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General Introduction

1

Epidemiology
Degenerative joint disease or degenerative arthritis, also known as osteoarthritis (OA) is the 
most common chronic condition of the joints. OA affected approximately 1.2 million Dutch-
men in 2015. It is expected that the number of patients with OA in the western countries 
between 2011 and 2030 will increase by 37% due to the aging population and an increasing 
number of overweight people1. OA is more common with increasing age, and women are more 
often affected by OA than men (Figure 1). In the Netherlands by 2015, it was estimated that 
52.800 people were diagnosed with knee OA by the general practitioner: 19.100 men and 
33.700 women2.

Figure 1. Prevalence of OA by age and gender in 2015 in the Netherlands.

OA of the knee joint is one of the leading causes of disability in the Netherlands3, but also 
worldwide4. The age standardized incidence of knee OA is 3.8% across the world and 80% of 
patients over the age of 75 have radiologically-proven OA5. Knee OA can lead to severe pain 
and loss of function. 

Treatment options
Long-term management of OA includes treatment strategies, such as weight management, 
pain and anti-inflammatory medications (e.g. analgesics, nonsteroidal anti-inflammatory drugs 
(NSAIDs), corticosteroids or hyaluronic acid injections), physical therapy and assistive devices 
(e.g. canes, orthotics or custom knee braces). Total knee arthroplasty (TKA) is a last resort 
treatment for most patients with end-stage OA of the knee joint6,7,8. The majority of patients 
experience a rapid reduction of pain, improved mobility, quality of life and function during 
the early and long term follow-up after TKA9,10,11. In the Netherlands the amount of patients 
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operated for TKA in 2015 was 24.107. In 94% of these patients OA was the major cause for 
surgery12.

Total Knee Arthroplasty
TKA is considered as one of the most successful and cost-effective procedure in orthopedic 
surgery.  Since the introduction of the hinged knee in 1949 by Frank Gunston, TKA has 
evolved, a large number of changes in design have taken place ever since13. Most currently 
available TKA systems have implemented design modifications in an attempt to improve both 
TKA survival and patient satisfaction. Satisfactory outcome after TKA depends on many fac-
tors (e.g. restoration of the mechanical axis of the limb, component orientation and size). One 
of the most important factors that affect the survival of the TKA implant, is the alignment of 
the femur and tibia component. Numerous studies have demonstrated that poor alignment of 
the TKA components is associated with decreased implant longevity14,15,16,17,18. Correct align-
ment of these individual components are one of the key factors to improve longevity of the 
TKA15,19,20,21,22,23. For appropriate alignment of the TKA components several methods have 
been introduced for alignment of the TKA.

TKA alignment
Due to the development of new technologies and the aim to improve the positioning of the 
implant components, TKA alignment has been significantly further developed over the last 
decades. Many changes have been made to improve both survival and functioning.

Conventional technique
For appropriate alignment of the TKA components, conventional intramedullary and extra-
medullary alignment rods were introduced. During this conventional technique, the TKA po-
sition is per operative determined. Several studies reported results around 30% of postoperative 
malalignment when using conventional alignment rods in TKA24,25,26,27,28.

Computer-assisted surgery
Computer-assisted surgery (CAS), was introduced to improve the outcome in conventionally 
placed prostheses29. CAS, also known as surgical navigation, eliminates the use of conventional 
intra- and/or extra-medullar rods. One of the crucial steps in CAS is the perioperative digital 
registration of bony landmarks. CAS recreates the anatomical axis by landmark registration 
of the center of the femoral head, knee and ankle joint30,31,32. CAS has proven to be a good 
alternative to traditional instruments. Recently a meta-analysis showed that malalignment oc-
curred in 12% of the patients operated for TKA with surgical navigation25. 
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Patient Specific Instruments
These days, revolutionary changes within the elective TKA have taken place due to industry 
driven developments33. Patient specific instruments (PSI) are already in relatively common use 
to align the TKA. This simplified procedure eliminates the use of intra- and/or extra-medullar 
rods and CAS to make bony resections. PSI requires a preoperative MRI, CT-scan, or a com-
bination of MRI and a long-leg standing radiograph34,35. The method of image acquisition 
and preoperative planning is not standardized between the different manufacturers36 (table 1).

Table 1. Different industries with brand names, implant name and scanning modality
Dupuy-Synthes Smith and Nephew Zimmer Biomet

PSI Trumatch Visionaire PSI Signature

Approval Yes Yes Yes No

Implant Sigma CR Genesis II NexGen Vanguard

Imaging protocol CT* MRI# CT or MRI* CT or MRI*
*Scan of the hip, knee and ankle join; # MRI of the knee joint with long leg standing X-ray. PSI: Patient-specific 
instrument; CT: Computed tomography; MRI: Magnetic resonance imaging; CR: Computed radiography.

In order to determine the mechanical and/or the anatomical axes of the leg, low resolution 
images of the hip and the ankle are also made. Using computer-mapping algorithm software, 
based on the imaging protocols of the different manufacturers, a preoperative patient specific 
virtual 3D computer model of the knee is generated by a technician showing the proposed 
bone cuts, alignment and sizes of the femoral and tibial components (figure 2). 

Figure 2. Anterior-Posterior, lateral and axial (femur) overview of the online planning of the femoral and tibial 
TKA components in the Signature Online Management System (SOMS). 
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Th is default templates will be send to the surgeon, who can make adjustments to the plan on his 
or her personal preference. Based on this 3D computer model, before the surgery, the operating 
surgeon is able to see the knee joint from multiple angles using multiple visual options: bony 
resection planning, implant alignment (e.g. rotation, varus valgus, slope and fl exion extension) 
and a general overview of the planned biomechanical or anatomical axis (fi gure 3). 
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Chapter 3 

Running header too long........... 
PSI for TKA can accurately predict the component size as used peroperative. 

 
Chapter 4 

Running header too long........... 
No Difference in Mid-Term Survival and Clinical Outcome Between PSI and Conventional TKA.  

Gave consent (n = 120) 

TrueMatch 
n = 15 

Visionaire 
n = 13 

PSI 
n = 14 

Signature 
n = 15 

Conventional 
n = 60 

2 patients 
excluded due to 
pacemaker 

1 patient excluded 
due to movement 
during MRI 
scanning time 

A               B             C            D                E 

Figure 3. Bone model without (A), planned (B) and with (C) bony resection level, implant alignment with bone to 
be cut (D) and a preoperative planning with the TKA in situ (E).

In the planning the component size is also determined. Th e approval of the fi nal component 
position and size of the prosthesis should always be validated digitally and approved by the 
operating surgeon before manufacturing the 3D rapid prototyped disposable guides37,38,39,40,41. 
Once approved, polyamide guides are created, using rapid prototype technology, for the sur-
geon to use (fi gure 4).
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Figure 4. MRI-based femur (A) and tibia (B) PSI.  

 

These guides fits on the native anatomy of the individual patient in order to place the pins, so the surgeon 

is able to carry out the bony resections of the femur and the tibia with the standard cutting blocks35. 

Results from level I studies showed that malalignment occurred in around 18% of the patients operated 

for TKA with the use of PSI 39, 41-54. 

The surgeon, the hospital and the manufacturer are all responsible for the logistics (figure 5).  

Figure 5. Flowchart of the responsibilities of the logistics of TKA PSI.  

A B 

Figure 4. MRI-based femur (A) and tibia (B) PSI. 

Th ese guides fi ts on the native anatomy of the individual patient in order to place the pins, so 
the surgeon is able to carry out the bony resections of the femur and the tibia with the standard 
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cutting blocks35. Results from level I studies showed that malalignment occurred in around 
18% of the patients operated for TKA with the use of PSI 39, 41-54.
The surgeon, the hospital and the manufacturer are all responsible for the logistics (figure 5). 

Figure 5. Flowchart of the responsibilities of the logistics of TKA PSI. 

All this makes the operating room (OR) more efficiently, resulting in a reduction in the total 
number of surgical instruments (9 to 3 trays) which are necessary for TKA surgery47,55-60.

Current evidence on PSI for TKA
A concern that arises with any new technique is whether it will achieve satisfactory outcome. 
Published results on PSI are contradictory. None of the published results demonstrated a ra-
diographic significant improvement when compared to conventional aligned TKA. PSI showed 
that their postoperative radiographic 34,35 and early clinical 61-63 results are equal to conventional 
instrumented TKA, but with significant reduced operation time and blood loss 38,43-45.
To date, published clinical trials that studied TKA with PSI have excluded patients with post-
traumatic osteoarthritis of the knee with retained metal hardware around the knee joint that 
could interfere with imaging, thus resulting in homogeneous groups. Obtaining a neutral bio-
mechanical axis can be a challenging task when conventional instruments are used in patients 
with significant articular deformity, femoral canal sclerosis and/or retained metal hardware 
around the knee joint64,65. CAS have proven to be a good alternative to conventional instru-
ments, especially in cases with difficult intramedullary rod passages secondary to pathological 
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bone disease, pre-existing extra-articular deformity and/or retained metal hardware around 
the knee joint 33,64,66-68. CAS has the ability to restore the biomechanical  axis with accurate 
alignment of both implant components, especially in these challenging cases 64,66,69-73. However, 
in case of posttraumatic OA, bony landmarks are less often identifiable which makes CAS 
less accurate to apply. In these cases, PSI has some major advantages over surgical navigation. 
PSI has the crucial ability to restore biomechanical limb alignment if bony landmarks are not 
identifiable which are of major importance in CAS and navigation65. Detailed pre-operative 
planning is appropriate in the case of retained metal hardware 65,74,75. 

In contrast to CAS, with PSI, the operating surgeon is able to pre-plan the alignment and 
evaluate the post-operative correction as well as to check whether the implant interferes with 
the retained metal hardware74,75. In addition, the duration of surgery with PSI is significantly 
reduced because of shorter set-up time65,68. Lastly, if MRI is not possible in case of the presence 
of electronically devices and/or retained metal hardware around the knee joint from previous 
surgery, CT-based PSI can be a viable alternative 72,74-78.

Aims of this thesis
The studies of this thesis were performed to analyse some aspects of the clinical introduction 
and development of PSI for TKA, and future perspectives of PSI. Additional aims of this 
thesis are the accuracy of PSI for TKA, the development of an innovative reliable surgical 
technique for the alignment of the implant components during TKA, and to the evaluation 
of the results of PSI TKA in patients with post-traumatic arthrosis and revision surgery with 
PSI as a new technique after failed partial knee arthroplasty.  The following research questions 
were formulated:
1. Are  PSI for TKA ready for daily practice? 
2. What is the impact of approving the PSI for TKA on the frequency and reason of intraopera-

tive changing of the implant size?
3. Do the mid-term survival and clinical results improve with PSI compared to conventional 

instrumented TKA?
4. MRI- and CT-based PSI: Which one should be used?
5. What do we need to know about the differences in using both MRI- and CT-PSI?
6. Are  PSI accurate in patients with post-traumatic osteoarthritis?
7. Are PSI applicable for Unicompartmental Knee Arthroplasty (UKA)  to TKA revision surgery 

as a new technique?

Outline of the thesis
The work presented in this thesis is subdivided into three sections. The first section contains 
the clinical, radiographic and mid-term results comparing PSI with the conventional intra-
medullary technique for TKA (Chapter 2,3 &4). The second section of this thesis deals with 
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the differences between CT- and MRI-based PSI for TKA (Chapter 5&6). Finally, the third 
section addresses if PSI is a reliable tool in patients with post-traumatic knee osteoarthritis and 
if PSI is a reliable tool for UKA-to-TKA revision surgery as a new technique (Chapter 7&8).

In Chapter 2, the experience with four different PSI systems is described. The focus of this 
paper was to compare the radiological results of TKA with use of PSI from different manufac-
turer with each other and with the conventional instruments in patients suffering from severe 
osteoarthritis of the knee joint. 

Chapter 3 deals with the impact of approval of the pre-operative PSI planning for TKA on the 
frequency of, and reason for intraoperative changes of the planned implant size. 

The topic of Chapter 4 will discuss the 5-years survival and clinical outcome from a multi-
center randomized clinical trial. This study is a continuation of previously published studies 
that compared intra-operative results, the radiological outcome of the component alignment 
and the mid-term clinical follow-up in 180 patients who were randomly assigned to be oper-
ated with PSI or conventional TKA.

In Chapter 5, a single center prospective randomized controlled trial was carried out to achieve 
consensus whether radiographic outcomes of both MRI- and CT-based PSI from the same 
manufacturer improved. 

As in Chapter 6 a systematic review and meta-analysis was carried out in order to find out if 
the results found in Chapter 5 are in line with the current literature regarding the radiographic 
outcomes of both MRI- and CT-based PSI.

Chapter 7 will focus on the radiographic outcome of PSI in patients with post-traumatic knee 
osteoarthritis.  It was studied if retained metal hardware near the knee joint does not hamper 
the accuracy of PSI.

In Chapter 8, the accuracy of PSI as a “new” tool for UKA-to-TKA revision surgery is de-
scribed.  With the use of 3D measurement methods based on a pre- and post-revision CT 
scans, exact comparison was made between pre-revision planned resections, implant alignment 
and ultimate resections in vivo.
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Abstract

AIM
To present the radiological results of total knee arthroplasty (TKA) with use of patient specific 
instruments (PSI) from different manufacturer in patients suffering from severe osteoarthritis 
of the knee joint.

Methods
This study describes the results of 57 knees operated with 4 different PSI systems and a group 
operated with conventional instrumentation (n = 60) by a single surgeon. The PSI systems were 
compared with each other and subdivided into cut- and pin PSI. The biomechanical axis [hip-
knee-ankle angle (HKA)], varus/valgus of the femur [frontal femoral component (FFC)] and 
tibia (frontal tibial component) component, flexion/extension of the femur [flexion/ extension 
of the femur component (LFC)] and posterior slope of the tibia [lateral tibial component 
(LTC)] component were evaluated on long-leg standing and lateral X-rays. A percentage of > 
3° deviation was seen as an outlier.

Results
The inter class correlation coefficient (ICC) revealed that radiographic measurements between 
both assessors were reliable (ICC > 0.8). Fisher exact test was used to test differences of propor-
tions. The percentage of outliers of the HKA-axis was comparable between both the PSI and 
conventional groups (12.28% vs 18.33%, P < 0.424) and the cut- and pin PSI groups (14.3% 
vs 10.3%, P < 1.00). The percentage of outliers of the FFC (0% vs 18.33%, P < 0.000), LFC 
(15.78% vs 58.33%, P < 0.000) and LTC (15.78% vs 41.67%, P < 0.033) were significant 
different in favour of the PSI group. There were no significant differences regarding the outliers 
between the individual PSI systems and the PSI group subdivided into cut- and pin PSI.

Conclusion
PSI for TKA show significant less outliers compared to the conventional technique. These 
single surgeon results suggest that PSI are ready for primetime.
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Introduction

Total knee arthroplasty (TKA) has been developed significantly over the last decades. Many 
changes have been made to improve both survival and functioning. A good postoperative 
biomechanical axis is one of the key elements for a good implant survival. Malalignment is 
associated with poor implant survivorship1,2,3,4. Several studies reported results of postoperative 
malalignment using conventional intramedullary alignment rods in TKA5,6,7,8,9. Computer 
navigation was introduced to cope with malalignment and instability in conventionally placed 
prostheses10. These days, revolutionary changes within the elective knee arthroplasty have 
taken place due to industry driven interventions11. Patient specific matched guides (PSI) for 
TKA is a relatively new technique to align the knee prosthesis, using 3D rapid prototyped 
disposable cut or pin guides that fits on the native anatomy of the individual patient12,13. This 
perioperative guiding technique eliminates the use of intra- and extra medullar rods to make 
bony resections. Previous published results on PSI suggest this to be a good alternative to 
conventional instrumentation with comparable results, improved radiological outcome and 
reduced operation time and blood loss7,13,14,15,16,17,18,19,20,21,22,23. This prospective study on PSI 
between different manufacturers and conventional technique for the implantation of TKA was 
designed to address the following research questions: Is there a significant difference in outliers 
in alignment in the frontal and lateral plane between PSI and conventional TKA, secondly 
between the four individual different PSI systems and thirdly between cut- and pin PSI? We 
hypothesise that there will be fewer outliers with PSI TKA compared to conventional TKA 
without differences between different PSI systems and cut- and pin PSI.

Materials and Methods

Patients were operated for TKA with PSI systems from 4 different manufactures (Table 1). In 
daily practice the TKA system and PSI from the company Biomet is used. Between May 2013 
and April 2014, 60 consecutive patients with debilitating osteoarthritis (OA) of the knee joint, 
who were eligible for primary TKA were included (Figure 1). 
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Figure 1 Anterior-posterior radiograph of a left knee of a female patient.  A: Preoperative severe osteoarthritis; B: 
Postoperative with the Sigma CR, total knee arthroplasty (Depuy) in situ. 

 

 

Patients who were not eligible to undergo magnetic resonance imaging (MRI) due to metal artefacts around 

the knee joint from previous surgery, claustrophobia, movement artefacts during MRI scanning time, 

pigmented villonodular synovitis, implanted electronic devices and patients that refused to consent were 

excluded. TKA surgery was done using PSI and consisted of guides from 4 different TKA suppliers (Table 

1).  

 
Table 1 Different industries with brand names, guide type, implant name and scanning modality.  

1Scan of the hip, knee and ankle joint. 2 MRI of the knee joint with long leg standing X-ray 

 
The conventional TKA group consisted of 60 patients who were randomly selected from a cohort (n ≥ 500) as a 

comparison group. We did not match patients (e.g., body mass index, gender, age and severity of OA) to avoid 

selection bias. All patients gave informed consent to participate in this prospective study and were operated 

by a senior knee orthopaedic surgeon (NK) with extensive experience with PSI 15,16. Patients were not blinded to 

the type of alignment method used. Three patients were excluded from the study and therefore did not receive the 

intervention as planned. A flowchart of the study design is shown in Figure 2.  

 

 Dupuy-Synthes Smith & Nephew Zimmer Biomet 

PSI Trumatch Visionaire PSI Signature 

Guides Cut Cut Pin Pin 

Implant Sigma CR GENESIS II NexGen Vanguard CR 

Imaging protocol CT1 MRI2 CT or MRI1 CT or MRI1 

A B 

Figure 1 Anterior-posterior radiograph of a left knee of a female patient.  A: Preoperative severe osteoarthritis; B: 
Postoperative with the Sigma CR, total knee arthroplasty (Depuy) in situ.

Patients who were not eligible to undergo magnetic resonance imaging (MRI) due to metal 
artefacts around the knee joint from previous surgery, claustrophobia, movement artefacts dur-
ing MRI scanning time, pigmented villonodular synovitis, implanted electronic devices and 
patients that refused to consent were excluded. TKA surgery was done using PSI and consisted 
of guides from 4 different TKA suppliers (Table 1). 

Table 1 Different industries with brand names, guide type, implant name and scanning modality. 
Dupuy-Synthes Smith & Nephew Zimmer Biomet

PSI Trumatch Visionaire PSI Signature

Guides Cut Cut Pin Pin

Implant Sigma CR GENESIS II NexGen Vanguard CR

Imaging protocol CT1 MRI2 CT or MRI1 CT or MRI1

1Scan of the hip, knee and ankle joint. 2 MRI of the knee joint with long leg standing X-ray

The conventional TKA group consisted of 60 patients who were randomly selected from a 
cohort (n ≥ 500) as a comparison group. We did not match patients (e.g., body mass index, 
gender, age and severity of OA) to avoid selection bias. All patients gave informed consent to 
participate in this prospective study and were operated by a senior knee orthopaedic surgeon 
(NK) with extensive experience with PSI 15,16. Patients were not blinded to the type of align-
ment method used. Three patients were excluded from the study and therefore did not receive 
the intervention as planned. A flowchart of the study design is shown in Figure 2. 
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Figure 2 Flowchart study design. PSI: Patient-specifi c instrument; MRI: Magnetic resonance imaging.

Th ere were no signifi cant diff erences in baseline demographics, as summarized in Table 2. 
PSI and the conventional TKA surgery are extensively described in previous published studies 
15,16. Preoperative, a virtual 3 dimensional plan was made based on the imaging protocols of 
the diff erent manufacturers (Table 1). Preferred component position of the prosthesis was 
planned to obtain a neutral biomechanical axis [hip-knee-ankle angle (HKA)] and position of 
the femoral [frontal femoral component (FFC)] and tibial [frontal tibial component (FTC)] 
components in the frontal plane. All settings during planning in the lateral plane were similar 
for all PSI systems: Femoral component fl exion [fl exion/extension of the femur component 
(LFC)] and tibial component posterior slope [lateral tibial component (LTC)] were set at 3°. 
Th e fi nal approval of settings was done by the operating surgeon (NK). After approval, the 
disposable cut or pin guides (Table 1) for perioperative alignment were manufactured and used 
during surgery. A midline approach was used and a cemented prosthesis implemented in all 
cases (Table 1). Th e guides were designed to make contact with osteophytes and therefore it 
was not allowed to remove these prior to the bony cuts. Th e same procedure was performed 
in the conventional group, except for the standard conventional rods for femur and tibia with 
the same implant as the Signature group (Vanguard Complete Knee System, Biomet, Warsaw, 
INC). Conventional rods were used to align the position of the cutting blocks: LFC and LTC 
were set at 0°.

All patients received a multimodal pain protocol including spinal or general anesthesia and 
local infi ltration analgesia without a drain and urine catheter. Postoperative procedures were 
the same in all TKA patients. Patients followed an enhanced recovery pathway and received 
subcutaneous thromboprophylaxis (Fondaparinux) once daily for 35 d, starting on the evening 
on the fi rst postoperative day.

Preoperative approved planning for the femur and tibia component were compared with the 
postoperative achieved alignment of each component on radiographs. HKA-axis and implant 
position were measured with a calibrated protocol on digital images on a PACS system 15,16. 
HKA angle was evaluated on standardized 1-year postoperative frontal long-leg standing 
X-rays. Varus/valgus position of the FFC and FTC perpendicular to the HKA angle were 
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measured on the same frontal radiographs. Flexion/extension of the LFC, measured from the 
anterior femoral cortex and posterior or anterior slope of the LTC measured from the posterior 
cortex of the tibia, were evaluated on 1-year postoperative lateral radiographs. Deviations of 
> 3° between preoperative planned HKA-axis (sum of FFC and FTC) and individual com-
ponents (FFC, FTC, LFC and LTC) compared to the postoperative achieved alignment on 
radiographs, were considered as outliers. Mean values, SD and percentages of  > 3° deviation of 
the preoperative planned alignment and postoperative alignment were first compared between 
the complete PSI group and the conventional group and all PSI groups were compared with 
each other. A comparison between cut- and pin guides was also made (Table 1).

Ethical approval
This study was approved by the institutional review board (IRB Atrium-Orbis Zuyd Heerlen, 
the Netherlands; IRB-nr.13N09), registered online at the Dutch Trial Register (NTR4739) 
and was performed in compliance with the Helsinki Declaration of 1975, as revised in 2000. 
All patients were informed and they consented to providing data for anonymous use.

Statistical analysis
Statistical Package for the Social Sciences V17.0 (SPSS, Inc., Chicago, IL) for Windows was 
used. All radiographic evaluation was performed once for each radiograph, performed by 2 
independent assessors (MS and SH). Inter class correlation coefficient (ICC) was calculated 
to check for inter observer reliability. An ICC ≥ 0.7 was considered as good correlation. Sta-
tistically significant differences for radiographs were analyzed with a one-way ANOVA. The 
Bonferroni method for correcting for multiple comparisons was used to reduce the chances of 
obtaining false-positive results (type I errors). Fisher exact test was used to test differences of 
proportions. P-value was considered to be statistically significant at P≤ 0.05 for all statistical 
analyses.

Results

Of the 120 patients included, 3 patients could not be scanned with MRI and were operated 
with use of computed tomography (CT)-based PSI (Signature, Biomet). Baseline demograph-
ics are shown in Table 2. 
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Table 2 Baseline demographics per alignment method.
Trumatch Visionaire PSI Signature Conventional P-value

Number of patients 15 13 14 15 60

Mean age, Yrs (range) 72 (57-90) 72 (63-82) 69 (52-86) 68 (56-74) 65 (50-83) 0.097

Male, n (%) 6 (40) 7 (54) 7 (50) 7 (47) 34 (57) 0.967

Mean BMI (range) 30 (23-36) 30 (23-37) 30 (26-36) 30 (23-38) 28 (21-37) 0.373

Severity  OA
moderate, n (%) 
severe, n (%)

13 (87)
2 (13)

11 (85)
2 (15)

13 (93)
1 (7)

14 (93)
1 (7)

53 (88)
7 (12)

0.991
0.959

PSI: Patient-specific instrument; BMI: Body mass index; OA: Osteoarthritis.

All guides fitted well during the time of operation, there were no conversions to conventional 
instrumentation. All radiographic measurements of both observers were reliable and ICC’s 
were excellent (Table 3). 

Table 3  Inter observer correlation coefficients
HKA FFC FTC LFC LTC

Inter CC 0.811 0.879 0.883 0.850 0.943

HKA: Hip-knee-ankle angle; FFC: Frontal femoral component; FTC: Frontal tibial component; LFC: Flexion/
extension of the femur component; LTC: Lateral tibial component; CC: Class correlation coefficient.

With regard to the individual components, percentage of outliers  of the FFC (P < 0.000), 
LFC (P < 0.000) and LTC (P < 0.05) were significantly different in favour of the PSI group 
(Table 4). 

Table 4 Mean (SD) values and amount of patients and percentages of outliers >3° deviation of the planned align-
ment and postoperative alignment compared between the PSI and the Conventional group.
Outliers PSI Conventional P-value

HKA Outliers, n (%)
Mean (SD)

7 (12.28)
179.49 (2.24)

11 (18.33)
178.54 (2.27)

0.424
0.015

FFC Outliers, n (%)
Mean (SD)

0 (0)
89.44 (1.73)

11 (18.33)
88.03 (1.73)

0.000
0.000

FTC Outliers, n (%)
Mean (SD)

1 (1.75)
89.87 (1.32)

0 (0)
90.37 (1.38)

1.000
0.058

LFC Outliers, n (%)
Mean (SD)

9 (15.78)
86.09 (2.86)

35 (58.33)
86.04 (3.14)

0.000
0.314

LTC Outliers, n (%)
Mean (SD)

9 (15.78)
92.86 (2.64)

25 (41.67)
87.43 (2.63)

0.033
0.000

HKA- axis (P<0.000), the FFC (P<0.000) and LTC (P <0.000) PSI: Patient specific matched guides; HKA: Hip-
knee-ankle angle; FFC: Frontal femoral component; FTC: Frontal tibial component; LFC: Flexion/ extension of 
the femur component; LTC: Lateral tibial component.

Regarding the individual different PSI systems, the mean (SD) alignment were significantly 
different (Table 5). 
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Table 5 Mean (SD) values and amount of patients and percentages of outliers >3° deviation of the planned align-
ment and postoperative alignment compared between the PSI groups.

Trumatch Visionaire PSI Signature P-value

HKA Outliers, n (%)
Mean (SD)

3 (20.00)
178.5 (2.3)

1 (7.69)
181.3 (1.6)

2 (14.28)
180.6 1.6)

1 (6.66)
177.9 (1.8)

0.819
0.000

FFC Outliers, n (%)
Mean (SD)

0
89.9 (1.6)

0
90.1 (1.5)

0
89.9 (1.2)

0
87.9 (1.8)

1.000
0.000

FTC Outliers, n (%)
Mean (SD)

0
89.3 (1.4)

0
90.0 (1.2)

1 (7.14)
89.9 (1.6)

0
90.6 (1.3)

1.000
0.081

LFC Outliers, n (%)
Mean (SD)

2 (13.33)
85.7 (1.6)

2 (15.38)
85.4 (2.1)

1 (7.14)
87.4 (1.9)

4 (26.66)
85.8 (4.5)

0.663
0.307

LTC Outliers, n (%)
Mean (SD)

2 (13.33)
92.7 (2.4)

4 (30.76)
91.2 (3.0)

2 (14.28)
94.8 1.2)

1 (6.66)
92.8 (2.7)

0.594
0.000

PSI: Patient-specific instrument; HKA: Hip-knee-ankle angle; FFC: Frontal femoral component; FTC: Frontal
tibial component; LFC: Flexion/extension of the femur component; LTC: Lateral tibial component.

The PSI group subdivided into cut- and pin PSI showed significant difference regarding the 
mean FFC (P < 0.022) and the LTC (P < 0.009) alignment (Table 6).

Table 6 Mean (SD) values and amount of patients and percentages of outliers >3° deviation of the planned align-
ment and postoperative alignment compared between the cut (n=28, Trumatch and Visionaire) and pin (n=29, PSI 
and Signature) PSI group.

Cut PSI Pin PSI P-value

HKA Outliers, n (%)
Mean (SD)

4 (14.3)
179.9 (2.4)

3 (10.3)
179.3 (2.2)

1.000
0.342

FFC Outliers, n (%)
Mean (SD)

0
90.0 (1.5)

0
89.6 (1.8)

1.000
0.022

FTC Outliers, n (%)
Mean (SD)

0
89.6 (1.3)

1 (3.4)
90.2 (1.5)

1.000
0.115

LFC Outliers, n (%)
Mean (SD)

4 (14.3)
85.6 (1.8)

5 (17.2)
86.6 (3.5)

1.000
0.184

LTC Outliers, n (%)
Mean (SD)

6 (21.4)
92.0 (2.7)

3 (10.3)
93.8 (2.3)

0.477
0.009

PSI: Patient specific matched guides; HKA: Hip-knee-ankle angle; FFC: Frontal femoral component; FTC: Frontal 
tibial component; LFC: Flexion/ extension of the femur component; LTC: Lateral tibial component.

Discusion

This industry driven technology proved to be safe, reproducible and easy to use. This leads to a 
commercial success compared to other computer-assisted technologies11. Although,  published  
results on PSI are contrasted, even on level I studies. Seven level I studies  compared conven-
tional  instrumentation  with PSI and compared different PSI  manufacturers.  None of them 
had measured a significant difference in outliers of HKA axis (Table 7). However, Pfitzner 



29

Patient specific instruments for total knee arthroplasty are ready for primetime

2

et al 24, recently published results comparing conventional instrumentation with CT- and 
MRI-based PSI from 2 different manufacturers, and between both PSI groups. They found a 
significant difference regarding the outliers in HKA-axis between MRI-based PSI (Visionaire; 
7%) and conventional instruments (43%), but no significant difference between CT-based PSI 
and conventional instruments, neither between both PSI systems24. This was contrary to what 
Victor et al 25  found. They compared 4 different PSI systems with the conventional technique, 
operated by 4 surgeons, with more significant outliers for the FTC and LTC in favour of 
the intra- and extramedular technique (Table 7). Even between the 4 different PSI systems, 
percentages of outliers of > 3° deviation of the planned HKA and LFC angle were significantly 
different, ranging from 6% to 45% and 20% to 82%, respectively 25 (Table  7). Published level 
I percentages of outliers in the frontal and lateral  plane for individual components for both 
femur and tibia vary and are inconclusive. Outliers of the FFC for the PSI are comparable 
or less than the conventional intramedular technique. Only 2 authors published significant 
differences in favour of the MRI-based PSI 17,24. This was in contrast to the FTC (Table 7). 
Most of the outcomes are comparable, however, 2 articles published significant better outcome 
with extramedular rods 25,26. Only Ng et al 22 found significant better outcome with MRI-based 
PSI for the tibia. Level I results are very remarkable in regard to the LTC. These were signifi-
cantly better with PSI than with conventional instrumentation (Table 7). Most notable are the 
significant differences that have been found with CT-based PSI, which scored poorer outcome 
regarding to LTC outliers, ranging from 21% to 65% 19,25,26,27 (Table 7). A possible explanation 
for these outcomes can be the limitations in visualization and outlining of intra- articular 
cartilage in CT-based 3D models 28,29,30,31. Another explanation, based on our experience, is 
that CT-based guides were more difficult to place on the bony surface compared to MRI-based 
guides. Nevertheless, we did not reveal a significant difference between the MRI and CT PSI 
surgeries for HKA-axis and individual components for the different planes.

There may be some concerns regarding our radiological measurements. A wide variety of dif-
ferent analyses in the literature are used to objectively deter- mine the postoperative position 
for both the femur and tibia implants (Table 7). Despite a good ICC for the evaluation of the 
frontal and lateral position of both femur and tibia implants, rotational alignment was not 
examined. Most of the literature use long-standing radiographs, except for 1 paper which used 
scout CT-scan 17 and two used full-leg CT-scans 22,27. Postoperative evaluation on 3D-CT have 
shown to be a valuable tool to measure position and orientation of both the femur and tibia 
components and it is more accurate with significantly better femoral rotation alignment after 
use of PSI 18,22,32. Unfortunately, a postoperative 3D-CT is not routinely performed in our 
clinic. On the other hand, plane radiographs are generally applicable for everyone.
This single surgeon experience with different PSI manufacturers could raise questions about the 
general applicability. We had the opportunity to use different types of PSI and implants. Based 
on the experience with TKA, the use of PSI and a possible learning curve, implementation of a 
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new implant system may be a potential bias in the outcome 25. However, research is mostly per-
formed by high-volume surgeons who probably easier adapt to a new surgical technique than 
low-volume surgeons or residents. PSI could be an added value in less experienced surgeons 
due to their simplicity 19. On the other hand, we evaluated cut and pin PSI from different 
manufacturers with less outliers compared to the conventional group.

Our primary goal was to investigate the accuracy of alignment between conventional and PSI 
and between different PSI  systems compared with   published level I evidence.  A compari-
son  on perioperative and clinical outcome were not made, although there is a trend towards 
significant shorter operating time 16,17,18 and blood loss 16 with surgeries performed with PSI. 
However, published results on component sizing are inconclusive to come up with a statement 
18,19,27.

Finally, even though this study was a consecutive series compared with a historical cohort and 
not a randomized trial, a potential criticism was the sample size and power of this study.
The present study illustrates that this simplified surgical technique for TKA is safe and effective 
with acceptable radiological outcome. The PSI group shows significantly less outliers compared 
to the conventional technique. Whether these differences are clinically relevant is questionable 
and should be investigated on the long term. Based on these single surgeon results, we conclude 
that PSI are ready for prime time.
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Abstract

Purpose
Patients-specific instruments (PSI) for implantation of total knee arthroplasty (TKA) can be 
used to predict the implant size for both the femur and the tibia component. This study aims to 
determine the impact of approval of the PSI planning for TKA on the frequency of, and reason 
for intraoperative changes of implant sizes.

Methods
The clinical records of 293 patients operated with MRI- (90.4 %) and CT-based (9.6 %) PSI 
were reviewed for actual used implant size. Preoperative default planning from the techni-
cian and approved planning by the operating surgeon were compared with the intraoperative 
implanted component size for both the femur and tibia. Intraoperative reason for not following 
the default sizes was outdated. Furthermore, MRI- and CT-based PSI were compared for these 
outcomes.

Results
In 93.9 and 91.1 % for, respectively, the femur and tibia (n.s.), the surgeon planned size was 
implanted during surgery. The predicted size of the femur (p < 0.00) and the tibia (p < 0.00) 
component planned by a technician differed from the implanted component sizes in 62 (21.2 
%) and   51 (17.4 %) patients, respectively. In 17 cases, the femoral component size was 
adapted intraoperative based on the expert opinion of the operating surgeon. In 26 cases, the 
tibia component was changed during the surgery because  of a mediolateral overhang, sclerotic 
bone, medial or lateral release, limited extension and/or fixed varus deformity. The results 
between the MRI- and CT-based PSI did not differ (n.s.).

Conclusions
PSI is a tool to help the surgeon to achieve the best possible results during TKA. The planning 
made by a technician should always be validated and approved by the operating surgeon who 
has the ultimate responsibility regarding the operation. With PSI, the operating surgeon is able 
to minimize intraoperative implant size errors in advance to improve operating room efficiency 
with possible lowering hospital costs per procedure.
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Introduction

Half a decade ago, patient-specific instruments (PSI) for total knee arthroplasty (TKA) were 
introduced. This simplified procedure eliminates the use of intramedullary guides. Published 
results on PSI are contradictory. None  of the studies demonstrates a significant improvement of 
postoperative mechanical axis alignment when compared to conventional instrumentation 16,20. 
On the other hand, preoperative digital templating appears to be accurate in predicting the im-
plant size used in TKAs with high reproducibility when used by residents and TKA surgeons7. 
The system can predict intraoperative bony resections, component sizes, alignment, and can 
prevent unknown constraints during surgery (e.g. extreme implant size, special implant orders) 
which may improve operating room efficiency 8,10. This may result in a reduction of the overall 
number of surgical instruments and may reduce associated operation expenses 1,6,13. However, 
the used preoperative imaging techniques (e.g. MRI- or CT-scan) may influence these  results.  
CT-scans  have  limitations  in visualizing and outlining the intra-articular cartilage 22. Fur-
thermore, CT-based knee models appeared to be slightly larger than the patient’s bones when 
compared to MRI-based 3D knee models, which were slightly smaller 21. On the other hand, 
it is shown that the use of CT-based PSI can reduce costs 15.The PSI system used in this study 
comes with a planning tool for which suggested planning settings should be approved by the 
operating surgeon. If not, the guides will be manufactured based on the templates produced 
by a technician. This study aims to determine the impact of approval of PSI planning for TKA 
on the frequency of, and reason for intraoperative changes of the implant size. There are less 
data to support the accuracy of MRI- and CT-based PSI for TKA to preoperative predict the 
component size as used during surgery. This case series study hypothesized that both MRI- and 

CT-based PSI can accurately predict the component size as used perioperative.

Materials and methods

A consecutive cohort (n = 293) of TKA patients  operated between 2012 and 2013 with  MRI- 
or CT-based PSI (Signature, Biomet, Warsaw INC) by a single experienced knee arthroplasty 
surgeon (NK) was included in this study. Default planning from the manufacturer and surgeon 
approved digital planning were  compared  with the actual implant size used  intra-operatively  
for  both  the femur and the tibia. A total of 28 (9.6 %) patients were not eligible for MRI 
scans and were operated using CT-based PSI. The CT-group consisted of patients with claus-
trophobia (n = 9), patients with  movement  arte- facts during long MRI scans (n = 8) and/
or those with implanted electronic devices (pacemaker,  neurostimulator for bladder control 
or cochlear implants; n = 12). Baseline demographics and perioperative clinical outcomes are 
listed in Table 1.
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A MRI- or CT-scan was used to generate a computerized three-dimensional (3D) joint recon-
struction (default), planned by a technician. This 3D default template enables the surgeon to 
preoperatively plan the knee replacement using digital planning software (SOMS, Biomet, 
Warsaw INC) to determine the component sizes and alignment for each patient-specific case. 
Preoperative default templates from the technician and templates  approved by operating 
surgeon (NK) were compared with the intraoperative implanted component size for both the 
femur and tibia.

Table 1 Patient baseline demographics and perioperative clinical outcome
PSI Cohort (n=293)

Median age, Yrs (range) 70.1 (43.8 – 88.9)

Male, n (%) 121 (41.2)

Right, n (%) 152 (51.9)

Mean BMI, (range) 29 (20 – 47)

ASA I/II/III, n 99/177/17

MRI based guide, n (%) 265 (90.4)

The size of the actual components and polyethylene insert used intraoperatively was recorded. 
The amount of patients for which the template size was equal to the intraoperative placed 
implant was calculated for the following groups: surgeon vs. operation room (OR) (identical 
size, deviation of 1 size, deviation of >1 size), technician vs. OR (identical size, deviation of 
1 size, deviation of >1 size) and surgeon vs. technician (identical size, deviation of 1 size, 
deviation of >1 size). When a component size differed, the operative record was checked for 
the reason not using the approved component size. Furthermore, MRI- and CT-based PSI were 
compared for these outcomes.

This study was validated and approved by the Independent Review Board (METC Atrium-
Orbis-Zuyd Heerlen, the Netherlands; IRB-nr.14N50) and registered online at the Dutch Trial 
Register (www.trialregister.nl).

Statistical analysis
Statistical Package for the Social Sciences Statistics Software version 17.0 for Windows (SPSS, 
Inc., Chicago, Illinois) was used to test any difference of proportions (Fisher exact test). A post 
hoc power analysis was done in order to check if this study had sufficient statistical power to 
detect a treatment effect. P-value was considered to be statistically significant at P ≤ 0.05 for 
all analyses.

http://www.trialregister.nl/
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Results

The proportion of templates approved by the surgeon correctly predicted the size of the femoral 
(n.s.) and tibial (n.s.) components in 276 (93.9 %) and 267 (91.1 %) patients, respectively. 
Femoral (p < 0.00) and tibial (p < 0.00) component sizes predicted by the planning made 
by the technician differed from the implanted component sizes in 62 (21.2 %) and 51 (17.4 
%) patients, respectively. There were no conversions from PSI procedures to conventional 
instrumentation in this study.

The planned component size of the femur from both the technician and operating surgeon 
was different from the implanted component sizes in two patients. In 29 patients (femur, n 
= 13 and tibia, n = 16), the planned size from the technician and the operating surgeon was 
similar but differed from the implanted size. In 12 other patients, the size  for the femur (n = 2) 
and tibia (n = 10) estimated by the technician and the implanted size were comparable. In 17 
patients, the femoral component size was adapted peroperatively, based on the expert opinion 
of the operating surgeon. In 12 patients, the tibial component was changed during the surgery 
to prevent possible irritation of the capsule and collateral ligaments because of a mediolateral 
overhang. 

In 13 other patients, the implant sizes changed, because of sclerotic bone, medial or lateral 
release, limited extension, fixed varus deformity, and for one patient because of minor medial 
overhang (<3 mm). For 16 patients, the planning of the technician and surgeon were similar 
but different from the actual implanted size, and in 10 patients, the planning of the technician 
was similar to the actual implanted size.

Postoperative radiographs showed that the perioperative adjustments for implant sizes were 
correct and justified. The amount and percentage of differences in planned implant sizes pro-
vided by the technician and operating surgeon compared to the actual implanted sizes (OR) 
are summarized in Table 2. The results of the PSI group subdivided into MRI- and CT-based 
PSI did not differ between the planning made by the technician, operating surgeon and the 
actual implanted size. These results and the results of the inlay sizes are summarized in Tables 
3 and 4, respectively. 

A post hoc power analysis revealed that there was sufficient statistical power (1−β = 0.98) to 
detect a treatment effect when comparing the outcomes between the surgeon and technician. 
The power was not sufficient regarding the comparison between MRI- and CT-based PSI for 
the femur (1−β = 0.05) and tibia (1−β = 0.35) component.
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Table 2 Amount and percentage of identical sized in approved templates (Surgeon) and default templates (Techni-
cian) compared to the used size used peroperative (OR) and agreement between the surgeon and technician.
Identical sizes Femur (n=293) Tibia (n=293)

Surgeon vs.  OR, n (%) 276 (93.9) 267 (91.1)

   upsized, n (%) 4 (1.4) 5 (1.7)

   downsized, n (%) 13 (4.4) 21 (7.1) 

   error of 1 size , n (%) 15 (5.1) 25 (8.5)

   error of >1 size, n (%)  2 (0.7) 1 (0.3)

Technician vs. OR, n (%) 231 (78.8) 242 (82.6)

   upsized, n (%) 5 (1.7) 33 (11.3)

   downsized, n (%) 57 (19.5) 18 (6.1)

   error of 1 size, n (%) 56 (19.1) 46 (15.7)

   error of >1 size, n (%)  6 (2.0) 5 (1.7)

Surgeon vs. Technician, n (%) 243 (82.9) 248 (84.6)

   upsized, n (%) 3 (1.0) 38 (13.0)

   downsized, n (%) 47 (16.0) 7 (2.4)

   error of 1 size, n (%) 49 (16.7) 41 (14.0)

   error of >1 size, n (%)  1 (0.3) 4 (1.4)

Table 3. Amount and percentage of differences in approved templates (Surgeon) and default templates (Technician) 
compared to the actual used size perioperative (OR) and between the Surgeon and Technician when the PSI group 
is subdivided into MRI- and CT-based PSI for both femur and tibia size.
Identical Femur size MRI (n=265) CT (n=28) P-value

Surgeon vs. OR, n (%) 252 (95.1) 24 (85.7) n.s.

Technician vs. OR, n (%) 212 (80.0) 19 (67.9) n.s.

Surgeon vs. Technician, n (%) 219 (82.6) 24 (85.7) n.s.

Identical Tibia size

Surgeon vs. OR, n (%) 240 (90.6) 27 (96.4) n.s.

Technician vs. OR, n (%) 222 (83.8) 20 (71.4) n.s.

Surgeon vs. Technician, n (%) 227 (85.7) 21 (75.0) n.s.

Table 4. Amount and percentage of the used size of inlay.
Inlay size Amount (n=293)

10 96 (32.8%)

12 148 (50.5%)

14 42 (14.3%)

16 7 (2.4%)
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Discussion

The most important finding of the present study was that the predicted femoral and tibial 
component size in primary TKA with PSI, preoperatively approved  by  the  operating surgeon, 
results in a more accurate prediction of the actual size of the femoral and tibial components 
used during surgery as compared to the planning settings made by a technician.

Digital preoperative planning can accurately predict the component sizes and therefore 
minimize the number of surgical trays used preoperatively 5,10,11,18. However, results on this 
topic are inconclusive 11,18. Only a few papers studied the accuracy of planning component 
size with the use of PSI for TKA (Table 5). The results in the literature on the topic of size 
prediction vary with authors, reporting good accuracy of the PSI to predict component size 18 
and others reporting frequent intraoperative directed changes 10,14.

The default template for both the femur and tibia size when templated by a technician was 
different compared  to the approved size for both femur and tibia components. Therefore, the 
default templates should always be validated digitally and approved by the operating surgeon 
14,19 to minimize intraoperative implant size error. With PSI’s, the operating surgeon is able to 
recognize abnormal implant sizes preoperatively 8,10. These abnormal sizes can be delivered in 
advance to improve operating room efficiency 10. This may result in a reduction of the overall 
number of instruments and surgical trays necessary (reduction from 9 to 3 trays) and therefore 
decrease expenses associated with sterilization of instruments, storage, staff time and setup 
time for the operating room 1,6,13. In addition, less instrumentation could help to improve tray 
and operating room turnover which allows more cases to be completed and thereby lowering 
hospital costs per procedure 10.

Potential differences in component sizes could not be explained by the use of different imag-
ing techniques, i.e. MRI- vs. CT-based templates 8. Both MRI- and CT-based PSI’s showed 
comparable percentages of correctly predicted intraoperative implant sizes. Early experiences 
with MRI-based PSI’s for TKA showed outcomes similar to this study 3,4. However, this study 
was not in line with a case controlled study showing that the actual femoral and tibial compo-
nent sizes were statistically significantly different from the default size 2. More recently, a RCT 
comparing MRI- with CT-based PSI’s for TKA, both from the same manufacturer, found no 
significant differences regarding the perioperative changes for both implant components 17.

The results of this study are in line with other studies using PSI (Table 5) and superior 
compared to conventional two-dimensional (2D) templating (Table 5). When using conven-
tional 2D templates, the implant size and component alignment are templated in two planes: 
anterior-posterior and lateral 7, 9, 10, 12. With PSI’s, the surgeon is able to plan from multiple 
views in a virtual 3D design of the knee joint. PSI also includes more visual options: planning 
of bony resection, implant alignment (e.g. rotation, varus– valgus, slope and flexion–exten-
sion) and an overall view of the planned biomechanical axis. Despite the fact that all the default 
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settings from the technician were approved, Stronach et al. 19 found worse outcome regarding 
the planned femoral and tibial component size (Table 5).

Table 5. Literature overview on templating total knee arthroplasty. Approved templates (Surgeon) and default tem-
plates (Technician) compared to the actual used size perioperative (OR) for both femur and tibia size.
Author(s) N Template Surgeon-OR

Correct Femur/  
Tibia component

Technician-OR
Correct  Femur/  
Tibia component

Boonen et al. [5] 40 PSI, Signature (MRI) 95%/ 90% 80.0%/ 72.5%

Boonen et al. [7] 200 PSI, Signature (MRI) 88.0%/ 70.5% 78.5%/ 59.0%

Hsu et al [12] 48 2D Digital templating software a TKA 54% NA

Issa et al.[13] 89 PSI, ShapeMatchb (MRI) 95.5%/ 93.0% NA

Kniesel et al [14] 94 2D Digital  templating software c With reference ball 52%
Without reference ball 33%

NA

Levine et al. [17] 176 2D Digital  templating software d 66%/ 58.5% NA

Miller and Purtill 
[20]

50 2D Digital  templating software 64%/ 60% NA

Pietsch et al. [28] 50 PSIe (MRI) 100%/ 84% 84%/ 38%

Stronach et al. [34] 66 PSI, Signature (MRI) 23%/ 47% NA

Current study 293 PSI, Signature (MRI and CT) 93.9%/ 91.1% 78.8%/ 82.6%

a OrthoView LLC Jacksonville, Florida
b Stryker Orthopedics, Mahwah, NJ
c Medi-Cad AP-X-rays, Hectec GmbH; Niederviehbach, Germany
d Advanced Case Plan, Stryker Imaging, Flower Mound, Texas
e Patient-Specific Instruments, Zimmer, Warsaw, USA

This study found excellent results in predicting the exact implant size when a surgeon approves 
the preoperative planning with minimal intraoperative changes.

Although well designed, this study does have some limitations. First, this study shows plan-
ning data only. 

Patient reported outcome measures and functional and radiological outcomes are not de-
scribed. Second, the present study was not randomized to compare conventional TKA with 
PSI TKA. Third, only one PSI system from one manufacturer was used which might have 
affected the outcome. Therefore, our results could be inapplicable for other PSI designs from 
other manufacturers. Fourthly, because of the small number of patients in the CT-group, a 
type II error cannot be ruled out. Finally, in the current study, all patients were operated by 
one experienced knee surgeon who probably has less to learn from such an assisting tool than 
low-volume surgeons or residents 6. This could raise questions about the general applicability.

This study showed that PSI is able to minimize intraoperative implant size errors in advance 
to improve operating room efficiency with possible lowering hospital costs per procedure 1, 6, 8, 10, 
while none of the previous studies using PSI demonstrates a significant improvement of post- op-
erative mechanical axis alignment when comparing PSI with conventional instrumentation 16, 20.
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Conclusion

Despite the retrospective nature of this study, this study provided valuable information regard-
ing the potential ability to preoperatively predict the perioperative component sizes. PSI is a 
tool to help the surgeon to achieve the best possible results during TKA. The planning made 
by a technician should always be validated and approved by the operating surgeon who has 
ultimate responsibility regarding the operation.
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Abstract

Purpose
The purpose of this multicentre prospective randomized controlled trial was to compare the 
survival rate and clinical outcome in total knee arthroplasty (TKA) after MRI-based Patient 
Specific Instruments (PSI) and Conventional Instruments 5-years after initial surgery.

Material and methods
At a mean follow-up of 5.1 years (range, 4.0 to 5.8), 163 patients (90.6%) with a mean age 
of 71.8 years (range, 52.5-87.6) were analysed. A survival-analysis with revision of the TKA 
as endpoint was performed. The Knee Society Score (KSS), evaluations on plain X-rays and 
patient-reported outcome measures (PROMs) were obtained preoperatively and at each FU.

Results
At final follow-up, one TKA in the PSI- (1.2%) and 3 TKAs in the Conventional group (3.8%) 
had undergone revision surgery (P=.317). No radiological abnormalities were noted at any 
time point. Postoperatively the KSS and PROMs significantly improved within each group 
compared with the pre-operative values. There were no significant differences for the KSS and 
the PROMs between both groups at 5-years follow-up.

Conclusion
There is still a lack of reliable data on the survival of TKA and clinical evidence, when using 
PSI for TKA. Longer follow-up studies are therefore needed.
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Introduction

One of the key factors that can improve the longevity of the implant after total knee ar-
thoplasty (TKA), is a correct alignment of the individual femoral and tibial components 
2,5,6,15,23,27. Malalignment is associated with poor implant survivorship 3,23,28,29,35. Alignment 
of the TKA can be done in several ways. During the standard/conventional technique, the 
TKA position is defined during surgery with use of alignment rods. Several studies reported 
results of postoperative malalignment using conventional alignment rods in TKA 4,10,18,34. TKA 
procedures have been developed significantly over the last decades. Due to the development 
of new technologies and the aim to increase implant survival and to improve the functional 
outcomes for patients, revolutionary changes within elective TKA surgery have taken place 
43. Patient specific instruments (PSI) are already in relatively common use to align the TKA. 
PSI requires a preoperative MRI, CT-scan, or a combination of MRI and a long-leg standing 
radiograph 25,32. The method of image acquisition and preoperative planning is not standard-
ized among different manufacturers 39. Published results on PSI are contradictory. PSI’s early 
2-years clinical results are equal to conventional instrumented TKA 8,33,44. There is still a lack of 
reliable data on the survival of TKA and long term clinical outcome with the use of PSI. To our 
knowledge, there are no randomised controlled trials (RCT) comparing the implant survival 
and clinical outcome between PSI TKA and conventional TKA at 5-years follow-up. 

This multicentre RCT is a continuation of previously published studies that compared intra-
operative results, the radiological outcome of the component alignment and the short-term 
clinical follow-up in 180 patients who were randomly assigned to be operated with PSI or 
conventional TKA 7 . The results in terms of obtaining a neutral mechanical axis and a correct 
position of the prosthesis components did not differ between groups 7. A significant reduction 
in operation time and blood loss was found in favour of the PSI aligned TKAs 7 however with-
out any significant or clinically relevant differences at 2-years follow-up (e.g. clinical outcome 
measures and complication rate) between the two groups 8. 

These same patients have now been followed-up for 5-years in order to address the following 
research questions 8. First, is there a difference in longevity of the TKA implant between the 
two TKA alignment techniques? Secondly, is there a difference in clinical outcome between PSI 
and conventional instrumented TKA as assessed with both examiner based outcome measures 
and patient reported outcome measures (PROMs)? It was hypothesised that there would be no 
difference in revision rate and clinical outcome between PSI and  Conventional TKA.

Materials and Methods

This multicentre, prospective, randomised double-blind study with an allocation ratio of 1:1 
was conducted from September 2010 till March 2013 at the Zuyderland Medical Center, 
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Sittard-Geleen and  St. Anna Hospital, Geldrop, both in the Netherlands. Each hospital 
included 90 patients who were allocated via a computer random number generator (www.
randomizer.org) to one of the two parallel groups to receive either TKA alignment with PSI 
(Signature, Zimmer Biomet Orthopaedics, Warsaw, IN, USA) or conventional intramedullary 
instruments (Zimmer Biomet Orthopaedics, Warsaw, IN, USA). The TKA implant was identi-
cal in both groups (cemented CR Vanguard system, Zimmer Biomet Orthopaedics, Warsaw, 
IN, USA). All surgical procedures were performed by one of three experienced orthopaedic 
knee surgeons (N.K. at Zuyderland Medical Center and R.D. and H.H. at St Anna Hospital) 
who had >10 years’ experience with conventional TKA and had undertaken at least 100 TKAs 
using PSI before the start of the trial. 

Baseline conditions, randomization, surgical procedure, perioperative outcome (e.g., op-
eration time, blood loss) and postoperative protocol were described in detail in a previous 
publication 7. After completion of the 2-year FU, patients were unblinded for the type of 
alignment method that was used 8. An overview of the number of patients at the 5-year follow 
up, analysed in this study is presented in Fig. 1.
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Enrolment Assessed for eligibility (n=522)

Randomised (n=180)

Excluded (n= 342) 
-Declined to participate (219) 
-Other reason (n=123) 
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Allocated and received PSI (n=90) Allocated and received conventional (n=90)

Not attend follow-up (n=7) 
-Refusal (n=3) 
-Deceased <5 years (n=3) 
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Not attend follow-up (n=10) 
-Refusal (n=4) 
-Deceased <5 years (n=2) 
-Withdrew (n=1) 
-Revision (n=3) 

Analyzed (n=83) Analyzed (n=80) 

Fig. 1. Patient distribution of the included patients at 5-year follow-up.

A survival analysis with revision of the TKA (e.g. bearing and/or femur and/or tibia com-
ponent) as endpoint was performed. All clinical evaluations and patient-reported outcome 
measures (PROMs) were obtained preoperatively and at each FU by an independent physician 

http://randomizer.org/
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(M.S. at the Zuyderland MC and W.W. at the St. Anna hospital), who were blinded to the type 
of instrumentation which had been used during surgery. Clinical and digital radiographical 
evaluation on plain X-rays and postoperative knee society evaluation 13 was obtained with 
use of the clinician-derived Knee Society Score (KSS; 0–100, 100 being the highest score) 22 
and patients completed the following four PROMs: the 12-item Oxford Knee Score (OKS; 
12–60, 12 being the highest score) 20,31, the Western Ontario and McMaster University Index 
(WOMAC; 0–100, 100 being the highest score) 36, a visual analogue scale (VAS) for pain 16 
and the EuroQol (EQ-5D)14. For the EQ-5D, a single summary index was calculated, using 
the value set for The Netherlands 9,14,26. Scores on the questionnaires were compared between 
both groups at the different follow-up visits. Missing items in the PROMs were treated as 
described in the literature 20,22,36. Radiolucency was scored at all follow-up moments according 
to Ewald 13.

The study protocol was approved by the hospital’s Independent Review Board (IRB, METC 
Z; File nr. 10-T-21). The trial was conducted in accordance with the Declaration of Helsinki 
and CONSORT (Consolidated Standards of Reporting Trials) guidelines. Written informed 
consent was obtained from all individual participants included in the study. 

Statistical analysis
The analyses were performed with the use of SPSS version 21.0 software (SPSS Inc., Chicago, 
USA). The primary study was powered with a 2-sided 5%  significance level and a power of 
90%. A sample size of 90 patients per group were included to detect a difference in KSS at 
two-years post-operatively 8. Log-rank (Mantel-Cox) test was used to compare the statistical 
differences of the survival of the TKA between PSI and conventional intramedullary instru-
ments. A generalised linear mixed model (GLMM) approach was used to take into account the 
repeated-measures design of the study in order to cope with any missing data collected before 
and at each follow-up and to cope with the range of variation in relation to the time frame the 
data was collected 12. The GLMM contained both random and fixed variables, to estimate the 
effect of implant design and age on the trend of the different PROMs (dependent variables). 
For all analyses, a p-value was considered to be statistically significant at p≤0.05. Results are 
presented as Mean, SD and 95% confidence interval (CI).

Results

At a mean follow-up of 5.1 years (range, 4.0 to 5.8), 163 patients (90.6%) with a mean age of 
71.8 years (range, 52.5-87.6) at FU were analysed. One patient was not able to mobilize due 
to Parkinson’s disease, seven patients did not attend the follow-up (PSI =3, Conventional = 4)  



52

Chapter 4

and fi ve patients  deceased of causes unrelated to the surgery before the 5-year follow-up (PSI 
=3, Conventional = 2). Patient distribution is summarized in Figure 1.

At fi nal follow-up, a total of 4 patients (2.4%) had undergone revision surgery. One TKA in 
the PSI group (1.2%) and 3 TKAs in the Conventional group (3.8%). Th ere was no diff erence 
in the survival rates of the PSI and Conventional TKA surgery (n.s.). Th e main reason for 
revision surgery was persistent knee pain (1 PSI TKA; 2 Conventional TKAs). In 2 patients 
(1 in both groups), both the femoral and tibia component were revised, in 1 patient (Con-
ventional TKA), only the tibia plateau was revised to one size smaller due to lateral overhang. 
In one other patient (Conventional TKA), the bearing was revised to one size bigger (size 10 
to 12) due to knee instability and a patellar button was placed to cope with patellofemoral 
complaints. Kaplan-Meier survival analysis with revision for any reason is shown in Figure 2.

Fig. 2. Kaplan-Meier survival curve of survival to revision for any reason as the endpoint, with a survival of 98.9% 
(95% CI, 96.8-100) and 96.6% (95% CI, 92.8-100)  for respectively the PSI and Conventional TKA group after 
5-years of FU (n.s.).

No radiolucent abnormalities were noted at any time point. Postoperatively the clinician-
derived KSS and PROMs signifi cantly improved within each group compared with the pre-
operative values. GLMM was adjusted for age and baseline of each outcome. Th ere were no 
signifi cant diff erences for the clinician derived KSS and the PROMs between both groups at 
5-year follow-up (Table 1).
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Table 1. Mean, SD, 95% confidence interval (CI) and p-values are presented for the KSS and PROMs for both 
groups for each different follow-up visits tested with a generalized linear mixed model (GLMM).

PSI n= 83
Mean  SD  (95% CI)

Conventional n=80
Mean  SD  (95% CI)

p-value
GLMM

KSS Pre 50.7  13.3  (47.4-53.9) 52.0  14.4  (48.6-55.5)

n.s.

3-MTS 75.7  18.5  (71.2-80.2) 76.5  14.5  (73.0-80.0)

1-year 81.6  15.5  (77.8-85.4) 82.2  14.2  (78.8-85.7)

2-year 81.9  15.7  (78.1-85.8) 82.2  14.8  (78.6-85.8)

5-year 77.4  9.8   (75.0-79.7) 77.3  10.5  (74.9-79.8)

OKS Pre 30.0  9.3  (27.7-32.3) 29.3  7.5  (27.5-31.1)

n.s.

3-MTS 18.5  9.6  (16.2-20.9) 16.4  9.8  (14.0-18.7)

1-year 16.0  8.2  (14.0-18.0) 15.0  8.2  (13.2-16.9)

2-year 15.2  8.7  (13.1-17.2) 15.1  8.5  (13.1-17.1)

5-year 23.5  9.4  (21.4-25.6) 21.6  8.4  (19.7-23.5) 

WOMAC Pre 51.5  17.0  (47.9-55.1) 55.8  16.2  (52.4-59.2)

n.s.

3-MTS 80.9  16.4  (77.5-84.4) 82.2  14.7  (79.1-85.3)

1-year 80.6  18.4  (76.7-84.6) 86.0  13.8  (83.1-89.0)

2-year 80.7  20.2  (76.3-85.0) 86.6  14.8  (83.4-89.8)

5-year 78.9  19.1  (74.6-83.2) 85.2  16.4  (81.4-88-9)

VAS 
Pain Score

Pre 60.7  20.1  (52.9-63.8) 61.4  16.9  (57.3-65.5)

n.s.

3-MTS 20.0  21.4  (14.8-25.3) 20.6  23.5  (14.9-26.2)

1-year 21.7  22.3  (16.3-27.2) 19.1  23.6  (13.5-24.8)

2-year 20.4  24.8  (14.4-26.5) 17.4  21.8  (12.2-22.6)

5-year 14.9  20.3  (10.5-19.3)  13.6  13.6   (9.5-17.7)

EQ-5D Pre 0.75  0.08  (0.73-0.77) 0.78  0.07  (0.76-0.79)

n.s.

3-MTS 0.88  0.10  (0.86-0.91) 0.89  0.10  (0.86-0.91)

1-year 0.88  0.10  (0.86-0.91) 0.89  0.11  (0.87-0.92)

2-year 0.89  0.11  (0.86-0.91) 0.90  0.12  (0.87-0.93)

5-year 0.87  0.12  (0.84-0.90) 0.88  0.12  (0.85-0.91)

EQ-5D 
VAS

Pre 64.9  18.1  (60.4-69.3) 73.6  12.6  (70.6-76.7)

n.s.

3-MTS 74.6  14.4  (71.1-78.1) 77.8  11.2  (75.1-80.5)

1-year 74.5  13.0  (71.3-77.7) 78.0  14.8  (74.5-81.6)

2-year 72.5  17.9  (68.2-76.7) 76.2  17.9  (71.9-80.5)

5-year 73.7  15.9  (70.1-77.3) 77.0  16.1  (73.6-80.9)

Discussion

The main findings of this study were that, at 5-years follow-up, there were no significant dif-
ferences in the survival between PSI and conventional aligned TKAs, although slightly more 
implants were revised in the conventionally aligned TKA group. Clinical outcomes between 
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PSI and conventionally aligned TKA’s were comparable. To date, no other RCT’s exist in which 
the survival of PSI and conventionally aligned TKA’s is investigated at mid-term FU.

Persistent knee pain (1.8%) was the most common cause of revision in the total study group 
(1 PSI TKA; 2 Conventional TKAs).  At the onset of increasing pain after TKA, implant 
malalignment and/or non-articular causes should be the first consideration 21. In most cases, 
pain after TKA is of unknown origin. Spine problems and hip osteoarthritis were the second 
most common causes of pain after TKA 1. In this study, the majority of patients were satisfied 
after revision surgery, accept for one patient, where the pain problem was not resolved. A 
reoperation conducted without identification of a specific reason carries a high risk of failure 
11,30. Therefore, it is important to perform thorough preoperative evaluations to search for pain 
resulting from extra-articular causes 21. 

Published long-term clinical results on PSI are scarce since they have relatively recently been 
released. The available literature on PSI showed that their early 2-years clinical results are 
equal to conventional instrumented TKA 8,33,44. The used patient reported outcome measures 
(PROMs) in this study represent the best subjective measurement of clinical outcome after 
joint arthroplasty 37. Although, most of the PROMs did not capturing changes between both 
study groups due to a lack of sensitivity to change 17. The PROMs in this study failed to detect 
significant changes after a FU of 5-years.  

It can be discussed that most of the scientific clinical evidence comes from high-volume 
surgeons 19. Based on the experience with TKA, the use of PSI and a possible learning curve, 
implementation of a new implant system may be a potential bias in the outcome 42. The 
surgeons operating on patients enrolled in this study were high-volume knee arthroplasty 
surgeons. Having a TKA in a high volume-hospital is associated with a lower risk of revision 
surgery 24 and results obtained in this trial might therefore not be automatically applicable to 
low-volume knee surgeons. This also could raise questions about the general applicability of 
PSI. On the contrary, it has been hypothesized that PSI could be an added value in less experi-
enced surgeons due to their simplicity 19, especially in cases with post-traumatic osteoarthritis 
and in case of retained metal hardware around the knee joint 38,40.

The strengths of this study are the number of patients (90.1%) available for this 5-year 
follow-up. Another particular strength of this study was the multicentre design with good 
described groups with assessment of multiple clinical outcomes over five time points, which 
allows a more detailed analysis of the different parameters. Furthermore, a mixed model ap-
proach was used to analyse the data. This is considered to be more appropriate for assessing 
repeated measurements in clinical trials 12.

The most important limitation was the statistical power of this study. The initial study 8 was 
designed and powered for difference in KSS at 2-years post-operatively; therefore, a type II 
error cannot be ruled out. Furthermore, only one PSI system from one manufacturer was used. 
Therefore, the outcome may be different for other PSI designs provided by other companies. 
Second, only one PSI system from one manufacturer was used which might have affected the 
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outcome. Therefore, the results from this study could be inapplicable for other PSI designs 
from other manufacturers.

This is the first RCT  comparing longevity and clinical outcome of the TKA implant after 
a 5-year FU between PSI and conventional TKA and therefore provides valuable insight into 
the use of PSI for TKA.

Conclusion

In summary survival rates after a mean period of 5-years between PSI and conventional instru-
mented TKA were not different. The PROMs in this study failed to detect subjective changes 
between PSI and conventionally instrumented TKA after a mean period of 5-years. Literature 
on PSI is contradictory as the mid- and long-term clinical follow-up is scarce. Clinical results 
and revision rates of PSI derived from RCT’s  together with cost-effectiveness studies should 
demonstrate whether PSI still has the potential of becoming the golden standard for placing 
an elective TKA.
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Abstract

Aims
This prospective randomised controlled trial was designed to evaluate the outcome of both the 
MRI- and CT-based patient-specific matched guides (PSI) from the same manufacturer.

Patients and Methods
A total of 137 knees in 137 patients (50 men, 87 women) were included, 67 in the MRI- and 
70 in the CT-based PSI group. Their mean age was 68.4 years (47.0 to 88.9). Outcome was 
expressed as the biomechanical limb alignment (centre hip-knee-ankle: HKA-axis) achieved 
post-operatively, the position of the individual components within 3° of the pre-operatively 
planned alignment, correct planned implant size and operative data (e.g. operating time and 
blood loss).

Results
The patient demographics (e.g. age, body mass index), correct planned implant size and opera-
tive data were not significantly different between the two groups. The proportion of outliers 
in the coronal and sagittal plane ranged from 0% to 21% in both groups. Only the number 
of outliers for the posterior slope of the tibial component showed a significant difference (p = 
0.004) with more outliers in the CT group (n = 9, 13%) than in the MRI group (0%).

Conclusion
The post-operative HKA-axis was comparable in the MRI- and CT-based PSIs, but there were 
significantly more outliers for the posterior slope in the CT-based PSIs.
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Introduction

Accurate restoration of the hip-knee-ankle (HKA) axis and correct alignment of the  components 
are considered key factors for improving the longevity of total knee arthroplasty (TKA).1,2,3,4,5 
Patient-specific guides (PSI) were developed to improve the accuracy and reproducibility of 
implant positioning in TKA. To manufacture PSIs requires a pre-operative MRI, CT-scan, 
or a combination of MRI and a long-leg standing radiograph.6,7 Using computer-mapping 
algorithm software, a patient-specific virtual 3D model of the knee is generated showing the 
proposed bone cuts and sizes of the femoral and tibial components. This pre-operative 3D 
model of the knee is checked and approved by the operating surgeon.8,9,10 The surgeon can 
make adjustments during the planning stage based on the patient’s anatomy and personal 
preference. These options make the process both patient- and surgeon-specific. Once approved, 
polyamide pin guides/cutting blocks are created, using rapid prototype technology, for the 
surgeon to use. This simplified system eliminates the need for conventional instrumentation 
and computerassisted surgery (CAS).

Routinely we use MRI-based PSIs. However, CT- rather than MRI-based PSI may be prefer-
able for patients with claustrophobia, those with implanted electronic devices (e.g. pacemaker, 
cochlear implants) and patients with metal implants around the knee joint.11,12 It has been 
reported that CT- based PSIs show the bony surfaces particularly clearly13,14 with a reduced 
scanning time and lower costs.11,15 Their disadvantage is increased radiation exposure13 and 
poorer visualisation of the remaining articular cartilage.16,17,18,19 A recent retrospective study 
showed better overall alignment and fewer outliers with MRI-based PSI than with CT-based 
PSI.20

To the best of our knowledge, no randomised controlled trial (RCT) has yet been conducted 
which compares MRI- with CT-based PSI for TKA using prosthetic components from one 
manufacturer.

We designed a RCT to test the hypothesis that both the MRI- and CT-based PSI from the 
same manufacturer allow accurate alignment in TKA, expressed as the HKA-axis achieved 
post-operatively, correctly planned implant size and individual component positioning within 
3° of the pre-operatively planned alignment.

Patients and Methods

The study was approved by the Independent Review Board (IRB, Atrium-Orbis Zuyd Heerlen, 
the Netherlands; IRB-Nr.13T147) and registered online at the Dutch Trial Register (www.
trialregister.nl, Nr. NTR4734). Between June 2014 and February 2015, a total of 137 knees 

http://trialregister.nl/
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in 137 patients (50 men, 87 women), who were to undergo TKA for end-stage osteoarthritis 
consented to participate in a prospective, randomised, controlled non-inferiority trial. 

In order to reduce potential confounding influences and thus provide a more homogeneous 
group of patients to be studied, the patient group was restricted to those with a body mass 
index (BMI) of >35 kg/m2. Patients had to be willing to follow instructions and return to 
the outpatient clinic for follow-up. We excluded patients who had undergone previous knee 
surgery (except for an arthroscopic partial meniscectomy), those who had an active or recently 
treated infection, those with metal implants near the knee joint and patients with disease other 
than osteoarthritis. Patients were randomised to have either the MRI- or CT-based Signature 
PSI (Zimmer Biomet, Warsaw, Indiana) by means of an online random number generator 
(www.randomizer.org). A cemented Vanguard Cruciate Retaining TKA (Vanguard CR, Zim-
mer Biomet, Bridgend, United Kingdom) was used in each case. All TKAs were performed by 
one of four experienced knee surgeons (EH, RH, EJ and NK). Each surgeon undertook at least 
50 TKAs each year and had a minimum of three years of experience with PSI. The preferred 
component settings were similar for all four surgeons: a neutral (180°) HKA-axis; 3° of flexion 
for the femoral component and 3° of posterior slope for the tibial component. All settings were 
approved after validation of the pre-operative planning.

A medial parapatellar approach was used in all patients. MRI-based PSIs make contact with 
osteophytes which must not be removed before making the bone cuts. CT-based PSIs make 
contact with the bone surfaces, are secured with four-pin fixation and do not make any contact 
with the cartilaginous surface. Both femoral (Fig. 1) and tibial (Fig. 2) CT-based PSIs sit some 
distance from the cartilage compared with MRI-based PSIs (Fig. 3), which rest flush against 
the remaining cartilage.20 Both the MRI- and CT-based guides can only be placed on the femur 
and tibia in one specific way, and are therefore unique to each patient. 
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Fig. 1  

 
Images showing the a) anterior and b) posterior view with offset of the CT-based femur guide. Both images 

reproduced with permission from Zimmer Biomet, Inc.,Warsaw, Indiana. 

 

Patellar resurfacing was not routinely undertaken. A tourniquet was only used while cementing 

(Gentamicin Palacos, Heraeus Kulzer GmbH., Hanau, Germany). The mean operating time (inci- 

sion to closure in minutes), mean blood loss, identified as the total volume of blood in the suction 

device before carrying out pulsed lavage of the knee, and any change from the planned femoral and 

tibial component size were recorded in the patients’ operation records. 
 

 
Fig. 2       

Images showing a) the anterior and b) the posterior view with offset of the CT-based tibia guide. Both images 

reproduced with permission from Zimmer Biomet, Inc.,Warsaw, Indiana 
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Fig. 1 Images showing the a) anterior and b) posterior view with offset of the CT-based femur guide. Both images 
reproduced with permission from Zimmer Biomet, Inc.,Warsaw, Indiana.

Patellar resurfacing was not routinely undertaken. A tourniquet was only used while cementing 
(Gentamicin Palacos, Heraeus Kulzer GmbH., Hanau, Germany). The mean operating time 

http://www.randomizer.org/
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(incision to closure in minutes), mean blood loss, identified as the total volume of blood in the 
suction device before carrying out pulsed lavage of the knee, and any change from the planned 
femoral and tibial component size were recorded in the patients’ operation records.
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Fig. 2 Images showing a) the anterior and b) the posterior view with offset of the CT-based tibia guide. Both images 
reproduced with permission from Zimmer Biomet, Inc.,Warsaw, Indiana
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                    Fig. 3  
Images showing the a) anterior view of the MRI-based femur guide and b) the anterior view of the 

MRI-based tibia guide. Both images reproduced with permission from Zimmer Biomet, Inc.,Warsaw, 

Indiana. 

 
The alignment of the femoral and tibial components planned pre-operatively was compared with the 

alignment achieved post-operatively using standardised long-standing weight-bearing coronal and standard 

sagittal digital radio- graphs taken pre- and six weeks post-operatively. Measurements were made using a 

calibrated protocol on digital images using the Picture Archive and Communication System (PACS, Agfa 

HealthCare NV, Mortsel, Belgium) described by Boonen et al.21 All radiological evaluations were carried out 

twice by two independent observers (MS and RF) who were blinded to the type of PSI (MRI- or CT- based). 

The HKA-axis and the position of the femoral and tibial components achieved in the coronal plane were 

evaluated in relation to the HKA-axis on the coronal radio- graphs using the method of Tigani et al.22 A varus 

(<90°) or valgus (>90°) position of the frontal femoral components (FFC) and the frontal tibial components 

(FTC) perpendicular to the HKA-axis were measured on the same coronal radiographs.  

 
Radiological measurements of both implant components in the sagittal plane, with respect to the anatomical axis, 

were made on standard lateral radiographs and measured according to the method described by Petersen and 

Engh.23 Mean flexion (<90°) or extension (>90°) of the lateral femoral component (LFC) were measured as 

the axis between the line across the bottom of the femoral implant, perpendicular to the anatomical axis of the 

femoral shaft. Anterior (>90°) or posterior (<90°) slope of the lateral tibial component (LTC) were measured as 

the axis between the line across the bottom of the tibial plate, perpendicular to the anatomical axis of the tibial 

shaft. A deviation of >3° from the HKA-axis planned pre-operatively, and for the individual components, were 

considered outliers.24 

A                             B

Fig. 3 Images showing the a) anterior view of the MRI-based femur guide and b) the anterior view of the MRI-
based tibia guide. Both images reproduced with permission from Zimmer Biomet, Inc.,Warsaw, Indiana.

The alignment of the femoral and tibial components planned pre-operatively was compared 
with the alignment achieved post-operatively using standardised long-standing weight-bearing 
coronal and standard sagittal digital radiographs taken pre- and six weeks post-operatively. 
Measurements were made using a calibrated protocol on digital images using the Picture Ar-
chive and Communication System (PACS, Agfa HealthCare NV, Mortsel, Belgium) described 
by Boonen et al.21 All radiological evaluations were carried out twice by two independent 
observers (MS and RF) who were blinded to the type of PSI (MRI- or CT- based). The HKA-
axis and the position of the femoral and tibial components achieved in the coronal plane were 
evaluated in relation to the HKA-axis on the coronal radio- graphs using the method of Tigani 
et al.22 A varus (<90°) or valgus (>90°) position of the frontal femoral components (FFC) and 
the frontal tibial components (FTC) perpendicular to the HKA-axis were measured on the 
same coronal radiographs. 
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Radiological measurements of both implant components in the sagittal plane, with respect 
to the anatomical axis, were made on standard lateral radiographs and measured according to 
the method described by Petersen and Engh.23 Mean flexion (<90°) or extension (>90°) of the 
lateral femoral component (LFC) were measured as the axis between the line across the bottom 
of the femoral implant, perpendicular to the anatomical axis of the femoral shaft. Anterior 
(>90°) or posterior (<90°) slope of the lateral tibial component (LTC) were measured as the 
axis between the line across the bottom of the tibial plate, perpendicular to the anatomical axis 
of the tibial shaft. A deviation of >3° from the HKA-axis planned pre-operatively, and for the 
individual components, were considered outliers.24

Statistical analysis. 

Sample size calculations were performed based on results from previous data (n = 899).12 The 
response within each group was normally distributed based on a mean FFC position of 88.6° 
varus and a standard deviation (SD) of 2.0° (MRI group) and a mean FFC position of 87.8° 
varus and a SD of 2.1° in the CT group. If the true difference in the means of the experimental 
and control groups was 3.0°, and this non-inferiority limit considered the largest difference 
that is clinically acceptable, the study required 64 patients in each group in order to be able to 
reject the null hypothesis that the population means of two groups are different, with a power 
of 80%. The probability of Type II error associated with this test of a null hypothesis is 0.05 
with two tails. To compensate for a possible 10% loss to follow-up, the total number of patients 
needed for the RCT was 140.

All statistical analyses were performed using SPSS software version 17.0 (SPSS Inc., Chicago, 
Illinois). The Shapiro-Wilk test showed that the data were normally distributed. Fisher’s exact 
test was used to examine differences in proportions. Student’s t-tests were performed on sig-
nificant interactions. Intra- and interclass correlation coefficient (ICC) with 95% confidence 
intervals were calculated to check for intra- and inter-observer reliability. An ICC ≥ 0.7 was 
considered to be a good correlation. In order to assess the validity of measurements on digital 
radiographs, the agreement between measurements of both observers was calculated. For this 
analysis, the mean of the measurements on digital radiographs of both observers were used. 
The Bland-Altman method was used for analysing agreement.25 Therefore, the mean difference, 
range of difference and limits of agreement between both observers for the FFC, FTC, LFC 
and LTC were   obtained.   A threshold for all statistical comparisons of p-value ≤ 0.05 was 
considered to be statistically significant. Data are presented as means with interquartile ranges 
(IQR) or with frequencies (%).
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Results

Two patients who underwent bilateral TKA were included and counted individually (one 
patient in each group received the same scanning modality twice). One patient who was 
randomised into the MRI group was operated on using CT-based PSI, a CT-scan having been 
requested in error. Th is patient was included in the CT group (intention- to-treat) to avoid the 
eff ects of crossover and dropout, this is acceptable for the analysis of controlled clinical trials. 
During surgery, one patient (one knee) had to be converted from PSI to conventional surgical 
technique because of an unsterile PSI. An overview (Fig. 4) of the number of patients recruited, 
enrolled and analysed in this study are presented in Figure 4 in the manner recommended by 
Consolidated Standards of Reporting Trials.26 
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The Comité Permanent Européens has already published a number of directives on the provision of medical information 
on the Internet.21 Nowadays, this digital image exchange is via up to date secured online networks. This provides 
a more secure and future-proof solution with improved ease of use without too much crafts, where the balance 
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 - BMI > 35 (n = 10) 

 
 

 

Fig. 4 Consolidated Standards of Reporting Trials fl ow chart of the patients enrolled and analysed in this study 
(BMI, body mass index; PSI, patient specifi c guide).

Patient demographics and operation data were not signifi cantly diff erent in the two groups 
(Table I). 

Table I. Baseline and operative data of the included patients are presented as mean (interquartile range (IQR), 
Student’s t-test) or absolute numbers (%, Fisher’s exact test) for both groups. PSI, patient-specifi c guide.

MRI-based PSI (n = 67) CT-based PSI (n = 70) p-value

Age at index surgery, yrs (IQR) 67.2 (5.5 to 6.4) 69.5 (4.9 to 5.4) 0.232

Females n (%) 36 (54) 51 (73) 0.336

Body mass index, kg/m2 (IQR) 29.4 (2.5 to 3.8) 29.0 (2.7 to 4.0) 0.623

Left knees n (%) 30 (45) 29 (41) 0.877

Blood loss, ml (IQR) 257 (50 to 50) 270 (63 to 75) 0.563

Surgical duration time, mins (IQR) 61 (10 to 16) 63 (8 to 10) 0.367

Resurfaced patella n (%) 3 (4) 7 (10) 0.332
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A high level of ICC agreement for measurements of the radiological outcome was found (Table 
II). The mean pre-operative HKA-axis was 176.7° (IQR 3.0 to 7.5) for the MRI group and 
177.3° (IQR 3.7 to 6.4) for the CT group. 

Table II. Proportions and fractions of outliers with >3° deviation from the pre-operative planned alignment were 
tested with the Fisher’s exact test.

MRI-based PSI (n = 67) (%) CT-based PSI (n = 70) (%) ICC (95% confidence intervals) p-value

HKA 11 (16) 15 (21) 0.973 (0.960 to 0.981) 0.669

FFC 7 (10) 6 (9) 0.954 (0.932 to 0.968) 0.778

FTC 2 (3) 5 (7) 0.926 (0.892 to 0.949) 0.444

LFC 10 (14) 11 (16) 0.740 (0.621 to 0.821) 1.000

LTC 0 (0) 9 (13) 0.794 (0.701 to 0.858) 0.004

HKA, hip-knee-ankle axis; FFC, frontal femoral components; FTC, frontal tibial components; LFC, lateral femoral 
components; LTC, lateral tibial components; PSI, patient-specific guide; ICC, interclass correlation coefficient.

The Bland-Altman plots assessing agreement between both observers for FFC and FTC, LFC 
and LTC are shown in Figures 5 to 7, respectively. The mean difference, range of difference and 
limits of agreement between measurements performed by both observers for the radiological 
outcome are presented in Table III.
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Fig. 5 
 
Bland-Altman plot of alignment measurement by both observers for the frontal femoral component 

and frontal tibital component in degrees. The horizontal thick dashed line represents the mean 

difference, and the upper and lower thin dashed lines the 95% confidence interval limits of 

agreement. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6 
Bland-Altman plot of alignment measurement by both observers for the lateral femoral component in 

degrees. The horizontal thick dashed line represents the mean difference, and the upper and lower thin 

dashed lines the 95% confidence interval limits of agreement. 

Mean 

Mean

Fig. 5

Bland-Altman plot of alignment measurement by both observers for the frontal femoral com-
ponent and frontal tibital component in degrees. The horizontal thick dashed line represents 
the mean difference, and the upper and lower thin dashed lines the 95% confidence interval 
limits of agreement.
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Bland-Altman plot of alignment measurement by both observers for the lateral femoral com-
ponent in degrees. The horizontal thick dashed line represents the mean difference, and the 
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 Fig. 7 
Bland-Altman plot of alignment measurement by both observers for the lateral tibial component (°). 

The horizontal thick dashed line represents the mean difference, and the upper and lower thin dashed 

lines the 95% confidence interval limits of agreement. 

 

Table III. Mean difference (standard deviation, SD) (°), range of difference and limits of agreement 

between measurements performed by both observers for the frontal femoral component (FFC) 

combined with frontal tibial component (FTC), lateral femoral component (LFC) and lateral tibital 

component (LTC). 

 

  FFC and FTC LFC LTC 
Mean difference: Observer 1 – Observer 2 (SD) 0.05 (0.72) 0.85 (1.67) 0.36 (1.42) 
Range of difference -2.0 and 2.7 -2.8 and 4.5 -3.1 and 3.3
Limits of agreement -1.35 and 1.46 -2.42 and 4.12 -1.21 and 1.60 

 

Mean 
Fig. 7

Bland-Altman plot of alignment measurement by both observers for the lateral tibial compo-
nent (°). The horizontal thick dashed line represents the mean difference, and the upper and 
lower thin dashed lines the 95% confidence interval limits of agreement.

Table III. Mean difference (standard deviation, SD) (°), range of difference and limits of agreement between 
measurements performed by both observers for the frontal femoral component (FFC) combined with frontal tibial 
component (FTC), lateral femoral component (LFC) and lateral tibital component (LTC).
  FFC and FTC LFC LTC

Mean difference: Observer 1 – Observer 2 (SD) 0.05 (0.72) 0.85 (1.67) 0.36 (1.42)

Range of difference -2.0 and 2.7 -2.8 and 4.5 -3.1 and 3.3

Limits of agreement -1.35 and 1.46 -2.42 and 4.12 -1.21 and 1.60
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Table IV. Number and proportion of changed implant sizes for femoral and tibial components with 1 or >1 size 
deviation of the pre-operative planned size (Fisher’s exact test). Distinction between down- (<) and up-size (>) was 
made for both groups.

MRI-based PSI (n = 67) CT-based PSI (n = 70) p-value

Femur (%) 63 (94) 63 (90) 0.902

   1 size (< : >) 3 (2:1) 4 (4:0) 1.000

   >1 size (< : >) 1 (1:0) 3 (3:0) 0.620

Tibia (%) 56 (84) 57 (81) 1.000

   1 size (< : >) 9 (8:1) 10 (10:0) 1.000

   >1 size (< : >) 2 (2:0) 3 (3:0) 1.000

Only the MRI implants up-sized: one femoral- and one tibial component. All the other peri-
operative changes on implant size for both the MRI- and CT-group were downsizing PSI, 
patients-specific guide. 

There were significantly fewer outliers for tibial slope with the MRI-based PSI (≤ 0.004, 
Student’s t-test). No significant differences were seen for HKA, FFC,  FTC,  and  LFC, (Table 
II). Outliers are summarised in Table II. All peri-operative changes for both the femoral and 
tibial implant size are summarised in Table IV. No significant differences were seen in the 
peri-operative changes.

Discussion

Accurate restoration of the HKA-axis, with < 3° varus or valgus from neutral, is associated with 
improved long-term outcome.2,24,27,28,29,30 Published figures on the Signature MRI-based PSI 
report a range between 70% and 94% for < 3° deviation of the HKA-axis 7,14,21,31,32 compared  
with  65% to 88% for the CT-based PSI.8,15,29,33 Recently, Pfitzner et al 34 published results 
after comparing conventional instrumentation with CT- and MRI-based PSI from two dif-
ferent manufacturers and between both PSI groups, with each group containing 30 knees. 
They found a significant difference in the number of outliers between MRI-based PSI (7%), 
conventional instruments (43%) and CT-based PSI (30%) in terms of HKA-axis, but without 
a  significant difference between conventional instruments and the CT-based PSI.

The published results on MRI- and CT-based PSI35,36 are in the same order of magnitude 
as ours, with comparable outliers, although with one substantial difference. Published clinical 
trials that compared MRI- with CT- based PSI included systems from different manufacturers 
and used different algorithms based on different reference axis and points. For this reason, 
potential bias exists in many studies. This limits the validity of the conclusions made about 
the extent to which the post-operative alignment matches the pre-operative digital plan. Only 
two studies compared PSI based on both scan modalities for the production of PSI from one 
and the same manufacturer. Frye et al20 retrospectively compared 23 TKAs with CT-based PSIs 
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with 27 TKAs with MRI-based PSIs from the same manufacturer. They found significantly (p 
≤ 0.008) more component outliers with the CT- than with the MRI-based PSI (39.1% versus 
7.4%). Silva, Pinto and Sampaio37 compared the rotational alignment between MRI- and 
CT-based PSI  and  found  the  MRI to be more accurate, especially for rotation of the tibial 
component.

In this study we confirmed our hypothesis that both the MRI- and CT-based PSI allow 
accurate  TKA  alignment  and correct positioning of the components. In the CT-based PSI 
group, there were significantly (p ≤ 0.00) more outliers (13%) for posterior slope of the tibial 
component. A possible explanation for this could be that the CT guides were not appropriately 
positioned with the guide flush to the anterior cortex of the tibia. The CT guides have an 
offset from the cartilage on the plateau and only make contact with the bone surface. This is 
in contrast with the MRI-based guides, which rest on the residual cartilage. The strength of 
this study was that it is a prospectively randomised clinical trial. There was no bias in patient 
selection. With 135 patients (137 knees) enrolled and only three lost from the MRI-group, 
we were able to include enough patients to reject the null hypothesis. Furthermore, we used 
Bland-Altman plots to assess the inter-observer agreement, which was found to be good.

There are limitations to this study. First, it only considers radiological data and offers no 
information about clinical outcome. Secondly, post-operative evaluation with CT, which has 
been shown to be useful when measuring position, rotation, and orientation of the  com-
ponents,8,37,38,39 was not undertaken. Therefore, we cannot comment on any difference in 
rotational alignment. Elsewhere, rotational alignment has been found to be less reproducible 
when using CT-based PSIs.20 Thirdly, we used the system from one manufacturer only for 
both MRI- and CT-based PSI. The outcome may be different for systems provided by other 
companies.

In conclusion, this study shows that the HKA-axis achieved using CT-based PSIs is similar 
to that achieved by the MRI-based version. However, significantly more radiological outliers 
were found for posterior slope using the CT-based guides. This suggests that alignment with 
MRI-based PSI is at least as good as, if not better, than that of the CT-based PSI and is the 
preferred imaging modality when performing the Vanguard TKA with use of  PSI.  Occasions  
will arise when CT-based guides are more appropriate.
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Abstract

Purpose
Patient-specific  instruments  (PSIs)  are already in relatively common use, and their post-opera-
tive radiographic results are equal to those for total knee arthroplasty (TKA) with conventional 
instrumentation. PSI use requires a preoperative MRI-scan, CT-scan, or a combination of 
MRI and a long-leg standing radiograph. However, there is no consensus as to which of these 
modalities, MRI or CT, is the preferred imaging modality when performing TKA with PSIs.

Methods
This systematic literature review and meta-analysis studied the differences in alignment outliers 
between CT- and MRI-based PSI for TKA. A search of  the Cochrane Database of Systematic 
Reviews, MED-LINE/PubMed and Embase was conducted, without restriction on date of 
publication. Only level I evidence studies written in English that included TKA with the use 
of MRI- and CT-based PSI were selected. A meta-analysis was then performed of the rate of 
outliers in the biomechanical axis and individual femoral and tibial component alignment. 
Where considerable heterogeneity among studies was present or the data did not provide suf-
ficient information for performing the meta-analysis, a qualitative synthesis was undertaken.

Results
Twelve randomized controlled trials, studying 841 knees, were eligible for data extraction and 
meta-analysis. MRI-based PSI resulted in a significantly lower proportion of coronal plane 
outliers with regard to the lateral femoral component (OR 0.52, 95% CI 0.30–0.89, P = 0.02), 
without significant heterogeneity (n.s.). There were no significant differences regarding the 
biomechanical axis or frontal femoral and individual tibial component alignment.

Conclusion
This systematic review and meta-analysis demonstrate that alignment with MRI-based PSI is at 
least as good as, if not better than, that with CT-based PSI. To prevent for malalignment, MRI 
should be the imaging modality of choice when performing TKA surgery with PSI.
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Introduction

Patient-specific instruments (PSIs) are already in relatively common  use.  Such  instrumenta-
tion  provides  for  a simplified method that eliminates the need for conventional  instrumenta-
tion.  The  instruments  fit onto the native anatomy of the individual patient to assist in placing 
the cutting blocks so the surgeon can perform  bony resections of the femur and tibia 24. One 
concern that arises with any new technique, however, is whether it will achieve satisfactory out-
comes. The use of PSI requires a preoperative MRI-scan, CT-scan, or combination of MRI and 
long-leg standing radiograph 21, 24. The method of image acquisition and preoperative planning 
is not standardized among PSI manufacturers, though. As CT scans are associated with a higher 
radiation dose 39, they more accurately visualize the bony surface. Intra-operatively, however, 
CT-based PSI provides for poorer visualization of the remaining articular cartilage 8, 11, 18, 40. 
Furthermore, CT-based PSIs appeared to be slightly larger than patients’ bones, in contrast to 
MRI-based PSIs, which were slightly smaller 39. MRI-based PSIs are better at visualizing and 
outlining the intra-articular cartilage of the patient’s specific anatomy. Intra-operatively, they 
sit flush against the remaining cartilage surface 32, 34, 35. On the other hand, CT-based PSI has a 
shorter scanning time and can reduce costs 19, 31.

Controversy exists regarding the radiological differences in outcomes between MRI- and 
CT-based PSI for TKA. Only three studies to date have compared MRI and CT-scan modalities 
for the production of PSIs from one and the same manufacturer 14, 32, 34. In these three studies, 
significantly more component outliers (e.g. slope and rotation) were found with the use of CT-
based PSIs 14, 32, 34. Other published literature compared MRI- and CT-based PSI systems from 
different manufacturers 12, 28, 38. The individual studies on this topic yielded different results. To 
draw more definitive conclusions on what type of preoperative imaging modality is superior, 
we carried out a systematic review and meta-analysis of the radiographic outliers in terms of 
the HKA axis and alignment of individual implants for TKA with MRI- and CT-based PSI and 
conventional instrumentation in randomized controlled trials (RCTs). The ultimate goal was 
to determine which modality (MRI or CT) is the preferred imaging modality when performing 
TKA using PSI. It was hypothesized that both MRI-based and CT-based PSI would produce a 
comparable number of outliers in terms of the HKA-axis and individual implants’ component 
alignment. This is the first systematic review and meta-analysis of only level 1 RCTs that 
compared MRI- with CT-based PSI.

Materials and methods

Search strategy
A search of the English and international electronic healthcare databases, including MED-
LINE/PubMed, Embase and the Cochrane library, in May 2016 and included studies  pub-
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lished during the last ten years (2006–2016) was performed. The following keywords were 
used: ‘patient specific instruments’, ‘patient specific guides’, ‘matched instruments’, ‘MRI’, 
‘CT’, ‘total knee arthroplasty’ and ‘outliers’. These were combined with AND/OR as follows: 
‘total knee arthroplasty’ AND (‘patient specific instruments’ OR ‘patient specific guides’ OR 
‘matched instruments’) AND (‘MRI’ OR ‘CT’) AND ‘outliers’. The lead author performed the 
search and the results were agreed to by consensus with two of the other authors (ET, MH), 
who independently reviewed the list of titles and abstracts of all the studies pertaining to PSI 
and TKA to determine their potential usefulness. All bibliographic searches were conducted us-
ing a web-based bibliographic citation management program (Refworks, http://www.refworks.
com). Duplicate reference citations were eliminated.

Eligibility criteria
The inclusion criteria for the articles selected were as follows: (1) studies of RCTs comparing 
MRI- and CT-based PSI and conventional TKAs and (2) studies including percentages of 
radiographic outliers (HKA-axis and/or alignment of the individual TKA components). Stud-
ies reporting on unicondylar knee implant outcomes or PSIs based on MRI with X-ray were 
excluded, as well as animal and human cadaveric studies; in addition, a language restriction was 
applied (only studies in English). All studies on CT-based and/or MRI-based PSI for TKA were 
eligible  for inclusion, except for review articles and meta-analyses. Only full-text, published 
articles were used. Disagreements were resolved through consensus, with the final author (NK) 
being consulted.

Assessment of methodological quality
The methodological quality of the trials included in the review was evaluated independently 
by two reviewers (MS/ET), not blinded for the trial names. Quality assessment was performed 
on the studies included with regard   to the following domains: random sequence genera-
tion, allocation  concealment,  blinding  of  patients,   blinding of the clinician, blinding of 
the outcome assessor, incomplete outcomes data, and selective outcomes data. The reviewers 
followed the instructions provided in the Cochrane Handbook for Systematic Reviews of 
Intervention 16. When the information in a study was incomplete, attempts were made to 
contact the authors directly to ensure that the study was evaluated correctly. Data regarding the 
proportion of outliers in the HKA-axis and the individual implant components were extracted 
from each article and compiled for both CT and MRI scan modalities, along with the data on 
conventional instrumentation (control group; Table 1).

Statistical analysis
The meta-analysis was conducted in accordance with the recommendations of the Cochrane 
Collaboration, using Review Manager 16. For dichotomous outcomes, the odds ratios for outli-
ers in MRI- and CT-based PSI and conventional instrumentation were calculated following  

http://www.refworks/
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the computations for the random model of binary  data 16; the odds ratios for outliers  in  
the  CT-based  studies compared to the MRI-based studies and 95% confidence limits were 
computed using log odds ratios and random weights. The numbers of events and non-events   
in the two independent groups, as presented by the separate RCTs, were used to calculate the 
odds ratio as the effect size measure. Effect-size measures for binary data were calculated 6. 
Heterogeneity was studied using the Chi-square test (χ2) and the I2 statistic. Heterogeneity 
was considered to be significant when the P-value from the Chi-square test was <0.10 or when 
the I2 statistic was >50%. A random effects model was selected because we do not assume a 
common effect-size, even though only RCTs (level I studies) were included. A funnel plot 
was used to explore the publication bias. A threshold of  P-value ≤0.05 was considered to be 
statistically significant for all statistical comparisons.

Results

Description of studies included
The initial search revealed a total of 1643 electronically identified studies describing the results 
of PSI in TKA patients. Only twelve trials fulfilled the inclusion and exclusion criteria. These 
studies on  PSI  TKA  consisted of six CT-based 9, 15, 20, 30, 41 and six MRI-based 3, 7, 13, 23, 27, 42 PSI 
TKA groups in which PSI was compared to conventional instrumentation (Table 1). Figure 1 
presents the preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow 
diagram outlining the results of the literature. 
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Fig. 1 PRISMA flow diagram outlining literature search results

Looking at Table 1, what immediately stands out is the heterogeneity displayed in the literature 
with Boonen et al. 3 and Kotela et al. 20 showing many more outliers for the HKA-axis than the 
other studies, at 30 and 49%, respectively. Femoral and tibial component rotation in the axial 
plane could not be analysed because there were insufficient studies on this parameter. 

Radiographic differences (data)
The proportion of outliers for the coronal (Biomechanical axis, HKA-axis; Frontal Femoral 
Component, FFC; Frontal Tibial Component, FTC) and sagittal (Lateral Femoral Compo-
nent, LFC, and Lateral Tibial Component, LTC) planes for both CT- and MRI-based PSI and 
conventional instrumentation were determined. Table  1  summarizes  the included outcomes 
comparing the radiographic outliers for CT- and MRI-based PSI versus conventional instru-
mentation.
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Table 1 Literature items (level of evidence I) describing the total proportion of outliers for the coronal (Biome-
chanical axis, HKA-axis; Frontal Femoral Component, FFC; Frontal Tibial Component, FTC)and sagittal (Lateral 
Femoral Component, LFC; Lateral Tibial Com- ponent, LTC) planes for both CT and MRI modality in the pro-
duction of PSIs for TKA and for conventional instrumentation TKA.  
Author PSI Conventional

System N= HKA FFC FTC LFC LTC N= HKA FFC FTC LFC LTC 

Chotanaphuti T et al.9 Truematch 40 2  - -  -  -  40 5 -  -  -  - 

Hamilton WG et al.15 Truematch 26 9 4 4 11 17 26 8 5 1 8 13

Kotela A et al.20 Signature 49 24 9 19 21 14 46 14 12 9 22 9

Pfitzner T et al.28 Truematch 30 9 4 5 -  4 30 13 7 6  - 15

Roh  YW et al.30 Signature 42 5 2 0 4 2 48 5 1 2 3 3

Woolson ST et al.41 Truematch 22 9 5 3  - 7 26 10 6 1  - 2

Total 209 58 24 31 36 44 216 55 31 19 33 42

Boonen B et al.3 Signature 86 26 11 8 43 29 82 15 11 2 54 23

Chareancholvanich K et al.7 PSI 40 1 0 0  - -  40 3 7 1  - - 

Ferrara F et al.13 PSI 15  - 0 0 1 0 15 -  1 1 0 1

Molicnik A et al.23 Signature 19 0  -  -  -  - 19 4  -  -  -  -

Paratte S et al.27 PSI 20 4 -  -  -  -  20 2 -  -  -  - 

Yan CH et al.42 PSI 30 8 4 3 5 6 30 13 4 5 10 11

Total 15 11 49 35 206 37 23 9 64 35

HKA axis
Eleven studies 3, 7, 9, 15, 20, 23, 27, 28, 30, 41, 42 involving 811 TKAs reported the proportion of HKA- 
axis outliers. A random effects model of the data demonstrated that there was no significant 
statistical difference between groups in the radiographic outcomes (Fig. 2). CT-based guides 
demonstrated a 10% higher risk of producing outliers (n.s.), while MRI-based PSIs showed a 
19% decline  in outliers compared to conventional instrumentation (n.s.), although a border-
line non-significant heterogeneity was detected (n.s.).

Coronal alignment
Alignment of the femoral component in the coronal plane (FFC) was reported on in nine 
studies, comprising 683 TKAs 3, 7, 13, 15, 20, 28, 30, 41, 42. There was no significant difference between 
CT-(n.s.) or MRI-(n.s.) scans and conventional instrumentation (Fig. 3). 
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Fig. 2 Graphic representation of the proportion of HKA-axis outliers

Fig. 3  Graphic representation of the proportion of FFC outliers

No significant heterogeneity was detected with either CT (n.s.) or MRI (n.s.) use compared 
to conventional instrumentation. Coronal tibial component positioning (FTC) was better 
with MRI-based PSI compared to CT-based PSI, according to the data from nine studies 
3, 7, 13, 15, 20, 28, 30, 41, 42 that included 683 TKAs. A 78% increase in the  frequency of FTC outliers 
can be expected when using CT-based guides. There was no significant difference between 
CT-based PSI (n.s.) or MRI-based PSI (n.s.) and conventional instrumentation (Fig. 4). No 
significant heterogeneity was detected for either CT (n.s.) or MRI (n.s.) use compared to 
conventional instrumentation.



81

Systematic Review and Meta-Analysis: Favourable outcomes with MRI-based PSI for TKA

6

78 

instrumentation. Coronal tibial component positioning (FTC) was better with MRI-based PSI compared to CT-

based PSI, according to the data from nine studies 3, 7, 13, 15, 20, 28, 30, 41, 42 that included 683 TKAs. A 78% increase in 

the  frequency of FTC outliers can be expected when using CT-based guides. There was no significant difference 

between CT-based PSI (n.s.) or MRI-based PSI (n.s.) and conventional instrumentation (Fig. 4). No significant 

het- erogeneity was detected for either CT (n.s.) or MRI (n.s.) use compared to conventional instrumentation. 

 

Fig. 4  Graphic representation of the proportion of FTC outliers 

Sagittal alignment 

Based on the analysis of six studies 3, 13, 15, 20, 30, 42  comprising  495  TKAs,  the  proportion   of   outliers for the 

LFC decreased significantly, by 48%, when MRI-based PSI was used (Fig. 5). MRI-based PSI demonstrated a 

significantly lower risk of producing outliers compared to conventional instrumentation (OR 0.52, 95% CI 0.30–

0.89, P = 0.02), without significant heterogeneity (n.s.). The number of outliers for the LFC was not 

significantly different among the CT-based PSI group (n.s.). Alignment of the LTC was reported on in eight 

studies 3, 13, 15, 20, 28, 30, 41, 42, involving 603 TKAs. There was no significant difference between CT (n.s.) or MRI 

(n.s.) use and conventional instrumentation (Fig. 6), with significant heterogeneity detected for the CT-based PSI 

comparison with conventional instrumentation (χ2 = 1.14, I2 = 72%, P = 0.006). 

 

Fig. 4  Graphic representation of the proportion of FTC outliers

Sagittal alignment
Based on the analysis of six studies 3, 13, 15, 20, 30, 42  comprising  495  TKAs,  the  proportion   of   
outliers for the LFC decreased significantly, by 48%, when MRI-based PSI was used (Fig. 5). 
MRI-based PSI demonstrated a significantly lower risk of producing outliers compared to con-
ventional instrumentation (OR 0.52, 95% CI 0.30–0.89, P = 0.02), without significant hetero-
geneity (n.s.). The number of outliers for the LFC was not significantly different among the CT-
based PSI group (n.s.). Alignment of the LTC was reported on in eight studies 3, 13, 15, 20, 28, 30, 41, 42, 
involving 603 TKAs. There was no significant difference between CT (n.s.) or MRI (n.s.) use and 
conventional instrumentation (Fig. 6), with significant heterogeneity detected for the CT-based 
PSI comparison with conventional instrumentation (χ2 = 1.14, I2 = 72%, P = 0.006).

Fig. 5 Graphic representation of the proportion of LFC outliers
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Fig. 6 Graphic representation of the proportion of LTC outliers

Overall alignment
MRI-based PSI resulted in a lower odds ratio regarding outliers per radiographic outcome than 
CT-based PSI compared to conventional instrumentation. The overall data thus trend towards 
the favourability of MRI-based PSI (Table 2).

Risk of bias in the studies included
The risk of bias is shown graphically for the studies in aggregate (Fig. 7) and also summarized 
per study (Fig. 8). Eight 3, 7, 13, 27, 28, 30, 41, 42 of the twelve trials (66.7%) used adequate sequence 
generation in their randomization process. Five 3, 13, 27, 28, 30 of the twelve  trials (41.7%) de-
scribed adequate allocation concealment. Only one 3 (8.3%) of the twelve trials performed 
patient blinding, since both study groups (PSI and conventional instrumentation) received a  
MRI. Clinician blinding of the alignment method was impossible. All studies demonstrated 
selective reporting.
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Fig. 8 Risk of bias summary: review authors’ judgements about each risk of bias item for each study; ‘minus sign’ 
means high risk of bias, ‘question mark’ means unclear risk of bias, and ‘plus sign’ means low risk of bias

Reporting bias
For variables displaying high inter-outcome heterogeneity (I2 > 50%), a funnel plot analysis 
was performed as part of the sensitivity analysis and to determine outcome bias (Fig. 9). Het-
erogeneity was detected  for  the  HKA-axis (I2 = 56%, n.s.; Fig. 9a) and LTC (I2 = 72%, P = 
0.006; Fig. 9b).

Fig. 9 Funnel plot for the studies that utilized outliers, for the HKA-axis (a) and LTC (b)
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Discussion

The most important finding of the present study was that alignment with MRI-based PSI is at 
least as good as, if not better than, that with CT-based PSI. The meta-analysis discussed here 
was designed to reach consensus as to whether one particular imaging modality yields better 
radiographic outcomes. It determined that when performing TKA with PSI, a preoperative 
MRI is favourable for the production of the PSIs, resulting in a significantly lower proportion 
of outliers for LFC, in particular, at 48% less. In their meta-analysis, the researchers pooled 
data from studies looking at the radiographic outcomes of CT- and MRI-based PSI: CT-based 
PSI demonstrated a 10% higher risk of producing HKA-axis outliers, while MRI-based PSI 
showed a 19% decline in outliers compared to conventional instrumentation.

There has been some controversy on this issue in the literature to date. The results from 
previously published trials examining the radiological differences in outcomes between CT- 
and MRI-based PSI vary and are inconclusive, preventing consensus about the best imaging 
modality for manufacturing PSIs. A few level I studies have compared CT-based to MRI-based 
PSIs from different manufacturers 12, 28, 38, including one meta-analysis that included two level 
I and four level II studies; another study involving different manufacturers was a level III study 
1. Three other studies compared CT-based to MRI-based PSIs from the same manufacturer 
14, 32, 35, including one retrospective study 14, one non-randomized prospective study 32 and one 
RCT 35. In the first of these, Frye et al. 14 found    a significantly higher number of outliers 
for the HKA-axis when CT-based PSIs were used. For tibial rotation, only the study by Silva 
et al. 32 demonstrated that MRI-based PSIs were more accurate compared to CT-based ones. 
Meanwhile, the only RCT, the one by Schotanus et al. 35, demonstrated a significant benefit 
with MRI-based PSIs with regard to the posterior tibial slope compared to CT- based PSIs.

This analysis revealed fewer outliers in the HKA-axis and femoral and tibial component 
alignment for MRI-based PSIs. One possible explanation for these results could be the limita-
tions of CT-based PSIs. CT-based PSIs make contact with the bony surface but do not make 
any contact with the cartilaginous surface. Because of this, there is a gap between the guide 
and the cartilage, which can be associated with a poorer fit for the guide. Intra-operatively, the 
surgeon has to estimate the cartilage surface when placing a CT-based PSI 35. Furthermore, the 
design and anchorage points on the femoral and tibial condyles are different 32. By contrast, 
MRIs are based on the cartilage in the patient’s anatomy. Because MRI-based PSIs take that 
cartilage into account, they sit flush against the remaining cartilage surface 32, 33, 35. In addition, 
according to Silva et al. 32, intra-operative placement of MRI-based guides is easier for the 
surgeon and thus more reliable.

There may be some concerns regarding the post-operative radiological measurements in the 
studies included here. A variety of analyses were used to objectively assume the post-operative 
alignment and position for both femur and tibia implant components. Most  of  the studies 
included used conventional long-standing radiographs, which are generally applicable in every 
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clinic. Others used CT-scans for accurate post-operative analysis. A CT-scan  is assumed to 
be ‘the gold standard’, as the literature has shown it to be a valuable tool for  measuring the 
position  of both femur and tibia components and it seems to provide the most accurate 
imaging,  with  significantly  better rotational alignment, after PSI  placement.  However, 
CT- scans are not routinely performed after  TKA surgery in most clinics. Moreover, according 
to Boonen et al. 4, post-operative measurements on long-leg radiographs are reliable and valid 
for radiographic outcomes in limb alignment and the position of the femoral and tibial compo-
nents. Unfortunately, component rotation could not be accurately analysed using conventional 
radiography as compared to a post-operative CT-scan.

Finally,  the results published on PSIs are  contradictory. These have shown that the early 
clinical results 5, 25, 43 in TKA were equal to conventional instrumentation, albeit at a higher 
cost per case because of the associated imaging costs and production of the guides themselves 2, 
but with significantly shorter operation times 2, 3, 7, 9, 29 and blood loss 3, 29. Moreover, with the 
use of a PSI, the operating surgeon can preoperatively predict perioperative bony resections, 
implant alignment and component sizes and prepare for unknown constraints during surgery 
17, 22, 36, 37. The number of studies analysing the correctly predicted component size is relatively 
small. Results from five studies stated the predicted femur and tibia sizes 9, 15, 20, 28, 41. None 
of these studied MRI-based PSI. The manufacturer of a PSI provides a planning tool with 
the instrumentation. The suggested planning settings  should be approved by the operating 
surgeon. If they are not, the guides will be manufactured based on the templates produced by a 
technician 3, 20, 23, 30 or they will not be manufactured at all 7, 9, 13, 15, 27, 28, 41, 42. By predicting the 
correct implant size preoperatively, the number of instruments and trays (9 to 3 trays) needed 
can be reduced to improve operating room efficiency and therefore decrease the expenses as-
sociated with instrument sterilization, storage, staff time and setup time 10, 15, 17, 22, 26.

This systematic review included  a  number  of checks to minimize methodological bias. 
We excluded  articles that included PSI use based on an MRI plus an X-ray of  the HKA. 
However, heterogeneity may be suspected in the prevalence of outliers. There was marked 
heterogeneity between the studies regardless of the type of scan modality, which may be defined 
as the presence of variation in the effect-sizes underlying the different studies. Heterogeneity 
is to be expected in a meta-analysis when multiple studies are included which may have been 
influenced by different research teams in different countries with different methods all measur-
ing the same outliers. Nevertheless, based on our results, MRI-scans are the preferred imaging 
modality when performing TKA with    a PSI, although CT-based PSI may be preferable for 
some patients (e.g. in cases of claustrophobia, implanted electronic devices, metal implants 
around the knee joint, and post-traumatic osteoarthritis) 33, 35. When using PSIs for TKA, 
therefore, surgeons should consider the best modality for each specific patient. Another practi-
cal advantage  of CT-based PSIs is the shorter scanning time required and lower costs compared 
to MRI-based PSIs 19, 31.
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One strength of the present meta-analysis is the methodological quality of the studies 
included.  Despite  the  fact that the patients were not blinded in the majority of these, no 
bias is to be expected. Awareness of which image modality was used could not have biased the 
radiographic outcomes. Moreover, the surgeons were not blinded in any of the studies either. 
Any bias to our results there, as well, is expected to be very low, since the surgeons were not 
generally the outcome assessors. This systematic review and meta-analysis only analysed level 1 
RCTs that compared MRI-based with CT-based PSI.

The results of this study demonstrate that MRI should be the imaging modality of choice 
when performing TKA surgery with PSI. The amount of outliers was slightly lower with MRI-
based PSIs when compared with CT- based PSIs.

Conclusion

PSI is a tool that helps surgeons achieve the best possible results during TKA. This systematic 
review and meta- analysis demonstrate that alignment with MRI-based PSI is at least as good 
as, if not better than, that with CT-based PSI. Longer follow-up is needed to determine whether 
PSI results in better clinical outcomes and fewer TKA revision surgeries.
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Abstract 

Published clinical trials who studied the accuracy of patient-specific guides (PSI) for total 
knee arthroplasty exclude patients with articular deformity of the knee joint. We prospectively 
analysed a series of 30 patients with post-traumatic osteoarthritis of the knee joint with use of 
PSI. At 1-year post-operative, the achieved biomechanical (HKA) axis and varus/valgus of the 
femur and tibia components were measured on anterior–posterior (AP) long-standing weight-
bearing radiographs. Flexion/ extension of the femoral and AP slope of the tibia component 
was measured on standard lateral radiographs. Percentages >3° deviation of the pre-operative 
planned HKA axis and individual implant components were considered as outliers. Approved 
and used implant size, median blood loss (ml) and operation time (min) were obtained from 
the operation records. Pre- and 1-year post-operative patient-reported outcome measures 
(PROMs) were performed. Eighty-three percent of the patients had a HKA axis restored >3°  
of the pre-operative planned alignment. Varus/valgus outliers were 0.0 and 6.7 % for the 
femoral and tibial components, respectively. Percentages of outliers of flexion/extension were 
36.7 % for the femoral component and 10.0 % for the AP slope of the tibial component. 
Median blood loss was 300 ml (50–700), while operation time was 67 min (44–144). In 
20.0 % of all cases, the approved implant size was changed into one size smaller. One-year 
post-operative PROMs improved significantly. We conclude that the accuracy of CT-based 
PSI is not impaired in patients with post-traumatic osteoarthritis and this modality can restore 
biomechanical limb alignment.
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Introduction

Total knee implants and surgical techniques improved significantly over the past decades 
with a positive effect on both patient survival and function. Correct alignment of implant 
components >3° perpendicular to the HKA axis is one of the key factors to improve longevity 
of TKA 1,3,4,8,17. Due to the development of new technologies and the aim to improve implant 
alignment, computer-assisted surgery (CAS) was introduced, including surgical navigation. 
CAS eliminates the use of traditional intra- and/or extra-medullar rods and recreates the 
anatomical axis by accurate landmark registration of the centre of the femoral head, knee and 
ankle joint15. Recently a meta-analysis showed that malalignment occurred in 28.3 % of the 
traditional TKAs in contrast to 12.2 % of the patients operated with surgical navigation7. CAS 
has proven to be a good alternative to traditional instruments, especially in cases with difficult 
intramedullary rod passages secondary to pathological bone disease, pre-existing extra-articular 
deformity and/or retained metal hardware around the knee joint 6,15,18,20,27. Progressively, more 
orthopaedic surgeons are convinced of the use of 3D rapid prototyped disposable pin guides 
or cutting blocks to align the knee implant in elective TKA26. Patient-specific guides (PSI) 
involve the use of pre-operative specified imaging protocols, including an MRI, CT-scan or a 
combination of MRI and X-ray. PSI has some major advantages over surgical navigation. The 
costs of these systems are relative low,  and the surgery is less complicated compared to surgical 
navigation 19,20. Compared to surgical navigation, major costs are maintained low with PSI as 
MRI and/or CT are widely available in most hospitals. In addition, the duration of surgery 
with PSI is significantly reduced because of shorter set-up time19,20. PSI has the crucial ability to 
restore biomechanical limb alignment if bony landmarks are not identifiable19. Lastly, if MRI 
is not possible in case of the presence of electronically devices and/or retained metal hardware 
around the knee joint from previous surgery, CT-based PSI can be a  viable alternative 10,16,25,31.

The hypothesis of this study was that post-traumatic knee osteoarthritis does not hamper 
the accuracy of CT-based PSI for TKA to restore biomechanical limb alignment and prosthetic 
component positioning as pre-operatively planned.

Materials and methods

This study reviewed a cohort (n = 899) of patients operated with cemented TKA (VanguardTM 
Complete Knee System, Biomet, Inc., Warsaw, IN, USA), with the use of PSI (Signature, 
Biomet, Warsaw, IN, USA) between 2009 and 2013. Seventy-five cases (8.3 %) were not 
eligible for MRI and were operated by means of CT-based PSI. Patients with claustrophobia 
(n = 9), movement artefacts during long MRI scanning time (n = 14), pigmented villonodular 
synovitis (n = 1) and/or implanted electronic devices (e.g. pacemaker, neurostimulator for blad-
der control or cochlear implants; n = 19) were excluded from analysis. The remaining group 
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contained thirty patients (eight females, 27 %) who could not be scanned with MRI because 
of retained metal hardware around the knee joint from a previous operation for trauma. These 
thirty cases were indeed included for analysis. Diagnosis for previous surgery in this group 
were femoral shaft (n = 5; Fig. 1) and tibia plateau fractures (n = 5), ACL reconstructions (n = 
10) and proximal tibial valgus osteotomy (n = 10). Median age at the time of previous surgery 
was 62 (47–79) years, and the median time between previous surgery and primary TKA was 
17.0 (1.5–48.2) years. In all cases, indication for TKA was post-traumatic osteoarthritis. All 
patients were pre-operatively planned with the retained metal hardware in situ (Figs. 2 and 3). 
PSI surgery was extensively described in previous published study [5]. Pre-operative long-leg 
CT scan of the hip, knee and ankle was performed 6 weeks prior to the surgery according to 
a scanning protocol consisting of anterior and posterior sagittal localizers and an axial high 
resolution scan. Localizers and axial scan were executed on the surgical side from the anterior 
superior iliac spine through the mid-calcaneus with slice thickness and spacing of 1 mm x 
1 mm in the axial plane and a field of view (FOV) of 200–250 mm. Based on the long-leg 
CT-scan and with the use of software (Materialize NV, Leuven, Belgium), digital 3D models of 
the biomechanical axis and independent femur and tibia were created to determine appropri-
ate implant size and optimal alignment and positioning of the prosthesis (e.g. varus–valgus, 
femoral flexion and tibia slope). All settings were approved by the operating surgeons during 
pre-operative planning. After approval, the disposable pin guides for peri-operative alignment 
were manufactured and used during surgery. 

Fig. 1 Pre-operative AP (left) and lateral (right) radiograph with intramedullar (IM) fixation
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Fig. 2 Pre-operative AP (left) and lateral (right) planning with IM fixation and without TKA in situ

Preferred component settings were similar for all three orthopaedic surgeons (EH n = 5; EJ n = 
2; NK n = 23): a neutral (180°) HKA axis,  3°  of  flexion  for  the  femoral  component  and  93° 
posterior slope of the tibia component. All settings could be altered during the pre-operative 
planning. Pre-operative approved planning for the alignment for femur (e.g. varus– valgus 
and femoral flexion) and tibia (e.g. varus–valgus and tibia slope) were compared with the 
post-operative achieved alignment of each component on digital radiographs. The included 
patients were operated with use of a midline approach. Median blood loss (ml) and operation 
time (min) were obtained from the operative records. Radiographic measurements were done 
with the use of a calibrated protocol on digital pre- and 1-year post-operation images using the 
PACS system according to Boonen et al.5. All radiographic evaluation was performed twice for 
each radiograph by 2 independent observers (MS and SH). The achieved biomechanical axis 
(hip, knee and ankle: HKA) and independent femur and tibia implant component position 
in the coronal plane were evaluated on standardized post-operative coronal full-leg standing 
radiographs5. Varus (>90°) or valgus (>90°) position of the frontal femoral components (FFCs) 
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and the frontal tibial components (FTCs) perpendicular to the HKA axis were measured on 
the same coronal radiographs. Radiographic measurements of both implant components in the 
sagittal plane were done on standard lateral X-rays. Mean flexion  (>90°)  or  extension  (>90°)  
of  the  lateral  femoral component (LFC) was measured as the anterior angle between the 
femoral component and the anterior cortex of the femur. Anterior (>90°) or posterior (>90°) 
slope of the lateral tibial component (LTC) was measured as the anterior angle between the 
tibial component and the posterior cortex of the tibia. Percentages of >3° deviation of the pre-
operative planned HKA axis and individual components were considered as outliers. Median 
(range) values were calculated for post-operative achieved HKA axis and individual components 
(FFC, FTC,  LFC  and  LTC).  Percentages with >3°  deviation  of the pre-operative planned 
HKA axis and individual components were considered outliers. Pre- and 1-year post-operative 
clinical assessment was carried out using the Oxford Knee Score (OKS; 12–60, 12 being the 
best outcome) and EuroQol-5D (EQ-5D; 0–1, 1 indicates the best health state). 

Ethical approval
This study was approved by the Independent Review Board (IRB, Atrium-Orbis-Zuyd Heer-
len, the Netherlands; IRB- nr.13N104) and registered online at the Dutch Trial Register (www.
trialregister.nl) and was performed in compliance with the Helsinki Declaration of 1975, as 
revised in 2000.

Statistics
Intra- and interclass correlation coefficients (ICCs) were calculated to check for intra- and 
interobserver reliability. An ICC of 0.7 was considered as a good correlation. Pre- and post-
operative PROMs were tested with the two-sided Wilcoxon signed-rank test. A p value < 0.05 
or less was considered to be statistically significant. All statistical analyses were performed using 
SPSS for windows software version 17.0 (SPSS Inc., Chicago, USA). Results are presented as 
with either frequencies (%), mean (SD) or median (range).

Results

There were no cases requiring conversion from PSI to conventional surgical technique. Intra- 
and interobserver of all radiographic measurements were reliable and excellent (Table 1). 

http://trialregister.nl/
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Table 1 Intra- and interobserver correlation coefficients
Intrarater MS Intrarater SH Interrater

HKA° 0.993 0.991 0.933

FFC° 0.982 0.989 0.973

FTC° 0.975 0.987 0.945

LFC° 0.973 0.963 0.921

LTC° 0.981 0.976 0.886

Median pre-operative HKA axis was 177.8 (169.1–196.2). Based on the pre-operative plan-
ning, in nine patients the retained metal hardware was removed (Fig. 4). In the remaining 
patients, the pre-operative metal hardware was left in situ. 

 

90  

 Fig. 4 Post-operative AP (left) and lateral (right) radiograph without IM fixation and with TKA in situ 
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Achieved alignment 

Outliers >3˚, n (%) 

HKA˚  178.6 ( 176.0 – 180.0) 178.0 (171.9 – 181.9) 5 (16.7) 

FFC˚  89.0 (86.0 – 90.0) 88.1 (84.4 – 90.1) 0 (0) 

FTC˚  90.0 (88.0 – 90.0) 89.7 (83.3 – 91.7) 2 (6.7) 

LFC˚  87.0 (84.0 – 90.0) 85.1 (79.5 – 93.1) 11 (36.7) 

LTC˚  93.0 (0) 93.5 (89.9 – 98.4)* 3 (10.0) 

Fig. 4 Post-operative AP (left) and lateral (right) radiograph without IM fixation and with TKA in situ

Outliers of the post-operative achieved alignment of the HKA axis and both individual implant 
components are summarized in Table 2.

Tab. 2 Median (range) difference between pre-operative planned and post-operative achieved alignment with per-
centages of outliers.*Including 3° posterior slope built into the polyethylene.

Planned  alignment Achieved alignment Outliers >3˚, n (%)

HKA˚ 178.6 ( 176.0 – 180.0) 178.0 (171.9 – 181.9) 5 (16.7)

FFC˚ 89.0 (86.0 – 90.0) 88.1 (84.4 – 90.1) 0 (0)

FTC˚ 90.0 (88.0 – 90.0) 89.7 (83.3 – 91.7) 2 (6.7)

LFC˚ 87.0 (84.0 – 90.0) 85.1 (79.5 – 93.1) 11 (36.7)

LTC˚ 93.0 (0) 93.5 (89.9 – 98.4)* 3 (10.0)
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Except for four knees, all knees had a slight post-operative varus HKA axis in accordance 
with the pre-operative planned HKA axis. A median blood loss of 300 ml (50–700) and an 
operation time of 67 min (44–144) were observed. All default settings were approved by the 
operating surgeons. In one patient (3.3 %) the femur size, in two patients (6.6 %) the tibia size 
and in three patients (10 %) both the femur and tibia implant size were changed to one size 
smaller compared to pre-operative planning. In one patient, a posterior stabilized knee implant 
was used because of an insufficient posterior cruciate ligament. The average (SD) pre- and 
1-year post-operative PROMs improved significantly. The OKS improved from 37.5 (8.8) to 
20.2 (6.8) (p < 0.001) and the EQ-5D from 0.78 (0.04) to 0.91 (0.10) (p < 0.001).

Discussion 

We evaluated the accuracy of CT-based PSI for TKA to restore biomechanical limb alignment 
and prosthetic component positioning in patients with post-traumatic knee osteoarthritis. In this 
study, the PSI system restored the biomechanical limb alignment and positioned the prosthetic 
components with small percentages of outliers (ranging from 0 to 16.7 %) with the ability to 
verify if retained metal hardware in situ could interfere with the knee implant intra- and post-
operative. Only the flexion/ extension of the femoral component showed more outliers (36.7 %). 
Furthermore, the data of the PROMs improved significantly at 1 year post-operative. Our results 
are comparable with the results obtained with surgical navigation (Table 3). 

Accurate restoration of the HKA axis with less than 3° deviation from the neutral axis is 
associated with improved long-term success in TKA 1, 3, 4, 8, 17. MacDessi et al. 20 recently pub-
lished the results of their case-controlled study comparing three groups of patients operated 
for TKA with either traditional instruments, surgical navigation or PSI. More than 90 % of 
the post-operative achieved HKA axis was >3° deformity in both the surgical navigation and 
PSI group. This was significantly different to group that utilized traditional instruments (80.4 
%). Roh et al.24 found in their randomized control study that percentages >3° deviation of the 
planned HKA axis were comparable between conventional instrumentation (90 %) and CT-
based PSI (88 %). Other outcomes obtained with CT-based PSI resulted between 65 % and 
87.6 % >3° deviation2,12,16. These published results on CT-based PSI are in the same order of 
magnitude as the current study, with comparable outliers (16.7 %) although with a substantial 
difference. To date, published clinical trials who studied TKA with PSI have excluded patients 
with post-traumatic osteoarthritis of the knee with retained metal hardware around the knee 
joint that could interfere with imaging, thus resulting in heterogeneous groups. Obtaining a 
HKA axis >3° deviation can be a challenging task.

This is specially true when traditional instruments are used in patients with significant 
articular deformity, femoral canal sclerosis and/or retained metal hardware around the knee 
joint15,29. Many studies suggest the favourable effects of surgical navigation in these cases7. 
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Positive effects on TKA in these patients are described in published case series and are in line 
with our results (Table 3). Surgical navigation has the ability to restore the HKA axis with ac-
curate alignment of both implant components, especially in these challenging cases6,14,15,21,28,29.

Minimal information exists regarding the outcome of TKA with the use of PSI in post-
traumatic knees with retained metal hardware around the knee joint. Our early experience 
with CT-based PSI for revision surgery of unicompartmental knee arthroplasty (UKA) showed 
promising results in terms of restoration of the HKA axis and alignment of individual implant 
components13. Recently, Thienpont et al.27 reported on nine patients with extra-articular defor-
mity and one patient with retained metal hardware around the knee joint. These patients were 
operated for TKA with four different PSI systems. The mean post-operative HKA axis in their 
series was almost restored to neutral, and significantly improved clinical outcome was found 
after a mean follow-up of 3.4 years. 

An optimal sagittal alignment of the posterior tibial slope is between 0° and 7°, while optimal 
placement of the femoral component in the sagittal plane should be within 0°–3° of flexion9. 
In this regard, the current study resulted in one outlier for the tibia component on the sagittal 
plane. This was in contrast to the femur component where most of the alignment errors were 
evident in the placement of the femoral component on the sagittal plane. An explanation for 
these disappointing results could be the limitations in visualization and outlining of interarticular 
cartilage in 3D models30. Another possible explanation for these cutting errors might lie in a 
deviation of the sawblade secondary to resections through sclerotic areas of bone and promoting 
malalignment. Deviation from this optimal femoral placement results in increased anterior wear. 
Based on our experience, a third possible explanation for the outcome of the femoral alignment 
in the sagittal plane could be that the CT guides were not adequately positioned. With the 
four-point fixation, tibia guides refer to the anterior bone but do not make any contact with 
the cartilaginous surface of the medial and lateral tibia plateau. With a standard 5 mm off set to 
remain distance to the cartilage, they do not rest snuggly on the remaining cartilage. Therefore, 
sagittal femoral component alignment with PSI for TKA needs extra-attention during surgery, 
positioning of the guides and adequate saw cuts are critical to success.

It can be argued that most of the cases were operated by one surgeon and could raise ques-
tions about the general applicability. Based on the experience with TKA, the use of PSI and a 
possible learning curve, implementation of a new implant system may be a potential bias in the 
outcome26, especially in cases with post-traumatic osteoarthritis and in case of retained metal 
hardware. However, research is most of the time performed by high-volume surgeons who 
likely have less to learn from such an assisting system than low-volume surgeons or residents12 
PSI could be an added value in less experienced surgeons due to their simplicity, especially in 
complicated cases12. Although in our series 43 % of the operations were performed by one 
single surgeon, all participating surgeons had extensive experience with PSI and TKA.
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Detailed pre-operative planning is appropriate in the case of retained metal hardware29. In 
contrast to surgical navigation, we were able to pre-plan the alignment and evaluate the post-
operative correction as well as to check whether the implant interferes with the retained metal 
hardware. In 19 patients, there was no need to remove the retained metal hardware as predicted 
with the PSI planning. In nine patients, the retained metal hardware was removed before and 
in two patients during the elective TKA.

Despite the retrospective nature of this study, with a limited number of patients, we believe 
that CT-based PSI for TKA can help to restore biomechanical limb alignment, even in patients 
with post-traumatic osteoarthritis. Randomized controlled trials with larger patient series will 
be needed in the future to confirm our preliminary results. The present study showed that CT-
based PSI can be a plausible alternative for traditional intramedullary alignment techniques, 
surgical navigation and/or MRI-based PSI in case of post-traumatic osteoarthritis. With 
adequate pre-operative planning, we know in advance how to cope with the retained metal 
hardware near the knee joint, resulting in an acceptable HKA axis, component alignment and 
improved clinical outcomes.
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Abstract

Purpose 
Patient-specific instruments (PSI) were initially developed for the alignment of both total 
knee-(TKA) and unicompartmental knee arthroplasty (UKA). We hypothesize that CT-based 
PSI for PKA-to-TKA revision surgery can restore biomechanical limb alignment and prosthetic 
component positioning in vivo as calculated pre-operatively, resulting in a limited percentages 
of outliers.

Methods 
An imaging analysis was performed using CT-based 3D measurement methods based on a 
pre- and post- revision CT-scan. Imaging data were gathered on 10 patients who were operated 
for PKA-to-TKA revision with the use of PSI based on CT imaging. The planned femur and 
tibia component position in vivo were compared with the pre-revision planned component 
position. Outliers were defined as deviations >3.0° from pre-revision planned position for the 
individual implant components. Adjustments (e.g. resection level and implant size) during 
surgery were recorded. 

Results 
The HKA axis was restored accurately in all patients with a mean post-operative HKA axis of 
178.1° (1.4°). Five femoral (2 varus, 2 internal rotation and 1 extension) and 14 tibial guides 
(2 varus, 6 anterior slope, 3 internal rotation and 3 external rotation) on a total of 60 outcome 
measures were identified as outliers. During surgery, an intraoperative tibial resection of 2 mm 
extra was performed in three patients. In 80 and 70% for, respectively, the femur and tibia, the 
surgeon-planned size was implanted during surgery. All patient-specific guides fitted well in all 
patients. No intraoperative or post-operative complications related to surgery were registered.

Conclusions 
This study introduced a unique new concept regarding PSI, PKA-to-TKA revision surgery. 
Based on the results, we were unable to fully confirm our hypothesis. PSI as a “new” tool for 
PKA-to-TKA revision surgery appears to be an accurate tool for the alignment of the TKA 
femur component. The tibial guide seems more susceptible to errors, resulting in a substantial 
percentage of outliers.
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Introduction

Patient-specific instruments (PSI) for elective total knee (TKA) and unicompartmental knee 
arthroplasty (UKA) are initially developed for primary arthroplasty. These days PSI can be used 
for other purposes like UKA-to-TKA revision surgery 15. The main challenge in UKA-to-TKA 
revision surgery is to restore the rotational alignment of the femoral TKA component 13. This 
might be a technically demanding procedure because the anatomy of the posterior femoral 
condyles does not deliver clear landmarks. This makes it difficult to track location and position 
of the joint line and flexion–extension axis. In addition, the decision whether or not to use 
augmentations and long-stem prostheses is not always easy to make prior to surgery 4, 13, 16, 22, 24. 
An accurate pre-operative planning can make revision less difficult 16, 25, and therefore, PSI 
may be of value 15. Based on a pre-operative plan, the operating surgeon is able to anticipate 
on problems to be expected during the revision surgery, predict intraoperative bony resections, 
alignment, and uncommon implant sizes (e.g. augmentations and long-stem prostheses) pre-
operatively 11, 15, 18, 27. These abnormal sizes can be delivered in advance to improve operating 
room efficiency 18. Published results on PSI for both TKA and UKA are contradictory; none 
of the studies demonstrated a significant improvement in alignment outliers when compared 
to conventional instrumentation25,30. On the other hand, a direct comparison of the alignment 
of the individual femoral and tibial components as calculated pre-operatively, and the actually 
achieved alignment in vivo, shows that the guides act accurately for TKA 3. It was hypothesized 
that the UKA will not hamper the accuracy of the CT-based PSI for UKA-to-TKA revision 
surgery. Therefore, we expect that the use of PSI will lead to alignment of the individual 
prosthesis components according to the pre-defined position in the pre-operative digital plan, 
with limited percent- age of outliers. To our knowledge, no studies have yet been conducted 
concerning UKA-to-TKA revision surgery with the use of PSI as a “new” tool to directly 
compare the pre-operative plan with the ultimate position of the prosthesis in vivo.

Materials and methods

This prospective shape-matching study was conducted between 2010 and 2014 at the Zuyder-
land Medical Centre, Sittard-Geleen, the Netherlands. Ten patients in whom UKA-to-TKA 
revision surgery was performed using a cemented TKA (Vanguard™ Complete Knee System, 
Zimmer Biomet, Inc., Warsaw, IN, USA), and CT-based PSI (Signature, Zimmer Biomet, 
Warsaw, IN, USA) were included in this study. Individual patient data and reasons for revision 
are described in Table 1. 

The mean age of the patients at the time of revision was 64.5 years (range 54–72 years) with 
a mean of 5.2 years (range 0.4–11.0 years) past the original UKA surgery. The male–female 
ratio was 3:7. 
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Table 1.  Individual patient data: Gender (female: F and male: M), age at revision surgery and survival as time 
between primary and revision surgery in years.
Case #/ Gender/ Age Survival Reason for revision

1/ F/ 68 8.2 Progressive PF and lateral OA.

2/ F/ 61 9.3 Unexplained pain.

3/ F/ 54 0.4 ± 5 mm subsidence of tibia plateau.

4/ M/ 63 4.7 Loosening femur.

5/ M/ 72 4.9 Progressive PF and lateral OA.

6/ F/ 58 7.1 Tibia plateau fracture.

7/ M/ 70 4.6 Malposition tibia plateau and progressive PF and lateral OA.

8/ F/ 60 0.5 Unexplained pain.

9/ F/ 72 11.0 Progressive valgus OA.

10/ F/ 67 0.9 Soft tissue complaints to degree of overstuffing and progressive PF and 
lateral OA.

PF, patellofemoral; OA, osteoarthritis.

At 6-week pre-revision, a long-leg low-dose CT-scan was made of the hip, knee and ankle 
according to a standard scanning protocol 26. With the use of software (SOMS, Materialise 
NV, Leuven, Belgium), patient-specific virtual 3D models of the biomechanical axis and 
independent femur and tibia were digitally visualized to determine appropriate implant size, 
optimal alignment and positioning of the prosthesis (e.g. varus–valgus, femoral flexion and 
tibial slope). All patients were pre-operatively planned with the UKA in place 15. The default 
component settings were a neutral (180°) HKA axis, 3° of flexion for the femoral component 
and 3° posterior slope of the tibial component. The planning of the rotation of the TKA 
components was based on the transepicondylar axis and the tibial AP axis (medial 1/3 of the 
tibial tubercle to insertion point of PCL) for, respectively, the femoral and tibial implant. The 
rotation of both implants was planned on 0°. Settings like implant size and position, rotation, 
translation and resection level on the digital plan could be altered during the pre-revision 
planning and were approved by the operating surgeon. After approval, the disposable patient-
specific pin guides for peroperative use were manufactured.

PSI surgery was extensively described in previous published studies 3, 15, 26, 27. All surgeries 
were performed by a single knee surgeon (NK). Patients were operated reusing the old scar. 
A medial parapatellar arthrotomy was performed with patellar eversion for exposure of the 
femur and tibia. The guides were created to fit on both UKA and native bony reference points 
as CT-based PSIs make contact with the bone surfaces and do not make any contact with the 
cartilaginous surface 15, 17, 26, 28. First, the guide was placed and fixed to the bone with three pins 
on the femur. Since the UKA was still in situ, the fourth pin could not be positioned. If the 
single fit position was captured, the guide was taken off. Subsequently, the femoral component 
of the UKA was carefully removed. Next, the guide was replaced on the distal femur according 
to the position of the three pinholes and the fourth pinhole could than be drilled. The same 
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technique was performed for the tibia 15. Patellar resurfacing was not performed in any of the 
patients. Ligament balancing was performed when deemed necessary.

Intraoperatively, the practical form and fit of the guides including all perioperative changes 
from the pre-revision plan (e.g. level of resection and implant size), blood loss (ml) and opera-
tion time (min) were registered in the patients’ digital operative record.

The pre-operative approved planning for the alignment of the femoral component (e.g. varus–
valgus, femoral flexion and rotation) and tibial component (e.g. varus–valgus, tibia slope and 
rotation) was compared with the post-operatively achieved alignment of each component with 
the use of a 6-week post-revision long-leg low-dose CT-scan (same protocol as pre-operative) 
and shape-match measurement technique 3, 14. With the use of post-operative 3D models of the 
post-revision CT-scan of both the femur and tibia components, exact comparison can be made 
between pre-revision planned resections and implant alignment and ultimate resections and 
alignment in vivo. First, the images were segmented and femur, tibia and implant components 
3D models were generated. Second, the computer-aided design (CAD) 3D models of the 
components were registered on the segmented 3D models manually, and the CT scan was 
used to verify and fine-tune the result. Third, the post-revision bones were registered on the 
pre-revision CT bones with the implant components attached. Finally, the measurements were 
taken by comparing the pre-revision planned positions to the post-revision achieved position 
of the femur and tibia components. Deviations (in degrees) were determined. Positive values 
indicate varus, flexion/posterior slope, external rotation, and negative values indicate valgus, 
extension/ anterior slope, internal rotation deviations relative to the pre-operatively calculated 
position. The number of outliers (defined as deviation >3° from pre-revision planned position) 
was determined for the individual prosthesis components. Accuracy of measurements is to 
within 0.1 degree 3, 14.

This study was performed in compliance with the 1975 Declaration of Helsinki, as revised 
in 2000, and was studied and approved by the IRB (METC Zuyd, Heerlen, the Netherlands, 
IRB Nr. 16N96) and conducted in accordance with the guidelines for Good Clinical Practice 
(GCP).

Statistical analysis
All statistical analyses were performed with the use of Statistical Package for the Social Sciences 
version 20.0 for windows (SPSS., Inc., Chicago, IL). Descriptive statistics are used to sum-
marize data. Results are presented as either with mean (SD) or proportions (%).
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Results

The HKA axis was restored accurately in all patients with  a mean post-operative HKA axis of 
178.1° (1.4°). For the femoral component (Table 2), deviations outside of acceptance range 
were identified for varus (#6 & #7), flexion (#9) and internal rotation (#7 & #9). 

Table 2. Mean femoral component position and orientation based on pre-revision (planned) and post-revision 
(vivo) CT imaging in degrees (deg). Δ= deviation (deg) between planned and post-revision position in vivo. 

Varus Flexion Rotation Posterior 
resection 

Distal
resection planned vivo Δ planned vivo Δ planned vivo Δ

Average 1.3 2.9 1.6 3.3 3.3 0 0 -1.5 -1.5 0.7 -0.9

SD 1.5 1.8 0.3 0.7  2.4 1.7 0 2.6 2.6 1.3 1.4

>3°, n (%) 2 (20) 1 (10) 2 (20)

Outliers; Positive values indicate varus, flexion, posterior slope and external rotation deviations. Negative values 
indicate valgus, extension, anterior slope and internal rotation deviations.

For the tibial component (Table 3), deviations outside of acceptance range were identified 
for valgus (#6 & #7) slope (#2, #4–#8) and in axial rotation (#1,#5 & #7–#10). Two tibia 
components were planned in varus (#4 & #8), resulting in less resection in total. 

Table 3. Mean tibial component position and orientation based on pre-revision (planned) and post revision (vivo) 
CT imaging (deg).  Δ= deviation between planned and post-revision position in vivo (deg).
Patient # Varus Slope Rotation Proximal 

Resection planned vivo Δ planned vivo Δ planned vivo Δ

Average 0.2 -0.7 -0.9 3.0 1.3 -1.7 0 -0.8 -0.8 0.95

SD 0.4  2.0 1.6 0.0 3.9  3.9 0  5.3 5.3 0.96

>3°, n (%) 2 (20) 6 (60) 6 (60)

Outliers; Positive values indicate varus, flexion, posterior slope and external rotation deviations. Negative values 
indicate valgus, extension, anterior slope and internal rotation deviations.

During surgery, an intraoperative tibial resection of an additional 2 mm was performed under 
the medial tibial plateau in three patients (#1, #2 & #7) due to insufficient bone resection 
with the approved PSI.In these patients, the surgeon judged intraoperatively that an additional 
tibial resection was required. In 20 and 30% for the femur and tibia, respectively, the surgeon-
planned component size was adjusted intraoperatively based on the expert opinion of the 
operating surgeon. All patient-specific guides fitted well in all patients. No intraoperative or 
post-operative complications related to surgery were registered.
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Discussion

The most important findings of the present study were that PSI for UKA-to-TKA revision sur-
gery resulted in a limited number of rotational outliers, especially for the femoral component 
of the TKA. PSI for the tibial component of the TKA resulted in a substantial percentage of 
rotation and slope outliers. This is the first study concerning UKA-to-TKA revision surgery 
with the use of PSI as a “new” tool to directly compare the pre-operative plan with the ultimate 
position of the prosthesis in vivo.

Implant malalignment (e.g. rotation) in TKA sometimes results in revision procedures 
1, 12, 19, 23. It has been proven that conventional intramedullary instrumentation did not ensure 
optimal femoral alignment since PSI for TKA demonstrated to be favourable for femoral align-
ment outcomes (e.g. varus–valgus and rotational alignment) when compared with conven-
tional aligned TKA 9, 20, 31. It would therefore seem logical to introduce the PSI technique as a 
“new” tool in an attempt to reduce positional outliers of components in UKA-to-TKA revision 
surgery, as the main challenge in this type of surgery is to restore rotational alignment 13. In our 
series, this was, as was expected, a technically demanding procedure because the anatomy did 
not deliver clear landmarks, which makes it difficult to track location and position of the joint 
line and axis 4, 11, 13, 16, 22, 24. The mean deviations from the pre-operative planning were small 
(maximal Δ 6.5°), with the exception of the tibial rotation (maximal Δ 10° internal rotation). 
The goal was to achieve a neutral (0°) femoral and tibial rotation, relative to the transepicon-
dylar axis and the AP axis of the tibia, respectively. The femoral rotation was predictable with 
only two outliers. The tibial rotation was the less accurate one with six components in excessive 
internal rotation, resulting in a substantial amount of outliers (60%).

Several possible reasons for the observed outliers can be given. Malposition of the femur 
could be caused by a mismatch between the planned guide position and the femur, due to a 
broken osteophyte (#7). In the outliers group, three cases were affected by a possible subopti-
mal UKA component registration. It is, however, difficult to quantify the influence that such 
registrations could have on final guide position or stability, although they were most often in 
the range of a deg/mm of deviation.

Regarding the tibia, intraoperative deviations (e.g. extra resections, implant type and size) 
introduced additional sources of error during the analysis. As in one case (#5), an incorrect 
UKA component sizing during the pre-operative process may have caused the sagittal tilting. 
Size “B” was defined instead of correct “C” (bigger). Another reason could be an incoher-
ency that was identified at a gap between the simulated guide and the UKA implant (#9). It 
seems that the component was more anterior than visible on the pre-operative CT scan. It 
was remarkable that three patients (#1, #5 and #7) with progressive patellofemoral and lateral 
osteoarthritis had tibial component rotation outliers. In two of the same patients (#1 and 
#7), an additional 2-mm extra tibia resection was performed intraoperatively. The excessive 
Δ 10° internal rotation can be explained by an extra 2-mm tibial resection, since rotational 
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references for tibial components change with level of resection 8. On the other hand, there is no 
clear consensus regarding the tibial rotation 10. According to previous literature, five of the six 
tibial rotation outliers in our study can be considered as normal, since previous cut-off values 
<8° internal tibial rotation are within the accepted “limits”, resulting in just one outlier  2, 8. 
Suboptimal registration of the UKA component was observed in the coronal plane (#2, #7).

Based on the available information, it was not possible to define a clear underlying cause for 
malposition. As for the trend analysis on the failure modes, the sample size was too small for 
the femoral guide to identify clear failure patterns. The tibial guide seems to be more affected 
by deviations than the femoral guide, but the analysis revealed that on the five investigated 
cases, four had been subject to intraoperative changes (e.g. extra tibial resection, incorrect 
planned component size) by the surgeon. Metal scattering was quite significant; it cannot be 
ruled out that this can negatively influence the precision of the measurements. The observed 
inaccuracies in this study, mainly in alignment for the tibia, are in line with the results from 
other literature who also studied PSI from the same manufacturer as in this study. Boonen 
et al. 3 found that MRI-based PSI for primary TKA was able to reproduce the approved pre-
operative plan, except for the tibial rotation (23.1% outliers), including three cases (11.5%) 
with >5° rotation deviation from the approved planning. Significantly more component outli-
ers (e.g. tibia rotation and slope) were found with the use of CT-based PSI when compared 
with MRI-based PSI from one and the same manufacturer 7, 26, 29. These results, however, were 
found after primary TKA.

Revision surgery of failed UKA is considered as a technically demanding procedure due 
to possible bone lose, the potential need for augmentations, use of long-stem prosthesis and 
requires careful pre-operative planning 5, 22. Others have found it to be straightforward and 
less technically demanding than TKA revision 6, 21. Overall in revision surgery, the surgical 
procedure can be more difficult and complex, according to the surgeon’s experience 5. An 
accurate pre-operative planning can make revision less demanding and reduce unexpected 
perioperative problems 5, 14, 22. PSI can offer different advantages in these complicated cases 15. 
With pre-operative planning, the surgeon can anticipate on expected problems during revision 
surgery and predict intraoperative bony resections and alignment of the components 11, 15, 18, 27. 
CT-based guides are precisely manufactured for the specific bony anatomy with the UKA 
in situ. Therefore, PSI may be of value with the UKA in situ or when the prosthesis is loose 
or has been removed 15. Furthermore, anatomical abnormalities and component sizes can be 
predicted precisely in advance to surgery. Consequently, the number of trays in the operating 
room could be reduced and abnormal sizes can be delivered on specific request 17, 18. 

There are limitations to the current study. This study included a limited number of patients. 
Larger patient series will be needed to confirm our preliminary results. In addition, this was 
not a randomized controlled trial. Thirdly, all prosthesis and accompanied instruments that 
were used were from the same manufacturer. Our results may not be applied to implants in 
combination with PSI (or vice versa) from other manufactures 11. Despite the many practical 
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advantages of PSI, published results about the clinical relevance are contradictory 25, 30. In 
this study, PSI were used “off-label”, meaning that they were not used in accordance with the 
registered indication primary TKA. The ordering and delivery of PSI outside of the registered 
indication have a number of drawbacks. Legal responsibility in the off-label use, safety of the 
PSI and the role of the operating surgeon and the manufacturer are not always clear. PSI as a 
“new” tool for UKA-to-TKA revision surgery deserves a place as a tool for revision of a UKA-
to-TKA surgery. This illustrated that the technology behind PSI can potentially be used in a 
much more diverse way in both orthopaedics and traumatology. The clinical relevance of this 
study lies in the finding that CT-based PSI as a “new” tool for UKA-to-TKA revision surgery 
results in acceptable outcome when com- pared with the literature and should be available in 
the near future for PSI users.

Conclusion

Based on these results, it is not possible to fully confirm the hypothesis. PSI as a “new” tool 
for UKA-to-TKA revision surgery appears to be a practicable, accurate and a reliable tool for 
the alignment of the TKA femur component. But this study was unable to improve the tibia 
component alignment, resulting in a substantial percentage of outliers (e.g. rotation and slope). 
During the pre-revision planning, the surgeon must be aware of possible unexpected events 
(e.g. bone quality and guide tilting), which are different when planning an elective UKA or 
TKA. More work needs to be performed to improve the accuracy of PSI for UKA-to-TKA 
revision surgery. This study introduced a unique concept and serves a preliminary to a possible 
larger comparative study.
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General Discussion

Within the health-care, we constantly look for ways to improve quality and to save costs. In ad-
dition, the patient becomes increasingly critical in his or her care needs. This can be guaranteed 
by improving processes and ensuring quality and control, a method of Lean management.1,2 By 
centralizing the operation, the surgeon create maximum added value for the patient at minimal 
effort with as little waste of time as possible. This improves quality, reduces turnover times 
between the operations and reduces operating costs, leading to an improvement in operating 
profit. This has a positive effect on both patient satisfaction, personal involvement (e.g. OR, 
logistics) and possibly with financial profit.3 Research contributes to a broader daylight, what it 
takes to get good results in future development within the orthopaedic surgery. Medium- and 
long-term results in arthroplasty begin at 5- and 10-years respectively. There should be a lag 
between the inception of an idea and early adopters using a technology and the widespread 
adoption by most surgeons.4 Before focusing all resources on developing one innovation, 
the medium and long-term results of the initial design should be reviewed to guide against 
catastrophic failures and an unviable product.4 In addition, acceleration of knowledge develop-
ment ensures that the half-life of scientific evidence has decreased. Due to the development 
of new technologies and the aim to improve implant alignment, TKA has been developed 
significantly over the last decades. Many changes have been made to improve both survival and 
functioning. On the other hand, patents within the knee arthroplasty are growing at a faster 
rate than publications, this suggests that industry is encouraging innovation, and vigilance in 
orthopaedic community is decreasing.5  PSI are objectively the fastest growing technology in 
the last 5-years, are currently in a period of exponential growth that began a decade ago. PSI 
were introduced with the aim to make the procedure of placement of a TKA more accurately 
and more efficiently. A concern that arises with any new technique is whether it will achieve 
satisfactory outcome for the patient, surgeon, hospital and health-care insurance.

The main purpose of the present work is 3 fold. The first part included the clinical, radiographic 
and mid-term results comparing PSI with the conventional intramedullary technique for TKA 
(research questions 1, 2 & 3). The second part of this thesis studied the differences between 
CT- and MRI-based PSI for TKA (research questions 4 & 5). Finally, the third part focussed on 
reliability of PSI in patients with post-traumatic knee osteoarthritis and PSI as a new technique 
for UKA-to-TKA revision surgery (research questions 6 & 7).

1. Are  PSI for TKA ready for daily practice?
Based on the results found in this study, PSI are effective, safe and ready to use for daily 
practice.

Though, there are points that need to be discussed. The current prospective study includes 
a single surgeon experience with PSI systems from different manufacturers. In this study we 
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had the opportunity to use different types of PSI and TKA implants from multiple industries. 
The PSIs’  in this study required a preoperative MRI-, CT-scan, or combination of MRI and 
long-leg standing radiograph 6,7. There are some concerns regarding this study which should 
be mentioned. Comparing the radiological results of PSI from different manufacturer with 
each other is contradictory as the method of image acquisition and preoperative planning is 
not standardized among the different PSI manufacturers, though. This study included systems 
from different manufacturer who use different calculation algorithms based on different refer-
ence axes and points. For this reason, potential bias exists in this study and no valid conclusion 
can be made as to what extent the postoperative alignment matches the preoperative digital 
plan. It can also be argued that all the cases were operated by one experienced PSI knee surgeon 
who probably has less to learn from such an assisting tool from other manufacturers than low-
volume surgeons or residents 22. This could raise questions about the general applicability of 
PSI. Besides, based on the experience with TKA, the use of PSI and a possible learning curve, 
implementation of a new implant system could have potential bias in the outcome50. Another 
concern that should be mentioned, concerns the post-operative radiological measurements in 
this study.  Current study used conventional long-standing radiographs. Postoperative CT-
scans are assumed to be ‘the gold standard’, as the literature has shown to be a valuable tool for 
measuring the position of both femur and tibia components and it seems to provide the most 
accurate imaging. 

A variety of analyses were used to objectively assume the post-operative coronal and sagittal 
alignment of the individual femur and tibia components. Most of the studies used conventional 
long-standing radiographs as a small group used CT-scans. Overall, the available evidence 
in literature shows that PSI demonstrate significant advantages in terms of alignment over 
conventional instrumentation in TKA when analysed with 3D imaging methods.39,40 On the 
other hand the literature is not consistent. Controversy exists regarding the radiological differ-
ences in outcomes between conventional instrumented and PSI for TKA.  Correct alignment 
in TKA is still a point of discussion and the concept of neutral alignment is questionable.41,42 In 
the literature, correct alignment is often discussed based on outlier rates defined as a deviation 
of ± 3° from a neutral position despite the absence of evidence to support the guideline.41,43,44

Forty-four studies to date have compared conventional instrumented and PSI TKA surgery, 
including 20 RCTs with a variety of systems from different manufacturers. Only 2 of the 
individual RCTs demonstrate a significant improvement of the postoperative mechanical 
axis alignment when compared to conventional aligned TKA.46,47 One  study compared the 
Visionaire PSI (Smith & Nephew Inc, Memphis, TN, USA) and one study the Signature PSI 
(Zimmer-Biomet, Inc., Warsaw, IN, USA) with the conventional instruments, whereas the PSI 
is produced based on the manufacturer protocol with long-leg standing radiograph and a MRI 
of the knee joint or a MRI scan of the hip, knee and ankle joint for respectively the Visionaire 
and Signature PSI systems.46,47 Pooled data from a meta-analysis showed that the relative risk 
(RR) of mechanical axis malalignment by >3˚ was significantly lower for PSI (RR= 0.79; (95% 
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CI, 0.65 to 0.95; p = 0.013).45 Two studies found significantly fewer outliers of the individual 
components in the coronal plane with use of PSI.47,48 While four other RCTs resulted in sig-
nificant more outliers after use of PSI in the coronal 49,50 and the sagittal plane.40,50,51 In these 
studies the tibia component resulted in more outliers in the PSI group.40,49,50 Regarding the 
rotation, the individual studies on this topic yielded different results. Favourable outcomes 
where found with PSI resulting in significantly reduced rotational outliers of the tibia 52,53 and 
femur component 54 while Parratte et al. 2013 found no significant difference for both the 
femoral and tibial rotation when compared to conventional instrumentation during TKA.55 
Rotational malalignment can lead to patellar maltracking, femoro-tibial flexion instability, 
joint biomechanics and premature wear of the polyethylene inlay.52,56

On the other hand, most level I studies used conventional x-rays. These are generally ap-
plicable in most clinics and are easy to make a proper comparison with the other available 
literature.

2.  What is the impact of approving the PSI for TKA on the frequency and reason 
of intraoperative changing of the implant size?

Based on the results found in this study, PSI has a positive impact to achieve the best possible 
results regarding TKA. With PSI, the operating surgeon is able to minimize intraoperative 
implant size errors in advance to improve operating room efficiency with possible lowering hos-
pital costs per procedure. The planning made by a technician should always be validated and 
approved by the operating surgeon who has the ultimate responsibility regarding the operation. 

The manufacturer of PSI provides a planning tool with the instrumentation. Using 
computer-mapping algorithm software, based on the imaging protocols of the different manu-
facturers, a preoperative patient specific virtual 3D computer model of the knee is generated 
by a technician showing the proposed bone cuts, implant alignment and sizes of the femoral 
and tibial components.  With PSIs, the operating surgeon has the ability to make adjustments 
during planning related to the patient-specific anatomy and the surgeon preferences. The 
ability to “perform surgery preoperatively” adds another element to surgeons’ perceptions of 
the potential issues that may arise. These options make the process both patient specific and 
surgeon specific. The preoperative default planning conceived by the manufacturers technician, 
is send to the operating surgeon, who is able to change and approve this preoperative default 
settings. The suggested planning settings made by a technician should always be approved by 
the operating surgeon. If the deadline for production of PSI comes closer and the operating 
surgeon did not approved the PSI default setting, than the operating surgeon will receive 
a reminder to approve the surgical planning for that specific case. If they are not approved 
by the aforementioned date, it will be automatically assumed that the PSI default plan as 
proposed is approved, and the PSI femoral and tibial positioning guides will be designed and 
manufactured on the basis of the proposed templates produced by a technician or they will not 
be manufactured at all. Correct sizes and alignment depend on the ability of the surgeons to 
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template the scans. This calls for proper education of the surgeons, but also for the necessary 
time consumption evaluating each default setting. Surgical planning and decision-making with 
use of physical bone models are helpful and valuable for the preoperative planning of difficult 
surgery, as educational tools and for patient communication.63-72 

With PSIs, the operating surgeon is able to recognize abnormal implant sizes preoperative-
ly.29,30 These abnormal sizes can be delivered in advance to improve operating room efficiency.28 
This may result in a reduction of the overall number of instruments and surgical trays necessary 
(reduction from 9 to 3 trays) and therefore decrease expenses associated with sterilization of 
instruments, storage, staff time and setup time for the operating room.22,31,32 Altogether mak-
ing this technique more interesting than CAS. In addition, less instrumentation could help 
to improve tray and operating room turnover which allows more cases to be completed and 
thereby lowering hospital costs per procedure.30 Thus, PSI should be able to comply with the 
present demands for reduced time consumption per operation without risking surgical quality. 
PSI is able to minimize intraoperative implant size errors in advance to improve operating 
room efficiency with possible lowering hospital costs per procedure.22,29-31,33 Although, peri-
operative conversions to traditional alignment techniques and pre-planned component sizes 
not matching intraoperative assessment of size are unfavourable for in-hospital logistic and 
economic reasons and can result in prolonged operating time and reduced efficiency. 34,35 The 
preoperative planning is a crucial step in avoiding recuts that can cause angular deviations in 
prosthesis position, especially in tibial component rotational position, in vivo compared with 
the plan. Excessive tibia rotation deviations can be explained by an extra 2-mm tibial resection, 
because of rotational references for tibial components change with level of resection.36 It is 
advised to avoid recuts and to consider this while planning your PSI procedure. On the other 
hand, there is no clear consensus regarding the tibial rotation outliers, since previous cut-of 
values <8˚ internal tibial rotation are within the accepted “limits”.36,37,38 

All this makes the logistics in the operating room (OR) more efficiently, resulting in a reduc-
tion in the total number of surgical instruments (9 to 3 trays) which are necessary for TKA 
surgery 46,54,55,56,57,58,59. Other reason to delay the operation date could be the waiting time for 
the MRI/CT, the scans need to be uploaded to the online management system, due to change 
in surgeon because of a change in date of operation on patients request. 

Preoperatively, patients planned to be operated for TKA with PSI, need to be registered in 
an online management system. Each patient is then automatically anonymized with a patient-
specific code. To obtain the planned surgery date, images should be uploaded with enough 
interval, it will take a minimum of 5-weeks preoperatively to design, manufacture and to ship 
the femoral and tibial positioning guides. Due to the strict quality control of the uploaded 
images by the manufacturer it may occur to reschedule the operation. If the MRI scan is of 
poor quality due to metal artefacts around the knee joint from previous surgery or movement 
during long MRI scanning time a rescan with CT can be an alternative. If uploading these 
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images are not possible, it will be necessary to reschedule the operation. Or alternatively, the 
surgery may proceed on schedule as a conventional total knee arthroplasty. 

It is very important in the clinical practice to know, if to face up a specific MRI, to send 
the data to a computer engineer, elaborate these data, to correct them is useful or not. Even 
though, privacy in healthcare is a hot topic when it comes to patient’s data. At the time of the 
introduction of PSI in 2009 in our hospital, MR images were burned anonymously to DVD 
for exchange to industry after which the production process of the molds began. At that time, 
this was the procedure on which orthopaedic surgeons exchanged data for the production of 
PSI. However, this posed the necessary risks: the imagery could be lost on the way, or there 
were problems burning on DVDs. It has also been found that image exchange with DVDs 
was a labour-intensive process of importing, exporting and sending files/data. Whether these 
images arrived safely at the destination remains in limbo and should be double checked. 

The Comité Permanent Européens has already published a number of directives on the pro-
vision of medical information on the Internet.21 Nowadays, this digital image exchange is via 
up to date secured online networks. This provides a more secure and future-proof solution with 
improved ease of use without too much crafts, where the balance between privacy sensitive data 
and medical efficient data is optimal. On the other hand, orthopaedic surgeons who use PSI 
must wonder what happens to the transmitted images afterwards. Does the industry use these 
for purposes other than originally intended? Where possible, these “free” images could be used 
for the further development of the existing system or other systems. If so, then the initial guides 
can be offered many times cheaper than they are now. This is not very objective, however here 
is the task for the industry to be more transparent. 

3.  Do the mid-term survival and clinical results improve with PSI compared to 
conventional instrumented TKA?

PSI is a tool that helps surgeons to achieve the best possible results during TKA. The mid-term  
clinical results of this randomized controlled trial demonstrate that patients operated with PSI 
have comparable clinical outcome as patients operated for TKA with conventional instruments 
although with a non significant but improved survival rate in favor of PSI. PSI is at least as 
good as, if not better than, that with conventional TKA. Though, longer follow-up is needed 
to determine whether PSI results in better clinical outcomes and fewer TKA revision surgeries 
on the long term. Published clinical results on PSI are less available. The aim of PSI is improve-
ment of prosthetic alignment. Better prosthetic alignment is expected to result in better clinical 
results. However, PSI showed that their early 2-years clinical results are equal to conventional 
instrumented TKA.57-59 This is in line with the results in this study at 5-years follow-up. In 
previous study by Boonen et al. 2013 it was shown that PSI did not significantly improved 
the prosthetic alignment. PSI is at least as good as that with conventional TKA. Therefore, it 
is very natural that there is no difference of clinical results between the conventional and PSI 
technique. Moreover, recent study showed a non-significant improved survival rate in favor 
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of PSI. The main reason for revision surgery was persistent knee pain without a relation with 
implant malalignment or a cause of nonarticular origin.60 It also should be mentioned that 
patient reported outcome measures (PROMs) represent the best subjective measurement of 
clinical outcome.61 However, there is no single best outcome measurement tool after TKA. 
Beside the comparable results of PROMs on PSI TKA, various scores are not capturing the 
changes due to a lack of power of the scores as averse to a lack of change (e.g. floor and ceiling 
effects).62 The PROMs in these studies failed to detect subjective changes after a period of 
2-years, which is also in line with PROMs at 5-years follow-up as found in this study. At this 
moment, there is still a lack of reliable data on the survival of TKA and clinical evidence, which  
is associated with the use of PSI. This need to be investigated at a later follow-up interval.

4. MRI- and CT-based PSI: Which one should be used?
Based on the results in this study, MRI should be the imaging modality when using PSI for 
TKA in pre-selected patients without posttraumatic osteoarthritis. Though, there has been 
some controversy on this issue regarding the use of scan-modality for the production of PSI in 
the literature to date. PSI requires a preoperative MRI-, CT-scan, or a combination of MRI and 
a long-leg standing radiograph.6,7 The results from previously published trials examining the 
radiological differences in outcomes between CT- and MRI-based PSI vary and are inconclu-
sive, preventing consensus about the best imaging modality for manufacturing PSIs. CT-scans 
are associated with a higher radiation dose 8, they more accurately visualize the bony surface, 
have a shorter scanning time and can reduce costs.9,10 Intra-operatively, however, CT-based 
PSI provides for poorer visualization of the remaining articular cartilage. 11-14 Furthermore, 
CT-based PSIs appeared to be slightly larger than patients’ bones, in contrast to MRI-based 
PSIs.8 The literature included systems from different manufacturer who use different calcula-
tion algorithms based on different reference axes and points. For this reason, potential bias 
exists in most studies and no valid conclusion can be made as to what extent the postoperative 
alignment matches the preoperative digital plan.

5.  What do we need to know about the differences in using both MRI and CT 
PSI?

Only three studies to date have compared MRI and CT-scan modalities for the production of 
PSIs from one and the same manufacturer.15-17 In these three studies, MRI-based PSIs were 
better at visualizing and outlining the intra-articular cartilage of the patient’s specific anatomy. 
Intra-operatively, they sit flush against the remaining cartilage surface. Significantly less post-
operative radiographic outliers (e.g. slope and rotation) were found with the use of MRI-based 
PSIs. 15-17 These results were confirmed by this paper and recently published systematic reviews 
and meta-analysis. MRI scans are the preferred imaging modality when performing TKA with 
PSI. MRI is at least as good as, if not better than, that with CT-based PSI.18-20 
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6. Are  PSI applicable in patients with post-traumatic osteoarthritis?
When using PSIs for TKA, surgeons should consider the best modality for each specific 
patient.19 MRI scans are the preferred imaging modality when performing TKA with PSI, CT-
based PSI may be preferable for some patients.24-26 To date, published RCTs who studied TKA 
with PSI have excluded patients with posttraumatic osteoarthritis of the knee with retained 
metal hardware around the knee joint that could interfere with imaging, thus resulting in 
homogeneous groups.26 CT-based PSI can be a plausible alternative for traditional intramedul-
lary alignment techniques, CAS and/or MRI-based PSI in case of post-traumatic osteoarthritis  
and/ or involved retained metal hardware in and around the knee joint.24-27

7.  Are PSI applicable for Unicompartmental Knee Arthroplasty (UKA)  to TKA 
revision surgery as a new technique?

Based on the results found in this study, PSI can be an added value for UKA to TKA revi-
sion surgery and should be used by surgeons who have experience both with PSI, UKA and 
TKA. PSI is a medical device, and should be used as described in the instructions by the 
manufacturer. If not, it’s considered as ‘off-label’ use.  It is  advised to use medical devices 
with a Conformité Européenne (CE) mark, as this shows it has met the legal requirements for 
safety, quality and performance when it is used as the manufacturer instructs. PSI was initially 
approved for elective total- and partial knee arthroplasty. Although rare, it is possible that there 
is no medical device available for a procedure. In this case the operating surgeon should decide 
whether to use an existing medical device for a different purpose, modify a medical device 
for a new purpose or use a product for a medical purpose that is not CE marked as a medical 
device. On the other hand, PSI are custom made for individual patients, in this case they don’t 
need a CE mark. Even though, with approval from the manufacturer, PSI was legally used in 
any other way for revision of partial to TKA.24,27 This was in line with the health and safety 
related legislation.28 With adequate pre-operative planning, we know in advance how to cope 
with the retained metal hardware and UKA near/in the knee joint, resulting in an acceptable 
radiographic outcome, component alignment and improved clinical outcomes.24-27 

FINAL REMARK

Literature on PSI are contradictory as the mid- and long-term clinical follow-up results are 
scarce. Most recent literature shows favorable radiographic outcome with use of PSI when 
compared to conventional instrumentation in high-volume surgeons. When using PSI, MRI 
should be the imaging modality of choice as each individual preoperative planning should be 
approved by the operating surgeon to improve the logistics inside and outside the operating 
room with a possible reduction of the costs. Clinical results from long-term randomized stud-
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ies and cost-effectiveness studies should demonstrate whether PSIs become the new golden 
standard for placing an elective TKA.

However, it is important to realize that new techniques are making their entry. Together 
with unicompartmental, robotic and navigation knee arthroplasties, PSI is the main technol-
ogy clusters being explored. PSI appears to be emerging as the dominant design, despite the 
widespread use of an unproven long-term design.4  Thanks to science and innovation, the 
next generation of PSIs is almost ready to be introduced into the elective orthopaedic surgery. 
The focus of this equipment is “retro”; Instead of a MRI or CT, the PSI is produced on the 
basics of a full leg X-ray image acquisition in Antero-Posterior (AP) and Lateral (LAT). These 
two full leg image sets are used for creation of patient-specific guides. These new techniques 
have predominantly theoretical pros and cons. We expect this new development will become 
the standard. On the other hand, it will not take long before robotic-surgery will make their 
appearance in daily practice. 
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Valorisation

Valorisation is a broad concept, and it is the conversion of knowledge into action by allowing 
parties to share the new knowledge. Proper research naturally shifts the boundaries of our 
scientific understanding. This scientific expertise, in particular, is a tremendous social and 
cultural value. However, there is more to the valorisation of expertise. The expertise should be 
useful not only for the medical professional but also for other stakeholders, whether they are 
companies, governments or social organisations. This paragraph attempts to discuss the social 
and economic value of the results described in this thesis. 

After the introduction of the modern total condylar prosthesis since the early 1970s, total 
knee arthroplasty (TKA) changed over time due to science and novel technology.1 However, 
more than 45 years later, we still  deal with the question how to improve outcomes after TKA. 
Still 20–30% of the patients are not pain free and/or satisfied after TKA.2 It is important 
to realise that new techniques are making their entry in this digital era. Past decade, three 
dimensional (3D) printing changed the Health Care. In 2014, the 3D-printing industry grew 
more than 35% as patents related to knee arthroplasty grow at a faster rate than publications.3,4 
This suggests that the industry is encouraging innovation, and vigilance in the orthopaedic 
community is decreasing.4

Patient-specific instruments (PSI) are objectively the fastest growing technology in the last 
5-years, are currently in a period of exponential growth that began a decade ago. The major 
new problem of these 3D-printed medical solutions are the high costs. New medical technolo-
gies are expensive when they enter the market, and they become cheaper over time, the value 
of 3D-printing decreases and the technology becomes more accessible, within a reasonable 
price.5 The majority of these 3D-printed medical solutions are still in their experimental stages, 
but first tests are very promising in a variety of therapeutic areas (e.g. traumatology, cosmetic 
surgery). 

PSI were introduced with the aim to position the TKA more accurately and more efficiently. 
A concern that arises with any new technique is whether it will achieve a satisfactory outcome 
for the patient, surgeon, hospital and health-care insurance. The use of PSI has led to new 
insights. With adequate pre-operative planning, we know in advance which impant size should 
be used during surgery and how to cope with the difficulties of the revision of a unicompart-
mental knee arthroplasty (UKA) to TKA, resulting in an acceptable radiographic outcome, 
component alignment and improved clinical outcomes.6-9  PSI for revision of a UKA-to-TKA 
makes the operation more accessible for the surgeon but also facilitates the logistics. Though, 
the major problem of these 3D-printed medical solutions are the high costs. 

Thanks to this knowledge society, the next generation of PSIs are almost ready to be intro-
duced. The focus of this equipment is “retro”; instead of an MRI or CT-scan, a full leg X-ray 
image acquisition in Antero-Posterior (AP) and Lateral (LAT) is the basis for the new PSI. The 
next step for TKA is the robotic-surgery, making their appearance already in daily practice. 
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Likewise, as with PSI, the major problem of these “new” robotic solutions is to be the high 
costs when entering the market.

In summary, valuable information is given regarding PSI for TKA in this thesis. With the 
introduction of PSI, we are taking a step towards a more personalised and individualised ap-
proach to total knee arthroplasty which may also contribute to fewer unhappy knees after 
TKA.2 It is a fact that PSI does the same as the conventional alignment for TKA. When using 
the PSI, it is advised to use MRI instead of a CT-scan. It is essential to have a personalised 
approach to the patient and in particular to the patients with a medical history. In case of 
posttraumatic osteoarthritis with metal near the knee joint, it is advised to use a CT-based PSI.  
Using the PSI implies that the logistics should be in order and, more importantly, the surgeon 
should personally approve the preoperative planning and adjust them if desired.
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Summary

In this thesis, the potential of patient specific instruments (PSI) as an alignment tool in total 
knee arthroplasty (TKA) is explored. 

In Chapter 1, as an introduction to this thesis, both the epidemiology and evolutionairy 
development of alignment tools for TKA are discussed. Given that the number of patients 
with osteoarthritis (OA) in the western countries will increase due to the aging population and 
an increasing number of overweight people, there is need for optimization of the treatment 
pathway of OA. Long-term management of OA includes a wide variety of treatment strategies 
(e.g. weight management, medication and physical therapy).  TKA is a last resort treatment for 
most patients with end-stage OA of the knee joint.  One of the most important factors that 
affect the survival of the knee implant, is the alignment of the femoral and tibial components. 
For appropriate alignment of the TKA components several methods have been introduced. 
PSI is a relativelym recently introduced technique and the aim of this thesis is to study aspects 
of the clinical introduction and development of PSI for TKA, accuracy of the technique and 
future perspectives/alternative clinical applications of PSI. 

The answers to the research questions, as formulated in Chapter 1, are subdivided into three 
sections as provided by the studies presented in this thesis. The main results are summarized 
and highlighted in these 3 main sections.

In the first section, the radiographical, the intra- and postoperative, and the clinical and mid-
term results of PSI for TKA are discussed. 

In Chapter 2, the radiographical results of TKA with use of PSI from different manufacturers 
were compared with the results obtained with conventional instrumented TKA in a prospective 
non-randimized study. This single surgeon experience showed that, compared to conventional 
instruments, the proportions of outliers was in favour of PSI, without differences regarding 
the outliers between the individual PSI systems. We concluced that these high volume single 
surgeon results suggest that PSI are ready for daily use in TKA surgery.

PSI comes with a planning tool for which suggested planning settings should be approved 
by the operating surgeon. If not, the guides will be manufactured based on the templates 
calculated by a technician. Chapter 3 studied if the preoperative digital planning can ac-
curately predict the component sizes as used intraoperatively. The preoperatively predicted 
femoral and tibial component size, approved by  the  operating surgeon, resulted in a more 
accurate prediction of the actual size of the femoral and tibial components used during surgery, 
as compared to the planning settings made by a technician. We concluded therefore, that in 
order to minimize intraoperative implant size error, the planning made by a technician should 
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always be validated and approved by the operating surgeon, even more so because he bears the 
ultimate responsibility regarding the operation. Furthermore, this study showed that potential 
differences in component sizes could not be explained by the use of different imaging tech-
niques, i.e. MRI- vs. CT-based templates. Both MRI- and CT-based PSI’s showed comparable 
percentages of correctly predicted intraoperative implant sizes. 

Published long-term clinical results on PSI are scarce since they have relatively recently been 
released. Chapter 4 provides the analysis of the longevity of the TKA implant and the clini-
cal results of 180 patients who have been followed-up for 5-years in a multicentre RCT. At 
mid-term follow-up, there were no significant differences in the survival between PSI and 
conventional aligned TKAs, although slightly more implants were revised in the conventionally 
aligned TKA group. The clinical outcomes between PSI and conventionally aligned TKAs 
were comparable. We concluded this Chapter by stating that the literature on the mid- and 
long-term clinical follow-up is still scarce. Clinical results and revision rates of PSI derived 
from RCT’s together with cost-effectiveness studies should demonstrate whether PSI still has 
the potential of becoming the golden standard for placing an elective TKA.

Section two deals with the differences between CT- and MRI-based PSI for TKA.

Chapter 2 described that the radiological results of TKA were comparable between the PSI 
from different manufacturers. However, the method of image acquisition and preoperative 
planning is not standardized among PSI manufacturers. The individual studies on this topic 
yielded different results. The comparison between MRI- and CT-based PSI for TKA using 
prosthetic components from one manufacturer was described in Chapter 5. This RCT was 
designed to study the radiographic accuracy of both scanning modalities. Only the number 
of outliers for the posterior slope of the tibial component showed a significant difference with 
more outliers in the CT-group than in the MRI-group. 

The results described in Chapter 5 are in line with the results found in the systematic review 
and meta-analysis presented in Chapter 6. In this Chapter, evidence was provided that when 
performing TKA with PSI, a preoperative MRI is favourable for the production of PSI, result-
ing in a significantly lower proportion of outliers for the femoral component, as measured on 
lateral radiographs. The results of this study demonstrate that MRI should be the imaging 
modality of choice when performing TKA surgery with PSI.

The third section explores the potential of PSI as a reliable tool in patients with post-traumatic 
knee osteoarthritis and if PSI is a reliable tool for unicompartmental  knee arthroplasty (UKA)-
to-TKA revision surgery. 
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Chapter 7 describes that detailed preoperative planning is appropriate in the case of retained 
metal hardware. The preoperative planning is usefull to preplan the alignment and evaluate the 
post-operative correction as well as to check whether the implant interferes with the retained 
metal hardware. In most cases there was no need to remove the retained metal hardware as 
predicted with the PSI planning. With adequate preoperative planning, we know in advance 
how to cope with the retained metal hardware near the knee joint, resulting in an accept-
able component alignment and improved clinical outcomes. CT-based PSI can be a valuable 
alternative in these cases. 

The flexion/extension of the femoral component, however showed undesirable outcome in 
our study. Based on our experience, these disappointing results could be that the CT-guides 
were not adequately positioned. With the four-point fixation, tibia guides refer to the anterior 
bone but does not make any contact with the cartilaginous surface of the medial and lateral 
tibia plateau. With a standard 5 mm off set to remain distance to the cartilage, they do not rest 
snuggly on the remaining cartilage. 

PSI were initially developed for the alignment of both TKA and UKA. Revision surgery of 
failed UKA is considered as a technically demanding procedure due to possible bone lose, 
the potential need for augmentations, use of long-stem prosthesis and requires careful pre-
operative planning. As found in Chapter 3 and Chapter 7, accurate pre-operative planning 
can reduce unexpected perioperative problems especialy in these complicated cases of failed 
UKA. Chapter 8 introduced a unique new concept regarding PSI: UKA-to-TKA revision 
surgery. The most important finding was that PSI for UKA-to-TKA revision surgery resulted in 
a limited number of rotational outliers, especially for the femoral component of the TKA. The 
tibial guide seems more susceptible to errors, resulting in a substantial percentage of outliers. 
PSI as a “new” tool for UKA-to-TKA revision surgery appears to be an accurate tool for the 
alignment of the TKA femur component, but less so for the tibial component. 

Based on the work presented in this thesis, Chapter 9 gives a general discussion of the current 
and future development of PSI for the treatment of knee OA. Clinical results from long-term 
randomized studies and cost-effectiveness studies should demonstrate whether PSI become the 
new golden standard for placing an elective TKA. PSI appears to be emerging as the dominant 
design, despite the widespread use of an unproven long-term design. 

Closing remarks and future investigation
Past decenia, three dimensional printing (3D) is changing the Health Care. Nevertheless, 
the major problem of these 3D-printed medical solutions are the high costs. New medical 
technologies are expensive when they enter the market, they become cheaper over time. This 
applies to the cost of 3D-printe PSI as well and the technology becomes more accessible, 
within a reasonable price. 
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Recommendations for future research:
•	 Furthur	 develop	 PSI	 for	 revision	 arthroplasty	 of	 failed	UKA	 and	make	 this	 appplication	

accessible for every (experienced) orthopedic surgeon.
•	 Furthur	development	of	PSI	based	on	x-ray	planning	instead	of	MRI	or	CT-scan.
•	 Study	of	the	exact	cost-effectivness	of	PSI	for	TKA.
•	 Further	exploration	of	the	Knee	in	Box	philosophy.	

Recommendations for the daily orthopedic practice:
•	 The	Dutch	Arthroplasty	Register	 (LROI)	 contains	 information	 on	 orthopaedic	 prosthesis	

procedures in the Netherlands.  The registration of TKA and UKA implants does not include 
the method of alignment. For this, I would recommend to add this to the registration, includ-
ing the type of scan modality which is used to produce the PSI.

•	 New	technologies,	including	PSI	and	robotic	surgery,	should	be	added	to	the	training	cur-
riculum to become orthopaedic surgeon.

•	 Finaly,	if	you	use	PSI,	spend	time	on	the	preoperative	planning!
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In deze thesis wordt het potentieel van patient-specifiek instrumentarium (PSI) nader be-
schouwd. 

In Hoofdstuk 1 wordt, bij wijze van introductie tot dit proefschrift, zowel de epidemiologie 
als de evolutionaire ontwikkeling van de totale knie arthroplastiek (TKA) geschetst. Tevens 
wordt bediscussieerd dat het aantal patiënten met artrose in de westerse landen zal toenemen 
als gevolg van de vergrijzing van de bevolking en door een toename van het aantal mensen met 
overgewicht. In dat kader is optimalisatie van het behandelalgoritme van artrose van belang. 
Behandeling van artrose op de lange termijn omvat een breed scala aan behandelingsstrategieën 
(bijvoorbeeld gewichtsbeheersing, medicijnen en  fysiotherapie). Voor de meeste patiënten met 
een eindstadium van artrose van het kniegewricht is de TKA de meest geindiceerde behande-
ling. Een van de belangrijkste factoren die de overleving van het implantaat beïnvloeden, is 
de uitlijning van de femur- en de tibia-component. Voor een juiste uitlijning van de TKA-
componenten zijn verschillende methoden geïntroduceerd. PSI is een relatief nieuwe methode 
om een TKA uit te lijnen en het doel van dit proefschrift is dan ook om aspecten van de 
klinische introdcuatie en ontwikkeling van PSI voor TKA te besturderen. Bovendien zal de 
accuratesse van de techniek en het toekomstperspectief/alternieve klinische applicaties aan de 
orde komen. 

De antwoorden op de onderzoeksvragen, zoals geformuleerd in Hoofdstuk 1, zijn onderverdeeld 
in drie secties. De belangrijkste resultaten zijn samengevat en gemarkeerd in deze 3 secties.

De eerste sectie bediscussieert de radiografische, de intra- en postoperatieve en de 5 jaars 
klinische resultaten van PSI voor TKA. 

In Hoofdstuk 2 werden de radiografische resultaten van TKA met gebruik van PSI van 
verschillende fabrikanten vergeleken met de conventionele geïnstrumenteerde TKA in een 
prospectieve niet-gerandomiseerde studie. De resultaten toonde aan dat de proporties van uit-
schieters, in vergelijking met conventioneel instrumentarium, in het voordeel van PSI waren, 
zonder verschillen met betrekking tot de uitschieters tussen de afzonderlijke PSI-systemen. We 
concludeerden dat deze resultaten van een hoog volume chirurg suggereren dat PSI klaar is 
voor dagelijks gebruik bij TKA chirurgie.

PSI wordt geleverd met een computerprogramma, waarbij de voorgestelde planning moet 
worden goedgekeurd door de opererende chirurg. Als dat niet het geval is, wordt het PSI ver-
vaardigd op basis van de planning die door een technicus is gemaakt. Hoofdstuk 3 bestudeert 
of de pre-operatieve digitale planning de implantaat maten nauwkeurig kan voorspellen die 
intraoperatief worden gebruikt. De preoperatief voorspelde femur en tibia component maten, 
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goedgekeurd door de opererende chirurg, resulteert in een meer accurate voorspelling van 
de werkelijk geplaatste maten peroperatief, in vergelijking met de planningsinstellingen die 
door een technicus zijn gemaakt. We concludeerden derhalve dat, om fouten in de intraopera-
tieve implantaat maatvoering tot een minimum te beperken, de planning altijd moet worden 
gevalideerd en goedgekeurd door de opererende chirurg, vooral ook omdat laatstgenoemde 
de eindverantwoordelijkheid draagt voor de operatie. Bovendien konden potentiële verschil-
len in de maatvoering van de TKA componenten niet verklaard worden door de verschil-
lende beeldvormingstechnieken, d.w.z. op MRI danwel op CT gebaseerde PSI. Zowel het op 
MRI- als het op CT-gebaseerde PSI vertoont vergelijkbare percentages van correct voorspelde 
intraoperatieve implantaatmaten.

Gepubliceerde langetermijn klinische resultaten van PSI zijn schaars aangezien ze relatief recent 
op de markt zijn verschenen. Hoofdstuk 4 geeft een beschrijving van de levensduur van het 
TKA-implantaat en de klinische resultaten van 180 gerandomiseerde patiënten, die nu 5 jaar 
lang in een multicenter RCT gevolgd zijn. Op middellange termijn waren er geen significante 
verschillen in de overleving tussen de middels PSI en de middels conventionele uitgelijnde 
TKA’s. Echter, iets meer implantaten werden gereviseerd in de conventionele TKA-groep. De 
klinische uitkomsten tussen PSI en conventioneel uitgelijnde TKA’s waren vergelijkbaar. De 
klinische resultaten en de revisie percentages van PSI uit RCT’s, samen met kosteneffectiviteits-
studies moeten aantonen of PSI potentie heeft om de gouden standaard te worden voor het 
plaatsen van een TKA.

Sectie twee handelt over de verschillen tussen op MRI en op CT gebaseerde PSI voor TKA.

Hoofdstuk 2 beschreef dat de radiologische resultaten van TKA vergelijkbaar waren tussen het 
PSI van verschillende fabrikanten. Echter, de methode van beeldacquisitie en pre-operatieve 
planning is niet gestandaardiseerd tussen de PSI-fabrikanten. De individuele onderzoeken over 
dit onderwerp leverden verschillende resultaten op. De vergelijking tussen de op MRI- en 
CT-gebaseerd PSI voor TKA van één fabrikant werd beschreven in Hoofdstuk 5. Deze RCT 
werd opgezet om de radiografische nauwkeurigheid van beide scanmodaliteiten (MRI en CT) 
voor de productie van PSI voor de uitlijning van de TKA te onderzoeken. Alleen het aantal 
uitschieters voor de posterieure hellingshoek van de tibia component toonde een verschil, met 
significant meer uitschieters in de CT-groep vergeleken met  de MRI-groep.

De resultaten beschreven in Hoofdstuk 5 komen overeen met de resultaten uit de systematische 
review en meta-analyse, gepresenteerd in Hoofdstuk 6. In dit Hoofdstuk werd bewijs geleverd 
dat waneer een TKA procedure middels op MRI gebaseerd PSI werd uitgevoerd, dit resulteerde 
in een significant lager aantal uitschieters voor het femorale component, zoals gemeten op 
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laterale röntgenfoto’s (flexie-extensie). De resultaten van deze studie tonen aan dat MRI de 
beeldvormingsmodaliteit van keuze moet zijn bij het uitvoeren van TKA-chirurgie met PSI.

De derde sectie exploreert het potentieel van PSI bij patienten met elektronische hulpmiddelen 
zoals een pacemaker, patienten met gewrichtsmisvormingen van het kniegewricht (posttrau-
matisch), patienten met metaal rondom het kniegewricht van eerdere operaties en/of patienten 
met een halve knie artroplastiek (HKA). Bij deze patiënten is een MRI niet mogelijk. Derhalve 
wordt in in dit derde deel besproken of PSI een betrouwbare uitlijnmethode is bij patiënten 
met posttraumatische artrose in de knie en of PSI een betrouwbaar instrument is voor HKA-
naar-TKA revisiechirurgie.

Hoofdstuk 7 beschrijft dat gedetailleerde pre-operatieve planning geschikt is in het geval van 
posttraumatische knie artrose. De pre-operatieve planning is nuttig om de uitlijning vooraf te 
bepalen en zo de postoperatieve correctie te evalueren. Tevens biedt het de mogelijkheid om te 
controleren of het implantaat interfereert met de aanwezige metalen onderdelen van eerdere 
operaties. In de meeste gevallen was het niet nodig om de metalen onderdelen te verwijderen 
zoals voorspeld met de PSI planning. Met adequate pre-operatieve planning weten we van 
tevoren hoe om te gaan met de metalen onderdelen bij het kniegewricht, wat resulteert in een 
acceptabele uitlijning van de componenten en verbeterde klinische uitkomsten. De op CT 
gebaseerde PSI kan in deze gevallen een goed alternatief zijn.

De flexie/extensie uitlijning van het femorale component vertoonde echter een ongewenst 
resultaat in onze studie. Op basis van onze ervaring zouden deze teleurstellende resultaten het 
gevolg kunnen zijn van het feit dat het op CT gebaseerde PSI niet adequaat gepositioneerd kon 
worden. Met de vierpuntsbevestiging refeereert de tibiamal aan de voorzijde van de tibia, maar 
maakt geen enkel contact met het kraakbeenachtige oppervlak van het mediale en laterale ti-
biaplateau. Er is een standaard ruimte van 5 mm tussen het PSI en het overgebleven kraakbeen 
en de mal rust daarom niet stabiel op de proximale tibia. 

PSI werd oorspronkelijk ontwikkeld voor de uitlijning van zowel de TKA als de HKA. Revisie-
chirurgie van een HKA wordt beschouwd als een technisch veeleisende procedure vanwege mo-
gelijk botverlies, de potentiële behoefte voor augmentaties, gebruik van lange steel prothese en 
vereist zorgvuldige pre-operatieve planning. Zoals te vinden is in Hoofdstuk 3 en Hoofdstuk 
7, kan accurate pre-operatieve planning onverwachte perioperatieve problemen verminderen, 
met name in deze gecompliceerde gevallen van een gefaalde HKA. Hoofdstuk 8 introduceerde 
een uniek nieuw concept met betrekking tot PSI, HKA-naar-TKA-revisiechirurgie. De be-
langrijkste bevindingen waren dat PSI voor HKA-naar-TKA-revisiechirurgie resulteerde in een 
beperkt aantal rotatie-uitschieters, in het bijzonder het femorale component van de TKA. De 
tibia mal lijkt vatbaarder voor fouten, wat resulteert in een aanzienlijk percentage uitschieters. 
PSI als een nieuw hulpmiddel voor HKA-naar-TKA-revisiechirurgie blijkt een nauwkeurig 
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hulpmiddel te zijn voor de uitlijning van het TKA-femurcomponent, maar in mindere mate 
voor de tibia component.

Gebaseerd op het werk gepresenteerd in dit proefschrift, geeft Hoofdstuk 9 een algemene 
discussie over de huidige en toekomstige ontwikkeling van PSI voor de behandeling van knie-
artrose. Klinische resultaten van gerandomiseerde langetermijnstudies en kosteneffectiviteits-
studies moeten aantonen of PSI de nieuwe gouden standaard kan worden voor het plaatsen van 
een TKA. PSI lijkt zich te onwikkelen tot een dominant ontwerp, ondanks het wijdverbreide 
gebruik van een onbewezen langetermijnontwerp. 

Slotopmerkingen en toekomstig onderzoek 
De afgelopen decennia, verandert drie dimensionaal (3D) printen de gezondheidszorg. Het 
grote probleem van deze 3D geprinte medische toepassingen zijn echter de hoge kosten. 
Nieuwe medische technologieën zijn duur wanneer ze op de markt komen, ze worden goedko-
per in de loop van de tijd. De kosten van 3D-printen nemen af   en de technologie wordt beter 
toegankelijk, tegen een redelijke prijs.

Aanbevelingen voor toekomstig onderzoek:
•	 Verdere	 onwikkelingen	 van	PSI	 voor	 revisieartroplastiek	 bij	 een	 falende	HKA.	Tevens	 dit	

toegankelijk maken voor elke (ervaren) orthopedisch chirurg.
•	 Verdere	onwikkelingen	van	PSI	op	basis	van	röntgenplanning	in	plaats	van	MRI	of	CT.
•	 Verdere	bestudering	van	de	exacte	kosteneffectiviteit	van	PSI	voor	TKA.
•	 Verder	exploreren	van	de	‘Knie	in	een	doos’	filosifie.	

Aanbevelingen voor de dagelijkse orthopedische praktijk:
•	 De  Landelijke	 Registratie	 Orthopedische	 Implantaten  (LROI)	 bevat	 informatie	 over	 de	

orthopedische prothese-ingrepen in Nederland. De registratie van implantaten van TKA en 
UKA bevat niet de uiitlijnmethode. Op basis van dit proefschrift wil ik aanbevelen dit aan de 
registratie toe te voegen, inclusief het type scanmodaliteit dat wordt gebruikt om de PSI te 
produceren.

•	 Nieuwe	technologieën,	waaronder	PSI	en	robotchirurgie,	moeten	worden	toegevoegd	aan	het	
opleidingsprogramma om orthopedisch chirurg te worden.

•	 Tot	slot,	als	u	PSI	gebruikt,	besteedt	dan	genoeg	tijd	aan	de	pre-operatieve	planning!
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Dankwoord

Aan	alles	komt	een	einde,	maar	dat	geldt	niet	voor	de	wetenschap!

Wetenschap is teamsport; spelers op verschillende posities met uiteenlopende kwaliteiten. Een 
trainer, een coach maar ook de “12e man” spelen een belangrijke rol. 

Bij mijn aanstelling, in November 2008, was mij niet geheel duidelijk hoe groot de betrok-
kenheid van collegae zou zijn bij de totstandkoming en het opzetten van wetenschappelijk 
onderzoek. Nu 10 jaar verder weet ik beter. De lijst hieronder zal waarschijnlijk niet volledig 
zijn, alsnog mijn dank, maar ook mijn oprechte excuses hiervoor.

Copromotor dr Kort, beste Nanne. Jij hebt mij ervan overtuigd dat wetenschap meer is dan 
alleen een publicatie. Jouw naam loopt als een rode draad door mijn ‘prille’wetenschappelijke 
carriere. Afgelopen jaren hebben wij er samen voor gezorgd dat de kwaliteit en kwantiteit van 
de wetenschappelijke output naar een hoger niveau werd gebracht. Je hebt de gave om mensen 
enthousiast te maken en te motiveren door middel van je grote betrokkenheid. Voor dit alles 
ben	ik	je	veel	dank	verschuldigd,	je	hebt	van	mij	een	betere	wetenschapper	gemaakt!	Ik	wens	
jou, Mascha en de kinderen het allerbeste voor de toekomst toe.

Hooggeleerde promotor professor dr. van Rhijn, beste Lodewijk. De basis was al in een ver 
voorstadium gelegd, in 2010, ten tijden van de start van het promotie-traject van Bert en Bart 
Kerens. Ik moest alleen nog even wakker geschut worden, dank daarvoor. Vanaf het begin afaan 
ben je zeer betrokken geweest en wist je mij op de juiste momenten te motiveren. De volgende 
promovendi op deze lijn staan klaar. Bedankt voor al je hulp en vertrouwen.

Hooggeleerde promotor professor dr. Vos, beste Rein. Jij hebt van mij een betere statisticus 
gemaakt, waarbij ik jouw ogen heb geopend voor de orthopedie. Je hebt mij 1 op 1 de fijne 
kneepjes van de mixed-model analyse bijgeleerd. Mijn oprechte dank daarvoor. De publicaties 
die uit onze samenwerking voortvloei(d)en spreken voor zich. Onze besprekingen liepen altijd 
uit. Het ging  dan ook altijd over uiteenlopende zaken en onderwerpen, waarbij het thuis front 
ook altijd aan bod kwam. Bedankt voor al je hulp en vertrouwen. 

De leden van de beoordelingscommissie, professor dr. R.A. de Bie, professor dr. I.C. Heyligers, 
professor dr. E. Thienpont, dr. P.J. Emans en dr. R.P.A. Janssen. Hartelijk dank voor de tijd en 
moeite die jullie hebben genomen om dit proefschrift grondig te beoordelen.

Alle patiënten die hebben deelgenomen aan de studies beschreven in dit proefschrift wil ik 
danken voor hun vertrouwen en deelname.
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Alle collegae van de industrie: Michiel, Peter, Hans, Rutger, Ad, Harald, Han, Karim, Thijs, 
Marcel	en	Michael	hartelijk dank	voor	de	samenwerking	en	de		koffie!

Alle medeauteurs wil ik hartelijk danken voor jullie inbreng, visie en wetenschappelijke advie-
zen.

Paranimfen, Marije Baas-Schotanus en Bert Boonen. Fijn dat jullie vandaag achter mij staan 
bij de verdediging van dit proefschrift, dat geeft een hoop vertrouwen. Beste Marije, lieve 
schoonzus,	het	is	af!	Beste	Bert,	dank	voor	je	tijd	in	de	laatste	fase	van	het	afschrijven	van	dit	
proefschrift. Negen jaar geleden zijn wij samen met Nanne deze onderzoekslijn gestart. Dit 
resulteert in 3 proefschriften. De volgende 2 promovendi zullen het stokje overnemen.

De maatschap Orthopedie van het Zuyderland Medisch Centrum, Heerlen-Sittard-Geleen, 
in het speciaal Edwin Jansen, Emil van Haaren, Pieter Tilman en Roel Hendrickx en oud 
gediende Aart Verburg, Frits Drayer, Nanne Kort en last but not least Hans van Os. Jullie 
allen wil ik danken voor de stimulerende sfeer en alle mogelijkheden die aan het begin van 
mijn carrière als uitstekende voedingsbodem hebben gediend voor een solide basis voor mij als 
beginnende wetenschapper. Dank voor jullie gezamenlijke input in mij als persoon.

Youri Bemelmans, collega en vriend. Ik hoorde het Hans al jaren zeggen, maar jij bent het 
levende bewijs dat P.A. toch echt voor Physisian Assistant staat en niet voor Personal Assistant. 
Je hebt mij geweldig geholpen. Youri mijn dank is groot.

Rob Borghans, Bob Jong en Frans-Jan Hulsmans jullie als betrokken Radiologen bij de Or-
thopedie en de studies kunnen in dit lijstje niet ontbreken. Dank voor de samenwerking, de 
support,	het	meedenken	en	het	meeschrijven!	Ook	wil	ik	hier	de	laboranten	van	de	afdeling	
Radiologie danken voor al hun tijd en hulp. 

De poli dames, de OK planners, de Secretaresses, de dames van OK, de collegae van de af-
deling, de gipsverbandmeesters en het management RVE Mobiliteit en Bewegen dank voor 
jullie	veelzijdige	ondersteuning!	Zonder	jullie	is	het	uitvoeren	van	wetenschappelijk	onderzoek	
praktisch	onmogelijk!

Alle coassistenten, semiartsen, arts-assistenten en opleidingsassistenten Orthopedie ROGO-
zuid, die de afgelopen decennia gepasseerd zijn, dank voor al jullie hulp en net zo belangrijk 
de gezelligheid. In het speciaal wil ik hier nog wel Bas, Joep, Luc en Sander noemen. Wanneer 
gaan we weer eens een klein kaboutertje doen?
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En dan de “12e man”, diegene die wetenschappelijk niet zoveel hebben bijgedragen aan de 
totstandkoming van dit proefschrift, maar wel een zeer belangrijke rol hebben gespeeld en ik 
hen een speciale dank verschuldigd ben.

Lieve vrienden ondanks dat jullie, jammer genoeg, niet om de hoek wonen, zien wij elkaar 
toch bijna wekelijks. Jullie hebben mij ontzettend veel gesteund. Dank voor jullie interesse en 
mentale (en vloeibare) steun. Wanneer gaan we weer op pad?

Lieve tante Hermien en tante Lena dank dat jullie er altijd voor ons zijn.

Lieve familie, broers, zussen, ouders en schoonouders, zwagers en schoonzussen dank voor 
jullie interesse en steun. In het speciaal wil ik mijn moeder danken die mij de vrijheid heeft 
gegeven om altijd te kunnen doen wat ik doe. Je dacht altijd al dat het glas half vol was.

Lieve Floor en Lauren, jullie hebben mij heel goed geholpen door er gewoon te zijn. Ik vind 
het super mooi hoe jullie je ontwikkelen van kleine draakjes tot prachtige slimme dametjes. Ik 
ben heel trots op jullie. Jullie zijn een magisch duo, jullie maken mij gelukkig.

Tot slot, lieve Myrthe, mijn steun en toeverlaat in alle tijden. Nooit heb je geklaagd als ik 
weer achter mijn laptop vast geplakt zat tot in de late uurtjes, om aan onderzoek te werken. 
Integendeel, je hebt mij altijd gesteund en gestimuleerd om alles waar ik mee bezig was tot een 
goed einde te brengen. Zonder jouw steun en inzet zou dit proefschrift niet tot stand gekomen 
zijn. Ik ben je daar heel dankbaar voor.
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Martijn Schotanus was born on July 5th,  1981 in Dordrecht, The 
Netherlands. He graduated from lower (1996) and higher (2000) 
general secondary school with specialization Nature & Health 
(Titus Brandsma-college, Dordrecht). He started with the study 
Human Movement Technology at The Hague University of Ap-
plied Sciences in 2000. During his internship at The Robert Jones 
and Agnes Hunt Orthopaedic Hospital NHS Foundation Trust, 
Gobowen, Oswestry, UK, he became more interested in Scientific 
Research and Orthopeaedics. In 2004, the course was successfully 
completed and he obtained his Bachelor degree in Engenering. Thereafter the study of Hu-
man Movement Sciences at the VU University in Amsterdam was started. On October 31th, 
2008 the course was successfully abolished to start a day later as a Clinical Researcher at the 
Department of Orthopedic Surgery & Traumatology at the Zuyderland Medical Center (head: 
Prof. dr. I.C. Heyligers), before Orbis Medical Center (head: dr. N.P. Kort) and the Maasland 
Hospital (head: dr. A.D. Verburg) in Sittard-Geleen, the Netherlands. During the summer of 
2015 the foundation was laid for this thesis. 
Currently he works as research manager at the Department of Orthopaedic Surgery & 
Traumatology at the Zuyderland Medical Center. He is closely involved in various national 
and international studies, he supervises several (PhD) students and he is regularly asked by 
international Journals as reviewer. Together with Myrthe and their two daughters Floor (2012) 
and Lauren (2015), he lives in Sittard-Geleen the Netherlands.
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