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Abstract

Total knee arthroplasty (TKA) continues to be a successful procedure for the past 50 years. We
investigated the kinematics after under- and overstuffing the joint space with the polyethylene (PE)
insert in both cruciate-retaining (CR) TKA and posterior-stabilized (PS) TKA. We compared CR
and PS designs to evaluate their respective kinematic differences. This study employed a hybrid
computational-experimental joint motion simulation on a 6 degrees of freedom joint motion
simulator. Physical prototypes of a virtually performed TKA based on cadaveric CT scans and a
virtual ligament model were utilized. We demonstrated understuffing decreases stability and the
joint compressive forces, with the inverse occurring with overstuffing. In isolation, understuffing
did not result in instability during activities of daily living in CR-TKA. Notably, a 2 mm increase
or decrease in PE thickness altered the post-cam mechanism engagement. The PS design
demonstrated greater stability, but overall, the kinematics between CR and PS designs were
similar. This study demonstrates the ability of a hybrid model to further the understanding of
kinematics in TKA.

Keywords

Total knee arthroplasty, kinematics, Cruciate-retaining, Posterior-stabilized, post-cam mechanism,
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computational-experimental model.



Summary for Lay Audience

Total knee arthroplasty (TKA) continues to be a successful procedure for the past 50 years in
treating patients with osteoarthritis of the knee. It entails resurfacing the joint surfaces of the knee
with implants and a polyethylene (PE) insert which lies between them. We investigated the
kinematics after under- and overstuffing the tibiofemoral joint space of the knee with the PE insert
in both cruciate-retaining (CR) and posterior-stabilized (PS) designs of TKA. The under- and
overstuffed joint spaces were simulated by 2mm with respective to a reference joint space. The
CR design retains the posterior cruciate ligament (PCL), and the PS design substitutes the PCL
with a post cam mechanism. We compared CR and PS designs to evaluate their respective
kinematic differences. This study employed a hybrid computational-experimental joint motion
simulation on a 6 degrees of freedom joint motion simulator machine. Physical prototypes of a
virtually performed TKA based on cadaveric CT scans were mounted on to the joint motion
simulator. A virtual ligament model developed from the literature was utilized and virtually
installed around the TKA on the joint motion simulator. We demonstrated understuffing decreases
stability by reducing the soft tissue tension and the joint compressive forces, with the inverse
occurring with overstuffing the joint space with the PE insert. In isolation, understuffing did not
result in instability during activities of daily living in CR-TKA. Notably, a 2 mm increase or
decrease in PE thickness altered the post-cam mechanism engagement in PS-TKA. The PS design
demonstrated greater stability, but overall, the kinematics between CR and PS designs were
similar. This study demonstrates the ability of in vitro hybrid models to further the understanding

of kinematics in TKA.
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Chapter 1

1.1 Introduction

Total knee arthroplasty (TKA) is a surgical procedure with a success story spanning almost 50
years.(1) The primary goal of TKA is to provide a painless stable knee with an appropriate range
of motion (ROM) and good function. TKA has provided pain relief and functional restoration in
patients with advanced osteoarthritis of the knee (Figure 1.1&1.2).(2, 3) It has been reported that
up to 43% of patients forget they underwent TKA.(3) In the past decade, the survivorship,

kinematics and patient-reported outcomes in TKA have improved.(4)

Despite all the advances in TKA in the last five decades, there remains a significant amount of
people dissatisfied with their results.(5, 6) The literature reports that up to 20-25% of patients who
underwent surgery for a TKA remain dissatisfied with their results.(7) Patients with residual pain
are dissatisfied, have a lower quality of life and require higher health care resources.(8) The
demand for TKA is increasing.(9) If the incidence of revision surgeries stays the same, this will
lead to a greater number of revision surgeries being performed. However, research efforts have
attempted to eliminate or decrease the main reasons for revision surgery. This would potentially
lead to better patient outcomes, quality of life, and decreased revision surgery burden. Instability
is currently one of the top three most common reasons for TKA revision.(10, 11) Approximately
one-third of early TKA failures are due to soft tissue imbalances.(12, 13) Soft tissue balancing is
subjective to the surgeons feel in most cases, and it is unclear what is optimum for the soft tissue
balance, tension, bone cuts, polyethylene (PE) sizing, alignment or how these factors interact with

each other to obtain favourable outcomes.(14)

Recent advances in joint motion simulator technology have enabled these machines to analyze
TKA mechanics while simulating different alignments and soft tissue balancing by changing the
properties of parametric virtual ligaments.(15) The work of this thesis will be to further understand
TKA kinematics using in vitro analysis with a joint motion simulator linked to a virtual ligament
model. This hybrid computational-experimental study explored specific contemporary topics in
TKA. The following topics were investigated from a kinematic perspective; prosthesis controversy



between the cruciate-retaining (CR) and posterior-stabilized (PS) designs, TKA alignment
philosophies, PE insert sizing and instability. We introduced the posterior tibial slope adjustments

as a possible area of research focus for future follow-on studies.

Figure 1.1: A preoperative anteroposterior x-ray demonstrating bilateral knee
osteoarthritis.

Figurel.2: A postoperative anteroposterior x-ray after a right total knee arthroplasty.



1.2 Total Knee Arthroplasty Design

The knee prosthesis used in TKA should provide maximal ROM and stability.(4) TKA prostheses
designs have come close to mimicking the kinematics of the native knee(9) with newer alignment
strategies and implant designs. However, knee kinematics after TKA is still not the physiological

kinematics of the native knee.(16)

The 1970s was the founding decade with the development of modern TKA, and this condylar knee
design entailed resurfacing the entire tibiofemoral joint. In 1974 the Total Condylar Prosthesis
(Zimmer, Warsaw, IN) (Figure 1.3) was introduced. This prosthesis was a posterior cruciate
ligament (PCL) sacrificing and not substituting design. This was the first true globally utilized
TKA design. Early anatomic TKA designs preserved both the cruciate ligaments. However, their
failures were linked to; inadequate tibial fixation, thin PE inserts and instability.(17) In the early
1970s, the first uncemented cruciate-sparing TKA was implanted by Dr Yamamoto and Professor
T. Kodma. Dr Charles Townley led designing the first cemented condylar CR TKA during the
same period, which was later manufactured by Depuy (Warsaw, IN).(17) By 1978, the introduction
of the Insall Burstein PS prosthesis with the first post-cam mechanism was driven by the need to

improve ROM and prevent posterior tibial translation during flexion.(18)



Figure 1.3: From left to right, the prostheses are the total condylar, total condylar Il and

total condylar I11. Reproduced with permission, Insall et al.(19)

Primary TKA prostheses designs vary depending on their respective philosophies. Bicruciate-
retaining designed TKA retains both the anterior and posterior cruciate ligaments. CR designed
TKA retains the PCL and sacrifices the anterior collateral ligament (ACL); PE insert geometry is
shown in Figure 1.4. PS designed TKA sacrifices both cruciate ligaments and replaces the PCL
functionality with a post-cam mechanism; the PE insert geometry is shown in Figure 1.5. The
medial pivot design sacrifices both cruciate ligaments. It has a deep constrained but congruent
medial design and non-congruent lateral design to allow for; lateral translation and a medial pivot
motion to mimic the native knee.(16) Lastly, a conforming ultra-congruent medial and lateral
surface design sacrifices both the cruciate ligaments. This articular philosophy comprises a range
of implants and includes several names in the market and includes a range of implant designs
specific to each manufacturer: highly congruent, deep-dish bearing, bicruciate-stabilized,
condylar-stabilized (CS) or anterior-stabilized (AS). (20-22). The CS PE insert is shown in Figure
1.6.



Figure 1.4: Cruciate-retaining polyethylene insert. A- side profile, B- superior view.

Figure 1.5: Posterior-stabilized polyethylene insert. The post projects perpendicular from

the articulating surface. A- side profile, B- superior view



In CR-TKA the function of the PCL is to stabilize the knee and in flexion to keep the femur in a
posterior position to aid femoral rollback and therefore deepen flexion of the knee.(23) It also
prevents paradoxical anterior translation of the femur relative to the tibia during flexion.(24) The
PS-TKA works through a post-cam mechanism. As the knee flexes, the transverse cam on the
femoral component engages with the posterior aspect of the post on the PE insert to direct the
femur posteriorly and initiate femoral rollback. The CS design prevents anterior translation of the
femoral component due to the prominent anterior lip. It functions as a posterior-stabilizing insert
while sparing the femoral bone lost with PS-TKA required for the box that houses the post-cam

mechanism.

Figure 1.6: Condylar-stabilized polyethylene insert. Note the prominent anterior lip.

The CR and PS are both popular implant design choices amongst orthopaedic surgeons who
perform TKA. Historically, the decision making in utilizing either a CR or PS design has been
debated.(25) CR-TKA represents the minimum constraint in TKA. Although early literature
discouraged using a CR prosthesis in the setting of rheumatoid arthritis, significant deformities
and a previous patellectomy, this thinking has challenged in modern literature. (26-30) Archibeck
et al.(27), in a prospective study, followed up 72 CR-TKAs in patients with rheumatoid arthritis
and found satisfactory clinical and radiological results at follow up (mean 10.5 years). Unkar et
al.(30) retrospectively reviewed 112 TKAs with a mean preoperative mechanical tibiofemoral
angle of 20.1° varus. The CR and PS groups consisted of 58 and 54 TKAs, respectively. At a mean
follow up of 56.6 months, the two groups had comparable outcomes. Abdel et al.(31) performed a

retrospective comparative study between CR- and PS-TKA. Their subgroup analysis combined



knees with preoperative flexion and angular deformities of >15° into a deformity group. The 20-
year survival in 308 CR-TKAs was 89.8% (95% CI, 85.7% to 94.1%) compared to 56 PS-TKAs
of 70.5% (95% CI, 55.3% to 89.8%). Reinhardt et al.(29) evaluated the survivorship and functional
outcomes in 23 CR-TKAs with a previous patellectomy. The reported aseptic loosening-free
survival was 100% at 5 and 10 years. Survival with revision for any reason as the outcome was
96% at five years (95% confidence interval [Cl], 87.7%-100%) and 84% at ten years (95% ClI,
69.5%-100%) and the Knee Society scores improved from 36+/-13 preoperatively to 92+/-9.6 at
follow up. This represents the ever-evolving landscape in TKA and the application of the various
implant designs. Contraindications for CR-TKA are PCL insufficiency, posterolateral instability,

bone loss requiring augments and major revision procedures.(32)

In selecting to perform CR-TKA, the status of the PCL should be assessed preoperatively and
intraoperatively. Preoperatively during the physical examination, a posterior sag sign is observed
in PCL insufficiency. Intraoperatively excessive femoral roll back is observed in the setting of a
PCL contracture, resulting in a limitation of full knee flexion. A PCL recession or “PCL balancing”
should be performed in the setting of a PCL contracture. However, this may result in a posterior
sag or anteroposterior laxity. The CR design itself provides no additional coronal stability. A
manufacturer indicated their CR design was limited to 15° internal and external rotation.(33)
Intraoperatively, if the quality of the PCL is questionable on inspection or with tension, the
decision can be made to switch to a PS-TKA.(32) In a PCL-substituting TKA resection of the PCL
in cadaveric studies has shown to increase the flexion gap by 1.8 mm to 4.8 mm.(34-37) Increasing
the distal femur cut by 2 mm has been recommended to match the extension gap to the flexion
gap.(37) This is to achieve adequate coronal balance in flexion and extension in PS-TKA and is

common practice for many orthopaedic surgeons.

In PS-TKA, the PCL is sacrificed and therefore, there is no need to evaluate its status. This makes
the PS design a favourably alternative to the CR design in clinical scenarios where the PCL is
absent or deficient. The post-cam mechanism substitutes the PCL. The post projects from the PE
insert Figure 1.5, and the cam is added to the femoral component. An additional bone resection
creating an intercondylar box on the femoral side is required to house this mechanism. Historically

the incidence regarding intraoperative fractures related to the preparation of the intercondylar box



has been debated.(38, 39) The post-cam mechanism has been reported to engage at around 75° of
flexion. This engagement prevents anterior femoral translation and initiates the femoral
rollback.(40, 41) PS-TKA has been shown to increase the sagittal constraint of the implanted knee,
preventing posterior knee sag.(42) Although the design offers increased sagittal constraint, there
is no increase in the coronal constraint compared to the CR design.(43) The PS design varies with
the manufacturer permitting from 7.5 — 12° of internal and external rotation.(33, 44) The post-cam
mechanism does not remove the need to balance the knee. Balancing the flexion and extension gap
remains vital to prevent the cam on the femoral side from “jumping” the post, i.e. post
dislocation.(45) The PS design is often the minimum constraint required when dealing with bone
defects while making use of augments and stems in difficult primary or revision knee

arthroplasties.

The CS design is an alternative to the PS design. The prominent anterior lip provides additional
stability but preventing paradoxical anterior femoral translation and posterior tibial translation
during flexion. (20) When compared to the PS design, the CS design been shown not to produce
the same anteroposterior stability.(46) In addition, the CS design has been found not to compensate
for the lack of the PCL in an in vitro cadaveric study.(22) A five year follow up comparison has
found the two designs comparable in clinical and functional outcomes.(47) A recent level 1
therapeutic study reported the CS design is inferior to the PS design in terms of posterior stability,
flexion, and clinical scores at the two years follow up.(48)

Additional TKA designs are present in the market; mobile-bearing articulations, varus/valgus
constrained and hinged designs. These are beyond the scope of this thesis and therefore have not
been discussed.

1.3 Total Knee Arthroplasty Kinematics

The implanted knee, like the native knee, permits movement with 6 degrees of freedom (6 DoF):
3 rotations (flexion and extension, internal-external (IE) rotation, varus and valgus) and three
translations (anteroposterior (AP), medial and lateral, compression and distraction).(49) Knee

kinematics is defined as the analysis of motion patterns in native and prosthetic knees.(50) TKA



kinematics has been studied in vivo, in vitro and in silico. In vivo studies are performed with
patients implanted with a TKA, in vitro are performed in the laboratory setting and in silico with

computational modeling.

1.3.1 Anteroposterior translation

The AP translation is of importance in the knee as the femur translates posteriorly on the tibia
during flexion. This motion is referred to as femoral rollback. In the native knee, it starts as knee
flexion is initiated and mostly occurs in the first 30° of flexion.(51) In full extension, the tibia is
externally rotated relative to the femur. The femur is located anterior to the midpoint of the tibia.
As flexion is initiated, the lateral femoral condyle translates posteriorly, so too does the medial
femoral condyle to a reduced magnitude compared to the lateral. Literature reports an average of
19 mm and 1.5 mm posterior translation of lateral and medial femoral condyles.(52) This
difference in medial and lateral translation results in the femur externally rotating or the tibia being

in an internally rotated position relative to the femur.

Femoral roll back prevents impingement of the femur on the tibia in deep flexion. Greater femoral
roll back results in increased knee flexion.(53) Banks et al.(54) studied 121 knees assessed with
fluoroscopy and shape matching to review knee kinematics in a weight-bearing deep flexion
activity. They found a correlation between the posterior translation of the femur on the tibia and
increased knee flexion. They found increased AP translation in the PS knees -13.5 mm 2.5,
compared to -6.0 mm 4.9 in the CR knees (p<0.001). The overall linear regression demonstrated
1.4° more flexion per 1 mm of femoral posterior translation (R =0.64, p <0.001). Cates et al.(55)
evaluated the in vivo kinematics using fluoroscopy in 30 CR- and PS-TKAs. The mean AP
translation was -4.9mm and -6.4mm in CR and PS knee on the lateral femoral condyle, respectively
(P=.195). The mean AP translation on the medial femoral condyle was -1.0 mm and -4.2mm in
the CR and PS knees, respectively (P=.028). Paradoxical anterior translation of the femur with
flexion has been reported in CR-TKA.(56, 57) This movement occurs during flexion with the
femur translating anterior on the tibia instead of posteriorly. Prostheses designs that control the
position of the tibia and femur have demonstrated more femoral rollback. The soft tissue may
influence rollback, translation of the femur, with increased laxity in the flexion space.(58)
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Watanabe et al.(59), in their prospective study, reviewed 56 asymmetrical AS-TKAs with dynamic
radiography at one-year post-surgery. There were 27 TKAs that retained the PCL, and in the
remaining 29 TKAs, the PCL was sacrificed. The PCL-sacrificing TKAs demonstrated greater
knee flexion during kneeling (122° versus 115°). They proposed this result was linked to
contracted PCL in severely deformed knees likely were the cause of limited flexion in the PCL-
retaining group. The cumulative data comparing CR-TKA to PS-TKA shows less anterior
translation in PS-TKA.(50) AS-TKA has been performed in settings with or without a PCL. A
recent study demonstrated that there is no influence on the post-operative clinical results in AS-
TKA, whether the PCL is sacrificed or retained.(21) However, an in vitro cadaveric study has
shown that the AS design without the PCL has reduced AP stability, therefore, does not fully
compensate for the PCL. (22) The literature highlights the importance of AP translation kinematics

in relation to the clinical performance of TKA.

1.3.2 Internal-external rotation

The AP translation is comparatively higher with the lateral femoral condyle compared to the
medial femoral condyle in TKA. This results in axial rotation of the knee as the tibia internally
rotates relative to the femur as the knee flexes. The external rotation of the tibia with extension is
referred to as the screw home mechanism. Cates et al.(55) evaluated the in vivo kinematics using
fluoroscopy, reported in CR and PS-TKA that from full extension to 90°, both designs underwent
internal rotation of the tibia. The IE or axial rotation mean angles at full extension were; 0.1° and
-1.0° respectively. The mean axial rotation angle was 4.9° and 1.9° for the CR and PS knees at
maximum flexion, respectively (P=.011). The internal rotation of the tibia with flexion has been
demonstrated in other studies.(60, 61) However, reversal of this normal axial rotation has also been
reported in the literature.(62) AS-TKA has been reported to demonstrate a more normal axial
rotation pattern when compared to the native knee than other designs.(59) Overall, the magnitudes

of axial rotation in the literature appear to be similar between the different TKA designs.(50)
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1.3.3 Varus/Valgus

The varus-valgus (VV) kinematics are evaluated in the coronal plane. There is limited literature
specifically reviewing the VV kinematics in TKA. TKA has been reported not to restore the normal
VV kinematics of the native knee.(63) The VV kinematics are primarily influenced by the
alignment philosophy and the soft tissue tension in TKA. The medial and lateral collateral
ligaments are the primary constraints in the coronal plane. The medial collateral ligament (MCL)
has a superficial and deep component. The deep MCL is routinely released during the approach
and exposure of the knee during TKA and has limited clinical relevance in the implanted knee.
The superficial MCL (SMCL) has anterior and posterior fibres. The anterior fibres of superficial
MCL are tight in flexion. The posterior fibres of the superficial MCL are tight at full extension.
The sMCL primarily resists a valgus force with maximum resistance at 30° flexion. The sSMCL
secondarily resists internal rotation and anterior translation of the tibia. The lateral collateral
ligament (LCL) is the primary restraint to a varus force, with maximum resistance at 30° flexion.

The laxity and tensions of these ligaments influence the VV kinematics in TKA.

Siston et al.(63) reported on the intraoperative passive kinematics with a surgical navigation
system in PS-TKA. The alignment of the mechanical axis at 10° of flexion (0.9° + 2.2° valgus) was
different (p<0.02) from the arthritic knees (1.3° +2.2° varus) (p=0.11). Between 10° and 60° of
flexion, there was no specific pattern to the VV kinematics. However, in deeper flexion, the
implanted knees were in varus. Hino et al.(64) in their comparative study of 20 CR-TKA and 20
PS-TKA, described five VVV kinematic patterns through unloaded flexion using navigation. Pattern
A with increasing varus through the flexion arc. Pattern B with increasing varus till roughly 80°
and tapering back towards 0° with deeper flexion. Pattern C was neutral throughout the range of
motion. Pattern D with increasing valgus till roughly 80° and tapering back towards 0° with deeper
flexion. Pattern E with increasing valgus through the flexion arc. All these post-operative patterns
were observed in CR knees. The type C pattern was predominant in the PS knees (p=0.028). The

V'V kinematics are not uniform in the implanted knee.



12

1.3.4 Activities of daily living

Activities of daily living (ADL) are activities performed by individuals daily. They represent
walking, lunging, kneeling, squatting, sitting, stair ascent and stair descent etc. (Figure 1.7).
During gait on a level surface, knee flexion of 45- 55° is required.(65) In performing stair
activities, stair ascent and descent both require at least 85° of knee flexion.(65) In comparing axial
rotation, slight variation has been reported, with an average of 4 — 7° during the stance phase and
was found to increase during stair activity.(66) Banks et al.(67) compared kinematics in different
TKA designs in stair-stepping, which consisted of single-leg step-up and down activity with the
foot on a 25-cm step. They used fluoroscopy to study 213 knees in 173 patients with 25 implant
designs within three groups; fixed- bearing PS, fixed-bearing CR and mobile bearing. They found
similar IE rotation kinematics within all the groups. They found differences in AP translation with
the majority (75%) of the PS-TKA group demonstrating a medial centre of rotation consistent with
posterior femoral back with flexion. For the CR-TKAs, 63% of the group demonstrated a lateral
centre of rotation consistent with anterior femoral translation with flexion. However they
concluded that the motion in TKA is a function of the constraint of the prosthesis. Komnik et

al.(68) investigated the transverse plane kinematics of TKA during ADL: walking, stair ascent and

stair descent. They found no statistical significance in their TKA group between the CR and PS
knees (p<0.05).

Figure 1.7: Patient performing activities of daily living during an in vivo study. Reproduced

with permission, Kutzner et al.(69)
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1.4 TKA Alignment Philosophies

The alignment (coronal, axial and sagittal) of the knee is vital for prothesis stability, prevents
accelerated PE wear, and ensures patient satisfaction.(3) The intraoperative alignment techniques
in TKA are broadly two groups, mechanical or kinematic. In mechanical alignment (MA), the
components are implanted perpendicularly to the tibial and femoral mechanical axis,
respectively.(70) In the kinematic alignment (KA) philosophy, purported improved functional
outcomes are based on implanting the components according to the patient’s pre-arthritic
alignment.(70) The goal of the MA philosophy is to evenly distribute the forces going through the

implant and implant-bone interface to facilitate implant longevity.

The “neutral” MA is non-anatomic, as the native knee has a mean alignment of 1.3° varus.(71)
Constitutional varus alignment has been described as a varus alignment of >3°,(71) Bellemans et
al.(71) and Vandekerckhove et al.(72) reported 32% of males and 17% of females versus 46% of
males and 23% of females in their study cohorts had constitutional varus respectively. The femoral
rotation in MA is set parallel to the trans epicondylar axis (TEA). A human database study
demonstrated the femoral rotation differed up to 11.3° from the TEA in some individuals.(73)
Therefore, MA will not restore the native knee rotation for all patients. KA maintains the native
femoral rotation with symmetrical posterior femoral cuts of the pre-arthritic knee.(74) This results
in the femoral rotation being neutral in KA and externally rotated in MA. The majority of published
literature on KA is based on the CR designs, which requires a posterior tibial slope of 5-7° to
optimise the PCL function.(75) Overall, the KA is meant to result in bone preservation and require

less soft tissue release and improved patient satisfaction.(76)

A recent systematic review investigated the clinical outcomes between the two alignment
philosophies.(75) A total of 15 articles were reviewed. They found that the improvement in patient-
reported outcomes and objective knee outcomes reported with KA by 2 cases series and two case-
control trials were not reproduced in the six randomised controlled trials (RCTs). They concluded
that further evaluation was required to determine if there was clinical superiority of either design.
A meta-analysis of the literature included four studies and reported on 229 kinematic and 229

conventional TKA patients. The kinematic group demonstrated a higher combined postoperative
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Knee Society Score than the conventional TKA group (mean difference, 9.1 points; 95%
confidence interval, 5.2-13.0 points; P <.001).(77) An in vivo gait analysis study of 15 MA patients
and 14 KA patients evaluated level walking was reviewed at a minimum 2-year follow up post-
surgery. A 9-camera motion analysis system was utilised for the analysis. They concluded the
overall differences in gait parameters were unable to demonstrate the superiority of either

alignment philosophy.(78)

Previous literature advocated for TKA to restore a neutral to valgus (mechanical alignment) for
the best implant survivorship when compared with the varus (kinematic) alignment, which
historically resulted in failures.(79, 80) Recent evidence has indicated that tibia component
alignment beyond the historical +3° “safe zone” does not impact implant survivorship.(81)
Proponents of KA in TKA have demonstrated that KA restores function without the risk of
catastrophic failure.(82) A retrospective review of KA in 222 knees in 216 patients performed
using patient-specific instrumentation reported implant survivorship of 97.5% for revision of any
cause and 98.4% for aseptic loosening.(83) This study cohort was based on a single surgeon. A
meta-analysis of the literature included nine studies reported on an aggregated 877 kinematic
TKAs, and the cumulative survivorship was 97.4% at a weighted mean follow-up of 37.9
months.(77) They reported no difference in complication rates in their subgroup analysis. Notably,

there is a paucity of high-quality KA long term follow up studies.

The optimal alignment for TKA is still debated. It remains unclear what the optimal soft tissue
balancing and alignment is for implant survival and the most remarkable patient satisfaction.(84)

1.5 Polyethylene thickness

The PE insert engages on to the tibial component and articulates with the femoral component.
Historically the literature refers to “thin”, and “thick” PE inserts with varying definitions.(85, 86)
Early literature was concerned with the minimum thickness of the PE inserts to preserve the
subchondral bone and prevent PE deformation.(87) The concern with thick PE inserts >16 mm
was the association with failure and the required larger tibial bone resection and were associated

with ligament imbalances (P < .0001).(85) In the era of modularity and cross-linked PE, we have
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finer increments of PE insert sizing with modern systems offering between 1-4 mm thickness

increments.

Changing the thickness of the PE insert will influence the soft tissue tension in both flexion and
extension. Oversizing of the tibiofemoral joint space can result in limitation in knee ROM.(88)
This can happen in the clinical setting by “over stuffing” the joint space with the PE insert.
Intraoperatively the appropriate PE thickness is determined by overall knee balance and soft tissue
tension.(89) Laskin et al.(88), in their paper on stiffness in TKA, coined the term “stuffing” of the
joint space, which results in decreased ROM due to the inappropriate oversizing of implants
(femur and tibia). Overstuffing of the joint with increased PE inserts thickness results in increased
soft tissue tension, decreasing ROM and increasing joint stability. In addition to influencing the
ROM and the overall functioning in TKA can be affected.(90, 91) The use of thicker PE inserts

has been utilised to obtain ligamentous stability in the setting of instability.(85)

Understuffing the joint space by decreasing the PE insert thickness resulted in decreased soft tissue
tension and increased ROM, but joint stability was decreased.(90) The under-sizing of the PE
insert is a recognised cause of instability due to the resultant soft tissue laxity.(92) In TKA, soft
tissue laxity can result in instability and cause pain.(85) Stiffness is defined as a ROM of less than
10°-90° at six weeks post operatively.(93) In the treatment of stiffness in TKA, upsizing the PE
insert for instability or downsizing in settings where the ligaments are excessively tight has been
called an isolated PE insert exchange (IPE).(94) In the study by Green et al.(95) on IPE for flexion
instability, all the PE inserts were upsized. They reported the PE inserts were increased by a mean
of 3.5 mm, resulting in 7.6° mean loss of ROM (P =.0659), and a mean increase of 3.6 mm resulted
in an 11.9° mean loss of ROM (P=.0068) in their CR and PS group respectively. Their case series
presented a case of flexion instability and pain after TKA, which was successfully treated with an
IPE from 9 mm to 11 mm PE insert.(95)

Kishimura et al.(91) in 127 knees looked at the relationship between increased PE insert thickness
and developing a flexion contracture due to over stuffing of the tibiofemoral joint. They found that
this worsened up to 3 months post-operative then improved, but at two years, the flexion

contracture persisted due to the PE thickness. Okamato et al.(96), in their prospective comparative
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study, found that the clinical significance of overstuffing the tibiofemoral joint results in a flexion
contracture due to increased soft tissue tension in their study of 75 knees. They concluded an
extension laxity of >1 mm intraoperatively is required to prevent a flexion contracture. Lanting et
al.(90), in their clinical trial of 35 TKAs, reported that PE insert thickness was statistically
significant in influencing ROM and coronal plane joint stability (P<.001). They reported that a
base size 0 PE and an increase of 2 mm thickness resulted in a loss of 3° of extension while a
decrease of 2mm resulted in 5° of hyperextension(90). Asano et al.(97) measured the soft tissue
tension intraoperatively and evaluated the knees at one year post operatively. They found the
extension deficit was larger in a setting of increased soft tissue tension (P<0.05). The varus laxity
in full extension and 30° flexion and valgus laxity at 30° was reduced with an increase of soft tissue
tension (P<0.05). Other studies have demonstrated similar results in the effect of intraoperative
soft tissue tension on ROM.(98) Bandi et al.(99) assessed the effect of increments of PE insert
thickness on laxity and kinematics using in vitro testing and numerical simulation. They used
mounted cadaveric knees and demonstrated that by increasing PE insert thickness, the soft tissue
tension increased, influencing the VV, IE and AP kinematics (p < 0.001). The change doubled
from 1 mm to 2 mm. They concluded the smaller increments in PE insert thickness will help
achieve the optimal balance of the knee. Achieving the optimal soft tissue tension is linked to
adequate kinematics in TKA.(85) Additional studies are required to understand how changes in

the PE insert size affect the resultant TKA kinematics.

1.6 Instability in flexion

Approximately one-third of early TKA failures are due to soft tissue imbalance resulting in
instability being a common indication for revision surgery.(12, 13, 100-102) TKA stability is
intraoperatively assessed at full extension and at 90° of flexion but not routinely in the mid-flexion
ranges. Flexion and mid-flexion instability are controversially used interchangeably to describe
instability in a flexed implanted knee.(103-106) This instability in flexion is multifactorial and is
currently a poorly understood phenomenon.(105) During activities of daily living (ADL), the knee
is maintained in a flexed position.(107) Patients with instability present with vague complaints

with walking and stair activity.(104)
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The definitions of flexion and mid-flexion instability are often used interchangeably in the
literature.(103-106, 108) The classical “mid-flexion” instability in TKA literature refers to coronal
and AP instability.(109) This has been reproduced in both cadaveric and computer model studies
with an elevation of the joint line.(103, 110) Martin and Whiteside performed their landmark study
using ten cadaveric knees.(109) The knees were mounted onto a machine, a 45N vertical load and
10 Nm moment were applied with testing at 15° intervals of flexion up to 90°. In five knees, they
shifted the femoral component proximal and anterior by 5 mm. In the remaining five knees, they
shifted the femoral component distal and posterior by 5 mm. They assessed the VV, AP
displacement in mm at the respective flexion angles. They reported increased VV and AP
displacements in the proximal and anterior group compared to control group. They reported the
opposite in the distal and posterior group with decreased VV and AP displacements. Mid flexion
instability is illustrated with joint line elevation in Figure 1.8. Flexion instability was first
described as an extension and flexion gap mismatch. The knee is stable at full extension but lax at
90° of flexion.(111) Patients report instability, particularly when bearing weight on a flexed knee.
As the knee flexes, the stability decreased compared to full extension due to the soft tissue laxity.
The laxity allows the femur to glide on the tibia, which is perceived as instability by the patient

and results in recurrent effusions and pain.

Figure 1.8: Mid-flexion instability after joint line elevation. Situation “A” represents a non-

elevated joint line TKA, the center of rotation (red/blue dot) is restored by complete
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restoration of the posterior condylar offset and joint line height. The medial collateral
ligament (marked yellow) will keep its isometry throughout the entire range of motion.
Situation “B” represents an elevated joint line TKA with ticker insert to compensate. The
axis of flexion (blue dot) no longer coincides with the MCL insertion (red dot). Therefore,
the knee is stable in extension and 90° of flexion but laxity occurs in the mid-flexion range.
The medial collateral ligament loses its isometric function in mid-flexion. Reproduced from
van Lieshout et al.(112)

A recent systematic review and meta-analysis reviewed literature investigating the possible causes
of mid-flexion instability.(113) The identified investigated risk factors in the literature were joint
line elevation, conformity of the TKA prosthesis, PS vs CR design, the radius of curvature of the
femoral condyle, gap balancing at 0° and 90°, mechanical vs anatomical alignment, bicruciate
retaining design, anterior placement of the femur, reverse vs classical gap balancing, posterior
condyle offset, bearing type in PS-TKA, preoperative joint gap/laxity, implant size and activity
type. Most investigations regarding instability in flexion are in vitro studies.(104, 113) This
highlights the role of in vitro studies in understanding findings from the clinical setting.

1.7 Posterior tibial Slope

The posterior tibial slope (PTS) is the bony cut performed on the proximal tibia during preparation
for the tibial component. The various techniques in determining and performing the PTS cut
intraoperatively are debated.(114) The PTS influences femoral rollback and stability in TKA. The
PTS is measured on a lateral x-ray of the knee, and this can be performed on both the implanted

and native knee Figurel.9.
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Figure 1.9: ‘True lateral’ radiograph of a knee. Posterior tibial slope (6) is the angle
between the perpendicular to the tibial diaphysis (a), and the tangent to the anterior and
posterior edges of the medial tibial plateau (b). Reproduced with permission, Dejour et
al.(115)

Increasing the tibial slope results in greater femoral rollback and therefore increases maximum
flexion of the knee. In TKA, the desired slope is influenced by the prosthesis design, and in PS-
TKA, the aim is 0° - 3° and in CR-TKA, 5-7° or to match the anatomical slope of the patient.
Khasian et al.(116) performed a computational sensitivity analysis in CR-TKA, increasing the
tibial slope from 0-8° in 2° increments. Comparing 0° and 8° of PTS in full extension, the lateral
femoral condyle contact point was posterior to the midline at 5.63 mm and 11.38 mm, respectively.
In the medial femoral condyle, the contact point moved from 7.29 mm to 13.07 mm at full
extension due to changing the slope. The overall femoral rollback in the lateral condyle is reduced
by 2.12 mm to 0.22 mm at 0° and 8° respectively. They concluded that although the femoral
rollback reduced, the more posterior femur position with increased slope prevented femoral
impingement on the tibia, therefore allowing deeper knee flexion. Fujito et al.(117) utilized
fluoroscopic surveillance to analyse kinematics in CR-TKA with < 7° or less tibial slope compared
to > 8°. They concluded that increasing the PTS did not affect the AP translation or the external
rotation but increased the ROM (P=.0053). The effects of PTS are influenced by gravity and
weight-bearing. (118) Chamber et al. (119) performed a cadaveric fluoroscopic study with CR-
TKA increasing the PTS from 1° to 4° resulted in; an average increase of 2.3° of flexion, mean
femoral back increase of 1 mm per 1° of PTS (P <.05). In AS-TKA, PTS of > 10° resulted in
anterior impingement, and PTS > 5° resulted in instability both during stair ascent.(114)
Bellemans et al.(120), in their cadaveric simulation of 21 CR-TKAs, demonstrated increasing
ROM with a mean maximal flexion angle of 104°, 112° and 120° with a PTS of 0° 4° and 7°,
respectively. Overall, 1.7° of flexion is gained with each additional 1° of PTS in their study. The

literature broadly suggests increased PTS in CR-TKA results in increased ROM.

The literature demonstrates decreasing PCL tension with an increasing PTS.(121, 122). Singerman
et al.(121) measured the PCL strain with a differential variable reluctance transducer (Microstrain,

Burlington, VT) to measure changes in ligament length. The PTS were 5°, 8° and 10% and they
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found as the PTS increased, the PCL strain decreased. In addition, they found the PCL strain
increased up to 100° then began to decrease with deeper flexion irrespective of the PTS. Kuriyama
et al.(123) demonstrated using a musculoskeletal computer model that 2° increments in the PTS
decreased the force at the PCL by up to 41%.

The relevance of the PTS in PS-TKA has been investigated. Kang et al.(124) analysed PS-TKA
with a PTS from -3° to 15° in 3° increments using a finite element model. They demonstrated
increased posterior AP translation with a net increase of 4.9 mm and increased contact post
pressure with increasing the PTS. They also reported decreased collateral tension with increasing
PTS, raising concerns of clinical instability in PS-TKA. Shi et al.(125) analysed 65 PS-TKAs
divided into three groups of PTS; Group 1: < 4° Group 2: 4° - 7° and Group: > 7°. The mean
maximal flexions were 101° (SD 5), 106° (SD 5) and 113° (SD 9) in Groups 1, 2 and 3, respectively
(P<.001). In their cohort, an increase of 1° in the tibial slope resulted in a 1.8° flexion increase (r
= 1.8, R2 = 0.463, P<.001). The AP translation at 30° flexion was; 7.4 mm (SD 1.3), 7.6 mm (SD
1.2) and 7.9mm (SD 1.1) in groups 1, 2 and 3, respectively. The AP translation at 90° flexion
were; 5.2 mm (SD 0.5), 5.3 mm (SD 0.5) and 5.5 mm (SD 0.5) in groups 1, 2 and 3 respectively.
Overall the differences in AP translation were found not to be statistically significant. In PS-TKA,

increasing the PTS still remains controversial.

The PTS can influence soft tissue laxity and knee stability. Inadequate PTS in CR -TKA can result
in a tight flexion space with subsequent decreased ROM.(126) Various studies have shown that by
increasing the PTS, the soft tissue laxity increases. This compromises the collateral ligaments

causing flexion instability.(122, 127)



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

22

References

Zingde SM, Slamin J. Biomechanics of the knee joint, as they relate to arthroplasty.
Orthopaedics and Trauma. 2017;31(1):1-7.

Lo Presti M, Costa GG, Cialdella S, Neri MP, Agro G, lacono F, et al. Concurrent femoral
and tibial osteotomies versus soft tissue balance in total knee arthroplasty: A technical case
report. J Orthop. 2017;14(3):363-9.

Khanna V, Sambandam SN, Ashraf M, Mounasamy V. Extra-articular deformities in
arthritic knees-a grueling challenge for arthroplasty surgeons: An evidence-based update.
Orthop Rev (Pavia). 2017;9(4):7374.

Macheras GA, Galanakos SP, Lepetsos P, Anastasopoulos PP, Papadakis SA. A long term
clinical outcome of the Medial Pivot Knee Arthroplasty System. Knee. 2017;24(2):447-53.
Bourne R, Chesworth B, Davis A, Mohamed N, Charron K. Patient satisfaction after total
knee arthroplasty: Who is satisfied and who is not? Clin Orthop Relat Res. 2010;468(1):57-
63.

Williams D, Garbuz D, Masri B. Total knee arthroplasty: Techniques and results. B C Med
J. 2010;52(9):447-54.

Theodore W, Twiggs J, Kolos E, Roe J, Fritsch B, Dickison D, et al. Variability in static
alignment and kinematics for kinematically aligned TKA. Knee. 2017;24(4):733-44.

Marsh J, Somervillw L, Howard J, Lanting B. Significant cost svaings and similar patient
outcomes associated with early discharge following total knee arthroplasty. Can J Surg.
2019;62(1):20-4.

Papas P, Cusher F, Scuderi G. The History of Total Knee Arthroplasty. Tech Orthop.
2018;33(1):2-6.

Sharkey P, Lichstein P, Shen C, Tokarski A, Parvizi J. Why are total knee arthroplasties
failing today- has anything changesd after 10 years? J Arthroplast. 2013;29(9):1774-8.
Lombardi A, Berend K, Adams J. Why knee replacements fail in 2013: Patient, surgeon, or
implant? Bone Jt J. 2014;96B(11):101-4.

Fehring T, Odum S, Griffin W, mason J, Nadaud M. Early failures in total knee arthroplasty.
Clinical Orthopaedics and related researacg. 2001.

Smith T, Elson L, Anderson C, Leone W. How are we addressing ligament balance in TKA?
A literature review of revision etiology and technological advancement. J Clin Orthop
Trauma. 2016;7(4):248-55.

Luo Z, Zhou K, Peng L, Shang Q, Pei F, Zhou Z. Similar results with kinematic and
mechanical alignment apllied in tital knee arthroplasty. Knee Surgery , sport traumatal
arthrosc. 2019.

Willing R, Walker P. Measuring the sensitivity of total knee replacement kinematics and
laxity to soft tissue imbalances. J Biomech. 2018;77:62-8.

Atzori F, Salama W, Sabatini L, Mousa S, Khalefa A. Medial pivot knee in primary total
knee arthroplasty. Ann Transl Med. 2016;4(1):6.

Bonin M, Amendola A, macDonald S, Menetrey J, editors. The knee joint: Surgical
techniques and strategies: Springer; 2012.

Scuderi GR, Pagnano MW. Review Article: The rationale for posterior cruciate substituting
total knee arthroplasty. J Orthop Surg (Hong Kong). 2001;9(2):81-8.

Insall J, Tria AJ, Scott WN. The total condylar knee prosthesis: the first 5 years. Clin Orthop
Relat Res. 1979(145):68-77.



20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

23

Laskin R, Maruyama Y, Villaneuva M, Bourne R. Deep-dish congruent tibial component
use in total knee arthroplasty: a randomized prospective study. Clin Orthop Relat Res.
2000:36e44.

Stronach BM, Adams JC, Jones LC, Farrell SM, Hydrick JM. The Effect of Sacrificing the
Posterior Cruciate Ligament in Total Knee Arthroplasties That Use a Highly Congruent
Polyethylene Component. J Arthroplasty. 2019;34(2):286-9.

Willing R, Moslemian A, Yamomo G, Wood T, Howard J, Lanting B. Condylar-Stabilized
TKR May Not Fully Compensate for PCL-Deficiency: An In Vitro Cadaver Study. J Orthop
Res. 2019;37(10):2172-81.

Ritter M, Faris P, Keating E. Posterior cruciate ligament balancing during total knee
arthroplasty. J Arthroplast. 1988;3(4):323.

Butler D, Noyes F, Grood E. Ligamentous restraints to anterior-posterior drawer in the
human knee. A biomechanical study. J Bone Joint Surg Am. 1980(62):259¢70.

Lombardi AV, Jr., Berend KR. Posterior cruciate ligament-retaining, posterior stabilized,
and varus/valgus posterior stabilized constrained articulations in total knee arthroplasty. Instr
Course Lect. 2006;55:419-27.

Laskin RS, O'Flynn HM. The Insall Award. Total knee replacement with posterior cruciate
ligament retention in rheumatoid arthritis. Problems and complications. Clin Orthop Relat
Res. 1997(345):24-8.

Archibeck MJ, Berger RA, Barden RM, Jacobs JJ, Sheinkop MB, Rosenberg AG, et al.
Posterior cruciate ligament-retaining total knee arthroplasty in patients with rheumatoid
arthritis. J Bone Joint Surg Am. 2001;83(8):1231-6.

Kubiak P, Archibeck MJ, White RE, Jr. Cruciate-retaining total knee arthroplasty in patients
with at least fifteen degrees of coronal plane deformity. J Arthroplasty. 2008;23(3):366-70.
Reinhardt KR, Huffaker SJ, Thornhill TS, Scott RD. Cruciate-retaining TKA is an option in
patients with prior patellectomy. Clin Orthop Relat Res. 2015;473(1):111-4.

Unkar EA, Ozturkmen Y, Sukur E, Carkci E, Mert M. Posterior cruciate-retaining versus
posterior-stabilized total knee arthroplasty for osteoarthritis with severe varus deformity.
Acta Orthop Traumatol Turc. 2017;51(2):95-9.

Abdel MP, Morrey ME, Jensen MR, Morrey BF. Increased long-term survival of posterior
cruciate-retaining versus posterior cruciate-stabilizing total knee replacements. J Bone Joint
Surg Am. 2011;93(22):2072-8.

D'Anchise R, Andreata M, Balbino C, Manta N. Posterior cruciate ligament-retaining and
posterior-stabilized total knee arthroplasty: differences in surgical technique. Joints.
2013;1(1):5-9.

Zimmer NexGen Design Rationale.

Mihalko WM, Miller C, Krackow KA. Total knee arthroplasty ligament balancing and gap
kinematics with posterior cruciate ligament retention and sacrifice. Am J Orthop (Belle
Mead NJ). 2000;29(8):610-6.

Kadoya Y, Kobayashi A, Komatsu T, Nakagawa S, Yamano Y. Effects of posterior cruciate
ligament resection on the tibiofemoral joint gap. Clin Orthop Relat Res. 2001(391):210-7.
Baldini A, Scuderi GR, Aglietti P, Chalnick D, Insall JN. Flexion-extension gap changes
during total knee arthroplasty: effect of posterior cruciate ligament and posterior osteophytes
removal. J Knee Surg. 2004;17(2):69-72.

Sierra RJ, Berry DJ. Surgical technique differences between posterior-substituting and
cruciate-retaining total knee arthroplasty. J Arthroplasty. 2008;23(7 Suppl):20-3.



38.

39.

40.

41.

42.

43.

44,
45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

24

Alden KJ, Duncan WH, Trousdale RT, Pagnano MW, Haidukewych GJ. Intraoperative
fracture during primary total knee arthroplasty. Clin Orthop Relat Res. 2010;468(1):90-5.
Pinaroli A, Piedade SR, Servien E, Neyret P. Intraoperative fractures and ligament tears
during total knee arthroplasty. A 1795 posterostabilized TKA continuous series. Orthop
Traumatol Surg Res. 2009;95(3):183-9.

Dennis DA, Komistek RD, Colwell CE, Jr., Ranawat CS, Scott RD, Thornhill TS, et al. In
vivo anteroposterior femorotibial translation of total knee arthroplasty: a multicenter
analysis. Clin Orthop Relat Res. 1998(356):47-57.

Piazza SJ, Delp SL, Stulberg SD, Stern SH. Posterior tilting of the tibial component
decreases femoral rollback in posterior-substituting knee replacement: a computer
simulation study. J Orthop Res. 1998;16(2):264-70.

McNabb DC, Kim RH, Springer BD. Instability after total knee arthroplasty. J Knee Surg.
2015;28(2):97-104.

Krackow KA. Revision total knee replacement ligament balancing for deformity. Clin
Orthop Relat Res. 2002(404):152-7.

Depuy Design Rationale.

Gebhard JS, Kilgus DJ. Dislocation of a posterior stabilized total knee prosthesis. A report
of two cases. Clin Orthop Relat Res. 1990(254):225-9.

Sur YJ, Koh 1J, Park SW, Kim HJ, In Y. Condylar-stabilizing tibial inserts do not restore
anteroposterior stability after total knee arthroplasty. J Arthroplasty. 2015;30(4):587-91.
Scott DF. Prospective Randomized Comparison of Posterior-Stabilized Versus Condylar-
Stabilized Total Knee Arthroplasty: Final Report of a Five-Year Study. J Arthroplasty.
2018;33(5):1384-8.

Han HS, Kang SB. Anterior-stabilized TKA is inferior to posterior-stabilized TKA in terms
of postoperative posterior stability and knee flexion in osteoarthritic knees: a prospective
randomized controlled trial with bilateral TKA. Knee Surg Sports Traumatol Arthrosc.
2020;28(10):3217-25.

Aweid O, Osmani H, Melton J. Biomechanics of the knee. Orthopaedics and Trauma.
2019;33(4):224-30.

Angerame MR, Holst DC, Jennings JM, Komistek RD, Dennis DA. Total Knee Arthroplasty
Kinematics. J Arthroplasty. 2019;34(10):2502-10.

Draganich LF, Piotrowski GA, Martell J, Pottenger LA. The effects of early rollback in total
knee arthroplasty on stair stepping. J Arthroplasty. 2002;17(6):723-30.

Iwaki H, Pinskerova V, Freeman M. Tibiofemoral movement 1. The shape and relative
movements of the femur and tibia in the unloaded cadaver knee. J Bone Joint Surg Br.
2000;82(8):1189-95.

Walker P, Garg A. Range of motion in total knee arthroplasty. A computer analysis. Clin
Orthop. 1991(262):227-35.

Banks S, Bellemans J, Nozaki H, Whiteside LA, Harman M, Hodge WA. Knee motions
during maximum flexion in fixed and mobile-bearing arthroplasties. Clin Orthop Relat Res.
2003(410):131-8.

Cates HE, Komistek RD, Mahfouz MR, Schmidt MA, Anderle M. In vivo comparison of
knee kinematics for subjects having either a posterior stabilized or cruciate retaining high-
flexion total knee arthroplasty. J Arthroplasty. 2008;23(7):1057-67.

Yoshiya S, Matsui N, Komistek RD, Dennis DA, Mahfouz M, Kurosaka M. In vivo
kinematic comparison of posterior cruciate-retaining and posterior stabilized total knee



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

25

arthroplasties under passive and weight-bearing conditions. J Arthroplasty. 2005;20(6):777-
83.

Zelle J, Van der Zanden AC, De Waal Malefijt M, Verdonschot N. Biomechanical analysis
of posterior cruciate ligament retaining high-flexion total knee arthroplasty. Clin Biomech
(Bristol, Avon). 2009;24(10):842-9.

Scott W, N, editor. Insall & Scott Surgery of the Knee. Fourth ed: Churchill Livingstone
Elsevier; 2006.

Watanabe T, Ishizuki M, Muneta T, Banks SA. Knee kinematics in anterior cruciate
ligament-substituting arthroplasty with or without the posterior cruciate ligament. J
Arthroplasty. 2013;28(4):548-52.

Okamoto N, Breslauer L, Hedley AK, Mizuta H, Banks SA. In vivo knee kinematics in
patients with bilateral total knee arthroplasty of 2 designs. J Arthroplasty. 2011;26(6):914-
8.

Komistek RD, Mahfouz MR, Bertin KC, Rosenberg A, Kennedy W. In vivo determination
of total knee arthroplasty kinematics: a multicenter analysis of an asymmetrical posterior
cruciate retaining total knee arthroplasty. J Arthroplasty. 2008;23(1):41-50.

Tanaka Y, Nakamura S, Kuriyama S, Ito H, Furu M, Komistek R. How exactly can computer
simulation predict the kinematics and contact status after TKA? Examination in
individualized models. Clin Biomech. 2016(39):65-70.

Siston R, Giori N, Goodman S, Delp S. Intraoperative passive kinematics of osteoarthritic
knees before and after total knee arthroplasty. J Orthop Res. 2006(24):1607- 14.

Hino K, Oonishi Y, Kutsuna T, Watamori K, Iseki Y, Kiyomatsu H, et al. Preoperative varus-
valgus kinematic pattern throughout flexion persists more strongly after cruciate-retaining
than after posterior-stabilized total knee arthroplasty. Knee. 2016;23(4):637-41.

Laubenthal K, Smidt G, Kettlekemp D. A quantitative analysis of knee motion during
activities of daily living. Phys Ther. 1972;52(34).

Banks SA, Hodge WA. 2003 Hap Paul Award Paper of the International Society for
Technology in Arthroplasty. Design and activity dependence of kinematics in fixed and
mobile-bearing knee arthroplasties. J Arthroplasty. 2004;19(7):809-16.

Banks SA, Hodge WA. Implant design affects knee arthroplasty kinematics during stair-
stepping. Clin Orthop Relat Res. 2004(426):187-93.

Komnik I, David S, Funken J, Haberer C, Potthast W, Weiss S. Compromised knee internal
rotation in total knee arthroplasty patients during stair climbing. PLoS One.
2018;13(10):20205492.

Kutzner I, Heinlein B, Graichen F, Bender A, Rohlmann A, Halder A, et al. Loading of the
knee joint during activities of daily living measured in vivo in five subjects. J Biomech.
2010;43(11):2164-73.

Young SW, Walker ML, Bayan A, Briant-Evans T, Pavlou P, Farrington B. The Chitranjan
S. Ranawat Award : No Difference in 2-year Functional Outcomes Using Kinematic versus
Mechanical Alignment in TKA: A Randomized Controlled Clinical Trial. Clin Orthop Relat
Res. 2017;475(1):9-20.

Bellemans J, Colyn W, Vandenneucker H, Victor J. The Chitranjan Ranawat Award: Is
Neutral Mechanical Alignment Normal for All Patients? The Concept of Constitutional
Varus. Clin Orthop Relat Res. 2012;470:45-53.



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

26

Vandekerckhove PTK, Matlovich N, Teeter MG, MacDonald SJ, Howard JL, Lanting BA.
The relationship between constitutional alignment and varus osteoarthritis of the knee. Knee
Surg Sports Traumatol Arthrosc. 2017;25(9):2873-9.

Eckhoff DG, Bach JM, Spitzer VM, Reinig KD, Bagur MM, Baldini TH, et al. Three-
dimensional mechanics, kinematics, and morphology of the knee viewed in virtual reality. J
Bone Joint Surg Am. 2005;87 Suppl 2:71-80.

Howell SM, Kuznik K, Hull ML, Siston RA. Results of an initial experience with custom-
fit positioning total knee arthroplasty in a series of 48 patients. Orthopedics. 2008;31(9):857-
63.

Roussot MA, Vles GF, Oussedik S. Clinical outcomes of kinematic alignment versus
mechanical alignment in total knee arthroplasty: a systematic review. EFORT Open Rev.
2020;5(8):486-97.

An VVG, Twiggs J, Leie M, Fritsch BA. Kinematic alignment is bone and soft tissue
preserving compared to mechanical alignment in total knee arthroplasty. Knee.
2019;26(2):466-76.

Courtney PM, Lee GC. Early Outcomes of Kinematic Alignment in Primary Total Knee
Arthroplasty: A Meta-Analysis of the Literature. J Arthroplasty. 2017;32(6):2028-32 e1l.
McNair PJ, Boocock MG, Dominick ND, Kelly RJ, Farrington BJ, Young SW. A
Comparison of Walking Gait Following Mechanical and Kinematic Alignment in Total Knee
Joint Replacement. J Arthroplasty. 2018;33(2):560-4.

Fang D, Ritter M, Davis K. Coronal alignment in total knee arthroplasty: just how important
is it? J Arthroplasty. 2009;24(6 Suppl):39-43.

Ritter M, Faris P, Keating E, Meding J. Postoperative alignment of total knee replacement.
Its effect on survival. Clin Orthop Relat Res. 1994(299):153-6.

Parratte S, Pagnano MW, Trousdale RT, Berry DJ. Effect of postoperative mechanical axis
alignment on the fifteen-year survival of modern, cemented total knee replacements. J Bone
Joint Surg Am. 2010;92(12):2143-9.

Howell SM, Howell SJ, Kuznik KT, Cohen J, Hull ML. Does a kinematically aligned total
knee arthroplasty restore function without failure regardless of alignment category? Clin
Orthop Relat Res. 2013;471(3):1000-7.

Howell SM, Shelton TJ, Hull ML. Implant Survival and Function Ten Years After
Kinematically Aligned Total Knee Arthroplasty. J Arthroplasty. 2018;33(12):3678-84.

Luo Z, Zhou K, Peng L, Shang Q, Pei F, Zhou Z. Similar results with kinematic and
mechanical alignment applied in total knee arthroplasty. Knee Surgery , sport traumatal
arthrosc. 2020;28(6):1720-35.

Berend ME, Davis PJ, Ritter MA, Keating EM, Faris PM, Meding JB, et al. "Thicker"
polyethylene bearings are associated with higher failure rates in primary total knee
arthroplasty. J Arthroplasty. 2010;25(6 Suppl):17-20.

Garceau S, Warschawski Y, Tang A, Sanders E, Schwarzkopf R, Backstein D. The Effect of
Polyethylene Liner Thickness on Patient Outcomes and Failure After Primary Total Knee
Arthroplasty. J Arthroplast. 2020(35):2072-5.

Chillag K, Barth E. Analysis of polyethylene thickness of tibial components in total knee
replacement. Clinical Orthopaedics and related research. 1991(273):261-3.

Laskin R, Beksac B. Stiffness After Total Knee Arthroplasty. J Arthroplast. 2004;19(4 -
suppl 1):41- 16.



89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

27

Seo JG, Lee BH, Moon YW, Chang MJ. Soft tissue laxity should be considered to achieve
a constant polyethylene thickness during total knee arthroplasty. Arch Orthop Trauma Surg.
2014;134(9):1317-23.

Lanting BA, Snider MG, Chess DG. Effect of polyethylene component thickness on range
of motion and stability in primary total knee arthroplasty. Orthopedics. 2012;35(2):e170-4.
Kishimura Y, Matsui Y, Matsuura M, Hidaka N. Changes in postoperative extension angle
after total knee arthroplasty: Effect of polyethylene insert thickness. J Orthop Sci.
2019;24(4):674-9.

Song SJ, Detch RC, Maloney WJ, Goodman SB, Huddleston JI, 3rd. Causes of instability
after total knee arthroplasty. J Arthroplasty. 2014;29(2):360-4.

Pang H, Bin Abd Razak H, Petis S, Naudie D, MacDonald S. The role of isolated
polyethylene exchange in total knee arthroplasty. EFORT Open Rev. 2017;2(66e71).

Mont MS, TM, Marulanda G, Delanois R, Bhave A. Surgical Treatment and Customized
Rehabilitation for stiff knee arthroplasties. clinical Orthopaedics and related research
2006(44):193-200.

Green C, Haidukewych G. Isolated Polyethylene Insert Exchange for Flexion Instability
After Primary Total Knee Arthroplasty Demonstrated Excellent Results in Properly Selected
Patients. J Arthroplast. 2020(35):1328-32.

Okamoto S, Okazaki K, Mitsuyasu H, Matsuda S, Mizu-uchi H, Hamai S, et al. Extension
gap needs more than 1-mm laxity after implantation to avoid post-operative flexion
contracture in total knee arthroplasty. Knee Surg Sports Traumatol Arthrosc.
2014(22):3174-80.

Asano H, Muneta T, Sekiya I. Soft tissue tension in extension in total knee arthroplasty
affects postoperative knee extension and stability. Knee Surg Sports Traumatol Arthrosc.
2008;16(11):999-1003.

Nagai K, Muratsu H, Matsumoto T, Takahara S, Kuroda R, Kurosaka M. Influence of
Intraoperative Soft Tissue Balance on Postoperative Active Knee Extension in Posterior-
Stabilized Total Knee Arthroplasty. J Arthroplasty. 2015;30(7):1155-9.

Bandi M, Siggelkow E, Klauser W, Benazzo F, Sauerberg I. Cross-Linked Polyethylene an
Improvement Over Conventional Ultra-High Molecular Weight Polyethylene in Total Knee
Arthroplasty. Orthopaedic Research Society Annual Meeting; San Antonio, Texas2013.
Fehring T, Odum S, Griffin W, mason J, Nadaud M. Early failures in total knee arthroplasty.
Clin Orthop Relat Res. 2001;392:315-8.

Lombardi A, Berend K, Adams J. Why knee replacements fail in 2013: Patient, surgeon, or
implant? Bone Joint J. 2014;96-B(11 Suppl A):101-4.

Sharkey P, Lichstein P, Shen C, Tokarski A, Parvizi J. Why are total knee arthroplasties
failing today--has anything changed after 10 years? J Arthroplast. 2014;29(9):1774-8.
Evangelista PJ, Laster SK, Lenz NM, Sheth NP, Schwarzkopf R. A Computer Model of Mid-
Flexion Instability in a Balanced Total Knee Arthroplasty. J Arthroplasty.
2018;33(7S):S265-S9.

Longo UG, Candela V, Pirato F, Hirschmann MT, Becker R, Denaro V. Midflexion
instability in total knee arthroplasty: a systematic review. Knee Surg Sports Traumatol
Arthrosc. 2021;29(2):370-80.

Ramappa M. Midflexion instability in primary total knee replacement: a review. SICOT J.
2015;1:24.



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

28

Stambough JB, Edwards PK, Mannen EM, Barnes CL, Mears SC. Flexion Instability After
Total Knee Arthroplasty. J Am Acad Orthop Surg. 2019;27(17):642-51.

Laubenthal KN, Smidt GL, Kettelkamp DB. A quantitative analysis of knee motion during
activities of daily living. Phys Ther. 1972;52(1):34-43.

Vince K. Mid-flexion instability after total knee arthroplasty: woolly thinking or a real
concern? Bone Joint J. 2016;98-B(1 Suppl A):84-8.

Martin JW, Whiteside LA. The influence of joint line position on knee stability after
condylar knee arthroplasty. Clin Orthop Relat Res. 1990(259):146-56.

Luyckx T, Vandenneucker H, Ing LS, Vereecke E, Ing AV, Victor J. Raising the Joint Line
in TKA is Associated With Mid-flexion Laxity: A Study in Cadaver Knees. Clin Orthop
Relat Res. 2018;476(3):601-11.

Pagnano MW, Hanssen AD, Lewallen DG, Stuart MJ. Flexion instability after primary
posterior cruciate retaining total knee arthroplasty. Clin Orthop Relat Res. 1998(356):39-46.
van Lieshout WAM, Koenraadt KLM, Elmans L, van Geenen RCI. Flexion First Balancer:
description of new technique in TKA to reproduce joint line and pre-disease mechanical
alignment. J Exp Orthop. 2020;7(1):23.

Vajapey SP, Pettit RJ, Li M, Chen AF, Spitzer Al, Glassman AH. Risk Factors for Mid-
Flexion Instability After Total Knee Arthroplasty: A Systematic Review. J Arthroplasty.
2020;35(10):3046-54.

Okamoto S, Mizu-uchi H, Okazaki K, Hamai S, Nakahara H, lwamoto Y. Effect of Tibial
Posterior Slope on Knee Kinematics, Quadriceps Force, and Patellofemoral Contact Force
After Posterior-Stabilized Total Knee Arthroplasty. J Arthroplasty. 2015;30(8):1439-43.
Dejour D, Pungitore M, Valluy J, Nover L, Saffarini M, Demey G. Preoperative laxity in
ACL-deficient knees increases with posterior tibial slope and medial meniscal tears. Knee
Surg Sports Traumatol Arthrosc. 2019;27(2):564-72.

Khasian M, Meccia BA, LaCour MT, Komistek RD. Effects of Posterior Tibial Slope on a
Posterior Cruciate Retaining Total Knee Arthroplasty Kinematics and Kinetics. J
Arthroplasty. 2020.

Fujito T, Tomita T, Yamazaki T, Oda K, Yoshikawa H, Sugamoto K. Influence of Posterior
Tibial Slope on Kinematics After Cruciate-Retaining Total Knee Arthroplasty. J
Arthroplasty. 2018;33(12):3778-82 el.

Fujimoto E, Sasashige Y, Tomita T, lwamoto K, Masuda Y, Hisatome T. Significant effect
of the posterior tibial slope on the weight-bearing, midflexion in vivo kinematics after
cruciate-retaining total knee arthroplasty. J Arthroplasty. 2014;29(12):2324-30.

Chambers AW, Wood AR, Kosmopoulos V, Sanchez HB, Wagner RA. Effect of Posterior
Tibial Slope on Flexion and Anterior-Posterior Tibial Translation in Posterior Cruciate-
Retaining Total Knee Arthroplasty. J Arthroplasty. 2016;31(1):103-6.

Bellemans J, Robijns F, Duerinckx J, Banks S, Vandenneucker H. The influence of tibial
slope on maximal flexion after total knee arthroplasty. Knee Surg Sports Traumatol
Arthrosc. 2005;13(3):193-6.

Singerman R, Dean J, Pagan H, Goldberg V. Decreased Posterior Tibial Slope Increases
Strain in the Posterior Cruciate Ligament Following Total Knee Arthroplasty. J Arthroplast.
1996;11(1):99-103.

Kang KT, Koh YG, Son J, Kwon OR, Lee JS, Kwon SK. Influence of Increased Posterior
Tibial Slope in Total Knee Arthroplasty on Knee Joint Biomechanics: A Computational
Simulation Study. J Arthroplasty. 2018;33(2):572-9.



123.

124,

125.

126.

127.

29

Kuriyama S, Ishikawa M, Nakamura S, Furu M, Ito H, Matsuda S. Posterior tibial slope and
femoral sizing affect posterior cruciate ligament tension in posterior cruciate-retaining total
knee arthroplasty. Clin Biomech (Bristol, Avon). 2015;30(7):676-81.

Kang KT, Kwon SK, Son J, Kwon OR, Lee JS, Koh YG. The increase in posterior tibial
slope provides a positive biomechanical effect in posterior-stabilized total knee arthroplasty.
Knee Surg Sports Traumatol Arthrosc. 2018;26(10):3188-95.

Shi X, Shen B, Kang P, Yang J, Zhou Z, Pei F. The effect of posterior tibial slope on knee
flexion in posterior-stabilized total knee arthroplasty. Knee Surg Sports Traumatol Arthrosc.
2013;21(12):2696-703.

In Y, Kim J-M, Woo Y-K, Choi N-Y, Sohn J-M, Koh H-S. Factors affecting flexion gap
tightness in cruciate-retaining total knee arthroplasty J Arthroplasty 24:317-321. J
Arthroplast. 2009(24):317-21.

Marra MA, Strzelczak M, Heesterbeek PJC, van de Groes SAW, Janssen DW, Koopman B,
et al. Anterior referencing of tibial slope in total knee arthroplasty considerably influences
knee kinematics: a musculoskeletal simulation study. Knee Surg Sports Traumatol Arthrosc.
2018;26(5):1540-8.



30

Chapter 2

Thesis Objectives

The current literature on kinematics in total knee arthroplasty (TKA) highlights numerous unclear
and debated areas within the field of study. Furthermore, the current limitations in understanding
the kinematics in TKA have been suggested as part of the multifactorial cause of dissatisfaction
within TKA patients. Therefore, this study aimed to further the understanding of kinematics in
TKA.

Recent advances in joint motion simulator technology facilitate further in vitro investigations. This
study employed a hybrid computational-experimental joint motion simulation on a 6 degrees of
freedom joint motion simulator. In addition, physical prototypes of a virtually performed TKA

based on cadaveric CT scans and a virtual ligament model were utilized.

We investigated specific contemporary topics in TKA from a kinematic perspective. In Chapter 3,
we studied the kinematic and laxity differences between cruciate-retaining (CR), and posterior-
stabilized (PS) designed TKA during activities of daily living (ADL) and laxity testing. Our
hypothesis in this chapter was that there would be no difference between the designs during the

simulations.

Chapter 4 investigated the influence of TKA alignment philosophies and polyethylene (PE) insert
thickness in PS- TKA during neutral flexion and laxity testing. Our hypothesis in this chapter was
that understuffing the joint space with a downsized PE insert would increase laxity and alter the

post-cam mechanism. Conversely, the inverse would occur with overstuffing the joint space.

Chapter 5 investigated the influence of the PE insert thickness on instability in flexion in CR-TKA
during ADL. Our hypothesis in this chapter was that understuffing the joint space would cause

instability with flexion during ADL.
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The outcome measures were anteroposterior translation, axial rotation, coronal displacement, joint
compressive forces, and ligament tensions. These were acquired through simulations of loads and

motions of neutral flexion, laxity testing and ADL in the respective chapters.
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Chapter 3
Cruciate-retaining and posterior-stabilized total knee arthroplasty:

a comparative study

Abstract

Modern total knee arthroplasty (TKA) has been a success for the past 50 years. However, there is
controversy regarding the selection of prosthesis design in TKA, particularly in cruciate-retaining
(CR) versus posterior-stabilised (PS) and which design results in the optimal knee kinematics. The
study aimed to identify differences between CR- and PS-TKA.

This study employed a hybrid computational-experimental joint motion simulation on a VIVO 6
degrees of freedom joint motion simulator (AMTI, Watertown, MA, USA). Physical prototypes of
a virtually performed TKA based on cadaveric CT scans and a virtual ligament model were
utilised. Activities of daily living (ADL) and laxity testing, loads and motions were simulated for
both the CR and PS configurations.

During the gait cycle (40-85%) there is a difference in axial rotations were -11.7° +3.9 (-16.8 to -
6.6) and -9.4° +3.1 (-13.2 to -5.8) in the CR and PS configurations, respectively. In stair descent,
the stance phase (20-60%), -2.9mm +3.8 and -1.8mm £3.3 in CR and PS, respectively. In the stair
stance phase (20-60%), -2.9mm £3.8 and -1.8mm £3.3 in CR and PS, respectively.

Surgeons who choose to perform either CR or PS-TKA should understand the design indications
and the associated kinematic differences. Overall, during ADL, we found the kinematics between
the two implant designs to be similar. However, there is increased stability in PS-TKA during
ADL.
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Introduction

The primary goal of total knee arthroplasty (TKA) is to provide a painless stable knee and
restoration of joint function in patients with advanced osteoarthritis. The knee prosthesis should
be performed to provide maximal range of motion (ROM) and stability.(4, 128) The kinematics in
TKA can be influenced by the prosthesis design. We investigated the differences between CR- and
PS-TKA.

There is controversy regarding prosthesis design in TKA, particularly in cruciate-retaining (CR)
versus posterior-stabilised (PS). This design results in optimal knee kinematics and function.(129,
130) The CR design has been reported to reproduce more physiological kinematics and with
retention of posterior cruciate ligament (PCL), resulting in improved proprioception of the
implanted knee.(129, 131, 132) However, a Cochrane systematic review found that preserving the
PCL compared to PCL sacrifice may not result in improved ROM, pain, function or patient
satisfaction.(133) The clinical outcomes between the two TKA prosthesis designs have been an

ongoing area of interest in arthroplasty related research.(31, 134-137)

Recent advances in joint motion simulator technology have enabled these machines to analyze
TKA mechanics while simulating different alignments and soft tissue balancing by changing the
properties of parametric virtual ligaments.(15) The objective of this study was to determine the
differences between CR- and PS-TKA in simulated activities of daily living (ADL) and laxity
testing using a joint motion simulator machine linked to a virtual ligament model. We hypothesised

that there would be no difference between the designs during the simulations.

Methods

This study employed a hybrid computational-experimental joint motion simulation on a VIVO 6
degrees of freedom (6-DoF) joint motion simulator (AMTI, Watertown, MA, USA) shown in
Figure 3.10. These simulations measure the kinematics of physical implant components in

response to applied loads, but with forces imposed due to simulated stretching of surrounding
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“virtual ligaments”. These simulated one-dimensional point-to-point springs are virtually installed
around the implant components, will become tensioned or slack in response to insertion kinematics
(insertion coordinates defined relative to the implant components), and the forces they generate
will contribute to joints kinematics and stability. The virtual ligaments employed in the current
study were designed to replicate the relative insertion coordinates, tensioning, and stiffness of real

ligaments around a mechanically aligned TKA, using the following procedure.

Femoral Component

Polyethylene insert

Tibial Baseplate

v

Femoral Actuator

A 4

Tibial Actuator

\ 4

Figure 3.10: VIVO joint motion simulator with components labelled.

Virtual ligament design

The distal femur and proximal tibia were reconstructed from a CT scan of a single cadaver knee
(female 53-year-old) in neutral extension using 3D Slicer(138) and exported as stereolithography
(.stl) files. These 3D surface models were imported into the commercially available CAD software,

SolidWorks 2020® (Dassault Systemes SolidWorks Corporation, Waltham, MA). In SolidWorks,
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this native knee geometry was used to identify relevant ligament insertions based on established
bony landmarks and previous literature.(139-146) The femoral and tibial insertions of the posterior
cruciate ligament (PCL), superficial medial collateral ligament (SMCL), and lateral collateral
ligament (LCL) were each identified. They would serve as connection points for the single-bundle
virtual ligaments. The anterior cruciate ligament and deep MCL were not represented as they are
routinely released in TKA procedures as part of the soft tissue dissection required for exposure or
bony resection. The PCL was “turned off” in the PS simulations. The insertion-to-insertion
distance of each ligament was noted. Acknowledging that ligaments may be slack or stretched
when in neutral extension, these distances could not be used to define the actual resting length
(unstretched or “slack” length) of each ligament. The slack length, however, was estimated based
on literature-derived intact knee ligament reference strains and the insertion-to-insertion distance
in extension.(147-149)

Surface models (.stl files) of a tibial and femoral Triathlon® (Stryker Corp., Mahwah, NJ) TKA
components were imported into the CAD software. A size five tibial tray with a 9 mm thick CR
and PS polyethylene (PE) insert component was used, in combination with a size five femoral
component. Virtual TKA was performed with mechanical alignment (MA), which required the
distal femur bone model to be cut perpendicular to the femur’s mechanical axis, and for the
proximal tibia to be cut perpendicular to the tibia’s mechanical axis. The femoral component was
aligned with the approximated trans-epicondylar axis; this was determined by externally rotating
3° from the posterior condylar axis. The posterior sloped tibial resection was performed at 5° for
CR TKA and 3° for PS TKA. The implant components were aligned to the cut surfaces of the
femur and tibia, and then the entire tibia (plus tibial component) was translated and rotated such
that the femoral and tibial components were neutrally positioned and aligned (in extension, with
the femoral condyles dwelling at the deepest point in the PE dishes). The coordinates of the
ligament femoral and tibial insertions were measured with respect to the femoral component, as
were their new lengths, which changed after TKA. These data were sufficient to define virtual
ligaments around the TKA (CR and PS) along with the ligament stiffness. Please see Appendix B

for a further in-depth explanation.



36

Joint motion simulator

Real physical prototypes of the same implant components were mounted onto the VIVO. The
femoral component was mounted to the mounting axle with poly methyl methacrylate cement
(Bosworth Fastray; Keystone Industries GmbH, Singen, Germany), and the tibial baseplate
component was anchored into the tibial fixture using dental model stone (Modern Materials
Golden Denstone Labstone; Modern Materials, Kulzer GmbH, Hanau, Germany). We used
polydimethylsiloxane (silicone)-based lubricant (HAS0001-OS, Horizon Fitness, Cottage Grove,
WI) as an articulation lubricant and applied it consistently throughout the experiment. The VIVO
was used to apply loads and motions representative of laxity testing and ADL. The resulting
kinematics (measured outcome) were sensitive to the implant component geometries, alignments,
and virtual ligament properties. This in vitro technique of measuring motions and kinematics with

simulated virtual ligaments has been previously described.(15)

Input loads and motions

Motions were simulated as follows:

Q) Posterior Laxity: With a 10 N compressive force applied parallel to the long axis of the
tibia and passing through the centre of the joint, the joint was flexed from 0° to 90° in
15° increments. A 100 N posterior-directed was applied at each fixed flexion angle,
causing a relative posterior displacement of the tibia. All other degrees of freedom were
unconstrained. After testing at each flexion angle, the joint returned to 0°, and the entire
process was repeated for a total of four iterations. Data were recorded during the 3™
and 4" iteration. Recorded data included the posterior displacement of the tibia (relative
to the corresponding neutral flexion kinematics at the same flexion angle), net ligament
forces and individual ligament tensions.

(i)  Varus/Valgus (VV) Laxity: VV laxity testing was accomplished using a similar
technique described for (i), but by applying a 10 Nm varus or valgus joint torque instead

of a 100 N posterior force. Recorded data included the varus/valgus angulation (relative
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to the corresponding neutral flexion kinematics at the same flexion angle), net ligament
forces and individual ligament tensions.

(iii)  Activities of Daily Living: Simulated ADL were performed as in previous studies(22)
by applying loads and motions, which were based on data measured using load-sensing
TKA implants.(150) Gait, stair ascent and descent were simulated. For the gait files,
the load cycle begins at the flat foot and goes through the gait cycle (flat foot, heel off,
toe-off, swing phase, heel strike, flat foot etc.). This splits the gait cycle into the first
60% stance phase and the last 40% swing phase. The stair ascent and descent load
cycles both begin and end with the middle of swing phase. This splits the stair ascent
and descent into the first and last 20% swing phase and the middle 60% as stance phase.
The gait cycle, stair ascent and descent loads, and motions based on the AVG75 dataset
from the Orthoload website database were used (https://orthoload.com/).(150) All

degrees of freedom were operated in force control, with the exception of flexion angle,
which was prescribed. Each activity was simulated for four cycles, with data recorded

during the third and fourth cycle which included 6-DoF kinematics.

Data analysis and statistics

Recorded data were smoothed using a low-pass Butterworth filter followed by a spline
interpolation function in Matlab (The MathWorks, Natick, MA), and then down-sampled to only
include data at 15° intervals of flexion and only during the flexion phase of the complete
flexion/extension motion in the laxity testing. During the ADL testing, the joint motion was
sampled throughout the cycle. We extracted the anteroposterior (AP), internal/external rotation
(IE) and VV kinematic data in each of the 6-DoFs. We also collected posterior, varus and valgus
motion limits in each of the 6-DoFs at these limits. The smoothed and processed data were used
for statistical analysis. Descriptive statistics were used to compare the results of each implant

design. All statistical analyses were completed in Microsoft® Excel (v.16.45).

RESULTS
Laxity testing


https://orthoload.com/
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The results of the posterior laxity testing are shown in Figure 3.11. The mean translation 0-90° for
posterior laxity (Figure 3.11-A) was 7.6 mm £3.5 (3.0 to 11.6) and 4.9 mm £3.7 (0.5 to 9.1) for
the CR and PS configurations, respectively. A 57% increase in the mean posterior laxity in the CR
configuration was compared with the PS configuration. The coronal laxity results are shown in
Figure 3.11-B. The coronal laxity results were similar from 0-45° of knee flexion. Within 45-90°
of knee flexion, the laxities were 4.2° £0.6 (3.8 to 5.0) and 4.9° £0.4 (4.6 to 5.5) for the CR and
PS configurations, respectively. The CR configuration yielded a 14% decrease in mean coronal
laxity compared to the PS configuration during this range (45-90°) of knee flexion.

Gait cycle

The kinematics during the gait cycle are shown in Figure 3.12. Regarding the AP kinematics, both
models had the same relative AP position at the start of the gait cycle (Figure 3.12-A). Across the
stance phase, the mean values were -3.5 mm £3.4 and -2.9 mm 2.7 for the CR and PS
configurations, respectively. During the stance phase at 10-35% of the cycle, the CR model
translated into a more posterior position of -6.6mm £1.1 and -5.2mm 0.2 for CR and PS
configurations, respectively. In the swing phase, the mean values were 1.4mm +1.7 and 1.4mm
+1.3 for CR and PS, respectively. The overall wave patterns were similar. The axial rotation
kinematics are shown in Figure 3.12-B. The CR configuration maintains a more internally rotated
position throughout the gait cycle, and the mean values were -7.5° +6.2 and -5.9° £5.5 in the CR
and PS configurations, respectively. During the gait cycle (40-85%), there is a difference in the
waveforms of -11.7° £3.9 (-16.8 to -6.6) and -9.4° £3.1 (-13.2 to -5.8) in the CR and PS
configurations, respectively. During this period, the CR configuration demonstrates greater
rotation. The coronal kinematics are shown in Figure 3.12-C. The overall mean coronal kinematics
were similar between designs and were -0.6° £0.8 and -0.5° £0.7 in the CR and PS configurations,

respectively.

Stair descent

The stair descent kinematics are shown in Figure 3.13. The AP kinematics (Figure 3.13-A) were

similar between the design throughout the stair descent cycle 0.5 mm £4.6 and 0.6 mm 4.4 in the
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CR and PS configurations, respectively. The axial rotation kinematics are shown in Figure 3.13-
B. The overall mean axial rotation kinematics were -7.4° £6.0 and -6.5° +4.6 in the CR and PS
configurations, respectively. Differences were observed in the stance phase (40-80%) with -12.2°
3.7 and -9.3° £2.5 in CR and PS, respectively. The PS configuration demonstrated greater
stability. The coronal kinematics (Figure 3.13-C) were similar between the designs throughout the

stair descent cycle, with the mean value of -0.5° £ 0.5 in both models.

Stair ascent

The stair ascent kinematics are shown in Figure 3.14. The overall AP translation kinematics
(Figure 3.14-A) were -0.1 mm %4.5 and 0.3 mm +4.1 in the CR and PS configurations. Differences
were observed during the stance phase (20-60%), -2.9 mm £3.8 and -1.8 mm £3.3 in CR and PS,
respectively. The PS configuration demonstrated greater stability, with the CR tibia translating
more posteriorly. The axial rotation kinematics are shown in Figure 3.14-B. The overall axial
rotation kinematics were -6.8° £4.4 and -5.9° £3.8 in the CR and PS configurations, respectively.
The starting point was the same for both designs. However, from 20-35% and 45-100% of the
cycle, the CR configuration was in more internal rotation than the PS configuration. During 20-
35%, the values were -8.2° +4.0 and -7.3° £2.7 for CR and PS, respectively. During 45-100%, the
values were -7.9° +4.3 and -6.7° 4.0 for the CR and PS configurations, respectively. The coronal
kinematics (Figure 3.14-C) were similar between the designs throughout the stair ascent cycle.

The mean was -0.4° £0.5 in both models.
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GAIT: ANTEROPOSTERIOR TRANSLATION KINEMATICS

6
5
a4
3 STANCE
s
H 2
Z1
20
31
4
E-z
x-3
o
-4
&
Es
<
-6
-7
-8
-9
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
A GAIT CYCLE PERENTAGE (%)
GAIT: AXIAL ROTATION KINEMATICS
5
4
3
2
1
& 0
g1
2
2 3
T
E -6
g 7
S -8 o
29
<10
B
.13
-14
15
16
17
-18
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
B GAIT CYCLE PERENTAGE (%)
GAIT: CORONAL KINEMATICS
1
STANCE SWING
@
2o ’
o
w
=)
=]
g —+—CR
<
] B -ps
9a
<
>
2
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
C GAIT CYCLE PERENTAGE (%)

Figure 3.12: Graphs representing the knee kinematics during gait. A- Anteroposterior
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Discussion

CR and PS-TKA are both popular implant designs. Our study evaluated laxity testing and
kinematics during ADL between the two designs. The kinematic studies in comparing CR- and
PS-TKA are focused mainly on the AP translation kinematics, femoral roll back, and ROM.(40,
41, 151, 152) In CR-TKA, the function of the PCL is to act as a restraint to anterior femoral
translation while facilitating femoral rollback.(151) In PS-TKA, the function of the PCL is
substituted by the post-cam mechanism. The post-cam mechanism engages at around 75° of
flexion. This engagement prevents anterior femoral translation of the femur and facilitates the
femoral rollback in PS-TKA.(40, 41) PS-TKA increases the sagittal constraint of the knee.(42)
The 57% increase in the mean posterior laxity in the CR configuration compared with the PS
configuration observed in our study was expected for the implant design. During the gait cycle,
the initial anterior translation of the femur on the tibia demonstrated in our results (Figure 3.12-A)
has been reported in CR and PS-TKA using in vivo fluoroscopic analysis.(153) Hamai et al.(154)
evaluated CR- and PS-TKA with respective to their in vivo kinematics using radiographic-based
image-matching techniques. They found the post-cam mechanism did not engage during stair
climbing, but this was due to the dynamic flexion angle in their study being less than 75°. They
found that CR-TKA demonstrated more sagittal stability. In our study, the PS configuration
demonstrated greater stability, with the CR tibia translating more posteriorly during the stair ascent
stance phase. The post-cam mechanism created a hard stop after engagement in the PS
configuration. While a gradual translation was seen in CR configuration is related to the elasticity
of the PCL. Overall, we found increased AP stability in the PS configuration, particularly during

the stance phase in all the ADL.

In reviewing the coronal kinematics between the two implant designs, Perkins et al.(155)
performed a retrieval analysis study with 47 cadaveric knees measuring laxity patterns and wearing
a custom knee testing machine. They reported the PS knees had increased varus laxity at 60° (PS
=10.1° vs CR =6.9°; P=.022) and 90° of flexion (PS=12.4° vs CR=7.5° P=.017). Additionally, the
PS implants had a statistically significant increased total coronal laxity at 60° when compared to
the CR knees (PS=16.9° vs CR=13.3° P=.05). In the PS cohort, the laxity correlated with wear,

but this was not the case in the CR cohort. In a computer navigation study of 34 knees, Hino et
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al.(156) demonstrated increased coronal stability in CR- TKA compared to PS-TKA. The
differences were statistically significant at 10° (p = 0.0093), 20° (p = 0.0098) and 30° of flexion
(p = 0.0252). Hamai et al.(154) reported increased coronal stability in CR-TKA compared to PS-
TKA in stair ascent. During stair ascent, we found coronal kinematics were similar between the
designs throughout the stair ascent cycle. The mean was -0.4° 0.5 in both models. In our study,
the CR configuration yielded a 14% decrease in mean coronal laxity compared to the PS
configuration during this range (45-90°) of knee flexion. These findings correlate with the stability
in flexion with PCL retention. However, during all the ADL in our study, the coronal stability was

similar between the two implant designs.

The CR and PS designs allow + 9° and + 12° of IE rotation, respectively.(33, 44) In our study, all
designs, irrespective of alignment, demonstrated the internal rotation of the tibia with flexion.
Cates et al.(55) evaluated the in vivo kinematics using fluoroscopy, reported in CR and PS-TKA
that from full extension to 90° both designs underwent internal rotation of the tibia. The axial
rotation means angles at full extension were 0.1° and -1.0°. The mean axial rotation angle was 4.9°
and 1.9° for the CR and PS knees at maximum flexion, respectively (P = .011). They showed
significantly increased axial rotational arc in the CR knees. Dennis et al.(153), in their in vivo
fluoroscopic study of TKA, reported mean axial rotation of 0.1° (-11.2 to 7.5) and -0.1° (-5.4 to
10.0) during gait in CR and PS-TKA, respectively. Another study reported during step-up/down
activities a net tibial internal rotation of 5-7° with no statistical significance between the two
implant designs.(157) In our study, the mean axial rotations were -7.5° +6.2 and -5.9° £5.5 in the
CR and PS configurations, respectively, during gait. During stair descent -7.4° 6.0 and -6.5° +4.6
in the CR and PS configurations, respectively. During stair descent -6.8° +4.4 and -5.9° £3.8 in the
CR and PS configurations, respectively. This is in keeping with clinical findings. The internal
rotation of the tibia with flexion we observed in TKA has been demonstrated in other studies.(60,
61)

A recent study compared the contact kinematics in CR- and PS-TKA at a mean follow up of nine
years. They suggested that the post-cam mechanism better maintains kinematics and functional in
PS-TKA due to the PCL insufficiency observed in CR-TKA.(158) A single-institution review of
8117 TKAs found at a 15-year review the survival was 90% and 77% in CR- and PS-TKA,
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respectively.(31) Kolisek et al.(134) suggested that between CR and PS TKA neither showed
superiority and suggest that the surgeon preference should dictate implant choice. Vertullo et
al.(159) reported increased revision risk for the surgeons who preferred PS-TKA was significantly
higher for all causes when compared to CR-TKA (HR 1.45 [95% ClI, 1.30 to 1.63]; p < 0.001), for
loosening or lysis (HR 1.93 [95% CI, 1.58 to 2.37]; p < 0.001), and for infection (HR 1.51 [95%
Cl, 1.25t0 1.82]; p < 0.001). Overall, there was a 45% higher risk; however, it was limited to male
patients within the study. A meta-analysis of randomized controlled trials comparing CR to PS-
TKA concluded the clinical outcomes were similar with no difference in the short- and medium-
term follow up.(135) This was followed by another systematic review and meta-analysis that found
no differences in function or outcomes and concluded not to make a recommendation as to which
implant design demonstrated superiority.(160) Another meta-analysis found no difference in knee
scores, radiological outcomes, complications and found improved ROM in PS-TKA, but this did
not impact the clinical outcomes.(161) However, a recent meta-analysis of clinical trials reported
improved ROM in the PS-TKA (2.18°) but with prolonged surgery time (6.87 mins) but overall no
statistically significant relevant differences in complications.(136) This shared the findings of an
earlier meta-analysis whose statistical significance favoured PS-TKA regarding flexion and
ROM.(162) The plethora of meta-analyses in the clinical literature fuel the ongoing debate. Our
study elucidates the kinematics between the two designs and offers a further understanding of TKA

biomechanics.

The limitations in this study were the use of point-to-point ligaments rather than bundles of
ligaments which does not entirely represent the native ligament properties. There is still a
significant variation in the literature regarding the representation of ligaments.(149) The
computational models are based on approximations and assumptions made to simplify the
complexity of the human knee. Another limitation is the loading parameters for the ADL, as these
are based on TKA parameters using PS PE.(22) Our model lacked the patellofemoral joint, and
therefore its effect on TKA kinematics was excluded in our study. Our study only had a single
difference which was the post-cam mechanism and PCL between configurations.
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Conclusion

The debate between superiority between CR- and PS-TKA continues. Therefore, surgeons who
choose to perform either CR or PS TKA should understand the design indications and limitations
and the associated kinematic differences. Overall, during ADL, we found the kinematics between
the two implant designs to be similar. However, there is increased stability in PS-TKA during
ADL.
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Chapter 4
Posterior-stabilized Total Knee Arthroplasty Kinematics and Joint

Laxity

Abstract

Posterior-stabilized (PS)-TKA arose as an alternative to cruciate-retaining (CR)-TKA in the 1970s.
Since then, it has become a popular utilized TKA design with comparable outcomes to CR-TKA.
The post-cam mechanism is unique to PS-TKA as it substitutes the function of the posterior
cruciate ligament (PCL). The study aimed to understand the kinematic and laxity changes in PS-

TKA with under- and overstuffing the tibiofemoral joint space with the polyethylene insert.

This study employed a hybrid computational-experimental joint motion simulation on a VIVO 6
degrees of freedom (6-DoF) joint motion simulator (AMTI, Watertown, MA, USA). Physical
prototypes of a virtually performed TKA in mechanical alignment (MA) and kinematic alignment
(KA) based of cadaveric CT scans and a virtual ligament model were utilised. The reference,
understuffed (down 2 mm) and overstuffed (up 2 mm) joint spaces were simulated, and neutral

flexion and laxity were testing loads and motions were performed for each configuration.

The PE insert thickness influenced post-cam engagement, which occurred after 60° in the
overstuffed configurations, after 60-75° in the reference configurations and after 75° in the
understuffed configurations. The understuffed configurations compared to the reference
configurations resulted in a mean 2.0° (28%) and 2.0° (31%) increase in the coronal laxity in MA
and KA, respectively. The overstuffed compared to the reference configuration resulted in mean
joint compressive forces (JCFs) increase by 73N (61%) and 77N (62%) in MA and KA models,

respectively.
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The under- and overstuffing in PS-TKA alter the kinematics with variable effects. Understuffing
decreases stability JCFs and inverse with overstuffing. Subtle changes in the PE insert thickness

alters the post-cam mechanics.
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Introduction

The primary goal of total knee arthroplasty (TKA) is to provide a painless stable knee and
restoration of joint function in patients with advanced osteoarthritis. The knee prosthesis should
be performed to provide a maximal range of motion (ROM) while providing stability.(4, 100)

There have been numerous advances in the designs utilised in TKA.

Posterior-stabilized (PS)-TKA arose as an alternative to cruciate-retaining (CR)-TKA in the 1970s.
Since then, it has become a popular utilized TKA design with comparable outcomes to CR-
TKA.(163) The post-cam mechanism (Figure 4.15) is unique to PS-TKA as it substitutes the
degenerative posterior cruciate ligament (PCL), preventing posterior tibial subluxation, facilitating
femoral back and improving ROM.(164-166) Whilst there has been a great success in TKA, there
IS a subset of patients who remain dissatisfied with their results.(5, 6) In TKA, pain and instability
are common indications for revision.(100-102) Review of the literature has shown that post-
operative stiffness is a relatively common outcome 4-16%.(167) This highlights the challenge of

providing a stable and painless TKA.

Recent advances in TKA include increasing technology in the operating room.(168) However, the
judgement as to what polyethylene (PE) insert size to use — what is too tight, too loose, symmetric
tightness and soft tissue balancing remain unclear. Manual techniques utilized over and above
traditional balancing include spacer blocks, lamina spreaders, tensiometers, and stress tests, are
common practice but are subjective.(97) Technology such as intra-compartment force-sensing
devices were developed to aid intraoperative surgeon decision making.(169) The early data
indicates this technology may improve outcomes in TKA.(170, 171) However, it remains unclear

what is the correct answer, as there is no consensus as to what defines the balanced knee.

The advances in joint motion simulator technology have enabled these machines to analyze TKA
mechanics while simulating different alignments and soft tissue balancing by changing the
properties of parametric virtual ligaments.(15) We hypothesized that either under- or overstuffing

with the PE insert would affect knee kinematics. The objective of this study was to determine the
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differences in kinematics with PE thickness in PS-TKA using a joint motion simulator machine
linked to a virtual ligament model.

Figure 4.15: Sagittal cut of Scorpio NRG prosthesis, demonstrating the cam on the femoral
component, engaging with the post on the polyethylene insert. Reproduced with

permission, Akasaki et al. (172)
Methods

This study employed a hybrid computational-experimental joint motion simulation on a VIVO 6
degrees of freedom (6-DoF) joint motion simulator (AMTI, Watertown, MA, USA). These
simulations measure the kinematics of physical implant components in response to applied loads,
but with forces imposed due to simulated stretching of surrounding “virtual ligaments”. These
simulated one-dimensional point-to-point springs are virtually installed around the implant

components, will become tensioned or slack in response to insertion kinematics (insertion
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coordinates defined relative to the implant components), and the forces they generate will
contribute to joints kinematics and stability. The virtual ligaments employed in the current study
were designed to replicate the relative insertion coordinates, tension and stiffness of natural
ligaments around a mechanically aligned TKA, using the following procedure.

Virtual ligament design

The distal femur and proximal tibia were reconstructed from a CT scan of a single cadaver knee
as described in Chapter 3 in neutral extension using 3D Slicer(138) and exported as
stereolithography (.stl) files. These 3D surface models were imported into the commercially
available CAD software, SolidWorks 2020® (Dassault Systemes SolidWorks Corporation,
Waltham, MA). In SolidWorks, this native knee geometry was used to identify relevant ligament
insertions based on established bony landmarks and previous literature.(139-146) The femoral and
tibial insertions superficial medial collateral ligament (SMCL) and lateral collateral ligament
(LCL) were each identified and would serve as connection points for the single-bundle virtual
ligaments. The anterior and posterior cruciate ligaments and deep MCL were not represented as
they are routinely released in PS-TKA procedures as part of the soft tissue dissection required for
exposure or bony resection. The insertion-to-insertion distance of each ligament was noted.
Acknowledging that ligaments may be slack or stretched when in neutral extension, these distances
could not be used to define the true resting length (unstretched or “slack™ length) of each ligament.
The slack length, however, was estimated based on literature-derived intact knee ligament

reference strains and the insertion-to-insertion distance in extension.(147-149)

Surface models (.stl files) of a tibial and femoral Triathlon® (Stryker Corp., Mahwah, NJ) TKA
components were imported into the CAD software. A size five tibial tray with a 9 mm thick PS PE
insert component was used, in combination with a size five femoral component. Virtual TKA was
performed with mechanical alignment (MA) and kinematic alignment. In MA, the distal femur
bone model to be cut perpendicular to the femur’s mechanical axis and for the proximal tibia to be
cut perpendicular to the tibia’s mechanical axis. The femoral component was aligned with the
approximated trans-epicondylar axis; this was determined by externally rotating 3° from the

posterior condylar axis. In kinematic alignment (KA), the distal femur resection was made 3°
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valgus to the femur’s mechanical axis, and the proximal tibial resection was made 3° varus to the
tibia’s mechanical axis. In addition, the femoral rotation was set to align parallel with the posterior

condylar axis. In both alignments, the posterior tibial slope resection was 3°.

The implant components were aligned to the cut surfaces of the femur and tibia. Then the entire
tibia (plus tibial component) was translated and rotated such that the femoral and tibial components
were neutrally positioned and aligned (in extension, with the femoral condyles dwelling at the
deepest point in the PE dishes). Finally, the coordinates of the ligament femoral and tibial
insertions were measured with respect to the femoral component, as were their new lengths, which
changed after TKA. Along with the ligament stiffness, these data were sufficient to define virtual

ligaments around the TKA.

Joint motion simulator

Real physical prototypes of the same implant components were mounted onto the VIVO. The
femoral component was mounted to the mounting axle with poly methyl methacrylate cement
(Bosworth Fastray; Keystone Industries GmbH, Singen, Germany), and the tibial baseplate
component was anchored into the tibial fixture using dental model stone (Modern Materials
Golden Denstone Labstone; Modern Materials, Kulzer GmbH, Hanau, Germany). We used
polydimethylsiloxane (silicone)-based lubricant (HAS0001-OS, Horizon Fitness, Cottage Grove,
WI) as an articulation lubricant and applied it consistently throughout the experiment. The VIVO
was used to apply loads and motions representative of ADL, and the resulting kinematics
(measured outcome) were sensitive to the implant component geometries, alignments, and virtual
ligament properties. This in vitro technique of measuring motions and kinematics with simulated

virtual ligaments has been previously described.(15)
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Joint space

Three different joint spaces were simulated (See Appendix C):

1. Reference joint space: The 9 mm PE insert was utilised. This created our reference joint
space relative to our virtual ligament model.

2. Understuffed joint space: The 9 mm PE insert was undersized by 2 mm. This was simulated
by the VIVO and resulted in an understuffed joint space.

3. Overstuffed joint space: The 9 mm PE insert was oversized by 2 mm. This was simulated

by the VIVO and resulted in an overstuffed joint space.

Input loads and motions

Motions were simulated as follows:

(i) Neutral Flexion Kinematics: With a 10 N compressive force applied parallel to the long
axis of the tibia and passing through the centre of the joint, the femur was flexed to 90°
and extended back to 0° at a rate of 25 s/cycle. All other degrees of freedom were
unconstrained (set to maintain 0 N or 0 Nm of load). Four flexion/extension cycles were
simulated; resulting 6-DoFs joint kinematics, net ligament forces and individual
ligament tensions were recorded during the third and fourth iteration.

(ii) Posterior Laxity: With a 10 N compressive force applied parallel to the long axis of
the tibia and passing through the centre of the joint, the joint was flexed from 0° to
90° in 15° increments. A 100 N posterior-directed force was applied to the tibia at
each fixed flexion angle, causing its relative posterior displacement. This posterior
displacement was limited by the combined contributions of the concave congruency
of the condyles and tensioning of the virtual ligaments. All other degrees of freedom
were unconstrained. After testing at each flexion angle, the joint returned to 0°, and
the entire process was repeated for a total of four iterations. Data were recorded

during the third and fourth iteration. Recorded data included the posterior
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displacement of the tibia (relative to the corresponding neutral flexion kinematics at
the same flexion angle), net ligament forces and individual ligament tensions.

(i) Varus/Valgus (VV) Laxity: VV laxity testing was accomplished using a similar
technique described for (ii), but by applying a 10 Nm varus or valgus joint torque
instead of a 100 N posterior force. Recorded data included the varus/valgus angulation
(relative to the corresponding neutral flexion kinematics at the same flexion angle), net

ligament forces and individual ligament tensions.

Data analysis and statistics

Recorded data were smoothed using a low-pass Butterworth filter followed by a spline
interpolation function in Matlab (The MathWorks, Natick, MA), and then down-sampled to only
include data at 15° intervals of flexion and only during the flexion phase of the complete
flexion/extension motion in the laxity testing. During the ADL testing, the joint motion was
sampled throughout the cycle. We extracted the anteroposterior (AP), internal/external rotation
(IE) and varus/valgus (VV) kinematic data in each of the 6-DoFs. We also collected posterior,
varus and valgus motion limits in each of the 6-DoFs at these limits. The smoothed and processed
data were used for statistical analysis. Descriptive statistics were used to compare the results
between each joint space configuration and alignment. All statistical analyses were completed in
Microsoft® Excel (v.16.45).

RESULTS

Neutral flexion

The PE insert thickness influenced the ligament tension during neutral flexion (Figure 4.16). The
means values across the entire neutral flexion arc (0-90°) for the 2mm increase (overstuffed) or
decrease (understuffed) in PE insert thickness the SMCL tension increased or decreased by a mean
32N (105%) and 36N (85%) in MA and KA respectively. For the 2mm increase (overstuffed) or
decrease (understuffed) PE insert thickness, the LCL tension increased or decreased by a mean of
42N (47%) and 41N (50%) in MA and KA, respectively. The adduction moment observed in the

configurations resulted in the LCL tension being higher than SMCL tension.
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The neutral flexion AP translation kinematics are shown in Figure 4.17-A. The PE insert thickness
influenced when the post engaged with the cam, which occurred after 60° in the overstuffed
configurations, after 60-75° in the reference configurations and after 75° in the understuffed
configurations. In the overstuffed configurations, there were no differences between KA and MA.
MA caused contact locations that were initially anterior to the KA configurations in the reference

and understuffed configurations, but at the 90° flexion, they were all at the same position.

The axial rotation kinematics are shown in Figure 4.17-B. At full extension, all configurations
were internally rotated relative to their position at 90°. Increasing the PE insert thickness increased
the internal rotation for each alignment. However, in flexion of 75-90°, all those in MA had
decreased internal rotation compared to those in KA regardless of the PE insert thickness. During

15-75° of neutral flexion, the two alignments yielded different waveforms.

The coronal kinematics are shown in Figure 4.17-C. In the first 30° of knee flexion, all the
configurations were in a varus alignment, but by 30° of knee flexion, all demonstrate a neutral
coronal alignment. This degree of initial varus was influenced by the PE insert thickness and
associated ligament tension. Increasing PE insert thickness decreased initial varus as the sMCL

tension increased more than the LCL.

Laxity testing

The posterior laxity is shown in Figure 4.18-A. The posterior laxity is most significant at full
extension and decreases as the knee flexion increases. After the post-cam mechanism engages, the
observed posterior laxity becomes negligible due to the mechanical block of the post on the cam.
In addition, the PE insert thickness influences the laxity; a 2 mm change of PE insert in the
configurations resulted in a mean laxity difference of 0.7 mm (14%) and 0.6 mm (12%) in MA
and KA respectively. This difference in laxity increased with understuffing and decreased with
overstuffing of the joint space. This corresponds to previously observed ligament tension changes

with PE insert thickness during neutral flexion (Figure 4.16).
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The VV laxity testing results are shown in Figure 4.18-B. The coronal constraint is positively
influenced by the PE thickness, with increased thickness demonstrating less coronal laxity. The
understuffed configurations compared to the reference configurations resulted in a mean 2.0°
(28%) and 2.0° (31%) reduction in the coronal laxity in MA and KA, respectively. The least
coronal laxity is observed at 60° of knee flexion, which coincides with peak SMCL tensions, and

the LCL tension is at its peak at 75° of knee flexion.

Joint compressive forces

The joint compressive forces (JCFs) results are shown in Figure 4.19. The under- and overstuffed
configurations influenced the JCFs. The overstuffed compared to the reference configuration
resulted in a mean JCFs increase by 73N (61%) and 77N (62%) in MA and KA, respectively. The
inverse was yielded with the understuffed configuration. The peak forces are recorded from 60-
75° of knee flexion peaking at 75°. The peak forces in the overstuffed configurations were 329N
and 340N flexion in MA and KA, respectively. The peak forces in the understuffed configurations
were 152N and 155N in MA and KA, respectively. The peak forces in the reference configurations
were 235N and 245N in MA and KA, respectively. This coincidence with the peak collateral
ligament tension observed (Figure 4.16), the engagement of the post-cam mechanism (Figure
4.17-A) and the least coronal laxity (Figure 4.18-B). This illustrates the positive relationship
between the ligament tension, stability and JCFs.
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Discussion

The goal of our study was to describe the effect of under- and overstuffing the joint space in PS-
TKA on knee kinematics, joint forces, and laxity. Using MA and KA, we measured and recorded
data during neutral flexion and laxity testing. To our knowledge, this is the first study to evaluate
the effects of under- and overstuffing the tibiofemoral joint in both KA and MA in relation to

neutral flexion, laxity, JCFs, and post-cam engagement in PS-TKA.

In the PS-TKA, the function of the PCL is substituted by the post-cam mechanism. The post-cam
mechanism engages at around 75° of flexion. This engagement prevents anterior femoral
translation of the femur and facilitates the femoral rollback in PS-TKA.(40, 41) PS-TKA has been
shown to increase the sagittal constraint of the implanted knee.(42) Hamai et al.(154) evaluated
cruciate-retaining (CR) and PS-TKA in vivo kinematics using radiographic-based image-matching
techniques. They found the post-cam mechanism did not engage during stair climbing, but this
was due to the dynamic flexion angle in their study being less than 75°. They found the CR-TKA
demonstrated more sagittal stability. Several studies have evaluated the post-cam mechanism
under the following areas of interest; geometry, wear, contact forces, kinematics, and design.(172-
177) Our study suggests that increasing the PE insert thickness may infer greater sagittal stability
during activities of daily living, such a stair climbing. This is based on our observation that
increased PE insert thickness and overstuff the joint space resulted in the post-cam mechanism
engaging earlier after 60° of flexion demonstrated in our neutral flexion AP translation kinematics
in the overstuffed configurations 4.17-A. The ligament tension increases likely to drive the

observations in our study yielded in the overstuffed configurations.

We observed a positive relationship between increasing PE insert thickness (overstuffing the joint
space) and ligament tension Figure 4.16. Whilst observing increasing PE insert thickness occurs
with decreased joint laxity Figure 4.18. Shimizu et al.(178) investigated the effects of weight-
bearing on PS-TKA kinematics. They reported post-cam engagement at 93.4° + 3.3° and 70.5° =
7.2° in weight-bearing and non-weight-bearing, respectively. In loading the joint, the ligaments
become lax resulting in later engagement of the post-cam. This phenomenon of later post-cam

engagement with laxity was observed in our understuffed configurations Figure 4.17-A and Figure
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4.18. It has been suggested that delayed post-cam engagement can facilitate increased maximum
knee flexion.(179, 180) Suggs et al.(180) showed a correlation between the initial post-cam contact
angle and the maximum flexion angle r = 0.505 (p = 0.019). Arnout et al.(181) demonstrated in
their in vitro study using a dynamic knee kinematic simulator that earlier post-cam engagement
facilitated more physiological motion. The post-cam mechanism determines the posterior femoral
translation and facilities movement in deeper flexion shown in a computation model study.(182)
We observed that understuffing the joint space results in increased joint laxity with delayed post-
cam engagement. Overall, this offers a biomechanical explanation of observations in the clinical

literature that reports increased ROM with increased joint laxity.(90)

There are studies that have shown that early post-cam engagement can lead to increased contact
stress and accelerate post wear.(183, 184) However, these effects are further highlighted in our
posterior laxity results testing shown in Figure 4.18-A. This is driven by the related JCFs. As the
post-cam mechanism engages, the observed posterior laxity becomes negligible due to the
mechanical block of the post on the cam. The posterior laxity yielded in our study at full extension
when the native is most stable is likely due to the lack of secondary knee stabilisers in our virtual
model. A radio stereometric analysis study demonstrated that kinematics in PS-TKA could impact
tibial component migration through alterations in force transmission.(185) The kinematic
differences we were observed were coupled with changes in the JCFs. These subtle variations in
JCFs may impact long-term implant survivorship. Further studies are required to evaluate how the

JCFs change we observed translate into contact stress patterns.

A manufacturer indicated their PS-TKA designs allow up to + 12° of axial rotation.(33) Cates et
al.(55) evaluated the in vivo kinematics using fluoroscopy and reported in PS-TKA that from full
extension to 90° flexion, internal rotation of the tibia was observed. The axial rotation means angles
at full extension were -1.0° in PS-TKA, and at maximum flexion, the mean axial rotation angle
was 1.9° for PS-TKA. Tamaki et al.(186) evaluated the in vivo kinematics of 20 TKA reported the
femoral component demonstrated a mean of 13.5° (5.2° to 21°) external rotation of increasing
external rotation with flexion. We observed similar axial rotation, i.e., internal tibial rotation in the
first 30° and 45° in MA and KA configurations, respectively. For native knee kinematics, in the

initial 30° of flexion, the tibial internally rotate after that it remains within 1° of that position while
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PS-TKA typically continues to internally rotation.(187) Our configurations demonstrated reduced
internal rotation with continued flexion. This observation isn’t abnormal for the implanted knee,
as Suggs et al.(180) reported that there is a reduction in internal tibial rotation with post-cam
engagement. The coronal laxity decreased in our study with overstuffing the joint. This can be

explained by the increased ligament tension, which increases the stability of the configurations.

Our study findings suggest that TKA alignment and not PE insert thickness many play a greater
role in axial rotation in PS-TKA with greater internal rotation in KA compared to MA irrespective
of the PE insert thickness Figure 4.17-B. The internal rotation of the tibia with flexion is related
to the screw-home mechanism observed in the knee. The greater internal rotation observed in KA
is in keeping with literature that supports KA as being more physiological.(188, 189) Another in
silico study demonstrated more physiological knee kinematics with KA.(190) Amongst the two
alignments, KA allows a greater contribution of the soft tissues to balance and stabilize the knee.
The increased contribution of the soft tissues is evidenced by the increased JCF and soft tissue
tension proportionately in KA compared to MA. Our study yielded higher JCFs with KA (Figure
4.19). High contact pressures have been reported in KA, resulting in increased PE wear, but they
have not been shown to cause PE failure.(190) Our study demonstrated minor differences between
the alignments with regards to the joint kinematics during neutral flexion, laxity testing in
conjunction with under- and overstuffing the tibiofemoral joint. This is representative of the
current literature regarding alignment, which remains controversial.(84, 188, 189, 191)

The limitations in this study were the use of point-to-point ligaments rather than bundles of
ligaments which does not entirely represent the native ligament properties. There is still a
significant variation in the literature regarding the representation of ligaments.(149) The
computational models are based on approximations and assumptions made to simplify the
complexity of the human knee.(22) Our model lacked the patellofemoral joint, and therefore its

effect on TKA kinematics was excluded in our study.
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Conclusion

Surgeons who utilise PS-TKA need to be aware that PE size changes have a variable effect on the
kinematics of the implanted knee. These effects are in conjunction with other features such as
alignment and the post-cam mechanism. This body of work contributes to the understanding of
TKA kinematics in PS-TKA. This knowledge can aid the surgeon in intraoperative decision
making to individualize patient treatment. Improvement in judgement can improve patient
satisfaction and mitigate against pain, instability and subsequent revisions while optimizing

kinematics.
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Chapter 5
Instability in Cruciate Retaining Total Knee Arthroplasty

Abstract

Approximately one-third of early TKA failures are due to soft tissue imbalances resulting in
instability. Flexion and mid-flexion instability are used to describe instability in a flexed implanted
knee. This instability in flexion is multifactorial and currently a poorly understood clinical
phenomenon. During activities of daily living (ADL), the knee is maintained in a flexed position
potentiating the possible instability. Therefore, we investigated the contribution towards the
instability of under- and or overstuffing the tibiofemoral joint space with the polyethylene (PE)

insert.

This study employed a hybrid computational-experimental joint motion simulation on a VIVO 6
degrees of freedom joint motion simulator (AMTI, Watertown, MA, USA). Physical prototypes of
a virtually performed TKA in mechanical alignment based on cadaveric CT scans and a virtual
ligament model were utilised. The reference, understuffed (downsized 2 mm) and overstuffed
(upsized 2 mm) joint spaces were simulated, and ADL loads and motions were performed for each

configuration.

Our results demonstrated differences in the TKA kinematics within the configurations. However,
no overt instability was demonstrated. During the gait cycle (10-35%), the mean AP translations
were -4.3 mm +1.1, -5.2 mm 0.8, -5.8 mm +0.6. During stair descent (85-100%), the mean AP
translations were 11.8 mm 1.7, 10.8 mm 2.0 and 9.8 mm +2.3. During stair ascent (40-60%),
the mean axial rotations were -3.4° £1.8), -5.6° +1.9 and -7.3° £1.9. This was in the understuffed,

reference and overstuffed configurations, respectively.

In implant modularity, changes in the PE insert sizing affect the TKA kinematics, soft tissue laxity,
and ligament tension during ADL. This hybrid biomechanical study highlights that understuffing
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the joint with a 2 mm smaller PE insert in isolation is unlikely to create instability with flexion

during gait, stair ascent and descent.
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Introduction

The aim of total knee arthroplasty (TKA) is in patients with advanced knee osteoarthritis is to
provide a painless stable knee and restore joint functionality.(2, 3) The implanted knee should
provide a maximal range of motion (ROM) and stability for the patient to perform their required
activities of daily living (ADL).(4) Whilst there has been a great success in TKA, there is a subset
of patients who remain dissatisfied with their results.(5, 6) Proper ligament balancing and stability
are requirements for achieving good functional outcomes and long-term implant survival.(101)
Patients with residual pain are dissatisfied, have a lower quality of life and higher health care

resource burdens.(8)

Approximately one-third of early TKA failures are due to soft tissue imbalance resulting in
instability requiring subsequent revision.(12, 13, 100-102) Intraoperatively TKA stability is
manually assessed at full extension and 90° of flexion but not routinely in the mid-flexion ranges.
Flexion and mid-flexion instability are controversially used interchangeably to describe instability
in a flexed knee.(103-106) This instability in flexion is multifactorial and is currently a poorly
understood phenomenon.(105) During ADL, the knee is maintained in a flexed position.(107)

Patients with instability present with vague complaints with walking and stair activity.(104)

The advances in joint motion simulator technology have enabled these machines to analyze TKA
mechanics while simulating different joint spaces and soft tissue balancing by changing the
properties of parametric virtual ligaments.(15) A recent systematic review and meta-analysis found
literature investigating 14 possible causes of mid-flexion instability, none of which evaluated if
under- or overstuffing the tibiofemoral contributed to this phenomenon.(113) It remains unclear
the effects of under- or overstuffing the tibiofemoral joint and its contribution towards instability
in TKA during ADL.

The objective of this study was to evaluate and identify instability in cruciate-retaining (CR) TKA
during ADL using; a reference, understuffed and overstuffed joint spaces. We hypothesized that

understuffing the joint space would affect TKA kinematics and cause instability.
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Methods

This study employed a hybrid computational-experimental joint motion simulation on a VIVO 6
degrees of freedom (6-DoF) joint motion simulator (AMTI, Watertown, MA, USA). These
simulations measure the kinematics of physical implant components in response to applied loads,
but with forces imposed as a result of simulated stretching of surrounding “virtual ligaments”.
These simulated one-dimensional point-to-point springs are virtually installed around the implant
components, will become tensioned or slack in response to insertion Kinematics (insertion
coordinates defined relative to the implant components), and the forces they generate will
contribute to joints kinematics and stability. The virtual ligaments employed in the current study
were designed to replicate the relative insertion coordinates, tensioning, and stiffness of actual
ligaments around a mechanically aligned TKA, using the following procedure.

Virtual ligament design

The distal femur and proximal tibia were reconstructed from a CT scan of a single cadaver knee
as described in Chapter 3 in neutral extension using 3D Slicer (138) and exported as
stereolithography (.stl) files. These 3D surface models were imported into the commercially
available CAD software, SolidWorks 2020® (Dassault Systemes SolidWorks Corporation,
Waltham, MA). In SolidWorks, this native knee geometry was used to identify relevant ligament
insertions based on established bony landmarks and previous literature.(139-146) The femoral and
tibial insertions of the posterior cruciate ligament (PCL), superficial medial collateral ligament
(SMCL), and lateral collateral ligament (LCL) were each identified and would serve as connection
points for the single-bundle virtual ligaments. The anterior cruciate ligament and deep MCL were
not represented as they are routinely released in TKA procedures as part of the soft tissue dissection
required for exposure of bony resection. The insertion-to-insertion distance of each ligament was
noted. Acknowledging that ligaments may be slack or stretched when in neutral extension, these
distances could not be used to define the correct resting length (unstretched or “slack” length) of
each ligament. However, the slack length was estimated based on literature-derived intact knee

ligament reference strains and the insertion-to-insertion distance in extension.(147-149)
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Surface models (.stl files) of a tibial and femoral Triathlon® (Stryker Corp., Mahwah, NJ) TKA
components were imported into the CAD software. A size five tibial tray with a nine mm thick CR
polyethylene (PE) insert component was used, in combination with a size five femoral component.
Virtual TKA was performed with mechanical alignment (MA), which required the distal femur
bone model to be cut perpendicular to the femur’s mechanical axis, and for the proximal tibia to
be cut perpendicular to the tibia’s mechanical axis. The femoral component was aligned with the
approximated trans-epicondylar axis; this was determined by externally rotating 3° from the
posterior condylar axis. The posterior sloped tibial resection was performed at 5°. The implant
components were aligned to the cut surfaces of the femur and tibia, and then the entire tibia (plus
tibial component) was translated and rotated such that the femoral and tibial components were
neutrally positioned and aligned (in extension, with the femoral condyles dwelling at the deepest
point in the PE dishes). The coordinates of the ligament femoral and tibial insertions were
measured with respect to the femoral component, as were their new lengths, which changed after
TKA. Along with the ligament stiffness, these data were sufficient to define virtual ligaments
around the TKA.

Joint motion simulator

Real physical prototypes of the same implant components were mounted onto the VIVO. The
femoral component was mounted to the mounting axle with polymethylmethacrylate cement
(Bosworth Fastray; Keystone Industries GmbH, Singen, Germany), and the tibial baseplate
component was anchored into the tibial fixture using dental model stone (Modern Materials
Golden Denstone Labstone; Modern Materials, Kulzer GmbH, Hanau, Germany). We used
polydimethylsiloxane (silicone)-based lubricant (HAS0001-OS, Horizon Fitness, Cottage Grove,
WI) as an articulation lubricant and applied it consistently throughout the experiment. The VIVO
was used to apply loads and motions representative of ADL, and the resulting kinematics
(measured outcome) were sensitive to the implant component geometries, alignments, and virtual
ligament properties. This in vitro technique of measuring motions and kinematics with simulated

virtual ligaments has been previously described.(15)
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pace

Three different joint spaces were simulated (See Appendix C):

(iv)

v)

(vi)

Reference joint space: The 9 mm PE insert was utilised. This created our reference joint
space relative to our virtual ligament model.

Understuffed joint space: The 9 mm PE insert was undersized by 2 mm. This was
simulated by the VIVO and resulted in an understuffed joint space.

Overstuffed joint space: The 9 mm PE insert was oversized by 2 mm. This was

simulated by the VIVO and resulted in an overstuffed joint space.

Input loads and motions

Motion

(i)

s were simulated as follows for each joint space:

Activities of Daily Living: Simulated ADL was performed as in previous studies(22) by
applying loads and motions based on data measured using load-sensing TKA
implants.(150) walking, stair ascent and descent were simulated. The load cycle begins at
the flat foot for the walking files and goes through the gait cycle (flat foot, heel off, toe-
off, swing phase, heel strike, flat foot, etc.). This splits the gait cycle into the first 60%
stance and the last 40% swing phase. The stair ascent and descent load cycles both begin
and end with the middle of swing phase. This splits the stair ascent and decent into the first
and last 20% swing phase and the middle 60% as stance phase. The walking, stair ascent
and descent loads, and motions based on the AVG75 dataset from the Orthoload website

database were used (https://orthoload.com/).(150) All degrees of freedom were operated

in force control, except flexion angle, which was prescribed. The ADL was simulated for
each joint space configuration. Each activity was simulated for four cycles, with data

recorded during the third and fourth cycles, including 6-DoF kinematics.

Data analysis and statistics

Recorded data were smoothed using a low-pass Butterworth filter followed by a spline

interpolation function in Matlab (The MathWorks, Natick, MA), and then down-sampled to only
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include data at 15° intervals of flexion and only during the flexion phase of the complete
flexion/extension motion in the laxity testing. During the ADL testing, the joint motion was
sampled throughout the cycle. We extracted the anteroposterior (AP), internal/external rotation
(IE) and varus/valgus (VV) kinematic data in each of the 6-DoFs. We also collected posterior,
varus and valgus motion limits in each of the 6-DoFs at these limits. The smoothed and processed
data were used for statistical analysis. Descriptive statistics were used to compare the results
between each joint space configuration. All statistical analyses were completed in Microsoft®
Excel (v.16.45).

Results

We identified regions in the resultant kinematic waveforms results where the under- and
overstuffed configurations deviated from the reference configuration. These areas of differences
were quantified, and the knee flexion ranges were reported. The net ligament forces were increased
in the overstuffed configuration and decreased in the understuffed configuration when compared

to the reference configuration.

Gait

The gait AP, axial and coronal kinematics are shown in (Figure 5.20). In the AP kinematics
(Figure 5.20-A) during the stance phase (10-35% gait cycle), there was an increased mean
translation in the understuffed configuration -5.8 mm +0.6 and decreased mean translation in the
overstuffed configuration -4.3 mm +1.1 compared to the reference configuration -5.2 mm =0.8.
During this period, the knee was flexed between 13-22°. During the stance phase (10-30% gait
cycle), the axial kinematics (Figure 5.20-B) demonstrated a mean rotation of 2.9° £0.9 in the
understuffed configuration -0.2° £1.6 in the overstuffed configuration compared to the reference
configuration 1.4° +1.1. During this period, the knee flexion was 15-22°. During the swing phase,
there was rotation instability observed in the understuffed configuration. This is demonstrated by
the peak in the understuffed waveform (Figure 5.20-B), as the knee was extending from 61° to 10°
of flexion. In the coronal kinematics (Figure 5.20-C), in the stance phase, there was more varus in
the understuffed configuration and less varus in the overstuffed configuration compared to the
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reference configuration. In addition, there was less valgus in the understuffed configuration in the
swing phase and more valgus in the overstuffed configuration compared to the reference
configuration. However, these observed differences were within less than 0.5° of each other,

respectively.

Stair descent

The stair descent AP, axial and coronal kinematics are shown in (Figure 5.21). In the AP
kinematics (Figure 5.21-A), the three configurations behaved similarly during the stance phase.
During the swing phase (85-100%), the mean AP translations were 11.8 mm +1.7, 10.8 mm +2.0
and 9.8 mm £2.3 in the understuffed, reference and overstuffed configurations, respectively. The
knee flexion angle during this period was 48-98°. The axial kinematics (Figure 5.21-B) during O-
50% yielded a spread of the waveforms of the configurations. The knee flexion range was 13-33°.
The mean axial rotations 0-50% were -5.1° £3.1, -7.3° £3.1 and -9.0° £2.7 in the understuffed,
reference and overstuffed configurations, respectively. In the coronal kinematics (Figure 5.21-C),
there was more varus in the understuffed configuration and less varus in the overstuffed
configuration compared to the reference configuration. However, these observed differences were

within less than 0.5° of each other, respectively.

Stair ascent

The stair ascent AP, axial and coronal kinematics are shown in (Figure 5.22). The AP kinematics
(Figure 5.22-A), during swing phase 90-15% yielded mean AP translations were 11.4 mm 1.7,
9.9 mm £1.8 and 9.7 mm 1.4 in the understuffed, reference and overstuffed configurations
respectively, the knee was flexed between 63-93°. The IE kinematics (Figure 5.22-B), during 40-
60% of the cycle, the mean axial rotations were -3.4° £1.8, -5.6° +1.9 and -7.3° 1.9 in the
understuffed, reference and overstuffed configurations respectively, the knee flexion was 21-40°.
In the VV kinematics (Figure 5.22-C), there was more varus in the understuffed configuration and
less varus in the overstuffed configuration than the reference configuration. However, these

observed differences were within less than 0.5° of each other, respectively.
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Figure 5.20: Graphs representing the knee kinematics during walking. A- Anteroposterior

kinematics. B- Axial rotation kinematics. C- Coronal kinematics.
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Figure 5.21: Graphs representing the knee kinematics during stair descent. A-

Anteroposterior kinematics. B- Axial rotation kinematics. C- Coronal kinematics.
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Figure 5.22: Graphs representing the knee kinematics during stair ascent. A-

Anteroposterior kinematics. B- Axial rotation kinematics. C- Coronal kinematics.
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Discussion

This study aimed to evaluate CR TKA for instability during ADL using; a reference, understuffed
and overstuffed joint spaces. To our knowledge, this is the first study to evaluate and report on the
effects of under- and overstuffing to elucidate instability during ADL.

The definitions of flexion and mid flexion instability are often used interchangeably in the
literature.(103-106, 108) The classical “mid-flexion” instability in TKA literature refers to coronal
and AP instability.(109) This has been reproduced in both cadaveric and computer model studies
with the joint line elevation.(103, 110) Martin and Whiteside (109) performed their landmark study
using ten cadaveric knees. The knees were mounted onto a machine, a 45N vertical load and 10
Nm moment were applied with testing at 15° intervals of flexion up to 90°. In five, they shifted the
femoral component proximal and anterior by 5 mm. In the remaining five, they shifted the femoral
component distal and posterior by 5 mm. They assessed the coronal and AP displacement in mm
at the respective flexion angles. They reported increased coronal and AP displacements in the
proximal and anterior group compared to control group. They reported the opposite in the distal
and posterior group with decreased coronal and AP displacements.

Instead of manipulating the femoral component position, our study performed adjusts of the “joint
space” simulating PE insert sizes, which is a routine intraoperative decision made by orthopaedic
surgeons who perform TKA. Our study yielded similar results. During the simulated ADL, the
understuffed configuration yielded increased AP, axial and coronal displacement compared to the
reference configuration. The overstuffed configuration yielded decreased AP, axial and coronal
displacement compared to the reference configuration. This stiffing seen in our overstuffed
configuration was also reported by Martin and Whiteside.(109) In our study, we did not observe
any coronal instability. The coronal kinematics in the understuffed configuration were within less
than 0.5° of the reference configuration. The magnitude of which is unlikely to have any clinical

significance. This is likely a result of the virtual ligament in our study.

A systematic review indicated that mid-flexion instability had been reported not only coronally

but AP and rotationally.(113) During the gait cycle, our understuffed configuration demonstrated



83

rotatory instability in the swing phase as the knee decelerated while extending from 61° to 10° of
flexion (Figure 5.20-B). This was found during the second half of the swing phase as the flexion
angle rapidly decreased. Rotatory instability has been reported in sacrificing both cruciate
ligaments.(64) We observed the rotatory instability during the swing phase in gait and not
reproduced in stair ascent and descent configurations. In the clinical setting, patients can
compensate for instability while walking on a level surface by stiffing the knee. Pes anserine
bursitis causing medial side tenderness after TKA with ADL, particularly stair ascent, has been
reported.(192) Our results may suggest this pain is a result of hamstring contraction in an attempt
to stabilise rotatory instability. However, the rotation instability is likely linked to our virtual

ligament and the lack of secondary stabilisers.

Flexion instability was first described as an extension and flexion gap mismatch. The knee is stable
at full extension but lax at 90° of flexion.(111) Patients report instability, particularly when bearing
weight on a flexed knee. The laxity allows the femur to glide on the tibia, which is perceived as
instability by the patient and results in recurrent effusions and pain. A computational analysis
assessing instability was performed by taking a balanced TKA and simulating joint line elevation,
implant sizing and translating the femoral component anteriorly.(103) They assessed the ligament
load between 15-75° of knee flexion. They found in CR TKA that the overall tibiofemoral ligament
load was reduced significantly with femoral proximalization and anterior femur translation (P <
.001). This was not observed with implant size changing (P > .6). The simulation yielded no
changes in the PCL load (P > .9). Another computational model study assessed joint line elevation
at 5 and 10 mm while measuring the ligament tension with an ultra-congruent PE. They concluded
that elevation of the joint line was insufficient to be the main contribution of coronal flexion
instability.(193) We found similar results in our study. We did not observe any coronal instability.
The axial kinematics in the under- and overstuffed configuration were within less than 0.5° of the
reference configuration. The magnitude of which is unlikely to have any clinical significance.
However, our simulation affected the extension and flexion gap by understuffing the joint space
by reducing the “joint space” with the PE insert size. We observed a decrease of our net ligament
tension in our understuffed configuration during ADL causing relative laxity. Minoda et al.(194)
evaluated 30 varus osteoarthritic knee and performed posterior-stabilized TKA, and

intraoperatively measured the joint gap using a tensor device with two different trial femoral
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components. The first component and had a 9 mm distal and posterior thickness, and the second
had a 7 mm distal and posterior thickness. The differences in the joint gap between 0-90° of flexion
were not statistically significant. They concluded this elevation of the joint line was not associated
with mid-flexion instability. This study however didn’t consider the TKA kinematics during

physiological weight bearing with ADL where instability is commonly reported.

Laskin et al.(88) coined the term “stuffing” of a joint which results in decreased ROM related
due to the inappropriate sizing of implants (femur and tibia). In the clinical literature, under
stuffing the joint with decreased PE thickness, decreased soft tissue tension increases ROM, but
the joint stability decreases.(90) Achieving the optimal soft tissue tension is linked to adequate
kinematics in TKA.(85) The under-sizing of the PE Insert is a recognised cause of instability due
to the soft tissue laxity.(92) In TKA, soft tissue laxity can result in not only instability but also
pain.(85) Overstuffing of the tibiofemoral joint space can result in limitation in knee ROM. (88)
In addition to influencing the ROM and the overall functioning in TKA can be affected.(90, 91)
However, our simulation showed increased AP, axial and coronal stability in the overstuffed
configurations. Our study is unable to report on ROM as the simulations prescribed this.

Intraoperatively the surgeon determines the appropriate PE thickness based on the overall knee
balance and soft tissue tension. (89) This method does not factor in the mid-flexion kinematics of
the PE insert sizing choice as the second constraints, such as the posterior capsule, are removed
with knee flexion. Our results demonstrated that under- and overstuffing did not globally affect
the kinematics during ADL. However, deviations from the reference configuration happened
within specific knee flexion ranges during the respective activities. In our study, overstuffing
resulted in increased stability, while the inverse was observed in understuffing the joint space
(Figure 5.20-5.22). The positive findings were demonstrated during the gait cycle between a
flexion range of 10-61° as the knee extended (Figure 5.20). In addition, the positive findings were
demonstrated during the stair descent between a flexion range of 13-33° and 48-98° (Figure 5.20).
Similarly, positive findings were demonstrated during the stair ascent between a flexion range of
21-40° and 63-93° (Figure 5.22).
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The patient could perceive the increased translations and displacements seen in the understuffed
configuration as the knee giving way and result in instability complaints. The sense of shifting or
the slide of the knee has been reported in clinical literature as instability.(111) This phenomenon
has been reported in CR TKA with loss of anterior restraints and associated quadriceps weakness
resulting in instability and anterior knee pain.(195) However, the magnitude of kinematic changes
we observed during ADL are unlikely to be clinically significant. Our findings add to the current
body of literature in the understanding of instability during flexion. Our study confirmed that
instability in flexion could not result from isolated understuffing of the tibiofemoral joint space
with the PE insert during ADL.

The limitations in this study were the use of point-to-point ligaments rather than bundles of
ligaments which does not wholly represent the native ligament properties. In addition, there is still
a significant variation in the literature regarding the representation of ligaments.(149) The
computational models are based on approximations and assumptions made to simplify the
complexity of the human knee. Another limitation is the loading parameters for the ADLs, as these
are based on TKA parameters using PS PE.(22) Our model lacked the patella-femoral joint and
other soft tissue stabilisers of the knee, and therefore their effects on TKA kinematics were

excluded in our study.

Conclusion

In implant modularity, changes in the PE insert sizing affect the TKA kinematics, soft tissue laxity,
and ligament tension during ADL. This hybrid biomechanical study highlights that understuffing
the joint with a 2 mm smaller PE insert in isolation is unlikely to create instability with flexion
during gait, stair ascent and descent. However, further studies are required to understand the

reported phenomenon of instability during ADL fully.
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Appendices

Appendix A: An in-depth description of the virtual model creation as explained in the
following excerpt from the methods section of a previous work by Montgomery et al.

Virtual Model Development

Creating a virtual knee model started with the segmentation of CT scans taken for a previous
cadaveric study using the program Slicer Version 4.11.0. A threshold segmentation technique was
used to extract individual bone segments as separate files. Three separates segmentations were
extracted: proximal femur including the femoral head, distal femur, and proximal tibia. The
proximal tibia and the distal femur — the two parts of the leg tested in the previous cadaveric study
— were then assigned unique individual coordinate systems based on the coordinate system
developed by Grood and Suntay. The femoral coordinate system originated at the middle of the
line connecting the centre of the two spheres made by the condyles (epicondylar axis). The z-axis
was defined as a line that passed from this origin to the center of a sphere-fit of the femoral head
and was positive proximally?*. The y-axis was the anteriorly positive cross-product of the
epicondylar axis and z-axis. The x-axis was parallel to the sagittal plane of the femur and was the
result of cross-multiplying the z and y axes. It was positive to the right. The tibial coordinate
system originated at the center of the intercondylar notch. Its z-axis extended proximally from the
center of the ankle joint — calculated as the midpoint of the lateral and medial malleoli — to the
center of the intercondylar eminences and is positive in the proximal direction. The y-axis was
calculated by cross multiplying the z-axis with a line connecting the centers of the two tibial
plateaus and was positive in the anterior direction. Finally, the x-axis was the right-facing cross
product of y and z axes. Note that the z-axes for both bones are coincident with the respective
bone’s mechanical axis. The finalized models were then saved as stereolithographic files so that
they could be used in CAD software. The stereolithographic files for the TKR prosthesis were
obtained directly from the manufacturer: Stryker Corporation. Both the femoral component and
tibial components were given coordinate systems as well. The x-axis of the femoral component
was taken as the line connecting the centre of the sphere-fits made to each of the condyles. The z-
axis was the result of a cross multiplication between the x-axis and a horizontal line taken from

the bottom surface of the component. The anterior facing y-axis was the cross product of the z and
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x axes. This coordinate system was situated at the midpoint between the two condylar sphere-fit
centres. The tibial component’s coordinate system was centered at the front lip of the central hole.
The z-axis was defined as a line parallel to the back edge of the component. The cross product of
this and a line connecting the two posterior protuberances gave the y-axis, and the x-axis was a
cross product of the z and y axis. In all cases, the z-axis was positive superiorly, the x-axis was

positive to the right and the y-axis was positive anteriorly.
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Appendix B: An in-depth description of the virtual model creation as explained in the
following excerpt from the methods section of a previous work by McGale et al.

Virtual Ligament Model

We simulated soft tissue balancing that is performed during TKA by applying virtual ligaments
that recreate the soft tissues used to balance TKAs. The PCL, the sMCL and the LCL were included
in the virtual soft tissue envelope. The ACL and dMCL were not used, as these are routinely
released in most TKAs as part of the soft tissue dissection required for exposure or boney resection.
The ligament insertion points were determined from previous anatomic studies and defined on our
anatomic models**2°, Once defined on the model, it was possible to determine the relative position
of the ligament insertions with respect to the local coordinate systems of the implant components.
The same real implant components were mounted onto a joint motion simulator, and it was then
possible to determine the coordinates of the insertion points with respect to the simulator axes
based on knowing the position of the implant components on the machine. The insertion points
were referenced in relation to femoral component, which allowed poly changes without affecting
insertion points. However, switching between MA and KA, the ligament insertion points were
adjusted accordingly to simulate the change in implant component alignment.

Ligament properties including stiffness, reference strain, reference length and zero load length
were adapted from the literature and calculated to fit with our virtual model. A combination of
computational TKA models and native knee properties were used to create the ideal ligamentous
properties in our work!®21-2_ igament properties had to be defined with respect to a distinct pose,
or starting position, on the VIVO. This reference pose was defined at 0° of extension with the
application of a 100N compressive load across the joint. This position was used to record the
resulting equilibrium pose. With the knee in full extension, the ligament’s length can be defined
from our models and ligament insertion points. Using this pose, we can calculate the reference
strain of each ligament. We used the native ligament length at the same pose and strain on each
ligament, as reported in the literature, to calculate the values for zero-load length or slack length.
The following calculation for the reference strain of each ligament was used: (current length —
original length) / original length x 100%. Qualitatively, this defines the amount of deformation in
the ligament at full extension due to the anatomical force placed on the ligaments. For example,

the PCL in mechanical alignment has a reference strain of -3.42%, which equates to approximately
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1.3mm of slack in the ligament (zero-load length of 37.9mm vs mechanical load length of
36.6mm). Another example is the SMCL in mechanical alignment that has a reference strain of
2.73%, which equates to the ligament being on stretch by approximately 2.4mm from its slack
length. The ligament properties of stiffness, reference strain, and ligament length used for each

alignment are shown in Table 4-1.

Table 4-1. Ligament properties adapted from literature and calculated to fit our virtual ligament
model. All lengths are in millimeters, reference (ref.) strains are given as a percentage of zero-load
length, stiffness is in units of Newtons per unit strain. (A) CR femoral component MA and KA,
(B) PS femoral component MA and KA. MA=Mechanically Aligned, KA = Kinematically Aligned

MA KA
Ligament Zero-Load MA Length KA Length Stiffness
Ref. Strain Ref. Strain
CR Component | Length (mm) (mm) (mm) (N/e)
(%) (%)
PCL 37.93 36.63 -3.42 37.29 -1.67 9000
sMCL, 89.75 92.21 2.73 92.45 3.00 2200
LCL 63.25 64.61 2.14 64.26 1.60 1800
A
MA KA
Ligament Zero-Load MA Length KA Length Stiffness
Ref. Strain Ref. Strain
PS Component | Length (mm) (mm) (mm) (N/e)
(%) (%)
sMCL, 89.75 92.38 2.93 92.58 3.15 2200
LCL 63.25 64.91 2.62 64.59 2.12 1800
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Appendix C: Simulation of under- and overstuffed joint spaces

Understuffed Joint Space

Prior to running the simulation, the VIVO was put in displacement mode. The VIVO was
positioned in full extension with the femoral component in contact with the 9 mm polyethylene
insert. Using specimen mode menu, we increased the joint space by 2mm creating a gap between
the femoral component and 9 mm polyethylene insert. This was then saved as the reference pose
for the virtual ligament model. Once in program mode the simulation was loaded and initiated the
femoral component returned to a contact position with the 9 mm polyethene insert creating laxity
in the virtual ligament model which simulated a 2 mm understuffed joint space.

Overstuffed Joint Space

Prior to running the simulation, the VIVO was put in displacement mode. The VIVO was then
positioned in full extension. Using specimen mode menu, the joint space was distracted, and the 9
mm polyethylene insert was removed. The joint space was then set to 7mm “reducing gap for 9
mm polyethylene insert by 2mm”. This was then saved as the reference pose for the virtual
ligament model. The joint space was distracted, and the 9 mm polyethylene insert was then re-
inserted, and the components placed in a position of contact. The virtual ligament model responded
with tensioning with 9 mm polyethylene insert occupying a 7 mm potential space. Once in program
mode the simulation was loaded and initiated the virtual ligament model behaved in a manner

representative of 2 mm overstuffing of the joint.
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