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Background

improve wear resistance and (theoretically) minimize loosening4. Examples of
Total Knee Arthroplasty (TKA) is a common surgical procedure in the

modern total knee designs are given in Figure 1.1.

treatment of invalidating osteoarthritis of the knee. The first knee implants
were implanted in 1891 by Theophilus Gluck, a German surgeon. In the 1970s
the modern era of total knee replacement started. In this era the total condylar

Fig 1.1: Cruciate retaining fixed bearing prosthesis (left) and posterior stabilized rotating platform
design (right).

knee replacement was introduced. This design concept consists of a separate
femoral component and tibial component. In between both metal components
a polyethylene component is situated to accommodate knee movement. The
replacement of the cartilage of the patella by a separate component is optional.
Two different design approaches were introduced: the anatomical approach
and the functional approach1. The anatomical approach was based on guidance
of knee motion by the soft tissues and therefore preservation of the cruciate
ligaments. In theory both cruciate ligaments should be preserved, but with
most TKA designs used today only the posterior cruciate ligament is preserved.
The functional approach is based on simplification of the knee mechanics by
removing both cruciate ligaments. Roughly, both design philosophies resulted
in two main groups: cruciate retaining (CR) and posterior stabilised (PS) TKA.
In the posterior stabilised prosthesis the function of the posterior cruciate

Nowadays, roughly 22,500 TKA’s are performed annually in in the

ligament is replaced by a post-cam mechanism. This mechanism prevents the

Netherlands5. Due to the advancing age of the Dutch population this number is

femoral component from sliding anterior1. Both designs were initially designed

expecting to climb to 58,000 TKA’s annually by the year 20306. Furthermore, due

with fixed bearings, which means that the polyethylene insert is snapped onto

to the improving results achieved with TKA nowadays, patients treated with a

the tibial component. To accommodate for normal knee kinematics2 (flexion,

TKA are becoming younger.

extension, sliding and rotation), the polyethylene insert is relatively flat and is

The goal of TKA is pain relief and restoration of knee function and kinematics.

not truly conforming to the femoral component. A polyethylene insert that is less

Knee range of motion (ROM) and particularly knee flexion has traditionally

congruent with the femoral component, has a smaller contact area between the

been one of the most important factors used to determine success after TKA as

femoral condyle and the polyethylene insert and thus increased contact stresses2.

many functional activities are dependent upon it. Ascending and descending

It was thought that reduction of these contact stresses might improve implant

stairs requires 90–120° of flexion, transferring into and out of a bath up to 135°7

survival3.

and cultural and religious activities such as squatting, kneeling and cross-legged
sitting require up to 165° 8. The latter activities are primarily required in Asian

To improve congruity and allow for tibia rotation, the mobile bearing was

and Middle East countries and in the younger patient. Clinical follow-up studies

introduced in 1977 by Buechel and Pappas1. In a mobile bearing design the

have shown that patients who have achieved ≥125° of flexion have improved

polyethylene insert sits on a highly polished tibia component and rotates around

stair climbing ability compared to those who had a flexion up to 115° 9. Following

16
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a central peg. This allows for low contact stress and low constraint force to

17

and while

Several studies have shown that an improvement in postoperative range of

substantial functional improvements do occur postoperatively, they typically

motion can indeed be achieved with high-flexion TKA designs21-25. The amount

remain lower than age-matched population norms13,14. Consequently, many

of increase in postoperative flexion is about 10°. However, other studies did not

patients are unable to return to more demanding activities such as kneeling and

confirm any improvement in postoperative range of motion26,27. Furthermore,

squatting15,16.

not all studies which showed an increase in postoperative flexion did show

10-12

improved patient satisfaction23,25. Overall results of TKA are considered good
Since improved survivorship enables arthroplasty in younger patients, the

with an absolute revision rate of 10% after 15 years as reported in the Swedish

quest for implants designed to accommodate or induce greater knee flexion has

registry28,29. In total 8.2% of all total knee arthroplasties are revisions29. Within the

recently emerged. These high-flexion implants are often based on conventional

first 5 years after primary implantation, a revision rate of 2.8% has been reported

TKA designs with modifications aimed to improve the kinematics at high-flexion

in conventional TKA30. Furthermore, about 75-89% of patients is satisfied after

angles up to 155°. One of the most common features is an increased posterior

TKA30,and although a satisfaction percentage of 75 is acceptable this implicates

condylar offset with a continued radius of curvature. This enables continued

that 10-25% of TKA patients are dissatisfied with their TKA. Dissatisfaction can

femoral rollback to occur and enhances posterior femoral translation, providing

depend on preoperative expectations of the patient31. Approximately 81% of

increased clearance as the knee is brought into higher degrees of flexion, see

patients feel the main reason for TKA was to alleviate pain, for the other 19%

Figure 1.2

. The post-cam contact is positioned slightly more posterior to

return to sports-related activities is the main reason32. Since younger patients are

increase femoral rollback. A longer trochlear groove in distal direction is

more likely to desire return to sports activity, the percentage of dissatisfaction is

required as the patellar contact region moves distally, so that it is not caught in

probably higher in the younger patient.

17-20

the intercondylar space. An anterior recess in the polyethylene insert reduces
impingement on the patella and patellar tendon during deep flexion.

Reasons for Total Knee Arthroplasty failure
Fig 1.2: Example of a conventional TKA design (PFC Sigma RP PS) and a high-flexion TKA design (PFC
Sigma RP-F PS). On the right the longer trochlear groove and anterior recess in the polyethylene insert
is seen (www.kneereplacement.com).

It is important to understand aetiologies and causes for TKA failure to
identify reasons for dissatisfaction and find solutions to improve the patient
satisfaction and overall implant survival. Large national arthroplasty registers
show a good overview of reasons for revision. By using the register data from
Sweden, Norway, Finland, Denmark, Australia, and New Zealand a large
database of 391,913 primary and 36,307 (9%) revision TKAs, performed between
1979 and 2009, could be analysed33. This large series showed the most common
reason for revision being aseptic loosening (29.8%), followed by septic loosening
(14.8%), pain without other reason (9.5%), wear (8.3%), instability (6.2%),
implant breakage (4.7%), technical error (4.6%) and periprosthetic fracture (3%),
see Figure 1.3.

18
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TKA, however, knee flexion hardly ever exceeds 110–115°

Fig 1.3: Diagram illustrating the causes for revision surgery after Total Knee Arthroplasty

4.6

Aseptic loosening
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Septic loosening

4.7
29.8

6.2

8.2

9.5
14.8

Pain without other cause

of joint fluid (“particle-induced synovitis”) produced by fibroblast-like type B
synoviocytes of the surface layer of a pseudosynovial tissue around the TKA joint
cavity. This leads to high joint fluid pressure, which can induce tissue ischemia
and even direct bone necrosis34. The amount of joint fluid together with the
pressure generated contributes in part to the expansion of “effective joint space”.
This facilitates the delivery of wear particles, inflammatory mediators, signalling

Wear

molecules and other substances to areas distant from the bone–implant interface,

Instability

further intermixing mechanical and biological processes around TKA. Another

Implant breakage

theory is based on voids at the cement-bone interface. Voids at the cement–bone

Technical error

interface are always present after TKA surgery. Existing “empty spaces” at the

Periprosthetic fracture

bone–implant interface are eventually filled by fibrous tissue containing only a
few cells and blood vessels. Repeated mechanical stress on the membrane during
each movement induces trauma and hypoxic conditions, leading to proliferation
of fibroblasts that synthesize an abundant extracellular matrix to adapt to the

These evaluations of large study groups clearly show that the two most
important reasons for revision in conventional TKA, excluding infection

stresses and strains around the implant, resulting in excessive formation of
fibrous tissue and subsequently interface loosening35,36.

problems, are aseptic loosening and pain without other cause. Aseptic loosening

These theories indicate that the integrity of the cement-bone interface is

is normally a late complication in conventional TKA whereas pain is typically

critical to implant survival, as is already known from clinical studies37,38. There

an earlier complication.

are several reports showing how high stresses/strains in the bone cement can
lead to material fatigue, with cement creeping, cracking and debonding from
the implant and increasing micro-motion at the interface39-41. Little is known of

Concerns with high flexion Total Knee Arthroplasty

the mechanisms of sequential trabecular resorption adjacent to cemented TKA,
potentially compromising the fixation of cemented component to the bone bed42.

High-flexion TKA is a relatively new concept and the follow-up in clinical
studies is therefore limited to approximately 8 years. Compared to the more

However, it remains clear that the stresses at the cement-bone interface play a
critical role in aseptic loosening.

than 20 year follow-up of conventional TKA with good results, this is relatively

Aseptic loosening in conventional TKA is more often occurring at the tibial

short leaving still questions about the high-flexion TKA designs regarding

component than at the femoral component43. With the introduction of high-

several aspects.

flexion TKA, several studies have been published which show much higher rates
of aseptic loosening at an earlier phase. As shown by Han et al.44, radiographic

Femoral component loosening

aseptic loosening can occur in up to 38% after 32 months of follow-up, with a

Aseptic loosening is a complex combined mechanical and biological process.

revision rate of 21% after 23 months. In that study, the major area of loosening

There are several theories. One theory states that, wear particles from the

was located behind the anterior flange of the femoral component in a high

polyethylene liner trigger a complex host response with increased secretion

flexion design. Cho et al.45 also showed some poor results of a high-flexion

20
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total knee prosthesis with a revision rate of 3.2% at 49 months. Loosening of

may still be significantly different from the normal trochlea and this may explain

the femoral component was the main issue and seemed to occur at the cement-

the high percentage of AKP after TKA. The patellar tracking pattern is normally

metal interface. Jung et al.46 showed, for another high-flexion design, a revision

studied up to 120° of flexion. Especially for TKA analyses no studies above 120°

rate for aseptic loosening of the femoral component of 3.6% after 10.9 months.

of flexion are known. During deeper flexion the patella is trapped between both

All these results are much worse than the revision rates in standard total knee

condyles and is therefore constraint in the mediolateral direction. In standard

designs, which have a revision rate for all reasons of 4-6% at 10 years . It suggests

TKA the femoral component is medialized by 2.5 mm57. This results in an altered

that femoral implant fixation is a bigger concern in high-flexion designs than in

patella tracking pattern and might result in anterior knee pain.

47

conventional designs.

During high flexion the contact area between the patella and femoral
component reduces, leading to higher local stresses at the contact area between
patella and prosthesis58,59. These stresses may remain below the yield strength

Anterior knee pain
The second important reason for revision in TKA is pain without other cause.

of normal patellar cartilage59. In the natural knee, patellofemoral contact forces

This pain is often located at the anterior side of the knee and is therefore

reduce dramatically from 120° of flexion onwards. In the normal knee the

termed anterior knee pain (AKP). Its incidence has been reported to be as high

patellofemoral force is 3.2±0.6 times the bodyweight (BW) at 120° of flexion

as 49% . The aetiology is poorly understood and several mechanisms have

and at maximum flexion this was lowered to 1.9±0.1 BW. In case of a TKA the

been postulated. Several studies showed an internal rotation of the femoral

maximum patellofemoral force is about 3.2±0.5 BW in case of a cruciate retaining

component to be associated with AKP

design and 2.8±0.3 BW in a posterior stabilized design and at maximum flexion

48

49-51

. Other studies indicated overstuffing

of the patellofemoral joint as an origin of AKP

. Instability might also influence

52,53

anterior knee pain54. These mechanisms are all related to surgical technique.

this is 2.8±0.4 BW and 2.6±0.3 BW, respectively60. This higher patellofemoral
force at maximum flexion might result in anterior knee pain.

There are also mechanisms related to prosthesis design, like the sagittal curve,

Another reason for patellofemoral complaints, which can result in anterior

trochlear depth and trochlea shape. It is thought that these factors influence

knee pain is the patellar clunk syndrome. The clunk is the result of soft-tissue

the patellar tracking pattern in 3D. Patellar tracking is very complex, since the

impingement behind the patella, occurring mostly during flexion. It corresponds

motion constraints of the patella are determined by the anatomic characteristics

to a fibrous nodule located in the suprapatellar region, which is caught in the

of the distal femur and by the balance of forces along the soft tissues. Similarly,

intercondylar notch during flexion. It is most often seen in posterior stabilized

the femoral component design appears to be a critical determinant of patellar

knee implants with high range of motion postoperative. Therefore, patellar

tracking after total knee arthroplasty. The patellar tracking is proven to be

clunk syndrome may occur more frequently after high-flexion TKA. This is

influenced by malpositioning of the femoral component . The optimal femoral

indicated by recent follow-up studies reporting the relative high incidence of

component alignment is thought to be perpendicular to the mechanical axis

patellar clunk after high-flexion TKA61.

50

in the coronal view and in approximately 3° external rotation relative to the
posterior condylar line (in absence of significant condylar deficiencies) or in
line with the femoral transepicondylar axis. This allows both for a balanced
flexion gap and favourable patellar tracking

. Even with the ideal position

of the femoral component, biomechanical studies show that the normal patella
tracking is not fully restored

22

. This suggests that the TKA trochlear groove

10,55,56

Research questions

50,51

Based on the issues as described above it is clear that the research field to
optimize high-flexion TKA is large and requires further study in order to

23
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1

optimize the quality of care for patients requiring high-flexion TKA. The

strength is widely studied, very little is known about the strength of the cement-

following questions summarize the topics of this thesis:

cortical bone interface, which is probably weaker. Dohmae et al.65 reported,

1

Femoral component loosening:

in revision cases due to a larger contact area with cortical bone. Chapter 2

1.

Is the cement-bone interface or the cement-prosthesis interface most

investigates the cement-bone interface strength for cancellous bone and cortical

prone to loosening in high-flexion total knee arthroplasty?

bone and assesses the effects of different, simple preparation techniques of

Can the surgical technique be improved to reduce femoral component

cortical bone.

2.

loosening in high-flexion total knee arthroplasty?

The strength of the complete cement-bone interface around the implant is

Anterior knee pain:

depending on the ratio of cancellous and cortical bone. Especially behind the

3.

Is the trochlear groove in current total knee arthroplasty equal to the

anterior flange cortical bone is exposed. With this in mind Chapter 3 had two

trochlea in the normal knee?

goals: The first goal was to quantify how much of the anterior flange is covering

4.

Does abnormal patellar tracking lead to increased anterior knee pain?

cancellous and cortical bone in total knee arthroplasty. The second goal was to

5.

Does high-flexion total knee arthroplasty lead to increased anterior knee

quantify what differences in footprint of the exposed cancellous bone behind the

pain?

anterior flange can be expected within a patient group.
In Chapter 4 the actual chance of interface loosening at the cementbone interface and at the cement-implant interface was simulated using the

Outline dissertation
Large register studies show aseptic loosening and pain without cause as main
reasons for revision total knee arthroplasty, excluding infection. Motivated by
these issues with TKA and especially high-flexion TKA as outlined before, this
thesis evaluates aspects of aseptic loosening and anterior knee pain.

Fig 1.4: The global FE knee model (left) utilized in this thesis to determine the femoral loading conditions during deep knee flexion and the local femoral FE model (right) to subsequently analyse the
loading of the femoral fixation site. The global knee model contained osseous tissues (femur, tibia,
fibula and patella), soft-tissues (quadriceps and patella tendon) and high-flexion TKA components. The
boundary conditions applied to the FE models, such as the ground reaction force Fgrf and the thigh-calf
contact force Ftc, are shown as well.

Femoral component loosening (Chapter 2,3 and 4)
An earlier study, which used a Finite Element (FE) model to estimate interface
stresses, indicated the area behind the anterior flange as most prone to
loosening62. It was assumed that the cement-metal interface was weaker than the
cement-bone interface and therefore the first to fail. However, literature shows
that the cement-implant interface strength exceeds the cement-cancellous bone
interface strength63,64. This suggests that perhaps the cement-bone interface is the
weak link instead of the cement-implant interface.
The anterior flange of the femoral component is not only covering cancellous
bone, but also cortical bone. Although, the cement-cancellous bone interface

24
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after studying total hip arthroplasties, that the interfacial strength was reduced

1

finite element model shown in Figure 1.4. Results from chapter 2 and 3 were

1

incorporated in this model. The first goal of the study was to determine if
the cement-bone interface was more prone to early failure than the cement-

1.

prosthesis interface in high-flexion TKA. The second goal was to determine
whether improvement of the cement-bone interface strength, as proposed in

Robinson RP. The Early Innovators of Today’s Resurfacing Condylar Knees.
J Arthroplasty 2005; 20:2-26.

2.

chapter 2, would reduce the potential for prosthetic loosening.

Ranawat CS, Komistek RD, Rodriguez JA, Dennis DA and Anderle M. In vivo
kinematics for fixed and mobile-bearing posterior stabilized knee prostheses.
Clin Orthop Relat Res 2004(418):184-90.

Anterior knee pain (Chapter 5,6,7 and 8)

3.

Anterior knee pain is related to patellar tracking. It is logical to presume that
a more physiological patella tracking after TKA would lead to less anterior

Engh GA. Failure of the polyethylene bearing surface of a total knee replacement
within four years. A case report. J Bone Joint Surg Am 1988;70(7):1093-6.

4.

Callaghan JJ, Insall JN, Greenwald AS, Dennis DA, Komistek RD, Murray DWet

knee pain. The patellar tracking is greatly influenced by the trochlear groove. In

al. Mobile-bearing knee replacement: concepts and results. Instr Course Lect

Chapter 5 the direction of the natural trochlear groove is determined in a large

2001;50:431-49.

number of human cadaver femora. In Chapter 6 the direction of the trochlea in

5.

the natural knee was compared to the direction of the trochlea in the femoral
component of TKA. As during deep flexion the patella is trapped between

LROI Rapportage 2012: Meer inzicht in kwaliteit van orthopedische zorg, ed.
NOV. 2012, ‘s-Hertogenbosch.

6.

Otten R, van Roermund PM and Picavet HS. Trends in the number of knee and hip

both femoral condyles, the patellar medial-lateral shift is heavily depending

arthroplasties: considerably more knee and hip prostheses due to osteoarthritis

on the femoral component placement. In Chapter 7 the clinical follow-up of

in 2030. Ned Tijdschr Geneeskd 2010;154:A1534.

patients with conventional TKA is presented. During surgery, the femoral

7.

Rowe PJ, Myles CM, Walker C and Nutton R. Knee joint kinematics in gait and

component medialization was measured. Since a medialization leads to altered

other functional activities measured using flexible electrogoniometry: how much

patella tracking, it was expected that more error in placement would lead to

knee motion is sufficient for normal daily life? Gait Posture 2000;12(2):143-55.

more anterior knee pain. Since anterior knee pain might be more common in

8.

Mulholland SJ and Wyss UP. Activities of daily living in non-Western cultures:

high-flexion TKA, a randomized controlled trial between a conventional TKA

range of motion requirements for hip and knee joint implants. Int J Rehabil Res

implant and a high-flexion implant was performed. In Chapter 8 the questions

2001;24(3):191-8.

whether high-flexion TKA actually improves postoperative flexion and if higher

9.

Meneghini RM, Pierson JL, Bagsby D, Ziemba-Davis M, Berend ME and Ritter

incidences of anterior knee pain occur in high-flexion TKA are addressed by a

MA. Is there a functional benefit to obtaining high flexion after total knee

Randomised Controlled Trial.

arthroplasty? J Arthroplasty 2007;22(6 Suppl 2):43-6.
10. Anouchi YS, McShane M, Kelly F, Jr., Elting J and Stiehl J. Range of motion in
total knee replacement. Clin Orthop Relat Res 1996;331:87-92.
11. Ritter MA, Harty LD, Davis KE, Meding JB and Berend ME. Predicting range
of motion after total knee arthroplasty. Clustering, log-linear regression, and
regression tree analysis. J Bone Joint Surg Am 2003;85-A(7):1278-85.
12. Schurman DJ and Rojer DE. Total knee arthroplasty: range of motion across five
systems. Clin Orthop Relat Res 2005;430:132-7.
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Abstract
Introduction: Recent clinical studies show an increased risk of femoral

Total knee arthroplasty is a very successful procedure with a survival of

component loosening in high-flexion TKA. Loosening seems to occur behind

95% at 7 years follow-up in the Norwegian and American Register1. Aseptic

the anterior flange, which is covering both cancellous bone and cortical bone. It

loosening is the fourth reason for revision after infection, instability and pain.

is important to optimize the interface strength between cement and both bone

The revision rate for aseptic loosening is less than 2% after 7 years, for standard

types to increase femoral component fixation. This study was performed to

designs1. Recent literature has shown that high-flexion designs show much

determine the cement-cortical bone interface strength for different preperation

higher revision rates. As shown by Han et al.2, radiographic aseptic loosening

techniques.

can occur in up to 38% after 32 months of follow-up with a revision rate of 21%

Material and Methods: A pure tensile and shear force was applied to interface

after 23 months. In that study, the major area of loosening was located behind

specimens. The cortical surface area was prepared in three different ways: (1)

the anterior flange of the femoral component in a high flexion design. Cho et

Unprepared cortical bone with periosteum; (2) Periosteum removed and cortical

al.3 also showed some poor results of a high flexion total knee prosthesis with

bone roughened with a rasp; (3) Periosteum removed and three Ø3.2 mm holes

a revision rate of 3.2% at 49 months. Loosening of the femoral component was

drilled through the cortex. A reference group was added with a cancellous bone

the main issue and seemed to occur at the cement-metal interface. Jung et al.4

surface.

showed, for another high-flexion design, a revision rate for aseptic loosening

Results: The interface tensile strength of group 1 was 0.06 MPa and the shear

of the femoral component of 3.6% after 10.9 months. All these results are much

strength was 0.05 MPa. For group 2, respectively 0.22 MPa and 1.12 MPa. For

worse than the revision rates in standard total knee designs. It suggests that

group 3, respectively 1.15 MPa and 1.77 MPa. For cancellous bone a tensile

femoral implant fixation is a larger concern in high-flexion designs compared to

strength of 1.79 MPa and a shear strength of 3.85 Mpa was measured.

the standard designs.

Conclusion: The strength of the cement-cancellous bone interface is superior

A finite element simulation of the Sigma RP-F (DePuy, Leeds) total knee

to the cement-cortical bone interface. The preferred preparation technique of the

arthroplasty, by Zelle et al.5, showed stresses at the tip of the anterior flange,

cortical bone is to remove all the periosteum and drill holes through the cortex

which just exceeded the cement-metal interface strength at a flexion angle of

within the footprint of the anterior flange, to prevent cortical weakening.

145°. The stresses behind the anterior flange were mainly shear stresses, which

Clinical relevance: Ultimately, the proposed preparation technique will lead to

increased up to 140° of flexion after which they decreased gradually. The shear

longer implant survival, particularly for prostheses which are used in the high-

stresses were twice as high as the compressive stresses. So, the main vector

flexion range.

of forces is shear. On the patellar interface this is the other way around, the
compressive forces are twice the shear forces with a maximal force at 120° of
flexion6,7. So, the main vector of forces is compression. In higher flexion angles,
the patellar interface stresses decrease, which lowers its failure potential. The
interface strength for compression is about 10 times higher as for shear and
about 30 times higher as for tension5. So, the femoral component is at a higher
risk of failure than the patellar component, especially due to shear and tensile
stresses.
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Introduction

It was by both Cho3 and Zelle5 assumed that the cement-metal interface was

Materials and Methods

weaker than the cement-bone interface and therefore the first the fail. However,
literature shows that the cement-metal interface has a tensile strength of about

Cement-bone interface specimens

2 MPa and shear strength of almost 4 MPa5. This exceeds the cement-cancellous

Eighty cement-bone specimens were created with fresh-frozen distal cadaver

bone interface strength as tested by Mann et al.8, with a tensile strength of 1.35

femora, with an age over 70 years old. In total 10 distal cadaver femora were

MPa and shear strength of 2.25 MPa. This suggests that perhaps the cement-

used. Bone blocks of approximately 25x25 mm were prepared, the height was

bone interface is the weak link instead of the metal-cement interface.

variable due to the shape of the femora. The bone specimens were taken from

The anterior flange of the femoral component is not only covering cancellous
Fig 2.1: Example of cut surface behind the anterior flange.
The blue line resembles the edge of the footprint for the
anterior flange. The yellow area reflect the “safe” zone for
drilling the holes through the cortex.

the metaphysis at the location as close as possible to the actual site representing

bone, but also cortical bone.

the situation in total knee

The surface area of cortical

arthroplasty.

bone obviously varies by

specimens concerning only

case, but can be more than

cortical

50% of the total surface

from the diaphysis were

area of the anterior flange,

accepted

as experienced by surgeons

number of required femora.

and shown in Figure 2.1.

The bone blocks were fixed in

bone,
to

For

the

specimens
reduce

the

Although, the cement-

PMMA to allow for clamping

cancellous bone interface

during testing. To create a

strength is widely studied,

representative

very little is known about

testing area of ø15x3 mm, the

the strength of the cement-

specimens were machined

cortical

to these dimensions (Figure

bone

interface,

which is probably weaker.

Fig 2.2: Test specimen.

cylindrical

2.2).

Dohmae et al.9 reported, after studying total hip arthroplasties, that the

During machining, the surface was left untouched. A height of 3 mm was

interfacial strength was reduced in revision cases due to a larger contact area

chosen, since this was the expected maximal penetration depth for cancellous

with cortical bone. Furthermore, it is unknown to what extent surgeons could

bone10. The testing surfaces were then prepared to create four different testing

enhance the weaker cortical bone-cement interface to increase fixation strength

groups (see Figure 2.3):

by, for example, roughening the cortex.
The present study investigates the cement-bone interface strength for

1.

Unprepared cortical bone with periosteum

2.

Periosteum removed and cortical bone roughened with a rasp, the

cancellous bone and cortical bone and assesses the effects of different, simple
preparation techniques of cortical bone.

degree of roughening was visually checked to be equal within the group
3.

Periosteum removed and three Ø3.2 mm holes drilled through the cortex

4.

Cancellous bone

Of all groups 10 specimens were created for tensile testing and 10 for shear
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Fig 2.4: Preparation set-up, position 1 shows a sample after cementing and position 3 shows the
setup right before applying the cement, with cementing mold. The distance between the bone and
plunger is adjustable to 5 mm.

2

testing. Hence, N=10 for every group. Before cementing, all bone surfaces were
prepared with pulse lavage before cementation, since this will improve the
penetration depth11 and is in accordance with standard clinical practise.
Preparation of the cement-bone interface specimens
To obtain reproducible alignment of the cement-bone specimens, a cementing jig
was designed, see Figure 2.4.
After positioning the specimens, a Teflon cementing mold could be placed
over the cylindrical specimen. The inner diameter of the mold was 14 mm, so a
small ridge was created which exactly represented the position of the interface

likely comparable to the pressure release behind the anterior flange in actual

(Figure 2.2). The mold was open on the top to allow cement application. Smartset

knee replacement, since there is not much tissue available to keep the cement

GMW Endurance bone cement (Depuy, Leeds, Medium Viscosity) was mixed

underneath the femoral component. An example of a test-specimen is shown in

using the CEMVAC vacuum mix system (DePuy, Leeds) at a temperature of

Figure 2.2.

23°C. As proposed by the product manual the cement was applied four minutes

Thereafter, the specimens were stored in a bath of saline at 37°C, during 48

after starting mixing. The mold was filled with cement and pressure was applied

hours. In this way, the cement could polymerize and absorb water similar to the

manually by pushing the metal plunger into the cement. The distance between

in-vivo situation.

the bone and the metal rod was kept at 5 mm in order to get a smooth pressure

After testing, the cement penetration depth was measured with a calliper

gradient over the total surface interface. There was 1 mm clearance between the

from the interface edge to the deepest point of the cement (Figure 2.5). This was

plunger and the inner diameter of the mold. So during pushing the plunger

only done for the cancellous bone interface, since the cement was not able to

into the cement, pressure was built up. After placement of the metal rod, the

penetrate the cortical bone.

specimens were left untouched during 20 minutes. During this time the cement
was able to release pressure through the clearance, but the plunger was kept
in place by a weight of 50 grams. Although we did not measure this, it is most
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Fig 2.3: Surface finish of different specimen groups. Group 1: unprepared cortical bone with periosteum; Group 2: periosteum removed and cortical bone roughened with a file; Group 3: periosteum
removed and cortical bone with three Ø3.2 mm holes drilled through the cortex; Group 4: cancellous bone.

Fig 2.5: Measurement of penetration depth; after testing the specimen the deepest point of the
cement to edge distance is measured.

Fig 2.6: Loading set-up for tensile (a) and shear testing (b), arrow indicating applied force.

2

(a)

Experimental set-up

(b)

by Levene’s tests and the ANOVA test was used to determine if there were

Mechanical testing was performed using a MTS loading machine (MTS 458.20,

differences between the Groups. As post-hoc analysis Dunnett T3 was used,

MTS Systems Inc., Eden Prairie, MN, USA). The experiments were performed

since paired groups are tested and the Levene’s test showed a p<0.001. A p<0.05

under displacement control with a loading rate of 0.5mm/min. The specimens

was indicated as a significant difference.

were clamped (at the PMMA) in a custom-built loading jig. The bone itself was
only restricted by the PMMA.

For the cancellous bone a potential correlation between penetration depth
and strength was calculated with the Pearson test.

Tensile stresses were tested by putting a chuck round the rod (Figure
2.6a). This chuck could realign itself and compensate for any horizontal plane
mismatches, so a pure tensile force was admitted. Shear forces were applied by

Results

a circular clamp pushing rod, see Figure 2.6b, with the specimens clamped at
a rigidly fixed angle of 90°. The circular clamp was placed exactly to the edge

Most of the specimens failed at the cement-bone interface. When the interface

which represented the interface location, as described above. The registered

strength exceeded the intra-cancellous bone strength, the bone block failed,

results were (failure) forces in Newton. Since the interface surface area was

leaving the interface intact. Only three specimens failed inside the bone, away

always Ø14 mm (due to the mold shape) a simple conversion could be made to

from the interface. One in Group 3 tested for tension (strength 0.55 MPa), one

strength in MPa.

in Group 3 tested for shear (strength 1.19 MPa) and one in Group 4 tested for
tension (strength 1.30 MPa).

Statistical analysis
All data was analysed using SPSS 17.0. Equality of variances was determined
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In Table 2.I the numerical results are shown for the different groups and in
Figure 2.7 they are visually presented.
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The cement-cortical interface (Group 1) is significantly weaker than the
cement-cancellous bone interface (Group 4), respectively 0.06±0.09 MPa versus
1.79±0.82 MPa in tension and 0.05±0.15 MPa versus 3.85±1.37 MPa in shear. By
removing the periosteum and roughening the cortex, the shear strength was
increased from 0.05±0.15 MPa (Group 1) to 1.12±0.44 MPa (Group 2). The tensile
strength between Groups 1 and 2 (p = 0.344) was not significantly improved.
Furthermore, by drilling holes through the cortex (Group 3) the tensile

Strength MPa

p-value compared to
Group 1

Tension

Group 2

Group 3

Group 4

0.344

0.001

0.001

0.003

0.001

Group 1

0.06 (0.09)

Group 2

0.22 (0.21)

0.344

Group 3

1.15 (0.54)

0.001

0.003

Group 4

1.79 (0.82)

0.001

0.001

0.391

<0.001

0.003

<0.001

0.481

0.001

strength of the cement-cancellous bone interface (Group 4) could be matched,

Shear

since there was no significant difference (p = 0.391) between Group 3 (1.15±0.54

Group 1

0.05 (0.15)

Group 2

1.12 (0.44)

0.001

Group 3

1.77 (0.99)

0.003

0.481

Group 4

3.85 (1.37)

<0.001

0.001

MPa) and Group 4 (1.79±0.82 MPa). The shear strength of Groups 3 was still
significantly lower than of Group 4 (p = 0.012).

2

0.391

0.012
0.012

Given values are mean and standard deviation

Fig 2.7: Mean strength for tension and shear tests, bars indicate standard deviation.

The average penetration depth within the cancellous bone was 2.6 mm with a
standard deviation of 0.6 mm.
The correlation between the penetration depth in Group 4 and the interface
strength was rather weak with R = 0.53 (p = 0.12) for the tension group and
R = 0.24 (p = 0.51) for the shear group.

Discussion
The purpose of the present study was to determine whether there are
differences between the cement-bone interface strength in cortical and
cancellous bone behind the anterior flange of the femoral component in total
knee arthroplasties. It was found that the interface strength in case of untouched
cortical bone is very low compared to cancellous bone.
The cement-cancellous bone interface strength in the present study (tensile
strength 1.79±0.82 MPa; shear strength 3.85±1.37 MPa) is comparable to the
results published by Mann et al.8 (tensile strength 1.35±0.66 MPa; shear strength
2.25±1.49 MPa) and Wang et al.12 (tensile strength 1.48±0.85 MPa; shear strength
Group 1: with periosteum; Group 2: roughened with a rasp; Group 3: holes drilled;
Group 4: cancellous bone
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4.09±3.66 MPa). Hence, this study produces results which concur with other
previously reported studies. Also, the penetration depth in the present study,
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Table 2.I: Summary of results

of fracture. The amount of holes and distance between them is debatable, one

best cementing technique, which was 2.6 mm (in this study we also found 2.6

can imagine that putting the holes too close together will decrease the strength

mm penetration depth). No significant correlation between penetration depth

of the cortex. About 5 mm seems appropriate, but further research should be

and strength was found in either loading direction.

performed on the effect of the holes on the strength of the cortex. The main goal

The cement-cortical bone interface strength, with no preparation of the
cortical surface, showed a negligible strength (Group 1: tensile strength 0.06±0.09

of the present study was to determine if any effect can be expected with this
alteration, and this has proven to be the case.

MPa; shear strength 0.05±0.15 MPa). Removing the periosteum and roughening

The present study only presents the strengths is pure tensile stress and pure

the cortex significantly improved the strength (Group 2: tensile strength

shear stress. Behind the anterior flange a complex stress situation is occurring,

0.22±0.21 MPa; shear strength 1.12±0.44 MPa), albeit that the strength was still

which generates stresses in combinations of shear and tension or compression.

much lower than the strength obtained with a cement-cancellous bone interface.

Despite the relatively simple tests performed, this data can adequately be used

Nevertheless, the enhancement of the mechanical strength of the cortex-cement

in Finite Element simulations to calculate the risk of loosening of the cement-

interface, particularly for the shear strength, may still be of clinical relevance. As

bone interface as is previously simulated for the metal-cement interface of the

shown by Zelle et al.5 and suggested by Bollars et al.13, the main stresses behind

femoral component by Zelle et al.5.

the anterior flange are shear stresses, therefore a higher interfacial shear strength

An obvious limitation of the present study is that no actual femoral

is indeed important. The strength of the cement-cortical bone interface can

components were used. However, since the penetration depth and the strengths

even further be improved by drilling holes through the cortex (Group 3: tensile

for the cement-cancellous bone interface are comparable to literature, we believe

strength 1.15±0.54 MPa; shear strength 1.77±0.99 MPa). The tensile strength

that the improvement in strength can be extrapolated to the use in actual total

of this preparation technique is no longer significantly lower than the tensile

knee replacement.

strength of the cement-cancellous bone interface. The preparation technique is

Another issue is the relatively large size of the specimens. Due to the size and

not time consuming and may postpone loosening of the femoral component,

shape of the specimens the deformations within the specimen could be quite

particularly under high-flexion conditions.

large resulting in non-pure shear or tensile stress conditions at the interface. This

With the present results the preferred preparation technique of the cortical

might be of influence on the measured strength values, since these deformations

bone, behind the anterior flange of the femoral component, particularly for high-

could lead to an alteration of the vector of load application due to tilting of the

flexion systems, is to remove all the periosteum and drill some holes through the

interface. However, the relative strength gain with the improved preparation

cortex (a Ø3.2 mm drill was used in this study). In this way the strongest cement-

techniques (going from group 1 to group 3) is impressive and not sensitive to

cortical bone interface will be created and a larger surface area is available that

the specimen dimensions and local deformations. Furthermore, the results are

acts in stress transfer during high flexion and other daily activities. One can

similar to those found in literature and adequate to quantify the differences in

argue that drilling through the cortex may weaken the bone, but since the drilled

preparation techniques which can be utilized by a surgeon to enhance interfacial

holes are filled with cement this is most likely not an issue. However, the holes

strength.

should all be within 5 mm from the edge of the footprint of the anterior flange

The presented cement-cortical interface strengths are lower than the cement-

of the femoral component, as indicated in Figure 2.1. Holes which are drilled

implant interface strength14. So, it can be expected that the cement-bone interface

outside this area are not filled with cement and therefore will weaken the bone

may be more at risk for loosening than the cement-implant interface. Surgeons

comparable. The holes will than act as stress risers, which will increase the change

can considerably improve the cement-bone interface strength, especially of
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is equal to that found by Vaninbrouckx et al.10 behind the anterior flange in the

concern with high flexion prostheses, by removing the periosteum. The strength
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Abstract
Background: Early aseptic loosening of high flexion total knee arthroplasty

Nowadays, Finite Element Analysis (FEA) of Total Knee Arthroplasties (TKA)

(TKA) seems to be initiated at the anterior flange. The anterior flange is covering

are widely used to evaluate forces around the knee and simulation of component

both cancellous and cortical bone. Since the strength of the cement-cortical

loosening1,2,3. It is obviously essential that the input variables are as close to

bone interface is much lower than the cement-cancellous bone interface, the

reality as possible. Some of these variables are often difficult to quantify and are

ratio of cancellous and cortical bone influences the strength of the complete

homogenized. For instance the cut area behind the anterior flange. FEA have

cement-bone interface. This ratio is known to be quite variable and has never

shown a high risk of loosening at the cement-bone interface behind the anterior

been quantified. The purpose of this study is to quantify the variance in exposed

flange3,4. The shape of the distal femur can vary very much between patients5 ,

cancellous bone behind the anterior flange for the first time. Furthermore, Finite

which results in a wide variation of exposed cancellous bone behind the anterior

Element Models used to predict component loosening can be enhanced with this

flange. The area of exposed cancellous bone behind the anterior flange is often

data. The first goal was to intra-operatively quantify how much of the anterior

less than the area of the anterior flange. This is well known by orthopaedic

flange is covering cancellous bone in total knee arthroplasty (either in mm2 and

surgeons, which call the distinct shape of the cut surface the “grand piano sign”.

in percentage related to the component size). The second goal was to quantify

Since the bone cement-interface for the cancellous bone is much stronger than

what differences in the well-known “grand piano sign” can be expected within

for the cortical bone interface6, the area of exposed cancellous bone and cortical

a patient group.

bone behind the anterior flange is of direct influence to the total cement-bone

Methods: By taking intra-operative photographs, the shape and size of the
surface area of cancellous bone behind the anterior flange was determined.

interface strength behind the anterior flange. In current FEA the cement-bone
interface behind the anterior flange is considered to be homogeneous. The

Results: The average cancellous bone surface area was 69.4% (range 9.25-

considered strength of the complete cement-bone interface in current FEA is that

100%) of the total anterior flange. The main area of cancellous bone was located

of the cement-cancellous bone interface. Since this is not the case, it is incorrect to

on the lateral side, known as the “piano sign”.

consider the cement-bone interface behind the anterior flange homogenous. The

Conclusion: The present study shows that in the majority of the cases, the
anterior flange is not completely covering cancellous bone. Almost 25% of the

actual area of exposed cancellous bone behind the anterior flange is therefore of
great importance in simulations of femoral component loosening in TKA.

patients had a cancellous coverage of under 50%. This low percentage of exposed

Femoral component loosening has become of interest only recently with

cancellous bone area is of great influence to the risk for femoral component

the introduction of high-flexion total knee arthroplasty. In standard total knee

loosening. Unfortunately, the surgeon is at the moment not able to increase

arthroplasty, the tibial component is most likely to fail. However, with high-

exposed cancellous bone during surgery without influencing the flexion gap or

flexion total knee arthroplasty, the femoral component is indicated as the

rotation of the femoral component. Since patients are increasingly demanding

component most likely to fail by both FEA and clinical studies4,6,7,8. Accurate

higher postoperative flexion, it is important to investigate the area of exposed

FEA is of great importance to indicate problems before clinical introduction of

cancellous bone behind the anterior flange in future high-flexion prosthetic

prosthesis.

designs.

The overall purpose of this article is to raise awareness on the importance of
exposed cancellous bone behind the anterior flange. The data presented in this
article will allow engineers to simulate “worst case” and “best case” scenarios
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Introduction

of the standard PFC® Sigma™

bone.

knee

system

implantation

The presented study intends to objectify the homogeneity of the cut surface

set. The anterior tip of the

by two goals. The first goal was to intra-operatively quantify how much of the

sizing guide was positioned

anterior flange is covering cancellous bone in total knee arthroplasty (either

at the intended exit point on

in mm2 and in percentage related to the component size) and would therefore

the anterior cortex, to avoid

show a stronger interface relative to where it covered cortical bone. The second

any potential notching of

goal was to quantify what differences in the well-known “grand piano sign” can

the femur. The cutting block

be expected within a patient group.

was then anterior-posterior

Fig 3.1: Example of photograph taken during operation, the clamping side of the sawing blade is used as a
reference (indicated in blue), the cancellous bone area is
marked with a black line.

3

aligned by using the posteriorup method. This means the

Material and Methods

flexion gap was fixed and
there was a small difference

In total 40 cut surfaces of Caucasian patients (12 male; 28 female) were

in the anterior resection when

photographed during surgery, at the University Medical Centre St Radboud

the measured component size was in-between sizes. A larger size will lead to

Nijmegen, the Netherlands.

overstuffing of the patellofemoral joint and a smaller size will lead to notching
of the femoral cortex. To prevent this an anterior down method can be used,

Intra-operative assessment

which means that the anterior cut is fixed, so there is a variation in the flexion

For all 40 total knee arthroplasties the PFC® Sigma™ knee system (DePuy

gap. Since flexion-extension gap mismatches are more difficult to control, we

International, Leeds, UK) was used.

selected the posterior up method. When the size was measured in-between

A standard midline approach was used for the skin incision, followed by a

two sizes, the largest size was chosen to avoid notching. The rotation of the

medial parapatellar arthrotomy. After removal of the menisci and osteophytes

component was determined parallel to the surgical trans-epicondylar axis or

the bony cuts were made.

perpendicular to the Whiteside’s line, so we aimed for a 3° of external rotation in

Concerning the preparation of the distal femur, first the distal cut of the
femur was made. Intramedullary alignment was used, the amount of valgus was

relation to the posterior condyles. When the cutting block was correctly aligned
all femoral cuts were made.

determined pre-operatively on long leg X-rays, which was normally about 6°.
At least 9 mm of the most prominent condyles was resected. This could be 1-2
mm more in case of a dysplastic lateral condyle, to get a solid cut surface of the
lateral posterior condyle. After resection of the distal cut, the femoral component
size was measured. The PFC® Sigma™ knee system has the following sizes: 1,
1.5, 2, 2.5, 3, 4, 5 and 6. Determination of the size of the femoral component
was performed using the posterior condyles as reference, by using the sizing
guide based on the anterior/posterior size of the bone. The sizing guide is part
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and clinicians to better understand the implications of less exposed cancellous

program the contour of the edge between the cortical and cancellous bone was

Table 3.I: Demographic results of included patients, mean values are presented
Gender

N

2

Male

0

Female

1

62

165

the femoral component (corrected for size), the percentage of anterior flange

All

1

62

165

coverage was calculated. The maximum was set at 100%. If, for example, the

Male

2

31.5 (25-38)

159.0 (1.4)

total surface area of cancellous bone is 600 mm2 and the surface area of the

Female

4

76.3 (67-89)

162.5 (3.7)

flange is 800 mm2, the percentage of flange covering cancellous bone is 75%.

All

6

61.3 (25-89)

161.3 (3.7)

The other 25% is covering cortical bone. Sometimes there is a small gap between

Male

1

69

185

the flange and cortical bone, which is filled with cement. The corrected contour

Female

12

70.3 (51-85)

163.8 (5.1)

of the cancellous bone surface area was exported for further shape analysis, in

All

13

70.2 (51-85)

165.5 (7.7)

order to answer question 2 (symmetry in medial-lateral direction) as posed in

Male

1

74

172

the introduction.

Female

9

64.9 (52-83)

164.9 (8.3)

All

10

65.8 (52-83)

165.6 (8.2)

Male

7

67.9 (56-78)

179.4 (5.9)

Female

2

68.0 (62-74)

167.5 (10.6)

All

9

67.9 (56-78)

176.8 (8.3)

Male

1

65

180

Female

0

All

1

65

180

Male

12

62.2 (25-78)

175.9 (9.5)

Female

28

69.0 (51-89)

164.3 (6.2)

All

40

66.9 (25-89)

167.8 (9.0)

2.5

3

4

5

6

All

Body height (cm)**

area corrected for magnification and angle of the photograph. By dividing
the cancellous bone surface area by the surface area of the anterior flange of

*range, **standard deviation

Sensitivity of accuracy and precision to different photography angles.
The technique was tested on a drawn contour with a precisely measured area
by using millimetre paper. This drawn contour was then photographed under
different angles to test the accuracy of the method: 0°, 30° from the left, right and
bottom. From every angle one photograph was taken. Since the drawn contour
was clear and fixed the inter- and intraobserver variability was ruled out. The
maximal error of actual surface area, compared to the calculated area from the
photograph, was 4.4%, mean 1.8% (SD 1.4).
Statistical analysis
All data was analysed using SPSS 17.0. Appropriate measurements of location
and spread were calculated for every variable. Differences between the groups

Determination of surface area cancellous bone

were calculated using the unpaired T-test. Normality was assessed using the

The surface behind the anterior flange of the femoral component was

Komogorow-Smirnow test and variance was assessed using the Levene’s Test

photographed after pulse lavage cleaning and right before cementing the total

for Equality of Variances. Differences were considered significant at the p<0.05

knee components. As a size reference the round clamping side of the saw

level. The Pearson correlation coefficient was calculated. Further analysis of the

was used, see Figure 3.1. In this way a correction for magnification and angle

influence of confounding variables on the surface area was investigated using

differences could be applied. A special software program was written for image

a linear regression model. When confounders were detected, a new partial

handling and to perform the calculations. After importing the image into this

correlation was calculated correcting for these confounders.
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Age (years)*

drawn digitally. The program then calculated the cancellous bone surface

Component size

Results
The demographic results of the included patients are listed in Table 3.I. The

Percentage anterior
flange (%)

1

747.5

86.0

All

1

747.5

86.0

Male

2

951.6 (307.0)*

88.2 (16.7)*

Female

4

898.4 (400.3)*

82.5 (27.7)*

All

6

916.2 (340.2)*

84.4 (22.9)*

Male

1

1445.5

100

correlation between component size and percentage of anterior flange covering

Female

12

809.4 (180.9)*

76.1 (17.0)*

cancellous bone was found (r = -0.38, p = 0.02). No significant correlation was

All

13

858.4 (247.2)*

77.9 (17.6)*

Male

1

991.0

83.5

Female

9

627.9 (296.0)*

52.3 (23.4)*

Chapter 3

between patient height and component size (r = 0.56, p<0.01).

Component
size

Gender

N

2

Male

0

Female

An example of the identification of the cancellous area is given in Figure
3.1. The average percentage of anterior flange covering cancellous bone was
69.4% (SD 25.1) for the total group. In the male group this was 71.0% (SD 26.5)

2.5

and in the female group 68.7% (SD 25.0), this difference was not significant
(p = 0.80), see Table 3.II. The range was between 9.25% and 100%. A low

found between the patients height and percentage of anterior flange covering

3

4

cancellous bone (r = 0.21, p = 0.20). Linear regression analysis showed that the
percentage of anterior flange covering cancellous bone is significantly influenced
by the variables patient height and component size. When correcting for this

5

confounding effect by partial correlation calculation, the correlation between
percentage of anterior flange covering cancellous bone and patients height is

6

0.55 (p<0.01). The correlation between percentage of anterior flange covering
cancellous bone and component size is -0.61 (p<0.01).

All

All

10

664.2 (301.8)*

55.4 (24.2)*

Male

7

953.4 (787.7)*

62.3 (29.2)*

Female

2

1039.1 (1032.5)*

62.8 (52.6)*

All

9

972.5 (774.6)*

62.4 (31.4)*

Male

1

710.5

56.1

Female

0

All

1

710.5

56.1

Male

12

977.0 (611.4)*

71.0 (26.5)*

Female

28

778.0 (334.3)*

68.7 (25.0)*

All

40

837.7 (437.4)*

69.4 (25.1)*

3

*standard deviation

In Figure 3.2 the plotted contours of the cancellous bone surface behind
the anterior flange are shown per component size in relation to the size of the
anterior flange. Overall, the lateral side has a greater area of exposed cancellous
bone.
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Total area cancellous
bone (mm2)

mean age at operation was 67 years (25-89 years). There was a clear correlation

3

Table 3.II: Results of total surface area of cancellous bone (mm2) and percentage of anterior flange
covering cancellous bone, the mean values are presented.

Fig 3.2: All contours of cut cancellous bone surface areas, in relation to the anterior flange contour
(thick black line). It can clearly been seen that there is more cancellous bone lateral than medial.

is relatively lower. The influence of the differences, in percentage of the surface
area covering cancellous bone on the interface strength, can be calculated. As
demonstrated in earlier work6, the shear strength of the cement-cancellous bone
interface can be estimated to be 3.85 MPa. The shear strength of the cement-

3

cortical bone interface is about 0.05 MPa. So, when 100% of the anterior flange is
covering cancellous bone, the apparent strength is 3.85 MPa. In our “worst case”

Chapter 3

was covering cortical bone. The combined strength can be calculated and is 0.40
MPa, so only 10.4% of the optimal strength! This is of great influence to the
calculation of the risk for loosening at the cement-bone interface as previously
demonstrated in FEA3. In FEA one can argue that the worst case scenario has
to be used for evaluation, since this will find the highest risk for loosening at
the interface. On the other hand, factors like BMI are also of direct influence to
forces at the knee and therefore interface stresses. These are all factors difficult
to correct for during FEA, but of great importance in the interpretation of the
FEA results. It is therefore important that the surface area behind the anterior
flange is described in future FEA of TKA. A sensitivity analysis of the influence
of differences in surface area of cancellous bone can also be performed now that
the extremes are objectified with the present study.
The second goal was to quantify the shapes of the known “grand piano sign”.
When looking at the contour plots of all the cut surfaces (Figure 3.2), a general

Discussion

pattern is seen. This pattern has a considerably higher lateral “bump” than
medial. This is due to the higher lateral edge of the trochlea and the 3° external

The first goal which was addressed in the present study was to determine
how much of the anterior flange is covering cancellous bone in total knee

rotation of the femoral component to position it parallel to the transepicondylar
axis.

arthroplasty, either in mm2 and in percentage related to the component size.

Obviously this study has its limitations. Only one prosthetic design was used

In the present study an average of 837.7 mm2 of cancellous bone was available

in this study, which could raise questions about generalizability of the present

behind the anterior flange. When correcting for component size, this resulted

results. However, despite the vast variations in prosthetic designs, the backside of

in 69.4% of the anterior flange covering cancellous bone, only seven cases

the different prosthesis show only mild variances. Furthermore, although actual

reached 100%. At the lower end only 9.25% of coverage was achieved. A negative

numbers are presented in this study, the overall goal was to indicate the range

correlation between component size and either percentage of anterior flange

in exposed cancellous bone behind the anterior flange. The presented range is

covering cancellous bone or total surface area was found. So in larger sizes, the

expected to be present in all prosthetic designs available today. We only included

percentage of anterior flange covering cancellous bone and the total surface area

Caucasian patients, whereas patients from other ethnicity (Asian, Indian, African
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only 9.25% of the anterior flange was covering cancellous bone, the other 90.75%

3

American) have a different anatomy and probably different cancellous bone

patients are increasingly demanding higher postoperative flexion, it is important

coverage9,10. Furthermore, our patient group was limited to 40 patients leading

to investigate the area of exposed cancellous bone behind the anterior flange in

to a small number of patients in the small and large sized component groups.

future high-flexion prosthetic designs.

Measurement of cancellous bone surface area proved to be quite difficult as no

3

direct measurements were possible. We therefore used standard photography
and tried to make a photograph exactly perpendicular to the cut surface which
was challenging in the surgical setting. Our sensitivity analyses showed that we

Coverage of cancellous bone behind the flange of the femoral component in Total Knee Arthroplasty
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are accurate within a range of 4.4% which we deem adequate for the purposes
of this study. A drawback of this method is the difficulty to determine the exact
edge between cortex and cancellous bone. Especially, in case of blood on the cut
surface, the edge was sometimes blurry and difficult to discern. This could be
dealt with in most cases by rinsing the area again with pulse lavage and we do
not believe that this has affected the results of the study. Another difficulty is the
calculation of the percentage of anterior flange covering cancellous bone. This
was calculated by dividing the surface area of cancellous bone by the surface
area of anterior flange. This implicates that the total cancellous bone surface
area is behind the anterior flange. When looking at figure 3.2, one can see that
this is sometimes not the case. This problem occurs due to a mismatch in width
and height ratio of the femur compared to the prosthesis. So, in reality the
percentages in these cases will be lower.

Conclusions
The present study shows that in the majority of the cases, the anterior flange
is not completely covering cancellous bone. The average cancellous bone surface
area is 837.7 mm2, which resembles only 69.4% of the total anterior flange. In fact,
almost 25% of the patients had a cancellous coverage of under 50%. The main
area of cancellous bone is located on the lateral side due to the higher lateral
edge of the trochlea. This low percentage of exposed cancellous bone area is of
great influence to the risk for femoral component loosening. Unfortunately, the
surgeon is currently not able to increase exposed cancellous bone during surgery
without influencing the flexion gap or rotation of the femoral component. Since
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Abstract
Background: Some follow-up studies of high flexion total knee arthoplasties

With the introduction of high flexion total knee arthroplasty (TKA), at the

report disturbingly high incidences of femoral component loosening. Femoral

beginning of this century, concerns are raising on early aseptic loosening. In

implant fixation is dependent on two interfaces: the cement–implant and the

the “normal” flexion range TKA, aseptic loosening is the fourth reason for

cement–bone interface. The present finite-element model (FEM) is the first to

revision of all components after infection, instability and pain1. The revision rate

analyse both the cement–implant interface and cement–bone interface. The

for aseptic loosening in standard designs is less than 2% after 7 years1. Recent

cement–bone interface is divided into cement–cancellous and cement–cortical

literature reports have shown that high-flexion designs sometimes show much

bone interfaces, each having their own strength values. The research questions

higher revision rates due to femoral component loosening, ranging from 3.6%

were:

after 10.9 months up to 21% after 23 months2,3,4. It is thought that during high

1.

which of the two interfaces is more prone to failure?

flexion excessive compressive forces are generated at the posterior femoral

2.

what is the effect of different surgical preparation techniques for cortical

condyles, leading to distal shear and anterior tensile forces. This suggests that

bone on the risk of early failure?

femoral implant fixation is a more apparent concern in high-flexion designs

Methods: FEM was used in which the posterior-stabilized PFC Sigma RP-F

compared to the standard designs. Radiographs of loose femoral components

(DePuy) TKA components were incorporated. A fullweight-bearing squatting

show radiolucent lines behind the anterior flange. However, other studies report

cycle was simulated (ROM = 50°–155°). An interface failure index (FI) was

no difference in loosening between standard prosthetic designs and high-flexion

calculated for both interfaces.

designs5,6.

Results: The cement-bone interface is more prone to failure than the cement

A finite element simulation by Zelle et al.7, of the well performing Sigma RP-F

implant interface. When drilling holes through the cortex behind the anterior

(DePuy, Leeds) total knee prosthesis, showed that the anterior flange was most

flange instead of unprepared cortical bone, the area prone to early interface

at risk for failure, especially at high flexion angles. That study only simulated the

failure can be reduced from 31.3% to 2.6%.

cement-implant interface.

Conclusion: The results clearly demonstrate high risk of early failure at the

Obviously, in terms of prosthetic loosening, there are two interfaces to

cement–bone interface. This risk can be reduced by some simple preparation

consider: the cement-bone interface and the cement-implant interface. Since the

techniques of the cortex behind the anterior flange.

anterior flange is covering both cancellous and cortical bone, the cement-bone

Clinical relevance: High-flexion TKA is currently being introduced. Some

interface can be divided in two; cement-cancellous and cement-cortical bone

reports show high failure rates. FEM can be helpful in understanding failure of

interface. More than 50% of the flange area can be covering cortical bone, which

implants.

has a relative low interfacial strength8. This weak interface can be strengthened
by relatively simple surgical preparation techniques such as removal of the
periosteum, roughening the cortex and by drilling some small anchoring holes8.
Strength values of the cement-cancellous bone interface are widely studied9,10
and are much higher than those of the cement-cortical bone interface. In order
to reduce long-term aseptic loosening of high flexion femoral components, the
strength-to-stress ratio’s at both (cement-bone and cement-implant) interfaces

70

71

4
Probability of mechanical loosening of the femoral component in high flexion total knee arthroplasty
can be reduced by rather simple surgical techniques

Chapter 4

4

Introduction

behind the anterior flange should be considered, since both interfaces need a
different approach to increase their strength. The cement-implant interface
can be strengthened by application of different surface finishing techniques11,
whereas the strength of the cement-bone interface can be influenced by the
preparation technique of the cortical bone8.
The goals of this biomechanical study were:

4

1.

Fig 4.1: The global FE knee model (left) utilized in this study to determine the femoral loading
conditions during deep knee flexion and the local femoral FE model (right) to subsequently analyse
the loading of the femoral fixation site. The global knee model contained osseous tissues (femur, tibia,
fibula and patella), soft-tissues (quadriceps, patella tendon and PCL) and high-flexion TKA components.
The boundary conditions applied to the FE models, such as the ground reaction force Fgrf and the thighcalf contact force Ftc, are shown as well.

4

To determine if the cement-bone interface was more prone to early
failure than the cement-prosthesis interface in high flexion total knee

Chapter 4

2.

To determine whether improvement of the cement-bone interface
strength, as proposed by van de Groes et al.8, would reduce the potential
for prosthetic loosening.

Materials and Methods
In this study finite element techniques were used to assess the stress levels
during high flexion at both interfaces (cement-implant and cement-bone

The global knee model has previously been described in detail7 and consisted

interface). By comparing these stress levels to strength values as reported in

of a proximal tibia and fibula, high-flexion TKA components (posterior-

earlier studies7,8 we were able to assess the potential for mechanical failure at

stabilized PFC Sigma RP-F, rotating-platform TKA system, DePuy International,

both interfaces and how this was affected by surgical preparation techniques of

Leeds,UK), a quadriceps/patella tendon and a non-resurfaced patella. Knee

the cortical bone behind the flange.

flexion was achieved by application of the ground reaction force (= 350 N, to
represent ½ bodyweight) to the ankle joint and releasing the fixed quadriceps

Finite Element (FE) Knee Model

tendon slightly per increment of flexion, comparable to cadaveric loading set-

The FE analysis performed in this study included two sub-models to improve

ups such as the Oxford knee testing rig12. A weight-bearing deep knee bend up

computational efficiency: (1) a global FE knee model to determine the femoral

to 155° was simulated. Thigh-calf contact, occurring during knee flexion beyond

loading during knee flexion and (2) a local femoral FE model to analyse the

130°, was integrated in the knee model to account for the joint relieving effect of

stress state at the cement-prosthesis and cement-bone interface (Figure 4.1).

posterior soft-tissue compression during high flexion13. The FE knee model was
relatively unconstraint and free to seek its own kinematics.
Subsequently, the femoral loading conditions per node derived from the
global FE knee model were applied to matching local femoral FE models.
The local FE models included a femoral component, implant-cement interface
elements, a 1 mm thick bone cement layer, cement-bone interface elements and
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a distal femur. The Young’s modulus of the bone was in the range of 26.3-14,500
MPa (based on bone mineral density on CT-scan), bone cement 2200 MPa and

Zero-thickness six-noded cohesive elements were used to model the cement-

the femoral component 210,000 MPa. Except for the implant-cement and cement-

bone and cement-implant interface, which were the regions of interest and

bone interface, four-noded tetrahedral elements were used to generate the FE

indicated to be at risk during deep knee flexion2. Interface loading was expressed

model. Cement pockets in the femoral component were neglected to avoid edge

in terms of normal (σn) and shear stresses (σs). Since the analysis of the stress

artefacts and simplify the interface analysis. The geometry of the distal femur

conditions and failure potential of the cement-bone interface compared to the

was obtained from a femoral CT-scan of an 81 years old male (t-score = -1.9) using

implant-cement interface was the main objective of this study, actual debonding

modelling software (Mimics 11.0, Materialise, Leuven, Belgium). The femur was

was not simulated and only linear elastic behaviour was applied to the interface

CT-scanned using a calibration phantom and material properties were mapped

elements.

to the femur using bone mineral density (BMD) information derived from the
calibrated CT-scan according to Keyak and Falkinstein14. Bone cement was

Cement-Implant interface

modelled as a linear elastic material. FE simulations were performed using MSC.

The tensile (St = 2.09 MPa) and shear (Ss = 3.89 MPa) strengths of the cement-

MARC (MSC Software Corporation, Santa Ana, CA, USA).

implant interface were based on the (arithmetic) average surface roughness
of the femoral components (Ra = 1.593 µm) and experimental data of interface

Fig 4.2: Model of the right femur (purple) with the projected footprint of the anterior flange. Indicating the cement-cancellous bone interface (pink) and cement-cortical bone interface (yellow).

specimens with varying surface roughness15. The interface stiffness in tensile
and shear direction (Kt = 57.3 MPa/mm; Ks = 151.4 MPa/mm) as well as the
compressive interface strength (Sc = 70 MPa) were estimated from literature7,14,15.
The stiffness of the interface under compression was set at a relatively high value
compared to the tension stiffness (Kc = 100.Kt).
Cement-Bone interface
The cement-bone interface was divided into two areas. During the creation of
the model, a femoral component was fitted to the model of the femur with 3°
external rotation. The size 3 femoral component was sized to generate a perfect
fit in antero-posterior direction. Accurate positioning of the component over the
distal femur created cuts, representing the cuts during actual placement of a
prosthesis in theatre, which automatically divided the surface area behind the
anterior flange in exposed cortical and cancellous bone (see Figure 4.2). A total of
68.5% of the anterior flange covered cancellous bone and the other 31.5 % covered
cortical bone, this is in concordance with actual measurements we performed in
theatre. The tensile and shear strengths of the cement-cortical bone, with three
different preparation techniques, and cement-cancellous bone interface were
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Cement-bone and cement-implant interface

experimentally measured and published by van de Groes et al.8
1.

3.

Periost removed and cortical bone roughened with a file (St = 0.22 MPa

					

and Ss = 1.12) (cortical, roughened)

Normal compressive stress:						

Periost removed and three ø 3.2 mm holes drilled through the cortex
(St = 1.15 MPa and Ss = 1.77 MPa) (cortical with holes)

4.

eq. 2

Cancellous bone (St = 1.79 MPa and Ss = 3.85 MPa)

Since van de Groes et al.8 did not determine interface stiffness, these were taken
from literature (Kt = 37.4 MPa/mm and Ks = 38.4 MPa/mm)7. The compressive
strength was kept equal to the strength of the cement-implant interface since this
is likely to represent the strength of the cement. Similarly to the cement-implant

4

			
Fig 4.3: (a) Modified Hoffman failure criterion used to determine whether a local interface stress state
would lead to interface debonding together with (b) the anterior, posterior and distal interface regions
analyzed in this study. For a given interface stress state (P1) the failure index was determined by relating the stress condition to the Hoffman failure curve as shown in the figure. Static interface failure is
expected to occur in case FI ≥ 1.0.

interface, the stiffness of the interface under compression was set relatively high
compared to tension (Kc = 100·Kt).
Failure criterion
Obviously a mixed-mode stress condition (consisting of normal and shear
stresses) is generated at both interfaces. To represent this complex stress
condition a Failure Index (FI) was defined7,8. A higher failure index corresponds
to a higher risk of failure. The multi-axial Hoffman failure criterion16 was used to
determine the locations of femoral cement-implant interface debonding, based
on the local normal and shear stresses (Figure 4.3a). The Hoffman criterion uses
the FI to describe the risk of interface failure when exposed to a certain stress

(a)

(b)

state based on a quadratic relation between the interface strength in pure normal

The Hofmann failure criterion is not known for the cement-bone interface.

and shear direction. Static interface debonding is expected to occur in case FI ≥1.

Some literature9 suggests an elliptical relation between tensile and shear

Since Zelle et al.7 demonstrated that the strength of the implant-cement interface

strength for the cement-cancellous bone interface. Other literature10 showed a

under mixed-mode tensile and shear loading conditions does not comply with

clear linear relation between strength and loading angle. Since a linear Hofmann

the traditional quadratic Hoffmann failure formulation , the Hoffmann criterion

failure criteria was found for the cement-implant interface, and no mixed-mode

was modified for normal loading conditions (Eq. 1 and 2):

interface strengths are known for the cement-cortical bone interface, the same

17

linear Hofmann failure criterion was used for all interfaces in this study.
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eq. 1

Unprepared cortical bone with periost still attached (St = 0.06 MPa and
Ss = 0.05 MPa) (cortical, unprepared)

2.

Normal tensile stress:						

In Table 4.I tensile and shear stresses, with the failure index, at different angles

Femoral Fixation Analysis

of flexion are given. Overall, the highest stresses were found at the proximo-

(Figure 4.3b) were selected as separate regions of interest in order to assess which

medial part beneath the anterior flange of the femoral component, leading to the

part of the interface would be more prone to failure. For these interface regions,

highest FI in this region (see also Figure 4.5). Figure 4.5a is showing the cement-

the risk of interface failure was quantified per integration point by determining

implant interface. At this interface the FI does not exceed 1.0, so no early failure

the FI from the local stress state (Eqs. 1 and 2).

is expected at this interface.

Results
Joint forces and interface stresses
The peak compressive joint force was 4.1xBW and shear force 0.9xBW at 140° of
flexion, see figure 4.4. Highest shear stresses were found at the cement-implant

Table 4.I: Summary of tensile and shear stresses and failure index for different interfaces and flexion
angles. Cement-cancellous is the interface at the cut bone surface; cement-cortical I is unprepared
cortical bone; cement-cortical II is cortical bone with removed periost and roughened with a file and
cement-cortical III is cortical bone with removed periost and holes drilled through the cortex.
Angle

Interface

Peak tensile
stress (MPa)

Peak shear
stress (MPa)

Failure index

Surface area
with FI≥1.0 (%)

90°

Cement-implant

0.63

1.85

0.52

0.0

interface (peak shear stress of 3.24 MPa at 145° of flexion). Highest tensile stresses
were found at the cement bone interface (peak tensile stress of 1.26 MPa at 145°
of flexion). The failure index was highest at the cement bone interface.
120°

Fig 4.4: Knee joint forces determined with the global model.

145°

155°

78

Cement-cancellous

0.43

1.35

0.56

0.0

Cement-cortical I

0.66

1.31

33.34

98.8

Cement-cortical II

0.66

1.31

3.91

54.7

Cement-cortical III

0.66

1.31

1.20

1.4

Cement-implant

0.66

2.43

0.55

0.0

Cement-cancellous

0.48

1.78

0.68

0.0

Cement-cortical I

0.94

1.76

42.86

98.3

Cement-cortical II

0.94

1.76

5.26

66.8

Cement-cortical III

0.94

1.76

1.54

3.0

Cement-implant

0.68

3.24

0.73

0.0

Cement-cancellous

0.64

2.41

0.91

0.0

Cement-cortical I

1.26

2.36

57.84

99.3

Cement-cortical II

1.26

2.36

7.05

76.1

Cement-cortical III

1.26

2.36

2.07

8.3

Cement-implant

0.72

2.90

0.82

0.0

Cement-cancellous

0.74

2.20

0.91

0.0

Cement-cortical I

1.21

2.14

53.89

98.1

Cement-cortical II

1.21

2.14

6.99

69.7

Cement-cortical III

1.21

2.14

2.00

7.5
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The anterior, posterior and distal areas of the femoral implant-cement interface

As previously described, the cement-bone interface is divided into the cementcancellous bone interface and the cement-cortical bone interface (Figure 4.2).
Figure 4.5b, c and d are showing the failure index at the cement-bone interface,

Fig 4.5: Failure index at 145° of flexion (a) cement-implant interface, (b) unprepared cortical bone,
(c) cortical bone with periost removed and cortex roughened with a file and (d) cortical bone with
periost removed and holes drilled through the cortex.

for different preparation techniques of the cortical bone area. In Figure 4.5b, the
cement-cortical bone interface is unprepared, it clearly shows that almost all

4

fail at 145° of flexion. Since the cortical surface area is 31.5% of the total surface
area, 31.3% of the total surface area behind the anterior flange will fail. Figure
4.5c shows that the area subject to direct failure can be reduced to 76.1% (equals
24.0% of total interface) by removing all periost and roughening of the cortex.
If further strengthening of the cement-cortical bone interface (periost removed
and three ø3.2 mm holes drilled through the cortex) was simulated, the area
subject to direct failure was reduced to 8.3% (equals 2.6% of total interface); see
figure 4.5d. When looking at the normal range of motion (up to 120°) the failed
surface area is 3.0% (equals 0.9% of total interface) when the cortex is drilled
with holes and 98.3 % (equals 31.0% of total interface) when the cortical surface
is left untreated.

experienced tensile and shear stresses above the interface strength for the cement-

So, when looking at the clinically most commonly used preparation

cortical bone interface, this is shown in Figure 4.6c. Obviously the stresses at

technique for the cortical bone (removing periost and roughening of the cortex)

each integration point remain the same for each preparation technique, but the

in contemporary surgery, at a flexion angle of 145°, the maximal failure index

strength values differ as indicated by the colored lines. The lower the strength,

was 0.73 at the cement-implant interface, 0.91 at the cement-cancellous bone

the more integration points lie beyond the strength line, indicating a larger area

interface and 7.05 at the cement-cortical interface. Within the “normal” range of

of the interface to fail.

motion, at 90° of flexion, there is still a high risk of failure at the cement-cortical
bone interface, with a failure index of 3.91.
In the ideal situation when the anterior flange is only covering cancellous
bone, 0.4% of the cement-bone interface behind the anterior flange will fail.
Interface stress state per region of interest
Plotting the interface stress state per integration point at the interface, using the
modified Hoffman failure criterion, confirmed that the posterior and distal areas
remained clearly in the safe zone, for both the cement-implant interface (Figure
4.6a) and the cement-cancellous bone interface (Figure 4.6b). At the cementcortical bone interface behind the anterior flange, several integration points
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(99.3%) of the cement-bone interface which is in contact with cortical bone, will

Fig 4.6a: Interface stresses at 145°
of flexion at the cement-implant
interface.

Discussion
Patients achieving high flexion may have a higher femoral failure risk than
standard replacements as deep knee flexion puts higher demands on knee
implants18. The objective of the present study was to evaluate the stresses and
chance of failure of the cement-bone interface in relation to the cement-implant

4

interface.
The first research question was to determine if the cement-bone interface was

Chapter 4

total knee arthroplasty. The present FE study showed that the failure index was
much higher at the cement-bone interface than at the cement-implant interface.
Especially the cement-cortical bone interface is prone to failure. The highest
Fig 4.6b: Interface stresses at 145°
of flexion at the cement-cancellous
bone interface at the cut surface
(indicated in pink in Figure 4.3)

tensile stresses (1.30 MPa) were found at the cement-cortical bone interface
and the highest shear stresses (3.33 MPa) were found at the cement-implant
interface. Since, the interface strength of the cement-bone interface is lower than
the strength of the cement-implant interface, the failure index is higher at the
cement-bone interface. In all cases, no failure at the distal and posterior areas
was found for neither the cement-implant nor cement-bone interface. Hence,
this fits with the clinical observation that loosening of the femoral component is
a rather rare event.
The second research question was to determine what the effect of different
preparation techniques, as proposed by van de Groes et al.8, was on the percentage

Fig 4.6c: Interface stresses at 145°
of flexion at the cement-cortical
bone interface, with Hoffman failure
criterion for different preparation
technique.

of interface area prone to failure. This study suggests that the percentage of
interface with a FI≥1.0, at the cement-cortical bone interface, could greatly be
reduced. When leaving the cortical bone behind the anterior flange untouched,
99.3% of the cortical interface is predicted to fail at 145° of flexion. This can be
reduced to 76.1% by removing all periost and roughening of the cortex. An even
better reduction, to 8.3%, can be achieved by removing all periost and drilling
some holes through the cortex. Hence, with a little effort during the surgical
procedure it seems possible to considerably reduce the failure probability of the
femoral component.
The present study was limited by the fact that progressive interface failure
was not considered. Earlier studies focusing on the cement-bone interface9,10 have
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more prone to early failure than the cement-implant interface in high-flexion

4

interface to fail, so we believe it is probably reasonable to use the same linear

followed by a non-linear plastic or softening phase. Since we were primarily

Hoffman failure criterion in all interfaces.

interested in the stress state at the femoral fixation site and the subsequent failure

Validation of the current FE-model is not performed by testing the

potential, debonding was not simulated and the interface elements all remained

actual cadaver bone in vitro, therefore one can argue that the model is not a

in the elastic phase. One should be aware that inclusion of the softening phase

resemblance of the in vivo situation. However, the forces generated in the model

of the interfaces may lead to changes in the interface stresses calculated and

are similar to those measured in-vivo as we discussed earlier19. Strength values

therefore we mainly focused on qualitative trends rather than on consequences

of the interface were experimentally measured and reported earlier8,15. Further

of partial debonding. The interface stiffness values used in this FE study were

validation of the model is difficult as force measurements are only available for

derived from literature

and led to virtually no immediate interface failure up

the tibia plateau20 and the translation of these forces to the femoral component is

to 120° of flexion at the cement-implant and cement-cancellous bone interface,

hampered by the absence of knowledge about the force patterns at the patella-

which seems reasonable as clinically the components do not typically fail in this

femoral joint. Hence, the findings of the study should be interpreted with these

flexion range.

limitations in mind. Despite these limitations, the generated joint forces with the

9,15

The stiffness of the cement-cortical bone interface is not known in literature,

current model are similar to the forces measured in vivo by D’Lima et al.20 and

we therefore took the same stiffness as for the cement-cancellous bone interface.

Kutzner et al.21. They found compressive forces of about 3xBW at 90° of flexion.

In reality the stiffness is probably higher, which might lead to altered stresses at

Unfortunately, as far as we are aware of, no in vivo measurements are available

the cement-bone interface. The stiffness may be of great influence on calculated

for high flexion angles above 130° of flexion. The current profile of compressive

stresses. However, the expected stiffness of the cement-cortical bone is not higher

and shear forces generated with the present model during normal range of

than the stiffness of the cement-implant interface. When calculating stresses

motion is comparable to literature20,21 and therefore we expect the model to be

with a stiffness of the cement-cortical bone interface equal to that of the cement-

adequate in higher flexion angles as well. Although, the failure mode resembles

implant interface, the peak shear stress at the cement-bone interface increased

that reported by Han et al.2, it is not reported for the PFC Sigma RP-F used in the

only 0.01 MPa. Hence, the results appeared not to be very sensitive to the exact

present study. This might be related to the roughness of the prosthesis. Further

value of the interface stiffness.

research is planned to assess the influence of this.

In contrast to the study of Zelle et al. , the present study showed no direct

The FE analysis performed in this paper may contribute to the general

failure of the cement-implant interface. This is due to the lower stiffness at the

understanding of the loosening of the femoral component during deep knee

added cement-bone interface, which was not incorporated in the model of Zelle

flexion. It should be realized that the current study focuses on the prediction of

et al. . The Hoffman failure criterion is also a point of debate. A linear criterion

stress patterns and subsequent failure indexes, it does not predict how loosening

was used in the combined tension and shear range. Some literature suggest an

of one interface will affect progression of failure at other sites. To simulate

elliptical relation between shear and tension for the cement-cancellous bone

progression, a dynamic simulation is required with multiple loading cycles.

interface , others suggest a linear relation . The Hoffman failure criterion for the

The FE framework defined in this study may be used in future fixation analyses

cement-implant interface is proven to be linear in combined shear and tensile

of knee implants to study interface fatigue during multiple flexion cycles and

stresses . Since cortical bone is stiffer than cancellous bone, the Hoffman failure

effects of different implant designs.

7

7

9

10

15

criterion for the cement-cortical bone interface is probably more like the cementimplant interface. The cement-cortical bone interface was the most important
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demonstrated that such interface failure consists of a nearly linear elastic phase

In conclusion, it can be stated that the cement-bone interface is more prone
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The trochlea is bilinear
and oriented medially
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Abstract
Malfunctioning of total knee replacements often is related to patellofemoral

The trochlea guides patellar movement during flexion and extension of

problems. Because the trochlea guides the patella during flexion and extension,

the knee. It functions as a pulley for the extensor mechanism1 and the patella

its geometry has a major influence in patellofemoral problems. There is

protects the anterior knee. According to the Swedish Knee Arthroplasty Register,

controversy in the literature: relative to the mechanical axis, some authors have

approximately 5500 total knee replacements are done in Sweden each year2 and

found a laterally oriented trochlea and others have found a medially oriented

that number is increasing. The survival of total knee replacements is approximately

trochlea. The groove of implanted prosthetic femoral components always has

95% at 7 years after surgery, which is good. However, patellofemoral problems

lateral or neutral orientations. The objectives of the current study were to clarify

are not infrequent. Boyd et al.3 described problems including patellar loosening,

the controversy found in the literature, to determine whether the trochlear

subluxation, fracture, rupture of the patella tendon, and chronic peripatellar pain.

orientation is truly linear, and to determine whether the orientation depends

They observed these problems in 4% (patellar resurfacing) and 12% (no patellar

on the size of the femur. The trochleae of 100 human femurs were measured

resurfacing) of patients with total knee replacement, respectively. In many cases,

using a three-dimensional measurement system. Detailed analysis of the results

aetiology could not be determined. The problems might be caused by improper

indicated that the trochlea is best described as bilinear, with the distal half

tissue balancing, different groove trajectory, or a mismatch between the patella

oriented 0.2°±2.8° laterally and the proximal half oriented 4.2°±3.2° medially.

and trochlear geometry. Most femoral components are implanted in external

Trochlear orientation was not dependent on bone size.

rotation, and asymmetric femoral components always have neutral or lateral,
but never medial, oriented grooves. According to Petersilge et al.4 the reason for
the lateral groove design is based on a theoretic decrease in shear force and an
earlier patellar capture. The current study focuses on the trochlear trajectory.
Only two studies were found in which the orientation of the anatomic trochlea
was determined. These studies were contradictory regarding the orientation of
the trochlea. Eckhoff et al.5 measured 85 femurs from a Sudanese population.
The femurs were placed at a 45° angle and the measurements were done with
a stereotactic device. The orientation of the intercondylar sulcus was obtained
by measuring its deepest point during repeated horizontal passes with the
stereotactic device. They found a laterally oriented trochlea (3.6°±0.5°), relative
to the mechanical axis of the femur. A laterally oriented trochlea means that it is
pointed lateral to the mechanical axis of the femur, pointing lateral to the centre
of the femoral head (Fig 5.1).
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Fig 5.1: The origin of the coordinate system resides
at the inferior most AP projection of the trochlea; the
mechanical axis connects that point to the centre of
the femoral head, while the ML axis projects medially
and laterally perpendicular to the mechanical axis.
Medial orientation projects superiorly and medial
to the mechanical axis from the origin while lateral
orientation projects superiorly and laterally.

Materials and methods
One hundred cadaver femurs, which originated from the anatomy department
of the university, were measured. No information was available regarding cause
of death, age, or gender. The bones were fixed in formaldehyde. The cartilage
areas were intact, although many bones had degenerative osteoarthritis. Femurs
showing deformation, trochlear insufficiencies, or other abnormalities were
excluded from the study. To measure the three-dimensional geometry, 3SPACE

5

Fig 5.2: A polymer measurement probe was used to determine the orientation of the trochlea.

Feinstein et al.6 measured the trochlear orientation of 15 femurs. The trochlea
was marked using radiopaque wire and its orientation was determined using
anteroposterior (AP) radiographs. They found a medially oriented trochlea
(1.4°±3.7°), relative to the mechanical axis of the femur. Hence, these studies
show conflicting results in terms of anatomic trochlear orientation. The first
objective of the current study was to resolve this controversy by measuring a
large number of femurs from European individuals to determine the trochlear

This system consists of a source and a sensor. The source generates a known

orientation relative to the mechanical axis of the femur. Patellar tracking might

electromagnetic field, of which the strength and direction (Eulerian angles) can be

be regarded as an indirect measurement of the trochlear orientation. Because

measured by the sensor. Electroconductive materials distort the electromagnetic

patellar tracking measurements never show a linear path , the second objective

field and were avoided. A polymer measurement probe made at the authors’

was to determine whether a linear approximation of the trochlear orientation is

institution (Fig 5.2) and clamp (Fig 5.3) were used. The sensor was mounted on

correct. Anatomic measurements often lack accuracy which probably is caused

the probe, which consisted of a rod with a sphere attached to it (Fig 5.2). The centre

by the variability in human anatomy. However, variability also is introduced

of the sphere was determined by a calibration procedure. The three-dimensional

when the bone anatomy is not scaled exactly with bone size. Therefore, the final

measurement system is able to measure continuously and discontinuously (after

objective was to determine whether the trochlear orientation is dependent on

keypress). The authors’ measurements showed that Fastrak determines a certain

bone size.

point position, using a probe, with a standard deviation of 0.16 mm. The bone

2,7

was clamped horizontally, with both condyles in contact with the ground plate
of the clamp (Fig 5.3).
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Fastrak (Polhemus, Colchester, VT) was used.

Fig 5.3: The setup of the probe and clamp, which were used during the measurements, is shown.

between this line and the mechanical
axis was determined. Visual inspection
of these measurements did not support

Fig 5.4: The measurement data were transferred to the frontal plane using the rollout
principle.

a straight linear approximation of the
trochlear geometry; two intersecting
lines

seemed

more

appropriate.

Therefore, in addition to a fit using one
straight line, the projected trochlear

5

5

groove was divided into two equidistant
through each portion, separately. The
phenomenon that the trochlea initially
follows a straight (linear) trajectory,
then rather suddenly changes to a
different linear trajectory, is called
bilinear (Fig 5.5). To show that a bilinear
Three points were measured on the horizontal ground plate of the clamp. The

approximation was significantly better compared with a linear approximation,

intercondylar notch was measured as one point. It was defined as the posterior

the fitting error was determined for five bones chosen arbitrarily. The same

endpoint of the floor of the trochlea. The surface of the femoral head was

person (SvdG) did all the measurements. To determine reproducibility, one bone

measured continuously. The trochlea also was measured continuously, starting

was measured 15 times, without reclamping. This resulted in 15 measurements

at the notch distally and ending at the anterior cartilage edge proximally. The

of the four point sets: ground plate, femoral head, notch, and trochlear groove.

coordinate system was determined by the bone anatomy. The proximodistal axis

Sensitivity of the calculated trochlear groove angle to point sets can be estimated

was equal to the mechanical axis: a line between the intercondylar notch and

by a variation between the 15 measurements of only one point set (for example

the centre of the femoral head. The mediolateral axis was perpendicular to the

the 15 measurements of the ground plate) and applying only one measurement

mechanical axis and within the plane defined by the mechanical axis and both

of the other three point sets (femoral head, notch, and trochlear groove). In case

posterior condyles. The AP axis was perpendicular to the other two axes. The

of variation in ground plate or trochlear groove measurements, the variability

measured trochlear points were projected to the frontal plane (defined by the

in trochlear groove angle was determined. In case of variation in femoral head

proximodistal and mediolateral axes) in a rollout way (Fig 5.4).

or notch measurements, the variability in three-dimensional position was
determined. The reproducibility of bone reclamping was tested next. Fifteen

This means that the real distance between the points in the sagittal plane

measurements of all required points were done, reclamping between each

(defined by the proximodistal and AP axes) was determined. These real distances

measurement. For each measurement, the trochlear angle was determined.

were plotted as the proximodistal coordinate against the mediolateral offset of the

Next, the actual trochlear angle was determined. To reduce the effects of

trochlea. A straight line was fitted through these projected points, and the angle

potential measurement errors, every femur was measured five times without
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portions and a straight line was fitted

reclamping. To decide between measurement differences and measurement

will result in a 0.1°-trochlear groove angle difference. The reproducibility of

errors, the Chauvenet criterion, as reported by Dally and Riley was applied.

bone reclamping showed a standard deviation of 0.4° in trochlear angle.

8

Averages and standard deviations of the trochlear angles were calculated for
Table 5.I: Reproducibility measurements

were determined. To analyse whether the trochlear angle was dependent on

Measurement

Average trochlear
angle or position

Standard
deviation

bone size, the bones were divided into different size groups using the AP sizers

Ground plane (degrees)

1.1

0.1

for a total knee replacement system (CKS System, STRATEC Medical, Oberdorf,

Trochlear groove (degrees)

0.9

0.3

Switzerland).

Position of femoral head (mm)

1.0

0.7

Position of notch (mm)

2.3

1.3

Reclamping (degrees)

0.3

0.4

Results
The reproducibility results (Table 5.I) showed that the variability between

Table 5.II: Trochlear orientation results
Femur size

Trochlear orientation

Orientation
distal portion

Orientation
proximal portion

Extra small and extra small +
(n = 17)

1.3° ± 2.4° (2)

-0.1° ± 3.0° (1)

2.5° ± 3.2° (2)

Small (n = 30)

2.2° ± 2.1°

-0.1° ± 2.8°

5.0° ± 2.4°

Medium (n = 32)

2.4° ± 3.3°

-0.3° ± 3.0° (1)

4.2° ± 3.6° (1)

Large (n = 17)

1.7° ± 2.1° (1)

-0.4° ± 2.3° (1)

5.2° ± 2.5°

variation between 15 ground plane point sets was 0.1°. The standard deviation in

Extra large (n = 4)

1.3° ± 0.5°

-0.4° ± 1.7°

3.6° ± 1.1°

femoral head and notch position was 0.7 and 1.3 mm, respectively. If the femur

All (n = 100)

1.8° ± 2.1° (7)

-0.2° ± 2.8° (3)

4.2° ± 3.2° (3)

the measurement of the trochlear groove point sets is most influential to the
determined trochlear angle. The variance in measurements of ground plane
point sets least influenced the results. The standard deviation in trochlear angle
between 15 trochlear groove point sets was 0.3°. The standard deviation with a
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each bone. Finally, the averages and standard deviations of all measured bones

length is approximately 400 mm, then a 0.7 mm mediolateral position difference
Fig 5.5: The rollout projection of a trochlear groove, with the straight line and the bilinear
approximation, is shown.

Table 5.III: Difference in fitting error between a linear and bilinear approximation in five arbitrary
measurements
Femur number

Linear approximation
error (mm/point)

Distal portion:
Bilinear approximation
error (mm/point)

Proximal portion:
Bilinear approximation
error (mm/point)

1

0.2

0.1

0.0

2

0.4

0.1

0.3

3

0.2

0.1

0.2

4

0.5

0.1

0.5

5

0.2

0.1

0.1

With 15 measurements, this means that the 95% confidence interval is within
±0.23° of the calculated mean value. The actual trochlear groove orientation
measurement of the 100 femurs, using a straight line approximation, showed
an average trochlear angle of 1.8° oriented medially (Table 5.II), with a standard
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The current study describes the measurement of the trochlear angle,

mechanical axis of the femur. The standard deviation for each separate bone

relative to the mechanical axis of the femur. Small standard deviations of

(n=5) was never raised above 1.0°. The application of the Chauvenet criterion

several parameters suggested that the method was reproducible and reliable.

excluded two femurs. For many bones it was found that a bilinear approximation

Fifteen

would be an improvement compared with a linear approximation (Fig 5.5).

same bone, reclamping between

This visual result is supported by the fitting errors shown in Table 5.III. This

measurements, showed a standard

table shows the total approximation error divided by the number of measured

deviation of 0.44pa. Because the

trochlear groove points for the linear approximation and both portions of

femurs were kept mounted during

the bilinear approximation for five arbitrary chosen measurements. The

the real measurement and because

bilinear approximation showed a decreased approximation error as much as

the trochlear orientation usually is

approximately 100%. The actual measurement of the 100 femurs, using two

described in whole degrees, half

consecutive straight approximations, resulted in a distal average trochlear angle

degrees, or both, this seems to be

of 0.2° lateral (Table 5.II) and a more proximal average trochlear angle of 4.2°

an acceptable value. It could be

medial. The Chauvenet criterion was applied, which eliminated two
measurement sets in the distal and the proximal portions.
No relationship between trochlear angle and size was found. Table 5.II

measurements

of

the

Fig 5.6: Two-point contact between the probe and
trochlear surface is shown.

5

argued that the spherical shape of
the probe used is not in agreement
with the inner geometry of a

also shows the average trochlear angles, with the bones subdivided according

patella. The authors hypothesized that the patella is always in contact with the

to size. The linear approximation showed an average medial trochlear angle

lateral and medial edges of the trochlear groove (Fig 5.6). Goodfellow et al.10

between 1.3° and 2.4°. The bilinear approximation showed a distal portion

and Hehne et al.11 measured a mediolateral contact band between 0° and 90°

oriented laterally between 0.1° and 0.4°. The proximal portion showed a medial

flexion and two-point contact with higher flexion angles. Their results support

orientation between 2.5° and 5.2°, in which the sizes small and large were almost

the applied hypothesis. The size of the probe was not adjusted for various sizes

identical.

of bones. The sphere of the probe was designed with a radius which always
guaranteed two point contact between the sphere and the femur during flexion
and extension. Therefore, the specific size of the probe was not expected to

Discussion

affect the results. The linear approximation results showed a medially oriented
trochlea, which is in agreement with Feinstein et al.6 but in disagreement

According to Leblanc9 adequate patellar tracking depends on proper

with Eckhoff et al.5. Eckhoff et al.5 used accurate measuring devices, but their

positioning of the prosthetic components, soft tissue balance, and patellofemoral

measurements principally were two-dimensional and the calculated orientation

implant design. Failure to obtain satisfactory patellar tracking will lead to

of the trochlea was fixation dependent. They also used bones from another race

catching, crepitation, excessive wear, lateral subluxation and dislocation,

and it is possible that this has an effect on the trochlear angle12. The method used

loosening of the prosthesis, and continual patient discomfort. Correct placement

by Feinstein et al.6 using AP radiographs, basically resulted in the measurement

of the tibial and femoral components is essential in obtaining proper (anatomic)

of the more proximal part of the trochlear groove. The plotted results clearly

patellofemoral function. Leblanc reported on resurfaced patellae.

show a bilinear trochlea (Fig 5.5), with the intersection point approximately

9
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deviation of 2.1°. The trochlear angle was oriented medially relative to the

halfway along the sulcus. This visual assessment is supported by fitting errors

near the intercondylar notch. If the patella tracking results7,13,14 (Fig 5.7) are

that were calculated for five arbitrary femurs. The bilinear approximation was

considered, they all show a small or clear medial shift extending from 90° to 55°

an improvement in all cases. The fitting error of the distal half was considerably

of flexion.
The results presented in the current study show a small lateral or neutral-

published before. The measurements of Van Kampen and Huiskes and Rhoads

oriented distal half of the trochlea. Therefore, a slightly lateral or neutral patellar

et al. measured from 0° to 150° maximum flexion, showed a curved patella

shift also would be expected in this area with patellar tracking measurements.

tracking result, thereby confirming a bilinear track as found in the current study.

The patella tracking results all show a clear medial shift during extension

are shown from full flexion to extension

from 55° to 20° flexion. This medial shift during the final phase of extension is

(Fig 5.7). The trochlear groove measurement described in the current study

in agreement with the current results of the trochlear orientation. The current

started near the intercondylar notch, therefore the results also can be seen from

study provides suggestions for the contradictory results of Eckhoff et al.5 and

flexion to extension. During in vivo and in vitro patella tracking, the patella is

Feinstein et al.6 In a large series of femurs from European subjects, a medial

not in contact with the trochlea during full extension (patella above proximal

trochlear angle was measured, using a linear approximation of the trochlear

cartilage ridge) and greater than 90° to 100° flexion (patellar centre has passed

groove. However, the trochlear groove was shown not to follow a linear path.

the intercondylar notch). The current study only measured the orientation of the

It was shown that the trochlea can better be approximated with a bilinear track.

trochlear groove.

Finally, no relation between femur size and trochlear angle was found.
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The in vitro patella tracking results

7,13,14

Therefore, the results should be compared with published results of patella
tracking in the range of 20° to 90° flexion. At 90° flexion, the patella is located
Fig 5.7: Patella tracking results, as reported in the literature, are shown from full flexion to extension
and the mediolateral displacement of the patella is zeroed at 90° flexion. This makes it possible to
compare Figure 5 (trochlear groove measurements) with this Figure (patella tracking).

102

103

5
The trochlea is bilinear and oriented medially

smaller. The bilinear approximation has, as far as the authors know, never been
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Abstract
The patella groove of total knee replacements has evolved from a groove

Most currently available total knee replacements (TKR) show a good to

with a neutral orientation to a groove with a lateral (also referred to as valgus)

excellent survival. For example, for the Kinematic knee (Howmedica, Rutherford,

orientation. In this study the authors questioned whether femoral components

New Jersey, USA), revision rates of 6.5%1 and 10%2 are reported after 10 year

with a lateral groove orientation more closely approximate the configuration

follow-up. The Swedish Knee Arthroplasty Register, including over 40,000 total

in the natural knee. The groove orientations of an implanted CKS femoral

knee arthroplasties (TKAs) with different implants3, shows similar revision rates

component, available in different sizes and with different groove orientations,

after 10 year follow-up. The main reasons for revision are loosening, infection,

were determined and compared with formerly published measurements of the

progressive radiolucency, wear/mechanical and patellar problems.

natural trochlear orientation. It was found that the prosthetic groove orientations

Patellar replacement is an optional procedure in TKA; some surgeons

differed considerably from human anatomy, up to a maximum deviation of 6.4°.

resurface all patellae while others decide only to resurface those patellae, which

The orientations of the prosthetic grooves were all equal within the area of the

show clear signs of degeneration. Both procedures show similar revision rates3,4,

natural trochlea. The area of the natural trochlea guides the patella between

but the reported complications are different. Of the patella related complications,

about 30° and 120° of knee flexion. The orientations of the prosthetic grooves

loosening of the patellar component was reported as most common in patellar

were different in the area of the supracondylar pouch/proximal anterior flange.

replaced TKR1,5. Pain was reported as major complication in TKR without

This area guides the patella between about 0° and 30° of knee flexion. As this

patellar replacement5.

study showed a considerable deviation between natural and prosthetic groove

Patellar complications can be related to different (interrelated) causes. For

orientation, an optimal prosthetic groove orientation, matching the average

example, loosening of a patellar component can be caused by an inferior fixation

orientation in the natural knee, was mathematically determined.

and patello-femoral pain can be caused by changes in the extensor mechanism
or by disease-related factors. However, both loosening and pain can also be due
to non-physiological patello-femoral forces, which are caused by changes in the
tracking pattern. This prosthetic patellar tracking pattern is determined by the
alignment and design of the components, but also by releases, scar tissue and the
surgery in general. The main determinant within the patello-femoral mechanism
is said to be the design of the prosthetic groove4. This groove is determined by the
geometry and the position/alignment of the femoral component. The geometry
of the groove is determined by the groove orientation, depth, shape/congruency
and raised ridges.
Conventional prosthetic components have a groove orientation that can
either be symmetrical (Fig 6.1a) or asymmetrical (Fig 6.1d). An asymmetrical
groove is defined to have a lateral orientation, as the groove turns laterally as
it is followed in the superior direction. A symmetrical groove does not turn
medially or laterally as it is followed in the superior direction. Apart from the
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Introduction

Fig 6.1: a) A femoral component of a total knee replacement with a symmetrical patellar groove.
The figure shows the groove as a dark straight line. (b) A femoral TKA component with a symmetrical
patellar groove, externally rotated for 31. (c) The symmetrical geometry of the anterior flange. (d) A
left femoral component of a total knee replacement with an asymmetrical patellar groove. The figure
shows the groove as a dark curved line. (e) A left femoral TKA component with an asymmetrical
patellar groove, externally rotated for 3°. (f) The asymmetrical geometry of the anterior flange.

often called “anatomical”, as there is
a left to right difference and as they
are thought to be more anatomical,

Fig 6.2: Definition of the orientation of the patella
groove in cadaver femora and virtually implanted
situation.

it is questionable whether the
term “anatomical” is appropriate.
It seems that the lateral groove
orientation

of

modern

femoral

TKA implants does not result in a
correct approximation of the groove
orientation in the natural knee. The
(a)

(b)

(c)

6

first purpose of the present study is
therefore to quantify the difference
in the groove orientation between
the natural knee and conventional
prosthetic knee designs, with a special emphasis on a component with an
‘anatomical’ lateral groove orientation. The second aim is to quantify the design

(d)

(e)

(f)

parameters of an optimal prosthetic groove orientation, exactly matching
the groove orientation in the average natural knee. The authors applied the

groove orientation, the shape of the anterior flange can also be symmetrical or

assumption that the patella was not resurfaced. Therefore, patellar button

asymmetrical (Fig 6.1f vs.1c).

placement and design were no parameters in the current study.

It should therefore be noted that it is possible to have a femoral component
with an asymmetrical shape of the anterior flange, but with a symmetrical
groove orientation. The main purpose of this flange asymmetry is to improve

Materials and methods

anterior bone coverage.
It is suggested that a femoral component with a laterally oriented patella

Cadaver measurements

and would create a more

The groove orientation of the natural knee was measured in a former study11.

physiological tracking pattern1,8,9. However, this is not supported by the literature.

For clarification of the measurement procedure, a global summary of this

A medial orientation of the natural patella groove was measured in a radiological

publication is described. The anatomical orientation of the trochlea was

study on a small number (n = 15) of femora . The sulcus was physically marked

determined from 100 cadaver femora. The trochlear orientation was measured

with fine radio-dense wires and the orientation of the wires was measured

using a three-dimensional measurement system (3SPACE Fastrak, Polhemus,

using multi-planar orthogonal radiographs. A medial orientation of the natural

Colchester, VM, USA) together with a specially designed probe. Figure 6.2

trochlea was also found by the current authors, in a large study measuring 100

shows the definition of the trochlear orientation in the cadaver situation.

cadaver femora . Although components with a lateral groove orientation are

A laterally oriented trochlear orientation means that the trochlea is pointing

groove is a more anatomically shaped component

6,7

10

11
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lateral relative to the mechanical axis of the femur, and therefore pointing lateral
to the centre of the femoral head. The measurement probe had a spherical head
of 34mm in diameter, which was meant to touch the lateral and medial side of

Fig 6.5: a) Rollout projection of a prosthetic groove trajectory (CKS-M). b) Rollout projection of a
cadaveric trochlear trajectory.
(a)

(b)

the groove. It was not our aim to measure the orientation of the sulcus, but to
measure the direction in which the patella would have to move. The probe was
moved through the patella groove, starting distally and ending at the proximal
osteochondral ridge. The measurement system measured the three-dimensional
coordinates of the centre of the sphere using continuous data acquisition: thereby
simulating patellar movement (Fig. 6.3). This set of points was projected onto the
frontal plane, using a so-called roll-out projection (Fig 6.4).

6

This frontal plane was parallel to the mechanical axis of the femur and parallel
Fig 6.3: “Measurement” of groove orientation.

Fig 6.4: Principle of roll-out projection; a projection onto the frontal plane
of the femur, which takes the vectorial distance
between the groove points into account. The APaxis is perpendicular to the frontal plane.

Prosthetic groove orientation
The same measurement procedure as used for the cadaver measurements
was mimicked for the prosthetic knee, applying the procedure in a computer
simulation. CAD files of the CKS cruciate retaining femoral knee component
(Continuum Knee System. STRATEC Medical AG, Oberdorf, Switzerland) were
used. This CKS implant is clinically used and can be regarded as a standard
femoral TKA implant. The femoral component has a symmetrical (neutral)
groove orientation and a symmetrical anterior flange shape. The manufacturer
changed the CAD files of the standard CKS femoral component into CKS
prototypes with asymmetrical groove orientations and asymmetrical anterior
flange shapes. These CAD files were also used. The groove orientations of a

to the line connecting the most posterior points of both femoral condyles. The

total of eight different situations were determined in the implanted situation

authors showed that the natural groove orientation followed a path which could

(Table 6.I). Two sizes of the component with a symmetrical groove (medium

be approximated by two consecutive straight lines: a bilinear approximation. The

and large) were taken into account, and three sizes of the component with an

angle (the groove orientation) was determined between each of the consecutive

asymmetrical groove (small, medium and large). These different sizes of the

straight lines and the projected mechanical axis. Figure 6.5B shows a set of points

components were taken into account, as manufacturers do not design different

projected onto the frontal plane, which are fitted by a bilinear approximation.

sizes of the components just by rescaling. Two versions of the component

11

with an asymmetrical groove were available: version A with a 3.5° laterally
orientated groove and version B with a 7° laterally orientated groove. This
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The trajectory of the centre of the

This reference system is aligned parallel to both the posterior condyles and the

measurement sphere was mimicked

distal condyles of the femoral component. It should be noted that the groove

by a correction of this deepest

orientation of the implanted component is determined relative to the reference

trajectory using the radius of the

system of the femur, which is aligned parallel to both the mechanical axis and

measurement sphere. This results

the posterior condyles of the femur. External rotation of the femoral component

in a simulation of the probe centre

therefore influences the orientation of the prosthetic groove.

within the cadaveric measurements

Fig 6.6: Visualisation of the three areas of the
trilinear approximation; flexion angle 1st part
120-80°, 2nd part 80-30° and 3rd part 30-0°.

The CAD files were loaded into Mentat (MSC.Software, Palo Alto, USA), a

(Fig 6.3). The points were projected

finite element pre- and postprocessor, which has the ability to handle curves and

onto the frontal plane of the virtual

surfaces. The component geometries were positioned as if they were implanted

femur, using a roll-out projection

on a distal (virtual) femur. This means that the femoral component was aligned

(Fig 6.4), identical to the method

parallel to the mechanical axis of the femur. According to the instructions of

used with the cadaver femora. A

the manufacturer, the femoral component was aligned relative to both posterior

bilinear approximation was applied

condyles and was given an external rotation of 3° around the mechanical axis.

to the measurements within the natural knee. Therefore, the authors also

About 60 equidistant points were generated along the deepest trajectory of the

applied a bilinear approximation to that part of the prosthetic groove which

prosthetic sulcus.

covered the natural femoral joint surface (articular cartilage). The proximal half

6

of prosthetic groove, the prosthetic anterior flange, does not cover any natural
Table 6.I: The bilinear approximation of the determined prosthetic and measured cadaveric groove
orientation
Femoral reference system

joint surface but covers the area of the supracondylar pouch. A subsequent
third linear approximation was applied to that part of the groove exceeding this

Component reference system

natural joint surface proximally (Fig 6.6). As three consecutive straight lines are

1st part

used to define the orientation of the prosthetic patellar groove, we called this

1st part

2nd part

0.2°
(SD=2.8°)

-4.2°
(SD=3.2°)

Asymmetrical -S-3.5

2.9°

2.2°

2.8°

0.0°

0.0°

3.5°

give an indication which part of the trochlea or groove guides the patella at a

Asymmetrical -S-7.0

2.9°

2.2°

4.4°

0.0°

0.0°

7.0°

Asymmetrical -M-3.5

2.9°

2.2°

2.7°

0.0°

0.0°

3.5°

certain knee flexion angle.

Asymmetrical -M-7.0

2.9°

2.2°

4.3°

0.0°

0.0°

7.0°

Asymmetrical -L-3.5

2.9°

2.2°

2.8°

0.0°

0.0°

3.5°

Asymmetrical -L-7.0

2.9°

2.2°

4.3°

0.0°

0.0°

7.0°

To obtain a new patello-femoral design which closely approximated the groove

CKS-M (symmetrical)

2.9°

2.2°

0.4°

0.0°

0.0°

0.0°

orientation of the natural knee, the described procedure to determine the

CKS-L (symmetrical)

2.9°

2.2°

0.4°

0.0°

0.0°

0.0°

groove orientation was passed through backwards. This means that the groove

Cadaver Measurement
(Barink et al., 2003)11

3rd part

-4.0°

2nd part

3rd part

a trilinear approximation (Fig 6.5A). The angle between each of these lines and

-8.6°

the projected mechanical axis was determined. The third line covers about the
same length as the combination of the first two lines. Figures 6.5 and 6.6 also

Prosthesis

An optimal groove design

orientation of the natural knee was projected onto the external surface of an
Positive angle is a lateral orientation, a negative angle is a medial orientation. S = small, M = medium, L = large.
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externally rotated femoral component, which resulted in a design of a three-
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design orientation is relative to a local prosthetic reference/coordinate system.

dimensional groove trajectory. The roll-out projection of this groove would
have matched exactly with the roll-out projection of the natural groove. The
externally rotated femoral component with the groove trajectory was rotated

Fig 6.7: Visualization of the proposed prosthetic groove orientation (new design) versus the symmetrical/neutral and asymmetrical/lateral groove orientation. Note that the different groove orientations are
visualized on the symmetrical prosthetic component.

back to its neutral position (internal rotation of 3°, posterior condyles of the
femoral component set parallel to the posterior condyles of the natural femur).
A new roll-out projection was performed within the femoral reference system
(which is at this point identical to the prosthetic reference system) which defined
the design with the most physiological groove orientation.
There was no optimal groove design determined for the proximal half of the
anterior flange, as the measurements within the natural knee did not provide a

6

groove orientation in this area (third part of the trilinear solution).
proximal part of the anterior flange. This pattern is embedded within the design
of the asymmetrical femoral components as the first two parts of the groove are

Results

designed with a neutral (0.0°) orientation and the third part is designed with a
neutral- or lateral orientation.

The orientation of the physiological groove

was considerably different

For the new patello-femoral design with physiological groove orientation,

from the orientation of the prosthetic groove. The orientation of the natural

an orientation of 4.0° medially for the first part of the groove, and an orientation

or physiological groove resulted in a first part of the groove oriented 0.2±2.8°

of 8.6° medially for the second part of the groove was calculated (Table 6.I). The

laterally and a second part of the groove oriented 4.2±3.2° medially, relative to

orientation is defined relative to the reference system of the femoral component

the mechanical axis . The orientation of the groove, determined from femoral

(the posterior condyles) and not relative to the reference system of a femur.

components, resulted in a first part of the groove oriented 2.9° laterally and a

Hence, the proposed design has an orientation of the first two parts that is

second part of the groove oriented 2.2° laterally. The prosthetic groove orientation

directed much more medially than commonly used (Fig 6.7).

11

11

for the first two parts of the trilinear approximation was equal for all simulated
components (Table 6.I). Hence, differences between the prosthetic groove
orientations only occurred beyond the area originally covered by cartilage.

Discussion

The physiological and prosthetic groove orientation differed 2.7° for the first
part of the groove and 6.4° for the second part of the groove. The difference

Patella tracking is influenced by many different factors: the geometry of the

in orientation between the cadaver femora and prostheses for the second part

groove, the geometry of the posterior side of the patella, soft tissue, extensor

exceeds the values of the standard deviation of the cadaver measurements. The

mechanism and the orientation of the tibia. As patella and femur cannot

maximum (mediolateral) difference in millimetres between the prosthetic and

penetrate one another, the geometry of the groove and the posterior side of the

the average natural groove orientation was over 4 mm.

patella could be called ‘hard’ constraints, particularly at high flexion. The other

The calculations of the prosthetic groove orientation (Table 6.I) showed that
the asymmetry of the prosthetic groove is limited to the third part; the most
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factors are ‘soft’ constraints as the effects of these constraints can be overruled
by the ‘hard’ constraints or by external forces.
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orientation of the flanks or sides of the groove, as the authors believe that these

constraints is the most effective way for the human body to maintain always a

flanks, and not the sulcus, are guiding the patella. These flanks of the natural

basic and necessary patella track. In a healthy knee, ‘soft’ constraints are only

trochlea are V-shaped. In the former cadaver study, a spherical probe was

able to enforce small deviations upon this necessary patella track. It is acceptable

used. This probe does not have the geometry of the posterior side of the natural

to assume that the tracking of the patella will be very similar to the orientation

patella nor the geometry of a patellar component. A sphere, with a relatively

of the trochlea. Therefore, the present study applied the hypothesis that the

large radius (34 mm), was used for two reasons. First of all, the measurement

orientation of the groove of a knee prosthesis should be similar to the orientation

is reproducible regardless of the orientation of the probe. In addition, the large

of the natural trochlea to reproduce this natural patella track.

radius of the sphere also increases reproducibility, because of guaranteed two-

The knee joint is an example of a very well balanced system. A slight change

point contact with the groove which ‘locks’ the position of the probe. With a very

within this system, affects the whole system. Changes within the patello-femoral

deep trochlea, the contact points between probe and trochlea will be located

joint can have considerable long-term effects, as the transmitted forces within

far from the sulcus and more near the edges of the flanks. In case of a shallow

this part of the knee joint are relatively high. TKA easily induces changes within

trochlea, the contact points will be located close to the sulcus. If V-shape of the

the patello-femoral joint.

natural trochlea is variable, it becomes a parameter which influences the original

The present study showed that the groove orientation of TKA components

cadaver measurement. However, this V-shape is almost constant within the area

is not conform the natural trochlear orientation. The groove orientation of these

the natural trochlea was measured (first and second part) and only changes

implants can easily be redesigned, without the need of necessary changes in

significantly within the area of the supracondylar pouch (third part). Therefore,

hospital or manufacturing stocks, as many currently available TKA implants

the effect of the V-shape on the cadaver measurements in only secondarily. It

have already different right and left components. Changes in instrumentation

should be noted that the V-shape is dependent on the orientation of the femur.

or implantation procedure are also not necessary. There is no reason to assume

The contact region of the natural patella changes with flexion. At small

that this groove design change will influence tissue balancing or the incidence of

flexion, the contact is near the bottom of the patella, and as flexion proceeds, the

necessary releases, in case the alignment and all other geometric parameters (e.g.

contact moves towards the top of the patella. The geometry of the patellar flanks

box shape and condylar radii) remain unchanged.

change slightly from top to bottom. However, this does not introduce an extra

This study was designed from the prospect of not resurfacing the patella,
which is common during many TKA. This was done on purpose, as patella

parameter within this study, as the effect of the geometry of the patella flanks on
patellar tracking is comparable in the pre- and postoperative situation.

resurfacing would have introduced additional variables into the study. In case

The current study showed that the orientation of the prosthetic groove

of resurfacing the patella during TKA, changes in patella tracking are not only

is considerably more laterally than the orientation of the natural groove. The

influenced by the design of the femoral groove, but also by the design and

standard deviation of the cadaver measurements was 2.8° and 3.2° for the first

alignment of the patellar button.

and second part of the groove, respectively (Table 6.I)11. This standard deviation

In the former study, the trochlear orientation of 100 cadaver femora was

can be regarded as a natural variation in groove orientation between different

determined. In the present study, the groove orientation was determined of

subjects. As knees within this natural variation will normally not experience

several variations of a typical knee prosthesis. In both studies, the aim was not to

problems, a mismatch of about 3° is probably clinically irrelevant. Nevertheless,

determine the orientation of the sulcus. The aim was basically to determine the

the mismatch between the natural and prosthetic groove orientation exceeded
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The trochlea is designed to guide and hold the patella. The use of these ‘hard’

The orientation of the third part of the groove (anterior flange) should not be

The groove of the natural knee was orientated medially. Therefore, the authors

extrapolated from the orientation of the second part of the bilinear approximation

expected to find the highest deviation between the natural trochlear orientation

measured in cadaver femora. Eckhoff6, for example, patented an “asymmetrical

and the groove orientation of the asymmetrical femoral components. However,

femoral component for knee prosthesis” incorporating a groove orientation,

this was not the case. The prosthetic groove of the CKS prosthesis, in the area

which was measured from Sudanese femora7. This patent, incorrectly, assumes

covering the natural joint surface, is designed with a neutral orientation and only

that the measured groove orientation can be extrapolated to obtain a prosthetic

the groove orientation on the anterior flange, which is beyond the cartilage area,

groove design covering the whole frontal area of the prosthetic anterior flange.

is lateralized. The deviation, which was found, is therefore basically caused by

The area of the supracondylar pouch/anterior flange is important during the

the prescribed external rotation of the femoral component. This external rotation

early stage of flexion, as the patella is located there. The contact forces are very

is prescribed to obtain a rectangular flexion space and thereby a correct balancing

low9 at this stage. However, this initial stage is said to be important regarding

of the ligaments12. More or less external rotation of the femoral component may

the prevention of patellar dislocations, as it is reported that, during flexion, the

lead to an unbalanced varus or valgus knee and component rotation should

patella will not dislocate anymore once it has become stable4. A laterally oriented

therefore not be compromised.

prosthetic groove orientation may enhance this stability9, which can be explained

The current study proposes a new anatomical patellofemoral design, with an

by the more parallel orientation of the quadriceps force and the groove. Patella

orientation of 4.0° medially for the first part of the groove and an orientation of

tracking studies13,14 also show that the patella moves lateral near extension

8.6° medially for the second part of the groove. The orientation of the prosthetic

(after it has been released from the trochlea). Therefore, a lateral orientation

groove, after placement of this femoral component, will then result in a first

of the prosthetic groove on the anterior flange may have some functionality.

and second part, which are oriented 0.2° laterally and 4.2° medially (Table 6.I),

In our opinion, a lateral groove orientation on the anterior flange should not

respectively. Possible disadvantages of a medialized patella groove are higher

be designed with the idea or reducing patellar dislocations and subluxations.

contact and shear forces on the patella and an increased susceptibility for

The lateral groove orientation on the anterior flange is not a replicate of the

luxation’s. On the other hand, no significant differences were found in shear and

preoperative anatomy and the experienced dislocations or subluxations often

compressive force between a symmetric and asymmetric femoral component .

do not occur preoperatively. This indicates that these complications are caused

Therefore, it is questionable whether there will be significant differences in

by malalignment or a soft-tissue imbalance. Therefore, the authors believe that

contact forces between the symmetric (neutral orientation of the groove) and the

improved alignment and soft tissue balancing are the proper ways to actually

proposed patello-femoral design (medial orientation of the groove).

reduce dislocation and subluxation. Although, it is not expected that a lateral

9

The prosthetic groove design is not the only parameter which defines the

groove orientation on the anterior flange will be an adverse factor, it is also not

orientation and location of the groove. Alignment of the femoral component

really anatomical. Therefore, this study proposes to imitate the human anatomy

(external–internal rotation or mediolateral placement) highly influences both

concerning this area. This would probably suggest a flattened third part of the

groove location and orientation. However, this study only shows how the

groove with a smooth transfer to the more congruent second part.

most physiological prosthetic groove should be oriented, assuming a perfect

This study shows that the groove orientation of femoral TKA implants is not

alignment of the TKA components. The proposed prosthetic groove orientation is

truly anatomic, but deviates up to 6.4° with the trochlear orientation in the natural

only defined for the surface which is, in the natural knee, covered with cartilage.

knee. The authors propose a different, more anatomical, trilinear orientation of
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3° in the second part of the groove (4.2° degrees medially vs. 2.2° laterally).

the prosthetic patella groove. A flattened third part of the groove is suggested. In case
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Abstract
Background: The trochlea is often medialized after total knee arthroplasty

The incidence of anterior knee pain (AKP) after Total Knee Arthroplasty

(TKA) resulting in abnormal patellar tracking, which may lead to poor clinical

(TKA) can be disturbingly high, with a reported incidence between 1–49% 1-5. The

results. We tested the hypothesis that more medialization of the trochlea results

aetiology is poorly understood and several hypotheses have been postulated:

in a poorer clinical outcome at midterm follow-up.

trochlea design, resurfacing of the patella, circumferential denervation, joint line

Methods: During surgery a special instrument was used to measure the

alterations, femoral and/or tibial malrotation, wear, referred pain, soft tissue

mediolateral position of the trochlea and the prosthetic groove in 61 patients

imbalance and specific patient characteristics2,6-8. Numerous cadaver studies

between 2004 and 2005. Patient reported outcome measures were used to

and computer experiments have shown that slight alterations of the shape and

investigate the actual health stage (EQ-5D and NRS-health) and the clinical

position/rotation of the femoral component in TKA result in significant changes

results (NRS-pain, NRS- satisfaction, KOOS-PS, Oxford 12Q and Kujala knee

in patellar tracking and patellar contact forces9-15. While all of these studies

score). To analyze the influence of the amount of medialization on clinical results,

thoroughly investigate the patellar tracking patterns and patella position, the

the group was divided into patients with a medialization of ≥5 mm and <5 mm.

correlation between difference in pre- and postoperative patella tracking and

Results: In total 40 patients were included. The mean follow-up was 8.8

clinical results remains unknown. Meijerink et al.16 reported on the notch position

years. A significant correlation was found between KOOS-PS and displacement

of the trochlea of the femoral component in relation to the notch position of the

percentage (r=0.45, p<0.01). A stronger correlation was found between KOOS-PS

trochlea in the natural knee. These positions were assessed intra-operatively in

and EQ-5D (r=-0.49, p<0.01). A medialization of ≥5 mm resulted in a significant

61 patients. Overall, they concluded that standard TKA leads to a medialization

lower NRS-pain (0.2 vs. 1.4; p = 0.004) and higher NRS-satisfaction (9.6 vs. 8.2; p

of the trochlea of about 2.5 mm (range -4 till 9 mm). This medialization is in

= 0.045). Overall clinical results were good; KOOS-PS 33.9, Oxford 12Q 19.4 and

concordance with patella tracking studies10,15.

Kujala knee score 72.1.

In the current midterm follow-up study with the same patient population

Conclusions: The present study showed that a more medial position might

we assessed whether patients with a large deviation of trochlear groove have

result in better postoperative outcome, probably due to the too lateral trochlear

inferior clinical results. More specifically, the tested hypothesis was that more

groove design of modern femoral TKA components.

medialization of the trochlea results in a poorer clinical outcome at midterm
follow-up.

Materials and Methods
Patient selection
In 2004 and 2005 61 patients were included for measurements by Meijerink et
al.16. All patients had either symptomatic osteoarthritis or rheumatoid arthritis.
Three surgeons measured the mediolateral displacement during surgery. All
were experienced knee surgeons with more than four years of experience with
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Introduction

the implant. None of the patellae were resurfaced. One surgeon routinely placed
the LCS rotating platform prosthesis (DePuy, Warsaw, IN) and determined

Fig 7.1: Flow diagram showing the enrolment of the patients

the mediolateral displacement in 21 patients. Two other surgeons placed the
PFC prosthesis (DePuy, Warsaw, IN) and both measured the mediolateral
displacement in 20 patients each. The mediolateral displacement was defined

Patients included in study
of Meijerink et al. 2007
61

positive when a medialization was measured and negative in case of a
lateralisation. The precise method of measurement is published by Meijerink et

Patients who died: 10
Patients lost to follow-up: 3
Patient refusing: 1
Patient with comorbidity which
prohibits participation: 5

al.16 and used a special instrument to measure intraoperative the mediolateral
position of the trochlea. After preparing the knee for a primary TKA, just before
any bone resection took place, this instrument was placed on the distal femur.
Three hollow cylinders with a diameter of 2.7 mm were positioned in the
slid into those cylinders. At the most distal point of the trochlea, a probe was used

Patients participating
42

7

to measure the anatomical mediolateral position of the trochlea. After preparing
Revision of prosthesis during follow-up: 1

the distal femur and placing the trial component of a TKA, the three pins of the
instrument were slid into the three hollow cylinders in the epicondyles again
and the mediolateral position of the most distal point of the prosthetic groove

Cerebrovascular incident with
no control over operated knee: 1

was determined. The difference between both positions was defined as the
mediolateral error of the prosthetic groove relative to the anatomical position of
the trochlea, with positive values for medial displacements and negative values
for lateral displacements.

Patients included for final analysis
40

The most distal point of the trochlea lies approximately at the axis of the
femur. Thus, the amount of rotation of the femoral component does not influence
the mediolateral position of this point of the trochlea. All measurements were

was defined as an absolute number, hence always positive and not related to

performed by the surgeons and were rounded to whole millimetres. The inter-

medial or lateral displacement.

and intraobserver variability of our measuring instrument was tested by five
observers with five measurements each, and the standard deviations were 0.7
mm and 0.4 mm, respectively.

Data collection
For this study, all patients were contacted by telephone. Both general health

As published by Meijerink et al. , the average mediolateral displacement

status and knee specific patient reported outcome measures were noted. A

in all patients was 2.5 mm, but the range was -4 to 9 mm. Since an absolute

Numeric Rating Scale (NRS) score was recorded for pain at rest, while getting

displacement of 5 mm is relatively less for a larger knee compared to a smaller

out of a low chair and for satisfaction. The patients were asked to grade their

knee, the mediolateral displacement was recalculated to a percentage relative

pain and satisfaction from 0 (no pain/very dissatisfied) to 10 (intolerable pain/

to the width of the femoral component (error percentage). The error percentage

very satisfied) by 1 point increments17. To assess the quality of life, the EQ-5D
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epicondyles as reference points and the three fixing pins of the instrument were

was used18. To determine knee function, three questionnaires were used. First

the right knee, the questionnaires could not be reliably recorded in relation to

the KOOS-PS was used . The KOOS-PS is a 7-item measure of physical function

the mediolateral displacement. The other patient received a revision total knee

derived from the items of the function, daily living and function, sports and

arthroplasty at the beginning of 2013 for a suspected low grade infection at 9

recreational activity subscales of the KOOS. Similarly to the KOOS, it is intended

years follow-up.

19

to elicit people’s opinions about the difficulties they experience with activity due
to problems with their knee. The measure is scored by summing the responses

Table 7.I: Results of different questionnaires

to the seven items of the KOOS-PS. The interval score from 0 to 100, with zero

Standard deviation

95% confidence
interval

representing no difficulty, is obtained by using the published conversion chart19.

Mediolateral displacement (mm)

2.4

3.2

1.3 - 3.4

Second, the Oxford 12Q20 was used. This questionnaire addresses pain and

Error %

4.6

3.2

3.5 – 5.6

function of the knee during daily activities. Scores range from 12 to 60 points,

NRS at rest

1.1

1.9

0.5 - 1.7

12 being the best score. Third, to address anterior knee pain, the Kujala score21,22

NRS raising from chair

1.3

2.1

0.6 – 1.9

was used. This score ranges from 0 to 100, with a best score of 100.

NRS-satisfaction

8.5

2.0

7.9 - 9.2

EQ-5D

0.67

0.27

0.58 - 0.76

NRS-health

7.4

1.5

6.9 - 7.9

KOOS-PS

33.9

13.1

29.7 - 38.1

and spread were calculated for every variable. Differences between the groups

Oxford 12Q

19.4

5.9

17.5 - 21.3

were calculated using the unpaired T-test, since a normal distribution of the

Kujala score

72.1

11.3

68.4 - 75.7

Statistics
All data was analysed using SPSS 17.0. Appropriate measurements of location

7

variables was assumed. Variance was assessed using the Levene’s Test for
Equality of Variances. Differences were considered significant at the p<0.05 level.
Correlations were determined by the Pearson correlation coefficient.

One of the patients had a new operation of the included knee 14 months
after the total knee replacement. The reason was a spin out of the insert of the
rotating platform LCS. The insert was replaced by a thicker one. No secondary
patella resurfacing procedure was performed. Since the femoral component was

Results

left untouched, this patient remained included in the study.
A total of 40 completed questionnaires were used in this evaluation (Figure

Of the 61 patients included in the study by Meijerink et al. , 10 patients
16

had died. Due to their age and co-morbidity, four patients were not capable of

7.1). The average age of this group was 75.7 (SD 7.4) years. The average BMI was
31.0 (SD 8.4) kg/m2.

answering the questionnaires. Three patient were not traceable due to missing

In Table 7.I the results of the different questionnaires are given. All relevant

addresses. One patient refused to participate and one patient did not speak

correlations are given in Table 7.II. As can be seen, a significant correlation was

Dutch. So, a total of nine patients were lost to follow-up. Finally, 42 patients

found between the KOOS-PS and the mediolateral error percentage, r=0.45

completed the questionnaires with a mean follow-up of 8.8 (SD 0.5) years. Of

(p<0.01). Other significant correlations were not related to the mediolateral error

this group, two patients were not included for final analysis. One patient had

percentage, but were related to the EQ-5D and NRS-health score. The correlation

a cerebrovascular incident three months after the operation, which lead to a

between the KOOS-PS and EQ-5D was -0.49 (<0.01) and was therefore stronger

right sided hemiparesis with altered sensibility. Since she also was operated on

than the correlation between KOOS-PS and mediolateral error percentage.
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Mean

The influence of lateralisation or medialization is represented in Table 7.III. For

To analyse the influence of the amount of medialization on clinical results, the

the calculations the actual mediolateral displacement was used. Three patients

group was divided into groups of patients with a medialization of ≥5 mm and <5

had no displacement, they were left out of this evaluation since we wanted to

mm. This threshold is based on earlier evaluation of the trochlea which showed

detect differences between a medialization and lateralization. In total 30 patients

that the entry of the trochlea at high flexion is lateralized about 5 mm in TKA, see

had a medialization of the trochlea and seven patients a lateralisation.

also Figure 7.2. In total 10 patients had a medialization of ≥5 mm. The patients

Sub analysis of type of prosthesis, LCS (16 patients) or PFC (24 patients), did
not reveal any significant differences.

with a medialization of ≥5 mm showed a significant lower NRS-rest (0.2 [SD
0.42] versus 1.4 [SD 2.08]; p = 0.004) and higher NRS-satisfaction (9.6 [SD 0.70]
versus 8.2 [SD 2.14]; p = 0.045). All other results did not differ significantly.

Table 7.II: Pearson correlations (Correlation (Sig. 2-tailed)). Correlations significant at the 0.05 level
are printed in bold
Error %

EQ-5D

NRS-health

Age

0.07 (0.65)

0.05 (0.77)

-0.07 (0.66)

-0.21 (0.20)

BMI

0.25 (0.12)

0.21 (0.20)

-0.02 (0.90)

0.07 (0.67)

KOOS-PS and mediolateral error percentage (which is expressed as an absolute

NRS-rest

-0.03 (0.84)

-0.18 (0.27)

0.003 (0.99)

-0.37 (0.02)

number). This implies that there is a relation between the trochlea position and

NRS-raising

-0.12 (0.48)

-0.14 (0.39)

-0.10 (0.55)

-0.42 (<0.01)

the patient reported postoperative result at midterm follow-up. The absolute

NRS-satisfaction

0.21 (0.18)

0.14 (0.37)

-0.09 (0.60)

0.44 (<0.01)

mediolateral displacement did not show a relevant correlation with clinical

KOOS-PS

0.29 (0.07)

0.45 (<0.01)

-0.49 (<0.01)

-0.58 (<0.01)

results. So, the relative displacement compared to the width of the prosthesis

Oxford 12Q

0.04 (0.81)

0.26 (0.10)

-0.41 (0.01)

-0.61 (<0.01)

is of more importance than the absolute mediolateral displacement. When

Kujala knee score

-0.08 (0.61)

-0.26 (0.10)

-0.40 (0.01)

0.53 (<0.01)

looking at the extremes, by comparing patients with a medialization of ≥5 mm

The present study showed a significant relation (r = 0.45, p<0.01) between the

to patients with a medialization of < 5mm, the first group shows less pain at rest
(0.2 vs. 1.4; p = 0.004) and higher satisfaction (9.6 vs. 8.2; p = 0.045). The present
Table 7.III: Influence of medialization compared to lateralization

study showed no significant correlation between the Kujala anterior knee pain
score and mediolateral displacement (r = -0.08, p = 0.61) or mediolateral error

Medial (SD)

Lateral (SD)

p-value

Displacement (mm)

3.7 (2.4)

2.4 (1.1)

<0.001

BMI (kg/m2)

31.2 (7.7)

28.2 (3.2)

0.32

NRS-rest

1.3 (2.0)

0.6 (1.5)

0.36

NRS-raising

1.3 (2.1)

1.4 (2.5)

0.86

These data are contrary to what one would expect. One would expect that

NRS-satisfaction

8.6 (2.1)

8.0 (1.6)

0.51

more medialization of the trochlea and therefore alteration of patellar tracking,

KOOS-PS

34.9 (13.4)

34.2 (6.9)

0.90

would result in more anterior knee pain. A medialization of the trochlea in

Oxford 12Q

19.4 (5.9)

20.7 (6.8)

0.61

relation to the tibial tuberosity is suggested to result in higher pressures at the

Kujala knee score

72.1 (11.2)

69.6 (11.9)

0.60

lateral facet and this may lead to more patellofemoral pain23. The present data

percentage (r = -0.26, p = 0.10), nor by the Oxford 12Q, which only showed a low
correlation with mediolateral error percentage (r = 0.26, p = 0.10). This can be
caused by the ceiling effect of the Oxford 12Q score.

shows the opposite, a more medial position results in less postoperative pain.
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Discussion

Mediolateral d
isplacement

The reason for this unexpected finding is probably the anatomical difference
between the normal trochlea and the TKA trochlea. As studied by Barink et
al.24, the natural sulcus guides the patella from 30°-120° of flexion. The sulcus of
most femoral components in TKA guide the unresurfaced patella from 0°-120°

Fig 7.2: F Trochlear rollout of an example of a natural sulcus (blue), the sulcus in total knee arthroplasty (red) and the position of the sulcus when the femoral component is 5 mm medialized (green).
The start of the TKA sulcus is in the last position almost equal to the start of the natural sulcus (data
from Barink et al. 2006).

of flexion. The design of the sulcus in various implants vary from a “neutral”
(straight) sulcus to an “anatomic” (lateral oriented) sulcus. Some implants even
show signs of trochlear dysplasia, which does not enhance natural patellar
tracking25. The natural trochlear sulcus is oriented 4.2°±3.2° medially (relative to
the mechanical axis) when the knee is flexed from 30-80° and 0.2°±2.8° laterally
when the knee is further flexed from 80°-120°

24

(Figure 7.2). For TKA with a

“neutral” or “anatomic” sulcus these are 2.9° and 2.2° laterally, respectively24. At

7

0-30° of flexion the largest differences are observed. In the “neutral” sulcus the
lateral orientation was 2.8° in this area and in the “anatomic” sulcus, the lateral
orientation was 4.3°. Varadarajan et al.15 showed with computer analysis that the
proximal 27% of the sulcus in TKA knees was on average 2 mm more lateral than
in normal knees, when the notch was positioned with an average difference of
0.8 mm. During walking flexion varies from 10° to 70°. In this area the trochlear
sulcus is located more laterally than in the normal knee due to the design of the

All orthopaedic surgeons know that component malrotation lead to

femoral component sulcus. This difference can be more than 5 mm. So, when the

patellofemoral complaints30,31. Several studies suggest that excessive internal

position of the trochlea at the notch (which corresponds to ≈ 105° of flexion) is

rotation of the femoral component of more than 3°-6° may lead to chronic

5 mm more medial, the position of the entry point of the trochlea and therefore

symptoms33,34. We do not think that the rotation of the femoral component

the patella is situated more naturally (see Figure 7.2). The medialization might

influences the mediolateral position of the most distal point of the trochlea,

therefore counteract the unnatural trochlear groove, which might lead to more

since it lies approximately at the axis of the femur. The femoral rotation and

normal patellar tracking during normal daily activity in the elderly and better

mediolateral position of the femur component are determined during different

patient satisfaction.

steps of preparing the femur. So, it is unlikely that the group with higher values

Anterior knee pain and patient satisfaction are subject to a vast majority of

of medialization have higher values of internal rotation. Therefore, we think that

variables based on surgical technique (implant position and sizing, soft tissue

the mediolateral displacement is an independent predictor of anterior knee pain

balancing, patellar resurfacing etc.)

and patient satisfaction, not related to the rotation of the femoral component.

3,26,27

and implant design (e.g. trochlear depth

and orientation, sagittal curvature, patellar component design)

. These are all

Our overall results in NRS satisfaction (8.5, SD 2.0), KOOS-PS (34, SD 13.2),

aspects which are difficult to separate in the evaluation of anterior knee pain in

Oxford12Q (19.5, SD 6.0) and Kujala knee score (72.1, SD 11.4) are comparable

TKA, but could influence the current results.

to previously published results6,37. Therefore, the patient group seems a reliable

3,15,28

reflection of the general population. The correlation between the different scores
and the EQ-5D and NRS-health was quite high (0.40-0.60) and statistically
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significant (p<0.01). The actual health stage (quantified by EQ-5D and NRS-

References

health) of the patient seems of greater influence to the outcome (quantified
by NRS-satisfaction, KOOS-PS, Oxford 12Q and Kujala knee score) than the

1.

mediolateral displacement of the trochlea. The present study showed that even

after total knee arthroplasty with or without resurfacing of the patella.

high displacements, up to 9 mm, did not adversely affect the result.

J Bone Joint Surg (Am) 1993; 75 (5): 674-81.

This clear correlation between health and knee scores is previously reported

2.

in literature . The overall survival of the included TKA’s is good. Only one
patient was revised for a low grade infection and no patients were revised for

3.

malposition or aseptic loosening.

Healy W L, Wasilewski S A, Takei R, Oberlander M. Patellofemoral complications
following total knee arthroplasty. Correlation with implant design and patient

This is the first study which directly compares patients‘ outcome and
mediolateral displacement of the trochlea in total knee arthroplasty. Previous

risk factors. J Arthroplasty 1995; 10 (2): 197-201.
4.

CT based studies did not take the mediolateral displacement into account,
probably because it can only be measured reliably intraoperative. The mean

Nicoll D, Rowley DI. Internal rotational error of the tibial component is a major
cause of pain after total knee replacement. J Bone Joint Surg Br 2010;92:1238–44 .

5.

Popovic N, Lemaire R. Anterior knee pain with a posterior-stabilized mobile-

follow-up of 8.8 years should be enough to have a reliable mid-to-long term

bearing knee prosthesis: the effect of femoral component design. J Arthroplasty

follow-up. The patient population is relatively small, with 40 patients included

2003;18:396–400.

for evaluation. This results in small groups when sub analysis are performed.

6.

Breugem SJ, van Ooij B, Haverkamp D, Sierevelt IN, van Dijk CN. No difference

However, the population is unique, since these are the only patients in which the

in anterior knee pain between a fixed and a mobile posterior stabilized total knee

medialization of the trochlea was actually measured during surgery. Therefore,

arthroplasty after 7.9 years. Knee Surg Sports Traumatol Arthrosc. 2012 Nov 3.

this data is of great importance to get a better understanding of different factors

[Epub ahead of print]

influencing total knee arthroplasty outcome and indicating trends. Another

7.

Smith AJ, Lloyd DG, Wood DJ. Pre-surgery knee joint loading patterns during

limitation is that two different implants were used. The present study showed

walking predict the presence and severity of anterior knee pain after total knee

no difference between these two implants. This is in concordance with other

arthroplasty. J Orthop Res 2004;22:260–6.

studies

. A final limitation is that no objective results were compared, like

38,39

8.

van Jonbergen HPW, Scholtes VAB, van Kampen A, Poolman RW. A randomised,

flexion/extension measurements. As earlier described we have specifically

controlled trial of circumpatellar electrocautery in total knee replacement without

chosen a telephone survey with patient reported outcome measures (PROMs)

patellar resurfacing. J Bone Joint Surg (Br) 2011;93-B:1054-9.

to increase participation of the patients. Furthermore, high patient satisfaction is

9.

Anouchi YS, Whiteside LA, Kaiser AD, Milliano MT. The effects of axial

the most important result and this is not related to function , which is in favour

rotational alignment of the femoral component on knee stability and patellar

of using PROMs.

tracking in total knee arthroplasty demonstrated on autopsy specimens.

40

In conclusion, the present study showed that the patients’ health status is of

Clin Orthop Relat Res 1993;170-7.

greater influence to clinical results than the error in mediolateral placement of

10. Barink M, Meijerink H, Verdonschot N, van Kampen A, de Waal Malefijt M.

the femoral component. Furthermore, a more medial position might result in

Asymmetrical total knee arthroplasty does not improve patella tracking: a study

better postoperative outcome. This is probably due to the too lateral trochlear

without patella resurfacing. Knee Surg Sports Traumatol Arthrosc 2007;15:184-91.

groove design of modern femoral TKA component designs.

138

139

7
Effect of medial-lateral malpositioning of the femoral component in Total Knee
Arthroplasty on clinical outcome at more than 8 years of follow-up

Chapter 7

Harwin SF. Patellofemoral complications in symmetrical total knee arthroplasty.
J Arthroplasty 1998; 13 (7): 753-62.

37

7

Boyd AD Jr, Ewald FC, Thomas WH, Poss R, Sledge CB. Long-term complications

11. Berger RA, Crossett LS, Jacobs JJ, Rubash HE. Malrotation causing patellofemoral
complications after total knee arthroplasty. Clin Orthop Relat Res 1998;144-53.

23. Saranathan A, Kirkpatrick MS, Mani S, Smith LG, Cosgarea AJ, Tan JS, Elias

design on patellofemoral forces and polyethylene stresses. J Bone Joint Surg Am

JJ. The effect of tibial tuberosity realignment procedures on the patellofemoral

2003;85-A(Suppl 4):85-93.

pressure distribution. Knee Surg Sports Traumatol Arthrosc 2012;20:2054–61.

patellar kinematics and contact characteristics. Int Orthop 2012;36:73-8.
14. Kessler O, Patil S, Colwell Jr CW, D’Lima DD. The effect of femoral component
malrotation on patellar biomechanics. J Biomech 2008;41:3332-9.

24. Barink M, van de Groes S, Verdonschot N, de Waal Malefijt M. The difference
in trochlear orientation between the natural knee and current prosthetic knee
designs; towards a truly physiological prosthetic groove orientation. J Biomech
2006;39:1708-15.

15. Varadarajan KM, Rubash HE, Li G. Are current total knee arthroplasty implants

25. Dejour D, Ntagiopoulos PG, Saffarini M. Evidence of trochlear dysplasia in

designed to restore normal trochlear groove anatomy? J Arthroplasty 2011

femoral component designs. Knee Surg Sports Traumatol Arthrosc 2012;doi 10.1007/

Feb;26(2):274-81.

s00167-012-2268-z.

16. Meijerink HJ, Barink M, van Loon CJ, Schwering PJ, Donk RD, Verdonschot N,
de Waal Malefijt MC. The trochlea is medialized by total knee arthroplasty: an
intraoperative assessment in 61 patients. Acta Orthop 2007 Feb;78(1):123-7.
17. Kohl S, Evangelopoulos DS, Hartel M, Kohlhof H, Roeder C, Eggli S. Anterior
knee pain after total knee arthroplasty: does it correlate with patellar blood flow?
Knee Surg Sports Traumatol Arthrosc 2011;19:1453-9.
18. Lamers LM, Stalmeier PFM, McDonnell J, Krabbe PFM, van Busschbach JJ.
Measuring the quality of life in cost-utility analyses: the Dutch EQ-5D tariff.
Ned Tijdschr Geneeskd 2005;149:1574-8.
19. Perruccio AV, Lohmander, LS, Canizares M, Tennant A, Hawker GA,

26. Grelsamer RP. Patellofemoral complications following total knee arthroplasty.
J Arthroplast 1997;2:216.
27. Patel J, Ries MD, Bozic KJ. Extensor mechanism complications after total knee
arthroplasty. Instr Course Lect 2008;57:283–94.
28. Ostermeier S, Buhrmester O, Hurschler C, Stukenborg-Colsman C. Dynamic in
vitro measurement of patellar movement after total knee arthroplasty: an in vitro
study. BMC Musculoskelet Disord 2005;6:30.
29. Mahoney OM, Kinsey T. Overhang of the femoral component in total knee
arthroplasty: Risk factors and clinical consequences. J Bone Joint Surg Am
2010:92(5):1115-21.

Conaghan PG, Roos EM, Jordan JM, Maillefert JF, Dougados M, Davis AM. The

30. Merican AM, Ghosh KM, Iranpour F, Deehan DJ, Amis AA. The effect of femoral

Development of a Short Measure of Physical Function for Knee OA - KOOS-

component rotation on the kinematics of the tibiofemoral and patellofemoral joints

Physical Function Short-form (KOOS-PS) – An OARSI/OMERACT Initiative.

after total knee arthroplasty. Knee Surg Sports Traumatol Arthrosc 2011;19:1479-87.

Osteoarthritis and Cartilage 2008; 16: 542-50.
20. Haverkamp D, Breugem S, Sierevelt I, Blankevoort L, van Dijk CN. Translation
and validation of the Dutch version of the Oxford 12/item knee questionnaire for
knee arthroplasty. Acta Orthop 2005;76(3):347-52.
21. Kievit AJ, Breugem SJM, Sierevelt IN, Heesterbeek PJC, van de Groes SAW,

31. Seil R, Pape D. Causes of failure and etiology of painful primary total knee
arthroplasty. Knee Surg Sports Traumatol Arthrosc 2011;19:1418-32.
32. Berger RA, Rubash HE, Seel MJ, Thompson WH, Crossett LS. Determining the
rotational alignment of the femoral component in total knee arthroplasty using
the epicondylar axis. Clin Orthop 1993;286:40–7.

Kreemers KACL, Koëter S, Haverkamp D. Dutch translation of the Kujala

33. Barrack RL, Schrader T, Bertot AJ, Wolfe MW, Myers L. Component rotation and

Anterior Knee Pain Scale and validation in patients after knee arthroplasty.

anterior knee pain after total knee arthroplasty. Clin Orthop 2001;392:46–55.

Knee Surg Sports Traumatol Arthrosc 2013; doi 10.1007/s00167-013-2635-4.

140

141

7
Effect of medial-lateral malpositioning of the femoral component in Total Knee
Arthroplasty on clinical outcome at more than 8 years of follow-up

Chapter 7

Scoring of patellofemoral disorders. Arthroscopy 1993;9:159–63.

12. D’Lima DD, Chen PC, Kester MA, Colwell Jr CW. Impact of patellofemoral

13. Kainz H, Reng W, Augat P, Wurm S. Influence of total knee arthroplasty on

7

22. Kujala UM, Jaakkola LH, Koskinen SK, Taimela S, Hurme M, Nelimarkka O.

34. Verlinden C, Uvin P, Labey L, Luyckx JP, Bellemans J, Vandenneucker H. The
influence of malrotation of the femoral component in total knee replacement on
the mechanics of patellofemoral contact during gait: an in vitro biomechanical
study. J Bone Joint Surg Br 2010;92:737–42.
35. Kawahara S, Okazaki K, Matsuda S, Nakahara H, Okamoto S, Iwamoto Y. Internal
rotation of femoral component affects functional activities after TKA – Survey
with 2011 Knee Society Score. J Arthroplasty 2013; http://dx.doi.org/10.1016/j.
arth.2013.11.017.
36. Theiss SM, Kitziger KJ, Lotke PS, Lotke PA. Component design affecting
patellofemoral complications after total knee arthroplasty. Clin Orthop Rel Res
1996;326:183-7.

7

37. Baker PN, Deehan DJ, Lees D, Jameson S, Avery PJ, Gregg PJ, Reed MR. The
effect of surgical factors on early patient reported outcome measures (PROMS)
following total knee replacement. J Bone Joint Surg Br 2012;94-B:1058–66.

Effect of medial-lateral malpositioning of the femoral component in Total Knee
Arthroplasty on clinical outcome at more than 8 years of follow-up

Chapter 7

7

38. Kwak JY, Jeong JH, Lee SH, Jung HJ, Jung YB. Comparison of the clinical outcomes
after total knee arthroplasty with the LCS rotating platform mobile bearing knee
system and the PFC Sigma RP-F mobile bearing knee system. Clin Orthop Surg
2012 Dec;4(4):256-62.
39. Nutton RW, Wade FA, Coutts FJ, van der Linden ML. Does a mobile-bearing,
high-flexion design increase knee flexion after total knee replacement?
J Bone Joint Surg Br 2012;94-B:1051-7.
40. Vissers MM, de Groot IB, Reijman M, Bussmann JB, Stam HJ, Verhaar JAN.
Functional capacity and actual daily activity do not contribute to patient
satisfaction after total knee arthroplasty. BMC Musculoskelet Disord 2010 Jun
16;11:121-8.

142

143

8
A double blind randomized clinical trial to
asses postoperative flexion and anterior
knee pain in patients receiving a high flex
posterior stabilized or a cruciate retaining
knee replacement

S. van de Groes
S. Koëter
N. Verdonschot
M. de Waal Malefijt

Submitted

Abstract

Introduction

This prospective double blind randomized controlled trial investigates the

Total Knee Arthroplasty (TKA) is a successful procedure, however most

difference in flexion and anterior knee pain between standard and high-flexion

patients do not regain full flexion1,2. Higher postoperative flexion is related

total knee arthroplasty. In total 47 patients were randomly allocated to a standard

to higher patient satisfaction3-5. Especially in Asia, kneeling and squatting is

cruciate retaining fixed bearing design (CR) in 23 patients and to a high-flexion

essential for cultural and religious reasons. To help in these needs, manufactures

posterior stabilized mobile bearing design (HF-PS) in 24 patients. The HF-PS

have designed new implants to accommodate higher flexion. A study by Gupta

did show a significantly higher passive postoperative flexion; 120.8° (SD 10.3°)

et al.6 showed a 10 degrees increase in postoperative flexion after high flexion

vs. 112.0° (SD 9.5°) for the CR group (p = 0.004). The active postoperative flexion,

TKA when compared to a cohort receiving a standard posterior stabilized TKA.

VAS-pain score and Feller score did not show significant differences between

Another study compared a posterior stabilised high flexion (HF-PS) design to

both groups. Sub analysis with the HF-PS group showed a higher VAS-pain for

a cruciate retaining (CR) design7 and concluded that the HF-PS allowed for a

the patients achieving ≥130° of flexion; 30.5 (SD 32.2) vs. 12.2 (SD 12.5) (p = 0.16).

higher non weight bearing knee flexion. However, patients in this group did not
use this additional flexion range during activities of daily living. Furthermore,

8

they reported more pain in the HF-PS group one year after surgery.
This difference in pain can be caused by two factors related to the implant

Chapter 8

prevent impingement of the posterior aspect of the femur on the tibia plateau.
More femoral rollback results in an increased angulation of the patellar tendon
and patella in the sagittal view8. This results in a different contact between
the patella and femoral component, which might result in a difference in
postoperative pain. Anterior knee pain is a common complication after TKA9,10,
with incidences ranging from 0-45% of patients11-13. A second explanation for
the increase in anterior knee pain in patients with different TKA designs is the
type of bearing. Current total knee prosthetic systems can be divided into two
groups: fixed bearing and mobile bearing devices. Tibia rotations are essential to
achieve deep flexion in the normal knee. With increasing knee flexion, the tibia
internally rotates relative to the femur and the lateral femoral condyle sometimes
subluxates posterior relative to the tibia plateau14. Since the mobile bearing
devices typically allow for more tibia rotation, several studies have reported the
mobile bearing devices to better recreate native knee kinematics than the fixed
bearing devices15-17. This can also lead to improved patellar tracking and lower
patellofemoral contact stresses, which might reduce anterior knee pain9,18.
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design of HF TKA. The HF-PS designs typically have increased rollback to

8

To assess difference in postoperative flexion and anterior knee pain we
performed a randomized trial including the two extremes of knee arthroplasty

Fig 8.1: CONSORT 2010 Flow diagram

designs, being a high flex posterior stabilized rotating platform prosthesis versus
a traditional cruciate retaining fixed bearing prosthesis. We hypothesised that

Enrollment

Assessed for eligibility
(n= 88)

the HF-PS design would allow more flexion, due to increased femoral rollback
but with an increase in patellofemoral pressure and thus anterior knee pain. We
Excluded (n= 28)

specifically assessed the following hypotheses:
1.

Patients have increased flexion after HF-PS TKA compared to CR TKA,

Declined to participate (n= 13)
Not meeting inclusion criteria (n= 8)

both passive and active.
2.

Patients show an increased femoral rollback in the HF-PS TKA as
compared to the CR TKA.

3.

Randomized (n= 67)

pain relative to those receiving the CR TKA.

8

8

Patients and methods

Allocation

We designed a double blind randomized controlled trial with a HF-PS
prosthesis (posterior-stabilized PFC Sigma RP-F, rotating-platform TKA system,
DePuy International, Leeds,UK) and a CR prosthesis (cruciate retaining PFC

Allocated to standard CR TKA
(n= 37)

Allocated to HF-PS TKA
(n= 30)

Received allocated intervention (n= 34)
Received PS implant (n= 3)

Received allocated intervention (n= 30)
Did not receive allocated intervention
(n= 0)

Sigma, fixed bearing TKA system, DePuy International, Leeds, UK). The study
protocol was approved by the institutional review board at our hospital and it
was carried out in line with the Helsinki Declaration. The study was registered in
the ClinicalTrials.gov Protocol Registration System (Identifier: NCT 00899041).
All patients who were scheduled to undergo primary total knee arthroplasty

Follow-Up
Lost to follow-up (n= 6)

Lost to follow-up (n= 3)

Significant bilateral osteoarthritis (n= 5)
Heterolateral TKA (n= 1)

Withdrawn due to spinal operation (n= 1)
Withdrawn no reason known (n= 1)
Infected hip prosthesis (n= 1)

because of severe osteoarthritis were considered for inclusion and were
enrolled prospectively. Exclusion criteria were dementia, hemophilia, juvenile
rheumatoid arthritis, contralateral osteoarthritis or total knee arthroplasty,
BMI < 25 kg/m and ligament insufficiency that needed a posterior-stabilized or
2

otherwise more constrained type of design. The minimal BMI was 25 to resemble
the mild obesity in earlier studies

6,7

for realistic comparison. Between October

Analysis
Analysed (n= 23)

Analysed (n= 24)

Excluded from analysis due to missing
Feller scores (n= 5)

Excluded from analysis due to missing
Feller scores (n= 3)

2008 and December 2011, 88 consecutive patients were assessed for eligibility.
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Patients receiving a HF-PS TKA design report reduced anterior knee

active flexion roentgen photograph was made19. This maximum flexion lateral

allocated to 2 groups. Thirty knees were selected to receive the HF-PS prosthesis

photograph was used to measure maximal active flexion, femoral rollback and

and 37 knees to receive the CR prosthesis, see Figure 8.1. The patients were

posterior condylar offset as described by Laidlaw et al. and Bellemans et al.19,20 as

randomised by a nurse practitioner using a blinded envelope technique.

shown in Figure 8.2. All measurements were performed by one person (SvdG).

Identical surgical techniques were used in the groups according to the

The intra-observer variability was determined by measuring the rollback on 20

manuals of the designers. Four experienced surgeons were involved in the

photographs twice with an interval of one month. The maximal variation was 3

study. A pneumatic tourniquet was used for all patients. The surgeries were

mm, the average variation between both measurements was 1.0 mm (SD 0.79).

performed using a standard medial parapatellar approach. The same type

To investigate anterior knee pain, the Visual Analogue Scale was used, ranging

of instruments (PFC Sigma) was used in all cases, incorporating a posterior

from 0 mm (no pain) to 100 mm (worst pain imaginable), for the pain during a

referencing guide for sizing the femoral component. Sequential soft-tissue

knee bend and the Feller anterior knee pain score was used21. Preoperatively the

release was performed after careful evaluation of the flexion/extension gaps

quadriceps strength was considered normal in both groups in the Feller score to

with the spacers included in the surgical instruments. Releases were undertaken

maximise the effect of the intervention. So, to summarize, we measured passive

to obtain quadrilateral flexion/extension gaps. All components were cemented.

and active non weight bearing flexion, femoral rollback, posterior condylar

No patellar components were used in any case. Circumferential electro cautery

offset, VAS pain score during a squat and Feller score.

of the patella was performed in all
Fig 8.2: Example of a maximum flexion roentgen
photograph of the CR prosthesis. The difference
between the midpoint of the tibia plateau and contact point of the posterior condyle is the femoral
rollback (indicated with the blue line).

cases.

Statistical analysis

Active range-of-motion exercises

The data presented in this paper are secondary outcome measures of the RCT,

and walking were started under the

which has difference in thigh-calf contact force as primary outcome measure

supervision of a physiotherapist

as registered in ClinicalTrials.gov. The results concerning the primary outcome

on the day of surgery. Follow-up

measures will be published in a separate paper. Based on the primary outcome

evaluation was scheduled one year

measure a sample size estimation showed that 21 knees per group would be

postoperative.

required to detect a difference in maximum thigh-calf contact force of 0.15 x

Preoperative and postoperative

Body Weight with a standard deviation of 0.15 x Body Weight (power = 0.8, α

review data were recorded by a

= 0.05). The most important outcome measure described in the current article is

nurse practitioner who was blinded

the difference in postoperative flexion angle. An a priori sample size calculation

regarding patient allocation.

showed that 16 patients in each group would allow the detection of a difference

passive

of 10° (power = 0.8, α = 0.05) with a standard deviation of 10° in postoperative

postoperative flexion, a standard

flexion of the knee between the two groups. So, this study is adequately powered

goniometer

was

to describe the secondary outcome measure of difference in postoperative flexion

performed with the patient in

as a primary outcome measure in this paper. The difference in rollback, posterior

supine

condylar offset, VAS and Feller score were considered as secondary outcome

To

investigate

measurement

position.

To

investigate

active postoperative flexion and
rollback,
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measures of the current study.
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After written informed consent had been obtained, 67 knees were randomly

All data was analysed using SPSS 17.0. A two-sample t-test was used to
compare differences between the groups before and after surgery. Differences
were considered significant at the p < 0.05 level. We did not correct for testing
multiple variables. The Pearson’s test was used to determine correlations.

Results
During surgery of three patients in the CR group the posterior cruciate
ligament was regarded by the surgeon as insufficient. For this reason a posterior
stabilised standard fixed bearing prosthesis was implanted and the patients

Parameter

HF-PS (n=24)
mean (SD)

CR (n=23)
mean (SD)

Age

66.5 (8.0)

65.2 (8.2)

Female:Male

11:13

12:11

Body Mass Index (kg/m2)

32.1 (5.2)

30.8 (3.9)

Side Right:Left

10:14

13:10

Follow-up (months)

13.9 (4.8)

17.5 (6.1)

VAS

52.5 (24.4)

51.0 (21.2)

Feller score

11.1 (5.0)

9.4 (5.8)

Passive flexion

115.2° (11.4°)

115.9° (12.4°)

Posterior condylar offset

30.5 mm (4.0 mm)

30.5 mm (3.4 mm)

were excluded from the study. At the three month analysis, six patients in the

So, when comparing the groups the difference in flexion was 10°. Eight

HF-PS group and three patients in the CR group were excluded since they

patients in the HF-PS group and none of the patients in the CR group had a

turned out to meet exclusion criteria. These patients were registered as lost to

flexion of ≥130°. All patients achieved full extension. The correlation between

follow up. The final group included therefore 47 patients, 24 patients in the HF-

pre- and postoperative passive flexion is poor (r = 0.09; p = 0.56).

PS group and 23 patients in the CR group; see figure 8.1 for CONSORT flow

The active maximum flexion as measured on the roentgen photograph was

chart. The demographic results and clinical status at baseline of both groups are

not significantly different for both groups (p = 0.17), but it was considerably

presented in Table 8.I. The baseline results show similar mean values for almost

lower than the measured passive range of motion; in the HF-PS group the

all parameters.

difference was on average 14.3° and in the CR group 10.4°. The rollback in the

In one patient, who received the HF-PS prosthesis, the preoperative Feller

HF-PS group was significantly higher than in the CR group (8.4 [SD 2.1] mm vs.

score was not documented. In one patient with the HF-PS prosthesis and two

4.4 [SD 3.0] mm; p < 0.001). However, the correlation with postoperative flexion

patients with the CR prosthesis, a maximum flexion roentgen photograph was

was relatively poor (r = 0.37; p = 0.01). The posterior condylar offset showed no

missing and therefore the maximal active flexion angle and rollback could not

significant difference between both groups; HF-PS group 28.6 mm and CR group

be measured in these patients.

29.2 mm (p = 0.60). In table 8.II the results are summarized.

In the CR group one patient had less than 90° of flexion at short term follow-

Evaluation of the VAS pain score during a knee squat movement showed

up and therefore the knee was manipulated under anaesthesia at 12 weeks

no significant difference between the two groups. In the HF-PS group it was

follow-up. There were no further complications in any of the patient groups.

18.3 mm vs. 18.8 mm in the CR group (p = 0.95). The Feller score was 27.2 in the

With postoperative passive flexion as the defined primary outcome measure

HF-PS group and 27.3 in the CR group, with no significant difference between

in this paper, there was a significant difference between groups in favour of

the two groups. The correlation between postoperative Feller score and VAS

the HF-PS group. The HF-PS group had 120.8° (SD 10.3°) of flexion compared

score was r=0.48 (p = 0.001). Hence, no difference in anterior knee pain between

to 112.0° (SD 9.5°) of flexion for the CR group (p = 0.004). The patients with the

the two groups was detected. When comparing patients with a flexion of ≥130°

HF-PS prosthesis gained on average 6° of flexion and the patients with the CR

postoperative and <130° within the HF-PS group, no significant difference in

prosthesis lost on average 4° of flexion compared to preoperative flexion.

anterior knee pain was found. However, we did detect an interesting trend.
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Table 8.I: Demographic results

The patients achieving a postoperative flexion ≥130° showed a higher, yet not

in the CR group the patients lost 4° of flexion. This respective gain and loss

statistically different, VAS score during a knee squat; 30.5 [SD 32.2] versus 12.2

in flexion is probably not clinically relevant. A 10° difference however, can be

[SD 12.5] (p = 0.16) within the HF-PS group. The preoperative VAS was equal

clinically relevant.

in both groups (53.5 [SD 22.3] in the ≥130° group and 51.9 [SD 26.0] in the <130°

The second hypothesis was that patients would show an increased femoral

group, p = 0.88). The postoperative Feller score did not show the same clear

rollback in the HF-PS TKA compared to the CR TKA. The present study showed

trend as the postoperative VAS score. The postoperative Feller score was 26.5

a significantly higher rollback of almost 4 mm in the HF-PS group. The higher

[SD 6.4] in the ≥130° group and 27.5 [SD 4.0] in the <130° group, p = 0.64.

rollback in the HF-PS group is most likely the reason for the higher postoperative
flexion in the HF-PS group (Pearson’s correlation r=0.32), because more rollback

Table 8.II: Results, p<0.05 is indicated in bold
HF-PS mean (SD)

CR mean (SD)

p-value

VAS

18.3 (22.2)

18.8 (23.2)

0.95

Feller score

27.2 (4.8)

27.3 (4.4)

0.95

prevents posterior impingement. In the posterior stabilized design the post on
the insert dictates the rollback. In the cruciate retaining design, the rollback is

Passive flexion

120.8° (10.3°)

112.0° (9.5°)

0.004

depending on the tightness, the position and the stiffness of the posterior cruciate

Active flexion

106.5° (10.5°)

101.6° (12.9°)

0.17

ligament. The posterior cruciate ligament can be difficult to balance. During

Rollback

8.4 mm (2.1 mm)

4.4 mm (3.0 mm)

<0.001

preparation of the tibia plateau the posterior cruciate ligament can be damaged,

Posterior condylar offset

28.6 mm (3.7 mm)

29.2 mm (4.0 mm)

0.60

which results in an insufficient function of the posterior cruciate ligament.
This results in a reduction in posterior rollback which leads to earlier posterior

Discussion

impingement and therefore less flexion23. Furthermore, the posterior condyles of
the HF-PS prosthesis are thicker than the condyles of the CR prosthesis. So, while

The first hypotheses tested was that patients would have increased flexion

preparing the bone cuts, more of the native posterior condyles of the femur has

after HF-PS TKA compared to CR TKA. We found that there was a significantly

to be removed. This increases the accessibility of the posterior osteophytes. It is

higher passive postoperative flexion in the HF-PS group compared to the CR

therefore easier to remove the posterior osteophytes in the HF-PS prosthesis than

group (120.4° [SD 10.1°] versus 113.5° [SD 10.9°]). This is in concordance with

in the CR prosthesis. This might have positively influenced the postoperative

literature . Despite the clear difference in passive flexion, the active non-weight

flexion as measured in the HF-PS group. Nevertheless, it should be realized that,

bearing flexion was not different between the two groups. This might be caused

both groups achieved flexion above 110°, which is adequate for typical daily

by the fact that flexion strength after total knee arthroplasty remains up to 32.2%

activities in Western countries24.

6,7

lower after total knee arthroplasty compared to the healthy knee22. Patients may

The last hypothesis was that patients receiving a HF-PS TKA design would

therefore be not strong enough to actively flex the knee to the same extend as is

report reduced anterior knee pain relative to those receiving the CR TKA. This

possible passively.

hypothesis was assessed by the determination of secondary outcome measures.

The overall postoperative passive flexion in the HF-PS group was higher than

No difference was found between both groups in VAS pain scores during a

in the CR group, with a mean of 120° compared to 112° of flexion. The prosthesis

squat movement, however both groups showed a considerable improvement

is designed to increase flexion up to 155° of flexion. In the present study only

of the VAS score (50 preoperatively and 18 postoperatively). Despite this

eight patients in the HF-PS group and none of the patients in the CR group

improvement, the patients clearly have pain during the squat movement.

achieved a flexion of 130° or higher. In the HF-PS group the gain was 6°, while

Postoperatively, no significant difference was found between both groups
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results in a better clearance of the posterior condyles from the tibia plateau, which

Parameter

regarding Feller knee score and VAS pain in flexion. This is in contrast to what

passive and active range of motion were measured. By obtaining maximum

one would expect. Previous studies have shown lower patellofemoral contact

flexion roentgen photographs, we were able to quantify rollback in an objective

forces and better patellar tracking in mobile bearing compared to fixed bearing

manner. In our opinion, rollback is very important in the assessment of a

total knee arthroplasty

. However, another cadaver study showed higher (but

cruciate retaining TKA since it is directly related to posterior cruciate ligament

non-significant) patellofemoral forces in PS compared to CR designs . So, the

functioning and for PS-prosthesis it provides information about the functioning

positive effect of the mobile bearing design might be counteracted by the posterior

of the post-cam mechanism.

9,18

25

stabilised design. Moreover, after total knee replacement the patellofemoral

Despite its advantages, the present study does have some limitations. First

contact forces are overall higher than in the normal knee . Furthermore, patellar

of all, the roentgen photographs at maximal flexion were often not taken exactly

tracking after TKA differs significantly from the normal knee . This might be an

lateral to the femoral component. This was probably caused by the fact that

explanation for the relatively high VAS score (about 18 mm) during squatting

patients were asked to actively bend the knee in a supine position without any

and the absence of difference between both groups for the Feller knee score.

further constraints. Therefore, the measurements were sometimes difficult to

Interestingly, when comparing patients receiving the HF-PS TKA design and

perform, however the main difference in rollback of 4 mm was much more than

achieving postoperative flexion of ≥130° with patients achieving <130°, the first

the average measurement error of 1.0 mm.

9

26

group had a clearly (but not statistically significant) higher VAS during a squat

Another limitation is that no intraoperative control of posterior cruciate

(30.5 vs. 12.2). The Feller score did not show such a difference (26.5 vs. 27.5). The

ligament tension was performed as proposed by Heesterbeek et al.30. This would

Feller score is a questionnaire which provides a measurement of anterior knee

have made it possible to determine whether the lower rollback values in the

pain during normal daily activities, such as getting out of a chair or walking

CR groups could be related to laxity of (or damage to) the posterior cruciate

the stairs. The VAS score was obtained during a knee squat, so during higher

ligament or the prosthetic design itself. Another limitation is the short follow-

flexion. This might be the explanation why a clear difference was found in the

up period and the significant difference in this period between both groups.

VAS score and not in the Feller score.

Both groups have a follow-up of longer than one year. It has been reported that

Unfortunately, at the time of the design of this RCT, a reliable and valid

functional outcome plateaus by one year, with smaller, less measurable changes

questionnaire to adequately assess the problem of AKP in patients following

subsequently31,32. Another issue of debate is the use of a patellar component. In

knee arthroplasty was lacking. Currently used questionnaires do not adequately

the present study, and according to our surgical routine, the patella was not

assess AKP in patients following TKA. Nowadays, the Kujala Anterior Knee

resurfaced. Based on the literature, we do not think that the use of a patella

Pain Scale (AKPS), is a validated tool to evaluate patellofemoral pain or AKP

component influences anterior knee pain33-36.

27,28

in TKA. Recently, the AKPS has been validated in Dutch for patients after joint

In conclusion, the present study showed a significant higher passive flexion

replacement surgery of the knee . It was concluded that the AKPS is a reliable

in the Posterior Stabilised-High Flexion mobile bearing compared to a Cruciate

and valid score in patients after knee arthroplasty, with no ceiling and floor

Retaining fixed bearing prosthesis. However, this difference disappeared when

effects, and can be used to assess anterior knee pain in patient who underwent

comparing active flexion. The difference in passive flexion was probably related

joint replacement surgery. The Feller score is therefore, in retrospect, probably

to a significantly lower rollback causing impingement in the CR prosthesis. No

not the best score to evaluate AKP in patients after TKA.

difference in anterior knee pain was found between both groups. However, a

29

Our study has some advantages, as it was prospective and randomised with
both the patient and investigator blinded to which TKA had been used. Both
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suggestion is raised that achieving high-flexion might lead to more patellofemoral
complaints.
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Summary and general discussion

Introduction

The following paragraphs will summarize the findings and reflect on the
results of subsequent chapters relative to the research questions. Furthermore,

In the introduction of this thesis the issues with conventional and high flex
Total Knee Arthroplasty (TKA) were outlined. Since high flex TKA has only been

some future perspectives will be given followed by concluding answers to the
research questions.

recently introduced many questions regarding the care for patients requiring
high-flexion TKA are still unanswered. While the results after standard TKA
are considered good with a revision rate of 10% after 15 years1, recent follow-up

Summary and general discussion

studies for high-flexion TKA show higher revision rates. Femoral component
loosening in high-flexion TKA has been reported being up to 21% after less than

For high-flexion total knee arthroplasty, concerns have raised about early

reflecting the success of TKA. Pain after TKA can lead to dissatisfaction and is a

loosening of the femoral component. Earlier Finite Element Analyses5 indicated

common problem with up to 49% of patients reporting anterior knee pain (AKP)

the area behind the anterior flange of the femoral component as being most

after TKA . The cause of AKP is multifactorial, but can be related to surgical

prone to loosening. This anterior flange is covering both cancellous bone and

technique and implant design. Revision rates up to 12% have been reported

cortical bone. For an optimal cement-bone interface strength it is important to

because of patellofemoral complaints . High-flexion TKA requires a higher

optimize the interface strength between cement and both types of bone. This will

range of motion of the patellofemoral joint often associated with higher forces.

help to improve femoral component fixation.

3

4

Hence, AKP could be an even more prominent problem in high-flexion TKA.

In Chapter 2 the strength of the cement-cancellous bone interface and the
cement-cortical bone interface was determined. Furthermore, two different

The specific research questions addressed in this thesis were:

preparation techniques of the cortical bone surface were investigated. Cylindrical
bone specimens of cadaver bone were prepared for four different bone surfaces:

Femoral component loosening:

(1) Unprepared cortical bone with periosteum; (2) Periosteum removed and

1.

Is the cement-bone interface or the cement-prosthesis interface most

cortical bone roughened with a rasp; (3) Periosteum removed and three Ø3.2

prone to loosening in high-flexion total knee arthroplasty?

mm holes drilled through the cortex; (4) Cancellous bone. A pure tensile and

Can the surgical technique be improved to reduce femoral component

shear force was applied and the interface strength was determined. It was clearly

loosening in high-flexion total knee arthroplasty?

shown that the cement-cancellous bone interface (tensile strength 1.79 MPa and

2.

shear strength 3.85 MPa) was considerably stronger than the cement-cortical
Anterior knee pain:

bone interface (tensile strength 0.06 MPa and shear strength 0.05 MPa). With

3.

Is the trochlear groove in current total knee arthroplasty similar to the

removing all periosteum and roughening the cortex with a rasp, the tensile

trochlea in the normal knee?

strength was increased to 0.22 MPa and the shear strength was increased to 1.12

4.

Does abnormal patellar tracking lead to increased anterior knee pain?

MPa. With removing the periosteum and drilling holes through the cortex, the

5.

Does high-flexion total knee arthroplasty lead to increased anterior knee

interface became even stronger with a tensile strength of 1.15 MPa and a shear

pain?

strength of 1.77 MPa. It was concluded that the preferred preparation technique
of the cortical bone is to remove all the periosteum and add drill holes through
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Femoral component loosening (Chapter 2,3 and 4)

two years of follow-up . Patient satisfaction is another important parameter
2

the cortex. However, it is important to stay within 5 mm from the edge of the

The first research question of this thesis was: “Is the cement-bone interface or

footprint of the anterior flange to prevent the cortex from weakening by the

the cement-prosthesis interface most prone to loosening in high-flexion total knee

holes. Behind the anterior flange, the holes will be filled with cement and are

arthroplasty?”. The FE study showed that the chance of failure was much higher

therefore not likely to act as stress risers.

at the cement-bone interface than at the cement-implant interface. Especially the

Since the strength of the cement-unprepared cortical bone interface is

cement-cortical bone interface is prone to failure. The highest tensile stresses

negligible, it is important to determine the percentage of anterior flange that is

(1.30 MPa) were found at the cement-cortical bone interface and the highest shear

covering cancellous bone. This percentage will directly influence the complete

stresses (3.33 MPa) were found at the cement-implant interface, both at 145° of

cement-bone interface strength behind the anterior flange and is an important

flexion. Since the interface strength of the cement-bone interface is lower than

input variable for Finite Element (FE) Analysis. In Chapter 3 this issue was

the strength of the cement-implant interface, the percentage of failed interface

addressed. During total knee replacement, intra-operative photographs were

was higher at the cement-bone interface. No failure at the distal and posterior

taken of the exposed cancellous bone behind the anterior flange in 40 patients,

areas was found for neither the cement-implant nor cement-bone interface.

just before cementing the prosthesis. These photographs were analysed with a
The second research question of this thesis was: “Can the surgical technique

for magnification and angulation errors. An average of 837.7 mm of cancellous

be improved to reduce femoral component loosening in high-flexion total knee

bone was available behind the anterior flange, which is 69.4% of the anterior

arthroplasty?”. The study suggests that the percentage of interface prone to

flange. However, a large variation in the patient group was found, ranging from

immediate failure, at the cement-cortical bone interface, could greatly be reduced

9.25% to 100%. The shape of the cancellous bone surface was quite consistent,

by the simple preparation techniques as described before. When leaving the

with more exposed cancellous bone on the lateral side than on the medial side.

cortical bone behind the anterior flange untouched, 99.3% of the cortical interface

This is often referred to as the ‘Grand Piano Sign’ by orthopaedic surgeons. This

is predicted to fail at 145° of flexion. This can be reduced to 76.1% by removing

shape is created by the higher lateral edge of the trochlea and the 3° of external

all periosteum and roughening of the cortex. An even greater reduction, to 8.3%,

rotation of the femoral component to position it parallel to the transepicondylar

can be achieved by removing all periosteum and drilling some holes through the

axis. The shape was not influenced by component size. However, a larger distal

cortex. Thus, with a simple procedure during the surgery, it seems possible to

femur and therefore a larger component size showed a lower percentage of

considerably reduce the failure potential of the femoral component.

2
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exposed cancellous bone (r = 0.61). Both input variables (interface strength and
cancellous bone surface) are important to implement in FE Models to create

Some limitations of the methods used should be addressed. The cement-

reliable results, with clinical relevance. In Chapter 4, a FE Model was used to

bone interface strength is only investigated for pure tensile stress and pure shear

answer the first two research questions. In the FE model, the cement-implant

stress. The stress situation behind the anterior flange is complex, and generates

interface and cement-bone interface were both simulated by cohesive elements.

stresses as combinations of shear and tension or compression. Despite the

The bone surface behind the anterior flange was separated in cancellous and

relatively simple tests performed, this data can adequately be used in FE analysis

cortical bone. A total of 68.5% of the anterior flange covered cancellous bone,

to calculate the risk of loosening at the cement-bone interface. However, we had

which mimics the average of 69.4% as found in Chapter 3. The interface strengths

to make some assumptions about the combined stress state strength values and

determined in Chapter 2 were used. The cement-implant interface strength was

failure potential. Another limitation is that simplified bone blocks were tested

based on work of Zelle et al. .

and no complete distal femora with femoral components were used. However,

6

166

167

9
Summary and general discussion

special software program, to calculate surface area of cancellous bone corrected

using cadaver distal femora introduces a large variation in the analysis. The bone

≥120° in daily activities16. However, those patients that do achieve high-flexion

mineral density, size and shape would be different, which makes a validation

should have high-flexion implant designs, since polyethylene insert strains

of the tests virtually impossible without simulating all bones separately. This

are reduced during deep flexion in high-flexion TKA17, which is expected to

biological variation is similar to what we found as the variability of the cancellous

reduce wear. In current standard total knee arthroplasty, the tibia plateau is

bone surface area behind the anterior flange. Validating complex FE Models, as

most prone to loosening and the 10 year survival is therefore more influenced

used in this thesis, is a difficult task and can be performed at different stages.

by tibia component loosening18. Preparation of the cortical bone behind the

For the model used in this thesis, convergence tests to assess the quality of the

anterior flange is therefore only clinically relevant in patients achieving high-

mesh density were performed. Furthermore, the adhesion strength values were

flexion after total knee arthroplasty. This can be achieved by surgeons drilling

experimentally obtained. Previously, analysis about how the model predicts

holes through the cortex or by manufacturers changing the back of the femoral

roll back were performed and this appeared to be very similar to surgical

implant at the femoral flange. This latter option will be further discussed in the

observations, fluoroscopic measurements and experimental measurements .

future perspectives section.

7

Furthermore, the forces that the model produced are in line with literature .
8

Obviously, it is impossible to validate all aspects of the model and at some
point one has to utilize the model to understand the various mechanisms that

The exact aetiology of anterior knee pain (AKP) is unknown, but a relationship

affect clinical outcome. In this thesis, the model was used to predict the failure

with patellar tracking, increased retropatellar pressure and increased medial

potential and debonding at the cement-bone and cement-implant interface. A

retinaculum tension can be expected. Patellar tracking is greatly influenced

proper validation of the debonding would require a cadaver experiment with

by the trochlear groove. In literature there is controversy on the orientation

many knees, in order to vary bone preparation techniques, which is not feasible.

of the trochlea, relative to the mechanical axis. Some authors found a medial

Furthermore, it should be detected where interface loosening is initiated and

orientation19 and others found a lateral orientation20. Patellar tracking studies

how it progresses. Local loosening at the cement-prosthesis or cement-bone

never show a linear path, so one can argue that the linear estimations of the

interface is, very difficult (if not impossible) to detect and therefore cannot be

trochlea, by Feinstein et al.19 and Eckhoff et al.20, are not correct.

measured experimentally. Hence, we believe that we have validated the models

In Chapter 5, the trochlear groove direction in the natural human knee was

to an acceptable level and believe that the results are helpful to understand some

determined by measuring 100 bones. It was shown that the natural trochlea

of the mechanical phenomena which are involved in TKA.

has two successive orientations. The first part of the trochlea, starting from

Overall, we conclude that the cement-bone interface is at risk during flexion

the intercondylar notch, has a lateral orientation of 0.2°, with respect to the

angles ≥120°, which is represented clinically in the higher failure rate of patients

mechanical axis. The second part of the trochlea has a medial orientation of 4.2°.

using deep knee flexion regularly . This is only important for high-flexion

A linear approximation indicated an overall medial orientation. The bilinear

total knee arthroplasty in patients who are actually achieving flexion angles

approximation is comparable to the patellar tracking measurements21-23.

9

≥120°. Despite the poor results in early studies of high-flexion TKA’s2,10,11, other

In Chapter 6, the previous results were compared to the trochlea orientation

studies have found no differences in revision rates between conventional and

in total knee arthroplasty. Calculation of the orientation of the prosthetic groove

high-flexion TKA’s

showed a lateral groove orientation of 2.9° for the first part and 2.2° for the

12,13

. However, these studies often showed no difference in

postoperative flexion between both groups. In most cases a flexion ≥120° was
not achieved

second part.

. Especially in Western countries most patients do not use flexion

14,15
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Anterior knee pain (Chapter 5,6,7 and 8)

With these results the third research question of this thesis can be answered;
“Is the patellar groove in current total knee arthroplasty similar to the trochlea in the

of the anterior flange is correct, but the orientation is wrong. The orientation
should overall be medial with a bilinear curve.

normal knee?”. The afore mentioned results clearly show that there is a difference
The fourth research question of this thesis was addressed; “Does abnormal

orientation alters the patellar tracking pattern and might therefore cause

patellar tracking lead to increased anterior knee pain?”. During high-flexion the

anterior knee pain due to increased tension on the medial retinaculum or higher

patella is trapped between both condyles. So, the tracking depends heavily on

retropatellar pressure. In the high-flexion component clinically investigated in

the position of the femoral component in high flexion. A considerable number

this thesis (Chapter 8), the PFC Sigma RP-F TKA system (DePuy International,

of cadaver studies and computer experiments have shown that slight alterations

Leeds,UK), the orientation of the groove extends laterally on the anterior flange.

of the shape and position/rotation of the femoral component in TKA result in

It is thought that this would accommodate more natural patellar tracking.

significant changes in patellar tracking and patellar contact forces21,24,25. While all

However, patellar tracking studies show that the patella is medial relative to

of these studies thoroughly investigate the patellar tracking patterns and patella

the position at the intercondylar notch during 20°-90° of flexion (see Figure

position, the correlation between changes in pre- and postoperative patella

5.7)

. The design of current TKA, with a lateral groove orientation, forces the

tracking and clinical results remain unknown. An earlier study26 reported on the

patella lateral in relation to the notch (see Figure 6.5). A proposal was made for

notch position of the prosthetic groove of the femoral component in relation to

a more anatomical groove design (Chapter 6): a groove design that mimics the

the notch position of the trochlea in the natural knee. This position was assessed

medio-lateral patellar translation in the natural knee. This proposed design has

intra-operatively in 61 patients. Overall, it was concluded that standard TKA

a medial orientation of 4.0° for the first part and 8.6° for the second part, relative

leads to a medialization of the trochlea of about 2.5 mm (range -4 till 9 mm).

to a prosthetic reference frame.

This medialization is in concordance with patella tracking studies24,25. Trochlear

21-23

Chapter 9

9

The design of current TKA’s is often called anatomical. However, they

positioning has great influence on patellar tracking and therefore might cause

should be called “asymmetrical” rather than “anatomical” as they have laterally

anterior knee pain. The patients from the earlier study were contacted and the

oriented or neutral grooves. Furthermore, the prosthetic groove extends much

results are presented in Chapter 7. A total of 40 patients were included with a mean

more proximally than the natural trochlea. This implies that the proximal part

follow-up of 8.8 years. Both the absolute displacement and the displacement error

of the prosthetic groove (on the anterior flange of the implant) is an artificial

were measured. The displacement error was determined by dividing the absolute

extension of the anatomic trochlea. The reason for this extension is twofold: it

displacement in relation to the width of the prosthesis. A significant relationship

prevents a bone-prosthesis transition within the patellofemoral articulation and

(r = 0.45, p < 0.01) between the KOOS-PS and displacement error (in percentages)

it allows to capture the patella during an earlier stage in flexion (which is thought

was found. This implicates that there is a relation between the trochlea position

to prevent patellar subluxation). When studying the natural femur it can be seen

and the patient reported postoperative results at midterm follow-up. However,

that the lateral bump of the trochlea extends more proximal on the distal femur.

the Oxford 12Q showed a low correlation with the displacement error (r = 0.26,

This bump is not covered with cartilage, but it most likely influences the position

p = 0.10). This can be caused by the ceiling effect of this score. The absolute

of the patella in full extension up to 20° of flexion. Since this lateral bump is

mediolateral displacement did not show a relevant correlation with clinical

sawn when preparing the distal femur for femoral component placement, it is

results. It was expected that a greater mediolateral displacement would result in

probably wise to implement this lateral bump in the prosthesis. Flattening this

more AKP, but the present study showed no significant correlation between the

part, as proposed in Chapter 6, is therefore probably not wise. So, the length

Kujala anterior knee pain score and mediolateral displacement (r = -0.08, p = 0.61)

170

171

9
Summary and general discussion

between the prosthetic groove and the natural trochlea. This difference in

The fifth research question of this thesis was: “Does high-flexion total knee

≥5 mm and <5 mm of medial displacement showed a significant lower NRS-pain

arthroplasty lead to increased anterior knee pain?”. Investigating whether there

(0.2 vs. 1.4; p = 0.004) and higher NRS-satisfaction (9.6 vs. 8.2; p = 0.045) in the

is a difference between anterior knee pain in patients with high-flexion TKA

patients with a medialization of ≥5 mm. This can probably be explained by the

and standard TKA can only be performed by a Randomized Controlled Trial

unnatural trochlear groove in standard TKA. When the position of the trochlea

(RCT). In this thesis (Chapter 8) a double blind RCT comparing the high-flexion

at the notch (which corresponds to ≈105° of flexion) is 5 mm more medial, the

posterior-stabilized PFC Sigma RP-F TKA system (rotating platform, DePuy

position of the entry point of the trochlea and therefore the patella is situated

International, Leeds,UK) and the standard cruciate retaining PFC Sigma FB

more naturally (see Figure 7.2). The medialization might therefore counteract

TKA system (fixed bearing, DePuy International, Leeds, UK) was described. In

the unnatural trochlear groove at the start of flexion, which might lead to more

total 47 patients were evaluated, 24 received the high-flexion prosthesis and 23

normal patellar tracking during normal daily activity (with a maximal flexion

received the standard prosthesis. The primary outcome measure was difference

of 100°) and better patient satisfaction. Some limitations of this study should

in postoperative flexion and the secondary outcome measure difference in

be discussed. Besides the trochlear hypothesis, less lateral overhang might be

anterior knee pain, indicated by the Feller score and VAS pain during a knee

another explanation for the lower NRS-pain and higher NRS-satisfaction in the

bend. At one year follow-up a significantly higher postoperative flexion was

more medialized group. It is known that lateral overhang is less tolerated than

found in the high-flexion prosthesis compared to the standard prosthesis (120.4°

medial overhang . In the clinical study, described in Chapter 7, this issue could

[SD 10.1°] versus 113.5° [SD 10.9°]). The overall postoperative flexion in the high-

not be addressed, since no postoperative CT-scans were available. Furthermore,

flexion prosthesis is higher than in the standard prosthesis, but it remains about

the number of included patients is rather small. However, this is an unique

120° of flexion. The prosthesis is designed to facilitate flexion up to 155°. In the

group since an intraoperative measurement was performed and correlated to

present study only eight patients in the PS-HF group and no patients in the CR

clinical results at midterm follow-up.

group achieved a flexion of 130° or higher. The Feller score (27.2 [SD 4.8] for

27

In patients using deep flexion on a daily basis, it is likely that a more

the high-flexion prosthesis versus 27.3 [SD 4.4] in the standard prosthesis) and

medial position would lead to more anterior knee pain. During deep flexion

VAS-score pain during a knee bend (18.3 [SD 22.2] mm versus 18.8 [23.2] mm,

the patellofemoral forces are much higher in TKA than in the natural knee .

respectively) indicated that there was no difference in anterior knee pain in the

By medialization of the femoral component and thus the prosthetic groove, the

high-flexion prosthesis compared to the standard prosthesis.

28

Q-angle increases, which further increases shear forces on the patella . In the

Some limitations have to be addressed. Anterior knee pain was detected

normal knee, internal rotation of the tibia occurs during flexion, which lowers

by secondary outcome measures in this study. The study might therefore

the Q-angle. This internal rotation of the tibia is present due to more rollback

be underpowered to detect any differences regarding anterior knee pain.

on the lateral side than on the medial side in the natural knee. Most modern

Nevertheless, adequately identifying patients with anterior knee pain is

posterior stabilized knee designs induce femoral rollback equally on the medial

challenging. A reliable and valid questionnaire is lacking, but is needed to reliably

and lateral side . The combination of higher Q-angle and less internal rotation of

assess the problem of AKP in patients following knee arthroplasty. Currently

the tibia could increase patellofemoral forces dramatically during deep flexion,

used questionnaires do not adequately assess AKP in patients following TKA.

which is most likely to lead to more anterior knee pain.

Even with good to excellent scores on widely used questionnaires, these patients

29

30

can still suffer from AKP. This results in underreporting of AKP in arthroplasty
patients. The Kujala Anterior Knee Pain Scale (AKPS), also called the Anterior
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or mediolateral error (r = -0.26, p = 0.10). Interestingly, sub analysis comparing

Knee Pain Scale, is a validated tool to evaluate patellofemoral pain or AKP31,32.
Recently, the AKPS has been validated in Dutch for patients after joint
replacement surgery of the knee33. It was concluded that the AKPS is a reliable

Fig 9.1: Proposal for change of backside of the anterior flange, with equal combined force (σc), the
shear force (σs) will decrease and the tensile force (σt) increase. On the left the standard TKA is shown
and on the rigth a new alternative.

and valid score in patients after knee arthroplasty, with no ceiling and floor
effects, and can be used to assess anterior knee pain in patient who underwent
joint replacement surgery. Since this validation was lacking for all AKP scores
during the design of our performed RCT, the Feller score was chosen. The Feller

(σc)
(σs)

(σt)

(σc)

(σt)

(σs)

score is in retrospect probably not the best score to detect AKP in patients. We
do think, however, that our study clearly shows that the high-flexion prosthesis
has the potential for higher postoperative flexion without on obvious increase in
AKP after high flex TKA.

Future perspectives
Based on the results presented in this thesis minor adjustments to implant

implants. The effect of such design alterations are difficult to study in the

design of both the trochlea and posterior aspect of the anterior flange in

laboratory since debonding occurs on a microscopic level which is very difficult

(high-flexion) Total Knee Arthroplasty can be considered. Especially with the

to visualize. Analysis of actual debonding are difficult to perform on complete

expected increase in TKA’s implanted and at a younger age, the quest for higher

implants in both the laboratory and in finite element analysis. This makes direct

postoperative flexion and lower survival rates will also increase in Western

validation of FE-model debonding very difficult. Furthermore, the FE-model

countries .

used in the present study showed debonding for one knee squat. An obvious

34

improvement would be to implement new simulating techniques for the
Femoral component loosening

evaluation of progressive loosening. This would give insight in the probability

The present thesis clearly showed that the cement-bone interface behind the

that a steady state occurs after multiple cycles, after which no further loosening

anterior flange is at risk during ≥120° of flexion. Since loosening is mainly caused

occurs.

by high shear forces behind the anterior flange, changes that reduce those forces

Actual debonding consists of a nearly elastic phase followed by a non-

should be considered. Shear forces can be altered by increasing the angle of the

linear plastic or softening phase. In our model Cohesive Elements are used to

backside of the anterior flange as illustrated in Figure 9.1. This steeper cut will

calculate stresses at the interface based on the calculated displacement and the

increase the amount of exposed cancellous bone and will lower shear forces

given interface stiffness. The stiffness of the cement-bone interface is difficult

behind the anterior flange, since the combined force will remain the same. This

to determine in the laboratory. Furthermore, the relation between the stiffness

combination will most likely reduce the change of early loosening in high-flexion

in the laboratory and in vivo is an unknown factor. A study by Miller et al.35

total knee arthroplasty.

demonstrated that post-mortem retrieved samples of bone–cement interfaces
have reduced stiffness by a factor of up to 10 when compared with laboratory
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The effects of these changes must be evaluated before clinical use of altered

freshly prepared samples. The stiffness and stability of bone–cement interfaces

knee pain is difficult to objectify. As mentioned before, a reliable and valid

are dependent on trabecular bone density and interdigitation depth . So, the

questionnaire is lacking. Although, the Anterior Knee Pain Scale (AKPS)33

use of interface stiffness as main input variable is subject to many unknown

seems to be the best score available today, not all questions seem appropriate.

variables and does not allow for the simulation of actual debonding. Caouette

Some of the questions include jogging, jumping and squatting. These are all

et al. published an approach based on continuum damage mechanics (CDM).

movements which patients after TKA seldom perform since they are generally

These authors designed an interface element featuring a constitutive law of

older and have no interest in doing that. Furthermore, a question about swelling

initial linear stiffness followed by exponential decay representative of damage

of the knee is present. Swelling is not a clear indicator of anterior knee pain

occurring as a result of mechanical stimuli at the interface. This model based on

and can be a sign of other causes for pain like infection. So, although the

experimental data allowed the authors to simulate progressive debonding of

AKPS has no ceiling effect, the questions might not all be appropriate to detect

bone–cement interfaces. It would be very interesting to incorporate this CDM in

isolated anterior knee pain in patients after TKA. Development of a different

our FE model to actually simulate debonding for multiple knee squats.

questionnaire is mandatory to detect all patients with AKP after TKA. Another

36

37

38

important issue is that the aetiology of anterior knee pain is still unknown.

be built. The load setup in the FE model should be equal to the in vitro load

A parallel can be drawn with the patellofemoral pain (PFP) syndrome. It is

set-up. Validation of loosening at the interface at a micro-level will probably

likely that the same factors influence anterior knee pain after TKA and the

remain impossible for a long time. However, knee movements and generated

PFP syndrome. However, it remains unclear what pathway induces pain. One

forces could be compared directly. This would make a powerful model, ideal

potential pathway to pain is that patella malalignment/maltracking overloads

for the evaluation of geometric changes on the femoral component. With the

the subchondral bone, resulting in pain. Another potential pathway to PFP is

introduction of rapid prototyping, at a reasonable cost, it will be easier to design

that patella malalignment/maltracking leads to a shortened lateral retinaculum

different prostheses, which could directly be tested in vitro and in a FE model.

and/or ischemia, with eventual secondary nerve changes resulting in pain39. Pain

The ultimate evaluation of forces around the femoral component would be in

can arise from any innervated patellofemoral joint structure40 and a combination

vivo. D’Lima et al.8 already designed a force-sensing device that measured all

of innervated tissues may be involved concurrently41-43. These structures include

six components of tibial forces implemented in a tibial component. This tibial

subchondral bone, infrapatellar fat pad, quadriceps tendon, patellar tendon,

component was implanted in a patient and gave precise in vivo data. This is

synovium, the medial and lateral retinaculum and patellar (medial and lateral)

the ultimate validation tool for a finite element model. No femoral component

ligaments. Although cartilage is aneural, the forces applied are passed to the

with the same force-sensing device is available today, so in vivo femoral forces

innervated subchondral bone. So, at the current time, the primary theory is that

are derived from the tibial data. It would be very useful to design a femoral

patellofemoral malalignment and maltracking result in PFP.

component with a force sensing device for the evaluation of in vivo femoral
forces and validation of our finite element models.

After total knee arthroplasty, alignment and tracking are influenced
by several factors, including trochlear groove of the femoral component,
mediolateral alignment of the femoral component, rotational alignment of the

Anterior knee pain

femoral component, overstuffing or understuffing of the patella, loss of strength

The present study clearly showed a difference between the prosthetic groove

of the quadriceps, scar tissue due to the approach, rotational alignment of the

and the natural trochlea. This results in altered patellar tracking and therefore

tibia component and alteration of the coronal axis of the leg. Which factor is most

probably anterior knee pain. However, this is difficult to prove since anterior

important remains unclear. It seems likely to suspect that patellar malalignment
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To improve validation of the model, a cadaver specific model should

influences the incidence of AKP. Other authors have shown that most femoral

the surface geometry of the tibial plateau with its concave and stable medial side

components show signs of trochlear dysplasia . It is therefore logical to address

versus a convex and sloped lateral side. The roll-back is greater on the lateral

this issue. A proposal for a new trochlear design, with an overall medial

side than on the medial side50,51. On the lateral side, this clears the back of the

orientation, is already presented in chapter 6. These new designs should first

knee in deep flexion50. On the medial side, the greater condylar offset allows the

be tested in a testing rig which can reliably apply physiologic movements on

posterior femur to accommodate the posteromedial tibia without impingement52.

a cadaver knee in which a total knee arthroplasty is performed. With rapid

After TKA, the anterior cruciate ligament is almost always sacrificed. Often

prototyping different component designs can easily be created. Testing these

the posterior cruciate ligament is also sacrificed. The knee motion after TKA

designs in different cadaver knees on a testing rig will show if patellar tracking

is therefore not guided by the cruciate ligaments as in the natural knee. This

resembles the native patella tracking and what forces are generated. When the

inevitably alters the postoperative knee motion. To supplement the loss of

ideal component design is found and the average native patella tracking is

cruciate ligament guidance, an interaction between the insert and femoral

recreated it is expected that the incidence of anterior knee pain will be reduced.

component is created. TKA systems are traditionally designed for symmetric

44

rollback, giving equal posterior translation on the medial and lateral side.
Other issues
This thesis focussed on two important issues of high-flexion total knee

between the normal knee and the knee after all kinds of TKA51-54. Preserving

arthroplasty. Design alterations to address these issues are given. However,

both cruciate ligaments is proven to result in more normal kinematics and

there are several other issues with total knee arthroplasty in general that should

better flexion55-57. Surgical feasibility limits the potential of this solution. The

be addressed to achieve the ultimate function and results after (high-flexion)

medial pivot TKA has also proven to have more normal knee kinematics . For

TKA.

the posterior stabilised TKA, fluoroscopic analysis have related more natural

Function after TKA is influenced by the arthritic disease, the surgical

kinematics to better postoperative flexion54,59-61. The correlation between more

trauma and the design of the prosthesis. The actual arthritic disease cannot

natural knee kinematics and higher patient satisfaction is still not proven in a

be influenced during TKA. Recent information on the outcome of minimally

clinical study. However, patients seem to prefer a bicruciate-retaining or medial

invasive procedures suggests the reduction of the surgical trauma offers early

pivot TKA when they have different prosthesis in bilateral TKA62.

improvement and faster rehabilitation45-47. Handling of the patella is also of
significant importance on postoperative flexion. A recent study proved that

It remains a challenging task to improve patient satisfaction after total knee

patellar dislocation without eversion results in a significant better postoperative

arthroplasty. Several factors seem of influence. The present thesis indicated clear

flexion . So, soft tissue handling during surgery is directly influencing range of

aspects which can be improved to increase longevity of the implant and patient

motion and should be cared for during surgery.

satisfaction.
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Besides the patellofemoral articulation which is thoroughly discussed in this
thesis, the tibiofemoral articulation is also of great importance on TKA function
and results. Flexion in the normal knee occurs along the 6° of freedom in space
and includes rotation along the horizontal axis (flexion), translation along the
sagittal axis (roll-back of the femur) and rotation over the coronal axis (femoral
external rotation)49. The motion is guided mainly by the cruciate ligaments and
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Several fluoroscopic analysis have shown a clear difference in knee kinematics

Answers to research questions

4.

Does abnormal patellar tracking lead to increased anterior knee pain?
More medialization of the femoral component leads to alterations of patellar
tracking. This thesis did not find increased anterior knee pain with increased

This thesis addressed two main reasons for revision total knee arthroplasty,

medialization of the femoral component.

with emphasis on high-flexion designs.
5

Does high-flexion total knee arthroplasty lead to increased anterior knee

The first topic is femoral component loosening, for which the following questions

pain?

were answered:

The RCT presented in this thesis showed higher passive postoperative flexion in

1.

Is the cement-bone interface or the cement-prosthesis interface most

a high-flexion prosthesis (120.4°) compared to a standard prosthesis (113.5°).

prone to loosening in high-flexion total knee arthroplasty?

However, both groups showed equal scores for the Feller score and VAS-score

This thesis showed that the cement-bone interface is most prone to loosening.

pain during a knee bend. So no increase in anterior knee pain was found.

Especially, the cement-cortical bone interface behind the anterior flange is very
weak.
2.

Can the surgical technique be improved to reduce femoral component
loosening in high-flexion total knee arthroplasty?
In this thesis very simple preparation techniques for the cortical bone surface

9

9

were introduced. By removing all periosteum from the cortical bone and
drilling some holes through the cortex, the strength of the interface could be

Chapter 9
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increased significantly. In this way, the area behind the anterior flange prone to
early interface failure can be reduced from 31.3% to 2.6%.
The second topic was anterior knee pain, for which the following questions were
answered:
3.

Is the patellar groove in current total knee arthroplasty similar to the
trochlea in the normal knee?
This thesis showed that the patellar groove in current prosthetic designs is
bilinear. The first part is oriented 2.9° laterally and the second part is oriented
2.2° laterally. So overall, there is a lateral orientation. This is in contrast to
the trochlea in the normal knee. The first part is oriented 0.2° laterally and
the second part is 4.2° medially, so overall there is a medial orientation. It is
concluded that there is a major difference between the patellar groove in current
prosthetic designs and the trochlea in the normal knee.
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Introductie
In de inleiding van dit proefschrift zijn enkele problemen met de

4.

Leidt abnormale patella sporing tot meer anterieure kniepijn?

5.

Leidt plaatsing van een hoge flexie totale knieprothese tot meer anterieure
kniepijn?

conventionele en hoge flexie Totale Knie Prothese (TKP) geschetst. Aangezien
de hoge flexie TKP pas recent is geïntroduceerd zijn veel vragen over de te geven

In de volgende paragrafen wordt een samenvatting van de bevindingen

adviezen aan patiënten, die veel diepe flexie willen gebruiken na een TKP, nog

uit dit proefschrift gegeven en worden de resultaten van de opeenvolgende

steeds onbeantwoord. Ondanks dat de resultaten na een standaard TKP als goed

hoofdstukken, met betrekking tot de onderzoeksvragen, bediscussieerd.

worden beschouwd met een revisie percentage van 10% na 15 jaar , tonen recente

Bovendien zal een aantal toekomstperspectieven worden gegeven, gevolgd

follow-up studies voor hoge flexie TKP hogere revisie percentages. Na twee jaar

door het beantwoorden van de onderzoeksvragen.

1

follow-up worden percentages tot 21% loslating van de femorale component
gerapporteerd2.
Tevredenheid van de patiënt is een andere belangrijke parameter welke het

Samenvatting en algemene discussie

succes van een TKP weerspiegelt. Pijn na een TKP kan leiden tot ontevredenheid
en is een veel voorkomend probleem. Tot 49% van de patiënten na een TKP

Na de introductie van de hoge flexie totale knieprothese is onrust ontstaan

is multifactorieel, maar kan worden gerelateerd aan chirurgische techniek

over vroege loslating van de femorale component. Eerdere Eindige Elementen

en prothese ontwerp. Revisie percentages tot 12% vanwege patellofemorale

Analyse (EEA)5 heeft aangetoond dat de interface achter de anterieure flange de

klachten worden gemeld4. Hoge flexie TKP vereist meer beweeglijkheid van het

hoogste kans op loslating heeft. De anterieure flange bedekt zowel spongieus als

patellofemorale gewricht, wat leidt tot hogere krachten. Derhalve kan AKP een

corticaal bot. Voor een optimale cement-bot interface sterkte is het belangrijk om

nog groter probleem zijn voor de hoge flexie TKP.

de interface sterkte tussen cement en beide soorten bot te optimaliseren. Dit zal
helpen om de fixatie van de femorale component te verbeteren.

De specifieke onderzoeksvragen in dit proefschrift zijn:

In Hoofdstuk 2 is de sterkte van de cement-spongieus bot interface en
de cement-corticaal bot interface bepaald. Verder zijn twee verschillende

Aseptische loslating femorale component:

bewerkingen van het corticale botoppervlak onderzocht. Cilindrische blokjes

1.

Is de cement-bot interface of de cement-prothese interface het gevoeligst

van kadaver bot werden geprepareerd met vier verschillende botoppervlakken:

voor loslating bij de hoge flexie totale knieprothese?

(1) corticaal bot met periost, (2) periost verwijderd en de cortex opgeruwd met

Kan de chirurgische techniek verbeterd worden om het risico op loslating

een rasp, (3) periost verwijderd en drie Ø3.2 mm gaten geboord door de cortex,

van de femorale component bij de hoge flexie totale knieprothese te

(4) spongieus bot. De botblokjes werden onder trekkracht en schuifkracht

verminderen?

getest om de interface sterkte te bepalen. Er werd duidelijk aangetoond dat de

2.

cement-spongieus bot interface (treksterkte 1,79 MPa en schuifsterkte 3,85 MPa)
Anterieure kniepijn:

aanzienlijk sterker is dan de cement-corticaal bot interface (treksterkte 0,06 MPa

3.

Is de patella groeve in de huidige totale knieprothese vergelijkbaar met

en schuifsterkte 0,05 MPa). Met verwijderen van alle periost en opruwen van

de trochlea in de normale knie?

de cortex met een rasp, kan de treksterkte verhoogd worden tot 0,22 MPa en de
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Aseptische loslating femorale component (Hoofdstuk 2,3 en 4)

zeggen last te hebben van anterieure kniepijn (AKP) . De oorzaak van AKP
3

schuifsterkte verhoogd tot 1,12 MPa. Na het verwijderen van het periost en boren

In Hoofdstuk 4 werd een EE-model gebruikt om de eerste twee

van gaten door de cortex, werd de interface nog sterker met een treksterkte van

onderzoeksvragen te beantwoorden. In het EE-model werden de cement-

1,15 MPa en een schuifsterkte van 1,77 MPa. Geconcludeerd werd dat de beste

prothese interface en cement-bot interface beide gesimuleerd door ‘cohesive’

bewerking van het corticale bot het verwijderen van alle periost is en het boren

elementen. Het bot oppervlak achter de anterieure flange werd gescheiden in

van gaten door de cortex. Het is echter belangrijk om binnen 5 mm van de rand

spongieus en corticaal bot. In totaal 68,5% van de anterieure flange bedekte

van de projectie van de anterieure flange te blijven om te voorkomen dat de

spongieus bot, dit komt overeen met het gemiddelde van 69,4% dat gevonden

cortex zwakker wordt door de gaten. Wanneer de gaten binnen de begrenzing

werd in hoofdstuk 3. De cement-bot interface sterkte, zoals bepaald in hoofdstuk

van de anterieure flange blijven worden ze gevuld met cement en derhalve is het

2, werd gebruikt en de cement-prothese interface sterkte was gebaseerd op het

niet waarschijnlijk dat ze optreden als ‘stress risers’.

werk van Zelle et al.6.

Aangezien de sterkte van de cement-corticaal bot interface verwaarloosbaar
De eerste onderzoeksvraag van dit proefschrift was: “Is de cement-bot interface

bot bedekt te bepalen. Dit percentage zal direct invloed hebben op de volledige

of de cement-prothese interface het gevoeligst voor loslating bij de hoge flexie totale

cement-bot interface sterkte achter de anterieure flange en is een belangrijke

knieprothese?”. De Eindige Elementen studie toonde aan dat de kans op falen

input variabele voor EEA. In Hoofdstuk 3 werd dit percentage bepaald. Tijdens

veel hoger was op de cement-bot interface dan op de cement-prothese interface.

de plaatsing van een TKP werden bij 40 patienten intraoperatief foto’s genomen

Vooral de cement-corticaal bot interface is gevoelig voor loslating. De hoogste

van het blootgestelde spongieuze bot achter de anterieure flange, net voor het

trekspanningen (1,30 MPa) werden gevonden op de cement-corticaal bot interface

cementeren van de prothese. Deze foto’s werden geanalyseerd met een speciaal

en de hoogste schuifspanningen (3,33 MPa) op de cement-prothese interface bij

softwareprogramma om de oppervlakte van het spongieuze bot, gecorrigeerd

145° flexie. Aangezien de interface sterkte van de cement-bot interface lager is

voor vergroting en onder een hoek gemaakte foto’s, te berekenen. Er was

dan de sterkte van de cement-prothese interface, was het percentage gefaalde

gemiddeld 837,7 mm spongieus bot beschikbaar achter de anterieure flange. Dit

interface hoger op de cement-bot interface. Er werd geen loslating van de distale

is gelijk aan 69,4% van de oppervlakte van de anterieure flange. Er werd echter een

en posterieure interfaces gevonden.

2

grote variatie in de patiëntengroep gevonden, variërend van 9,25% tot 100%. De
vorm van het spongieus bot oppervlak was vrij consistent met meer blootgesteld

De tweede onderzoeksvraag van dit proefschrift was: “Kan de chirurgische

spongieus bot aan de laterale zijde dan aan de mediale zijde. Dit wordt door

techniek verbeterd worden om de kans op loslating van de femorale component bij de

orthopedisch chirurgen vaak aangeduid als het ‘Grand Piano Sign’. Deze vorm

hoge flexie totale knieprothese te verminderen?”. Dit proefschrift laat zien dat

ontstaat door de hogere laterale rand van de trochlea en de 3° exorotatie van

het percentage van de interface dat gevoelig is voor onmiddellijk falen bij de

de femorale component om de positie evenwijdig aan de transepicondylaire as

cement-corticale bot interface sterk verminderd kan worden door de eenvoudige

te plaatsen. De vorm werd niet beïnvloed door component grootte, maar een

bereidingstechniek zoals eerder beschreven. Wanneer het corticale bot achter

groter distaal femur en derhalve een grotere femorale component vertoonde een

de anterieure flange niet bewerkt wordt, is 99,3% van de corticale-bot interface

lager percentage blootgesteld spongieus bot (r = 0,61). Zowel interface sterkte

gevoelig voor onmiddellijke loslating bij 145° flexie. Dit kan tot 76,1% worden

als spongieus bot oppervlak zijn belangrijk om te implementeren in EEA om

verminderd door het verwijderen van het periost en het opruwen van de cortex.

betrouwbare resultaten te verkrijgen met klinische relevantie.

Een nog grotere verlaging, tot 8,3%, kan worden bereikt door verwijderen van
het periost en het boren van een aantal gaten door de cortex. Dus met een simpele
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is, is het belangrijk om het percentage van de anterieure flange dat spongieus

procedure tijdens de operatie, lijkt het mogelijk om het risico op loslating van de

Bovendien moet worden gedetecteerd wanneer interface-loslating precies

femorale component aanzienlijk te verminderen.

begint op te treden bij het kadaver experiment en de progressie hiervan. Lokale
loslating van de cement-prothese en de cement-bot interface detecteren is zeer
moeilijk (zo niet onmogelijk) en dus niet experimenteel vast te leggen. Daarom

De cement-bot interface sterkte werd alleen onderzocht voor pure trekkracht en

geloven we dat de modellen zijn gevalideerd tot een aanvaardbaar niveau en dat

pure schuifkracht. De krachten situatie achter de anterieure flange is echter veel

de resultaten nuttig zijn om een aantal van de mechanische problemen van de

complexer en genereert gecombineerde schuif- en trek- of compressiekrachten.

TKP te leren begrijpen.

Ondanks de relatief eenvoudige tests kunnen de resultaten die zijn gevonden in

Over het algemeen kunnen we concluderen dat de cement-bot interface

dit proefschrift goed gebruikt worden in EEA om de kans op loslating van de

in gevaar is tijdens flexie ≥120°. Dit wordt klinisch bevestigd door de hogere

cement-bot interface te berekenen. Er moesten enkele aannames gedaan worden

loslatings percentages van de femorale component in patiënten die regelmatig

om de interface sterkte bij gecombineerde krachten te bepalen en dit te relateren

diepe kniebuigingen maken9. Dit is alleen van belang voor de hoge flexie TKP bij

aan de kans op loslating van de interface. Een andere beperking is dat simpele

patiënten die postoperatief ook daadwerkelijk flexie van 120° of meer bereiken.

botblokjes getest zijn en geen volledige distale femora met echte prothese

Ondanks de slechte resultaten in vroege studies van hoge flexie TKP’s2,10,11,

componenten. Het gebruik van kadaver distale femora zorgt voor de introductie

hebben andere studies geen verschillen in revisie percentage aangetoond tussen

van een grote variatie in de analyse. De bot mineraal dichtheid, grootte en vorm

conventionele en hoge flexie TKP’s12,13. Deze studies vertoonden soms geen

zou anders zijn, waardoor de validering van de tests vrijwel onmogelijk is zonder

verschil in postoperatieve flexie tussen beide groepen. In de meeste gevallen

alle botten apart te simuleren. Deze biologische variatie is vergelijkbaar met wat

werd ≥120° flexie niet bereikt14,15. Vooral in westerse landen gebruiken de meeste

we hebben gevonden voor de variabiliteit van het spongieus bot oppervlakte

patiënten geen ≥120° flexie tijdens dagelijkse activiteiten16. Voor patiënten waarvan

achter de anterieure flange. Valideren van complexe EE-modellen, zoals gebruikt

verwacht wordt dat deze na een TKP hoge flexie gaan gebruiken in het dagelijks

in dit proefschrift, is moeilijk en kan in verschillende fasen worden uitgevoerd.

leven is het wel verstandig een hoge flexie TKP te gebruiken. Dan zal de slijtage

Voor het model dat in dit proefschrift is gebruikt werden convergentie tests

waarschijnlijk minder zijn doordat de polyethyleen spanningen tijdens diepe

uitgevoerd om de invloed van de mesh dichtheid te beoordelen. Bovendien

buiging lager zijn in het ontwerp van de hoge flexie TKP17. Voor patiënten die

werden de interface sterktes experimenteel verkregen. Eerder onderzoek met

een hoge flexie TKP ontvangen, is het belangrijk dat de cement-bot interface

het huidige EE-model liet zien dat de gesimuleerde rollback goed vergelijkbaar

geoptimaliseerd wordt. Bij gebruik van de huidige standaard TKP is het tibia

is met klinische fluoroscopie metingen en experimentele metingen . De krachten

plateau het meest gevoelig voor aseptische loslating en wordt de 10 jaars

die het model berekend zijn in lijn met de literatuur . Uiteraard is het onmogelijk

overleving dus beïnvloed door de tibia component18. Bewerking van het corticale

om alle aspecten van het model te valideren en op een gegeven moment

bot achter de anterieure flange is daarom alleen klinisch relevant in patiënten die

moet men het model gaan gebruiken om de verschillende mechanismen

hoge flexie gaan gebruiken na een TKP. De interface sterkte kan door chirurgen

die de klinische uitkomst beïnvloeden te leren begrijpen. In dit proefschrift

verhoogd worden door het boren van gaten door de cortex of door fabrikanten

werd het model gebruikt om het risico op loslating van de cement-bot en de

door het veranderen van de achterzijde van de anterieure flange. Deze laatste

cement-prothese interface te voorspellen. Een goede validatie van de loslating

optie zal verder worden besproken in de sectie toekomstperspectieven.

7

8

simulatie zou een kadaver experiment met vele knieën vereisen teneinde de
bot bereidingstechnieken te variëren. Dit is in de praktijk echter niet haalbaar.
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Een aantal beperkingen van de gebruikte methoden moet worden besproken.

TKP, met een lateraal georienteerde groeve, dwingt de patella naar lateraal ten

Anterieure kniepijn (hoofdstuk 5,6,7 en 8)
De exacte oorzaak van anterieure kniepijn (AKP) is onbekend, maar een relatie

opzichte van de notch (zie figuur 6.5). Derhalve werd een voorstel gedaan voor

met patella sporing, verhoogde retropatellaire druk en verhoogde spanning in het

een meer anatomische groeve (hoofdstuk 6) welke de medio-laterale patella

mediale retinaculum lijkt waarschijnlijk. Patella sporing wordt sterk beïnvloed

translatie van de natuurlijke knie nabootst. Dit voorgestelde ontwerp heeft een

door de patella groeve. In de literatuur is er controverse over de oriëntatie van

mediale oriëntatie van 4,0° voor het eerste deel en 8,6° voor het tweede deel ten

de trochlea ten opzichte van de mechanische as. Sommige auteurs vonden een

opzichte van een prothese referentiekader.

mediale oriëntatie en anderen een laterale oriëntatie . Patella sporing studies

Het ontwerp van de huidige TKP’s wordt vaak anatomisch genoemd. Ze

tonen nooit een rechte lijn, dus men kan stellen dat de lineaire schattingen van

moeten echter ‘asymmetrisch’ in plaats van ‘anatomisch’ genoemd worden,

de trochlea door Feinstein et al. en Eckhoff et al. niet juist zijn.

omdat zij lateraal georiënteerde of neutrale patella groeven hebben. Bovendien

19

20

19

20

loopt de patella groeve op de prothese veel verder door naar proximaal dan
de natuurlijke trochlea. Dit betekent dat het proximale gedeelte van de patella

door het meten van 100 botten. Er werd aangetoond dat de natuurlijke trochlea

groeve op de anterieure flange van de prothese een kunstmatige uitbreiding is

twee opeenvolgende oriëntaties heeft. Het eerste deel van de trochlea, vanaf de

van de anatomische trochlea. De reden voor deze verlenging is tweeledig: het

intercondylaire notch, heeft een laterale oriëntatie van 0,2° ten opzichte van de

voorkomt een bot-prothese overgang binnen de patellofemorale articulatie en

mechanische as. Het tweede deel van de trochlea heeft een mediale oriëntatie

dirigeert de patella in de juiste richting tijdens het eerste stadium van flexie om

van 4,2°. De lineaire benadering geeft een mediale oriëntatie. De bilineaire

subluxatie van de patella te voorkomen. Bij het bestuderen van het menselijk

benadering is vergelijkbaar met de patella sporing metingen

. In Hoofdstuk 6

femur blijkt dat de laterale bult van de trochlea zich proximaal uitbreidt. De bult

werden de eerdere resultaten vergeleken met de oriëntatie van de patella groeve

is niet bedekt met kraakbeen, maar waarschijnlijk beïnvloedt deze wel de positie

in een TKP. Berekening van de oriëntatie van de patella groeve toonde een

van de patella van volledige extensie tot 20° flexie. Aangezien deze laterale bult

laterale oriëntatie aan van 2,9° voor het eerste deel en 2,2° voor het tweede deel.

wordt afgezaagd bij de voorbereiding van het distale femur voor de femorale

21-23

component, is het waarschijnlijk verstandig om deze laterale bult in de prothese
Met deze resultaten kan de derde onderzoeksvraag van dit proefschrift

te verwerken. Afvlakking van dit deel, zoals voorgesteld in hoofdstuk 6, is

beantwoord worden; “Is de patella groeve in de huidige totale knieprothese vergelijkbaar

waarschijnlijk niet verstandig. Dus de lengte van de anterieure flange is juist,

met de trochlea in de normale knie?”. Uit de resultaten blijkt duidelijk dat er een

maar de oriëntatie is verkeerd. De algemene oriëntatie moet mediaal zijn met

verschil is tussen de patella groeve en de natuurlijke trochlea. Dit verschil in

een bilineaire curve.

oriëntatie verandert de patella sporing en kan daarom leiden tot patellofemorale

De vierde onderzoeksvraag van dit proefschrift was; “Leidt abnormale patella

pijn door verhoogde spanning in het mediale retinaculum of een hogere

sporing tot meer anterieure kniepijn?”. Tijdens diepe flexie zit de patella gevangen

retropatellaire druk. In de hoge flexie component die klinisch is onderzocht

tussen beide condylen. Dus de mediolaterale positie van de patella tijdens

in dit proefschrift (hoofdstuk 8), het PFC Sigma RP-F TKA systeem (DePuy

diepe flexie is sterk afhankelijk van de positie van de femorale component. Een

International, Leeds, UK), is de oriëntatie van de groeve lateraal. De gedachte is

aanzienlijk aantal kadaver studies en computersimulaties hebben aangetoond

dat dit zorgt voor een natuurlijkere patella sporing. Patella sporing studies tonen

dat geringe veranderingen van de vorm en positie/rotatie van de femorale

echter aan dat de patella zich mediaal ten opzichte van de intercondylaire notch

component in TKA resulteren in significante veranderingen in patella sporing en

. Het ontwerp van de huidige

patella contact krachten21,24,25. Al deze onderzoeken rapporteren over de patella

bevindt tijdens 20°-90° flexie (zie figuur 5.7)

21-23
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In Hoofdstuk 5 is de trochlea oriëntatie van de menselijke knie bepaald

algemene dagelijkse activiteiten (met een maximale flexie van 100°) en een betere

patella sporing en klinische resultaten blijft echter onbekend. Een eerdere studie

tevredenheid van de patiënt.

26

rapporteerde het verschil tussen de notch positie in de niet geopereerde knie en

Enkele beperkingen van dit onderzoek moeten worden besproken. Naast de

na plaatsing van een knieprothese. Deze positie werd intra-operatief beoordeeld

trochlea hypothese is minder laterale overhang van de prothese mogelijk een

bij 61 patiënten. Er werd geconcludeerd dat plaatsing van een standaard TKP

andere verklaring voor de lagere NRS-pijn en hogere NRS-tevredenheid. Het is

tot een medializatie van de trochlea leidt van ongeveer 2,5 mm (-4 tot 9 mm).

bekend dat laterale overhang minder getolereerd wordt dan mediale overhang27.

Deze medializatie is in overeenstemming met patella sporing studies24,25. De

In de klinische studie, beschreven in hoofdstuk 7, kon dit probleem niet worden

trochlea positie heeft grote invloed op patella sporing en kan daarom misschien

geanalyseerd, omdat er geen postoperatieve CT-scans beschikbaar waren.

anterieure kniepijn veroorzaken. De patiënten uit de eerdere studie werden

Bovendien is het aantal geïncludeerde patiënten vrij klein. Dit is echter een

benaderd en de resultaten worden gepresenteerd in Hoofdstuk 7. In totaal 40

unieke groep patiënten aangezien een intraoperatieve meting werd uitgevoerd

patiënten konden geïncludeerd worden met een gemiddelde follow-up van 8,8

welke werd gecorreleerd aan klinische resultaten bij middel lange follow-up.

jaar. Zowel de absolute verplaatsing als de verplaatsings fout werden gemeten.

Bij patiënten die diepe flexie vaak gebruiken, is het waarschijnlijk dat een

De verplaatsings fout werd bepaald door de absolute verplaatsing ten opzichte

meer mediale positie leidt tot meer anterieure kniepijn. Tijdens diepe flexie zijn

van de breedte van de prothese te berekenen. Een significante relatie (r = 0,45; p

de patellofemorale krachten na TKA veel hoger dan in de natuurlijke knie28.

<0,01) tussen de KOOS-PS en verplaatsings fout in procenten werd gevonden.

Door medializatie van de femorale component en dus de patella groeve neemt

Dit impliceert dat er een verband bestaat tussen de trochlea positie en de patiënt

de Quadriceps-hoek toe, wat leidt tot meer schuifkrachten op de patella29. In

gerapporteerde postoperatieve resultaten bij middel lange follow-up. De Oxford

de normale knie treedt endorotatie van de tibia op tijdens flexie, waarbij de

12Q bleek alleen een lage correlatie met de verplaatsings fout te hebben (r = 0,26;

Quadriceps-hoek verlaagt. Deze interne rotatie van de tibia is aanwezig als gevolg

p = 0,10). Dit kan worden veroorzaakt door het plafond effect van deze score. De

van meer rollback aan de laterale zijde dan aan de mediale zijde. De meeste

absolute mediolaterale verplaatsing heeft geen relevante correlatie met klinische

moderne posterieur gestabiliseerde knie prothesen induceren femorale rollback

resultaten. De verwachting was dat een grotere mediolaterale verplaatsing tot

symmetrisch aan de mediale en laterale zijde30. De combinatie van een hogere

meer AKP zou leiden, maar de huidige studie toonde geen significante correlatie

Quadriceps-hoek en minder interne rotatie van de tibia kan de patellofemorale

aan tussen de Kujala anterieure kniepijn score en de mediolaterale verplaatsing

krachten drastisch verhogen tijdens diepe flexie. Dit leidt waarschijnlijk tot meer

(r = -0,08; p = 0,61) of mediolaterale fout (r = -0,26; p = 0,10). Sub analyse, waarbij

anterieure kniepijn.

≥5 mm of <5 mm mediale verplaatsing met elkaar werden vergeleken toonde
een significant lagere NRS-pijn (0,2 vs 1,4; p = 0,004) en een hogere NRS-

De vijfde onderzoeksvraag van dit proefschrift was: “Leidt plaatsing van een

tevredenheid (9,6 vs 8,2; p = 0,045) aan bij patiënten met een medializatie van

hoge flexie totale knieprothese tot meer anterieure kniepijn?” Onderzoek of er een

≥5 mm. Dit kan waarschijnlijk verklaard worden door de onnatuurlijke patella

verschil is tussen anterieure kniepijn bij patiënten met een hoge flexie TKP en

groeve in de standaard TKP. Wanneer de positie van de notch (die overeenkomt

standaard TKP kan alleen worden uitgevoerd door middel van een Randomized

met ≈ 105° flexie) ongeveer 5 mm naar mediaal verplaatst is, is het begin van

Controlled Trial (RCT). In dit proefschrift (Hoofdstuk 8) worden de resultaten

de patella groeve en derhalve de patella natuurlijker gesitueerd (zie figuur 7.2).

van een dubbelblinde RCT beschreven, waarin de hoge flexie posterieur

De medializatie gaat daarom de onnatuurlijke patella groeve tegen tijdens het

gestabiliseerd PFC Sigma RP-F TKA systeem (roterend platform, DePuy

begin van de flexie, hetgeen kan leiden tot een normalere patella sporing tijdens

International, Leeds, UK) en de standaard kruisband besparende PFC Sigma
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sporing en positie. De relatie tussen veranderingen in de pre- en postoperatieve

FB TKA-systeem (vast platform, DePuy International, Leeds, UK) met elkaar

om anterieure kniepijn in patiënten na een TKP te beoordelen. Aangezien

werden vergeleken. Er werden 47 patiënten geëvalueerd, 24 ontvingen de hoge-

deze validatie ontbrak voor alle AKP scores tijdens het opzetten van de door

flexie prothese en 23 de standaard prothese. De primaire uitkomstmaat was het

ons uitgevoerde RCT, werd de Feller score gekozen. De Feller score is achteraf

verschil in postoperatieve flexie en de secundaire uitkomstmaat het verschil in

waarschijnlijk niet de beste score om AKP op te sporen bij patiënten. Ondanks

anterieure kniepijn, aangegeven door de Feller score en VAS pijn tijdens een

deze beperkingen denken wij dat onze studie duidelijk aantoont dat de hoge-

kniebuiging. Na één jaar follow-up werd een significant hogere postoperatieve

flexie prothese het potentieel heeft voor hogere postoperatieve flexie zonder

flexie gevonden in de hoge flexie prothese vergeleken met de standaard prothese

duidelijke toename van AKP.

(120,4° [SD 10,1°] versus 113,5° [SD 10,9°]). Hoewel de postoperatieve flexie bij
de hoge flexie prothese hoger is dan bij de standaard prothese, blijft deze beperkt
tot maximaal ongeveer 120° flexie. De prothese is ontworpen om flexie tot 155°

Toekomstperspectieven

te accommoderen. In de huidige studie behaalden slechts acht patiënten met de
Op basis van de gepresenteerde resultaten in dit proefschrift kunnen

130° of meer. De Feller score (27,2 [SD 4,8] voor de hoge flexie prothese en 27,3

kleine aanpassingen aan het prothese ontwerp van zowel de patella groeve

[SD 4,4 ] voor de standaard prothese) en VAS-score pijn tijdens een kniebuiging

als het posterieure aspect van de anterieure flange van de (hoge-flexie) totale

(18,3 [SD 22,2] mm versus 18,8 [23,2] mm, respectievelijk) toonde geen verschil

knieprothese voorgesteld worden. Vooral met de verwachte toename van het

aan in anterieure kniepijn tussen de hoge flexie prothese en de standaard

aantal geïmplanteerde TKP’s en plaatsing op steeds jongere leeftijd, zal de vraag

prothese.

naar hogere postoperatieve flexie en lagere revisie percentages ook toenemen in

Enkele beperkingen moeten worden besproken. Anterieure kniepijn werd

westerse landen34.

bestudeerd met secundaire uitkomstmaten in deze studie. Het onderzoek zou
dus underpowered kunnen zijn om eventuele verschillen met betrekking tot

Aseptische loslating femorale component

anterieure kniepijn te detecteren. Het adequaat identificeren van patiënten met

Dit proefschrift toonde duidelijk aan dat de cement-bot interface achter

anterieure kniepijn is een uitdaging. Een betrouwbare en valide vragenlijst

de anterieure flange een hoog risico loopt op loslating tijdens ≥120° flexie.

ontbreekt, terwijl deze nodig is om betrouwbaar het probleem van AKP te

Aangezien loslating vooral wordt veroorzaakt door de hoge schuifkrachten

beoordelen bij patiënten na een TKP. De vragenlijsten welke momenteel

achter de anterieure flange moet er worden gezocht naar veranderingen welke

gebruikt worden zijn minder geschikt om AKP op te sporen bij patiënten na

die krachten verminderen. Schuifkrachten kunnen worden verminderd door

een TKP. Zelfs met een goede tot uitstekende score bij de standaard gebruikte

het vergroten van de hoek van de achterzijde van de anterieure flange zoals

vragenlijsten, kunnen deze patiënten last hebben van AKP. Dit resulteert in

weergegeven in figuur 10.1. Dit steilere zaagvlak zal achter de anterieure flange

een onderrapportage van AKP in TKP patiënten. De Kujala Anterior Knee Pain

de hoeveelheid blootgesteld spongieus bot verhogen en de schuifkrachten

Scale (AKPS), ook wel de Anterior Knee Pain Scale genoemd, is een gevalideerd

verlagen, aangezien de resultante kracht (σc) gelijk blijft. Deze combinatie zal

. Onlangs is de AKPS

waarschijnlijk de kans op vroege loslating verminderen na een hoge flexie TKP.

instrument om patellofemorale pijn of AKP te evalueren

31,32

gevalideerd in het Nederlands voor patiënten na een TKP . Geconcludeerd
33

werd dat de AKPS een betrouwbare en valide score geeft bij patiënten na een
knieprothese, zonder plafond en vloer effecten. De AKPS kan gebruikt worden
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hoge flexie prothese en geen patiënten met de standaard prothese een flexie van

Fig 10.1: Voorstel voor aanpassing van de achterzijde van de anterieure flange; met gelijk blijven
van de resultante kracht (σc) zal de schuifkracht (σs) afnemen en de trekkracht (σt) toenemen. Aan de
linker zijde is de standaard TKA weergegeven en aan de rechter zijde het nieuwe alternatief.

(σc)
(σs)

(σt)

(σc)

(σt)

(σs)

bot interface stijfheid in post-mortem monsters een factor van maximaal 10 lager
is dan in vers bereide kadaver monsters. De stijfheid en stabiliteit van de cementbot interface zijn afhankelijk van de botdichtheid van het spongieuze bot36 en
de interdigitatie diepte37. De interface stijfheid wordt dus beïnvloedt door veel
onbekende variabelen en is niet geschikt voor de simulatie van progressieve
loslating. Caouette et al.38 publiceerde een aanpak gebaseerd op continuüm
schade mechanica (CSM). Deze auteurs gebruikten een interface-element met
een constitutieve wet van initiële lineaire stijfheid gevolgd door exponentieel
verval, representatief voor interface schade als gevolg van mechanische stimuli.
Dit model is gebaseerd op experimentele gegevens en hiermee waren de auteurs
in staat om progressieve loslating van de bot-cement interfaces te simuleren.
Het zou heel interessant zijn om dit CSM over te nemen in onze EEM om
daadwerkelijk de progressieve loslating na knie buigingen te simuleren.
Om validatie van het EEM te verbeteren moet een kadaver specifiek model
gebouwd worden. De belasting van het EEM moet gelijk zijn aan de in vitro

ze klinisch in gebruik worden genomen. Het effect van dergelijke model

situatie. Het valideren van loslating van de interface op micro-niveau zal

wijzigingen zijn moeilijk te bestuderen in het laboratorium, aangezien loslating

waarschijnlijk nog lange tijd onmogelijk blijven, maar met een kadaver specifiek

optreedt op microscopisch niveau wat zeer moeilijk te visualiseren is. Analyse

model kunnen knie bewegingen en optredende krachten direct vergeleken

van feitelijke loslating is moeilijk op complete prothesen uit te voeren in zowel

worden. Dit zou een krachtig model maken, ideaal voor de evaluatie van

het laboratorium als met behulp van eindige elementen analyses. Hierdoor

geometrische veranderingen van de femorale component. Met de introductie

is directe validatie van Eindige Elementen Modellen die loslating simuleren

van 3D printers voor betaalbare rapid prototyping, zal het makkelijker zijn om

moeilijk. Bovendien simuleerde het Eindige Elementen Model (EEM) dat in de

verschillende prothese ontwerpen in het laboratorium en in een EEM te testen.

huidige studie is gebruikt slechts één kniebuiging. Een voor de hand liggende

De ultieme evaluatie van de krachten in de femorale component zou in vivo

verbetering van het model zou dan ook de implementatie van progressieve

moeten plaatsvinden. D’Lima et al.8 heeft reeds een tibia component ontworpen

loslating zijn. Mogelijk wordt dan gezien dat er een evenwicht optreedt na

en geïmplanteerd, met een kracht-sensor die in zes as-richtingen krachten kan

meerdere cycli, waarna geen verdere loslating plaatsvindt.

meten. Dit is het ultieme instrument voor de validatie van een EEM. Op dit

Loslating van de cement-bot interface bestaat uit een nagenoeg elastische

moment bestaat er nog geen femorale component met dezelfde kracht-sensoren,

fase, gevolgd door een niet-lineaire plastische of verwekings fase. In ons model

dus de gerapporteerde in vivo femorale krachten worden ontleend aan de

zijn ‘cohesive’ elementen gebruikt om spanningen te berekenen op een interface

gemeten tibia krachten. Het zou zeer nuttig zijn om een femorale component

op basis van de berekende verplaatsing en ingegeven interface stijfheid. De

met kracht sensoren te ontwikkelen voor het meten van in vivo krachten en de

stijfheid van de cement-bot interface is moeilijk in het laboratorium te bepalen.

validatie van Eindige Elementen Modellen.

Bovendien is de verhouding tussen de stijfheid in het laboratorium en in vivo een
onbekende factor. Een studie van Miller et al.35 heeft aangetoond dat de cement-
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De effecten van deze wijzigingen moeten worden geëvalueerd voordat

Na een totale knieprothese wordt de patella sporing beïnvloed door

Anterieure kniepijn

verschillende factoren, waaronder de patella groeve van de femorale component,

patella groeve in een prothese en de natuurlijke trochlea. Dit resulteert in

mediolaterale uitlijning van de femorale component, rotatie van de femorale

een verandering van de patella sporing en daarom waarschijnlijk anterieure

component, overstuffing of understuffing van de patella, verlies van kracht van de

kniepijn. Dit kan echter moeilijk bewezen worden, omdat anterieure kniepijn

quadriceps, littekenweefsel door de benadering, rotatie van de tibia component

moeilijk te objectiveren is. Zoals eerder vermeld ontbreekt een betrouwbare

en wijziging van de coronale as van het been. Welke factor het belangrijkste

en valide vragenlijst. Hoewel de Anterior Knee Pain Scale (AKPS) de beste

is blijft onduidelijk. Het lijkt aannemelijk dat een afwijkende patella sporing

score lijkt te zijn die momenteel beschikbaar is, lijken niet alle vragen geschikt.

invloed heeft op de incidentie van AKP. Andere auteurs hebben aangetoond dat

Enkele van de vragen gaan over joggen, springen en hurken. Dit zijn allemaal

de meeste femorale componenten tekenen van trochlea dysplasie vertonen44. Het

bewegingen die patiënten na een TKP zelden uitvoeren, omdat ze over het

is dan ook logisch om dit probleem aan te pakken. Een voorstel voor een nieuw

algemeen ouder zijn en geen interesse hebben om dat te doen. Verder gaat

patella groeve ontwerp, met een mediale orientatie, werd reeds gepresenteerd

een vraag over zwelling van de knie. Zwelling is geen duidelijke indicatie van

in hoofdstuk 6. Deze nieuwe ontwerpen moeten eerst worden getest in een

anterieure kniepijn en kan een teken zijn van andere oorzaken van pijn, zoals

testopstelling die betrouwbaar fysiologische bewegingen kan uitvoeren van

een infectie. Dus hoewel de AKPS geen plafond effect heeft, zijn de vragen

een kadaver knie waarin een TKP is geplaatst. Met rapid prototyping kunnen

niet allemaal geschikt om geïsoleerde anterieure kniepijn te detecteren bij

verschillende ontwerpen eenvoudig geproduceerd worden. Het testen van

patiënten na een TKP. Ontwikkeling van een andere vragenlijst is noodzakelijk

verschillende ontwerpen op verschillende kadaver knieën in een testopstelling

om alle patiënten op te sporen met AKP na een TKP. Een ander belangrijk

zal uitwijzen of patella sporing met het nieuwe ontwerp beter de gemiddelde

punt is dat de etiologie van anterieure kniepijn nog onbekend is. Er kan een

natuurlijke patella sporing en krachten nabootst. Wanneer het ideale ontwerp

parallel worden getrokken met het patellofemorale pijn (PFP) syndroom. Het

wordt gevonden en de gemiddelde natuurlijke patella sporing wordt hersteld

is waarschijnlijk dat dezelfde factoren van invloed zijn op anterieure kniepijn

zal naar verwachting de incidentie van anterieure kniepijn verminderd worden.
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na een TKP en bij het PFP syndroom. Het blijft echter onduidelijk waardoor de
pijn wordt veroorzaakt. Een mogelijke oorzaak is dat een verandering van de

Overige aspecten

patella sporing tot overbelasting van het subchondrale bot leidt, wat resulteert

Dit proefschrift richt zich op twee belangrijke aspecten van hoge flexie totale

in pijn. Een andere mogelijke oorzaak voor PFP is dat een verandering van

knieprothese. Naar aanleiding van de bevindingen zijn voorstellen tot ontwerp

de patella sporing leidt tot een verkort lateraal retinaculum en/of ischemie,

wijzigingen gedaan. Er zijn echter verschillende andere problemen met totale

gevolgd door secundaire zenuw veranderingen met als gevolg pijn . Pijn kan

knieprothesen, die aangepakt moeten worden om het ultieme resultaat te

geregisteerd worden in alle geïnnerveerde structuren rond het patellofemorale

bereiken van de beste functie en patiënt tevredenheid na een TKP.

39

gewricht en een combinatie van prikkeling van deze geïnnerveerde structuren
40

Functie na een TKP wordt beïnvloed door de onderliggende aandoening

. Deze structuren omvatten het subchondrale bot,

voor de artrose, het chirurgische trauma en het ontwerp van de prothese. De

infrapatellair vet lichaam, quadricepspees, patellapees, synovium, het mediale

onderliggende aandoening voor de artrose kan niet middels een TKP worden

en laterale retinaculum en de patella (mediale en laterale) ligamenten. Hoewel

beïnvloed. Het minimalisering van het chirurgisch trauma leidt tot sneller herstel

kraakbeen aneuraal is, worden de krachten doorgegeven aan het geïnnerveerde

volgens recente studies over minimaal invasieve procedures45-47. De omgang met

subchondrale bot. Dus op dit moment is de primaire theorie dat patellofemorale

de patella is van grote invloed op de postoperatieve flexie. Een recente studie

is het meest waarschijnlijk

41-43

sporingsproblemen de oorzaak zijn van PFP.
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De huidige studie toonde duidelijk aan dat er een verschil is tussen de

toont aan dat patella luxatie zonder kantelen resulteert in een significant betere

in een klinische studie. Patiënten lijken een voorkeur te hebben voor bicruciate-

postoperatieve flexie . De omgang met de weke delen tijdens de operatie is

retaining of medial pivot TKP wanneer ze verschillende prothesen in beide

direct van invloed op de postoperatieve functie en moet dus zorgvuldig gedaan

knieën hebben gekregen62.

48

worden tijdens de operatie.
Naast de patellofemorale articulatie, die grondig wordt besproken in dit

Het blijft een uitdaging om de tevredenheid van patiënten na een totale

proefschrift, is de tibiofemorale articulatie ook van groot belang voor de TKP

knieprothese te verbeteren. Verschillende factoren lijken van invloed. Dit

functie en resultaten. Flexie treedt in de normale knie op in 6 graden van vrijheid

proefschrift heeft aspecten aangegeven die kunnen worden verbeterd om de

en omvat rotatie langs de horizontale as (flexie), translatie in het sagittale vlak

levensduur van de prothese en de tevredenheid van de patiënt te verhogen.

(rollback van het femur) en rotatie over de coronale as (femorale exorotatie) .
49

De beweging wordt voornamelijk geleid door de kruisbanden en de oppervlakte
geometrie van het tibiaplateau, met zijn concave en stabiele mediale zijde

Antwoorden op onderzoeksvragen

tegenover een convexe hellende laterale zijde. De femorale rollback is groter
aan de laterale zijde dan aan de mediale zijde50,51. Aan de laterale zijde ontstaat
hierdoor meer ruimte tijdens diepe flexie . Aan de mediale zijde zorgt een
50

Dit proefschrift bespreekt de twee belangrijkste redenen voor revisie van een
totale knieprothese, met de nadruk op hoge flexie ontwerpen.

grotere condylaire offset ervoor dat tijdens diepe flexie geen impingement
Het eerste onderwerp is de aseptische loslating van de femorale component,

een TKP wordt de voorste kruisband bijna altijd opgeofferd. Vaak wordt de

waarvoor de volgende vragen zijn beantwoord:

achterste kruisband ook opgeofferd. De beweging van de knie na een TKP wordt

1.

Is de cement-bot interface of de cement-prothese interface het gevoeligst

daarom niet geleidt door de kruisbanden zoals in de natuurlijke knie. Dit heeft

voor loslating bij de hoge flexie totale knieprothese?

onvermijdelijk negatieve gevolgen voor de postoperatieve kniebewegingen. Om

Dit proefschrift liet zien dat de cement-bot interface het meest gevoelig is

het verlies van de kruisband te compenseren na een TKP is er een interactie

voor aseptische loslating. Vooral de cement-corticale bot interface achter de

tussen de polyethyleen insert en de femorale component gecreëerd. TKP’s

anterieure flange is zeer zwak.

zijn traditioneel ontworpen voor symmetrische rollback, waardoor gelijke

2.

Kan de chirurgische techniek worden verbeterd om de kans op loslating

posterieure translatie aan de mediale en laterale zijde optreedt. Verschillende

van de femorale component bij de hoge flexie totale knieprothese te

fluoroscopische analysen hebben een duidelijk verschil in de knie kinematica

verminderen?

tussen de normale knie en de knie na diverse totale knie prothesen aangetoond

In dit proefschrift zijn zeer eenvoudige technieken geïntroduceerd om het

51-54

.

Behoud van beide kruisbanden resulteert in normalere kinematica en betere

corticale bot oppervlak te bewerken voor een hogere interface sterkte. Door al

flexie

het periost te verwijderen van het corticale bot en het boren van het aantal

55-57

. De moeilijke chirurgische techniek beperkt de mogelijkheden van

deze oplossing. De mediale pivot TKP heeft ook een normalere knie kinematica

gaten door de cortex, wordt de sterkte van de interface aanzienlijk verhoogd. Zo

dan de standaard TKP . Fluoroscopische analyses hebben voor de kruisband

kan de oppervlakte achter de anterieure flange, die gevoelig is voor vroegtijdig

opofferende TKP aangetoond dat een beter herstel van de natuurlijke kinematica

interface falen, verlaagd worden van 31,3% tot 2,6%.

58

leidt tot een betere postoperatieve flexie

54,59-61

. De relatie tussen een natuurlijkere

knie kinematica en een hogere tevredenheid van de patiënt is nog niet bewezen
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optreedt aan de posteromediale zijde van de tibia52. Tijdens plaatsing van

Het tweede onderwerp was anterieure kniepijn, waarvoor de volgende vragen
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Dankwoord
Na enkele jaren een dubbelleven te hebben geleid, als promovendus en
orthopedisch chirurg in opleiding, is nu eindelijk de laatste hand aan het
proefschrift gelegd. Uiteraard was mij dit niet gelukt zonder de hulp van diverse
collega’s.
De meeste dankwoorden beginnen met de promotor, maar ik wil beginnen
met degene die mij enthousiast heeft gemaakt voor het doen van onderzoek.
Dr.ir. M. Barink. Beste Marco, in 2000 kwam ik eigenlijk per toeval in het
Orthopaedic Research Lab (ORL) terecht voor een stage vanuit de HTS. Jij werd
mijn directe begeleider en samen zijn wij gestart met het in kaart brengen van
de geometrie van de trochlea. Dit was veel werk en ik ben dan ook trots dat het
onderdeel uitmaakt van dit proefschrift. Jouw enthousiasme en kennis hebben
mij aangestoken en dit heeft ervoor gezorgd dat ik sindsdien altijd onderzoek
ben blijven doen. Deze stage heeft er ook voor gezorgd dat ik de stap heb gezet
om orthopedisch chirurg te worden.
Prof.dr.ir. N. Verdonschot, mijn promotor. Beste Nico, ook jij bent vanaf het
begin betrokken bij mijn wetenschappelijke ontwikkeling. Jij was mijn tweede
Uren heeft het je waarschijnlijk gekost om mij “wetenschappelijk” te laten
schrijven. Als ik nu, 14 jaar later, kijk naar de aantekeningen die je maakte op
mijn laatste artikelen dan denk ik dat je het toch voor elkaar hebt gekregen mij
“wetenschappelijk” te laten schrijven. Dank hiervoor en voor het aandragen van
onderzoeken welke goed te combineren waren met een opleiding tot specialist.
Jij bent een bijzonder sociaal persoon, met een enorme biomechanische kennis.
Ik ben dan ook blij dat we nog lang samen onderzoek blijven doen.
Dr. M. de Waal-Malefijt, mijn copromotor. Beste Maarten, jij was de clinicus die
mij begeleide tijdens de stage. Tijdens de wekelijkse gesprekken op jouw kamer,
met een gouden knieprothese onder een glazen stulp, raakte ik gefascineerd
van de klinische blik op het biomechanische onderzoek wat we deden. Mijn
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begeleider tijdens de stage en later zijn wij samen onderzoek blijven doen.

afsluitende coschap heb ik onder jouw leiding gedaan bij de afdeling orthopedie

ontwikkelingen is aanstekelijk en ik ben er dan ook van overtuigd dat je gaat

in het RadboudUMC. Dit heeft mijn keuze voor het vak alleen maar sterker

slagen in je doelen. Ik ben blij dat jij mijn paranimf wilt zijn.

gemaakt. Ik wil je bedanken voor je kritische klinisch wetenschappelijke blik op
mijn onderzoeken en je huidige rol als opleider.

Stafleden en arts-assistenten chirurgie in het Rijnstate Arnhem, bedankt voor
de gezellige en leerzame vooropleiding.

Dr. S. Koëter, mijn copromotor. Beste Sander, jij bent pas later bij mijn promotie
betrokken geraakt. Desalniettemin is jou bijdrage aan het patellofemorale

Stafleden en arts-assistenten van de ROGO Oost. We hebben een gezellige

gedeelte niet te onderschatten. Jouw uitgebreide kennis en ideeën over

club collega’s. Dank voor de leerzame en prettige samenwerking. Zelfs zonder

patellofemorale klachten hebben ertoe geleid dat we in razend tempo veel

WhatsApp......

onderzoeken hebben kunnen bedenken en uitvoeren. Jij bent een voorbeeld hoe
je als perifeer orthopeed een goed onderzoeker kunt zijn. Ik ben dan ook trots
dat je mijn copromotor wil zijn.

Papa en mama, bedankt voor jullie onvoorwaardelijke steun. Bij alle
beslissingen die ik heb genomen voelde ik mij door jullie gesteund. Woorden
schieten tekort om jullie te bedanken.

Dr.ir. J. Zelle, beste Jorrit. Jij was mijn voorganger op het knieproject. Je hebt
mij perfect begeleid bij het uitbouwen van het eindige elementen model. Zonder
jou was ik niet zo ver gekomen. Bedankt hiervoor.

Mijn broer Maik. Jij mag ook niet ontbreken in dit dankwoord. Ik weet dat je
het leuk vindt dat ik dit boekje heb geschreven, maar weet dat ik het veel leuker
vindt dat jij je eigen nummers aan het schrijven bent. Ik wens je veel succes

Beste Willem, ideaal om met een techneut te werken die verstand heeft van

hiermee en ik hoop ze ooit op de radio terug te horen.

wetenschap. Ik hoefde maar met een tekening aan te komen en jij wist waar het
over ging en kon het maken. Bedankt.

Lieve Judith, je staat bijna als laatste in het rijtje, maar hoort eigenlijk

Overige collega’s van het ORL. Ik heb jullie allemaal wel eens lastig gevallen

ten koste van jou. Na de geboorte van onze zoon Noud, werd het wel heel druk.

met vragen. Jullie waren altijd bereid om mij te helpen, ondanks dat jullie vaak

Desondanks ben je altijd achter mij blijven staan en heb je veel zorgen van me

erg druk waren met je eigen onderzoek. Bedankt allemaal.

weggenomen, zodat ik het proefschrift kon afronden. Je bent een geweldige
moeder en echtgenote. Gelukkig is het proefschrift nu afgerond en kan mijn

Prof.dr. R. Veth en prof.dr. A. van Kampen. Jullie hebben mij aangenomen

dubbelleven als vader en (bijna) orthopedisch chirurg beginnen. Ik hou van je.

voor de opleiding tot orthopedisch chirurg. Dank voor het vertrouwen dat jullie
in mij hebben gesteld.

Lieve Noud, jij bent nu al niet te houden in je drift om nieuwe dingen te
ontdekken, dus wie weet! Als ik jou vrolijke koppie zie, is mijn dag weer goed.

Drs. P. Koning, beste Paul. We zijn samen aan de opleiding tot orthopedisch
chirurg begonnen en hebben in de loop der jaren dezelfde visie op de orthopedie
ontwikkeld. Jij gaat de komende tijd je ideeën verder vorm geven en ik vind
het geweldig om daar bij betrokken te zijn. Jouw enthousiasme voor nieuwe
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bovenaan te staan. Het proefschrift heeft heel veel vrije tijd gekost en dit ging
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Sebastiaan Antonius Wilhelmus van de Groes werd op 26 April 1981 geboren
te Nijmegen en groeide op in Overasselt. In 1998 behaalde hij het HAVO diploma
aan het Merlet College land van Cuijk te Grave. Aansluitend werd begonnen
aan de opleiding tot constructeur aan de faculteit werktuigbouwkunde van de
Hogeschool ‘s-Hertogenbosch. Tijdens een stage voor deze opleiding raakte
hij gefascineerd door de technische aspecten van de Orthopedie en wordt
de basis gelegd voor dit proefschrift. Na het cum laude behalen van zijn
ingenieurs diploma werd dan ook gestart met de opleiding geneeskunde in
het RadboudUMC. In 2007 haalt hij zijn artsexamen en na te hebben gewerkt
als ANIOS Orthopedie in Helmond wordt hij aangenomen voor de opleiding
Orthopedie.
In 2009 wordt gestart met de vooropleiding heelkunde in het Rijnstate
ziekenhuis te Arnhem (opleider dr. MMPJ Reijnen). De opleiding Orthopedie
volgt de auteur in het Rijnstate (opleider dr. W. Rijnberg), de Sint Maartenskliniek
(opleider dr. A.B. Wymenga) en het RadboudUMC (opleider dr. M.C. de WaalMalefijt). Eind 2014 rond hij zijn opleiding af en per 1 januari start hij als staflid
in het RadboudUMC met als aandachtsgebieden aandoeningen van de knie en
wervelkolom traumatologie.
Noud.
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De auteur woont in Nijmegen samen met zijn vrouw Judith en hun zoon

