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For both surgeons and patients, the effects of alignment on
the lifespan and postoperative function of prostheses are
significant factors in total knee arthroplasty (TKA).1–3 Proper
restoration of knee alignment reduces both the mechanical
and shear stresses exerted on the polyethylene (PE) insert as
well as on the interfaces between the bone and the prosthe-

sis.4,5 Several surgical techniques with functional or anato-
mical reference axes have been developed and introduced to
achieve this goal.6

A successful outcome is believed to be dependent on the
restorationofaneutralmechanical axis in thelowerextremity,
with the femoral and tibial components aligned perpendicular
to themechanical axis in the coronal plane. Althoughmechan-
ical alignment (MA) is themost common surgical technique in
TKA for restoring patient function, 15 to 25% of the patients
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Abstract Kinematic alignment (KA), which co-aligns the rotational axes of the components with three
kinematic axesof thekneebyaligning thecomponents totheprearthritic joint lines,hasbeen
a recently introduced surgical technique. However, whether KA and cruciate retaining (CR)
implants providebetter biomechanical function during activities thanmechanical alignment
(MA) in posterior stabilized (PS) implants is unclear. We evaluated the biomechanical
functions during the stance phase gait and deep knee bend, with a computer simulation
and measured forces in the medial and lateral collateral ligaments and medial and lateral
contact stresses in the polyethylene insert and patellar button. The forces on the medial
collateral ligament in KA were lower than those in MA in both CR and PS TKA in the stance
phase gait and deep knee bend conditions, whereas those on the lateral collateral ligament
did not show any difference between the two surgical alignment techniques in the stance
phase gait condition. The maximum contact stresses on the medial PE inserts in KA were
lower than those in MA in both CR and PS TKA in the stance phase gait and deep knee bend
conditions. However, themaximumcontact stresses on the lateral PE inserts and the patellar
button did not differ between MA and KA. The biomechanical function was superior in KA
TKAthan inMATKA,andKAwasmoreeffective inCRTKA.This comparisoncouldbeusedasa
reference by surgeons to reduce the failure rates by using KA TKA instead of MA TKA.
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have reported dissatisfaction, and 10% required revision sur-
gery within 10 years of the surgery.7–10 Recently, it has been
suggested that MA may not be the best solution for overall
component survivorship and clinical function.11–13

Kinematic alignment (KA) is a recent modification in
surgical technique that suggests aligning the angle, level,
and posterior joint line of the femoral component and the
joint line of the tibial component to those of the prearthritic
normal knee joint.14 In previous studies, it was found that
patients undergoing surgery with the KA TKA method
reported better relief, function, and flexion than did patients
with MA TKA.15,16 In KA TKA, the reference line for the
internal–external rotation of the anterior–posterior axis of
the tibial component is the flexion–extension tibial refer-
ence line, which is a functionally-not anatomically defined
reference line, with an orientation parallel to the flexion–
extension plane of the extended knee after compensating for
wear which is primarily cartilage without connecting ana-
tomic landmarks on the tibia.17–19 KA corrects the arthritic
deformity to the constitutional alignment of the patient,
with restorations of the femoral and tibial components to the
natural tibiofemoral articular surface, alignment, and natural
laxities of the knee.15,19 However, joint-line preservation
with those of the normal knee also leads to the tibial
component, in which posterior wear or loosening from
inadvertent placement of the tibial component could lead
to early failure or revision surgery.3 Furthermore, the inci-
dence of failure is three to five times lower in KA TKA than in
MA TKA.3,20,21 In addition, Nedopil et al showed that inci-
dence of tibial component failure after KA TKAwas 0.3% and
was caused not by varus subsidence, but by posterior sub-
sidence or posterior edge wear.20 They demonstrated that
the strategy for lowering the risk of tibial component failure
when performing KA is to set the tibial component parallel to
the flexion–extension plane and varus–valgus plane of the
native joint line.20However, the biomechanical effects of MA
TKA and KA TKA have not been reported.

Therefore, the present study used finite element (FE)
analysis during both stance phase gait and deep knee bend
to determine whether the use of KA or MA, or the use of
cruciate retaining (CR) and posterior stabilized (PS) TKA
resulted in lower forces in the medial and lateral collateral
ligaments (MCLs and LCLs), lowermaximumcontact stress in
the medial and lateral compartment of the tibial insert, and
lower maximum contact stresses in the patellar button.

Materials and Methods

Development of FE Model
We used a three-dimensional nonlinear FE model for the
knee joint developed using the computed tomography (CT)
and magnetic resonance imagings (MRIs) of a healthy 36-
year-old male subject.22,23 The computational knee-joint
model was developed on the basis of bony structures,
including the femur, tibia,fibula, and patella, and soft tissues,
such as ligaments and menisci, reconstructed from the CT
and MRIs, respectively—a process that has been established
and validated in previous studies.22,23

Bones are much stiffer than the soft tissue and were
assumed to be rigid, and all major ligaments were modeled
using nonlinear and tension-only spring elements.23–26 The
force-displacement relationship based on the functional bun-
dles in the actual ligament anatomy refers to the following27:

where f(ε) is the current force, k is the stiffness, ε is the strain,
and ε1 is assumed to be constant at 0.03. The ligament bundle
slack length l0 can be calculated by using the reference
bundle length lr and the reference strain εr in the upright
reference position. The PE insert and patellar button were
modeled as an elastoplastic material (►Table 1).23 All
implant componentsweremodeled as linear elastic isotropic
materials (►Table 1).23

Contact conditions were applied between the femoral
component, PE insert, and patellar button in TKA. The coeffi-
cientof frictionbetween thePEmaterial andmetalwas chosen
to be 0.04 for consistency with previous explicit FE mod-
els.23,28Contact was definedbyusing a penalty-basedmethod
with a weighting factor. As a result, the contact forces were
defined as a function of the penetration distance of themaster
into the slave surface. The femoral and tibial componentswere
fully bonded to the femur and tibia bonemodels, respectively.

FE Models for MA and KA
To develop the FE models for MA TKA and KA TKA, two
experienced surgeons (the third and last authors) performed
surgical simulations for both surgical technologies. We devel-
oped the FE model for MA TKA according to the following
surgical preferences: (1) the default alignment for the femoral
component rotation was parallel to the transepicondylar axis
with the coronal alignment perpendicular to the mechanical
axis with a 9.5 mmdistal medial resection, and (2) the sagittal
alignment was at a 3° flexion. The tibial default alignment was
rotated 0° to the anterior–posterior axis, the coronal alignment
was 90° to themechanical axis, and the sagittal alignment was
5° of the posterior to the mechanical axis. The method for
aligning the components for KA was developed by Howell
et al.14,19 We placed the femoral component at the angle and
level of the distal and posterior joint line of the distal femur
first, and the tibial componentwasplacedto restore thenatural

Table 1 Material properties for finite element model

Young’s modulus (MPa) Poisson’s ratio

CoCrMo alloy 220,000 0.30

UHMWPE 685 0.47

Ti6Al4V alloy 110,000 0.30
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proximal distal–level posterior slope and varus–valgus angula-
tion of the tibial joint line.21 The FEmodels of the MA TKA and
KA TKA are shown in ►Fig. 1. The prosthesis Genesis II Total
Knee System(Smith&Nephew Inc.,Memphis, TN)wasused for
both MA TKA and KA TKA in CR and PS TKA.

The FE investigation model was used for stance phase gait
and deep knee bend loadings. The loading condition was
applied to evaluate the effect of MA TKA and KA TKA on the
TKA model; the stance phase gait cycle and deep knee bend
loading conditions were applied to both the tibiofemoral and
patellofemoral joint motions.29,30 In addition, these loading
conditions were applied to both CR and PS TKA to evaluate the
biomechanical effects ofKATKAandMATKAondifferent types
of TKA. The FE model was analyzed using ABAQUS software
(version 6.11; Simulia, Providence, RI). The results for the MCL
and LCL forces were evaluated, and the maximum contact
stress on the PE insert and the patellar button pressure were
evaluated in both theMATKA and KATKA surgical techniques.

Results

Effects of MA TKA and KA TKA on the Collateral
Ligament Forces
►Figure 2 shows the ligament forces on the MCL, LCL, popli-
teofibular ligament (PFL), and anterior lateral ligament (ALL)

for theMA andKA in both CR andPS TKA FEmodels during the
stance phase gait cycle. The ligament forces on the MCL were
63 and 41% lower in CR and PS KA TKA than in CR and PS MA
TKA, respectively, during the stance phase gait cycle condition.
However, there was no remarkable difference in the LCL, PFL,
andALLbetween the two surgical alignment techniques under
a stance phase gait cycle.

►Figure 3 shows the ligament forces on theMCL, LCL, PFL,
and ALL for the MA and KA in both CR and PS TKA FE models
in the deep knee bend loading condition are shown
in ►Fig. 4. The ligament forces on the MCL were 69 and
52% lower in CR and PS KA TKA than CR and PS MA TKA,
respectively, in the deep knee bend condition. The ligament
forces on the ALL and PFL were greater by 18 and 23%, and by
23 and 29%, respectively, in CR and PS KA TKA and CR and PS
MA TKA in deep knee bend conditions.

Effects of MA TKA and KA TKA on the Maximum
Contact Stress on theMedial PE Insert in CR and PS TKA
►Figure 5 shows themaximumcontact stresson themedialPE
inserts in theMATKA andKATKA FEmodels during the stance
phase gait anddeep kneebend loading conditions in CR andPS
TKA. Themaximum contact stresseswere 32 and 18% lower in
CRandPSKATKAon themedial PE insert than inCRandPSMA
TKA, respectively, in the stance phase gait loading condition.

Fig. 1 Finite element models used in analysis for mechanical alignment (MA) total knee arthroplasty (TKA) and kinematic alignment (KA) TKA
models in cruciate retaining (CR) and posterior stabilized (PS) TKA.
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The reduction in themaximumcontact stress for themedial PE
insert was better shownat deep kneebend loading conditions.
Themaximumcontact stressesonthemedialPE insertwere43
and 21% lower in CR and PS KA TKA compared with CR and PS
MATKA, respectively, in thedeepkneebend loadingcondition.

Effects of MA TKA and KA TKA on the Maximum
Contact Stress on the Lateral PE Insert in CR and PS TKA
The maximum contact stress on the lateral PE inserts in the
MA TKA and KA TKA FE models during the stance phase gait
and deep knee bend loading condition in CR and PS TKA are
shown in ►Fig. 6. There was an opposite trend on the lateral
side in PS TKAduring the stance phase gait loading condition.
The maximum contact stress was 8% greater in PS KA TKA on
the lateral PE insert than in PS MA TKA during the stance
phase gait loading condition. However, the contact stress on
the lateral PE insert in CR KA TKA was lower than that in CR
MA TKA during the stance phase gait loading condition.
During deep knee bend condition, the maximum contact
stress on the lateral PE insert wasgreater in CR and PSKATKA
than those in CR and PSMATKA, unlike the stance phase gait
loading condition. ►Figure 7 shows the maximum contact
stress distribution on the PE inserts in the FE model during
stance phase gait and deep knee bend loading conditions.

Effects of MA TKA and KA TKA on the Maximum
Contact Stress on the Patellar Button in CR and PS TKA
The maximum contact stresses on the patellar button in the
FE model are shown in ►Fig. 8 in stance phase gait and deep
knee bend conditions. In bothMATKA andKATKA, therewas
a negligible difference of less than 3%during the stance phase
gait and deep knee bend conditions. ►Figure 4 shows the
maximum contact stress distribution on the patellar button
in the FEmodel during stance phase gait and deep knee bend
loading conditions.

Discussion

The most important findings of the study were that KA
resulted in less collateral ligament force and lower tibial
insert contact stress than MA for both the CR and PS knee
without changing the contact stress in the patellofemoral
compartments.

Theoretically, proper alignment is intended to minimize
stress on the implant and not overload the collateral liga-
ments, and this should be effective during weight-bearing
activities such as the stance phase of gait and deep knee
loading. Inappropriate joint alignment can lead to increased
stress on the prosthesis, unexpected patient outcomes, and

Fig. 2 Ligament forces on the (A) medial collateral ligament (MC)L, (B) lateral collateral ligament (LCL), (C) popliteofibular ligament (PFL), and
(D) anterior lateral ligament (ALL) during the stance phase gait loading condition. Abbreviations: KA, kinematic alignment; MA, mechanical
alignment; TKA, total knee arthroplasty.
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Fig. 3 Ligament forces on the (A) medial collateral ligament (MCL), (B) lateral collateral ligament (LCL), (C) popliteofibular ligament (PFL), and
(D) anterior lateral ligament (ALL) during the deep knee bend loading condition. Abbreviations: KA, kinematic alignment; MA, mechanical
alignment; TKA, total knee arthroplasty.

Fig. 4 Contact stress distributions on the patellar button with respect to mechanical alignment (MA) and kinematic alignment (KA) for cruciate
retaining (CR) total knee arthroplasty (TKA) and posterior stabilized (PS) TKA during the stance phase gait and deep knee bend loading condition.
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reduction in survivorship.5 Historically, the goal of TKA has
been accepted to be the restoration of joint alignment to
within 3° from the mechanical axis; however, recent reports
have challenged the theory that outliers may result in an
increased rate of revision surgery.5 Howell et al introduced
KA in an attempt to address the high rates of patient
dissatisfaction after TKA and the wide variety of involved
preoperative alignments.3,14,19,21,31 This method considers
the individualization of alignment in the human knee joint
by usingmedical imaging and computer software to preserve
prearthritic lower-extremity alignment through the restora-
tion of the axes of rotation. Howell et al reported 214 KA CR
TKAs at a mean of 31 months postoperative follow-up in
three groups: limbs in the neutral range (0°, standard
deviation 3°), varus alignment (> 3°), and valgus alignment
(> 3°).21 They concluded that a high risk for severe failure
was not observed with KA TKA in the short term and that it
could be beneficial to surgeons committed to cutting the
tibia perpendicular to its mechanical axis.21 In addition,
Innocenti et al reported that malalignment in the tibial
component was always associated with more detrimental

effects comparedwith the femoral component under vertical
loading using computational simulation.32However, Nedopil
et al showed that KA TKA restored native left to right
symmetry of the hip-knee-ankle angle, distal lateral femoral
angle, and proximal medial tibial angle in nearly all patients
with negligible risk of varus alignment of the tibial compo-
nent with respect to the native tibial joint line.33 In addition,
Shelton et al showed that KA TKA has a high proportion of
varus or valgus outliers using mechanically aligned criteria;
the intraoperative forces in the medial and lateral compart-
ments of patients with outlier alignment were comparable
with those with in-range alignment, with no evidence of
overload of the medial or lateral compartment of the knee.34

However, there has been no study that evaluated the bio-
mechanical effects ofMATKA and KATKAwith respect to the
contact stresses on the PE insert and patellar button and the
forces exerted on the collateral ligaments. Furthermore,
there has been no study that evaluated the difference in
biomechanical effect of KA TKA between CR and PS TKA. For
this reason, we evaluated these parameters in the medial
lateral tibiofemoral and patellofemoral joint of CR and PS

Fig. 5 Maximum contact stress on the medial polyethylene (PE) inserts in the mechanical alignment (MA) total knee arthroplasty (TKA) and
kinematic alignment (KA) TKA finite element (FE) models of cruciate retaining (CR) and posterior stabilized (PS) TKA during the (A) stance phase
gait and (B) deep knee bend loading conditions.

Fig. 6 Maximum contact stress on the lateral polyethylene (PE) inserts in the mechanical alignment (MA) total knee arthroplasty (TKA) and
kinematic alignment (KA) TKA finite element (FE) models of cruciate retaining (CR) and posterior stabilized (PS) TKA during the (A) stance phase
gait and (B) deep knee bend loading conditions.
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TKA placed with KA and MA during stance phase gait and
deep knee bend loading conditions. The advantage of a
computational simulation using a single subject is that we
could determine the effects of component alignment within
the same subject without the effect of variables such as
weight, height, bony geometry, ligament properties, and
component size.35

Our results showed that contact stress on the medial PE
insert in KA TKA was lower than in MA TKA during the
stance-phase gait and deep knee bend loading condition.
Previous biomechanical studies have reported that the con-
tact stress on themedial side is higher than that on the lateral
side after TKA surgery.36–39 This trend is also seen in our MA
TKA model. However, one interesting finding is that the

contact stress of the medial side is lowered in KA TKA. A
previous knee simulation study suggests that under static
loading, a tibial malposition of 3° or more in varus or valgus
can greatly alter the distribution of pressure and the load
between the medial and lateral compartments.38 We
demonstrated this effect by changing from MA to KA. The
findings of the current study agreewith those of the previous
biomechanical study.40

There were no improvements in the biomechanical effects
on the contact stress on the lateral PE insert in KA TKA
compared with MA TKA in the stance-phase gait and deep
knee-bend loading conditions. An interesting finding was that
the maximum contact stress on the lateral side was greater in
CRMATKA comparedwith CR KATKA. Thismeans that CR KA

Fig. 7 Contact stress distributions on the polyethylene (PE) inserts with respect tomechanical alignment (MA) and kinematic alignment (KA) for
cruciate retaining (CR) total knee arthroplasty (TKA) and posterior stabilized (PS) TKA during the stance phase gait and deep knee bend loading
condition.
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TKA provides a better biomechanical effect on the lifespan of
theprosthesiswearandknee-joint instability thanCRMATKA.
Our results show that CR KA TKA provided a better biomecha-
nical effect on the knee joint than did PS KA TKA.

The purpose of KATKA is to correct the arthritic deformity
of the lower extremity to the normal prearthritic alignment
with the alignment of rotational axes in the femoral and
tibial components, by means of setting the anterior–poster-
ior axis of the tibial component parallel to the flexion–
extension tibial reference line, which can restore the natural
tibiofemoral articular surfaces, alignment, and laxities of the
knee joint.3,17,41 It is fundamental to minimize the external
rotation of the tibial component with respect to the femoral
component in knee flexion, as it affects the patellofemoral
tracking and increases the contact forces on the patellar
button, leading to patella failure.42 However, there was no
difference in the contact stresses on the patellar button
betweenMATKA and KATKAwithout malrotation in neutral
knee alignment.

Another interesting finding is that the force exerted on the
MCLwas lower in KATKA than inMATKA. In a previous study,
it was reported that TKA using MA required the management
of complex and uncorrectable collateral ligament imbalance,
and it led to awide range of changes in tibiofemoral alignment
fromnormalkneeconditions.43,44KATKAhas theadvantageof
preventing imbalance of the collateral ligaments,whichhave a
wide variety of complex mechanisms that are not correctable
through collateral ligament release, as well as a wide range of
changes in the natural alignment of the lower extremity
resulting fromMATKA. KATKA restores the normal alignment
of the lower extremity and the joint line of the knee, thus
providing more physiological forces exerted on the collateral
ligaments than MA TKA, which is unnaturally aligned to a
neutral MA.45 Our results showed that the forces exerted on
the MCL in PS and CR KA TKAwere 41 and 53% less than those
inMATKA in the stancephasegait loading condition. Similarly,
they showed that the forces exerted on the MCL in PS and CR
KATKAwere 63 and 69% less than those inMATKA in thedeep
knee bend loading condition.

The tightened MCL might help indicate the reported unsa-
tisfactory pain in clinical observations.46 Such an imbalanced
soft-tissue loading resulted in changes in the predicted knee
contact stress, especially as the knee moved from flexion into
extension. Our study demonstrated that the contact stress of
the medial PE insert was reduced by reducing the force on the
MCL. In addition, the result that the forces exerted on liga-
ments in CR TKA were always lower than those in PS TKA
indicatesgoodagreementwithprevious studies.35Thecontact
stress and ligament force also decreased more in CR KA TKA
than in PS KA TKA.We found that the biomechanical effects of
KA andMATKA are different. Based on our results, KA ismore
effective in CR TKA.

This study has several limitations. (1) Only the intact
model was validated. However, FE analysis with validated
FE models has beenwidely used in orthopedic biomechanics
for the assessment of surgical technique or evaluation of
implant longevity.24,25,47–49 We developed the computa-
tional model by using data from only a young, male subject.
Analyzing subjects of various ages would improve the valid-
ity of the results, because the validity is also dependent on
the geometry of the knee joint. Furthermore, we eliminated
other biomechanical factors by using a young male subject
without a history of knee injury or patellar subluxation. (2)
The balance of all the collateral ligamentswas accurate in our
FEmodel because other biomechanical effects would need to
be considered otherwise. Moreover, KA TKA is the strategy
that strives to restore prearthritic knee alignment and avoid
the release of the collateral ligament.17,31,41 (3) The results
could not substitute clinical results and patient satisfaction,
as they represent outcomes from FE analysis. However,
contact stress on the PE insert and force exerted on ligaments
are key factors that should be investigated for the evaluation
of biomechanical effects in computational biomecha-
nics.23,35,47,48,50 (4) Finally, only the stance-phase gait and
deep knee-bend simulations were performed, and simula-
tions involving more demanding activities, such as chair
rising/sitting or climbing/descending, would be required
for a more reliable investigation in the future.

Fig. 8 Maximum contact stresses on the patellar button for mechanical alignment (MA) and kinematic alignment (KA) in cruciate retaining (CR)
total knee arthroplasty (TKA) and posterior stabilized (PS) TKA during the (A) stance phase gait and (B) deep knee bend loading conditions.
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In conclusion, KA TKA provides lower maximum contact
stresses on the medial PE insert and lower average contact
stress, as well as lower force exerted on the MCL than
provided byMATKA. In the current study, the biomechanical
effect was superior in KA TKA than in MA TKA, and KA was
more effective in CR TKA; however, clinical outcomes,
including long-term survivorship, would also be needed
when evaluating the advantages of KA TKA.
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