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Chapter 1

INTRODUCTION

I N T RO D U C TION

Background
Total knee arthroplasty (TKA) is a surgical procedure performed to treat the
degenerated knee joint, typically due to advanced osteoarthritis (OA) or
rheumatoid arthritis. During TKA, the damaged articular surfaces of the femur
and tibia are replaced by prosthetic components, as schematically depicted in
Figure 1, to alleviate pain and improve joint function, mobility, and health-related
quality of life 1.
TKA has been widely established as a highly successful treatment, with recent
15-year survival rates exceeding 90% 2,3. Demand of TKA has risen in the last
decades and is projected to continue to increase in the near future 4–6, driven
by an aging population, higher incidences of risk factors such as obesity and
OA, and a greater number of younger patients undergoing TKA 4. The relative
number of revision TKA (rTKA) surgeries, performed after failure of TKA, is
expected to increase even more rapidly, due to lower success rates in younger
patients (<55 years old) 7, and increased failure rates of revision implants 8.
Furthermore, rTKA procedures place a higher burden on economic and health
care systems than primary TKAs, due to longer times of surgery and stay, more
expensive prostheses, and higher rates of (severe) complications 8. A recent
study using comprehensive nationwide data from Germany projected the
increase in annual numbers of procedures from 2020 to 2050 to be around 43%
for primary TKAs and almost 90% for rTKAs, leading up to an incidence rate of
299 and 62.7 surgeries per 100.000 inhabitants per year, respectively, in 2050 4.
Predicted trends are similar in other industrialized countries 5,6,9–11, which will put
a tremendous strain on health care systems worldwide.
One of the ways to restrain the future burden involved with TKA procedures is
to decrease the number of revision surgeries needed, by reducing complication
rates of primary TKA. Over the last decades, significant improvements have
been made to prevent catastrophic wear of the polyethylene (PE) tibial insert.
While PE wear was the primary cause of TKA failure between 1997 and 2000
(25.0%) 12, it accounted for only 3.5% of all revision surgeries performed between
2003 and 2012 13, according to retrospective reviews of all rTKAs performed
at a single orthopedic institution. This reduction is most likely the result of the
successful development of increasingly wear resistant PE 14. The most common
indications for rTKA nowadays are aseptic loosening and infection, both
accounting for more than 20% of first revision procedures, according to the 2020
annual reports of the Australian and Swedish knee replacement registries 15,16.
Other common indications for revision of primary TKA include instability (8.5%)
9
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and periprosthetic fracture (3.1%) 15. This thesis focuses on mechanical factors
in failure of primary TKA, in order to identify underlying risk factors in significant
short- and long-term TKA failure modes, using computational and experimental
methods.

Implant types
Different implant types are available in order to achieve a successful TKA outcome.
The choice of implant type usually depends on the surgeon’s considerations
based on personal preferences and patient characteristics. A distinction can be
made between three different categories of common implant types (excluding
patellar options): fixation type (cementation), posterior cruciate ligament (PCL)
retention, and implant bearing type. Options in individual components related to
these implant types are indicated in Figure 1.
Femoral and tibial TKA components can be fixed to the bone using either a
cemented fixation or a cementless (uncemented) press fit fixation. Traditionally,
the femoral and tibial components are fixed to the bone by applying a layer of
bone cement (polymethylmethacrylate [PMMA]) at the implant−bone interface.
Alternatively, cementless components can be fixed by creating an interference fit
(press fit) between the bone and implant together with the use of a high friction
coating on the interface surface of the implant, which eventually allows for local
bone ingrowth (osseointegration). In case only the tibial or femoral component
is fixed using bone cement, it is indicated as hybrid fixation. Since a hybrid
fixation typically involves a cementless femoral component in combination
with a cemented tibial tray in the vast majority of the cases, a hybrid fixation
with a cemented femoral component is sometimes indicated as inverse hybrid
17
. Cemented TKA is still the most commonly used fixation method, but rates
of cementless and hybrid fixations vary a lot between different countries and
patient age groups, with increasing rates of cementless fixation used in younger
patients 3,15,16. Although cementless implants had a higher incidence of early
loosening than cemented components, the risk of aseptic loosening after more
than two years was lower in cementless fixation, according to a meta-analysis
of Nakama et al. 18.
The surgeon’s decision on PCL retention affects the choice in femoral component
and tibial insert, resulting in either a cruciate retaining (CR) or posterior stabilized
(PS) (sometimes referred to as cruciate sacrificing) implant. In CR implants, the
preserved PCL is still (partially) responsible for the anteroposterior (AP) stability.
The function of the PCL in AP stability is replaced in PS implants by the passive
10
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post−cam mechanism, in which AP movement is contained by the addition of a
femoral posterior cam and tibial post (Figure 1). CR implants are used in most of
the cases in which the PCL is still intact prior to TKA; CR implants were placed in
72% and 92% of all primary TKA procedures in 2019, in Australia and Sweden,
respectively 15,16. No clinical differences due to PCL retention have been found
in a systematic review of seventeen randomized controlled trials; however, a
higher range of motion and higher functional knee score were reported in the PS
implant group 19.
Lastly, a distinction in implant types can be made based on constraints between
the tibial insert and tray. A rotating platform (RP) (alternatively called mobile
bearing) implant provides a single degree of freedom by allowing internal/external
rotation at the interface between the insert and baseplate, while no movement is
intended to take place between tibial components in a fixed bearing (FB) implant.
FB implants have been used in 80.7% of all primary TKAs in Australia between
1999 and 2020, and have a lower revision rate in the first seven years; after
this time, the rate of revision is lower in RP implants 15. No structural differences
in functional and clinical outcomes have been found to be directly related to
bearing type 20.

Figure 1. Schematic overview of the different components of a total knee implant, including various options in
implant (fixation) types.
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Primary stability
Primary stability in cementless components is the fixation achieved by the press
fit and friction between bone and implant, before additional secondary stability is
achieved by bone ingrowth in case of sufficient initial fixation. This initial fixation
can be quantified by measuring micromotions between the bone and implant
under loading. Different experimental studies have suggested that micromotions
up to ~28−40 μm facilitate subsequent bone ingrowth 21–23. Micromotions greater
than 150 μm lead to implant−bone connectivity by the formation of a fibrous
tissue layer at the implant−bone interface 21,22, but bone ingrowth was concluded
to provide much more stability for long-term implant fixation 22. Another measure
to experimentally assess primary implant fixation is the push-off force required
to remove the implant from the bone, with more stable components requiring
increased force to be pushed off 24.
The achieved primary stability is influenced by many different factors, including
implant type and design, related implant loading, properties of the interface
surface coating, intended and resulting interference fit, bone density and
geometry, and bone cut accuracy 24–27. In Chapter 2, the primary stability of
two different cementless PS femoral components is assessed experimentally by
measuring micromotions and push-off forces in six cadaveric femur pairs.

Long-term outcome
The long-term outcome of TKA is dependent on the achieved initial stability and
the effects of prolonged use. The influence of extensive implant use on longterm outcome is clinically observed in the difference between early and late
TKA failure mechanisms, since different studies reported a change in common
etiologies of primary TKA failure between early and late revision surgeries 12,13,28.
Aseptic loosening accounted for 22.8% of the revision surgeries needed within
two years after primary TKA, while it was the reason for 51.4% of the primary
revisions after more than two years, at a single institution between 2003 and
2012 13. On the other hand, periprosthetic bone fracture was a common TKA
failure mechanism which was a more frequent etiology in revisions within the first
two years than in late revisions 12,13.
One of the underlying mechanisms which could explain the increase of aseptic
loosening as etiology of TKA revision over postoperative time is periprosthetic
bone remodeling, as a result of stress shielding and change in knee alignment.
Due to the alteration of stress distribution in the bone, by the introduction of a
metallic implant and change in physiological loading, bone will adapt to the new
12
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situation over time following Wolff’s law 29. Although stress shielding typically
leads to lower overall bone stresses and a subsequent reduction in total bone
mineral density (BMD) 30, a local increase in bone stress can arise, resulting in
local bone formation and possibly periprosthetic fracture 31. Bone overloading
is more likely to occur before bone has fully adapted to the postoperative
situation, which is in line with the observations that periprosthetic fractures are
more frequent in early revisions 12,13. In contrast, extensive bone resorption
due to prolonged remodeling might lead to aseptic loosening 32, which is the
most common indication for late revision 12,13,28. To identify the clinical impact of
mechanical factors on postoperative bone loss, Chapter 3 provides a narrative
review on the influence of different implant-, patient-, and surgery-related factors
on postoperative tibial BMD changes.
An alternative way to assess stress shielding is through the use of computational
simulations. This approach is very well suited for studying the effect of a single
factor in strain distributions and related bone remodeling, since all other factors
can be kept constant, which is not possible clinically within and between different
subjects. In current computational tibial studies, the influence of separate
factors, such as cementation, implant material and alignment, on tibial strain
distributions are studied in order to assess stress shielding 33–37. Few studies
related local strain differences to tibial bone density changes 38,39, using strainadaptive remodeling theories in accordance with Wolff’s law 29. These studies
have been performed using single bone models, since setting up and analyzing
patient-specific computational simulations typically is a labor-intensive task.
However, single-patient outcomes may not be representative of a general
population. Therefore, a software workflow was set up to fully automate the
process of computational model creation from clinical CT scans; this workflow
was used to assess the effect of knee alignment on simulated bone remodeling
over two postoperative years in a population of 47 different subjects in Chapter
4. Because the applied bone remodeling theories have been established and
refined based on femoral density changes following total hip replacement 40,41,
but to our knowledge have not been validated before against clinical outcome in
the tibia, a second population study was performed in Chapter 5. In this chapter,
the computational tibial remodeling outcome in a different population of 26 tibiae
over a postoperative time of more than ten years was compared to postoperative
density changes measured in patient DEXA scans in a longitudinal clinical study
of a similar population 42–44.

13
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In summary, this thesis covers a range of different biomechanical aspects related
to short- and long-term implant fixation of tibial and femoral components in TKA,
using a variety of research methods: experimental testing, literature review, and
computational modeling.
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Chapter 2

EXPERIMENTAL MEASUREMENTS OF
FEMORAL PRIMARY STABILITY IN TWO
CEMENTLESS POSTERIOR-STABILIZED
KNEE REPLACEMENT IMPLANTS
Thomas Anijs, David Wolfson, Alasdair Mercer, Mick Rock, Nico Verdonschot,
Dennis Janssen
Med. Eng. Phys., vol. 99, no. June 2021, p. 103734, 2022.

E XP E RI M EN TAL

M EASUREMENTS

Abstract
Sufficient primary stability through interference fit is required for bone ingrowth
and subsequent long-term fixation of cementless knee replacement implants,
and can be evaluated in experimental testing. In this study, primary stability
of a novel posterior-stabilized (PS) femoral component (Attune PS) and a
contemporary PS component (Triathlon PS) were analyzed, and compared to
previous outcomes of cruciate-retaining (CR) implants. Potential bone ingrowth
was evaluated by measuring micromotions over the implant−bone interface
in six cadaveric femur pairs under two loading conditions using digital image
correlation, for a paired comparison of the PS implants. Push-off forces required
to achieve implant removal under high-flexion were determined as a measure of
implant fixation. Achieved interference fit was determined by reconstructing the
implant positions through use of separate implant and resected bone geometries.
Lower overall micromotions and a higher average push-off force were measured
in the Attune PS implant, indicating increased initial fixation compared to the
Triathlon PS design. Interference fit was significantly higher for the Attune PS
and was related to lower gait micromotions in Triathlon and overall PS groups.
Based on reported clinical results and the comparison with available CR implant
results, both PS implants are expected to provide sufficient initial clinical stability.
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1. Introduction
An adequate primary fixation is a prerequisite for osseointegration and longterm survival of cementless total knee arthroplasty (TKA) implants. The primary
stability of cementless implants is achieved by interference fit (IF) (press fit)
between bone and implant, and can be assessed through the analysis of
micromotions at the interface. Several studies have investigated micromotions
at the interface between implant and bone, where typically a reconstruction is
prepared on human cadaver bones, and micromotions are measured under loads
simulating activities of daily living 1–3. Experimental studies have suggested bone
ingrowth to occur up to micromotions of 28, 34 or 40 μm 4–6, while micromotions
greater than 150 μm lead to the formation of a fibrous tissue layer at the interface
4,5
, leading to inferior stability 5. A different measure to assess primary implant
fixation is the push-off force required to remove the implant from the bone, with
more stable components requiring increased force to be pushed off 7.
In the current experimental human cadaver study, the primary stability of the
relatively new Attune posterior-stabilized (PS) femoral component (DePuy
Synthes, Warsaw, IN, USA) was evaluated, by comparing intrasubject
micromotions and push-off forces with the contemporary Triathlon PS implant
design (Stryker, Kalamazoo, MI, USA), and to available test results of different
cruciate-retaining (CR) implants 7–9. Cementless femoral components are used in
cementless and hybrid (cemented tibial component) TKA fixations, accounting for
12.3% and 19.1% of TKA procedures performed in the UK in 2019, respectively
10
. No differences in clinical outcomes between the cemented and cementless
versions of the Triathlon implant were reported 11. Difference in primary stability
between different cementless implants can be caused by implant characteristics
such as IF 12, interface surface morphology 8,13, and implant geometry and related
loading profiles 14. Therefore, loading profiles were applied that were specific to
the implant design. To study the effect of IF on primary stability, the achieved
interference fit of each specimen is determined in terms of contact surface and
overlap volume, through the use of geometrical models of the separate and
implanted components, and resected bones, obtained using optical scans and
CT scans, respectively.
It was hypothesized that increased IF is related to greater primary stability
outcome within and between implant groups, in line with a study suggesting
maximum stability to be achieved for the highest possible implantation force
regardless of bone damage 15. Since low micromotions and high push-off forces
are both considered indicators of successful primary stability, it was expected
24
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that micromotion and push-off values are negatively correlated to each other.
The goal of this study was to evaluate the primary stability of two PS components
through experimental testing and to investigate the effect of IF on stability
outcome.

2. Materials and Methods

2

2.1. Implantation
The two designs of cementless cobalt-chromium PS femoral components were
implanted by two experienced orthopedic surgeons (HL and HJN) on six pairs of
cadaveric femora. The subject characteristics of the specimens are indicated in
Table 1. On the right-sided femur of each pair, a size 5 Attune PS implant was
implanted, while a Triathlon PS implant in the corresponding size 4 was placed
on all left femora. Both implant sizes are designed for use in medium sized
femora, and are comparable in terms of mediolateral (ML) dimensions according
to manufacturer specifications (Attune: 66.5 mm, Triathlon: 68 mm); size
numbering of both implants is not consistent since both systems use a different
size chart. Cadaveric bone pairs were selected based on planned implant size,
determined using implant templates on same scale ML and anteroposterior (AP)
X-rays, to match the used medium implant size of both knee systems. The distal
femora were prepared by removing all surrounding soft tissue, and were stored
at −18° C when not used. All preparations and experiments were performed
with the specimens entirely at room temperature. A femoral sizer was used to
measure the actual size of the bones during implantation. The implants were
aligned consistently over both sides using a distal resection of 10 mm, and 5
degrees of valgus with respect to the anatomical axis and 3 degrees of external
rotation relative to the posterior condyles were adopted following mechanical
TKA alignment 16,17. Bone cuts were made following the implant-specific cutting
guides, and surgical procedures followed the guidelines of the corresponding
system.
Table 1. Subject characteristics indicated by mean (range).
Number of subjects
[male/female]

Age (years)

Body weight
(kg)

Height (cm)

Body mass index
(kg/m2)

6 [4/2]

55 (48–62)

93 (45–122)

177 (160–188)

30 (17–36)
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2.2. Bone quality
Hounsfield units of the CT scans were converted to bone mineral density (BMD)
values using a solid calibration phantom (Image Analysis, Columbia, KY, USA),
containing four known concentrations of calcium hydroxyapatite (0, 50, 100
and 200 mg/cm3), which was scanned along the prepared femora. The bone
quality of each specimen was represented by the average BMD over three
volumetric regions of interest (ROIs) defined in the anterior region and both
posterior condyles, respectively, following definitions in line with similar previous
experimental implant studies 7,8.

2.3. Micromotions
2.3.1. Loading conditions
Previous analyses of joint load transfer from femur to tibia have indicated that
the joint kinematics and contact forces depend on the specific implant design 14.
Therefore, in order to ensure a relevant comparison between the two different
implant designs, the loading conditions were based on implant-specific load
cases derived from inverse kinematics analyses 14. Peak tibiofemoral (TF) forces
of a gait cycle and deep knee bend (DKB) were applied during the experiments,
incorporating the corresponding flexion angles and mediolateral (ML)
distributions. Numerical values of the used implant-specific loading conditions
are indicated in Table 2. Although peak loading was reached at flexion angles
of 99 degrees in the DKB load cases of both implants, these peak loads were
applied at a 90-degree angle due to constraints in the experimental setup.
Desired ML load distributions were obtained by mounting the implant-specific
tibial inserts to the load applicator at a certain ML distance from the applied
center of pressure. The prepared femora were proximally cut to length, and fixed
in a metal pot using bone cement, such that the length from the distal resection
to proximal fixation was about 75 mm. The joint contact loads were applied onto
the implants by adopting the flexion angles through the proximal fixation, and
position the components directly underneath the tibial inserts, as shown in the
experimental setups of Figure 1, and in the schematic depiction in Figure 2. The
specimens were preconditioned using the peak loading profiles at a frequency
of 1 Hz for a duration of 15 minutes, followed by a minimum relaxation period of
15 minutes, to allow the implant to fully settle onto the bone and minimize the
effect of additional loading cycles on micromotion outcome before performing the
measurements. During the measurements, forces were gradually increased at a
rate of 100 N/s until the peak contact force was reached. In the DKB setup, only
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50% of the peak force value was applied, since a previous experimental study
reported bone fracturing when applying the total peak force in a similar setup 7.
Preconditioning and measurements of all specimens were performed using peak
gait loading prior to repeating the procedure following the DKB loading profile.
Three consecutive activity loading cycles were applied during micromotion
measurements, to account for variability in outcome between repetitive load
cycles.

Figure 1. Images of the experimental micromotion setups following gait and deep knee bend loading profiles, and of
the total setup including camera and load applicator, respectively.

Figure 2. Schematic medial view of the experimental setups used for micromotion measurements following gait (left)
and DKB (right) loading conditions.
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Table 2. Numerical values of implant-specific peak TF contact conditions during gait and DKB activity loading
cycles, including the fraction of the indicated peak forces applied during testing, as derived from inverse kinematics
analyses using TF knee joint loads 14,18.
Loading condition

Implant

Peak TF contact
force (N)

Applied force (%)

ML load
distribution
(medial–lateral %)

Flexion angle (°)

Gait

Attune PS

2295

100

55–45

16

Triathlon PS

2223

100

56–44

16

Attune PS

2159

50

23–77

90

Triathlon PS

2097

50

30–70

90

Deep knee
bend

2.3.2. Measurements
Bone–implant micromotions were measured following three consecutive loading
cycles, in nine different regions of interest (ROIs), using digital image correlation
(DIC) to track displacements 19. The locations of the nine ROIs are indicated
in Figure 3, and consisted of: the anterior view of the tip of the anterior flange
(Ant); the medial and lateral condyles from the posterior view (PM, PL); and the
anterior, distal, and posterior faces from the medial (MA, MD, MP) and lateral
(LA, LD, LP) views. ROIs of the anterior and posterior views were excluded in
DKB loading due to considerable bending of the bone, and an obstructed field
of view, respectively.
To be able to accurately correlate the images of the unloaded and loaded
interface, sufficient distinctive features were provided on the bone and implant
surfaces by means of a randomized speckle pattern, which was applied to the
cleaned specimens using aerosol paint, covering their entire surface with black
speckles on a white undercoat (Figure 4a). An additional calibration image,
containing a flat object with known width present at the level of the interface,
was taken right before capturing the interface images following load application.
A resolution of ~7 µm/pixel was obtained in all used camera setups.
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Figure 3. Schematic locations of the nine ROIs used for measuring local implant−bone interface micromotions. The
three ROIs indicated in the upper row were only used in the experimental gait setup.

Figure 4. Examples of a) a local implant−bone interface as captured before load application and scaled using a calibration object,
and b) an overlay of interface images taken before and after load application, rotated to differentiate between shear (horizontal axis)
and normal displacements (vertical axis), and spatially referenced following the highest correlation found between speckle patterns
on the implant surface in both images, supplemented with micromotion outcome according to the difference in spatial reference
between DIC of implant and bone surfaces.
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Micromotions were determined using the difference in the displacement between
the implant and bone surfaces established using DIC following the activity loading
conditions. DIC translations were calculated as the spatial difference in highest
cross correlation found in speckle patterns on the separate implant and bone
surfaces between scale calibrated images before and during implant loading
19
, using a custom MATLAB application (MathWorks, Natick, MA, USA). Only
the shear components of the micromotions, parallel to the implant faces, were
considered in ROIs from the medial and lateral views. To differentiate between
shear and normal components of displacement, the images of these ROIs were
individually rotated to level the implant interface. DIC was performed after image
rotation, to accommodate for femoral bending around the distal fixation under
loading, and was applied between the binary images containing the edges of
the speckles detected by the Canny method 20, to make the cross correlation
more robust against changes in image intensities following displacement of the
specimen. Consequently, the absolute difference in horizontal translations of the
implant and bone was considered the resulting shear micromotion; the in-plane
micromotion was defined as the difference in absolute displacement (Figure
4b). In-plane micromotions were considered in the ROIs in anterior and posterior
views, since no shear components can be derived from viewpoints perpendicular
to the implant faces. The numerical results for each specimen were the mean
regional micromotion values established over the three consecutive load
applications.

2.4. Push-off tests
Push-off resistance was measured during implant removal, performed after
micromotion testing. A transverse notch was milled in the posterior condyles of
the implants before implantation, in order to apply a high flexion push-off load,
as depicted in Figure 5. The implant was rotated to a knee flexion angle of 145
degrees relative to the force vector, which was found to be the angle at which
the maximum thigh−calf contact force occurs 21, to simulate an extreme loading
condition acting on PS implants during high flexion. Push-off loads were applied
at a displacement rate of 1 mm/minute, and the considered push-off force was
defined as the maximum force recorded over the test. The end point of the test
was reached after complete implant push-off, or in the event that a bone fracture
occurred prematurely.
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Figure 5. a) A schematic view, and images b) following implant push-off, and c) after bone fracture, of the experimental setup in the high-flexion push-off test.

2.5. Interference fit
Before impaction of the implants, high-resolution CT scans with a voxel size
of 0.35x0.35x0.5 mm were made of the resected bones. Surface models of all
resected specimens were created following CT image segmentation (Mimics,
Materialise, Leuven, Belgium). Optical surface scans were made of the implanted
specimens after the micromotion measurements. The implants retrieved after
push-off were laser scanned following removal of remaining bone tissue. The
bone models and the implant surfaces were registered separately onto the
optical scans of the implanted specimens, by matching corresponding assigned
landmarks and best fit planes of the anterior, distal and combined posterior faces
of the individual parts to the assembled models in Siemens NX 12 (Siemens
Digital Industries Software, Plano, TX, USA). Following the reconstructed implant
seating, the achieved IF was determined in the same software using the surface
and volume overlap of the bone and implant models at the anterior and posterior
implant faces. The contact surface area was defined as the total bone surface
projected to be in contact with the implant faces, while the volume of overlap was
considered to be the space enclosed by the intersections between the implant
faces and resected bone surface.

2.6. Comparison with CR implants
The experimental methods used in this study were largely consistent with
previously published methods in cadaveric testing 7–9, enabling comparison of
primary stability with past studies involving CR implant systems. Micromotions
under implant-specific gait and DKB loading, and high flexion push-off forces
were reported for Attune, LCS and Sigma CR implants (DePuy Synthes, Warsaw,
IN, USA) 7–9. Differences between current test methods and published CR
experiments were that 150 degrees of flexion was adopted for the push-off tests
of the CR implants, which accounts for the difference in range of motion between
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CR and PS implants 22, different CR implant sizes were used over the specimens
7,9
, and 40% and 60% of peak TF loads were applied in the DKB setup of some
CR specimens, respectively 7,9. Bone density of the used specimens is taken
into account to compare test results between different subjects, since a strong
correlation has been found between BMD and experimental outcome 7,8.

3. Results
3.1 Bone quality
Only small differences in the average BMD values of the three ROIs were
encountered within and between femur pairs, and densities were normally
distributed; the mean density values over the left and right specimens were 206
and 202 mg/cm3, respectively, with overall values ranging from 186 to 219 mg/
cm3. No correlation was found between the measured bone quality and any of
the considered primary fixation outcomes or subject characteristics.

3.2. Micromotions
The mean experimental micromotions following the loading conditions remained
below or around the global bone ingrowth threshold of 28−40 μm in most ROIs
for both implants (Figure 6). Since micromotions were not normally distributed
or homogeneous in variance within every ROI, according to the Shapiro–Wilk
test and Levene’s test, respectively, paired t-tests were conducted on logtransformed values. The highest micromotions were measured in the four
posterior ROIs in the Triathlon PS design under gait loading, and exceeded the
ingrowth limit range. Triathlon micromotions in these ROIs were significantly
higher (p<0.05) than corresponding measurements in the Attune PS. The only
other significant regional difference between the two systems was found in the
medial distal ROI, in which Triathlon micromotions were lower (mean: 10.21
μm) compared to corresponding Attune outcome. Average micromotions over all
regions in the gait experiment were significantly higher for the Triathlon implant.
The large range of mean gait micromotions found over the ROIs in the Triathlon
also indicates that micromotions were distributed less evenly over the implant
interface than in the Attune. In the DKB setup, no statistical differences were
found between the two implant designs, and overall micromotion values were
lower than under gait loading.
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Figure 6. Bar graph of micromotions per ROI and averaged over all ROIs, respectively, over the six pairs of cadaveric femora following application of gait (left) and DKB (right) loading conditions, including significant p-values
(p<0.05) according to paired-sample t-tests of the log-transformed results.

3.3. Push-off tests
Push-off forces were found to be significantly higher in the Attune group (p<0.05).
A higher peak force was measured for the Attune implant over the paired
Triathlon implant in five of the six femur pairs, despite four of the six right-sided
femora fractured before complete Attune push-off, marking an early end point of
the test. Push-off occurred prior to fracture in all Triathlon-implanted specimens.
The average push-off force was 942 N higher for the Attune PS. Push-off forces
and bone fractures were found to be related to femur size for the Attune PS, but
not for the Triathlon PS; in the Attune group, smaller bones were more prone
to fracturing and had a lower peak push-off force. No significant relation was
established between fracturing or peak force and the subject’s BMD, age, body
weight or body mass index. The single instance in which a higher push-off force
was measured for the Triathlon implant occurred in the smallest bone pair, where
the force was 50 N lower in the fractured femur (bone pair VI in Figure 7). All of
the bone fractures occurred just proximally of the posterior condyles (Figure 5c).
The push-off forces measured until bone fracture were considered together
with the complete implant push-off forces in the numerical results of Table 3,
in which the Pearson correlation coefficient was determined between push-off
forces and micromotions in all ROIs following both loading conditions. Most
of the significant correlations were found in the ROIs around the posterior
condyles. All of the significant correlation coefficients were negative, indicating
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lower micromotions are related to increased push-off forces. A scatter plot of
the average gait micromotions over all ROIs against push-off forces is shown in
Figure 7. No significant correlation between paired differences in push-off force
and micromotions was found in any ROI.

Figure 7. Scatter plot of the gait micromotions averaged over all ROIs against the significantly related push-off forces, including the least-squares (ls) lines and corresponding Pearson correlation coefficients (* = p<0.05). The cases
in which the femur fractured before implant push-off are circled in black. Bone pairs are indicated by corresponding
Roman numbers of implant data points.
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2700 ± 557

1758 ± 644

2229 ± 756

Attune PS

Triathlon PS

Overall

DKB

Gait

DKB

Gait

DKB

Gait

Loading
condition

0.29

0.11

-0.30

ANT

Micromotions

-0.16

-0.18

-0.47

-0.22

0.38

-0.85*

MA

-0.57

0.22

-0.33

0.59

-0.31

-0.30

LA

Pearson correlation coefficient ρ

-0.25

0.43

-0.16

-0.33

-0.49

0.16

MD

0.01

0.24

-0.26

0.43

0.02

0.52

LD

-0.19

-0.62*

0.08

-0.82*

0.68

-0.49

MP

-0.95*

-0.87*

-0.34

PM

0.10

-0.68*

0.55

-0.26

0.15

0.08

LP

-0.79*

-0.41

-0.44

PL

-0.32

-0.80*

-0.13

-0.65

0.10

-0.87*

Avg.
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Overall

575 ± 562

272 ± 325

Volume of overlap
(mm3)

9 ± 17

Volume of overlap
(mm3)

Contact surface
area (mm2)

58 ± 77

Volume of overlap
(mm3)

Contact surface
area (mm2)

535 ± 257

Contact surface
area (mm2)

Attune PS

Triathlon PS

1092 ± 216

Interference fit
measure (unit)

Implant

Value
(mean
±SD)

DKB

Gait

DKB

Gait

DKB

Gait

DKB

Gait

DKB

Gait

DKB

Gait

Loading
condition

0.38

0.26

-0.60

-0.68

0.73

0.57

ANT

Micromotions

0.01

0.09

-0.10

0.08

-0.40

-0.28

-0.42

-0.19

0.21

0.04

-0.22

-0.01

MA

-0.48

0.11

-0.61*

-0.05

-0.54

-0.20

-0.55

-0.27

0.17

0.44

-0.01

-0.02

LA

-0.06

0.42

-0.12

0.53

-0.32

-0.06

-0.41

-0.08

0.18

-0.35

0.07

-0.52

MD

Pearson correlation coefficient ρ

0.28

0.09

0.25

0.01

-0.35

-0.41

-0.43

-0.44

0.41

-0.05

0.64

-0.49

LD

-0.49

-0.59*

-0.55

-0.72*

0.04

-0.59

0.04

-0.47

0.06

0.42

0.21

0.54

MP

-0.67*

-0.78*

-0.70

-0.63

0.15

0.54

PM

-0.17

-0.67*

-0.22

-0.76*

0.90*

-0.28

0.82*

-0.36

0.53

-0.53

0.29

-0.87*

LP

-0.54

-0.65*

-0.46

-0.52

0.20

0.01

PL

-0.27

-0.61*

-0.40

-0.77*

-0.16

-0.82*

-0.25

-0.81*

0.46

0.43

0.42

0.02

Avg.

0.56

0.66*

0.44

0.31

-0.01

0.16

Push-off

Table 4. Interference fit values and Pearson linear correlation coefficients between the fit measures and micromotion and push-off force outcomes. * = significance for p<0.05

Push-off force
(N) (mean ± SD)

Implant

Table 3. Push-off forces (mean ± standard deviation (SD)) and Pearson linear correlation coefficients between the forces and the regional and average micromotions in both
loading conditions. * = significance for p<0.05
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3.4. Interference fit
The contact surface areas and overlap volumes following the implant positions
relative to the prepared bones were significantly higher for the Attune PS than
for the Triathlon PS (p<0.05). Significance of correlations between IF results and
micromotions and push-off forces was dependent on implant design, loading
condition and ROI (Table 4). Combining both designs and all ROIs revealed
significant correlations between micromotions and both IF measures under gait
loading, and between push-off force and contact surface.

3.5. Comparison with CR implants
BMD has been reported to be a significant factor in micromotions under gait
loading 7, and was also found to be significantly correlated to micromotions when
combining results from multiple CR implants 7,9 (Figure 8a). The comparison
illustrates that gait micromotions of the Attune PS implant show a similar trend
with bone density as the Attune CR results, while the increased micromotions of
the Triathlon implant are in line with the overall density–micromotion relationship.
The correlation between BMD and micromotions was not significant under
DKB loading over previous CR results 7,9 (Figure 8b). The average measured
micromotion in each PS specimen was lower than any of the CR measurements,
also compared to cases in which only 40% of the peak TF DKB load was applied.
DKB micromotions were normally distributed in the CR implant group, but not
in the PS group; the difference between both implant groups was significant
according to the Mann–Whitney U test (p<0.05).
PS implants required significantly higher push-off forces than CR implants (oneway ANOVA; p<0.05). Bone quality of the specimens contributed most to these
differences, since a strong positive correlation between BMD and CR implant
push-off forces was established in and over different experimental studies
7,8
. When accounting for the effect of bone density, the Attune PS implant still
required a higher push-off force in relation to the linear force–density fit, despite
its premature fracture rate of 67%, while the Triathlon implant performed in line
with the CR implant results (Figure 8c).
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Figure 8. Scatter plots of three primary fixation measures against bone quality, comparing outcome from multiple
experimental studies 7–9, including the least-squares line over all CR implants (CR ls line). a) Average micromotions
over seven ROIs (excluding PM and PL regions) under implant-specific peak TF gait loading, b) average
micromotions over six ROIs under 50% of implant-specific peak TF DKB loading, unless indicated differently (* =
60% load), and c) peak push-off forces until complete implant removal or bone fracture (○).

4. Discussion
In the current study, the primary stability of two femoral TKA components was
tested in physical experiments, using cadaveric femora. We hypothesized that
micromotion and push-off values would be negatively correlated, independent of
the implant design, while increased IF was expected to lead to greater primary
stability through lower micromotions and higher push−off forces.
Significantly higher micromotions, exceeding the bone ingrowth limit, were
found in the posterior ROIs of the Triathlon PS implant relative to the paired
Attune PS implant under gait loading (Figure 6), indicating less primary stability.
Correspondingly, lower maximum push-off forces were measured when removing
the Triathlon implant from the bone compared to the paired Attune component
in five of the six cadaveric subjects, even though four Attune-implanted femora
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fractured before reaching complete push-off (Figure 7). Because most of the
Attune PS tests were therefore stopped prematurely, the differences between
the normally distributed implant push-off forces were not significant.
Paired PS micromotion differences were only significant in five of the nine ROIs
under gait loading (Figure 6). Although all specimens had similar bone densities,
which is beneficial for differentiation between implant designs, other factors like
bone geometry, bone cut accuracies, implant seating, and observational errors
contribute to variation in primary stability as well. Significant implant differences
were also found in average gait micromotions, since local effects of implant
seating are reduced by considering all ROIs. The average gait micromotions
were therefore also correlated to push-off forces in the Attune PS and over
both implants (Table 3). Regional implant micromotions were only correlated
with push-off forces in the ROIs with the highest variation, in terms of SD.
Micromotions over both implant groups were strongly correlated to push-off forces
in the posterior ROIs, which can be explained by the fact that the micromotion
differences between both implants were the largest at these ROIs and that the
push-off forces were applied at the posterior condyles. All significant correlations
between micromotions and push-off forces had a negative coefficient, and lower
push-off forces were measured in the implant group with the highest overall
micromotions (Triathlon PS), substantiating the hypothesis that low micromotions
and high push-off forces are both indicators of increased primary stability.
Contact surface area and volume of overlap between bone and implant were
significantly greater for the Attune PS compared to the Triathlon PS. The
increased IF of the Attune system was in line with observations during the
impaction procedure, since the surgeons had to exert noticeably more impaction
force to seat the Attune implants relative to the Triathlon components. The large
difference in IF likely contributed to the difference in primary stability outcome
between both PS systems, which is consistent with the significant relations found
in the overall results and Triathlon outcome (Table 4). However, only positive
correlation coefficients between IF and average micromotions were found in the
Attune group, which indicates that increase in IF decreases initial fixation in the
Attune PS. Although none of these coefficients were significant, this finding still
suggests that further increase of high IF values does not improve initial stability
anymore, possibly due to additional bone damage associated with excessive
implantation force 15,23. This suggestion contradicts the findings of a mechanical
pull-out study 15, but corresponds to conclusions of a similar micromotion study
using different interference fit versions of a femoral CR component 24. The fact
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that no significant relations were found with IF for most experimental outcome
measures (Table 4), despite large IF differences between both PS implants,
suggests that the amount of IF only partially contributed to the achieve implant
stability, and that implant design and surface morphology are other important
factors.
The Triathlon PS provided a useful benchmark to compare initial stability
against, since it is currently one of the few PS prostheses in cementless TKA,
and 10-year revision rates in line with other contemporary knee systems 10,25.
Similar cumulative revision rates up to five years have been currently reported
for the Triathlon PS in the 17th annual report of the National Joint Registry 10.
The experimental outcome indicates that an adequate clinical primary femoral
stability is most likely achieved by the newer Attune PS system as well.
Important sidenote, however, are that both PS systems use a different surface
coating, which may affect primary stability 8, and the Triathlon device contains
hydroxyapatite, which may lead to further differences in bone ingrowth and
related long-term fixation 26.
The experimental stability outcomes of both PS designs were similar or superior,
in terms of measured micromotion and push-off force values, to the reported
outcome of comparable experiments in clinically successful CR implants 7–9
(Figure 8), affirming adequate stability. The numerical differences can be mostly
attributed to differences in bone quality; the cadaveric specimens used for the
CR implant subjects were substantially older (age range: 71–93 vs. 48–62 years)
and the majority of the subjects were women (female/total number of subjects:
14/18 vs. 2/6). This difference in age and sex distribution explains the lower bone
quality in the CR implant studies (mean BMD: 164 vs. 204 mg/cm3), since BMD
decreases with age, especially in postmenopausal women 27. However, a much
greater variation in densities was encountered in the CR implant group (range:
88–318 vs. 186–219 mg/cm3), with higher BMD values measured in individual
older female subjects. This could be explained by the fact that local BMD is also
affected by other factors, including knee alignment, body weight, body mass
index and physical exercise, respectively 28–31. The small range of bone densities
over the current specimens was most likely the reason that no relation between
bone quality and experimental outcome was found in the PS implants, in contrast
to individual CR implant studies with similar numbers of subjects 7,8. BMD was
not normally distributed over the CR implant subjects, and bone qualities were
distributed significantly different between PS and CR subject groups (Mann–
Whitney U test; p<0.05). It is important to note that there are more confounding
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factors in the micromotion comparison between different subjects than average
bone density. Bone and implant size, density distribution, and implant alignment
are other factors affecting subject comparison, which could have contributed to
significantly higher gait micromotions in the LCS implants than in the other CR
implant designs (Mann–Whitney U test; p<0.05).
No considerable differences in peak TF force and flexion angle were encountered
between implant-specific gait loading conditions. However, in the ML load
distributions, DKB loads were concentrated more on the lateral condyle in
both PS designs, while the CR implants were loaded predominantly medially.
Although no notable shift in relative micromotions was observed in lateral and
medial ROIs between CR and PS implants as a result of the change in ML load
distribution, this difference in loading might have contributed to the significantly
lower PS micromotions in the DKB setup (Figure 8b). Higher bone densities
have been encountered in the lateral condyle compared to the medial condyle in
each PS specimen following the ROIs in determining bone density 9, theoretically
providing better stability against increased lateral loading which accounts for
lower overall DKB micromotions. Additionally, increased structural stiffness of
PS components, related to the femoral box and cam, may have contributed to
the reduction in micromotions. The PS-specific structures increase mechanical
implant stiffness predominantly in AP direction, parallel to the DKB load vector,
which explains why this effect is most pronounced in DKB micromotions.
Another difference between CR and PS experiments was that 150 degrees
of flexion was simulated in previous CR high flexion push-off tests 7,8, while a
flexion angle of 145 degrees was adopted in the current PS setup, accounting
for the difference in range of motion 22. Theoretically, a reduction in flexion angle
leads to an increase in push-off forces, since a larger component of the force
vector acts perpendicular to the posterior bone cut, forcing the implant onto the
bone. This could have played a role in the higher forces and fracture rate found
in the Attune PS group, but this mechanical effect is only minimal considering
the angular difference.
The variation in push-off forces is higher in the PS implants than in any CR
implant, when taking the overall force−density relationship into account. This
might be due to the size discrepancy between the femur and the PS implant in
some bone pairs, since bones were selected based on scaled X-rays to match
a single PS implant size in this study, but in some cases a different size would
have been used during implantation. Smaller sized femurs were found to be
correlated to lower push-off forces and fracturing in the Attune PS group, which
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is in line with the generic relation between bone size and bone strength and
fracture occurrence 32. Conversely, the use of an undersized component, in
case of larger femora, was found to increase supracondylar fracture risk through
femoral notching 33; however, this fracture type did not occur in any of the failed
Attune PS bones. The fractures following push-off measurements were merely
the result of the used test setup, since the observed posterior fracture pattern,
depicted in Figure 5c, has not been reported clinically 34.

5. Conclusions
Although in vitro data are not predictive of clinical performance, this experimental
study provides evidence of the quality of the primary fixation of the Attune
PS femoral component relative to a contemporary PS device, in terms of
micromotions as well as push-off forces. Both PS components show adequate
implant fixation in comparison to previous preclinical tests of CR implants,
despite large differences in achieved IF between the two PS systems.
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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
and 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 different 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.
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1. Introduction
Total knee arthroplasty (TKA) is one of the most successful 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 common
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 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 proposed for the study design of future studies on
periprosthetic 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 different TKA factors and effectiveness in reducing postoperative bone loss, to
prevent related late tibial implant failure.

2. 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
categories of implant-related factors were identified: fixation method (cemented
and uncemented fixation), implant stiffness (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
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of six different factors were investigated: age, sex, knee alignment (change),
preoperative bone density, body weight, and activity level. These factors were
determined based on variations analyzed in relevant studies, considering potential
change of the mechanical stress redistribution 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 factors on long-term bone
density outcome, and recommendations were provided for future densitometry
studies regarding study design and reporting of relevant data.

3. 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.

3.1. Effects of implant-related factors on tibial bone density changes
3.1.1. 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 digital
radiograph densitometry, found a significant reduction of bone loss around
cemented implants relative to uncemented components at five years after TKA,
but no significant differences at other time intervals up to ten 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 uncemented group,
although no explanation for this observation was suggested 9. Abu-Rajab et al. 10
reported no difference between cemented and uncemented fixation in the extent
of relative bone mineral density (BMD) difference compared to the unoperated
contralateral knee after a minimum postoperative time of two years. In a study
by Li & Nilsson, no significant differences in relative density changes between
the fixation methods were seen within any follow-up period up to two years 11.
Interestingly, implant migration, determined using radiostereometric analysis
(RSA), was found to be related to preoperative BMD in the uncemented group
up until six months after operation, but not in the cemented cohort 12. In the
same patient cohort, no relationship between migration and two-year BMD
changes has been established 13. Another DEXA study comparing cemented and
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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 two 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 attributed measured differences
in bone resorption solely to the implant fixation method. One study reported a
relationship between BMI and bone density change in cemented implants, which
was significantly different from uncemented implants only at the five-year time
point 9, providing minimal evidence for the role of fixation method in the course
of periprosthetic bone remodeling.

3.1.2. 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 hypothesized 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 elasticity. 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.
Tibial baseplates are typically constructed out of one of the following materials:
cobalt-chromium alloy (CoCrMo [CoCr]), titanium alloy (Ti6Al4V [Ti]),
polyethylene (UHMWPE [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 significantly 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 introduce complications in all-poly implants, with the entire rigid
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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 five years (11.6% vs. 29.6% bone loss) 14.
No significant differences were found in the medial and distal regions of interest
(ROIs). A prospective 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
clinical studies reported a significant decrease in BMD relative to the unoperated
contralateral knee for standard nonporous metallic stemmed implants 10,19. These
results combined suggest that the use of TM implants reduces periprosthetic bone
loss. Although an all-poly tibial component results in the highest load transfer to
the proximal tibia, potentially leading to bone densification or local overloading,
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),
reporting significant greater medial resorption and a 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 three-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.
Findings by Yoon et al. endorsed the theory that implants with greater overall
stiffness lead to increased bone resorption, by reporting a greater degree of
medial bone loss in various CoCr implants compared to lower modulus Ti
implants with smaller baseplate thicknesses 23.
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3.1.3. Implant geometry
Besides thickness of the baseplate, there are additional design features that may
influence periprosthetic bone density. 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 fixation features, which typically include
a central stem and/or smaller pegs at the medial and lateral condyles (Figure 1).
Stem type and shape affect the way strains are transferred through the tibia, and
to a lesser extent influence the structural 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 demonstrated 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 identical 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 two 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
distinct 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 material 14. A single-implant study by Bohr & Lund found a high
correlation between BMD of proximal and distal areas of the tibia over follow-up
in an uncemented metallic implant with two fixation pegs, and suggested that no
stress shielding occurs around these smaller pegs 26. However, a recent registerstudy concluded that a single design of a cemented four-pegged baseplate had
a higher risk of aseptic loosening than the corresponding implant using a single
central stem 27. Two single-center studies with a follow-up greater than five years
did not find a difference in clinical outcome between both fixation options in two
knee systems 28,29.
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Figure 1. Schematic impression of different fixation features used in tibial implant designs.

3

3.1.4. 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 stabilized (PS) implant. While in CR implants the posterior cruciate
ligament (PCL) is (at least partially) responsible for the anteroposterior (AP)
stability, these forces are mainly transferred 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
five years 31. Similarly, a QCT-based investigation by Munro et al. did not show
differences in BMD loss between 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.
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Baseline

# knees

Implant

Material
Post-op

Alignment
DRD

Imaging

7

# ROIs

Intervals

Table 1. Overview of reported data in clinical studies concerning implant-related factors.
Factor
AGC 2000

Conclusion

Study
134

Significant more bone loss in uncemented implants only at 5 years; BMI related to bone
density change in cemented group only

2mnths

BMD change relative to contralateral knee unrelated to cementation

Cementation

>=2yrs

Small et al. 9

5

2,6mnths,
1,3,5,7,10yrs
DEXA

No differences in BMD due to cementation; higher initial migration in uncemented
implants

<5days, 1,2yrs

No significant differences in long-term bone loss between FB and RP groups

Similar bone loss over proximal and distal regions, suggesting lack of stress shielding
around two pegs

No significant differences between implants; bone loss mainly occurs in cancellous
bone in first year

Pre-, post-op

14

3–6mnth interval up
to 24/42mnths

No significant differences between different implant groups

Interax

QCT

6

<1wk, 3,6mnths,
1,2yrs

16

LCS

Significantly reduced bone loss in lateral ROI following uncemented, pegged TM
implants

<2wks

38

<1wk, 3,6mnths,
1,2yrs

No differences in BMD changes between coatings; lateral BMD increase observed

Coating

Contralateral

9

2wks, 3,4,5yrs

Significant BMD increase in lateral ROI following uncoated implants after 2 years

Petersen et al. 16

Cementation

3

Pre-op, 3,6mnths,
1,2yrs

Only significant distal BMD decrease found relative to contralateral knee

Abu-Rajab et al. 10

DEXA, RSA

3

<2wks, 3,6mnths,
1,2yrs
TM

CoCr

DPA

6

<1wk, 1,2,5yrs

No significant effect of PCL retention on bone density following bilateral TKA

DEXA

3

Avg 115mnths

Post-op

DEXA

1

CoCr

Pre-op

DEXA

Sigma
AMK

Post-op

50
46

LCS

Ti, CoCr

Pre-, post-op

DEXA

3

Pre-op, 2mnths,
1,2yrs

Significant BMD loss relative to contralateral knee in central stem design, but not in
4-pegs design

MG II

DEXA

3

Avg 95mnths

Significantly more medial bone loss following implants with thicker base plates

28

DEXA

4

Pre-op, 3mnths,
1,2,5yrs

Medial density significantly higher in thick-tray group after 1 year, no differences after
2 years

<1wk

DEXA

1

<3days, 1,2,3yrs

Increased medial bone loss in CoCr implants with thicker base plates over different
Ti implants

Cementation

Pre-, post-op

DEXA

1

6wks, 1,2yrs

Increased medial bone loss following a cylindrical stem over a cruciform stem

Li & Nilsson 11–13

NexGen

Pre-, post-op

DRD

1

1,4,7yrs

TM, CoCr

41

MG, PFC

Pre-, post-op

DEXA

3

NexGen,
Sigma

Contralateral
12

Attune,
Triathlon

Pre-, post-op

DEXA

42

Contralateral
100

Attune,
Triathlon

Post-op

2wks

Material

Pre-op
140

Attune,
Vanguard

Minoda et al. 14

Harrison et al. 18
Design

<3days

462

Interax

Vanguard

Lonner et al. 19
Baseplate thickness

6wks

20

61

Martin et al. 21
Baseplate
thickness, design

1yr

Sigma

Pre-op

Wong et al. 22
Material, design,
baseplate thickness

54

PCA

Material,
cementation,
design

Yoon et al. 23
Stem shape

<5days

9

Coating

HernandezVaquero et al. 24
Bearing type, stem
shape, material

1mnth

Winther et al. 15

Munro et al. 25
Design

<1wk
<1wk

72

DEXA

Bohr & Lundt 26

PCL retention,
insert shape

Bearing type

Saari et al. 31

PCL retention

Tjørnild et al. 30

Ishii et al. 32
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3.2. Effects of patient- and surgery-related factors on tibial bone density
changes
3.2.1. 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 periprosthetic 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. 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.

3.2.2. Sex
General age-related bone loss is more pronounced in females, due to
postmenopausal-related effects 33. Consequently, 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 several other studies that were unable
to demonstrate significant differences in postoperative BMD changes by sex
13,32,35,36
. 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
status regarding bone loss after TKA.

3.2.3. 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 baseline 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,
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Hvid et al. and Levitz et al. found no significant difference between preoperative
varus and valgus knees 34,36, while Li & 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 two years after TKA, while
subsequent postoperative alignment was not found to be a predictor for relative
24-month BMD change 11.
The same study also investigated the effect of intrasubject alignment change by
making a distinction between compartments based on increase or decrease in
load following 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),
demonstrated a similar effect of alignment change, with extensive 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 density 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 two years
34
, while other studies only found significant differences in medial decrease
related to preoperative varus knees at one-year follow-up 35,42. Jaroma et al. also
reported 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 resorption was found to differ
significantly between postoperative alignments within the varus preoperative
group, with considerably more relative resorption in alignments towards valgus
40
. Densification in 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 indication of TKA, was reported
to be related to increased constitutional varus angles 43 and higher medial
proximal preoperative BMD 44, no significant differences in density changes were
found based on OA severity or TKA indication, respectively 35,36.
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In general, the findings over the studies indicate bone density to relatively shift
towards the ML side which is 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 loaddecreased side, but in some studies was (also) measured as densification in the
predominantly loaded side; however, a distribution shift was not observed over
all alignment combinations in the studies, which could be influenced by implantrelated factors.

3.2.4. 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 relationship between relative density changes and preoperative
BMD 10. Conversely, Li & 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 preoperative alignment,
while BMD in the lower density condyle was constant over two years 34.

3.2.5. Body weight
Higher body weight (BW) evidently leads to greater mechanical bone loading,
and accordingly have 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/m2, regardless of knee alignment or age 49.
Several radiographic TKA studies failed to find a correlation between initial BMD
values and BW or BMI 13,34. Interestingly, BW does seem to affect mid- to longterm bone density after TKA. Hvid et al. found a positive correlation between
body weight index and BMD after two years 34. Ishii et al. found that higher weight
was associated with denser proximal tibiae more than five 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.
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3.2.6. Activity level
Effect of subject activity on bone quality has been demonstrated 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
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 quadriceps 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. Level of
activity and quadriceps strength have not been found to have a significant effect
on periprosthetic BMD in different TKA studies 32,34. Reason behind this deviating
finding could be that effect of confined physiological loading is relatively small
in comparison to effects of typical postoperative disuse and operation-induced
bone loss, as put forward by Soininvaara et al. 35. Bohr & Lundt concluded
that reported postoperative BMD increase was the result of activity and weight
bearing due to improved function, based on the observation of a normal walking
ability in all patients after three months, but no activity measures were used in
this study 26.
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Table 2. Overview of reported data in clinical studies concerning patient- and surgery-related factors.
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3.3. 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 stiffness leads to increased stress shielding, as higher material
stiffness and increased baseplate thickness were both generally 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 implantinduced 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 distributions over multiple studies.
Postoperative varus alignment or correction towards varus (in case preoperative
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 remodeling
outcome over a population of tibiae, in which increased medial bone loss is
found systematically in neutral mechanical implant alignment over kinematic
varus implant alignment simulations in constitutional varus native knees 55.

4. 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
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reported data of different studies 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 question, 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 variations 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 regarding study design, covering baseline
measurements, follow-up time points and ROI definitions, based on findings in
current clinical studies.

4.1. 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 postoperative density measure as the baseline value; the time point
of this postoperative baseline measurement ranged from within the first five
days 25 to as far as one year after operation 24. Alternatively, other studies used
preoperatively 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 definitions are appropriate for studying bone density changes, but each
have their characteristic advantages and disadvantages as explicated in Table
3.
Based on the advantages and disadvantages of each baseline method, we
would recommend using a postoperative measurement within the first week
after surgery, as a baseline for bone density measurements. Following this
recommendation, effects of potential bone damage during surgery do not
interfere with stress shielding-induced remodeling, and ROIs can be accurately
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reproduced based on the achieved implant position. A time span of one week from
surgery is chosen as 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 to 309 over the considered
studies 23,26. We would recommend performing a power analysis before each
study to determine the number of subjects needed to answer the research
question, taking possible loss to follow-up into account.
Table 3. Overview of advantages and disadvantages of the three baseline references found over the densitometry
studies.
Baseline reference

Advantages

Disadvantages

Contralateral tibia

Normalization for age- and
activity-related BMD decline

Only possible in unilateral TKA – 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
osteoarthritis skews implant-induced effects
Twice as much measurements – more time
consuming and accumulation of observational
errors and radiation exposure
Implant position not available as spatial
reference for ROI definition
Absolute BMD measurements are required
– not possible using cost-effective digital
radiograph densitometry (DRD)

Preoperative
measurement

No additional clinical visits
required

Implant position not available as spatial
reference for ROI definition
Bone density outcome includes possible
surgery-related bone loss

Initial postoperative
measurement

Implant as spatial reference for
ROI definition

Baseline measurement might require addition
visit to clinic

No effect of surgery-related bone
damage on remodeling outcome

Remodeling already in progress before
baseline measurement
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4.2. Follow-up time points
In line with the observations of baseline measurement time points, there is large
variation in follow-up time points found over the clinical studies. Total follow-up of
the studies ranged from one year 35 to ten 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 first 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 complications within the two-year follow-up, cases with more extensive
periprosthetic bone changes might take longer for this balance to be reached.
Ongoing bone density changes after two 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 two years; except for the studies of Petersen et al. and
Levitz et al., which reported a large contribution of BMD changes at follow-up in
the third year and somewhere between one and eight 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 contralateral measurements
over multiple follow-up time points. Based on the current studies, we would
recommend to use a follow-up of at least three years, and measure subjects
after three, six and twelve months, and each subsequent year from then on until
follow-up, in addition to the recommended baseline measurement in the first
week.

4.3. 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 reproducibility errors between three consecutive scans,
including repositioning, 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
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of 3% in the proximal tibia 57, but typically has lower spatial resolution, greater
radiation exposure and prolonged scan times compared to DEXA 58.
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 QCT is reproducible
in measuring BMD changes between different observers 7. Downsides of QCT
osteodensitometry are that it requires a higher radiation exposure than DEXA,
measurements and analyses are more costly and time-consuming, and artifact
reduction in case of metallic components introduces additional variability 59. Use
of QCT is therefore only recommended in cases where it is relevant to determine
bone density changes at locations that cannot be measured using one or two
DEXA-projections, 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 different studies
based on relative bone density changes over time are more reliable.

4.4. 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 anteroposterior (AP) projections were
used, with one or more separate ROIs underneath the medial and lateral condyle,
sometimes added with regions from ML projections. Different volumetric ROIs
were used by studies based on QCT scans 25,34, since this was the only threedimensional imaging modality used.
Recommended ROIs should meet a few requirements to enable direct and
reliable comparison between different studies, as a tibial alternative to the
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widely used Gruen zones in periprosthetic femoral hip remodeling 61. Firstly, to
enable consistent ROI definitions over all image modalities, 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. Secondly, 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 different 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 most clinical concern
regarding tibial bone remodeling has been raised around medial tibial bone loss
3,62
.

Figure 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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Potential guideline ROIs have been used by the studies 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 densities 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 adjustment
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
baseplate (Figure 2) 14. Medial and lateral regions were defined 1 cm distal to
the baseplate within the cortices of the proximal 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 cm2. 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 excessive implant migration affects the included spatial bone volume and
should be corrected for to compare consistent tibial regions over time.

4.5. Data reporting
For an overview of the different mechanical factors playing a role 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, baseplate thickness and
keel geometry), bearing type and PCL retention. For subject data, this involves
age, sex, condition, BW, BMI, pre- and postoperative knee alignment 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 question, as was
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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
remodeling. 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 medication 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 activity 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 densities, and sufficient
details on how similar measurements could be reproduced, including name and
relevant settings of the scanner, and accurate ROI definitions.

5. 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
on reviewed studies we proposed a guideline (Table 4), suggesting a baseline
and follow-up measurements using DEXA in the first postoperative week, and
at three and six months and each consecutive year for at least three 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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Table 4. Overview of clinical guideline recommendations.

Study design aspect

Recommendations

Baseline measurement

<1 week postoperatively

Follow-up time points

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

Imaging technique

Use of DEXA preferred. QCT only in case of study-specific
volumetric ROIs. DRD is an unfavored alternative when no
access to DEXA is possible

Regions of interest

3 AP ROIs based on Minoda ROI definitions 14: medial, lateral
and distal. Additional study-specific ROIs optional

Data reporting

Implant:

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

Subject data:

Age, sex, indication, BW, BMI, knee
alignment pre- & postoperatively,
optionally activity levels. Number of
subjects to be based on study-specific
power analysis

Postoperative care:

Prescribed medication, rehabilitation
program, patient instructions

Measurements:

Imaging technique, scanner name &
settings, ROI definitions, absolute &
relative BMD values at baseline and
follow-up time points

Acknowledgements
This work was supported by DePuy Synthes Joint Reconstruction, Leeds, UK.

70

ASSESS

T I B I A L

B O N E

L O S S

FO LLOWING

TKA

References
1.

Sharkey, P. F., Lichstein, P. M., Shen, C., Tokarski, A. T. & Parvizi, J. Why are total
knee arthroplasties failing today-has anything changed after 10 years? J. Arthroplasty
29, 1774–1778 (2013).

2.

Schroer, W. C. et al. Why are total knees failing today? Etiology of total knee revision
in 2010 and 2011. J. Arthroplasty 28, 116–119 (2013).

3.

Martin, J. R., Fehring, K. A., Watts, C. D., Springer, B. D. & Fehring, T. K. Radiographic
Findings in Patients With Catastrophic Varus Collapse After Total Knee Arthroplasty.
J. Arthroplasty 33, 241–244 (2018).

4.

Huiskes, R. et al. Adaptive bone-remodeling theory applied to prosthetic-design
analysis. J. Biomech. 20, 1135–1150 (1987).

5.

Huiskes, R., Weinans, H. & Van Rietbergen, B. The relationship between stress
shielding and bone resorption around total hip stems and the effects of flexible
materials. Clin. Orthop. Relat. Res. 274, 124–134 (1992).

6.

Trevisan, C., Bigoni, M., Denti, M., Marinoni, E. C. & Ortolani, S. Bone assessment
after total knee arthroplasty by dual-energy X-ray absorptiometry: Analysis protocol
and reproducibility. Calcif. Tissue Int. 62, 359–361 (1998).

7.

Reilly, K. et al. Inter-observer validation study of quantitative CT-osteodensitometry in
total knee arthroplasty. Arch. Orthop. Trauma Surg. 127, 729–731 (2007).

8.

Hernandez-Vaquero, D., Garcia-Sandoval, M. A., Fernandez-Carreira, J. M., SuarezVázquez, A. & Perez-Hernández, D. Measurement of bone mineral density is possible
with standard radiographs: A study involving total knee replacement. Acta Orthop. 76,
791–795 (2005).

9.

Small, S. R., Ritter, M. A., Merchun, J. G., Davis, K. E. & Rogge, R. D. Changes in
tibial bone density measured from standard radiographs in cemented and uncemented
total knee replacements after ten years’ follow-up. Bone Jt. J. 95 B, 911–916 (2013).

10.

Abu-Rajab, R. B. et al. Peri-prosthetic bone mineral density after total knee arthroplasty.
J. Bone Jt. Surg. - Ser. B 88, 606–613 (2006).

11.

Li, M. G. & Nilsson, K. G. Changes in bone mineral density at the proximal tibia
after total knee arthroplasty: A 2-year follow-up of 28 knees using dual energy X-ray
absorptiometry. J. Orthop. Res. 18, 40–47 (2000).

12.

Li, M. G. & Nilsson, K. G. The effect of the preoperative bone quality on the fixation of
the tibial component in total knee arthroplasty. J. Arthroplasty 15, 744–753 (2000).

13.

Li, M. G. & Nilsson, K. G. No relationship between postoperative changes in bone
density at the proximal tibia and the migration of the tibial component 2 years after
total knee arthroplasty. J. Arthroplasty 16, 893–900 (2001).

71

3

C H A P T ER

3

14.

Minoda, Y. et al. Porous tantalum tibial component prevents periprosthetic loss of
bone mineral density after total knee arthroplasty for five years-a matched cohort
study. J. Arthroplasty 28, 1760–1764 (2013).

15.

Winther, N. et al. Changes in bone mineral density of the proximal tibia after
uncemented total knee arthroplasty. A prospective randomized study. Int. Orthop. 40,
285–294 (2016).

16.

Petersen, M. M., Gehrchen, P. M., Østgaard, S. E., Nielsen, P. K. & Lund, B. Effect of
hydroxyapatite-coated tibial components on changes in bone mineral density of the
proximal tibia after uncemented total knee arthroplasty: A prospective randomized
study using dual-energy x-ray absorptiometry. J. Arthroplasty 20, 516–520 (2005).

17.

Choi, K., Kuhn, J. L., Ciarelli, M. J. & Goldstein, S. A. The elastic moduli of human
subchondral, trabecular, and cortical bone tissue and the size-dependency of cortical
bone modulus. J. Biomech. 23, 1103–1113 (1990).

18.

Harrison, A. K., Gioe, T. J., Simonelli, C., Tatman, P. J. & Schoeller, M. C. Do porous
tantalum implants help preserve bone?: Evaluation of tibial bone density surrounding
tantalum tibial implants in TKA. Clin. Orthop. Relat. Res. 468, 2739–2745 (2010).

19.

Lonner, J. H., Klotz, M., Levitz, C. & Lotke, P. A. Changes in bone density after
cemented total knee arthroplasty: Influence of stem design. J. Arthroplasty 16, 107–
111 (2001).

20.

Houdek, M. T. et al. All-Polyethylene Tibial Components: An Analysis of Long-Term
Outcomes and Infection. J. Arthroplasty 31, 1476–1482 (2016).

21.

Martin, J. R. et al. Tibial Tray Thickness Significantly Increases Medial Tibial Bone
Resorption in Cobalt–Chromium Total Knee Arthroplasty Implants. J. Arthroplasty 32,
79–82 (2017).

22.

Wong, D. W. yip et al. Tibial tray thickness does not significantly increase medial
tibial bone resorption: Using tibial bone density as an objective measurement method.
Knee 27, 572–579 (2020).

23.

Yoon, C. et al. Medial Tibial Periprosthetic Bone Resorption and Its Effect on Clinical
Outcomes After Total Knee Arthroplasty: Cobalt-Chromium vs Titanium Implants. J.
Arthroplasty 33, 2835–2842 (2018).

24.

Hernandez-Vaquero, D., Garcia-Sandoval, M. A., Fernandez-Carreira, J. M. & Gava,
R. Influence of the tibial stem design on bone density after cemented total knee
arthroplasty: A prospective seven-year follow-up study. Int. Orthop. 32, 47–51 (2008).

25.

Munro, J. T., Pandit, S., Walker, C. G., Clatworthy, M. & Pitto, R. P. Loss of tibial bone
density in patients with rotating- or fixed-platform TKA. Clin. Orthop. Relat. Res. 468,
775–781 (2010).

26.

Bohr, H. H. & Lund, B. Bone mineral density of the proximal tibia following uncemented

72

ASSESS

T I B I A L

B O N E

L O S S

FO LLOWING

TKA

arthroplasty. J. Arthroplasty 2, 309–312 (1987).
27.

Robertsson, O., Sundberg, M., Sezgin, E. A., Lidgren, L. & W-Dahl, A. Higher risk of
loosening for a four-pegged tka tibial baseplate than for a stemmed one: A registerbased study. Clin. Orthop. Relat. Res. 478, 58–65 (2020).

28.

Bertin, K. C. Tibial Component Fixation in Total Knee Arthroplasty. A Comparison of
Pegged and Stemmed Designs. J. Arthroplasty 22, 670–678 (2007).

29.

Miller, C. W. & Pettygrow, R. Long-term clinical and radiographic results of a pegged
tibial baseplate in primary total knee arthroplasty. J. Arthroplasty 16, 70–75 (2001).

30.

Tjørnild, M., Søballe, K., Møller Hansen, P., Holm, C. & Stilling, M. Mobile-vs. Fixedbearing total knee replacement: A randomized radiostereometric and bone mineral
density study. Acta Orthop. 86, 208–214 (2015).

31.

Saari, T., Uvehammer, J., Carlsson, L., Regnér, L. & Kärrholm, J. Joint area constraint
had no influence on bone loss in proximal tibia 5 years total knee replacement. J.
Orthop. Res. 25, 798–803 (2007).

32.

Ishii, Y. et al. Association between body weight and proximal tibial bone mineral
density after bilateral total knee arthroplasty. Knee 24, 1153–1159 (2017).

33.

Runolfsdottir, H. L., Sigurdsson, G., Franzson, L. & Indridason, O. S. Gender
comparison of factors associated with age-related differences in bone mineral density.
Arch. Osteoporos. 10, 214 (2015).

34.

Hvid, I., Bentzen, S. M. & Jørgensen, J. Remodeling of the tibial plateau after knee
replacement: CT bone densitometry. Acta Orthop. 59, 567–573 (1988).

35.

Soininvaara, T. A. et al. Periprosthetic tibial bone mineral density changes after total
knee arthroplasty: One-year follow-up study of 69 patients. Acta Orthop. Scand. 75,
600–605 (2004).

36.

Levitz, C. L., Lotke, P. A. & Karp, J. S. Long-term changes in bone mineral
density following total knee replacement. Clin. Orthop. Relat. Res. 68–72 (1995).
doi:10.1097/00003086-199512000-00010

37.

Bellemans, J., Colyn, W., Vandenneucker, H. & Victor, J. The Chitranjan Ranawat
Award. Clin. Orthop. Relat. Res. 470, 45–53 (2012).

38.

Hulet, C. et al. Distribution of bone mineral density at the proximal tibia in knee
osteoarthritis. Calcif. Tissue Int. 71, 315–322 (2002).

39.

Thorp, L. E. et al. Bone mineral density in the proximal tibia varies as a function of
static alignment and knee adduction angular momentum in individuals with medial
knee osteoarthritis. Bone 39, 1116–1122 (2006).

40.

Jaroma, A., Soininvaara, T. & Kröger, H. Periprosthetic tibial bone mineral density
changes after total knee arthroplasty: A 7-year follow-up of 86 patients. Acta Orthop.

73

3

C H A P T ER

3

87, 268–273 (2016).
41.

Petersen, M. M., Nielsen, P. T., Lauritzen, J. B. & Lund, B. Changes in bone mineral
density of the proximal tibia after uncemented total knee arthroplasty: A 3-year followup of 25 knees. Acta Orthop. 66, 513–516 (1995).

42.

Shibuki, T. et al. Periprosthetic Bone Mineral Density Changes after Cementless Total
Knee Arthroplasty. Showa Univ. J. Med. Sci. 28, 155–161 (2016).

43.

Victor, J. M. K. et al. Constitutional varus does not affect joint line orientation in the
coronal plane knee. Clin. Orthop. Relat. Res. 472, 98–104 (2014).

44.

Karvonen, R. L., Miller, P. R., Nelson, D. A., Granda, J. L. & Fernandez-Madrid, F.
Periarticular osteoporosis in osteoarthritis of the knee. J. Rheumatol. 25, 2187–2194
(1998).

45.

Blain, H. et al. Influence of muscle strength and body weight and composition on
regional bone mineral density in healthy women aged 60 years and over. Gerontology
47, 207–212 (2001).

46.

Yang, S. & Shen, X. Association and relative importance of multiple obesity measures
with bone mineral density: the National Health and Nutrition Examination Survey
2005–2006. Arch. Osteoporos. 10, 1–8 (2015).

47.

Savvidis, C., Tournis, S. & Dede, A. D. Obesity and bone metabolism American
Association of Clinical Endocrinologists. Hormones 17, 205–217 (2018).

48.

Papakitsou, E. F. et al. Body mass index (BMI) and parameters of bone formation and
resorption in postmenopausal women. Maturitas 47, 185–193 (2004).

49.

Abdel, M. P., Bonadurer, G. F., Jennings, M. T. & Hanssen, A. D. Increased Aseptic
Tibial Failures in Patients With a BMI ≥35 and Well-Aligned Total Knee Arthroplasties.
J. Arthroplasty 30, 2181–2184 (2015).

50.

Marques, E. A., Mota, J. & Carvalho, J. Exercise effects on bone mineral density
in older adults: A meta-analysis of randomized controlled trials. Age (Omaha). 34,
1493–1515 (2012).

51.

Kelley, G. A., Kelley, K. S. & Kohrt, W. M. Effects of ground and joint reaction force
exercise on lumbar spine and femoral neck bone mineral density in postmenopausal
women: A meta-analysis of randomized controlled trials. BMC Musculoskelet. Disord.
13, 177 (2012).

52.

Leblanc, A. D., Schneider, V. S., Evans, H. J., Engelbretson, D. A. & Krebs, J. M. Bone
mineral loss and recovery after 17 weeks of bed rest. J. Bone Miner. Res. 5, 843–850
(1990).

53.

Pettersson, U., Nordström, P. & Lorentzon, R. A comparison of bone mineral density
and muscle strength in young male adults with different exercise level. Calcif. Tissue
Int. 64, 490–498 (1999).
74

ASSESS

T I B I A L

B O N E

L O S S

FO LLOWING

TKA

54.

Madsen, O. R., Schaadt, O., Bliddal, H., Egsmose, C. & Sylvest, J. Relationship
between quadriceps strength and bone mineral density of the proximal tibia and distal
forearm in women. J. Bone Miner. Res. 8, 1439–1444 (1993).

55.

Anijs, T., Wolfson, D., Verdonschot, N. & Janssen, D. Population-based effect of total
knee arthroplasty alignment on simulated tibial bone remodeling. J. Mech. Behav.
Biomed. Mater. 111, (2020).

56.

Soininvaara, T., Nikola, T., Vanninen, E., Miettinen, H. & Kröger, H. Bone mineral
density and single photon emission computed tomography changes after total knee
arthroplasty: A 2-year follow-up study. Clin. Physiol. Funct. Imaging 28, 101–106
(2008).

57.

Bohr, H. H. & Schaadt, O. Mineral content of upper tibia assessed by dual photon
densitometry. Acta Orthop. 58, 557–559 (1987).

58.

Mazess, R. B. & Barden, H. S. Measurement of bone by dual-photon absorptiometry
(DPA) and dual-energy X-ray absorptiometry (DEXA). Ann. Chir. Gynaecol. 77, 197–
203 (1988).

59.

Schmidt, R. et al. Inter- and intraobserver assessment of periacetabular
osteodensitometry after cemented and uncemented total hip arthroplasty using
computed tomography. Arch. Orthop. Trauma Surg. 125, 291–297 (2005).

60.

Free, J. et al. The effect of different CT scanners, scan parameters and scanning
setup on Hounsfield units and calibrated bone density: A phantom study. Biomed.
Phys. Eng. Express 4, (2018).

61.

Gruen, T. A., McNeice, G. M. & Amstutz, H. C. ‘Modes of failure’ of cemented stemtype femoral components: a radiographic analysis of loosening. Clin. Orthop. Relat.
Res. 17–27 (1979).

62.

Fehring, T. K., Fehring, K. A., Anderson, L. A., Otero, J. E. & Springer, B. D. Catastrophic
Varus Collapse of the Tibia in Obese Total Knee Arthroplasty. J. Arthroplasty 32,
1625–1629 (2017).

75

3

Chapter 4

POPULATION-BASED EFFECT OF
TOTAL KNEE ARTHROPLASTY ALIGNMENT
ON SIMULATED TIBIAL BONE REMODELING
Thomas Anijs, David Wolfson, Nico Verdonschot, Dennis Janssen
J. Mech. Behav. Biomed. Mater. 111, (2020).

P O P U L AT I O N - BASED

EFFECT

O F

TKA ALIGNMENT

Abstract
Periprosthetic bone loss is an important factor in tibial implant failure mechanisms
in total knee arthroplasty (TKA). The purpose of this study was to determine
the effect of postoperative knee alignment and population variation on tibial
bone remodeling, to assess long-term stability of a knee replacement. Strainadaptive finite element (FE) remodeling simulations were conducted following
kinematic and mechanical alignment of a cemented fixed-bearing implant
after TKA; kinematic TKA alignment was assumed to be more consistent with
the preoperative varus alignment, while mechanical alignment was defined
according to the neutral mechanical axes. To account for the effect of tibial
variation on the outcome, bone remodeling was considered over a population
of 47 subjects. Bone mineral density (BMD) was analyzed over three regions
of interest (ROIs); medial, lateral and distal. The two proximal ROIs showed
an average decrease in BMD in both alignments after two years. Greater
overall proximal bone loss was found in the mechanical postoperative knees
in comparison with kinematically aligned implants. Bone resorption was also
concentrated more medially in mechanical alignment: increased medial ROI
bone loss was found in every subject compared to kinematic alignment; while in
the lateral ROI, higher regional two-year BMD was found in 39 of the 47 cases
(82.9%) following mechanical alignment. Two distinct remodeling pathways were
identified over both alignments, based on the variance in density change over
the population; displaying predominant bone apposition either around the distal
tip of the keel or at the lateral cortex. This study demonstrates that correction
of native varus alignment to neutral mechanical alignment leads to an increase
in medial bone resorption. Large variation between specimens illustrates the
benefit of population-based FE analyses over single model studies.
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Introduction
Total knee arthroplasty (TKA) is one of the most successful surgical
interventions, but despite reduced revision rates, 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 common causes of long-term implant failure
are aseptic loosening and periprosthetic fracture 1,2, which are linked to stress
shielding-related osteolysis as observed in longitudinal DEXA studies 3–5. Tibial
varus collapse, a mode of periprosthetic fractures, has been associated with
preoperative varus alignment, subsequent valgus postoperative alignment
and severe obese patients with small tibial components 6,7. Medial bone loss
has been observed in the vast majority of failed cases 7, and increased medial
bone resorption has been found to be related to the mechanical correction of
anatomical varus knees towards neutral or valgus alignment following TKA 3,5,8,
indicating extensive bone remodeling could increase the risk of catastrophic
varus collapse. These clinical findings are in line with Wolff’s law and the strainadaptive bone remodeling theories 9, since all indicated factors are also related
to greater stress reduction in the medial proximal tibia.
Implant alignment is considered one of the important factors in successful
TKA outcome, since it largely determines functional outcome and long-term
survivorship 10. Traditionally, implants have been placed according to mechanical
alignment, in which the knee was aligned in a neutral biomechanical way despite
any preoperative deformities. However, this technique has been challenged in
recent years by the kinematic alignment 11,12, which would result in alignment
more consistent to the preoperative knee.
The effect of both alignment techniques on postoperative bone remodeling was
simulated in this study over a population of tibiae, in order to identify factors
in extensive periprosthetic bone resorption and related risk of potential implant
failure. Since large variability can be found between tibiae in terms of size,
geometry and bone density, the population-based approach enabled us to relate
tibial characteristics to remodeling outcome, and to identify different remodeling
pathways. It was hypothesized that mechanically aligned postoperative knees
would lead to increased medial bone loss over kinematically aligned implants in
each of the tibiae following preoperative varus loading, irrespective of geometry,
density or implant size.
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Materials and Methods
FE models of tibiae from 47 different subjects were automatically created using
a custom-made workflow, consisting of the following consecutive steps: (1) tibial
bone segmentation, (2) implant placement, (3) material property assignment,
and (4) application of boundary and loading conditions. Each subject was
assumed to have a constitutional varus alignment preoperatively. Two different
postoperative alignments were modeled following two alignment philosophies:
consistent kinematic alignment and neutral mechanical alignment.
In the initial step in the model setup, the bones in lower limb CT scans of completely
anonymized cardio-vascular patients, diagnosed with Fontaine stage III/IV
peripheral artery disease, were automatically segmented based on boundary
enhancement filtering and graph cut optimization 13. Use of the anonymized CT
data was approved by an internal medical ethics review committee. The tibiae
were identified by bone volume and relative orientation, and surface meshes
were created based on the binary voxel masks 14 and smoothed using curvature
flow 15. The resulting meshes were then aligned according to the mechanical
axis 16, with the largest inertial axis being defined as the longitudinal axis and
neutral rotational alignment referencing the medial third of the tibial tubercle 17.
Implant alignment, resection planning and tray size determination were performed
relative to this reference frame. For each tibia, a size-matched cemented cruciate
retaining, fixed bearing, cobalt-chromium Attune implant (DePuy Synthes,
Warsaw, IN, USA) was placed according to the two alignment strategies. This
Attune knee system was used since it is a modern device with successful results
following mechanical alignment in terms of tibial coverage 18, and clinical outcome
19,20
, therefore providing a useful clinical benchmark. A preoperative hip−knee−
ankle (HKA) angle of 3° varus between the femoral and tibial mechanical axes
was assumed for all subjects, in line with constitutional varus knee alignment
found over cohorts of asymptomatic subjects 21,22 and arthritis patients 23. The
kinematic alignment technique was aimed at reconstructing the patient-specific
HKA alignment and joint line orientation, restricted by a predefined safe range
to undercorrect patients with severe knee deformities. The resulting HKA angle
was limited between 3° varus and 3° valgus; independent femoral and tibial cuts
were made within ±5° of their respective mechanical axes in the coronal plane
following a published technique based on the accuracy of computer assisted
surgery 24,25, or were aimed to be within ±3° to allow for a surgical error of 2° with
manual instruments 26. The preoperative 3° varus HKA angle was retained in the
used kinematic alignment. The tibial component was placed in a 5° varus angle
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relative to the tibial mechanical axis to account for the additional 2° tibial varus
offset in recreating the anatomical joint line 27, which is not affected by the overall
constitutional varus angle 23. The femoral rotation was 0° relative to the posterior
condyles. Mechanical postoperative alignment was achieved by placing the
implant according to the mechanical axes, resulting in 0° of postoperative HKA
and tibial varus angles, regardless of constitutional deformity and anatomical joint
line orientations. We accounted for 3° external rotation of the femoral component
relative to the posterior condyles in the mechanical loading conditions, which
was adopted to compensate for flexion and extension gaps 28. A posterior tibial
slope of 3° was defined in both alignments.
The resection level was defined 8 mm below the lowest point of the highest
condyle for both alignments independently, and the corresponding size was set
to be the largest size in which the tray could be placed on the resection surface
with a maximum overhang below 2 mm, corresponding with a reported tibial
coverage study 18. Bone coverage following to the established implant position
was defined as the relative resection plateau surface area covered by the
baseplate, and was computed to validate implant position against clinical and
computational measure outcomes 18,29,30.
A cement layer was generated based on a 0.75 mm offset over the entire bone−
contact surface of the tibial component, and used as outline for resection of
the tibia by applying a Boolean operation (HyperMesh, Altair Engineering, MI,
USA). The tibiae were distally resected 150 mm beneath proximal resection
level. The proximal tibia was fixed distally in order to reduce computational cost
in the final FE simulations. All parts in the assembly were (re)meshed using first
order tetrahedral elements with a size of 2 mm and connected using fixed node
contact, meaning the entire implant fixation interface is perfectly bonded to the
bone by the cement layer.
Consistent pre- and postoperative tibial bone meshes were used by reconstructing
the preoperative models out of the two resected proximal bone parts, to allow
for element-wise evaluation of TKA-related strain differences. The difference in
resected geometry required the use of separate preoperative models, despite
the use of the kinematic alignment definition over all preoperative cases. This
constitutional varus alignment was assumed over all intact tibiae, regardless of
native subject-specific knee alignment, in order to consider the effect of structural
tibial differences on consistent alignment change. Hence, in case of mechanical
implant alignment, the preoperative models were rotated to the kinematic
alignment, in order to apply preoperative loading conditions consistently with
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the kinematic models, as depicted in Figure 1. There was no difference in initial
strain between both preoperative models.
Bone material properties of the tibial meshes were assigned per element using
corresponding CT intensities 31. The scan-specific linear function between
Hounsfield units (HU) and BMD was determined using a recently published
calibration method based on the intensities of air, fat and muscle tissue 32; linear
elastic properties of the calibrated bone densities were subsequently assigned
using reported modulus−density relationships of cortical and trabecular bone,
respectively 33,34. Elastic moduli used for the CoCr tray, the polyethylene (PE)
insert and the bone cement were 210 GPa, 588 MPa, and 2551 MPa, respectively.
Implant- and alignment-specific knee loading during physiological activity cycles
was computed using inverse dynamics at University of Denver 35, based on in
vivo loading and kinematics 36. Tibiofemoral peak activity forces of gait, step
down (SD) and deep knee bend (DKB) load cycles (Table 1) were applied at
the centers of pressure (COPs) of the lateral and medial femoral condyles on
the insert contact surface (Figure 2). The instances of peak loading during the
dynamic load cycles occurred at the same moment in time within kinematic and
mechanical alignment for all three activities. In the preoperative models, the
COPs of the kinematic alignment forces were connected to the closest nodes on
the proximal tibial surface using springs; the number of connected nodes was
determined as function of the total related contact area, and spring constants
were individually assigned based on distance and a compressive modulus of 9
GPa representing the intermediate articular cartilage 37.
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Figure 1. Four FE Models automatically created from a single tibia, including applied loading and boundary conditions, mechanical axes and related varus angles: a) Preoperative

varus kinematic model, b) Postoperative varus kinematic model, c) Preoperative varus using the mechanically aligned mesh, and d) Postoperative mechanically corrected model.
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Figure 2. Schematic superior view of medial and lateral COP positions during peak activity loads; markers are
scaled based on their corresponding absolute forces indicated in Table 1.
Table 1. Numerical values of medial and lateral condyle forces during applied activity peak loads.
Activity

Medial condyle peak load (N)
Kinematic alignment

Lateral condyle peak load (N)

Mechanical alignment

Kinematic alignment

Mechanical alignment

Fmed

Fant

Fdist

Fabs

Fmed

Fant

Fdist

Fabs

Fmed

Fant

Fdist

Fabs

Fmed

Fant

Fdist

Fabs

Gait

-172

-34

1623

1632

-178

-82

1322

1336

37

77

1044

1047

136

110

1266

1278

SD

-145

111

2250

2257

-25

62

1609

1611

35

-12

919

920

84

35

1682

1685

DKB

-61

5

184

194

-68

-16

435

441

-23

-229

2153

2166

16

-159

1910

1917

The averaged strain energy density (SED) after application of the three peak
loads was considered as measure for bone strains during daily living. Subsequent
iterative bone density changes were simulated using strain adaptive remodeling,
with the difference between local preoperative and postoperative SED per unit
bone mass, and, respectively, considered as stimulus for density change in
time 9. If the relative local difference was lower than 35%, the stimulus fell into
a lazy zone and no remodeling was assumed. Outside of this range, the rate
of local bone apposition or resorption was also dependent on its available free
bone surface, representing the porosity and specific surface and determined
based on the corresponding bone density 38. Bone associated with greater free
surface density was assumed to be more responsive to changes in SED, since
remodeling activity takes place at these free surfaces.
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Equation 1. Definition of the local bone remodeling rate following the strain adaptive theory 9, as incorporated in
the iterative postoperative FE simulations.

Simulations were time-scaled using computer time units (CTU) defined relative
to the maximum stimulus per iteration; each postoperative year was considered
to correspond to 30 CTU. Used dead zone and time conversion values were
established in a study by Tarala et al. 39, in which simulated periprosthetic bone
adaptations around a femoral hip implant were fitted to clinical data of a twoyear clinical follow-up study 40. Simulations incorporating the custom remodeling
algorithms were conducted in MSC.MARC (MSC Software Corporation, Santa
Ana, CA, USA).
Two-dimensional anteroposterior (AP) projections were made by mapping
the element numbers of the FE models in a three-dimensional matrix with a
voxel size of 0.25 cm3 14, and subsequently taking the sum of the associated
bone mineral content (BMC) values in AP direction. This method allowed us
to efficiently compute virtual projections over a large number of time points.
Two-dimensional AP projections were used as they allowed for density analysis
in line with clinical remodeling measurements performed in DEXA studies 3–5,
are generally less prone to tibial geometry variations than three-dimensional
analyses, and the greatest differences in remodeling outcome were expected
to be found in the coronal plane. Three different regions of interest (ROIs) in
the proximal tibia were used to compare relative local BMD change over time
between the 47 subjects and both alignments. The ROIs were defined relative
to the position of the distal tip of the keel, as depicted in Figure 3; bone anterior
and posterior relative to the keel was included in the proximal ROIs to cover
the entire proximal bone and reduce relative difference in regional bone volume
between alignments; hence, this is different from an actual X-ray projection, in
which the keel would obscure anteriorly and posteriorly located bone.
The Pearson linear correlation coefficient was used to test significance in the
statistical relationship between remodeling outcome in the ROIs and various
zero time-point measures. Regional preoperative BMD, ROI bone volume,
implant size and bone coverage were the factors considered in studying the
effect on remodeling outcome over tibiae with various geometries and density
distributions. Remodeling rate following the initial CTU (= ~11.2 days) was
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considered short-term remodeling; long-term remodeling was captured in the
relative bone loss after two years and remodeling rate at the two-year time point.
In order to identify different remodeling patterns over the population, the AP
projections of the proximal tibiae were transformed to the average tibial frontal
outline including implant position using an existing nonrigid registration algorithm
based on affine registration and free-form deformations 41. Registered scans
enabled use of pixel-wise comparison between all tibiae to determine local
mean and variance BMD values, and therefore distinguish between divergent
distributions. Different remodeling pathways were identified by local sites
displaying increased variance in two-year BMD, since it is much easier to group
different outcome distributions based on local, more distinct differences.

4

Figure 3. Schematic AP view of the ROI definitions, including relevant measures; the cumulative BMC in AP
direction is considered for each pixel within the ROIs.
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Results
Average bone coverage in the postoperative FE models of the 47 tibiae
following automatic setup was 82.8% and 84.8% in kinematic and mechanical
alignment, respectively. Median tray size over the population was implant size
6 (mediolateral (ML): 74 mm, AP: 49 mm), with used implants ranging from size
2 to size 10 (ML: 62−86 mm, AP: 41−56 mm); the implant following mechanical
alignment was found to be one size greater than in kinematic alignment for the
majority of subjects (53.2%). In two cases, the implant was planned to be two
sizes greater in mechanical alignment, while the implant was one size smaller
compared to the kinematic case in one instance. In the remaining tibiae (40.4%),
a single implant size was used over both alignments.

Figure 4. Bar graph of regional mean relative BMD change in both alignments after two years, including related
standard deviation.
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At a simulated time point of two years after TKA, a general BMD decrease was
observed in the two proximal ROIs, while structural bone formation was seen
distally for kinematic alignment (Figure 4). Pair-wise comparisons between the
two alignment strategies revealed more bone loss in the medial ROI (mean:
-24.8% vs. -7.0%) and distal ROI (mean: 15.8% vs. -2.6%) for every mechanically
aligned tibia as compared to their corresponding kinematically aligned model
(Figure 5). In 39 cases (82.9%), a reduction of bone loss in the lateral ROI
was found for mechanical TKA alignment; total bone loss over the two proximal
ROIs together was greater in mechanical alignment for 93.6% of the subjects
(ranging from -15.3% to +3.3% BMD difference). For each ROI, the difference in
relative density change between both alignments was normally distributed and
significant for p<0.05.

4

Figure 5. Box−whisker plot of intrasubject remodeling difference over the ROIs, indicating median, 25th and 75th
percentiles and outliers. Intrasubject difference is defined as the difference in relative BMD change (%) between
mechanical and kinematic outcome of the same tibia. Negative values indicate greater intrasubject bone loss
following mechanical alignment compared to kinematic alignment.
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Figure 6. Course of relative BMD change over time for both alignments in each ROI, indicating the course of mean
values, the range and the cases with extreme rates at the initial and two-year time points.

Although intrasubject effect of alignment on postoperative remodeling was quite
consistent over the population (Figure 5), large variation between different tibiae
was found in the extent of bone remodeling (Figure 4), the course of density
change over time (Figure 6) and local redistribution patterns (Figure 9).
Figure 6 shows that on average, most of the density changes take place in
the initial months after operation, with the remodeling rate gradually decreasing
towards a constant BMD value over several years. Individual cases deviated
from the overall trend by displaying averse net remodeling effects, showing a
rapid initial decrease followed by a gradual increase, or having a consistent
decrease over time (e.g., ‘rate min−max cases’ in Figure 6).
Mean regional bone density values were found to be significantly correlated with
most of the tested remodeling outcomes (p<0.05) (Table 2). Short-term remodeling
was positively correlated with BMD values of the proximal ROIs, indicating less
initial relative bone loss in denser bones, while two-year remodeling outcomes
were negatively correlated with initial proximal BMD values, with higher BMD
tibiae displaying increased and prolonged relative proximal bone loss after two
years. This trend was observed in both kinematic and mechanical alignment
cases, as illustrated by the short- and long-term medial ROI remodeling rates in
Figure 7. Increased distal bone apposition was related to greater preoperative
BMD in all ROIs over both time points. Regional bone volume, tray size and
relative bone coverage were tested not-significant against most remodeling
measures, or were only found to be weakly correlated (|ρ|max = 0.402).
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Figure 7. Scatter plot and first-order fit of the mean medial initial BMD against medial ROI remodeling rates
directly after operation (left) and at two years (right), including the corresponding Pearson linear correlation
coefficients. * = significance for p<0.05
Table 2. Pearson linear correlation coefficient between various remodeling measures and mean regional preoperative
BMD. Initial remodeling rate significantly positively correlated with most regional densities; two-year outcome
negatively correlated with initial proximal densities. * = significance for p<0.05
Outcome measure

Alignment

ROI

Pearson correlation coefficient ρ
Mean initial BMD (g/cm3)

Initial remodeling rate
(d[%]/dt)

Kinematic

Mechanical

Two-year remodeling rate
(d[%]/dt)

Kinematic

Mechanical

Two-year bone change (%)

Kinematic

Mechanical

Medial ROI

Lateral ROI

Distal ROI

Medial

0.642*

0.637*

0.583*

Lateral

0.457*

0.478*

0.416*

Distal

0.289*

0.320*

0.267

Medial

0.786*

0.755*

0.742*

Lateral

0.308*

0.336*

0.276

Distal

0.627*

0.584*

0.626*

Medial

-0.757*

-0.757*

-0.675*

Lateral

-0.807*

-0.820*

-0.749*

Distal

0.697*

0.669*

0.609*

Medial

-0.875*

-0.852*

-0.813*

Lateral

-0.843*

-0.844*

-0.803*

Distal

0.399*

0.420*

0.284

Medial

-0.576*

-0.555*

-0.531*

Lateral

-0.523*

-0.506*

-0.488*

Distal

0.495*

0.503*

0.414*

Medial

-0.378*

-0.337*

-0.344*

Lateral

-0.629*

-0.597*

-0.602*

Distal

0.714*

0.696*

0.643*
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Two different general remodeling pathways were identified within the nonlinearly
registered AP projections, based on distinct sites with increased variance in
absolute bone change found over the population after two years. Increased
variance relative to mean local density change was found in both alignments
around the distal tip of the keel, and at the lateral cortex, as indicated on the
variance heatmaps of Figure 8. BMD changes at both sites were found to be
significantly negatively correlated to each other, for both alignments separately,
indicating that bone formation at one site is associated with bone resorption at
the other site. Based on these findings, two separate remodeling pathways were
defined: a pattern of bone densification around the distal tip of the keel (‘Distal
keel site/pathway’), and a distribution with bone formation at the lateral cortex
(‘Lateral cortex site/pathway’).
Density distributions associated with these two pathways were illustrated in
Figure 9 based on the top 10% of cases showing the highest bone increase
at the indicated sites within mechanical alignment. Relative two-year bone
changes at the two sites were significantly related to mean regional preoperative
BMD, with denser bones being linked to distal keel formation and low BMD tibiae
associated with lateral cortex formation. However, Pearson coefficients were
found to be lower than those for the density changes over the entire ROIs, as
reported in Table 2.

Figure 8. BMD remodeling variance heat maps at two years following kinematic and mechanical postoperative
alignment, showing the variance σ2 in absolute bone density change (n = 47), including indicated sites based on
increased variance, used to distinguish between two separate bone formation pathways.
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Figure 9. AP projections of mean nonlinearly registered density distributions after two years following different remodeling pathways in mechanical postoperative alignment.
The rows indicate BMD distributions following the top 10% of distal keel bone formation cases, the top 10% subjects displaying lateral cortex densification and all remaining
cases, respectively. Columns display related pre- and postoperative BMD distributions, and two-year BMD changes subdivided by bone formation and resorption, respectively.
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Discussion
In this study, the effect of postoperative alignment and kinematic variation on bone
remodeling was investigated in strain-adaptive FE simulations of a population of
tibiae. The current results demonstrate that correction of native varus alignment
to neutral mechanical alignment increases the long-term bone loss in the medial
ROI in each of the 47 subjects, relative to more consistent kinematic alignment
outcome. This finding is in line with our hypothesis that mechanical correction
would lead to greater medial resorption, and with clinically reported long-term
outcomes 3,4, which found significantly more bone loss within the tibial condyle
which had been unloaded following knee alignment change due to TKA, over
the entire population. The shift in force distribution from the medial to the lateral
condyle in mechanical alignment relative to kinematic loading, as shown by the
implant-specific load cases (Table 1), was considered the main reason behind
this finding. In line with this finding, more bone was generally preserved in the
lateral ROI following mechanical alignment over kinematic alignment due to the
increased lateral loading, although this effect was not as extensive and was
not found in every subject after two years. Over the total volume of both of the
proximal ROIs, more bone loss was observed following mechanical alignment
in almost all cases, suggesting implant placement according to constitutional
varus alignment is beneficial in terms of long-term preservation of bone density
in the proximal tibia. Within the distal ROI, additional bone loss was structurally
encountered in mechanical alignment over kinematic alignment.
Although kinematically aligned TKA was found to be superior in terms of proximal
tibial bone preservation, implant loading following kinematic alignment showed
increased peak loads and less evenly distributed compressive forces over the
mechanical load cases in the instances of maximum loading (Table 1). This could
potentially lead to increased wear of the PE insert and reduced implant fixation,
which has also been used by some authors to argue as to why mechanical
alignment would be beneficial 28. On the other hand, significant advances have
been made in recent years to reduce incidences of PE wear as the major
cause of TKA failure: while PE wear was the main cause of primary failure in
patients in 2002 (25%), it only accounted for 4.3% of the revision procedures
performed in 2012 1, despite the increasing usage of the kinematic alignment
technique. Similar early revision rates have been found clinically comparing both
alignments, while quicker recovery, better functional outcomes and lower rates
of residual pain have been reported following kinematic alignment 11.
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In both alignment philosophies, initial tibial density values were found to be related
to the course of bone remodeling over time; high initial bone resorption rates were
typically found in tibiae with low BMD, while high density bones showed prolonged
and increased bone loss after two years. This finding indicates that initial strain
difference, which drives the initial bone remodeling rate and is commonly used
to assess stress shielding 42,43, may not be a reliable measure for long-term
bone remodeling. Bone remodeling simulations were chosen to cover a period
of two years, as a compromise between simulated postoperative time, and the
associated computational time required. Although an imaging study based on
single photon emission CT uptake suggested implant-induced remodeling to only
take place within the first two years after TKA 44, some DEXA studies observed
ongoing bone loss or restorative bone formation beyond two years 3,4,45. Within
our study, we found the average regional BMD over the population to remain
almost stable after two years (Figure 6), but progressive remodeling after this
period was still encountered in individual cases, with regional bone loss of up to
a rate of ~7% per year in higher density bones (Figure 7). Although simulated
bone remodeling was still ongoing after two years, a predictable slow and steady
decline in absolute rate was already seen after the first year in all cases. This
was in line with reported clinical results that most rapid bone changes occurred
in the initial year after TKA 3,44,45. Therefore, we considered the rate at the twoyear time point a suitable measure for extended remodeling beyond this point,
even though the average time from primary TKA to revision due to medial tibial
collapse was reported to be seven years 6,7.
A large variation in remodeling results was found over the simulated population,
even though all tibiae were loaded following the same configurations. Most of
the variation was likely due to the vast differences encountered in initial BMD
values and preoperative density distributions over the population. Although
subject information was not available for the used anonymized data set, it is
likely that initial differences in overall densities were caused to a large extent
by supposed variation in patient factors like age, sex, BW and activity levels,
while differences in density distributions were largely subject to variation in
patient-specific native knee alignments. Several studies in osteoarthritis (OA)
patients have reported greater relative medial densification of the proximal
tibia related to varus alignment 46–48. Patient-specific preoperative alignment
was not considered in the current study since no weight-bearing clinical scans
were available to determine the native joint alignment. In addition, alignmentspecific loading data was only available for the two studied alignment definitions,
while patient-specific preoperative alignment would require individual loading
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configurations. Mild varus preoperative alignment was therefore assumed for all
subjects, to be able to study the effects of a consistent and frequent mechanical
alignment correction following TKA, since constitutional varus deformity is
frequently found in asymptomatic subjects and arthritis patients 21–23. Current
FE models were created from a data set of cardiovascular patients, which may
be different from an actual TKA patient population in terms of bone density 49,50,
and constitutional varus alignment 23. Not only an increased varus HKA angle
was found in arthritis patients in comparison to asymptomatic controls (mean:
6.0° vs. 1.3° varus, respectively), also the tibial joint line orientation was affected
in the arthritis group 23. These structural differences might change the strain
distribution throughout the tibia, but also the remodeling response in local bone
density affected by OA might differ from generic bone response. Initially denser
bone as a result of OA could lead to increased relative bone resorption outcome,
suggesting decreased implant stability, while it might still be beneficial in terms
of absolute bone densities compared to an identical knee which was not affected
by OA. The relative effect of OA classification on postoperative remodeling could
be assessed using a clinical validation study. No data about the OA status of the
used subjects was available. Based on the results, it could be assumed greater
long-term medial bone resorption following mechanical alignment is generally
associated with knees in increasingly varus native alignment, even without
consideration of the larger related force shifts, due to the associated higher
initial medial density values. Because of the large interindividual differences in
tibial geometry and density distributions, it is very likely that structural effects
found over the population would be reflected in simulations of a native varus
TKA cohort.
Use of a statistical shape and intensity model (SSIM) could increase tibial
variation within a population by covering most of the variance in geometry and
bone density in a limited number of models. Principal modes of a SSIM could
also enable a more controlled statistical analysis of geometrical features and
distributions on remodeling outcome, potentially providing more reproducible
characteristics for specific remodeling patterns. This could help guide clinical
practice by being able to identify cases in which tibiae would display reduced
proximal bone loss following deformity correction to mechanical alignment.
Although the use of AP projections allows for comparison with clinical dualenergy X-ray absorptiometry (DEXA) scans, defined ROIs cannot be used in
single clinical scans since bone densities directly surrounding and in the line of
sight of the keel and baseplate have to be excluded due to metallic reflection
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and scattering. This bone area was considered in the computational ROIs in
order to cover the entire proximal tibia and to reduce effect of alignment on
relative differences in regional bone volume. No single clinical standard on ROI
definitions in tibial remodeling is available, which complicates direct comparison
between outcomes of different clinical studies. To validate simulation outcome
and incorporate tibia-specific material behavior, patient-specific bone remodeling
using CT scans of longitudinal periprosthetic tibial remodeling studies could
be used in future studies. The sensitivity and responsiveness of current bone
adaptations were based on such a remodeling study around a femoral hip
implant 39, but bone response might differ in the proximal tibia. The modulus−
density relationship used for assigning the moduli to trabecular bone was tibiaspecific, as this relation was found to deviate between anatomic sites 34.
The relative tibial coverage of the trays in kinematic and mechanical alignment
was found to be in line with numbers reported in clinical and computational
studies 18,29,30, indicating realistic postoperative models were achieved following
the automatic workflow. However, multiple simplifications limit use of current FE
simulations on a patient-specific level. Preoperative alignment was assumed to
be in varus without considering native alignment of the individual tibiae, intact
knee loading was based on the implant-specific loading profile, and perfectly
consistent alignment replication was assumed in postoperative kinematic
models. In both postoperative alignments, perfectly fixed contact between
bone, cement and implant was defined. Only tibiofemoral peak loads of three
repetitive activities were applied pre- and postoperatively, neglecting effects
of entire loading cycles, soft tissue, variation between movement cycles and
relative contributions of (other) physiological activities on proximal tibial stresses.
Simplification in physiological loading was made mainly in order to limit total
simulation time, by computing iterative strain distributions more efficiently. The
applied peak loads were based on a body weight (BW) of 75 kg and not scaled
to the subject’s BW. Furthermore, the load cases were not size-specific; loading
profiles of tibial and femoral components in a single, medium size were used
regardless of the size of the actual implant or tibia. This was done to ensure
consistent intact loading between kinematic and mechanical model setups
of the same subject, despite potential implant size differences between both
postoperative alignments. Effects of load simplification, BW scaling and sizespecific loading on strain-adaptive remodeling are limited since bone adaptations
are driven by relative SED differences, which remain fairly constant as long as
pre- and postoperative load configurations are consistent. Change in activity
levels and in relative activity contribution after TKA has greater potential effect
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on long-term remodeling, as well does general age- and sex-related BMD
decrease, especially in postmenopausal women. Apart from the fact that there
was no information available about BW, age, sex and activity levels of used
subjects, these factors were not considered in order to study only the implantinduced effects on bone adaptation.

Conclusions
Based on this computer simulation study we can conclude that the correction
of constitutional varus alignment to neutral mechanical postoperative alignment
leads to an increase in medial tibial bone resorption compared to more consistent
kinematic alignment, independent of initial tibial geometry and bone density. In
mechanical alignment, increased resorption was also found distally of the keel,
while reduced bone loss was found laterally. The course of bone remodeling
over time showed rapid initial remodeling rates for low density bones, while high
density bones generally had increased and prolonged relative proximal bone
loss after two years. The latter trend has also been displayed in a clinical DEXA
study comparing remodeling in low- and high-BMD groups 51. These results
indicate that, when considering bone remodeling, it may be beneficial to align
the implant according to constitutional varus alignment rather than to adopt
neutral mechanical alignment, since greater initial medial densification and
medial condyle unloading both have been found to increase bone resorption.
Density distributions revealed different bone remodeling pathways, with most
bone apposition either near the distal keel tip or at the lateral cortex irrespective
of the chosen alignment. The variations seen between specimens illustrate the
benefit of population-based FE analyses over single model studies.
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Abstract
Periprosthetic bone loss is an important factor in tibial implant failure mechanisms
in total knee arthroplasty (TKA). The purpose of this study was to validate
computational postoperative bone response using longitudinal clinical DEXA
densities. Computational remodeling outcome over a population was obtained
by incorporating the strain-adaptive remodeling theory in finite element (FE)
simulations of 26 different tibiae. Physiological loading conditions were applied,
and bone mineral density (BMD) in three different regions of interest (ROIs) was
considered over a postoperative time of 15 years. BMD outcome was compared
directly to previously reported clinical BMD data of a comparable TKA cohort.
Similar trends between computational and clinical bone remodeling over time
were observed in the two proximal ROIs, with most rapid bone loss taking place
in the initial months after TKA and BMD starting to level in the following years.
The extent of absolute proximal BMD change was underestimated in the FE
population compared to the clinical subject group, which might be the result
of significantly higher initial clinical baseline BMD values. Large differences
in remodeling response were found in the distal ROI, in which resorption was
measured clinically, but a large BMD increase was predicted by the FE models.
Multiple computational limitations, related to the FE mesh, loading conditions, and
strain-adaptive algorithm, likely contributed to the extensive local bone formation.
Further research incorporating subject-specific comparisons using follow-up
CT scans and more extensive physiological knee loading is recommended to
optimize bone remodeling more distal to the tibial baseplate.

107

5

C H A P T ER

5

Introduction
Total knee arthroplasty (TKA) is one of the most successful surgical interventions,
but despite reduced revision rates, 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 common causes of long-term implant failure are aseptic
loosening and periprosthetic fracture 1,2, which are linked to stress shieldingrelated osteolysis as observed in longitudinal DEXA studies 3–5, in line with Wolff’s
law. Clinical DEXA studies typically display a significant spread in bone density
changes, attributed to various sources of variation in patient characteristics,
such as differences in initial bone mineral density (BMD), preoperative knee
alignment and subject body mass index (BMI).
For instance, initial mediolateral (ML) bone density distributions may depend on
native knee alignment, since clinical studies have demonstrated a higher medial
baseline BMD in varus knees, while valgus knees typically have greater initial
lateral bone density 3,6–8. Subsequently, knee alignment may be changed during
surgery, leading to changes in joint loads and load transfer to the periprosthetic
bone. Hence, a mechanical TKA alignment may lead to relatively more medial
bone loss in constitutional varus knees, and more laterally concentrated bone
loss in native valgus knees. This trend has been observed in numerous clinical
DEXA studies 3,4,6,8–10. A higher initial BMD has also been associated with greater
(relative) proximal bone loss regardless of knee alignment, by a computational
and a clinical study 6,11, respectively, causing mean proximal BMD to converge to
a fixed density range after two years.
Furthermore, clinical studies have demonstrated a positive correlation between
subject BW measures and proximal BMD levels several years after TKA 8,9,12,13.
Conversely, no pronounced effect of age and sex on tibial bone loss has been
reported. Since the age range of a primary TKA cohort is typically limited,
different TKA studies have been unable to demonstrate age-related BMD
decline in the preoperative tibia and subsequent remodeling 9,14. However, agerelated bone loss is generally more pronounced in postmenopausal women 15,
accounting for higher baseline BMD levels found in male TKA patients compared
to female patients 14. No significant differences in postoperative density changes
were found by sex in various studies 8,12,14,16,17. One study reported significantly
less bone loss in lateral and distal regions in male patients 18, potentially due
to corrective alignment change related to preoperative varus deformity, as
constitutional varus is more common in men than in women 19.
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Investigating the effect of various sources of variation on periprosthetic bone
changes in a clinical setting in more detail would require long-term follow-up
studies with large patient cohorts. An alternative way to gain more understanding
about the relative effects of these parameters is through computational modeling.
Previous finite element (FE) models have assessed periprosthetic tibial bone loss
using strain differences 20,21, and by subsequent modeled bone loss through strainadaptive bone remodeling 11,22. Current strain-adaptive remodeling theories have
been established and refined based on femoral bone changes following total hip
replacement 23,24, but to our knowledge have not been validated before against
clinical outcome in the tibia. In the current study, computational bone remodeling
outcome in a TKA cohort was compared against results of a longitudinal clinical
DEXA study in a different patient group 25–27. The computational results were
furthermore used to investigate the relative effects of patient characteristics on
periprosthetic bone remodeling in more detail.

Materials & Methods
FE models of 26 tibiae from 14 TKA subjects of a Japanese preoperative
lower limb CT data set were created using a custom made workflow, based
on the approach of a previous computational population study 11. The model
setup consisted of the following consecutive steps: (1) CT scan processing, (2)
FE mesh generation, (3) material property assignment, and (4) application of
boundary and loading conditions.
In the initial processing step, knee alignment angles were measured and tibiae
were segmented from the available CT scans, taken in supine position. The
hip−knee−ankle (HKA) and tibial varus−valgus (VV) angles of each knee were
measured in the anteroposterior (AP) view using CT scan annotations in Slicer
3D 28; the HKA angle was defined as the angle between the femoral and tibial
mechanical axes, while the VV angle was the angular offset of the joint line
perpendicular to the tibial mechanical axis. Positive knee angles were directed
towards varus alignment. Based on the measured knee angles, each knee was
allocated to be in varus, neutral or valgus alignment. Knees were considered to
be in varus if the HKA angle was greater than or equal to 3 degrees. Subdivision
between neutral and valgus knees was made based on the measured tibial VV
angle; knees were assigned to be in valgus in case of a valgus tibial joint line (VV
< 0°). Subject characteristics including the measured knee angles and resulting
alignment distributions are indicated in Table 1. Subject characteristics indicated
by mean (range). a = data from 12 of the 14 subjects.
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The tibiae were automatically segmented based on boundary enhancement
filtering and graph cut optimization 29; the resulting segmentation was manually
adjusted using Slicer 3D in case incorrect local bone edges were detected.
Surface meshes were generated from the obtained binary voxel masks 30
and smoothed using curvature flow 31. The bones were subsequently aligned
according to the mechanical axis 32, with the largest inertial axis being defined
as the longitudinal axis and neutral internal rotation referencing the medial third
of the tibial tubercle 33.
Tibial alignment, resection planning and tray size determination were performed
relative to the mechanical reference frame. For each tibia, a size-matched
cemented cruciate-retaining, rotating platform (RP), cobalt-chromium-alloy
(CoCr) implant (Sigma RP, DePuy Synthes, Warsaw, IN, USA) was placed
following mechanical implant alignment. This alignment was achieved by placing
the implant according to the mechanical axes, resulting in 0° of postoperative
HKA and tibial VV angles, regardless of constitutional deformity and anatomical
joint line orientations. The applied loading conditions accounted for 3° external
rotation of the femoral component relative to the posterior condyles, which was
adopted to compensate for flexion and extension gaps 34. A posterior tibial slope
of 5° was adopted, based on the general surgical recommendation for cruciateretaining implants to match the patient’s anatomy up to 5 degrees of posterior
slope, and an average anatomical slope of 10° and 6° in neutral and varus knees,
respectively, in a Japanese population 35.
The tibial resection level was defined 8 mm distally from the lowest point of the
highest condyle, and the internal/external rotation of the RP tray was optimized
to maximize the coverage of the resected bone surface. The correct implant size
was set to be the largest tray size which could be placed on the resection surface
with a maximum overhang below 2 mm, in line with a reported tibial coverage
study 36. Bone coverage, defined as the relative resection plateau surface area
covered by the base plate, was computed to numerically assess the achieved
implant position and indicated that realistic implant positions were achieved,
since values were in line with results of previous clinical and computational
studies 13,36,37. Established implant sizes and bone coverage ratios are also
indicated in Table 1.
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Table 1. Subject characteristics indicated by mean (range). a = data from 12 of the 14 subjects
Number of subjects [male/female]

14 [4/10]

Number of knees [male/female]

26 [7/19]

Subject age (years)

69 (60–76)

Subject body weight (kg)

57 (48–70)

a

Subject body height (cm)

156 (140–165)

Subject body mass index a (kg/m2)

24 (18–31)

Hip−knee−ankle angle (degrees)

1.9 (-5.7–5.4)

Tibial varus−valgus angle (degrees)

3.7 (-2.4–8.0)

Number of varus knees [male/female]

13 [5/8]

Number of neutral knees [male/female]

12 [2/10]

Number of valgus knees [male/female]

1 [0/1]

Median tibial tray size (Sigma RP sizing)

2.5 (1.5–4)

Bone coverage (%)

87 (77–97)

a

A cement layer was generated based on a 0.75 mm offset over the entire bone
contact surface of the tibial component, and used as outline for resection of the
tibia by applying a Boolean operation (HyperMesh, Altair Engineering, MI, USA).
The tibiae were distally resected 150 mm beneath proximal resection level. The
proximal tibia was fixed distally in order to reduce computational cost in the
final FE simulations. All parts in the assembly were (re)meshed using first order
tetrahedral elements with a size of 2 mm and were connected using fixed contact
definition.
Consistent pre- and postoperative tibial bone meshes were used by reconstructing
the intact preoperative models out of the two resected proximal bone parts,
to allow for element-wise evaluation of TKA-related strain differences. The
difference in alignment between pre- and postoperative models, in case of native
varus and valgus knees, was accommodated for by rotating the resected bone
meshes towards their respective VV angles, consistent with the definitions used
in the applied loading conditions, as depicted in Figure 1.
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Figure 1. The anterior view of pre- and postoperative FE model pairs of a native varus, neutral and valgus tibia, respectively, including applied loading and boundary conditions,
and tibial mechanical axes and VV angles.
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Bone material properties of the tibial meshes were assigned per element using
corresponding CT intensities 38. The scan-specific linear function between
Hounsfield units (HU) and BMD was determined using a calibration method
based on the intensities of air, fat and muscle tissue 39; linear elastic properties
of the calibrated bone densities were subsequently assigned using reported
modulus–density relationships of cortical and cancellous bone, respectively 40,41.
Elastic moduli used for the CoCr tray, the polyethylene (PE) insert and the bone
cement were 210 GPa, 588 MPa, and 2551 MPa, respectively.
Implant- and alignment-specific knee loading during physiological activity cycles
was computed at the University of Denver using inverse dynamics 42, based on
available in vivo loading and knee kinematics 43. Tibiofemoral (TF) peak activity
forces of, consecutively, a gait, step down (SD) and deep knee bend (DKB) load
cycle (Table 2) were applied at the centers of pressure (COPs) of the lateral and
medial femoral condyles on the insert contact surface (Figure 2), to represent
implant loading during daily activity. A tibial insert−tray combination in size 3
has been used to compute all implant load cases. Therefore, a size 3 insert
was placed on the tray in each FE model, regardless of the used tray size.
The used insert size is clinically compatible with tray sizes 2.5, 3 and 4, used
in nine, eight and five cases of the FE population, respectively, while the trays
on the remaining four tibiae would be undersized in practice to match the insert
sizes 1.5 and 2 following automated implant placement (Table 1). Forces were
determined based on a subject body weight (BW) of 75 kg, and the extent of
the applied forces were subsequently scaled to the available subject BW of the
modeled tibiae. For the four tibiae of female subjects for which BW was not
known, forces were scaled to the average female BW of the FE population (59
kg). Additionally, these four tibiae were simulated following the unscaled load
cases of 75 kg to investigate the effect of load scaling on remodeling outcome.
In the preoperative models, the COPs of the forces, according to the subject’s
native deformity, were connected to the closest nodes on the proximal tibial
surface using springs; the number of connected nodes was determined as
function of the total related contact area, and spring constants were individually
assigned based on distance and a compressive modulus of 9 MPa representing
the intermediate articular cartilage 44. Neutral preoperative alignment was
considered to be consistent with the planned mechanical implant alignment. In
native varus alignment, a 3° HKA angle and a 5° VV angle were adopted in the
preoperative situation, based on the constitutional varus HKA alignment found
over multiple cohorts 19,45,46, in combination with an additional 2° tibial varus offset
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in the anatomical joint line 47. Valgus knees were represented preoperatively
using a neutral 0° HKA angle in combination with a −3° tibial VV angle.
The averaged strain energy density (SED) after application of the three activity
peak loads was considered as measure for bone strains during daily living.
Subsequent iterative bone density changes were simulated using strain adaptive
remodeling, with the difference between local preoperative and postoperative
SED per unit bone mass, and , respectively, considered as stimulus for density
change in time 23. If the relative local difference was lower than 35%, the
stimulus fell into a lazy zone and no net remodeling was assumed. Outside of
this range, the rate of local bone apposition or resorption was dependent on its
available free bone surface , representing the porosity and specific surface and
determined based on the corresponding bone density 48. Bone associated with
greater free surface density was assumed to be more responsive to changes in
SED, since remodeling activity takes place at these free surfaces.

Figure 2. Schematic superior view of medial and lateral COP positions relative to the tibial tray during activity peak
loads; markers are scaled based on the extent of the corresponding forces indicated in Table 2.
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Table 2. Numerical values of medial and lateral condyle forces during applied activity peak loads, given in
percentage of subject body weight (%BW [N/kg·100%]).
Alignment
Varus

Neutral

Valgus

Activity

Medial condyle load (%BW)

Lateral condyle load (%BW)

Fmed

Fant

Fdist

Fres

Fmed

Fant

Fdist

Fres

Gait

-3

-15

232

233

-7

6

100

100

SD

-9

9

294

294

-18

-3

145

147

DKB

-9

6

114

115

-17

0

211

211

Gait

14

-12

177

178

0

0

162

162

SD

9

12

218

218

-9

-7

222

223

DKB

3

6

95

95

-5

-7

231

232

Gait

26

-8

194

196

9

-2

137

137

SD

21

8

259

260

1

-4

175

175

DKB

32

13

269

271

2

-6

36

37

5
Equation 1. Definition of the local bone remodeling rate following the strain adaptive theory
in the iterative postoperative FE simulations

24

, as incorporated

Simulations were time-scaled using computer time units (CTU) defined relative
to the maximum stimulus per iteration; each postoperative year was considered
to correspond to 30 CTU. Used lazy zone and time conversion values were
established in a study by Tarala et al. 24, in which simulated periprosthetic bone
adaptations around a femoral hip implant were fitted to clinical data of a twoyear clinical follow-up study 49. Simulations incorporating the custom remodeling
algorithms were conducted in MSC.MARC (MSC Software Corporation, Santa
Ana, CA, USA).
Two-dimensional AP projections were made by mapping the element numbers of
the FE models using a cubic voxel size of 0.2 mm3 in a three-dimensional matrix
30
, and subsequently taking the sum of the associated bone mineral content
(BMC) values in AP direction. This method allowed us to efficiently compute
virtual AP DEXA projections over a large number of time points, to allow for
density comparison with existing longitudinal DEXA studies 25–27. The reported
clinical densitometry data was measured in a different Japanese TKA cohort
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receiving the same cemented RP implant (Sigma RP), with follow-up at 6, 12,
18 and 24 months 25, 3, 4 and 5 years 26, and final follow-up at a mean of 11.4
years 27, respectively, and has been IRB approved for use in this study. BMC
was determined in three tibial regions of interest (ROIs) of 1 cm2, defined relative
to the position of the tray and according to the definition of Minoda et al. 25,
illustrated in Figure 3, to directly compare numerical BMD outcome.

Figure 3. Schematic AP view of the ROIs, following the definitions of Minoda et al. 25, including reference distance
measures. Medial and lateral ROIs were placed 1 cm distal to the baseplate within the medial and lateral cortex,
respectively; the distal ROI was positioned 4 cm distal to the tray, medially centered following the ML position of
the keel. Each ROI was 1 square cm.
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Results
A comparison between available preoperative parameters in the different
Japanese TKA populations used in computational and clinical remodeling
is shown in Table 3. No significant differences in patient demographics were
encountered, but preoperative medial ROI BMD was found to be significantly
higher in the clinical DEXA scans, taken two weeks prior to TKA, than in the FE
models.
Computational bone remodeling outcome over time was compared to reported
clinical postoperative BMD outcome at different follow-up time points in Figure
4 and Table 4. The most notable difference between clinical and computational
results was the large increase in distal ROI BMD in the FE simulations, which
was not observed clinically and was statistically significant in all considered
remodeling parameters. Since all clinical baseline BMD values, taken two weeks
after TKA, were considerably higher than corresponding clinical preoperative
BMD and initial computational BMD, absolute densities remained significantly
different between FE and clinical tibiae over postoperative time in the proximal
ROIs. Despite significant differences in baseline BMD, the relative BMD
decrease in the lateral ROI was not significantly different at any follow-up time
point; in absolute terms, clinical lateral bone loss was significantly greater at two
and three years postoperatively. In the medial ROI, relative bone resorption was
significantly smaller in the clinical population, while the absolute clinical bone
loss was significantly greater at the majority of follow-up time points.
Table 3. Comparison between preoperative parameters in the FE and clinical Japanese TKA populations.
Quantitative subject characteristics (mean ± SD) were assumed to be normally distributed in all subject groups, and
were tested against difference using the two-tailed Z-test. * = statistically significant for p<0.05
FE population

Clinical population 27

Follow-up (years)

0−15

0, ½, 1, 1½, 2, 3, 4, 5, 11.6±3.0

Number of knees

26

17

Sex (male/female)

7/19

5/12

Age (years)

68.7 ± 5.6

70.9 ± 6.8

Height (cm)

155.0 ± 7.0

152.4 ± 9.6

Body weight (kg)

55.9 ± 5.8

59.5 ± 9.3

Body mass index (kg/m2)

23.5 ± 3.6

25.6 ± 3.3

Medial ROI

0.594 ± 0.162

0.854 ± 0.311*

Lateral ROI

0.466 ± 0.084

0.544 ± 0.147

Distal ROI

0.701 ± 0.160

0.656 ± 0.140

Preoperative BMD (g/cm2)
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Figure 4. BMD outcome of computational (FE) and clinical remodeling (mean ± SD) over postoperative time in
the three ROIs for different remodeling parameters. * = statistically significant difference between FE and clinical
outcome for p<0.05 following a two-tailed Z-test

The effect of alignment on periprosthetic bone changes was mainly observed in
the lateral ROI, where a difference was seen between varus and neutral groups,
with native neutral alignment cases displaying more bone loss at all time points
(Figure 5). However, this difference did not become significant at any point
in time when comparing relative and absolute remodeling outcome (p<0.05).
Despite slightly more initial medial bone loss in native varus knees, the mean
BMD and associated variance of the two alignment groups became constant
and almost equal again after the first five years. No considerable difference was
found in the distal bone formation. The single native valgus case did not show
a deviating trend from either of the other two alignment groups. No statistically
significant difference was found between remodeling in male and female knees.
Other FE subject characteristics were tested against initial BMD, and against
relative and absolute 15-year ROI BMD difference (Table 5). Preoperative
BMD values in all ROIs were positively correlated to each other, suggesting
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that relative density levels were equally distributed over the entire proximal
tibia. Initial densities in all ROIs were significantly correlated to 15-year density
changes in the medial and distal ROIs, but not in the lateral ROI. The negative
correlation coefficients over the medial ROI indicate that increased relative and
net medial bone loss is encountered in preoperatively denser tibiae, while the
positive coefficients found for bone changes in the distal ROI reveal an increase
in distal bone apposition in higher density bones. Similar but less pronounced
trends in medial and lateral bone remodeling were established for subject age at
time of TKA, BW and body mass index (BMI); most probably since these factors
were positively correlated to baseline BMD, although not significant in most ROIs.
BW and derived BMI were the only two parameters found to be significantly
related to bone remodeling in the lateral ROI, since increased long-term lateral
bone resorption was found in heavier and more overweight subjects. Additional
simulations of the four tibiae with unknown subject BW using the unscaled load
cases (BW of 75 kg) showed a minimal and inconsistent difference in intrasubject
15-year lateral BMD change compared to considered outcome based on loading
following the average female population BW (59 kg), indicating that effects of
BW and BMI are related to associated differences in preoperative bone structure
rather than to the extent of the physiological forces. The used implant size and
achieved bone coverage were not related to any of the regional BMD measures
Table 4. Regional BMD outcome (mean ± SD) of computational (FE) and clinical remodeling after TKA at different
follow-up time points. Difference between FE and clinical outcome was tested using the two-tailed Z-test. * =
statistically significant for p<0.05
Follow-up

Medial ROI
FE

Clinical

Lateral ROI
27

FE

Clinical

Distal ROI
27

FE

Clinical 27

Baseline / 2 weeks
BMD (g/cm2)

0.594 ± 0.162

1.166 ± 0.282*

0.466 ± 0.084

0.899 ± 0.190*

0.701 ± 0.160

0.897 ± 0.314*

BMD (g/cm2)

0.289 ± 0.099

0.649 ± 0.127*

0.347 ± 0.127

0.646 ± 0.156*

1.025 ± 0.290

0.749 ± 0.172*

ΔrelBMD (%)

-51.0 ± 11.4

-41.6 ± 16.0

-25.3 ± 23.7

-26.3 ± 17.6

44.9 ± 20.0

-13.0 ± 16.7*

-0.305 ± 0.113

-0.517 ± 0.281*

-0.118 ± 0.110

-0.253 ± 0.205*

0.323 ± 0.171

-0.148 ± 0.232*

BMD (g/cm2)

0.264 ± 0.083

0.768 ± 0.287*

0.336 ± 0.131

0.709 ± 0.190*

1.156 ± 0.365

0.764 ± 0.132*

ΔrelBMD (%)

-54.5 ± 11.6

-34.2 ± 25.8*

-27.5 ± 26.0

-18.1 ± 21.0

62.3 ± 27.5

-12.3 ± 23.6*

-0.330 ± 0.131

-0.451 ± 0.372

-0.130 ± 0.121

-0.175 ± 0.203

0.454 ± 0.241

-0.181 ± 0.313*

BMD (g/cm2)

0.248 ± 0.080

0.608 ± 0.183*

0.333 ± 0.140

0.700 ± 0.284*

1.236 ± 0.404

0.711 ± 0.118*

ΔrelBMD (%)

-57.1 ± 12.4

-47.3 ± 13.3*

-28.1 ± 28.1

-19.6 ± 36.0

72.8 ± 31.1

-16.0 ± 16.6*

-0.346 ± 0.139

-0.558 ± 0.219*

-0.133 ± 0.131

-0.199 ± 0.301

0.534 ± 0.275

-0.187 ± 0.255*

2 years

ΔBMD (g/cm2)
5 years

ΔBMD (g/cm2)
11.6 (± 3.0) years

ΔBMD (g/cm2)
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Figure 5. BMD outcome and relative BMD change of computational (FE) remodeling, differentiated by preoperative
alignment, and clinical remodeling (mean ± SD) over postoperative time in the two proximal ROIs.
Table 5. Pearson correlation coefficient between regional baseline and remodeling BMD outcome, and (preoperative)
subject parameters. * = significance for p<0.05
Pearson correlation coefficient ρ
Baseline ROI BMD
Medial

15-year rel ROI BMD change

15-year net ROI BMD change

Lateral

Distal

Medial

Lateral

Distal

Medial

Lateral

Distal

0.676*

0.758*

-0.385

-0.071

0.330

-0.873*

-0.161

0.496*

Baseline BMD
Medial ROI
Lateral ROI

0.676*

Distal ROI

0.758*

0.735*
0.735*

-0.396*

-0.095

0.515*

-0.662*

-0.193

0.640*

-0.465*

-0.154

0.498*

-0.725*

-0.267

0.721*

Age

0.518*

0.276

0.278

-0.173

-0.093

0.426*

-0.412*

-0.131

0.394*

BW

0.357

0.551*

0.337

0.127

-0.328

0.377

-0.144

-0.429*

0.445*

Height

-0.177

0.008

-0.173

-0.192

0.354

0.247

0.026

0.378

0.116

BMI

0.347

0.361

0.356

0.189

-0.450*

0.117

-0.119

-0.531*

0.244

Implant size

-0.273

0.149

-0.064

-0.255

0.195

0.356

0.101

0.188

0.236

Bone coverage

-0.039

-0.106

-0.048

-0.036

0.160

-0.380

0.024

0.123

-0.309
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Discussion
In the current study, the results of tibial bone remodeling simulations were
compared against a longitudinal clinical DEXA study in a comparable patient group
25–27
. The computational results were also used to investigate the relative effects
of patient characteristics and implant alignment. The remodeling simulations
predicted medial and lateral bone density changes that were very similar to the
clinical results. The outcome also demonstrated the effect of alignment on bone
remodeling, particularly in the lateral ROI.
The rate of computational bone remodeling over postoperative time indicated that
the vast majority of tibial density changes took place within the first 2−3 years,
with the highest remodeling rates found in the initial six months after surgery
(Figure 4), in line with the bone changes in the clinical population 25. Other DEXA
studies also reported the greatest bone loss to occur between initial follow-up
time points within two years, but found ongoing density changes after three years
3,18,50
. A single-photon emission CT (SPECT) study suggested implant-induced
remodeling to take place in the first two years after uncomplicated TKA, or
slightly longer in cases with more extensive bone remodeling, based on leveling
of SPECT uptake as a measure of bone metabolic activity 51. Ongoing long-term
bone loss is likely caused by systemic bone changes due to aging and physical
activity over time, which was not accounted for by the strain-adaptive remodeling
simulations. The extent of computational bone loss over time in the two proximal
ROIs was underestimated following the absolute BMD difference with baseline
BMD compared to the clinical results (Table 4).
Computational remodeling was performed on a Japanese TKA population
different from the Japanese patients in the clinical remodeling study 25–27, since
no preoperative CT scans of the DEXA study were available. No significant
differences were encountered in patient demographics of both populations (Table
3). However, preoperative BMD was significantly lower in the medial ROI over
the FE tibiae. Several densitometry-related factors could have contributed to this
BMD difference. Firstly, the clinical scans included soft tissue structures around
the bone, which contributed to the total projected density, while the projected FE
densities were based on only the segmented tibiae, resulting in lower BMD as
encountered in the proximal ROIs. And secondly, density differences could have
been caused by the use of a different image modality in the two populations;
although a very good correlation had been found between HU measured in CT
and DEXA-derived BMD 52, and in the scan-specific linear fit between HU and
cubic BMD 39, any deviations could be amplified over both established relations.
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Moreover, considerable speckle noise was encountered throughout CT images
of the FE subjects, affecting the histogram-based air−fat−muscle calibration 39,
in addition to the direct effect of speckle on voxel intensities; the calibration was
performed using only the air and muscle values in clinical scans in which no
explicit fat tissue intensity peak was observed due to the speckle, making the
HU−BMD relation more prone to deviations.
The significant increase in proximal BMD in the clinical population at two
weeks after TKA relative to two weeks preoperatively was suggested to be
predominantly caused by presence of bone cement in the ROIs, since a
larger two-week postoperative increase in regional BMD was reported over
the subjects with a cemented Sigma RP tray than in a similar subject group
receiving an uncemented trabecular metal component 25. Densification due to
damage and compaction of bone tissue during TKA probably also contributed
to the initial postoperative BMD increase, as a significant lateral increase in the
first postoperative measurement relative to preoperative baseline was reported
following different designs of cementless tibial components as well 25,53. It is highly
unlikely that any structural bone remodeling had a considerable contribution to
the measured densification, considering the extent of BMD change observed
over only a four-week time period. To correct for systematic overestimation of
periprosthetic BMD in DEXA scans due to cementation, net BMD changes have
been considered over postoperative time, in addition to relative density changes,
in Figure 4 and Table 4.
Differences in preoperative BMD between both populations (Table 3) and
underestimation of the net bone loss in the computational group (Table 4) could
be the result as well of previously reported effects of (potential) differences in
patient characteristics (Table 3). Since preoperative joint angles of the clinical
population were not reported, it could be that native varus deformation was more
prevalent over these subjects, leading to relatively more initial densification in
the medial condyle 6,54,55, generally increased density over the preoperative
proximal tibia 6, and increased medial bone loss following TKA 3,6–8. Considering
the average age difference between FE and clinical subjects, it could also be that
osteoarthritis (OA) was more progressed over the older clinical TKA population;
knee OA has also been related to increased constitutional varus angles and
higher local proximal baseline BMD, respectively 46,56, although age was not
found to be directly related to the knee angles measured in the FE population
(Table 5). Higher proximal preoperative BMD was related to increased bone loss
in a previous clinical study 6, which was in line with the differences in net bone
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loss between the clinical and the FE group (Table 4), and with the correlations
between baseline BMD and 15-year BMD change within the FE group (Table 5).
Despite reported in numerous clinical studies 3,6–8, no relation was found between
measured knee angles and baseline ML density values in the current FE
subjects. This could be due to the fact that the alignment angles were measured
in supine, non-weight-bearing CT scans, which may differ from alignment in a
weight-bearing position 57. On the other hand, the difference in sex distribution
over the assigned alignment subgroups, with 71% of male knees considered
in preoperative varus vs. 42% of female knees, was in line with the finding that
constitutional varus is more common in men than in women 19, suggesting a
reasonable subdivision of the knees over the alignment groups was made.
The effect of tibial alignment on postoperative remodeling was also not significant
in the current study, in contrast to a previous computational study 11. However,
in line with our hypothesis, a reduction in lateral bone loss was still observed in
the native varus group (Figure 5), and lateral densification was encountered
solely in individual varus tibiae. Most previous remodeling studies only predicted
bone loss in the condyle with a reduction of load 3,8–11, while only a few studies
reported BMD loss as a result of load increase in the contralateral condyle 4,6.
Discrepancy in the effect of alignment change on remodeling found over different
(computational) studies could be caused by used ROI definitions, preoperative
BMD (distributions), and several factors affecting physiological implant loading
and strain transfer to the proximal tibia, such as implant geometry, implant type
(type of bearing and cruciate ligament retention) and fixation (cementation).
Although proximal simulated remodeling was in line with clinical measurements,
extensive bone formation in the distal ROI as not been reported clinically (Figure
4). Distal bone apposition over the FE population was initiated by a large relative
increase in local SED observed in cancellous bone around the distal tip of the
implant keel. Mechanical load transfer through the distal keel, leading to proximal
stress shielding, was also indicated to occur clinically, since clinical bone loss
was less extensive in the distal ROI compared to the proximal ROIs (Table 4).
The difference in bone response to distal strain increase could be caused by
several underlying factors. Within the FE models, the implant was assumed to
be perfectly fixed to the bone by a fully bonded cement layer with a consistent
thickness and no interdigitation, leading to high strains concentrated underneath
the tip of the keel. Postoperative strain increase is expected to occur at more
sites on the interface around the keel after an actual TKA, since the implant−
bone interface may not be fully and evenly bonded by the cement 58, leading
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to decrease in peak SED values and subsequent bone formation response. In
addition, considerable interdigitation of bone cement and trabecular bone was
suggested by the presence of bone cement in the clinical ROIs 25, which was
demonstrated to decrease bone strains with increasing interdigitation depth
59
. The application of only TF loading on the FE models also leads to greater
discrepancy between clinical and FE remodeling pathways more distally in the
bone, since bone strains caused by attached soft tissue structures, such as the
patella tendon, posterior cruciate ligament and popliteus muscle, are ignored;
therefore, relative postoperative SED change and related bone response are
expected to be increasingly overestimated in local bone more distant to the
baseplate.
Furthermore, the implemented strain-adaptive remodeling theory and parameter
values have been established and validated around periprosthetic femoral
bone changes related to hip implants 23,24, in which extensive bone formation
due to excessive local strain concentration was not reported. As a result, the
current remodeling algorithm was mainly derived from observed femoral bone
loss as response to decrease in local strains, and behavior of bone formation
was currently assumed to be inversely related to bone resorption. However,
net bone resorption was found to occur at a much higher rate than bone (re)
formation following long-term changes in mechanical loading 60,61, suggesting
a higher lazy zone threshold and decreased sensitivity to be used in case of
local SED increase, and additional interactions could take place. For instance,
post-yield bone behavior was not accounted for in the bone response and
material properties, while an average compressive strain increase of 6.9% and
11.6% in spongy bone of female proximal tibiae were reported for yield and
ultimate failure strains, respectively 62. To adjust and validate bone behavior in
response to strain increase, it would be recommended to use clinical CT scans
of longitudinal periprosthetic tibial remodeling studies, enabling reconstruction
of pre- and postoperative subject-specific FE models and direct comparison of
local three-dimensional clinical and computational bone adaptations over time,
to allow for optimization in bone response following underlying strain differences.
Such an approach was not possible in the current study, since only longitudinal
two-dimensional DEXA data of the clinical population was available.
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Conclusions
Based on the comparison between computation bone remodeling outcome
and clinical density changes over similar populations, we can conclude that
the current strain-adaptive remodeling algorithm is able to predict the course
of bone density changes over time in the proximal tibial ROIs, but not in the
distal ROI. Extensive distal bone formation is likely caused by simplifications in
implant fixation, (distal) loading conditions and strain-adaptive theory. To improve
computational remodeling, it is recommended to perform further research using
intrasubject comparisons, based on longitudinal clinical CT data and physiological
load cases including soft tissue representations. Being able to reliably predict
tibial periprosthetic remodeling is helpful to guide clinical practice, by identifying
risk factors in implant design, surgical technique and tibial features for potential
long-term failure due to excessive regional bone loss.
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GENERAL DISCUSSION AND
FUTURE RECOMMENDATIONS
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This thesis investigated the primary stability of total knee arthroplasty and the
changes in bone density that occur around the implant on the long term. This
chapter provides a general discussion and recommendations for future research
directions.

Primary stability
The primary stability of two different cementless posterior-stabilized (PS) femoral
components was experimentally assessed in Chapter 2. The experiments
demonstrated that the novel Attune PS implant achieved greater initial stability
than the contemporary Triathlon PS, with lower overall micromotions and a
higher average push-off force. This may likely be attributed to the much higher
interference fit of the Attune implant compared to the Triathlon, although no
consistent relation between interference fit and experimental outcome was found
within the individual implant groups.
Primary stability in both PS implants was superior to CR implant results from
previous experiments 1–3, affirming sufficient initial fixation of the tested PS
implants. However, this difference is likely a result of the higher bone quality of
the cadaveric femora used in the PS study, since bone mineral density (BMD)
was found to affect the micromotions and push-off forces in the CR implant
studies 1,3. No relation between BMD and experimental outcome was found in
the current PS study, because the range of bone densities was very small. When
correcting for bone quality, the average micromotions measured under deep
knee bend loading were still lower in the PS implants, which may be due to the
increased anteroposterior (AP) stiffness provided by the additional box structure
of the PS implant. However, this difference in structural stiffness between PS
and CR implants has not led to clinical differences in aseptic loosening or implant
survival rates between the two implant types 4.
To further investigate the effects of interference fit and design features on initial
stability of femoral components, finite element (FE) simulations can be used to
calculate interface micromotions. Such simulations have been performed with
press-fit CR femoral components 5, and were evaluated against experimental
outcome 2,6. Computational micromotions significantly underestimate
experimental values when using a linear elastic bone material model 2, since
bone damage as a result of the intended interference fit is not taken into
account 6. Using an elastoplastic bone material model, such as the Von Mises
yield model of Keyak et al. 7, led to a resemblance of measured bone surface
deformations and a close approximation of experimental micromotions 2. There
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is room for further improvement of such computational models, particularly in the
simulation of the damage that occurs during implantations. One way to further
evaluate plastic bone material models is by comparison against bone damage
measurements based on high-resolution peripheral QCT imaging and digital
volume correlation of bone microstructures before and after implantation 8.
Subsequent computational micromotions can be validated against experimental
outcome of previous CR studies 1–3, and against current PS implant results.

Long-term outcome
Throughout this thesis, long-term outcome has been assessed in terms of bone
density change over time, since extensive bone resorption due to periprosthetic
bone remodeling may lead to aseptic loosening 9, which is the most common
indication for late revision 10–14. Clinical effects of implant-, surgery- and patientrelated factors on postoperative tibial bone density change were reviewed
in Chapter 3. Because of differences in study design between all reviewed
densitometry studies, a standardized study design was proposed in order to
compare the relative effects of the different factors in TKA.
Despite the differences in study design, individual study findings on effects
of separate TKA parameters on periprosthetic bone density change are still
valuable in order to understand their clinical consequence. Knee alignment is
the only patient-related factor that was consistently found to affect postoperative
bone density distributions over the evaluated studies 15–21. Postoperative varus
alignment or correction towards varus (in case preoperative 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. These findings are in line with Wolff’s law, since varus and valgus
alignments lead to increased medial and lateral force distributions, respectively.
This shift in mediolateral force distribution was demonstrated in the alignmentspecific tibiofemoral contact forces used in Chapter 4 & Chapter 5, which were
computed using inverse dynamics methods based on in vivo loading and knee
kinematics 22.
When applied in remodeling simulations, the alignment-specific contact forces
also led to a mediolateral shift in bone density changes over time (Chapter 4
& Chapter 5), in accordance with Wolff’s law and clinical observations 15–21.
However, a notable difference between the outcome of the two remodeling
studies is that a postoperative alignment change in valgus direction led to
the relative bone density shift towards the lateral condyle predominantly by
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increased medial bone loss in Chapter 4, while in Chapter 5 this was achieved
mainly through a reduction of lateral bone loss, when compared to remodeling
outcome in case of an unaltered postoperative knee alignment. Both effects of
alignment change on periprosthetic remodeling have been reported in different
densitometry studies 15–21, but analyses in larger populations are needed to test
whether this difference is related to factors such as native knee alignment, initial
bone density distribution, ROI definitions, and implant characteristics. Outcome
of these analyses could provide valuable information for clinical guidelines, as
this could help to identify preoperative cases that are at risk of extensive local
bone resorption with a certain change of knee alignment.
Apart from the effect of knee alignment, Chapter 5 has also shown that the extent
of bone density changes in the proximal tibia was in line with clinical results. More
distal however, extensive local bone formation was simulated, while a moderate
BMD decrease was measured over the clinical population using DEXA. This
discrepancy indicates that there are still remaining limitations to the current bone
remodeling theory and the modeling parameters used in this thesis.
The strain-adaptive remodeling theory implemented in this thesis has been
established and applied to study femoral bone loss in total hip arthroplasty (THA)
23,24
. Parameter values have been optimized for femoral bone changes based on
clinical data of a single THA patient 25. However, the response in bone remodeling
to strain differences may differ between the proximal femur and the proximal tibia,
since also differences in modulus−density relationship were found between both
anatomical sites 26. Furthermore, this relation most likely also differs between
patients, since the extent of generic bone response is influenced by a lot of
subject-related factors. Net bone density changes are the result of a perturbation
in bone turnover, which is a mechanobiological process for continuous renewal
of bone tissue through constant bone formation and resorption, mainly through
activity of osteoblasts and osteoclasts, respectively. Since bone metabolism
levels in individuals are related to different factors, such as age, sex, diet,
obesity and medication 27, a disruption of the bone homeostasis induced by TKA
would lead to different bone density responses between subjects. Patients with
high bone turnover are expected to be more sensitive to bone loss, since high
turnover has been related to decreased BMD and osteoporosis in a non-TKA
female cohort 28.
Another factor in variability in bone response between patients is the difference
in subject-specific loading profiles. Tibial loading does not only change with
knee alignment, but also with the number of different activities, individual
137

6

C H A P T ER

6

activity motion patterns, and general activity level. In the analyses of Chapter
4 and Chapter 5, these factors were kept constant over the population and
between pre- and postoperative load cases, while in reality this will not be the
case, especially when additional soft tissue loading is considered. Accounting
for change in postoperative activity level could have adverse effects on stress
shielding-related bone loss, since TKA aims to improve mobility in patients, and
increased physical exercise triggers general bone formation 29,30, while inactivity
leads to overall bone loss 31. However, the extent of activity increase can vary
substantially between patients, since it is highly dependent on the subject’s
preoperative mobility, achieved TKA outcome, revalidation process and eventual
postoperative activity level 32. Activity is only included as a magnitude of joint
contact force in the current remodeling algorithm, while the number of activity
cycles (or the difference between pre- and postoperative activity) is ignored.
Influence of the load magnitude was tested in Chapter 5 by varying patientspecific bodyweight, but this did not affect the simulated bone density changes
over time.
The mentioned patient-specific factors in stress-related bone response illustrate
the importance of computational population studies over single bone analyses,
since single-patient outcome may not be representative of generic bone
response. Despite the fact that pre- and postoperative activity levels are kept
constant and fixed strain−density relationships have been used over populations
in the simulations of Chapter 4 and Chapter 5, a large variation in the extent
of bone density changes over time has already been encountered between
subjects in the study results. Further analyses in Chapter 4 of the tibial density
distributions at pre- and postoperative time points revealed two distinct bone
remodeling patterns over the population, which is in line with findings of another
computational study demonstrating initial postoperative bone strain distributions
to largely differ between two tibiae with distinctive geometries 33.
These findings emphasize that it is important to consider large numbers of
subjects in computational implant testing to improve bone remodeling simulations.
Structural bone formation in the distal ROI over the computational population
in Chapter 5 indicates that current implemented theories are inadequate in
replicating the distal tibial bone loss as seen over the clinical population. Although
initial distal bone formation was reported underneath the femoral stem of an hip
implant 34, the remodeling parameter values used in this thesis were primarily
based on the resulting proximal bone resorption 23,25. The current remodeling
algorithm assumes bone formation rate equal to the rate of bone loss, while in
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reality net bone resorption occurs at a much higher rate than bone (re)formation
in response to change in mechanical loading 31,35. This suggests a higher lazy
zone threshold and/or decreased sensitivity to be used in relation to local strain
increase, in case bone formation response follows the same behavior as bone
resorption. Although this bone behavior leads to realistic predictions of bone
loss in the proximal femur 25 and proximal tibia (Chapter 5), the mathematical
representation of underlying mechanobiological processes is debatable, since no
evidence of a lazy zone has been found at microscale 36. Alternative remodeling
theories, like a linear stress-adaptive approach without a lazy zone as proposed
by Beaupré et al. 37 can also be tested and optimized over a population in future
simulations, which can follow the framework used in Chapter 4 and Chapter 5.
Additionally, a large increase in bone stress could cause bone damage by local
overloading, which can inhibit remodeling response and is not accounted for by
the isotropic, linear elastic bone material used in this thesis.
Similar to recommendations in primary stability analyses, the use of an
elastoplastic bone material model could improve simulations of long-term bone
remodeling, by predicting bone damage following surgery and physiological
loading, and implementing a separate post-yield remodeling response. Also, a
more complex representation of cemented fixation is recommended. Currently,
a perfect fixation was assumed at cement−implant and cement−bone interfaces
in Chapter 4 and Chapter 5, with no additional interaction between cement and
porous bone. Autopsy retrieved implants, however, indicated that bone cement
may not bind over the entire implant interface, leading to decreased cement−
implant fixation 38. Cement is also found to penetrate through cancellous bone
in TKA 38–40, which contributes to fixation of the cement−bone interface 38, and
leads to reduction of local bone strains 40. Strain reduction would lead to bone
loss directly following the current implementation of strain-adaptive theories,
but cement interdigitation can also affect the sensitivity of local bone response
through reduction of free surface 41, and tissue damage 42.

Conclusions
This thesis covers a wide range of different mechanical aspects related to shortand long-term implant failure mechanisms of tibial and femoral components
in cemented and cementless TKA, using a variety of research methods:
experimental testing, literature review, and computational modeling. The findings
of this thesis indicate the benefit of a population-based modeling approach in
providing insights in periprosthetic bone remodeling, and adequate implant
fixation of two different PS femoral components following experimental testing.
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Summary
This thesis covers a range of biomechanical aspects related to short- and longterm implant fixation of total knee arthroplasty (TKA) implants, using a variety of
research methods.
In Chapter 2, micromotions between implant and bone were measured
experimentally for two different cementless posterior-stabilized femoral
components. Micromotions are a measure for primary implant stability, since
cementless fixation through bone ingrowth at the implant interface only takes
place in case of low local micromotions (<~40 µm). Additionally, implant push-off
forces were measured to determine initial fixation. The test outcomes indicated
that both implant designs are expected to provide sufficient primary fixation,
based on reported clinical reports and previous cadaveric test results.
A literature review was performed in Chapter 3 to investigate effects of
biomechanical factors on postoperative tibial bone loss as observed in clinical
studies. Implant stiffness and geometry and knee alignment were found to affect
regional bone density changes. Since each study used a different study design,
a standardized guideline for densitometry studies was proposed to allow reliable
comparison between outcomes of future studies.
In Chapter 4, postoperative tibial bone loss was computed using finite
element models incorporating the strain-adaptive remodeling theory. Effects
of postoperative knee alignment and population variation on long-term bone
loss was studied, by comparing computational outcome following kinematic
and mechanical implant alignment in 47 subjects. Results demonstrated that
proximal bone loss was greater and located more medially in mechanical implant
alignment compared to kinematic alignment, which was in line with clinical
findings. Variation in bone remodeling patterns between subjects indicated the
benefit of computational population studies over single-subject analyses.
To validate the extent of simulated density changes over time, computational
outcome of a TKA cohort of 26 tibiae was compared to clinical bone density
results of a similar cohort over >10 years after TKA, in Chapter 5. Trends in
proximal bone loss were largely in line between computational and clinical
results, with most bone loss occurring within the initial months, and similar levels
of regional density changes over time. In the distal tibia, large differences were
found between computational and clinical bone response; density increase
was simulated by the models, while resorption was measured clinically. This
discrepancy was likely caused by several limitations related to model setup and
147
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implemented remodeling algorithm.
In summary, this thesis provided insights into the biomechanics of implant
fixation and developed methods to evaluate new implant designs for total knee
arthroplasty.
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Chapter 8

SAMENVATTING

SAM E N VAT TIN G

Dit proefschrift behandelt een reeks aan biomechanische aspecten gerelateerd
aan korte- en langetermijnfixatie van total knieprotheses, aan de hand van
verschillende onderzoeksmethoden.
In Hoofdstuk 2 werden microbewegingen tussen prothese en bot experimenteel
gemeten voor twee verschillende cementloze posterieur-gestabiliseerde femorale
componenten. Microbewegingen zijn een maat voor primaire stabiliteit van een
prothese, omdat cementloze fixatie door ingroei van bot alleen kan plaatsvinden
in het geval van lage locale microbewegingen (<~40 µm). Aanvullend werden
de benodigde krachten tijdens het verwijderen van de protheses gemeten om
initiële fixatie te bepalen. De meetresultaten toonden aan dat beide protheseontwerpen verwacht worden voldoende primaire fixatie te bieden, gebaseerd op
klinische verslagen en voorgaande kadavertestresultaten.
Een literatuurstudie was uitgevoerd in Hoofdstuk 3 om de effecten van
biomechanische factoren te onderzoeken op postoperatief tibiaal botverlies
zoals vastgesteld in klinische studies. Stijfheid en geometrie van de protheses
en knie-uitlijning werden vastgesteld regionale botdichtheidsveranderingen te
beïnvloeden. Omdat ieder onderzoek een andere onderzoeksopzet gebruikte,
werd een gestandaardiseerde richtlijn voor botdichtheidsonderzoeken
voorgesteld voor het in staat stellen van een betrouwbare vergelijking van
toekomstige onderzoeksuitkomsten.
In Hoofdstuk 4 werd postoperatief tibiaal botverlies berekend middels eindigeelementenmodellen met een spanningsafhankelijke remodeleringstheorie.
Effecten van postoperatieve knie-uitlijning, en variatie binnen een populatie op
langetermijnbotverlies werden bestudeerd door het vergelijken van berekende
uitkomsten volgens kinematische en mechanische prothese-uitlijning in
47 proefpersonen. Resultaten toonden aan dat proximaal botverlies groter
en meer mediaal gelegen was in mechanische prothese-uitlijning dan in
kinematische uitlijning. Dit was in lijn met klinische bevindingen. Variatie in
botremodeleringspatronen tussen proefpersonen toonde de meerwaarde aan
van populatiestudies ten opzichte van computeranalyses van een individueel
geval.
Om de omvang van de gesimuleerde botdichtheidsveranderingen over tijd te
valideren, werden de berekende uitkomsten van een patiëntpopulatie met 26
tibiae vergeleken met klinische botdichtheidsresultaten van een vergelijkbare
groep over een periode van meer dan tien jaar na totale knie arthroplastiek,
in Hoofdstuk 5. Trends in proximaal botverlies waren grotendeels consistent

153

8

C H A P T ER

8

tussen klinische en computeruitkomsten, met het meeste botverlies dat
plaatsvindt in de eerste maanden, en vergelijkbare niveaus van regionale
botdichtheidsveranderingen over tijd. In de distale tibia werden grote verschillen
gevonden tussen berekende en klinische botrespons; toename in dichtheid was
gesimuleerd door de modellen, terwijl klinisch botafname was gemeten. Dit
verschil werd waarschijnlijk veroorzaakt door meerdere beperkingen gerelateerd
aan de modelopzet en het geïmplementeerde remodeleringsalgorithme.
Samengevat heeft dit proefschrift inzichten in de biomechanica van prothesefixatie
en ontwikkelde methoden opgeleverd om nieuwe prothese-ontwerpen voor
totale knie arthroplastiek te evalueren.
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