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Abstract

Long-term implant failure in the form of aseptic loosening and periprosthetic fracture is the most common cause of revision
procedures in total knee arthroplasty (TKA). While early loosening can often be attributed to failure of primary fixation, late
implant failure could be associated with loss of fixation secondary to bone resorption, as a result of stress shielding in the
proximal tibia. This current review study was performed to identify the clinical effects of different implant-, patient-, and
surgery-related biomechanical factors on TKA-related tibial bone loss in clinical reality. Implant-related factors considered
were the fixation method, and the implant type, geometry, and stiffness. In terms of patient characteristics, the effects of age,
sex, knee alignment, bone density, body weight, and activity level were analyzed. The clinical literature on these topics mostly
concerned longitudinal radiographic studies investigating the effect of a single factor on changes in the proximal tibia over
time using bone densitometry. Implant stiffness, implant geometry and knee alignment were the only factors consistently
found to affect regional bone density changes over time. Each clinical study used its own specific study design, with differ-
ent definitions used for the baseline density, time points of baseline and follow-up measurements, and regions of interest.
Due to the differences in study design, direct comparison between the clinical impact of different biomechanical factors was
not possible. Based on the findings over the densitometry studies, a standardized guideline was proposed to allow reliable
comparison between consistently reported outcome of future radiographic TKA studies.

Keywords Total knee arthroplasty - Bone remodeling - Proximal tibia - DEXA - Bone mineral density - Densitometry

Introduction

Total knee arthroplasty (TKA) is one of the most success-
ful surgical interventions, but the number of primary TKA
failures is increasing as a result of the aging population and
the acceptance of TKA in younger patients [1]. Two com-
mon causes of long-term tibial implant failure are aseptic
loosening and periprosthetic fracture [1, 2], which can be
linked to stress shielding-related osteolysis observed around
the implant [3]. Due to an alteration of stress distribution in
the bone after TKA, by the introduction of a homogenous

P< Thomas Anijs
Thomas.Anijs @radboudumc.nl

Orthopaedic Research Laboratory, Radboud Institute
for Health Sciences, Radboud University Medical Center,
Nijmegen, The Netherlands

Laboratory for Biomechanical Engineering, Faculty
of Engineering Technology, University of Twente, Enschede,
The Netherlands

@ Springer

implant and change in physiological loading, adaptive bone
remodeling will take place over time following Wolff’s law
[4], which typically leads to periprosthetic bone resorption
[5]. Many longitudinal clinical studies have been conducted
on postoperative bone changes, by measuring bone density
in the proximal tibia over time. The most commonly used
densitometry method is dual-energy X-ray absorptiometry
(DEXA) [6], but also, quantitative computed tomography
(QCT) [7] and digital radiograph densitometry (DRD) [8]
have been used, to enable measurements in volumetric
regions and from standard radiographs, respectively. The
goal of most studies was to establish the effect of a single
factor in TKA on subsequent regional density changes as a
result of bone remodeling.

A narrative literature review was conducted in this
study, investigating the impact of different TKA variations
on tibial density and giving an overview of the variety in
study design, since it is currently unclear what the relative
effects of different implant- and patient-related variations
are. Following the review outcome, a general guideline was
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proposed for the study design of future studies on peripros-
thetic bone density changes, since the vast differences in
designs of current studies prevent direct comparison between
reported results of different studies. A general study design
will improve understanding of the relative impact of differ-
ent TKA factors and effectiveness in reducing postoperative
bone loss, to prevent related late tibial implant failure.

Methods

In this literature study, longitudinal clinical studies covering
the effect of mechanical factors on bone density changes
after TKA were reviewed. A distinction was made between
factors related to the implant, patient, and surgery. Four cat-
egories of implant-related factors were identified: fixation
method (cemented and uncemented fixation), implant stiff-
ness (material stiffness and structural baseplate stiffness),
implant geometry, and implant type (type of bearing and
cruciate ligament retention). Regarding patient and surgery
features, the effects of six different factors were investigated:
age, sex, knee alignment (change), preoperative bone den-
sity, body weight, and activity level. These factors were
determined based on variations analyzed in relevant studies,
considering potential change of the mechanical stress redis-
tribution in the tibia and subsequent bone response. Based
on the different used methods and findings over the studies,
conclusions were drawn on the effects of the discussed fac-
tors on long-term bone density outcome, and recommenda-
tions were provided for future densitometry studies regard-
ing study design and reporting of relevant data.

Literature Findings

Seventeen different clinical studies were included covering
implant-related factors (Table 1), while eleven studies were
consulted following the patient- and surgery-related factors
(Table 2). Studies covering the effects of multiple factors on
bone density changes have been reviewed more than once
over this section.

Effects of Implant-Related Factors on Tibial Bone
Density Changes

Fixation Method

Tibial TKA components can be fixated to the bone using
either a cemented fixation or a cementless press-fit fixation.
Three clinical studies reported on the effect of fixation method
in otherwise similar implants in periprosthetic tibial density
changes [9—-11] (Table 1). A study by Small et al. [9], based
on DRD, found a significant reduction of bone loss around

cemented implants relative to uncemented components at
5 years after TKA, but no significant differences at other
time intervals up to 10 years. The same study also found
that tibial density changes were significantly related to body
mass index (BMI) in the cemented group, but not in the unce-
mented group, although no explanation for this observation
was suggested [9]. Abu-Rajab et al. [10] reported no differ-
ence between cemented and uncemented fixation in the extent
of relative bone mineral density (BMD) difference compared
to the unoperated contralateral knee after a minimum post-
operative time of 2 years. In a study by Li and Nilsson, no
significant differences in relative density changes between the
fixation methods were seen within any follow-up period up
to 2 years [11]. Interestingly, implant migration, determined
using radiostereometric analysis (RSA), was found to be
related to preoperative BMD in the uncemented group up until
6 months after operation, but not in the cemented cohort [12].
In the same patient cohort, no relationship between migration
and 2-year BMD changes has been established [13]. Another
DEXA study comparing cemented and uncemented implants
found reduced bone loss following uncemented implants, but
both implant systems also differed distinctively in material
stiffness and stem design [14].

Within uncemented implants, a distinction can be made
in the type of coating at the bone contact surfaces, which
may affect the course of periprosthetic bone remodeling [15,
16] (Table 1). One study reported a significant difference in
lateral proximal density between hydroxyapatite-coated and
uncoated implants, with higher BMD values found in the
uncoated group at 2 years postoperatively [16]. In contrast,
another study with similar implants did not find any density
differences between different types of coating [15].

In summary, none of the abovementioned studies attrib-
uted measured differences in bone resorption solely to the
implant fixation method. One study reported a relation-
ship between BMI and bone density change in cemented
implants, which was significantly different from uncemented
implants only at the 5-year time point [9], providing minimal
evidence for the role of fixation method in the course of
periprosthetic bone remodeling.

Implant Stiffness

As periprosthetic bone loss is the result of a reduction in
local bone stress, caused by the high stiffness of (metallic)
implants compared to the replaced bone tissue, it is hypothe-
sized that this stress shielding is reduced when using implants
with a decreased stiffness. One way to achieve this is through
the use of implant materials with a lower modulus of elastic-
ity. Geometry may also affect the stress shielding potential of
a specific implant, as the structural stiffness can be lowered
by decreasing the thickness of the tibial baseplate.

@ Springer
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Table 2 (continued)

Conclusion

# ROIs Intervals

Imaging

Factor Baseline # Knees Implant Alignment

Study

Higher medial baseline

< 1wk, 3,6 months, 1, 2,

4,7 yrs

3

Pre-, post-op DEXA

Duracon

95

<1wk

Alignment

Jaroma et al. [40]

BMD in pre-op varus;

Modular,

medial BMD decrease in

NexGen,

both pre-op alignments at
follow-up, no significant
lateral BMD change;

AMK, AGC

greater medial resorption
in corrected varus knees

Increased resorption in tibial

<2 wks, 6 months, 1, 2,

3 yrs

6

Pre-, post-op DPA

PCA Modular

25

<2 wks

Alignment

Petersen et al. [41]

condyles with decreased

load, local bone formation
following increased load
according to alignment

change
Only significant tibial BMD

Pre-op, 1, 3, 6 months, 1,

2 yrs

6

Pre-, post-op DEXA

LCS

22

1 month

Alignment

Shibuki et al. [42]

reduction in medial region
at 1 year following average

alignment correction from
varus towards neutral/

valgus

Tibial baseplates are typically constructed out of one of
the following materials: cobalt-chromium alloy (CoCrMo
[CoCr]), titanium alloy (Ti6Al4V [Ti]), polyethylene (UHM-
WPE [all-poly]), or porous tantalum (trabecular metal
[TM]). CoCr and Ti implants have an elasticity modulus of
around 210 GPa and 105 GPa, respectively, which is signifi-
cantly higher than the modulus of the human bone tissue it
replaces. The TM modulus of 3 GPa is much more in line
with the bone moduli of ~1-5 GPa measured in specimens
of subchondral and trabecular bone tissues in the proximal
tibia [17], therefore reducing potential stress shielding. The
stiffness of polyethylene, typically only used as the material
of the tibial insert, is significantly lower than bone, with an
elastic modulus of 588 MPa. This could potentially intro-
duce complications in all-poly implants, with the entire rigid
tibial component made out of polyethylene, as a result of
local periprosthetic bone overloading.

A paired cohort study compared relative BMD change
between patient groups receiving a TM or a CoCr implant
and observed a significant reduction in lateral bone loss
within the TM group over 5 years (11.6% vs. 29.6% bone
loss) [14]. No significant differences were found in the
medial and distal regions of interest (ROIs). A prospec-
tive study comparing BMD in 41 subjects receiving a TM
implant against their contralateral native knee reported
no significant long-term proximal density changes in the
operated knees due to TKA [18]. In contrast, other clini-
cal studies reported a significant decrease in BMD relative
to the unoperated contralateral knee for standard nonpo-
rous metallic stemmed implants [10, 19]. These results
combined suggest that the use of TM implants reduces
periprosthetic bone loss. Although an all-poly tibial com-
ponent results in the highest load transfer to the proximal
tibia, potentially leading to bone densification or local over-
loading, no longitudinal study has been found reporting
on density changes after tibial TKA using such implants.
However, excellent long-term outcomes of all-poly tibial
components have been reported regarding implant survival,
periprosthetic fracture, and aseptic loosening compared to
metal-backed baseplates [20].

The effect of baseplate thickness on bone resorption
was studied by Martin et al. using similar CoCr implants
with two different thicknesses (2.7 mm vs. 4 mm), report-
ing significantly greater medial resorption and seven times
increased risk of bone loss medially in the thicker baseplate
cohort [21]. Wong et al. reported no significant difference
in clinical medial bone loss at 3-year follow-up between two
groups with a different tray thickness and contradictorily
even found significantly higher medial density following the
thick tray after the first year [22]; however, as this study
compared the baseplate thickness of two different implant
designs, the difference in geometry could have also affected
the overall structural stiffness and bone strain distributions.
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Findings by Yoon et al. endorsed the theory that implants
with greater overall stiffness lead to increased bone resorp-
tion, by reporting a greater degree of medial bone loss
in various CoCr implants compared to lower modulus Ti
implants with smaller baseplate thicknesses [23].

Implant Geometry

Besides thickness of the baseplate, there are additional
design features that may influence periprosthetic bone den-
sity. The shape of the baseplate determines the coverage of
the resected tibial bone, and therefore, the transfer of loads
from the joint to the bone. There is also a variety of fixa-
tion features, which typically include a central stem and/
or smaller pegs at the medial and lateral condyles (Fig. 1).
Stem type and shape affect the way strains are transferred
through the tibia and, to a lesser extent, influence the struc-
tural baseplate stiffness. Several studies have been conducted
to study their effect on clinical BMD measurements [14, 19,
24, 25] (Table 1).

The effect of the shape of the central stem was demon-
strated in a study where a cylindrical stem showed increased
and more concentrated medial bone loss compared to a
cruciform-shaped stem, in which BMD decrease was more
evenly spread over the proximal tibia, in an otherwise iden-
tical design [24]. A different study, comparing cruciform
and cylindrical stems with different implant bearings, did
not find any evidence for bone density differences up to
2 years [25]. Comparison between an implant with four
short fixation pegs, and another cemented implant with a
larger cylindrical central stem, found a significant proximal
BMD reduction for the single-stem implant compared to the
contralateral control, but not for the four-pegged design [19].
Minoda et al. found a similar difference between both dis-
tinct stem types [14]. However, multiple factors were varied
simultaneously in this study, as the cylindrical single-stem
component was also constructed out of a much stiffer mate-
rial [14]. A single-implant study by Bohr and Lund found
a high correlation between BMD of proximal and distal
areas of the tibia over follow-up in an uncemented metallic

Fig.1 Schematic impression of

Cylindrical stem
different fixation features used

implant with two fixation pegs and suggested that no stress
shielding occurs around these smaller pegs [26]. However,
a recent register study concluded that a single design of a
cemented four-pegged baseplate had a higher risk of asep-
tic loosening than the corresponding implant using a single
central stem [27]. Two single-center studies with a follow-
up greater than 5 years did not find a difference in clinical
outcome between both fixation options in two knee systems
[28, 29].

Implant Bearing Type

Tibial components can be subdivided in either fixed bearing
(FB) or rotating platform (RP) implants. RP components
provide an additional rotational degree of freedom at the
interface between the polyethylene insert and the tibial
baseplate when compared to traditional FB implants. RP
implants can therefore theoretically reduce shear stress at
the contact area between the femoral component and insert
and may affect stress shielding by facilitating a more equal
distribution of compressive forces and reducing the axial
torque acting on the tibial component.

In addition, a distinction can be made on the type of
constraint of the articulating surface, with the most popular
types being the cruciate retaining (CR) and posterior stabi-
lized (PS) implant. While, in CR implants, the posterior cru-
ciate ligament (PCL) is (at least partially) responsible for the
anteroposterior (AP) stability, these forces are mainly trans-
ferred through the post —cam mechanism in PS implants,
which, in turn, may affect the stresses in the periprosthetic
bone.

Three different joint constraint studies found similar
bone density reduction in FB and RP designs of a single
implant system, indicating that bone resorption was not
related to PCL retention [30-32] (Table 1). Additionally,
Saari et al. also varied the shape of the bearing surface
(flat vs. concave); the results indicated that the shape of
the contact surface also did not affect periprosthetic BMD
up to 5 years [31]. Similarly, a QCT-based investigation by
Munro et al. did not show differences in BMD loss between

Cruciform stem Fixation pegs

in tibial implant designs

AP view

Inferior view
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RP and FB implants, although the implants in this particular
study also had different stem shapes and were constructed
from different nonporous metals (FB—cruciform, Ti vs.
RP—cylindrical, CoCr) [25].

Effects of Patient- and Surgery-Related Factors
on Tibial Bone Density Changes

Age

Bone density decreases with increasing age in a general
non-TKA population, as observed in BMD measurements
of three different bone sites across different age groups with
a range of 29 to 87 years old [33]. The age of the patient,
therefore, affects the initial BMD at the time of surgery,
which could influence the subsequent progress of peripros-
thetic bone remodeling. However, since TKA is generally
performed in older patients, the age range of a primary TKA
cohort is limited. Several studies have therefore been unable
to demonstrate an age-related effect on initial mean proximal
tibial BMD, and on bone density changes after TKA [10,
13, 34-36] (Table 2). Conversely, Small et al. did find that
higher age at time of surgery was associated with an increase
in bone density loss after TKA (in lateral and distal regions)
[9]. Similarly, Ishii et al. found a weak negative correlation
between age and postoperative BMD formation [32].

Sex

General age-related bone loss is more pronounced in
females, due to postmenopausal-related effects [33]. Con-
sequently, higher baseline BMD levels have been found in
male than in female TKA patients, but this did not result in
differences in relative BMD changes when compared to the
contralateral knee [10]. These findings were in line with sev-
eral other studies that were unable to demonstrate significant
differences in postoperative BMD changes by sex [13, 32,
35, 36] (Table 2). Conversely, a study by Small et al. found
significantly less bone loss in male patients than in female
patients in all lateral and distal regions [9], possibly caused
by correction of preoperative varus deformity in unreported
native knee alignment, which is more common in men than
in women [37], leading to a shift in load distribution towards
lateral. No studies were found considering menopausal sta-
tus regarding bone loss after TKA.

Knee Alignment

In line with Wolff’s Law, the mediolateral (ML) bone density
distribution in intact tibiae has been found to vary based
on native knee alignment [11, 38, 39]. TKA patients with
varus preoperative alignment, therefore, have a higher base-
line BMD in the medial compartment, while valgus knees

typically show greater initial lateral densification [11, 12,
35, 40]. In terms of overall mean density over the proximal
tibia, Hvid et al. and Levitz et al. found no significant dif-
ference between preoperative varus and valgus knees [34,
36], while Li and Nilsson found greater general BMD in
knees with native varus alignment [11]. Interestingly, this
study also found a greater relative bone resorption in native
varus knees 2 years after TKA, while subsequent postopera-
tive alignment was not found to be a predictor for relative
24-month BMD change [11].

The same study also investigated the effect of intrasu-
bjective alignment change by making a distinction between
compartments based on increase or decrease in load fol-
lowing the alignment difference (e.g., an increase in load
was assumed in the lateral compartment when correcting
a varus knee to neutral). They found an increase in bone
formation underneath the load-increased condyle over the
load-decreased side, but only in patients with a low mean
baseline BMD over the proximal tibia [11]. A different
study, based on dual photon absorptiometry (DPA), dem-
onstrated a similar effect of alignment change, with exten-
sive resorption observed in the compartment with reduced
postoperative loading, and a slight but significant increase
in density in the compartment with increased load [41].
Several other studies demonstrated a BMD decrease in the
load-decreased condyle but did not find a significant den-
sity change in the load-increased side based on the change
between pre- and postoperative varus angles [34, 35, 42].
Hvid et al. found this effect solely in the lateral region, with
no significant decrease of medial density in the preoperative
varus group separately after 2 years [34], while other studies
only found significant differences in medial decrease related
to preoperative varus knees at 1-year follow-up [35, 42].
Jaroma et al. also reported a significant medial decrease of
density in valgus preoperative knees, while no significant
density changes were found in the lateral ROI, regardless of
preoperative alignment [40]. The extent of medial resorp-
tion was found to differ significantly between postoperative
alignments within the varus preoperative group, with consid-
erably more relative resorption in alignments towards valgus
[40]. Densification in the distal region, underneath a central
implant stem, was found to be related to postoperative varus
alignment in uncemented implants according to Small et al.
[9]. This correlation was not found in cemented implants,
and no preoperative alignment was reported.

Although osteoarthritis (OA), the most common indica-
tion of TKA, was reported to be related to increased consti-
tutional varus angles [43] and higher medial proximal pre-
operative BMD [44], no significant differences in density
changes were found based on OA severity or TKA indica-
tion, respectively [35, 36].

In general, the findings over the studies indicate bone
density to relatively shift towards the ML side which is
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increasingly loaded following postoperative knee alignment,
relative to the preoperative situation. This change in ML
density distribution is typically observed as an increase of
bone loss in the load-decreased side but, in some studies,
was (also) measured as densification in the predominantly
loaded side (Table 2); however, a distribution shift was not
observed over all alignment combinations in the studies,
which could be influenced by implant-related factors.

Preoperative Bone Density

Few studies investigated the effect of preoperative BMD
level on the course of periprosthetic bone density changes,
with varying outcomes. Abu-Rajab et al. did not find a rela-
tionship between relative density changes and preoperative
BMD [10]. Conversely, Li and Nilsson found that a higher
preoperative BMD led to greater relative bone loss [11].
Hvid et al. concluded remodeling to be characterized by
bone resorption in the denser condyle according to preop-
erative alignment, while BMD in the lower density condyle
was constant over 2 years [34].

Body Weight

Higher body weight (BW) evidently leads to greater
mechanical bone loading and, accordingly, has been linked
to higher BMD measurements in non-TKA cohorts [45, 46].
Meanwhile, obesity has been associated with lower bone
metabolism through different biochemical pathways [47],
which could account for the lower rates of bone formation
observed in obese postmenopausal women [48]. The same
biochemical effects could play an important role in a two-
fold increased risk of revision surgery due to tibial aseptic
loosening encountered in TKA patients with a BMI greater
than 35 kg/mz, regardless of knee alignment or age [49].

Several radiographic TKA studies failed to find a correla-
tion between initial BMD values and BW or BMI [13, 34].
Interestingly, BW does seem to affect mid- to long-term bone
density after TKA. Hvid et al. found a positive correlation
between body weight index and BMD after 2 years [34]. Ishii
et al. found that higher weight was associated with denser
proximal tibiae more than 5 years after bilateral TKA [32],
and higher lateral density in a study by Soininvaara et al.
[35]. Small et al. only found this significant relation between
BMI and relative density changes in cemented implants, but
not in the uncemented fixation group [9].

Activity Level
The effect of subject activity on bone quality has been dem-
onstrated in a number of bone density studies involving non-

TKA population groups. Physical exercise had been found
to positively affect general bone density in older adults and
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postmenopausal women, respectively [50, 51]. Reduced
activity, on the other hand, has been associated with bone
loss, as observed by Leblanc et al. following 17 weeks of
bed rest [52]. In turn, also quadricep muscle strength has
been demonstrated to correlate with BMD in the proximal
tibia in both in asymptomatic men and women, respectively
[53, 54]. However, similar effect of activity on BMD has not
been demonstrated in bone density changes following TKA.
Levels of activity and quadriceps strength have not been
found to have a significant effect on periprosthetic BMD in
different TKA studies [32, 34]. The reason behind this devi-
ating finding could be that effect of confined physiological
loading is relatively small in comparison to effects of typi-
cal postoperative disuse and operation-induced bone loss,
as put forward by Soininvaara et al. [35]. Bohr and Lundt
concluded that reported postoperative BMD increase was the
result of activity and weight-bearing due to improved func-
tion, based on the observation of a normal walking ability
in all patients after 3 months, but no activity measures were
used in this study [26].

Discussion

Implant stiffness and geometry were found to be implant-
related factors that have a significant impact on the course of
tibial density over postoperative time. Greater implant stiff-
ness leads to increased stress shielding, as higher material
stiffness and increased baseplate thickness were both gener-
ally found to cause greater bone resorption. Geometry of the
implant fixation features also affected density distributions,
with a large cylindrical central stem displaying increased
proximal and medial bone loss then multiple short pegs or a
cruciform stem, respectively. No general differences in bone
density were found due to fixation method, bearing type, or
PCL retention.

Most of the reviewed patient-related factors were also not
found to have a significant effect on postoperative density
changes in the majority of relevant studies. Although age,
sex, BW, and physical activity were found to affect tibial
density in general non-TKA populations, their impact on the
course of implant-induced remodeling was not demonstrated
in most studies. Based on the consistency of conclusions in
studies which did manage to find an effect of either of these
factors, it can be assumed that increased age [9, 32], higher
preoperative BMD [12], and lower subject BW [9, 32, 34,
35] at time of surgery were all associated with increased
bone loss after TKA. These findings seem contradictory,
since high preoperative BMD has been typically associated
with younger [33] and heavier [45, 46] subjects, but this
might indicate that different underlying factors play a role
in related bone loss.

Knee alignment was the only patient-related factor which
was consistently found to affect postoperative bone density
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distributions over multiple studies (Table 2). Postoperative
varus alignment or correction towards varus (in case preop-
erative alignment was considered) typically led to relatively
greater lateral bone loss, while valgus (corrected) implanted
knees were associated with more relative bone loss on the
medial side. This corresponds with computational remod-
eling outcome over a population of tibiae, in which increased
medial bone loss is found systematically in neutral mechani-
cal implant alignment over kinematic varus implant align-
ment simulations in constitutional varus native knees [55].

Clinical Guideline Recommendations

The clinical findings provide an overview of the effects of
different factors on the course of tibial bone density over
time. However, since each study used a unique study design,
by using different combinations of baseline definitions,
imaging techniques, ROIs, and follow-up time points, a
direct comparison between reported data of different stud-
ies is not possible. In addition, several studies claiming to
investigate the effect of a single implant-related factor were
also found to vary other mechanical factors [14, 22, 23, 25].
There is also a large discrepancy between reported implant-
and subject-related measures over the studies; most studies
do not report data on important patient- and implant-related
factors which are out of the scope of their research ques-
tion, such as knee alignment and implant stiffness, even
though these factors have been demonstrated to influence
the postoperative tibial density distribution [14, 21, 22, 35,
36, 40—42]. Other factors known to influence general bone
density, such as nutrition and medication, are not reported in
any of the considered clinical densitometry studies.

In order to study the effect of a single TKA parameter on
clinical bone remodeling, an in vivo experiment should be
conducted with as little variation in other factors as possible.
A clinical guideline could aid in considering and reporting
of relevant implant-, surgery-, and patient-data and outcome
measures, to prevent overlooked conflicting parameter vari-
ations in future studies. Another important benefit of such a
general guideline is the potential to enable comparison over
multiple studies between the effects of different mechanical
factors, by defining additional consistent guidelines regard-
ing study design, covering baseline measurements, follow-up
time points, and ROI definitions, based on findings in cur-
rent clinical studies.

Baseline Measurements

Various different baseline definitions have been used over
the considered studies as a reference for tibial density
changes over time. Most studies used the first postop-
erative density measure as the baseline value; the time

point of this postoperative baseline measurement ranged
from within the first 5 days [25] to as far as 1 year after
operation [24]. Alternatively, other studies used preopera-
tively measured BMD as baseline [15, 21], or related bone
changes to density in the unoperated contralateral knee at
the same point in time [10, 18, 19]. All of these defini-
tions are appropriate for studying bone density changes,
but each has its characteristic advantages and disadvan-
tages as explicated in Table 3.

Based on the advantages and disadvantages of each
baseline method, we would recommend using a postop-
erative measurement within the first week after surgery, as
a baseline for bone density measurements. Following this
recommendation, effects of potential bone damage dur-
ing surgery do not interfere with stress shielding-induced
remodeling, and ROIs can be accurately reproduced based
on the achieved implant position. A time span of 1 week
from surgery is chosen as the recommended time frame
for the baseline measurement to take place, to minimize
remodeling effects before baseline, while ensuring it is
clinically feasible to meet the recommendation for all
subjects.

The number of included subjects ranged from 9 [26] to
309 [23] over the considered studies. We would recom-
mend performing a power analysis before each study to
determine the number of subjects needed to answer the
research question, taking a possible loss to follow-up into
account.

Follow-up Time Points

In line with the observations of baseline measurement time
points, there is a large variation in follow-up time points
found over the clinical studies. Total follow-up of the studies
ranged from 1 year [35] to 10 years [9], with also a variety
of different interval time points.

Single-photon emission CT (SPECT) uptake suggested
implant-induced bone remodeling to only take place within
the 2 two years after uncomplicated TKA, since the leveling
of measured SPECT uptake in the second year indicated that
bone metabolic activity was stable and a new equilibrium
in bone turnover had been reached [56]. Since all sixteen
subjects in this study did not show any clinical complica-
tions within the 2-year follow-up, cases with more extensive
periprosthetic bone changes might take longer for this bal-
ance to be reached.

Ongoing bone density changes after 2 years were
observed by other studies using DEXA [24, 40, 41], DRD
[9, 22], and DPA [36]. These studies were consistent in their
finding that most of the bone changes took place between the
initial measurement intervals within the first 2 years; except
for the studies of Petersen et al. and Levitz et al., which
reported a large contribution of BMD changes at follow-up
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Table 3 Overview of advantages and disadvantages of the three baseline references found over the densitometry studies

Baseline reference Advantages

Disadvantages

Contralateral tibia
decline

Preoperative measurement

Initial postoperative measurement Implant as spatial reference for ROI definition

No effect of surgery-related bone damage on remod-

eling outcome

Normalization for age- and activity-related BMD

No additional clinical visits required

Only possible in unilateral TK A—contralateral TKA
during follow-up leads to costly exclusion

Assumption of tibial symmetry in terms of geometry
and density—more symmetrical knees are more
likely to receive bilateral TKA

Contralateral BMD changes due to progressing osteo-
arthritis skew implant-induced effects

Twice as much measurements—more time consuming
and accumulation of observational errors and radia-
tion exposure

Implant position not available as spatial reference for
ROI definition

Absolute BMD measurements are required—not
possible using cost-effective DRD

Implant position not available as spatial reference for
ROI definition

Bone density outcome includes possible surgery-
related bone loss

Baseline measurement might require additional visit
to clinic

Remodeling already in progress before baseline
measurement

in the third year and somewhere between 1 and 8 years,
respectively [36, 41]. Ongoing long-term bone remodeling
is likely to be caused more by systemic bone changes due to
aging and physical activity over time, than by periprosthetic
stress shielding, although no study was found including con-
tralateral measurements over multiple follow-up time points.
Based on the current studies, we would recommend to use
a follow-up of at least 3 years and measure subjects after 3,
6, and 12 months, and each subsequent year from then on
until follow-up, in addition to the recommended baseline
measurement in the first week.

Imaging Technique

Tibial bone changes after TKA have been evaluated over the
studies using four different imaging techniques. The most
commonly used technique was DEXA, three studies have
been found using DPA [26, 36, 41], two studies used DRD
[9, 22], and two other studies made use of QCT [25, 34].
DEXA was concluded to be a reliable and precise standard
for BMD measurements in the proximal tibia, with reproduc-
ibility errors between three consecutive scans, including repo-
sitioning, within 2.2% in any of three local regions [6]. DPA
proved to be an alternative to DEXA in term of precision,
with a coefficient of variation of 3% in the proximal tibia [57],
but typically has lower spatial resolution, greater radiation
exposure, and prolonged scan times compared to DEXA [58].
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DRD is based on conventional radiographs and is, therefore,
a cheaper alternative to DEXA. The technique was concluded to
be a reliable replacement of DEXA in measuring relative density
changes over time [8]. Disadvantages of the use of DRD are that
it is not able to measure absolute BMD values, and the density
normalization using intensity of the metal implant makes it not
suitable for use in preoperative scans and all-poly implants.

QCT is the only three-dimensional imaging technique that
is being used, enabling volumetric analysis of bone density.
Reilly et al. concluded that QCT is reproducible in measuring
BMD changes between different observers [7]. Downsides
of QCT osteodensitometry are that it requires a higher radia-
tion exposure than DEXA; measurements and analyses are
more costly and time-consuming, and artifact reduction in
case of metallic components introduces additional variability
[59]. The use of QCT is therefore only recommended in cases
where it is relevant to determine bone density changes at loca-
tions that cannot be measured using one or two DEXA pro-
jections, such as bone-specific cortical or trabecular regions.

It is important to be aware that measured absolute BMD
values can vary between different imaging techniques,
but also between different scanners using the same image
modality [60], due to differences in hardware components,
calibration, internal software processing, and measurement
settings. We therefore recommend using a single system
over all subjects and time points within a study. Due to the
potential interference of scanner types, comparisons between
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different studies based on relative bone density changes over
time are more reliable.

Regions of Interest

Each of the studies used different ROIs to study bone density
in local areas of the proximal tibia. The number of ROIs
ranged from just a single area [21-23, 32] to as much as 14
in QCT studies [25]. Definitions of ROIs differed greatly
between studies. Most commonly, surface areas in anter-
oposterior (AP) projections were used, with one or more
separate ROIs underneath the medial and lateral condyle,
sometimes added with regions from ML projections. Dif-
ferent volumetric ROIs were used by studies based on QCT
scans [25, 34], since this was the only three-dimensional
imaging modality used.

Recommended ROIs should meet a few requirements
to enable direct and reliable comparison between differ-
ent studies, as a tibial alternative to the widely used Gruen
zones in periprosthetic femoral hip remodeling [61]. Firstly,
to enable consistent ROI definitions over all image modali-
ties, the regions should be defined following a projected
2D view. This would require reconstruction from a fixed
viewpoint in case of three-dimensional QCT imaging. Sec-
ondly, for the regional image intensities to accurately reflect
associated bone densities, ROIs should not comprise bone
cement pockets or metallic scattering following any of the
modalities, meaning that the regional borders should not be
defined too close to the implant interface. And, lastly, ROI
locations should be accurately reproducible over all differ-
ent tray designs, so they should not be defined based on the
position of a central keel tip or fixation pegs. Given these
requirements, it makes sense to define ROIs in the AP view
of the proximal tibia. Regional medial and lateral densities
following this viewpoint were found to be dependent on knee
alignment according to multiple studies [11, 12, 35, 40], and
the most clinical concern regarding tibial bone remodeling
has been raised around medial tibial bone loss [3, 62].

Potential guideline ROIs have been used by the stud-
ies of Lonner et al. [19] and Minoda et al. [14], since they
have applied consistent ROIs over multiple distinct implant
designs. Lonner et al. had adopted the ROI definitions as
used by Levitz et al. [36], which prescribed to use densi-
ties at coordinates medial and lateral directly underneath
the baseplate, directly distal to the central keel tip, and 4 cm
distal from the keel tip of the central stem implant. These
four coordinates were positioned by Lonner et al. in such a
way to not interfere with the fixation pegs or central stem in
either of the two studied implant designs. Such ROI adjust-
ment is not possible when comparing implants over multiple
studies, and prescribed placement close to the baseplate and
tip of a central keel makes it unsuitable to use in a clinical
guideline due to the related dependency on implant design

and possible implant scattering. The ROI definitions in the
study of Minoda et al. are most suited to be recommended in
a general clinical guideline, as ROI placement is irrespective
of design features and at a distance from the implant base-
plate (Fig. 2) [14]. Medial and lateral regions were defined
1 cm distal to the baseplate within the cortices of the proxi-
mal tibia, and the distal region was 4 cm distal from the
center of the tibial baseplate. Each of the regions covered a
square surface area of 1 cm?. Examination of all common
primary tibial implant designs could determine whether this
recommendation is feasible for a general guideline, or if it
should be modified to enable use over more implants, by
moving the two proximal ROIs more distally and reducing
the surface area of the ROIs.

Using the implant position as spatial reference in defining
ROIs is generally an accurate and reproducible way to locate
bone regions, but it is important to be aware that excessive
implant migration affects the included spatial bone volume
and should be corrected for to compare consistent tibial
regions over time.

Data Reporting

For an overview of the different mechanical factors playing
arole in periprosthetic density changes, it would be strongly
recommendable to report information on all implant-, subject-
and surgery-related factors discussed in this review. Regarding
each tibial tray used in the study, this includes the implant
system and size, fixation type, stiffness (in terms of material,

Regions of interest

wo 4

[ IMedial ROI
[ lLateral ROI
Distal ROI

Fig.2 Schematic AP view of ROI recommendations, following the
definitions of Minoda et al. [14]. Further examination of current
implant designs could lead to adjustment of the indicated reference
distance measures, to make the recommended ROIs more generally
applicable over different implants
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Table 4 Overview of clinical guideline recommendations

Study design aspect Recommendations

Baseline measurement <1 week postoperatively
Follow-up time points
Imaging technique

no access to DEXA is possible

Regions of interest
optional

Data reporting Implant:

Subject data:

Postoperative care:

Measurements:

3, 6 months, 1, 2, 3 years postoperatively. Annual measurements in case of additional follow-up

Use of DEXA preferred. QCT only in case of study-specific volumetric ROIs. DRD is an unfavored alternative when

3 AP ROIs based on ROI definitions of Minoda et al. [14]: medial, lateral, and distal. Additional study-specific ROIs

Name, size, material, baseplate thickness, fixation features,
bearing type, PCL retention

Age, sex, indication, BW, BMI, knee alignment pre- and
postoperatively, optional activity levels. Number of sub-
jects to be based on study-specific power analysis

Prescribed medication, rehabilitation program, patient
instructions

Imaging technique, scanner name and settings, ROI defini-

tions, absolute and relative BMD values at baseline, and
follow-up time points

baseplate thickness, and keel geometry), bearing type, and
PCL retention. For subject data, this involves age, sex, con-
dition, BW, BMI, pre- and postoperative knee alignments,
and, if available, measured activity levels. Besides enabling a
complete comparison between factors over different studies,
considering all of these factors in the study design also makes
researchers aware of any unintended (implant-related) factors
that may interfere with answering a specific research ques-
tion, as was found to be the case in different reported studies
[14, 22, 23, 25]. Clearly, not only the considered mechanical
factors play a role in the course of postoperative bone remod-
eling, results between different patients and clinics may also
largely differ due to varying success of surgical outcome, and
differences in postoperative care, such as prescribed medica-
tion or rehabilitation program. It is therefore also advised to
provide relevant information on the postoperative treatment
plan and patient instructions.

Measurement results should be reported as completely as
possible, including bone density values and optional activ-
ity measurements at all baseline and follow-up time points,
in absolute and relative terms. Logically, it must be stated
which imaging technique was used to obtain the bone den-
sities, and sufficient details on how similar measurements
could be reproduced, including name and relevant settings
of the scanner, and accurate ROI definitions.

Conclusions

A general consensus on study design of future radiographic
studies should enable reliable comparison between the effects
of different TKA-related factors on postoperative bone density
changes, which is currently not possible due to large variations
in the design of available tibial densitometry studies. Based
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on reviewed studies, we proposed a guideline (Table 4), sug-
gesting baseline and follow-up measurements using DEXA
in the first postoperative week, and at 3 and 6 months and
each consecutive year for at least 3 years, respectively, the
use of three standardized ROIs, and adequate reporting of
all relevant implant-, subject-, and surgery-related study data.
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