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Decreasing Coupling between Feeding Coils
for Functional Electrical Stimulation with Direct Feeding Method
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Functional electrical stimulation (FES) is a therapy wsed to rehabilitate patients with lost movement
functions, and to apply stimulations. We adupted a method of implanted direct feeding method Lo apply stimulation
ag part of this therapy. Stimulus energy and signals for controlling devices mre applied to devices by utilizing a
mounted system using magnetic coupling. Power feeding is presently carried out with a serial resonanco circuit in the
methed of direct feeding, Two feeding coils axe used for the upper and lower arms individually in order not to disturb
the movement in the joint of the elbow. Declination of resonance from variations in coupling interference from the
movement of feeding coils is a problem. To solve it, we used » method that reduced variations in conpling interference
by using n short coil hetween feeding roils, We veport hore the result of experiments conducted on this method.
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Fig. 1 Direct feeding FES system.
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In this paper, we propose a novel patient-specific method of modelling pulmonary aitflow using graphics processing unit
(GPU) computation that can be applied in medical practice, To overcome the barriers imposed by computation speed,
installation price and footprint to the application of computational fluid dynamics, we focused on GPU computation and the
lattice Boltzmann method (LBM). The GPU computation and LBM arc compatible due to the chdmrtcmucs of the GPU. As
the optimisation of dafa a is stmul for the performance of the GPU putation, we developed an adaptive meshi
mz,rhud in which an airway model is covered by isotropic subdomains consisting of a uniform Cartesian mesh, We found
that 4% size subdomains gave the best performance. The code was also tested on a smml GPU cluster to confirm its

erformance and applicability, as the price and footprint are ble for medical applications.
p pp 2

Keywords: | y oirflow simulation; patient-specific modelling; high-performance computing; multi-GPU

computation; lattice Boltzmann method

1. Introduction
Computational fluid dynamics (CFD) studies on pulmon-

studies, patient-specific CFD computation will soon be
applied to the diagnosis and treatment of respiratory
di such as asthma and bronchiectasis. As disease

ary airflow started in the early 1990s (Balishdzy and
Hofmann 1993a, 1993b) and have contributed to revealing
respiratory mechanics using ideal airway models (Nowak
et al. 2003; Zhang et al. 2005; Yang et al. 2006). To
understand the mechanics in more detail and for practical
studies, patient-specific models constructed from medical
images have been used in the twenty-first century. van
Ertbruggen et al. (2005) computed the deposition of
inhaled microparticles using a realistic airway model,
while De Backer et al. (2008) measured the change in
airflow resistance in the lungs of patients with asthma
before and after bronchodilator administration. Modern
computational techniques most often used in pulmonary
airflow simulations are the finite volume method (Gemci
et al. 2008) and f{inite element method (Lin et al. 2007),
which are computed on airway models consisting of
tetrahedral elements. Recently, De Backer et al. (2010)
compared numerical results with in vizo measurement data
and reported on the validity of numerical pulmonary
airflow simulation. As the pulmonary airway tree has many
peripheral airways in which outlet boundary conditions
should be given, several researchers (Comeford et al. 2010;
Yin et al. 2010) have studied the estimation of outlet
boundary conditions for each outlet.- Based on these

symptoms arise from unusual airflow behaviour, identify-~
ing precise airflow features in each patient is important,
while geometric analysis and spirometry are currently used
in respiratory diagnosis. CFD can predict the effects of
Jocal airway obstruction and dilation on overall respiratory
function, or it can be applied to custom-made drug-delivery
systems, The visualisation ol airflow will also help both
medical doctors and patients understand what is occurring
in a patient’s body.

Nevertheless, computational time is a barrier to
achieving the practical use of such methods. The
pulmonary airways are multi-level bifurcating passages
that require a huge computational mesh to resolve the flow
field in all bronchi, and rapid simulation is crucial to the
clinical application of patient-specific modelling. One
possible approach is parallel computing, and parallel CFD
on a central processing unit (CPU) cluster is now
commonly used in commercial software. Parallel CED
using a cluster system with 2 massive number of CPUs,
such as the machines on the Top500 Jist of supercomputers,
may overcome the problem, but few people can access
such resources. This is particularly important when we
consider the use of computing in medicine, as most
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clinicians can only afford low cost, small-footprint
computer systems. Recently, parallel CFD on graphics
processing units (GPUs) has atiracted interest as a new
innovation in CED simulation, A GPU contains hundreds
of streaming processors and is attached to very wide-
bandwidth device memories. Because nVIDIA introduced
the general-purpose GPU computing library, the Compute
Unified Device Architecture (CUDA) in 2006, many
researchers have attempted GPU computation for a variety
of CFD problems (Corrigan et al. 2010; Thibault and
Senocak 2010).

In this paper, we propose a novel patient-specific
method of modelling pulmonary airflow vsing multi-GPU
computation. Conventional patient-specific models use
semi-implicit methods to solve incompressible flow, but
most of the computational time is consumed in the
iterative procedure used to solve the pressure Poisson
equation due 1o very slow convergence. Instead, we use the
lattice Boltzmann method (LBM), a [fully explicit
incompressible flow solver. The simple vectorised
operations of the LBM are suitable for GPU computation.
In addition, the performance of the LBM strongly depends
on memory bandwidth, due to many variables included in
the computation; hence, the LBM can benefit from GPU
computation, Some studies (Zhao 2008; Riegel et al. 2009;
Kuznik et al. 2010; Télke 2010) have reported the capacity
of GPU computation with the LBM (GPU-LBM).

However, the computational mesh must be well
designed for GPU-LBM computation, as coalesced
memory access and reduced aceess to GPU device memory
are essential in the CUDA programming model. Here, we
apply a Cartesian mesh, which is suitable for both memory
access and patient-specific modelling. As medical image
datu consist of voxels aligned using Cartesian co-ordinates,
a Cartesian mesh can be penerated directly from the data,
whereas a tetrabedral mesh, often used in conventional
patient-specific modelling, requires laborious mesh gener-
ation. When we use a Cartesian mesh consisting of cuboid
domains, the data are jnherently structured, which is
adequate for GPU computation. However, such a simple
cuboid domain results in much unnecessary mesh because
the pulmonary airway is a set of long branches and
occupies a very small region in medical image data.
Conversely, if we eliminate the unnecessary mesh, the data
become unstructured. In this case, each mesh component
must know the dependency of the neighbouring mesh
components, and the data position of each mesh component
is independent of its geometric position, bringing in non-
coalesced memory access and many accesses to the device
memory. Hence, GPU-LBM computation has not been
developed for complex geometry problems. To overcome
this drawback, we developed an optimal meshing method
that retains the features of both structured and unstructured
meshes.

Figure 1. The D3QI9 Jattice model.

2. Lattice Boltzmann method

The LBM is a numerical scheme for flow simulation based
on the application of the Boltzmann equation to the
analysis of molecular movement. In the LBM, a continuous
fluid is represented by ideal particles, which move only
along arestricted path (the lattice) at a limited speed. In this
study, we apply the D3QI9 lattice model as shown in
Figure 1 for an isothermal incompressible airflow.

The movement of the particles is simply expressed by
collision and streaming steps described in the lattice
Beltzmann equation:

Jilx - cAry -4 AD == filx, ) -+ Qlfite, ], 83}

where f; is the particle distribution heading in direction
i = 0-18, and Ar is the lime interval. As the distance
which the particles travel is limited to adjacent lattice
points at every time step, the particle speed ¢ can only take
the values

0, for i=0
= { Ax/At, for i=1~6 @
V2AxfA1, for i=7~ 18
where Ax is the lattice spacing and ) is the collision
operator for which the lattice Boltzmann—Gross—Krook

(LBGK) model (Qian et al. 1992) is often applied.
The LBGK equation is

Filx + cAt 4+ Af) = fi(x, 1) + i {0 = fitx, 0},
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where the subscripts « and B represent a direction in
Cartesian co-ordinates, & is the Kronecker delta and 1, is a
coefficient that depends on the particle direction, i.e. fg =
1/3 for i =0, 1y = 1/18 for i = 16 and £, = 1/36 for
i=7-18. The LBGK equation salisfies the equation of
continuity and the Navier—Stokes equation. 7 is the
relaxation time: the amount of time until the Jocal particle
distribution reaches equilibrium after particle collisions
represented by

v

1 .
ko (5)

using the fluid kinetic viscosity ». ¢ is the speed of sound,
related to the particle speed in the LBGK model by

©®

The macroscopic fluid variables density p, velocity u, and
pressure £ can be obtained from the following equations:

18
p=3 fin m
e
18
Pl = Z/ iCios ®)
=t
P=clp, ()]

using the microscopic variable fi. As shown above, the
solution procedure is fully explicit, and no iterative solver
is necessary in the LBM.

The GPU code was developed with CUDA version 3.1
(CUDA C programming guide 2010) and all of the
macroscopic and microscopic fluid variables were
computed in single precision. The bounce-back condition
was applied to satisfy the no-slip condition at the airway
wall. The tracheal inlet boundary condition is described
by a prescribed flow velocity. The computations
performed in this study are all computed with a tracheal
Reynolds number in 1500 with a parabolic velocity profile;
hence, laminar flow can be assumed in most of the
computational domain. The outlet boundary condition to
the outermost peripheral airways is given by a fixed
pressure. As the pulmonary airways have a branched
geometry, the boundary condition should be estimated for
each outermost airway 1o obtain a better solution
(Comeford et al. 2010; Yin et al. 2010). However, in this
paper, we mainly discuss the applicability of the GPU-
LBM to medical practice. For CFD simulation of any
complex geometry, the code is implemented to compute
the ontlet and inlet boundary conditions facing arbitrary
directions. Overall velocily distribution represented in this
study qualitatively agreed with other pulmonary airflow

studies (Rochefort et al. 2007; Freitas and Schrider 2008),
for example, with respect to secondary vortexes, although
the patient-specific airway models used in their study and
our study are different.

3. Adaptive meshing method
For this study, a subjeci-specific voxel airtway model was
constructed from the computed tomography (CT) data of a
41-year-old male using in-house airway-lumen extraction
software based on the region-growing method. We built a
13-generation airway model consisting of a fluid mesh
with 7,746,378 cubes measuring 0215 mm", as shown in
Figure 2, The term ‘generation’ indicates the number of
branches from the trachea to the outermost peripheral
airways, As the CT data consist of voxels aligned in
Cartesian co-ordinates, a computational mesh can easily
be generated from the CT data using a Cartesian mesh.
According to the CUDA. C best practices guide (2010),
coalesced memory access and Jess access to GPU device
memory are necessary to bring out the performance of the
GPU computation. The term ‘coalesced memory access’,
in GPU computation, indicates memory access to
successive data blocks within a certain size at one time.
This is achicved easily on the simple cuboid domains
created with a Cartesian mesh. However, the use of a
simple cuboid domain covering the entire airway model is
uneconomical becanse the pulmonary airway is a set of
long branches, which occupies a very small region in the
CT data. Therefore, we propose an adaptive meshing

Figure 2. A 13-generation airway model: colour distribution
indicates generation number of airways.
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Figure 3. Schematic illustration of the adaptive meshing method: (a) the ai[w:gy model is decomposed by isotropic subdomains and
(b each subdomain consists of a structured Cartesian mesh. As an example, a 4" size subdomain is drawn.

method: decomposing the airway into small isotropic
subdomains consisting of a uniform Cartesian mesh. as
shown in Figure 3. Each subdomain includes information
on its connectivity to the neighbouring subdomains.
Consequently, the global computational domain comprises
unstructured subdomains, while the local subdomain
consists of a structured Cartesian mesh, as shown in
Figure 4. Although it may include unnecessary parts of the
mesh in the computational domain, some recent LBM
studies have used a similar form of domain decomposition
(Stiirmer et al. 2009; Palabos 2010) to adapt complex
geometries 1o CPU parallel compuation. In our study,
decomposition is used to optimise memory access for the
GPU computation. We compute each subdomain in a
CUDA block. in which the block is a group of processes
consisting of CUDA threads. Based on this, rather than one
thread, several threads in a block co-operatively access
each direction of the subdomain connectivity information
at once via coalesced memory access, which accelerates
the calculation.

Note that the size of the subdomains should be
determined carefully because the ratio of the airway mesh
to the entire mesh is highly dependent on this, and it also
changes the appropriate number of CUDA threads for the
computation in a subdomain. To determine the optimal
subdomain size, we evaluated the filling ratio, two
performance indices and memory usage. The filling ratio
compares the number of airway (fluid) mesh components
(¥, to the total number of mesh components (Np),

including the unnecessary mesh components, and it is
defined by

- . N .

Filling ratio == l\—l:— oy

The two GFLOPS performance indices used are
OXN, 1

Real performance (GFLOPS) = m'ﬁ)?ﬁ [§93]
Effective performance (GFLOPS) = OxN, 1 (12)

TS5 10247

Computational domain dy

Subdomain (structured)

Figure 4, Sch ic ill ion of mesh hierarchy. The area in
grey represents airway mesh, and the area in white is unnecessary
mesh. Processor boundary in multi-GPU computation is also
shown. Subdomains near processor boundary are indicated by the
shaded area.
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Figure 5. Results of the tests to determine the optimal
subdomain size: (a) the flling ratio and performance indices
and (b) memory usage,

In these, O is the number of floating-point opesations
(0 =229 in owr D3Ql%9 LBGK model), T is the
computational time and § is the number of computational
steps. From the definition, the real performance represents
the effort expended for the entire domain and the effective
performance is the effort expended for the airway domain.

Figure 5(a) shows the results for the computation of the
airway model in Figure 2 for subdomain s
from 17 to 323, performed on an nVIDIA
GPU. As a large subdomain includes many unnecessary
mesh components, the filling ratio decreases as the
subdomain size increases. The real performance of a 2°
size subdomain is the poorest, as only eight threads, which
is smaller than the warp size, are used to compute one
subdomain according to our CUDA block usage. The term
‘warp’ refers to the group of threads processed at one time;
one warp consists of 32 threads for CUDA version 3.1,
whereas 64 threads arc used in a 4° size subdomain
computation and 256 threads are used in 8% size and 16”
size subdomain computations. The real petformance of 4°
size 10 16 size subdomains ranges between 30 and 40
GFLOPS. However, the filling ratio decreases for the
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Figure 6. Effects of geometry complexity: (a) real performance
and (b) effective performance.

larger subdomains, and the effective performance is the
highest for the 4* size subdomain. The memory usage
for stored fluid variables and domain data is shown in
Figure 5(b). As the subdomain size increases, the memory
used to store fluid variables increases due to the increase in
unnecessary mesh components. The subdomain connec-
tivity information is stored for the entire mesh in the case
of 1° size subdomains; thus, the memory usage for the
domain data is the greatest. The minimom memory usage
occurs using 4° size subdomains. To check whether the
optimum subdomain size is affected by the complexity of
geometry, we compared different geometries that were
constructed by pruning airway branches from the original
13-generation airway model. We constructed 1- to
13-generation airway models, in which the complexity
increases with the number of generations. The result is
shown in Figure 6. The effective performance decreases as
the geometry becomes more complex, owing to the
decrease in the filling ratio, whereas the real performance
is affected less by the geometry complexity for all
subdomain sizes. In conclusion, GPU computations
using 4* size subdomains bave the preatest cffective
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performance for any airway model. An airway model
covered by 4 size subdomains, consisting of 11,265,536
mesh components with 176,024 subdomains, is shown in
Figure 3.

4, Comparison of the performance of multi-GPU and
multi-CPU computations

We adapted the patient-specific model to multi-GPU
comp ion using a S passing interface (MPID)
library. As all of the finid variables are stored in the GPU
device memory and updated at every time step, additional
data transfer protocols are needed compared with multi-
CPU computation. First, the data in the device memory
are transferred to the host computer memory through a
PCI Express bus. After the data transfer, the data are
exchanged among cluster nodes through InfiniBand using
the MPI library. Finally, the exchanged data are copied
Irom the host memory to the device memory through the
PCI Express bus. As the GPU has the ability o compute
much faster than the CPU and additional data transfer
protocols are needed for GPU computation, the data
transters easily become bottlenecks in terms of the overall
computational time. To reduce these bottlenecks, the
subdomains near the processor boundary, as shown in
Figure 4, are computed first, then the data transfers and
computation of non-processor boundary subdomains are
processed simultaneously. As the mesh components are
clustered into subdomains, domain decomposition for
mulii-GPU  computation is accomplished easily. For
domain decomposition, we primarily consider the load
balance among processors. Therefore, in our computation,
the subdomains are grouped [rom the trachea to the
peripheral airways, controlling the numbers of grouped
subdomains so that they are nearly equal. For example,
the domain decomposition for eight-processor compu-
tation is shown in Figure 7.

We compared the performance of entirely multi-GPU
computation with that of multi-CPU computation, The
tests were performed on TSUBAME 1.2, a supercomputer
system at the Tokyo Institute of Technology, using the
airway model constructed in Section 3. The system has
657 nodes of AMD Opteron CPUs (total 10,512 cores), of
which 170 nodes are connected to nVIDIA Tesla S1070
GPU devices. All of the nodes are connected with
InfiniBand. The effective performances of malti-GPU and
multi-CPU computations are shown in Figure 8(a). We
found that about 800 CPU cores must be recruited for
performance that equals eight-GPU computations. The
scalability of the GPU computation peaks at eight GPUs,
while the CPU computation peaks at 32 CPU cores. This
indicates that the time required for data transfer cannot
fully overlap with other processes in computations
involving more than 16 GPUs. Taking the opposite view,

Figure 7. Domain decomposition for eight-processor
computation. The subdomains shown in the same colour were
computed using the same processor.

eight GPUs are sufficient to compute pulmonary airflow
consisting of 12 million mesh components.

The same computation was performed on a small
cluster involving eight personal computers, each mounting
the latest quad-core CPU, Intel Core 17-930, and the latest
GPU, nVIDIA GeForce GTX 480. GeForce GTX 480 is
connected to the GDDRS device memory, which has a
bandwidth of 177.4CGB/s, whereas Core i7-930 is
connected to friple-channel DDR3-1066 host memory,
which has a bandwidth of 25.6 GB/s. All computers are
connected using a 40-Gbps QDR InfiniBand. This cluster
costed less than $30,000 in the spring of 2010 and occupies
a footprint of 0.7 m’, so it could be installed in medical
offices, The resull ol the benchmark test is shown in Figure
8(b), which shows that high-performance computation can
also be performed on personal-use GPUs. Figure 8(b) plots
the effective performance for GPU computation and real
performance for CPU computation, assuming that it may
not be necessary to apply the developed adaptive meshing
method, which includes unnecessary mesh components, in
the CPU computation. Nonetheless, comparing the
effective performance of GPUs with the real performance
of CPUs, the result shows that 170 CPU cores, which are
nearly equal to 42 gquad-core CPUs, are needed to attain the
performance of eight GPUs, even if the CPU compulation
could attain scalability. As the LBM handles 23 variables
in each lattice component, particle distributions moving
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Figure 8. Benchmark test: multi-CPU vs. multi-GPU:
(a) benchmark on TSUBAME 1.2 and (b) benchmark on a
small cluster system,

Figure 9. Pasticles are tracked along airflow streamlines, and
the data are overlapped with volume rendered hing data from the
sume subject.

in 19 directions, three-dimensional velocity and density, an
advantage exists on using GPUs connected to a very wide-
bandwidth device memory. A simulation of inspiratory
airflow is shown in Figure 9, in which particles are tracked
along airflow streamlines, and the data are overlapped with
a volume rendered lung data generated from the same
subject. Freitas and Schréder (2008) reported a large-scale
pulmonary airflow simulation using the LBM on a
supercomputer system in the Jiilich supercomputing
centre. They used a mesh with 12 million components
for the simulation, almost identical to the number we used;
such a computation can be performed on a small GPU
cluster using our LBM solver.

5. Conclusions

We proposed a novel approach for the patient-specific
modelling of pulmonary airflow. The computational time
is a major issue in the application of patient-specific
models to medical practice. To overcome this problem, we
developed an LBM [ow solver for the use on GPU
clusters. The LBM is a fully explicit solver free of the
convergence problem of pressure Poisson equations
encountered in semi-implicit methods. Moreover, high-
performance computation can be achieved on a GPU with
a wide-bandwidth device memory because the perform-
ance of the 1LBM depends strongly on the memory access
speed. As adequate memory usage is essential for GPU
compuiation, we also developed an adaptive meshing
method for the complex pulmonary airway model. In this
method, the airway model is covered by small isotropic
subdomains consisting of a Cartesian mesh. The
computational mesh can be generated directly from CT
data, as the data consist of voxels aligned in Cartesian co-
ordinates. We demonstrated that 4° size subdomains
perform the best for patient-specific models of up to 13-
gencration airways. We confirmed that the proposed
model with 12 million mesh components has scalability up
to eight GPUs on TSUBAME 1.2, which are sulficient for
stmulating this model, while more than 800 CPU cores are
needed to obtain the same results, even if the CPU could
retain its scalability. The computation can also be
pesformed on a small personal-use GPU cluster within a
reasonable price and footprint. Eighty minutes js required
to simulate the airflow for 1s, or 5h to obtain the results
for one 4-s cycle of respiration, which would be reasonable
for practical use in clinical diagnosis.

We will be able to analyse gas eschange phenomena or
nanoparticle deposition in the airways simply by coupling
advection—diffusion equations or the Lagrangian tracking
of particles with this method. Such an analysis will provide
useful supporting information for diagnosis and treatiment.
Although the GPU computation shows potential for CED
problems, an application to complex geometry problems
has not been fully developed. This is a particularly crucial

778 T. Miki et al.

issue in biomedical engincering because almost all organs
have complex geometries. Our method can be applied to
any complex geometry problem, such as the patient-
specific modelling of blood flow. We hope that this
method will lead to the efficient use of patient-specific
models in a variety of medical applications.
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Abstract: The aim of this study was lo examine siructural brain networks using regional gray matter volume,
as well as to investigate changes in small-world and modular organization with normal aging. We constructed
structural brain networks composed of 90 regions in young, middle, and old age groups. We randomly
selected 350 healthy subjects for each group from a Japanese magnetic resonance image database. Structural
brain networks in three age groups showed economical small-world properties, providing high global and
local efficiency for parallel information processing at low connection cost. The small-world efficiency and
node betweenness varied significantly and revealed a U- or inverted U-curve model tendency among three
age groups, Results also demonstrated that structural brain networks exhibiled a modular organization in
which the connections between regions are much denser within modules than between them. The modular or-
ganization of stuctural brain networks was similar between the young and middle age groups, but quite dif-
ferent from the old group. In particular, the old group showed a notable decrease in the connector ratio and
the intermodule connections, Combining the results of small-world efficiency, node betweenness and modu-
lar organization, we concluded that the brain network changed slightly, developing into a more distributed or-
ganization from young to middle age. The organization eventually altered greatly, shifting to a more localized
organization in old age. Our findings provided quantitative insights into topological principles of structural brain
networks and changes related to nonmal aging,. Hum Brain Mapp 33:552-568, 2012, ©2011 Witey Perindicals, Inc.
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INTRODUCTION

New advances in the quantitative analysis of complex
networks, based largely on graph theory, have been
rapidly applied to studies of brain network topological
organization. The structural and functional systems of the
human brain show topological properties of complex net-
works, such as small-world properties, highly connecled
hubs, and modularity [Bullmore and Sporns, 2009]. Signifi-
cant discoveries related to human brain functional net-
works have indicated that the brain exhibits small-world
properties characterized by a high clustering index and a
short average distance between any two regions [Latora
and Marchiori, 2001; Watls and Strogatz, 1998}, using
modern neuroimaging technigues such as functional mag-
netic resonance imaging (IMRI), and eleciroencephalogram
(BEG) [Achard and Bullmore, 2007; Achard et al., 2006;
Bassett et al, 2006; Eguiluz et al., 2005; Ferri et al, 2007;
Micheloyannis et al., 2006; Salvador et al, 2005). It has
been verified that siructural networks of the human brain
revealed by measurements of cortical thickness or regional
gray matter volume (RGMV) have small-world properties
{Bassett et al, 2008; He et al., 2007, 2008, 200%a}. Moreover,
mall-world properties were confirmed in human brain
structural networks using diffusion MRI technique {Gong
et al, 2009b; Hagmann et al, 2007; Iturria-Medina et al,,
2008). Achard and Bullmore were the first to demonstrate
economical small-world properties in brain functional net-
works, which provide high global and local efficiency for
parallel information processing at a low wiring cost
[Achard and Bullmore, 2007]. Efficiency metrics have also
provided a new measure to quantify differences between
patient groups and appropriate comparison groups [He
et al.,, 2009a; Liu et al,, 2008; Wang et al., 2009b].

Modularity is thought to be one of the main organizing
principles in most complex systems, including biological,
social, and economical networks [Girvan and Newman,
2002; Guimerd et al,, 2005 Hartwell et al,, 1999; Newman,
2006a]. A key advantage of modular otganization is that it
favors evolutionary and developmental oplimization of
multiple or changing selection criteria: a modular-organized
netwark can evolve or grow one module at a tine, without
risking loss of function in other modules |Kashtan and
Alon, 2005; Redies and Puelles, 2001}, Defining and charac-
terizing modular organization in the human brain can help
us to jdentify a set of modules structurally or functionally
associated with components that perform specific biological
functions. This investigation will also provide us with rich
quantitalive insights into structural-functional mapping.
The modular organization of structural and functional net-
works in human brain has been demonstrated by several
previous studies [Chen et al, 2008; Ferrarini et al., 2009;
Hagmann et al, 2008; He et al, 2009b; Meunier et al,
2009a,b; Robinson et al.,, 2009; Valencia et al., 2009].

Normal processes of brain maturation and senescence
might be reflected as quantifiable changes in structural
and functional network topological properties [Bullmore

and Spozns, 2009; Micheloyannis et al, 2009). A previous
study on functional brain networks indicated that an older
age group had significantly reduced cost efficiency in com-
parison to a younger group [Achard and Bullmore, 2007).
Normal aging might thus be associated with changes in
the economical small-world properties of brain functional
networks. Furthermore, normal aging had been proven to
be associated with changes in modular organization of
human brain functional networks [Meunier et al., 2009a].
A recent study reported that the organization of multiple
functional brain netwerks shifts from a local anatomical
emphasis in children to a more distributed organization in
young adults [Fair et al, 2009]. The study also demon-
strated that community detection by modularity optimiza-
tion reveals stable communities within the graphs that are
clearly different between young children and young adults
[Fair et al,, 2009]. A recent study also reported that the de-
velopment of large-scale brain networks is charvacterized
by weakening of short-range functional connectivity and
strengthening  of long-range functional connectivity,
comparing the children group (7-9 years) with the young-
adults group (19-22 years), [Supekar et al, 2009} How-
ever, few studies have analyzed the influences on both
small-world and modular organization with normal aging.
‘The main purpose of this study is to clarify topological
properties in structwral brain networks among different
age groups. We hypothesized that the economical small-
world properties and the modular organization of struc-
tural brain networks woulel be altered with normal aging.

In the present study, we divided all healthy subjects
into three groups by age. Study participants were selected
from a large-scale brain MRI database of normal Japanese
(1421 subjects, ages from 18 to 80 years), [Sato et al., 2003].
The structural connectivity in the human brain consisting
of 90 regions was constructed by computing the correla-
ton matrix of RGMV across subjects within each group.
Efficiency metrics were applied to investigate whether
structural brain networks show economical small-world
attributes and whether significant differences exist in
properties of brain networks among three age-specific
groups, We investigated the regional nodal characteristics
of brain networks and compared the between-group differ-
ences in node betweenness. Furthermore, we examined the
modular organization of structural brain networks and
identified several modules of the brain network in each
age-specific group. To clarify differences on the modular
organizalion of brain nelworks among three groups, we
compared the constitution of modudes and computed
attributes using, for example, the connector ratio and the
distribution efficiency.

MATERIALS AND METHODS
Subjects

The subjects were all community-dwelling normal
Japanese subjects recruited by two projects; the Aoba Brain
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TABLE 1. Characteristics of the subjects

Group ID Age range  Number of subjects  Age (mean £ SD)

Young (Y) 18-40 551 (F: 231/M: 320) 27.42 1k 677
350 (F: 158/M: 192) 27.31 % 6.65
Middle (M) 41-60 560 (F: 331/M: 229) 50.94 £ 5.22
350 (F: 196/M: 158) 51,07 & 5.26
Old (O) 61-80 372 (F: 198/M: 174) 68.32 + 458
350 (F: 188/M: 162) 68,17 £ 4.03

The italic and bold characters indicate the characteristics of 350
subjects randomly selected for each group.

Imaging Project, Sendai, Japan and the Tsurugaya Project,
Sendai, Japan. The Aoba Brain Imaging Project was per-
formed to create a database of normal Japanese brain
images [Sato et al, 2003]. To perform this, we obtained
1,637 brain MR images from normal Japanese volunteers
who were living in and around Sendai City, Japan. The
Tsurugaya Project study is a comprehensive geriatric
assessment (CGA) of the elderly population. It involved
1,179 subjects aged 70 years or older in 2002 who were liv-
ing in Tsurugaya district, Sendai City, Japan. We selected
210 subjects by random sampling from subjects who would
be willing to undergo brain MRI and submitted these
patients to MRL The subjects of the two projects were all
healthy and bad peither present iliness nor a history of
neurological disease, psychiatric disease, brain tumor, or
head injury. Prior to the acquisition of MR images, all sub-
jects envolled in the two projects were interviewed by med-
ical doctors for screening to determine whether he/she
was normal and to obtain clinical data. In both projects, we
excluded in advance those subjects who had past or pres-
ent history of malignant tumors, head traumas, cerebrovas-
cular diseases, epilepsy, or psychiatric diseases. After the
interview, brain MR images were obtained from each sub-
ject. The MR images were inspected by two to three well-
trained radiologists. Images with the following findings
were excluded from this study: head injuries, brain tumors,
hemorthage, major and lacanar infarctions, and moderate
to severe white matter hyperintensities, We did not exclude
the images with mild spotly white matter hyperintensities.

We collected brain images of 1,483 subjects in this study
(mean % S.D.; age, 46.30 + 16.98 years; range: 18-80 years).
To investigate the topological properties and organization
of structural brain networks with normal aging, we di-
vided all subjects into three groups by age (young, 18-40
years; middle, 41-60 vears; old, 61-80 vears), without
regard to sex. Group ID naming and characteristics of the
subjects are shown in Table 1.

MRI data acquisition and the use of them for the studies
by Fukuda H (the last author of the study) were approved
by the Institutional Review Board of Tohoku University
School of Medicine. Informed consent was obtatned from
each subject after a full explanation of the purpose and
procedures of the study, according to the Declaration of
Helsinki (1991), prior to MR image scanning.

Image Acquisition

Brain images were obtained from each subject using two
0.5 T MR scanners (Sigma contour, GE-Yokogawa Medical
Systemns, Tokyo) with two different pulse sequences: (1)
124 contiguous, 1.5-mm thick axial planes of three dimen-
sional Tl-weighted images (spoiled gradient recalled ac-
quisition in steady state: repetition time (TR), 40 ms; echo
time (TE), 7 ms; flip angle (FA), 30°; voxel size, 1.02 mmu x
1.02 mm x 1.5 mun); (2) 63 contiguous, 3 mm-thick axial
planes of gapless (using interleaving) proton density-
weighted images/T2-weighted images (ctual echo fast spin
echo: TR, 2,660 ms; TE, 15/120 ms; voxel size, 1.02 mm x
1.02 mm x 3 mm). T1 images were used for the present
analysis and all three images were used to exclude those
MRIs with abnormalities, as described above.

Measurements of Regional Gray Matter Volume

After the image acquisition, RGMV for each subject was
measured by using statistical parametric mapping 2
(SPM2) (Wellcome Department of Cognitive Neurology,
London, UK) [Friston et al,, 1995] in Matlab {Math Works,
Natick, MA). First, Tl-weighted MR images were trans-
formed to the same stercotactic space by registering each
of the images to the ICBM 152 template (Montreal Neuro-
logical Institute, Montreal, Canada), which approximates
the Talairach space [Jean Talairach, 1988]. Then, tissue seg-
mentation from the raw images to the gray matter, white
matter, cerebrospinal fluid space, and non-brain tissue was
performed using the SPM2 default segmentation proce-
dure. We applied these processes using the MATLAB file
“og_vbm_optimized” (http://dbm.neuro.uni-jena.de/vbm.
himl). WFU_PickAtlas software was employed to label the
regions in the gray matter images, which provided a
method for generating ROI masks based on the Talairach
Daemon database [Lancaster et al., 2000; Maldjian et al,
2003, 20041, We parcellated the entire gray matter into 45
separate regions for each hemisphere (90 regions in total,
see Supporting Information Table SI) defined by the Auto-
mated Anatomical Labeling (AAL) atlas [Tzourio-Mazoyer
et al,, 2002] to caleulate the RGMV for each subject.

Construction of Brain Structural
Connection Matrix

To study the topological properties of structural brain
networks among three age-specific groups, we examined
the correlation matrices using graph-theoretical analysis:
GrouplDs were Young, Middle, and Old. Since there was
a large difference in the number of subjects in each group,
we randomly selected 350 subjects for each age group (the
original gronp) (Table Ij to reduce the influence due to
varying degrees of freedom for each group in computing
inter-regional correlation across subjects. We also repeated
this randomly-selected grouping method 20 times in each
age group to examine whether subject charactes
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TABLE Il Topological parameters of structural brain networks used in this study

Natsvork properlies Characters Descriptions
Economical small-world Cost The cost or the sparsity to construct a network.
properties Eloe The local efficiency measures how efficient are the network to exchange the infor-
malion at the clustering level.
Eglob The global efficiency measures how efficient are the network to exchange the infor-
mation at the global level.
Igtoc The integrated local efficiency is the integrals of the local efficiency curves over
the preselected range of cost threshold,
{ggion The integrated global efficiency is the integrals of the global efficiency curves over
the preselected range of cost threshold.
Nodal characteristics BC The nonnalized betweenness measures the ability of 2 node relative to information
flow between other nodes throughout the network.
Iac The i d normalized t is the i d norvalized bet
over the preselected tange of cost threshold.
Modudarity B The modularity measures how the network is organized into modules with high
level of Jocal clustering.
sBC The within-module betwee i the importance of a node rel-

ative to the information flow between other nodes in the module.
rC The participant coefficient measures the abilily of a node to maintain the commu-
nication between its own module and the other modules.

significantly changed. As a resull, the characteristics of 350
subjects randomly selected for each age group were not
significantly different from those of the original group. We
used a linear regression analysis to remove the effects
from total gray matier volume and sex, so that the resid-
uals of this regression were employed as the substitute for
the raw RGMV, denoted as corrected RGMV (cRGMV). To
analyze the structural brain network by using RGMV, we
first applied the method introduced by He et al. to con-
struct the siructural connection matrix [He et al, 2007].
We computed the Pearson correlation coefficient between
cRGMV across 350 subjects randomly chosen from each
group to construct the interregional correlation matrix (N x
N, where N is the number of gray matter regions, here N =
490) for each group. Each connection mairix can be con-
verted to a binarized and undirected graph (network) G by
using a correlation or cost threshold. Then the networks
were analyzed by using graph theoretical methods. All top-
ological parameters of the networks calculated in this study
and their implications are shown in Table IL

Small-World Properties

Small-world properties (clustering coefficient, Cp and
characteristic path length, L) were originally defined by
Wattz and Strogatz [1998]. In addition io the conventional
small-world parameters (Cp and Lp), more biologically sen-
sible properties of brain networks are the efficiency met-
rics {global efficiency, Egen and local efficiency, Fi),
which measure the capability of the network with regard
to information transmission at the global and local levels,
respectively {Latora and Marchiori, 2001]. In several recent
studies, the efficiency metrics bave been applied to human

brain functional [Achard and Bullmore, 2007; Wang et al,,
2009a,b} and structural [He et al, 2009a; lturria-Medina
et al., 2008] network studies. For a graph G with N nodes
and K edges, the global efficiency of G can be computed
as {Latora and Marchiori, 2001):

1

Egon{C) = N D

)

where dy is the shortest path length between node i and
node j in G. The local efficiency of G is defined as [Latora
and Marchiori, 2001}

. 1 .
Fine(G) = 57 2_ Fgon(GD) @
e

where Egu(Gy) is the global efficiency of G, the sub-graph
of the neighbors of node i. In this study, we generated a
population (1 1,000) of regular networks and random net-
works that preserved the same number of nedes and
edges, respectively, The efficiency metrics (Ego, and Ejoc)
of real brain networks (G) were compared with those of
regular graphs (Grg) and random graphs (Grna), respec-
tively, The real brain network G is considered to be a
small-world network if it meets the following criteria
[Latora and Marchiori, 2001]:

Egiob(Greg) < Eglob(G) < Egiob(Grand) 011 Eje(Grand)
< EioelG) < EioelGreg)  (3)

In this study, we applied a cost threshold to investigate
economical small-world properties of networks. Such a
thresholding approach can normalize all networks to have
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the same number of edges or wiring cost and thus provide
an avenue to detect changes in topological organization
with aging [Achard and Bullmore, 2007; He et al, 2009a].
To estimate the small-world properties of structural brain
networks and to define a small-world regime, we first
applied a broad cost threshold range (0.05 < cost <0.5,
increased by 0.01) to all the connection mairices. The cost
(or sparsity) was computed as the ratio of the number of
actual connections divided by the maximum possible
number of connections in the network. We then adopted
the following complemeniary approaches to choose the
small-world regime: (1) the small-world properties were
estimable (K > log(N) = 4.5, N = 90) [Watts and Strogatz,
1998], (2) all brain networks were fully connected, and (3)
the resulting brain networks have sparse properties and
distinguishable properties in comparison to the degree-
matched random networks [Bassett et al., 2008; Liu et al.,
2008; Wang et al, 2009a). Finally, we selected the small-
world regime as a range of cost threshold (0.11 < cost
<0.25, step = 0.01). These thresholds were also used for
he following calculation of regional nodal characteristics
and modularity.

Regional Nodal Characteristics

In this study, we examined the node betweenness in the
networks. The betweenness by of a node i is defined as
the nwumber of shortest paths between any two nodes that
run through node i {Freeman, 1977). We delined the nor-
malized betweenness as BC; = b/ <be>, where <be>
was the average betweenness of all nodes. Thus, the nor~
malized betweenness of BC; measures the ability of a node
relative to information flow between other nodes through-
out the network. Finally, we averaged the normalized
betweenness across the range of cost threshold (0.11 £
cost 50.25). Regions with a higher value of > mean +
SD) were identified as global hubs in the brain network
[$porns et al., 2007},

Modularity and Regional Role

A module can be generally defined as a subset of nodes
in the graph that are more densely connected to the other
nodes in the same module than to nodes outside the mod-
ule [Radicchi et al, 2004]. Several algorithms have been
proposed lo define the modular decomposition of an
undirected graph [Clauset et al,, 2004; Danon et al,, 2005;
Guimera and Amaral, 2005a, 2005b; Guimera et al, 2004;
Newman 2006a, 2006b, 2004; Newman and Girvan, 2004;
Reichardt and Bernheldi, 2006]. Despite the many interest-
ing alternative methods, it should be noted that the prob-
Jem of community finding remains a challenge because no
single method is fast and sensitive enough to ensure ideal
results for general, large networks, a problem that is com-
pounded by the lack of a clear definition of communities.
Here, we adopted the spectral algorithm [Guimerd and

Amaral, 2005b; Guimera et al., 2004; Newman, 2006a} for
community detection, which is believed to be the most
precise and be able lo find a division with the highest
value of modularity for many networks [Costa et al,
2007]. This algerithm reformulates the modularity concept
n terms of the eigenvectors of a new characteristic mabrix
for the nelwork, called the modularity matrix [Newman,
2006a].

For each subgraph g its modulatity matrix B® has
elements

- By 2: {“m -

ucNig)

for vertices { and j in g. In Eq. (4), the actual number of
edges falling between a particular pair of vertices i and j is
aij; ki is the degree of a vertex i; 8; = 1if { = j and 0 other-
wise, Thus, to split the network in communities, the mod-
ularity matrix is constructed and its most positive
eigenvalue and corresponding eigenvector are determined.
According to the signs of the elements of this vector, the
network is divided in two parts (vertices with positive ele-
ments are assigned to one community and vertices with
negative elements to another). Next, the process is
repeated recursively to each community until a split that
makes a zero or negative contribution to total modularity
is reached. Similarly, Newman proposed a new definition
of communities as indivisible subgraphs, ie., subgraphs
whose division would not increase the modularity.

In this study, we detected the community structure for
the structural brain networks of three groups, which were
thresholded by a specific cost threshold (cost == 0.11). With
this threshold, we can capture the structural connectivity
backbone underlying the modular organization of the
most sparse and fully-connected brain networks. To fur-
ther distinguish the roles of noces in terms of their intra-
and inter-module connectivity patterns, the two measure-
ments, the within-module betweenness centrality, sBC and
the participant coefficient (PC) were applied (Guimera and
Amaral, 2005a; Guimera et al., 2005}. The sBC (i) of a node
i is the betweenness centrality, but is calculated only
within the module s to which it belongs. This parameter
measures the importance of a node relative to the informa-
tion flow between other nodes in the module. The PC(i) of
anode i is defined as

M kN
Peiy =13 (k’w)
s EANE

where Ny is the number of modules, ki, is the number of
links of node i to nodes in module s and k; is the total
degree of node i. The PC() tends to 1 if node i has a ho-
mogeneous connection distribution with all the modules
and to 0 if it does not have any inter-module connections.
PC measures the ability of a node o maintain the

+ Structural Brain Network Change With Aging ¢

communication between its own module and the other
modules. A high PC value for a given node usually means
the node has many inter-module connections. Depending
on the sBC, the nodes in the brain functional network
were classified as modular hubs (sBC >mean + std) or
non-hubs (sBC <mean + std), respectively, In terms of the
PC, the hub nodes were further subdivided into R1 con-
nector hubs (PC > 0.25) and R2 provincial hubs (PC <
0.25), and non-hub nodes were divided into R3 connector
non-hubs (PC > 0.25) and R4 peripheral non-hubs (PC <
0.25) [Guimerd and Amaral, 2005a; Guimera, 2005].

Statistical Analysis

To analyze statistical significance of between-group dif-
ferences with regard to the efficiency metrics (local and
global efficiency) among three age-specific groups, a non-
parametric permutation. test method was applied in the
small-world regime defined above (0.11 5 .25, step
= 0.01), [Bullmore el al., 1999; He et al, 2008]. Thus, we
can explore the between-group differences in efficiency
metrics at each threshold level. Here, we performed three
comparisons (Zy, Zy, Zyy) including the young versus mid-
dle (Y vs. M), the middle versus old (M vs. O), and the
younyg versus old (Y vs. (3), respectively. For each compar-
ison, the efficiency metrics of binarized graphs at a given
threshold were computed separately for each group. Then
one randomization procedure of the permutation test
yielded twoe new groups that were generalized by ran-
domly reallocating each subj et of cRGMY measures
from previous groups. The correlaion matrices for new
groups were recompuled and binarized by thresholding io
achieve the same threshold as in the real networks. The ef-
ficiency metrics of corresponding binarized graphs and
their between-group differences were calculated. This per-
mutation test randomization procedure was repeated 1,000
times at each threshold, consistent with the real networks.
Finally, the 95th percentile points of cach distribution
were used as the critical values for a one-tailed test of the
nutl hypothesis with a probability of Type I ervor of 0.05.
Moreover, we calculated the integrals of the efficiency
metrics curves as the integraled metrics (lae the inte-
grated local efficiency; Tggob, the integrated global effi-
ciency) over the preselected vange of cost threshold.
Between-group significances of three comparisons on the
integrated metrics were also estimated by 1,000 permula-
tion tests. For the investigation of node betweenness, we
also computed the between-group significance of two com-
parisons (Y vs. M and M vs. O) on the integrated normal-
ized betweenness ({pc;) over the cost threshold range,
using 1,000 permutation tests. To adjust for the multiple
comparisons, a false discovery rate (FDR) procedure was
applied at a g value of 0.05 [Genovese et al, 2002). We
also calculated the ratio of intermodule connections under
a cost threshold range (0.11 < cost €0.25, step = 0.01)
with the modular organization by the cost of 0.11. An

ANOVA analysis was applied to test the between-group
significance of the ratio of intermodule connections.

RESULTS

Economical Small-World Properties and
Age-Related Changes

We used a range for cost threshold (0.11 < cost <0.25,
step == 0.01) to verify the properties of structural brain net-
works from three age-specific groups (Young, 18-40 years;
Middle, 41-60 years; Old, 61-80 years). With the cost
thresholding strategy, both. the local and global efficiency
curves of structural brain networks in three groups were
intermediate compared with those of the matched random
and regular networks (Fig. 1A,B). The structural brain net-
works in three age-specific groups exhibited economical
small-world properties, indicated by higher local and
global efficiency than comparable random and regular net-
works, respectively {Latora and Marchiori, 2001).

As shown in Figure 14, the local efficiency in the young
group was significantly larger than those of the middle
and old groups, whereas no significant difference was
found between the middle and old groups. The global effi-
ciency of the young group was significantly lower than
that of the middle and old groups, and the old group had
significant lower values than the middle group (Fig, 1B).
Using the integrated efficiency mettics over the small-
world regime, we defined a U-curve model to clarify the
trend of topological properties of siructural brain networks
with normal aging. The inlegrated local and global
efficiency showed a U-curve and an inverted-U-curve,
respectively (Fig. 1C,D).

Regional Nodal Characteristics and
Age-Related Changes

To identify the global hubs in structural brain networks,
we averaged the normalized node betweenness centrality
BC; of each region over the cost threshold regime. The
regions with higher BC; (> mean -+ sd) were identilied as
the global hubs (Table 11I). In the young group, 16 regions
were designated as the global hubs, specifically 14 associi
tion regions and 2 limbic/paralimbic regions. Tn the mid-
dle group, 14 regions were identified as the global hubs,
specifically 10 association regions and 4 limbic/paralimbic
regions. In the old group, 14 regions were identified as the
global hubs, specifically 10 association regions, 3 limbic/
paralimbic regions and 1 subcortical region. Among the
identified global hubs, 12 of 16 regions in the young
group, 9 of 14 regions in the middle group, and 7 of 14
regions in the old gronp were frontal and parietal regions.
Results also indicated that 10 out of alt 14 global bubs in
the middle group and 6 cut of all 14 global hubs in the
old group were also identified as the global hubs in the
young group. To further clarify the alteration of regional
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Figure 1,

Economical small-world properties and age-related changes. Leit:
The local and global efficiency of brain networks as a function of
cost threshold. Right: The trend for the integrated efficiency
metrics in age-specific groups. A: Local efficiency calculated
under the cost threshold range of 0.11-0.25. B: Global effi-
crency calculated under the cost threshold range of 0.11-0.25.

nodal characteristics, we applied 1,000 permutation tests
to compute the significance of between-group differences
in node betweenness (P < 0.001, FDR-corrected). The
results indicated that six regions in the dorsal frontal-
parietal junction [IFGopercl, SFGmed.L, SFGmed.R,
SFGdor.L, IPL.L, PCUN.L; for abbreviation see Supporting
Information Table S1} showed decreased node betweenness
from young to middle age, whereas only three regions in
the ventral frontal and temporal lobes [ORBinfL,
ORBinf.R, STG.L] revealed increased node betweenness
(see Supporting Information Table Sli). For the period
from middle to old age, five ventral lateral cortices in
the frontal and temporal lobes [ORBinfl, ORBinfR,
ORBmed R, MTGIL, MTGR] showed decreased node
hetweenness, whereas nine regions mostly in the lateral
occipital-parietal junciion [MOG.L, MOGR, ANG.L,
ANG.R] and the paralimbic/subcortical area [PHG.R,
AMYG.R, CAU.L, THA L] revealed increased node betwe-

Significant differences between age groups were tested by per-
mutation test under uncorrected conditions (P < 0.05). A; Y
vs. M, x; Y ve. M, €Y vs. O, C: Integrated local efficiency. D:
Integrated global efficiency. Three comparisons were performed
as follows: Z; (Young vs. Middle), Zy (Middle vs. Old), and Zy
(Young vs, Old).

enness (see Supporting Information Table SHT), The global
hubs and the significant age-related changes in node
betweenness were visualized by surface representations of
structural brain networks using the Caret software [Van
sen, 2005), (see Fig, 2),

Modularity and Age-Related Changes

Maximum modularity (M) of brain networks decreased
as a function of increasing cost threshold (see Supperting
Information Fig. 51), It is generally accepted that M > 0.3
are indicative of nonrandom community structure [New-
man and Girvan, 2004]. In this study, as the values of
modularity were all larger than 0.3 over the preselected
cost threshold range, and structural brain networks were
consistently modularly organized in thiee age groups.
However, there was no significant difference in modularity

¢ Structural Brain Network Change With Aging «

TABLE lil. The global hubs of the structural brain networks

Young Middie Old
Abbreviations Class Np(i)  Module Role  Np(i) Module Role Ny} Module Role Reference
SFGmed. L Association  4.559 v R2 4.762 v R3 E
MITG. L Association 4305 % R3 3.543 v R3 B.C,EFG
SFGmed. R Association  3.698 v R4 A CDE
MOG. R Association 3569 1 3 2737 n R3 A G
ORBmed. R Paralimbic 2.876 v R3 3.451 v R3
LING. R Association 2865 m R3 1.945 I R3 B, G
SMG. L Association 2846 1 R3 2579 T R3 1.997 1 R3 B
SMG. R Association 2496 I R3 1833 v R3 2.249 1 R3 C
PCUN. L Association 2442 I R3 A DG
IFGtriang. R Association 2321 I R3 2610 1 R3 2599 1 R3 LG
ORBmed. L Paralimbic 2.289 v R3 2,009 v R3 C
SFGdor. L Association v R2 A DEG
MTG. R Association v R3 3.631 v R3 B,C EFG
FGlriang. 1. s i 1 R3 1.854 1 R3 2.689 1 R3 LG
FCUN. R Association m R1 A, D,
SFGdor. R Association 1Y R4 1.941 v R2 A CUEFRG
ANG. R Association 3431 I R3 B
AMYG. R Paralimbic 3389 v R3
PHG. R Paralimbic 2.760 v R2 EF
STG. R Association 2.986 1 Rra 2.665 T R4 B, C G
ANG. L Association 2.318 I R3 B
INS. L Paralimbic 2211 T R2 D
MOG. L Association 2016 It R3 A G
THA. L Subcortical 1948 I R3
STG. L Association 1.991 1 R1 B, G
ORBinf. L Paralimbic 3.037 v Rl B, C
ORBinf. R Paralimbic 3018 \4 R3 B

“The hub regions (normalized node betweenness, Nbc(i)>mean + SD) in structural brain networks of three age groups are listed in
decreasing order of the node betweenness in the young group. The regions are classified as association, primary, limbic/paralimbic or
subcortical regions as described by Mesulam [2000]. The module column indicates the anatomical modules that the hab regions belong
to, and the role column indicates the roles that the hub regions play in terms of their intra- and inter-module connectivity patterns; con-
nector hub (R1), provincial hub (R2), connector non-hub (R3), and provincial non-hub (see Materials and Methods). R: right; L: left. For

the descriplion of the abbreviations, see supplersentaxy Table S1.

The reference column indicates the hub regions previously identified in buman brain structural (A, B, C, D, E), or functional (F, G} net-
works. A; Gong et al. [2009), B; He et al. [2008], C; Chen et al. [2008), D; Tturria-Medina |2008], E; He et al. {2007], F; He et al. [2009b),

G; Achard et al. [2006).

among the age-specific groups. Using the fixed cost thresh-
old (cost = 0.11), the obtained brain networks that cap-
tured the structural connectivity backbone underlying the
principal topological organization were separated into
modules according to the spectral method proposed by
Newman [2006a). As a result, the brain networks were
separated into five, six, and five modules in young, mid-
dle, anct old groups, respectively (Table 1V, see Supporting
Information Table SIV). The brain regions included in
modules with three age groups were described in Support-
ing Information Text S1. The surface representations for
modules in structural brain networks are shown in Figure
3. Moreover, the modular organization of structural brain
networks shown here was also reproduced by using differ-
ent specific cost thresholds (cost = 0.15 and 0.20), (see
Supporting Information Fig. 82). We showed the modular
organization of the structural brain networks in topological

spaces (Fig. 4A-C). The topological representations were
drawn by the Pajek software package (hitp://vlado.fml.
uni-lj.si/pub/networks/pajek) using a Kamada-Kawai
algorithm [Kamada Kawai, 1989]. With this algorithm, the
geometric distance between two brain regions on the
drawing space approximates the shortest path length
between them.

In this study, according to the patterns of intra- and
inter-module connections, the four possible roles of
regions were defined as connector hub (R1), provincial
hub (R2), connector non-hub {R3), and provincial non-hub
(R4). To show the node roles of regions in each module,
we arranged the connector nodes (R1 and R3) in a central
ring. In the young and middle group, 49 regions (8 R1 and
41 R3) and 49 regions (7 R1 and 42 R3) were identified as
connector nodes (Table 1V, Fig. 4D,E). However, only 28
regions (3 R1 and 25 R3) were defined as the connectors
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. Figure 2.
Surface representations for giobal hubs and the significant age- ness from middle to old age. The global hubs and non-hubs are
related changes in node betweenness. Top: The global hubs in indicated by spheres in big and small size, respectively. The
the young group. Middle: The global hubs in the middle group nodes with significant decreased and increased age-related
and the significant age-related changes in node betweenness changes are indicated by green and red spheres, respectively.
from young to middle age. Bottom: The global hubs in the old  The nodes without significant age-related change are indicated
group and the significant age-related changes in node between~ by blue spheres.

(fable 1V, Fig. 4F). Most global hubs (Young, 12/16; the connectors to the regions in the module was larger
Middle, 13/14; Old, 11/14) played R1 or R3 (connector) than 0.6) and a high ratio of intermodule connections (the
roles, with numerous inter-module connections executing  ratio of the intermodule connections in the modules to
a critical impact on the coordination of information flow  that in the whole nelwork was larger than <1/numbers of
through the whole network (Table If). modules>) (Table IV). In both the young and the middle

In addition to discrepancies in the composition and  group, Medules 1, 11, and V were identified as the connec-
numbers of modules, we also found diffevences in the top-  tor-modules (Table 1V). The young brain network was
ological roles of the modules in the brain networks of observed to have dense inter-module connections between
three groups. We defined the connector-module as the Module I and V (53/109), as well as between Medule I
module that had both a high connector ratio (the ratio of  and UI (25/109) (see Supporting Information Table 5V), In

TABLE IV. The distribution of tors and inte dule connections in each module
Young Middle Old

Module Regions  Connector  Intermodile  Regions  Connector  Intermodule  Regions  Connector  Intermodule
T 16 11(0.69) 80(0.37) 13 9(0.69) 49(0.25) 26 7(0.27) 51(0.36)
u 21 £(0.38) 16(0.07) 18 6(0.32) 25(0.13) 10 4(0.40) 43(0.30)
m 14 12(0.86) 43(0.20) 18 12(0.67) 35(0.18) 8 4(0.50) 12(0.09)
v 20 30.15) 10(0.05) 19 6(0.32) 16(0.08) 1® 6(0.33) 19(0.13)
v 19 15(0.79) 69(0.32) 14 11(0.79) 58(0.30) 28 3(0.11) 13(0.09)
Vi 8 5(0.63) 15{0.08)
Total number 90 49 109 90 49 99 90 24 69

The “Connector” column indicates the numbers of connector nodes in each module and its ratio to the total number of regions in the
module {in parentheses). The “Intermodule” coJumn indicates the numbers of intermodule connections in each module and its ratio to
the total number of infermodule convections in the whole network (in parentheses). The bold and italic characters indicate ibe values of
the connector-module in each age growup, with both the higher connector ratio (>0.6) and the higher ralio of intermodule connections
(larger than <1/number of modules>).
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Figure 3,
Surface representations for modules in structural brain networks. All of 90 brain regions are
plotted by different colored spheres (different colors represent distinct network modules) and
further mapped onto the cortical surfaces at the lateral and medial views. respectively.

the middle group, the inter-module connections spread
sround modules and abundant connections existed only
between Modules T and V (28/99) (see Supporting Infor-
mation Table SV1). Although no module was recognized
as the connector-module in the old group, there were rela-
tively dense inter-module connections between Modules |
and I (32/69) (see Supporting Information Table SVII).
Furthermore, the young and middle groups showed signif-
icantly higher proportions of intermodule connections
than did the old group (ANOVA, P = 0.007), (Fig. 5).

DISCUSSION

This is the first study, to owr knowledge, to investigate
both small-world propertties and modularity of structural
brain networks in healthy individuals across a broad age
range. We found that structural brain networks exhibited
economical small-world properties in three age-specific
groups. We defined the global hubs to account for higher
node betweenness in each group. In particular, the small-
world properties and node betweenness showed signifi-
cant changes with normal aging. Moreover, our results
demonstrated that structural brain networks showed mod-
ular organization in three groups and changed greatly in
the old age group. Structural brain networks developed
into a more distributed organization from young to middle
age, then organized into a localized organization with sub-
stantial alterations in old age. Thus, undevstanding
changes in topological properties in structural brain
networks may help elucidate normal processes of brain
maturation and senescence.

Economical Small-World Properties and
Age-Related Changes

In this study, structural brain networks exhibited eco-
nomical small-world properties in all age-specific groups,
as determined nsing RGMV with MR images. Our findings
of high global and local efficiency in shructural brain net-
works with lhree age-specific groups were compatible
with previous functional and structural brain networks
studies [Achard and Bullmore, 2007; Bassett et al., 2008;
He et al., 2008, 2009a; Wang et al., 2009b]. Computational
modeling simulations [Sporns et al., 2000] and experimen-
tal studies [Chen et al, 2008] have also suggesled the
emergence of small-world topology when networks are
evolved for the great complexity of dynamic behavior,
defined as an optimal balance between local specialization
and global integration [Sirogatz, 2001]. Thus, our results
provided further support for the standpoint that brain net-
works might have evolved to maximize the cost efficiency
of parallel information processing.

We also noted age-related changes in efficiency metrics
of structural brain networks. First, the structural brain net-
work may develop into a more distributed organization
from young to middle age, accompanied by significant
decreases in local efficiency and robust increases in global
efficiency. The reduction of local efficiency might be
related to that healthy aging is associated with a regionally
distributed pattern of gray matter atrophy |Bergfield et al.,
2010). Moreover, a previous study suggests that high
global efficiency assures effective integrity or rapid trans-
fers of information between and across remote regions
that are believed to constitute the bosis of cognitive
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process [Sporns and Zwi, 2004]. Recent studies also dem-
onstrate a positive correlation between the global efficiency
of brain networks and intellectual performance, indicating
a more efficient parallel informalion transfer in the human
brain [Li et al, 2009; van den Heuvel et al, 2009]). Thus,
the period from young to middle age may reflect a matu-
ration process in the structural brain network. This finding
was also in accordance with that the age-related cognitive
changes involved in the age-related loss of gray matter
volume [Hedden and Gabrieli, 2004; Resnick et al., 2003;
Tisserand et al, 2004). Second, the structural brain net-
work may evolve inlo a more local organization from mid-
dle to old age. The local efficiency did not differ
significantly between the middle and old groups (Fig. 1A),
whereas the integrated local efficiency increased signifi-
cantly (Fig. 1C). Besides, the global efficiency and the inte-
grated global efficiency decreased significantly (Fig. 1B,D).
This phenomenon may indicate a degeneration process in
the structural brain network with normal aging. It has
been suggested the regular networks have a slow signal
propagation speed and synchronizability in comparison to
small-world networks {Strogatz, 2001}, The regular config-
uration that upsets the optimal balance of a small-world
network was related to many neurological and psychiatric
disorders described as dysconnectivity syndromes [Catani
and ffytche, 2005]. Many previcus studies have reported
the regular configuration of brain networks in patients
with diseases such as schizophrenia or AD, derived from
fMRI, EEG or structural MRI data [Bassett et al, 2008; He
et al, 2008; Stam et al., 2007). There seems to be conver-
gent evidence from methodologically disparate studies
that both AD and schizophrenia are associated with abnor-
mal topological organization of structural and functional
brain networks [Bullmore and Sporns, 2009). Thus, our
results suggested that aging has high risk for dysconnec-
tivity syndromes. Third, the U-curve model defined in this
study indicated a quadratic curve-like tendency of struc-
tural brain networks with normal aging. Our recent study
demonstrated that gray matter volume declined with age
in healthy community-dwelling individuals, whereas the
while matter ratio (WMR) had an inverled-U curve trajec-
tory with age. WMR increased until around 50 years of
age and then decreased in each gender [Taki et al, in
press]. This increase in the WMR is thought to represent
maturational changes such as wyelination, which may

continue until middle adulthood. There are other support-
ing evidences that both gray and white matter magneliza-
tion transfer ratio (MIR) histograms follow quadratic
curves: in both cases, they increase up until middle adult-
hood and then decline significantly, as determined by a
study that assessed age-related MTR histogram measure-
ments in healthy subjects (54 healthy volunieers Aged 20~
86 years), [Ge et al, 2002a,b]. Brain maturation includes
both regressive cellular events (such as synaptic pruning)
and progressive cellular events (such as myelination),
which could result in the appearance of regional gray mat-
ter volume decline or cortical thinning on MR images
[Sowell et al., 2003, 2004]. It has been noted that brain
maturational change continues to about the fifth decade of
age [Sowell et al., 2003}, which may account for the matu-
ration of structural brain networks.

In addition lo the above findings, we observed thal the
young group showed higher local efficiency (Fig. 1A.Q)
but lower global efficiency (Fig. 1B,D) as compared with
the old group. This finding was different from the results
of a previous study [Achard and Bullmore, 2007}, in which
the young group (N = 15; mean age = 24.7 yvears) showed
higher values in the relative global efficiency and no sig-
nificant difference in the relative local efficiency compared
with the old group (N = 11; mean age = 66,5 years). The
discrepancies could be attributed to different network
modalities (structural vs. functional) and population size
(350 vs. 11/15).

Regional Nodal Characteristics and
Age-Related Changes

Node betweenness is an important metric that can be
used to determine the relative importance of a node with
a network and identify the pivotal nodes in the complex
network. As indicated by the higher values of node
betweenness, 16, 14, and 14 global hubs that are crucial to
efficient communication were identified in the young, mid-
dle, and old groups, respectively. These global hub regions
were mainly composed of recently evolved association and
primitive limbic/paralimbic regions. Association regions
have proven to contiibute to the integrity of multiple func-
tional systems, such as attention and memory systems
[Mesulam, 1998], and tend to be hubs of the brain func-
tional petwork regardless of age [Achard and Bullmore,

Figure 4,

Modular organization of structural brain networks. Left: The
modular organization of young (A), middle (B), and old (C)
brain networks visualized by minimizing free energy using a
Kamada-Kawaki layout algorithm, The global hubs and non-hubs
are represented by the bigger and smaller circles, respectively.
The regions are represented by the module color. The intra-
module and intermodule connections are represented by the

light gray and black fines, respectively. Right: The regional node
roles in brain modules for young (D). middle (E), and old (F)
brain networks, with connector nodes located in a central ring
to highlight intermodule connections, The intramodule and inter-
module connections are shown in colored and black lines,
respectively.
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The ratio of interimodule connections.

2007}, Limbic/paralimbic regions have been shown to be
highly interconnected with the prefrontal regions and sub-
cortical regions, and are mainly involved in emotional
processing and the maintenance of a conscious state of
mind [Mesulam, 1998]. In this study, most global hubs
were frontal and parietal regions, especially in the young
(12 of 16) and middle (9 of 14) groups. Previous studies
have also demonstrated that identified global hubs were
mainly prefrontal and parietal regions, providing a poten-
tial explanation for their well-documented activation by
many cognitive functions [Bullmore and Sporns, 2009).
Moreover, although the identified global hubs varied
among three age-specific groups, most of these regions
were found to show high regional efficiency or node
betweenness in the structural [Chen et al, 2008; Geng
et al, 2009b; He et al., 2007, 2008; Tturria-Medina et al,,
2008] and functional [Achard et al, 2006; He et al,, 2009b]
human brain networks (Table I11). It was noted that the
substantial discrepancies of identified global hubs between
this study and the previous studies could be due to the
different neurcimaging modalilies, subjects’ characteristics
and computational methods.

We also found significant changes in node betweenness
with decreasing and increasing in both periods (see Fig.
2). This finding was consistent with a previous study
which indicates both negative and positive age effects on
the regional efficiency in cortical vegions [Gong et al,
200%a]. The most of these identified regions were associa-
tion cortices (7 out of 9) in the period from young to mid-
dle age. From middle to old age, the regions were
associatton (7 out of 14) and paralimbic/subcortical (7 out
of 14) regions, These results supported the view that age-
related changes are mainly characteristic of association
cortex as opposed to primary cortex [Albert and Knoefel,
1994]. Our results were also similar to the result by a pre-
vious study that old age is associated with significantly

reduced nodal efficiency in several regions of the frontal
and temporal neocortex [Achard and Bullmore, 2007). We
also tried to interpret this phenomenon by previous results
in the dypamic course of brain maturation. A previous
study indicates that relative regional differences in cortical
GM volume with age occur in the frontal, parietal and
temporal lobes [Smith et al, 2007]. Importantly, the dis-
crepancies in node belweenness between middle and old
groups were more notable than those between young and
middle groups (see Fig. 2). Thus, our results suggested
that the organization of structural brain networks changed
slightly from young to middle age, whereas it allered
greatly from middle to old age.

Modularity and Age-Related Changes

Our results indicated the existence of modular organiza-
Hon in the structural brain networks in three age-specific
groups, The organization consisted of modules of tightly
connecled brain regions. Each module in a network has
intramsodule connections that are denser than its intermod-
ule connections. High local clustering represents a geneval
organizational principle throughout many larger-scale
brain networks and may contribute to the balance between
brain functional segregation and integration while conserv-
ing connection length, efficient recurrent processing within
modules, and efficient information exchange between
modules [Bassett and Bullmore, 2006; Chen et al, 2008;
Latora and Marchiori, 2001; Sporns et al., 2000]. Thus, this
finding of modular organization in structural brain net-
works was consistent with the pre-stated results of eco-
nomical small-world attributes, indicated by higher local
and global efficiency than comparable random and regular
networks, respectively. Moreover, we noted that the struc-
tural brain networks were organized with topological
modules that closely overlap known functional domains
such as auditory and language (Module 1 in young and
middle), memory and emetion processing (Module II in
young and middle), visual and “default” network (Module
TIT in young and middle), motor and somatosensory (Mod-
ule IV in young, middle, and old), cognitive processing
and learning (Module V in young), and decision-niaking
(Module V in middle). The modules in the old group were
quite different from those in the young and middle
groups. Specially, Module [ was primarily associated with
memory, as well as auditory and language functions;
Module 11 was mainly involved in the visual system; Mod-
ule Il was involved with emotion formation and process-
ing; Module V was similar to Modules I and V in the
middle group, which were mainly associated with mem-
ory, emotion, and cognitive processing. These results were
also in accordance with several recent studies on the mod-
ular organization of human brain that utilized structural
and functional network analyses [Chen et al., 2008; Hag-
mann et al.,, 2008; He et al,, 2009b]. For the full discussion,
see Supporting Information Text S1.
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We also found no significant difference with regard to
the modularity of the global brain networks among three
age-specific groups [see Supporting Information Fig. 81}
This finding was consistent with that of a previous study,
in which no significant difference was found between the
young and old groups with regard to modularity, imply-
ing that modular organizalion is conserved over the adult
age range consicered [Meunier et al., 2009a]. Nonetheless,
there were notable discrepancies in the composition and
topological roles of modules among brain networks in this
study. First, comparing the composition of the modules
among three age groups, we found that the modular orga-
nization of the young and middle groups were very simi-
far but quite different from that of the old group (Rigs. 3
and 4). A new module (Medule V1) in the old group repre-
sented the separation of all subcortical regions from the
areas known as Modules I and V in the young group. The
constitution of the modules in the middle group resembled
that in the young group (see Fiy. 4). However, the regions
in the old group were assembled more densely, leading to
the overnumbered regions in modules (see Fig. 4). This
finding may indicate that the modular organization of
structural brain networks changes greatly until old age.
Second, the number of connectors in the old group
was also less than that in the young and middle groups
(Table 1V). The connectors were crucial for the global coor-
dination of information flow in the brain networks and
were of great importance for maintaining network
integrity [He et al., 2009b; Sporns et al., 2007], Moreover,
the modules in the old group seemed to be more locally
organized, resulting in fewer intermodule conpections as
compared with the numbers in the young and middle
group (see Fig. 5). The intermodule connections facilitate
communication between different modules and conlribute
to the network bridges that serve as pivotal connections
for the information flow of the whole brain network [Chen
et al., 2008; He et al, 2009b]. This finding was in accord-
ance with a previous study on age-related changes in
modular organization of human brain functional networks,
in which the number of intermodule connections to frontal
modular regions was significantly reduced in an old group
[Meunier et al,, 2009a]. As a result, three connector-mod-
ules were identified in both the young and middle groups,
whereas no connector-module was found in the old group
(Table 1V). The connector-module way play a critical role
in coordinaling activity across the brain network as a
whole and in mediating interaclions between modules
[Meunier et al., 2009a). Combined with the findings in the
small-world  properties and node betweenness, these
results may reveal that the structural brain network
changed slightly, shifting into a more distributed organiza-
tion during the transition from young to middle age, and
then organizing into a localized organization with great
alteration in old age. Our findings were also in agreement
with a recent study on functional brain networks, which
indicated the organization of multiple functional nelworks
shifts from a local anatomical emphasis in children to a

more “distributed” organization in young adults over de-
velopment {Fair et al., 2009},

METHODOLOGY

The human brain structural network was first con-
structed by using cortical thickness measurements [He
et al, 2007}, because of strong correlations between regions
that are axonally connected [Lerch et al, 2006]. We used
the measurement of RGMV to construct structural brain
networks, as applied first by a previous study on the hier-
archical organization of uuman cortical networks [Bassett
et al., 2008]. Although there is still no direct proof that cor-
relations of gray matter volume across subjects are indica-
tive of axonal connectivity via white matter tracls, sirong
correlations between brain regions known to be anatomi-
cally connected have been observed in previous optimized
voxel-based morphomelry studies [Mechelli et al, 2005;
Pezawas et al, 2005). Thus, the RGMV as the measure-
ment of structural connectivity is currently considered as
exploratory and should be investigated further in future
studies. Salvador et al. showed that regional volume had a
positive correlation which its mutual information that
measured the functional connectivity between the region
and the rest brain regions [Salvador et al,, 2008). A previ-
ous study also indicates that network properties (e.g.,
small-worldness and degree distribution) change with the
alterations of topological organization introduced by the
different parcellation schemes [Wang et al, 2009a). Thus,
the comparisen of network parameters across studies must
be made with reference to the spatial scale of the parcella-
tion schemes [Zalesky et al., 2010]. While this study was a
cross-sectional study, a longitudinal analysis would also
be useful to investigate the change in structural brain net-
works with normal aging. Because all subjects in this
study were more than 20 years old, young and adolescent
subjects are expected to be included in future studies of
brain network development. It is also important to investi-
gate the topological properties and modular organization
of human brain netsworks with normal aging, in combina-
tion with functional and structural studies.

CONCLUSION

In this study, we quanditatively analyzed the changes in
small-world properties and modularity of structural brain
networks with normal aging, using the structural MRIL
Our results indicated that normal aging had a notable
effect on the topological organization of structural brain
networks. These findings were compatible with previous
studies on the small-world and modular organization of
brain functional and structural networks, thus enhancing
our understanding of the underlying physiology of normal
aging in the hwman brain,
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Abstract—Rupture properties of thoracic aorlic aneurysms
(TAAs) were measured in vitzro in a pressure-imposed test 10
predict the ultimate stress of TAAs [rom their mechanical
behavior in a physioln%ical pressure range. Each guadrilat-
eral (ca. 20 x 20 mm®) specimen of TAAs or porcine
thoracic aortas (PTAs) was pressurized from the inner wall
until rupture or up to 4500 mmHg. while its deformation was
being monitored. In-plane stress ¢ and strain e of the
specimen were calculated using Laplace’s law and deforma-
tions of the markers drawn on the specimen surface,
respectively. Ultimate stress ,,qy and tangent elastic modu-
lus H were determined from the o—& curve as ils maximum
stress and slope, respectively. The tangent elastic modulus
H of PTA specimens tended to increase with the increase in
. while that of TAA specimens tended to reach a plateau ina
low-¢ region. This tendency was confirmed by fitting a
function H = Co(1 — exp(—o/t,)) to the H—o relation of
specimens: The yielding parameter 7, was significantly lower
in TAAs than PTAs. Furthermore, the logarithm of the
parameter 7, correlated significantly with op., for all
specimens. These resulls may indicale that 7, is one of the
candidate indices for rupture risk estimation.

Keywords—Thoracic aortic aneurysm, Pressure-imposed test,
Mechanical property, Rupture estimation, Tangent elastic
modulus.

INTRODUCTION

The number of deaths cavsed by rupture of all
aortic aneurysms has been increasing. For example, in
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Japan these deaths were recorded as 8.3, 8.6, and 9.3~
100,000 people in 2006, 2007, and 2008, respec-
tively,”** possibly because of the rapid aging in this
country. While only about 30% of aortic ancurysms
result in rupture,’', the mortality rate due to the
rupture of thoracic aneurysms has been reported to be
more than 90%.% At present, aneurysms with a diam-
eter larger than a critical value, ca. 5 cm for example,
are surgically repaired. However, one of the problems
is that aneurysms with smaller diameters than the
critical value could rupture.”** Thercfore, other reli-
able indices that can be used to estimate the risk of
aneurysmal rupture have been urgently required.

From the viewpoint of the strength of materials,
aneurysms rupture when the tensile stress in the wall
exceeds its ultimate stress. Therefore, many studies have
reported the mechanical propertics of aneurysms. Stress
distribution in an ancurysmal wall has been estimated
based on patient-specific mathematical models con-
structed from CT images.""‘“5 The mechanical proper-
ties of aortic aneurysms have been measured with
uniaxial''® tensilc tests i virro, and it has been
reported that their ultimate stress was lower than that of
normal aortas, while aneurysm specimens were much
stiffer than the normal ones. Although there has been a
wealth of data on the mechanical properties of ancu-
rysms, these data are not sufficient for a reliable risk
estimation of aneurysm rupture in each patient because
there is a wide variety of data. We need to develop a
paticut-specific method to estimate the ultimate stress
from clinical data such as beat-by-beat deformation of
the aneurysm.

1869-408X{12/0300-0041/0 © 2011 Biomedical Engincering Socicty
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Since aneurysmal tissues are biaxially stretched
in vivo, mechanical properties should be evalvated in a
biaxial tensile test. Although elastic moduli of aneu-
rysmal specimens have been obtained in biaxial tensile
, 51 yltimate stress has not been acquired due to
technical difficulties in chucking specimens until fail-
ure. To mimic the mechanical environment in situ
more rigorously, Groenink et al.” reported a pressure-
imposed test for a whole segment of normal human
thoracic aortas. An application ol this method to real
aneurysms would be unrealistic due to difficulties in
obtaining whole segments of ancurysms during sur-
gery. To solve this problem, we previously developed a
pressure-imposed rupture test system for small quad-
rilateral segments and successfully obtained mechani-
cal properties of porcine thoracic aortas (PTAs)
including the failure strength, as we accomplished in
the conventional uniaxial tensile test,'

In this study, we applied this system to specimens
obtained from unruptured human thoracic aortic aneu-
rysms (TAASs) to measure their ultimate stress oy, and
other mechanical properties that would be measurable in
clinical MR1 and CT data, such as the local strain and
tangent elastic modulus. We then searched for significant
correlations between 0w and other mechanical
parameters to estimate the ultimate stress with clinically
measurable parameters, and found that the shape of a
tangent elastic modulus-intramural stress relationship
had a significant correlation with the ultimate stress.

MATERIALS AND METHODS
Specimens

Quadrilateral TAA specimens were obtained {rom
patients following their informed consent during
aortic replacement surgery in Tohoku University
Hospital with the approval of the Tohoku University
Hospital Human Studies Committee according to the
World Medical Association Declaration of Helsinki.
The TAA specimens were immersed in a physiolog-
ical saline and stored frozen at —20 °C until exper-
iments for 8 months at the longest since mechanical
properties of aortas after freezing have been reported
to be comparable to those before freezing.”” About
half of the specimens were unsuitable for the pres-
sure-imposed test because they were too small to
mount on the tester. The remaining 15 specimens
from 12 patients (1f males and | female; age:
69 £ 8) were used for the pressure-imposed test.
Data concerning patients and specimens are listed in
Table 1.

As control, PTAs were obtained at a local slaugh-
terhouse. Quadrilateral specimens (ca. 20 mm x
20 mm) were excised near the first (proximal) and fifth
or sixth {distal) intercostal arteries. The PTAs were
immersed in physiological saline (154 mM NacCl) and
kept at —20 °C until experiments in a manner similar
to the TAA specimens.

TABLE 1. Summary of the orlgin, sex, age, position, and dimensions of aneurysm specimens.

Specimen # Origin® Sex Age Position Diameter (mm) Thickness (mm)
HO104A AAE Femals 74 Descending 50 27
HO104B 2.5
HO108 TA Male 68 Arch 50 3.3
Ho109 AD Male 70 Descending 62 3.4
HO110 TA Male 82 Descending 57 24
Ho112 - Male 59 Arch 75 3.1
HO113A AD Male 74 Ascending 50 34
H0113B 5.6
HO115 TA Male 68 Descending 65 2.8
HO118A TA Male 73 Arch 85 38
HO117 TA Male 76 Arch 70 5.0
HO119A TA Male 67 Arch 62 4.3
HO122A AD Male 51 Descending 75 33
Ho122B 35
Ho123 TA Male 63 Descending 85 4.1
Mean £ SD 69+8 6249 35+ 08

AAE, annulo aortic ectasia; TA, true aneurysm; AD, aortic dissection. Since specimens with the same number (e.g. HO104A and HO104B)
were obtained from the same aneurysm of the same patient, data except thickness are common. Mean =+ SD for age and diameter was

caleulated for the number of patients.
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Pressure-Imposed Test

The pressurc-imposed test was performed  as
described previously.' Briefly, the thickness of each
specimen was measured five times at different places
with an area micrometer by sandwiching the specimen
with glass plates lo avoid squeezing the lip of (he
micrometer into the specimens,'” and the data were
averaged to obtain specimen thickness at the no-load
statc. A dot matrix at 2-mm intervals in circumfer-
ential and longitudinal directions was marked on the
adventitial surface of the specimen with black Indian
ink. The specimen was then fixed on the pressure~
imposed test system. Figure 1 shows a schemalic
illustration of the experimental setup of the system.
After the circumferential direction of the specimen
was orienled horizontally referring to suture kuots
tied during surgery, the specimen was sandwiched
with a metal block and a plate both having a hole
15 mm in diameter, and fixed with bolts. Air pressure
generated from the compressor was controlled with an
electro-pneumatic regulator and applied to the speci-
men through a rubber balloon through the hole of the
metal block to make the specimen bulge into the hole

of the metal plate. The method of loading pressure
through the rubber balloon was chosen to avoid air
leaks. To avoid generation of membrane tension of
the rubber balloon, a relatively large balloon was used
and it was confirmed that the balloon had wrinkles,
i.c., it did not bear tension even at the rupture of the
specimens. The balloon was pressurized at a rate of
10 mmHg/s until the specimen was ruptured or its
pressure reached 4500 mmHg. The electro-pneumatic
regulator was controlled with data acquisition soft-
ware (LabVIEW 3.0, National Instruments, Japan) on
a personal computer (PC) through a digital-analog
converter. The actual pressure loaded onto the speci-
men was measured with a pressure transducer, and
then recorded on the PC through a strain amplifier
and an analog-digital converter at a sampling rate of
100 kHz. Images of deformation of the specimens
were captured with charged coupled device (CCD)
video cameras (resolution: ~11 pixel/mm) placed at
both front and lateral sides of the specimen and
recorded by a video cassette recorder through a digital
video mixer. Images of the specimens at rupture were
also acquired with a high-speed camera (FIRSTCAM-
Net 1000/Max, Photron, Japan; resolution: ~27 pixel/

- Metalblock

AD
converter

0
Presstire
transducer

Electropneumatic
regulator

Compressor

FIGURE 1. Schematic illustration of the experimental setup.
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mm) at 3000 frames/s to identify the point of crack
initiation.

The specimens were then removed from the appa-
ratus following the test, and crack shapes of the rup-
tured specimens were manually traced on both
adventitial and intimal sides. The angle between the
major axis of an equivalent ellipse of the crack shape
and the circumferential direction of the specimen
i vivo was then measured as a crack direction with
image analysis software (TmageJ 1.42i, National Insti-
tutes of Health, Bethesda, MD, USA).

Mechanical Parameters

The in-plane stress and strain of each specimen
during pressurization were calculated every 10 mmHg
from the specimen geometries and the applied pres-
sure, assuming that the specimen was incompressible
and had a thin-walled shape with uniform (hickness.
The idealized geometry used for the calculation is
shown in Fig. 2. The shape of the specimen was
assumed to be a circular plate at the no-load state
(Fig. 2a), an oblate spheroid when the maximun
deformation Dy, Was less than the radius of the hole
of the metal plate r (Dyx < r = 7.5 mm; Fig. 2b), and
a combined geometry comprising a hemisphere and a
cylinder when Dy, 2r (Fig. 2c). The maximum
deformation Dy, was delermined as the maximum
displacement of the specimen in the direction perpen-
dicular to the plane of the specimen at the no-load
condition. This geometrical approximation was found
to be reasonable by comparing the mathematical curve
witlt the shape of the specimen during pressurization.”’

Based on the geometrical approximation and
incompressibility of the specimens, the in-plane stress o
was obtained as follows (sec Appendices A and B in
Online Resource):

0= l {,2 + —D—i"ﬂilog[nﬁ—-r(e s ])] },
2t Dypax e Diax

¢ = E— (Dmax <r)

®

o=L0m (p 2 ) @
where P is pressure, ¢ is the wall thickness al the
no-load state, and e the eccentricity of an oblate
spheroid (see Appendix C in Online Resource). The
ultimate stress oy, was then determined as its maxi-
mum stress during pressurization.

The in-plane strain & of each specimen was calcu-
lated from changes in the dimensions of the specimen
surface as follows (see Appendix D in Online

Resource):
o r (1 ++ Dinax) | +l -~ D‘m) 2+_1_ i Do\ *
i 4r AN\r+ Doax) 64 \ir -+ Dy

L (r= Do\ -
+ 3% (r—~+ ,,,,m) ~1 (D7)
(3)

=TS @)
¥
The tangent elastic modulus H was then calculated
[rom the stress—strain curve of each specimen as the
increment in the stress divided by the increase in the
mean strain during the pressurization, as shown by
the following equation:

Ao
= (%)

The moving average was then performed twice
(triangular moving average) for three data points for
smoothing. The maximum tangent elastic modulus
Huax was determined as the maximum value of
H during pressurization.

Local deformations of the specimens were measured
from the changes in the distances between the dots
marked on the specimen’s surface. Firstly, space
coordinates of each of the 4 x 4 dots marked on the
specimen surface were determined. Both x and y
coordinates were obtained from the images captured
from the front CCD camera. Z coordinates were
determined from the measured Dyay in images acquired

FIGURE 2, I[dealized shapes of specl for the

the pressure-imposed test system (a), an oblate spheroid until Dpox<r(b),anda

. Each sf Is initially as a clrcular plate set on

vy comprisinga h and

a cylinder for D = r (c). 1, radlus of the hole of the metal plate; t, thickness at the no‘:lond state; R, curvature radlus of the
: T thick

P p ;T of the
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from the lateral CCD camera assuming the dots were
on an idealized specimen surface (Appendix E in Online
Resource). After distances between two adjacent dots
were measured in the 3D coordinates, local stretch ra-
tios in both circumferential (Aq) and longitudinal
(A1ong) directions were calculated relative to the distance
at no-load conditions. Then, for ecach quadrilateral area
surrounded by four dots, neig]lb()rinﬂcal stretch ra-
tios were averaged in each direction Agr. and Aing. and
finally the local area strain s,., was calculated as fol-
lows:

Garea = Acire * Alomg — 1. (6)

The rupture site was determined as the site where a
crack initiated on the adventitial surface as observed
with the high-speed camera. To evaluate the hetero-
geneity of the specimens, the variance of the local area
strain was calculated as the ratio of the local area
strain to its averaged value in each specimen.

Statistical Analvsis

Data are expressed as mean =+ standard deviation
(SD). Differences between two groups were analyzed
using Mann—Whitney U test. Differences of data
among more than two specimen groups were analyzed
by the one-way ANOVA followed by the Bonferroni
test for equal variances (Opmg, and Hp,y), and by the
Kruskal-Wallis test followed by the Stee}-Dwass test
for unequal variances (r,). The F-test was used for
analysis of the difference in standard deviation of
distributions. Associations between mechanical param-
eters were assessed using Pearson’s correlation coeffi-
cienl. All hypothesis tests were performed using a
significance level of p = 0.05.

RESULTS

Eleven of 15 TAA specimens resulted in a successful
rupture. Four of the remaining TAA specimens did not
rupture even at 4500 mmHg (unruptured TAAs). Six
of the 11 ruptured specimens ruptured near the center
of the specimen (TAAs ruptured at the center), while
the remaining TAA specimens ruptured along the edge
of the specimen holder, i.e., the metal plate (TAAs
ruptured at the edge). TAAs ruptured at the center and
those ruptured at the edge were analyzed separately
because the tensile strength calculated for TAAs rup-
tured at the edge might be smaller than the true tensile
strength of the specimens. All PTA specimens ruptured
successfully at the center.

Example images of successfully ruptured TAA and
PTA specimens after the pressure-imposed test are
shown in Fig. 3. For PTA specimens, afl the cracks ran

mostly in the circumferential direction (Figs. 3c~3e). In
contrast, the cracks ran in various directions in TAA
specimens (Figs. 3a, 3b, and 3e). Quantitative analysis
showed that the deviation of the crack angle on the
adventitial surface from the circumferential direction
was significantly higher in TAA specimens (55 &+ 34°)
than PTA specimens (8 £ 7°).

Crack angle on the adventitial side had a poor
correlation with that on the intimal side in TAA
specimens, while the angles were coherent between
both sides in PTA specimens. The difference in the
crack angles between the adventitial and intimal sides
tended to be higher in TAAs than PTAs (p = 0.09,
Fig. 3f). This result may indicate that the weakest
direction of the wall was almost uniform along the wall
thickness for PTAs, but not for TAAs. Furthermore,
sequential images acquired with the high-speed camera

(e) U]
S 10 mean + SD
bl o (81
& ' g
@ O PTA 4
&5 2
5 &=
E
3 3
% 0 30 60 20 2
Crack angle on the adventiiia %) TAA PTA

FIGURE 3. Rupture cracks formed after the pressure-
Imposed test. (a~d) Images of specimens captured from the
adventitial (a, c) and intimal (b, d) sides of a TAA (a, b) and a
distal PTA (c, d) specl Horl | and upper directions In
the images Pt to the ci and proximal
directions, respectively. {e) Distribution of the crack direction
on the Itial side with the ential direction taken
as 0°. (f) Difference in crack angle between intimal and
adventitial sides.
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showed that not only the weakest direction, but also
the weakest point of the wall seemed to differ with the
wall thickness in some TAAs (Fig. 4, and Movies 1
and 2 in Online Resource). For example, in the speci-
men shown in ig. 4a, destruction seemed to happen
from the intimal side (Figs. 4b and 4c). After no special
phenomena were observed for a few seconds (Fig. 4d),
a crack initiated (Fig. 4¢) and propagated (Fig. 40) on
the adventitial surface. The crack on the adventitial
surface was initiated at a position that differed from
that where the destruction was observed on the intimal
side. For all PTA specimens (Fig. 4g), the crack was
initiated from the adventitial side (Fig. 4h) and prop-
agated in the wall to the intimal side almost at the same
point (Fig. 4i).

The local area sirain ey, at the rupture site of -
TAAs ruptured at the center was 135 3 28% of the
average value in each specimen, whereas the maximum
value of 6,,, in cach specimen was higher (174 +
24%). A similar result was obtained for the PTA
specimens (rupture site: 110 & 26% of the average
value; maximum value: 144 + 19%). These observa-
tions indicate that the rupture cracks did not always
initiate at the point where the highest local area strain
Earea Was found. The ratio of gy, to its averaged value
in each specimen showed a wider distribution in TAAs
rupturcd at the center (Fig. 3a) than in PTAs (Fig. 5b).
The F-test showed that the standard deviation of the
distribution of eqeq Was significantly higher in TAA
specimens (0.46) than PTA specimens (0.25), indicating

FIGURE 4. Sequential images of rupturing specimens acquired with a digltal high-speed camera. (a—f) Images of TAA specimens
captured at 0.00 s (a), 3.1 s (b), 4.39 s (¢), 5.83 s {d), 7.35 s (e), and 7.90 s (). (g—i) images of distal PTA specimens captured at
0.00 s (d), 0.10 s {e), and 0.16 s (f). Areas surrounded by broken curves Indicate areas where a micro-rupture seems fo have

oceurred,
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that the local area strain was more heterogeneous in
TAAs.

The mechanical propertics onay and Hy,y of rup-
tured TAA and PTA specimens, along with data of
unruptured specimens and specimens ruptured at the
edge of the specimen holder, arc summarized in
Table 2. The ultimate stress of TAAs ruptured at the
center was significantly lower than that of the distal
PTAs. The range of ultimate stresses of both TAAs
and PTAs was wide (0.38-1.38 MPa for ruptured
TAAs, 1.06-1.88 MPa for unruptured TAAs, and
1.26-3.08 MPa for PTAs), indicating that there were
especially weak specimens in the TAAs tested.

Stress—strain relationships of TAAs and PTAs are
shown in Figs. 6a and 6b, respectively. Both stress-
strain relationships show the non-linear properties of
the materials, and the curves of TAA specimens shifted
to the left compared to those of PTA, as reported
proviously.'**® The shift was especially remarkable for
unruptured TAAs. The relationships between H and ¢
for TAAs and PTAs are shown in Figs. 6¢c and 6d,
respectively. The parameter I seemed to increase
almost monotonically in PTAs with the increase in o,
while it did not increase monotonically and reached a
platcau at a rclatively lower pressure in ruptured

(a)2n

Frequency (%}

Local area strain
normalized by its average

TAAs. To confirm this tendency, H-o curves were
fitted with an exponential function as follows:

Hs= Co{l - %}, )]

where C, is the asymptotic value of the tangent elastic
modulus, and 1, is the value of ¢ when a tangent line of
the fitting function at the origin achieved C, (Fig. 7a).
The parameter 1, is thus an index of stress at which the
curve reaches a plateau, i.e., the wall material yields to
stress, and is called a yielding parameter. Figure 7b
shows the yiclding parameter 7, in cach group. The
parameter 7, was significantly lower in TAA specimens
ruptured at the center and the edge, than in PTA
specitmens. The tendency for the tangent elastic mod-
ulus of ruptured TAA specimens to reach a plateau at
a smaller stress was confirmed.

Finally, the correlation between the ultimate stress
and other mechanical parameters was analyzed.
Figure & shows correlations between oynax and Hipax,
and o, and the natural logarithm of z,. Although the
correlations were not significant for TAAs ruptured at
the center (Rz = 0.64 and p = 0.055 for oya—Hmaxs
R? =040 and p = 0.17 for 0,,t,), they were sig-
nificant for all ruptured TAAs (R? = 0.40 and p < 0.05
for Oymax—Himaxs K2 = 0.48 and p < 0.05 for opax—ts)-

b} 20
®) n=108
g
F
& 10
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@
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6.0 1.0 20
Local area strain

normalized by its average

FIGURE 5. Distributions of normalized area strain In TAA (a) and PTA (b) specimens.

TABLE 2. y of the h \ properties d by the p P i test.
Specimen : n Tina (MPa) Hinax (MPa)
TAA ruptured at the center 6 0.98 + 0.39" 4.9 4 2.5™
TAA ruptured at the edge 5 (1.02 & 0.55)* (7.0 + 3.6)%
of the specimen holder
Unruplured TAA 4 1.56 & 0.34 13.0 £ 3.6
Proximal PTA 6 1.81 £ 0.43 8.5 5.4
Distal PTA 6 2.29 £ 0.74 9.7 £39

Grnaxe Ultimate stress; Hmnax, Mmaximum of the incremental elastic modulus. omax data of the ptured TAA sp

value of stress during the pressure-imposed lest.

1 indicate the

2Real value might be higher than this because samples might have been damaged by the edge of the specimen holder.

* p < 0,05 vs. distal PTA; ** p < 0.05 vs. unruptured TAA.
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FIGURE 8. Relati b the ulti SURSE Tpmax
and the maximal tangent modulus Hnmax (a), and the ultimate
stress and the yiels 7, {b). Data from
unruptured TAAs are plotted 1or comparison. The regression
lines are obtai from of TAA rup at the

center (thin lines), TAA ruptured at the center and the edge
(broken lines), and all ruptured TAA and PTA specimens
(thick lines).

Furthermore, strong correlations were found if PTA
specimens were included in the analysis (R* = 0.55 and
p < 0.0001 {OF Gpu—FHomae R2 = 0.51 and p < 0.0001
for Gmux—Ta)-

DISCUSSION

This study performed a pressure-imposed test on
TAA and PTA specimens and analyzed the relation-
ship between their ultimate stress and other mechanical
parameters to estimate the rupture risk of TAAs based
on clinical data. The major findings of this study
include verification that (1) the pressure-imposed test
was useful to obtain the rupture property of aneu-
rysms, (2) the mechanical property of TAAs was

heterogeneous, and finally, but most importantly,
(3) the ultimate stress could be estimated from the
shape of a tangent elastic modulus—intramural stress
relationship.

Usefulness of the Pressure-Imposed Test

The pressure-imposed test showed that the normal
aorta was weakest in the longitudinal direction. A
similar result was obtained when using the tensile
test.'® In contrast, there was no consistent direction
with minimal strength in ancurysmal tissues (Fig. 3¢).
A study with the tensile test also showed that the
directional difference in the ultimate stress between the
longitudinal and circumferential directions disap-
peared in aneurysmal tissues.'® Furthermore, the crack
direction of ancurysmal specimens changed even
within a specimen, and the crack angle was not con-
stant, indicating difficulty in determining the weakest
direction of aneurysm specimens. If the ultimate stress
of a specimen is obtained in a conventional uniaxial
tensile test, the strength is of the tensile direction and
does not necessarily mean the lowest value among all
directions. Thus, the pressure-imposed test is useful for
a study of rupture properties because the minimal
ultimate stress and its direction can be obtained
simultancously without knowing the weakest dircction
of specimens before testing.

Mechanical Heterogeneity of TAAs

The distribution of the local area strain was wider in
TAA specimens than PTA specimens (Fig. ), indi-
cating the cxistence of mechanical heterogeneity in
TAA specimens. The observation that the crack
direction in TAA specimens differed between intimal
and adventitial sides (Figs. 3a~3d and 3f) also showed
the heterogeneily in each TAA. Il the mechanical
properties were homogeneous within the wall, the
crack should propagate from one side to the other at
almost the same point as in PTA specimens. Further-
more, some cracks in TAA specimens propagated from
their intimal side, whereas those in all PTA specimens
propagaled from their adventitial side (Fig. 4), indi-
cating that heterogeneity exists even in the thickness
direction.

Feasibility for Estimation of Ultimate Stress

The purpose of this study was to establish a method
to predict the ultimate stress of TAAs. In the begin-
ning, we speculated that a higher local strain might
correlate with the rupturing site. However, the rupture
cracks did not always initiate at the point with the
highest local area strain, indicating the difficulty ol
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predicting rupture when only using local area strain
data. Thus, we investigated the correlation between
various mechanical parameters to estimate the ultimate
stress from other mechanical parameters. Firstly, a
significant correlation was found between the ultimate
stress Omax and the maximum of the tangent elastic
modulus Hy,.x. However, estimation of oyax With Hypax
would be clinically difficult because the o—¢ relation in
the whole range, i.e., until rupture, is necessary in
order to obtain Hy,,. We also obtained a significant
correlation between o, and the yielding parameter
7,. The parameter 1, was obtained from the H-¢
relation by fitting Eq. 7 to the relation, and H was
obtained from the ¢ relation during pressurization.
Unlike Hypax, the parameter t, can be obtained from
the H-o relation, i.e., the o—t relation in a relatively
low pressure range. The o—¢ relation in vive from dia-
stolic to systolic pressure may give the parameter 7,.
Calculation of wall stress requires measurcs of the
curvature radius and thickness of the aneurysm, as well
as blood pressure data in vive, and calculation of strain
requires deformation of the blood vessels. These
parameters could be obtained noninvasively in clinical
data. Thus, we might be able to estimate the failure
strength of the aneurysm wall from data obtained
during normal medical care. For the clinical applica-
tion of this method, numerical technique will be
absolutely necessary to obtain stress in the aortic wall
since the shape of the diseased vessels is complicated.
These techniques may enable us to estimate risks of
Jocal rupture more precisely.

Wilson er al.* reported that a decrease in the
pressure strain elastic modulus of abdominal aortic
aneurysms over time significantly reduced the time to
rupture. The results obtained in the present study can
explain their resulls experimentally, i.c., stilfness is well
correlated with ultimate stress as shown in Fig. 8a.
Their study showed that the change in stiflness of
whole aneurysms correlated with their rupture risk.
The present study showed that the stiffness can predict
the strength of the aortic wall.

In five TAA specimens, the points of crack initiation
were near the edge of the hole of the metal plate. These
phenomena were not observed for PTA specimens, in
which the point of crack initiation was around
the center of the specimen. This might be because the
curvature radius of the specimens is largest at the
center area, i.e., the in-plane stress is highest at that
region. The reason why the cracks began at the edge
site in TAAs might be due to the existence of a stress
concentration region at the edge siles. It might be
easier for TAA specimens to have more stress con-
centration around the fixed point of the specimen
because the TAA specimen is stiffer and more hetero-
geneous. However, since rupture at the edge siles was
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not found in PTA specimens, further analysis focusing
on the stiffness and heterogeneity in the specimen at
the microscale level will be required.

Canham ez al.” reported that collagen orientation of
intracranial aneurysm abruptly changed between lay-
ers. On the other hand, collagen in healthy aorta seems
to orient circumferentially because SMCs orient in the
direction. Therefore, the collagen direction in TAA
specimens might be non-uniform, causing the diverse
directions of crack propagation.

Some words of caution are in order. First, since we
were not able to obtain healthy human specimens, we
used porcine aorta obtained at a local slaughterhouse
as a control. Although the mechanical properties of
thoracic aortas of young pigs might not exactly match
those of elderly people, it has been reported that there
was no significant difference in the elastic modulus
between the human and pig aorta.'® Correlations
between the ultimate stress and the tangent elastic
modulus, and between the ultimate stress and the
parameter 7, obtained in this study were almost similar
for human and porcine aortas (Fig. 8). Taken together,
we believe that the use of the porcine aorta did not
cause a critical problem. Second, we calculated the
mean stresses and strains of each specimen under the
assumption of material homogeneity for the analysis of
stiffness. On the other hand, we showed that the
mechanical parameters such as local area strain were
heterogeneous within a single specimen. To analyze the
data precisely, the local strain obtained in this study
and local stress data based on the local curvature and
thickness of the specimen should be used. Third, it
should be noted that a typical curvature radivs of
specimens on the experimental setup was ~8 mm,
which was much smaller than the curvature radius of
realistic geometries of aneurysms i vivo as shown in
Table 1 (curvature radius was comparable to the half
of diameter). Such difference in Spccimen curvature
might have some effects on the mechanical properties.
However, as long as the rupture properties are con-
sidered, the difference in the curvature radivs had no
significant effect: ultimate stress obtained in the pres-
sure-imposed test was comparable to that obtained in a
uniaxial tensile test.'”® This may indicate that the
changes in curvature radius did not have marked
effects on the present results.

In summary, the ultimate stress ay,,x was correlated
significantly with maximum tangent elastic modulus
Hpgx and with the yielding parameter 1,. The maxi-
mum tangent elastic modulus 1, is difficult to obtain
from clinical data in vivo, while the vielding parameter
T, could be obtained from clinical data. This indicates
that the parameter 7, might be one of the candidate
indices for prediction of aneurysmal rupture. We also
found that TAA specimens were more heterogencous



