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Introduction. Implantation of a femoral stem changes the
load transmission dynamics in the hip and gives rise to
the so-called adaptive remodeling. The goal pursued by all
stems, whether cemented or not, is to achieve a perfect load
transmission mechanism in order to avoid the phenomenon
of stress-shielding, which may cause proximal bone devita-
lization.

Materials and methods. In order to quantify bone mass va-
riations in the 7 Gruen zones, a serial DEXA analysis was
carried out in 80 patients, with preoperative measurements
as well as postoperative measurements at 6 months and 1, 3,
5,7 and 10 years post implantation.

Results and conclusions. Finite-element (FE) simulations
make it possible to characterize the biomechanical changes
that occur in the femur further to implantation of a prosthe-
tic stem, as well as the stem’s long-term performance. The
purpose of our study is to determine whether the results of
the simulation can explain the biomechanical changes that
may lie behind the evolution of bone density observed
through DEXA scanning after implantation of an uncemen-
ted anatomical stem.

The results of the FE simulation show an excellent match
between the bone loss observed on DEXA scans and the
evolution of stress patterns observed in each of the Gruen
zones, which confirms that even if the stem implanted was
metaphyseal, stress shielding was manifest in the proximal
femoral area, giving rise to the devitalization of bone in
Gruen zones 1 and 7.
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Estudio densitométrico y con elementos finitos
de la remodelacion ésea tras la implantacion
de un vastago femoral anatémico no
cementado®

Introduccion. La implantacién de un véstago femoral cam-
bia las condiciones de transmisién de carga de la cadera,
produciendo el denominado remodelamiento adaptativo. El
objetivo de todos los vdstagos (cementados y no cementa-
dos) ha sido conseguir una perfecta transmision de cargas
que evite los fendmenos de puenteo de fuerzas o stress-
shielding, que a su vez producen una desvitalizacién ésea
proximal.

Material y método. Para cuantificar las variaciones de la
masa 6sea en las 7 zonas de Gruen se ha realizado un es-
tudio seriado a 10 afios con DEXA en 80 pacientes, con
mediciones en el pre y posoperatorio, 6 meses posperato-
rio,yal,3,5,7y 10 afos tras la implantacién de la pro-
tesis.

Resultados y conclusiones. La simulacion con elementos fi-
nitos (EF) permite caracterizar los cambios biomecdnicos
que se producen en el fémur tras la implantacion de un vés-
tago protésico, asi como su comportamiento a largo plazo.
El objetivo de nuestro estudio es comprobar si los resulta-
dos de la simulacién explican los cambios biomecdnicos
que justifiquen la evolucion de la densidad ésea obtenida
mediante el estudio con DEXA, tras la implantacién de un
vastago anatomico no cementado.

Los resultados de la simulacién con EF presentan un perfec-
to paralelismo entre las pérdidas de masa dsea detectadas
con la DEXA y la evolucién tensional en cada zona de
Gruen, lo que confirma que aunque el disefio de la prétesis
es de apoyo metafisario, se produce un claro fenémeno de

Rev. esp. cir. ortop. traumatol. 2008;52:269-82 269



Herrera A et al. Densitometric and finite-element analysis of bone remodeling further to implantation of an uncemented
anatomical femoral stem

puenteo de fuerzas en la zona proximal del fémur, todo
lo cual produce una desvitalizacién dsea en las zonas 1 y 7
de Gruen.

Palabras clave: remodelado oseo, estudio con DEXA,
elementos finitos, protesis de cadera.

Bone is a living tissue constantly undergoing change;
this change consists in resorption and formation of new
bone, without any variations in form, this process is known
as remodeling. On the other hand, bone adapts its structure,
following Wolff’s Law, to the biomechanical forces and
loads that impact it.

In the hip joint, the body load is transmitted to the femur
head, from there it is transmitted to the medial cortical bone
of the femur neck and from there it is transmitted to the lesser
trochanter, from which it is distributed to the bone diaphysis.

Implantation of a femur stem, cemented or non-cement-
ed, clearly alters, at bone level, the physiological transmis-
sion of loads, since these are now transmitted through the
prosthetic stem, centripetally, from the central cavity of the
cortical bone. This alteration of normal biomechanical
processes of the hip causes the phenomenon known as
adaptive remodeling!, since the bone has to adapt to the new
biomechanical process. During this remodeling, bone is af-
fected by mechanical and biological factors. The mechani-
cal factors are associated with the new load distribution
mechanism related to the implant of a prosthesis in the fe-
mur and the physical characteristics of the implant (size, de-
sign, alloy), as also to the type of fixation of the femur im-
plant*¢. The biological factors are related to the person’s
age and weight, initial bone mass, quality of primary fixa-
tion and load borne by the implant. The most important of
all these factors is the initial bone mass?.

The aim of all non-cemented prosthetic designs has
been to achieve an optimum load transmission — of a physi-
ological nature — from the metaphyseal zone to the rest of
the femur, trying to avoid stress-shielding. Long term fol-
low-up of different non-cemented stem models has shown
that this is not possible to achieve”!*. It was also thought
that if metaphyseal supported stems were coated with an os-
teoconductive substance such as hydroxiapatite (HA),
which achieved good proximal osteointegration', it would
be possible to achieve better load transmission and prevent
stress-shielding; the underlying rationale being that vertical
forces transmitted by the stem would become horizontal
forces that would be transmitted to the metaphyseal zone!.

The femur responds to stress-shielding in its proximal
zone with bone devitalization that, once the bone loss is 30
to 40% of the bone mass, can be seen on a simple X-ray'’;
however, it is necessary to use densitometry with double en-
ergy X-rays (DEXA) to quantify and assess the evolution of
this phenomenon over the years!'s2.

A 10 year study with DEXA of an anatomic stem with
metaphyseal support and HA coating (ABG 1) has shown
that there is devitalization of the proximal femur, which
clearly indicates that there is stress-shielding, because the
proximal part of the femur does not receive loads and, ap-
plying Wolf’s Law, the decrease of stress in this zone caus-
es loss of bone mass?!'?2. This behavior does not correspond
to that foreseen by the design.

Finite elements (FE) simulation makes it possible to es-
tablish the biomechanical changes that occur in the femur
due to implantation of a prosthetic stem and the possible
long-term consequences. There are many studies that have
used different models to study the effects and interactions
caused by a hip implant in the femur. Most of them focus
on the mechanical behavior of different types of prosthetic
implants under the effects of static and dynamic loads, or
fatigue, and the influence of the material on this behavior?
2, The status of the loads applied in the finite model is es-
pecially important; there are studies®” that analyze the appli-
cation of different combinations of forces, although the
most usual is to consider 2 loads: the reaction of the hip,
seen in the femur head, and the reaction caused by action of
the abductor muscles?®?. There are, moreover, many stud-
ies of models of bone remodeling, but focused on short term
results (1 to 2 months alter surgery), or on the transition be-
tween the preoperative and the postoperative period**-¥2.

The aim of this study is, first, to analyze the long-term
changes of femur bone density after the implant of an
anatomic, metaphyseal supported, HA coated, non-cement-
ed femur stem (ABG-I). Second, to create 3D finite ele-
ments models of the healthy femur and the femur after the
implant of an ABG-I stem, so as to study its mechanical be-
havior especially with reference to load stress transmission
by contact between bones and prosthesis. And, finally, to
establish whether the results of finite elements simulation
makes it possible to explain the biomechanical changes that
cause the evolution seen in the long term of this model of
femur stem in the study with DEXA; and whether, there-
fore, this is a valid procedure to predict bone evolution in
the long term.

We do not want to create models of bone remodeling, a
subject widely reported in the literature’®33, only to verify
the correlation between mechanical stimulation, measured
in average stress values for each zone, and the changes seen
in bone density.

MATERIALS AND METHODS

We designed a prospective controlled study to deter-
mine peri-prosthetic remodeling caused by an anatomically
designed non-cemented ABG-I femur stem.

The size of the sample was calculated based on the av-
erage loss of bone density seen in previous studies for the 7
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Gruen zones, which was, by cm?, 130 mg of HA2319-3437
and the variation of bone density with relation to preopera-
tive measurements. Therefore, it was considered necessary
to include 60 patients, although finally we added 20 more
with the aim of ensuring a minimum number of subjects
during follow-up.

The inclusion criteria were:

1) First, a medical indication for this type of implant
based on age, shape and quality of the femur.

2) Second, a diagnosis of primary arthritis of one uni-
lateral hip joint, since the healthy hip was used as a control.

3) Finally, patients must accept inclusion in the study.
The study had been approved for research purposes by the
local Ethics Committee.

The patients included in the study were operated from
February to October 1994. However, of the total 80 patients
that complied with the inclusion criteria

Only 61 completed the 10 year follow-up (32 men and
29 women); at the moment of surgery, mean age was 59
years (range 38 to 76), and mean weight was 79.3 kg (range
49 to 110 kg).

All data of the 19 patients lost during follow-up were
excluded from the study. These patients were lost to the
study due to: 2 cases of neurological disease that did not al-
low the patients to walk normally, 3 cases of osteolysis that
required revision of the stem, 8 cases of arthritis of the con-
trol hip that required replacement and 6 patients changed
their domiciles and did not complete the follow-up.

The prosthesis used was an ABG-I femur stem (Stryker,
Howmedica) and the acetabular cup used was of the same
system, control of the evolution of which was not included
in the study. This stem is anatomically designed, non-ce-
mented and is implanted by press-fit at a metaphyseal level.
The implant is proximally coated with 70 micron thick coat
of HA, with a crystallinity of 97%, and a fish-scale design
on the anterior and posterior facets to increase stability. The
tail of the implant is thin and short to prevent contact with
the diaphyseal endostium.

All patients were operated using a postero-lateral ap-
proach. The femur canal was prepared by diaphyseal bur-
ring (1 mm more than the diameter of the tail of the defini-
tive implant) and progressive rasping until prosthesis fit was
achieved, leaving 2-3 mm of cancellous bone surrounding
the stem. The friction pair in all cases was a metallic head
on a polyethylene cup.

Partial load-bearing using 2 crutches was allowed dur-
ing the first 6 weeks and subsequently the crutches were set
aside according to individual tolerance.

Clinical assessment during the preoperative period and
the follow-up was carried out using the Merle-D’ Aubigné
score. Periodically, over 10 years, X-rays of each patient
were taken, to determine the position of the implants or ob-

serve any other radiological findings that could indicate
loosening according to Engh*.criteria. The same observer
assessed all the X-rays taken.

To assess evolution of bone mineral density we ana-
lyzed small 30 by 30 pixel areas centered in each of the 7
Gruen zones of the femur, both of the operated hip and the
control hip, to ensure the exact location of each of the ana-
lyzed areas we used a special software to compare exams.
All determinations were carried out with a HOLOGIC QDR
1000 (Hologic Inc, Waltham, Massachusetts) densitometer,
using a metal exclusion program, of both hips during the
preoperative period and at 10 years, with additional studies
of the operated hip at 15 days, 6 months, and 1, 3, 5 and 7
years postoperatively. However, considering that the re-
maining bone after prosthesis implant would undergo re-
modeling, we used bone density values taken postoperative-
ly as a reference for subsequent comparisons. We
considered that appropriate patient positioning was of maxi-
mum importance to ensure the feasibility of exams, so we
developed a protocol for patient positioning®+°. Patients
were positioned on the scanner table, on their backs, supine,
with hips and knees extended and with the limb in a neutral
position attached to a rigid plastic device by means of Vel-
cro tapes. The technical characteristics of the densitometer
used were: femur precision error 1.5 to 2%; exactitude error
2 to 4%, up to 10% in obese patients, patient radiation less
than 3 mRem and length of time of exam § minutes.

For the statistical analysis of the data obtained during
follow-up, we first carried out an ANOVA test with a level
of significance of 0.05 for bone density data in each femur
zone. When differences were found we carried out a Stu-
dent “t” test with a level of significance of 0.025 to compare
the results of preoperative density with those obtained dur-
ing each moment of the follow-up. Finally, we carried out
another Student “t” test for paired data, with the aim of
comparing the density of the operated hip and the healthy
hip at 10 years.

For FE simulation we used a cadaver femur, taken from
a 60 year old healthy person, who died in a traffic accident,
and a hip prosthesis, type ABG-I with a HA coated stem
(right side, size number 3, the most frequently used in clini-
cal practice, code RFE4841-103).

For the non implanted femur model we used a Roland
PIZCA 3D Laser scanner. We scanned the femur using the
Dr. Pizca 3 and 3D editor programs. By femur scanning we
obtained a geometric model that did not distinguish
amongst the materials of its components: cortical bone, can-
cellous bone and bone marrow. To establish the geometry
of cancellous bone we used computerized axial tomography
(CAT) scans (General Electric Brightspeed Eltie) 30 trans-
verse tomographic sections and 8 longitudinal ones. Hori-
zontal sections were every 5 mm. Subsequently, we estab-
lished an initial mesh of the surfaces of the different
scanned areas and using I-deas*' we obtained a 3D mesh

Rev. esp. cir. ortop. traumatol. 2008;52:269-82 271



Herrera A et al. Densitometric and finite-element analysis of bone remodeling further to implantation of an uncemented
anatomical femoral stem

Figure 1. (A) Details of the mesh in the proximal area of the healthy
Sfemur model; (B) finite elements model of a healthy femur; (C) longitu-
dinal section of a healthy femur model.

(Figure 1) with introduction of contour conditions. The
model was based on tetraedric type elements with linear ap-
proximation.

To develop the prosthesis model we carried out hip
arthroplasty surgery on the cadaver femur, implanting a
prosthesis in the same way as we would in a clinical case.
This operated femur was scanned a second time to use it as
a guide for the positioning of the prosthesis.

Once we had scanned the ABG-I prosthesis and import-
ed the three meshes from /-deas (healthy femur, ABG-I
prosthesis and operated femur), we eliminated, on the com-
puter, the epiphysis of the cadaver femur, with sections sim-
ilar to those used in surgery, to be able to insert the prosthe-
sis, and we subsequently positioned the prosthesis in the
femur, always using as a guide the third mesh (Figure 2).
From the former process of cadaver femur modeling we on-
ly used the cortical bone and modeled the cancellous bone
again based on this, so that it was perfectly adjusted to con-

Figure 2. Both models superimposed.

Figure 3. (A) Detail of the mesh in the proximal area of an ABG prost-
hesis; (B) finite elements model of a femur with an ABG-I prosthesis;
(C) longitudinal section of a femur with an ABG-I prosthesis.

tact with the prosthesis (Figure 3). We used the Abaqus
6.5% program to calculate and simulate previously generat-
ed models, and for subsequent visualization of results we
used the Abaqus Viewer program.

The first model of a healthy femur had 408,518 ele-
ments (230,355 were of the cortical bone, 166,220 of the
cancellous bone and 11,943 of the bone marrow), although
later this number of elements was reduced, since the same
precision was obtained with less calculations. Therefore, the
final ABG-I prosthesis model had 60,401 elements (33,504
were of the cortical bone, 22,088 of the cancellous bone and
4,809 of the ABG-I prosthesis).

The ABG-I prosthesis is made of a wrought titanium al-
loy type Ti-6Al1-4V. This material is certified by
ASTM/ISO Standards with the code F136/5832-3. Table 1
shows a summary of the diverse mechanical properties used
in the prosthesis, as also the biological materials considered
isotropic. These values have been taken from the special-
ized literature on the subject**. The prosthesis is three
times more rigid than cancellous bone. This huge difference
makes it possible, in the case of the model with the prosthe-
sis, to suppose the prosthesis is a rigid solid, since, as both
are in contact, all the deformation will be absorbed by can-
cellous bone, and the prosthesis will remain intact during
deformation. The joint between prosthesis and bone is not
modeled or mathematically defined; however, conditions of
contact with friction are defined (applying the friction coef-
ficient 0.5).

There are many previous studies that include a compar-
ative analysis for different combinations of muscle loads,
which conclude that it is most appropriate to consider the
loads of the gluteus medius, the iliotibial and the iliopsoas,
or only the action of abductor muscles. In this study, we
have used this last option because it is the one most used by
the majority of authors. In general, the muscle force gener-
ated in the abductors is double that of body weight, and this
causes a reaction on the femur head of 2.75 times this
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Table 1. Mechanical properties used

Elastic Stress Stress
Materials Module Poission Maximum | Maximum
(MPa) Coefficient | Compression| Traction
(Mpa) (Mpa)
Cortical bone 20.000 0,3 150 90
Cancellous bone 959 0,12 23
Bone marrow 1 0,3
ABG-I Prosthesis  114.000 0,33

weight. However, in the instant the heel hits the ground and
during double contact this load increases up to 4 times the
value of body weight*. to be able to impose contour condi-
tions, we have considered this last case, because it is the
most unfavorable, and the average weight seen in densitom-
etry studies was used: 79.3 kg of body weight. Three con-
tour conditions arise, complete block of the medial part of
the femur, force applied on the head of the femur due to the
reaction of the hip due to the person’s weight, and force on
the major trochanter generated by the abductor muscles.
The direction of the forces can be seen in Figure 4 in the ca-
daver femur and in Figure 5 for the ABG-I prosthesis. A de-
cision was made to fixate the medial area rather than the
distal area, as we consider it is sufficiently far from the
proximal bone, and therefore allows us to reduce the cost of
calculations by not using the whole femur. This model is

Hip

16°
' Abductor

Worsening

L.

Figure 4. Finite-element model with contour conditions of a healthy fe-
mur .

comparable to those that have contour conditions consistent
with distal fixation, since the loads applied practically coin-
cide with the direction of the femur axis and this reduces
the differences in comparison with the final values.

To be able to carry out an analysis with finite elements
the cortical bone of each of the models is divided into 7
zones that coincide with the so called “Gruen zones”. As
has been mentioned, all materials are considered isotropic
with linear elasticity. Using as a reference several published
studies*¥47 we established a relation between values of
bone mass provided by the medical study®* and apparent
density, and between this and the elastic pattern, we ob-
tained the values for the pattern of cortical bone elasticity
for each of the 7 Gruen zones. These values are successive-
ly adjusted for each of the models at different moments in
time: during the postoperative period: (15 days after
surgery), 6 months, 1, 3, 5, 7 and 10 years for the ABG-I
prosthesis, and 10 years in the case of the healthy femur.
Both models have initial data (collected during the preoper-
ative period). In this way, we were able to adjust the me-
chanical properties of bone over time, as would happen in
reality.

Hip Abductor

Worsening

Figure 5. Finite-element model with contour conditions of a femur
with an ABG-I prosthesis.
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Table 2. Changes in operated hip bone density during follow-up after surgery

Pre-op Post-op 6 months 1 year 3 years 5 years 7 years 10 years
(reference)

Femur 1: 746 680 622 596 591 609 607 594
DE 169,5 1454 228.,5 182,3 1449 153,4 213,1 188,1
Min-max 385-1.167 389-986 322-1.268 349-1.195 337-987 349-1.078 361-1.168 376-776
IC 95% -174,3;-1,3  -159,6;-75,2  -167,6;79,0  -175,3;-78,8 -225,1;-15,1  -290,4; -50,3
% Change -8,84% -8,52% -12,35% -13,08% -10,44% -10,73% -12,64%
p 0,047 0,002 0,004 0,008 0,032 0,020
Femur 2: 1.166 1.125 1.072 1.095 1.062 1.083 1.187 1.138
DE 265,2 209,0 291.,5 276,7 2333 240,3 409,0 3448
Min-méx 773-1.772 607-1.655 680-1.769 667-1.948 677-1.709 688-1.757 556-1.719 568-1.669
IC 95% -153,8; 15,5 -125,2; 32,7 -139,9;35,7  -147,5;40,8  -302,0;223,7 -291,4;2432
% Change -3,51% -4,71% -2,66% -5,66% -3,73% +5,51% +1,01%
p 0,104 0,239 0,240 0,355 0,718 0,668
Femur 3: 1.488 1.411 1.299 1.374 1.324 1.329 1.418 1..354
DE 2824 181,6 263,8 260,3 217,7 2332 305,5 2935
Min-max 968-2.079 1.072-1.809 941-1.913 853-2.103 865-1.810 853-1.819 972-1.897 877-1.835
IC 95% -194,2; -38,4 -141,5;5,5 -136,2; 21,0  -136,4;33,3  -307,2;80,4  -461,5;274,6
% Change -5,17% -7,93% -2,62% -6,16% -5,81% +0,49% -4,03%
p 0,006 0,069 0,143 0,285 0,193 0,478
Femur 4 1.582 1.482 1.485 1.497 1.459 1.461 1.467 1.433
DE 2735 211,9 2634 2314 228.,3 2404 289,7 315,1
Min-max 1.119-2.122 1.039-1.916 1.025-2.076 1.094-2.008 1.090-2.174 1.087-2.008 1.085-2.036 1.065-2.016
IC 95% -46,2; 68,9 -54,3; 71,8 -60,1; 77,4 -72,7,66,8  -333,0;251,3  -371,5;227,6
% Change -6,32% +0,20% +1,01% -1,55% -1,41% -1,02% -3,30%
p 0,634 0,776 0,769 0,980 0,734 0,907
Femur 5 1.545 1.462 1.440 1.446 1.425 1.426 1.482 1.442
DE 360,0 301,6 2843 273.5 285,7 299,9 356,9 3215
Min-max 934-2.589 870-2.250 868-2.106 805-2.174 801-2.176 815-2.164 910-2.140 906-2.142
IC 95% -149,7;-3,2 -150,1; 7,5 -158,1; 10,3 -180,1;-2,5  -345,6;285,9 -344,5;299,7
% Change -5,37% -1,50% -1,09% -2,53% -2,46% +1,36% -1,37%
p 0,401 0,274 0,083 0,094 0,459 0,288
Femur 6 1.353 1.317 1.188 1.197 1.258 1.261 1.331 1.327
DE 3837 315,1 309.,4 310,8 309,8 320,8 4742 350,9
Min-max 695-2.386 750-2.045 594-1.968 657-1.927 645-1.997 664-1.935 646-2.201 643-2.209
IC 95% -331,7;-84,2  -316,8;-62,9  -334,7;-73,7  -377,2;86,9 -5644;-528,1 -445,3;-302,8
% Change -2,66% -9,79% -9,11% -4,47% -4,25% +1,06% +0,7%
p 0,002 0,005 0,064 0,070 0,935 0,456
Femur 7 1.285 1.172 896 852 803 791 733 669
DE 304,2 305,6 321,9 310,3 299,7 317,0 282,1 274,6
Min-max 634-1.997 643-2.056 474-1.671 409-1.848 390-1.788 392-1.648 375-1.180 398-1.025
IC 95% -423,1;-247,8  -436,9;-252,1  -427,0;260  -440,3; -280, -659,2;-235, -719,1;-139
% Change -8,79% -24,06% -27,3% -31,4% -32,5% -37,45% -42,91%
p 0,001 0,001 0,001 0,001 0,003 0,018

Bone density is expressed in milligrams of HA per cm2. The variation percentage is related to the preoperative scan, considered as the value of reference. SD: Standard

deviation; CI: confidence interval.

RESULTS

The 61 patients that completed the densitometry study
had good clinical evolution (their mean score using the
Merle D’ Aubigne scale was 16.90 points), with absence of
significant complications during follow-up. Radiologically
all the stems were considered stable, with absence of signif-
icant cortical hypertrophy; however, condensation of can-
cellous bone was seen in zones 2, 3, 5 and 6 in more than
80% of the patients, and bone resorption in zone 1 in 32%
of them and in zone 7 in 68%.

The evolution of bone density in the operated and
healthy femurs is shown in tables 2 and 3 respectively. Pre-

274

operative measurements carried out on both hips, showed
slightly higher numbers in healthy femurs, from 0.1% in
zone 6 to 4.3% in zone 2, although these differences were
not statistically significant and can be attributed to discreet
secondary bone atrophy secondary to less loading of the ex-
tremity due to pain and loss of hip mobility.

The figures seen during the postoperative period were
taken as a reference for operated femurs. Differences of
2.66 to 10.01% were detected in comparison with measure-
ments prior to surgery, and these changes were attributed to
the bone loss caused by burring and rasping during prosthe-
sis implant. Six months after surgery a decrease in bone
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density was seen in all areas except zone 4, which was at-
tributed to relative rest, partial load-bearing and the late ef-
fect on the bone of preparation for surgery.

The changes in bone density in the second semester re-
flect the response of bone to the new biomechanical situa-
tion caused by prosthesis implant. An additional discreet
loss of bone was seen in zones 1 and 7, as also a slight re-
covery in the middle and distal zones surrounding the im-
plant. These changes suggest that there is an effective stress
transmission from the stem to zones 2 and 6, capable of pro-
moting preservation and even a certain degree of recovery
of bone density in those areas and other more distal ones. In
the same way, the loads transmitted to zones 1 and 7 seem
not to be sufficient to stimulate bone preservation of these
zones.

No significant changes in bone density were seen in
zones 1 to 6 from the end of the first year up to the end of
the tenth year. The bone mass remained stable during that
period, with minimal repercussions in zones 2 and 6. How-
ever, a decrease was seen in zone 7 during the period be-
tween the fifth and tenth years, at which time a loss of
42.9% was seen. To determine the causes of this late loss
the corresponding X-rays were reviewed and it was seen
that all the stems showed signs of radiological stability, but
that there was bone resorption, visible on simple X-rays, in
two thirds of cases.

The bone density of the contralateral healthy hip
showed slight differences during follow-up, with variable
decreases from 0.9 to 7.2%, more evident in the proximal
part of the femur, rich in cancellous bone. The values ob-
tained for zones 2 to 6 were similar to those seen in operat-
ed femurs, only zones 1 and 7 showed significant differ-
ences, as occurs with variations in stress (figures 6 and 7).
Measurements of von Mises stress have been used because
this is a relevant variable and of standard use in finite ele-
ment software.

The results obtained in each of the models based on
the finite elements simulation are compared, and an at-
tempt is made to correlate these values with clinical stud-
ies in patients®?. In the case of the healthy hip, we have da-
ta for two moments in time, an initial moment, at the
beginning of the study, and a second moment after 10
years. In Figure 8 (A and B) it is possible to observe von
Mises stress distribution in the model at these 2 moments
in time. The same scale was used in all cases to make the
comparison easier. It can be seen how the medial side of
the femur is the most affected due to the eccentricity of
the loading.

The implanted hip model was studied clinically at 8
different moments in time: initially during the preopera-
tive period, and then during the postoperative period (15
days after implant), at 6 months and after 1, 3, 5, 7 and 10
years. In Figure 9 (A and B) it is possible to see the evolu-
tion of von Mises stress at different moments in time. In

cancellous bone (Figure 9B), in the zone where the pros-
thesis HA comes to an end, it is possible to see an increase
over time of the intensity of the load, which indicates its
transmission by a funnel effect instead of friction. With
the same initial bone mass values, cortical bone of the
proximal zone of both models is studied. By analyzing the
Mises stress distribution in Gruen zones 1, 2, 6 and 7 dur-
ing the preoperative period and at 10 years (Figure 10), it
is possible to see a decrease in stress on the operated fe-
mur in comparison with the healthy one, the result of
proximal off-loading.

Table 3. Changes in bone density of the contralateral healthy hip
during follow-up

Pre-op 10 years
Femur 1: 782 737
DE 296,2 276,8
Min-max 401-1265 378-1.131
IC 95% -131,4; 40,5
% Change -5,8%
p 0,258
Femur 2: 1.093 1.026
DE 277,3 289,7
Min-max 698-1.527 681-1.525
IC 95% -119,5; 42,8
% Change -6,2%
p 0,345
Femur 3: 1.429 1.374
DE 288.,9 261,4
Min-max 991-1.978 852-1.817
IC 95% -159.8; 16,2
% Change -3,9%
P 0,756
Femur 4: 1.591 1.599
DE 2779 272,5
Min-max 1.177-2.006 1.096-2.095
IC 95% -65,9; 109,1
% Change 0,5%
P 0,665
Femur 5: 1.530 1.516
DE 349,7 315,5
Min-max 907-2.421 896-2.258
IC 95% -155,6; 11,7
% Change -0,9%
p 0,461
Femur 6: 1.302 1.254
DE 309,8 291,8
Min-max 623-2.187 595-1.992
1IC 95% -277,9; 55,9
% Change -3,7%
P 0,070
Femur 7: 1.192 1.106
DE 285,7 292,0
Min-max 611-1.819 499-1747
IC 95% -291,4; -44,1
% Change -7,2%
p 0,064

Bone density is expressed in milligrams of HA per cm2. SD: Standard deviation;
CI: confidence interval.
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Figure 6. Bone mass over time in the healthy femur.

DISCUSSION

Adaptive remodeling after total replacement of the hip
has multiple causes**!2. to precisely quantify the changes in
bone density that occur in the femur due to this process it is
necessary to use a series of long term DEXA studies*. Sim-
ulation using FE makes it possible to explain biomechanical
changes that take place in the femur after prosthesis im-
plant. This is a pioneer study that has the aim of determin-
ing if it is possible to correlate findings using DEXA with
simulation models using finite elements in the analysis of
long term evolution of bone density.

DEXA studies performed 3 and 6 months after surgery
show decreases in bone mass that can vary from 20 to 50%,
according to the prosthesis used and study methods. These
losses are caused by several factors, rest and decreased ac-
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Figure 7. Average von Mises stress over time in a healthy femur.
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Figure 8. (A) von Mises stress in a healthy femur; (B) view of von Mi-
ses stress values in a longitudinal section of cancellous bone.

tivity are considered the most important, to which we must
add the effects of surgery. We must first consider the prepa-
ration of the femur with burs and rasps that causes an im-
mediate decrease of bone stock!®¥, which, in our study,
varied from 2 to 10%, and that is not attributable to remod-
eling; so that postoperative measurements were taken as a
reference to compare the evolution of bone density. Howev-
er, the effects of the surgical technique used go beyond the
immediate postoperative period. Femur rasping and the
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Figure 9. (A) von Mises stress in an ABG-I prosthesis; (B) detail of
von Mises stress in a longitudinal section of cancellous bone.

276 Rev. esp. cir. ortop. traumatol. 2008;52:269-82



Herrera A et al. Densitometric and finite-element analysis of bone remodeling further to implantation of an uncemented
anatomical femoral stem

5, Mises
(Ave. Crit.: TS&)

Healthy cortex ARG:-I cortex
(Zones 1,2,6and 7) |(Zones 1,2, 6 and 7)

Pre-operative

10 years

Figure 10. von Mises stress in cortical bone (Zones 1, 2, 6 and 7) of a
healthy femur and a femur with an ABG-I prosthesis.

press-fit implant of the stem cause additional microfractures
in the cancellous bone surrounding the implant, and this
bone tissue will subsequently undergo necrosis and resorp-
tion, causing additional decreases of bone density that will
be detected at the end of the sixth month. But the magnitude
of these changes is not homogeneous, in middle and distal
zones the damage to endosteal circulation caused by rasping
and burring may cause partial necrosis of the internal part of
the cortical bone, and this will take weeks to recover*-". to
this must be added the devascularization and denervation
caused by femur neck exposure for osteotomy. And added
to these effects is the fact that this zone does not receive an
appropriate load transmission, all of which explains the de-
crease in bone density of up to 32% at the end of the first
year.

In the case of finite elements simulation, as can be seen
in Figure 11, and always taking as a reference postoperative
measurements, it is possible to see that in the middle and
distal zones, up to 6 months post surgery, stress remains
practically constant or increases slightly, which is favorable
to the subsequent increase in bone density in these zones.
However, during the same period of time, in the proximal
femur zone, stress decreases by 3 to 11%, that is, as sus-
pected, there is stress-shielding that causes loss of bone
mass, as can be seen in Figure 12. It is not possible to com-
pare these results with previous simulations as, up to now,
such long term studies have not been performed.

In general, it is accepted that most adaptive remodeling
has become established at the end of the first year, with a
balance achieved in bone density of all zones from that mo-
ment on>>3133, The results seen in this study suggest that
this stability is achieved between the sixth and the twelfth
month, when, following Wolf’s Law, the changes in bone
density reflect the biomechanical response of bone. After

this period, bone density shows no significant changes dur-
ing a period of 10 years. Only in zone 7 is it possible to see
additional late decreases which we consider can be attrib-
uted to proximal atrophy due to stress-shielding. This de-
crease of bone density in a zone with reduced load transmis-
sion does not seem to have mechanical or biological
consequences in other bone areas, however, a greater proxi-
mal atrophy may affect the stability of the implant and
make the femur more vulnerable to fractures. In one third of
all patients, late bone mass losses are seen, attributable to
osteolytic cystic lesions in the neck of the femur, but with-
out clinical repercussions at the time of follow-up.

In finite elements simulation, according to what can be
seen in figure 11, stress variation ends around the end of the
first year, and practically constant levels of stress are main-
tained in all zones. Therefore, there are no significant
changes in bone density. The exception is zone 7, in which
there is an additional unloading in the long term, and its
bone density, therefore, continues to decrease. In Figures 13
to 18 it is possible to see in detail the evolution of bone
mass density and stress levels in each zone over time. To do
this we have represented the increase/decrease of bone mass
and stress (percentages) taking as initial values postopera-
tive measurements, which we consider the starting point of
adaptive remodeling. Therefore, it is possible to see, in
zones 2 to 6, middle and distal zones, that stress variations
are much less than in proximal zones, with losses of stress
of around 1-2%, in comparison with values of 3 to 5% in
zone 1, and losses of 11 to 23% seen in zone 7.

When this anatomic metaphyseally-supported prosthe-
sis was designed it was thought that its implant by press-fit
in the metaphyseal zone could be capable of converting the
loads received by the femur head in compression forces at a
metaphyseal level, which could then be transmitted to distal
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Figure 11. Average von Mises stress over time of a femur with an
ABG-I prosthesis.
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prosthesis.

zones, preventing stress-shielding. At the end of the first
year it is possible to see changes in bone density attributable
to proximal atrophy due to stress-shielding, both in the
DEXA study and by FE simulation. In the healthy femur the
loads are transmitted from the femur head to the lesser
trochanter, which distributes compression forces to the fe-
mur diaphysis*. After prosthesis implant, this load model is
inverted, and a funnel effect is caused, as is shown in the FE
simulation (Figure 9B). Most compression forces are dis-
tributed from the stem to the diaphyseal zones, leaving the
proximal femur free of load, and causing bone resorption.
In Figure 19 it is possible to see the flow of stress generated
at the femur head in a healthy femur, in comparison with an
implanted femur. These figures have been obtained by
means of a diagram of the stress flow in each model using
Abaqus software. In this way it is possible to identify, in the
healthy femur, the main trabecular bundles, i.e. the arcuate
bundle of Gallois and Bosquette where the trabeculae exert
traction forces, and the compressive supporting bundle of
Delbet®. In contrast to what happens in the healthy femur,
in the femur with a prosthetic implant, it is seen that the
main stresses are transmitted from the head of the prosthesis
to the stem, therefore causing proximal unloading, and the
femur receives the transmission of forces mainly in the
zones at the end of the HA coating, causing the funnel ef-
fect. These changes in hip biomechanics explain why using
non-cemented first generation stems causes bone density
losses in proximal zones of up to 45%>*>*; that with second
generation prosthesis they are still of up to 20 to 25% at the
end of the first or second year, and that with wedge-shaped
stems these values decrease to 10 to 30%°°. With made to
measure stems, bone density losses in proximal zones are
reduced to 10 to 15% at the end of the first year>*>7; with fe-
mur stems of reduced rigidity decreases in bone density of

up to 15% have been seen in the femur neck at the end of
the second year®>5-8,

During the theoretical design we also considered that
the addition of HA coating at a metaphyseal level would op-
timize prosthesis integration at this level, as has been seen
in autopsies of operated patients'>. However, according to
the results of this study, it has been proven that the im-
provement in osteointegration only contributes to stem sta-
bility, but does not influence bone remodeling. The remod-
eling pattern seen with this anatomic, non-cemented stem is
similar to that seen with cemented second generation stems,
in which, it was possible to see, using densitometry studies,
decreases of bone density of up to 20 to 25 % in proximal
zones, of 5 to 15% in intermediate zones and no appreciable
changes in distal zones>3%° These studies have also de-
scribed how these changes remained stable after the first or
second year after surgery.

In the long term remodeling may be affected by
changes in bone density related to age, by secondary oste-
olyisis due to polyethylene wear particles and by proximal
bone atrophy due to stress-shielding.

Several studies show that aging affects both cortical and
endosteal bone*$34%°. However, in the patients included in
this study, the bone loss detected in the healthy hip (from 0.9
to 7.2%) was located mainly in cancellous bone, and only
minimal variation was detected in cortical bone. This data
coincides with the differences in femur bone density seen for
the population of our country in the groups of 50 to 59 years
of age and 60 to 69 years of age®'. These differences, fur-
thermore, were significant only in proximal areas, and are at-
tributable to prosthesis implant. All these findings suggest
that in patients that are 60 years of age at the moment of
surgery, little change in bone density can be expected over
the next 10 yeas, as long as they maintain normal physical
activity. The implant studied seems to provide a load trans-
mission model capable of preserving a similar bone density
in middle and distal zones as that seen in the healthy femur.

The data described for bone density agree with the re-
sults of the simulation study, in which a marked irregularity
is seen in the long term, with increasing and decreasing
stress variations, with quite irregular behavior (Figures. 15-
18), comparable to what happens with bone density. The
lowest levels of stress are seen in proximal zones, followed
by zones 2 and 3, due to proximal unloading and the fact
that they are located on the outer side, and the highest levels
are seen in zones 5 and 6, due to both factors, the funnel ef-
fect and the fact that they are on the medial side of the fe-
mur (Figure 11). Finally, the correlation between the evolu-
tion of bone density and the evolution of stresses is almost
perfect in zones 1 and 7, so that if a ratio is established be-
tween increases in bone density (%) and increases in stress
(%), practically horizontal lines are obtained (Figure 20).

In conclusion, we wish to point out that the initial aim
of designing and implanting a metaphyseal supported stem
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Figure 19. Stress flow-lines in a healthy model (A) and in a model with an ABG-I prosthesis (B).

was to achieve a transmission of forces in the femur, from
proximal to distal, capable of preventing stress-shielding.
This was not achieved, the remodeling seen with the ABG-I
stem is similar to that seen with other anatomical designs.
The remodeling pattern caused by the ABG-I stem be-
comes established during the period between the sixth and
twelfth month, and remains stable during the next 10 years af-
ter prosthesis implant. In relatively young patients the changes
in bone density attributable to age are only slightly relevant
during the 10 years subsequent to surgery, and do not affect
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Figure 20. Correlation between increase in bone mass and average
von Mises stress over time in Gruen zones 1 and 7 in a femur with an
ABG-I prosthesis.

the stability of the implant. However, it is necessary to deter-
mine their effect over longer periods of time. The remodeling
changes seen in the femur remain stable unless the metabolic,
biological or mechanical conditions of the femur change.

Finite elements simulation are able to explain the bio-
mechanical changes seen in the femur after stem implant,
and allowed us to establish an evident parallel between the
results obtained with DEXA studies and the results obtained
with this simulation as can be seen in Figures 13 to 18,
which show a perfect correlation between the changes in
bone mass and the evolution of stress obtained by simula-
tion in each of the Gruen zones. The good correlation seen
between the results of the simulation and the densitometric
studies allowed us, on one hand, to explain from the biome-
chanical point of view the changes seen in bone density in
the long term, since it is clear that these are due to different
ways of load transmission in the implanted femur in com-
parison with the healthy femur; and on the other hand, it al-
lowed us to confirm the validity of simulation model; it can,
therefore, be used under different conditions and for differ-
ent time periods to predict with a certain precision the evo-
lution of bone density based on the biomechanical behavior
of femur-prosthesis interaction.
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