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Abstract: Patient-specific vascular modeling involves three main steps: image 
processing, analysis suitable model generation, and computational analysis. Analysis 
suitable model generation currently suffers from difficulties and complications, which 
often necessitate manual intervention and crude approximations. Because the 
modeling pipeline spans multiple disciplines, the benefits of integrating a computer-
aided design (CAD) component for the geometric modeling tasks has been largely 
overlooked. In this paper, we present a CAD-integrated template-based modeling 
framework that streamlines the construction of solid NURBS (non-uniform rational 
B-spline) vascular models for performing isogeometric finite element analysis. 
Examples of arterial models for mouse and human circles of Willis and a porcine 
coronary tree are presented. 

1 Introduction 
Patient-specific modeling is a relatively new paradigm in medical planning that 
utilizes computational tools on anatomical and physiological data to individualize 
patient care. It has the potential to optimize surgical procedures and to improve 
diagnosis and treatment of a number of common illnesses. To these ends, image-
based patient-specific modeling techniques have been used to study various organs 
and tissue dynamics including the heart, the brain, bones, teeth, kidneys, tumors, 
lungs and the cardiovascular system [1]. Patient-specific vascular modeling (PSVM)  
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in particular has enjoyed a great deal of attention from researchers since the 
pioneering work of Taylor et al. in [2,3], and remains an active field of study [4–6]. 
PSVM makes possible the detection of coronary artery disease [7], treatment planning 
such as stent placement and optimizing bypass graft location [8,9], nanoparticulate 
drug delivery [10–13] and abdominal aortic aneurysm and cerebral aneurysm 
assessment [14,15]. 
 

 
 

 
 
PSVM involves three fundamental steps: (1) image processing, (2) analysis suitable 
model generation, and (3) analysis (Figure 1). First, the scanned images are 
segmented, or classified into meaningful regions to extract the geometry of the 
volumes of interest. Next, an analysis suitable solid geometric model is generated 
from the segmented images. Typically, solid models of blood vessels are constructed 
by (a) extracting a set of points (a contour) approximating the inner boundary (the 
lumen-wall interface) of a vessel on an offset stack of segmented two-dimensional 
(2D) image slices, (b) interpolating the contour with a curve, (c) lofting a surface 
through the interpolated curves, (d) joining the surfaces together to form a network, 
and (e) meshing, or infilling, the bounded surfaces to define the volume of the 
vascular network [16]. In the past several years, there has been an increased tendency 
to utilize three-dimensional (3D) segmentation methods to extract triangulated surface 
meshes from which volumetric meshes are generated [17–19]. Finally, a finite 
element, finite difference, or finite volume method is used to solve the incompressible 
Navier-Stokes equations on the generated mesh to simulate the velocity and pressure 
profiles of the blood flow in the vasculature [20–22]. 
 
Among the existing patient-specific analysis techniques, finite-element-based 
isogeometric analysis (IGA) [23] has gained significant traction in recent years [24–
29]. The development of IGA was motivated by a desire to seamlessly integrate 
engineering design and computational analysis. Prior to the conception of IGA, 

Simulation results

Analysis ( e.g.,  IGA, FEA, etc. )

Analysis suitable
model generation

( e.g.,  NURBS, quads, 
               tets, hexes, etc. )
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Filtering of noise
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Fig. 1 Flowchart depicting the main steps in a typical vascular 
patient-specific modeling pipeline: 1) Image processing, 2) 
Analysis suitable model generation, and 3) Analysis. 
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performing finite element analysis (FEA) on a computer-aided designed (CAD) object 
required the creation of an analysis suitable mesh that only approximated the original 
CAD object. Not only does this reduce the accuracy of the final solution, but for large 
objects, creating the analysis suitable mesh can take a design team a few weeks or 
more to complete, consuming up to 80% of the total analysis time [30]. To 
circumvent the mesh generation process and its unnecessary geometry 
approximations altogether, IGA uses the same basis functions for approximating the 
solution space as the ones used in representing the geometry in CAD software. In this 
isoparametric framework, the analysis suitable model becomes equivalent to the CAD 
model. As a consequence, IGA has the distinct advantage of performing analysis on 
exact geometries, even for the coarsest mesh. In addition, the IGA approach can take 
advantage of extensive CAD software functionality in producing geometric models 
and corresponding geometric information.  Furthermore, once a geometric model is 
created in CAD, a traditional FE mesh can be constructed if desired, making a CAD-
integrated approach suitable for both traditional FEA as well as IGA.  
 

The engineering design standard for modeling curves and surfaces in commercial 
CAD software, including AutoCAD®[31], SolidWorks®[32], Rhinoceros® 
(Rhino)[33], and CATIA[34], are Non-Uniform Rational B-Splines, or NURBS. 
There are many benefits in using NURBS for design as well as for analysis. For 
design, NURBS are not only capable of representing conic sections exactly but they 
are very convenient for free-form surface modeling [35]. For analysis, NURBS have 
excellent approximation properties important for computing accurate solutions. 
Particularly for vascular modeling, a NURBS-based parameterization of the fluid 
domain has many advantages. For example, a smooth geometric representation is 
imperative for obtaining accurate solutions, especially for critical near-wall quantities 
such as wall shear stress and wall shear stress gradient [36]. A cylindrical 
parameterization of the vasculature is more natural due to the inherent tubular 
structure of arteries. This allows for simple local refinement schemes of the mesh near 
the artery walls, which is necessary for accurately capturing flow features in the 
boundary layer [25]. NURBS-based parameterizations also make possible geometric 
sensitivity analysis for uncertainty quantification [37]. Additionally, the recent 
implementation [38,39] to convert NURBS data to a format readable by ABAQUS®, 
a popular analysis software, has made the traditional design-through-analysis process 
even simpler.  
 
Though CAD software is the standard for creating and manipulating geometric 
models in production engineering design (e.g., automotive, aerospace and commercial 
products), it also offers many specific advantages for modeling patient-specific 
vascular geometry. For example, using a CAD graphical user interface (GUI) 
provides the developer the ability to rotate, pan, and zoom in geometric features while 
troubleshooting code. This can save developers significant time compared with 
debugging by the conventional way of interpreting textual outputs. Additionally, 
developers can interface with CAD software at even lower levels. For example, a 
developer can build custom applications using the CAD geometric library, or kernel. 
The geometric operations in the CAD kernel have been extensively optimized to offer 
the developer very fast routines. Alternatively, one can use external applications with 
real-time CAD interfaces or even run scripts and macros through the CAD software 
itself. Finally, a CAD- based modeling approach offers the ability to quickly edit 
and/or manipulate geometric features. For example, stents, catheters, bypass grafts, 
and so on can be incorporated into vascular models to inform treatment planning. 
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Despite these inherent advantages, there are no pipelines that currently exist utilizing 
CAD to reconstruct patient-specific NURBS-based vascular models for IGA. To 
illustrate this point, a Venn diagram representing the state-of-the-art in computational 
modeling pipelines is provided (Figure 2). The diagram is split vertically into two 
categories based on geometry; idealized geometries (left) and patient-specific 
vascular geometries (right). Idealized geometries include descriptions explicitly 
defined and created by a designer, whereas patient-specific vascular geometries 
originate from medical images, sampled through scanned sources. Horizontally, the 
diagram is divided by analysis type; pipelines that use the finite element method (top) 
and those that use IGA (bottom). Finally, each of these four sections is subdivided 
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Fig. 2 Categories of modeling pipelines. Left: Idealized geometry pipelines, including design 
of engineering parts as well as geometric simplifications such as cylindrical tubes used to 
approximate complex vasculature. Right: Patient-specific vascular modeling pipelines. The 
figure is also split vertically by analysis approach; finite element analysis (FEA) pipelines 
(top) and isogeometric analysis (IGA) pipelines (bottom). The center of the figure represents 
pipelines that utilize CAD software. The domain of CAD integrated patient-specific IGA 
(blue region) is currently severely underutilized. 
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into two by the red circle representing utilization of CAD software somewhere in the 
pipeline (inside the circle) or not (outside the circle).  
 
The vast majority of patient-specific modeling pipelines presented in the literature 
have adopted the traditional finite element method for their analysis technique (top-
right quadrant) [7,40–45], with little or no CAD integration. Exceptions include 
Taylor et al. [3] and Graziano et al. [46], who incorporated CAD software for 
creating 3D geometries before forming a tetrahedral mesh from the geometry and 
finally applying finite element analysis. Others, including He et al. [47] and Marsden 
et al. [48], have used CAD to edit and manipulate geometries after segmentation and 
reconstruction. Since the introduction of IGA in 2005 [23], it has been used widely on 
modeled geometry, or geometry designed by a user (bottom left quadrant) [49,50] 
including medical devices such as heart valves [51] and vascular stents [28]. Though 
IGA was invented to fully integrate the design process with analysis, many 
researchers have not incorporated CAD technology within their IGA framework 
[52,53]. A similar trend is observed in patient-specific IGA (bottom right quadrant), 
which has been limited in use thus far. This is primarily because of the challenges in 
creating analysis-suitable NURBS geometries from imaging data using purpose built 
codes, without the assistance of a CAD library. Despite the difficulty, Morganti et al. 
have embedded a CAD-designed aortic valve into a patient-specific aorta geometry 
using Matlab [29]. When it comes to vascular NURBS modeling for IGA, the 
template approach proposed by Zhang et al. [25] is the only vascular network pipeline 
available in the literature. Though this approach allows for handling complex 
branching networks in a NURBS framework for IGA, the modeling process is still 
prohibitively slow for large, complex networks. Additionally, sampling the arterial 
geometry, which is required for an anatomically correct model, is difficult to 
automate and therefore slow to execute without utilizing CAD libraries. In the finite-
element based vascular modeling community, this operation is often circumvented to 
speed up modeling time by representing the geometry as uniform diameter tubes 
[54,55]. This approach is inappropriate for many applications where flow features are 
strongly determined by local geometry variations such as in atherosclerosis [56,57] or 
aneurysms [41]. 
 
Considering the benefits of a NURBS-based vascular modeling approach, especially 
in the context of IGA, and the absence of an efficient, anatomically accurate, and 
semi-automatic modeling procedure, there is an overwhelming need for a NURBS-
based modeling pipeline that can efficiently process complex vascular models for a 
large population of patient data. To these ends, this paper proposes a CAD-integrated 
vascular modeling pipeline (see the blue region in Figure 2). Leveraging CAD 
software and its built-in geometric modeling and editing operations allows for quick 
code development for ensuring the two critical vascular modeling requirements; 
handling arbitrary vascular topology, and accurately sampling the imaging data to 
impose anatomical accuracy. This novel pipeline makes possible the efficient creation 
of complex NURBS-based patient-specific vascular geometric models. ` 
 
The paper is organized as follows. In Section 2 we briefly review the concept of 
template-based vascular NURBS modeling. In Section 3 we discuss the prominent 
features of our proposed CAD-integrated modeling pipeline. To instantiate the 
procedure, an example creating an authentic vascular model of a mouse circle of 
Willis from a computerized tomography (CT) scan of a mouse brain is followed. In 
Section 4 we present three example applications of our methodology including a 
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mouse circle of Willis model, a complex porcine coronary artery tree model, and a 
human circle of Willis model. Finally, in Section 5 we discuss various key aspects of 
our modeling approach and future work. 

2. Template-based vascular modeling approach 
The CAD-based vascular modeling pipeline presented in this paper builds on the 
template-based methodology introduced by Zhang et al. in [25]. This technology has 
been widely utilized in IGA based cardiovascular research [12,13,24,26,27,58]. A 
brief review of the relevant steps is outlined below.  
 
To create an analysis suitable model from the triangulated surface mesh generated 
from the segmented imaging data, first Voronoi and Delaunay diagrams are used  
to extract a centerline path, or skeleton, of the geometry. From there, an analysis 
template is formed from the skeleton by sweeping the control polygon of the cross-
sections along the skeletal path. Zhang et al. [25] provide an extensive set of 
templates for handling a variety of  possible arterial branch intersections. Once the 
geometry template has been laid out through the skeleton-based sweeping method, the 
geometry of interest must be fit to the template by adjusting the control points of the 
NURBS mesh. First, the interpolatory control points are moved along the radial 
direction to the true surface.  Then, the non-interpolatory points are placed at the 
intersection of the tangent lines to the true surface passing through the two 
neighboring interpolatory points (see [25] for further details). This approach enforces 
G1-continuity of the surface circumferentially and the analysis-suitable model is now 
complete. It should be noted that the geometry error of the NURBS model with 
respect to the imaging data can be improved by increasing the number of cross-
sections assigned to the template and/or by increasing the number of control points 
used to define the cross-section itself. Computational fluid dynamics (CFD) analysis 
can now be implemented using the model to inform diagnosis, prognosis, and 
treatment.  
  
The pioneering approach outlined above helped bring together the seemingly 
disparate components of medical image processing, analysis suitable model 
generation, and IGA. Inventing coupling between these steps is a difficult task 
considering the significant differences in technologies utilized, skills required, and 
user specializations. The template approach does well in defining a mapping from 
imaging data to geometric objects defined as multivariate splines, but is limited in its 
ability to handle topologically complex arterial networks. Hence, an advanced 
framework leveraging CAD functionality is necessary to successfully manage these 
difficulties.  
 
The traditional engineering design-through-analysis pipeline starts with the use of a 
CAD system for the geometric modeling portion of the process and then uses this 
CAD model as a basis for computer-aided engineering (CAE) operations, in 
particular, computational analysis [56,57]. This paradigm has a long development 
history and, even as a highly refined methodology, continues to evolve in order to 
address the growing demands of both geometric modelers and engineering analysts 
[61,62]. As documented by Hughes et al. [23,30], moving from finite element 
analysis (FEA) to IGA in CAE allows for a higher degree of integration between 
CAD and CAE which saves time, reduces cost and increases the accuracy of the 
simulation. Recognizing this, Breitenberger et al. [63], Hsu et al. [50], and 
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Belibassakis et al. [64] have developed IGA tools integrated directly into CAD 
packages for the design and analysis of many structures, ranging from wind turbine 
blades to ship-hulls. 
 
The majority of PSVM implementations to date follow the process shown in Figure 1 
[29,42,47,65–84], starting with medical imaging data as an input and then processing 
the data into a suitable model for analysis, and finally applying computational 
analysis. This is a similar pipeline to the traditional engineering design-through-
analysis pipeline described above, but with the additional medical image-processing 
task. In most PSVM pipelines, the modeling power offered by a CAD program is not 
employed because of the assumption that if the source of the modeling data is 
sampled from images, then the tools offered by a CAD resource are not appropriate 
[85,86]. This suggests that generating models from scratch is the only modeling 
capability and paradigm of a CAD system [87]. CAD systems are often 
misunderstood as a technology limited to modeling machined mechanical parts and 
not complex freeform, organic geometries, especially by the medical imaging and 
biomechanical communities [88]. The truth is that CAD software is agnostic to data 
source and should rather be thought of as a workbench of geometric and topological 
tools – a geometric library for all modeling purposes. Proof of this can be seen in 
CAD systems that explicitly offer resources for the medical field [89–91], or offer 
CAD based services and products for patient-specific modeling [92–94]. The patient-
specific vascular modeling pipeline introduced herein extensively uses CAD libraries 
and functionalities. 

3. Method  
In this section, the CAD-integrated pipeline developed for the purposes of 
constructing spline representations of patient-specific vascular networks is detailed. 
The main steps include post-processing of a triangulated artery surface mesh 
generated from segmented 3D imaging data, extraction of spline centerlines from the 
triangulated surface mesh, construction of spline surfaces from the triangulated 
surface mesh and centerlines, and finally creating solid, or trivariate, splines from the 
spline surfaces. The workflow is outlined in Figure 3. The underlying mathematical 
equations and algorithms are beyond the scope of this paper, but can be found in 
standard CAD literature.   

3.1 Triangulated Surface Mesh Post-Processing and Centerline 
Extraction 

The triangulated surface mesh generated from segmented imaging data may contain 
geometric features and degeneracies that prohibit downstream processes. These items 
include duplicate vertices, duplicate edges and faces, non-manifold vertices and 
edges, holes and openings at arterial branch ends (missing end caps), and so on. These 
features are especially detrimental to the sensitivity of the centerline-producing 
algorithm. A mesh healing and repairing step is carried out semi-manually using 
MeshLab [38]. Like any geometry cleaning operation, care must be taken not to 
distort, smooth or remove important characteristics and attributes found in the raw 
data. This is largely carried out visually at the discretion of the user, although 
MeshLab does offer valuable metrics as feedback when applying various operations. 
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In a sweep-based algorithm, centerline data is necessary for establishing the topology 
of the arterial network, as well as acting as the guide to the surface generator [95]. 
Many programs exist for centerline extraction, including starlab-mcfskel [96], VMTK 
[97], and Mimics Innovation Suite [98]. For our CAD-integrated pipeline, a simple 
procedure was implemented in Grasshopper [99] to compute samples of the 
centerline. In the triangulated surface mesh, each vertex along with its associated 
surface normal vector is used to compute one centerline sample. The centerline 
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sample for a specific vertex is the point halfway between the vertex and the point on 
the mesh lying across from it. The point across from the vertex is defined as the 
intersection of the surface mesh with the inward normal vector of this vertex. This 
procedure has worked well and produces practical results for vascular geometries. 
The centerline samples are then imported into the CAD software, and a subset of the 
points are manually selected as control points for the centerline spline representations. 
 

3.2 NURBS Surface Construction 

Next, we describe the algorithms used to build a spline representation of the arterial 
surface from both the triangulated surface mesh and the corresponding spline curve 
centerlines. We start by defining a few frequently used terms while walking through 
an example for a single artery branch with arbitrary shape (Figure 4).  

 

 
 
Assume that a triangulated surface mesh, along with the centerline of the geometry, is 
provided as the input. Sampling frames are used to sample the surface mesh, in other 
words, to compute the intersection of the triangulated surface mesh with the sampling 
frame surface. The standard sampling frame is a square-shaped surface lying 
orthogonal to and centered about the centerline of the artery (the blue frames in 
Figure 4). A folded sampling frame is simply a standard frame that is allowed to fold 
like a greeting card about either of two possible folding axes (Figure 5).  
 
The collection of all sampling frames for the model is referred to as a sampling frame 
scaffold (Figure 4). A sampling frame scaffold is said to be smoothly varying if the 
changes in orientation and folding angle of neighboring sampling frames is 
minimized. The result of sampling the triangulated surface mesh on the sampling 
frames is a polyline, or a continuous line composed of multiple line segments (Figure 
4). The polylines from each sampling frame are then interpolated with a NURBS 
curve using the sampling frame template (Figure 5). Here, 9 control points are used to 
interpolate the line using the control point weights associated with a 9-control-point 

Triangulated surface mesh

Centerline
Sampling frame

Intersection polyline

Fig. 4 Defining the sampling frame scaffold. The triangulated surface mesh and its associated 
centerline are provided as inputs. Sampling frames (blue cross-sections) are evenly spaced along 
the centerline. The sampling frame scaffold is defined as the set union of all the sampling 
frames. Once the scaffold is set, the intersection of the triangulated surface mesh with each 
sampling frame is computed with a Rhino command (red polylines). 
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circle. Other templates, including 
13- and 17-control-point circles can 
be used to minimize the error in the 
geometry approximation. For this 
algorithm (though it is not required 
in general), 𝐶! continuity is 
enforced at four control points 
(1,3,5,7, as well as the repeated 
control point 9 at the location of 
control point 1). The sampling 
frame is able to fold about two 
axes: one passing through control 
points 1 and 5 and the other passing 
through control points 3 and 7. 
These two axes are referred to as 
the folding axes of the sampling 
frame. Optimal locations for control 
points 2, 4, 6, and 8 must be 
computed to best interpolate the 
intersecting polyline of the 
triangulated surface mesh with the 
sampling frame. Finally, the 
NURBS curves are lofted along the centerline to form a NURBS surface.  
 
 There are a few additional terms to define when handling arterial networks with more 
than one branch. An intersection point is the point where three or more arterial 
centerlines meet (Figure 8). An intersection is said to be conformal if the sampling 
frames along each centerline involved in the intersection do not cross each other. For 
this to occur, the centerlines of the branches at each intersection must share half of 
their sampling frame with their appropriate neighbor. The templated approach from 
[23] is used to ensure conformal 
intersections. Though it is possible to 
implement any type of intersection, only 
planar intersections, or intersections for 
which the involved centerline branches 
join on a plane, are implemented in the 
current algorithm since these are by far the 
most commonly seen in patient data. Also, 
to simplify the language, all intersections 
are assumed to be bifurcations (one 
arterial branch splitting into two) in the 
following description of the algorithm. 
The generalization for other planar 
intersections is straightforward.  
 
The Grasshopper script is divided into 
three main tasks; (1) creating smoothly 
varying sampling frames along the arterial 
network centerlines with conformal 
intersections, (2) sampling the triangulated 
surface mesh on each sampling frame and 

Unfolded sampling
frames

Fig. 6 Intersecting sampling frames, like 
the ones circled here, are prohibit the 
creation of analysis-suitable geometries. 
The sampling frames on each branch 
(light red, dashed blue, bold green) 
overlap each other (circled) near the 
intersection point. To prevent this, a 
folding scheme is introduced to 
specifically handle the sampling frames 
near intersection points 

1 2

3

456

7

8 9

Folded sampling frame

Sampling frame

Fig. 5 An example of a single sampling frame and 
the 9 control points used to interpolate (blue 
curve) a polyline (red line). The two possible 
folding axes (black dashed lines) are shown. 
Interpolatory controls points (white cubes) lie on 
the folding axes so that the interpolated curve lies 
on the sampling frame even after folding (b). 
Spherical control points (2,4,6,8) are the control 
points to be adjusted within the sampling frame to 
interpolate the sampled polyline. 
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finally, (3) lofting a smooth NURBS surface. In the following subsections, each of 
these steps is explained in detail.  

3.2.1 Sampling Frame Scaffolding 

The goal of this task is to create a smoothly varying sampling frame scaffold with 
conformal intersections. To achieve this, a modularized framework is employed 
leveraging the powerful and robust algorithms included in the CAD software Rhino 
and Grasshopper, along with the available RhinoCommon SDK (software 
development kit).  

 

For a single artery, the naïve scaffold presented in Figure 4 works perfectly well. 
However, for a network of connected arteries, the naïve approach must be improved 
for two reasons: (i) to form a valid, parameterized NURBS surface, sampling frame 
scaffolds must have conformal intersections (Figure 6) and therefore the frames must 
appropriately fold near intersections, and (ii) for branches with an intersection at each 
end, properly folding the sampling frames on both ends requires an incremental 
rotation of the frames about the centerline (Figure 7).  
 
To prevent sampling frames from crossing each other, the frames are folded near each 
intersection point. To accomplish this, first, an intersection plane (Figure 8) is defined 
at each intersection point using three points lying on each centerline at a specified 

40°
20°

10° 20° 30°

Middle Segment

End Segment

End Segment

Bifurcation Plane Normal

Bifurcation Plane Normal

Fig. 7 An example of sampling frame rotations near intersection points. Both ends of the branch 
shown are connected to two other branches. Therefore, each end is an intersection point. The 
normal of the intersection plane is the labeled solid black line on each end. To create the 
sampling frame scaffold for this branch, first, the dashed sampling frames are evenly spaced and 
oriented according to the local normal and bi-normal vectors of the curve. Next, for the sampling 
frames on the ends, the amount of rotation required to align either the normal or bi-normal vector 
with the intersection plane normal vector is computed (40° for the left side and 30° for the right). 
Finally, the frames are sequentially rotated back to align with the sampling frames in the middle 
section. 
 



 

12 

offset distance 𝜀 from the intersection point. The intersection of the triangulated 
surface mesh with this intersection plane forms three separate polylines (Figure 8). 
The closest points on each of these polylines to the intersection point are found, and 
then lines are formed from each of these points to the intersection point itself. 
Extruding these lines perpendicular to the intersection plane defines the sampling 
frames at the intersection for the three centerlines involved. This procedure 
guarantees that the sampling frames have conformal intersections.  
 

  

 
To transition from a sampling frame folding angle of 𝛼 (< 180°, see Figure 9) at the 
intersection point to a perpendicular sampling frame in the middle section of the 
artery segment, the sampling frames must successively unfold moving away from the 
intersection point. This is done by adding an angle of 𝛽 = !!"°!!

!
 to each successive 

sampling frame for 𝑛 number of frames, where 𝑛 is specified by the user. This 
approach naturally divides each arterial branch into three segments; the middle 
segment where standard sampling frames are used (lying perpendicular to the 
centerline), and two end segments where sampling frames are gradually folded into 
their corresponding intersection point. In practice, the two end segments can take 
some effort to handle correctly. For instance, centerlines might need to be adjusted 
near intersection points to define an appropriate intersection plane, which intersects 
the triangulated surface mesh in such a way that three distinct polylines are formed. 
Also, centerlines might need to be corrected to form an appropriate 𝛼 angle for each 
of the three branches joining the intersection point. Ideally, for bifurcations, 
𝛼 ≅ 120° is an optimal angle between each pair of branch centerlines. Very small 𝛼 
angles are more likely to lead to non-conformal sampling frames. Fortunately, CAD 
software allows for easy adjustments of curves through control point manipulation 
and an intuitive and powerful GUI.  
 

Intersection plane

Triangulated surface mesh

εε

Fig. 8 Three centerline branches join at an intersection point (center black dot). An intersection 
plane (circle) is defined by three points (blue dots), one on each branch, a small distance 𝜖 
from the intersection point. The intersection of the intersection plane with the triangulated 
surface mesh is computed and shown as 3 bold and black polylines. The closest point on each 
of these polylines is computed (green dots) and a line is drawn to connect these points to the 
intersection point. These lines help to define the folding of the sampling frames required on 
each branch at this intersection point.  
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For the second alteration to the 
naïve scaffolding approach, the 
orientation of the sampling 
frames about the centerlines is 
considered. The orientation of 
a standard (unfolded) sampling 
frame can be determined by the 
direction of the folding axes of 
the frame. As described above, 
the normal vector of the 
intersection plane determines 
the orientation of a sampling 
frame at an intersection point 
because one of the folding axes 
must be aligned with it to fold 
in a conformal way with the 
other branches involved in the 
intersection. If the other end of 
the branch is free (does not 
have an intersection point), 
then the problem of orienting the other frames is simple; namely, eliminate any 
relative rotation of the folding axes between neighboring sampling frames. If, 
however, the other end of the branch is another intersection point, the discrepancy 
between the orientations of the two sampling frames on either end of the branch must 
be reconciled. The approach taken here (Figure 7) is to (1) orient all the frames in 
such a way that eliminates the relative rotation of the folding axes between 
neighboring sampling frames; (2) compute the angle, 𝛽, between the normal vector of 
the intersection plane and the two possible folding axes of the sampling frame at the 
intersection point (choose the minimum angle between the two options for the folding 
axis); and finally (3) reorient the sampling frames in the end segments such that the 
orientation of each frame relative to the orientation of the sampling frame on the end 
is increased by !

!
 degrees, where 𝑛 is the number of sampling frames in the 

corresponding end segment. For example, in Figure 7, the sampling frame on the left-
most end has 𝛽 = 40° while the frame on the right has 𝛽 = 30°.   Since the end 
segment on the right has three sampling frames, each subsequent frame is rotated by 
10° each moving towards the middle segment.  
 
In summary, the correct order of operations to form the sampling frame scaffold is to 
execute the following steps for each centerline branch of the arterial network.  If both 
ends have intersection points, perform the sampling frame rotation steps, followed by 
the sampling frame folding steps. On the other hand if only one end has an 
intersection point, perform steps (1) and (2) of the sampling frame rotation steps. 
Then apply the rotation found in step (2) to every sampling frame on the branch, 
followed by the sampling frame folding steps. Finally, after every sampling frame on 
each branch has been positioned and oriented according to the folding and rotation 
scheme described above, the sampling frame scaffold is complete. The polylines 
defined by the intersection of each sampling frame with the surface mesh are 
computed. 

β = (180º - α)/n

α

α + β

α + 2β

α + 4β

α + 3β

Fig. 9 Example of sampling frames folding to an 
intersection point (black dot). The sampling frame on 
the end is folded to an angle of 𝛼. Each sampling 
frame is then sequentially unfolded until the middle 
section sampling frames are reached.  
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3.2.2 Interpolation and Lofting 

To form a NURBS surface, each polyline must be interpolated with a B-spline curve 
and then all the frames’ B-spline curves can be lofted to form a NURBS surface. For 
this stage, the polylines from each sampling frame are provided as the input. The 
interpolation scheme produces the correctly ordered and oriented NURBS curves as 
output. The location of the template control points can then be adjusted to best fit the 
polylines. The only requirement for this algorithm is that the template must have 
interpolatory control points on the two folding axes. This is to ensure 𝐶! continuity at 

g.

f.

e.

d.

c.

b.

a.

CAD-integrated
component

Input

Fig. 10 The steps in the CAD-integrated workflow in creating a vascular model of a mouse circle 
of Willis. The input data consists of a) the triangulated surface mesh of the arterial network and b) 
the spline curve centerlines. Next, the CAD-integrated implementation sequentially processes the 
input by c) defining the intersection planes are each intersection point and d) defining the sampling 
frames at each intersection point. Next, e) all sampling frames are found by computing the proper 
rotation and folding angle for each frame and the mesh is sampled to form polylines on each frame. 
Then, f) the polylines are interpolated with an n-point NURBS curve (9-point template used here) 
on each frame and g) the NURBS curves are lofted to form the NURBS surface.  
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these points, which implies that the template can fit onto a folded frame (see Figure 
5). Various interpolation algorithms and fitting operations can be dynamically 
compared and swapped in real-time. Topological information, including which 
control points on adjacent branches are collocated, is also produced in this step. 
Figure 10 depicts an overview of the various steps involved in generating the NURBS 
surface mesh of a portion of a mouse circle of Willis vasculature. The control points 
are ordered for direct exporting along with the center point of each sampling frame. 
The center point is necessary for creating the volume mesh. Depending on the use of 
the data in downstream stages outside the CAD package, various export schemes can 
be utilized to write out file types of differing formats; either standard CAD formats or 
user-specific formats.  

3.3 Volumetric NURBS Mesh Generation 

A 3D solid NURBS model is created from the NURBS surface generated above. A 
control net in three coordinate directions with respective weights must be specified 
along with a trivariate knot vector set to generate the solid NURBS model. Figure 11 
illustrates an idealized artery segment. The coordinate directions in the parametric 
space are labeled ζ, η, and ξ representing the circumferential, radial, and axial 
directions, respectively (Figure 11a). Each cross section (holding ξ constant) contains 
9 circumferential control points where the first and last control points coincide, and 
two control points in the radial direction. The 9 innermost control points (in green) 
are then collapsed into a single point on the centerline (Figure 11b). This forms the 
cross-section for the lumen, whose surface edge is a smooth interpolation of the 
bounding triangulated surface mesh that can be connected to neighboring cross-
sections to create the solid NURBS cylinder. Figure 11c shows the solid NURBS 
control net for a subject-specific artery segment. Any choice of degree and knot 
complexity can be introduced in the three coordinate directions in order to capture 
desired geometric details and to provide higher order of continuity for more accurate 
solutions.         

 

 

4 Results 
In this section we present applications of our modeling approach with three example 
geometries, two in which realistic blood flow features were simulated (see Figures 12, 
13, and 14). Figure 15 provides error maps and corresponding histograms as a 
measure of modeling accuracy. 

η
ξ

ζ

a. b. c.
Fig. 11 The definition of a solid NURBS model of an idealized artery: a) a cylindrical annulus 
with nine outer control points (one duplicate point) and nine inner control points (green), b) the 
inner control points are moved to coincide on the centerline of the cylinder, thus constructing a 
solid NURBS model of an idealized arterial lumen. c) The solid NURBS control net for a subject-
specific arterial segment. 
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4.1 The Circle of Willis of a Mouse 

A 3D image stack of a mouse circle of Willis (Figure 12a) with an isotropic resolution 
of (19 um)3 was obtained from a previous study conducted by Zbigniew et al. as 
detailed in [100]. Image segmentation was performed using a vascular level set 
segmentation module in 3D Slicer [101] which utilizes two methods: a fast marching 
upwind gradient initialization and a geodesic active contours   
evolution [102]. Because of the complex vasculature surrounding the arteries of 
interest, seeding did not entirely isolate the circle of Willis artery structure from other 
vascular features (e.g., veins). Further segmentation procedures, including centerline 
extraction and an extruding method, were required to fully isolate the arterial vessels 
(Figure 12b). From there, an automatic mesh generator in 3D Slicer was used to 
create a triangulated surface mesh of the segmented arteries (Figure 12c).  

 
This triangulated surface mesh (Figure 13a) is then fed as an input into our CAD-
based vascular modeling pipeline to generate a hexahedral control net (Figure 13b), 
from which a 24-patch solid NURBS mesh (Figure 13c) is constructed following the 
procedures outlined in section 3. The resulting quadratic NURBS mesh is 𝐶! 
everywhere except at the interfaces of two branches, and consists of 112,128 control 
nodes and 91,080 hexahedral Bézier elements. A boundary layer mesh, where the 
finest boundary element thickness is of the order of 10-8 meter, is implemented for 
more accurate computation of near wall quantities such as wall shear stress. Finally, 
blood flow simulations are performed adopting the general solution strategy outlined 
below. 
 
Blood flow was modeled by the time-dependent incompressible Navier-Stokes 
equations subjected to the following boundary conditions. A no-slip boundary 
condition was implemented at the rigid vessel wall. A time varying pulsatile inflow 
velocity with a parabolic profile taken from [103] was prescribed at the two internal 
carotid artery inlets as well as the inlet of the basilar artery, while a traction-free 
boundary condition was set at each of the remaining branch outlets. Blood was 
considered to be a Newtonian fluid with a density of 1060 kg/m3 and a dynamic 
viscosity of 0.0035 Pa-s. A Navier-Stokes solver within an IGA framework was 
utilized to run the flow simulations for one cardiac cycle with a time-step of 0.05 
seconds. The details of the methodology including the governing equations and the 
solution approach can be found in [13,27] and references therein. The results are 
presented in Figure 13d in terms of time-averaged wall shear stress (TAWSS) [12]. 
TAWSS has implications in thrombus formation and stroke. Pathologically high WSS 
regions are susceptible to clot formation leading to stroke in subjects affected by the 

Fig. 12 Image processing: a) medical image capture, b) image segmentation, and c) triangulated 
surface mesh generation. 
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Moyamoya disease, a rare condition caused by blocked arteries at the base of the 
brain. 
 

 

 
 

4.2 Porcine Coronary Artery Tree  

3D MRI images of a porcine coronary artery tree were acquired at a resolution of 0.4 
x 0.4 x 0.4 mm3 and reconstructed at 0.14 x 0.14 x 0.2 mm3 resolution.  Segmentation 
of the arterial lumen was performed in ITK-SNAP using a region-growing algorithm. 
From the segmentation, a triangulated surface mesh was generated (Figure 14a) and 
the centerlines of the arterial network were extracted (Figure 14b), which were then 
processed through our CAD-based vascular modeling pipeline to create a NURBS 
control net. Finally, a 107-patch solid quadratic NURBS-mesh (Figure 14c) that is 
𝐶!almost everywhere and consisting of 399,685 control nodes and 260,271 
hexahedral Bézier elements was constructed for performing IGA. Following the 
general methodology described in the previous example, flow simulations were 
carried out (Figure 14d). 
 
 
 

Fig. 13 CAD-based vascular modeling pipeline applied to an example problem: a) triangulated 
surface mesh of the circle of Willis network in a mouse, b) 24-patch hexahedral NURBS control 
mesh, c) analysis suitable solid NURBS mesh, and d) flow analysis, where the results are reported 
in terms of spatial distribution of time averaged wall shear stress (TAWSS) in Pascal (Pa). 
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5 Discussions 

5.1 PSVM Pipelines: CAD-based PSVM Versus Current Implementations 

As demonstrated above, CAD systems offer a tremendous benefit to developers 
building PSVM pipelines, modelers within the model creation stage, and analysts in 
the simulation phase. In lieu of such resources, an enormous gap must be filled with 
manual labor, original code, and the misapplication of non-CAD software for the 
purposes of generating and modifying geometry. The practice of developing 
specialized pipelines in this way fails to benefit from the advantages offered from the 
use of a CAD system, including robustness, speed, accuracy, interoperability, user-
friendliness, and simple and intuitive geometric manipulations [104,105]. Whether the 
source of the geometry is from interpolated imaging data or instantiated directly by a 
designer, the use of CAD infrastructure is critical for creating and editing any 
geometric model. As helpful as purpose-built vascular modeling utilities such as 
VMTK and pyformex are, without CAD integration they suffer from needlessly 

Fig. 14 CAD-based vascular modeling pipeline applied to a porcine coronary artery network: a) 
triangulated surface mesh medical imaging export, b) arterial centerlines, c) 107-patch analysis 
suitable solid NURBS mesh, and d) flow analysis, where the results are reported in terms of 
Pressure in kPa 
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recreating and supporting CAD functionality without an optimized geometric-
modeling core that is regularly updated and enhanced by specialists. 
 
As an example, the visualization toolkit (VTK) library does not natively support 
NURBS surfaces or solid model Boolean operations [106] which is the backbone of 
engineering surface and solid modeling applications [105], and hence is not used to 
develop CAD models. Alternatively, in a review of 7 vascular modeling applications, 
it was found that none of these applications integrate a CAD component; rather, the 
majority are founded on VTK, a library for visualization post-processing tasks, not 
geometric modeling [107]. The huge development and maintenance cost of a 
geometric modeling and analysis component is not often appreciated outside of the 
computer-aided technology (CAx) community. This task has actually shaped the 
entire CAD industry itself by dividing CAD systems into two key parts: a core 
geometric processing component, called the kernel, and the CAD application’s higher 
level tasks and interface framework, which draws directly on the CAD kernel’s 
functionality. In a recent survey of 60 industry leading CAD applications, a mere two 
CAD kernels were found to provide the geometric modeling basis for the majority of 
these products [108]. Recreating the functionality of these powerful kernels is 
unnecessary for developing geometric modeling applications. While recognized 
within the CAx community, this understanding needs greater traction with those 
working to develop PSVM software tools. 
 
Given the vast number of unique PSVM strategies in use ([5,40,41,48,54,74,109–
126], to cite a few), it is appropriate to say that no single approach has proven to be 
dominant in practice. Instead, many methods with many interchangeable components 
are commonplace. This trend in PSVM naturally lends itself to a modular design and 
hierarchical software development. Whether it is a centerline algorithm, vessel 
boundary interpolation, defining quality metrics, or any other step, multiple 
approaches for each element in the pipeline must be efficiently trialed, developed, 
implemented, and compared. An object-oriented programming approach built on 
CAD infrastructure effectively facilitates this task. Fundamental geometric modeling 
objects and methods are not unnecessarily reinvented. The presented approach does 
not limit the scope of development in any way as external libraries, such as ITK or 
VTK, can easily be coupled in the development process. These libraries and tools are 
used to complement the modeling pipeline rather than being misused for geometric 
modeling operations. For instance, once the first step of PSVM (image processing) is 
complete, the data is geometric in nature and therefore are no longer manipulated by 
an image-processing library. Instead geometric data is handled entirely in the CAD 
system.  
 
The field of geometric modeling itself is replete with its own professionals and 
technicians, even for scanned data from imaging sources. In fact, the entire field of 
“reverse engineering” is well founded on the common task of rebuilding CAD models 
from sampled point cloud data. The subtleties in creating models are best mastered as 
a craft through years of experience with such tools.  

5.2 The Benefits of a CAD-based PSVM Pipeline 

CAD systems allow for various modes of interaction for the user. This grants the 
developer the option to use their preferred choice in their own pipeline, as well as the 
power to implement a multi-leveled development strategy. Schemes can be quickly 
prototyped and tested at a high level and then, when refined, ported to streamlined 
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low-level code, similar to how programmers often port MATLAB and python 
prototyping to C and C++ executable files. Listed below are interface modes, from 
high-level to low-level, available from the leading free, open-source, or proprietary 
CAD packages commonly used in practice [31–34,127–135]: 
 

• CAD application use through conventional graphical user interface or GUI, 
with an array of file formats to import and export from 

• Script or macro execution within CAD application 
• User executable plugins or add-ins within the CAD application 
• Custom external applications built for real-time interaction with CAD 

application 
• Custom applications built on top of CAD kernel 

 
These interfaces are generally supported with multiple programming and scripting 
languages in each application, so the user has the option of developing in C++, C#, 
Python, Java, JavaScript, Visual Basic, VBScript, Delphi, or another language. This 
contrasts a second incorrect assumption about CAD within the PSVM community: 
that traditional CAD applications do not have a multi-level user interface that 
supports scripting, user specific code, and inclusion of external libraries[136]. 
Additionally, CAD systems may offer visual programming languages, app 
development tools for tablet, mobile, and other hand held devices, and rendering 
development frameworks [33]. The APIs (application program interface), SDKs 
(software development kit), and libraries available from CAD developers are made 
friendly to use by detailed documentation, templates, wizards, as well as integration 
in numerous IDEs (integrated development environments). The available resources 
and interface modalities make barriers to use and integrate CAD functionality 
extremely low and the learning curve very small. Another important, yet subtle, point 
should also be made: too frequently researchers in mathematical modeling and 
analysis overlook the benefits a good graphics environment offers. Using the 
established GUI of a CAD program allows for visual inspection of algorithm 
execution, real time parameter manipulation with windowing controls, rendering 
capabilities, annotation and dimensioning tools, visual interrogation with panning and 
rotating objects, as well as graph and data plotting. The ability to quickly and easily 
personalize this environment helps refocus research efforts on more critical tasks.  
 
Unfortunately, the model generation process has reduced model quality so much that 
in some cases the “patient-specific” label may no longer be applicable. For instance, 
to accurately compute near wall quantities in computational fluid dynamics, a smooth 
boundary of the fluid domain is imperative [41,137,138]. A NURBS-based model of 
vascular networks is ideal for smoothly representing the patient-specific geometry. In 
addition, an anatomically accurate model, as opposed to simplifying the geometry to  
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uniform-diameter pipes, is necessary for studying arterial diseases such as 
atherosclerosis and aneurysms [57,138–141]. In a review of 65 Fontan modeling 
studies, the majority of the approaches were shown to use idealized tubes of constant 
diameter to model the arterial blood flow, the consequence of the difficulties involved 
in building patient specific vascular models [142]. Thus, the quality of the analysis 
suffers from a lack of tools to efficiently build precise patient-specific models. 
Utilizing the geometric libraries of a CAD system allows for accurate cross-sectional 
sampling of the triangulated surface mesh along the branch centerlines. Figure 15 
shows the accuracy of the NURBS geometries used in simulation (Section 4) with 
respect to the sampled surface meshes. The left images depict color maps of the 
distance from the triangulated mesh vertices to the NURBS surface for the mouse 
circle of Willis model (a) and the porcine coronary artery model (c). Histograms of 
the same data are provided in (b) and (d) where the x-axis represents the distance 
normalized by the maximum luminal diameter. The distribution of the histograms, 
with most of the NURBS surface showing less than a 5% error in luminal diameter, 
suggests the model indeed closely follows the anatomy of the sampled mesh. 
Reducing this error can be accomplished by increasing the number of sampling 
frames placed along the centerline and increasing the number of control points used to 
interpolate the polyline intersection on each sampling frame.  
 

a. b.

c. d.

Fig. 15 Model accuracy: (a) and (c) are the color maps of the distance from the original triangulated 
mesh vertices to the modeled NURBS surface for the mouse circle of Willis model and pig 
coronary artery model, respectively. (b) and (d) show respective histograms of the same 
information where the x-axis represents the normalized distance from triangulated mesh vertices to 
the NURBS surface and the y-axis represents percentage of vertices belonging to each bin. 
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The complexities involved in creating patient specific models have shown to not only 
affect model quality, but also increase processing time [56,121,143], limiting the 
pipeline throughput. Because PSVM pipelines are often semi-automated, 
reconstruction of vascular geometries is generally burdened by the limited number of 
tools for completing the task in a suitable amount of time. Consequently, model 
creation times for a CAD-integrated approach vastly outperform alternative 
approaches by at least an order of magnitude. This observation is based on our 
experience with arterial networks of varying levels of network complexity. The most 
complex model, the porcine coronary artery geometry presented in this work, would 
be too arduous to attempt with the previous NURBS-based PSVM pipeline [25], 
while the CAD-integrated pipeline produced a NURBS-based model in approximately 
20 hours. Similarly, the 24-branch mouse circle of Willis model was generated in 
roughly three hours, as opposed to requiring three weeks using a purpose-built code. 
Similarly, a three-branch healthy coronary artery model [10,25] took minutes, instead 
of hours, to reconstruct. The quicker turn-around this code provides is crucial for 
implementing NURBS-based vascular modeling in a clinical setting. Further 
improvements in the efficiency of model construction can be accomplished with 
machine learning approaches. Because the final geometry in this approach is available 
to the user as a CAD object, thousands of variations of a single geometry can be 
created and used to train a machine learning algorithm to drastically decrease model 
generation time. 
 
Finally, the ability to quickly create geometric features is a useful advantage of a 
CAD-based modeling approach. Geometric features not originating from imaging 
data can be efficiently edited and/or manipulated using a CAD library. Such features 
may arise through missing detection in the images themselves such as small arteries 
or by the insertion of objects entirely absent from the images. These may include 
stents, catheters, potential bypass grafts, a theoretical clot or stenosis, or left ventricle 
assist devices (LVADs). An instantiation of this idea is contained in the heart-valve 

Fig. 16 CAD feature addition: (a) sometimes arterial branches with slow blood flow are 
difficult to see on CT scans using liposomal contrast agents, but can be created in CAD for 
analysis, and (b) a blockage was introduced in the superior cerebellar artery (SCA) to study the 
effects of occlusions observed in subjects with the moyamoya disease. Here PCA is the 
posterior cerebral artery and PCOMA is the posterior communicating artery. 
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work of M.-C. Hsu et al. [51] in which hard-to-image heart valves are created in a 
CAD design system and immersed in an isogeometric arterial flow model. Many 
unique cases highlighting the necessity of feature addition using our CAD-integrated 
pipeline have been experienced (Figure 16). In the study of mouse cerebral 
vasculature, vessels connecting the major arteries, for example the posterior 
communicating artery (PCOMA) connecting the superior cerebellar artery (SCA) and 
the posterior cerebral artery (PCA), could be difficult to clearly identify on the CT 
images under certain physiological conditions although their existence is confirmed in 
histological studies. In addition to the limitation of imaging resolution, this could also 
be due to lack of sufficient liposome-laden blood flow through these smaller caliber 
vessels, making them less visible. To circumvent this limitation, these branches can 
be added after-the-fact (Figure 16a), and then various probable configurations as well 
as disease scenarios can be studied with the help of flow simulation. Similarly, the 
effect of blockages, a common feature in the circle of Willis of Moyamoya disease 
patients, on the local flow features could also be investigated by introducing 
constrictions in the most probable locations determined based on a comprehensive 
study of a large population CT image data (Figure 16b). 
 

 

5.3 Template-based PSVM Methods: Pluses and Minuses 

The template-based PSVM modeling paradigm introduced by Zhang et al. [25] has 
enabled and accelerated PSVM IGA technology [12,13,24,26,27,58]. The difficulties 
of taking discrete voxel-based imaging and expressing it in a smooth representation is 
a huge undertaking. A template-based method is conceptually straightforward to 
understand. This makes the methodology implementable for a vast number of 
developers, immediately yielding superior results to those mentioned utilizing the 
standard PSVM pipeline. 
 

c.
b.

a.

Fig. 17 The circle of Willis artery structure in a human patient. (a) A planar trifurcation is shown 
as well as (b) a cross-section of the geometry and (c) a close-up of the mesh boundary refinement.  
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Moving forward, there are critical issues that need to be resolved for the template-
based methodology to become fully automated. First, a reliable procedure needs to be 
developed to automatically select the templates required for the downstream fitting 
operations. This is a non-trivial process as it is not simply an exercise in topology, but 
potentially also geometry as certain attributes make particular configurations more 
applicable to others [144]. As evidenced in Section 3, the “pipe-fitting” algorithms 
can be refined to give the most accurate interpolation, but it is the “pipe joint 
selection” that is critical for this endeavor to even begin. 
 
Certain challenging issues seem to reappear while utilizing the template-based 
method with real patient-specific data. Organic models can often include complicated 
configurations such as two intersection points being very close to one another. Even 
trifurcations, though rare, can appear. In the prior case, this can make the conformal 
unfolding and twisting of the sampling frames (Section 3.2.1) very difficult to 
achieve. Figure 17 shows the solid mesh of the circle of Willis of a human patient 
with a planar trifurcation. To handle non-planar trifurcations, another template would 
need to be coded taking into account all joint geometries possible with four 
converging branches. This is very difficult to generalize to n-furcations. Also, when 
two arterial branches with much different radii (> 2:1) are attached to each other, the 
centerline in the larger vessel may need to be shifted towards the start of the smaller 
vessel to form compliant sampling frames near the intersection point. Finally, 
template-based methods can be sensitive to bad mesh data. If the input mesh is not 
watertight, contains degeneracies, or shows features related to regions of poor image 
quality, the template-based process could give poor results. PSVM algorithms require 
robustness in interpolating scanned data sources of unpredictable localized quality. 

5.4 Future Directions in CAD-based PSVM 

The steps taken in the pipeline outlined in Section 3 represent an initial 
implementation of a CAD-integrated, template-based patient-specific vascular 
modeling solution. One immediate improvement would be to consolidate the solid 
model creation into the CAD-integrated NURBS surface program. Currently, the 
trivariate building operation (see Section 3.3) is done with a purpose-built code using 
control point information extracted from the NURBS surface geometry. Incorporating 
this step into the CAD process, instead of interfacing with an outside program, 
produces a simpler pipeline. More interpolation methods with a sensitivity analysis 
between geometric precision and analysis behavior would be beneficial.  
 
Transitioning to T-spline technology as a more compact and natural data structure for 
PSVM applications is another option moving forward. The first implementation might 
take the form of a solid (trivariate) T-spline that interpolates the triangulated surface 
mesh with interior parameterizations suitable for element extraction [145]. The 
unstructured T-spline definition allows for local refinement as well as a means of 
handling extraordinary points [146], an unavoidable feature of these vascular network 
geometries. A more direct interpolation of the voxel data should also be investigated 
so as to minimize the number of geometric approximations in the pipeline. Removing 
operational dependences on centerlines would go a long way in addressing some of 
the issues discussed with template-based methods. This also requires the development 
of specific metrics in which to determine accuracy and quality of these models, as 
only general measures have currently been defined [147]. Without a CAD framework, 
these goals would be at least difficult, if not impossible. 
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6 Summary and Conclusion 
We presented a CAD-integrated patient-specific vascular modeling pipeline for 
performing NURBS-based IGA. This work builds upon and seeks to improve the 
template-based vascular modeling pipeline developed by Zhang et al. [27], which 
introduced a state-of-the-art approach but did not incorporate the benefits of CAD 
infrastructure. In our approach, a CAD system was leveraged as it offers a framework 
that is robust, intuitive, easy to learn and highly customizable. Based on a review of 
many of the existing FEA procedures, we argued that benefits of the presented 
approach are quicker processing time and more accurate reconstruction of complex 
models.  
 
We outlined the three main stages of our modeling pipeline: (1) image processing, (2) 
analysis suitable model generation, and (3) analysis. We detailed two example 
applications of our methodology, and made observations about model processing time 
and accuracy. Finally, we discussed the critical advantages of using a CAD-integrated 
approach in the patient-specific modeling pipeline, outlined some drawbacks in the 
current implementation, and presented ideas for future work. 
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