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Three dimensional bone mineral density changes in the femur
over 1 year in primary total hip arthroplasty patients

Magnus Gislason, Francesca Lupidio, Halldér Jonsson Jr, Luca Cristofolini, Luca Esposito,
Paolo Bifulco, Massimiliano Fraldi, Paolo Gargiulo

Introduction

Aseptic loosening causing micromotion of the prosthesis is one of the primary reason for total
hip revision. Inserting a metal stem into the femoral canal brings on changes in the
mechanical loading behaviour of the bone tissue which will adapt accordingly. As
hypothesized by the Wolff's law [Barak 2011], bone remodels itself in response to the load it
is exposed to and the stresses will be primarily absorbed by the stiffer material, namely the
metal implant and loading on the surrounding bone tissue will decrease. The remodelling
procedure of the bone depends on implant size, geometry, mechanical properties and fixation
type, that is whether the implant is cemented into the femoral canal using a PMMA cement or
the implant is press fitted into the femoral canal and the fixation is achieved between the
interference fit between the bone and prosthesis [Tavakkoli]. Huiskes [1993] proposed a

simple formula that would predict the overall fraction of bone loss.
U
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where p is a function of the ratio between the stem and bone rigidities as well as stimulation
levels, defined as
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where Es is the stem modulus in MPa, p, is the apparent density of the femur, s represents the
stimulation levels as predicted by the principle of the mean effective strain by Frost [1987]
and c is a constant.

When deciding upon fixation method, the surgeon bases the decision generally on the age,
gender of the patients as well as professional experience. Both fixation methods have
advantages and disadvantages associated to them. The risk of the interference fit is that there
is a possibility of a periprosthetic fracture during the surgery in the case of un-cemented
implant [Spring et al, 2018, Esposito et al., 2018], whereas the risk of the cemented method is
that should a revision surgery be required, it can become a challenge to extract the prosthesis
and the cement without compromising the existing bone stock [Roussota et al 2018]. Another
risk factor for the cemented method can be that proximal loosening of the implant due to
cement fracture can cause a cantilever effect on the distal aspect of the prosthesis, creating
dangerously high levels of bending stresses [Bolland et al].

In accordance to Wolff’s las, it has been noted that post-operatively, there is a distinct
degradation of the bone mineral density (BMD), in particular around the proximal aspect of
the femur [Venesmaa et al, 2012]. The connection between the mechanical properties of bone
and BMD has been demonstrated both in terms of stiffness [Keller] and strength [Lee].
Analysing the distribution of the BMD can therefore give important information about the
structural integrity of the bone. Loss of BMD will make the bone weaker and more
susceptible to fractures, but can also compromise the mechanical stability of an implanted
prosthesis leading to revision surgery. Little is known about the long term remodelling
behaviour of the implanted femur and how the bone adapts to the new loading regime as it



will be depend on many different factors such as bone strength prior to surgery, activity
levels, etc. Measurements on BMD values on spinal cord injury patients (SCI) have shown
that bone loss in the lower limb, due to mechanical disuse reach a steady state with time
[Frotzler et al 2008] and that bone loss pattern between individuals vary. There is therefore a
distinct difference the BMD distribution between SCI patients in early stages (< 4 years post
injury) of the disease and the established SCI patients (>4 years post injury) which can be
seen in the increased volume of lower density bone [Coupaud et al 2017]. By carrying out
analysis of the bone density, it is possible to identify patients at risk of fracture. Similarly, it
can be argued that by analysing the bone gain and loss in the THA patients, it is possible to
extract those subjects that are showing unusually high values of bone loss and therefore be
able to adapt physiotherapy or exercise regime accordingly. The primary aim of total hip
arthroplasty is to alleviate pain and restore the patient’s movement. Post operatively it is
expected that the daily activity of the patient increases thus creating an improved distribution
of joint reaction forces acting on the hip. Measurements have shown that the forces acting on
the hip joint post-operatively resemble the forces predicted using a musculoskeletal model
based on able-bodied subjects [Wesseling et al 2018, Heller et al 2001].

Computational models have been created to try to predict 2 year bone remodelling behaviour
[Levadnyi et al, 2017], where it was demonstrated how different designs of implants dictate
different bone remodelling profiles within the femur [Fraldi et al., 2010]. The results showed
that theoretically hip resurfacing would have a bone remodelling profile that most resembles
the one seen in the healthy femur. However, clinical data suggest that hip resurfacing has
higher revision rates than total hip arthroplasty after 10 years [Jacobs et al 2018]. Other
computational studies have looked at the influence of the short stemmed implants on the bone
remodelling (Lerch et al, 2019), where decrease in bone mineral density was predicted at the
proximal femur but also areas where bone had gained density [Iupariello et al 2019].
Computational studies can become difficult to validate in vivo, but by carrying out a CT
analysis on the stem and the surrounding bone tissue over a period of time [van den Wyngaert
et al 2018] where quantification of tissue density and morphological changes of the bone can
be carried out with a high degree of automaticity [Esposito et al., 2015]. A few radiological
studies have been carried out to monitor the bone quality post-operatively in THA subjects,
but mostly using visual inspection to assess the state of the bone [Sanli et al, 2016]. In 1997
Neander et al [1997], carried out CT analysis of BMD at the middle and distal part of the
femur of THA patients and compared with a control group to evaluate bone loss in those
regions. Measurements on BMD in total knee replacement patients has been carried out,
quantifying the BMD changes in the distal femur but using the conventional DXA scans to
quantify BMD values [Kim et al, 2014, Beaupre et al 2015, Thomas et al 2019]. Little has
been researched in terms of bone quality on THA patients post-operatively where the bone
loss has been quantified both in terms of density values and the three dimensional location of
resorption.

In the presented study, a cohort of 50 subjects undergoing primary total hip arthroplasty was
examined over a period of 1 year and how the bone mineral changes affected the bone mineral
density distribution in the femur, looking at both males and females as well as a cemented and
uncemented fixation methods. The work aims to identify the regions in which the highest
level of bone remodelling takes place, both by analysing the femur in 3D as well as looking at
the BMD changes from distal to proximal. The methodology presented in the study is unique
when looking at BMD changes in total joint replacement patients as it compares bone quality



in 3D whereas other studies have only looked at two dimensional distribution. This
methodology provides basis for more in-depth analysis as a part of a routine check up on
patients.

Methods

Fifty subjects were recruited for the study undergoing primary THA, both undergoing
uncemented and cemented operation, where only one type of femoral stem was used for each
group. For the uncemented group, a CLS Spotorno stem made from a titanium alloy was used
and for the uncemented group and the MS 30 stem made from stainless steel was used for the
cemented group.

The distribution between the cohorts can be seen in Table 1.

Table 1: Distribution within the groups

Females Males

Number | Age [years] | Number | Age [years]
Uncemented | 10 57.6 20 51.9
Cemeted 17 66.7 3 66.3

Spiral CT scans were taken of the patients® femurs, ranging from the anterior superior iliac
spine to the diaphysis of the femoral shaft, at 24 hours post- operatively and 1 year post-
operatively. The tube voltage was 120 KVp. The in-plane resolution was 0.6mm x 0.6mm and
the slice thickness was 1mm.

The scans were calibrated using a quasar phantom to facilitate the linear conversion of the
Hounsfield units (HU) to bone mineral density (BMD) values in g/cm?. The linear
relationship can be described as [Gargiulo et al]

BMD =9.02 *10~* « HU + 0.0419

The scans were imported into Mimics (Materialize) in order to carry out the bone
segmentation. As the CT scans were carried out post-operatively, the metal from the implant
caused image artefacts [Barrett] therefore causing a high degree of noise around the implant.

By applying image reduction, it is possible to improve the quality of the image so that the
information stored in the pixels in the surrounding tissues is not lost [Wellenberg].

An algorithm was used to reduce the artefacts and reconstruct the images [Boas]. Figure 1
shows the a CT slice before and after the image artefact reduction

Figure 1: Image artefact reduction



The two sets of scans were re-aligned by identifying anatomical landmarks on the femur and
the by using the distal end of the stem to superimpose the scans onto each other. Reslicing
was then carried out in order to have the slices identical between the 24h post-op scan and the
1 year post-op scan. The reslicing was carried out by identifying the following anatomical
landsmarks

e Distal end of the stem

e Distal end of the attachment site of Gluteus Minimus
e Superior aspect of the Greater Trochanter

e Lesser Trochanter

e Ischial Tuberosity

e Protuberance of pectineal line

Using these anatomical landmarks on the CT scans it was possible to align and superimpose
the two scans onto each other with the slices in the same positions. By doing that it was
possible to compare different regions within the two femur models in identical frame of
referece.

After the alignment, boolean operations were carried out on the two femur models using
subtraction. The gain and loss were calucated using the following criteria.

Gain _ {ley - GV24h ) GVly > GV24h
- 0 LGV < GV,
LOSS _ {GV24h - GVly ) GV24h > GVly
- 0 ,GVogp < GV,

Where the difference in BMD values between individual voxels is then compared and
categorized into gain and loss. BMD changes <0.01 g/cm? are not considered to have changed
over the period of 1 year.

Figure 2 shows the overall workflow for the analysis

CT-Scan CT-Scan
24 Hours 1Year
Post-operation Post-operation

Reslicing

Segmentation

Subtraction

BMD Extraction

24 Hours 1Year
Minus Minus
1Year 24 Hours

BMD Loss BMD Gain

Figure 2: Study workflow



Each bone was normalized into 100 slices from proximal to distal and the total bone gain and
bone loss calculated in each slice. The bone gain and loss for each slice is the summation of
all the pixels containing gain or loss as described from the equations above. The bone gain
and loss was finally mapped along the inferior-superior axis of the femur in 2D as well as

represented in 3D.

The analysis was carried out on both the operarated leg and on the healthy leg.

Results

The bone gain and loss was represented as the average over a slice of 1mm along the length of
the femur, ranging from 1cm below the distal end of the stem to the proximal aspect of the
greater trochanter. All the distances were normalized from 0% at the distal end to 100% at the
proximal end. The average results between the subjects in the cemented group and the
uncemented group, males and females can be seen in Figure 3.
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Figure 3. Results for the bone gain and loss for the cemented and the uncemented group
between males and females for both the operated leg and the healthy leg

From Figure 3, it can be seen how the bone remodelling varies between fixation methods and
gender. The results for the healthy leg demonstrate that there is little or no changes in the
overall BMD values for each slice, indicating that the remodelling process is more uniform
over time and that no drastic localised changes are occurring. From the figure it can also be
seen how the groups respond differently to the remodelling of the femur, where as expected
the largest degree of bone gain and loss occurs at the proximal aspect.

There was a high degree of variability between subjects on an individual level. Figure 4
shows the difference between subjects within each group.
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Figure 4. Differences in the bone gain and loss profiles between genders and fixation
methods

The net gain and loss was calculated for each group. The overall gain and loss was calculated
by numerically integrating the gain curve from 0% (distal) to 100% (proximal) for each
subject. The average values were then calculated for each group (gender and fixation method).
The values can be seen in Table 1.

Table 1: Gain and loss between males and females for both cemented and uncemented
fixation.

Cemented [g/cm3*1073] Uncemented [g/cm?*1073]
Gain Loss Net gain(+) / | Gain Loss Net gain
loss (-)] (+) /loss (-)
Males 108.05 | 149.32 -41.27 133.87 158.28 -24.42
operated leg
Males 0.30 0.92 -0.62 8.47 2.87 +5.60
healthy leg
Females 166.76 | 122.61 +44.16 24.78 171.42 -146.64
operated leg
Females 10.49 13.12 -2.64 3.55 4.17 -0.62
healthy leg

For all 4 groups it can be seen that bone loss occurs on the operated leg, primarily around the
proximal aspect of the femur. For the healthy leg, minor changes can be seen in terms of bone



gain and bone loss as the biomechanics of the non-operated femur represent a more natural
remodelling process than in the operated femur.

Additionally, three dimensional representation of the BMD changes was created, the results
for three separate subjects can be seen in Figure 5, where the green colour represents the
increase in BMD and the red colour, the decrease in BMD. The subjects are as follows:

e Subject 1: Male aged 50, uncemented

Subject 2: Male aged 42, uncemented

Subject 3: Female aged 60, uncemented.

i

Subject 1 Subject 2 Subject 3

Figure 5: Three dimensional representation of the bone gain and loss calculations for 3
selected patients, showing varying degree of bone remodelling between individuals.

From Figure 5, it can be seen how the density patterns occur differently between patients. No
relationship was found between bone gain and loss depending on age. Figure 6 shows the net
bone gain and loss between the four groups as a function of age. The net bone gain and loss
was calculated as the difference between the overall bone gain values for the whole femur and
the loss values. A positive value represented gain and a negative value loss.
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Figure 6: Net bone gain and loss as a function of age.



Most of the uncemented subjects were younger than the cemented patients, but from Figure 6,
it can be seen that bone loss is not directly connected to age.

Discussion

Understanding the behaviour of bone remodelling between cemented and uncemented fixation
methods is an important clinical knowledge when determining implantation methods for
patients. From the results it can be seen how different fixation mechanisms and individual
differences between the patients dictate the bone loss mechanism. From the results it can be
seen that no correlation exists between overall bone quality and age, although the uncemented
subjects in the study tended to be younger than the ones in the cemented group. This lack of
correlation between bone quality and age, gender and fixation methods, emphasises the point
that there is a need for a subject specific analysis of the three dimensional BMD changes in
the post operative clincial assessment of patients. Many studies base the BMD mapping on
single DXA scans which fail to obtain as detailed spatial resolution with regards to the bone
remodelling processes as the method presented in this study. Although the results from this
study show that the are around the lesser trochanter is generally subjected to bone loss, there
are other areas both on the medial and lateral aspect of the femur that demonstrate similar
behaviour that only can be quantified using three dimensional analysis.

From the results it can be seen how the primary bone loss occurs around the proximal region
of the femur, which is in agreement with findings from other studies [Taylor et al, Tapaninen
et al], that have reported on BMD decrease in the calcar area using DXA and presenting their
findings as a two dimensional density [g/cm?]. Steens et al [2015] presented a 1 and 5 year
follow up on patients receiving implants with short stems using DXA and reported 0.7%
decrease in the density in the proximal medial aspect of the femur. That study also reported
regions on the proximal lateral aspect of the femur increasing in BMD values which is in
agreement with the results found on several subjects in this study. The clinical reasoning
behind using DXA instead of CT for BMD analysis is mainly the radiation dose. The same
methodology can be followed focussing on smaller regions of interests thus lowering the
radiation dosage. Additionally this analysis can then be expanded onto mucsles as has been
demonstrated by Edmunds et al [2018].

Using CT registration of multiple scans of the femur of the same subject, coupled with metal
artefact reduction, can give an important information about what is happening within the bone
on a voxel level. The methodology described would then allow for clinical assessment of each
subject to give details on each patient against a cohort of subjects of similar age with the same
implant type using the same surgical technique. The workflow described in this paper has the
potential to be made more automatic segmentation methods and bony landmark registrations
using computer vision methods described by Baek et al [2013] and Belal [2019]. Neural
networks can additionally be used to analyse BMD in both healthy and osteoporotic subject
using DICOM images in order to classify subjects into categories as has been demonstrated
by Mohamed et al [2019]. With less degree of manual labour when it comes to analysing the
BMD content of the femur, it will be possible to assess greater number of patients creating a
large database containing three dimensional BMD changes in inviduduals undergoing THA to



assess mechanical strength of the bone, but additionally this could be used to identify the
subjects are have poor bone quality and are in risk of fracturing if falling. In the future, this
database would serve as a decision tool in choosing the most correct implant method for each
individual.

The three dimensional approach for asseessing BMD changes in THA patients described in
the study is most in-depth analysis carried out on bone quality to date and the methodology
presented will serve as a basis for prescribing appropriate rehabilitation strategies which can
then help to prolong the time until revision surgery, increasing the quality of life for the
patient.

Limitations

From the cohort demographics it can be seen that the number of subjects in each group, reflect
the guidlines that surgeons choose younger subjects primarily for uncemented fixation and
elderly subjects for a cemented one. The distribution between the 4 groups is not uniform and
a distinct lack of subjects in the male cemented group. All subjects in the group had varying
activity levels and no standard rehabilitation protocol was followed post-operatively. The
results are dependent on the threshold chosen to represent at what density changes. The value
0.01 g/cm?, was considered low enough to be able to incorporate the BMD changes. Further
sensitivity analysis on the effects of the threshold level will be needed to be carried out.

Finally the study only looks at the remodelling process over a period of 1 year which is a
comparatively short period of time compared to the overall lifespan of the prosthesis in-vivo.
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