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Abstract Bone is a hierarchical bio-material whose architecture differs at each
level of hierarchy and whose mechanical properties can vary considerably, even on
the same specimen, due to bone heterogeneity. Because of their complexity and
large number of details, these models are considered to be large-scale models.
Modeling, visualization and diagnosis of such models is challenging, since a large
amount of data must be processed rapidly. Moreover, if physically based modeling
is required, material properties are also included in the computational model in
addition to geometrical data, making the task more difficult. Therefore, advanced
technology and computational methods are required for efficient, reliable and
robust visualization and diagnosis. In this chapter we describe state-of-the-art
technologies and methods that facilitate the processing of bone structure at
the micro-scale. Specifically, we relate to computational methods that enable
structural analysis of this highly detailed structure for medical diagnosis.

1 Introduction

Visualization of bone micro-structures and diagnosis of bone diseases are two
interconnected processes. Visualization techniques are driven by diagnostic needs,
while the diagnosis process, which utilizes emerging medical imaging technology,
dictates how the bone structure should be visualized. During the last two decades,
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visualization methods for bone-micro structure have developed considerably for a
number of reasons: (a) Recently, medical imaging technology provides high-
resolution scanning that capture micro-scale structures; (b) computation and
graphics techniques have developed tremendously, enabling modeling and analysis
of complex models; (c) our understanding of the medical and biological processes
involved in modeling and remodeling of bone tissue has improved, thus leading to
new algorithms and methods for geometric modeling, analysis and visualization.
In this chapter, we review the evolution of the field of patient-specific visualization
and diagnosis of bone micro-structure, focusing on medical imaging technology,
geometric modeling, structural analysis and visualization.

1.1 Bone Hierarchical Structure

Bones are composed of hierarchical bio-composite materials characterized by
complex multi-scale structural geometry and complex behavior. The outer shell of
bone is known as cortical bone and is characterized by its strong and dense
structure. The inner structure consists of small plates and rods (in Latin trabecula)
arranged in complex three-dimensional structures. These structures, known as
called trabecular bone, are characterized by their high strength-to-weight ratio.
For many years, scientists have been interested in this complex structure and the
processes that govern its formation, regeneration and destruction throughout life.
In 1892, the anatomist and orthopaedic surgeon Julius Wolff published a work in
which he defined ‘‘Wolff’s Law’’ that predicted a relationship between the geo-
metrical structure and mechanical properties of bone micro-structures [40]. It is
known today that bone tissue structure can be classified into five structural levels,
ranging from macro-scale to nano-components [60, 71]:

• Macro-structure (mm–lm): trabecular and cortical bone.
• Micro-structure (10–500 lm): osteons and trabeculae.
• Sub-microstructure (1–10 lm): lamellae and single trabecula.
• Nanostructure (100 nm–1 lm): fibrillar collagen and embedded mineral.
• Sub-nano-structure (\ 100 nm): molecular structure of mineral, collagen, and

non-collagenous organic proteins.

Figure 1 illustrates the hierarchical structure of bone tissue, ranging from
organ-to sub-nano-scale. Depending upon the anatomical site, bone architecture
differs significantly at the micro-structural level with respect to shape, thickness,
element direction and size. For example, the rod-like structures at the vertebra
differ significantly from the plate-like structure at the femoral head. Bone
architecture can also vary at different locations on the same site as a result of
functionality and locally applied forces characterized by magnitude and direction.
Thus, each patient’s bone structure is unique and is influenced by gender, age, and
physical condition.
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As of today, due to technology limitations and limited understanding of the
biological processes at other structural scales, macro-and micro-scales remain at
present the only diagnostically relevant structures. Current research aims to define
structure-mechanical relationships at the nano-scale [30] and to model the mod-
eling and remodeling processes of the bone tissue at the cellular levels [41].

1.2 Diagnostic Approach

Diagnosis of bone micro-structures is especially relevant in cases of metabolic
bone diseases. For example, metabolic bone diseases such as osteoporosis are
characterized by micro-architectural deterioration of bone tissue, leading to micro
fractures; therefore, early diagnosis at the micro-scale is a key to intervention.
Current guidelines issued by the World Health Organization (WHO) define Bone
Mineral Density (BMD) measurements as a default assessment tool for diagnosing
osteoporosis. BMD results are reported as a T-score and a Z-score.

The T-score represents the number of standard deviations above or below the
mean bone mineral density for sex and race matched to 30 year-olds. A Z-score
compares the patient with a population adjusted for age, sex and race. In
postmenopausal women, osteoporosis is defined as a BMD T-score of more than
2.5 standard deviations below the sex-adjusted mean for normal young adults at
peak bone mass. The BMD result is used to classify patients into three categories:
(a) normal; (b) osteopenic; and (c) osteoporotic. A fourth category is severe
osteoporosis, which is not defined by BMD but rather by the presence of osteo-
porotic fractures. Patients with normal BMD values need no further therapy,
osteopenic patients should be counseled and treated with preventive therapy, and

Fig. 1 Hierarchical structure of bone tissue (from left to right): spine, vertebra bone, trabecular
bone structure, fibril array and bone crystals
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should receive active therapy aimed at increasing bone density and decreasing
fracture risk. The most widely used techniques for assessing bone mineral density
are: (a) Dual-Energy X-ray Absorptiometry (DEXA); (b) Dual Photon Absorpti-
ometry (DPA); (c) ultrasound; and (d) Quantitative Computerized Tomography
(QCT), the only technology capable of providing 3D results. Although BMD
testing is commonly used, it presents a number of limitations:

• The BMD result does not describe the complex 3D bone micro-structure, but
rather only offers an indication with a single scalar value.

• BMD is not applied on 3D micro-architecture.
• BMD has only 70% reliability.
• BMD is difficult to measure accurately.
• No uniform threshold exists for all instruments and sites.

Therefore, it is required to develop 3D micro-scale scanning methods from
which 3D models can be constructed and analyzed.

1.3 Micro-Scale 3D Scanning Methods

Constant improvements in medical imaging technology allow high resolution
in vivo scanning of large specimens or even whole bone models. These methods
are: (a) peripheral Quantitative Computed Tomography (pQCT); (b) micro
Computed Tomography (lCT); and (c) micro Magnetic Resonance Imaging
(lMRI). All are based on the common technology of CT and MRI. Table 1
compares the existing 3D imaging methods. While CT-based micro-scale imaging
technology provides higher spatial resolution than lMRI technology, the major
advantage of lMRI lies in the absence of ionizing radiation.

These scanning technologies have become popular due to the development of
new 3D computerized methods for the reconstruction of trabecular structure from
micro CT and MRI images [5, 13] as well as to the increase in computational
resources that has led to the development of analytical tools for structural and
mechanical analysis.

Table 1 Comparison of micro-scale medical imaging technologies

Technology Method Resolution Advantages Disadvantages

CT pQCT 80 lm in
vivo

Lower radiation than
lCT method

Radiation is limited to peripheral
sites

lCT 6 lm in
vitro

Highest spatial
resolution for
micro-structures

Unacceptably high radiation doses
for human use limited field of
view

50 lm in
vivo

Highest in vivo
resolution

Radiation

MRI lMRI 90 lm in
vivo

No radiation exposure Long acquisition time
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Prior to diagnosis, medical images must be processed and a geometric model
must be reconstructed. In following section the geometric methods for model
reconstruction are presented.

2 Volumetric Model Reconstruction from lCT/lMRI Images

The first step in processing lCT/lMRI images of scanned tissue for diagnosis is to
reconstruct the 3D geometric model from the medical images. 3D model recon-
struction can be divided into two main categories: volumetric reconstruction and
surface reconstruction. Subsequently, even if the geometry of a reconstructed
model is of high visualization quality, the issue of mesh quality is handled through
remeshing that enables further analyses, such as finite element analysis.

2.1 Methods for Geometric Model Reconstruction from CT/MRI
Imaging

Methods for model reconstruction from micro-CT/MRI imaging, which is used
today, are mainly based on traditional methods for macro-scale models. The
following describes the most common methods for reconstructing macro-scale
medical models from CT/MRI imaging.

2.1.1 Surface Reconstruction Methods for Macro-Scale Models

Existing approaches for surface reconstruction can be classified into two main
categories: (a) Marching Cubes method; and (b) Reconstruction from parallel
cross-sections.

Marching Cubes method: The most well-known method for surface recon-
struction of 3D models from medical images is the Marching Cubes method
developed by Lorensen and Cline in 1987 [46]. The output of this method is a
surface model with triangulated mesh. The triangulation is achieved via a look-up
table that defines all possible surface-edge intersections resulting from the vertex
value (tissue or void). Although this method was considered revolutionary for its
time, it is prone to creating inner holes. Since then, numerous enhancements and
variations to this method have been published and implemented [3, 50, 51].
The main disadvantage of this method is that is generates unsmooth and step-like
surfaces.

Reconstruction from parallel cross-sections: Surface reconstruction from lCT/
lMRI images, defined as parallel cross-sections, yields a 3D triangulation model.
One of the early works in this area was published by Keppel in 1975 [44]
and provided a solution for a limited case in which each slice contains only
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one contour. In 1978, Christiansen and Sederberg [18] extended this method to
dual contours. In the 1990s, increased use of CT and MRI technology for medical
diagnosis gave this research area a boost. A large number of studies have been
published that consider reconstruction of organs and systems with high geomet-
rical complexity, such as the cardiac system and the brain [7, 17, 19]. One major
contributor to research on surface reconstruction from parallel cross-sections is
Prof. Barequet, who has published numerous works on this subject [9]. Recent
research focuses on reconstruction from sparsely sampled parallel contours [53]
and nested contours [8].

2.1.2 Volumetric Reconstruction Methods for Macro-Scale Models

Existing approaches to volumetric reconstruction can be classified into two main
categories: (a) Grid-based method; and (b) Anisotropic grid-based method.

Grid-based method: This approach to 3D model reconstruction from medical
images is based on direct conversion of pixels into hexahedron elements (voxels).
This approach is widely used by the biomedical community for lFE analysis of
bone micro-structure [4, 61, 67, 68], despite its disadvantage in the form of jagged
edges on the envelope. In 2006, Boyd and Müller [13] published a smoothing
algorithm for this type of elements, but the resulting surface still lacks natural
smoothness. The grid-based method can be also used for creating a tetrahedral
elements for finite element analysis, as in the work of Frey et al. [24]. This
approach was used in early studies of lFE of bone micro-structure [66].

Anisotropic grid-based method: Another approach for volumetric reconstruc-
tion is based on anisotropic grid-based techniques [5, 48]. The main idea of this
method is first to construct a geometric field, which is induced by the shape of the
surface. This geometric field represents the natural directions and grid cell size for
each point in R3. Then, the imposed volumetric grid is deformed toward the
object’s shape according to the produced geometric field. This method produces
models in which the basic volumetric unit can be either a hexahedron or a tetra-
hedron (Fig. 2a–c).

Fig. 2 Anisotropic grid-base volumetric reconstruction of vertebra. a Cloud of points retrieved
from medical images. b Volumetric reconstruction using hexahedral elements. c Surface
reconstruction using quads [5, 6]
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In the case of reconstruction from lCT/lMRI images, the above methods cannot
be applied directly due to the large number of details and to the fact that high-
resolution images are often noisy, as depicted in Fig. 3a. Therefore, more reliable
filtering and segmentation methods are needed. Good segmentation requires
choosing threshold values of the Hounsfield Units (HU) that optimally separate the
bone micro-structure from the bone marrow. A threshold range that is too wide can
lead to segmentation that includes bone marrow and interconnects between sepa-
rated parts, as shown in Fig. 3b and c depicts segmentation results achieved with
precise threshold values. In this case, curvature filter [47] and 3D bilateral filter [48]
were applied to the original image prior to segmentation. Such filtering smoothes
the images and eliminates the noisy background and preserves features.

2.2 Domain-Based Approach for Reconstruction
from lCT/lMRI Imaging

To facilitate fast computational performance and obtain a mesh that can be easily
handled for later optimization and visualization, a domain-based approach is
desired for parallel computation of large-scale problems. The problem domain is
subdivided into sub-domains on which the physical problem is computed in
parallel. Each sub-domain contributes to the global solution of the problem. The
subdivision into sub-domains can be grid-based, can utilize a load-balancing
approach by means of graph partition, e.g. Metis [42] or can be subdivided into
simple sweepable volumes using Voronoi graphs [64].

There are two main domain decomposition approaches for interaction between
sub-domains: overlapping and non-overlapping methods. The first approach,
known as the Schwarz Method, subdivides the space into overlapping sub-
domains. This approach is practical for problems in which the global domain can
be constructed from sub-domains with simple geometric shapes. The domains can

Fig. 3 Segmentation process of micro-CT images. a Original image. b Segmentation with
incorrect thresholds. c Segmentation with correct thresholds
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be solved in parallel, where the boundary values of the overlapped regions are
updated after each iteration. The second approach subdivides the space into
adjoining sub-domains, thus requiring that one sub-domain be solved prior to
solving the next one or that the ghost nodes approach be used. Both types of
domain decomposition methods facilitate the solution of complex problems
by means of parallel computing. In case of processing of medical images, a
non-overlapping method with grid-based subdivision can be utilized (Fig. 4).

Each sub-domain must capture the trabecular structure of the analyzed bone.
In the field of image processing, the Nyquist sampling rate [28] defines the min-
imum spatial frequency required for correct sampling of the image. According to
the Nyquist sampling rate, the sampled interval must be at least two times smaller
than the size of the smallest detail to be captured. If the smallest detail is repre-
sented by the sum of morphological parameters, trabecular thickness (Tb:Th) and
trabecular spacing (Tb:Sp) of the model, then the minimum size of sub-domain
should be at least 2� ðTb:Thþ Tb:SpÞ: According to Hildebrand et al. [32], the
average values for Tb:Th and Tb:Sp are 0.3 mm and 0.8 mm, respectively. Thus, a
sub-domain of 1283 voxels (4.7 mm3) in size with a spatial resolution of 37 lm, as
used in this work, included on average 4� ðTb:Thþ Tb:SpÞ:

2.3 From Surface Triangular Mesh to Volumetric Hexahedral
Model

If the surface reconstruction approach is used, the surface model needs to be
converted into a volumetric model. A voxelization technique can be utilized for
this conversion. Voxelization can be carried out using different methods. Not all
methods can deal with complex 3D geometry, so that structural information may
be lost in the process. The voxelization method that provided the most optimal
results is based on the flood-fill approach [49]. Flood-filling begins with a seed
voxel, identified by stepping a short distance along the inward-pointing surface
normal of a mesh triangle. This voxel is marked as an internal voxel. Then, a ray is

Fig. 4 Main stages in physically based multiscale modeling of large-scale porous structures
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cast recursively from each internal voxel to all its neighbors. If the ray does not
cross the surface, the neighbor is marked as an internal voxel. If the ray does cross
the surface, the neighbor is marked as a border voxel. The process is terminated
when all internal voxels were handled.

2.4 Hierarchical Multiresolution Geometric Modeling

The resulted volumetric model can be used for structural analysis. However, such a
model is still impractical for the majority of applications. For efficient mechanical
analysis or even visualization, parallel processing is required. Such technology
does not typically exist at medical centers, and thus an alternative approach is
required. One of the recent approaches utilizes hierarchical multiresolution geo-
metric modeling. It is useful for making storage, transmission, computation, and
visualization of these models feasible and more efficient. Multiresolution modeling
algorithms are also known as simplification algorithms [54]. They can be applied
to surface meshes and grid-based volumetric structures. In the field of surface
mesh representation, the edge-collapse approach proposed by Hoppe et al. [39] is
the most common decimation operation. Edge contraction operates on a single
edge and contracts the edge to a single vertex. Edge collapse is a reversible
operation. The inverse of this operation is known as vertex splitting. Progressive
Meshes (PM) [38] are built by considering a sequence of edge collapses that
iteratively simplify a mesh. The original mesh M may be obtained from the base
mesh M0 through progressive refinement by applying all the vertex split updates in
the sequence. If only part of the sequence is applied, a model at an intermediate
level-of-detail (LOD) is obtained. Volumetric multiresolution algorithms have
hierarchical characteristics that allow continuous bi-directional transition from a
smooth macro-scale model to a porous micro-scale model [57]. The most prevalent
3D hierarchical multiresolution geometric data structure is the octree whose
common property is the principle of recursive decomposition of space by a factor
of eight [63], as depicted in Fig. 5a.

In octree, each node stores an explicit three-dimensional point, which is the
center of the subdivision for that node. The root node of the octree represents a
finite bounded space, so that the implicit centers are well-defined. A 3D hierar-
chical geometric model allows continuous transition from a smooth macro-scale
model with low topological complexity to a trabecular micro-scale model with
high topological complexity. The intermediate levels are equivalent to zooming
from a dense trabecular structure to sub-group of trabeculae, and finally to a
singular trabecula. The octree structure enables fast transition between different
structural levels of bone model. Moreover, due to the domain-based approach, a
high-resolution model can be straightforwardly presented at the Volume of Interest
(VOI) while keeping the rest of the model at low resolution. The octree data
structure and an example for macro-and micro scale vertebra models are depicted
in Fig. 5b–e. Figure 6 shows the geometric differences at different levels of the
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hierarchical octree representation. Although the global appearance of the model
generally seems identical, detailed observation reveals distinctions, as seen in the
zoomed regions. The dominant features of the structure have been maintained but
at a higher resolution level, and minor features appear as well. These features are
essential when an accurate representation of the bone micro-structure is desired.

It is important to emphasize that the multiresolution approach handles only
the geometrical aspects of a model and does not take into account its physical
properties, such as weight, density, elasticity and conductivity. Without these
properties, the model loses its physical substance at the intermediate levels and
cannot be used for mechanical analysis.

3 Structural Bone Analyses for Patient-Specific Diagnosis

Over the years, the challenge to understand how bone micro-structure influences
the development and progress of metabolic bone diseases has attracted many
researchers. Their research concentrated mainly on two areas: (a) development of

Fig. 5 Hierarchical modeling utilizing octree data-structure. a Recursive subdivision of a cube
into octants and its corresponding octree. b The octree modeling of vertebra at the macro-scale.
c–e Different resolutions of the octree representation of a sub-domain at the micro-scale level,
1283, 643and 323 resolutions respectively [58]
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structural parameters that can be retrieved initially from the medical images and
later from the reconstructed volumetric models, and (b) structural mechanical
analysis of bone utilizing finite element methods.

3.1 Extracting 3D Bone Structural and Topological Parameters

In the 1970s, X-rays and CT-based imaging technology allowed acquiring images
on which micro-scale structure was recognizable. This led to the development of a
set of structural parameters, some of which are used till today. Table 2 provides a
partial list of these parameters. Two types of 3D parameters have been determined
by commercial systems and in the literature: structural and topological. Structural
parameters are based on geometric properties of the model alone, while topo-
logical parameters take into consideration bone connectivity and topology.

(a) Basic parameters: These basic parameters are used for estimating the surface
(BS) and volume (BV) of bone tissue [23]. These parameters have character-
istic values at each anatomical site and thus can be used for quantification of
bone quantity.

(b) Trabecular architecture descriptors: This set of parameters describes the
trabecular architecture of the bone, which can vary between two main
structures: a rod-like structure characteristic of vertebrae, and a plate-like
structure characteristic of femoral bone. These parameters are used for
estimating trabecular thinning, measuring marrow cavity and evaluating
number of plates per unit length. Originally these parameters were
approximated by using a set of the basic parameters, assuming plate-like
architecture [23], but currently their values can be calculated directly from a
3D model [32, 33].

Fig. 6 : Multiresolution geometric modeling of trabecular bone with voxel size of (a), 37 lm
and (b) 148 lm
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(c) Advanced structural descriptors: The Marrow Star Volume parameter
(Ma.St.V) can be used to describe the ‘‘voids’’ within the trabecular structure.
It is a sensitive descriptor for quantifying bone loss either through trabecular
thinning or loss of entire trabecula [12]. Alternatives for the trabecular number
parameter include a Structure Model Index (SMI) [34], which varies from 0 to
3 (an ideal plate structure and an ideal rod-like structure, respectively), and
Percent Plate (%Plate), which allows quantitative estimation of the effect of
bone resorption on the shape of the trabecula.

(d) Anisotropy descriptors: Degree of Anisotropy (DA) [29] and Percent Bone in
Load Direction (%BoneLD) [12] are used to describe the anisotropy of the
trabecular bone structure. The DA parameter is used for defining the direction
of the preferred orientation of trabeculae and is important for directionally
dependent mechanical properties. The %BoneLD parameter allows quantitative
estimation of the effect of bone resorption on the shape of the trabeculae.

(e) The connectivity descriptor: The Connectivity Density (ConnD) parameter [55]
provides an estimate of the number of trabecular connections per mm3. It is
defined as the number of trabecular elements that may be removed without
separating the network and is frequently referenced as the parameter mostly
affected during the progression of osteoporosis [56].

(f) Process descriptors: Topologically based parameters for evaluation and
characterization of bone micro-architecture have been defined [27, 69].
These parameters are used to provide detailed insight into the 3D trabecular
network topology [70]. Estimation of these parameters is based on digital
topological analysis that classifies each voxel according to its connectivity
with the neighboring voxels. As a result, a number of powerful discrimi-
nators of different structural arrangements are defined. The first is the

Table 2 3D bone structural and topological parameters

Type Group Parameter Notation

Structural parameters Basic parameters Bone surface BS
Bone volume BV

Trabecular architecture
descriptors

Trabecular thickness Tb.Th
Trabecular separation Tb.Sp
Trabecular number Tb.N

Advanced structural descriptors Marrow star volume Ma.St.V
Structure model index SMI
Percent plate %Plate

Anisotropy descriptors Degree of anisotropy DA
Percent bone in load

direction
%BoneLD

Topological
parameters

The connectivity descriptor Connectivity density ConnD
Process descriptors Surface-to-curve ratio S/C

Erosion index EI
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surface-to-curve ratio (S/C), which is expected to be a sensitive indicator for
the conversion of plates to rods. The second is the Erosion Index (EI),
defined as the ratio of the sum of parameters expected to increase upon
osteoclastic resorption (edges), divided by the sum of parameters expected
to decrease due to such processes (surface).

The above parameters have provided better understanding of bone micro-
structure; however, their estimation is limited to the available technology. Since
digital image analysis was not initially available, most of the parameters were
approximated from two basic parameters—BS and BV. Moreover, even the pre-
cision of these two parameters was dictated by the resolution of imaging tech-
nology. Nowadays, most of these parameters have already been integrated into
commercial applications provided with lCT and lMRI scanners. However, they
yield only implicit and partial descriptions of bone topology, structure and geo-
metric properties (shape elements and orientation). Therefore, a complete 3D
micro-structural mechanical analysis is preferable.

3.2 Finite Element Mechanical Analysis of Bone
Micro-Structures

Along with parametric structural analysis, researchers began utilizing finite element
mechanical analysis for estimating bone strength and predicting its condition.
Mechanical analysis was initially restricted to the macro-scale [14, 16], and material
properties were evaluated by applying the homogenization approach. The homoge-
nization theory was developed to analyze the physics of micro-structured materials
[11] and has been used extensively to analyze composite materials and predict optimal
topology of micro-structured materials [10]. The method has also been used to predict
the influence of trabecular bone architecture on effective stiffness and to estimate
trabecular tissue stress and strain for arbitrary global loading [36, 37]. The homog-
enization methods allow replacing complex biological models with their respective
simplified macro models that can be solved with ordinary computer resources.
However, the asymptotic method is valid only when there is an order of magnitude
difference between two consecutive levels, while the RVE method represents the
complex geometric structure with a solid model. Averaging the micro-scale structure
and replacing it with a solid model that has equivalent material properties lead to a loss
of structural information that is important for precise diagnosis.

During the 1980 and 1990s, the growth in computational resources and in the
availability of parallel computing has created two trends in the area of computa-
tional mechanics: (a) an increase in the number of elements in analyzed models
and (b) a decrease in the size of these elements, leading to an increase in the
overall number of degrees of freedom. The combination of these two trends has led
to the development of large-scale computational models, known as micro Finite
Element Analysis techniques (lFEA) [68]. Initially, the solution utilized the
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element-by-element precondition conjugate gradient (EBE-PCG) method [15, 26]
and was executed on super-computers, e.g. Cray.

In the 2000s, modern algebraic multi-grid (AMG) linear solvers have been
utilized for solving large-scale FE trabecular models with nearly half a billion
degrees of freedom for a vertebra [2] and for the distal part of the radius of a
human forearm [4], both with spatial resolution of 30 lm. The solution required
state-of-the art parallel FE applications and thousands of processors. Indeed,
analyses of high resolution models require considerable computational resources
that are not commonly available at hospitals and medical centers. Thus, a multi-
scale finite element analysis method was proposed.

3.3 Multiscale Finite Element Analysis of Bone Micro-Structure

Multiscale methods are an extension of the multiresolution approach, which
integrates material properties with the geometrical method. In engineering, mul-
tiscale methods are used mainly for analysis, as they are intended to bridge
between different structural levels. Yet state-of-the-art multiscale methods do not
support continuous transition between consecutive structural methods and only
allow discrete hierarchical modeling, assuming order of magnitude differences
between these levels, e.g. macro-, micro-and nano levels. Most state-of-the-art
multiscale methods utilize multi-step homogenization [25, 31, 52] or mesh
superposition [43]. These methods assume order-of-magnitude scale separation
between two consecutive levels of hierarchy. Therefore, continuous transition in
terms of geometrical modeling and mechanical properties is not available.

Currently there are two main computational models in engineering: a homog-
enized macro-scale model in which the highly detailed structure is replaced with
one that is homogeneous, and a high-resolution micro-scale model without inter-
mediate models. The classic homogenization procedure is based on the asymptotic
or Representative Volume Element (RVE) method [1, 72]. The homogenization
theory was developed to analyze the physics of micro-structured materials [11] and
has been used extensively to analyze composite materials and predict optimal
topology of micro-structured materials [10]. Homogenization methods allow
replacing complex biological models with their respective simplified macro
models that can be solved with ordinary computer resources. However, the
asymptotic method is valid only when there is an order of magnitude difference
between two consecutive levels, while the RVE method represents the complex
geometric structure with a homogeneous model. This approach has been used for
physically-based modeling of deformable elastic inhomogeneous models for
medical applications [45], surgery simulation and animation [22].

The proposed multiscale domain-based approach [59] enables using a ‘‘digital
magnifying glass’’ for continuous transition between macro-and micro-scales,
as illustrated in Fig. 7. This computational tool can be used by engineers for
solving complex models on commonly available workstations rather than on
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super-computers or grid-based systems. The approach is based on the following
stages: (a) creation of a volumetric geometric model from a surface model or set of
image slices; (b) generation of a multiresolution geometric model using hierar-
chical data structure; (c) evaluation of a multiscale material properties model; and
(d) integration between the geometric and material properties models. Figure 8
depicts these stages, as described below.

Realizing the proposed multiscale approach requires synergy between the multi-
resolution geometric model and the assignment of local mechanical properties at
each intermediate scale. The local mechanical properties vary at each intermediate
scale due to changes in the geometric model. The main aim at this stage is to preserve
the effective (global) material properties. Once the effective property to be preserved
is selected, the local material properties model can be established.

A trivial illustration of the proposed method would be to keep the weight (m) of
a model as invariant. Then for an intermediate model of volume Vi the local
density qi of the material must be evaluated to guarantee that:

Vi � qi ¼ m ¼ const ð3:1Þ

A similar approach can be utilized for evaluation of different material prop-
erties. However, several effective material properties also depend on structural or
topological information of the model, e.g. stiffness and conductivity. Thus, a
preprocessing stage for estimating these properties is necessary. Following is a

Fig. 7 Schematic representation of the continuous multiscale method

Fig. 8 Main stages of the presented physically based multiscale modeling for large-scale porous
structures
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description of a method for estimating local material properties for intermediate
models, assuming a linear elasticity model with small displacements [58]:

Stage 1: Estimate the effective material properties for a set of intermediate
models without changing the local material properties. This set must include the
model with the highest available resolution.

The elasticity model is represented by the generalized Hooke’s law that defines
the relationship between the dimensionless displacements applied to the model
(strains-e) and the forces per area (stresses-r) developed in the material:

rij ¼ Cijklekl ð3:2Þ

where Cijkl are fourth-degree tensor constants that construct the material stiffness
matrix.

For homogenization of material properties, the RVE formulation can be used.
Applying the RVE homogenization establishes a relation between the average
values of stresses (�r) and strains (�e). For the representative volume V these values
are defined as:

�e ¼ 1
V

Z

V

edV �r ¼ 1
V

Z

V

rdV ð3:3Þ

The boundary conditions are applied in terms of displacements ui:

ui ¼ e0
ijxj ð3:4Þ

where e0
ij are constant strains and xj are point coordinates.

The average strain values for the above boundary conditions are:

�eij ¼ e0
ij ð3:5Þ

Now the elastic stiffness matrix constants can be found using (3.2). In the case
of fully anisotropic material, 21 independent stiffness matrix constants must be
estimated. This calculation requires performing a finite element analysis on each
sub-domain with six different boundary conditions. The first three sets of boundary
conditions are equivalent to uniaxial compression tests, one for each major axis.
The last three are equivalent to shear tests.

Before the algorithm proceeds to the next stage, the symmetry planes of the
material are found and used for transforming the stiffness matrix to its orthotropic
form. Cowin and Mehrabadi [20] showed that symmetry planes exist if the
eigenvectors of the matrices (3.6) and (3.7) are the same and the eigenvalues are
different.
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0
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2
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To find the eigenvectors of these matrices, the SVD decomposition is applied.
The eigenvectors are further used as vectors of the rotation matrix Q for tensor
transformation from anisotropic to orthotropic material tensor. After the tensor
transformation is applied, the orthotropic material stiffness matrix Cijkl is
generated:

�r ¼ C � �e ¼

r11

r22

r33

r23

r31

r12

2
6666664

3
7777775
¼

C11 C12 C13 0 0 0
C21 C22 C23 0 0 0
C31 C32 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66

2
6666664

3
7777775
�

e11

e22

e33

e23

e31

e12

2
6666664

3
7777775

ð3:8Þ

Currently, nine independent material properties of the orthotropic material can
be calculated using the generalized Hooke’s law in stiffness form.

The calculated orthotropic material properties are:

E11 E22 E33 G23 G31 G12 m23 m31 m32 ð3:9Þ

where: Eii-Young’s modulus, Gij-shear modulus and mij-Poisson’s ratio.
Stage 2: Define a correlation between the geometric properties of the inter-

mediate models (e.g. porosity) and their respective effective material properties.
The correlation between the porosity (p) and the effective material properties
(M) can be established in terms of a polynomial function. Coefficients of the
polynomial (ai) can be found straightforwardly by solving a set of linear equations.
After computing all the coefficients, a common factor can be extracted from the
equation and rewritten as follows:

MðpÞ ¼ M0 �
X0

i¼n

âip
i ð3:10Þ

where M0 represents the initial local material property.
Stage 3: Find an inverse local material properties model that preserves the

effective material properties at a constant value (Mconst) for different intermediate
models. According to the above, (3.10) can be rewritten as:

M0ðpÞ ¼ Mconst �
X0

i¼n

âip
i

" #�1

ð3:11Þ

In this work, the material properties at the highest resolution (micro-scale) are
assumed to be isotropic. However, the geometry changes are at lower (coarser)
resolutions, so orthotropic local material properties are applied to compensate for
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such structural changes. In effect, when the structure of the geometrical model
changes from micro to macro, the geometric anisotropy is replaced by anisotropic
material properties.

Stage 4: Verify the computational model by comparing the property of the
intermediate models to the known and measurable property of the highest reso-
lution model. For example, models that are used for structural mechanical analysis
may be compared in terms of strain energy.

The feasibility of the proposed multiscale domain-based method has been
demonstrated on a bio-medical model of L3-vertebra trabecular bone at the micro-
scale structural level. Bones are bio-composite materials characterized by complex
multiscale structural geometry and complex behavior, as shown in Fig. 9.
Depending on the anatomical site, bone architecture differs significantly at the
micro-structural level with respect to shape, thickness, direction and porosity. For
example, the rod-like structures of the vertebrae differ significantly from the plate-
like structure of the femoral head. Bone architecture can also vary at different
locations on the same site due to functionality and locally applied forces charac-
terized by magnitude and direction. Thus, the bone structure of each patient is
unique. These characteristics are crucial for diagnosis of bone metabolic disease.

The performance of the multiscale model is demonstrated in Fig. 10. In this
example, each model is analyzed with its local material properties, estimated
according to the proposed method. The colors represent stresses, as each model
was subjected to uniaxial compression. The stress locations are consistent for all
levels of resolution. In addition, the ‘‘digital magnifying glass’’ approach can be
easily identified. The prominent features of the model are visible at all levels of
resolution. The analysis shows that the multiscale method performs according to
expectations. The prominent geometric features of the micro-scale models are
preserved at all levels of resolution. Moreover, the computational models are
reliable and robust for all intermediate levels.

The domain-based approach improves the performance of the hierarchical
multi-resolution model and the finite element mechanical analysis. The worst-case

Fig. 9 Vertebra models at different scales: macro-scale on the left and micro-scale on the right

44 L. Podshivalov et al.



time complexity of the linear octree construction algorithms is evaluated as
follows.

Let N be the total number of material voxels and d the number of hierarchy
levels of the octree. Encoding a material voxel model requires computational time
proportional to the depth d; encoding a region including condensation requires
O(dN). An adjacent voxel can be found in O(d). Utilizing the domain-based
approach decreases both the number of full voxels and the number of hierarchy
levels required to represent them. Assuming that the maximum number of levels in
the octree is d = logN and the number of sub-domains is m, the finite element
solver is based on the preconditioned conjugate gradient method (PCG). The
dominant operations during iterations are matrix-vector products. In general,
matrix-vector multiplication requires O(k) operations, where k is the number of
non-zero entries in the matrix. For many problems, including FE analysis, the
A matrix is sparse and kO(N). Distributing this task among a number of processors
significantly improves algorithm performance and allows solution of models that
could not be solved otherwise.

4 Visualization of Bone Micro-Structures

As stated, visualization is not an end by itself but only a means for representing
analysis and diagnosis results to physicians or orthopedists. As in geometric
modeling, two different representations can be utilized for visualization-surface or
volumetric. Since the volumetric model already exists, it seems natural to use a
volume for visualization, though there are pros and cons to this approach:

Fig. 10 View-dependent presentation of multiscale mechanical analysis, where colors represent
stress intensity
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• Volume visualization methods require special graphic hardware that is not
available on commonly used PCs. To overcome such a difficulty, the majority of
visualization algorithms utilize texture mapping with a transparency parameter
between different layers and blending, as depicted in Fig. 11. Modern graphic
cards are designed for rapid processing of textures. Thus, this method is fre-
quently used for volume visualization. It also enables straightforward visuali-
zation of multi-layer models, e.g. the human skeleton with different tissues.
The main disadvantage of this method is that it is view dependent. Such a
process is memory consuming, and its outcome is not always exact and seamless
for the viewer.

• For volume representation, hexahedral elements (voxels) are usually utilized.
If only surface information is of interest, then just the boundary voxels can be
displayed. However, direct voxel visualization will result in jagged surfaces, as
depicted in Fig. 12. Calculating model normal vectors using a gradient kernel
can overcome this problem. This method permits rapid visualization of cross-
sections aligned in the directions of major axes, Fig. 13. But representing a

Fig. 11 Visualization of bone micro-structure utilizing direct volume method

Fig. 12 Visualization of bone micro-structure using only boundary voxels and gradient kernel
for calculation of model normal vectors
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cross-section in any other direction is challenging since it requires creating an
approximated plane.

The above limitations can be overcome by transforming the volumetric rep-
resentation to a surface representation, for example utilizing the Marching Cubes
algorithm. Surface representation will be smooth and will not require large
resources for its visualization. The main disadvantage of this approach is being
transformation dependent. Creating a cross-section will require recalculation of the
entire surface.

Another difficulty associated with visualizing bone micro-structures relates to
the large number of details in these models. Without an efficient visualization
algorithm and memory resource management, such a task can be very difficult and
sometimes impossible. Therefore, the domain-based approach has become popular
in this field as well. Each sub-domain is prepared for visualization on a separate
processor or in sequence. The user is unaware of the process since the result is
seamless. An example of domain-based visualization is depicted in Fig. 14.

Fig. 13 Visualization possibilities using voxel representation. a FE analyzed model.
b Cross-section of the model. c A clipped region of the analyzed model

Fig. 14 Domain-based visualization of bone micro-structures. a Color coded sub-domains of the
model. b The result as presented to the user
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5 Summary and Conclusions

This chapter has reviewed the evolution of the field of patient-specific visualiza-
tion and diagnosis of bone micro-structure, focusing on medical imaging tech-
nology, geometric modeling, structural analysis and visualization. State-of-the-art
research focuses on a new multi-scale method that can provide a better under-
standing of a very complex bio-structure—bone. Moreover, a new 3D multiscale
method for mechanical analysis of bone micro-structures was presented. This is
one of the very few methods in the field of computational bio-mechanics that
allows for the adaptive application of mechanical analysis on large-scale high
resolution models. The proposed method is based on domain-based multiresolution
hierarchical geometric modeling and multiscale material properties. This method
incorporates the following properties:

• The hierarchical geometric model (octree) facilitates continuous bi-directional
transition between micro-and macro-scale models by introducing intermediate
structural levels.

• The new method for a multiscale material properties model is adapted to
porosity changes at different structural levels of the geometrical model.

• The developed complete model provides the synergy between geometric and
material models that is required for robust multiscale finite element analysis.

This method is aimed at assisting physicians to better understand and define
bone structure strength and bone stability with respect to geometric and material
properties. Medical imaging technology and common medical testing will con-
tinue to be the major diagnostic tools for initial diagnosis of the above diseases.
However, different structures with similar morphological parameters may have
significantly different effective material properties. As a result, one structure may
withstand the applied load, while another may collapse. Therefore, mechanical
testing may better predict structural behavior and improve the quality of diagnosis
and prognosis, thus effectively improving patients’ quality of life. Moreover,
structural simulation can lead to early diagnosis prior to the appearance of
symptomatic fractures. The proposed method is a new tool that can be applied to a
variety of problems. We propose a number of possibilities for future applications:

• The method can be used as a diagnostic tool for estimating local bone strength in
diseases that affect bone micro-structure and material properties, e.g. hypo-
parathyroidism [62], osteoporosis [21] and metastatic bone cancer [65]. It also
can be used for local drug treatment, chemotherapy and calcium enrichment.

• Integrating topology optimization with the proposed method may lead to the
design of natural micro-scaffolds [35] which can reduce the healing period.

The proposed multiscale FE method can be integrated as a module into a
computerized diagnostic system that, together with other analysis tools, can make
a significant impact on diagnostic conclusions. The proposed method offers an
alternative to working only with existing macro-and micro-structural levels by
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introducing intermediate levels. These levels provide continuous transition
between macro-and micro-scales by imitating human detail perception. We believe
this method can also be extended for modeling and analysis of other materials
characterized by irregular and stochastic structure.
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