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Abstract
Purpose Cerebral aneurysms are one of the prevalent cerebrovascular disor-
ders in adults worldwide and caused by a weakness in the brain artery. The most
impressive treatment for a brain aneurysm is interventional radiology treatment,
which is extremely dependent on the skill level of the radiologist. Hence, accu-
rate detection and effective therapy for cerebral aneurysms still remain important
clinical challenges. In this work, we have introduced a pipeline for cerebral blood
flow simulation and real-time visualization incorporating all aspects from medical
image acquisition to real-time visualization and steering.

Methods We have developed and employed an improved version of HemeLB
as the main computational core of the pipeline. HemeLB is a massive parallel
lattice-Boltzmann fluid solver optimized for sparse and complex geometries. The
visualization component of this pipeline is based on the ray marching method
implemented on CUDA capable GPU cores.

Results The proposed visualization engine is evaluated comprehensively and the
reported results demonstrate that it achieves significantly higher scalability and
sites updates per second, indicating higher update rate of geometry sites’ values, in
comparison to the original HemeLB. This proposed engine is more than two times
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faster and capable of 3D visualization of the results by processing more than 30
frames per second.
Conclusion A reliable modelling and visualizing environment for measuring and
displaying blood flow patterns in vivo, which can provide insight into the hemo-
dynamic characteristics of cerebral aneurysms, is presented in this work. This
pipeline increases the speed of visualization and maximizes the performance of the
processing units to do the tasks by breaking them into smaller tasks and working
with GPU to render the images. Hence, the proposed pipeline can be applied as
part of clinical routines to provide the clinicians with the real-time cerebral blood
flow related information.
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1 Introduction

A cerebral aneurysm (also known as intracranial aneurysms or brain aneurysms) is
a malformation in a brain vessel caused by a weakness in the vessel wall as shown
in Fig. 1. Accurate diagnosis, as well as efficient treatments of a brain aneurysm
in its early stages, are crucial for the patients who suffer from this brain disorder.
However, using intra-aneurysmal coils along with the stents in interventional ra-
diology treatments is the most effective and common approach deployed to treat
cerebral aneurysms [1]; it is still a clinically challenging intervention with high fail-
ure rates. This is due to the dependence of this approach on the skill level of the
radiologist in recognizing the vascular geometry and estimating blood flow related
information from the 2D and/or 3D medical images. Hence, providing clinicians
with vascular geometries and fluid flow mechanical parameters such as velocity
and pressure retrieved from the blood flow simulation can help them to have the
best prognosis and treatment for these patients.

Fig. 1: Brain aneurysm [2].

Recent developments in Computational Fluid Dynamic (CFD) techniques have
led them to be widely used in fluid flow simulations. Lattice-Boltzmann Method
(LBM) is a class of CFD’s designed for time-dependent simulation of large scale
systems by using a parallel implementation [3]. LBM can be efficiently imple-
mented on various parallel architectures from Field Programmable Gate Arrays
(FPGAs) [4] to General Purpose Graphical Processing Units (GPGPUs) [5] and
supercomputers [6].
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HemeLB is a fluid solver which utilizes parallel LBM to compute and analyze
the bio-mechanical modelling of the large scale fluid flow in complex geometries [3].
The original version of HemeLB uses CPU cores for the LBM computations and
rendering task and has been successfully implemented on open academic High-
Performance Computing (HPC) platforms such as ARCHER [7], Blue Waters [8],
HECTor, and SuperMUC [9]. The main objective of designing HemeLB is to enable
clinicians and radiologists to examine the cerebral blood flow behavior in the
human body [7,10].

Recently, some research has been conducted to optimize and deploy HemeLB
on cost-efficient platforms such as FPGAs and GPUs to speed up the simulation
for potentially applying the framework in medical environments [11]. Moreover, the
visualization solution for HemeLB introduced by Mazzeo et al. [12] can help radi-
ologists and surgeons explore the results in real-time. This visualization pipeline
simulates and visualizes the cerebral blood flow interactively. In their solution,
the rendering is implemented using an optimized ray casting technique integrated
into HemeLB. By employing this solution, the flow field data are rendered in situ
on the processors responsible for running the LBM and then are sent to a host
computer equipped with a graphical frontend. In fact, flow field simulation and
rendering are performed simultaneously on CPU cores and then rendered frames
are output to be visualized either locally or remotely.

Despite Mazzeo et al. [12] having integrated a real-time visualization engine
into the original version of HemeLB, they do not provide a complete solution for
applying HemeLB as part of clinical routines. It is essential to develop a powerful
pipeline for real-time monitoring of the hemodynamic variables of the cerebral
aneurysms; a pipeline which can be fully under the control of clinicians and gen-
erate the real-time visual results from the input medical images. Additionally, the
performance of their visualization engine is limited to the CPU cores responsi-
ble for the rendering task. With rapid improvement of the resolution of medical
images over recent years, a powerful visualization engine is required to serve clin-
icians with 3D description of the data. Considering the fact that analyzing and
processing the medical images with high dimension are computationally expensive,
GPU’s are more suitable for rendering and processing medical images [13,14].

In this paper, we introduce an efficient integrated patient-specific cerebral
aneurysm blood flow simulation and real-time visualization framework. The pro-
posed pipeline covers all the stages required for blood flow simulation from image
acquisition to result visualization in the clinical time frame. We used HemeLB
fluid solver as the main computational core of the pipeline to investigate the cere-
bral blood flow behavior. In this study, we focus on visualizing pressure, velocity,
and wall shear stress which are important parameters in brain aneurysm diagno-
sis. A real-time GPU rendering engine based on the original HemeLB code has
also been introduced. This visualization component is implemented on Compute
Unified Device Architecture (CUDA) capable GPU’s with the aim of accelerating
the image rendering. In addition, a set of comprehensive tests using data from real
patients and phantom models has been carried out to evaluate the accuracy and
performance of the presented rendering engine. The reported results demonstrate
that the proposed GPU rendering achieves better performance in comparison to
the original HemeLB rendering and hence our pipeline is assuredly appropriate
for the clinicians to conveniently discover and analyze the 3D simulation outputs
from the input medical images in real-time.
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This paper begins with introducing the various components of the pipeline in
Section 2, then goes on to focus on the visualization approach in Section 3. The
pipeline implementation and performance analysis are presented in Section 4 and
5, respectively. Finally, the paper is concluded in Section 6.

2 Blood Flow Simulation and Visualization Pipeline

This integrated pipeline provides users with real-time visualized results of the
hemodynamics in brain aneurysms generated from the input Digital Imaging and
COmmunications in Medicine (DICOM) images. Every stage in the process of
cerebral aneurysm treatment, from image acquisition and segmentation to result
visualization and steering, is addressed in this environment. Fig. 2 illustrates the
pipeline with different stages. They include medical image acquisition, image seg-
mentation and meshing, simulation configuration, computational fluid dynamics
simulation, and results visualization. A visualization platform design with the aim
of providing clinicians with a smooth and interactive environment is also included.
This platform helps users access each component of the pipeline conveniently. The
pipeline components are described in the following sections.

Fig. 2: Proposed real-time blood flow simulation and visualization pipeline.

2.1 Medical Image Acquisition

The first and early step in cerebral aneurysm detection and therapy planning
is providing medical images of the brain under investigation. The major imag-
ing methods used for neuro-imaging of cerebral aneurysms are: Computed To-
mography Angiography (CTA), Magnetic Resonance Angiography (MRA), Digi-
tal Subtraction Angiography (DSA), and 3-Dimensional Rotational Angiography
(3DRA).

CTA: If the clinical suspicion level is high, but there is negative non-contrast
CT, the CTA is useful to detect the ruptured brain aneurysms [15]. However,
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current multi-detector scanners can reliably detect aneurysms greater than 4 mm
with 100% sensitivity [16,17].

MRA: This is more advantageous than CTA since it does not have ionization
and is able to obtain images even without intravenous contrast agents. However,
Contrast Enhanced MRA (CE-MRA) is found to be superior to Time Of Flight
TOF MRA (TOF MRA does not use contrast agents) because it can eliminate flow-
related artifacts [18]. 3T MRA can better visualize small branch vessels compared
to CTA. Presently, machines with 1.5 T and 3 T have spatial resolution 1 mm [19]
and 0.6-0.7 mm [20], respectively. However, because of higher cost and longer
acquisition times, MRA is not preferred.

DSA: Majority of the ruptured aneurysms are found small [21] and DSA is
useful to detect such aneurysms when CTA and MRA miss them. DSA too requires
ionizing radiation and iodinated contrast like CTA. However, the procedure is
invasive requiring highly skilled operator in order to guide the catheter to the
major intracranial vessels.

3DRA: This has higher sensitivity and can detect aneurysms who sizes are
less than 3 mm and can go until 0.5 mm [22]. Van Rooji et al. [22] have reported
that 94 additional aneurysms were detected that were missed by CTA and MRA.
27 out of these 94 aneurysms were even missed by DSA.

Therefore, 3DRA is presently the preferred choice by the clinicians as compared
to DSA, MRA, and CTA. Accordingly, we have used 3DRA images as the input
in the current pipeline.

The datasets used in this paper have been obtained from two different imaging
systems: Artis Axiom Angiography Interventional system by Siemens, and the
Allura FD20/15 Interventional Neuroradiology X-ray system by Philips, located
at Hamad Medical Corporation (HMC) in Qatar. On average, there are 400 slices
in each dataset acquired along the long axes of the subjects [23]. The average slice
thickness, matrix size, and pixel spacing is 0.29 mm, 512 � 512, and 0.29 mm �
0.29 mm, respectively. Five subjects of 3DRA carefully selected by HMC clinicians
are shown in Fig. 3.

These input images can be taken from real patients or phantom model of a 3D
printed generic aneurysm which is used in this work to evaluate the results. Fig. 4
illustrates the schematic of the phantom setup. In this setup, fluid flows through
the phantom and circulates back to the reservoir tank through plastic tubes. A
medical Y connector allows the secure access of the microcatheter and the pressure
sensor.

2.2 Image Segmentation and Meshing

Two different segmentation methods have been applied at this stage. The first
method is based on the technique presented by Zhai et al. [24]. In their study,
aneurysm segmentation is carried out using wavelet transform and hard thresh-
olding algorithm. This segmentation technique consists of the following six steps
and is represented as Algorithm 1 and 2 in Online Resource 1.

1. Normalize intensity propagation of 3DRA image to [0-255].
2. Apply Haar wavelet decomposition on the normalized slice image.
3. Apply hard thresholding on the approximated coefficients.
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