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Abstract Purpose: The significantly higher incidence of aneurysms in pa-
tients with arteriovenous malformations (AVMs) suggests a strong hemody-
namic relationship between these lesions. The presence of an AVM alters hemo-
dynamics in proximal vessels by drastically changing the distal resistance, thus
affecting intra-aneurysmal flow. This study discusses the challenges associated
with patient-specific modeling of aneurysms in the presence of AVMs.

Methods: We explore how the presence of a generic distal AVM affects up-
stream aneurysms by examining the relationship between distal resistance and
aneurysmal wall shear stress using physiologically realistic estimates for the in-
fluence of the AVM on hemodynamics. Using image-based computational mod-
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els of aneurysms and surrounding vasculature, aneurysmal wall-shear stress is
calculated for a range of distal resistances corresponding to the presence of
AVMs of various sizes and compared with a control case representing the ab-
sence of an AVM.

Results: In the patient cases considered, the alteration in aneurysmal wall shear
stress due to the presence of an AVM is considerable, as much as 19 times the
base case wall shear stress. Furthermore, the relationship between aneurys-
mal wall shear stress and distal resistance is shown to be highly geometry-
dependent and nonlinear. In most cases, the range of physiologically realis-
tic possibilities for AVM-related distal resistance are so large that patient-
specific flow measurements are necessary for meaningful predictions of wall
shear stress.

Conclusions: The presented work offers insight on the impact of distal AVMs
on aneurysmal wall shear stress using physiologically realistic computational
models. Patient-specific modeling of hemodynamics in aneurysms and associ-
ated AVMs has great potential for understanding lesion pathogenesis, surgical
planning, and assessing the effect of treatment of one lesion relative to an-
other. However, we show that modeling approaches cannot usually meaning-
fully quantify the impact of AVMs if based solely on imaging data from CT
and X-ray angiography, currently used in clinical practice. Based on recent
studies, it appears that 4D flow MRI is one promising approach to obtaining
meaningful patient-specific flow boundary conditions that improve modeling
fidelity.

Keywords image-based modeling - cerebrovascular hemodynamics -
arteriovenous malformations - cerebral aneurysms

1 Introduction

The incidence of intracranial aneurysms (IAs) is significantly higher in pa-
tients with arteriovenous malformations (AVMs), but the exact cause of the
higher incidence rate is unclear [1,2,3]. It has been postulated that a hyper-
dynamic circulatory state induced by an AVM causes aneurysm formation [2,
]. This hypothesis is supported by the following two facts. First, the inci-
dence of intracranial aneurysms on arteries feeding an AVM is significantly
higher than what is expected in the absence of the AVM. Second, following
AVM treatment, in some cases, AVM-related aneurysms have been known to
regress. However, the influence of the distal AVM on intra-aneurysmal flow
has not been specifically quantified. Not all aneurysms regress following AVM
treatment, and the higher aneurysm incidence rate on AVM-feeding arteries
alone does not necessarily implicate the hyperdynamic circulatory state.
Understanding the pathogenesis of aneurysms associated with AVMs may
have significant clinical implications. Patients with AVMs with associated
aneurysms are at greater risk for hemorrhage than patients with AVM alone
(7% per year compared to 1.7%) [1]. The higher risk of intracranial hemor-
rhage indicates that the presence of an AVM-associated aneurysm should be
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considered in development of risk stratification models. If a hyperdynamic
circulatory state can be linked to prenidal aneurysm formation, models calcu-
lating intra-aneurysmal hemodynamics may allow prediction of which prenidal
aneurysms are likely to regress following AVM treatment. Though the prevail-
ing theory regarding associated aneurysm pathogenesis relates to the change
in intra-aneurysmal hemodynamics induced by a hyperdynamic circulatory
state, this theory has not been substantiated, and the exact relationship be-
tween changes in distal resistance and proximal hemodynamics has not been
previously quantified. Quantifying the impact of distal resistance changes on
proximal hemodynamics could lead to a more thorough understanding of
AVM-related-aneurysm pathogenesis and could have implications for rupture
risk stratification and surgical planning. However, patient-specific modeling of
AVM-associated aneurysms presents unique challenges that make this quan-
tification a difficult prospect. In the present work, we first briefly discuss ap-
proaches to and challenges with modeling AVMs and aneurysms. Second, we
explore the relationship between distal resistance and aneurysmal hemody-
namics using typically available clinical data and discuss the implications and
limitations of the conclusions which can be drawn from models based on an-
giographic images.

2 Approaches to Modeling AVM-Associated Aneurysms

Despite the higher incidence of aneurysms in patients with AVMs than in those
without, and higher hemorrhage risk associated with the combination, little
work has been done to quantify hemodynamic relationship between AVMs
and associated aneurysms. Previous approaches exploring the hemodynamic
influence of arteriovenous malformations include one-dimensional population-
averaged models [5,6], which cannot provide hemodynamic data linked to
aneurysm progression (e.g. wall shear stress, [7]). Shakur et al. [8] used quan-
titative magnetic resonance angiography (MRA) to calculate wall shear stress
(WSS) in AVM feeding vessels with and without aneurysms and found sig-
nificantly higher WSS in feeding vessels with aneurysms. Similarly, feeding
vessel WSS has been calculated using in vivo phase-contrast MRI flow mea-
surements [9,10]. However, magnetic resonance-based approaches have large
uncertainties on velocity gradient-based metrics like WSS [11]. In contrast,
image-based computational fluid dynamic (CFD) models can calculate hemo-
dynamic metrics such as WSS with superior resolution, but has not been used
to quantify AVM-related hemodynamics. This is, in part, due to the diffi-
culty of resolving the AVM nidus using existing medical imaging technology.
The present study attempts to overcome this limitation by coupling three-
dimensional high-resolution CFD models with reduced order models represent-
ing the distal vasculature, which can be constructed to simulate the presence
of an AVM. The present study uses image-based CFD to quantify the change
in intra-aneurysmal wall shear stress induced by the presence of an AVM.
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Image-based CFD modeling is gaining popularity as a non-invasive tech-
nique for cardiovascular flow quantification and has recently gained FDA ap-
proval as a diagnostic tool for clinical use [12]. For complex cerebral aneurysms
not associated with AVMs, understanding the flow patterns and resulting
hemodynamic forces can help diagnostics and treatment planning [13,14,15,

,17,18]. Patient-specific computational models can be generated from data
acquired with various imaging modalities, including CTA, MRA and rotational
X-ray angiography. Hemodynamic factors such as WSS can be computed with
CFD and then used to predict the risk of aneurysm growth and rupture [19,20,

,22,7]. Current approaches for image-based CFD are effective if the model is
focused on a single lesion (e.g., an aneurysm) as they typically assume gener-
alized proximal and distal flow conditions; however, if the presence of a second
lesion, such as an AVM, significantly changes the flow outside of the modeled
region, these traditional approaches for assigning boundary conditions are no
longer appropriate.

Determining the patient-specific resistance to flow posed by an AVM is
challenging. The tangle of vessels that comprise the AVM cannot be individu-
ally resolved in vivo with existing medical imaging technology. The net resis-
tance could be calculated from pressure and flow measurements taken at points
proximal and distal to the AVM, but such measurements are not routinely ac-
quired in the clinical setting. Cerebrovascular flows are commonly visualized
in the clinic with X-ray angiography/digital subtraction angiography (DSA).

A radiopaque contrast agent is injected and imaged as it flows through-
out the vasculature, allowing clinicians to visualize blood flow and vascular
anatomy. The pixel intensity in the DSA image reflects the changing concen-
tration of contrast, which is influenced by the velocity of the blood flow, which
is in turn affected by changes in the distal resistance. However, estimating the
resistance from DSA is difficult, considering that the solution to the inverse
problem of obtaining velocity from concentration may be non-unique and that
the 2D DSA image is a projection of contrast flowing in a 3D volume. Fur-
thermore, the sensitivity of the contrast intensity is low relative to the changes
in distal resistance, as shown in Figure 1. DSA images of a patient taken be-
fore and after surgical resection of the left cerebellar AVM and clipping of the
associated left superior cerebellar artery (SCA) are shown. The aneurysm is
clearly visible on the pre-operative image, and completely absent in the post-
operative image. The average pixel intensity over time in the region shaded in
blue (in Figure 1(a)) is shown in Figure 1(b). The pixel intensity is normal-
ized by the average background pixel intensity. Surgical resection of the AVM
changes the distal resistance and flow in the SCA, which may be reflected in
the difference in pixel intensity; however, the difference is small, and estimat-
ing the change in resistance caused by AVM resection from DSA images alone
would be difficult and the resulting values would have large uncertainty.

An alternative modality for measuring blood flow is time-resolved, three-
directional phase-contrast MRI (4D flow MRI). Though not yet commonly
used in a clinical setting, 4D flow MRI [23], in addition to providing in vivo flow
measurements, may also be the answer to the challenge of providing patient-



Hemodynamics in Cerebral Aneurysms Related to AVMs 5

—O— pre-operative — A— - post-operative

—_
I

g
=

e
Q

Normalized average pixel intensity
=) =)
(@)} [ele]

(a) (b)

Fig. 1: (a) A snapshot of digital subtraction angiography data from Patient
3 before and after surgical resection of a left superior cerebellar AVM and
clipping of the associated aneurysm on the left superior cerebellar artery. In
the subset images, the vessel lumen is outlined in black, and the shaded blue
region indicates the area over which the pixel intensity was averaged. (b)
Normalized average pixel intensity over time.

specific boundary conditions for image-based CFD models. Although the ac-
curacy of gradient-based hemodynamic metrics like WSS calculated from 4D
flow MRI data in cerebral vessels is affected by limitations of its spatial res-
olution, 4D flow MRI can be used to accurately measure time-resolved flow
waveforms at model inlet and outlet locations, which can then be used to
generate patient-specific boundary conditions for image-based CFD models.
Examples of obtaining flow measurements in AVM-feeding aneursyms can be
found in [9], and a pipeline for obtaining flow measurements from 4D flow MR
images is described in [24]. Inlet flow profiles can be obtained directly from the
4D flow MRI measurements. The lumped parameter resistance, to be imposed
as an outlet boundary condition, can be calculated as

AP . Zj Qout,j
Qout,i Ej Qin,j '

Rout,i = (1)

Here, Royt,; is the resistance at the ith outlet, Qoye,; is 4D flow measurement
flow rate at each outlet. The ratio of the total flow into and out of the model
are included so that the total resistance is consistent with the inlet boundary
conditions, if the total flow into and out of the model do not match exactly,
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which can happen due to the uncertainty inherent in the measurement system
and the fact that some small amounts of flow leave though vessels smaller than
4D flow MRI resolution, such as the side branches of the basilar artery.

Using this approach to create patient-specific models of AVM-associated
aneurysms has promise; however, at present, this type of imaging data is not
readily available in clinical settings. Therefore, in the second part of this study,
we present CFD analyses based on state-of-the-art CTA and X-ray data lack-
ing patient-specific boundary conditions, and demonstrate the shortcomings
of this approach in achieving truly patient-specific hemodynamic simulations.
Nevertheless, modeling the flow in patient-specific anatomies for a range of
physiologically realistic flow conditions, we can draw some important conclu-
sions about the relationship between distal resistance and WSS.

3 Methods

The AVM is an abnormal tangle of vessels (nidus) directly connecting the ar-
terial and venous sides of the circulation, bypassing the capillary bed. Current
imaging technology is not capable of resolving individual nidus vessels, making
it impossible to create a 3D model of the AVM. Likewise, it is not possible
to resolve the flow in each capillary. Therefore, in order to model the effect of
changes in distal vasculature (e.g. AVM presence) on intra-aneurysmal flow,
all distal vessels, including capillary bed, are modeled as a single lumped pa-
rameter at each outlet, representing the total resistance to flow [25]. For each
patient, the flow in the aneurysmal arteries with and without a distal AVM
were simulated. The influence of the AVM was modeled by reducing the outlet
resistance in the artery or arteries feeding the AVM, while maintaining the
same inlet flow rate and outlet resistances for arteries not feeding the AVM.

Cerebral aneurysm patients previously treated at the IU Health Neuro-
science Center were selected for this retrospective study.The modeling method-
ology was used to analyze the flow for five patients with AVM-related cerebral
aneurysms, listed in Table 1. Patient 2 had multiple aneurysms, but only the
aneurysm on the right superior cerebellar artery was considered in the present
work since it is the only one affected by the presence of the AVM. CT and X-
ray angiography data acquired prior to intervention were anonymized and used
to generate 3D surfaces of the aneurysm and surrounding vascular geometries.
The images obtained from CT angiograms (CTA) were segmented using open
source software ITK-Snap [26] and compared with dynamic rotational X-ray
angiography data to eliminate segmentation artifacts. Particular attention was
given to regions of special interest, such as the aneurysm neck, an approach
which has been shown to yield more accurate segmentation results [27].

The resulting 3D geometry was imported into the open-source modeling
platform SimVascular [28], in which the model’s inlets and outlets were speci-
fied, and a mesh for the fluid domain was generated. SimVascular solves the in-
compressible Navier—Stokes equations using a solver based on the academic fi-
nite element code PHASTA (Parallel, Hierarchical, Adaptive, Stabilized, Tran-



Hemodynamics in Cerebral Aneurysms Related to AVMs 7

Fig. 2: Examples of the coarsest (left) and finest mesh (right) of the middle
cerebral artery (MCA) outlet of Patient 4. A constant boundary layer thickness
and ratio (5:1) between the coarse mesh element size and smallest boundary
layer mesh element thickness was used in all meshes.

sient Analysis) with the streamline-upwind /Petrov—Galerkin (SUPG) and pressure-
stabilizing /Petrov—Galerkin (PSPG) methods, as well as back flow stabiliza-
tion. 0D-to-3D coupling methods allow for the 3D finite element solver to be
coupled to lumped parameter (resistance) models of distant vasculature via

boundary conditions. Further details can be found in [28,29,30,31,32]. The
models had rigid walls, and Newtonian blood viscosity p = 0.004 Pa-s and
density p = 1060 kg/m® were assumed. In all simulations, a time step of

2.5 x 107* s was used (4000 time steps per cardiac cycle). Second-order time
integration was used with implicit pressure coupling. Pulsatile physiological
flow with a Womersley profile was prescribed at the model’s inlets. The flow
waveform was based on 4D flow MRI measurements in patients from a dif-
ferent study and scaled so that the cycle-averaged flow rate was consistent
with population averages [33,34,35]. Thus, the inlet flow conditions are not
“patient-specific,” but they are physiologically realistic.

To ensure that the computational results reported herein are mesh inde-
pendent, results from subsequently refined meshes were compared. In order to
achieve mesh resolution sufficiently high for calculating WSS, boundary layer
meshing was used, maintaining a constant total boundary layer thickness be-
tween meshes (0.0285 cm). The number of elements in the boundary layer
was changed to maintain a constant aspect ratio between successive mesh re-
finements. The ratio of element size for mesh elements in the core of the flow
relative to the smallest element in the boundary layer was 5:1. Elements within
the boundary layer decreased in thickness radially, where the thickness of each
successive element was 80% of the previous element, as shown in Figure 2.
For each patient, the mesh was refined by approximately doubling the number
of elements until the change in the WSS prediction between simulations on
consecutive meshes was less than 5%. Results are shown for the second cardiac
cycle since the spatial average of the time-averaged wall shear stress (TAWSS)
changed less than 0.2% between the second and third cardiac cycles.
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Resistance boundary conditions were assigned at each outlet. Flow in the
aneurysmal arteries with and without a distal AVM were simulated. For the
AVM-free case, the total peripheral resistance was calculated assuming a total
pressure drop of 93 mmHg, then dividing the total pressure drop by the total
flow into the model. The total resistance was divided between outlets based
on a morphometric relation associating flow and vessel outlet area using the
relation

n
> -1 VAT
VAT
where R,y is the resistance of each outlet, A; is the outlet area, Ry, repre-
sents the total resistance of all the outlets, n is the total number of outlets,

Rout,i = ' Rtot7 (2)

and m is the morphometric exponent [29,36]. In the present study, m = 2.4,
based on a range of suggested values and findings that varying the exponent
between 2.4 and 2.8 does not significantly impact the WSS [36,37,38,39]. The

influence of the AVM was simulated by reducing the outlet resistance in the
artery or arteries feeding the AVM, while maintaining the same inlet flow rate
and outlet resistances for non-feeding, i.e. not proximal to the AVM, artery
outlets. Though it is likely that the AVM was fed by flow from multiple ar-
teries, for the sake of simplicity, the resistance was only altered on the one or
two main arteries where a significant amount of flow fed the AVM based on
notes made by the attending radiologist and observation of the angiograms.

The rationale for simulating AVM presence with reduced resistance has a
physical basis. In Poiseuille flow, the hydrodynamic resistance R = 8uL/(7r)
is proportional to the vessel length L and inversely proportional to its radius r*.
Therefore, relative to the AVM-free case, resistance to flow through an AVM
(which acts as a shunt) would be reduced. This reduction occurs because the
path for flow through an AVM has both decreased distance and increased av-
erage radius relative to the path through a capillary bed (the AVM-free case).
Clinical measurements also support the idea of reduced resistance. Feeding ar-
teries commonly have increased flow, which would occur due to the relatively
reduced resistance in that branch. Further, several studies have reported re-
duced absolute pressure in the feeding arteries immediately proximal to an
AVM and immediate pressure rise with AVM occlusion or embolization [10,

,42,43,44,45]. The reduced pressure at the AVM entrance reflects the in-
creased flow (larger pressure drop from the heart to the AVM entrance for
similar resistance). Clearly, the degree to which the presence of an AVM re-
duces distal resistance for the aneurysmal arteries depends on the AVM’s size,
shape, location, interconnectedness, etc. However, predicting resistance based
on geometry is impractical given the difficulties in imaging the nidus.

Given the difficulty of obtaining patient-specific resistance estimates from
DSA data and in the absence of measured flow and pressure data, which could
be used to infer a patient-specific resistance (or reduction in resistance), in the
present study, we used resistances based on values reported in the literature.
Nornes and Grip reported measurements of the pressure drop and flow in
eight cerebral AVMs [15]. Based on their measured values, we estimate lumped
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resistance values ranging from 3x 10% to 8 x 10* g/(cm*-s) for the eight different
AVMs in their study. In the present study, we used resistances of 3 x 103
and 8 x 10* g/(cm*-s), referred to as “low” and “high” AVM resistances,
respectively, at the outlets leading to an AVM. Applying this approach to
each patient case allowed us to to bracket a range of reasonable resistance
values. Therefore, as many as three flow scenarios were simulated for each
patient: one AVM-free case, with resistances distributed using Equation (2),
and two cases representing the presence of an AVM. For Patients 1 and 4,
the AVM-free feeding artery resistances were lower than the value used for
the high-resistance AVM case so no simulation was performed for the high-
resistance AVM case. The resistance values used at the feeding artery outlet
in the AVM-free case and the percent change in resistance between the AVM-
free and AVM-present cases are shown in Table 1. Additionally, for two cases
(Patients 3 and 4), a range of resistance values (1/2, 1/4, 1/10, and 1/20 of the
AVM-free case’s resistance) was prescribed to explore the relationship between
reduced resistance and WSS — a metric linked to aneurysm progression and
rupture.

4 Results and Discussion

The WSS magnitude distribution at peak systole is shown in Figure 3 for each
patient’s model, along with inserts showing the details of the WSS distribution
specifically on the aneurysm. In all patients, the WSS on the modeled vascu-
lature is demonstrably higher in the AVM case than the AVM-free case. The
numerical value of TAWSS magnitude, which is further spatially averaged over
the entire aneurysm, is given in Table 1. Decreasing the feeding artery outlet
resistance increased the flow rate and increased TAWSS over the aneurysm.
This is of particular note for Patient 1, where the aneurysm is located on the
contralateral side from the AVM. In this case, the increased flow towards the
AVM caused an increase in WSS for an aneurysm located on the contralat-
eral side. The increased WSS on the contralateral aneurysm occurs because
the decreased resistance in the MCA causes additional flow to be re-routed
through the ACOM. As can be seen in 3a, the aneurysm is located right at
the junction of the left ACA and the ACOM, and thus, the increased flow
in the ACOM causes increased WSS on the aneurysm, even though flow in
the left ACA is decreased. This can be seen in the plots of WSS in 3a, where
the ACOM has demonstrably increased WSS in the AVM present case. This
result emphasizes the importance of image-based flow analysis, which can pro-
vide important quantifiable insight into flow in AVM-related aneurysms that
cannot be gained from mere observation, intuition, or simplified models alone.

In most cases in which both a high and low AVM resistance value were
used, the difference in TAWSS between the high and low AVM resistances is
considerable, with low resistance TAWSS values two to six times that of the
high resistance case (Table 1). The range is so large that bracketing a range
of WSS values using a reasonable range of resistance values provides relatively
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little information about the magnitude of WSS, though it can indicate the
direction and presence of WSS change. Therefore, in order to predict the de-
gree to which a change in resistance (either due to AVM presence or AVM
treatment) would effect WSS, patient-specific data for flow and pressure are
needed to more accurately estimate the outlet resistance. However, one no-
table exception to this requirement is observed in Patient 1, where, even with
the wide range of resistance values used in this study the change in WSS is
relatively modest relative to the AVM-free case (22%). Thus, even without
knowing the resistance for this particular patient, we can conclude that the
change in WSS in this aneurysm is unlikely to be large.

Decreasing the distal resistance at the outlet corresponding to the AVM’s
feeding artery, causes increased flow, and therefore increased WSS throughout
the same artery. In order to account for this increase, the WSS in the aneurysm
is normalized by the AVM’s feeding artery systolic WSS. Except for ACA
aneurysm in Patient 1, the AVM’s feeding artery is also the aneurysm parent
vessel. Thus, except for Patient 1, the percent change in normalized TAWSS
is lower than the non-normalized case (see Table 1). The percent change in
normalized WSS represents the increase of wall shear stress in the aneurysm,
in addition to the change expected due to overall increased flow. While the
percent change is generally lower in the normalized case, the magnitude of
that change varies considerably from patient to patient and between the high
and low resistance cases, thus highlighting the need for resistance values based
on patient-specific measurements. However, it is interesting to note that even
with the wide range of resistance values considered in this work, the WSS in
the aneurysm increased more than the WSS in the feeding vessel, as illustrated
by the positive percent change in the normalized WSS.

For Patient 1, the aneurysm and its parent vessel are located on the con-
tralateral side from the AVM and its feeding artery. In this case, the normalized
aneurysm WSS actually decreases from the AVM-free case to the low resis-
tance case, since the feeding artery WSS increases more than the aneurysm
WSS (resulting in a negative percent change between the AVM-free and low
resistance case, see Table 1). This is unsurprising, since the flow through the
aneurysm’s parent vessel on the contralateral side would not change as much
as the flow through the feeding artery.

To explore the relationship between resistance and WSS, we systematically
varied the distal resistance for two patients (3 and 4). Figure 4 shows the ratio
of the TAWSS for the AVM-free case to the TAWSS for the AVM-present case,
as a function of the feeding artery resistance normalized by the AVM-free case
resistance. The feeding artery flow rate for the AVM-free cases divided by the
AVM-present case is also shown. The relationship between feeding artery flow
rate and resistance is inversely linear, i.e. @ o< 1/R. Since the distal resistance
is much larger than the proximal resistance, the distal resistance dominates
the division of flow between the outlets. Therefore, flow to each outlet @) can
be estimated based solely on the distal resistances. The ratio of the flow rates
for the AVM-free and AVM-present cases [Qn/Q]preq that would occur in this
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Fig. 4: Feeding artery flow rate @ and aneurysm TAWSS and for the “AVM-
free” case divided by AVM case as a function of the AVM resistance divided
by the AVM-free resistance, i.e. TAWSSy/TAWSS and Qn/Q as functions
of R/Ry, illustrating that resistance and flow are inversely linearly related,
as expected. However, the WSS and resistance/flow are not linearly related.
Markers/dashed lines are from simulation; the solid line is the expected flow
if the flow split is determined based solely on the outlet resistance.
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case is plotted with the solid lines. Here,

{QN} _ R, +Ry-R/Ry
pred

0 R+ Bn 3)

where R, is the total resistance for all other outlets, Ry is the resistance
of the feeding artery outlet in the AVM-free case, and R is the resistance of
the feeding artery outlet in the AVM cases. The good agreement between the
AVM feeding artery flow rate from simulation (markers) and that predicted
based on the distal resistances (solid lines) indicates that that the impact of
the proximal resistance on flow division is minimal.

In contrast, the relationship between AVM feeding artery resistance and
aneurysmal WSS is nonlinear. Decreasing the distal resistance (representing
the presence of an AVM) increases aneurysm WSS, as expected. However, we
observed that the change in TAWSS is not directly proportional to parent
vessel flow rate or parent vessel distal resistance. This discrepancy is a notable
observation from our study because, for Poiseuille flow in a circular channel,
we have TAWSS = (4u/77r3) - Q (a direct proportionality). Thus, one might
expect a linear relationship between flow and the WSS. Furthermore, not only
is the relationship between resistance and WSS nonlinear, the shape of this
curve varies considerably between Patients 3 and 4. Therefore, we highlight the
need for patient-specific models to predict how WSS will respond to changes
in resistance and flow.

Many modeling studies use a morphometric relation associating vessel flow
and vessel area after branching (e.g. a “generalized” Murray’s Law) to dis-
tribute outlet resistance values [36,29,46,47,48,21,20,37,38,39]; however, this
would not be appropriate in the presence of an AVM, where the short-circuiting
shunt can drastically alter normal flow patterns. As mentioned above, patient-
specific flow and pressure measurements can be obtained using catheter-based
instruments [19] or using 4D flow MRI [50], which can then be used to estimate
appropriate outlet resistance conditions. With pressure and flow measurements
obtained at points located proximally and distally to an AVM, one could eas-
ily estimate a lumped parameter resistance value for the AVM which, even
with large measurement uncertainty, would be considerably more precise than
a range of resistance values drawn from a population of AVM patients. There-
fore, in most cases, patient-specific flow and pressure data are necessary to
predict with any degree of precision how outlet resistance from distal AVM
presence or removal will change WSS.

Besides the small sample size, this study has some limitations. The bound-
ary conditions assigned were physiologially realistic, but by no means patient-
specific. Though the geometries modeled came from patients with AVM-related
aneurysms, and the AVM-feeding arteries were included in the models and as-
signed reduced resistance representing the influence of a distal AVM, the degree
of resistance reduction in each patient was unknown and therefore a range of
resistances was assigned based on values found in the literature. Likewise, the
inlet flows were assigned based on waveforms derived from patients without
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AVMs, and scaled so that the total flow matched population averages reported
in the literature. The outlet boundary conditions for the arteries not feeding
the AVM (and the arteries in the AVM-free case) were based on morphome-
tric scaling laws, which have been shown to approximate the true resistance;
therefore, these outlet conditions cannot be truly considered patient-specific.
Thus, the calculations and conclusions cannot provide insight pertaining to the
patients from which the geometries were obtained. However, since the input
conditions are physiologically realistic, the results are physiologically relevant,
and the conclusions, regarding the need for patient-specific boundary condi-
tions and the nonlinear relationship between resistance and wall shear stress
can provide insight for researchers carrying out patient-specific modeling of
AVM-related aneurysms.

Another limitation of the study is the idealized treatment of the AVM and
other distal vasculature, lumping them into a single resistance value. While
it is well known that both AVMs and healthy distal vasculature have some
degree of compliance that can change the flow and pressure wave form [51],
inclusion of the compliance is only expected to change the temporal form of
the pressure, flow, and WSS waveforms, and not the time-averaged quantities.
This was verified on one of the present models, in which physiologically realis-
tic RCR outlet boundary conditions were applied. The temporal variation in
WSS changed relative to the resistance-only case, but the time-averaged WSS
changed negligibly; the change in time-averaged WSS due to the introduction
of distal compliance was smaller than the uncertainty associated with grid re-
finement (less than 5%). Due to the difficulty of estimating AVM compliance,
it was determined that a resistance-only outlet boundary condition was prefer-
able. However, it seems possible that with dynamic flow information, which
could be obtained from, say, 4D flow MRI, the lumped compliance of the AVM
and distal vasculature could be estimated in a patient-specific way.

5 Conclusion

The hemodynamic impact of arterivenous malformations (AVMs) on proximal
cerebral aneurysms was quantified using image-based modeling for 5 patients.
As expected, changing the distal resistance influences aneurysm wall shear
stress (WSS). However, the degree to which distal resistance influences the
WSS appears to be geometry-dependent, requiring detailed flow analysis to
make predictions for each patient. Importantly, we found that the relationship
between WSS and flow distribution is nonlinear. Therefore, image-based mod-
eling is required to predict the relationship between WSS and distal resistance,
and patient-specific boundary conditions are essential for predicting the WSS
magnitude.

More work is needed to definitively answer the question of aneurysm patho-
genesis; however, the results from our case studies support the hypothesis that
AVM presence may cause flow conditions that are associated with an increased
risk of cerebral aneurysm initiation and progression [21,20,7]. More impor-
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tantly, our study demonstrates that assigning outflow boundary conditions
without patient-specific flow information is not appropriate for hemodynam-
ics in aneurysms with associated AVMs and, in addition to patient-specific
geometries, patient-specific boundary conditions are also required. 4D flow
MRI is a promising approach that could potentially be used to obtain such
patient-specific boundary conditions.

Though the challenges inherent in incorporating the effect of AVMs in
patient-specific modeling are significant, we believe that there is significant
potential in developing an approach towards patient-specific modeling that can
provide insight for clinical decision-making regarding treatment of AVMs and
aneurysms, e.g. regarding which lesion should be treated first, or for predicting
the impact of a particular AVM treatment on an aneurysm located elsewhere in
the brain. Although in the cases explored in the present work, WSS increased
with reduced distal resistance, meaning that increasing resistance due to AVM
treatment leads to reduced shear stress, this trend will not always hold. For
example, a contralaterally located aneurysm may be subjected to higher WSS
following AVM treatment/increased distal resistance if extra flow were to be
diverted through the contralaterally located aneurysm. Once adapted for the
influence of AVMs, patient-specific modeling can be used to answer the latter
and related cerebrovascular hemodynamics questions.
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