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ABSTRACT
Cerebral arteriovenous malformations (AVMs)
are a neurovascular disease where the arteries directly connecting to the veins via a nodular nidus.
This study investigates the relationship between wall
enhancement, referring to a local increase of the intensity in vessel wall magnetic resonance imaging
(VW-MRI), and hemodynamics along AVM draining veins. Image-based blood flow simulations using
computational fluid dynamics (CFD) were conducted based on 3D models of the venous domain for
eight AVM cases. The areas of the vessel wall enhancement were manually extracted from VW-MRI
data, co-registered and mapped onto the luminal surface models. Hemodynamic results of draining veins
containing enhancement are compared with nonenhanced draining veins of the AVM cases. Global
comparison of shear-related draining vein hemodynamics reveals a mean decrease of time-averaged
wall shear stress and oscillatory shear index, while
the relative residence time demonstrates an increase
in draining veins harboring vessel wall enhancement.
Furthermore, the enhanced walls are assessed locally in terms of shear-related hemodynamic parameters and related to the non-enhancing area of the corresponding draining veins. In conclusion, this initial
multimodal investigation of hemodynamics in AVM
draining veins allows for precise prediction of occurring shear-related phenomena, especially in areas
of vessel wall enhancement and improves the understanding of this complex neurovascular pathology.
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1. INTRODUCTION
Cerebral arteriovenous malformations (AVMs)
contain a complex vasculature. Instead of a capillary bed, a tangle-like nidus occurs locally, directly
connecting the arterial and venous vascular system.
The challenging neurovascular disease shows a prevalence of 18 per 100,000 and is responsible for 2%
of all hemorrhagic strokes [1, 2]. Due to the lack
of microcirculation structures between the vascular
systems, hemodynamic stressors such as steep pressure gradients and increased flow might alter brain
vasculature. Additionally, these undesired physiological conditions might cause a further weakening of
the vessel walls resulting in hemorrhage, which can
be found in 50% of cerebral AVMs [3].
While most research studies only assess the morphology and hemodynamics of AVM arteries and the
nidus, knowledge with respect to the hemodynamics for the venous areas is limited [4, 5, 6]. Already
existing studies have simulated blood flow in cerebral
veins and investigated various hemodynamic aspects,
however, they are not related to existing pathologies
such as AVMs [7, 8]. Therefore, this study particularly focusses on the AVM draining veins.
Due to improvements in medical imaging the complex morphologies of AVMs could be diagnosed
more precisely. These include vessel wall magnetic
resonance imaging (VW-MRI), which can provide
indications of histologic changes in the vessel wall
by enhanced intensity values in these areas, which
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Figure 1. VW-MRI from saggital view of an AVM
draining vein. The red arrow indicates signal enhancement in the vessel wall.

Figure 2. Segmented 3D models of vascular anatomy of an exemplary case: (a) Initial segmentation from the MRV data including nidus. (b) Processed model without nidus with the two draining
veins colored in purple and labeled.

2.2. Multimodal Image Segmentation and
3D Model Extraction

is called wall enhancement (see Figure 1). Furthermore, studies have shown that wall enhancement
could be assumed as a possible biomarker for vessel
wall inflammation [9, 10, 11].
The present study aims to investigate blood flow
along the vessel wall of signal-enhanced AVM draining veins by multimodal hemodynamic modeling.
Through an interdisciplinary approach, initial observations of various hemodynamic parameter changes
in these areas are carried out. The simulation results
based on computational fluid dynamics (CFD) will
then be correlated with the enhanced local vascular
areas.

2. MATERIAL AND METHODS
2.1. Image Data
Eight AVM patients are included in the study. Of
the total 15 identified draining veins, seven draining
veins (46.7 %) show a local vessel wall signal enhancement in the VW-MRI data. Multimodal medical image data are provided for all patients. First,
3D rotational angiography (3DRA) image data are
available, which have a high spatial resolution of the
arterial area as well as the nidus. The focus is especially on the draining veins, exiting from the nidus
and merging into the deep veins. For this reason,
magnetic resonance venography (MRV) data, which
particularly resolves the venous vascular area, is used
for the morphological studies. In addition to imaging
data depicting patient-specific vascular anatomy, intravascular flow measurements based on 2D phase
contrast magnetic resonance imaging (2D PC MRI)
are available. Flow quantifications perpendicular to
the corresponding vessel axis were acquired using
non-invasive optimal vessel analysis (NOVA) software (VasSol Inc, River Forest, IL) [12]. These flow
rates can be used for realistic boundary conditions of
the hemodynamic simulations.

The image segmentation and surface mesh generation was carried out using MeVisLab 3.4.1
(MeVis Medical Solutions AG, Bremen, Germany).
As the focus of this study is on the venous region and
in particular on the draining veins of the AVM, the
segmentations of the vascular structures are primarily
realized based on the MRV data. By using thresholdbased segmentation before converting the segmentation masks into triangulated surface meshes, initial
3D models are provided (see Figure 2).
To perform a successful hemodynamic simulation,
the surface mesh should be as free of artefacts as
possible. For this reason, manual corrections on
the initial segmentations are necessary, which are
performed with the 3D modeling software Blender
2.9 (Blender Foundations, Amsterdam, Netherlands).
Initially, the nidus are removed using boolean cuts,
since this is not the focus of the study, but rather the
veins that drain out of it. Fused vessel areas are separated and artifacts appearing on the surface mesh
are removed. Since edged vessel areas are created
during these post-processing steps local laplaician
smoothing is conducted to maintain a realistic vessel shape in these regions. Furthermore, the vascular
3D models are prepared for the subsequent hemodynamic simulations by cutting and extruding the inand outlet cross-sections perpendicular to the vessel
axis (see Fig. 2).

2.3. Segmentation and Co-Registration of
the Wall Enhancement
To identify the enhanced areas VW-MRI images
from coronal, axial and sagittal planes were marked
by an experienced neurosurgeon. Based on the markers, these areas are manually extracted in MeVisLab
using the CSO (Contour Segmentation Object) library before converting them into 3D models. In order to visualize the enhanced areas on the vascular
surface of the previously segmented venous models,
co-registration is required, since VW-MRI and MRV
data are not located in the same coordinate system.
The registration is performed using a rigid body 3D
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Figure 3. Mapping of the segmented structures
of the wall enhancement shown in red (a) to the
vessel surface of the draining vein (b). The blue
arrows indicate the direction of the blood flow.

image-based registration pre-implemented in MeVisLab. By shifting the VW-MRI data into the space of
the MRV data, a corresponding transformation matrix results, which is subsequently applied to the enhancement models. Thus, the wall enhancement extraction moves exactly to the luminal vessel wall.
Since the venous models only indicate luminal information, the areas of enhancement are mapped exactly to the venous surface. This results in an area
of enhancement lying exactly on the venous vessel
wall, where the hemodynamics can be examined locally (see Figure 3).

2.4. Hemodynamic Simulation
Based on the presented segmentation results,
hemodynamic simulations are carried out to assess
the individual flow situation and enable a precise
evaluation at wall enhanced areas, respectively. Here,
numerical simulations are acquired with a CFD approach using a finite-volume-based solver.
In a first step, spatial discretization is perfomed using STAR-CCM+ 2020.1 (Siemens Product Lifecycle Management Software Inc., Plato, TX, USA).
Specifically, polyhedral as well as prism cells with
a base size of 0.25 mm were used for the generation of the underlying volume meshes resulting in a
number of elements ranging from 1.5 to 3.7 million
depending on the respective vascular domain. The
creation of three prism layers with a growth rate of
1.3 is of particular importance to account for the occurring velocity gradients especially due to narrow
vessel courses.
To realize the time-dependent blood flow simulations, patient-specific in- and outflow boundary conditions are defined for each model. For all cases,
flow quantifications are available for the main inand outflow vessels as well as for the draining veins
by means of 2D PC MRI measurements of the timedependent volume rate.
At the vessel cross sections, where no flow quantification measurements are available, constant pressure values are assumed based on the literature [13].
Blood is treated as an incompressible (ρ = 1055 mkg3 ),
Newtonian (η = 4 mPa · s) fluid and laminar flow

Figure 4. Qualitative representation of AWSS
(a), OSI (b), RRT (c) on the vessel surface in the
area of draining veins for an exemplary case with
overlaid wall enhancement (green, recall Fig. 3)
and marked areas showing a local hemodynamic
change compared to the surrounding area.

conditions were assumed. Furthermore, the vessel
walls follow the rigid wall condition, as no further
information is available. For all patient-specific models, two cardiac cycles are simulated. The first cycle
represents the initialization of the simulation, while
the second provides the periodic solutions. Consequently, only the last cycle is included in the following consideration.

2.5. Analysis
For hemodynamic evaluation, three shearrelated parameter are calculated using the 3D postprocessing software EnSight 10.2.8 (ANSYS, Inc.,
Canonsburg, PA, USA).
• Time-averaged Wall Shear Stress (AWSS) describes the tangential shear stress along the luminal vessel wall.
• Oscillatory Shear Index (OSI) is a metric to describe the change in magnitude and direction of
wall shear stress throughout one cardiac cycle.
• Relative Residence Time (RRT) provides information about the blood flow distribution at
the vessel wall.

3. RESULTS
3.1. Qualitative Results
For the qualitative analysis, the calculated parameters were displayed on the vessel wall of the 3D
venous models. Since the signal ehancement extracted from the VW-MRI data is present on the vessel
wall as well, visual characteristics of local hemodynamic properties can thus be detected in these areas.
For all the draining veins with wall enhancement, initial qualitative tendencies can be observed, as exemplified in Figure 4. In the area of the enhancement, a
locally decreased AWSS and locally increased RRT
can be recognized. In contrast, the OSI shows no
clear hemodynamic tendency in this area.

3.2. Quantitative Results
In addition to the qualitative observations, quantifications are performed along the vessel surface.
First, all identified draining veins for the eight patient
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Figure 5. Illustration of enhanced area (green) on
the remaining draining vein without enhancement
(blue) for an exemplary case.

models are included in the analysis and a global comparison is carried out. The three calculated hemodynamic parameters (AWSS, OSI and RRT) averaged
over all seven veins showing wall enhancement were
compared with those averaged over all eight veins
with no wall enhancement (see Table 1). Global
comparison of shear-related hemodynamics of total
draining veins thus shows a mean decrease in AWSS
(-72.8 %) and OSI (-89.5 %), whereas RRT in draining veins with wall enhancement of the vessel wall
shows an increase (+86.9 %).
Table 1. Results of the global hemodynamic comparison
Parameter

Enhanced

AWSS [Pa]
OSI
RRT [1/Pa]

1.75
1.43 · 10−3
0.98

Nonenhanced
6.42
1.36 · 10−2
0.53

In addition to the global quantification, particular consideration is given to the local hemodynamic characteristics in the area of extracted signal enhancement. For this purpose, the parameters
are calculated both directly locally in the enhanced
areas and on the areas of the draining veins, which
present with no enhancement (see Figure 5). The
calculations of the relative deviations of the hemodynamic parameters in the area of enhancement compared with the rest of the venous vascular surface
indicate a mean reduction of AWSS (-44.5 %) and
OSI (-13.0 %) whereas RRT (+40.0 %) shows an increase. These local quantitative investigations confirm the initial qualitative observations and are visualized in the boxplots (see Figure 6).

4. DISCUSSION
The hemodynamics of draining veins of cerebral
AVMs are presently not well understood. In particular, local enhancements in the vessel walls of these
veins, which are detected in the VW-MRI data, have
not been analyzed with respect to underlying hemodynamics. This interdiciplinary approach investigates time-dependent hemodynamic information at
local signal enhancements in vessel walls of drain-

Figure 6. Boxplots of the mean relative deviations of the shear-related parameters within enhanced areas compared to areas of the draining
vein without enhancement. The respective outliers for the OSI and RRT, which were removed
due to the scaling from -100 % to 100 %, are indicated on the right side of the boxplot.
ing veins to improve the understanding of cerebral
AVMs. Patient-specific 3D models of venous vascular anatomy could be generated based on multimodal
imaging data for eight patients whose AVMs showed
different complexities with respect to their courses
and number of draining veins.
The time-dependent blood flow simulations based on
the segmented 3D models provide the basis for the
qualitative and quantitative haemodynamic observations of the draining veins. By obtaining patientspecific flow quantification measurements using 2D
PC MRI on the draining veins and the main veins, it
is possible to define patient-specific boundary conditions at almost all inlets and outlets for each model.
The combination of patient-specific vascular models
with a high number of venous vessels with the corresponding in vivo measured flow data enable the performance of realistic simulations.
To investigate the impact of hemodynamics along the
vessel wall, especially locally in the area of a present
signal enhancement, the three shear-related parameters AWSS, OSI and RRT are chosen. These parameters are considered to be of special relevance in
neurovascular research and can provide information
about possible pathological changes [14, 15, 16]. Accordingly, these parameters can provide information
about vascular alteration processes, allowing conclusions to be drawn about the states of vessel walls.
In blood vessels, WSS acts mainly on the endothelium, the innermost layer of the vessel wall, and
is considered a critical parameter affecting vascular
changes [17]. While numerous hemodynamic studies
for cerebral aneurysms show the influence of WSS
on rupture risk [18], the effects of WSS in AVMs are
poorly understood. Some studies analyzed WSS in
the feeding arteries of AVMs. These reveal increased
WSS in the feeding arteries compared with the contralateral ones [16], with this effect being particularly
evident in symptomatic AVMs [19]. However, no
such observations have been made for draining veins,
so that it is not possible to compare these results with
the findings of this work. The OSI and RRT are also
considered critical parameters for rupture risk analysis of cerebral aneurysms [20, 21]. Specifically,
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WSS, OSI and RRT could already be investigated
for signal-enhanced aneurysms. In particular, low
shear stress and increased OSI and RRT values have
already been correlated with signal amplifications in
the vessel walls of cerebral aneurysms [22, 23, 24].
The qualitative results of the hemodynamic simulations show the local expressions of these shearrelated parameters in the area of the identified signal amplifications. For most patients, especially low
AWSS and high RRT values are found in the enhanced areas. In contrast, no clear tendencies can
be identified for the OSI on the basis of the qualitative analyses. Since the qualitative representations
only provide a visual impression of the distributions
of the hemodynamic parameters on the vessel wall,
the tendencies were examined more precisely on the
basis of quantitative investigations. The global comparison of the 15 draining veins also shows that enhanced draining veins have overall lower AWSS and
OSI and higher RRT values. These results confirm
previous studies in which signal enhancement was
found in the vessel wall, especially in aneurysms
with low global AWSS [22]. However, it is critical
to associate global hemodynamic investigations with
highly localized signal enhancement. The areas of
enhancement cover only a very small part of the vascular surface in draining veins. For this reason, the
quantitative analysis is also performed in the locally
limited areas of enhancement. The relative parameter
deviations within these areas show a clear tendency,
especially for the AWSS and confirm the initial qualitative observations of the local behavior. With the
lowest variation around the mean value, this parameter is characterized as the most stable in its behavior in the signal enhancement. For the RRT,
the observed qualitative characteristics are also confirmed by the relative deviations. Here, the distribution around the average value is higher compared to
the AWSS. For the OSI, the quantitative observations
must be critically evaluated. Due to the very small
range of values in both the enhanced and the nonenhanced regions, there are high variations in the relative deviations. Therefore, the behavior of the OSI
cannot be associated with the occurrence of vessel
wall enhancement. For the AWSS, on the other hand,
a relationship from locally low shear stress to the occurrence of enhancement can be established. These
have been increasingly associated with inflammatory
processes in the vessel wall using VW-MRI [25, 26]
and low shear stress can be associated with vessel
wall inflammation [27]. Accordingly, this supports
the findings of the study. Due to the indirect proportionality of the RRT to the AWSS [28], it is possible
to attribute the locally increased RRT values to the
occurrence of local signal amplifications as well.
The key findings of this study confirm existing observations regarding the behaviour of AWSS and RRT
for enhanced vascular structures. By applying these
findings to venous areas of AVMs that have been
poorly studied so far, new possibilities arise in the

risk assessment of this disease. Inflammatory processes in the vessel walls, which often cause further
pathological diseases, can be attributed to low tangential forces and high residence times of the blood
on the vessel wall.
Limitations: The presented approach has several limitations. First, numerous manual image processing steps are necessary to generate the patientspecific 3D models. In particular, the local smoothing operations can artificially alter the model and
cause it to deviate from the patient-specific morphology. To avoid this, continuous comparison with various angiographic data is necessary, which is timeconsuming.
Furthermore, the enhanced areas projected onto the
venous models are not fully representing the real
wall enhancement. Due to the manual registration
method, there may be slight deviations in the exact position. Due to the contour-based segmentation method, the enhanced structures are extracted as
areas of constant intensity. This makes it impossible
to show different intensity levels of signal amplification on the vessel wall of the draining veins. For
this reason, the areas on the vein could only be divided into enhanced and non-enhanced areas, thus
the calculated hemodynamic parameters could only
be correlated with the occurrence of an enhancement
and not with an intensity level. Within the hemodynamic simulations, several simplifications are made,
such as the use of constant pressure values at unknown vessel cross-sections or the assumption of rigid walls. In particular, model simplification to rigid
wall conditions is a well-known problem in numerical flow simulation for neurovascular vessels. Especially, for the consideration of shear-related parameters on the vessel wall, an integration of information such as patient-specific wall properties would
be beneficial. However, the modelling of vessel wall
boundary conditions is only advantageous if corresponding reliable wall information from the respective
patient exists. Since such information could not be
obtained from the available image data, no modelling
of vessel wall boundary conditions was performed in
this work. Simplified assumptions such as constant
wall thicknesses, on the other hand, can lead to erroneous results [29].
Finally, the lack of consideration of the nidus for
the hemodynamic considerations must be mentioned.
Existing studies already modelled realistic nidus vessels for the validation of CFD simulations [30]. For
the investigations of this work, however, the exclusion of the nidus can be considered acceptable.
Measured patient-specific flow rates were defined at
the inlets of the draining veins and thus the hemodynamic influence of the nidus was included. In addition, this reduced the calculation times for the numerical simulations.
Despite these limitations, this study provides initial insights into the hemodynamic characteristics
of AVM draining veins. The developed approach,
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which is performed for eight patients, forms a basis
for the investigation of further patients with signalenhanced veins of AVMs. This can strengthen hemodynamic understanding and thus provide further insight into the relationship between promising biomarkers in imaging data and the underlying physical
cause.

5. CONCLUSION
The study addresses the hemodynamic investigation of draining veins of cerebral AVMs with
local wall enhancement detectable in the VW-MRI
data. The developed approach allows to process
multimodal medical image data. Previously verified
local vessel wall signal enhancements are manually
extracted and mapped onto the surface of these models after appropriate co-registration with the luminal
vessel models. Based on the venous vessel models,
time-dependent numerical blood flow simulations are
carried out. Due to the availability of patient-specific
blood flow quantifications, these could be defined
as in- and outlet boundary conditions for the haemodynamic simulations, thus ensuring reliable blood
flow prediction. By visualizing the simulation results
with overlaid wall enhancement, qualitative trends in
hemodynamic behavior could be observed within the
enhanced regions. These tendencies could also be
demonstrated with the help of a quantitative analysis.
Thus, it is possible to consider potential correlations
between signal-enhanced vascular regions and local
decreases (AWSS, OSI) or increases (RRT) of hemodynamic parameter values.
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