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a b s t r a c t 

Patient-specific finite element (FE) models are constructed in a way that boundary conditions, material 

and geometric FE models respect the unique characteristics of the patients, offering a more reliable and 

realistic structural analysis. This study presents an image-based construction process of a patient-specific 

FE model applied to a femur with a subtrochanteric fracture. Available procedures are systematized and 

described in greater depth aiming to investigate the difficulties and possibilities in the development of 

this type of model. A set of image processing techniques (segmentation, labeling, morphological oper- 

ations and registering) were performed for volumetric reconstruction and registration of femoral frag- 

ments by assessing computed tomography (CT) images in a semi supervised procedure. The CT numbers 

feed the FE mesh with a non-homogeneous distribution of elasticity modulus. A FE analysis and a bone 

remodeling simulation with pharmacological stimulus based on the dynamics of bone cells populations 

were also developed for this study. The FE analysis revealed that the principal stresses provided results 

close to those obtained using a generic homogeneous model, with a difference of about 2%. In contrast, 

principal strains presented significant differences, up to 12 and 21 % for the maximum tensile and com- 

pressive principal strain values, respectively. The critical values of tensile principal strains were located 

in the superior part of the femoral neck, a typical region of femoral fractures, and maximum principal 

strains 2 and 3 (compressive) were concentrated in the diaphyseal region, rather close to the actual frac- 

ture. These results corroborate previous works indicating that the strain-based failure criterion is more 

successful in capturing the bone fracture sites when compared to stress-based criteria. The attempt to 

reconstruct the material state before the failure as implemented here constitutes an innovative way to 

analyze and reconstruct bone fractures. In the bone remodeling simulation, the inclusion of an antire- 

sorptive agent stimulus produced cortical bone thickening, an increase in the BMD biomarker, and an 

overall increase in the bone ash density, just as expected in an osteoporosis therapeutic treatment. In 

conclusion, this study highlights the advantages of subject-specific FE models compared to generic ones 

in the study of abnormal clinical cases, evaluation of fracture risk, and optimization of surgical interven- 

tion. On the other hand, the high level of human intervention and expertise involved in patient-specific 

FE analyses hinders the incorporation of this technique into clinical practice. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Bone diseases have a major impact on the quality of life of men

and women, particularly after the age of 50. Osteoporosis, charac-
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erized by an imbalance in the natural bone remodeling process,

esults in lower bone quality, as a consequence, greater exposure

o the risk of fractures. Elderly patients with femoral fractures live

ess and are more likely to become dependent or institutionalized

1,2] . It is estimated that the mortality rate among patients with

steoporotic fractures reaches 15–30% due to complications associ-

ted with the disease itself such as infections, venous thrombosis

nd cardiovascular diseases [3] . 

Structural analysis of the bone using the finite element

ethod (FEM) usually adopts homogeneous isotropic material with
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onstant Young modulus and constant Poisson ratio for cortical and

rabecular bone [4–6] , which is a pragmatic but unrealistic

pproach. Bone exhibits non-homogeneous material properties,

nisotropic behavior and a dependence of tissue density on age

nd mineralization level [7] . The material characterization should

e able to capture the heterogeneous physical properties accord-

ng to bone site [8] and according to individual characteristics such

s age and gender [9] . When using finite element (FE) analyses

o study special clinical cases, in which the risk of fracture must

e evaluated, the stress and strain states can be more reliably and

ccurately assessed if they are based on specific patient proper-

ies [5,10–13] . Medical images, originated from CT, MRI and oth-

rs scans, reveals material properties and patient specific geomet-

ic features, making it an essential tool for the construction of this

ind of model. 

Various aspects impact the accuracy of the final subject-specific

E model [14] : image acquisition parameters [15,16] ; segmenta-

ion technique [17,18] , FE mesh generation, assignment of mate-

ial properties and boundary conditions. Image quality and resolu-

ion depend greatly on the characteristics of the acquisition device

nd the parameters adopted for the scan [19] . The fusion of adja-

ent parts of bones is usually observed in low resolution images

17] . Distorted and low contrast on edges due to osteoporosis, pas-

age of blood vessels or overlapping of pixels values make simple

istogram-based segmentation methods inappropriate [18] . Com-

ination of different segmentation techniques are frequently used

o overcome the limitations of individual methods. These combi-

ation include: edge-based algorithms, which are based on gradient

elds; region-based algorithms, that group regions that meet cer-

ain homogeneity criteria; deformable algorithms , that morph a pri-

ri shape into image data; and finally the active contouring [14,20] .

egarding mesh discretization (third aspect), highly distorted mesh

lements or even a very coarse mesh in regions subjected to

igh stresses may result in well-deteriorated numerical solutions.

riteria to assess mesh quality and suitability should be imple-

ented to characterize the accuracy of the FE solution. Some er-

or estimators are available in finite element packages to this end.

hese are obstacles that must be circumvented for the automa-

ion of individualized FE models. Automation is one of the funda-

ental conditions to consolidate the method as a routine clinical

ool [12] . 

In this perspective, the present work aims to investigate the

se of CT scans to build an accurate subject-specific FE model, sys-

ematizing and describing in greater depth some techniques com-

only adopted. The limitations imposed by the low resolution of

he medical images used in this study forced us to pursue dif-

erent strategies to overcome the difficulties typically found when

uilding this kind of FE model. Here, we develop an image-based

rocedure for the volumetric reconstruction and mapping of lo-

al densities of a fractured femur and apply to CT scans. We also

ropose a new bone remodeling model based on the dynamics of

one cells populations including mechanical and pharmacological

timulus implemented in the FE model. The core of the model is

uilt upon the work of Lemaire et al. [21] incorporating a mechan-

cal stimulus based on strain energy density [22] and an original

egulatory function regarding drug concentration on bone sites. 

The case under study here is a femur fractured in the sub-

rochanteric region. The most common femoral fractures occur

n the femoral neck and the intertrochanteric region located be-

ween the greater and small trochanter, mainly affecting peo-

le over 50 years of age due to trauma or osteoporosis [23] .

ractures in the subtrochanteric and diaphyseal regions are un-

ommon and usually occur in young or middle-aged adults as a

esult of a high energy trauma [24,25] . Therefore, the present re-

earch also addresses a relevant case study in the field of bone

iseases. 

 

. Materials and methods 

This work investigates the use of image processing techniques

n order to build a more accurate subject-specific FE model. A set

f CT scans is adopted to drive and feed the process of building

oth geometric and material FE models. The images chosen corre-

pond to a proximal femur with a fracture at the subtrochanteric

egion with lateral displacement, angularity and no continuity be-

ween fragments. 

.1. Image-based anatomical reconstruction 

The 8 bits images set is composed of 243 images with 1.0 mm

lice thickness, 0.391 mm pixel pitch, which corresponds to up to

/4 of the human femur. Computer codes were written in MatLab

.12 (R2011a) software (MathWorks, Natick, Massachusetts, US) and

un in a standard personal computer (Intel Core i7 5500U CPU 2.4

Hz). 

A flowchart and an overview of the procedures developed are

llustrated in Figure 1 . Computational implementation resulted in

 3D femur without fracture, followed by a FE analysis and a drug-

riven bone cells remodeling simulation. The sequence of proce-

ures can be enumerated as follows: 

1. Conversion of 2D images into a 3D volumetric image matrix:

the set of CT images are stacked at evenly spaced heights form-

ing an 3D array of size p x × p y × slices , where p x and p y are the

number of pixels of images in the x and y -axes, respectively,

and slices refers to the number of slices or CT images, in our

case, with 512 × 512 × 243. The authors used 8-bits medi-

cal images with gray-level within the range of [0,255], which

required the adoption of some strategies to overcome the low

image quality limitations. 

2. Matrix Segmentation: a two-step segmentation was necessary

to handle the low resolution of images and low densities re-

gions. K-means clustering algorithm was applied for each 2D

image as an initial segmentation prior to the application of the

Iterative Conditional Modes (ICM) algorithm on the 3D images

[20] . Furthermore, in order to obtain a smoother contour of

the femur boundaries, a sequence of morphological operations

[26] such as dilation, erosion, blurring and re-thresholding was

applied to each 2-D slice, as can be seen in Figure 2 . 

3. Labeling of connected components: after bone segmentation,

each femoral fragment is labeled to allow fragments alignment

and registering. The built-in Matlab function ‘ bwlabeln ’ was

used to detect regions of voxels that are contiguous to each

other [27] . The labeling algorithm scans all image and groups

the pixels into components based on pixel connectivity with

similar pixel intensity values [28,29] . 

4. Registration: the identification of bone fragments is followed by

sequences of affine transformations (translation, rigid body ro-

tation and scaling) applied to the 3D point cloud data corre-

sponding to each fragment to register the two parts of the fe-

mur in order to reconstitute its original non-fractured anatomy.

5. Generation of a surface data file (format STL): the point cloud

data is imported to Meshlab [30] , that compute normals for the

boundaries of dataset and builds a surface using the Poisson

Surface Reconstruction approach [31] . 

6. FE mesh: using Matlab built-in functions for mesh generation,

the surface data file is converted into a solid and discretized

into linear tetrahedral elements. 

7. Mapping of material properties: CT numbers are translated into

ash densities and mapped onto the FE mesh for the distribution

of Young moduli, using an experimental relation. The algorithm

evaluates whether a pixel is inside or outside the convex hull

defined by the vertices of each tetrahedral finite element, and
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Fig. 1. Sequence employed to build the subject-specific FE model. At first, CT images are stacked forming a 3D image matrix; then, images are segmented to extract the 

femur; all connected components are labeled to identify the bone fragments, and registered. The second stage consists of the FE discretization process, mapping of material 

properties and definition of boundary conditions. 
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assign the average pixel value within the convex hull to each

corresponding finite element adopting the strategy proposed by

Zannoni et al. [32] . 

8. FE analysis: two different FE analysis were performed with dif-

ferent load cases. First, a structural static analysis was con-

ducted with one load case applied. Then, a bone remodeling

simulation using a model based on the dynamics of bone cells

populations was performed with three load cases. 

9. Post-processing: visualization of the results were performed us-

ing Paraview 5.0 software and Matlab scripts. The input file for-

mat adopted for Paraview was the Visualization Toolkit (VTK)

[33] . 

2.2. Finite element model 

In order to apply the proposed procedure, a FE model was built

from CT images of a femur, as shown in Figure 5 . The reconstructed

femur was discretized in a finite element mesh with 13,114 nodes

and 61,372 tetrahedral elements. The initial densities were ob-

tained from the CT images and transferred to the FE model. The

authors have adopted a linear relationship between the grayscale

of pixels [0, 255] and the bone densities. The whitest pixel in the

image (full bone with no voids) in the cortical bone was assigned

the value of 1.4 g/cm 

3 , corresponding to the maximum value for

bone ash density, that is the bone ash mass divided by the total

volume. The darkest pixel surrounding the bone (corresponding to
ater) was assigned zero ash density. This strategy was necessary

iven the lack of scanning phantom data to convert HU to equiv-

lent K 2 HPO 4 density, which is commonly assumed to be equal to

one ash density [34] . Thus, these two extreme values define a lin-

ar interpolation which can be expressed as: 

ash = [ p(x, y, z) − a ] 
1 . 4 

b − a 
[ g/cm 

3 
] (1)

here p ( x, y, z ) is the pixel grayscale value at position ( x, y, z ),

 and b are the image grayscale limit values for water and bone

ithout voids, respectively. Here, the values a = 66 and b = 219

ere chosen according to the image quality. 

The literature describes several relationships between Young’s

odulus and bone densities [8,35–39] . The elasticity modulus was

efined as a function of the ash densities assessed from CT images

sing the relation proposed by Keller [38] and validated by Yosi-

ash et al. [40] and Trabelsi et al. [13] : 

 cort = 10200 ρ2 . 01 
ash [ MPa ] (2)

 trab = 5307 ρash + 469 [ MPa ] (3)

Trabecular and cortical bone types are distinguished with the

ondition ρash > 0.6 g/cm 

3 for cortical bone and ρash ≤ 0.6 g/cm 

3 

or trabecular bone [5] . Poisson’s ratio was set equal to 0.3 [4,5] .

he implementation of this mapping procedure resulted in an elas-

ic modulus range of 1.06–19.46 GPa. 

The histogram for pixel intensities of the 3-D image of the seg-

ented femur is shown in Figure 3 . The two bell-shaped curve
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Fig. 2. Basic procedures applied to each CT slice image. Morphological operations of dilatation, erosion, blurring and re-thresholding were also developed to smooth the 

boundaries of femur fragments, using built-in Matlab functions from the Image Processing Toolbox. 

Fig. 3. Histogram and cumulative frequency of the 3-D image of the femur. Bimodal shape reveals cortical and trabecular bone types. 
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Fig. 4. Densities assessed from CT images and exported to the FE mesh. Different views of the femur mesh with grayscale values. 

Fig. 5. Discretization of the reconstructed femur in a finite element mesh with 

13,114 nodes and 61,372 tetrahedral elements (a) and assignment to gray values in 

mesh elements (b). 
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(bimodal distribution) reflects the presence of cortical and trabec-

ular bone. Intermediate gray scale values between the two bells

indicate that the bone lies in the transition limits of the two bone

types. A Gaussian mixture model distribution was used to cluster

the data and find the two average pixel intensities for each bone

type. Figure 4 presents the result of the mapping procedure and

grayscale values assigned to the finite element mesh. Thus this

procedure allows the assignment of an average material property

to each finite element based on density information extracted from

the CT database. 
In the first FE simulation (static structural analysis) the authors

dopted one load case referred to one leg stance associated with a

tanding person. The models adopted by Nedoma et al. [41] were

dapted to define the values for adductor force applied to the ac-

tabulus and the abductor force action on the great trochanter.

onsidering a body weight of 680 N, a force balance provides the

dductor and abductor forces, that are 2168 N and 1632 N, respec-

ively. For the force balance acting on the pelvis, we consider that a

esultant force acting on the femoral head form 16 ◦ with the z -axis

nd a resulting abductor force acting on the great trochanter form

2 ◦ with the z -axis [41,42] . In order to obtain a more realistic dis-

ribution, these resultant forces were proportionally distributed on

he faces of finite elements in the boundaries of the femur head

nd greater trochanter within a specified distance, as shown in

igure 6 . Furthermore, the authors assumed a proportionality be-

ween the normal to the element face and the resultant force to

btain each applied force. Such strategies aim to provide a load-

ng case more suitable to the 3D FE simulation. The nodes of the

emur’s lower part were held fixed. This boundary condition does

ot produce the best physiological representation of the deforma-

ion pattern of the femur [43] . It was adopted here because the

vailable CT dataset did not contain the lower extremity of the fe-

ur (or distal extremity). 

Three loading cases were adopted for the bone remodeling dy-

amic simulation. At each iteration of the bone remodeling algo-

ithm, the densities distribution in the cortical and trabecular bone

hange, requiring a configuration of forces closer to the physiolog-

cal loading conditions to obtain more realistic results. 

The boundary conditions of the bone remodeling simulation

ere based on the proposal of Carter et al. [45] , which represents

he joint reactions and abductor muscular forces for a standard gait

ycle. For each cycle of FE analysis, three loading cases correspond-

ng to the maximal adduction limits, maximal abduction and aver-

ge support of the gait cycle were analyzed sequentially ( Fig. 7 ).

he orientations and magnitudes of the forces were adapted from

ambli et al. [44] and are listed in Table 1 . The concentrated loads

ere transformed into equivalent proportionally distributed loads

n the femoral head and greater trochanter considering that the

pplication of forces is distributed on an area of the femoral head

nd the greater trochanter surfaces. 
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Fig. 6. Detail of the loading applied to the femur, joint forces distributed on the 

acetabulus and adductor forces distributed on the greater trochanter. Visualization 

developed in Matlab. 

Table 1 

Load cases used in the FE model referring to a standard gait. Orientation angles to 

the frontal and sagital planes [44,45] . 

Load Joint Forces 

[N] 

Orientation [deg.] Abductors 

Forces [N] 

Orientation [deg.] 

Frontal Sagittal Frontal Sagittal 

Case 1 2317 24 6 703 28 15 

Case 2 1158 −15 35 351 −8 9 

Case 3 1548 56 −20 468 35 16 
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Fig. 7. Loading cases adopted in the bone remodeling simulation. In order to obtain a m

human gait. Concentrated loads specified in Table 1 where proportionally distributed in

adductor forces on proximal femur during gait. 
.3. Cells populations model 

The bone remodeling is a mechanism involving sequential

steoclast-mediated bone resorption and osteoblast-mediated bone 

ormation at the same location, in order to promote the replace-

ent of the bone matrix and repair of small defects (e.g., micro-

amage), thereby renewing the skeleton over time [46] . Lemaire

t al. [21] proposes a mathematical model to describe the dynam-

cs of bone cells populations (pre-osteoblasts, active osteoblasts

nd active osteoclasts) during the bone remodeling. The model

ncludes the osteoblast-osteoclast coupling, RANK-RANKL-OPG sig- 

aling, allows the simulation of some bone metabolic diseases and

lso the antagonistic effects of PTH administration. The system

ANK-RANKL-OPG is an important regulator of osteoclastogenesis.

isorders in this system have implications on bone remodeling and

re associated with bone diseases. The interaction between RANKL

rank ligand) and its RANK receptor found in precursor osteoclasts

ould be controlled by osteoprotegerin (OPG), a cytosine secreted

y osteoblasts, with affinity to RANKL that inhibit RANK-RANKL

inding. 

The Lemaire’s model [21] considers four stages in the devel-

pment of osteoblasts: precursors, responsive, active and a fourth

roup that aggregates apoptotic cells and osteocytes. In the case of

on-committed precursors, they form a reservoir with a constant

umber of cells that can be differentiated into osteoblasts as a re-

ponse to a stimulatory factor such as the TGF- β protein. This pro-

ein also acts on the responsible osteoblasts preventing their differ-

ntiation. Active osteoblasts are influenced by PTH in the control of

PG and RANKL production [47] . 

RANKL induces the differentiation of active osteoclasts, which

elease TGF- β causing osteoclastic apoptosis and control osteoblast

ifferentiation. A graphical schematics of the model is presented in

igure 8 . 

The behavior of bone cells is regulated by their own cytosines

r by cytosines produced by different cells. The kinetics of reac-

ions can be represented by the law of mass action. It is worth

entioning that the original model proposed by Lemaire et al. [21] ,
oes not include the contribution of mechanical stimuli nor the 

ore realistic loading distribution we combined 3 load cases simulating a standard 

 the acetabulus and greater trochanter of the femur simulating the abductor and 
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Fig. 8. Schematics of the bone cells populations model. Local strain energy density 

(SED) and drug concentration play a regulatory role in the dynamics of cells pop- 

ulations. These stimuli are not present in the original work of Lemaire et al. [21] . 

Artwork: Miguel T. Bahia. 
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action of an antiresorptive agent, drug used for the treatment and

prevention of osteoporosis 1 . 

In the present work, the authors include both the mechanical

stimuli [22] and the action of an antiresorptive agent [49] , such as

bisphosphonate. The drug concentration in the bone will be used

here to evaluate pharmacoregulation of the bone cells population

dynamics. 

In mathematical terms, the temporal evolution of bone cells

can be expressed by the system of ordinary differential equa-

tions shown below, Eqs. (4) –( 8 ). The temporal changes in the

cells populations occur during the bone remodeling process and

are calculated over a volume of bone of sufficient size to pro-

vide consistent mean values. The variables OB p , OB a and OC a re-

fer to pre-osteoblasts, active osteoblasts and active osteoclasts,

respectively. The variables BA and BM are the antiresorptive

drug concentration in the bone matrix and the biomarker for

bone mineral density (BMD), respectively. In this way, the fol-

lowing system of ordinary differential equations is described

as: 

d OB p 

d t 
= D R πC + P OB p OB p �ε − D B 

πC 

OB p (4)

d OB a 

d t 
= 

D B 

πC 

OB p − k B OB a (5)

d OC a 

d t 
= D C πL − (1 + k 7 BA ) D A πC OC a (6)

d BA 

d t 
= k 8 BI (1 − BA ) − k 9 BA (7)

d BM 

d t 
= k 10 

(
OB a 

OC 

− k 12 

)
− k 11 ( BM − 1) (8)
a 

1 These drugs can be divided basically into two categories: anti-resorptive agents 

or anabolic agents. Anti-resorptive agents reduce bone resorption, leading to in- 

creased BMD by several degrees. Estrogen, raloxifene, bisphosphonates and the hu- 

man monoclonal antibody to RANKL are included in this category. On the other 

hand, anabolic agents such as teriparatide (PTH1-34) and total parathyroid hormone 

(PTH1-84), stimulate bone formation, thus increasing bone mineral density (BMD) 

[48] . 

p  

d  

a  

a

 

d  

I  

c  
here D B is a factor of proportionality and πC is the influence of

GF- β , expressed by: 

 B = f 0 d B πC = 

C + f 0 C 
S 

C + C S 
(9)

he RANKL influence is described by the variable π L , and can be

btained by: 

L = 

k 3 
k 4 

K 

P 
L πP OB a 

1 + 

k 3 
k 4 

+ 

k 1 
k 2 k 0 

(
K P 

O 

πP + I 0 

)
(

1 + �BA + 

I L + P RL ε bm 

r L 

)
(10)

here πP is the fraction of occupied PTH receptors which is ex-

ressed by: 

P = 

I P 
k P 

+ 

S P 
k P 

I P 
k P 

+ 

k 6 
k 5 

(11)

he symbol BI, in Eq. (7) is the concentration of anti-resorptive

rug in plasma. The term P RL ε bm 

corresponds to the variation of

ANKL related to changes in the energy density of deformation,

nly activated in disuse or lack of loading and expressed by: 

 RL ε bm 
= κ

(
1 − w ε bm 

w ε bm st 

)
(12)

here the adjustment constant κ is null for w ε bm 

≥ w ε bm st 
. and

ositive otherwise. 

The term �BA is a drug-regulatory function that simulates the

ffect of the external administration of an antiresorptive drug on

he population of cells. The term was added in the original expres-

ion proposed by Lemaire et al. [21] for the RANKL concentration

quation, being expressed by: 

BA = k BA BA (13)

here BA is the concentration of the antiresorptive drug in the

one matrix and k BA is an adjustment constant for the model. 

The population of preosteoblasts OB p increases with the differ-

ntiation of progenitor osteoblast cells with a maximal differenti-

tion rate D R , promoted by the growth factor TGF- β . On the other

and, the population of precursor osteoblasts decreases due to the

ifferentiation of the precursor osteoblasts into active osteoblasts,

hich occurs at a maximum rate. 

The mechanical stimulus is modeled adding a term in Eq. (4) by

egulating the proliferation of osteoblasts as a function of the value

f the locally evaluated deformation energy density [22] . The func-

ion �ε is the mechanoregulation and P R is the constant indicating

he proliferation of osteoblasts according to the strain energy den-

ity: 

ε = �ε st 

(
1 + λ

(
w ε bm 

w ε bm st 

− 1 

))
(14)

here �ε st is the equilibrium value of �ε , w ε bm 

is the value of

ocal strain energy density and w ε bm st 
is the equilibrium value.

arameter λ is an adjustment constant, which is null to w ε bm 

≤
 ε bm st 

and positive otherwise. 

The active osteoblast population OB a increases according to the

re-osteoblast differentiation, which occurs with the maximum

ifferentiation rate D B and is inhibited by the TGF- β . Apoptosis of

ctive osteoblasts inhibits populations growth, which occurs with

poptosis rate k B . 

Antiresorptive drugs such as bisphosphonates bind to the hy-

roxyapatite in the bone and inhibit its resorption by osteoclasts.

n the model, the loss of efficacy of osteoclasts is simulated by a

hange in RANKL concentration in Eq. (10) and by an increase in
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Table 2 

Parameters used in the simulation of the bone remodeling model. Values extracted from the study 

by Lemaire et al. [21] except k i (i = 7 , . . . , 12) and k BA , which were adjusted by the authors 

Symbol [unit] Value Description 

C s [pM] 5 × 10 −3 Number of OC to get half differentiation flux 

D A [day −1 ] 0.7 Rate of osteoclast apoptosis caused by TGF- β

d B [day −1 ] 0.7 Differentiation rate of responsive osteoblasts 

D C [pM day −1 ] 2 . 1 × 10 −3 Differentiation rate of osteoclast precursors 

D R [pM.day −1 ] 7 × 10 −4 Differentiation rate of osteoblast progenitors 

f 0 0.05 Fixed proportion 

I L [pM day −1 ] 0 − 10 6 Rate of administration of RANKL 

I O [pM day −1 ] 0 − 10 6 Rate of administration of OPG 

I P [pM day −1 ] 0 − 10 6 Rate of administration of PTH 

K [pM] 10 Fixed concentration of RANK 

k 1 [pM 

−1 day −1 ] 10 −2 Rate of OPG-RANKL binding 

k 2 [day −1 ] 10 Rate of OPG-RANKL unbinding 

k 3 [pM 

−1 day −1 ] 5 . 8 × 10 −4 Rate of RANK-RANKL binding 

k 4 [pM day −1 ] 1 . 7 × 10 −2 Rate of RANK-RANKL unbinding 

k 5 [pM 

−1 day −1 ] 0.02 Rate of PTH binding its receptor 

k 6 [day −1 ] 3 Rate of PTH unbinding 

k B [day −1 ] 0.189 Rate of elimination of active osteoblasts 

K P L [pmol/pmol] 3 × 10 6 Maximum RANKL attached to each cell surface 

k O [day −1 ] 0.35 Rate of elimination of OPG 

K P O [day −1 ] 2 × 10 5 Minimal rate of production of OPG per cell 

k P [day −1 ] 86 Rate of elimination of PTH 

r L [pM day −1 ] 10 3 Rate of RANKL production and elimination 

S P [pM day −1 ] 250 Rate of synthesis of systemic PTH 

λ [adim] 1.2 Parameter of anabolic adjustment 

κ [adim] 5 × 10 2 Parameter of RANKL inhibition 

�ε st 
[adim] 0.5 Equilibrium of mechanoregulation function 

w ε bm st 
[Pa] 0.78 SED inferior limit 

k 7 [adim] 0.3 Hill function parameter for apoptosis of OC a 
k 8 [pM day −1 ] 6 × 10 −3 Bisphosphonate transfer from plasma to bone 

k 9 [1/h] 5 × 10 −4 Bisphosphonate on bone clearance rate 

k 10 [1/h] 25 × 10 −5 First order BMD rate OC a /OB a 
k 11 [1/h] 1 . 5 × 10 −4 BMD equilibrium 

k 12 [adim] 0.7979 Baseline value of OC a /OB a 
k BA [adim] 1 Parameter of the Hill function for drug regulation 
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he rate of apoptosis of active osteoclasts in Eq. (6) . Bisphospho-

ate attaches to the bone in a second-order forward and first-order

everse reaction with hydroxyapatite attachment sites [49] , ie, the

ate of reaction is proportional to the product of two concentra-

ions forward and only one back, respectively. The output values of

q. (7) are within the range of [0, 1]. 

According to Ross et al. [49] , the model uses bone mineral

ensity (BMD) as a reference biomarker, denoting BM in Eq. (8) .

onsidering that the term that underlies BMD is the os-

eoblast/osteoclast ratio, it is incorporated into the system of dif-

erential equations including a ratio between the difference of

he osteoblast/osteoclast ratio and its reference value. In the ab-

ence of treatment the biomarker for BMD returns to the baseline

alue 1. 

The model parameters are summarized in Table 2 

.4. Drucker–Prager equivalent stress 

The Druker–Prager equivalent stress incorporates the hydro-

tatic contribution, which is suitable for the study of the bone

nd was adopted here. In the case of bone the failure stress under

ensile loads is smaller than under compression, which is a com-

on characteristic of brittle materials [50,51] . Although used in

ome previous biomechanical studies, Von Mises equivalent stress,

idely employed for ductile materials, is not the most adequate.

 symmetric failure criterion such as Von Mises tends both to

verestimate the tensile bone strength and to underestimate the

ompressive bone strength. Moreover, experimental results show

hat a simulation with the Drucker–Praguer failure criterion pre-

icted better the fracture location compared to the von Mises cri-
erion [52] . Other candidate to a bone failure criterion is the Tsai–

u quadratic criterion [53] that can account for different tensile

nd compressive strengths, anisotropy and interactions between

trengths in different loading directions [54] . 

The Drucker–Prager equivalent stress is expressed by: 

 (σ ) = αJ 1 + (J ′ 2 ) 1 / 2 (15) 

 1 = σx + σy + σz (16) 

 

′ 
2 = 

1 

2 

(σ ′ 2 
x + σ ′ 2 

y + σ ′ 2 
z ) + τ 2 

xy + τ 2 
yz + τ 2 

xz (17) 

here F ( σ ) is the yield function, σ x , σ y and σ z are the normal

tresses, τ xy , τ yz , and τ xy are the shear stresses, the symbol ( ′ ) in-

icates the deviatoric part of the stress, that is σ ′ 
i j 

= σi j − δi j σm 

,

nd σm 

= 

1 
2 σii is the hydrostatic stress. J 1 is the first stress invari-

nt, J 2 is the second invariant of the deviatoric tensor, and α is

 parameter related to the rate of volumetric and deviatoric de-

ormations or dilative potential of the material, α is set to 0.07

55] . As can be seen in Eqs. (15) , (16) and (17) , J 1 becomes nega-

ive when the hydrostatic stress is present, which makes the fail-

re criterion F ( σ ) smaller. Thus, the failure of an element requires

 larger external loading [50] . 

. Results 

This section presents an FE analysis and a bone remodel-

ng simulation developed with the proposed subject-specific FE

odel ( Fig. 9 ). One loading case was implemented as illustrated

n Figure 6 . Results of FE analysis are showed in terms of principal

tress/strains and Druker–Prager equivalent stress. Given a general
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Fig. 9. Densities distribution in the reconstructed femur and longitudinal section. Visualization in Paraview 5.0 software (Sandia National Laboratory, Kitware Inc, Los Alamos 

National Laboratory). 

Fig. 10. Drucker–Prager equivalent and principal stresses 1 and 3 obtained in the FE analysis of the femur with isotropic non-homogeneous elasticity modulus, boundary 

conditions defined in Table 1 . 

Table 3 

Comparison between non-homogeneous and homogeneous model. 

Stress and strains Non homogeneous Homogeneous Percentage difference 

E cort = 10200 ρ2 . 01 
ash [ MPa ] E cort = 14950 MPa 

E trab = 5307 ρash + 469 [ MPa ] E trab = 1140 MPa 

Drucker–Prager Equation stress [MPa] 334.53 328.47 2 % 

Principal stress [MPa] Max 249.53 244.11 2 % 

Min −251 . 63 −253 . 74 1 % 

Principal strains [mm/mm] Max 0.017445 0.015561 12 % 

Min −0 . 020459 −0 . 016860 21 % 
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2 A probabilistic model that represents normally distributed subpopulations 
state of stress at one point, the principal stresses correspond to the

maximum normal stresses present in the planes with null shear

stress components. 

Results for equivalent stress and principal stresses/strains are il-

lustrated in Figures 10 and 11 . Comparing Figure 10 (b) and (c) one

can clearly visualize the tensile and compressive stress distribution

(principal stresses 1 and 3) around the neutral axis of the femur

induced by the bending moment. 

The same structural analysis was performed in a femur with

two homogeneous elasticity modulus distribution for cortical and

trabecular bone, aiming to compare both situations: homogeneous

and non-homogeneous properties. The elasticity modulus is set to
14.95 GPa for the cortical bone and 1.14 GPa for the trabecular w
one, as adopted by Sotto-Maior et al. [6] . Results for both sim-

lations are summarized in Table 3 . 

The behavior of both models, homogeneous and non-

omogeneous, presented relatively close values for principal

tress and equivalent stress. Here this result can be explained

y the fact that the Young’s moduli chosen for cortical and tra-

ecular bone were close to the average values for cortical and

rabecular distributions extracted from the medical images using a

aussian mixture model 2 and applying an experimental relation.
ithin an overall population. 
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Fig. 11. Principal strains 1, 2 and 3 obtained in the FE analysis of the femur 

with isotropic non-homogeneous elasticity modulus, boundary conditions defined 

in Table 1 . 
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t should be noted that this does not necessarily occur, so large

iscrepancies may occur in other simulations. On the other hand,

he values of principal strains obtained for the two models were

ignificantly different, reaching a difference of 12 and 21 % for

he tensile and compressive principal strains respectively, as can

e observed in Table 3 . In the detail shown in Figure 11 (b), it is

bserved that the maximum tensile principal strains are located

n the upper part of the femoral neck coinciding with the typical

nset of femoral fractures. In the case of principal strains 2 and

, the maximum values are located in the diaphyseal region and

lose to the region where the actual fracture occurred as shown

n Figure 11 (d) and (f). Therefore, a failure criterion based on the

rincipal deformations might be more successful in capturing the

egion achievable at femoral fracture compared to the criteria

ased on tension, as pointed out in previous studies [56,57] . 

The maximum values of Drucker–Prager equivalent stresses for

oth models were also close, as can be seen in Table 3 . Knowledge
f the extreme values for equivalent stress and the region where

hey appear allows the assessment of the critical regions most sus-

eptible to fractures for this specific mechanical loading and its rel-

tive measure of magnitude compared to the neighborhood [50] . 

The results of the bone remodeling simulation are depicted

ere. The dynamics of bone cells populations model represented

y Eqs. (4) –( 8 ) is illustrated on Figure 12 . The model was analyzed

hrough numerical integration with the 4 th order Runge–Kutta al-

orithm programmed in Matlab. 

The simulation investigates the impact of adding an antire-

orptive agent stimulus on the bone cells population and BMD

iomarkers, as shown in Figure 12 . The mechanical stimulus was

et equal to a strain energy density of 0.18 Pa. The antiresorptive

ffect was modeled as an increase in the rate of active osteoclast

poptosis and the inclusion of a regulatory function in RANKL ex-

ression. The antiresorptive agent stimulus inclusion after the 20 th

ay led to an increase in BMD of 3.20%. 

The differentiation of pre-osteoblasts is a function of the active

steoclasts concentration. Thus, an increase in active osteoclasts

poptosis is not sufficient to produce an increase in the active os-

eoblasts population. Instead, it reduces the differentiation rate of

he precursor osteoblasts. An increase in the osteoclast-osteoblast

atio was obtained by modifying RANKL expression with the inclu-

ion of the drug-regulatory function, Eq. 13 , into Eq. 10 . 

Each iteration involves three FE structural analysis (one for each

oading case) and a numerical integration of the system of differen-

ial equations that governs the dynamics of cells populations and

pdates the material properties. The temporal evolution of the cell

opulations is given in cycles of 120 days. Figure 13 shows the dis-

ribution of densities in a longitudinal section of the reconstructed

emur at the initial time, after 120 cycles, and final configurations

fter 240 cycles. 

Figure 14 illustrates the cortical bone thickening in a cross sec-

ion of the femur 60 mm above the inferior base, in the dia-

hyseal region, during the numerical simulation of the proposed

one remodeling model. One can observe an increase in the corti-

al bone area of approximately 7.68% compared to the initial area.

his value was estimated through image segmentation using the

 -means clustering and subsequent counting of the number of

ixels in the clustered regions (adding areas 1 and 2 shown in

igure 14 (d), (e) and (f). Table 4 shows average ash densities ( ρμ),

tandard deviation ( σ ) in [g/cm 

3 ] and percent of each bone type

uring iterations of the procedure for this cross section. 

. Discussion 

The possibilities brought about by the use of patient-specific fi-

ite element models for the clinical practice are manifold. One can

ention, for instance, the assessment of the fracture risk, the study

f bone abnormalities, improved diagnosis, follow-up, among oth-

rs. Thus, these models have been increasingly attracting the inter-

st of biomechanical and medical researchers in general. 

The present research addresses an interesting case study to

heck the model in a real-life application. Case studies of sub-

rochanteric region fractures are particularly interesting due to the

ssociation between low energy femoral trauma and the long-term

se of bisphosphonates, a drug used worldwide in the treatment

f osteoporosis [58,59] . 

On the other hand, according to the report of a task force of the

merican Society for Bone and Mineral Research [60] , the incidence

f atypical fractures is very low and it is difficult to establish a

ausal relationship between the use of bisphosphonates and atypi-

al fractures, since patients are usually treated concomitantly with

ther drugs that suppress bone remodeling. This is an obviously

ontroversial subject that deserves to be studied in more depth. 
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Fig. 12. Effect of mechanical stimulation on bone mineral density. Lemaire model simulation of the temporal evolution of bone populations of precursor osteoblasts ( OB p ), 

active osteoblasts ( OB a ) and active osteoclasts ( OC a ). Mechanical stimulus promoted by strain energy density (SED). 

Fig. 13. Densities distribution in the femur. (a), (b) and (c) show the initial config- 

uration, after 120 and 240 cycles, respectively. 
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Figure 4 shows the densities distribution in the fracture region.

Some discontinuities and low density areas in the direction of frac-

ture propagation are present. The bone remodeling algorithm acted

at these sites in order to recover the density. One can hypothesize

that the occurrences of these discontinuities and low density areas

have a strong correlation with the initiation of the fracture, and

also the distribution of these areas can reveal the fracture propa-

gation direction. However, it must be highlighted that low density

or low bone mass are not the only factors contributing to the bone

mechanical strength and thus, an increased fracture risk. In this

sense, the bone quality involves other aspects that would be de-

terminant to define the mechanical strength, such as bone geome-
ry (shape and size of bone), micro-architecture, collagen maturity,

icrodamage accumulation, rate of bone turnover and properties

f the mineral, such as its distribution, composition, orientation,

mong others [61] . In the case of atypical femur fractures, there

s still a clear lack of understanding regarding its mechanisms of

ction [62] . These kind of fractures differ from traumatic or stress

ractures in aspects such as location, angle of progression across

he cortex and level of physical activity of the patient. It is also

eported the emergence of a small callus of rapid bone formation

ttempting to stabilize the periosteum in the femur [59] . 

The medical images available for this research presented severe

imitations in resolution, what required different strategies to ob-

ain a better segmentation. Parts of the femur with well defined

ontour and a more pronounced cortical thickness are easily seg-

ented, even with common histogram-based thresholds methods.

owever, regions of low density and greater presence of trabec-

lar bone require a more sophisticated procedure. In this study

e adopted a two-step segmentation with the K-means clustering

lgorithm as initial segmentation prior to the application of iter-

ted conditional mode (ICM) algorithm, producing satisfactory re-

ults. We have performed contour smoothing by applying sequen-

ial morphological operations. In this sense, Matlab’s Image Pro-

essing Toolbox offers useful built-in functions, which seems to be

uite effective in this study. 

The behavior of inhomogeneous isotropic material model was

ompared to the homogeneous one performing two FE simulations.

n this study, it was not possible to observe significant differences

etween both models regarding principal stress and strains and

rucker–Prager equivalent stress. Note that the Young’s modulus

alues chosen for cortical and trabecular bone in the homogeneous

odel were very close to the average values mapped in the CT

mages, verified using a Gaussian mixture model. Considering that

his is not always the case, it would be hasty to conclude that the

eterogeneous model produces the same results. The models were

ignificantly different in terms of principal strains: 12 and 21 % for
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Fig. 14. Cross section of the femur in the diaphyseal region 60 mm above the femur lower end: (a), (b) and (c) are initial densities distribution, after 120 cycles and 240 

cycles, respectively; (d), (e) and (f) correspond to the segmentation of the cortical region (adding areas 1 and 2) at initial time, after 120 cycles and 240 cycles, respectively. 

Image segmentation using K-means clustering algorithm was adopted to evaluate the percent increase of the cortical region. 

Table 4 

Average ash density ( ρμ), standard deviation ( σ ) in [g/cm 

3 ] and percentage of each bone type during procedure 

iterations for the transversal section of the femur illustrated in Figure 14 . 

Bone 

type 

Initial configuration 120 cycles 240 cycles 

Percentage ρμ ±σ [g/cm 

3 ] Percentage ρμ ±σ [g/cm 

3 ] Percentage ρμ ±σ [g/cm 

3 ] 

Trabecular 20.84% 0.365 ± 0.105 14.46% 0.539 ± 0.034 13.14% 0.537 ± 0.034 

Cortical 79.16% 1.139 ± 0.165 85.54% 1.281 ± 0.184 86.86% 1.247 ± 0.168 
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he maximum values of tensile and compressive strains, respec-

ively. In addition to that, the maximum values of tensile strains

ere observed at the femoral neck, which is the most common re-

ion of fractures events. For the main deformations 2 and 3, the

aximum values were located at the diaphyseal region, close to

he actual femur fracture. Assuming that the crack growth depends

n the directions of the principal strains, this result corroborates

tudies such as Poelert et al. [14] , that pointed out that bone frac-

ure is driven by strains, and also that strain-based failure criteria

re more successful in capturing the onset of the fracture as com-

ared to stress-based criteria [56,57] . Thus, the patient specific FE

nalysis method can be adopted as a reliable auxiliary tool in the

rediction of fractures. Better accuracy will require higher quality

edical images and some additional evaluations in the finite ele-

ent mesh. The use of error estimators, a mesh quality metrics, a

onvergence study, and the adoption of a quadratic element consti-

ute good practices in this regard. Considering that the method is

ot fully automated and requires significant user intervention, fur-

her studies are required before its adoption in the clinical practice.

Particularly in this simulation, the authors dealt with images

ith low bit depth and the refinement of finite elements followed

ome software constraints regarding maximum matrix size. Given

his context, it is reasonable to argue that, in special case studies,

E model needs to incorporate the patient’s individual characteris-

ics to obtain more accurate results. 

A structural analysis in the context of biomechanics involves

ome simplifications. One of them refers to the Newmann and

irichlet boundary conditions adopted in the simulation. Despite

eing based on biomechanical studies, these will always be a sim-
lified version of the complex real physiological loading conditions,

hich are cyclic, presents dynamic joint forces and involves the

articipation of muscles and tendons that can hardly be fully re-

overed in the simulation. A possible way of assessing the effects

f real boundary conditions is to simulate different loading cases

iming to cover a larger range of daily activities scenarios. Another

ption would be to feed the boundary conditions with the output

ata of an inverse-dynamic analysis in conjunction with a muscu-

oskeletal model [63] . 

For the structural analysis, there are other alternatives to FEM.

esh-free methods, for instance, whose field functions are approx-

mated within a domain of influence rather than an element, is

n option to be considered. The mesh independence results in ac-

uracy, smoothness of the stress fields and advantages when han-

ling domains of very complex geometry in comparison with clas-

ical mesh discretization techniques. This allows dealing with large

istortions of soft materials and to explicitly simulate fluids flow

64–66] . The definition of influence-domains varies according to

he family of mesh-free method. A non exhaustive list includes: el-

ment free Galerkin, local Petrov–Galerkin, moving least squares,

adial basis function, and fixed-grid methods, such as Cartesian

rid and the Extended Finite Element Method (XFEM) [67–71] . 

Regarding the choice of material model as linear elastic with

ransient variation of Young modulus, it seems a suitable option,

ince for mechanical loadings within the range of physiological

onditions the bone behaves as linearly elastic [72] . The experi-

ental relations between Young modulus and bone ash density

vailable in the literature have shown good agreement with exper-

mental data. However, there are still a few works evaluating the
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effectiveness of these relations in bone disease scenarios, such as

osteoporosis or osteopenia. 

An interesting aspect in the development of this work is the

fact that all computational codes were written in Matlab. Apart

from Paraview and Meshlab softwares used in visualization and

generation of surface file data (STL file), the authors did not use

any others specialized commercial programs such as medical im-

age editors and finite elements platforms. This choice seems chal-

lenging at first, but on the other hand, it provided greater versatil-

ity and insight into the search for solutions by numerical methods.

The simulation of the bone remodeling model including the ef-

fect of an antiresorptive drug was able to replicate both the over-

all increase in bone ash density and the thickening of the cortical

bone, which are clinically expected outcomes in an osteoporosis

treatment. The model allows the variation of the drug concentra-

tion by providing different local remodeling responses. However, a

comparison of the results with actual clinical data is required in

order to assess its predictive capacity and its limitations. Here, we

sought to incorporate elements of the bone’s biological behavior

into the model seeking to produce plausible clinical observations.

The model presents potential for use as a predictive tool in clinical

routine, but further studies should be developed to fit the model

with real clinical data. Future works must move in this direction. 

Other perspective for the continuity of this study is the incor-

poration of a crack growth model in order to try to reproduce the

propagation of the actual femur fracture. A theoretical background

in this sense can be given by the energy minimal crack growth and

phase-field methods, that allows the determination of both the di-

rection and the onset of the crack growth [73] . 

5. Conclusion 

This study describes a complete process of building a subject-

specific FE model that was applied to a femur with an atypical

fracture. The results obtained in 3D reconstruction were consid-

ered satisfactory despite the limitations in resolution of the im-

ages. Then, a FE analysis and a bone remodeling simulation were

carried out using a model based on dynamics of cells populations.

Principal stress and equivalent stress for inhomogeneous and ho-

mogeneous material models obtained in the FE analysis reveals no

significant differences for the chosen values. Regarding principal

strains, these differences were significant and the maximum val-

ues appeared relatively close to both the typical femoral fracture

region (tensile principal strain) and the diaphyseal region near the

actual fracture (principal strains 2 and 3). These results, therefore,

indicate that a strain-based failure criterion can be more effec-

tive in the prediction of the onset of fracture than a stress-based

criterion. 

The authors conclude that in ordinary simulations, the adop-

tion of standard Young modulus for cortical and trabecular bone,

although unrealistic, can offer satisfactory results since the cho-

sen values are close to the real ones. This was reproduced in the

present study. We stress that subject-specific FE models must be

the first choice considering special clinical cases, assessment of

fracture risk or stress/strains levels. Because the method requires a

high level of human intervention and expertise, further efforts are

necessary before its adoption into clinical practice. Furthermore,

the bone remodeling model incorporating a pharmacological regu-

lation produced encouraging results in terms of bone adaptive be-

havior reproduction. Future works must explore the pharmacolog-

ical regulation in different scenarios of dosing regimens. 
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