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Abstract

Objectives: This study aimed to enhance the comprehen-
sion of volumetric bone mineral density (vBMD) changes
following Total Hip Arthroplasty (THA) by establishing a
protocol to (i) precisely locate alterations in the proximal
femur in three dimensions and (ii) evaluate these changes
over an extended period.
Methods: Twelve individuals who underwent unilateral
THA, using either cemented or uncemented prostheses, were
recruited. CT-scans of the proximal femur were acquired at
three distinct time points: 24 h, 1 and 6 years post-surgery.
Utilizing the acquired data, 3Dmodels of the proximal femur
were generated, and a novel algorithm was developed to
categorize them into Gruen zones. Comparative analysis of
density values among the three sets of scans allowed the
calculation of bone density gains/losses for the entire prox-
imal femur and specific regions.
Results: A lower trabecular bone quantity was observed in
the cemented group compared to the uncemented cohort,
with discernible differences in vBMD evolution observed in
the overall femur and certain Gruen zones. Noteworthy
inter-patient variability was evident, ranging from physio-
logical bone remodeling to unexpected increases/decreases
in vBMD (e.g.,+340 % after one year).
Conclusions: This analysis proves to be a valuable tool to
understand the long-term vBMD evolution in THA patients.

Keywords: bone remodelling; total hip arthroplasty; Gruen
zones; longitudinal study

Introduction

Bone remodelling is a continuous process by which bone
resorption by osteoclasts is followed by bone formation by os-
teoblasts so that bone may maintain its strength and mineral
homeostasis. As explained by Wolff’s law, bone remodels itself
in response to the load it is subjected to and such mechanism
varies within and among the different bones of the skeleton
[1–3]. This variation depends on various factors (e.g. age, sex,
pathologies, activity level) [4]. In case of a total hip arthroplasty
(THA), other factors affect bone remodelling, such as the size
and the geometry of the implant [5, 6]. Another factor that plays
a key role in how bone remodels is the fixationmethod and the
mechanism of load transfer between the implant and the host
bone [7, 8]. Suchfixation canbedone either byusing the cement
or by relying on the interference between the stem and the
femur. In the cemented prostheses, the stem has a thinner
shape and it is surrounded by a layer of cement that distributes
the stress in amorephysiologicalway compared touncemented
prostheses [9, 10]. Inboth cases, the insertionof the stem into the
femoral canal leads to changes to the stress experienced by the
bone tissue [11, 12]. Such stresses are primarily transferred by
the stiffer material, namely the prosthesis [13]. This leads to a
bone mass redistribution at the bone-implant interface caused
by the stress-shielding phenomenon [14]. Indeed, after the
insertion of the stem, the stresses in the entire periprosthetic
femur are redistributed. As a consequence, the bone remodels
to adapt to the new environment by changing its bone mass, in
particular around the proximal area [15].

Research on bone remodelling around the prosthesis
over time is a key element to locate where the changes in
bone mineral density (BMD) are more likely to occur [16, 17].
Indeed, despite being one of the most successful surgeries,
there are a few cases in which the interaction between the
bone and the prosthesis does not work as planned, leading to
a non-physiological bone remodelling, and in worst case
scenario to an implant failure or periprosthetic fractures
because of periprosthetic bone loss [18, 19]. Various studies
regarding this topic have been conducted throughout the
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years, with a follow-up period ranging from 18 months to
5 years post-operation [20–22]. In all these studies, the bone
mineral density was measured in regions of interest sur-
rounding the femoral component, according to the standard
Gruen analysis protocol [23]. Results show that the most
significant bone loss occurs in the proximal area, both if
a cemented or an uncemented prosthesis was implanted
[24, 25]. Regarding the distal area, bone mineral density
changes are highly dependent on the size and stiffness of the
implant, along with the proper placement of the stem in the
intra-medullary cavity [21, 26].

In all of these studies, the BMD was measured with dual-
energy X-ray absorptiometry (DXA); this is however a projec-
tional technique,which onlymeasures density in termsof area
(in mg/cm2) and not the volumetric density (in mg/cm3).
Therefore, DXA-basedmethods rely on assumptions regarding
bone mineral distribution in the third dimension, given that
bone remodelling is a 3D mechanism [27]. In other research,
bone remodelling was investigated by using post-operative CT
scans [28–30]. To the authors’ best knowledge, just one study
on four patients with uncemented prostheses has a follow-up
time greater than two years, but the BMD changes were ana-
lysed in detail just for five slices of interest [31]. A quantitative
information for the whole proximal femur would be useful to
use THA patients as “labs” to better understand the bone
remodellingmechanism in the long run.Moreover, itwould be
helpful in order to monitor the few cases where a failure or a
non-physiological behaviour is observed or suspected. In this
regard, however, no research has been carried out.

The main aim of this work was to improve the under-
standing of the bone remodelling process in THA patients in
the long-term, by using a 3D approach. The specific aims of
this studywere: i) to develop amethodology to quantitatively
assess the volumetric bone mineral density (vBMD) in a
longitudinal study, ii) to localise these changes in the seven
standard Gruen zones, and iii) to investigate the bone
remodellingmechanism 24 h, 1 year and 6 years post THA. To
reach this goal, CT scans from a longitudinal studywere used
to evaluate the vBMD over time.

Methods

The pipeline to evaluate the trend of vBMD is reported in
Figure 1 and described in detail below.

Data collection

Patient recruitment. The methodology to evaluate the
vBMD changeswas carried out on twelve subjects undergoing

primary unilateral THA, either in uncemented or cemented
setting. The average age was 63±8 years. Information about
the cohort distribution is shown in Table 1. The same type of
femoral stem was used for each group. For the uncemented
group, the CLS Spotorno stem, made from a titanium alloy,
was used and the MS 30 stem, made from stainless steel, was
used for the cemented group. Ethical approval was obtained
from the local bioethics committee.

CT acquisition and calibration. Spiral CT scans of the
patients’ femurs were taken, covering the region from the
front upper part of the pelvic bone to the lower part of the
thigh at intervals of 24 h, 1 year, and 6–7 years after the sur-
gical procedure. For the initial pair of scans, a Philips Bril-
liance 64 Spiral-CT machine was used (X-ray tube current:
249mA, kilovoltage peak: 120 kVp, and resolution: [0.5 × 0.5 ×
1] mm). For the CT-scans acquired 6–7 years after THA, a
Toshiba Aquilion PRIME was used (X-ray tube current: 600
mA, kilovoltage peak: 120 kVp, and resolution: [0.3 × 0.45 ×
0.5] mm). The scans were calibrated using a calibration
phantom (Micro-CT HA phantom, GmbH, Möhrendorf, Ger-
many) tofind themathematical relationship that converts the
CT-scan values (in [HU]) into apparent density, i.e. vBMD (in
[g/cm3]). The relationship for the Philips scanner was already
been calculated in a previous study [32]:

vBMD1 = −8 ⋅ 10−8 ⋅ HU2 + 0.0006 ⋅ HU + 0.9456 (1)

The calibration for the Toshiba scanner was carried out at
the time of the study, and was found to be:

vBMD2 = 0.000494 ⋅ HU + 1.1 (2)

3D Modelling

The whole process developed to obtain the 3D models of the
femurs was carried out through the software platform
Mimics (Materialise NV, Leuven, Belgium).

Scatter reduction. In order to reduce the effects of
metal artefacts on the estimated HU values, a scatter
reduction was performed on each CT image from the three
datasets (post 24 h, post 1 y and post 6 y). By setting the
filtering strength to 100 %, artefacts were reduced iteratively
for each slice (Figure 2).

Re-slicing. The positioning of the patient within the CT
scanner may vary significantly, not only between different
patients but also within the same individual across the three
consecutive datasets. Notably, varying degrees of abductio-
n/adduction and internal/external rotation are discernible
inmultiple CT scans. Consequently, a realignment procedure
was necessary to orientate the legs uniformly along a shared
digital scanning axis, thereby streamlining the comparison
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of the same thigh bones across different time points. An
alignment of body orientation was achieved by drawing a
straight line passing through the longitudinal axis of the

femur. Areas of interest were thus cropped, namely the
operated femur and the unoperated femur. To allow an
easier comparison between the three consecutive datasets,
in the operated leg the line was traced starting from 2 cm
below the distal part of the stem’s tip and ending 5 cm above
the proximal extremity of the implant. Since no implant was

Figure 1: Study workflow.

Table : Information about study participants. “Age” refers to the age of
subjects when primary THA was performed.

Patient N° Sex Age Implant Operated side

 Female  Cemented Left
 Female  Cemented Left
 Female  Cemented Left
 Female  Cemented Right
 Male  Cemented Right
 Female  Uncemented Right
 Female  Uncemented Right
 Male  Uncemented Left
 Male  Uncemented Right
 Male  Uncemented Right
 Male  Uncemented Left
 Male  Uncemented Right

Figure 2: Pre- and post-processed CT-scans. On the left, a CT slice before
the artefact reduction; on the right, the same slice after the application of
the “Reduce scatter” algorithm.
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present for the contra-lateral leg, the same distances
measured for the operated leg were used.

Moreover, pixel size was uniformed, since this param-
eter could be different between post 24 h, post 1 y and post 6 y
CT-scans. In order to provide the best result in terms of
resolution, the lowest value of the three consecutive datasets
was chosen as standard and applied to the other two images.

Segmentation and optimal bone thresholding. A
segmentation based on thresholding was performed to
isolate both the operated and the contra-lateral femur in the
three datasets.

Different thresholds have been used in the literature,
without aunivocal standard todefine this specific range. In this
protocol, the choice of the higher value of the threshold was
straightforward, since the densities of the metal and the bone
always differed significantly, so 2999HUwas chosen by looking
at the histogram. Instead, the choice of the lower value was
troublesome, given that the residual scatter and partial volume
effects (PVEs) made the distinction between trabecular bone
and soft tissues more difficult. In order to choose the optimal
value to start with, four masks were created starting from
different thresholds: 148 HU, 226 HU, 300 HU, and 350 HU.
Indeed, by converting these values in apparent density through
the calibration formulas, acceptable values for bone mineral
density were found, according to previous studies [33–35].

Ten biomedical engineers were then asked to perform
the post-editing of these four masks. Five subjects of the
group were already familiar with the segmentation process
(gtr), while the other five were just trained at the time of the
experiment (gun). To ensure the reproducibility of the
experiment, a detailed protocol was provided, which
required them to remove some eventual pixel of noise
outside the femur, the fill of the inner areas, and the Boolean
subtraction between the masks of the bone and the pros-
thesis respectively. The uncertainty error [%] in the volume
of the final masks of the femurs was calculated as:

Erri% = |Vopi − Vr| + |Vr − Vopi|
Vr

⋅ 100 (3)

where Vopi and Vr are respectively the volume of the mask of
each operator and the volume of the mask of the first author
set as the reference mask. The average error (Errμ%) was
then calculated for the four masks.

Two statistical analyses were then performed:
– Mann–Whitney U test, to assess any statistical variance

between the two groups;
– Intraclass Correlation (ICC(3,1)), to assess the reproduc-

ibility of the measurement.

Following the selection of the optimal threshold, an addi-
tionalmeasurement was taken to handle the existence of the

cement layer on the 3Dmasks of the patientswho underwent
a cemented prosthesis procedure. The mask of the implant
was isolated ([2500 - max] HU), and dilated by 3 pixels
throughout the respective morphology operation, so to
consider ∼2 mm of space between the prosthesis and the
bone. Then a Boolean subtraction was performed between
the mask of the bone on the operated side and this dilated
implant, thus thinning the former.

Evaluation

In order to evaluate the vBMD variations between consec-
utive datasets, the masks of the operated and the contra-
lateral femurs were imported into Matlab (Mathworks Inc,
vers. 2021a). To better localise the changes in bone density, a
specific evaluation of bone remodelling throughout the
years was investigated by splitting the femurs in the seven
Gruen zones. An algorithm was developed to realign the
femur through the longitudinal axis, and then dividing the
bone betweenmedial and lateral. Through the identification
of the tip of the lesser trochanter and the distal tip of the
prosthesis, the Gruen zones were automatically separated
for each femur.

Longitudinal vBMD assessment one and six years
post-operatively. Three different analyses were then
performed:
– a cohort-study for the whole proximal femur in patients

with THA (both cemented and uncemented);
– a cohort-study for the Gruen zones of the operated fe-

mur, so as to analyse the trend of vBMD in such specific
areas;

– a patient-specific approach for the Gruen zones, to
report some examples of the bone remodelling
mechanism.

Results

Segmentation and optimal bone
thresholding

The average error calculated for the fourmaskswith Eq.(3) is
reported in Table 2. The mean error computed for the
trained and the untrained groups did not differ significantly
(p>0.1).

Regarding the ICC(3,1) analysis, the values obtainedwith
thresholds 148, 226, and 350 HU are indicative of poor reli-
ability (Table 3). As for the 300 HU threshold, the level of
reliability can be regarded as moderate (p=0.05).

406 Betti et al.: A 6 years longitudinal 3D analysis for assessing bone remodeling after THA



Longitudinal vBMD assessment one and six
years post-operatively

Cohort study: entire femurs evaluation

Volumetric bone mineral density changes in both operated
and unoperated femurs were evaluated comparing the
masks obtained 24 h, 1 year, and 6 years post-operatively.
Figure 3 shows average values and the standard deviation
for the patients with a cemented and uncemented approach
separately. To obtain the percentage rate, each number of
voxels corresponding to a BMD value was normalised
dividing by the total volume of the mask and multiplying by
100. Moreover, a black dotted line was used to divide the
density values corresponding to trabecular bone from those
corresponding to cortical bone. To this aim, a threshold was
chosen at 1.4310 g/cm3 (670 HU), since several studies suggest
this value to be in the range that best identifies the cortico-
cancellous interface [36, 37]. Blue, red, and yellow distribu-
tions represent the changes for operated (Figure 3a and c)
and unoperated femurs (Figure 3b and d) at 24 h, 1 year, and
6 years respectively. Data show a great variability between
subjects, as shown by the relatively high standard deviation,
up to ±45 %. In general, however, a lower amount of
trabecular bone can be observed in the operated side
(Figure 3a and c) compared to the control leg (Figure 3b and

d). Furthermore, such percentage is found to be lower in the
group with a cemented stem (Figure 3a), rather than the
uncemented one (Figure 3c).

Cohort study: Gruen zones evaluation

The variation in terms of vBMD frequency were assessed
separately for trabecular and cortical bone, and divided for
each Gruen zone. The area underlying the curve was
calculated for the two types of bone in the three separate
datasets, and then values from post 1 y and post 6 y were
normalised by post 24 h value using the below formula:

BMD changes [%] = AreaPost 1y (or 6y) − AreaPost 24h

AreaPost 24h
⋅ 100 (4)

The vBMD changes for the trabecular bone (shown with
an asterisk) and cortical bone (shown with a circle) are re-
ported in Figure 4 for both the cemented and uncemented
group (in blue and green boxes respectively), showing the
average increase/decrease rate (y-axis) over time (x-axis).
Differences after one year after the THA are shown in red,
while differences after six years are reported in yellow.

Even in this case, data show a wide variability between
the subjects, reaching a standard deviation±127 % in GZ 5 for
the uncemented approach. Generally, a trend of reduction of
cortical bone was noticed for both types of fixation six years
post-operatively.

As regards the mean value of BMD between the
cemented and uncemented groups, statistically significant
changes (p<0.05) were found in:
– GZ2, 24 h post-operatively;
– GZ2, 1 y post-operatively;
– GZ4, 24 h post-operatively;
– GZ4, 1 y post-operatively;
– GZ5, 1 y post-operatively.

As regards the changes in time, statistically significant re-
sults (p<0.05) were only found for the uncemented group,
and in particular in:
– GZ1, by comparing post-1 y and post-6 y data;
– GZ4, by comparing post-24 h and post-1 y data;
– GZ5, by comparing post-24 h and post-1 y data;
– GZ5, by comparing post-1 y and post-6 y data;
– GZ6, by comparing post-24 h and post-1 y data.

Study cases: Gruen zones evaluation

The same analysis conducted to assess the vBMD changes
over-time for the cemented and uncemented cohort shown
in Figure 4 has been reported in the following section
to discuss some cases of clinical interest. Four cases are

Table : Error [%] for the four masks obtained for the four different
thresholds (Eq.()).

Threshold [HU]    

gtr gun gtr gun gtr gun gtr gun

Err% . . . . . . . .
Err% . . . . . . . .
Err% . . . . . . . .
Err% . . . . . . . .
Err% . . . . . . . .
Errμ% . . . .

Table : ICC(,) analysis performed on the volume error of the bone
masks obtained using the four different segmentation thresholds (,
, , and  HU). ICC is the estimated intraclass correlation; LB and
UB indicate the lower and upper bounds of the ICC at the chosen sig-
nificance level. Bold value indicates statistical significance (p≤.).

Threshold [HU]    

LB −. −. −. −.
ICC −. −. . .
UB . . . .
p-value . . .∗ .
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reported below, where the vBMD changes from 1 to 6 years
post-operatively were analysed.

Male, cemented, 65 years old. No significant changes
were observed for trabecular bone over the six years,
with the largest increase found for GZ 6 after six years
(+32 %, Figure 5a). A light decrease of cortical bone was
noticed overall.

Female, cemented, 63 years old. An increase of
trabecular bone was observed in GZs 2, 3, 5 and 6 after one
year, with strong growth after six years in GZs 2 and 3 (+116 %
and +174 % respectively, Figure 5b). As seen in the previous
case, a light decrease of cortical bone was noticed overall.

By looking at the CT scan, a varus malalignment of the
prosthesis inside the intra-medullary cavity (∼5°) was
detected.

Male, uncemented, 52 years old. No significant
changes were observed for trabecular bone over the six
years, with the largest decrease found for GZ 6 after six years
(−40 %, Figure 5c). A light decrease of cortical bone was

noticed for GZs 3, 4, 5, and 7, while for the other GZs changes
were not significant (< + 8%).

Male, uncemented, 50 years old. In this case, a great
increase in trabecular bone was observed after one year in
GZ 3 and 5 (+143 % and +340 % respectively, Figure 5d).
However, no great changes were to be found by comparing
post 6 y data with post 24 h data in such areas. A similar
trend was observed for the cortical bone in GZ 1.

Discussion

The aim of this study was the development of a methodology
to quantitatively assess the vBMD changes in the long run
not merely in the whole femur, but also in regions of clinical
interest, namely the Gruen zones. To achieve this goal, the
choice of a robust threshold to obtain the 3d bone models
was needed, so as to have a feasible and repeatable seg-
mentation process. Results obtained from thismethod can be

Figure 3: Average BMD distribution calculated for the group with a cemented prosthesis (a is the operated side, b the contro-lateral one), and
uncemented prosthesis (c is the operated side, d the contro-lateral one). Each point represents the mean and standard deviation of the twelve patients.
The y-axis displays the percentage of voxels at a specific BMD value (x-axis) calculated through Eq.(1) for post-24 h and post-1y data, and through Eq.(2) for
post-6y data.
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used for a twofold purpose: to compare any difference in
terms of mineral density between the two cohort of patients
(with cemented/uncemented prosthesis); to analyse the
trend of bone remodelling in specific patients.

Segmentation and optimal bone
thresholding

Calculating the average uncertainty (Errμ%) for the four
masks, theminimum value was obtainedwhen starting with
300HU as lower threshold. Themean error computed for the
trained (gtr) and the untrained groups (gun) reported no
statistically significant differences, showing that the opera-
tor’s experience made no difference by using the protocol
developed.

Results from ICC(3,1) test are in line with similar meth-
odologies found in the literature [38, 39], and confirmed the
choice of 300 HU as the optimal threshold to start themanual
post-editing; indeed, the level of reliability obtained from

this threshold was the highest among the group, and also the
only one statistically significant.

Longitudinal vBMD assessment one and six
years post-operatively

The in silico methodology was used to evaluate the trend of
bone remodelling in a three-dimensional way, and in the
long-term (six years post-operatively).

Cohort study: entire femurs evaluation

Concerning the vBMD distributions, the lower amount of
trabecular bone found in the operated side rather than the
unoperated side (Figure 3) is caused by the removal of bone
stock due to the arthroplasty. Indeed, most of the bone
removed to create the intra-medullary cavity to place the
stem consists in trabecular bone. Moreover, the amount of
bone removed was greater in the cemented group compared

Figure 4: Variations [%] in voxel frequency (y-axis) for trabecular (asterisks) and cortical bone (circles) in the seven Gruen zones over the years (x-axis)
(Eq.(4)). Results for the cemented group are encircled in blue boxes; for the uncemented group in green boxes. To better assess any change, y-axis limit is
set to [−80 115] (besides GZ 5 for the uncemented group).
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Figure 5: Variations [%] in voxel frequency for trabecular and cortical bone in the seven Gruen zones over the years for several subjects. a) A male
subject, with a cemented implant, 65 years old at the timeof operation; b) a female subject, with a cemented implant, 63 years old at the time of operation;
c) amale subject, with an uncemented implant, 52 years old at the time of operation; and d) amale subject, with a uncemented implant, 50 years old at the
time of operation. To better assess any change, y-axis limit is set to [−100 100] (besides GZ 1, 3, and 5).
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to the uncemented one, since a larger cavity is required to
place the cement.

Cohort study: Gruen zones evaluation

By looking at the vBMD changes in the seven separate Gruen
zones (Figure 4), a large variability among subjects was
observed, due to the high inter-patient variations in terms of
sex, age and level of activity. Other studies reported a similar
pattern of bone gain/loss, with the largest increases observed
in GZs 2, 3 and 5 and smaller differences identified in GZs 1, 4,
6 and 7 [40].

The differences between the cemented and uncemented
observed after 24 h and 1 year in GZs 2, 4, and 5 are in line
with the literature, with studies observing a similar behav-
iour [41, 42]. About the changes in time for the uncemented
group, statistically significant differences were found in GZs
4, 5, and 6, by comparing post-24 h and post 1 y-data, and in
GZs 1 and 5, by comparing post-1 y and post 6 y-data. Such
results are in partial agreement with other studies, since a
bony development was also detected in GZ 4 [43], while the
greatest loss of bone density was localised also in GZs 7 in the
long-term [44]. A possible explanation for such differences
relies on the limited number of THA patients that have been
analysed; hopefully, the addition of more data in the future
would give the possibility of drawing more conclusions
about the trend of vBMD in the cemented/uncemented
cohort over time.

Study cases: Gruen zones evaluation

In Figure 5a and b examples of vBMD changes for two pa-
tients with a cemented setting (a male and a female), were
reported. Despite the same fixation method and the similar
age, a different process of bone remodelling has been
observed over the years among the two subjects. In the first
case study, no big changes were observed, which is indica-
tive of a stablefixation of the prosthesis. On the other hand, a
different behaviour was observed in the second case, where
the high increase of trabecular bone (especially in GZs 2 and
3) can be explained with the varus malalignment of the
prosthesis. Such results match with other studies in the
literature, proving how the bone tissue adapts to the new
situation dictated by the stiffness and the alignment of the
artificial joint [45].

Moreover, a physiological light decrease of cortical bone
was noticed overall for both of the subjects, and it is asso-
ciated with the process of aging [46].

A similar comparison for the uncemented fixation was
carriedout by lookingat twopatientswith similar age (Figure 5c
and d). Again, it was possible to observe a situation where no

vBMD changes greater than 30% occurred (Figure 5c), and a
situation where great variations in vBMDwere seen over time.
A possible explanation for the increases in trabecular bone
observed in GZs 3 and 5 after one year of THA relies on the
damage that the femur has suffered with the broaching at the
time of operation; indeed, since data were normalised by the
post-24 h data, the great increase was associated to the healing
of the bone. In the long run, however, the percentage of
trabecular bone tended to normalise, since the bone adapted to
the new prosthesis.

The increase of cortical bone observed in GZ1 one year
after THA can be justified by the implant placement of the
stem. Indeed, an incorrect insertion of the prosthesis can
lead to an overload of the greater trochanter, thus causing an
increase of BMD to overcome with such stress. In the long-
term, however, the bone adapts to these loads, with a mean
value of vBMD which does not differ significantly from the
vBMD observed 24 h post-operation.

Limitations

From the cohort demographics, it should be noted that the
average age of the cemented group was greater than the
uncemented one. This result reflects the local guidelines, for
which surgeons prefer to carry out an uncemented fixation
on younger subjects and a cemented fixation on the elderly
ones. For such reason, it was not possible to perform a
matched-cohort study with the current database. Moreover,
no other tests were performed between the two groups, so as
to consider some possible confounding factors. However, if
this study is expanded to include balanced groups, some
conclusions will be drawn about how the bone remodelling
process changes depending on the fixation method.

Conclusions

The in silicomethod presented in this study can be employed
as a tool to evaluate long-term vBMD changes in the prox-
imal femur. The protocol showed good results in terms of
reproducibility (Errμ%) and reliability (ICC(3,1)). Such anal-
ysis is the most in-depth analysis carried out on bone quality
to date, and it provides a tool for the understanding of the
bone remodellingmechanism in THA patients. By increasing
the number of patients, beyond that carrying out the
appropriate validation of the results, it would be possible to
explore whether this method is a helpful guide for the
follow-up of patients where a failure of the implant is to be
expected.
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The methodology presented may be also deemed to
decide appropriate rehabilitation strategies which can then
help to prolong the time until revision surgery, thus
increasing the quality of life for the patient. Indeed, it has
been proven how physical decelerates bone loss associated
with aging [47]. Depending on the anatomical areas where
the bone loss has occurred, specific weight-bearing exercises
with an impact on the bone higher than that during normal
everyday activities, combined with flexibility and posture
control, could be part of a rehabilitation program to prevent
and manage with a bone loss.
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