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General discussion
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General dIscussIon

This thesis is divided into three parts. Objective of the first part was to gain 

insight into the different options during revision total knee arthroplasty 

(rTKA). The survival rates between primary and specially designed revision 

prostheses when implanted during rTKA were compared in Chapter 2. 

Chapter 3 investigated the mechanical stability of a tibial plateau, implanted 

with and without a stem when a Trabecular Metal (TM) cone was used to fill 

up major tibial bone defects.

 The second part of this thesis focused on alignment measurements 

in TKA and the objective was to investigate the application of the EOS 

system for taking knee prosthesis alignment measurements. To this end, 

the reliability and validity of EOS when taking EOS 2D and 3D alignment 

measurements with a knee prosthesis in situ were assessed in Chapter 

4 and Chapter 5 respectively. With computer-assisted surgery (CAS) it is 

possible to perform intraoperative alignment measurements to assist in 

determining optimal prosthetic alignment. This technique is based on 3D 

modeling, as is the EOS 3D system. In Chapter 6 pre- and postoperative 

EOS 3D knee prosthesis alignment measurements were compared with 

intraoperative imageless CAS knee prosthesis alignment measurements.

 The last part of this thesis focused on the role of imageless CAS 

during TKA (CAS-TKA). The objective was to gain insight into the influence 

of CAS-TKA on postoperative alignment. The influence of CAS-TKA 

on postoperative rotational alignment was assessed by conducting a 

qualitative and systematic review of the literature, which is presented in 

Chapter 8. In Chapter 7 and Chapter 9 the influence of CAS during rTKA on 

postoperative alignment in the coronal, sagittal and rotational planes was 

investigated by conducting a prospective intervention study with the use of 

a historical control group.

The present chapter provides an overview and discussion regarding the 

main findings of the research presented in this thesis for each of the three 

parts. 
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Part 1: oPtIons In knee revIsIon surGery

Objective of the first part was to gain insight into the different options during 

revision total knee arthroplasty. Results of Chapter 2 showed that primary 

knee prostheses have a significantly worse survival rate than revision 

prostheses when implanted during rTKA. Results of Chapter 3 showed that 

tibial trays without a stem implanted after reconstruction of major bone 

defects using a TM cone have good mechanical stability.

 Revision of a primary total knee prosthesis is a complicated 

procedure, often due to extensive ligament and bone damage.1,2 Generally 

speaking, during primary TKA the collateral ligaments and posterior 

cruciate ligament are of good quality and a prosthesis without much 

constraint can be implanted.3,4 Due to severe ligament and bone damage, 

a prosthesis with more constraint tends to be necessary during          rTKA.3-5 

The use of more constraint also has its downsides. When more constraint 

is added, the stresses on the bone-cement interface rise and can lead 

to earlier aseptic loosening.6 Shortening of prosthetic survival, especially 

after rTKA, is something that needs to be avoided: rTKA is associated with 

worse outcome and shorter survival compared to primary TKA,7,8 and it is 

not always possible to re-revise after rTKA so arthrodesis or amputation 

may then be the only available surgical treatment options.9,10

 As with ligament damage, the degree of bone loss can also account 

for difficult decisions during rTKA. Major bone deficiencies are seen often 

and several options exist to fill these defects. The purpose of counteracting 

bone defects is to create a stable basis on which a knee prosthesis can be 

implanted. One can choose to fill minor bone defects with bone cement, 

allograft or autograft material. Major bone defects are generally handled by 

the implantation of metal augments or even Trabecular Metal (TM) cones.11 

Generally, to accurately implant metal augments additional bone has to be 

removed to create a stable basis for the augment. Removal of bone can 

be a difficult decision, as one wants to preserve as much bone as possible, 

especially in a situation of major bone loss. On the other hand, a stable basis 

for a knee prosthesis needs to be created and thus metal augments can 
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be necessary to accomplish that. It comes down to the experience of the 

orthopedic surgeon to assess the degree of bone damage and to decide 

how to handle this during rTKA. Another option to be considered during 

rTKA is the implantation of intramedullary stems. Advantages of using stem 

extensions in TKA are load-sharing and increased stability by reducing 

micro-motion, which is especially interesting when a prosthesis with more 

constraint and/or augments is implanted.12 Disadvantages include stress-

shielding with associated reduction in bone density, risk of subsidence and 

loosening, periprosthetic fracture and end-of-stem pain.12 

Primary versus revision knee prostheses

In rTKA a choice can be made to implant a prosthesis that is generally 

implanted during primary TKA. However, there are specially designed knee 

prostheses with higher constraint and the option of using augments and 

stem extensions to counteract for the bone and ligament damage that is 

frequently seen during rTKA. Downsides of these revision prostheses are 

that more constraint may theoretically lead to earlier aseptic loosening, 

and that when augments are placed extra bone has to be removed. Also, 

stem extensions might give extra stability but may also have negative 

side effects like stress-shielding. Revision prostheses are also much more 

costly than primary prostheses. Results of Chapter 2 of this thesis showed 

that primary knee prostheses have a significantly worse survival rate than 

revision prostheses when implanted during rTKA.

 A high number of patients is generally included in survival analyses. In 

this thesis only 69 patients were included, nine of whom received a primary 

prosthesis and 60 a revision prosthesis. It was decided to only include 

patients from our own institution. Since the number of annually performed 

rTKAs is much smaller than primary TKA it was not possible to include more 

patients in an 11-year time span. Although the number of patients was low, 

the difference in survival was still outspoken and significant. Survival after 

five years of the primary prosthesis was 44% compared to 92% for revision 

prostheses. To gain more insight into the long-term survival and factors 
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that influence outcome after rTKA, future studies with larger series are 

necessary.

 Choosing degree of constraint, handling bone defects and deciding 

whether to implant intramedullary stems are all case-specific and come 

down to the experience and vision of the orthopedic surgeon. For those 

three major decisions, the benefits have to be balanced against the 

disadvantages. These decisions may be difficult, especially when no 

conclusive guidelines are available and most of the decisions depend 

on the judgment made by the orthopedic surgeon during the surgery. 

Hence the aim of the first part of this thesis was to provide evidence in 

order to guide in these decisions. Results of Chapter 2 indicated that it is 

questionable whether primary implants are even an option during rTKA, 

given that the difference in prosthetic survival is so outspoken. Choosing the 

right type of implant during rTKA is a challenging task. One should beware 

of underestimating ligament and bone damage and of the risks involved 

when implanting a prosthesis without sufficient constraint or stability of the 

construction on which the knee prosthesis is implanted. In the near future it 

will be interesting to use the data of the Dutch Orthopedic Registry (LROI), 

which has been collecting input since 2007. For now, when planning a rTKA, 

one should be prepared to have an availability of revision prostheses during 

surgery.

Tibial Trabecular Metal cones

When a major bone defect is present, it can be reconstructed by using 

a TM cone, although it is unknown whether there is a need to implant a 

tibial base plate with a stem extension onto such a construction. It was 

hypothesized that when a large tibial bone defect is reconstructed using 

a TM cone, a stable basis for the tibial component is generated. Additional 

stability using a stem might not be necessary and the negative side effects 

of using stem extensions might be avoided. Results of Chapter 3 showed 

that tibial components without a stem implanted after reconstruction of a 

large bone defect with a TM cone have good mechanical stability. Additional 
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load-sharing and increasing stability using a stem to the tibial base plate in 

this case is not necessary, so disadvantages of using stem extensions can 

be avoided. 

 The study design used in Chapter 3 was a biomechanical in vitro 

study using cadaveric bone. The forces and number of cycles applied 

were a simplification of the situation in vivo. The aim was to investigate 

mechanical stability of the proximal tibia after bone defect repair with a 

tibial TM cone, for which this setup is suitable. To gain more insight into the 

long-term results of implanting a tibial base plate without a stem extension 

after reconstruction with a TM cone, in vivo studies of larger series have to 

be conducted. 

 The various decisions that have to be made during rTKA can be 

challenging, as no conclusive guidelines are available and decisions are 

dependent on the judgments made by the orthopedic surgeon. The results 

presented in Chapter 3 put into question whether one should implant a 

tibial base plate with a stem extension should be implanted when a major 

bone defect is reconstructed using a TM cone.  

Part 2: alIGnment measurements In tka

The second part of this thesis focused on alignment measurements in TKA. 

The objective was to investigate the application of the EOS system for taking 

knee prosthesis alignment measurements. The results of Chapter 4 showed 

excellent intra- and interobserver reliability for varus/valgus measurements 

of the knee joint in 2D (VV2D) as well as 3D (VV3D). There was however a 

significant difference between the 2D and 3D measurements. The results 

of Chapter 5 showed that EOS VV3D measurements of the knee joint are 

more valid than VV2D measurements. In Chapter 6 pre- and postoperative 

EOS 3D knee prosthesis alignment measurements were compared with 

intraoperative CAS knee prosthesis alignment measurements, showing 

differences in almost all cases. The EOS 3D measurements overestimated 

the varus/valgus angle in the lower limbs with a substantial mechanical 

axis deviation. Also, a systematic bias was present.
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 Obtaining optimal knee prosthesis alignment during TKA is essential, 

as malalignment leads to earlier aseptic loosening and revision surgery.13 

Preoperative alignment measurements are important in primary as well as 

revision TKA for purposes of preoperative planning. Postoperative alignment 

measurements serve as feedback to the orthopedic surgeon. Moreover, 

when a patient is not functioning well after TKA, alignment measurements 

should be taken in order to evaluate whether malfunctioning might be 

caused by malalignment of the knee prosthesis. Among the options for 

taking these alignment measurements, long-leg standing radiographs 

(LLRs) are generally used in clinical practice. These 2D measurements have 

serious pitfalls though, the most important being that their validity is easily 

hampered by the position of the patient’s lower limb during acquisition. 

Varus or valgus angle as well as rotation and flexion of the lower limb are 

shown to influence alignment measurements.14-17 Previous research has 

shown a range of up to 28° for VV2D measurements taken when flexion and 

rotation of the lower limb were altered.15 

EOS

3D measurements were developed to overcome measurement errors due 

to lower-limb malpositioning. With the EOS stereoradiography system it is 

possible to take low-dose weight bearing 2D and 3D measurements.18,19 With 

this technique, orthogonally coronal and sagittal LLRs are made on which 

2D measurements can be taken. Specialized software allows taking 3D 

measurements by combining these two LLRs. The software was originally 

designed for lower limbs not containing a knee prosthesis. To meet our 

needs, we developed an adjusted measurement protocol for this technique 

to take 3D measurements after TKA and during preoperative planning of 

rTKA. In Chapter 4 the intra- and interobserver reliability of the EOS VV2D and 

VV3D measurements using this measurement protocol were investigated. 

Both measurements appeared to be excellent, yet significant differences 

between the two measurements on the same patient were observed. It 

was hypothesized that the EOS VV3D measurements were valid, while the 
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EOS VV2D measurements lacked validity as a result of malpositioning. To 

this end, a validity study using an artificial leg was conducted (Chapter 

5). In this study varus/valgus angle as well as flexion and rotation of the 

artificial lower limb were varied. The results showed that altering one of 

the three position variables did not result in major differences in either 

VV2D or VV3D. For a combination of the three position variables, however, 

it was demonstrated that VV3D indeed remained relatively constant while 

VV2D showed impressive variation. The maximum variety in EOS VV2D 

measurements found in this study with the same setup when altering the 

degree of rotation was 16.5°. The largest differences between the preset 

varus/valgus angle and the VV2D measurements were found when the leg 

was in extreme positions, for example 15° valgus, 20° flexion and 20° internal 

rotation. 

 Taking measurements using the EOS system also has some 

limitations, first and foremost in terms of its availability. Our hospital is 

currently the only institution in the Netherlands to have an EOS system. This 

technique is also used elsewhere in Europe, Asia and the U.S. The device 

is relatively new and it is not realistic to expect it to be available on a large 

scale immediately. The system was originally designed for the follow-up 

of scoliosis patients20 and can be used for other types of measurements 

too, including vertebrae,21 sagittal balance and spine curves,22,23 shoulder 

bony landmarks,24 pelvic and acetabular morphology,25 pelvic tilt and 

acetabular cup orientation,26 offset and anteversion measurements 

with and without hip prosthesis,27 and foot and ankle28 and lower-limb 

measurements in children29 and adolescents.30 The clinical applications of 

this new system are expanding rapidly and should be given some time to 

build a reputation. Secondly, cost-effectiveness of the system is a matter 

of debate. At present it is stated that the EOS system is less cost-effective 

compared to conventional LLRs.31,32 It should be noted however that the 

cost-effectiveness-calculation of McKenna et al.32 is based on the financial 

investment on the EOS system and the potential health benefit of a reduced 

risk of cancer due to lower radiation exposure. Other advantages, such as 

the benefits of using EOS to obtain more valid knee prosthesis alignment 
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measurements and therefore potentially improved outcome after TKA, are 

not taken into account. An analysis by Dietrich et al.31 considered not only 

financial investment and radiation dose but also workflow, patient comfort 

and financial break-even of LLRs and the EOS system. They concluded 

that the EOS system, compared to conventional X-ray, reduces radiation 

exposure, increases subjective noise exposure to patients and demands a 

higher number of examinations per year for the financial break-even point, 

despite lower labor costs per examination due to shorter examination 

time. Since the EOS system is a new technique whose clinical applications 

and evidence regarding various potential health benefits are still under 

investigation, the conclusions about cost-effectiveness should be 

interpreted with caution. The EOS system cannot replace a standard digital 

radiography system.31 Thirdly, performing EOS 3D reconstructions take more 

time than taking measurements on 2D LLRs. Using the EOS system, one can 

choose between the ‘full 3D’ and the ‘lower-limb alignment’ mode. With 

the full 3D mode an extensive 3D reconstruction is performed and several 

alignment measurements are taken. With the lower-limb alignment mode 

fewer alignment measurements are calculated, but 3D reconstructions 

take less time. Moreover, 3D reconstructions of lower limbs containing a 

knee prosthesis can only be performed using the lower-limb alignment 

mode due to the disappearance of anatomical landmarks essential for the 

full 3D mode. Guenoun et al.33 stated that a 3D reconstruction of the lower 

limb using the full 3D mode took about 5 minutes. Time needed to perform 

a 3D reconstruction using the lower-limb alignment mode is expected to 

be even shorter. Although 3D reconstructions may take additional time, 

alignment measurements have to be taken accurately in light of their 

importance, and a reconstruction time of around 5 minutes or less does 

not have a high impact. 

 Knee prosthesis alignment measurements are of major importance 

in TKA. Although 2D measurements are known to show great variation 

due to varus or valgus deformity, or flexion or rotation during acquisition, 

such measurements are still taken on a daily basis in clinical practice. 3D 

measurements, for example taken by the EOS system, do not show this 



geneRAL dISCuSSIOn

195

10

amount of variation and might thus be a good alternative for obtaining 

reliable and valid measurements. When performing 2D measurements one 

should be aware of their validity, especially when a patient has a severe 

varus or valgus deformity, a flexion contracture or the coronal image is not 

taken with frontal accuracy. 

EOS versus CAS

Besides pre- and postoperative alignment measurements it is also possible to 

take alignment measurements intraoperatively using CAS. Since alignment 

measurements using EOS or CAS are both based on a 3D technique and 

use the same landmarks, they should theoretically correlate well. Previous 

studies have shown differences between alignment measurements 

taken on LLRs and by using CAS.34-38 Several explanatory factors have 

been suggested for these differences: the influence of malpositioning 

during acquisition of LLRs on alignment measurements, the validity and 

reliability of alignment measurements on LLRs, influence of the weight 

bearing position on alignment measurements, and a lack of validity and/or 

reliability of the CAS measurements. In Chapter 6 EOS 3D measurements 

were compared with CAS measurements. It was hypothesized that the 

differences between the two techniques as shown in previous studies could 

be based on the variability of 2D measurements, as was also demonstrated 

in Chapter 5. By using EOS 3D reconstructions it is unlikely that potential 

differences between EOS and CAS alignment measurements are caused 

by the influence of lower-limb positioning during acquisition or errors in the 

validity or reliability of the EOS 3D measurements. The results of Chapter 6 

showed that, even though EOS 3D reconstructions were used, there were 

still significant differences in alignment measurements between the two 

techniques. The EOS 3D measurements overestimated the varus/valgus 

angle in lower limbs with substantial mechanical axis deviation. Also, a 

systematic bias between the two measurement techniques was present. 

These results indicate that the differences are mainly due to the difference 

between weight bearing and non-weight bearing position as well as a 
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potential lack of reliability and/or validity of the CAS system.

 The use of CAS during TKA is intended to achieve better prosthetic 

alignment in order to enhance functional outcome and survival rates. 

Studies on the reliability and validity of this technique are scarce though.39-41 

Besides the effect of the weight bearing position, the results of Chapter 6 

of this thesis may be explained by a lack of reliability and/or validity of the 

CAS system. Future research on reliability and validity of CAS systems is 

therefore necessary to gain further insight. Orthopedic surgeons should be 

aware of this limited evidence and keep it in mind when interpreting CAS 

measurements. 

Part 3: comPuter-assIsted surGery In tka

The objective of the last part of this thesis was to gain insight into the 

influence of CAS during TKA on postoperative alignment. The results of 

Chapter 8 showed no evidence that CAS-TKA leads to better rotational 

alignment. The results of Chapter 9 showed no evidence that CAS-rTKA 

leads to improved coronal, sagittal or rotational alignment of a knee 

prosthesis.

The influence of CAS on rotational alignment

It is known that CAS-TKA improves coronal and sagittal knee prosthesis 

alignment with fewer outliers than a conventional technique.42-47 The 

influence of CAS on rotational alignment and the influence of the technique 

on postoperative alignment when used during revision surgery are 

controversial. Malrotation is a known reason for pain after TKA.48 Besides 

pain, CAS can also cause problems with patellar tracking, patellar tilt, 

instability, stiffness and a compromised range of motion.48-54 A prospective 

study by Hofmann et al.53 evaluated 26 patients with pain after TKA; 

96% (n=25) had clinically relevant internal rotation of the tibial and/or 

femoral component, and combined malrotation was found in 38% (n=10) 

of the cases. Incavo et al.54 evaluated the outcome after rTKA indicated 
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for malrotation, and although functional and clinical improvement was 

observed the results are inferior to those for primary TKA. This stresses the 

need for proper component rotation during TKA in order to achieve optimal 

rotational alignment. 

 Since the introduction of computer navigation there has been a focus 

on the influence of CAS on coronal and sagittal alignment. Recent studies 

have evaluated the effect on rotational alignment as well. Gold standard for 

measuring femoral rotational alignment is to measure the angle between 

the transepicondylar axis (TEA) and the posterior condylar line (PCL). When 

determining correct femoral rotation during TKA, several landmarks have 

to be marked in order for the CAS system to calculate the PCL, TEA and 

Whiteside line. Van der Linden et al.55 found a systematic error of 3° in 

determining the TEA with CAS, and his proposed reason was the difficulty 

in palpating and thus marking the medial and lateral epicondyles during 

surgery. Two other studies on the potential errors of marking the landmarks 

found errors of up to 9.1° for marking the medial femoral epicondyle and 7.2° 

for marking the lateral femoral epicondyle,40 and a maximum interobserver 

error of 8.2° in marking the TEA.41 It was found that reliability of registration 

of all the anatomical landmarks was low.40 Although these results may 

be related to a specific type of CAS system, the difficulty in registering 

the landmarks and potential errors in both validity and reliability of CAS 

measurements is clear. There is no gold standard for measuring tibial 

rotational alignment. References used for measurements include the tip 

and medial third of the tuberosity,47,50,56 ankle57 and posterior border of the 

proximal tibia.58 

 

 We conducted a systematic review on the influence of CAS during 

TKA on postoperative rotational alignment (Chapter 8). This review showed 

no evidence that use of CAS during TKA improves rotational alignment 

or reduces the number of rotational outliers. This conclusion should be 

interpreted with caution though. The number of studies included was 

low (n=17), as CAS is a relatively new technique and its effect on rotational 
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alignment has not been widely investigated yet. Only one of the included 

studies was considered of high methodological quality, and in only one 

study was the sample size calculation based on one of the outcome 

measures used in this review. Almost all of the studies are thus potentially 

underpowered. There is no gold standard for assessing rotational alignment 

of the tibial component, which makes study results difficult to compare. To 

gain more insight into the effect of CAS-TKA on rotational alignment, more 

studies of high methodological quality with sample size calculations based 

on one of the outcome measures have to be conducted. The outcome 

measures, especially rotation of the tibial component, should be obtained 

using the same measurement protocol. 

 Limited evidence on the reliability and validity of CAS systems exists 

and may also be system-specific. Future research on specific CAS systems 

should therefore be conducted in order to gain insight into potential errors 

and on whether this is related to particular systems. 

 Due to the recent introduction of CAS systems, most research has 

focused on the influence of CAS on postoperative alignment. The limited 

research on clinical outcome after CAS-TKA is only available for the short- 

and mid-term and does not show improvement compared to conventional 

methods.59,60 Given that alignment is improved and thus survival rates may 

be improved, it is too early to determine this effect. Studies with larger 

sample sizes and longer follow-up should provide more insight into the 

impact of CAS-TKA on clinical and functional outcome and survival rate. 

 

The use of CAS during revision TKA

Little is known about the use of CAS during rTKA. The results of Chapter 

9 showed no evidence that CAS-rTKA leads to improved coronal, sagittal 

or rotational alignment of a knee prosthesis. Unfortunately, this study 

did not reach the desired number of included patients and may thus be 

underpowered. Although the study failed to show improved postoperative 

alignment after CAS-rTKA in Chapter 9, CAS during rTKA appeared to be 

a very useful tool. Determining prosthetic position during rTKA can be 
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difficult and time-consuming, due to major bone loss and the ensuing 

disappearance of anatomical landmarks. Since CAS makes this process 

easier, we believe this is also the reason why we did not find a prolonged 

operation time, which was mentioned in several other studies.59,61 The 

introduction of CAS has also underlined the importance of prosthetic 

alignment. This technique forces the orthopedic surgeon to specify what 

is understood by optimal prosthetic alignment and what the potential 

consequences of malalignment are. There is evidence that prosthetic 

alignment using conventional methods has improved after the introduction 

of CAS.62 The use of CAS has also reduced the learning curve of joint 

arthroplasty.63,64

 To our knowledge, only two other comparative studies on CAS-

rTKA65,66 have been conducted yet, hence the results of this study are a 

valuable contribution to the limited literature on the topic. More comparative 

studies on the use of CAS-rTKA of higher methodological quality should be 

conducted to gain insight into the influence of CAS-rTKA on postoperative 

alignment and clinical and functional outcome. 

 The use of CAS during TKA and rTKA is a relatively new technique 

for which conclusive evidence on the reliability and validity of specific 

systems, long-term outcome and results when used in rTKA is lacking. CAS 

gives surgeons the ability to provide for constant feedback during TKA, 

which is of extra importance during rTKA. Orthopedic surgeons should be 

aware of potential errors of the CAS system used, as well as of the potential 

benefits this technique provides. Constant feedback, resulting in better 

notification of cutting errors and consequently correction and improved 

coronal and sagittal alignment are among the benefits of using CAS. It is 

therefore advised to rely not solely on CAS measurements but to consider 

this technique to be a helpful assistive tool in obtaining optimal prosthetic 

alignment during TKA. Although the technique has disadvantages and 

much research still has to be conducted, it has generated a focus on the 

importance of knee prosthesis alignment. Giving attention to this topic by 

itself is a benefit of introducing this technique. 
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PuBlIc health BenefIts

With the increasing number of patients undergoing primary and revision TKA 

as a result of end-stage OA, further refinement of the surgical procedure is 

of eminent importance - especially as the proportion of younger patients 

still active in the workforce is rising. The innovative techniques described in 

this thesis can be helpful toward improving prosthetic survival, functioning 

of the patients and – in the end – participation in society.   
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chaPter 4: scatter Plots of the Bland & altman method
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chaPter 4: taBles of the dIstrIButIon of outlIers

Outlier distribution of intraobserver reliability for VV2D

Outlier distribution of intraobserver reliability for VV3D

Outlier distribution of interobserver reliability for VV2D

Outlier distribution of interobserver reliability for VV3D
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Chapter 4: Tables of the distribution of outliers 
 
 

 
 VV2D M2 Total 

No outlier Outlier 

VV2D M1 
No outlier 26 1 27 

Outlier 0 13 13 

Total 26 14 40 

Outlier distribution of intraobserver reliability for VV2D 
 
 

 
 VV3D M2 Total 

No outlier Outlier 

VV3D M1 
No outlier 27 1 28 

Outlier 0 12 12 

Total 27 13 40 

Outlier distribution of intraobserver reliability for VV3D 

 
 

 
 VV2D Observer B Total 

No outlier Outlier 

VV2D Observer A 
No outlier 24 1 25 

Outlier 3 12 15 

Total 27 13 40 

Outlier distribution of interobserver reliability for VV2D 

 
 

 
 VV3D Observer B Total 

No outlier Outlier 

VV3D Observer A 
No outlier 27 1 28 

Outlier 1 11 12 

Total 28 12 40 

Outlier distribution of interobserver reliability for VV3D 
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Outlier distribution of VV2D versus VV3D
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 VV2D Total 

No outlier Outlier 

VV3D 
No outlier 22 5 27 

Outlier 4 9 13 

Total 26 14 40 

Outlier distribution of VV2D versus VV3D 
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chaPter 5: aBsolute IntraoBserver relIaBIlIty

Absolute intraobserver reliability did not show a systematic bias for VV2D.

Absolute intraobserver reliability did not show a systematic bias for VV3D.
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chaPter 5: the Influence of rotatIon, flexIon and 
varus/valGus anGle on eos 2d and 3d varus/valGus 
measurements

Fig 1. The preset varus/valgus was 5° valgus, flexion angle was 0° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 2. The preset varus/valgus was 10° valgus, flexion angle was 0° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 3. The preset varus/valgus was 15° valgus, flexion angle was 0° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 4. The preset varus/valgus was 5° varus, flexion angle was 0° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 5. The preset varus/valgus was 10° varus, flexion angle was 0° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 6. The preset varus/valgus was 15° varus, flexion angle was 0° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 7. The preset varus/valgus was 0°, flexion angle was 10° and rotation was 
varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 8. The preset varus/valgus was 10° valgus, flexion angle was 10° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 9. The preset varus/valgus was 15° valgus, flexion angle was 10° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 10. The preset varus/valgus was 5° varus, flexion angle was 10° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 11. The preset varus/valgus was 10° varus, flexion angle was 10° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 12. The preset varus/valgus was 15° varus, flexion angle was 10° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 13. The preset varus/valgus was 0°, flexion angle was 20° and rotation was 
varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 14. The preset varus/valgus was 5° valgus, flexion angle was 20° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 15. The preset varus/valgus was 10° valgus, flexion angle was 20° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.

Fig 16. The preset varus/valgus was 10° varus, flexion angle was 20° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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Fig 17. The preset varus/valgus was 15° varus, flexion angle was 20° and rotation 
was varied from 20° internal rotation to 20° external rotation with 5° increments.
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chaPter 8: study characterIstIcs

Study Number Method Participants Navigation system Measured rotational alignment Reported outliers Additional information 
Blakeney et al.18 66 RCT Patients undergoing TKA to 

treat knee osteoarthritis and 
varus deformity. Exclusion 
criteria: valgus deformity or 
tibial deformity from previous 
fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

Surgeries were performed by 
three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
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fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
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three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
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Han et al.42 55 RCT Patients undergoing primary 

TKA between July and 
December 2005 for treatment 
of knee osteoarthritis. 
Exclusion criteria: history of 
tibial or femoral fractures or 
pyogenic arthritis of knees in a 
growth period. 
 

OrthoPilot navigation 
system (B. Braun 
Aesculap, Tuttlingen, 
Germany) 

Femoral rotation Femoral rotation All surgeries were performed 
by one surgeon. 

Hiscox et al.29 32 RCT Patients older than 18 years 
undergoing primary TKA 
between May 2004 and July 
2005 for treatment of knee 
arthritis. Subgroup analysis of 
first 15 patients of each arm. 
Exclusion criteria: deformity of 
the femur preventing use of 
an intramedullary guide and 
deformity or instability that 
necessitated use of knee 
implants with intramedullary 
stems. 
 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) and tibiofemoral 
mismatch 

- The study was completed at 
an academic arthroplasty 
center by three fellowship-
trained arthroplasty surgeons 
who each performed greater 
than 100 TKAs per year. Each 
surgeon had performed 
between 5 and 20 CAS TKAs 
before study initiation. 

Kim et al.44 320 RCT Patients with osteoarthritis 
undergoing primary bilateral 
TKAs between January 2003 
and March 2004. One knee 
was replaced using CAS and 
the other conventionally. 
 

Vector Vision CT-free 
knee (BrainLab, Munich, 
Germany) 

Femoral and tibial rotation (as 
described by Matziolis et al.9) 

Femoral and tibial 
rotation (as 
described by 
Matziolis et al.9) 

All surgeries were performed 
by one surgeon. 

Kim et al.39 200 RCT Patients undergoing bilateral 
primary TKAs for 
osteoarthritis. One knee was 
replaced using CAS and the 
other conventionally. 
Exclusion criteria: varus 
deformity greater than 20° or 
valgus deformity greater than 
30°. 
 

Vector Vision CT-free 
knee (BrainLab, Munich, 
Germany) 

Femoral and tibial rotation (tibial 
component relative to the 
posterior margin of proximal 
tibia) 

Femoral and tibial 
rotation (tibial 
component relative 
to the posterior 
margin of proximal 
tibia) 

All surgeries were performed 
by one surgeon. 

Lützner et al.37 80 RCT The patients included had 
primary or secondary 
osteoarthritis of the knee, no 
previous hemi- or total 
arthroplasty, a mechanical 
axis between 20° varus and 5° 
valgus, and no severe 
instability that could not be 
treated with an 
unconstrained, cruciate-
retaining prosthesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stryker Navigation 
System, Knee Navigation 
Software V3.1 ( Stryker 
Instruments, Kalamazoo, 
MI, USA ) 

Femoral and tibial rotation (as 
described by Matziolis et al.9) 

Femoral and tibial 
rotation  (as 
described by 
Matziolis et al.9) 

All the patients were operated 
on by two surgeons trained in 
navigated TKA. 

Study Number Method Participants Navigation system Measured rotational alignment Reported outliers Additional information 
Blakeney et al.18 66 RCT Patients undergoing TKA to 

treat knee osteoarthritis and 
varus deformity. Exclusion 
criteria: valgus deformity or 
tibial deformity from previous 
fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

Surgeries were performed by 
three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
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Han et al.42 55 RCT Patients undergoing primary 

TKA between July and 
December 2005 for treatment 
of knee osteoarthritis. 
Exclusion criteria: history of 
tibial or femoral fractures or 
pyogenic arthritis of knees in a 
growth period. 
 

OrthoPilot navigation 
system (B. Braun 
Aesculap, Tuttlingen, 
Germany) 

Femoral rotation Femoral rotation All surgeries were performed 
by one surgeon. 

Hiscox et al.29 32 RCT Patients older than 18 years 
undergoing primary TKA 
between May 2004 and July 
2005 for treatment of knee 
arthritis. Subgroup analysis of 
first 15 patients of each arm. 
Exclusion criteria: deformity of 
the femur preventing use of 
an intramedullary guide and 
deformity or instability that 
necessitated use of knee 
implants with intramedullary 
stems. 
 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) and tibiofemoral 
mismatch 

- The study was completed at 
an academic arthroplasty 
center by three fellowship-
trained arthroplasty surgeons 
who each performed greater 
than 100 TKAs per year. Each 
surgeon had performed 
between 5 and 20 CAS TKAs 
before study initiation. 

Kim et al.44 320 RCT Patients with osteoarthritis 
undergoing primary bilateral 
TKAs between January 2003 
and March 2004. One knee 
was replaced using CAS and 
the other conventionally. 
 

Vector Vision CT-free 
knee (BrainLab, Munich, 
Germany) 

Femoral and tibial rotation (as 
described by Matziolis et al.9) 

Femoral and tibial 
rotation (as 
described by 
Matziolis et al.9) 

All surgeries were performed 
by one surgeon. 

Kim et al.39 200 RCT Patients undergoing bilateral 
primary TKAs for 
osteoarthritis. One knee was 
replaced using CAS and the 
other conventionally. 
Exclusion criteria: varus 
deformity greater than 20° or 
valgus deformity greater than 
30°. 
 

Vector Vision CT-free 
knee (BrainLab, Munich, 
Germany) 

Femoral and tibial rotation (tibial 
component relative to the 
posterior margin of proximal 
tibia) 

Femoral and tibial 
rotation (tibial 
component relative 
to the posterior 
margin of proximal 
tibia) 

All surgeries were performed 
by one surgeon. 

Lützner et al.37 80 RCT The patients included had 
primary or secondary 
osteoarthritis of the knee, no 
previous hemi- or total 
arthroplasty, a mechanical 
axis between 20° varus and 5° 
valgus, and no severe 
instability that could not be 
treated with an 
unconstrained, cruciate-
retaining prosthesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stryker Navigation 
System, Knee Navigation 
Software V3.1 ( Stryker 
Instruments, Kalamazoo, 
MI, USA ) 

Femoral and tibial rotation (as 
described by Matziolis et al.9) 

Femoral and tibial 
rotation  (as 
described by 
Matziolis et al.9) 

All the patients were operated 
on by two surgeons trained in 
navigated TKA. 

Study Number Method Participants Navigation system Measured rotational alignment Reported outliers Additional information 
Blakeney et al.18 66 RCT Patients undergoing TKA to 

treat knee osteoarthritis and 
varus deformity. Exclusion 
criteria: valgus deformity or 
tibial deformity from previous 
fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

Surgeries were performed by 
three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
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Matos et al.30 42 RCT Patients older than 55 years 
with advanced degenerative 
knee disease, Ahlbäck 4 or 5, 
without previous TKA. 
Exclusion criteria: severe 
instability of knee with 
indication of constrained 
prosthesis. 
 

TKA 4.0 software of the 
Orthopilot navigation 
system (Aesculap 
Orthopaedics, 
Tuttlingen, Germany) 

Not reported Femoral rotation All surgeries were performed 
by the same surgeon, a 
specialist in knee 
replacements and 
experienced in the navigated 
technique. 

Matziolis et al.9 60 RCT Patients with presence of 
primary arthritis of the knee. 
Exclusion criteria: patients 
who had previous surgery on 
the joint or who could not be 
treated with an unconstrained 
TKA with a short stem. 
 

PiGalileo System (Plus 
Orthopedics AG, 
Rotkreuz, Switzerland) 

Femoral and tibial rotation (as 
described by Matziolis et al.9) 

Femoral rotation 
(as described by 
Matziolis et al.9) 

- 

Mombert et 
al.40 

42 RCT Primary TKA. Vector Vision TKR 
Navigation system 
(BrainLab AG, 
Heimstetten, Germany) 
 

Femoral rotation - - 

Schmitt et al.31 47 RCT Patients older than 50 years 
with primary gonarthrosis and 
willing and able to give 
informed consent. Exclusion 
criteria: patients with 
rheumatoid arthritis, history 
of local infections, and 
gonarthrosis secondary to 
trauma. 
 

KneeTrac (Stryker 
Howmedica Osteonics, 
Mahwah, NJ, USA) 

Tibial rotation (tibial component 
relative to the ankle) 

Tibial rotation 
(tibial component 
relative to the 
ankle) 
 

All surgeries were performed 
by two surgeons. 

Stöckl et al.45 64 RCT Patients older than 18 years 
with osteoarthritis, avascular 
necrosis, or not severe 
posttraumatic arthritis 
requiring primary TKA. No 
previous osteosynthesis of the 
knee during last 12 months. 
Exclusion criteria: active 
infection, malignancy, 
neurologic deficit, concurrent 
illnesses that are likely to 
affect their outcome. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stryker Knee Navigation 
System (Stryker 
Leibinger, Software Vs 
1.01) ( Stryker 
Instruments, Kalamazoo, 
MI, USA ) 

Femoral rotation and 
tibiofemoral mismatch 

- Six surgeons participated in 
the study. 

Study Number Method Participants Navigation system Measured rotational alignment Reported outliers Additional information 
Blakeney et al.18 66 RCT Patients undergoing TKA to 

treat knee osteoarthritis and 
varus deformity. Exclusion 
criteria: valgus deformity or 
tibial deformity from previous 
fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

Surgeries were performed by 
three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
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Matos et al.30 42 RCT Patients older than 55 years 
with advanced degenerative 
knee disease, Ahlbäck 4 or 5, 
without previous TKA. 
Exclusion criteria: severe 
instability of knee with 
indication of constrained 
prosthesis. 
 

TKA 4.0 software of the 
Orthopilot navigation 
system (Aesculap 
Orthopaedics, 
Tuttlingen, Germany) 

Not reported Femoral rotation All surgeries were performed 
by the same surgeon, a 
specialist in knee 
replacements and 
experienced in the navigated 
technique. 

Matziolis et al.9 60 RCT Patients with presence of 
primary arthritis of the knee. 
Exclusion criteria: patients 
who had previous surgery on 
the joint or who could not be 
treated with an unconstrained 
TKA with a short stem. 
 

PiGalileo System (Plus 
Orthopedics AG, 
Rotkreuz, Switzerland) 

Femoral and tibial rotation (as 
described by Matziolis et al.9) 

Femoral rotation 
(as described by 
Matziolis et al.9) 

- 

Mombert et 
al.40 

42 RCT Primary TKA. Vector Vision TKR 
Navigation system 
(BrainLab AG, 
Heimstetten, Germany) 
 

Femoral rotation - - 

Schmitt et al.31 47 RCT Patients older than 50 years 
with primary gonarthrosis and 
willing and able to give 
informed consent. Exclusion 
criteria: patients with 
rheumatoid arthritis, history 
of local infections, and 
gonarthrosis secondary to 
trauma. 
 

KneeTrac (Stryker 
Howmedica Osteonics, 
Mahwah, NJ, USA) 

Tibial rotation (tibial component 
relative to the ankle) 

Tibial rotation 
(tibial component 
relative to the 
ankle) 
 

All surgeries were performed 
by two surgeons. 

Stöckl et al.45 64 RCT Patients older than 18 years 
with osteoarthritis, avascular 
necrosis, or not severe 
posttraumatic arthritis 
requiring primary TKA. No 
previous osteosynthesis of the 
knee during last 12 months. 
Exclusion criteria: active 
infection, malignancy, 
neurologic deficit, concurrent 
illnesses that are likely to 
affect their outcome. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stryker Knee Navigation 
System (Stryker 
Leibinger, Software Vs 
1.01) ( Stryker 
Instruments, Kalamazoo, 
MI, USA ) 

Femoral rotation and 
tibiofemoral mismatch 

- Six surgeons participated in 
the study. 

Study Number Method Participants Navigation system Measured rotational alignment Reported outliers Additional information 
Blakeney et al.18 66 RCT Patients undergoing TKA to 

treat knee osteoarthritis and 
varus deformity. Exclusion 
criteria: valgus deformity or 
tibial deformity from previous 
fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

Surgeries were performed by 
three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
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Zhang et al.19 64 RCT Bilateral TKAs between March 
2007 and June 2008 with one 
knee treated with 
conventional TKA and the 
other with CAS TKA and both 
knees suitable for placement 
of a posterior cruciate-
retaining prosthesis. All had 
bilateral osteoarthritis. 
 

Vector Vision CT-free 
navigation system 
(BrainLab, Feldkirchen, 
Germany) 

Femoral rotation - - 

Zhang et al.32 81 RCT Patients with osteoarthritis 
treated with primary TKA 
between January 2006 and 
March 2007. Exclusion 
criteria: prior deformity 
correction/osteotomy, greater 
than 15° varus/valgus 
deformity, severe 
osteoporosis, local or systemic 
signs of acute infection, 
patients with malignancy. 

Stryker Knee Navigation 
System (Stryker-
Navigation, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) and tibiofemoral 
mismatch 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

All surgeries were performed 
by one surgeon. 

CT = randomized controlled trial; CCT = controlled clinical trial; ASA = American Society of Anesthesiologists; CAS = computer-aided surgery. 

 
 

Study Number Method Participants Navigation system Measured rotational alignment Reported outliers Additional information 
Blakeney et al.18 66 RCT Patients undergoing TKA to 

treat knee osteoarthritis and 
varus deformity. Exclusion 
criteria: valgus deformity or 
tibial deformity from previous 
fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

Surgeries were performed by 
three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CT = randomized controlled trial; CCT = controlled clinical trial; ASA = American 
Society of Anesthesiologists; CAS = computer-aided surgery.
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Study Number Method Participants Navigation system Measured rotational alignment Reported outliers Additional information 
Blakeney et al.18 66 RCT Patients undergoing TKA to 

treat knee osteoarthritis and 
varus deformity. Exclusion 
criteria: valgus deformity or 
tibial deformity from previous 
fracture and/or osteotomy. 
 

BrainLab Knee essential 
software (BrainLab, 
Feldkirchen, Germany) 
for the Genesis-II system 

Femoral rotation and 
tibiofemoral mismatch 

Femoral rotation All surgeries were performed 
by one experienced knee 
arthroplasty surgeon who was 
familiar with all techniques. 

Carter et al.43 200 CCT Intervention group consisted 
of all primary TKAs from the 
fall of 2003 until 100 TKAs 
were included. Conventional 
patients were recruited in 
reverse sequence from the 
date of navigation adoption. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

Surgeries were performed by 
three surgeons. On the 
evening before the first 4 
navigated surgeries, the three 
surgeons and surgical 
personnel went through a 
sawbones demonstration as 
the only special training 
before start of this study. 
 

Chauhan et al.41 12 Cadaveric 
study 

Cadaveric study performed on 
six cadavers that were treated 
with “soft-fix” fixative. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral rotation 
and tibiofemoral 
mismatch 

Two surgeons performed the 
surgeries. Both had some 
experience in conventional 
TKA but were relatively new 
to CAS. 
 

Chauhan et al.38 75 RCT Patients awaiting TKA. 
Matched for age, height, 
weight, BMI, ASA grade, and 
preoperative deformity of the 
limb. Exclusion criteria: active 
infection, malignancy. 

Stryker Knee Navigation 
system (Stryker 
Instruments, Kalamazoo, 
MI, USA) 

Not reported Femoral and tibial 
rotation (according 
to the Perth CT 
protocol as 
described by 
Chauhan et al.41) 
and tibiofemoral 
mismatch 
 

All surgeries were performed 
by one surgeon who had 
performed more than 250 
conventional TKAs and 12 CAS 
TKAs before this trial. 

Choong et al.14 104 RCT Patients scheduled for 
primary TKA between June 
2005 and July 2006. 

Ci System, DePuy (DePuy 
Orthopaedics, Inc., 
Warsaw, IN, USA) 

Femoral rotation - All surgeries were performed 
by 3 senior arthroplasty 
surgeons who had a minimum 
of 18’ months experience 
each with conventional and 
CAS TKAs before 
commencement of this trial. 
All surgeons attended a 2-day 
learning center focusing on 
the instruments, software, 
and technique of CAS before 
using the CAS systems in the 
institution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Zhang et al.19 64 RCT Bilateral TKAs between March 
2007 and June 2008 with one 
knee treated with 
conventional TKA and the 
other with CAS TKA and both 
knees suitable for placement 
of a posterior cruciate-
retaining prosthesis. All had 
bilateral osteoarthritis. 
 

Vector Vision CT-free 
navigation system 
(BrainLab, Feldkirchen, 
Germany) 

Femoral rotation - - 

Zhang et al.32 81 RCT Patients with osteoarthritis 
treated with primary TKA 
between January 2006 and 
March 2007. Exclusion 
criteria: prior deformity 
correction/osteotomy, greater 
than 15° varus/valgus 
deformity, severe 
osteoporosis, local or systemic 
signs of acute infection, 
patients with malignancy. 

Stryker Knee Navigation 
System (Stryker-
Navigation, Kalamazoo, 
MI, USA) 

Femoral and tibial rotation 
(according to the protocol of 
Berger et al.10) and tibiofemoral 
mismatch 

Femoral and tibial 
rotation (according 
to the protocol of 
Berger et al.10) 

All surgeries were performed 
by one surgeon. 

CT = randomized controlled trial; CCT = controlled clinical trial; ASA = American Society of Anesthesiologists; CAS = computer-aided surgery. 
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Osteoarthritis (OA) is the most common joint disorder. Total knee arthroplasty (TKA) 

is considered to be the gold standard for the surgical treatment of end-stage OA. 

The incidence of TKA is on the rise and is expected to grow further. Despite good 

results after primary TKA, a significant proportion of the patients need to have 

their knee prosthesis replaced, and an increase of the number of these so called 

revision TKAs (rTKAs) is also seen and is expected to grow further. Besides infection, 

instability and aseptic loosening of the prosthesis are important reasons for rTKA as 

well as re-revision TKA. Aseptic loosening can be caused by malalignment of the 

knee prosthesis. Correct ligamentous balancing and achieving optimal prosthesis 

alignment during primary and revision TKA are thus essential for obtaining optimal 

prosthesis survival. By optimizing the surgical technique, the outcome after TKA may 

be improved and failure of a knee prosthesis may be prevented.

This thesis focuses on new techniques in rTKA and is divided into three 

parts: the first part focuses on options in knee revision surgery when it comes to 

(components of) prostheses, the second part on alignment measurements in TKA 

and the last part on computer-assisted surgery (CAS) in (r)TKA.

The first part of this thesis starts with Chapter 2, in which survival rates were compared 

between primary and specially designed revision prostheses when implanted 

during rTKA. Results of this study showed that primary implants had a significantly 

worse survival rate compared to revision implants when implanted during rTKA. 

After 5 years, 44% of the primary implants were still in situ, compared to 92% of the 

revision implants. Thus, it was concluded that it is questionable whether implanting a 

primary implant is even an option during rTKA. In Chapter 3 a biomechanical study is 

described. In this study the mechanical stability of a tibial component was assessed 

when implanted with and without a stem when a Trabecular Metal (TM) cone was 

used to fill up major bone defects. TM cones are designed to fill up major bone 

defects in TKA. Tibial components can be implanted in combination with a stem, but 

it is unclear whether this is necessary after reconstruction with a TM cone. Implanting 

a stem may give extra stability, but may also have negative side-effects. Tibial revision 

arthroplasties were performed after reconstruction of major bone defects with TM 

cones. Plateaus were implanted in seven pairs of cadaveric tibiae; one tibia of each 

pair was implanted with a stem, the other without. All specimens were loaded to one 

bodyweight alternating between the medial and lateral tibial plateau. Implant-bone 

micro motions, bone strains and bone mineral density were compared between the 

two groups. Results of this study showed that tibial components, with or without a 

stem, produce very similar biomechanical conditions in terms of stability and strain 
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distribution and therefore, additional stem extension of the tibial component may 

not be required.

The second part of this thesis focuses on alignment measurements in TKA. A new 

low-dose X-ray device, called EOS, has been introduced for determining lower-limb 

alignment in 2D and 3D. However, reliability and validity of these measurements 

using this technique when a lower limb contains a knee prosthesis had not been 

investigated yet. Chapter 4 describes a reliability study in which intraobserver 

and interobserver reliability of EOS 2D and 3D varus / valgus (VV) measurements 

after rTKA were investigated. Results of this study showed that reliability of VV 

measurements in both 2D and 3D were excellent. However, significant differences 

existed between 2D and 3D when measured in the same patient. It was hypothesized 

that this difference could be caused by the influence of lower limb positioning during 

acquisition on 2D measurements. Measurements in 3D mathematically correct for 

this potential malpositioning and might thus be more valid. To investigate this further, 

the influence of flexion, VV angle and rotation of the lower limb on VV measurements 

in 2D and 3D were investigated using an artificial leg containing a knee prosthesis 

in Chapter 5. Differences between the actual VV position of the artificial leg and its 

position as measured on EOS 2D and 3D images were investigated. Results of this 

study showed that the VV measurements in 3D were more valid than in 2D, thus 

indicating that 3D compensates for malpositioning during acquisition while 2D does 

not. Therefore, caution is warranted when measuring VV angle on a conventional 

radiograph of a knee with a flexion contracture, varus or valgus angle and / or rotation 

of the knee joint during acquisition. Chapter 6 describes a comparative study of 

intraoperative alignment measurements using an imageless CAS system with pre- 

and postoperative EOS 3D alignment measurements. Results of this study show 

that EOS 3D measurements significantly overestimate VV angle in lower limbs with 

substantial mechanical axis deviation. For lower limbs with minor mechanical axis 

deviation, CAS significantly measures more valgus than EOS. The mechanical medial 

proximal tibial angle is also measured more valgus by CAS. Findings of this study can 

possibly be explained by the difference between weight bearing and non-weight 

bearing position and potential errors in validity and reliability of the CAS system. 

Surgeons should be aware of these measurement differences and the pitfalls of 

both measurement techniques.

The third part of this thesis focuses on the use of CAS during (r)TKA and starts with 

Chapter 7. This chapter describes the design of a prospective clinical intervention 

study in which rTKA (CAS-rTKA) is compared with a conventional technique by means 
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of a historical control group. In primary TKA, CAS leads to better prosthetic alignment 

than mechanical navigation guides. Literature about CAS-rTKA is scarce though, and 

the effect on rotational prosthetic alignment has not been investigated yet. Hence 

the objective of this study was to compare rotational, coronal and sagittal prosthetic 

alignment after CAS-rTKA compared to a mechanical navigation guide. Results of this 

study are presented in Chapter 9. Chapter 8 describes a qualitative and systematic 

review of the literature on the effectiveness of imageless CAS during TKA (CAS-

TKA) on rotational alignment of the femoral and tibial components and tibiofemoral 

mismatch in terms of deviation from neutral rotation, and the number of femoral and 

tibial rotational outliers. Seventeen studies were included. Results of this systematic 

review show no evidence that CAS-TKA leads to better rotational alignment of the 

femoral or tibial component or tibiofemoral mismatch. Also, no evidence was found 

that it decreases the number of outliers in terms of femoral or tibial component 

orientation. However, results of this systematic review have to be interpreted with 

caution. The number of included studies was low, only one of the 17 included studies 

was considered of high methodologic quality, and different methods for assessing 

tibial component rotation were used in the studies. In only one of the included 

studies the sample size calculation was based on one of the outcome measures. 

In Chapter 9 it was investigated whether CAS-rTKA improves coronal, sagittal and 

rotational knee prosthesis alignment and reduces the amount of outliers compared 

to a conventional technique. In this prospective clinical intervention study 29 patients 

(31 knees) were operated using CAS (CAS-rTKA). This group was compared with a 

historical control group (CON-rTKA), in which 23 patients (23 knees) were operated 

using the conventional technique. Postoperative alignment was measured using the 

EOS 2D/3D system (coronal and sagittal planes) and CT-scan (rotation). The results 

show no evidence that CAS-rTKA leads to improved coronal, sagittal or rotational 

alignment of a knee prosthesis or less outliers. The tibial component, however, was 

placed more internally rotated with use of CAS, but the proportion in outliers for this 

measurement in both groups were comparable. However the findings of this study 

have to be interpreted with caution, since the number of included patients was low.

The General Discussion in Chapter 10 provides an overview and discussion of the 

main findings of the research presented in the previous chapters. Although evidence 

was found that primary implants have a significantly worse survival compared to 

revision implants when implanted during rTKA, choosing the degree of constraint, 

handling of bone defects and whether or not to implant intramedullary stems 

during TKA are all case-specific and come down to the experience and vision of 
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the orthopaedic surgeon. Decisions may be difficult, especially when no conclusive 

guidelines are available and a great proportion of the decisions is dependent on the 

judgments made by the orthopedic surgeon during rTKA. Survival of primary implants 

being significantly worse than revision implants, might indicate underestimation of 

ligament and bone damage which leads to implanting a prosthesis without sufficient 

constraint or stability.  As with the type of prosthesis, how to handle bone defects also 

comes down to experience and vision of the orthopaedic surgeon. Since stability of 

a tibial base plate without stem is comparable with one with stem extension after 

reconstruction of a major bone defect with a TM cone, it is questionable if a stem is 

necessary. 

 In this thesis lower limb alignment measurements in 2D as well as 3D are 

investigated. 2D measurements have some serious pitfalls but are still widely 

performed though, due to experience and availability in hospitals. It is not expected 

that 2D will soon be replaced by 3D measurements, since this is a financial investment 

for hospitals. Moreover, a 3D system does not replace a 2D system. When performing 

2D measurements one should be aware of its validity, especially when a patient has 

a severe varus or valgus deformity, flexion contraction or the coronal image is not 

taken precisely frontally.

 There is no evidence that CAS-TKA improves rotational alignment. However, 

research about this topic is limited. Moreover, no gold standard for measuring rotation 

of the tibial component exists yet and therefore results of different studies are not 

comparable. Besides alignment, there is limited research available that focuses on 

functional outcome after CAS-TKA and long-term results are not reported. Different 

systems are used and evidence regarding reliability and validity of CAS systems is 

scarce and may also be system-specific. No evidence was found that CAS-rTKA 

improves postoperative alignment. However, the study was underpowered, which 

might have influenced the results as well. However, the orthopaedic surgeons who 

performed the CAS-rTKAs experienced the technique as a helpful assistive tool, 

especially during a complicated surgery as is rTKA. Although the technique has 

disadvantages and much research still has to be performed, it has generated a focus 

on the importance of knee prosthesis alignment. 

 Finally, the General Discussion focuses on public health benefits and states 

that the innovative techniques described in this thesis can be helpful in improving the 

survival of the prosthesis, functioning of the patients and – in the end – participation 

in society.
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Artrose is de meest voorkomende gewrichtsaandoening. Totale knieartroplastiek 

(TKA) wordt gezien als de gouden standaard als het gaat om de chirurgische 

behandeling van artrose in een vergevorderd stadium. De incidentie van TKA neemt 

toe en zal naar verwachting in de toekomst nog verder toenemen. Ondanks goede 

resultaten na een TKA, heeft een deel van de patiënten een heroperatie, oftewel een 

revisie TKA (rTKA), nodig. Ook het aantal rTKA’s stijgt en de verwachting is dat in de 

toekomst het aantal verder zal toenemen. Naast infectie (septisch), zijn instabiliteit 

en aseptische loslating de voornaamste redenen voor rTKA. Aseptische loslating kan 

veroorzaakt worden door een incorrecte positie (alignement) van de knieprothese. 

Het verkrijgen van stabiliteit en een correcte prothese-positie tijdens TKA zijn 

essentieel voor een goed resultaat. Door het optimaliseren van de chirurgische 

techniek wordt de uitkomst na TKA mogelijk verbeterd en falen van de prothese 

tegengegaan. 

 Dit proefschrift gaat over nieuwe technieken op het gebied van rTKA en 

is onderverdeeld in drie delen: het eerste deel gaat over mogelijkheden op het 

gebied van protheses en prothese-onderdelen tijdens rTKA, het tweede deel gaat 

over het meten van prothese alignement en het laatste deel over het gebruik van 

computernavigatie (CAS) tijdens (r)TKA. 

Het eerste deel gaat over mogelijkheden op het gebied van protheses en prothese-

onderdelen. Het begint met Hoofdstuk 2, waarin de overleving van primaire 

protheses en speciaal ontwikkelde revisie protheses is vergeleken wanneer deze 

geïmplanteerd worden tijdens rTKA. De resultaten van deze studie laten zien dat 

primaire protheses een significant slechtere overleving hebben in vergelijking met 

revisie protheses. Na vijf jaar was 44% van de patiënten die een primaire prothese 

had gekregen en 92% van de patiënten die een revisie prothese hadden ontvangen 

nog niet opnieuw geopereerd. Het is daarom de vraag of het wel verstandig is 

om een primaire prothese te plaatsen tijdens rTKA. Hoofdstuk 3 beschrijft een 

biomechanische studie waarin de mechanische stabiliteit van een tibia component 

is vergeleken met en zonder steel na reconstructie van een groot botdefect met 

een Trabecular Metal (TM) cone. TM cones zijn ontwikkeld voor de reconstructie van 

grote botdefecten tijdens TKA. Na reconstructie kan een tibia component met een 

steel worden geïmplanteerd, maar het is onbekend of dit noodzakelijk is. Een steel 

geeft extra stabiliteit, maar heeft ook nadelen. Zeven paar kadaver tibiae waarbij 

een groot botdefect werd gereconstrueerd met een TM cone werden gebruikt: per 

paar ontving één tibia een tibia component met een steel en de ander een tibia 

component zonder steel. Vervolgens werden alle tibiae biomechanisch belast en 
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werden microbewegingen, rekken en botdichtheid tussen de groepen vergeleken. 

De resultaten van deze studie laten zien dat tibia componenten met en zonder steel 

vergelijkbare stabiliteit laten zien na reconstructie van een groot botdefect met een 

TM cone. Dit suggereert dat het gebruik van een steel mogelijk niet noodzakelijk is 

in deze situatie. 

Het tweede deel van dit proefschrift richt zich op het meten van alignement van 

de onderste extremiteit in 2D en 3D met behulp van een nieuw röntgensysteem, 

genaamd EOS. Betrouwbaarheid en validiteit van deze metingen wanneer de 

onderste extremiteit een knieprothese bevat zijn echter nog niet eerder onderzocht. 

In Hoofdstuk 4 wordt een betrouwbaarheidsstudie beschreven waarin de 

intraobserver en interobserver betrouwbaarheid van EOS 2D en 3D varus / valgus 

(VV) metingen na rTKA worden onderzocht. De conclusie van deze studie is, dat 

betrouwbaarheid van zowel 2D als 3D VV metingen uitstekend is. Er bestaan echter 

significante verschillen tussen 2D en 3D metingen in dezelfde patiënt. Suggestie is 

dat deze verschillen veroorzaakt zouden kunnen worden door de invloed van de 

stand van het been tijdens de 2D opname. 3D metingen corrigeren wiskundig voor 

potentiële malpositie tijdens opname en zijn dus mogelijk meer valide. Om dit verder 

uit te zoeken is er in Hoofdstuk 5 een validitiestudie uitgevoerd. Een kunstbeen 

met een knieprothese waarin flexie, VV en rotatie van het gehele been kon worden 

gevarieerd werd hiervoor gebruikt. Potentiële verschillen tussen de ware VV hoek 

en de hoek gemeten met EOS 2D en 3D werden onderzocht, terwijl het been in 

verschillende posities werd geplaatst. De resultaten van deze studie laten zien dat 

EOS 3D metingen meer valide zijn dan 2D metingen, hetgeen erop wijst dat 3D 

corrigeert voor malpositie tijdens opname en 2D niet. Dit betekent dat rekening 

gehouden moet worden met een verminderde validiteit van de VV hoek wanneer 

gemeten op een conventionele lange-been opname. Met name in het geval van 

een flexie contractuur, varus of valgus deformiteit of rotatie van het been tijdens 

opname. Hoofdstuk 6 beschrijft een vergelijkende studie waarin peroperatieve 

CAS-metingen worden vergeleken met pre- en postoperatieve EOS 3D alignement 

metingen. Resultaten van deze studie laten zien dat EOS 3D metingen de VV hoek 

significant overschatten wanneer er sprake is van een uitgesproken varus of valgus 

deformiteit. Wanneer deze VV deformiteit niet uitgesproken is, meet CAS relatief 

meer valgus dan EOS. Voor de coronale meting van het tibia component is dit ook 

het geval. Deze bevindingen kunnen verklaard worden door het feit dat EOS ‘belaste’ 

metingen zijn en CAS ‘onbelast’ en mogelijke tekortkomingen in de betrouwbaarheid 

en / of validiteit van het CAS-systeem. Orthopeden worden geadviseerd dit in hun 
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achterhoofd te houden bij het uitvoeren van zowel CAS- als EOS-metingen.

Het derde deel van dit proefschrift gaat over het gebruik van CAS tijdens (r)TKA en 

begint met Hoofdstuk 7. Dit hoofdstuk beschrijft de opzet van een prospectieve 

klinische interventiestudie met betrekking tot CAS-rTKA in vergelijking met een 

conventionele techniek. Voor de conventionele techniek is gebruik gemaakt van een 

historische controlegroep. In primaire TKA zorgt CAS voor een verbeterde prothese 

alignement. Onderzoek met betrekking tot CAS-rTKA is echter schaars en het effect 

van CAS-rTKA op rotatie van de prothese is nog niet eerder onderzocht. Het doel van 

deze studie was om prothese alignement in het coronale en sagittale vlak en rotatie 

te vergelijken tussen CAS-rTKA en een groep waarbij rTKA is uitgevoerd volgens 

de conventionele techniek. De resultaten van deze studie worden beschreven in 

Hoofdstuk 9. In Hoofdstuk 8 wordt een kwalitatieve en systematische review 

beschreven over de beschikbare literatuur met betrekking tot het effect van CAS-

TKA op postoperatieve rotatie van de prothese. Het effect op postoperatieve rotatie 

van het femur en tibia component, tibiofemorale mismatch en het aantal outliers 

voor het femur en tibia component werden onderzocht. Zeventien studies werden 

geïncludeerd. Resultaten van deze review tonen geen bewijs dat CAS-TKA leidt tot 

een verbeterde prothese alignement als het gaat om rotatie of het verminderen 

van het aantal outliers. Voorzichtigheid is echter geboden bij het interpreteren 

van deze resultaten. Het aantal geïncludeerde studies was laag, met slechts één 

studie van hoge methodologische kwaliteit. Bovendien werden verschillende 

meetmethoden voor het meten van rotatie van het tibia component gebruikt en in 

slechts één van de geïncludeerde studies was de powerberekening gebaseerd op 

één van de uitkomstmaten van de review. In Hoofdstuk 9 is onderzocht of CAS-

rTKA een verbeterde prothese alignement geeft in het coronale en sagittale vlak 

en rotatie vergeleken met de conventionele techniek. In deze prospectieve studie 

werden 29 patiënten (31 knieën) geopereerd met behulp van CAS (CAS-rTKA). Deze 

groep werd vergeleken met een historische controlegroep, waarin 23 patiënten 

(23 knieën) geopereerd werden met behulp van de conventionele techniek (CON-

rTKA). Postoperatief alignement werd gemeten door middel van EOS 3D metingen 

(coronale en sagittale vlak) en een CT-scan (rotatie). De resultaten tonen niet aan 

dat CAS-rTKA leidt tot verbeterde coronaal of sagittaal alignement of rotatie van 

de knieprothese of een vermindering van het aantal outliers. Het tibia component 

wordt echter met gebruik van CAS meer in endorotatie geplaatst, maar er is geen 

verschil in het aantal outliers. De bevindingen van dit onderzoek moeten met enige 

voorzichtigheid geïnterpreteerd worden, aangezien het aantal geïncludeerde 
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patiënten laag was. 

De algemene discussie in Hoofdstuk 10 geeft een overzicht en discussie van de 

belangrijkste resultaten van het onderzoek, zoals beschreven in de voorgaande 

hoofdstukken. Ondanks dat er bewijs is gevonden dat primaire knieprotheses een 

significant slechtere overleving hebben in vergelijking met revisie protheses, is het 

kiezen van de mate van constraint, het omgaan met botdefecten en het wel of niet 

implanteren van een steel casus-specifiek en hangt af van de ervaring en visie van 

de orthopedisch chirurg. Beslissingen kunnen lastig zijn, zeker wanneer er geen 

eenduidige richtlijnen bestaan en een groot deel van de beslissing afhangt van de 

peroperatieve inschatting van de orthopedisch chirurg. Dat primaire protheses een 

significant slechtere overleving hebben, kan te maken hebben met onderschatting 

van ligament- en botschade wat leidt tot het implanteren van een prothese zonder 

adequate constraint of stabiliteit. Ook het omgaan met botdefecten hangt af van 

de ervaring en opvattingen van de chirurg. Aangezien is aangetoond dat een tibia 

component dezelfde stabiliteit vertoont met en zonder steel wanneer een botdefect 

gereconstrueerd is met een TM cone, is het maar de vraag of men een steel zou 

moeten gebruiken. 

 In dit proefschrift zijn alignement metingen van de onderste extremiteit in 

zowel 2D als in 3D onderzocht. De validiteit van 2D metingen blijkt discutabel te 

zijn, maar worden toch op grote schaal gebruikt, onder andere door de uitgebreide 

beschikbaarheid en ervaring die er bestaat met deze techniek. Het wordt niet verwacht 

dat 2D metingen in de nabije toekomst vervangen zullen worden door 3D metingen, 

aangezien dit een financiële investering vergt. Tevens kan een 3D-systeem een 

2D-systeem niet vervangen. Wanneer 2D metingen worden uitgevoerd, moet men 

zich bewust zijn van de validiteit ervan, zeker wanneer een patiënt een uitgesproken 

varus of valgus deformiteit of flexie contractuur heeft of de foto niet precies frontaal 

is ingeschoten. 

 Er is geen bewijs dat CAS-TKA rotatie van de knieprothese verbetert. 

Onderzoek op dit gebied is echter gelimiteerd. Ook bestaat er geen gouden 

standaard voor het meten van rotatie van het tibia component, wat het lastig maakt 

studies met elkaar te vergelijken. Behalve alignement zijn er ook weinig studies 

beschikbaar die de functionele resultaten na CAS-TKA beschrijven en lange termijn 

resultaten zijn niet bekend. Er bestaan verschillende CAS-systemen en studies 

over de betrouwbaarheid en validiteit ervan zijn schaars en zijn mogelijk ook 

systeem-specifiek. Er is geen bewijs dat CAS-rTKA leidt tot een betere prothese 
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alignement dan de conventionele techniek. De studie beschreven in dit proefschrift 

bevatte echter weinig patiënten en is daardoor potentieel underpowered. De 

orthopedisch chirurgen die de operaties hebben uitgevoerd vonden CAS wel een 

handig hulpmiddel, zeker tijdens een gecompliceerde ingreep als rTKA. Hoewel de 

techniek ook nadelen heeft en er nog veel onderzoek moet plaatsvinden, heeft het 

de aandacht gevestigd op het belang van correcte prothese positie. 

 De algemene discussie eindigt met de potentiële voordelen op het gebied 

van public health. De innovatieve technieken zoals beschreven in dit proefschrift 

kunnen van belang zijn voor het verbeteren van de overleving van knie protheses, 

het functioneren van patiënten en – uiteindelijk – participatie in de maatschappij. 
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Dr. M. Stevens
Beste Martin, wat fijn dat je me hebt begeleid. Jouw deur stond altijd open, 
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even snel iets overleggen of keek jij tussendoor even wat na. Samen met 
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Inge was jij mijn ‘eerste barrière’ als het ging om feedback. Dat was voor 
mij de perfecte begeleiding bij het schrijven! 

Dr. I.H.F. Reininga
Beste Inge, ook jij was wat mij betreft onmisbaar in dit traject. Ik ben zo 
vaak tegen dingen aangelopen, waarbij Martin dan zei: ‘Inge weet dat wel’ 
en dat was ook zo! En niet alleen op het gebied van werk kwam dat van 
pas, ik herinner me ook nog een congres in Berlijn waarbij je Martin en mij 
door de hele stad geleid hebt. Jij en Martin hebben me de fijne kneepjes 
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statistiek is onmisbaar geweest voor mij. 

Leden van de leescommissie: prof. dr. R.G.H.H. Nelissen, prof. dr. D. 
Lazovic en prof. dr. ir. G.J. Verkerke hartelijk dank voor het beoordelen van 
dit proefschrift. 

Mijn mede auteurs: D.W. Janssen, N. Verdonschot, E. Otten en T. Velleman. 
Beste Dennis en Nico, bedankt voor jullie hulp in de opzet, uitvoering 
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