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The change in mechanical properties of the femoral bone tissue surrounding hip endoprosthesis

stems during the post-operative period is one of the causes of implant instability, and the

mathematical description of this phenomenon is the subject of much research. In the present

study, a model of bone adaptation, based on isotropic Stanford theory, is created for further

computer investigation. The results of implementation of such a mathematical model are

presented regarding the choice of cement mantle rational thickness in cemented hip arthro-

plasties. The results show that for cement mantle thicknesses ranging from 1–1.5mm, a peak

stress value in the proximal part of the mantle exceeds the limit of durability of bone cement.

Moreover, results show that high reduction in the bone density of distal and proximal regions

was observed in cases of cement mantle thicknesses varying from 1–3mm. No significant

changes in bone density of the abovementioned regions were obtained for 4mm and 5mm. The

outcome of numerical investigations can be treated as valuable and will lead to the improve-

ment of cemented hip replacement surgery results.

Keywords: Bone remodeling; proximal femur; cement mantle thickness.

*Corresponding author.

Journal of Mechanics in Medicine and Biology

Vol. 18, No. 6 (2018) 1850064 (13 pages)

°c World Scientific Publishing Company

DOI: 10.1142/S0219519418500641

1850064-1

J.
 M

ec
h.

 M
ed

. B
io

l. 
20

18
.1

8.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 L

O
D

Z
 U

N
IV

E
R

SI
T

Y
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
10

/0
2/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.

http://dx.doi.org/10.1142/S0219519418500641


1. Introduction

From a structural point of view, bone tissue has innumerous interesting properties.

First, its compression tensile strength is similar to that of steel. Due to its hetero-

genic microstructure, bone is three times lighter and 10 times more flexible than

steel. Further, bone can change its properties in response to several factors such as

external load, age, and gender.1,2 The variation in bone properties over time is

referred to as bone remodeling, the primary aim of which is to replace old and

damaged tissue for that which is healthy and new.3

Bone tissue adaptation, for example, is observed when a prosthesis is installed in

the bone. After installation, the implant may significantly influence load trans-

mission to the host tissue, which can cause excessive bone resorption at the bone–

tissue interface and lead to aseptic loosening or even bone failure and/or fracture.

Namely, the loads originally carried by the bone are in such a case applied to the

femoral prosthesis, which further transmits them to the tissue in a changed form.

Bone tissue is strongly affected by implantation of a component, and it is very

important to understand the constitutive and structural behavior of the tissue, in

order to investigate the adaptation to the new environment and to identify the

correct treatment for each individual.2

One of the techniques employed to fix implants into host bones, termed cemented

fixation, implements the utilization of a biological cement. In this technique, a bone-

cement-prosthesis interface is created, where the cement keeps the component

inside the femoral cavity. According to Jordão et al.,4 the loads applied to the

interface are spread in an approximately uniform way. The cement mantle is

inserted into the femoral cavity made by a surgeon and penetrates the porous

structure of the bone, which provides rapid fixation of the prosthesis.

In order to ensure long-term correct functioning of the bone-cement-implant

system, an appropriate thickness of cement mantle and correct positioning of the

hip joint stem endoprosthesis in the medullary canal should be ensured. First, a thin

cement mantle may contribute to cracking of the cement5,6 which, in turn, may lead

to aseptic loosening or bone density increases (cortical hypertrophy).7 Moreover, in

the case of thick cement mantle, the load is likely to be poorly transferred to the

bone, which can lead to bone atrophy8,9 and final bone density reduction (a process

known as stress shielding).

Several models aiming to simulate bone behavior and the process of adaptation

due to applied loads have already been developed.1,3,10–15 Thus, bone adaptation

after implantation of the cemented prosthesis can be analyzed using bone remo-

deling models coupled with the finite element method (FEM), which is one of the

most powerful tools to solve engineering problems and allowing for the execution of

extensive studies in a rapid and inexpensive way. The abovementioned topic has

been already described in numerous studies.2,11,16

The present study aims to evaluate bone adaptation around the femoral com-

ponent as well as to investigate the effect that cement mantle thickness has on load
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transfer to the host tissue. The objective is to make it possible to avoid fatigue

fracture of the cement and provide even stress distribution in the bone, which, in

turn, will allow treatment result improvements and increases in prosthesis dura-

bility. For this purpose, the FEM was implemented with the use of ABAQUS

software coupled with the Stanford isotropic bone remodeling model,12 in order to

investigate the process in three-dimensional models of the femur and ORTANr
(Ukraine) prosthesis.

2. Methods

2.1. Femur model

For the analysis, a three-dimensional model of the femur was developed based

on the results of computed tomography (CT), which allows the creation of three-

dimensional models of organs with high accuracy in terms of the shape and prop-

erties of soft and bone tissues, giving an almost in vivo model. The algorithm for

generation of a three-dimensional geometric model of the femur comprised several

steps (Fig. 1). For this study, frozen cadaver bones were used. They were scanned at

the Dnipropetrovsk State Medical Academy, using an AQUILION RXL 16

(Toshiba Medical Systems) 16-slice CT scanner. DICOM images were obtained with

a 0.5mm slice thickness. Then, CT images of the femur were downloaded for sub-

sequent segmentation of the object. The CT data were processed using MIMICS

(Materialise, N.V. ��� Belgium) software. Segmentation of the images was per-

formed based on the obtained axial projections of the object, using the selection field

in the form of a separate mask. The next step comprised the creation of a three-

dimensional object on the mask in STL format. Then, the quality of the three-

dimensional object was improved by using different functions of surface smoothing.

Finally, the assignment of mechanical characteristics of the femur was done by

calculating the analytical dependences between the Hounsfield units (HU) obtained

from the analysis of computed tomograms (Fig. 1). HU determine the dependence

between the radiographic density of the femur tissue, presented in arbitrary

units,17,18 and the actual bone density �� (g/cm3). In our study, the following

relationship19 was used:

� ¼ 1þ 0:0007185 � HU: ð1Þ

2.2. Bone remodeling

The Stanford isotropic bone remodeling model12 was developed with reference to

Beaupre et al. The model describes Young’s modulus E as a function of the local

apparent density �:

Eð�Þ ¼ bð�Þ � ��ð�Þ; ð2Þ

Biomechanical Rationale for Choice of Cement Mantle Thickness
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where bð�Þand �ð�Þ are auxiliary functions which define the power law function for

Young’s modulus. Following Jacobs,12 Stulpner et al.,19

E½MPa� ¼ Eð�Þ ¼ 2014�2:5 if � � 1:2 g=cm3;

1763�3:2 if � > 1:2 g=cm3

(
ð3Þ

is used in this study.

Together with Young’s modulus, another material property depending on the

value of the local density ��� Poisson’s ratio (�) ��� is essential. It is defined as

� ¼ �ð�Þ ¼ 0:2 if � � 1:2 g=cm3;

0:32 if � > 1:2 g=cm3:

(
ð4Þ

Fig. 1. Three-dimensional model of the femur created from CT images. The main stages of creating the

model are: (a) obtaining images of CT of the femur; (b) loading the CT image and segmentation of the

object; (c) forming the primary bone geometry; (d) smoothing the model and obtaining solid geometry of

the bone; (e) assignment of the mechanical characteristics of the femur.
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The considered bone remodeling model takes into account that bone tissue is

stimulated by a so-called daily tissue level stress stimulus,  t, defined as

 t ¼
X
days

ni��
m
ti

 !1=m

; ð5Þ

where ni is the daily number of cycles of the load type i and ��m
ti
is the scalar that

quantifies the effective stress in the region of bone tissue associated with the same

load, and m is an empirical constant.12

Mechanical stimulus is essentially a scalar governing the bone remodeling process

and being dependent on the rate of remodeling _r . This rate indicates possible

changes in the material properties. In the described model, there are three criteria

that determine the change in the properties. First of all, when the mechanical

stimulus is greater than the reference value, bone apposition takes place. When the

stimulus is smaller than the reference value, bone resorption occurs. Finally, when

the stimulus is in a so-called ‘dead zone’, there is no change in the mechanical

properties, and thus this stimulus is in a bone equilibrium state. The rate of

remodeling can be described as

_r ¼
c½ð t � ð �

t � wÞ� if  t < ð �
t � wÞ;

0 if ð �
t � wÞ <  t < ð �

t þ wÞ;
c½ð t � ð �

t þ wÞ� if  t > ð �
t þ wÞ:

8<
: ð6Þ

In this case,  �
t is the reference daily stress stimulus and defines a function where

there is no change in the material properties (the so-called ‘dead zone’), c is the slope

of the bone remodeling curve, and w is the half-length of the dead zone.

For an apparent density � the effective scalar stress can be related to the material

continuum stress level, termed the apparent stress ��ð�Þ:

��ð�Þ ¼ �

�c

� �2

��t; ð7Þ

where �c stands for the maximum value of the density for the cortical bone. The

apparent stress is determined by

��ið�Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Eð�ÞUið�Þ

p
; ð8Þ

where Eð�Þ is Young’s modulus and Uið�Þ is the strain density energy, which is

calculated as Ui ¼ Uið�Þ ¼ 1
2 "i : Cð�Þ : "i, where "i is the stain tensor and Cð�Þ is the

elastic constant tensor.

The specific surface area, Sv, can be expressed in terms of the apparent

density �.20 This parameter is a scalar that quantifies the internal surface of tissue

per density of its volume.

The specific surface is obtained directly from a tomography and can be written as

Sv ¼ �0:07þ 8:1�� 7:2�2 þ 5:1�3 � 2:1�4 þ 0:23�5: ð9Þ
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Finally, the rate of density evolution, �
:
, can be determined as

�
:¼ Sv _r�c: ð10Þ

The finite element analysis is implemented using ABAQUS software (version

6.14, Dassault Systems, 2015). The remodeling process is divided into many time

steps (Fig. 2). ABAQUS allows users to include custom subroutines, written in

Fortran, to enhance the capabilities of analysis. In our work, a ‘SDVINI’ subroutine

was used to import the initial density distribution obtained from a CT of the femur.

Within each time step, the bone remodeling is embedded in the finite element

analysis. In the element-based approach, the bone remodeling process is imple-

mented through a ‘UMAT’ user-subroutine. As illustrated in the bone remodeling

algorithm (Fig. 2), for the next steps (iterations), new properties of each element are

calculated based on the concentration of old and new bone remaining/produced

inside the element. In this study, each remodeling period was chosen to denote one

day. In total, 730 iterations were performed for every finite element model, simu-

lating the remodeling period of two years.

Fig. 2. Block diagram of the isotropic Stanford model algorithm.
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2.3. Models and boundary conditions

In this work, the size and the shape of the ORTANr (Ukraine) femoral component

is used. The physical properties of stainless steel (316L), having a Young’s modulus

E ¼ 200GPa and Poisson’s ratio of 0.3, have been chosen to describe the material of

the femoral component of the hip endoprosthesis. To investigate the impact of

cement mantle thickness, five different models were created to represent different

thickness of the cement mantle (1, 2, 3, 4 and 5mm) between the femoral bone and

the implant. We change the stem geometry size in order to obtain five different

thickness of cement mantle (for size 1 thickness of cement mantle was modeled equal

to 5mm, for size 2–4mm, for size 3–3mm, for size 4–2mm, and for size 5–1mm

(Fig. 3)). The models enable the study of the case when rasping of the medullary

canal is performed too aggressively in the process of bed preparation for introduc-

tion of the bone cement and implant stem, which results in thinning of the bones. It

is important to mention that we use the 5mm thickness only for a numerical

evaluation and to study the process.

Young’s modulus of the cement was specified as 2.5 GPa and Poisson’s ratio was

0.29. In the interface between hip endoprosthesis and cement, we model it using a

surface-to-surface contact algorithm (in Abaqus software) with the Coulomb stick-

slip model of friction, with a friction coefficient equal to 0.25; this simulates the

surface finish for the stem. Contact loads, acting from the acetabulum to the head of

the endoprosthesis, are calculated according to experimental observations per-

formed by Bergman et al.21 on a patient of 80 kg weight. In addition, forces acting on

the surface of the bone in places of attachment of muscles have been taken into

Fig. 3. Geometric models used in the study, characterized with the mantle cement thickness of (a) 1,

(b) 2, (c) 3, (d), 4 and (e) 5mm, respectively.
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account.22 We considered a single-load case comprising a force on the femoral head

and another on the greater trochanter. This provides a bone deposition along

the main stress direction, which naturally results in orthotropic trabecular

orientations.16The FE bone-cement-implant system models used in this study

comprise 1,100,123 3D solid four-node tetrahedral elements. For all elements of the

system, the length of the edge of mesh elements equals 1mm.

3. Results

Using the bone remodeling theory,12 changes in bone density (two years after

prosthesis implantation) were predicted for the cemented stem fixation. Bone

density distributions obtained due to change in the cement thicknesses are shown in

Fig. 4. One can clearly observe the bone resorption process, mainly in the proximal

portion of the femur due to stress shielding. The use of the cement mantle helps to

maintain bone density over the bone-cement-endoprosthesis interface and in the

proximal region, which is the most affected region due to the bone resorption pro-

cess, as shown in Figs. 4(b)–4(f). The load transmission level is improved for the

host bone in the case of a relatively thick cement mantle (4mm and 5mm) and a

reduction of stem size. The combination of these two factors helps to decrease the

difference between bone and prosthesis stiffness. In the distal portion, stress con-

centration points are clearly observed, which provides a high-level bone formation.

This works in a similar manner to bone-prosthesis anchoring due to compressive

load application and bone resorption on the proximal region. The results also show

that there is a decrease in bone resorption on proximal and distal regions for cement

mantle thicknesses of 3, 4 and 5mm (Figs. 4(d)–4(f)).23,24 Using a very small

thickness (less than 1 mm) provides a situation similar to a noncemented prosthesis,

where there is a large difference between the stiffness of the bone and prosthesis, and

Fig. 4. Bone density (in g/cm3) distribution for the femur two years after hip replacement. Initial (a)

and final models of cement mantle thickness of (b) 1, (c) 2, (d) 3, (e) 4 and (f) 5mm.
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provides high-level stress shielding in the proximal region. The total bone mass

variation over the simulation time is shown in Fig. 5 for different cement mantle

thicknesses. It can be seen that thicker cement mantles (i.e., 4mm and 5mm) helps

to maintain the bone in the medial interface region and lead to less resorption in

total bone density.

In Fig. 6, we report the distributions and values of the equivalent stress for the

cement mantle. The curve number corresponds to the thickness of the cement

mantle in mm. In the cement mantle, tensile stresses arise from the lateral side while

Fig. 5. Total bone mass variation with time for different cement mantle thicknesses two years after hip

replacement.

Fig. 6. Distribution of maximum equivalent stress on medial and lateral sides of cement mantle for

different thicknesses of cement mantle.
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compressive stresses from the medial one (Fig. 6). Cement mantle maximum com-

pressive stresses are concentrated in the proximal zone of Adam’s arc of the femur.

Comparing the bone cement fatigue limit, being equal to 10MPa,25,26 with the

stresses in the cement mantle, it has been noted that the environment has no

destructive influence on the functioning of the implant when the thickness of the

cement mantle equals at least 2mm. We note that changes in the thickness of the

cement mantle affect the magnitude of stresses arising in the proximal zone of

the endoprosthesis fixation and more on the proximal portion of the femur than the

distal one (Fig. 6).

The stress–strain state of the stem is defined by a combination of the bending

moment in the frontal plane and the compression forces in the axial direction, with

essential predominance of the first. On the lateral side of the stem and the neck

taper, normal longitudinal tension appears while on the medial side��� compression.

Thus, the absolute value of tension at the same level of the stem is slightly smaller

than that of compression. The maximum stress value is observed on the lateral side,

at the level of the neck and taper for fixing the head of the femoral component.

Changes in thickness of the cement mantle have no considerable effect on the stress

state of the implant stem. Calculation results show that the maximum tension does

not exceed the yield strength of the material, and all elements of the system operate

in the elastic deformation region. Note also that tension in the implant is below the

fatigue limit (being the resistance to fatigue under cyclic load), which provides a

sufficient margin of safety for the endoprosthesis stem.27

4. Discussion

This study aimed to evaluate a few cases of different thickness of cement mantle

around a total femoral endoprosthesis to investigate the impact of cement mantle

thickness on the stress and bone density distributions and the bone-cement-

endoprosthesis interface.

The conclusion can be drawn that stress on the lateral and medial sides of the

cement mantle decreases following an increase in cement mantle thickness. This

phenomenon is particularly observed in the proximal region of the endoprosthesis,

which is more prone to bone resorption due to inserted implants of higher stiffness.

With the increase in cement mantle thickness, the bone-cement-endoprosthesis

system becomes stiffer than for thinner mantles. Our results confirm experimental

verification of the results of the finite-element modeling presented in the work of

Estok et al.,28 in which a 45–55% decrease in peak distal cement strains was

obtained by increasing the cement mantle thickness from 2.5mm to 5mm, keeping a

constant prosthesis diameter. A subsequent computational study by Lee et al.29

showed a 45% reduction in peak tensile cement stresses when cement mantle

thickness was changed from 2mm to 5mm by means of reducing the prosthesis

diameter. Also, Fisher et al.30 conducted an experiment with two different sizes of

cobalt–chromium stems and found in the case of raising the cement mantle
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thickness from 2.4mm to 3.7mm, substantial strain reduction in the distal cement

(40–49%) resulted.

An important study with a similar methodology and very similar conclusions was

conducted by Perez et al.,31 who investigated bone adaptions around a resurfacing

cemented prosthesis. The authors evaluated bone behavior for different cement

mantle thicknesses and interface conditions. They showed that a very thin cement

mantle is detrimental for bone, which produces meaningful bone resorption.

With respect to bone density distribution, higher cement mantle thicknesses help

maintain the bone, causing a low level of bone resorption in critical regions such as

proximal and medial portions of the interface. High levels of resorption in these

regions can cause aseptic loosening of the implant, which, in turn, raises the need for

another surgical procedure.

In order to select the most appropriate size for this study’s approach, we con-

sidered two aspects. The first involved stress distribution along the cement mantle.

When we compare these values with cement bone fatigue limits of between

8–10MPa, the best choice would be a thick mantle, since it provides a stress dis-

tribution that does not reach the material property limits. The second aspect con-

sidered is bone density distribution. Thick cement mantles help to decrease the

stiffness difference value between bone and endoprosthesis. This increase in thick-

ness improves load transmission in the proximal portion of the femur, which is the

main area for bone resorption caused by stress shielding. However, the choice of a

large and thick (more than 4 mm) cement mantle cannot be implemented due to the

size of femoral cavity in which the component is to be inserted. Thus, an interme-

diate thickness (i.e., 3mm) should be chosen, since it would be capable of ensuring a

considerable stress distribution and does not cause significant changes in bone

density distribution two years after component installation. Another aspect of note

is that thicker cement mantles increase polymerization temperatures at the inter-

face, which leads to thermal necrosis.17 The selected cement mantle size is in

agreement with results found in the literature. Fisher et al.30 demonstrated that a

thickness of 2–3mm might provide a more favorable situation for the system than a

thinner mantle. Ramanikara et al.23 suggested an optimum thickness of around

3–5mm. Cristofolini et al.24 indicate that a 3-mm thickness shows adequate per-

formance. Thus, an ideal cement mantle which would most likely be acceptable to

the orthopedic community should exhibit a thickness of 2–4mm.32

Regarding the efficiency of the FEM, some limitations should be noted. First, the

model considers isotropic material properties of the femur which may not reflect the

in vivo situation. Also, simple load conditions are applied, with loads being used

that occur in a gait step, and other situations are not considered by the model used

in this study. Another limitation concerns the cement mantle, where we simulate it

with a uniform thickness; however, this does not adequately reflect real situations.

Another issue of note is that the bone remodeling model used corresponds to the

well-known Stanford model by Jacobs and Beaupre, in terms of its isotropic version.

This Stanford model is not new; however, it provides bone formation along the main
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stress directions, which naturally results in orthotropic trabecular orientations and

follows Wolff assumptions. Thus, the method, if coupled with the bone remodeling

model, enables the determination of results that can be qualitatively compared

with clinical ones.
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