
elements with 5 layers of prismatic elements near the wall, employing
ICEM CFD (Ansys Inc., Canonsburg, PA, USA). Meshing parameters were
set according to a previous mesh independence study (Colombo et al.,
2020).

Transient CFD simulations were performed for each available DUS.
The Navier-Stokes and continuity equations were solved using the finite
volume-based code Fluent (Ansys Inc.). The numerical schemes
employed are detailed in (Colombo et al., 2020). The flow was assumed
to be laminar (Colombo et al., 2020). The blood density was considered
constant (p = 1060 kg/m3), and its non-Newtonian behaviour was
modelled using the Carreau model (Colombo et al., 2020). For BCs, the
velocity waveform acquired at the common femoral artery level was
manually extracted from the DUS spectrum and imposed at the inlet,
after the sequence of peak velocities was elaborated in MATLAB by
applying the algorithm of (Ponzini et al., 2006), as detailed in (Colombo
et al., 2020). Due to the absence of patient-specific information, a
literature-derived flow split of 0.33:0.67 was applied at the profunda
femoral and bypass outlets, respectively (Klein et al., 2003). The vessel
wall was assumed to be rigid, with no-slip conditions.

TAWSS, defined as the average magnitude of the wall shear stress
vector over the cardiac cycle (Eq. (1), Supplementary Material), was
evaluated along the bypass length for each inlet BC. This served as input
to the “Remodelling module” described next.

2.3. Remodelling module

This module, implemented in MATLAB, allowed for the calculation
of media and intimal volume growth, leading to the gradual loss of vein
graft patency (Fig. 1). SMC proliferation in the vessel’s intima layer was
considered the most critical response from vascular tissue after injury
caused by vein graft implantation (Boyle et al., 2010; Model & Dardik,
2012). Here, the subscripts i and m refer to the intima and media layers,
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Fig. 1. Computational workflow applied to simulate NIH growth.

respectively. In this study, these layers were not individually modelled.
The focus was on the cumulative effect/impact of patient-specific he-
modynamics and biochemical processes on NIH growth, which leads to
vessel geometry modification over time. Table 1 lists the constant pa-
rameters used in the model with their respective values and literature
references.

The final media (V};) and intimal (V;) volumes were assumed to be
dependent on the production rate of quiescent cells (Q), collagen (C) and
SMCs (S) (Egs. (1) and (2), with ps and p. being cell and collagen density

(Table 1), respectively.

Vi = (Sl +Ql) X p;l +Ci X p;l (1)

Vm:(sm""Qm)Xp;l""CmXp;l 2
The rate of quiescent cell production was modelled through logistic
growth equations (Egs. (3) and (4), Table 1), following a previously used
cell modelling approach for tumour growth (Kozusko & Bourdeau, 2007;
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Table 1
Constant parameters used in the “Remodelling module” with the respective
literature references.

Parameter Value Reference

2.18 x 10™ cells/ (Schwartz et al.,
m® 1992)
2 x 10° g/m3

ps = cell density

pe = collagen density (Humphrey &
Epstein, 2002)
(Davies & Hagen,
1994)

(Cilla et al., 2014)

B = turnover of quiescent cells 5 x 107* day!

2.16 x 107 % g/
(day x cell)

A = collagen production rate

¥ = collagen degradation rate 0.033 day ! (Cilla et al., 2014)

y = rate at which quiescent cells 10~* day ! (Davies & Hagen,
differentiate into SMCs 1994)

¢ = coefficient of production due to 107° cells/(ng x (Davies & Hagen,
growth factors day) 1994)

Marusic et al., 1994). The maximum number of cells Q; max and Qmmax
was calculated based on the maximum volume available in the intima
and media layer, respectively. ©; and Q;, represent the intima and media
domains, respectively.

@:ﬂinx(l— Q )ingi 3)
dt imax

dQn Qn \.

e B X Qu X (1 - vamx) inQ,, 4

The rate of collagen production was estimated following the approach
proposed by (Cilla et al., 2014) (Egs. (5) and (6), with 4 and y being the
collagen production and degradation rate (Table 1), respectively.

dc;

v Si X A—C; X yin; 5)
ddit’" = Sm X A—Cp X yinQy, 6)

The rate of production of SMCs was modelled as dependent on cell
phenotype change (Zain et al., 2022) from quiescent cells, migration to
the intima layer, production/apoptosis of cells and presence of platelet-
derived (PDGF) and fibroblast (FGF-2) growth factors (Egs. (7) and (8),
Table 1).

ds; .
E:nyi—i-((pi—ai)XSi+m><Sm)+¢><(GP+GF)ani 7
ds,, .
I:yme-|-(pm—a,,,—m)><S,,,an,,, (8

The equations regarding PDGF (G,) and FGF-2 (Gp) presence (Egs. (2)
and (3), Supplementary Material) followed the general form given by
(Budu-Grajdeanu et al., 2008). The growth rates for PDGF and FGF-2
(Table 1, Supplementary Material) were estimated from the literature
(Palumbo et al., 2002; Reisig & Clyne, 2010), whereas the degradation
coefficients (Table 1, Supplementary Material), dependent on TAWSS,
followed the work of (Cilla et al., 2014). The coefficients regarding
migration, production and apoptosis of SMCs in the intima layer (m, p;
and @) (Table 1, Supplementary Material) were assumed to vary linearly
with the NO production rate (Ryo) (Marks et al., 1995; Nishio et al.,
1996). Specifically, a higher production of NO, linked to high values of
TAWSS, inhibited NIH formation (Ahanchi et al., 2007; Pearce et al.,
2008). Constant values for the migration, production and apoptosis
coefficients (my, p, and a,) were used for the media layer (Table 1,
Supplementary Material).

2.3.1. Relationship between Ryo and TAWSS
The relationship between NO production and TAWSS is typically

Journal of Biomechanics 177 (2024) 112428

obtained from experimental data assuming different fittings (Andrews
et al., 2010; Chen et al., 2011; Fadel et al., 2009; Plata et al., 2010). In
(Donadoni et al., 2017), a linear model (Andrews et al., 2010) was
chosen (Eq. (9)) since it produced results closer to the experimental
values for TAWSS lower than 0.5 Pa, below which NIH is more likely to
develop (Meirson et al., 2015). However, evidence in the literature
(Andrews et al., 2010) suggests that a hyperbolic relationship (Eq. (10))
best describes the experimental data, followed by a sigmoidal one (Eq.
(11)), which has nevertheless been reported to produce unphysiological
trends at high TAWSS values (Andrews et al., 2010).

Ryo = 1.74(nM/s) +75.2(nM/s/Pa) x TAWSS(Pa) ©)]
B TAWSS(Pa)

Ryo = 2.13(nM/s) + 457.5(nM/s) x TAWES(Pa) + 3.50) (10)

R 129.5(nM/s) an

" (1+115x e 5(Pa l)xTAWSS(pa))

All three fittings were tested on the available patient data to identify the
TAWSS-NO relationship that best predicts NIH growth within the graft.
For this purpose, the “Matching” DUS was applied as inlet BC to compute
TAWSS.

2.3.2. Remodelling quantification

Once the intimal and media volumes were computed at each node for
the simulated follow-up, the displacement (in mm) of each node in the
3D space was derived by dividing the volume by the corresponding cell
surface area. The total remodelling, given by the sum of intimal and
media volumes, was also constrained such that it could not increase if it
had reached the total available volume defined by the bypass geometry.

3D maps of displacement were re-organised into two-dimensional
(2D) maps by unfolding the bypass geometry (Colombo et al., 2021a)
using the open-source software VMTK (Orobix, Bergamo, Italy). The 2D
maps were discretised in the axial and circumferential direction (cells of
1 mm and 1°, respectively) and then circumferentially averaged to
obtain one-dimensional (1D) displacements with an axial resolution of 1
mm (Colombo et al., 2021a) (Fig. 2). The 1D displacements were then
subtracted at the corresponding locations from the radius of the baseline
vein graft. This allowed us to compare the predicted bypass geometry
with the reconstructed geometry at 10M (based on CT scans).

2.4. Output module

This module compared the predicted/computed bypass geometry
with the actual vein graft geometry reconstructed from the follow-up
(10M FU). The performance of the model was based on co-localising
the areas subjected to restenosis between the simulated and the recon-
structed geometry.

3. Results

3.1. Predicting long-term restenosis using different TAWSS — Rno
relationships

The predicted vascular remodelling of the available patient was
compared against the reconstructed CT images at 10M FU. Fig. 3 shows
the vein graft diameter at baseline and at 10M FU. Locations presenting
critical restenosis, defined by a diameter reduction greater than 50%,
are indicated in both the simulation results and the CT scan-
reconstructed geometry, using red and blue symbols, respectively. All
three TAWSS-Rno models predicted critical restenosis in the distal part
of the bypass, where total occlusion occurred. However, the linear and
sigmoidal models generally overestimated the remodelling along the
whole graft (Fig. 3). The hyperbolic model appeared to better capture
the graft diameter evolution. However, it predicted severe restenosis in
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Fig. 2. From 3D to 1D maps of displacement. 3D maps of displacement were re-organised into 2D maps for every tested TAWSS-NO relationship. The 2D maps were
discretised in the axial and circumferential direction (cells of 1 mm and 1°, respectively). 1D displacement with an axial resolution of 1 mm was obtained by cir-

cumferentially averaging the 2D maps.

certain locations that did not appear prone to NIH growth (Fig. 3). These
regions, identified as critical even using linear and sigmoidal models,
coincided with the locations of the vein graft valves, as observed (Fig. 3).
Notably, these valves are rarely reported as critical areas of interest
(Vesti et al., 2001). Therefore, upon clinical interpretation, these regions
could be excluded from our analysis.

Overall, the hyperbolic model emerged as the most suitable, accu-
rately predicting restenosis > 50% in the distal part of the bypass at 10M
follow-up, whilst simultaneously minimising the number of ‘false’ regions
undergoing severe restenosis (Fig. 3). Thus, the hyperbolic TAWSS-Rno
relationship was selected for the sensitivity analyses to inflow BCs
described in the following sections.

3.2. Sensitivity of predictions to inlet BCs

This element of the computational pipeline is critical, given the
strong evidence in the literature that highlights luminal regions exposed
to low/oscillatory wall shear stress as fundamental building blocks in
understanding vessel response to the local environment and the result-
ing vascular remodelling and NIH growth. In our case, we had different
DUS measurements acquired at different timepoints (either before or
after the baseline CT scan acquisition). Thus, we were able to evaluate
the sensitivity of the model’s predictions to TAWSS values calculated
using these different waveforms. This allowed us to determine whether
the regions undergoing total occlusion at 10M could be predicted even
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Fig. 3. Baseline femoropopliteal geometry of the available patient (PT1) and corresponding baseline, simulated and reconstructed from medical images bypass
diameter, using linear, hyperbolic and sigmoidal TAWSS-Ryo relationships. Locations presenting critical restenosis (diameter reduction > 50 %) are indicated in both
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restenosis (Vesti et al., 2001). The hyperbolic model was the one predicting best the diameter evolution, minimising the number of ‘false’ regions undergoing severe

restenosis compared to the other models.

with inflow conditions that did not reflect the exact patient hemody-
namic state at baseline.

Fig. 4 shows the different velocity waveforms extracted from the
patient’s DUS images used as inlet BCs and corresponding TAWSS dis-
tributions. Waveform characteristics (i.e., waveform shape, peak sys-
tolic velocity, systolic acceleration time and cardiac cycle period) are
summarised in Table 2, whereas Table 3 shows the median, maximum
and minimum values of the respective TAWSS distributions. The
Matching, 6M prior and 2M FU DUS-derived velocity waveforms were
biphasic, whereas the 12M prior was triphasic. The 12M prior, Match-
ing, and 2M FU waveforms had comparable systolic acceleration time,
although the latter had a lower peak systolic velocity compared to the
former ones. Critically, a non-parametric Wilcoxon test revealed that all
estimated TAWSS distributions were statistically significantly different
(p-value < 0.01) from the reference “Matching” case (Fig. 4.b).

Fig. 5 compares the baseline, the reconstruction-derived and the
simulated vein graft diameters, for different applied inlet BCs. In the

distal portion of the bypass, restenosis of > 50% was predicted for all
inlet BCs, although statistically significantly different TAWSS values
were obtained compared to the “Matching” case. However, using the 2M
FU DUS waveform as inlet BC produced remodelling predictions closer
to those obtained with the “Matching” BC. The reason why is that the
respective TAWSS distributions were comparable in terms of median,
minimum and maximum values (Table 3), and leading to a similar NO
production and vascular remodelling. Conversely, TAWSS distributions
associated with 6M and 12M prior DUS predicted less remodelling, since
their TAWSS distributions shifted to higher values compared to the
reference one (Fig. 4.b, Table 3). Overall, remodelling predictions were
closer to the reference (“Matching™) case when the shapes of the inflow
waveform were similar and their systolic acceleration times comparable
(Ninno et al., 2024).
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Table 2

DUS-derived waveforms’ characteristics of the available patient regarding
acquisition time with respect to the CT scan, waveform shape, peak systolic
velocity, systolic acceleration time and cardiac cycle period.

Acquisition Waveform Peak Systolic Cardiac

time shape Systolic acceleration cycle
Velocity time (s) period (s)
(m/s)

Matching Biphasic 0.560 0.070 1.007

12M prior Triphasic 0.525 0.074 0.674

6M prior Biphasic 0.494 0.091 0.757

2M FU Biphasic 0.374 0.070 0.781

Table 3

Median, maximum and minimum values of the TAWSS distributions obtained by
applying as inlet BCs the corresponding DUS for the available patient.

Corresponding DUS Median (Pa) Maximum (Pa) Minimum (Pa)

Matching 1.77 19.38 0.19
12M prior 2.36 26.23 0.24
6M prior 2.17 25.38 0.22
2M FU 1.80 21.32 0.21

4. Discussion

The present study involved the development of a new and efficient
computational pipeline for NIH prediction in lower-limb vein grafts.
This pipeline analyses the entire vein graft remodelling rather than
focusing on selected locations only and uses routinely available medical
imaging for PAD. Our analysis emphasises the importance of coherent
data collection and the use of consistent datasets to accurately capture
the patient’s true hemodynamic state, given the well-established strong
link between hemodynamics and vascular remodelling.

The rationale behind this work lies in the extensive research on
multiscale in silico models of vascular adaptation (Corti et al., 2021),

which aim to capture the complex nature of vascular pathologies and
depict the driving mechanisms of response to interventions. Currently,
these models come with certain limitations, including high computa-
tional costs, reliance on fragmented medical datasets and unavailability
of key information required to inform the models, such as data at the
molecular level (Corti et al., 2022b). Therefore, refining and testing a
parsimonious continuum model that relies solely on available medical
data is a valid option in the landscape prediction models of vein graft
remodelling.

The main findings of the study can be summarised as follows: (i) a
hyperbolic TAWSS-Ryo relationship provides the best prediction in
terms of lumen diameter evolution and identifying graft locations un-
dergoing > 50% restenosis at 10M follow-up. This is in line with the
work by (Andrews et al., 2010), in which the hyperbolic fitting showed
the closest match to the experimental data; (ii) a DUS-derived inlet ve-
locity profile that is not representative of the actual patient-specific
hemodynamic condition potentially leads to wrong predictions, since
statistically significantly different TAWSS distributions with respect to
the reference case are obtained. Nevertheless, NIH predictions become
more accurate when an inlet waveform having the same shape and
comparable systolic acceleration time to the one “Matching” in time the
CT scan acquisition is applied. This information can be retrieved from
the DUS examination report, conducted when acquiring a CT scan, and
always stored. The fact that the lack of a “Matching” DUS can be
somewhat compensated by choosing another patient-specific waveform
with similar characteristics (independently of the performed in-
terventions in between) is in agreement with our previous findings
regarding the impact of inflow conditions on CFD results (Ninno et al.,
2024).

Several considerations have to be taken into account while inter-
preting the findings of this study.

The choice of the best TAWSS-Ryo relationship for predicting long-
term NIH growth was based on data from a single patient due to the
limited availability of clinical data. Future studies, involving larger
datasets, will help further test and validate the model. However, it is
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Fig. 5. Baseline, reconstruction-derived and the simulated vein graft diameters, obtained with the different applied inlet BCs on the available patient (PT1).
Restenosis higher than 50 % was predicted for all inlet BCs tested in the distal part of the bypass (light orange shaded regions). The 2M FU DUS inlet BC led to closer
results to the reference one (“Matching DUS”, highlighted by a rectangle), due to a similarity in the respective TAWSS distributions (Fig. 4b).

important to note that the primary focus of the current study is on the
computational pipeline, which enables the prediction of NIH growth
along the entire vein graft.

TAWSS values were not updated over the simulated time period due
to the absence of DUS images between the baseline and follow-up CT
scans. Nevertheless, our results are promising, highlighting the potential
of this proof-of-concept model.

The model does not account for the processes linked to the inflam-
matory response following the intervention, despite its crucial role in
accelerating the remodelling within the first days to weeks (de Vries &
Quax, 2018; Garbey & Berceli, 2013; Jiang et al., 2009). This can lead to
a reduction in the lumen area within the first month of follow-up, after
which the inflammatory state resolves (Corti et al., 2022a). Given that
the effect of inflammation is pronounced only during the first few weeks
after intervention, it is also reasonable to believe that the conclusions
obtained for the long-term follow-up would remain unchanged, even if
inflammation had been included in the model. Any additional remod-
elling would reinforce the already predicted significant changes in the
bypass diameter. However, information regarding the inflammatory
response is not routinely collected in clinical practice and might be
crucial to predict vascular remodelling in shorter timescales.

The key parameters of the model (Table 1 in the Manuscript and
Table 1 in Supplementary Material) are not patient-specific, but
literature-derived. Although an option for calibration could be based on
minimising the difference between the simulated lumen area and the
patient (real) lumen area observed at follow-up (Corti et al., 2022b;

Corti et al., 2023) which could potentially improve model’s results, it is
important to note that a priori predictions cannot be made in the absence
of follow-up data. It is also likely that many models would need to be
run, and numerous datasets collected, to effectively pivot these types of
analyses toward predictions for new patients, given patient variability in
a normal population as well as the non-negligible influence of co-
morbidities, aging and lifestyle.

The proposed model demonstrates that combining mechanistic
biochemical models with patient-specific hemodynamics shows promise
in predicting NIH progression in PAD patients. The computational
pipeline is easily expandable, since the equations that calculate neo-
intimal growth are all ODEs and implemented in MATLAB. Furthermore,
the computational cost of the model is modest; the “Remodelling mod-
ule” runs in MATLAB in minutes, while the hemodynamic computations
take around 36 h on a Cluster (Intel® Xeon® Gold 5118 at 2.3 GHz using
10 processors) for transient simulations of meshes 3,000,000 elements.
The computational/running time could potentially be reduced by per-
forming steady-state simulations and assessing the impact on pre-
dictions, or by applying reduced-order techniques for fast CFD analyses
(Buoso et al., 2019; Chatpattanasiri et al., 2023). These combined with
future work on the effects of stent implantation and injury score (Boyle
et al., 2010), could extend the model applicability to stented femoral
arteries, paving the way towards clinical translation of such predictive
tools.
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5. Conclusions

In this study, we presented a new and efficient computational pipe-
line for simulating NIH growth in lower-limb vein grafts, based on the
previous work by (Donadoni et al., 2017), and we tested its suitability
for predicting long-term remodelling using available clinical data. As a
proof-of-concept, various relationships between TAWSS and NO pro-
duction derived from published experimental data were tested, and the
robustness of the model in dealing with non-standardised collected data
in PAD was assessed on one patient. This entailed patient-specific he-
modynamic analyses using inlet DUS-derived waveforms not acquired at
the same time as the baseline CT scan used for vessel geometry recon-
struction. The results revealed that a hyperbolic TAWSS-Ryq relation-
ship predicts well the long-term vein graft response. The model is robust
to inlet BCs, as long as the applied waveform has the same shape and
comparable systolic acceleration time to that recorded at the time of the
CT acquisition. The model is also easily expandible and provides a
relatively efficient (in terms of computational effort) foundational
platform to perform long-term analyses for vein-graft remodelling. This
suggests that the multiscale model has the potential to predict NIH
progression in lower-limb vein grafts and inform clinicians on disease
progression by identifying graft locations more prone to restenosis,
while only requiring readily available clinical data. It is imperative to
collect coherent and longitudinal data to validate the multiscale model
and conduct further research to strengthen the findings of the present
study.
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