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Variations in bone mineral density after joint
replacement: A systematic review examining
different anatomical regions, fixation techniques
and implant design
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Results: Sixty-eight articles matched the selection criteria. Fifty-five fo-
cused on the hip joint, 12 on the knee, and one on the shoulder. After total
hip arthroplasty, the greatest bone resorption occurred in the proximal
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outcomes.

KEYWORDS

INTRODUCTION

Periprosthetic bone remodelling represents a topic of
great interest in the orthopaedic community due to its
implications on implant survival. Indeed, a decrease in
bone mineral density (BMD) around the implant is
linked to a higher risk of complications such as frac-
tures and loosening [84]. Although designs and mate-
rials have evolved, loosening is still one of the leading
causes for implant failure [44, 89]. This process seems
to be induced by stress shielding, or the variation of
BMD in the periprosthetic bone in response to the dif-
ferent load forces distribution caused by the implant
rigidity [70, 95].

The current gold standard to analyze BMD changes
around an orthopaedic implant is the dual-energy
x-rays absorptiometry (DXA), which is able to provide
accurate and reproducible measurements with minimal
radiation exposure [8, 19, 45]. Studies utilising DXA
have predominantly focused on total hip arthroplasty
(THA), reflecting the high global incidence of hip
replacements and the structured research methodolo-
gies available for this joint [102]. To allow a fair com-
parison between the results obtained by various au-
thors, Gruen et al. introduced a standardised
subdivision of the regions of interest (ROI) around the
femoral stem [35]. Using this method, various studies
have shown that multiple variables like body mass
index (BMI), sex, comorbidities, pharmacological
treatments, implant design and fixation technique can
affect periprosthetic bone health, functional recovery,
adverse events and revision rate [5, 57, 69, 71, 87, 98],
but the information obtained from that amount of data is
very heterogeneous.

On the contrary, studies analyzing BMD changes
after total knee arthroplasty (TKA) are rather limited
and there is no standardised subdivision of peripros-
thetic ROIs among the various authors allowing a
systematic analysis. Furthermore, studies that have

cemented and posterior-stabilised implants showing greater bone loss than
cementless and cruciate-retaining designs.

Conclusions: The periprosthetic BMD decreases progressively after joint
replacement. The fixation technique and implant design influence the extent
and pattern of this decline. These factors must be considered during the
surgical planning, as they can have long-term implications for bone health
and implant longevity. Further research is needed to optimise implant
design and surgical techniques to mitigate BMD loss and improve patient

Level of Evidence: Level IV.

bone mineral density, fixation technique, implant design, regions of interest, total hip
replacement, total knee replacement

focused on BMD changes after other joint replace-
ments are isolated and performed on small samples.

Given the fragmented nature of the existing litera-
ture, a comprehensive review which collects data from
multiple studies is needed, to provide easy access to
information on BMD changes based on specific sub-
categories of the patient population and help to over-
come the limitations of the current designs. Hence, the
aim of this systematic review was to provide an over-
view on the changes of periprosthetic BMD after joint
replacement considering different implant designs and
fixation technique.

METHODS

The systematic review was conducted in accordance
with the Reporting ltems for Systematic Reviews and
Meta-analyses (PRISMA) guidelines [72, 79]. The
systematic review's protocol was registered in the
International Prospective Register of Systematic Re-
views (CRD42023401291).

Eligibility criteria

PICOS (Patients, Interventions, Comparators, Out-
comes and Study design) question was developed
using the following search terms: (P) People aged 18 or
more; (I) Total joint prosthesis surgery; (C) early pros-
thesis surgery; (O) Bone mineral density; (S) Obser-
vational studies, cross-sectional, prospective, retro-
spective, randomised controlled trial and clinical trials.
Studies available in full text, published in English, with
original primary data, and published after 2002 were
included. There was no limitation for gender or type of
prostheses.

The inclusion criteria were the following: (i) articles
written in English; (ii) patients who underwent total joint
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replacement; (iii) at least two BMD evaluations per
patient; (iv) observational studies, cross-sectional,
prospective, retrospective, randomised controlled trial
and clinical trials. The exclusion criteria were the fol-
lowing: (i) no BMD measurement within one month
after surgery; (ii) BMD expressed as only percentual
changes or graphs, without numerical values; (iii) no
Gruen zone (ROI) evaluation for hip replacement; (iv)
no periprosthetic bone evaluation for knee replace-
ment; (v) pharmacological treatment (such as steroids,
bisphosphonates, estrogens etc...) or comorbidities
that could affect the BMD; (vi) revision joint replace-
ments; (vii) articles not relevant for the research area
and (viii) no full text available or no original data.

Search strategy and data sources

The literature search was performed by searching the
following databases: MEDLINE (PubMed), Scopus,
Cochrane Central Register of Controlled Trials, Web Of
Science, and CINAHL. The databases were consulted
on January 16th, 2024. Search strategy was created
following the search string, with terms and Boolean
logical operator, used on the PubMed. The keywords
used for the screening were related to bone mineral
density and joint arthroplasty. The strings were adapted
to meet the specific search requirements of each da-
tabase. The complete strings for each database are
available in the supplementary material (Supporting
Information: Annex A - Table S1). Moreover, a grey
literature search of other papers was conducted using
hand searches of key conference proceedings, jour-
nals, professional organisations' websites and guide-
line clearing houses. Finally, the snowball technique
was used to examine references cited in the primary
papers to identify potential papers that fit the eligibility
criteria and could be included in this review. Among the
complete list of items found for each database, dupli-
cate articles were excluded using EndNote (EndNote
X9.3.3) and then a manual verification was conducted.

Based on the PICOS criteria, the titles and abstracts
were screened by eight authors (D.A., R.Z., M.S.M,,
G.B.,, D.V,, E.P, A.LM. and L.B), and studies that did
not meet the purpose of the present review were ex-
cluded. Then, full texts of all remaining papers were
reviewed to identify which could be included in this
article. Moreover, each author individually screened all
studies. Title, abstract and full texts were checked twice
to minimise the risk of missing relevant articles. Any
uncertainties or disagreements regarding inclusion or
exclusion were discussed by all authors together. Five
authors (D.A., R.Z., ALLM., G.B. and D.V.) extracted
data from included studies following a formatted table
to standardise data collection rules. The data collected
includes first author's name, journal name (quartile
and year of publication), study design, aim, population,
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joint, materials and methods, assessment time (follow
up), type of prosthesis, type of implant (cemented or
cementless) and outcomes. The study's authors were
contacted to have additional information where
necessary.

The variable analysed in the present review was BMD.
The weighted average of BMD values (g/cm?) post-
operatively (baseline) and at subsequent follow-ups was
calculated. Because variability was present in the baseline
BMD values of the included studies, the variation between
baseline BMD and subsequent follow-ups was calculated
as percentage. The data analysis was performed using
Microsoft® Excel (version 2402).

Study selection

A total of 9158 records were identified through data-
base screening (PUBMED: 2047; WEB OF SCIENCE:
1917; COCHRANE LIBRARY: 442; SCOPUS: 3877;
CINAHL.: 875), of which 3473 were removed as dupli-
cates by EndNote. Then, after screening titles and
abstracts, 5064 more were excluded (774 more dupli-
cates and 53 study protocols). Finally, after full text
screening according to the exclusion criteria, 68 out of
621 articles were included in the systematic review
(Figure 1). Descriptive statistics were used to sum-
marise and present the results.

Quality assessment and risk of bias

A Risk of bias critical appraisal of each article included in
the review was conducted independently and blinded by
three authors (EP, MSM and LB), using the “Revised
Cochrane risk-of-bias tool for randomised trials” (ROB2)
for randomised controlled trial [93], and the Joanna Briggs
Institute (JBI) Critical Appraisal tools were used according
to the specific study design [73]. Any disagreement or
conflict between the quality scores separately assigned by
the three blind reviewers was discussed and resolved by
majority vote. The ROB2 is organised into five bias
domains, focusing on various aspects of trial design,
conduct and reporting.

The Joanna Briggs Institute Critical Appraisal (JBI)
Critical Appraisal tools contain from eight to eleven
questions whose answers could be 'yes', 'no', 'unclear’,
and 'not applicable'. The number of questions depends
on the type of study design.

RESULTS
Study characteristics

All data necessary for the analysis have been extracted
and are presented in Table 1. A great heterogeneity
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[ Identification of studies via databases and registers ]
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No in English (n =5)
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'g Studies included in review
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L]

FIGURE 1 PRISMA flow diagram.

among the studies emerged as the methods of BMD
analysis were not standardised among the various
authors and among the various joints. Therefore, the
articles were grouped according to the evaluated joint,
the regions of interest (ROI) adopted, the fixation
technique and the implant design, analyzing the per-
centage change in BMD compared to baseline. The
main findings of the subgroups in which a systematic
analysis was not possible were presented separately.

Among the articles included, 55 articles analysed
the hip joint, of which 45 used the standard 7 Gruen
zones to determine the ROIs around the femoral
component, while five, four, and two ROIs were eval-
uated by three, two and one studies respectively.

The acetabulum was investigated in seven studies,
the majority (4) considered three ROls, two papers in-
spected five ROIs and four ROIls were studied in
one publication. Three articles analysed both the ace-
tabulum and the femur with four and seven ROI,
respectively.

Since there is no standardised description of
periprosthetic ROls in total knee arthroplasty, the 12
articles [4, 32, 49, 65-68, 84, 88, 90, 91, 105] that
investigated this joint measured BMD in different
regions. The tibia was evaluated in 8 studies, the
femur in four studies and two articles investigated
both districts. Unicompartmental knee arthroplasty
(UKA) was the topic of interest of two included arti-
cles, one of which assessed the tibial, femoral and
patellar periprosthetic bone, while the other only the
tibia.

Furthermore, concerning the fixation technique
used for the implant, 16 studies evaluated cemented
hips, 42 cementless hip implants, four both cemented
and cementless. Cemented knee implants were eval-
uated in eight studies and six papers assessed ce-
mentless knee prosthesis. Two analysed both ce-
mentless and cemented knee prosthesis.

Only one article measured BMD variation after total
shoulder replacement was found.
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Risk of bias in studies

A total of 68 articles were reviewed, and out of these,
16 were evaluated using ROB2. Eleven of the 16 arti-
cles had a moderate risk of bias, and five of the 16 had
a high risk. The JBI evaluated the other articles. The
JBI Critical Appraisal Checklist for Analytical Cross-
Sectional Studies was used to evaluate a total of 32
articles; the JBI Critical Appraisal Checklist for Cohort
Studies was used to evaluate 17 articles; the JBI Crit-
ical Appraisal Checklist for Case Series was used to
evaluate one article; and the JBI Critical Appraisal
Checklist for Quasi-Experimental Studies was used to
evaluate two articles. In supplementary material
(Supporting Information: Annex A - Table S2-5), the
methodological quality's results are documented.

Total hip arthroplasty

A comparison of the weighted mean BMD among the
articles over time was performed. Concerning the
femoral component, only studies with hip replacement
that used the standard Gruen Zone (seven ROlIs)
method for the femoral periprosthetic BMD evaluation
and that reported the results in g/cm? were taken into
consideration. Consequently, a total of 3473 hips were
included in this analysis. The evaluations performed
within the first month of surgery were considered as
baseline. All the absolute values of BMD and percent-
age differences between the baseline and follow-up are
reported in Supporting Information: Annex A -
Tables S7-S8.

To conduct our analysis, only follow-up periods with
over 800 patients, which corresponded to 3, 6, 12, 24
and 60 months, were considered (Table 2). The overall
baseline BMD in THA was 1.49 g/cm? considering all
seven Gruen zones, and 1.04 g/cm? in the acetabular
ROIs (Supporting Information: Annex A - Table S9).
The negative peak of BMD decrease has been
observed at 6-month follow-up (-7.6% from baseline),
then BMD increased at 60 months (0.4%).

Considering the variation of each Gruen zone, ROI
1 (equivalent to the greater trochanter) and 7
(equivalent to the calcar region) registered the greatest
BMD decrease at every follow up measurement, with a
nadir at 6 months and at 60 months. Conversely, ROls
3, 4, 5 and 6 showed a different trend, with a decrease
of BMD at 6 months, whereas, at 60 months, they re-
gistered an increase from baseline (Figure 2).

Fixation technique in THA

A total of 813 cemented hips and 2660 cementless
femoral implants were included in this analysis
(Table 3). The comparison of the weighted means
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FIGURE 2 Overall BMD variation (%) after THA. BMD, bone mineral density; ROI, region of interest; THA, total hip arthroplasty.

TABLE 3 Comparison of BMD variation (%) between cemented and cementless hip replacement between the baseline and follow-up times.

Cemented Cementless

ROI 3m 6m 12m 24m 60 m 3m 6m 12m 24m 60m

1 -19.8% -36.6% -7.9% 0.2% -0.3% -3.3% -12.9% -10.8% -13.7% -12.9%
2 -22.7% -27.0% 22.9% ~7.4% -8.1% 2.8% -2.2% 1.6% 2.0% 1.3%

3 -10.3% -21.0% -2.0% 2.5% 3.9% 10.8% -1.0% 8.8% 2.0% 7.1%

4 -5.4% -14.3% 3.8% 6.6% 9.3% 11.6% 1.4% 7.0% 3.8% 4.2%

5 -12.6% -20.8% -6.7% -2.8% -5.2% 9.1% 0.8% 7.3% 4.1% 8.3%

6 -15.4% -28.0% 8.4% -5.3% -9.4% 2.6% -1.0% 2.3% 0.3% 3.2%

7 -20.8% -41.2% -13.9% -10.1% -3.6% -11.2% -14.9% -13.4% -17.5% -14.1%
Mean -14.7% -25.6% 1.6% -2.1% -1.8% 4.5% -3.1% 2.0% -1.2% 1.2%
Hip (n°) 241 86 326 358 187 657 1297 1929 919 649

Abbreviations: BMD, bone mineral density; ROI, region of interest.

showed a greater average BMD decrease in cemented
compared to cementless implants at 60 months follow-
up. Furthermore, cemented implants showed a con-
siderable BMD decrease compared to cementless
stems at 3 and 6-months follow-up. However, an
increased bone resorption was observed at the level of
the proximal femur in both designs, with a more pro-
nounced decrease in cementless stems (Figure 3).

Implant design in THA

Concerning the THA stem design, a total of 1187 tapered
and 1646 anatomic stems were analysed (Table 4). Ta-
pered stems showed a greater average BMD decrease at
each follow-up compared to anatomic stems. The great-
est bone resorption was recorded at 6 months of follow-up

at the level of the proximal femur in both designs, however
tapered stems showed a greater decrease in BMD than
anatomical ones. At 60 months follow-up the anatomical
stems recorded a considerable loss of BMD at the level of
the proximal femur (ROI 1 and 7), whereas tapered stems
showed a more uniform distribution of bone loss around
the stem (Figure 4).

Acetabular component

A total of seven studies including 609 cups measured
periprosthetic acetabular bone density. A standardised
description of the ROIls around the acetabular cup was
described by DelLee and Charnley, who identified three
regions: lateral, central and medial [23]. Nevertheless, four
studies among them used these ROIs [28, 41, 47, 48],
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FIGURE 3 Femoral bone mineral density comparison between cemented and cementless stems in THA across ROIs between the baseline
and Follow-up times. Note: (a) Cemented stems BMD. (b) Cementless stems BMD. BMD, bone mineral density; ROI, region of interest;

THA, total hip arthroplasty.

TABLE 4 Comparison of BMD between tapered and anatomic designs in Hip.

ROI
1

2
3
4
5
6
7

Mean

Hip (n°)

Tapered Anatomic

3m 6m 12m 24m 60 m 3m 6m 12m 24m 60m
-0.9% -18.1% -6.1% 1.1% 3.6% -4.7% -14.3% -12.5% -15.4% -14.7%
-8.3% -11.0% -4.8% -2.8% -1.4% 11.5% 2.8% 7.5% 3.7% 4.9%
-1.7% -6.2% 1.0% 1.4% 5.7% 22.3% 1.2% 14.9% 2.6% 15.7%
5.7% -3.2% 5.2% 7.5% 9.3% 19.2% 6.0% 14.1% 8.1% 11.0%
-5.5% -9.1% -3.5% -3.4% -1.9% 18.3% 5.8% 14.9% 8.5% 14.4%
-5.7% -9.2% -4.6% -0.1% 0.1% 9.9% 2.1% 8.0% 0.0% 4.6%
-12.7% -21.0% -14.7% -12.5% -2.1% -1.8% -13.5% -9.7% -17.9% -14.1%
-4.0% -10.1% -3.2% -1.0% 1.9% 12.5% 0.0% 7.3% 0.2% 5.2%
326 515 763 708 311 434 602 1053 456 315

Abbreviations: BMD, bone mineral density; ROI, region of interest.

while Digas et al. [25] and Gerhardt et al. [33] analysed five increased from baseline to 6, 12, 24 and 60 months. A
ROls, and Gauthier et al. four ROIls [31].

The authors who utilised DelLee and Charnley's zones ~ smaller increase. Whereas BMD in ROl 3 (medial)
observed the following pattern: BMD in ROI 1 (lateral) showed an initial decline at 6 months and a subsequent

similar behaviour was evident in ROI 2 (central) with a
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FIGURE 4 Femoral BMD comparison between stem designs THA across ROIs between the baseline and Follow-up times.
Note: (a) Tapered stems. (b) Anatomical stems. BMD, bone mineral density; ROI, region of interest; THA, total hip arthroplasty.

increase at 12 months follow-up. However, BMD
decreased in later follow-up periods (24—60 months).

Data obtained from articles that used three ROI to
assess the acetabular BMD were reported in Support-
ing Information: Annex A—Table S9. Articles using
more than three ROI were excluded from the analysis
to reduce the heterogeneity of the data.

Total knee arthroplasty

Studies analyzing the variation of BMD in knee replace-
ments showed a high variability in the method of mea-
surement. A systematic analysis of the data was only
possible for studies concerning the BMD variation around
the tibial component, where two ROIs, medial and lateral,
were identified. Only data presented as g/cm? were
analysed, with a minimum sample of 50 knees. Finally, a
total of 476 tibiae were included in this analysis, with
an overall periprosthetic BMD (medial and lateral) of
0.95 g/cm?. On average, a steady decrease in BMD was
observed around the tibial component at each follow-up

measurement (Table 5). However, the medial compart-
ment showed a greater decrease than the lateral, which
started to decrease after 12 months (Figure 5).

Fixation technique in TKA

A total of 207 cemented and 269 cementless implants
were examined, with 3, 12 and 24 months follow-up
(Table 6). Due to the small sample size, 6 months follow
up was excluded from this analysis. Cemented implants
showed a greater decrease in mean BMD at tibial level in
each follow-up than cementless implants. Furthermore,
the greatest decrease in BMD was reported in the lateral
compartment in cemented implants and in the medial
compartment in cementless implants (Figure 6).

Implant design in TKA

Data about BMD changes in posterior stabilised (PS)
and cruciate retaining (CR) were analysed and
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compared. At baseline (post-surgery), periprosthetic
BMD was measured in 114 PS and 240 CR implants,
then at 12, 24 and 60 months follow up (Table 7). PS
implants showed a greater decrease in BMD than CR
implants, with greater bone resorption in the medial
compartment. On the other hand, CR implants showed
a similar trend of BMD decrease between the two
compartments (Figure 7).

Femoral component in TKA

Due to the absence of a standardised method for
analyzing the variation of BMD in the femoral compo-
nent, it was not feasible to conduct a comparative
assessment of the results across different studies.
However, the analysis of femoral BMD changes after
TKA indicated greater overall bone resorption in the
anterior femur, a region often susceptible to peripros-
thetic fractures, while one study comparing different
types of inserts, showed more pronounced bone re-
sorption at the level of posterior femoral condyles when
using mobile bearing insert [65].

Total shoulder arthroplasty

Only one study analysed periprosthetic bone in 22
shoulder arthroplasties [94]. The BMD was assessed at
the humeral level, parallel to a line passing through the
apex of the resurfacing implant. The BMD decreased
by 22.4% from the baseline to 3 month-follow up and of
1.4% to 6 month-follow up (Supporting Information:
Annex A - Table S10).

DISCUSSION

The main finding of this systematic review was that,
after joint replacement, BMD changes depending on
the anatomical region, fixation technique, and implant
design. In THA, a significant overall bone resorption
was reported at the level of the proximal femur. The use
of cemented stems generally induced greater bone loss
than cementless stems, with a rapid decrease in the
first post-operative months, then stabilized at mid-term
follow-up. Anatomical stems better preserved BMD but
with a higher risk of fractures and a more pronounced
bone loss in the proximal femur compared with ce-
mented stems.

In TKA, the medial tibial compartment and the
anterior region of the distal femur reported the greatest
BMD loss, while considering the fixation technique,
cementless implants showed a lower bone loss com-
pared to cemented implants. Additionally, posterior-
stabilised design produced a more pronounced bone
resorption compared to cruciate-retaining design.
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FIGURE 5 Overall BMD variation (%) after TKA. BMD, bone mineral density; TKA, total knee arthroplasty.

TABLE 6 BMD of tibial component after cemented versus
cementless TKA.

Cemented Cementless
ROI 3m 12m 24m 3m 12m 24m
M -1.0% -127% -86% 27% -51% -9.2%
L -13.6% -194% -223% 104% 53% 0.6%
Mean -124% -16.1% -15.6% 6.6% 0.1% -4.3%
Knee (n°) 106 168 62 201 228 228

Abbreviations: BMD, bone mineral density; ROI, region of interest; TKA, total
knee arthroplasty.

THA

The variation in BMD after THA was well documented
and the use of Gruen zones allowed a direct compari-
son between different studies.

Regardless of the type of stem or fixation technique
used, a negative peak of average BMD was reported
6 months after surgery, due to the adaptive response of
bone to surgical stress [2, 9]. Analyzing Gruen's zones
separately, it emerged how different patterns of load
transfer produced a great bone resorption in the proximal
femoral metaphysis (ROls 1 and 7), a region subjected to
a high strain energy density, while the Gruen zones 3, 4
and 5, showed a decrease in BMD at 6 months and an
increase at 60 months compared to the baseline [38].

As demonstrated by Xu et al. [108] in a finite ele-
ment analysis, the bone mass of the proximal femur
presents a triangular high-modulus distribution, which
bears the main stress of the proximal femur. Our find-
ings indicate that implanting a prosthesis with greater
stiffness than bone shields the latter from absorbing
loads, leading to stress shielding and a gradual
depletion of the bone mineral matrix [108]. Further-
more, as discussed below, this phenomenon is also

influenced by the fixation technique and implant
design used.

Fixation technique in THA

The use of cemented implants induced more bone re-
sorption than cementless implants, with a marked differ-
ence at 6 months follow-up. This phenomenon could be
attributable to the thermic stress to the endosteal bone
induced by cement polymerisation. However, the interface
area of a cemented stem has been described as
approximately 65 times greater than an uncemented cal-
car bearing stems [103, 104]. The uniform distribution of
forces assured by the cement mantle could explain the
preservation of BMD at the proximal femur in the medium
term compared to cementless stems. A recent met-
analysis comparing cemented and cementless THA did
not demonstrate overall superiority of either method of
fixation as measured by a difference in survival. However,
it was found that cementless stems showed a higher
survival rate in studies after 1995, while cemented stems
showed a higher survival rate when considering studies
not restricted to patients aged 55 or less [75]. This sug-
gests that cemented stems should be preferred in elderly
patients with poor bone quality that does not allow for
proper osseointegration or that exposes them to the risk of
intraoperative fractures, while modern uncemented stems
should be implanted in younger patients in order to pre-
serve the bone stock for the subsequent implant revision.

Implant design in THA

Regarding the stem design, anatomical stems showed
an overall better preservation of BMD than tapered
stems, with a more pronounced BMD loss at the
proximal femur at medium-term follow-up [54, 56]. This
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FIGURE 6 BMD comparison between cemented and cementless TKR across ROIs between the baseline and follow-up times. Note: (a)
Cemented knee prosthesis. (b) Cementless knee prosthesis. BMD, bone mineral density; ROI, region of interest; TKR, total knee replacement.

TABLE 7 BMD of different knee prosthesis designs.

PS CR
ROI 12m 24m 60m 12m 24m 60m
M -36% -10% 8% 7% -8% -20%
L -10% -3% -5% -3% 7% -23%
Mean -24%  -6% 2% -5% 7% -21%
Knee (n°) 34 34 49 240 240 39

Abrreviations: BMD, bone mineral density; CR, cruciate retaining; PS, posterior
stabilised; ROI, region of interest.

could be due to the stronger fixation on metaphyseal
region of the anatomical stems compared to the wider
and more distal distribution of the forces with tapered
stems. Moreover, while the use of anatomical stems
has increased in recent years driven by the advent of
minimally invasive surgery and supported by the evi-
dence of the preservation of bone stock and reduction
of stress shielding [16, 52], an increased risk of peri-
prosthetic fractures has also been reported [7, 27].

Hence, based on our results, anatomical stems should
be preferred in young subjects with good bone quality.
However, considering the described complications,
careful consideration must be given to the quality of the
recipient bone and to the implant sizing to prevent
inadequate primary stability in osteoporotic patients or
when implanting undersized stems, and post-operative
pain or intra-operative fractures using oversized stems.

Acetabular component

Only a few studies analysed BMD changes around
the acetabular component. Such phenomenon is
influenced by several factors like the type of implant
and the specific regions of interest examined. It ap-
pears that initial declines in BMD are not uncommon
but may stabilise or even reverse in certain regions
over time, according to Wolff's law [106] and partic-
ularly with specific implant types (more pronounced
BMD losses with threaded cups). Further research is
likely needed to better understand the underlying
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FIGURE 7 BMD Comparison between knee prosthesis design across ROIls between the baseline and follow-up times. Note: (a) Posterior
stabilised design. (b) Cruciate retaining design. BMD, bone mineral density; CR, cruciate retaining; PS, posterior stabilised; ROI, region of

interest.

mechanisms and clinical implications of these
observed patterns.

TKA

Data on BMD changes after TKA were more heteroge-
neous and a direct comparison between the various
studies was only partially possible. Most of articles were
focused on the tibia which, due to its geometry, is subject
to higher peak forces and thus a higher rate of loosening
than the femoral component, particularly in case of mala-
lignment [42, 86]. In the studies analysed, the medial tibial
compartment showed a higher decrease in BMD com-
pared to lateral compartment in each follow up. From a

kinematic point of view, the medial tibiofemoral compart-
ment is exposed to higher contact force in the native knee
[50, 51]. As described by Winther et al. [105], this leads to
a greater BMD decrease in the medial tibia after TKA. A
gap in the literature emerges from these findings that
would be interesting to investigate. Can tibial component
alignment influence BMD variation at the implant/bone
interface? This would provide interesting insights into the
safety of current kinematic/personalised alignments.

Fixation technique in TKA

Analyzing fixation technique, cementless tibial compo-
nents better preserved the BMD with respect to
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cemented implants, where the cementation technique,
cement viscosity and other factors could influence the
postoperative bone remodelling [85]. Furthermore, it
was found that cemented implants showed a greater
loss of BMD on the lateral compartment, whereas ce-
mentless tibial components showed a progressive
BMD decrease in both medial and lateral compart-
ments (Figure 6). However, the data available was not
sufficient to generalise this behaviour, and further
investigation is needed in future studies to explore this
aspect thoroughly. Given the more extensive experi-
ence with cemented implants compared to cementless
ones, cemented implants maintain their status as the
gold standard in knee prosthetics.

Implant design in TKA

Comparing the trend of the PS and CR designs, the
former showed a greater decrease in BMD than CR
implants, with greater bone resorption in the medial
compartment. Kinematic studies showed that PS im-
plants generate a more pronounced medial pivot in
loaded knee flexion than CR implants, where the
translation has been shown to be similar between the
two compartments [11]. This could cause a different
distribution of forces to the periprosthetic bone [107].

However, conventional symmetrical CR implants
are more challenging to balance due to the variable
tension of the posterior cruciate ligament, which can
lead to instability through what is known as paradoxical
anterior translation of the femur. In contrast, PS im-
plants offer greater intrinsic stability, and their balancing
is more reproducible. Furthermore, implants with a CR
femoral component and ultra-congruent or medially
stabilised insert have been increasingly used in
recent years, as they offer intrinsic stability comparable
to PS implants. This could ensure greater preservation
of periprosthetic BMD and will be investigated in future
research by this study group.

Femoral component in TKA

Analysis of femoral BMD changes after TKA showed
increased bone resorption in the anterior portion of the
femur, an area frequently subject to periprosthetic
fractures [59, 99]. Moreover, it seems that mobile
bearing TKA may better preserve BMD at the femoral
level compared to fixed bearings. However, there is no
strong evidence, and further investigation with a larger
sample size is needed. Furthermore, studies involving
SPECT for the evaluation of bone metabolism showed
prolonged uptake at the level of the distal femur com-
pared to the proximal tibia. This technique has been
recently used to evaluate unhappy patients with pain,
stiffness or swelling after TKA, showing potential for

identifying typical patterns of bone tracer uptake for
specific pathologies [40]. The use of SPECT in com-
bination with DXA could be promising for investigating
the influence of materials with lower stiffness on peri-
prosthetic BMD at the femoral level.

Total shoulder arthroplasty

The BMD trend after total shoulder arthroplasty was
similar to that observed in other joints examined.
However, the literature lacks comparisons of different
designs and fixation techniques. This area deserves
further investigation in future studies.

Limitations

This systematic review has several limitations. BMD
values at baseline were highly variable between dif-
ferent studies, and this may depend on the patient-
related factors (age, sex, comorbidities, pharmaco-
logical treatment, rehabilitation and level of physical
activity), the quality of the bone tissue and the time
between surgery and the first baseline DXA. These
variables were not taken into account. Thus, to com-
pare BMD trends between different studies, the per-
centage variation was considered for analysis instead
of the nominal values. Moreover, this review has limi-
tations arising from necessary deviations from the
protocol to address methodological challenges and
ensure the robustness of the review. These include
excluding studies with non-standard ROl methodolo-
gies or incomplete numerical data and applying mini-
mum sample size thresholds to ensure robust analy-
ses. While these adjustments reduced heterogeneity
and improved data quality, they may have introduced a
selection bias.

CONCLUSION

This systematic review showed that periprosthetic BMD
tends to decrease progressively after joint replacement
surgery. The extent and pattern of this decline are in-
fluenced by the fixation technique and the implant
design. These factors must be considered during the
surgical planning, as they can have long-term implica-
tions for bone health and implant longevity. Further
research is necessary to optimise implant design and
surgical techniques to mitigate BMD loss and improve
patient outcomes.
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