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Abstract
Purpose  Bone quality, bone density, implant type and patient anatomy are critical factors for the success of Total Hip 
Arthroplasty. This study aims to develop a patient-specific FE model based on DXA images to optimise preoperative plan-
ning and follow-up.
Methods  Three simulations were carried out for each patient: intact femur, press-fit stem and cemented stem, selecting 
different prosthesis sizes and types (cemented and cementless). The loads were applied at the centre of the femoral head, 
whereas constraints were placed on the distal nodes of the femoral shaft to simulate the walking condition. The mechanical 
response was assessed through micromovements, equivalent strains and strain energy density (SED) calculation.
Results  Models with press-fit prostheses show an average strain greater than 20% compared to the intact femur and 10% 
compared to models with cemented prostheses. Femoral average strain ranged from about 600 to about 1500 µstrains depend-
ing on the patient BMI, BMD and type of implant. The femoral prosthetic models show the highest strain values in Gruen 
zones located medio-proximally, and lower strains in the lateral regions, mainly for cemented implants. The SED follows 
the same trend as the average equivalent strain in the Gruen zones.
Conclusion  DXA-based FE analysis appeared to be helpful to access bone strain distribution in prosthetic hip depending on 
patient anatomy, BMD, and the type of implant. The study shows the utility of equivalent strains and strains energy density 
in predicting bone loss and growth around the prosthesis and the influence of BMD and BMI in the final results.
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1  Introduction

Total hip arthroplasty (THA) provides excellent pain relief 
and amelioration in functional capacity. It improves the 
objective performance scores in patients with debilitating 
functio laesa of the hip joint affected by osteoarthritis [1]. 
Even though differences exist in the number of THA pro-
cedures performed across the different Countries, approxi-
mately one million hips are replaced by prostheses world-
wide each year. The hip replacement rate increased by 25% 
between 2000 and 2009 [2]. Therefore, despite improve-
ments in prosthesis material, design and implantation proce-
dures that led to a reduction in the percentage of failures, the 
absolute number of failed joints has increased dramatically. 

Data from national registries provide clear statistics of fail-
ure rates, but the failure mechanisms are often still unclear 
and a matter of discussion.

In a successful hip replacement procedure, preoperative 
planning is a crucial step. It is carried out through several 
stages: anamnesis and acquisition of the patient’s clini-
cal history; radiological investigations; assessment of the 
patient’s suitability for surgery; choice of the best implant 
for the specific individual case.

Commonly, preoperative planning is done by superim-
posing the prosthesis model on hip radiographs using digi-
tal models. The modelling process guides the surgeon in 
choosing the prosthesis size and in estimating the optimal 
positioning and depth of insertion of components. [1]. This 
procedure considers only the geometry of the bone subjected 
to the implant without considering the information related 
to bone density or the load to which the implant will be 
subjected. Nevertheless, the long-term implant stability also 
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depends on the load transmission to the adjacent bone, which 
is therefore not currently taken into account during preop-
erative planning [3]. A load transfer that strongly deviates 
from the physiological bone loads might can cause stress-
shielding, bone resorption, or fibrous tissue growth due to 
excessive micro-movements at the implant-bone interface 
[4]. The load transfer from implant to bone is also affected 
by the type of implant selected, e.g., cemented or cement-
less. Depending on the type of implant and the strategies 
used for prosthesis fixation, bone cement can cause a reduc-
tion in bone density due to the removal of physiological 
stress from the bone, leading to the weakening of the bone in 
that area [5]. Conversely, in the case of non-cemented stems 
based on press-fit, the preloading of bone layers immedi-
ately adjacent to the stem ensures primary stability, which 
is a prerequisite for bone formation [5]. At present, non-
cemented implants commonly represents the preferred and 
most spread choice [5].

In this context, a patient-specific analysis of the bone 
density distribution, bone geometry, and loads exchanged 
between the femur and the implant might provide insights 
into the currently missing information, allowing more accu-
rate analysis of the overall clinical situation and enhanced 
preoperative planning. Patient-specific Finite Element 
(FE) analyses might represent, in this perspective, a pow-
erful tool to support clinicians and surgeons in achieving 
this ambitious goal [6]. Over the past 50 years, FE analy-
ses have been used in orthopaedics biomechanics and have 
grown in size, sophistication and techniques to assess the 
postoperative mechanical environment. FE can support the 
understanding of the mechanical behaviour of orthopaedic 
devices and guide the decision-making process of the ortho-
paedic surgeon, dealing with many aspects of an implant, 
such as wear, cement or implant-bone interface and damage 
accumulation osseointegration [6]. FE models informed by 
computed tomography (CT) imaging have been adopted in 
several contexts, ranging from bone fracture risk prediction 
[7, 8] to selection of the appropriate surgical procedure [4]. 
The role of CT-based FE models employed to improve the 
outcome of a hip replacement procedure has already been 
explored [3, 4, 6]. Nevertheless, the preoperative planning 
of a hip replacement surgery is still far from being sup-
ported by patient-specific CT-based FE models. Because of 
CT-associated high radiation dose and costs and the rela-
tively high computational efforts related to CT-based FE 
analyses implementation, their adoption is still impractical 
in the clinical workflow [9–11]. Beyond CT-informed FE 
models, also Dual X-rays Absorptiometry (DXA)-informed 
FE models have been studied and their role investigated 
in the fracture risk prediction [12]. DXA produces a two-
dimensional image which represents the projection of the 
three-dimensional structure of the femur. DXA involves neg-
ligible radiation dose and decreased costs and is a technique 

routinely used in the clinical setting. Although due to DXA 
inherent projective nature, a DXA-based FE model is less 
accurate than a CT-based one [13], it would require lower 
computational cost and time, which is more compatible with 
the clinics [14].

Therefore, this study aimed to investigate the role of 
two-dimensional FE models built from DXA scans in sup-
porting the preoperative planning and the follow-up of hip 
arthroplasty.

With this aim, patient-specific DXA-derived FE mod-
els were developed for twenty patients. For each patient, 
FE analyses were conducted considering the intact femur 
and subsequently inserting two different types of hip stems 
(cemented and cementless) in nine different sizes. Bone 
strains were computed across the 7 Gruen areas around the 
implant and the outcomes from the implanted femur model 
compared to those obtained from the intact femur model.

2 � Methods

The study was conducted starting from the DXA images of 
twenty patients, six male and fourteen female subjects, all 
between 53 and 86 years of age (Table 1), randomly cho-
sen from a completely anonymised dataset from a previ-
ous study [15]. In order to simulate the lengths of different 
prostheses, each scan was virtually modified to maximize 
the available femur portion by repeating the last scan line at 
the base of the femur. Hip structural analysis (HSA) param-
eters were extracted with APEX 3.3 DXA software for the 
whole cohort. Two-dimensional geometries of non-cemented 
and cemented straight stems (Korus), with caput-collum-
diaphyseal (CCD) angle equal to 135° and 125°, had been 
made available by Gruppo Bioimpianti, Peschiera Borro-
meo, Milan, Italy.

2.1 � Two‑Dimensional Model Construction

Two-dimensional geometric models of the femur were 
built by segmenting the available DXA images through 
an automatic segmentation procedure (Matlab v2021a, 
MathWorks Inc.). For each patient, three distinct mod-
els were generated: (1) the intact femur (Fig. 1a), (2) the 
femur with the cementless stem inserted (Fig. 1b), and (3) 
the femur with the cemented stem inserted (Fig. 1c). The 

Table 1   Mean and standard deviation of age, height and weight of the 
six males and fourteen females in the study [15]

No. patients Age Height [cm] Weight [Kg]

Males 6 64 ± 11 168.7 ± 6.2 73.4 ± 8.6
Females 14 69 ± 9 159.6 ± 7.3 58.5 ± 9.2
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virtual stem insertion in the femur was carried out accord-
ing to the procedure detailed in the following. First, dif-
ferent stem sizes fitting the two-dimensional geometry of 
the medullary canal were selected by visual inspection and 
checked by an expert surgeon. Then, the starting geometry 
of the intact femur was cut through Boolean operations so 
that the stem could be inserted into it.

Uncemented models were characterized by:

•	 Stems made of titanium alloy TI-6Al-4 V [16, 17];
•	 A 50 μm reduced medullary canal in order to create an 

interference fit to model the press-fit action [18].
	   Cemented models instead were characterized by:
•	 Stems made of high nitrogen content stainless steel 

[19];
•	 A uniform layer of Polymethylmethacrylate (PMMA) 

of the same shape as the implant, 3 mm thick between 
the bone and the prosthesis [20].

2.2 � Finite Element Models

After the creation of the geometric model, the FE mod-
els were built. Due to the two-dimensional nature of the 
model, the femur and implant were modelled as plates with 
constant thickness. Following a mesh convergence analy-
sis, FE meshes were generated using 6-node triangular 
plane stress elements with a dimension of 0.3 mm for both 
prosthesis and bone (HyperMesh2019, Altair Engineer-
ing). FE simulations were performed in Abaqus (v6.13, 
Simulia, Dassault Systèmes, Providence, RI) under static 
loading conditions.

2.2.1 � Intact Femur

The thickness of the intact femur FE model was determined 
patient-specific, based on the HSA femoral neck width [21]. 
More precisely, it was calculated so that the cross-section 
area and moment of inertia matched those of a circular 
cross-section at the femoral neck [12].

Local Young’s moduli (E) of the bone were derived using 
the empirical relationships developed by Morgan et al. [22]:

where �app is the apparent density, calculated from the 
patient-specific thickness and the values of local Bone Min-
eral Density (BMD) [21]. For the material properties assign-
ment, the elements were grouped into 55 bins according to 
their BMD value; based on the median BMD value of each 
bin, the corresponding Young’s modulus was then calculated 
and assigned to all the elements of the bin [12]. The number 
of bins was identified following a convergence analysis.

2.2.2 � Implanted Femur

The hip stem is surrounded by bone when implanted in the 
actual situation. When modelling this situation with a two-
dimensional model, the three-dimensional contribution of 
the bone needs to be taken into account, otherwise, the two 
sides of the 2D model of the bone will tend to open in the 
presence of the stem, which is unrealistic. Hence, to simu-
late the structural contribution of the cortical bone and its 

(1)E(MPa) =

{

15010𝜌app
2.18if𝜌app ≤ 0.28gcm−3

6850𝜌app
1.49if𝜌app > 0.28gcm−3

Fig. 1   a 2D models and bound-
ary conditions: the intact femur, 
b femur with cementless stem, c 
femur with cemented stem [the 
cement uniform layer (3 mm 
thickness) is shown in green], d 
side plate
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three-dimensional connectivity, the implanted femur models 
included three components: the femur, the stem and a side 
plate, which was added according to Gonzalez et al. [23] to 
keep the two lateral parts of the femur surrounding the stem 
connected together. The side plate, linked to the bone, had 
the same geometry as the femoral model and connected the 
medial and lateral cortical bone (Fig. 1d). The side plate 
element size was set to 0.5 mm, since only its structural 
contribution mattered. The thickness of the side plate was 
assumed to be constant and equal to 2 mm. The one for the 
implanted femur was the differences between the fixed side 
plate and the intact femur thichness. The thickness of the 
implant stem was set equal to 4 mm, except for the neck, 
whose thickness was considered equivalent to 6 mm [24]. 
The Young’s Modulus of the side plate was assumed to be 
equal to the average bone Young’s modulus. A Young’s 
modulus of 110 GPa was assigned to the cementless stem 
[16, 17], while a Young’s modulus of 195 GPa was assigned 
to the cemented stem [19], and the value assigned to the glue 
was equal to 220 MPa [25]. The Poisson's ratio, in all cases, 
was considered equal to 0.3.

In the case of the cementless hip stem, a node to surface 
contact was set between the bone and the stem, with friction 
coefficient equal to 0.3 [26]. In the case of the cemented 
stem instead, however, the cement was fully bonded to the 
bone [17], while frictional contact was set between stem and 
cement with friction coefficient set to 0.5 [26].

2.2.3 � Boundary Conditions

Moments and forces related to the most critical moment of 
the walking cycle were applied, as obtained by Heller et al. 
[27]. Loads were given as a % of the patient’s Body Weight 
(% BW) and could therefore be applied in a patient-specific 
way. In particular, the components of the force along the 
mediolateral axis (x-axis) were calculated as 6.51%BW, the 
component along the longitudinal axis (y-axis) was calcu-
lated as 76.98%BW, and the moment around the anteropos-
terior axis (z-axis) was considered equal to 5.163%BW. As 
shown in the case of the intact femur, the loads were applied 
at a reference point placed at the centre of the femoral head, 
which was kinematically coupled to all the nodes of the fem-
oral head (Fig. 1a). In the implanted femur, the loads were 
applied to a reference point analogously constrained to the 
nodes of the upper edge of the implant neck (Fig. 1b, c). The 
distal nodes of the femur were constrained in all directions, 
and the medial and lateral nodes were connected to those of 
the side plate through a “Tie” constraint.

2.3 � Evaluation of Mechanical Response

Three quantities were used to assess the mechanical response 
of the 2D models: the micromovements at the stem-bone 

and stem-cement interface [18, 28, 29], the equivalent strain 
[14] and the Strain Energy Density (SED) [30]. The first is 
usually used as an indicator of interfacial failure, aseptic 
loosening of prosthetic components or bone growth [18, 28, 
29]. More in detail, micromotions of the stem in the bone 
and cement were evaluated using the tangential (CSLIP) and 
normal displacements (COPEN) for each node ( n ) in the 
contact surface according to the following relationship:

The average micromotion value was extracted for each 
patient’s simulated stem size. The equivalent strain pro-
vides information about the mechanical deformation of the 
bone subjected to a load, and the SED is commonly used 
as an indicator of bone resorption stimuli [30]. In particu-
lar, based on results on micro-motion, a prosthesis size was 
chosen for each patient, and the two variables were extracted 
for the patient-specific intact femur, cemented femur, and 
cementless femur models. The element-by-element rela-
tive difference computed for the equivalent strain between 
the implanted and femur was calculated. The equivalent 
strain and SED per Gruen zone of fourteen female patients 
and six male patients were averaged. Finally, the average 
equivalent strain for normal, osteopenic and osteoporotic 
female patients and the average equivalent strain for under-
weight, normal weight and overweight female patients were 
evaluated.

3 � Results

3.1 � Micromotions

Figure 2 shows the average micromotions distribution for 
a subgroup of ten femur models with different uncemented 
and cemented stem sizes. For models with press-fit prosthe-
ses, the micromotions at the bone-stem interface decrease as 
the size of the prosthesis increases; this trend, instead, is less 
evident at the cement-cemented stem interface.

3.2 � Equivalent Strains

The mean equivalent strain for the female patients in the 
three different patient-specific models was evaluated as a 
function of Body Mass Index (BMI) and T-score. The mean 
equivalent strain increases as the BMI increases (Fig. 3). 
For all BMI values, models with press-fit prostheses show, 
on average, a strain greater than 20% compared to the intact 
femur and 10% compared to models with cemented pros-
theses. Instead, the latter have a mean equivalent strain 5% 
higher than the intact femur for BMI < 18.5 and 10% for 
BMI > 18.5. Figure 4 shows the mean equivalent strain as 

(2)Micromotions(n) =

√

[CSLIP(n)]2 + [COPEN(n)]2
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a function of the T-score for female patients. Osteoporotic 
patients (T-score <  − 2.5) are subjected to greater strains 
than osteopenic (− 1 < T-score <  − 2.5) and normal patients 
(T-score >  − 1). In particular, for all T-score classes, the 
intact femur has minor equivalent strains compared to 
implanted models. Uncemented prostheses generate equiva-
lent strains higher than 950 µstrains; cemented prostheses 
produce equivalent strains of approximately 850 µstrains 
for T-score >  − 2.5 and higher than 950 µstrains, in analogy 
with press-fit models, for T-score <  − 2.5.

Figure 5 shows the average equivalent strains for the 
female patients in the seven Gruen zones (Fig.  6a) for 
the intact and implanted femur. In zones 1 and 2, located 

Fig. 2   Shows the average micromotions distribution for a subgroup 
of ten femur models with different uncemented and cemented stem 
sizes. For models with press-fit prostheses, the micromotions at the 

bone-stem interface decrease as the size of the prosthesis increases; 
this trend, instead, is less evident at the cement-cemented stem inter-
face

Fig. 3   Average equivalent strain (µstrains) for the intact femur, femur 
with press-fit stem and femur with cemented stem for underweight 
(BMI ≤ 18.5), normal weight (18.5 < BMI ≤ 24.9) and overweight 
(25 ≤ BMI ≤ 29.9) female patients

Fig. 4   Average Equivalent Strain (µstrains) for intact femur, femur 
with press-fit stem and femur with cemented stem for normal 
(T-SCORE > − 1), osteopenic (− 1 < T-SCORE ≤ − 2.5) and osteo-
porotic (T-SCORE < − 2.5) female patients

Fig. 5   Average equivalent strain (µstrains) for the intact femur, femur 
with press-fit stem and femur with cemented stem per Gruen zones 
for the fourteen female patients
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proximally and laterally, the models with press-fit and 
cemented prostheses show strains lower than the physiologi-
cal ones; in zone 3, strains reach values of about 800 µstrain, 
slightly higher than the intact femur. Cemented prostheses 
generate more significant strains in the intact femur and the 
non-cemented models in zone 4, located distally, and 5, 
located medio-distally, where a maximum of 1600 µstrains 
for women are reached. In zone 7 instead, they turn out to 
be lower. Models with press-fit prostheses show the highest 
strain values in zones 6 and 7, located medio-proximally. 
Still, they are generally characterised by more significant 
strain levels than the intact femur in all zones, except zones 
1 and 2. The strains measured in the male subgroup follow 
the same trend but have lower absolute values compared to 
the female subgroup.

Furthermore, the models with press-fit and cemented 
prostheses were compared with the intact femur. The dis-
tribution of the element-by-element relative differences 
between the equivalent strains of the implanted and intact 
femur models are consistent with the mean results. Looking 
at Fig. 6b and c, which depict results relative to only one 
of the twenty patients, negative relative differences indicate 
areas where the equivalent strains are less than in the intact 
model; on the contrary, positive differences are attributable 
to higher equivalent strain values.

Cemented femurs do show more elements characterised 
by subnormal strains than press-fit models. In particular, as 
shown by Fig. 6c, Gruen zones 1, 2, 3 and 7 are not physio-
logically loaded and display negative differences. The strains 
are very low in the areas near the inner femoral edge, in 
contact with the stem, and increase progressively moving 
away from it. The most significant differences concerning 
press-fit models are observed in zones 6 and 7, where the 

cemented prostheses have 50% decreased strains compared 
to the intact femur. Non-cemented models, on the other 
hand, show reduced strains compared to the intact ones in 
the proximal lateral zones 1–2 and the highest number of 
elements with positive relative differences in zone 6. How-
ever, unlike cemented models, the implant-bone load transfer 
is not homogeneous. Very high relative differences (100%) 
are found in zone 7, where the transferred load is more 
significant, as well as in locations where the bone-implant 
contact ends, located more or less distally depending on the 
size of the prosthesis. These strain peaks, not being homoge-
neously distributed, are followed by areas showing relative 
negative differences.

3.3 � Strain Energy Density

Figure 7 shows the mean SED values for the intact femur, 
femur with press-fit stem, and femur with cemented stem 

Fig. 6   a Gruen zones, a relative 
element-by-element difference 
of equivalent strain compared 
to the intact femur for patient 
nine: b model with a press-fit 
prosthesis and c model with a 
cemented prosthesis

Fig. 7   Average strain energy density (mJ mm−2) for the intact femur, 
femur with press-fit stem and femur with cemented stem per Gruen 
zones for the fourteen female patients
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models, respectively for each Gruen zones. The SED follows 
the same trend as the average equivalent strain in the seven 
Gruen zones. In the press-fit stem models, the SED is low-
est in zone 1 (0.50 mJ mm−2) and has the maximum value 
of 6.73 mJ mm−2 in zone 6. In zone 2, the cementless stem 
models produce a decreased SED (negative differences), 
equal to 1.28 mJ mm−2, compared to the intact femur models 
(3.40 mJ mm−2). As already highlighted by the equivalent 
strain, the most significant differences occur medio-proxi-
mally in zones 6 and 7, where the SED values ​​are signifi-
cantly higher than in the intact femur. In the cemented mod-
els, the SED is higher in the distal Gruen zones (3, 4, 5) with 
a maximum value in zone 5, equal to 7.98 mJ mm−2; on the 
other hand, SED is lower (negative differences) in zones 1, 
2, 6 and 7. Zone 7 shows the highest difference compared 
to the intact femur, corresponding to − 84.8%. As already 
observed for the equivalent strain, the SED values measured 
in the male subgroup follow the same trend but have lower 
absolute values than the female subgroup.

Figure 8a and b show the distribution of the elements 
where bone growth (SEDprosthetic > SEDfemur) or bone resorp-
tion (SEDprosthetic < SEDfemur) might seem fostered for the 
cemented and uncemented models of patient 9. The areas 
suggesting bone resorption (in blue) coincide with those 
where relative differences computed for the equivalent 
strain are negative, while positive differences characterise 
the areas of supposed bone growth (in red). Figure 8a shows 
that press-fit stem models are characterised by SED values 
greater than those obtained in the medial areas of the intact 
femur models. Figure 8b shows that cemented stem mod-
els are characterised by SED values greater than the intact 
femur models in medial-distal areas. Typically, both stem 
models display lower SED values than the intact model in 
the lateral areas. Still, cemented models show more elements 

with lower SED values than cementless stem models and, 
therefore, might seem to suggest bone loss according to the 
remodelling theory of Huiskes et al. [30].

4 � Discussion

In light of the progressive increase in THA and revision 
surgeries related to implant failure in recent years, the need 
for more accurate preoperative planning and dedicated fol-
low up has become more and more evident. A factor that 
influences the success of hip replacement surgery is the 
mechanical quality of the bone. It has been shown that short 
medium-term outcomes are significantly influenced by bone 
mineral density and body mass index [31]. Subjects with 
osteoporosis may undergo periprosthetic fractures or pros-
thesis mobilisation due to the low mechanical resistance of 
the bone to the loads to which it is subjected [31]. In addi-
tion, subjects with low preoperative BMD show a greater 
bone loss in the areas around the implant in the months fol-
lowing the surgery [32]. Therefore, surgery planning could 
be enhanced if functional, biomechanical and anatomical 
informations were considered. Despite the spreading of CT-
based patient-specific FE models in the last decades, they 
are currently not part of the standard preoperative planning 
procedure, mainly because of CT related costs and dose. Due 
to the above considerations, this work focused on developing 
DXA-informed FE models in THA preoperative planning 
and subsequent follow up. DXA could indeed more easily be 
performed, and FE models informed by DXA images might 
be more straightforwardly integrated into the current clinical 
practice. Therefore, the goal of this study was to explore how 
informative DXA-based patient-specific FE models could be 
and to know the extent they were able to capture differences 
between different hip stem types and sizes. The analysis of 
the micro-movements at the bone-implant interface allowed 
identifying the most suitable size for the patient to promote 
bone growth and inhibit the formation of fibrous tissue [6, 
28, 29]. Furthermore, comparing the equivalent strain values 
and the strain energy density between the different mod-
els allowed us to assess which regions of the femur were 
more affected by the implant presence in relation to patient 
anatomy, BMD, and the type of implant used.

Heavier and osteoporotic patients seem subjected to 
major bone strains since the average equivalent strain levels 
increase with increasing BMI and decreasing T-score. This 
is consistent with the literature [14] and with the physical 
considerations that correlate higher BMI with higher forces 
acting on the bone and higher bone density with stiffer mate-
rial properties. Observing the equivalent strain distribution 
in the seven Gruen zones described in Fig. 5, the unce-
mented stem models reported lower values with respect to 
the intact femur only in the proximal lateral areas 1 and 2. 

Fig. 8   Strain energy density for patient nine: a model with a press-fit 
prosthesis and model with a cemented prosthesis (b)
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In contrast, they exhibited higher values in proximal medial 
regions 5, 6 and 7. On the other hand, the equivalent strain 
calculated in the case of press-fit implants appeared to be 
higher in medial proximal regions 6 and 7 and lower in the 
distal areas 4 and 5 compared to cemented stem models.

The equivalent strain distributions obtained from the 
presented analysis are in accordance with literature results 
[29, 33], especially because press-fit prostheses are able to 
preserve higher strain levels medially in the proximal femur 
regions compared to the cemented solution.

The FE analysis performed in this study showed how the 
implant presence affects the strains in the areas adjacent to 
the stem and transfers the loads distally. This phenomenon, 
called stress shielding, causes bone resorption of the cortical 
bone around the stem and the BMD decrease due to subnor-
mal stresses [34]. The press-fit stem preloads the areas adja-
cent to the implant, promoting bone growth and osteointe-
gration. These results are confirmed by the SED distribution, 
which showed higher values for this kind of stem, except for 
Gruen zones 1 and 2. On the other hand, cemented implants 
appear to lead to bone loss, especially in zone 7, where SED 
is 90% lower than in the intact femur. This might also be due 
to the greater rigidity of the cemented stem [35].

Overall, this work highlights the influence of BMD, 
BMI, implant design and surgical approach on the femoral 
strain state. Furthermore, the results show the usefulness 
of DXA-based FE analysis in predicting bone loss or bone 
growth around the prosthesis that can define the long-term 
outcome of the surgical intervention. In fact, it is essential 
to anticipate the onset of any complication in the postop-
erative period. In this scenario, this type of analysis could 
help in predicting bone resorption and formation in DXA 
post-operative evaluation, anticipating BMD values of the 
following DXA examinations and providing more time for 
drug treatment or new surgical procedure intervention.

Major discrepancies arising from the comparison 
between the intact femur and press-fit models might have 
been affected by the way the implant has been inserted into 
the femur through Boolean operation and how prosthetic 
femurs have been simulated. Further validation and com-
parisons with taking advantage of DXA scan follow-up will 
be needed.

From this perspective, this study is mainly limited by 
the fact that it is based on virtually modified images and by 
the unavailability of follow-up information. The possibility 
to compare the model’s predictions with data coming from 
follow-up images will allow to assess the credibility and reli-
ability of the presented approach. A clinical study is actually 
being planned, which will be useful in validating and assess-
ing the actual potential of the presented framework. In addi-
tion, only one possible design of the stem was tested, although 
the authors are aware of the fundamental role the implant 
design plays in the determination of bone strain and stress 

distribution. Nonetheless, it must be noted that the presented 
framework is applicable to any implant design, both in press-fit 
and cemented configurations. Following the planned clinical 
validation study, the next step would be the automatization of 
these FE analyses within existing software (e.g., Bone Strain 
Index [36]). In this way, the overall preoperative planning 
procedure will be considerably enhanced, and the prediction 
of performances might be even further improved thanks to 
the possibility to integrate the results optained with additional 
patient-specific decision tools, such as that provided by Eng-
lish National Joint Registry (NJR) [37].

5 � Conclusion

Given the increase in prosthetic interventions and the need to 
anticipate possible failures, to date, DXA-based FE analysis 
could guide the management of preoperative planning of THA 
and subsequent follow-up, providing information currently 
missing. Through a two-dimensional DXA-derived FE analy-
sis, it is possible to evaluate the choice of the implant and the 
surgical approach best suited to the patient, taking into account 
factors such as the geometry and strength of the bone, the load 
to which the implant is subjected and the consequent distribu-
tion of the bone strain. The proposed FE analysis approach 
could facilitate and improve the clinical management of the 
patient. Furthermore, given the high presence of DXA devices 
on the territory, the presented approach could represent an 
optimal solution for patient follow-up with analysis times and 
execution costs suitable for its use in clinical practice.
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