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a b s t r a c t

Background: Different levels of constraint for total knee arthroplasty can be considered for revision
surgeries. While prior studies have assessed the clinical impact and patient outcomes of condylar con-
strained knee (CCK) and rotating hinged (RTH) implants, nowadays little is known about the biome-
chanical effects induced by different levels of constraint on bone stress and implant micromotions.
Methods: CCK and RTH implant models were analyzed using a previously validated numerical model.
Each system was investigated during a squat and a lunge motor task. The force in the joint, the bone and
implant stresses, and micromotions in this latter were analyzed and compared among designs.
Results: Different activities induced similar bone stress distributions in both implants. The RTH implant
induces mostly high stress compared to the CCK implant, especially in the region close to tip of the stem.
However, in the proximal tibia, the stresses achieved with the CCK implant is higher than the one
calculated for the RTH design, due to the presence of the post-cam system. Accordingly, the condylar
constrained design shows higher implant micromotions due to the greater torsional constraint.
Conclusion: Different levels of constraint in revision arthroplasty were always associated with different
biomechanical outputs. RTH implants are characterized by higher tibial stress especially in the region
close to the stem tip; condylar implants, instead, increase the proximal tibial stress and therefore implant
micromotions, as a result of the presence of the post-cam mechanism. Surgeons will have to consider
these findings to guarantee the best outcome for the patient and the related change in the bone stress
and implant fixation induced by different levels of constrain in a total knee arthroplasty.

© 2019 Elsevier Inc. All rights reserved.
The increasing number of patients undergoing primary total
knee arthroplasty (TKA; 720,000 in the USA during 2010) has been
accompanied by a similar increase in the number of revision TKAs
(70,000 in the USA during 2011) [1e3]. One study estimated the
overall incidence of primary and revision TKA to grow by 174% and
600%, respectively, between 2005 and 2030 [4]. One of the major
challenges of TKA is themanagement of instability, a factor which is
a prerequisite for postoperative function as well as implant survival
[5]. Overcoming soft-tissue instability requires a challenging
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combination of managing ligament deficiency, balancing the
flexion and extension gaps, and handling extensor mechanism
insufficiency [6]. Indeed, different levels of constraint for TKA can
be considered for revision surgeries because both semiconstrained
and hinged implants guarantee more stability than primary TKA
implants. The selection of the correct constraint level is therefore of
paramount importance in this context [7,8].

Hinged knee prostheses with a fixed axis were introduced to
restore knee function and correct limb alignment in the presence of
severe malalignment and/or instability [9]; this type of prosthesis is
a linked constrained device able to provide the highest level of
constraint, therefore conferring stability on coronal plane, on sagittal
plane, and in rotation. High failure rate in the first generation of
these implants [9,10] has highlighted the need for further studies
and improvements, thus leading to the rotating hinged (RTH) im-
plants; introduced in 1982 [11], they are typically used in case of
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Table 1
Material Properties Used for the Different Components of the Model.

Material Material
Models

Elastic Modulus (MPa) Poisson’s Ratio

E1 E2 E3 n12 n13 n23

Cortical bone Transversely
isotropic

10,000 10,000 16,000 0.42 0.3 0.3

Cancellous bone Isotropic 3000 d d 0.3 d d

Ti6Al4V Isotropic 110,000 d d 0.3 d d

CoCrMo Isotropic 248,000 d d 0.3 d d

UHWMPE Isotropic 564 d d 0.23 d d

PMMA Isotropic 3000 d d 0.3 d d

All materials are considered homogeneous, isotropic linear behavior, with exception
of cortical bone that is considered orthotopic with the third axis parallel to the
anatomic axis of the bone.
Ti6Al4V, titanium alloy; CoCrMo, cobalt-chromium alloy; UHMWPE, ultra-high-
molecular-weight polyethylene; PMMA, poly(methyl methacrylate).
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ligament absence or disruption in combination with moderate or
severe bone loss, poor soft-tissue envelope, and severe varus-valgus
and flexion contracture [5,12e16], allowing the physiological knee
motion to be restored, thanks to the feasibility of the so-called home-
screw mechanism [17]. Compared to first-generation hinged TKAs,
decrease in loosening rates and improvements in gait pattern have
been achieved in RTH implants [18,19]; a potential advantage of this
design is furthermore the reduction in shear stresses around the
bone-cement interface due to the additional rotational degree of
freedom around the tibial axis [20,21]. Studies reporting clinical
outcome of different types of RTH implants have been published,
some of them with controversial conclusions [16,19,22e25].

Condylar constrained knee (CCK) prostheses are instead semi-
constrained, nonlinked implants which, thanks to an apposite post-
cam mechanism (like the posterior-stabilized implant but bigger
and thicker), confer different level of varus-valgus and rotational
stability depending on the post-cam engagement design (specific for
each manufacturer) [26]. CCK systems have been introduced more
recently and are generally assumed to be less constrained than RTH
designs, so their use has become increasingly popular as the alter-
native to the hinged prostheses in cases of intermediate severity [5].
This design is characterized by a wide and long tibial post engaging
the large and deep intercondylar cam of the femoral component, thus
ensuring mediolateral and rotational stability without constraining
the anteroposterior direction [27,28]. They can be preferable to hinged
TKA in case of medial and/or lateral collateral ligament insufficiency
and limited bone loss [29e31]. However, in presence of severe flexion
instability or collateral ligament deficiency, potential post-cam dislo-
cation (as in posterior-stabilized implants [12,32]) must be taken into
account and a hinged TKA could be considered a better option.

Clinical studies have shown that when implant selection is
guided by inherent stability of the knee, CCK and RTH knee designs
have similar outcomes [6]; Fuchs et al [33] found no significant
differences in terms of Hospital for Special Surgery Score, Knee
Society Score, Pain and Tegner score in their retrospective cohort
study, while standard condylar revision implants yielded better
postoperative mobility but had a lower Short Form 36 Mental
Component Score: this latter finding may then imply that patients
tolerate the RTH design better than the standard condylar revision
implant [7]. Walker et al [34] also compared the RTH design with
standard condylar revision in a cohort study, finding a high corre-
lation in performance between the operated and nonoperated side
in the RTH group, thus indicating the hinges as capable of matching
the nonoperated knee performance.

However, even if prior studies have assessed the clinical impact
and patient outcomes of CCK and hinged implants, nowadays little
is known about the biomechanical effects induced by different
levels of constraint. For this reason, the aim of the study is to
analyze and compare a semiconstrained and a hinged TKA implant
during different motor tasks. In particular, bone stresses and
implant micromotions were investigated using a previously vali-
dated numerical approach [35,36] and a comparison among the
different implants was performed.

Materials and Methods

This study was conducted developing a numerical model
coupling rigid body kinematics and finite element (FE) model. The
model developed for this study was based on an already validated
and published knee FE model [36] including the following features.

Geometry

A physiological 3-dimensional tibial bone model was created
from computer tomography images of a fourth-generation
composite left tibia, medium size (# 3401, Sawbones; Pacific
Research Laboratories Inc, Malmo, Sweden); such models are
widely used for numerical and experimental tests, as reported in
the literature [37e39]. The tibial bone model consists of 3 parts:
cortical bone, cancellous bone, and the intramedullary canal.

As revision TKA solutions, the Legion Revision Condylar
Constrain Knee (Smith & Nephew, Memphis, TN) and the RT-PLUS
Rotating Hinged prostheses (Smith & Nephew, Memphis, TN) were
taken respectively as CCK and RTH implants. The CCK implant used
constrains, as reported by previous study [28], varus-valgus, and
internal-external rotations together with mediolateral translation.

According to the dimensions of the tibial bone model used, a
size 6 tibial tray with a 9-mm polyethylene insert was selected for
the CCK solution, while a size 4 tibial tray with an 8-mm poly-
ethylene insert was selected for the hinged solution. In order to
verify the correct choice of the TKA components and their posi-
tioning, an actual implant surgery was performed, using the suit-
able devices and instrumentation, by an experienced orthopedic
surgeon (L.A.) on real mechanical-equivalent synthetic tibias. For
both revision TKA models, a 160-mm stemwith a 12-mm diameter
was selected, but nevertheless the design of the 2 stems was not
completely equivalent as the one adopted for the CCK presented a
slot while the other was unslotted. This choice of equivalent di-
mensions for the stems was made in order to allow a direct com-
parison of the results [35,40e42].

Two replaced models (one for each type of prosthesis) were
then generated: following the manufacturer’s recommendations
and the in vitro implant procedure, both designs were used to
virtually replicate the surgical procedure on the validated knee
model. To ream the intramedullary canal, numerical models of the
surgical rasps were virtually created, to exactly reproduce all the
steps of the actual implantation procedure. To define the position of
the stem in the numerical models, the cortex engagement of 3
edges of the stem was recognized [28].

Material Models and Properties

The materials considered in this study were assumed to be
homogeneous, isotropic, and linear elastic [36,43,44]; the proper-
ties assigned to femoral component, tibial insert, and tibial tray
were respectively the ones of cobalt-chromium alloy (CoCr), of
ultra-high-molecular-weight polyethylene, and of titanium alloy
(Ti6Al4V). According to the literature, the cortical bone was
considered transversely isotropic with properties varying along the
mechanical axis of the tibia; the cancellous one was instead
assumed to be homogeneous, isotropic, and linear [36,37,39,45,46].
The material properties of the knee model used in this study are
reported in Table 1. A cement layer with a constant penetration of 3



Fig. 1. Tibial components of the TKA designs used for this study: (A) hinged design; (B)
semiconstrained design. The box at the bottom right reports the details of the stem for
each design. TKA, total knee arthroplasty.

Table 2
Kinematic Results of the Hinged and CCK TKA in Terms of Max Flexion, Max
Abduction, and Max Internal-External Rotation for Lunge and Squat Motor Task.

Activity Flexion Abduction Internal-External

Hinged TKA
Lunge 88.4� 0.7� 8.3�

Squat 118.8� 0.6� 6.2�

CCK TKA
Lunge 90.9� 0.0� 0.5�

Squat 119.3� �0.4� �0.4�

All the values reported in the table are in degrees.
CCK, condylar constrained knee; TKA, total knee arthroplasty.
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mm into the bone (based on a test of different cementing tech-
niques [47,48]) was applied at the interface between the tibial bone
cut and the tibial component; the material adopted for the cement
was homogeneous and isotropic [39,45,46].

According to previous studies, the coefficient of friction between
the insert and the tibial tray was 0.05, between the titanium stem
(press-fit) and bone was 0.6, and between the CoCrMo (tibial tray
and cemented stem) and bone was 0.2 [40,49].

Kinematic Analysis of Different Motor Tasks

Lunge and squat movements were numerically reproduced us-
ing a validated musculoskeletal modeling software (LifeMOD/
KneeSIM 2008.1.0; LifeModeler Inc, San Clemente, CA) [50,51]. This
model is able to replicate an existing knee kinematics rig with re-
gard to geometry, constraints, input, and output. Squat and lunge
movements were implemented with a range of flexion from 0� to
120� and 90�, respectively. A constant vertical hip load of 200 Nwas
applied during both the motor tasks in order to allow a proper
comparison among the results. All other settings and hardware
parameters necessary to define rigid body kinematics were based
upon prior studies [39,50,52].

Medial and lateral tibiofemoral contact forces, patellar tendon
forces, and implant tibiofemoral kinematics during both activities
were extracted. Implant kinematics were reported following the
Grood and Suntay convention [53].

FE Analysis

Each revision TKA model was meshed by using tetragonal ele-
ments with an approximate element size of 4 mm. A refinement of
the mesh, with an approximate element size of 0.5 mm, was per-
formed in the contact region between bone and the TKA stem. The
proper size of the elements was chosen after a convergence test
performed to verify that the mesh size adopted did not affect the
requested outputs. Abaqus/Standard version 6.10-1 (Dassault
Syst�emes, V�elizy-Villacoublay, France) was used to develop the
models and to perform all the analyses.

The maximum tibiofemoral forces (medial and lateral) resulting
from the kinematic analysis of the different motor tasks were used
as inputs for loads and boundary conditions in the FE simulations;
similar process was adopted for the hinged prosthesis, where the
joint internal forceswere determined by the rigid body analysis and
then applied to the implant, and for the CCK implant, calculating
the post-cam force to be applied on the polyethylene insert. For all
models and motor tasks, patellar tendon force was applied on the
tibial tubercle and the tibia was fully constrained distally.

Twenty regions of interest (ROIs) were identified in the tibia
subdividing its cortical section in 10-mm-thick regions (see Fig. 1),
defined by cutting the cortical bone with planes perpendicular to
the mechanical axis of the tibia and therefore parallel to the
proximal tibial cut. Average compressive stresses were computed
for each ROI and compared among the different configurations and
motions. The micromotions between the implant and bone were
also computed and compared.

Results

Kinematic Results

As shown in Table 2, both prosthesis models returned similar
values for the max flexion-extension and abduction angles dur-
ing lunge and squat. However, max internal-external rotation is
considerably different between hinged and CCK because the
latter does not allow this movement, thus maintaining this value
below 1�.

Kinetic Results

The max contact forces during lunge and squat motions, calcu-
lated in the different joint regions, are reported in Table 3.

The lunge movement in the 2 prostheses led to different kinetic
output; while analyzing the squat movement, the 2 models present
almost similar contact forces except for the one related to the
rotating pin and post-cam system.

Bone Stress Results

The compressive stress values in the tibial bone for each ROI
analyzed are represented in Figure 2: for both motor tasks, the
results are paired to allow a simpler comparison among the de-
signs. A similar pattern in stress distributions can be found for each
of the 4 configurations, but the values for the hinged usually tend to
be higher than the CCK ones (this is due to the different level of
constraint in the 2 models that led to different forces). The bone



Table 3
Max Contact Forces During Lunge and Squat Motions of the Hinged and CCK TKA.

Activity Load Considered Hinged TKA CCK TKA

Lunge Lateral tibiofemoral force 2798 N 1962 N
Lunge Medial tibiofemoral force 1715 N 1823 N
Lunge Patellar tendon force 3518 N 3268 N
Lunge Rotating pin/post-cam force 1066 N 1110 N
Squat Lateral tibiofemoral force 2143 N 1720 N
Squat Medial tibiofemoral force 1429 N 1368 N
Squat Patellar tendon force 3121 N 3073 N
Squat Rotating pin/post-cam force 1099 N 1620 N

All the values reported in the table are in Newton.
CCK, condylar constrained knee; TKA, total knee arthroplasty.
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stress tends to increase along the tibial bone up to the tip of the
stem (ROIs, 17-18), after which it decreases for both designs. It is
nonetheless possible to observe a peak of compression stress in the
regions corresponding to the stem tip for the hinged model, while
the CCK solution reports instead a stress reduction in the same
areas: this is a consequence of the different design of the stems
(Fig. 1), the CCK design presents a slotted stem while the hinged
TKA presents an unslotted stem, acting thus as a stress riser.

Another section worthy of note is the proximal tibia (ROIs, 1-3),
where the stress induced by the CCK appears to be higher than the
one induced by the hinged, contrariwise to what happens in all the
other regions. This is caused by the action of the post-cam mech-
anism, which leads to a more proximal distribution of the force
than the hinged joint, and because of the internal-external
constraint characteristic of this prosthesis design: indeed,
conversely to the hinged (that allows rotation and therefore is not
able to transmit any torsion to the bone), the CCK transfers all these
loads to the immediately proximal area.
Micromotion Results

The micromotions, calculated as the relative displacement be-
tween the implant and the bone along the cutting plane, are re-
ported in Figure 4 for all the analyzed configurations. Figure 3,
instead, shows and compares the average compressive stress at
bone-implant interface.
Fig. 2. Average compressive bone stress distribution for the hinged design (in blue) and for
while the right box is related to the squat. Each bar reports the average stress value of a spe
distal region as illustrated in the central box. CCK, condylar constrained knee.
For each task, the CCK model presents higher values than the
hinged solution as a consequence of the post-cammechanism that,
as previously reported, distributes the force more proximally
compared to the hinged joint; the high interface stress generated,
indeed, coupling the torque transferred to the underlying bone by
the CCK and then leads to increased micromovements, as high-
lighted by the similarity between Figures 3 and 4.

Finally, in Figure 5 is illustrated the comparison among the stem
axial displacement for the 2 models and movements; the CCK
design returns higher displacement (up to 45%) compared to the
hinged design and again this is a consequence of the slotted design
of the stem, more flexible than the one of the hinged design and
then subject to higher axial deformations.
Discussion

Little biomechanical information is nowadays available to
compare the advantages/disadvantages of different level of
constraint induced by TKA revision, as hinged and semiconstrained
systems, during realistic dynamic activities. Thus, in this study such
designs were compared during different motor tasks analyzing
prosthesis forces and motion, tibial bone stresses, and implant
micromotions.

The lunge movement in the 2 prostheses led to different kinetic
output. The lateral and medial condylar forces result to be mostly
higher in the hinged than in the CCK: this is due to the difference in
the designs and in the constraints, as the hinged does not allow any
anteroposterior translation and therefore it induces an increase in
force. The max patellofemoral force instead appears to be similar in
both prostheses, same as what happens for the ones in the rotating
pin (for the hinged) and in the post-cam system (for the CCK).

Analyzing the squat movement, the 2 models present almost
similar contact forces except for the one related to the rotating pin
and post-cam system; in detail, the CCK force returns to be higher
than during the lunge movement due to a greater anteroposterior
pressure applied by the cam to the post, that is directly propor-
tional to the rise in flexion angles.

Even if a validated model was adopted in the present work,
several assumptions were made during the implementation of the
FE models: first, the different structures are based on only one
the semiconstrained design (in red): the left box corresponds to the lunge motor task,
cific region of interest (from 1 to 20) analyzed along the tibia from the proximal to the



Fig. 3. Average compressive stress at the bone-implant interface for the 2 designs
during the 2 motions (in blue the squat motion, in green the lunge motion).

Fig. 5. Axial displacements for the 2 TKA solutions during the 2 performed tasks (in
blue the squat, in green the lunge).

L. Andreani et al. / The Journal of Arthroplasty xxx (2019) 1e7 5
geometry so no variation in the anatomy of the specimenwas taken
in consideration; however, this approach has already been used in
literature studies for similar knee biomechanical analyses
[28,36,39,40]. Only one implant design was chosen to represent
each level of constraint, but it is to be noted that the aim of the
study was to compare 2 different constrain levels and not 2 specific
designs. Furthermore, as no bone defect was considered in the
study, no additional features (such as sleeves or cones) were
modeled because their contribution was not required; this can
therefore be integrated in future studies, however not compro-
mising the relevance of the present activity. The heterogeneity of
the cortical and cancellous bones, which could affect the stress
results, was not considered in our model and eventual large bone
defects or poor bone stock due to osteoporosis were not taken into
account. In this study, cemented stem configurations were not
considered, even if they represent a possible clinical solution; this
decision was made as a study on this topic was previously pub-
lished [40] showing that cemented stem induced lower stress
distribution: as a consequence, press-fit stems were investigated as
they represent the worst scenario in terms of implant-bone load
sharing, allowing a better bone stress comparison between the 2
implant designs. Cadaveric studies and improved FE analysis could
lead to future improvement of this comparison study on these
category of implants.

Even if the presented findings are based upon the previously
described assumptions, the results achieved in this study are a
potential biomechanical explanation for the different behaviors
observed in patients after surgery depending onwhich one of the 2
designs was adopted.
Fig. 4. Implant micromotions at the bone-implant interface for the 2 designs during
the 2 motions (in blue the squat, in green the lunge).
Moreover, our results are in agreement with literature studies
reported by different authors. Indeed, Walker et al [34] compared
the performance of semiconstrained and RTH designs of TKA by
mechanical testing, then by using the Knee Society clinical and
radiographic evaluations and finally by a self-assessment ques-
tionnaire; the results from the questionnaire brought out a high
correlation in the performances between the operated and non-
operated knees in the RTH group, indicating that hinged designs
were capable of matching their performance to a required level,
thereby producing a better overall clinical result. The study indi-
cated that a RTH should be taken in greater consideration in
particular if its disadvantages related to larger bone resection and
longer stems will be overcome. In agreement, the results of the
present study showed trends that are dependent on the analyzed
task in the semiconstrained solution, while the hinged TKA has a
similar bone-stress and implant-micromotion patterns regardless
of the motor task (Figs. 2-5).

Other studies [22] experienced the analysis of the changes in
mineral bone density using the dual-energy X-ray absorption in
primary TKA or after revision surgery [23], but only few used FE. As
example, Quilez et al [24] tried to detect the best management of
severe bone defects following TKA: they analyzed metal augments,
tantalum cones, and porous tibial sleeves that could help the sur-
geon to manage any type of bone loss, providing a stable and du-
rable knee joint reconstruction. In all cases, the bone density
decreases in the proximal epiphysis and medullary channels, while
an increase is predicted in the diaphysis and in the area sur-
rounding the stems tips. The highest stress value has been obtained
for the straight tibial stem, and the lowest for the stemless meta-
physeal sleeve prosthesis.

In another study, conducted by means of FE modeling, Conlisk
et al [25] concluded that patients with large femoral defects or
severely compromised bone quality are particularly vulnerable to
implant failure when a modular approach is adopted.

The main difference in stress that was observed in the present
study is at the level of the stem tips (Fig. 2), but this could be
attributed to the different shape of the stem itself. In fact, the
hinged design presents an unslotted shape that is more rigid than
the stem used for the CCK, the tip of which is reduced in volume
because of the distal slot and is thus more flexible.

Regarding the proximal bone resorption, our results clearly
highlights that the stress induced by the semiconstrained TKA is
higher than the one induced by the hinged design in the proximal
ROIs. These results can be due to the hinged implant that is also
rotating, thus it cannot transmit torsional loads to the tibia bone,
while the semiconstrained can distribute all the loads (force and
torque) to the bone. The axial superior-inferior movement,
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furthermore, results to be higher (up to 45%) for the semicon-
strained solution compared to the hinged design. The hinged
prosthesis allows, during flexion, an internal-external rotation of
approximately 10� each, constrained at 0� by the tibial polyethylene
insert when in full extension. According to the peg design, this
prosthesis allows superior-inferior displacement between femoral
and tibial components, nonetheless avoiding any implant disloca-
tion. The femoral component can lift off the tibial polyethylene
insert when extremely flexed, which decreases the axial forces,
reducing the proximal bone stress.

The increased stress in the CCK is a consequence of the post-cam
constraint: in fact, the anteroposterior force increases with flexion
[3,4] and consequently is transmitted by the post-cam mechanism,
hence generating a lever arm that will greatly load the proximal
tibia. Contrariwise, the hinged design will transmit the stress to a
more distal region in the tibia, leading then to a more gradual stress
distribution on the bone, thanks to the RTH pin.

In conclusion, this study could help to define the best compro-
mise between the 2 revision TKA in terms of management of bone
loss, ligament laxity, and implant stability during surgery and to
achieve a better force distribution on residual bone, in order to
provide a greater stability and a durable implant performance.
Surgeons will have to consider these findings to guarantee the best
outcome for the patient and the related change in the bone stress
and implant fixation induced by different levels of constrain in a
TKA.
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