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Introduction: Arthroplasty-associated bone loss remains a clinical problem: stiff
metallic implants disrupt load transfer to bone and, hence, its remodeling
stimulus. The aim of this research was to analyze how load transfer to bone is
affected by different forms of knee arthroplasty: isolated partial knee arthroplasty
(PKA), compartmental arthroplasty [combined partial knee arthroplasty (CPKA),
two or more PKAs in the same knee], and total knee arthroplasty (TKA).

Methods: An experimentally validated subject-specific finite element model was
analyzed native and with medial unicondylar, lateral unicondylar, patellofemoral,
bi-unicondylar, medial bicompartmental, lateral bicompartmental,
tricompartmental, and total knee arthroplasty. Three load cases were
simulated for each: gait, stair ascent, and sit-to-stand. Strain shielding and
overstraining were calculated from the differences between the native and
implanted states.

Results: For gait, the TKA femoral component led to mean strain shielding (30%)
more than three times higher than that of PKA (4%–7%) and CPKA (5%–8%).
Overstraining was predicted in the proximal tibia (TKA 21%; PKA/CPKA 0%–6%).
The variance in the distribution for TKA was an order of magnitude greater than
for PKA/CPKA, indicating less physiological load transfer. Only the TKA-implanted
femur was sensitive to the load case: for stair ascent and gait, almost the entire
distal femur was strain-shielded, whereas during sit-to-stand, the posterior
femoral condyles were overstrained.

Discussion: TKA requires more bone resection than PKA and CPKA. These finite
element analyses suggest that a longer-term benefit for bone is probable as
partial and multi-compartmental knee procedures lead to more natural load
transfer compared to TKA. High-flexion activity following TKA may be protective
of posterior condyle bone resorption, which may help explain why bone loss
affects some patients more than others. The male and female bone models used
for this research are provided open access to facilitate future research elsewhere.
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Introduction

It has been reported that, for some patients, end-stage knee
osteoarthritis (OA) can result in a quality of life that is “worse than
death” (Scott et al., 2019). With aging populations in many
countries, the global burden of the disease is growing (Safiri
et al., 2020). Arthroplasty is an efficacious, evidence-based
treatment to relieve pain and restore function for people with
severe OA. For at least three-quarters of people, their disease is
isolated to one or two of the three knee compartments (medial,
lateral, and patellofemoral) (Stoddart et al., 2021); however, total
knee arthroplasty (TKA), in which all three compartments of the
knee are replaced, accounts for 87% of knee arthroplasty procedures
in the English and Welsh NJR (Brittain et al., 2021).

Partial knee arthroplasty (PKA), in which a single compartment
of the knee is replaced and the cruciate ligaments are preserved, is a
less-invasive alternative to TKA. PKA is associated with better knee
function (Wiik et al., 2013; Jones et al., 2016) and lower risk of death,
stroke, and myocardial infarction or blood transfusion requirement
(Liddle et al., 2014). However, revision rates for cementless
unicompartmental arthroplasty (UKA) are 2.7 times higher than
those for cemented TKA at 15 years, while patellofemoral
arthroplasty (PFA) has a revision rate in excess of five times that
of TKA at 10 years (Brittain et al., 2021). In 2022, for the first time,
the NJR reported on revision rates for combined (i.e., multi-
compartmental) partial knee arthroplasty (CPKA). While the
recorded numbers are small and should be interpreted with
caution, their revision rates are more than four times higher than
that for TKA at 5 years. The reasons for higher revision rates in PKA
are complex and multi-factorial (Goodfellow et al., 1976); however,
the progression of arthritis in an unresurfaced knee compartment
remains a leading cause. CPKA allows for the preservation of a well-
functioning, well-fixed PKA in these cases (Garner et al., 2021f), or
an alternative primary procedure for the one-in-three patients with
bicompartmental knee disease (Garner et al., 2019; Stoddart et al.,
2021). CPKA is associated with favorable patient outcomes (Biazzo
et al., 2018; Wada et al., 2020; Garner et al., 2021e; Garner et al.,
2021f; Garner et al., 2021b), stability (Garner et al., 2021d), and
function (Wang et al., 2018; Garner et al., 2021b; Garner et al., 2021)
compared to TKA. However, it is not known how use of multiple
PKAs in the same knee affects load transfer to bone.

Preventing arthroplasty-associated bone loss remains an unmet
clinical need, with aseptic loosening being the leading cause of implant
failure associated with TKA (Brittain et al., 2021). Bone remodeling is
sensitive to mechanical stimulus: increased strain can lead to bone
formation, bone structure optimization, and higher bone mineral
density (BMD), while reduced strain leads to bone resorption and
bone loss (Huiskes et al., 1987). Finite element analysis enables the
quantification of the change in the strain environment and is widely
used to understand how interventions and disease affect load transfer
and bone remodeling (Ong et al., 2009; Dickinson, 2014; Quilez et al.,
2017; Zhang et al., 2020; Anijs et al., 2022). CPKAprocedures could, in
theory, lead to favorable load transfer to bone, as articulating surfaces,
ligaments, and bone stock are preserved compared to TKA. However,
it is also possible that the regions of bone between implants could lead
to unfavorable loading conditions that could, perhaps, accelerate
bone loss (through strain shielding) or risk of fracture (through
overstraining) (Stoddart et al., 2022).

The aim of this research was to analyze how the different knee
arthroplasty options (PKA, CPKA, and TKA) affect load transfer to
bone using the finite element method. It was hypothesized that
preserving the intact joint surface in CPKA would result in more
favorable load transfer to bone, indicative of reduced risk of bone
loss following arthroplasty.

Materials and methods

Bone model preparation

An experimentally validated (Tuncer et al., 2013) subject-specific
(Supplementary Table S1) finite element model (female, right-sided)
of the distal femur and proximal tibia was prepared intact, with PKAs:
medial (UKA-M) and lateral (UKA-L) unicondylar, PFA- CPKAs: bi-
unicondylar (Bi-UKA), medial (BCA-M) and lateral (BCA-L)
bicompartmental, and tricompartmental (TCA), and TKA. All
implants were cemented variants from the same manufacturer
(Zimmer Biomet, United States): the mobile bearing medial
Oxford® and fixed lateral Oxford® (FLO) UKA implants, the
Gender Solutions® PFA, and the NexGen® cruciate retaining (CR)
TKA. Standard NexGen® CR implants were used and did not include
the option tibial components or any combinations subject to the
voluntary medical device field safety corrective action conducted by
Zimmer Biomet Inc. Since the combination of implants used in the
tibia was identical for UKA-M and BCA-M, UKA-L and BCA-L, and
Bi-UKA and TCA, only themodels for UKA-M, UKA-L, and Bi-UKA
were prepared for this study.

Implants were sized and positioned using surgical planning
software (Embody Orthopaedic, UK), following the senior
surgical author’s clinical practice (Supplementary Table S2).
Boolean operations were used to prepare the bones for the
implants (including a 1 mm cement layer), and the volume of
bone removed was quantified for each procedure.

Bone volume meshes were created in 3-matic (Materialise NV,
Belgium) with ten-noded tetrahedral elements. The cortical bone
was modeled with type 127 ten-noded tetrahedral elements in
MARC (MSC Software Corporation, United States). The thin
tibial cortex was modeled with type 22 one-side collapsed
quadratic quadrilateral 0.2 mm thick shell elements to reduce
partial volume effects arising from the bone material allocation
method. Mesh convergence was assessed for the accuracy of the
equivalent elastic strain predicted by each bone model under toe-off
in gait loading in nine regions of interest: at the tips of each peg in
the distal femur implanted with TCA and around the keels of each
implant in the proximal tibia implanted with Bi-UKA. An element
edge length of 2 mm resulted in peak values in each region of interest
that were within 5% equivalent elastic strain of those predicted by
the highest-density mesh investigated.

Material properties

The bones were CT-scanned (Definition AS+, Siemens, Germany)
with a slice thickness of 0.6 mm and cross-section voxels 0.5 × 0.5 mm.
The scans were phantom-calibrated against air and water: the grey-
scale values were calibrated as Hounsfield units (HU) such that water
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corresponds to ±4 HU and air to −1,000. Cancellous bone material
properties were applied heterogeneously based on empirical measures
relating HU to density and elastic moduli from quantitative CT of each
specimen using Mimics (Materialise NV) (Tuncer et al., 2013). All
other materials were homogeneous, isotropic, and linear elastic
(Supplementary Table S3).

Boundary conditions

The most proximal and distal surfaces of the femoral and tibial
diaphysis, respectively, were fixed. Loading for three activities of
daily living was modeled to capture the effects of load transfer for a
range of contact locations: gait (toe-off, 15o flexion, when tibial
contacts the distal condyles, and when patellar contacts the proximal
trochlea) (Figure 1), stair ascent (weight acceptance, 50o flexion,
when tibial contacts the posterior plateaux, femoral posterodistal

condyles, and when patellar contacts the mid trochlea), and sit-to-
stand (when leaving chair, 90o flexion, when tibial contacts the
posterior plateaux, femoral posterior condyles, and when patellar
contacts the distal trochlea).

The tibiofemoral joint reaction force was based on measured in
vivo telemetric data for posterior-stabilized TKA (Bergmann et al.,
2014) scaled to the bodyweight of each model specimen. The
mediolateral load split was calculated according to the
varus–valgus moment at the point of peak contact force (Kutzner
et al., 2013). Equivalent data are not available for the native knee,
PKA/CPKA, or posterior-cruciate retaining TKA. The data were,
thus, adapted and applied to the models as follows: 1) The loading
magnitude and medial–lateral distribution were assumed to be the
same for all variants. This allowed for direct comparisons where the
only change was the type of implant. 2) Equal and opposite
musculoskeletally predicted ACL and PCL forces were added to
the tibiofemoral contact forces appropriately for each modeling

FIGURE 1
Free-body diagrams illustrating the toe-off in gait loading applied to the femoral and tibial finite element models.
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condition, since neither were present in the orthoload data (i.e., ACL
and PCL for the native, PKA, and CPKA states and PCL only for the
TKA state). 3) In native knee compartments, condylar loads were
distributed to simulate the effect of the menisci and cartilage, in
accordance with a method that has previously been verified
(Stoddart et al., 2022) with lab data (Munford et al., 2022). 4)
Loading through implants was applied as point load to the implant,
in accordance with the previous model validation (Tuncer
et al., 2013).

Muscle and ligament forces associated with each load case were
derived from the results of published musculoskeletal models
(Rasnick et al., 2016; Hume et al., 2019). Muscle and ligament
forces were applied directly to the bone models as point loads
distributed over anatomically derived attachment areas, rather
than as continuum bodies. Other than the presence or absence of
the ACL, the load cases applied to the intact and implanted bones
were identical. The directions of the muscle force vectors were
determined by inputting the hip, knee, and ankle kinematics
associated with each load case into the 2010 Lower Limb
musculoskeletal (Arnold et al., 2010) model in OpenSim (SimTK,
United States), using a published plugin (Van Arkel et al., 2013).
Ligament force vectors were assumed to act in the same direction as
the vector connecting their bony attachments. MRI studies of the
ACL (Jordan et al., 2007) and PCL (Papannagari et al., 2007) bundles
informed their force direction vectors, while the directions of the
collateral ligaments with flexion were taken from a cadaveric study
(Herzog and Read, 1993).

The patellofemoral joint reaction force was calculated from the
predicted quadriceps load, using the relationship between patellar
contact force and quadriceps force with flexion described by Ahmed
et al. (1987). The location and contact area were estimated by
translating and rotating the patella relative to the femur
according to a kinematic dataset of the native knee (Garner
et al., 2021; Dandridge et al., 2022), then identifying the contact
area on the articulating surface of the femur according to
descriptions given in a functional anatomical study (Goodfellow
et al., 1976) and projecting the patellar contact area onto the femur.
The resulting femoral contact area was then verified through
comparison with MRI-measured contact areas at each flexion
angle under weight-bearing conditions (Hungerford and Barry,
1979; Besier et al., 2005); deviations were less than 11%. Similar
to the tibiofemoral loads, when patellofemoral loading occurred
through an implant, a single point load was applied.

The resulting loads applied to the tibial and femoral models in
the toe-off gait load case are described in Supplementary Tables S5,
S6, respectively, as well as the stair ascent and sit-to-stand load cases
in Supplementary Tables S6–S9.

Data analysis

The percentage difference between the equivalent elastic strain
in the implanted and intact bone was calculated; strain shielding
(negative percentage differences) was a term used to describe regions
where the strain reduced following implantation. Conversely,
overstraining (positive percentage differences) was used to denote
bone that experienced increased strain following implantation.
Equivalent elastic strain was defined according to the Von Mises

formulation, and the percentage difference in equivalent elastic
strain was calculated as εequiv,implanted−εequiv,intact

εequiv,intact
× 100.

The bone meshes were inherently different following the
Boolean operations that enabled implantation. Strain data were,
thus, interpolated onto the same regular grid to enable percentage
difference calculation. Two interpolations were used, with grid
spacing determined following a sensitivity study. First, a 2D grid
with 0.1 mm spacing, using aMATLAB (MathWorks, United States)
triangulation-based cubic interpolation function, was used to create
visual contour maps in regions of interest. The same regions were
used for all implant states, and they were defined prior to the
generation of any results. For the femur: a sagittal slice through
the medial condyle located at the center of the posterior fixation peg
of the UKA-M, a sagittal slice through the lateral condyle at the
center of the posterior fixation peg of the UKA-L, a frontal slice
through the distal tail of the PFA, and a frontal slice through the
condyles, at the center of the posterior fixation peg of the UKA-M. It
was coincidental, yet convenient, that the surgically planned
positions led to the TKA and PFA fixation pegs appearing in the
condylar sagittal cross-sections. For the tibia: a frontal slice 10 mm
anterior to the tibial origin that approximately bisected the ACL
attachment, a transverse slice 8 mm distal to the condyles
corresponding to the proximodistal midpoint of the keels of the
UKA-M and UKA-L, and a transverse slice 30 mm distal to the
condyles toward the distal tip of the TKA stem. Separate 2D contour
plots were prepared for strain shielding (−100%–0% difference in
equivalent elastic strain from intact bone) and overstraining (0%–
100% difference), since this best allowed for the clear visualization of
the areas of the greatest strain shielding or overstraining. In both
contour plots, yellow regions (≥ |± 100|% difference) represented
bones that experienced a strain state most different from the intact
bone, while dark-blue regions represented the bone that either
experienced no difference in the strain state or was overstrained
when investigating strain shielding or vice versa (≤ 0% difference).

Second, a 3D grid with 5 mm spacing, using a MATLAB
triangulation-based linear interpolation function, was used to
capture the strain distribution throughout the entire distal femur
(1,493 sample points) and proximal tibia (1,027 sample points). This
allowed a quantitative comparison for all states that was independent
of the a priori chosen 2D slices used for visual comparison.
Histograms were used quantitatively and visually to evaluate the
changes in load transfer throughout the bone volume. Were there
no changes in load transfer, the mean and variance would be zero. A
negative mean indicates that on average, the distal femur/proximal
tibia was strain-shielded, and a positive mean indicates that it was
overstrained. The variance is a measure of the extent to which the load
transfer was changed: a spike-like distribution with a high peak is
indicative of near-native load transfer throughout the bone (low
variance), whereas a wide distribution with a low peak would
indicate that little of the bone experienced near-native strain and
much of it was either strain-shielded or overstrained (high variance)
(Figure 2). Skew indicates if there was greater spread for the strain-
shielded portion of the bone or the overstrained region.

Strain energy density was also calculated and plotted as
histograms. In bone remodeling algorithms, typically a “lazy
zone” where no remodeling occurs is included so that only the
bone experiencing changes to the mechanical stimulus over a
certain threshold resulted in changes to the local bone material
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properties going forward. Thresholds of 50% and 75% have
been used (Turner et al., 2005; Cawley et al., 2012; Dickinson,
2014). The percentage of the sample points throughout the
distal femur found to exceed either threshold was, thus,
calculated. A negative result implied risk of resorption, and
a positive result was indicative of stimulus that encourages
bone formation.

In addition to the load case analyses, sensitivity of the
conclusions to a second subject-specific model (male tibia, right-
sided) was also assessed. This model had also been validated
previously (Tuncer et al., 2013).

Results

Load transfer changes

Strain shielding during toe-off gait
For isolated PKA during toe-off in gait: UKA-M femoral strain

shielding (Figure 3) was the greatest in the distal medial condyle, in the
region enclosed by the implant. The same was true for the tibia
(Figure 4), where strain shielding was mostly concentrated medially
under the implant. Little strain shielding was observed in the femoral
trochlear frontal section, the lateral condyle, or 30 mmdistal to the tibial
plateau, indicating near-native load transfer in these regions. The trends
following UKA-L were similar but with the effects observed laterally:
strain shielding was evident in the lateral condyle and plateau adjacent
to the implant, with little difference in load transfer elsewhere. Strain
shielding for the PFA was the greatest in the frontal slice adjacent to the
implant. In the distal femur, strain shielding was greater laterally, visible
in the frontal trochlear and lateral condylar slices.

Strain shielding following CPKA (Figures 3, 4) was again the
greatest immediately adjacent to the implants. There were also
regions where strain shielding increased between the implants

(up to ~50% strain shielding). This was not the result of an
interaction leading to a new load transfer phenomenon, rather
was broadly like the addition of the two isolated implant strain-
shielding maps leading to regions where the strain shielding became
appreciable.

With TKA, almost the entire distal femur region experienced
strain shielding (Figure 3). The regions of the bone that were highly
strain-shielded for PKA and CPKAwere even bigger following TKA.
Even when compared to TCA, where a UKA-M, UKA-L, and PFA
were all implanted leaving no native articular surface, the strain
shielding was appreciably increased for the monolithic TKA
component. The same was true in the tibia (Figure 4); TKA
strain shielding was both more intense and affected more of the
tibia than for Bi-UKA. The medial and proximal regions of the tibia
saw the highest degree of strain shielding, while the bone closest to
the stem was not strain shielded.

Overstraining during toe-off gait
For isolated PKA during toe-off in gait: femoral overstraining

(Figure 5) was the greatest for the UKA-M and UKA-L implants at
the peg tips, at the most anterior tip of the implant, and at the most
proximal posterior region adjacent to the implant. The result was a
large region of overstraining anteriorly as these effects combined.
For the tibia (Figure 6), overstraining was observed in the frontal
slice lateral/medial to the UKA-M/L, respectively. Overstraining was
comparatively greater for the UKA-M, suggesting interaction with
the ACL under its attachment. The transverse slices 8 mm distal to
the implant revealed a halo-like overstraining effect that tracked the
edge of the implant. It was the greatest close to the cruciate
ligaments’ attachments. For the PFA, overstraining was again
evident at the tips of the implant (most proximally and most
distally). A small portion of overstraining occurred around the
peg, but this was less evident than that seen for the UKA-M and
UKA-L.

FIGURE 2
Diagrams indicating a “very good” strain difference distribution, where amean of zero and low variance indicates most of the bone experiences near
identical strains as the native bone (left), and an example of a “bad” distribution, here where there is a non-zero mean and a high variance (right).
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FIGURE 4
Contour plots showing the degree of strain shielding predicted during toe-off in gait, in the implanted tibia compared to the intact tibia. Values of
strain difference have been truncated at 0% for clarity of the figure, with overstraining patterns presented separately in Figure 6.

FIGURE 3
Contour plots showing the degree of strain shielding predicted during toe-off in gait, in the implanted femur compared to the intact femur. Values of
strain difference have been truncated at 0% for clarity of the figure, with overstraining patterns presented separately in Figure 5.
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FIGURE 5
Contour plots showing the degree of overstraining predicted during toe-off in gait, in the implanted femur compared to the intact female femur.
Values of strain difference have been truncated at 0% for clarity of the figure, with strain-shielding patterns presented separately in Figure 3.

FIGURE 6
Contour plots showing the degree of overstraining predicted during toe-off in gait, in the implanted tibia compared to the intact tibia. Values of strain
difference have been truncated at 0% for clarity of the figure, with strain-shielding patterns presented separately in Figure 4.
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For the CPKA procedures, overstraining increased, but as was
the case for strain shielding, this was an additive effect, rather than a
new load transfer phenomenon.

For TKA, no overstraining was evident in the femoral slices
(Figure 5), other than on the proximomedial corner of the lateral
condyle. The 3D model was inspected for evidence of overstraining
not captured in these slices, and it was observed proximal and
posterior to the proximal edge of the anterior flange of the TKA
(similar to the overstraining observed at the anterior tip of the UKA
implants that is visible in the slices shown). In the tibia (Figure 6),
overstraining was predicted anterolaterally near the implant,
posteriorly under the cruciate attachment, and around the stem.
Overstraining around the stem was greater medially than laterally
and greater distally than proximally.

Strain distribution during toe-off gait
During toe-off in gait, the mean percentage difference in the

equivalent elastic strain predicted throughout the distal femur was
from −7.3% to −3.5% in the PKAs and from −8.1% to −5.2% for
CPKAs affecting two compartments (Figure 7; Supplementary Table
S10). In TCA, the mean strain shielding was −7.8%, while in TKA,
the mean degree of strain shielding was more than three times
higher, at −30%. The Bi-UKA and TKA distributions were largely
symmetrical, while all the PKAs and BCA-M and BCA-L were
negatively skewed, meaning that there was a wider spread of strain
shielding than overstraining. The strain difference distribution was
highly positively skewed for TCA. The spread of the data increased
as more compartments of the knee were resurfaced; the variance σ2

measured in the PKAs was roughly half that of the CPKAs affecting
two compartments and almost a quarter of the spread in TKA; the
trend was σ2uni < σ2bi < σ2tri. The distribution in TCA was most
spread; the variance was about twice the value of that in TKA.

In the proximal tibia, the mean percentage difference in the
equivalent elastic strain predicted was positive for all arthroplasties
considered, indicating overstraining rather than strain shielding
(Figure 8; Supplementary Table S10). All arthroplasties showed
positive skew. The mean percentage difference in the equivalent
elastic strain predicted was from 0.4% to 6.4% for the CPKAs, while

it was much higher, at 21.3%, for TKA. The variance in TKA was
also about ten times greater than in CPKA.

Sensitivity to the load case
Results for the PKA and CPKA implant states were largely

insensitive to the load case. Similar patterns of strain shielding and
overstraining were predicted during stair ascent and sit-to-stand:
strain shielding occurred between pegs and in the offloaded anterior
notch in the femur, and overstraining was predicted at the tips of
pegs (Supplementary Figures S1–S4, S7–S10). Differences were seen
according to the mediolateral condylar loading ratio and the
direction of the condylar load application on the femur, which
affected the direction in which the regions of strain shielding and
overstraining dissipated around features.

There were notable differences in the load transfer associated
with each load case in the femoral TKA model (Figure 9). For both
the lower-flexion gait and stair ascent load cases, almost the whole
volume of the distal femur investigated experienced strain shielding,
while in contrast to this, at the higher flexion angle during sit-to-
stand, the posterior femoral condyles, instead, experienced a high
degree of overstraining.

Strain energy density changes
Compared to the results for the same load case with the change

in equivalent elastic strain considered (Figure 7), the general trends
observed for strain energy density are the same (Figure 10); PKA
resulted in the tallest and narrowest distributions, while TCA and
TKA had the flattest and widest change in strain energy density
distributions. In addition, similar to the equivalent elastic strain
results, strain energy density distributions were largely symmetrical
for all PKA and CPKA variants. For TKA, however, almost all the
changes in strain energy density were negative.

Given a remodeling stimulus threshold of 75%, roughly 3% of
the sample points in the distal femur implanted with only PKA
were predicted to experience a mechanical stimulus causing
bone resorption, while this was between 5% and 9% for
CPKA and 24% for TKA. With a lower threshold of 50%, the
percentage of sample points that would be at risk of bone

FIGURE 7
Histograms showing the distribution of strain shielding (negative x-axis) and overstraining (positive x-axis) throughout the volume of the implanted
distal femur during toe-off in gait.
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resorption in the immediate post-operative period rose to 50% in
TKA (Figure 11).

Sensitivity to a second subject-specific tibial
FE model

Similar strain-shielding patterns were observed in the male tibia
(Figure 12) as in the female tibia. The biggest difference observed
between the tibial results were in the mid-keel transverse slice of the
Bi-UKA case and UKA-L, where a region of about 60% strain
shielding was predicted in between the two implants, under the
tibial eminence in the male model.

Similar patterns and magnitudes of overstraining were also
observed for all the arthroplasties modeled (Figure 13: frontal
and distal transverse slices). The most notable differences were
predicted in the most proximal transverse slice investigated, in
UKA-M, UKA-L, and Bi-UKA, when compared to the results of
the female model.

The PKAs in the male tibia had the least-disturbed distributions,
with the mean difference close to zero, and low variance (Figure 14).
As more bone was removed in Bi-UKA and TKA, respectively, the
distribution flattened as the variance increased, and more of the
proximal tibia experienced progressively large changes to the native
strain. Thus, the trends observed for the female bone were replicated.

Discussion

This study showed, for the first time, that TKA leads to mean
strain shielding more than three times higher than for partial and
multi-compartmental knee arthroplasty. For all eight implant
combinations analyzed, the load was found to have transferred
from within the implant’s bone footprint to the rim of the
implant and the tips of any peg/keel-like features. In TKA, the
pegs, keel, and implant footprint are larger, and hence, more of the

bone is shielded. The monolithic components required for TKA are,
thus, doubly disadvantageous for bone biomechanics, requiring
greater initial bone resection and having a larger negative effect
on bone remodeling stimulus, disrupting load transfer more than
any compartmental arthroplasty alternative (Figures 3–8). This
change in remodeling stimulus is important as for every one
standard deviation decrease in BMD, the relative risk of fracture
increases by 2.6% (Prince et al., 2019).

Clinically, a meta-analysis of changes in distal femoral BMD
after TKA (Prince et al., 2019) found that there was a non-
recoverable and rapid decrease in BMD following TKA of 17.5%
in the intracondylar regions that was maintained at 2 years. The
mean strain shielding in this region in our model was predicted to be
between −10.5% and −42.6% (Supplementary Table S10), and the
contour plots indicated gross strain shielding throughout the distal
femur (Figure 9), thus agreeing with clinical trends. The sit-to-stand
load case, for which the condylar region was found to be
overstrained rather than strain-shielded, suggests high-flexion
activity may help protect bone stock following TKA. This may
help explain why complete bone loss is not observed clinically
despite the gross strain shielding predicted for stair climbing/gait.
Other FE and DEXA studies have also indicated BMD loss in the
femur behind the anterior flange in TKA (Petersen et al., 1995; van
Lenthe et al., 1997) and PFA (Van Jonbergen et al., 2010), which also
agree with our findings. In our analyses, the load was found to have
transferred from the condylar region to proximal to the implant,
where there were high levels of overstraining predicted. When
considering a proximally extended sagittal slice through the
lateral femoral condyle, a further observation was made from our
results: in low-flexion activities (gait), the entire femoral slice was
strain-shielded when implanted with TKA, with higher-intensity
strain shielding predicted just proximal to the anterior flange of the
implant (Figure 15A), which, in the long term, would be expected to
weaken the bone proximal to the implant. However, when

FIGURE 8
Histograms showing the distribution of strain shielding (negative x-axis) and overstraining (positive x-axis) throughout the volume of the implanted
proximal tibia during toe-off in gait.
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higher-flexion activities (stair ascent) were modeled, this same
region of bone proximal to the implant was predicted to be
highly overstrained (Figure 15B). Rorabeck type II fractures
(Figure 15C) have been found to be the most common type of
periprosthetic fracture associated with TKA (Ebraheim et al., 2015),
and their typical location coincides with the predicted overstrained
region. Joint registries do not currently record many such
periprosthetic fractures as causing revision, as they are typically
treated with long locking plates and the TKA implants remaining in
situ; however, such fractures are associated with substantial
morbidities such as non-union and infection (Ebraheim et al., 2015).

Femoral BMD loss has also been measured in the first 3 months
after UKA-M (Soininvaara et al., 2013; Tuncer et al., 2013). Our
strain-shielding predictions (Figure 3) correlated with the clinical
finding that the posterior region of interest had the largest
reduction in BMD.

Tibial BMD following TKA has been suggested to be dependent
on the nature of the preoperative varus–valgus deformity that was

corrected. For a preoperative varus deformity where the medial
compartment was overloaded, its correction would act to unload it
and a relative decrease in BMD has been observed after arthroplasty
(Deen et al., 2018; Yoon et al., 2018). The converse effect has been
observed in the lateral compartment. In our study, the load case
sensitivity analyses found that the mediolateral condylar loading
ratio and the direction of the condylar load application on the femur
affected the predicted strain shielding, agreeing with these clinical
observations. Dudhniwala et al. (2016) investigated radiolucencies in
15 patients, 6 months and 1 year following monobloc BCA-M.
Femoral comparisons are not appropriate as we did not model a
monobloc femoral component. In the tibia, however, they found that
the medial portion of the resurfaced medial tibial condyle had a
reduced bone density both anteriorly and posteriorly, immediately
under the tibial tray, agreeing with our prediction of strain shielding
in this region (Figure 4). Others have found an increase in BMD in
the medial tibial metaphysis 3 months and 7 years post-operatively
(Soininvaara et al., 2013). This correlated with the positive mean of

FIGURE 9
Contour plots showing the degree of strain shielding predicted during toe-off gait (left), stair ascent (middle, left), and sit-to-stand (middle, right) for
the femur implanted with TKA, as well as overstraining associated with sit-to-stand (right).
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the strain difference distributions predicted for each load case in the
proximal tibia (Supplementary Table S10). While classically, TKA
has been associated with supracondylar femoral fractures (Parvizi
et al., 2008), UKA has been associated with tibial condylar fracture
(Thoreau et al., 2022). Although not explicitly investigated in this
study, the areas of high overstraining predicted in the tibia, namely,
adjacent to the sagittal wall or under the keel of a unicondylar
prosthesis, correlate with the observed fracture initiation points
(Burger et al., 2022).

To our knowledge, this is the first study to present mechanical
results such as bone strain differences in a volume as a histogram. This
analysis approach enabled quantitative comparison across the entire
bone volume, with metrics that are less sensitive than maximum
stress/strain/strain energy density. It also reduces measurement bias
associated with only considering regions of interest. Others have

analyzed strain shielding in the lab (Correa et al., 2018) or with FE
analysis (Pal et al., 2010; Chanda et al., 2015). In the lab, Completo
et al. measured cortical strains at toe-off (Completo et al., 2008) and
found a 65% difference following TKA, agreeing with the 60%–80%
strain shielding predicted on the medial posterior cortex under the
tibial tray in our FEmodels (Figure 4: proximal transverse slice). Their
posterior cortex distal findings (20% strain shielding) also agree with
our findings. However, they found 10% strain shielding
anteromedially, whereas in our model, overstraining was predicted.
This difference is likely due to the use of sawbones versus cadaveric
tibiae and the boundary conditions where the in vitro experiment did
not consider muscular or ligamentous contributions. An experimental
analysis of strain differences following patellofemoral arthroplasty
(Meireles et al., 2010) used strain gauges at locations roughly
corresponding to points on the perimeter of the frontal slice

FIGURE 10
Histograms showing the distribution of changes in strain energy density predicted throughout the volume of the implanted distal femur during toe-
off in gait.

FIGURE 11
Bar chart showing the percentage of sample points in the distal femur found to exceed a change SED stimulus threshold of 50% and 75% at toe-off
in gait.
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FIGURE 12
Contour plots showing the degree of strain shielding predicted during toe-off in gait, in the implanted male tibia compared to the intact male tibia.

FIGURE 13
Contour plots showing the degree of overstraining predicted during toe-off in gait, in the implanted male tibia compared to the intact male tibia.
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(Figure 5). They found −43.5% to −67.5% strain shielding and −15.7%
to −28.7% in the lateral and medial condyles, respectively. These data
agree broadly with our predictions of 40% and 20% laterally/medially,
respectively, during sit-to-stand (Supplementary Figure S7). During
gait, however, near the medial epicondyle, they measured around 20%
overstraining, while our model predicted close to no difference; this
may be due to the absence of the medial collateral ligament from their
model, which attaches at themedial epicondyle. Ourmodels predicted
increased strain shielding in the lateral distal femur in comparison to
in the medial condyle. This was likely a combination of the more
lateral position of the trochlear component and the increased loading
on the lateral trochlea in the native knee because of the quadriceps
angle. The phenomenon of remodeling-driven bone loss has been
studied both in terms of strain and stress shielding. We chose to study
the differences in strains developed pre- and post-implantation since
bone remodeling in terms of triggering osteocyte activity has been
measured to be controlled by changes in vascular and lacunar pore
pressures associated with macroscopic bone strains (Scheiner et al.,
2016). Further to this, the strain-related measure of strain energy
density is the most commonly used mechanical stimulus when FE-
based iterative bone remodeling schemes are employed.
Contextualizing our results against FE studies that looked at stress
shielding post-TKA, Cawley et al. predicted increased stress at the
distal stem of the tibial component and stress shielding just distal to
the tray (Cawley et al., 2012). This agrees with the locations within the
tibia that we predicted to be overstrained or strain-shielded with TKA.
An FE study investigating the stress shielding associated with PFA
found some stress shielding posterior to the trochlear implant in PFA,
similar to the strain shielding we predicted, but similarly predicted
much higher stress shielding in the same area for TKA (van Jonbergen
et al., 2012).

This study’s strength lies in the number of models studied (nine
femoral and five tibial), for female tibia, each with three load cases, and
an additional five male tibial models. This is the first study to analyze

the effects of all eight types of knee arthroplasty in the same modeling
framework and with the bone models with shared open access to
enable others to build on our research. There was a limitation in the
development of these load cases, however, as they requiredmixing data
from multiple sources for which there are inevitably assumptions. For
example, it was assumed that TKA tibiofemoral joint reaction force
data are relevant to PKA and CPKA, or that ligament forces estimated
for the native knee are transferable to a PKA implanted knee. This may
not be the case as differences in gait kinetics and kinematics have been
observed; for example, UKA patients have been observed to walk faster
than TKA patients (Wiik et al., 2013; Jones et al., 2016; Agarwal et al.,
2019), as have patients with Bi-UKA (Garner et al., 2021c) and BCA-M
(Garner et al., 2021e); however, the muscle loads were not changed to
account for this. While these assumptions did not prevent our data
replicating known clinical trends, or from correlating with prior
laboratory work, there are likely subtle impacts that may have
occurred. For example, in Rasnick et al.’s musculoskeletal models of
healthy and TKA subjects climbing stairs, they predicted much lower
quadriceps forces during weight acceptance for the TKA subjects, but
higher forces produced by the knee flexors, in an apparently
compensatory strategy (Rasnick et al., 2016). This may mean that
the FE models have under-predicted the degree of strain shielding
posterior to the anterior flange of the femoral TKA component and,
correspondingly, might have under-predicted the degree of
overstraining in the posterior condyles close to the gastrocnemii
attachments during stair ascent. This study was also limited as we
only looked at relativemeasures of strain, comparing the pre- and post-
implantation strain states, and did not investigate absolute strain
values. As such, no direct assessment of fracture risk by the
comparison of peak strains to bone yield strains can be made,
though the regions of high overstraining identified may correlate
with periprosthetic fractures observed clinically. Detailed work
using the finite element method to investigate the fracture risk
associated with UKA-M has been conducted previously (Sawatari

FIGURE 14
Histograms showing the distribution of strain shielding (negative x-axis) and overstraining (positive x-axis) throughout the volume of the implanted
proximal male tibia during toe-off in gait.
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et al., 2005; Dai et al., 2018; Pegg et al., 2020). Additionally, previous
work by the present authors has investigated the risk of intraoperative
tibial eminence avulsion fracture associated with Bi-UKA, finding that
relative implant positioning was an important risk factor (Stoddart
et al., 2022). There is still room for further work looking at the femoral
fracture risk associated with CPKA. Another limitation was that when
comparing the results to that of the additional second tibial model, the
natural variations in anatomy meant it was difficult to find equivalent
slices to compare themodels. The male tibia was larger than the female
tibia, so using the same distance would not necessarily imply that the
equivalent part of bone was being considered. Efforts were made to use
equivalent slice locations, for example, by choosing a different depth
distal to the tibial plateau for the most proximal transverse slice,
approximately halfway down the length of the implant keels. The
histogram data were, thus, useful for these comparisons, with themale/
female trends matching well. Finally, remodeling algorithms can be
used to predict how the mechanical stimulus (strain shielding or
change in strain energy density) leads to changes in BMD, as has
been demonstrated by others (Pérez et al., 2010; Phillips et al., 2015;
Mathai et al., 2022). In this study, we prioritized direct comparison of
all the arthroplasty types, for different load cases and different
anatomies, over a more detailed remodeling analysis of one or two
variants. Our data are, thus, best interpreted as the stimulus for likely
remodeling in the early post-operative period, and the resulting data
reflect known clinical trends for the early post-operative period well
(Petersen et al., 1995; Van Jonbergen et al., 2010; Prince et al., 2019).
Only one brand (Zimmer Biomet) of implants was considered, so
variations in geometries and materials used in other products may
affect the results.

Conclusion

Arthroplasty inherently disturbs load transfer to bone around
the knee joint; however, less is better when it comes to bone: PKA
and CPKA lead to more normal load transfer than TKA, even when
all articulating surfaces are replaced during tricompartmental
arthroplasty.

The intact bone models used for this research are provided as
open access Supplementary Materials to facilitate future
research at other centers. The histogram analyses presented
here are recommended as a quantitative way to compare
multiple tests without risk of inadvertently excluding key
data. The sensitivity of the results to load case highlights the
need to consider multiple load cases in any future analyses using
these models.
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