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Abstract. Deep vein thrombosis (DVT) of the lower limb is charac-
terised by the formation of abnormal blood clots in deep veins of lower
extremity. Changes in blood ŕow have been associated with an increased
risk of thrombus development. Understanding the relationship between
variable venous anatomy and haemodynamics can reveal insights to sup-
port clinical decision-making processes. The purpose of this study was
to combine statistical shape modelling (SSM) - to analyse venous shape
- and computational ŕuid dynamics (CFD) - to estimate blood ŕow -
in the common iliac vein to demonstrate the feasibility of a combined
framework to support the treatment of DVT. Principal geodesic analy-
sis was used to extract dominant shape modes from a set of 24 venous
shapes in 2D: 8 patient-speciőc extracted from standard angiograms and
16 synthetic complementing the set. Steady-state CFD simulations were
run on the associated 3D geometries. Low wall shear stress distributions
below three thresholds (< 0.15, < 0.10, < 0.05Pa) were the haemody-
namic risk metrics of choice. The distribution of CFD output metrics
was evaluated using the three most dominant shape modes from PGA
and compared to the three modes that showed the strongest correlation
with the CFD metrics, illustrating that they are not the same. The study
demonstrated the feasibility of combining SSM and CFD to examine the
importance of shape variability and inŕow in a local region of the venous
circulation. It will serve as a basis for extended work on a larger set of
venous shapes extracted from standard medical images.
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1 Introduction

Deep vein thrombosis (DVT) of the lower extremity is a condition of pathological
clots that form in the deep veins of the leg, often in the iliofemoral region where
it is also the most symptomatic and most likely to cause long-term complications
known as post-thrombotic syndrome (PTS). PTS affects up to 50% of patients
with DVT and 30% are at risk of recurrent DVT within a decade of diagnosis [1].
Understanding the relationship between variable venous anatomy and haemo-
dynamics could provide new information to optimise current clinical decision-
making, which is largely based on available images, the most common being 2D
angiography. 3D volumetric images are not collected after invasive treatment in
standard clinical practice [2]. Changes in blood ŕow, especially prolonged res-
idence, have been associated with adverse biological responses leading to the
development of blood clots, but ŕow is currently not measured in the clinic.
Blood ŕow in various segments of the circulatory system can be modelled using
the well-established method of computational ŕuid dynamics (CFD) [3]. Statis-
tical shape modelling (SSM), on the other hand, is an established technique for
analysing complex anatomical shapes, building statistical models from available
data, such as medical images. Among others, it allows us to predict the shape of
anatomical structures and analyse their deformations [4]. This work focuses on
building a pipeline that integrates statistical shape modelling (SSM) with com-
putational ŕuid dynamics (CFD) to explore the relationship between vascular
morphology and haemodynamics. Traditional shape analysis does not incorpo-
rate blood ŕow information. However, haemodynamic metrics could potentially
provide valuable risk predictions for patients with venous thrombosis.

In this study, for SSM, 2D venous shapes are used, extracted from angiogra-
phy images showing projections of the common iliac veins in patients after DVT
treatment. The shapes are then used to construct 3D representations assuming
that there is no out-of-plane curvature. The relative importance of shape and
boundary conditions is also evaluated. The approach has the potential to iden-
tify shape biomarkers predictive of adverse haemodynamics. It builds on previous
combinations of SSM and CFD approaches that have been reported in the liter-
ature. These include the evaluation of haemodynamics, in both the aortic valve
region [5], and throughout the 3D anatomy of the aorta [6]. To our knowledge,
such techniques have not been applied to examine the variability in the anatomy
of the venous system, which is the focus of this computational workŕow which
serves as a proof-of-concept of the methodology in this domain. Understanding
how variations in the anatomical shape of veins inŕuence haemodynamics could
support risk assessment and treatment planning for patients with DVT and PTS.

2 Methods

Our methodology follows the workŕow presented in Fig. 1. A set of 2D venous
shapes was constructed as a mix of patient-speciőc geometries (from angiogra-
phy images) and synthetic geometries to enhance shape variability and improve
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statistical robustness. All geometries were pre-processed to ensure consistent
topology and alignment. The set was used to perform a statistical shape analy-
sis with a principal geodesic analysis using Deformetrica [7]. 3D representations
of the 2D shapes were constructed in the form of STL meshes to run the CFD
analysis. The goal was to investigate how the shape of the vessels correlates with
the ŕow characteristics and how much information about haemodynamics could
be extracted from the 2D vein projections.

Fig. 1. Flowchart overviewing the methodology applied in this research from segmen-
tation of medical images through appropriate 2D and 3D formats to statistical shape
analysis and 3D CFD simulations.

2.1 Angiography segmentation and idealised shape creation

This study used 2D angiography images from eight patients treated for DVT
with stents in the common iliac vein. The images represent a 2D projection of
the considered vein. A custom Python tool extracted the contours of the vessel
placing points along the visible walls and computed the centreline of the vein
(Fig. 2). All lines were interpolated to a őxed number of points, and the radius
of the vessel was estimated at 25 locations using distances from the centreline
to the walls. In the absence of information on the resolution of the angiography
images, pixel scaling was based on a ruler visible in the image. To supplement
the dataset, 16 idealised 2D geometries were created, including several with an
increasing degree of curvature (denoted Ci), an increasing degree of stenosis
(denoted Si) and both (denoted CSi). The complete set of the 24 2D venous
shapes used in the shape analysis is shown in Fig. 3.

2.2 Shape preparation for SSM

All 2D shapes were saved in VTK format as polyline objects with the same
number of deőning points orientated clockwise to ensure point correspondence
between shapes. A legacy VTK format was used to ensure compatibility with
Deformetrica v4.3, the statistical shape modelling tool used here [8]. To avoid
the algorithm that interprets the differences in position and scale of the shapes
as meaningful deformations, all shapes were translated to the common origin and
normalised in scale using the available functionality of Deformetrica framework.



4 M. Otta et al.

Fig. 2. Extraction of the contour of the common iliac vein projection from angiography
images with custom Python code.

Fig. 3. A complete set of the 24 venous shapes of the common iliac in 2D, 8 extracted
from angiography images (top 2 rows) and 16 synthetic shapes with variable curvature
and stenosis.

Fig. 4. The process of constructing an STL surface for a single vessel. Triangles are
formed iteratively between contours ci and ci+1 (left). The surface representation of
the vein is constructed and smoothed out (right).
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2.3 Construction of 3D geometries for CFD

A three-dimensional representation of the common iliac vein was constructed
around the computed centrelines. Estimates of the cross sections were con-
structed using radii computed from the angiograms and known radii in surrogate
shapes at a number of locations along the centrelines. A Python script was writ-
ten to create a triangulated surface in STL format that can be further processed
for CFD simulations. The script includes ordering points, deőning each cross
section, and interpolating them to the same őxed number of points. It iterates
through the contours, taking two points from the contour ci and one point from
ci+1 to construct a triangle, then taking two points from ci+1 and one from ci.
For each ith contour, the points are iterated in order and the contour ci+1 is őrst
rotated to minimise the twist of the constructed triangles between ci and ci+1

(Fig. 4). The normal vectors of each triangle were computed by taking the cross
product of two vectors that form the edges of a given triangle. After initial sur-
face mesh construction, surface meshes of different veins were further processed
in SpaceClaim 2024 R2 and prepared for Ansys Fluent simulations.

2.4 Shape modelling

Deformetrica v4.3 [7] was used to carry out the statistical shape modelling pro-
cess with two frameworks: Deterministic Atlas (DA) and Principal Geodesic
Analysis (PGA). A theory behind Deformetrica’s applications is summarised in
Refs. [8] and [9]. Software documentation is available in Ref. [10]. The DA model
estimates a template shape that is a form of average conőguration across the con-
sidered data set that accounts for complex deformations. It also provides a set of
control points that cover the space spanned by the shapes and guide the defor-
mation. The information on how the template shape can be deformed to obtain
each of the shapes in the data set is encoded as momenta, representing vectors
at the control points. The primary use of DA was to compute the mean venous
shape (template) for further use in the PGA. A template was chosen from a con-
verged analysis with good-quality shape reconstructions. PGA is a generalised
form of Principal Component Analysis (PCA). Instead of linear components, it
identiőes geodesics, which are the shortest paths on a curved space, that best
explain the variability in a set of shapes. PGA computes the principal geodesics,
the directions of maximal variance, around the template shape. Similarly to DA,
it returns a template shape and a set of control points used. These can be sup-
plied prior to analysis; otherwise, the software computes a sensible set on its
own. Momenta explaining the deviations of each shape from the template are
also returned. During the analysis, each shape is projected into a latent space
which describes how each subject deviates from the template along the principal
geodesics. PGA returns coordinates for a chosen number of latent dimensions.
Ten shapes generated by moving along each principal direction in steps of stan-
dard deviations σ are also returned - őve in the negative direction (−5σ, −4σ,
..., −1σ) and őve in the positive (+1σ, +2σ, ..., +5σ). In short, principal direc-
tions are the directions in the latent space that capture the most variation in the
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data set. In this analysis, we computed 15 latent dimensions (also referred to as
modes of shape variation). The őrst modes are typically the most dominant such
that mode 1 captures the most shape variation, mode 2 second most, orthogonal
to mode 1, next mode 3, orthogonal to both mode 1 and 2 and so on. The őrst
three modes should explain the majority of the variance; however, it is sensible
to verify the contribution of every computed mode.

2.5 Setup of CFD simulations

3D representations of the venous shapes were run through an ANSYS Fluent
2024 R2 workŕow from meshing to output analysis. A polyhedral mesh with
the element size of 0.0002m was created for every 3D shape based on a mesh
sensitivity analysis. The steady-state simulations, assuming laminar ŕow, were
initialised with constant zero pressure at the outlet and parabolic inlet ŕow esti-
mated from previous work [11] at 0.0782m/s. In addition, the inŕow velocity was
varied by ±20% to provide an assessment of the relative importance of variation
in the shape and in the model boundary conditions (inŕow). Blood was assumed
to be incompressible and Newtonian with constant density ρ = 1050kgm−3 and
viscosity µ = 0.0035Pa · s. Meshes created with custom Python code were pre-
pared for simulation in SpaceClaim 2024 R2. The CFD workŕow in ANSYS
Fluent 2024 R2 was automated using the PyFluent library, for both meshing
and simulations with a batch processing approach. The effect of shape varia-
tion and changes in boundary conditions on local haemodynamics was assessed
by calculating the surface area of the vessel wall subjected to low wall shear
stress, WSS (Fig. 5) below three threshold values: ≤ 0.15 Pa (navy blue), ≤ 0.10
Pa (blue), and ≤ 0.05 Pa (magenta). Low WSS is considered related to blood
coagulation and clot formation [12].

Fig. 5. Low wall shear stress distribution on a geometry P1, reconstructed from patient
data. Extracted metrics of interest are the surface area values subject to WSS below
three thresholds.

2.6 Combination of shape and ŕow metrics

The latent coordinates of the PGA were linked to the corresponding CFD met-
rics. The relationships were visualised for the three most dominant shape modes
and simple statistical analysis explored the correlations between shape varia-
tion and haemodynamic output. The three shape modes most correlated with
the CFD metrics were visualised. Physiological interpretability entails the ex-
tent to which each mode captures the anatomical variation that affects blood
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ŕow. Although dominant shape modes describe large-scale shape changes, less
prominent ones may represent subtle features with signiőcant impact on ŕow be-
haviour. Understanding this relationship helps link shape analysis to functional
outcomes and improves the relevance of CFD-based predictions.

3 Results

This section reviews and compares the results of SSM and CFD analysis.

3.1 CFD outputs

Contour plots that demonstrate the variability in the low WSS area obtained
in the CFD simulations are shown at the top of Fig. 6 for four geometries; a
histogram that reports the size of the low WSS regions for all the geometries
considered is shown at the bottom. Patient-speciőc geometries consistently show
larger areas of low WSS compared to surrogate shapes. Among the surrogate
shapes, those representing stenosis results in the largest areas of low WSS and
indicate the possibility of more complex ŕow. The curvature surrogate geometries
show the smallest areas, with shapes C0− C4, not having WSS below 0.15Pa.

Fig. 6. Top: Examples of WSS outputs for different venous geometries, including
patient-speciőc P1, curvature C5, stenosis S4 and a combination of curvature and
stenosis CS4. Bottom: WSS areas for three considered thresholds across the data set.

3.2 Shape vs ŕow

Each shape considered is represented as a point in the latent shape space. Fig.
7 shows the distribution of shapes in the subspace deőned by the three most
dominant PGA modes. Columns correspond to different WSS thresholds, and
rows correspond to inlet velocities. The intensity of the colour reŕects the WSS
area in [mm2], with variations indicating differences in magnitude between the
applied conditions. Inlet velocity appears to have a minor effect, and no clear
relationship is observed between the shape and the WSS outputs for the dom-
inant modes in this preliminary setup, which used a single vein and simpliőed
2D to 3D geometry.
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A simple correlation (Spearman) was calculated between the latent dimen-
sion coordinates and the WSS outputs. The three most signiőcant (i.e., most
correlated) modes for each output were identiőed (regardless of the direction
of correlation), as shown in Fig. 8. These are not the same across the WSS
outputs. For WSS < 0.05Pa, modes 6, 3 and 4 (as identiőed during shape anal-
ysis) are the most dominant, for WSS < 0.10Pa, modes 6, 3 and 4 and for
WSS < 0.15Pa, modes 6, 11 and 12. If shape modes that dominate geometry
also governed the CFD outcomes, the rankings in Fig. 8 would match the shape
ranking, but it does not. This highlights a key aspect: modes that explain the
most geometric variance are not necessarily the most inŕuential for ŕuid dynam-
ics. Dominant shape modes capture broad morphological trends, but may miss
subtle features, while less prominent ones that őne-tune geometry can dispro-
portionately affect haemodynamic metrics. This emphasises the importance of
context-speciőc mode selection when linking shape models to CFD.

Fig. 7. Distributions of shapes in the latent space of three most dominant shape modes
identiőed in the shape analysis. Dots are labelled by their shape IDs. The colour of the
dots represents different CFD output metrics (one threshold value per column) for the
base inlet velocity (middle row), velocity increased by 20% (top row), and decreased
by 20% (bottom row). Labels refer to geometries in the set: patient-speciőc in blue,
curved in red, stenosed in orange and both curved and stenosed in yellow.
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Fig. 8. Top: Histogram showing correlation between WSS area and latent coordinate
for all latent dimensions (x-axis) for each of the WSS threshold values. Bottom: Dis-
tributions of shapes in the latent space for the three most correlated latent dimensions
with each WSS metric. Labels refer to geometries in the set: patient-speciőc in blue,
curved in red, stenosed in orange and both curved and stenosed in yellow.

4 Discussion

The study demonstrates the feasibility of combining shape analysis and CFD
simulation to examine the importance of shape variability and inŕow in a local
region of the venous circulation, following DVT treatment.

This preliminary study used a small number of patient-speciőc geometries,
with synthetic shapes added to increase the variability of the set. Although
useful for exploring haemodynamic variation, synthetic shapes may not fully
reŕect anatomical or pathological diversity. Some shaes were highly exaggerated,
particularly stenosed cases, potentially violating laminar ŕow assumptions and
affecting CFD accuracy. The selection of shapes was driven by shape analysis
rather than physiological realism, which means that extreme cases such as S4
may not represent the true haemodynamics of the patient. Future work will
include a larger and more representative cohort of patients.

A set of 2D shapes was used for the SSM analysis framework and their sim-
pliőed 3D representations were used to run the CFD analysis. This was dictated
by the typical clinical workŕow during DVT interventions, where 2D angiograms
are available after treatment. In principle, the workŕow used here can be readily
extended to consider full 3D characterisations of vessel anatomy which could be
provided with modiőcations to clinical workŕows, e.g. acquisition of volumetric
imaging such as MRI or CT post-intervention. A limitation of using 2D con-
tours extruded in 3D geometries is that this approach neglects out-of-plane cur-
vature, which can signiőcantly inŕuence local ŕow patterns and wall shear stress
distribution. By simplifying the geometry of the vessel in this way, important
anatomical features can be lost, potentially reducing the accuracy and physio-
logical relevance of the CFD predictions. Furthermore, the study was based on
a single vein rather than a uniőed model of multiple venous segments, which
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limits generalisability and may overlook interactions between adjacent anatom-
ical regions. These constraints mean that the őndings should be interpreted as
indicative rather than deőnitive, pending validation with full 3D models and
broader anatomical datasets.

CFD simulations are based on assumptions such as steady-state ŕow, rigid
walls, Newtonian blood ŕow, and idealised boundary conditions. These simpliő-
cations may affect the accuracy of haemodynamic metrics. Dynamic changes in
shape (e.g., due to cardiac and respiratory cycles) and ŕow were not considered.

We have shown how latent shape dimensions correlate with derived ŕow char-
acteristics. 15 latent shapes were computed with the PGA analysis; here, we have
contrasted the distribution of CFD output metrics using the three most domi-
nant modes from PGA and the three modes that correlate more signiőcantly with
the CFD metrics, showing that these are not the same. Ultimately, this surrogate
approach could allow rapid estimation of haemodynamic risk metrics (through
PGA alone), based on an established library of pre-computed CFD metrics, and
has the potential to be delivered during the interventional procedure. Future
work involving larger cohorts will explore the use of regression and machine
learning models to identify relationships between anatomical shape modes and
haemodynamic metrics such as wall shear stress and pressure distribution. Using
shape modes as input features and CFD-derived metrics as predictive targets,
these models will help determine which shape variations are most indicative of
ŕow behaviour. This data-driven approach is expected to improve the detec-
tion of physiologically relevant shape patterns and support generalisation across
diverse anatomical geometries.

Although PGA offers a compact representation of shape variability, interpret-
ing individual modes in physiological or clinical terms remains challenging. More
work is needed to explore how WSS thresholds relate to biological responses, such
as thrombus formation. The framework presented here supports this by allow-
ing for analysis across multiple thresholds and assessing their impact on output
metrics. Ultimately, this approach holds promise for future translational appli-
cations, including patient-speciőc risk assessment based on haemodynamics.

5 Conclusion

The purpose of this analysis was to demonstrate the feasibility of a framework to
integrate CFD-derived metrics (e.g., vessel areas subject to low wall shear stress)
with shape descriptors to support the haemodynamic-based risk assessment for
patients treated for DVT. This has been shown using 2D imaging data from
angiography and has the potential to be extended to full 3D vessel anatomy.
Future work will focus on applying this approach to a larger cohort of patients.
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