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1.1. Background 
 

1.1.1. Diagnoses of pathologies near orthopaedic hardware 
In orthopaedic practice, reconstructive surgery of the musculoskeletal 

(MSK) system is often required following a diagnosis of trauma, osteoarthritis or 
other MSK abnormality. During surgery orthopaedic hardware (e.g. prosthesis or 
osteosynthesis material (OSM) such as plates, suture anchors and screws) is 
inserted to optimise bone, joint or tendon function. The first internal screw and 
plate fixations were performed in the 19th century, followed in the 20th century 
by the first successful joint replacement procedures (1). If, after these procedures, 
patients have remaining or recurrent complaints, the diagnostic process to 
identify the cause of dissatisfaction is uncertain and often ineffective (2-4). 

Traditionally, the diagnostic work-up in patients with orthopaedic 
hardware who experience complaints starts with the anamnesis, clinical 
examination and a conventional radiograph. Depending on the clinician’s 
suspicion (e.g. ligament or tendon (re)tear, hardware migration, hardware 
malalignment, infection or other) additional imaging is required (5-7). Pre-
operatively, magnetic resonance imaging (MRI) is often the imaging modality of 
choice for evaluating the bone and cartilage along with the surrounding muscles, 
tendons and ligaments (8) (Figure 1.1.a.). If metal implants are used, however, MRI 
images taken postoperatively are disturbed by susceptibility artefacts (Figure 
1.1.b). Susceptibility artefacts appear when two materials with different magnetic 
susceptibility (such as soft tissues and a metal implant) are juxtaposed. This 
caused a local field distortion which results in a frequency shift and a local signal 
change (9). These metal-induced susceptibility artefacts result in a disturbed area 

A     B 
Figure 1.1. MRI of the native knee (A) and of the knee after total knee arthroplasty (B).  
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on the image near orthopaedic hardware (10), which reduces the image’s 
diagnostic value (3, 11-13). 

One example of a case in which post-operative imaging is important but 
may be hampered by metal artefacts is the evaluation of total knee arthroplasty 
(TKA). Although TKA is the most frequently executed total joint procedure (14), 
approximately 20% of TKA patients remain dissatisfied postoperatively, and, 
depending on the suspected cause of dissatisfaction, additional imaging is 
performed (15). Computed tomography (CT) is indicated when a patient is 
suffering from anterior knee pain and instability which is related to rotational or 
patellofemoral alignment problems (16). When another patellofemoral pathology 
is expected, then additional patellofemoral radiography, or sometimes single-
photon emission computed tomography (SPECT), is performed as well (17, 18). If 
the tibial or femoral component of the prosthesis is suspected of loosening or 
migration, a CT is made (19). Furthermore, aspects such as alignment, migration 
and other pathologies such as infection, wear and instability could relate to the 
cause of complaints and be assessed on the images. Hence, clinicians may use a 
combination of imaging modalities, such as conventional radiographs, CT, stress 
radiographs, SPECT-CT or MRI (6, 20-24). Currently, there is not a single imaging 
modality with the ability to differentiate between the different causes of 
complaints. 

Another, similar case is the evaluation of a painful shoulder after a rotator 
cuff repair with a titanium suture anchor. When a primary tear is suspected, 
ultrasound (US) and MRI are used to evaluate the cuff (25). After surgery, both 
MRI and US are disturbed by the presence of the metal anchor (26). This often 
results in additional invasive imaging, such as MR-arthrography (MRA) or CTA 
when a retear is suspected and the MRI is inconclusive (3). Taken together, 
evaluation of soft tissues such as muscles, ligaments and tendons after reparative 
surgery with orthopaedic hardware remains difficult. 

Furthermore, all additional diagnostic imaging is performed in supine 
position. Given that, during the day, our limbs are usually in weight-bearing 
conditions, it seems important to image them in weight-bearing conditions. 
Recent research on the native knee shows that MRI scans made in upright weight-
bearing position can contribute to diagnosing various patellofemoral parameters 
that are associated with knee pain and patellofemoral joint problems (27-31). 
However, it remains to be established how and whether the benefits of load-
bearing examination also occur after implantation of orthopaedic hardware. 
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1.1.2. High- and low-field magnetic resonance imaging 
Magnetic resonance imaging (MRI) – which exploits the response of 

atomic nuclei (typically hydrogen) to radiofrequency excitation in a strong 
magnetic field – is a relatively new imaging modality (32). In the 1970s the first 
MRI image, and consequently the first human MRI, was made (33), followed by 
the first commercial MRI system in 1980 (32). In the following decade, experience 
was gained with MRI of the musculoskeletal (MSK) system (34-36). The systems 
used in the early days of MRI were low-field systems (< 0.5 tesla (T)) with a 
permanent magnet (32). The use of superconducting magnets enabled imaging at 
high-field strengths, leading to the introduction of 1.5T in 1985 and of 3T in 1998 
(32). Currently, 1.5T or sometimes 3T has become the standard in clinical practice 
(37). 

However, an increased main magnetic field is correlated with increased 
susceptibility artefacts in the presence of orthopaedic hardware (38, 39). 
Traditional attempts to reduce metal artefacts primarily focus on the 
improvement of settings (e.g. shortening the echo time or increasing the 
bandwidth) and scan sequences (e.g. using metal artefact reducing sequences 
(MARS) such as slice encoding for Metal artefact correction (SEMAC), view angle 
tilting (VAT) or multi-acquisition variable-resonance image combination 
(MAVRIC)) (40-48). The development of MARS sequences has made MRI, which 
is a radiation-free technique preferable for imaging soft-tissue structures, a 
compelling alternative for imaging post-implantation of orthopaedic hardware (7, 
49, 50). 

However, reduction of the main magnetic field (low-field MRI < 0.5 T) 
might provide another option that would sufficiently diminish the susceptibility 
artefacts (38, 39). Since high-field MRI provides better spatial and contrast 
resolution, low-field MRI is seldom used (51). At the beginning of this century, it 
was stated that high-field MRI allows a more accurate interpretation of images 
than low-field MRI (51). However, the magnet construction, coil design, and 
sequence development are important for accurate imaging (52), and therefore it 
is currently doubtful whether high-field images are necessarily associated with 
greater diagnostic power (53). Recently, studies have actually shown that low-field 
MRI is highly suitable for parts of MSK imaging (39, 54). Moreover, it has low 
purchase and maintenance costs in comparison with high-field MRI, and no 
special room conditions are necessary for placement (55). All these factors make 
it interesting to evaluate the diagnostic potential of low-field MRI near 
orthopaedic hardware. 

Additionally, some low-field MRI systems offer the possibility of scanning 
in upright weight-bearing conditions. As stated earlier, recent research shows that 
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there may be added value in scanning the native joint in weight-bearing 
conditions (27-31). If low-field MRI would offer the possibility of imaging near 
orthopaedic hardware, it might offer an opportunity to evaluate joints with 
orthopaedic hardware without the usual artefacts and in weight-bearing 
conditions. 

 

1.2. Thesis objective 
 

The aim of this thesis is two-fold. Firstly, it investigates the properties of 
MRI as a diagnostic modality for various pathologies near orthopaedic hardware. 
Secondly, the added value of weight-bearing low-field MRI to diagnose several 
pathologies post-TKA is explored. 

1.3. Thesis outline 
 
In Figure 1.2 the thesis outline is summarized. In order to answer this two-

fold research question, several aspects are investigated. To evaluate the diagnostic 
value of high-field MRI near orthopaedic hardware, Chapter 2 evaluates the 
diagnostic value of high-field MRI to diagnose a rotator cuff tendon retear near 
titanium suture anchors. Subsequently, since the most often performed joint 
replacement procedure is the TKA, and 20% of patients remain dissatisfied after 
the procedure, Chapter 3 aims to systematically review and critically appraise the 
literature on the diagnostic properties of high-field MRI in post-TKA patients.
 The potential of using weight-bearing MRI in native joints to evaluate 
musculoskeletal disorders, together with the promising possibilities for 

Figure 1.2. thesis outline. OSM = osteosynthesis material, TKA = total knee arthroplasty,  
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diagnosing infection, loosening and wear and malalignment with high-field MRI 
post-TKA, makes it interesting to evaluate the possibilities of weight-bearing low-
field MRI after TKA. Firstly, Chapter 4 aims to evaluate the effect of weight-
bearing MRI on several patellofemoral alignment parameters. Moreover, the 
reliability of alignment measurements performed on low-field MRI is determined. 
Then, Chapter 5 evaluates the potential of low-field MRI to measure prosthetic 
migration of the TKA. Finally, Chapter 6 assesses the potential of low-field MRI 
to diagnose a range of pathologies including loosening and wear, component 
malalignment, instabilities and patellofemoral disorders after TKA is investigated. 

Whereas Chapters 4–6 focus primarily on low-field MRI, in clinical 
practice high-field MRI is the standard (37). High-field MRI is suitable for imaging 
of almost all MSK parts of the human body and offers better overall image quality 
(51). Together with the recent developments in MARS sequences, it is interesting 
to compare the performance of low-field MRI with the more clinically available 
high-field MRI in imaging the knee post-TKA. Therefore, Chapter 7 aims to 
compare the clinical value of low-field with high-field MRI for evaluating the knee 
post-TKA. 

The findings and developments collected in this thesis are summarised in 
Chapter 8. Based on the discussion of these findings in relation to the research 
aims, conclusions are drawn and future perspectives are formulated. 

11
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2.0 Abstract 
 
Introduction: The rate of retear after rotator cuff surgery is 17%. Magnetic 
resonance imaging (MRI) scans are used for confirmative diagnosis of retear. 
However, because of the presence of titanium suture anchors, metal artefacts on 
the MRI are common. The present study evaluated the diagnostic value of MRI 
after rotator cuff tendon surgery with respect to assessing the integrity as well as 
the degeneration and atrophy of the rotator cuff tendons when titanium anchors 
are in place. 
 
Methods: Twenty patients who underwent revision surgery of the rotator cuff as a 
result of a clinically suspected retear between 2013 and 2015 were included. The 
MRI scans of these patients were retrospectively analyzed by four specialized 
shoulder surgeons and compared with intra-operative findings (gold standard). 
Sensitivity and interobserver agreement among the surgeons in assessing retears 
as well as the Goutallier and Warner classification were examined. 
 
Results: In 36% (range 15% to 50%) of the pre-operative MRI scans, the observers 
could not review the rotator cuff tendons. When the rotator cuff tendons were 
assessable, a diagnostic accuracy with a mean sensitivity of 0.84 (0.70 to 1.0) across 
the surgeons was found, with poor interobserver agreement (kappa = 0.12). 
 
Conclusions: Metal artefacts prevented accurate diagnosis from MRI scans of 
rotator cuff retear in 36% of the patients studied. 
Keywords: diagnostic value, interobserver agreement, metal artefacts, MRI, 
rotator cuff, shoulder 
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2.1 Introduction 
 

Recurrent or persisting symptoms after rotator cuff surgery can be a result 
of retears or nonhealing of the repaired tendon(s). The mean rate of retear after 
rotator cuff surgery is reported to be 17%, with a wide range (11% to 94%).(56) A 
magnetic resonance imaging (MRI) scan is the preferred means of diagnosing 
retears and evaluating the muscle quality of the rotator cuff.(57) Many surgeons 
use metal (often titanium) suture anchors for cuff repair, which are placed at the 
rotator cuff footprint on the humeral head.(58-60) These titanium anchors cause 
metal artefacts on postoperative magnetic resonance images and therefore 
potentially limit the diagnostic value of the scan (Figure 2.1).(57-59, 61, 62)  

Literature on the diagnostic accuracy of MRI  after rotator cuff repair is 
scarce.(63-65) Only a few studies describe the diagnostic quality of these scans in 
detecting a retear (63, 64) or assess interobserver agreement in detecting 
retears.(65) None of the existing studies have investigated the degree to which 
metal artefacts reduce the diagnostic value of the postoperative MRI and thereby 
decrease interobserver agreement.   

The present study aimed to determine the extent to which metal artefacts 
caused by titanium suture anchors inserted during the initial surgery hamper the 
MRI-based assessment of the rotator cuff tendon integrity and the degeneration 
and atrophy of the rotator muscles. 
 

 
Figure 2.1. Magnetic resonance imaging of the shoulder. Coronal slice made with a T2 weighted fast 
spin echo sequence with clear metal artefacts after cuff repair with a titanium anchor 

 

2.2 Materials and methods 
 

A retrospective case cohort study was carried out. Between June 2013 and 
June 2015, 337 patients underwent rotator cuff surgery in our clinic. Based on 
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clinical symptoms, 24 (7%) of these patients underwent revision surgery of the 
rotator cuff. Four patients who had not undergone an MRI prior to the revision 
surgery were excluded. The study population consisted of 20 patients who 
underwent revision surgery of the rotator cuff and who had undergone a 
postoperative MRI scan after the primary cuff repair and before revision (Figure 
2.2). The revision procedures were performed arthroscopically (45%) or using the 
mini-open technique (55%). 
 
  
 
 

 
Figure 2.2. Flowchart of the study population. 

 
The magnetic resonance images included sagittal, coronal and transversal 

oblique turbo spin echo sequences, T1, T2 and PD weighted (TR/TE 600-3670/12-
93). Slice thicknesses ranged from 3 mm to 3.5 mm, with a gap of 1 mm. The field 
of view was 200 mm, with a matrix between 256 × 256 and 384 × 308. Images were 
acquired using a high field 1.5 Tesla (T) MRI (Magneto Avento; Siemens, Munich, 
Germany) with a dedicated shoulder coil. 

Data on patient characteristics (sex, age, side of the operation and surgical 
technique) were collected retrospectively. The intra-operative findings of the 
revision surgery were considered the gold standard; therefore, the surgical reports 
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were retrieved from the digital medical records (EZIS; ChipSoft, Amsterdam, The 
Netherlands). To assess the diagnostic utility of the MRI for evaluating the rotator 
cuff after surgery involving titanium suture anchors, the 20 anonymized scans 
were evaluated by four specialized shoulder surgeons. The surgeons were blinded 
for patient characteristics. The scans were scored as outlined below.  
 

 2.2.1 Scoring of scans 
Retears: The rotator cuff was evaluated for the presence of retears. This 

was scored on a three-point grading scale, where 0 indicates ‘no retear’, 1 indicates 
‘retear’ (partially or fully) and 2 indicates ‘not assessable as a result of metal 
artefacts’. 

Fatty degeneration and atrophy: Fatty degeneration and atrophy of the 
rotator cuff muscles using the Goutallier and Warner classification. (66, 67)The 
Goutallier classification quantifies the extent of fatty degeneration of the rotator 
cuff muscles, where 0 = normal muscle, 1 = some fatty streaks, 2 = more muscle 
than fat, 3 = equal amount of fat and muscle, and 4 = more fat than muscle.(66) 
The Warner classification is a grading scale for muscle atrophy ranging from ‘no’, 
‘mild’ and ‘moderate’ atrophy to ‘severe’ atrophy.(67) The classification is based 
on the oblique sagittal-plane MRI, where an imaginary straight line connects the 
coracoid either to the scapular spine or to the tip of the scapula. 

Hampering of metal artefacts: The extent to which metal artefacts reduce 
the visibility of the tendons and muscles of the rotator cuff was scored on a visual 
analogue scale (VAS) ranging from 0 = ‘not assessable as a result of metal artefacts’ 
to 10 = ‘the anatomic structures were not obscured in any way by metal artefacts’. 

 

2.2.2 Statistical analysis  
Patient ages are presented as the mean (SD). Categorical data (sex, 

affected side/tendons) are summarized by frequency and percentage. The 
univariate association between continuous patient characteristic variables was 
assessed using a Student’s independent t-test for continuous variables. Categorical 
variables were compared using Pearson’s chi-squared test and Fisher’s exact test. 
p < 0.05 was considered statistically significant. 

To evaluate the interobserver agreement in identifying a rotator cuff tear, 
a linear weighted kappa was calculated between the four observers. The kappa 
statistic was categorized as indicating poor (< 0.50), good (0.51 to 0.75) or excellent 
(> 0.75) agreement.(68) As an indicator of the hampering of accurate assessment, 
the number (percentage and range) of postoperative MRI scans that the 
orthopaedic surgeons rated as ‘not assessable as a result of metal artefacts’ was 
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determined. These scans were excluded from the calculation of the MRI 
reassessments’ sensitivity. The gold standard was the intra-operative findings  
(retear/intact). 

A VAS scale was used to measure the extent to which metal artefacts 
reduce the visibility of the tendons and muscles. An average of the four surgeons’ 
VAS ratings for the four tendons and muscles of the rotator cuff was calculated. 
For the degeneration and atrophy of the rotator cuff muscles, the intraclass 
correlation coefficient (ICC) for the Goutallier and Warner classification was 
determined. In the present study, the Goutallier and Warner classification served 
as the reference score for assessing interobserver reliability. Although we are 
aware that the tendon integrity score differs from the Goutallier and Warner 
classification, incorporating this scoring system provides information on the 
interobserver agreement of our sample of orthopaedic surgeons that is less subject 
to the metal artefacts’ influence. As such, differences in interobserver agreement 
between these two scoring systems might serve as evidence of the metal artefacts’ 
hampering effect on the MRI scan. All data were analyzed using SPSS, version 23 
(IBM Corp., Armonk, NY, USA). 
 

2.3 Results  
 

Patient characteristics are summarized in Table 2.1. The study cohort 
consisted of 20 patients (65% male), with a mean (SD) age of 56 (8.8) years. The 
revision cuff repairs were performed either using the mini-open technique (55%) 
or arthroscopically (45%). There were no differences between the characteristics 
(sex, age, side of the operation and surgical technique) of the patients undergoing 
revision cuff surgery and those of the overall cuff repair group. 

Intra-operatively, retears of the rotator cuff were found in 95% of cases. A 
combination of the supraspinatus, infraspinatus and subscapularis tendon was 
ruptured in 60% of the patients. There was an isolated tear of the supraspinatus 
tendon in 25% of the cases, infraspinatus tendon in 10% of the cases and 
subscapularis tendon in 5% of the cases. 

As shown in Table 2.2, the shoulder surgeons judged approximately one-
third (36%; range 15% to 50%) of the postoperative MRI scans of the rotator cuff 
to be ‘not assessable’ as a result of metal artefacts. The interobserver agreement 
for retears was poor, with a kappa of 0.12 (0.00 to 0.29). The mean sensitivity was 
0.84 (0.70 to 1.00). High inconsistency in MRI assessments was found among the 
assessors: they were in complete agreement in only 2/20 (10%) of the MRI 
assessments, where one case concerned a retear and the other was judged as ‘not 
assessable’ by all four observers.  
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Table 2.2: Interobserver agreement and sensitivity 

Kappa Surg. 2 Surg. 3 Surg. 4 Not assessable due to 
metal artefacts 

Sensitivity (without 
missing) 

Surg. 1 0.29 0.08 <0 15 75 

Surg. 2 
 

0.08 0.18 35 92 

Surg. 3 
  

0.07 45 70 

Surg. 4 
   

50 100 

Mean 
  

0.12 36 84 

 
Figure 2.3 gives an overview of the extent to which metal artefacts hamper 

the visibility of the tendons and muscles of the rotator cuff. The supraspinatus 
tendon was most disturbed by the metal artefacts: it was completely unaffected by 
these in only 15% (3/20) of MRI assessments. Good agreement was found between 

Table 2.1: Patients characteristics     

  All cuff repairs Re-repairs cuff P-value 

  (n = 337) (n = 20)   

Factor    

Age, years, mean (SD) 59 (9.6) 56 (8.8) 0.54 

Male, n(%) 179 (53.1) 13 (65.0) 0.36 

Left shoulder, n(%) 124 (36.8) 7 (35.0) 0.53 

Tendon(s) repaired, n(%)    

     SSP 198 (58.8) 5 (25.0) 0.22 

     ISP 6 (1.8) 2 (10.0)  

     SSC 4 (1.2) 0 (0.0)  

     Combination 128 (37.9) 12 (60.0)  

     Intact cuff 1 (0.3) 1(5.0)  

SD standard deviation, SSP Supraspinatus, ISP infraspinatus, SSC subscapularis.  
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the assessors for the Goutallier and Warner classification (ICC of 0.67 and 0.73) 
(Table 2.3). Almost all muscles were given a VAS score of > 8, suggesting that 
diagnostics were not disturbed by metal artefacts. 

 

Table 2.3: Goutallier and Warner     

Goutallier 0 1 2 3 4 

% 15 23 23 16 23 

ICC 0.67         

Warner None Mild Quite Severe   

% 22 29 33 16   

ICC 0.73         

 

 

Figure 2.3. The extent metal artefacts hamper tendons and muscles to evaluate the rotator cuff. 
Tendons and muscles hampered as a result of metal artefacts (n = 20). Scoring was conducted on a 
visual analogue scale (VAS) scale by four specialized shoulder surgeons. 0 indicates that, as a result of 
metal artefacts, it was impossible to distinguish the anatomic structure, whereas 10 indicates that the 
anatomic structure was not obscured in any way by metal artefacts. MRI  
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2.4 Discussion  
 

The present study has shown that metal artefacts caused by titanium 
suture anchors in rotator cuff surgery negatively affect MRI scans’ diagnostic 
accuracy and interobserver agreement in detecting retears of the rotator cuff on 
MRI scans. 

The sensitivity for diagnosing a retear after rotator cuff repair in our study 
was 84% (range 0.70 to 1.00). Motamedi et al.(64) report a similar sensitivity of 
91%. In their study, the 37 MRI scans of the rotator cuff with titanium suture 
anchors were assessed by one observer (a musculoskeletal radiologist) compared 
to four (shoulder surgeons) in the present study. 

In the present study, the interobserver agreement found for MRI scans 
after cuff repair was poor (kappa 0.12). Khazzam et al. (65)report a markedly 
higher interobserver agreement (kappa 0.60) for assessing retears on MRI scans 
after initial cuff repair. This can be explained by the type of suture anchors 
inserted during the initial surgery: Khazzam et al.(65) only included MRI scans of 
the rotator cuff after surgery with non-metal suture anchors, whereas, in the 
present study, titanium anchors were used. Because metal anchors cause larger 
artefacts than non-metal anchors, the presence of the former is likely to have 
resulted in poorer agreement in the present study. Heterogeneity of the assessors’ 
diagnostic MRI imaging capabilities is less likely to have negatively affected 
agreement because all assessors in the present study were highly specialized, high-
volume shoulder surgeons with a substantial amount of work experience. 

To control for differences in assessors’ capabilities independently of the 
disturbance of metal artefacts, the assessors’ agreement on muscles that were not 
hampered by metal artefacts was assessed using the Goutallier and Warner 
classification. Results showed a good ICC (ICC of 0.67 and 0.73) amongst the 
observers with regard to fatty degeneration and muscle atrophy. Given this high 
agreement on the Goutallier and Warner classification, the low interobserver 
agreement found is more likely to be a result of the metal artefacts’ hampering 
effect than to differences in the observers’ capabilities. 
 

2.4.1 Alternative anchor material 
With the emergence of anchors made of bio-compatible materials, fewer 

titanium anchors might be used in the near future. Bio-anchors do not induce 
metal artefacts and appear to be as effective in secure tendon-to-bone repair as 
metal suture anchors.(69) Unfortunately, the use of some biodegradable anchors 
is also associated with complications, including foreign body reactions, cyst 
formation, fluid collection, osteolysis and chondral damage.(70) A promising 
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alternative is polyetheretherketone anchors, which are nonbiodegradable. These 
anchors act like metal implants without inducing the metal artefact and also do 
not cause the aforementioned complications. Future use of this anchor material 
will resolve the metal artefact problem. However, because titanium anchors are 
still often used during rotator cuff repairs, hampered medical decision-making as 
a result of metal artefacts on postoperative MRIs will remain a problem in the 
forthcoming time. 
 

2.4.2 Improvement of or alternative imaging methods 
If patients remain symptomatic (i.e. experiencing pain or malfunction 

after rotator cuff repair), imaging of the rotator cuff is important in order to 
determine possible treatment options. Limited imaging quality can result in 
invalid medical decision-making with consequences for the patient, such as 
unnecessary repeat surgery or conservative treatment. Given that metal artefacts 
hamper the adequate diagnosis of retears with conventional MRI scanning, the 
challenge is to find ways of overcoming this negative effect on MRI images. 
Technological improvement of scan sequences is one possibility to reduce metal 
artefacts. Ai et al.(71) show that metal artefact reduction sequences (MARS) yield 
up to 59% reduction compared to traditional fast spin echo sequences. However, 
at the time of this study, these MARS sequences were not available at our clinic 
and were also not widespread globally. 

Ultrasound (US) is the preferred method for imaging rotator cuff tears. 
For detecting an initial rotator cuff tear, US and MRI are comparable in both 
sensitivity and specificity.(72) When assessing rotor cuff retears, US is less affected 
by metal artefacts than MRI or computerized tomography (CT). However, the 
postoperative rotator cuff can show altered morphology for years following the 
repair, which can manifest as loss of fibular architecture and abnormal 
echogenicity on US and make it difficult to diagnose a retear.(73) Furthermore, 
the reliability of US is highly dependent on the operator’s experience, and a US is 
not easily re-assessable compared to CT or MRI images. Finally, the amount of 
muscle atrophy is yet not quantified with US, in contrast to CT and MRI. 

Other imaging modalities such as MR arthrography (MRA) or CT 
arthrography (CTA) are expected to improve diagnostics when metal anchors are 
present. Compared to conventional MRI and CT scans, MRA and CTA have a 
comparable or slightly improved sensitivity and specificity for detecting initial 
rotator cuff tears in non-operated shoulders. However, these are invasive 
procedures.(74, 75) Furthermore, their accuracy decreases postoperatively. Scar 
tissue can act as a barrier that prevents contrast entering the subacromial space, 
therefore mimicking an intact cuff in case of a rupture. Furthermore, contrast in 
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the subacromial space on the postoperative MRA or CTA does not always indicate 
a (clinically relevant) retear.(59, 76) 

Finally, it may be worth investigating the possibilities of reducing the 
main magnetic field. High field MRI (> 1 T) is currently used as a standard for 
musculoskeletal imaging.(77) Low field MRI (< 0.5 T), although rarely used at 
present, is hypothesized to be highly suitable for musculoskeletal imaging. (78, 
79) Interestingly, Radzi et al.(80) found that decreasing the main magnetic field 
(from 3 T to 1.5 T) resulted in a 16% reduction of metal artefacts. It is expected that 
low field MRI (0.25 T) would further decrease metal artefacts. A comparison 
between metal artefact hampering in conventional and low field MRI scanning of 
the rotator cuff after repair with metal suture anchors should therefore be 
undertaken in the near future. 
 

2.4.3 Strengths and limitations 
The present study is among the first to evaluate the extent to which metal 

artefacts hamper MRI imaging of the rotator cuff after a repair using metal suture 
anchors and the clinical implications of this hampering. A unique aspect of the 
present study is that, in addition to the classical assessment of diagnostic 
accuracy, the extent to which metal artefacts hamper the quality of medical 
decision-making based on MRI scans was evaluated. Because no standardized 
method was available to measure the extent to which metal artefacts hamper MRI, 
we developed a measurement based on proven classifications such as Warner’s 
and Goutallier’s. Future research could benefit from further validation of this 
method. 

An important limitation of the present study was that only one patient in 
our dataset underwent revision surgery without having a retear (i.e. there was only 
one true negative). With only one ‘negative’ cuff tear, calculating specificity 
accurately was impossible because more true negatives are required to do so. 
However, because clinical practice attempts to avoid true negatives, the 
prevalence of true negatives for study purposes will remain low. 

Second, the shoulder surgeons knew that the patients in the present study 
had undergone revision surgery because of suspected retears after rotator cuff 
surgery, which might have influenced the sensitivity that was measured. 

The present study has shown that metal artefacts hamper the diagnostic 
accuracy of postoperative MRIs and that these artefacts also cause poor 
interobserver agreement. Potential methods to overcome this hampering are the 
use of MR/CT arthrography or low field MRI for imaging of the rotator cuff 
tendons in patients with recurrent or persisting symptoms after rotator cuff 
surgery with metal suture anchors.
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3.0 Abstract 
 
Introduction: Various diagnostic modalities are available to assess the problematic 
knee arthroplasty. Visualization of soft tissue structures in relation to the 
arthroplasty and bone remains difficult. Recent developments in MRI sequences 
could make MRI a viable addition to the diagnostic arsenal. Therefore, the purpose 
of this study is to review the diagnostic properties of MRI, to identify certain 
causes of complaints that may be directly related to implant failure of total (TKA) 
or unicompartmental knee arthroplasty (UKA); infection, loosening and wear, 
instability, malalignment, arthrofibrosis, or patellofemoral problems.  
 
Methods: Twenty-three studies were included;16 TKA, 4 UKA, and 3 cadaveric 
studies. Causes of knee arthroplasty complaints analyzed were; infection (3), 
loosening and wear (11), malalignment (5) and instability (4). PubMed, SCOPUS 
and EMBASE were searched. Risk of bias was assessed using the COnsensus-based 
Standards for the selection of health Measurement Instruments (COSMIN) and 
the QUality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) . 
 
Results: Fifteen studies assessed the reproducibility of analyzing infection, 
loosening and wear, and malalignment. Fourteen of 15 studies were deemed as 
adequate to good quality. Results showed a moderate to excellent agreement 
(ICC/K 0.55–0.97).  Fourteen studies addressed the accuracy. For infection, and 
loosening and wear the sensitivity and specificity estimates varied between  0.85-
0.97 and 0.70-1.00 respectively. The accuracy for malalignment was excellent 
(r≥0.81). For these studies QUADAS-2 analysis suggested few risks of bias. A meta-
analysis was not possible due to the heterogeneity of the data.  
 
Conclusion: This study supports that MRI can be used with overall reproducible 
and accurate results for diagnosing infection, loosening and wear, and 
malalignment after knee arthroplasty. Nonetheless, studies regarding the 
diagnosis of instability, arthrofibrosis or patellofemoral complaints using MRI are 
limited and inconclusive.  
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3.1 Introduction 
 

Unicompartmental knee arthroplasty (UKA) and total knee arthroplasty 
(TKA) are widely accepted treatment options for end-stage osteoarthritis (81). The 
number of UKA and TKA procedures performed is growing annually due to the 
aging of the population; as well as the increased incidence of osteoarthritis in 
younger patients, amongst whom there is increased demand for and acceptance 
of these procedures (82). Consequently, the number of revision surgeries is also 
increasing and likely will increase further in the coming decades (83). An 
important aspect that influences the success rate of revision surgery is 
identification of the underlying cause(s) of the failure of the problematic knee 
arthroplasty (83). The most common causes of a problematic knee arthroplasty 
for which revision surgery may offer benefits are infection, loosening and wear, 
instability, malalignment and, less frequently, arthrofibrosis (6, 7). In addition to 
these causes, there are various problems that revision surgery cannot solve, such 
as peri-articular causes (e.g. tendinopathies or local and/or diffuse neuropathic 
pain) or extra-articular causes (e.g. hip osteoarthritis) (84). 

To differentiate amongst the potential causative factor(s), various 
imaging techniques are available after the basic work-up, which involves extensive 
history, physical examination, radiographs (including long leg view) and lab tests. 
The imaging techniques utilized include combinations of radiographic views, 
stress radiographs, computed tomography (CT), magnetic resonance imaging 
(MRI), planar bone scintigraphy with or without single photon emission 
computed tomography (SPECT), and fluorodeoxyglucose (FDG)-positron 
emission tomography (PET)/CT (5, 85). It would be valuable if one imaging 
technique could offer the same diagnostic power as two or more other imaging 
techniques for identifying the cause(s) of failure.  

In recent decades, MRI has become the standard for the evaluation of 
joints and soft tissues in the native knee (8). However, MRI is considered to have 
limited diagnostic properties for TKA patients, due to artefacts caused by the 
prosthetic implant (86, 87). Interestingly, a literature study conducted by Fritz et 
al. (7) discussed strategies for MRI around knee arthroplasty implants and 
demonstrated the imaging appearances of common causes of complaints. That 
study suggested that MRI with optimized sequences and advanced metal artefact 
reduction techniques could be applied to evaluate the underlying causes of failed 
knee arthroplasty. However, the additional diagnostic properties of MRI for 
diagnosing the knee after arthroplasty were not assessed.  

Therefore, the aim of the current study was to critically appraise, 
summarize, and compare the literature on the diagnostic properties of MRI, to 
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identify the causes of complaints that are directly related to implant failure. 
Hence, this systematic review focused on MRI studies that examined implant-
related issues of infection, loosening and wear, instability, malalignment, 
arthrofibrosis and patellofemoral complaints after TKA or UKA.  
 

3.2 Materials and methods 
This systematic review was performed in accordance with the Preferred 

Reporting Items for Systematic review and Meta-Analyses (PRISMA) (88).  
 

3.2.1 Eligibility Criteria 
Studies were included that reported on:  
 The ability of MRI to diagnose (one of the) probable causes of complaints 

(for definitions, see Table 3.1) after primary TKA or UKA.  
 Patients or cadaveric studies. 
 Studies were excluded if they were: 
 Written in a language other than English. 
 Letters to the editor. 
 Review articles. 

 
 

Table 3.1: Probable causes of complaints after knee arthroplasty and their MRI 
manifestations 

Infection Loosening 
and wear 

Instability Malalign
ment 

Arthrofi
brosis 

Patellofe
moral  

Lamellated 
hyperintens
e synovitis, 
extracapsul
ar soft-
tissue 
oedema, 
extracapsul
ar 
collections 
and reactive 
lymphaden
opathy (23).  

Fibrous 
membrane 
formation 
between the 
bone and the 
implant or 
cement (7).  
Cytokine-
mediated 
inflammatory 
reaction due to 
polyethylene 
wear (89). 
 

Tendon 
abnormalities
, tendinosis 
or tendon 
rupture of 
the 
quadriceps or 
patellar 
tendon.  
Deficiency of 
the 
posteromedia
l or lateral 
stabilizers 
(7). 

Increased 
internal-
external 
or varus-
valgus 
rotation 
of the 
femoral 
or tibial 
compone
nt (90, 
91).  

Fibrous 
tissue 
i.e. 
thickeni
ng along 
the 
synovial 
lining (7, 
92). 

Patellar 
problems, 
as patellar 
clunk, 
patella 
baja, 
patella alta 
(7). 
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3.2.2 Search Strategy  
The search included studies published between January 1st 2003 and 

February 28th 2019. The reference lists were imported to Endnote 8.1 (Thompson 
Reuters, CA) and duplicate articles were removed. A literature search was 
conducted using the following electronic databases: PubMed, SCOPUS and 
EMBASE. The search terms used were ‘knee prosthesis’ and all synonyms thereof 
and ‘MRI’ and all synonyms thereof. The detailed search strategies for each 
database are given in Table 3.2.  
 
Table 3.2: Search strategy 

 
 

Database Search strategy Results 
PubMed 1. (((((MRI[Title/Abstract]) OR MR 

imaging[Title/Abstract]) OR magnetic 
resonance imaging[Title/Abstract]))  

2. AND ((((((((knee prosthesis[Title/Abstract]) 
OR knee replacement[Title/Abstract]) OR 
knee arthroplasty[Title/Abstract]) OR tibial 
component[Title/Abstract]) OR femur 
component[Title/Abstract]) OR 
TKA[Title/Abstract]) OR TKR[Title/Abstract]) 
OR UKA[Title/Abstract]) 

3. AND ("2003/01/01"[Date - Publication] : 
"3000"[Date - Publication]))  

 

490 

SCOPUS 1. ( TITLE-ABS-KEY ( ( ( mri )  OR  mr  AND 
imaging )  OR  magnetic  AND resonance  
AND imaging )   

2. AND  TITLE-ABS-KEY ( ( ( ( ( ( ( ( knee  AND 
prosthesis )  OR  knee  AND replacement )  OR  
knee  AND arthroplasty )  OR  tibial  AND 
component )  OR  femur  AND component )  
OR  tka )  OR  tkr )  OR  uka ) )   

3. AND  PUBYEAR  >  2002 
 

681 

EMBASE 1. ('(((((((knee prosthesis)':ab OR 'knee 
replacement)':ab, OR 'knee arthroplasty)':ab 
OR 'tibial component)':ab OR 'femur 
component)':ab OR 'tka)':abOR 'tkr)':ab OR 
'uka':ab)  

2. AND ('((mri)':ab OR 'mr imaging)':ab OR 
'magnetic resonance imaging':ab)  

3. AND [2003-2019]/py 

840 
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3.2.3 Study Selection & Data Collection 
Two independent observers (C.P. and F.S. , respectively 2 and 4 years of 

research experience) selected eligible studies and extracted the data. First, titles 
and abstracts were screened. Studies that were identified as potentially relevant 
by at least one reader were retrieved and the full texts were evaluated. Any 
disagreement between the two readers was resolved through discussion. In case 
of remaining disagreement, the dispute was resolved with the help of a third 
reviewer (R.H. with 18 years of research experience). Additionally, the references 
of all considered articles were hand-searched to identify any relevant studies that 
may have been overlooked by the search strategy. 

Study characteristics were extracted as: year of publication, study design, 
causes of complaints, number of subjects, number of controls, mean age, type of 
prosthesis (UKA or TKA), and MRI settings. It was noted when the prosthesis was 
made out of zirconium, because zirconium prostheses are known for their reduced 
metal artefacts, which may influence study results (93).  
The included studies were divided into three groups —TKA, UKA and cadaveric 
studies— and sorted by their reported causes of complaints.  
 

3.2.4 Critical Appraisal & Analysis  
The included studies assessed the diagnostic properties of MRI to identify 

probable causes of complaints. Some studies achieved this by evaluating the 
reproducibility of measurements, and others assessed diagnostic accuracy. To 
evaluate these studies, two different critical appraisal tools were chosen. 

The methodological quality of the reproducibility studies was assessed by 
evaluating reliability with the reliability box of the Consensus-based Standards for 
the selection of health status Measurement Instruments (COSMIN) (94). 
Reliability is a measure of the consistency between or within observers. The 
questions in the reliability box can be answered with ‘very good’, ‘adequate’, 
‘doubtful’ or ‘inadequate’. The total score for reliability is based on the lowest 
rating given for any of the questions (94).  

Moreover, outcome measures for the reproducibility of the MRI 
measurements, such as the intraclass correlation coefficient (ICC) or kappa, were 
collected from these studies. The ICC values were defined as follows: ICC values 
lower than 0.5 indicate poor reliability, values between 0.5–0.75 moderate 
reliability, values between 0.75–0.9 good reliability, and values greater than 0.90 
excellent reliability (95). Kappa values were defined as follows: 0.01–0.20 no 
agreement, 0.21–0.40 fair agreement, 0.41–0.60 moderate agreement, 0.61–0.80 
good agreement, and 0.81–1.00 almost excellent agreement (96). 
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Diagnostic accuracy was assessed in terms of validity using the Quality 
Assessment of Diagnostic Accuracy Studies 2 (QUADAS-2) tool (97). Validity 
indicates that MRI is able to accurately identify complaints compared to the 
reference standard (criterion validity) or compared to another standard (construct 
validity). The QUADAS questions can be answered with ‘low’, ‘high’, or ‘unclear’. 
Included studies with outcome measures reporting the diagnostic accuracy for 
one or more of the possible causes of complaints expressed in sensitivity, 
specificity, p-values, and correlations were collected. p-values < 0.05 were 
considered to be significant. Studies that assessed both reproducibility and 
accuracy were evaluated using both critical appraisal tools. 
 
 

 
Figure 3.1. Flowchart of the study selection. 
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3.3 Results 
 

3.3.1 Study Selection 
The search initially returned 2,011 hits (Figure 3.1 shows the flowchart of 

the study selection process). After the removal of duplicates, 1,348 citations 
remained. After titles and abstracts were screened, a total of 56 full-text articles 
remained. Of these, a total of 23 publications met the eligibility criteria. Reference 
checking did not yield additional relevant publications.   

3.3.2 Study Characteristics 
Of the 23 included studies described in Table 3.3, 16 publications 

concerning diagnostic MRI after TKA were retrieved, with a total number of 650 
patients. Four publications (58 patients) were found concerning diagnostic MRI 
after UKA. Three remaining publications concerned cadaveric studies (18 human 
or porcine cadaveric specimens) and tried to determine the added value of MRI in 
diagnosing the underlying causes of loosening after arthroplasty.  
 

3.3.3 Reproducibility 
The reproducibility of MRI for diagnosing one or more of the probable 

causes of complaints was examined in 11 out of the 16 TKA studies, 3 out of the 4 
UKA studies, and 1 out of the 3 cadaveric studies (Table 3.4). All studies except one 
(98) scored adequate to very good for reliability, by the COSMIN. However, 
despite their adequate to very good methodological quality, these studies typically 
failed to indicate the time between repeated measurements (87, 90, 99-107). 

Periprosthetic joint infections were associated with signs of lamellated 
hyperintense synovitis on MRI. Almost excellent reproducibility results were 
found regarding lamellated hyperintense synovitis, with an inter-rater 
reproducibility of (K =  0.82 and K = 0.82) and intra-rater reproducibility of (K = 
0.83 and K = 0.89) (23, 99). Loosening was evaluated in two studies by assessing 
the implant–bone interface. These studies reported inter-rater reproducibilities 
that were almost excellent (K ≥ 0.80) (101) and moderate (K ≥ 0.60) (107). One 
study scored frondlike hypertrophied synovitis, associated with loosening due to 
wear, and concluded that inter-rater reproducibility was good (K = 0.72) (105).  

In contrast, when soft tissue structures, which are associated with 
instability, were assessed, the inter-rater reproducibility ranged between poor and 
excellent (ICC between 0.24–0.85; kappa between 0.59–1.00) (100, 106). However, 
these wide ranges could be explained by the fact that these studies assessed 
diverse soft tissue structures, which were visualized with multiple sequences 
around different prosthetic materials. 
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Table 3: Study characteristics  
 

Study (year published) 
  

Design 
  

Subje
cts 
(n) 

Contr
ols 
(n)               

Me
an 
age 
(yea
rs) 

Investiga
ted cause 
of 
complain
ts 
  

Prosthesis 
 

MRI  
(tesla; 
sequence) 

Total knee arthroplasty           

A. Li et al. (2016) (99) Retrospect
ive, cross-
sectional 

73 - 65 Infection, 
instability
,  
loosening 
and wear 

TKA 1.5T; FSE + IR + 
MAVRIC 

A. Plodkowski et al. (2013) (23) Retrospect
ive, case 
control  

28 28 64 Infection TKA 1.5T; FSE + IR 

B. Raphael et al. (2006) (100) Retrospect
ive 

21 - 57 Instability TKA, 14 
Zirconium 

1.5T; FSE + IR 

A. Jawhar (2018) (106) Retrospect
ive 

15 - 76 Instability TKA 1,5T; TSE + VAT 
+ SEMAC 

T. Heyse et al. (2011)(101) Retrospect
ive 

55 - 59 Loosenin
g and 
wear 

TKA, 27 
Zirconium 

1.5T; FSE + IR 

A. Li et al. (2016) (21) Retrospect
ive, 
observatio
nal 

96 - 64 Loosenin
g and 
wear 

TKA 1,5T; FSE + IR + 
MAVRIC 

A. Li et al. (2017)(105) Retrospect
ive 

61 - 66 Loosenin
g and 
wear 

TKA 1,5T; FSE + IR + 
MAVRIC 

M. Meftah et al. (2013) (109) Prospectiv
e, 
longitudin
al 

24 - 63 Loosenin
g and 
wear 

TKA 1,5T; FSE + 
MAVRIC 

C. Sofka et al. (2003) (86) Retrospect
ive 

41 - n/a Loosenin
g and 
wear, 
instability
, 
arthrofibr
osis 

TKA 1.5T; FSE + IR 

R. Sutter et al. (2013) (110) Prospectiv
e 

42 29 66 Loosenin
g and 
wear 

TKA 1.5T; TSE + IR + 
SEMAC 

M. Vessely et al. (2006) (111) Retrospect
ive 

10 - 67 Loosenin
g and 
wear 

TKA 1.5T; FSE + IR  

T. Heyse et al. (2012) (98) Retrospect
ive 

55 - 59 Malalign
ment 

TKA, 27 
Zirconium 

1.5T; FSE + IR 

T. Heyse et al. (2015) (104) Retrospect
ive 

55 - 65 Malalign
ment 

TKA 1.5T; FSE 

A. Murakami et al. (2012) (90) Retrospect
ive, case-
control 

50 16 69 Malalign
ment 

TKA 1.5T; FSE 

M. Sgroi et al. (2015) (108) Prospectiv
e, cohort 

12 12 70 Malalign
ment 

TKA 1.5T; TSE 

T. Heyse et al. (2012) (102) Retrospect
ive 

12 - 63 Patellofe
moral 

TKA, 1 
Zirconium 

1.5T; FSE + IR 

Unicompartmental knee arthroplasty           

C. Park et al. (2015) (112) Retrospect
ive 

28 - 57 Infection 
and 
others 

UKA 1.5T; FSE + IR 

T. Heyse et al. (2012) (87) Retrospect
ive 

10 - 65  Instability UKA , 10 
Zirconium  

1.5T; TSE 

D. Malcherczyk et al. (2015) (107) Retrospect
ive 

10 - 65  Loosenin
g and 
wear 

UKA, 10 
Zirconium 

1.5T; TSE 

T. Heyse et al. (2013) (103) Retrospect
ive 

10 - 65  Malalign
ment 

UKA, 10 
Zirconium 

1.5T; TSE 

Cadaveric studies            

Y. Minoda et al. (2014) (113) Proof of 
concept 

6 pc - - Loosenin
g and 
wear 

FC 1,5T  

Y. Minoda et al. 
(2017) (114) 

Proof of 
concept 

6 
p
c 

- - Loose
ning 
and 
wear 

FC, 
Zircon
ium 

1,5T  

L. Solomon et al. 
(2012) (115) 

Proof of 
concept 

6 
h
c 

- - Loose
ning 
and 
wear 

TKA 1.5T; 
FSE + IR 
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Table 4: Reproducibility of MRI measurements to  diagnose probable causes of complaints after knee arthroplasty, sorted by pathology with 
their statistic results and the results of the  critical appraisal (COSMIN) for the reliability box. 

Author (year) Pathology Measurement 

Inter-rater 
reliability 

95% CI Intra-rater 
reliability 

95% CI COSMIN 
Reliability 

box 

Total knee arthroplasty             
A. Li et al. (2016) (99) Infection, Lamellated hyperintense synovitis K= 0.82 0.72-

0.91 
K = 0.83 0.74-

0.93 
++ 

loosening and wear Frond like hypertrophied synovitis 
instability and other Homogeneous effusion 

A. Plodkowski et al. (2013) 
(23) 

Infection Synovitis K = 0.82 0.72-
0.93 

K = 0.89 0.78-
1.00 

++ 

B. Raphael et al. (2006) 
(100) 

Instability  Medial collateral ligament ICC > 0.77 n/a n/a n/a ++ 
Lateral collateral ligament ICC > 0.74 
Joint effusion ICC > 0.24 
Quadriceps tendon ICC > 0.71 
Patellar tendon ICC > 0.83 
Tibial component ICC > 0.65 
Femoral component ICC > 0.53 
Patellar component ICC > 0.45 

A. Jawhar (2018) (106) Instability Posterior cruciate ligament ICC > 0.90 n/a n/a n/a + 
Medial collateral ligament ICC > 0.34 
Lateral collateral ligament ICC > 0.37 
Patella tendon ICC > 0.68 
Popliteal vessels ICC > 0.83 
Periprosthetic bone ICC > 0.80 

T. Heyse et al. (2011) (101) Loosening and wear Implant bone interface tibial K > 0.95 n/a n/a n/a ++ 
Implant bone interface femoral K > 0.80 
Implant bone interface patellar K > 0.94 

A. Li et al. (2017) (105) Loosening and wear Synovitis K = 0.72 0.65-
0.80 

n/a n/a + 

T. Heyse et al. (2012) (98) Malalignment Femoral component rotation α = 0.82 n/a α = 0.95 n/a - 
  Tibial component rotation α = 0.89  α = 0.91   
T.Heyse et al. (2015) (104) Malalignment Tibial component rotation ICC = 0.63-

0.97 
n/a ICC = 0.53-

0.96 
n/a ++ 

A. Murakami et al. (2012) 
(90) 

Malalignment Femoral component rotation ICC = 0.75 0.63-
0.84 

n/a n/a ++ 

Tibial component rotation ICC = 0.75 0.62-
0.84 

M. Sgroi et al. (2015) (108) Malalignment Femoral component rotation  ICC = 0.55 n/a ICC = 0.92 n/a + 
Tibial component rotation  ICC = 0.89 ICC = 0.95 

T.Heyse et al. (2012) (102) Patellofemoral  Patella clunk ICC = 0.75-
0.93 

n/a n/a n/a ++ 

Unicompartmental knee arthroplasty            
T.Heyse et al. (2012) (87) Instability  Anterior cruciate ligament K = 1.0 n/a n/a n/a ++ 
  Posterior cruciate ligament K = 0.76     
  Lateral collateral ligament K = 0.81     
  Medial collateral ligament K = 1.0     
  Meniscus K = 1.0     
  Cartilage K = 0.84     
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  Effusion K = 1.0     
  Patellar tendon K = 1.0     
  Quadriceps tendon K = 1.0     
D. Malcherczyk et al. (2015) 
(107) 

Loosening and wear Implant bone interface K = 0.60-1.00 n/a n/a n/a ++ 

T. Heyse et al. (2013) (103) Malalignment Femoral component rotation ICC = 0.96 n/a ICC = 0.99 n/a ++ 
  Tibial component rotation ICC ≥ 0.56  ICC ≥ 0.88   
Cadaveric studies              
L. Solomon et al. (2012) 
(115) 

Loosening and wear Periprosthetic osteolysis  K = 0.61 n/a K = 0.80-
0.86 

n/a + 

K = Cohen’s Kappa, ICC = intra class correlation coefficient,  α = Cronbach’s alpha, n/a = not applicable,  ++ = very good, + = adequate, - = doubtful, -- = inadequate. 
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Table 5:Accu rac y of MRI to diagnose p robable caus es of compl aints after knee arthroplas ty, so rted by pathology fo r different co mparators (measu re ments on MRI co mpared with the referenc e standard o r other) with thei r statistic results and the results of the c ritical app raisal (Q UADAS-2) for the risk of bias and the applicability of concerns.  
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Total knee art hroplasty            

A. Li et al. (2016 ) (9 9) 

Infe ction Lamellated hyperinte nse synovitis 

se = 0.89, sp = 1.00  

 

- + + +  + + + 

  Loosening a nd wear  Frond like hypertrophied sy novitis  

se = 0.96, sp = 0.71  

 

        

  

Instability and other  Homogene ous e ffusion  

se = 0.63, sp = 0.97  

 

        

A. Plodkowski et al. (20 13) (23 ) 

Infe ction Lamellated hyperinte nse synovitis 

se = 0.89, sp = 0.89  

 

- + + +  + + + 

A. Li et al. (2016 ) (2 1) 

Loosening a nd wear  

Appearance of t he liner on M RI  

n/a  

 

- ? + -  ? ? + 

A. Li et al. (2017 ) (1 05) 

Loosening a nd wear  

Synovitis and total liner wear 

r = 0.46, p < 0.0 01  

 

- + + +  + + + 

M. Meftah et al. (2 013 ) (10 9) Loosening a nd wear  

Synovitis and pain  

r = 0.03, p = 0.8  

 

+ + - +  ? ? + 

  

  Osteolysis and pain  

r = 0.5, p = 0.15  

 

        

  

  Synovitis and thickne ss of fi brous me mbrane  

r = 0.58, p = 0.0 03  

 

        

  

  Osteolysis and thick ness of fi brous me mbra ne  

r = 0.47, p = 0.0 22  

 

        

C. Sofka et al. (2 003 ) (86 ) 

All MRI findings a nd operative findi ngs  

n/a  

 

- ? + -  ? ? + 

R. Sutter et al. (2013 ) (110 ) Loosening a nd wear  

Periprosthetic oste olysis  

se = 0.93, sp = 1.00  

 

+ + ? +  + + ? 

M. Vessely et al. (2006 ) (111) Loosening a nd wear  

Periprosthetic oste olysis  

n/a  

 

- + + +  - +  + 

A. Murakami et al. (201 2) (90) Malalignment  Femoral component rotation and complaints  

p ≤ 0.03  

 

? - + +  + ? + 

    Tibial component rotation and complaints  

p ≤ 0.60  

 

        

M. Sgroi et al. (2015 ) (10 8) 

Malalignment  Femoral component rotation M RI and CT  

r > 0.81,  p < 0.0 01  

 

+ + ? +  + + ? 

  

  Tibial component rotation MRI and CT  

r > 0.91,  p < 0.0 01  

 

        

Unicompartme ntal knee art hroplasty  

C. Park et al. (2015 ) (112 )  

All MRI findings a nd operative findi ngs  

n/a  

 

- ? + ?  ? ? + 

Cadaveri c studies  

Y. Minoda et al. (2014 ) (1 13) Loosening a nd wear  

Periprosthetic oste olysis  

se = 0.00, sp = 0.00  

 

? - - ?  ? ? + 

Y. Minoda et al. (2017 )  (1 14) Loosening a nd wear  

Periprosthetic oste olysis  

se = 0.84, sp = 0.87  

 

? + + ?  ? ? + 

L. Solomon et al. (2012 ) (115 ) Loosening a nd wear  

Periprosthetic oste olysis  

se = 0.89, sp = 0.90  

 

? + + ?  ? + + 

se = sensitivity, sp = speci ficity, n/a = not applica ble,  + low, - high, ? unclear.  
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Regarding prosthetic malalignment, five studies (90, 98, 103, 104, 108) 
assessed the femoral component rotation (FCR) and/or tibial component rotation 
(TCR). For FCR and TCR, the inter-rater reproducibility ranged between moderate 
and excellent (for FCR, an ICC between 0.55–0.96 (90, 103, 108), and for TCR, an 
ICC between 0.56–0.97 (90, 103, 104, 108)). 

 
 3.3.4 Accuracy 

The accuracy of MRI in diagnosing one or more of the probable causes of 
complaints was examined in 10 out of the 16 TKA publications, 1 out of the 4 UKA 
publications, and 3 out of the 3 cadaveric studies (Table 3.5). The methodological 
quality of the accuracy studies assessed with QUADAS-2 varied from a high risk 
of bias (21, 86, 112, 113) to a few risk of bias (23, 99, 105, 108, 110). Criterion validity 
was assessed by comparing MRI findings with perioperative findings (21, 23, 86, 
99, 105, 111-115). Construct validity was determined by using different standards as 
comparators,  as CT (108, 110), knee pain (109) and healthy controls (90). Due to 
the retrospective designs of the included studies, which is thought to increase 
susceptibility to selection bias, none of the retrospective studies scored ‘low risk’ 
for the patient selection bias by the QUADAS-2. In addition, concerns were raised 
regarding the applicability of patient selection, because some studies did not 
describe patient selection clearly (21, 86, 109, 111, 112). 

The sensitivity and specificity for diagnosing infection by the signs of 
lamellated hyperintense synovitis on MRI when taking culture results of 
perioperativy obtained tissue as the reference standard for periprosthetic joint 
infections varied between 0.89 (0.750–0.970, 95%CI) (23)  and 0.85–0.92 (0.537-
0.996, 95%CI) (99) for sensitivity and between 0.89 (0.559–1.00, 95%CI) (23) and 
1.00 (0.93–1.00) (99) for specificity.  

A relation was found between the presence of frondlike hypertrophied 
synovitis on MRI and perioperative findings of loosening due to wear (105). When 
these MRI findings were compared with the reference standard perioperative 
findings, the sensitivity and specificity of the diagnoses varied between 0.94–0.97 
and 0.70–0.73 (99). 

Diagnosing aseptic loosening by signs of periprosthetic osteolysis on MRI 
compared with perioperative findings was evaluated in one good-quality study, 
with sensitivity and specificity of 0.93 and 1.00 (110).  
Malalignment measurement on MRI and CT showed an excellent correlation for 
FCR (r = 0.81) and TCR (r = 0.91) (108). Strikingly, one of the malalignment studies 
also included healthy controls and found significant differences between patients 
after TKA and healthy controls for FCR, p < 0.03 (90).  
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3.4 Discussion 
 

The aim of this study was to critically appraise, summarize, and compare 
the literature on the diagnostic properties of MRI for identifying the causes of 
complaints in patients or cadaveric studies in terms of infection, loosening and 
wear, instability, malalignment, arthrofibrosis, and patellofemoral complaints 
after TKA or UKA. The available good-quality studies showed good to excellent 
reproducibility for MRI for diagnosing infection, loosening and wear, or 
malalignment after TKA. Studies in which accuracy was assessed were highly 
varied in terms of methodological quality.  

 
The MRI properties to assess various arthroplasty failure causations were 

evaluated in this systematic review. First, MRI to identify periprosthetic joint 
infection based on MRI findings of hypertrophied synovitis compared with the 
reference standard was evaluated by two studies of adequate quality. Diagnostic 
properties were found in terms of sensitivity and specificity (0.89 and 0.89; 0.96 
and 0.71) with ‘almost excellent’ reliability (23, 99). Nonetheless, it should be 
noted that both TKA studies were conducted by the same research group. 
Currently, the reference standard to diagnose infection is the diagnosis of a 
pathogen via multiple intraoperative cultures (116). In the literature, numerous 
preoperative and intraoperative tests for diagnosing periprosthetic joint infection 
were evaluated, as were several imaging modalities. Unfortunately, no test or 
modality has perfect sensitivity and specificity (117). Overall, MRI may be 
considered as a possible preoperative imaging technique that can contribute to 
diagnosing infection. 

Second, regarding loosening due to liner wear, results showed that 
osteolysis can be recognized on MRI (110), and wear can be diagnosed based on 
synovitis patterns (99). Moreover, there is a significant relation between synovitis 
on MRI and liner wear (105). These findings are analogous to literature regarding 
the diagnostic properties of MRI for diagnosing liner wear in total hip arthroplasty 
(118). In clinical practice, early loosening is very difficult to diagnose on X-ray, and 
diagnosis usually becomes clearer only upon follow-up x-rays (119). When X-ray is 
inconclusive, other imaging modalities may be used (119), and based on these 
results, MRI may be considered as a possible modality.  

Third, femoral and tibial component malalignment measurements can 
reliably be performed based on MRI after TKA or UKA (90, 103, 104, 108). At 
present, a combination of the imaging modalities of long leg view and CT is 
preferred for evaluating malalignment (120). However, CT scanning results in 
radiation load for the patient. Fortunately, MRI and CT show an excellent 
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correlation regarding malalignment measurements in TKA (108). Moreover, a 
significant relation between complaints and internal rotation of the femur 
component on MRI was found (90). This was confirmed by the recent research of 
Panni et al. (91) which concluded that excessive internal rotation of the tibial TKA 
component represents an important risk factor for pain and inferior functional 
outcomes.  

Fourth, regarding the other probable causes of complaints, the number of 
studies or their methodological quality was limited. Results regarding instability 
were inconsistent (87, 100, 106), probably due to the material of the scanned 
prostheses. Some of the instability studies that were included used a femoral 
component made from zirconium (87, 100). Soft tissue structures surrounding a 
zirconium prosthesis are more visible on MRI, because zirconium is non-
ferromagnetic and therefore less hampered by metal artefacts (93). This may be 
the reason for the inconclusive results of the instability studies. Moreover, all the 
instability studies that were included only evaluated reproducibility and not 
accuracy.  

Fifth, arthrofibrosis was only assessed in the more explorative studies, 
together with all other probable causes of complaints. In clinical practice, 
arthrofibrosis is diagnosed when patients experience stiffness and a restricted 
range of motion following knee arthroplasty (121). If other possible causes are not 
suspected, there is no need for additional diagnostic images such as MRI. 
However, the two studies included in this review that also evaluated MRI-based 
diagnoses of arthrofibrosis suggest that MRI performs well in this domain (86, 112). 

Sixth, patellofemoral problems can be evaluated by several patellofemoral 
parameters, and MRI can be used in the native knee to assess the patellofemoral 
joint (27). However, studies that used MRI to evaluate patellofemoral complaints 
after TKA were not available. Only one of the included studies assessed the 
reproducibility of diagnosing patellar clunk and reported good results (102). 
However, patella clunk is a rare finding in modern-day TKA designs. 
 

This review included studies published after 2002. It is notable that MRI 
after TKA is a young field of research: 19 of the 23 studies were published in 2012 
or thereafter. This can be explained by the fact that traditional MRI is not capable 
of adequately imaging the structures, bone and soft tissue that surround metal 
implants (122). In recent decades, MRI sequences have greatly improved, partly 
due to the introduction of metal artefact reducing sequences (MARS) such as Slice 
Encoding for Metal Artefact Correction (SEMAC) and Multi-Acquisition Variable 
Resonance Image Combination (MAVRIC) (123, 124). The literature shows that 
when SEMAC is used, distortions caused by metal artefacts are significantly 
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reduced, resulting in more reliable evaluation of soft tissue structures (106, 110). 
Similarly, increased sensitivity and specificity values are found for diagnosing 
loosening based on periprosthetic osteolysis (110). Therefore, it is conceivable that 
use of MARS sequences may further improve the diagnostic properties of MRI 
after arthroplasty and resolve the inconclusiveness regarding MRI diagnoses of 
soft tissue and patellofemoral problems.   

Many issues in the design and conduct of diagnostic studies can lead to 
bias or variation. The results of the critical appraisal revealed some interesting 
methodological challenges related to examining the diagnostic properties of MRI 
for identifying the causes of complaints after TKA or UKA. When evaluating 
criterion validity, it is noticeable that the studies’ retrospective design (21, 23, 86, 
99, 105, 111, 112) made them susceptible to selection bias. Due to the retrospective 
design, the study inclusion criteria occasionally only allowed revision surgery 
patients who had had a pre-operative MRI to be included, with a lack of healthy 
controls. This made evaluation with the reference standard possible. However, it 
induces selection bias, and leads to the possibility that sensitivity and specificity 
values were overestimated (99, 105). Moreover, if image observers had known that 
there was always some pathology to find on the MRI, this certainty may have led 
them to overestimate the inter- and intra- reproducibility values.  

Therefore, the optimal study design should be prospective, and the 
spectrum of patients should include individuals who are likely to undergo imaging 
to diagnose complaints after knee arthroplasty.  However, it is not ethical to 
evaluate MRI findings with the reference standard perioperative findings when 
surgery is not indicated. The tension between using a study design that reduces 
patient selection bias and the possibility of assessing criterion validity justifies the 
selection of a retrospective design to assess criterion validity. Other general 
methodological limitations of the studies that were reviewed included insufficient 
descriptions of sample size determination.  

We performed a systematic review to focus on the diagnostic properties 
of MRI after knee arthroplasty to identify probable causes of complaints 
(including infection, loosening and wear, instability, malalignment, arthrofibrosis, 
and patellofemoral complaints). However, the study has some inherent 
limitations. First, the heterogeneity of the studies included made it impossible to 
conduct a meta-analysis. Moreover, this heterogeneity made it difficult to 
compare the study results and to categorize them according to probable causes of 
complaints. Second, this study included and compared various types of studies: 
patient studies, cadaveric studies, TKA studies, and UKA studies. Hence, this 
review is among the first to systematically present this heterogeneity by 
categorizing the availability of MRI knowledge per pathology associated with 
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complaints after knee arthroplasty. We believe this study presents a systematic 
and practical indication of the properties of MRI for diagnosing various causes of 
complaints after knee replacement.  
 

In conclusion, this study supports that MRI can be used with overall 
reproducible and accurate results for diagnosing infection, loosening and wear, 
and malalignment after knee arthroplasty. Nonetheless, definitive conclusions 
cannot be drawn regarding the diagnostic properties of MRI for diagnosing all 
probable causes of complaints after knee arthroplasty. Studies regarding the 
diagnosis of instability, arthrofibrosis or patellofemoral complaints using MRI are 
limited and inconclusive. When comparing MRI to other diagnostic modalities 
that asses a problematic TKA, MRI is non-invasive and does not expose the patient 
to harmful radiation. This makes MRI a promising alternative for assessing a 
problematic TKA in clinical practice and for further research. Future research 
should focus on the diagnostic accuracy of MRI for diagnosing complaints after 
knee arthroplasty in a prospective cohort study using state-of-the-art MRI 
sequences. 
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4.0 Abstract 
 
Introduction: Patellofemoral joint problems and/or malalignment belong to the 
potential causes of dissatisfaction after total knee arthroplasty (TKA). MRI is 
preferable to evaluate the native knee. Post-TKA, metal artefacts disturb MRI, 
using low-field MRI these should be reduced. The knee is a loaded joint, evaluating 
the knee during weight-bearing (WB) seems relevant. This explorative study aims 
to evaluate the reproducibility of patellofemoral and component alignment 
parameters in TKA using low field (WB)-MRI. Secondary, is evaluated whether 
there are differences in patellofemoral parameters across the WB and non-WB 
conditions. 
 
Method: Eight patients without complaints after primary TKA were scanned in a 
low field MRI scanner in WB and non-WB conditions. Patellofemoral parameters 
and rotational component alignment parameters were measured by two 
independent observers. Inter- and intra-observer reliability were determined with 
the intraclass correlation coefficient (ICC). Differences in parameters between WB 
and non-WB were calculated using the Wilcoxon rank test.  
 
Results: The Insall-Salvati and Cation-Descamps ratios could be measured with 
excellent inter- and intra-observer reproducibility (ICC > 0.94), whereas the other 
parameters were measured with good reproducibility (ICC > 0.85). Small, but not 
significant differences between the WB and non-WB conditions were observed for 
the TT-TG and the PTA.  
 
Conclusion: Patellofemoral and alignment can be reproducibly measured after 
TKA using low field MRI. The differences between the WB and non-WB 
conditions were relatively small. The ability to take reproducible measurements 
after TKA using low field WB MRI illustrates the potential of low field MRI for 
evaluating post-TKA patients with (patellofemoral) complaints. 
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4.1 Introduction 
 
Approximately 20% of patients remain dissatisfied after total knee 

arthroplasty (TKA) (15, 125, 126). This dissatisfaction often relates to anterior knee 
pain, which is associated with patellofemoral joint problems and/or rotational 
component malalignment that contribute to a substantial proportion (20–30%) of 
revision procedures (127, 128).  

Patellofemoral problems and rotational component malalignment are 
usually analysed using plain radiography (129)  and CT (130, 131). However, recent 
research has suggested that MRI is a suitable alternative to measure 
patellofemoral parameters in the native knee (29, 132, 133) and rotational 
alignment parameters after TKA (16, 90), with results showing moderate to 
excellent reproducibility (16, 29, 90).  

In the native knee, MRI is the imaging modality of choice to evaluate 
musculoskeletal tissues (8). However, following TKA, susceptibility artefacts 
caused by the metal TKA hamper visualization and subsequent interpretation 
(86). The introduction of new metal-artefact-reducing MRI sequences (110) 
prompts a re-evaluation of the possibility of using MRI to visualize the knee after 
TKA. Furthermore, low field MRI (0.25T) systems, which have traditionally been 
known for their reduced image quality, have improved (53). Lowering the main 
magnetic field reduces susceptibility artefacts near metal hardware compared 
with traditional MRI (11). Low field MRI also allows for scanning under upright 
weight-bearing (WB) conditions and is considerably less expensive than 
traditional MRI (37). 

Currently, imaging of the knee before and after TKA is performed in a 
supine non-weight-bearing (NWB) position, except in the case of plain 
radiography. However, as the knee is a load-bearing joint, it may be more relevant 
to perform imaging under a loading condition in order to improve  understanding 
of the normal and abnormal kinematic behaviour of the knee joint after TKA (134).  

Recent research has shown that, in the native knee, WB MRI can 
contribute to diagnosing various patellofemoral parameters that are associated 
with knee pain and patellofemoral joint problems (27-31). For example, research 
in the native knee in the WB position (27, 29) has identified deviated patellar 
height, which has been suggested to be positively associated with lateral 
displacement and patellar tilt (30). Moreover, diagnosis of patellar maltracking is 
most effective at the patellar tilt angle in the WB condition (27), and the tibial 
tubercle-trochlear groove distance seems lower in the WB than the NWB position 
(28). It remains to be established whether these observations also apply after TKA.   
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research has suggested that MRI is a suitable alternative to measure 
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alignment parameters after TKA (16, 90), with results showing moderate to 
excellent reproducibility (16, 29, 90).  
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caused by the metal TKA hamper visualization and subsequent interpretation 
(86). The introduction of new metal-artefact-reducing MRI sequences (110) 
prompts a re-evaluation of the possibility of using MRI to visualize the knee after 
TKA. Furthermore, low field MRI (0.25T) systems, which have traditionally been 
known for their reduced image quality, have improved (53). Lowering the main 
magnetic field reduces susceptibility artefacts near metal hardware compared 
with traditional MRI (11). Low field MRI also allows for scanning under upright 
weight-bearing (WB) conditions and is considerably less expensive than 
traditional MRI (37). 

Currently, imaging of the knee before and after TKA is performed in a 
supine non-weight-bearing (NWB) position, except in the case of plain 
radiography. However, as the knee is a load-bearing joint, it may be more relevant 
to perform imaging under a loading condition in order to improve  understanding 
of the normal and abnormal kinematic behaviour of the knee joint after TKA (134).  

Recent research has shown that, in the native knee, WB MRI can 
contribute to diagnosing various patellofemoral parameters that are associated 
with knee pain and patellofemoral joint problems (27-31). For example, research 
in the native knee in the WB position (27, 29) has identified deviated patellar 
height, which has been suggested to be positively associated with lateral 
displacement and patellar tilt (30). Moreover, diagnosis of patellar maltracking is 
most effective at the patellar tilt angle in the WB condition (27), and the tibial 
tubercle-trochlear groove distance seems lower in the WB than the NWB position 
(28). It remains to be established whether these observations also apply after TKA.   
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Taken together, the issue of post-TKA patellofemoral and rotational 
problems and the developments in MRI call for an evaluation of whether 
patellofemoral and rotational alignment parameters can be measured 
reproducibly after TKA using low field MRI. Therefore, the primary aim of this 
explorative pilot study is to evaluate the inter- and intra-observer reproducibility 
of several patellofemoral and component alignment parameters in TKA using low 
field MRI. Furthermore, WB MRI research in the native knee suggests that there 
may be differences between the WB and NWB positions after TKA, which may be 
taken into consideration in the diagnosis of anterior knee pain in future. A 
secondary aim of this study is therefore to evaluate whether there are differences 
in the patellofemoral parameters across the WB and NWB positions.  
 

4.2 Materials and Methods 
 

4.2.1 Patient selection criteria 
An exploratory pilot study was conducted between June 2018 and 

November 2018. Eight patients were included during their regular one-year 
postoperative TKA check-up at the ‘clinic name’. The number of eight patients was 
chosen since it has been found to be the minimum number of subjects to be 
included in both public and industry-funded explorative pilot and feasibility trials 
(135). Inclusion criteria were that patients had had a TKA (NexGen, posterior 
stabilized, BiometZimmer) and did not have any post-TKA complaints. Exclusion 
criteria were a body mass index (BMI) of over 35 kg/m2, implanted devices that 
could interact with the magnetic field, and the inability to stand for the duration 
of the MR imaging. The study was approved by the medical ethics research 
committee of Twente (national trial register, NTR7207). Informed consent was 
obtained from all patients. Patient characteristics (gender, age, side of TKA, length 
of implantations) were obtained from their electronic medical records. 
 

4.2.2 Image acquisition 
Patients were scanned on a low field 0.25 tesla MRI system (G-scan brio; 

Esaote SpA, Genova, Italy) in the WB and NWB positions using a dedicated knee 
coil, with the knee fixated in extension (0-5 degrees of rotation). Spin echo (SE), 
fast spin echo (FSE), and X-MAR sequences (based on the view angle tilt (VAT) 
technique) were performed. A detailed outline of the MRI scan protocol is 
provided in Table 4.1. The WB examinations were performed first, with the patient 
table at an angle of 81⁰. Both knees were under physiological load during the WB 
examination (Figure 4.1). The total duration of the imaging protocol was 
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approximately 30 minutes (five minutes for positioning and rotation, 12 minutes 
for WB MRI, one minute for rotation and repositioning, 12 minutes for NWB MRI).  

 
 

Table 4.1: MRI protocol 

Position Sequence Plane TR 
(ms) 

TE 
(ms) 

ST 
(mm) 

FOV 
(mm2) 

Time 
(min 
:sec)  

Matrix 

WB and 
NWB 

Spin Echo 
PD-
weighted 

Sagittal 1160 18 4.0 200 x 200 03:22 512 x 512 

Fast Spin 
Echo PD-
weighted 
X-MAR 

Transversal 7060 12 4.0 260 x 260 03:31 256 x 256 

Fast Spin 
Echo T2-
weighted 

X-MAR 

Coronal 6500 72 4.0 260 x 260 03:15 256 x 256 

PD = proton density, X-MAR = metal artefact reduction, TR = repetition time, TE= echo time, ST = slice 
thickness, FOV = field of view. 

Figure 4.1. Low field MRI of the knee in weight-bearing upright condition. Adapted with permission 
from Esaote (esaote.com) 
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Taken together, the issue of post-TKA patellofemoral and rotational 
problems and the developments in MRI call for an evaluation of whether 
patellofemoral and rotational alignment parameters can be measured 
reproducibly after TKA using low field MRI. Therefore, the primary aim of this 
explorative pilot study is to evaluate the inter- and intra-observer reproducibility 
of several patellofemoral and component alignment parameters in TKA using low 
field MRI. Furthermore, WB MRI research in the native knee suggests that there 
may be differences between the WB and NWB positions after TKA, which may be 
taken into consideration in the diagnosis of anterior knee pain in future. A 
secondary aim of this study is therefore to evaluate whether there are differences 
in the patellofemoral parameters across the WB and NWB positions.  
 

4.2 Materials and Methods 
 

4.2.1 Patient selection criteria 
An exploratory pilot study was conducted between June 2018 and 

November 2018. Eight patients were included during their regular one-year 
postoperative TKA check-up at the ‘clinic name’. The number of eight patients was 
chosen since it has been found to be the minimum number of subjects to be 
included in both public and industry-funded explorative pilot and feasibility trials 
(135). Inclusion criteria were that patients had had a TKA (NexGen, posterior 
stabilized, BiometZimmer) and did not have any post-TKA complaints. Exclusion 
criteria were a body mass index (BMI) of over 35 kg/m2, implanted devices that 
could interact with the magnetic field, and the inability to stand for the duration 
of the MR imaging. The study was approved by the medical ethics research 
committee of Twente (national trial register, NTR7207). Informed consent was 
obtained from all patients. Patient characteristics (gender, age, side of TKA, length 
of implantations) were obtained from their electronic medical records. 
 

4.2.2 Image acquisition 
Patients were scanned on a low field 0.25 tesla MRI system (G-scan brio; 

Esaote SpA, Genova, Italy) in the WB and NWB positions using a dedicated knee 
coil, with the knee fixated in extension (0-5 degrees of rotation). Spin echo (SE), 
fast spin echo (FSE), and X-MAR sequences (based on the view angle tilt (VAT) 
technique) were performed. A detailed outline of the MRI scan protocol is 
provided in Table 4.1. The WB examinations were performed first, with the patient 
table at an angle of 81⁰. Both knees were under physiological load during the WB 
examination (Figure 4.1). The total duration of the imaging protocol was 
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approximately 30 minutes (five minutes for positioning and rotation, 12 minutes 
for WB MRI, one minute for rotation and repositioning, 12 minutes for NWB MRI).  

 
 

Table 4.1: MRI protocol 

Position Sequence Plane TR 
(ms) 

TE 
(ms) 

ST 
(mm) 

FOV 
(mm2) 

Time 
(min 
:sec)  

Matrix 

WB and 
NWB 

Spin Echo 
PD-
weighted 

Sagittal 1160 18 4.0 200 x 200 03:22 512 x 512 

Fast Spin 
Echo PD-
weighted 
X-MAR 

Transversal 7060 12 4.0 260 x 260 03:31 256 x 256 

Fast Spin 
Echo T2-
weighted 

X-MAR 

Coronal 6500 72 4.0 260 x 260 03:15 256 x 256 

PD = proton density, X-MAR = metal artefact reduction, TR = repetition time, TE= echo time, ST = slice 
thickness, FOV = field of view. 

Figure 4.1. Low field MRI of the knee in weight-bearing upright condition. Adapted with permission 
from Esaote (esaote.com) 
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4.2.3 Measurements 
MRI scans in the WB and NWB conditions were evaluated for the 

parameters listed below by two independent MRI imaging experts, who were 
blinded for patient characteristics. Additionally, to enable an evaluation of the 
intra-observer reproducibility, one of the researchers assessed the images three 
times with an interval of two weeks between assessments. The patellofemoral joint 
was evaluated based on four patellofemoral parameters and two alignment 
parameters.  

Patellar height was evaluated by the Insall-Salvati ratio (IS, normal 0.8–
1.2 (27)) and the Caton-Deschamps ratio (CD, normal 0.6–1.2 (129)). These normal 
values are based on plain radiography measurements in the native knee (27, 129). 
The IS was determined on the sagittal MRI slice where the patella was most prone 
by dividing the length of the patellar tendon by the diagonal length of the patella 
(136) (Figure 4.2.a). The same sagittal MRI slice was used to determine the CD by 
dividing the distance between the distal pole of the patella and the anterosuperior 
border of the tibial plateau by the length of the articular surface of the patella (137) 
(Figure 4.2.b).  

Patellar tilt was evaluated based on the patellar tilt angle (PTA, normal 
3⁰–7⁰, values based on CT images of the native knee (27)). The PTA was measured 
in the transversal MRI and defined as the angle between the posterior condylar 
axis and the maximal width of the patella.(138) . The posterior condylar angle was 
measured on the transversal slice where the posterior condyles were most prone 
and the line was projected on the slice where the patella had the greatest length 
in mediolateral dimension and the patellar width could be measured. (Figure 4.3). 

Figure 4.2. Patellar height measurements. 2.a Insall-Salvati ratio, the length of the patellar tendon 
(blue line) is divided by the diagonal length of the patella (yellow line) 2.b Caton-Deschamps ratio, 
the distance between the distal pole of the patella and the tibial plateau (blue line) is divided by 
the posterior length of the patella (yellow line) 
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The tibial tubercle-trochlear groove distance (TT-TG)) was measured on 

the appropriate transversal MRI slices as the distance between the deepest point 
of the trochlear groove perpendicular to the posterior condylar axis and the centre 
of the tibia tuberosity (132) (Figure 4.4). The normal TT-TG range in the native 
knee has been described as 10–15 mm (130). 

Rotational component alignment was evaluated using two parameters, as 
described by Berger (139). Tibial component rotation (TCR) was determined using 
the Berger angle, i.e. using the geometric centre of the proximal tibial plateau, the 
distal level of the tibial tubercle and the posterior axis of the tibial plate (normal 
18⁰ internal rotation (139)) (Figure 4.5). Femoral component rotation (FCR) was 
determined by measuring the posterior condylar angle (PCA), i.e. the angle 
between the posterior condylar line and the surgical epicondylar axis (normal 3.5 
± 1.2° for males or 0.3 ± 1.2° for females when measured on CT (131)) (Figure 4.6). 
The images were evaluated semi-automatically using Matlab software that was 
developed in house (R2018a, The Mathworks, Natick, USA). 

Figure 4.3. Patellar tilt angle, the angle between the maximum width of the patella (yellow 
line) and the posterior condylar axis (blue line). 

 

Figure 4.4. The tibial tubercle- trochlear groove distance. 4.a A line through the posterior 
epicondyle (blue) is drawn. 4.b. A line through the deepest point of the trochlear groove (yellow) 
perpendicular to the posterior epicondyle is drawn. 4.c A second line (red) through the most 
anterior portion of the tibial tuberosity is drawn. The distance between the two lines is the TT-
TG distance. 
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4.2.3 Measurements 
MRI scans in the WB and NWB conditions were evaluated for the 

parameters listed below by two independent MRI imaging experts, who were 
blinded for patient characteristics. Additionally, to enable an evaluation of the 
intra-observer reproducibility, one of the researchers assessed the images three 
times with an interval of two weeks between assessments. The patellofemoral joint 
was evaluated based on four patellofemoral parameters and two alignment 
parameters.  

Patellar height was evaluated by the Insall-Salvati ratio (IS, normal 0.8–
1.2 (27)) and the Caton-Deschamps ratio (CD, normal 0.6–1.2 (129)). These normal 
values are based on plain radiography measurements in the native knee (27, 129). 
The IS was determined on the sagittal MRI slice where the patella was most prone 
by dividing the length of the patellar tendon by the diagonal length of the patella 
(136) (Figure 4.2.a). The same sagittal MRI slice was used to determine the CD by 
dividing the distance between the distal pole of the patella and the anterosuperior 
border of the tibial plateau by the length of the articular surface of the patella (137) 
(Figure 4.2.b).  

Patellar tilt was evaluated based on the patellar tilt angle (PTA, normal 
3⁰–7⁰, values based on CT images of the native knee (27)). The PTA was measured 
in the transversal MRI and defined as the angle between the posterior condylar 
axis and the maximal width of the patella.(138) . The posterior condylar angle was 
measured on the transversal slice where the posterior condyles were most prone 
and the line was projected on the slice where the patella had the greatest length 
in mediolateral dimension and the patellar width could be measured. (Figure 4.3). 

Figure 4.2. Patellar height measurements. 2.a Insall-Salvati ratio, the length of the patellar tendon 
(blue line) is divided by the diagonal length of the patella (yellow line) 2.b Caton-Deschamps ratio, 
the distance between the distal pole of the patella and the tibial plateau (blue line) is divided by 
the posterior length of the patella (yellow line) 
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The tibial tubercle-trochlear groove distance (TT-TG)) was measured on 

the appropriate transversal MRI slices as the distance between the deepest point 
of the trochlear groove perpendicular to the posterior condylar axis and the centre 
of the tibia tuberosity (132) (Figure 4.4). The normal TT-TG range in the native 
knee has been described as 10–15 mm (130). 

Rotational component alignment was evaluated using two parameters, as 
described by Berger (139). Tibial component rotation (TCR) was determined using 
the Berger angle, i.e. using the geometric centre of the proximal tibial plateau, the 
distal level of the tibial tubercle and the posterior axis of the tibial plate (normal 
18⁰ internal rotation (139)) (Figure 4.5). Femoral component rotation (FCR) was 
determined by measuring the posterior condylar angle (PCA), i.e. the angle 
between the posterior condylar line and the surgical epicondylar axis (normal 3.5 
± 1.2° for males or 0.3 ± 1.2° for females when measured on CT (131)) (Figure 4.6). 
The images were evaluated semi-automatically using Matlab software that was 
developed in house (R2018a, The Mathworks, Natick, USA). 

Figure 4.3. Patellar tilt angle, the angle between the maximum width of the patella (yellow 
line) and the posterior condylar axis (blue line). 

 

Figure 4.4. The tibial tubercle- trochlear groove distance. 4.a A line through the posterior 
epicondyle (blue) is drawn. 4.b. A line through the deepest point of the trochlear groove (yellow) 
perpendicular to the posterior epicondyle is drawn. 4.c A second line (red) through the most 
anterior portion of the tibial tuberosity is drawn. The distance between the two lines is the TT-
TG distance. 
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4.2.4 Statistical analysis 
Subject characteristics were summarized using descriptive statistics. To 

determine the inter- and intra-observer reproducibility, the intra-class correlation 
coefficient (ICC) was calculated between the two observers and between the three 
within-observer measurements using a two-way mixed model with absolute 
agreement for single measurements for all measured parameters. The ICC values 
were interpreted as follows: below 0.50 was considered to indicate poor reliability, 
between 0.50 and 0.75 moderate reliability, between 0.75 and 0.90 good reliability 
and above 0.90 excellent reliability (95). 

The results of the parameter measurements per image expert are 
presented for the WB-MRI and NWB-MRI conditions with the medians and 
interquartile ranges. Of image expert one, who measured the images three times, 
the average of the three measurements was presented. For the patellofemoral 
parameters, each patient’s WB and NWB average values between the MRI experts 
are plotted together with the normal range reported in the literature for the native 
knee.  

Statistical differences in each patient’s average patellofemoral parameters 
in the WB-MRI and NWB-MRI conditions were evaluated by means of the 

Figure 4.5. Berger protocol; Tibial component rotation. 5.a The centre of the tibia is 
determined, 5.b The centre of the tibia is connected to the top of the tibial tuberosity (blue 
line), 5.c The angle between this line (blue) and the line perpendicular on the tangent of the 
tibia plateau of the tibial component (red) is calculated. 

 

Figure 4.6. Berger protocol; Femoral component rotation. Angle between the posterior 
condylar axis (blue line) and the surgical transepicondylar axis (yellow line). 
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Wilcoxon signed-rank test. The statistical analyses were performed using SPSS 
(version 25, IBM Corp., Armonk, NY, USA). Since four parameters were evaluated 
the level of significance was set at < 0.0125 after a Bonferroni correction for all 
analyses. 

 

4.3 Results 
 

4.3.1 Patient characteristics 
Patellofemoral and alignment parameters were measured in the WB and 

NWB conditions in eight patients (50% male) with a median age of 64 years (IQR 
59.5–75). The MRI scans were taken 15.6 months (IQR 13.5–18.6) after surgery. The 
data set included three left and five right knees.  

 
4.3.2 Reproducibility 

The patellofemoral height parameters, i.e. the IS and CD ratios, were 
measured with excellent inter- and intra-observer agreement (ICC > 0.94). The 
PTA, TT-TG, TCR and FCR were measured with good-inter and intra-observer 
agreement (ICC > 0.85). All reproducibility results are presented per image expert 
in Table 4.2, together with the median patellofemoral parameters, the median 
alignment parameters. 

 

4.3.3 Weight-bearing vs. non-weight-bearing 
Figure 4.7 illustrates the average measured patellofemoral parameters per 

patient per condition, together with the ranges reported in the literature for the 
native knee. The TT-TG distance decreased in the WB condition. This difference 
between the WB and NWB conditions tends towards statistical significance (p = 
0.02). Furthermore, the PTA decreased in the WB condition in seven out of eight 
patients. However, this decrease was not statistically significant (p = 0.12). The IS 
and CD ratios remained similar or changed only slightly in the WB condition.  

 

4.4 Discussion 
 

This pilot study explored the possibility of using low field MRI to image 
the knee after TKA by assessing the inter- and intra-observer reproducibility of 
several patellofemoral and rotational component alignment parameters. Because 
differences in patellofemoral parameters across WB and NWB conditions in the 
native knee are associated with patellofemoral joint complaints (27-31), the study 
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4.2.4 Statistical analysis 
Subject characteristics were summarized using descriptive statistics. To 

determine the inter- and intra-observer reproducibility, the intra-class correlation 
coefficient (ICC) was calculated between the two observers and between the three 
within-observer measurements using a two-way mixed model with absolute 
agreement for single measurements for all measured parameters. The ICC values 
were interpreted as follows: below 0.50 was considered to indicate poor reliability, 
between 0.50 and 0.75 moderate reliability, between 0.75 and 0.90 good reliability 
and above 0.90 excellent reliability (95). 

The results of the parameter measurements per image expert are 
presented for the WB-MRI and NWB-MRI conditions with the medians and 
interquartile ranges. Of image expert one, who measured the images three times, 
the average of the three measurements was presented. For the patellofemoral 
parameters, each patient’s WB and NWB average values between the MRI experts 
are plotted together with the normal range reported in the literature for the native 
knee.  

Statistical differences in each patient’s average patellofemoral parameters 
in the WB-MRI and NWB-MRI conditions were evaluated by means of the 

Figure 4.5. Berger protocol; Tibial component rotation. 5.a The centre of the tibia is 
determined, 5.b The centre of the tibia is connected to the top of the tibial tuberosity (blue 
line), 5.c The angle between this line (blue) and the line perpendicular on the tangent of the 
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Figure 4.6. Berger protocol; Femoral component rotation. Angle between the posterior 
condylar axis (blue line) and the surgical transepicondylar axis (yellow line). 
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Wilcoxon signed-rank test. The statistical analyses were performed using SPSS 
(version 25, IBM Corp., Armonk, NY, USA). Since four parameters were evaluated 
the level of significance was set at < 0.0125 after a Bonferroni correction for all 
analyses. 

 

4.3 Results 
 

4.3.1 Patient characteristics 
Patellofemoral and alignment parameters were measured in the WB and 

NWB conditions in eight patients (50% male) with a median age of 64 years (IQR 
59.5–75). The MRI scans were taken 15.6 months (IQR 13.5–18.6) after surgery. The 
data set included three left and five right knees.  

 
4.3.2 Reproducibility 

The patellofemoral height parameters, i.e. the IS and CD ratios, were 
measured with excellent inter- and intra-observer agreement (ICC > 0.94). The 
PTA, TT-TG, TCR and FCR were measured with good-inter and intra-observer 
agreement (ICC > 0.85). All reproducibility results are presented per image expert 
in Table 4.2, together with the median patellofemoral parameters, the median 
alignment parameters. 

 

4.3.3 Weight-bearing vs. non-weight-bearing 
Figure 4.7 illustrates the average measured patellofemoral parameters per 

patient per condition, together with the ranges reported in the literature for the 
native knee. The TT-TG distance decreased in the WB condition. This difference 
between the WB and NWB conditions tends towards statistical significance (p = 
0.02). Furthermore, the PTA decreased in the WB condition in seven out of eight 
patients. However, this decrease was not statistically significant (p = 0.12). The IS 
and CD ratios remained similar or changed only slightly in the WB condition.  

 

4.4 Discussion 
 

This pilot study explored the possibility of using low field MRI to image 
the knee after TKA by assessing the inter- and intra-observer reproducibility of 
several patellofemoral and rotational component alignment parameters. Because 
differences in patellofemoral parameters across WB and NWB conditions in the 
native knee are associated with patellofemoral joint complaints (27-31), the study 
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also evaluated whether there are differences in the patellofemoral parameters 
after TKA (IS, CD, PTA, TT-TG) between the WB and NWB positions. 

 

Table 4.2: Median, interquartile range and Inter and Intra observer agreement 

for patellofemoral parameters and alignment parameters measured in non-

weight bearing and weight-bearing condition.  

Parameters Non-weight-

bearing 

Weight-bearing Inter and intra 

observer agreement. 

 Imaging 

expert 1 

median 

(IQR) 

Imaging 

expert 2 

median 

(IQR) 

Imaging 

expert 1 

median 

(IQR) 

Imaging 

expert 2 

median 

(IQR) 

Inter 

ICC  

(95% CI) 

Intra 

ICC  (95% 

CI) 

IS (ratio) 
1.20 

(0.26) 

1.22 

(0.32) 

1.01 

(0.50) 

0.97 

(0.52) 

0.94 

(0.83-

0.98) 

0.97 (0.93-

0.99) 

CD (ratio) 1.27 

(0.79) 

1.22 

(0.60) 

1.13 

(0.93) 

0.97 

(0.77) 

0.94 (0.76 

-0.98) 

0.99 (0.98-

1.00) 

PTA (⁰) 
5.95 

(9.52) 

5.62 

(7.71) 

4.22 

(3.95) 

6.68 

(5.70) 

0.89 

(0.73-

0.96) 

0.85 (0.70-

0.94) 

TT-TG 

(mm) 
13.78 

(5.18) 

12.10 

(4.10) 

10.13 

(10.86) 

11.35 

(8.12) 

0.87 

(0.59-

0.96) 

0.94 (0.87-

0.98) 

TCR (⁰) 
33.60 

(13.49) 

29.92 

(11.08) 

31.39 

(18.97) 

29.87 

(15.64) 

0.89 

(0.72-

0.96) 

0.89 (0.77-

0.96) 

FCR (⁰) 
0.53 

(5.16) 

0.65 

(6.43) 

1.81 

(3.64) 

1.58 

(6.43) 

0.89 

(0.71-

0.96) 

0.87 (0.74-

0.95) 

IQR = inter quartile range, WB = WB, NWB = NWB, ICC = inter(/intra) class correlation coefficient, 

IS = Insall Salvati, CD = Caton Deschamps, PTA = Patellar Tilt Angle, TT-TG =  Tibial Tubercle- 

Trochlear Groove distance, TCR = Tibial Component Rotation, FCR = Femoral Component Rotation.  
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The reproducibility results showed good to excellent inter- and intra-

observer agreement for all patellofemoral and rotational component alignment 
measurements. The differences for the measured patellofemoral parameters 
between the WB and non-WB conditions were relatively small.  

Regarding reproducibility, good to excellent inter- and intra-observer 
agreement was found for all patellofemoral parameters (ICC = 0.85–0.99). For the 
patellar height measurements IS and CD, the reproducibility scores were excellent 
(ICC ≥ 0.94), potentially because these measurements were performed on one 
slice rather than several slices, as was required for the other measurements.  

Good inter- and intra-observer reproducibility scores were obtained for 
the rotational component alignment parameters, i.e. TCR (inter ICC = 0.893, intra 
ICC = 0.887) and FCR (inter ICC = 0.889 and intra ICC = 0.874). The 
reproducibility values for TCR are comparable with values found in the study of 
Sgroi et al.(16) who measured the TCR with high-field MRI and CT and found an 
excellent correlation between MRI and CT. Our reproducibility values for FCR are 

Figure 4.7. Results of the patellofemoral measurements. Average measurements  for eight patients 
after TKA scanned in WB and NWB conditions using low field MRI for the IS and CD ratios, the 
PTA and the TT-TG distance are presented. The grey areas are the ranges given in the literature for 
the native knee. 
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also evaluated whether there are differences in the patellofemoral parameters 
after TKA (IS, CD, PTA, TT-TG) between the WB and NWB positions. 
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The reproducibility results showed good to excellent inter- and intra-

observer agreement for all patellofemoral and rotational component alignment 
measurements. The differences for the measured patellofemoral parameters 
between the WB and non-WB conditions were relatively small.  

Regarding reproducibility, good to excellent inter- and intra-observer 
agreement was found for all patellofemoral parameters (ICC = 0.85–0.99). For the 
patellar height measurements IS and CD, the reproducibility scores were excellent 
(ICC ≥ 0.94), potentially because these measurements were performed on one 
slice rather than several slices, as was required for the other measurements.  

Good inter- and intra-observer reproducibility scores were obtained for 
the rotational component alignment parameters, i.e. TCR (inter ICC = 0.893, intra 
ICC = 0.887) and FCR (inter ICC = 0.889 and intra ICC = 0.874). The 
reproducibility values for TCR are comparable with values found in the study of 
Sgroi et al.(16) who measured the TCR with high-field MRI and CT and found an 
excellent correlation between MRI and CT. Our reproducibility values for FCR are 

Figure 4.7. Results of the patellofemoral measurements. Average measurements  for eight patients 
after TKA scanned in WB and NWB conditions using low field MRI for the IS and CD ratios, the 
PTA and the TT-TG distance are presented. The grey areas are the ranges given in the literature for 
the native knee. 
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higher than those provided in studies that used high-field MRI or CT to measure 
component rotation. Several studies that have reported FCR found only moderate 
reproducibility (ICC < 0.75) (16, 90, 104). This relatively low reproducibility has 
been suggested to be due to artefact formation around the femoral component 
(16). In our study, the main magnetic field was six times lower than in high-field 
MRI, and we used metal-artefact-reducing sequences, which could have 
contributed to our good reproducibility results. Moreover, we used semiautomatic 
software (in-house developed Matlab algorithm) to assess the MRI scans. This 
software might make the analysis more reproducible by remembering lines 
between the slices and always drawing a line perpendicular, orthogonal or central 
on the first point/line.  Becher et al. (29) have evaluated the effects of using WB 
MRI to measure patellofemoral parameters (IS, CD, PTA and TT-TG) in the native 
knee in patients with and without patellofemoral complaints. They found good to 
excellent inter- and intra-observer results (ICC = 0.72–0.96). We found slightly 
higher levels of agreement. Becher et al. (29) also found differences in 
patellofemoral parameters between the control and complaint group (29). In light 
of these findings, a future study should compare post-TKA patients with and 
without patellofemoral complaints.   

Another notable finding was that the PTA measurement showed a 
broader range than is considered normal in the native knee. In the native knee, 
PTA values typically range between 3⁰ and 7⁰ (27, 31). Our findings showed a wider 
range, between 2° and 14°, which is comparable to Carpenter el al. (140), who also 
examined PTA in TKA patients (posterior cruciate retaining and posterior 
stabilized TKA).  The wider range found might be typical for post-TKA knees or 
due to the relatively small sample sizes studied. Therefore, it is recommended to 
replicate this study in a larger patient cohort, preferably including patients with 
and without complaints.   

In the comparison of patellofemoral parameters across the WB and NWB 
conditions none of the parameters showed a significant difference between WB 
and NWB. Given the small sample size a limited value should be given to the 
results of the Wilcoxon signed-rank test. The TT-TG tends towards significance 
between WB and NWB.and seem to decrease in the WB conditions. This is 
analogous to findings for the native knee (3). The decrease can be explained with 
reference to the effect of the activation of the quadriceps muscle during WB. This 
quadriceps loading causes a slight internal rotation of the lower limb, resulting in 
a decrease of the TT-TG (141). Regarding the PTA, the current study found no 
significant differences between the WB and NWB conditions. Literature on this 
topic is scarce, and only available for the native knee (27, 29). In line with our 
findings, Mariani et al. (27) also did not find significant differences in the native 
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knee in patients without complaints. Interestingly, in the group of patients with 
complaints, these authors found WB-MRI to have high diagnostic value for 
unmasking PF-maltracking and to have the best predictive value for patellar 
maltracking of the PTA measurement (27). The literature regarding patellar height 
has reported differences between WB and NWB conditions (27, 29). However, this 
literature is not clear about the direction of these differences. In our study subtle 
differences between the WB and NWB conditions for patellar height (NWB vs. 
WB ratio differences between 0.14 and 0.25) were observed. However, these 
differences were not statistically significant.   

Our study population only included patients without complaints, and the 
differences between the WB and NWB conditions were relatively small for the 
patellofemoral parameters. The difference between measurements in the WB and 
NWB conditions may increase for patients with patellofemoral complaints after 
TKA. This is in line with comparable literature on patellofemoral complaints in 
the native knee (27, 29).  

 
The current study is subject to several limitations. First, as a pilot study, 

its sample size is limited, but it indicates the potential of low field MRI for 
determining future reference values and evaluating the knee after TKA. Second, it 
turned out to be challenging to run a short MRI protocol with metal-artefact-
reduction sequences. A scan time of approximately 15 minutes was necessary 
during the WB condition.  To reduce the scan time, the slice thickness was 
increased to 4 mm, which reduced the resolution perpendicular to the image 
plane. This slice thickness made it important to properly align the MRI in the 
sagittal direction on the slice where the patella is most prone. However, this trade-
off between scan time and image quality is unavoidable when using MR imaging 
and did not appear to affect the inter-rater reproducibility of the measurements 
evaluated in the current study. Third, the knee was evaluated under static upright 
WB conditions, which do not reflect the dynamic flexion kinematics of the knee. 

Anterior knee pain after TKA is a complex issue that is generally reported 
during WB activities, including climbing stairs, rising from a chair and walking. 
Consequently, imaging the TKA in a WB position may offer important information 
for the diagnostic process. This study evaluated the patellofemoral structures and 
prosthetic component positions in a WB condition and showed that 
patellofemoral and alignment measurements can be reproducibly obtained in 
NWB and WB conditions. For the patellofemoral parameters, small differences 
between the NWB and WB conditions were observed. However, to determine the 
clinical relevance of these differences, further research is required. Future studies 
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higher than those provided in studies that used high-field MRI or CT to measure 
component rotation. Several studies that have reported FCR found only moderate 
reproducibility (ICC < 0.75) (16, 90, 104). This relatively low reproducibility has 
been suggested to be due to artefact formation around the femoral component 
(16). In our study, the main magnetic field was six times lower than in high-field 
MRI, and we used metal-artefact-reducing sequences, which could have 
contributed to our good reproducibility results. Moreover, we used semiautomatic 
software (in-house developed Matlab algorithm) to assess the MRI scans. This 
software might make the analysis more reproducible by remembering lines 
between the slices and always drawing a line perpendicular, orthogonal or central 
on the first point/line.  Becher et al. (29) have evaluated the effects of using WB 
MRI to measure patellofemoral parameters (IS, CD, PTA and TT-TG) in the native 
knee in patients with and without patellofemoral complaints. They found good to 
excellent inter- and intra-observer results (ICC = 0.72–0.96). We found slightly 
higher levels of agreement. Becher et al. (29) also found differences in 
patellofemoral parameters between the control and complaint group (29). In light 
of these findings, a future study should compare post-TKA patients with and 
without patellofemoral complaints.   

Another notable finding was that the PTA measurement showed a 
broader range than is considered normal in the native knee. In the native knee, 
PTA values typically range between 3⁰ and 7⁰ (27, 31). Our findings showed a wider 
range, between 2° and 14°, which is comparable to Carpenter el al. (140), who also 
examined PTA in TKA patients (posterior cruciate retaining and posterior 
stabilized TKA).  The wider range found might be typical for post-TKA knees or 
due to the relatively small sample sizes studied. Therefore, it is recommended to 
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between WB and NWB.and seem to decrease in the WB conditions. This is 
analogous to findings for the native knee (3). The decrease can be explained with 
reference to the effect of the activation of the quadriceps muscle during WB. This 
quadriceps loading causes a slight internal rotation of the lower limb, resulting in 
a decrease of the TT-TG (141). Regarding the PTA, the current study found no 
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during the WB condition.  To reduce the scan time, the slice thickness was 
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plane. This slice thickness made it important to properly align the MRI in the 
sagittal direction on the slice where the patella is most prone. However, this trade-
off between scan time and image quality is unavoidable when using MR imaging 
and did not appear to affect the inter-rater reproducibility of the measurements 
evaluated in the current study. Third, the knee was evaluated under static upright 
WB conditions, which do not reflect the dynamic flexion kinematics of the knee. 

Anterior knee pain after TKA is a complex issue that is generally reported 
during WB activities, including climbing stairs, rising from a chair and walking. 
Consequently, imaging the TKA in a WB position may offer important information 
for the diagnostic process. This study evaluated the patellofemoral structures and 
prosthetic component positions in a WB condition and showed that 
patellofemoral and alignment measurements can be reproducibly obtained in 
NWB and WB conditions. For the patellofemoral parameters, small differences 
between the NWB and WB conditions were observed. However, to determine the 
clinical relevance of these differences, further research is required. Future studies 
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should include larger patient groups and evaluate the diagnostic capacity of MRI 
in patients with and without complaints after TKA.  

Interestingly, other research has suggested that MRI is excellently suited 
for the general evaluation of soft tissue signs of periprosthetic joint infection and 
polyethylene wear (20). Furthermore, a proof-of-concept paper has suggested that 
component migration can be measured using low field MRI (142). Taken together, 
the findings of the current study and the available literature suggest that MRI 
might offer possibilities as an imaging modality to evaluate problematic TKAs. In 
the future, (low field) MRI may be used to evaluate other probable causes of 
complaints, such as infection, loosening and wear or instability in (problematic) 
TKA. 

 
In conclusion, this pilot study showed that patellofemoral and rotational 

component alignment parameters, which are associated with patellofemoral joint 
problems and anterior knee pain, can be measured reproducibly after TKA using 
low field MRI in WB and NWB conditions. In our measured population, which 
consisted of patients without complaints after TKA, differences between the WB 
and NWB conditions for the patellofemoral parameters were relatively small. 
Further research should focus on evaluating whether these parameters differ in 
patients with and without patellofemoral complaints after TKA. 
 

  

 
 

63 

  4 

 

 

  

44

 
 

62 

     4 

should include larger patient groups and evaluate the diagnostic capacity of MRI 
in patients with and without complaints after TKA.  

Interestingly, other research has suggested that MRI is excellently suited 
for the general evaluation of soft tissue signs of periprosthetic joint infection and 
polyethylene wear (20). Furthermore, a proof-of-concept paper has suggested that 
component migration can be measured using low field MRI (142). Taken together, 
the findings of the current study and the available literature suggest that MRI 
might offer possibilities as an imaging modality to evaluate problematic TKAs. In 
the future, (low field) MRI may be used to evaluate other probable causes of 
complaints, such as infection, loosening and wear or instability in (problematic) 
TKA. 

 
In conclusion, this pilot study showed that patellofemoral and rotational 

component alignment parameters, which are associated with patellofemoral joint 
problems and anterior knee pain, can be measured reproducibly after TKA using 
low field MRI in WB and NWB conditions. In our measured population, which 
consisted of patients without complaints after TKA, differences between the WB 
and NWB conditions for the patellofemoral parameters were relatively small. 
Further research should focus on evaluating whether these parameters differ in 
patients with and without patellofemoral complaints after TKA. 
 

  

 
 

63 

  4 

 

 

  



Low-field magnetic 
resonance imaging

offers potential 
for MeasurinG 

tibial CoMponent 
MiGration.

5

Femke Schröder
Nico Verdonschot
Bennie ten Haken

Anil Peters
Dean Pakvis

Rianne Huis in’t Veld

Journal of experimental  
orthopeadics,  
2018; 5(1):4.



 

66 
 

     5 

5.0 Abstract  
 

Introduction: Roentgen stereophotogrammetric analysis (RSA) is used to measure 
early prosthetic migration and to predict future implant failure. RSA has several 
disadvantages, such as the need for perioperatively inserted tantalum markers. 
Therefore, this study evaluates low-field MRI as an alternative to RSA. The use of 
traditional MRI with prostheses induces disturbing metal artefacts which are 
reduced by low-field MRI.  The purpose of this study is to assess the feasibility to 
use low-field (0.25 Tesla) MRI for measuring the precision of zero motion. This 
was assessed by calculating the virtual prosthetic motion of a zero-motion 
prosthetic reconstruction in multiple scanning sessions. Furthermore, the effects 
of different registration methods on these virtual motions were tested.  
 
Results: The precision of zero motion for low-field MRI was between 0.584 mm 
and 1.974 mm for translation and 0.884° and 3.774° for rotation. The manual 
registration method seemed most accurate, with µ≤ 0.13 mm (σ ≤ 0.931 mm) for 
translation and µ ≤ 0.15° (σ ≤ 1.63°) for rotation. 
 
Conclusion:  Low-field MRI is not yet as precise as today’s golden standard 
(marker based RSA) as reported in the literature. However, low-field MRI is 
feasible of measuring the relative position of bone and implant with comparable 
precision as obtained with marker-free RSA techniques. Of the three registration 
methods tested, manual registration was most accurate. Before starting clinical 
validation further research is necessary and should focus on improving scan 
sequences and registration algorithms. 
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5.1 Introduction 
 

Early prosthetic migration is associated with future aseptic loosening. 
(143) Roentgen stereophotogrammetric analysis (RSA) is the golden standard in 
measuring early component migration. (144-146) Currently, the clinically obtained 
accuracy of conventional RSA varies between 0.05 and 0.5 mm for translation and 
0.15° to 1.15° for rotation (95% confidence intervals (CI)). This accuracy level is 
considered clinically relevant for diagnosing early prosthetic migration. (143, 147)  

Clinical application of the RSA technique is limited because of the 
extended operation time due to the requirement of perioperative insertion of 
tantalum markers, the use of calibration cages and specific radiological facilities 
with two X-ray machines, the availability of specialized software and trained 
personnel, and the fact that patients are exposed to additional radiation during 
longitudinal RSA studies. (148, 149)  

Improvements have focused on “marker-free” RSA methods. However, 
these are less accurate when compared to conventional RSA, and additional CT 
models are needed. (147, 150) Previous attempts to use MRI models instead of CT 
have failed, because MRI models interfere with the used X-ray shape-matching 
procedure which is based on Hounsfield units. (151)  

MRI has some characteristics that make it less suitable for bone and 
prosthetic imaging: it provides lower bone contrast than CT; it suffers from spatial 
and geometric distortions, field inhomogeneity, and metal artefacts. (62, 151, 152) 
(Figure 5.1.a) Disadvantages of MRI may be partly overcome by the use of low-field 
MRI. (Figure 5.1.b) A lower magnetic field reduces spatial and geometric 
distortions, increases the field homogeneity and bone contrast, and decreases 
metal artefacts. (78) Furthermore, MRI offers imaging of soft tissues, which 
provides clinicians with additional diagnostic information. Although low-field 
MRI (< 0.5 T) is rarely used in clinical practice, it is considered to be highly suitable 
for musculoskeletal imaging. (78, 79)  

In order to determine the potential of low-field MRI as an alternative, its 
precision in measuring position of implant and bone must be calculated. The 
precision of low-field MRI for measuring zero motion depends partly on the 
imaging technique and partly on the analysis process, which consists of 
segmentation and registration.  It is important to quantify the precision of low-
field MRI first, since this is prerequisite before implementing the method in 
clinical practice.  

Segmentation can be performed manually or (semi-)automatically and 
provides 3D models to be used in subsequent registration steps. In order to 
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calculate prosthetic migration, model matching which is called registration 
between 3D models is necessary. 

 

 
Figure 5.1.a. MRI slices of the tibial component of a total knee prosthesis made with high field MRI 
with a TSE PD sequence in the sagittal direction. b. MRI slices of the tibial component of a total knee 
prosthesis made with low-field MRI made with a TSE/FSE PD sequence in the sagittal direction. 

 
An accurate, fully automatic segmentation and registration procedure is 

more standardized and time-effective than manual registration. However, manual 
registration may be more precise and visual feed-back can be interpreted while 
performing the segmentations steps. In order to determine which registration 
method is most suitable three methods: manual, semi-automatic with the use of 
3D reference models and semi-automatic without the use of 3D reference models 
were compared. 

The primary goal of this study was to assess the feasibility to use low-field 
(0.25 Tesla) MRI for measuring the precision of zero motion, using a tibial 
component of a total knee prosthesis in a phantom. 
Additionally, the type of registration method most suitable for measuring the 
position of the tibial component was assessed.   

 
5.2 Method 
 

The aim of the following study was to determine the feasibility of low-
field MRI to measure the precision of zero motion, several steps were taken 
(Figure 5.2).  

A     B 
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Figure 5.2. Study design.  
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5.2.1 Creating 3D reference models 
In order to determine the position of the tibial component (Genesis II, 

Smith & Nephew Inc. Memphis USA) with respect to the surrounding bone, 3D 
geometrical models of both the prosthesis and the bone were made. The study 
focused on the tibial component of a total knee arthroplasty because according to 
the Swedish arthroplasty register their failure of the tibial component (6.8%) is 
much more frequent than that of the femoral component (1.1%).(153) The outer 
surface of the prosthesis was created using a 3D optical scanner (Konica Minolta 
Vivid 910). The 3D model of the porcine tibial bone was created by scanning the 
bone (without containing the implant) on a low-field MRI (0.25 T) (Esaote G-scan 
brio) with a 3D SHARC sequence (TR/TE 25/12.5, slice thickness 0.4 mm, 
acquisition time 5:38, field of view 200 mm with a matrix of 512x512). In order to 
obtain the 3D surface model of the bone, an imaging expert semi-automatically 
segmented the cortical bone of both the tibia and fibula with Mimics (Mimics 
Research 18.0, Materialise NV), resulting in an inner and outer surface of the 
porcine tibial bone just distal from the site where the future prosthesis would be 
positioned.  
 

5.2.2 MRI acquisitions 
Subsequently, a phantom was created by implanting the tibial component 

of the knee prosthesis into a porcine tibial bone and placing this bone in a gelatine 
solution (2%). Gelatine was chosen for its properties such as relaxation time and 
elasticity in order to mimic the soft tissue of the knee. (154)  
In this phantom study, it was ensured that the prosthesis did not migrate with 
respect to the surrounding bone (zero motion) during the various scanning 
sessions. The phantom was relocated 12 times, the relocation varied between 
maximal 25 degrees rotation left and right from the supine position. The 
differences in translation and rotations of the tibial plate with respect to the 
position of the bone measured across the 12 acquisitions were defined as the 
precision of zero-motion for low-field MRI. Similarly as described in ISO guideline 
for RSA studies. (155) During each of the 12 acquisitions, the phantom was scanned 
in a transverse direction on a low-field MRI with a 2D PD-weighted metal artefact 
reduction sequence (MARS) PD-XMAR (TR/TE 1020/10, slice thickness 3mm, 
acquisition time 5:08 minutes, field of view 180 mm with a matrix of 224x224). This 
particular sequence was chosen because it reduces metal artefacts, provides good 
contrast between bone and surrounding soft tissue, and is capable of adequately 
imaging the human knee. During all acquisitions, the temperatures of the room 
and the phantom were kept constant (21 degrees Centigrade). 
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5.2.3 Segmentation and 3D model reconstruction 
The prosthesis and the cortical bone of the tibia and fibula distal to the 

prosthesis on the 12 MR-acquisitions obtained were semi-automatically 
segmented by an imaging expert in approximate 30 min per acquisition using 
Mimics. The segmentations included the following steps:  

1. A suitable threshold was determined by applying a profile line in Mimics. 
2. A region growing algorithm was applied to collect the connected voxels. 
3. Abundant voxels were erased manually. 
4. Missing voxels in the segmented region were filled with the morphology 

operation (“closing”). 
5. All slices were checked manually, abundant voxels were erased, and 

missing voxels were filled.  
6. A 3D model (the segmentation model) was constructed from the 

connected voxels.   
This resulted in 12 segmentation models of the bone and 12 of the prosthesis. 

 

5.2.4 Analysis 
The segmentation models of the bone and prosthesis were registered to the 

3D reference models constructed earlier. Registration was performed to transform 
all segmented datasets into the reference  coordinate system in order to facilitate 
future calculations. Registration was performed in three different ways in order to 
determine which method is most accurate. The three methods are described 
below. 

1. Marker-free MRI manual registration (MMRI-M): The segmentation of 
the bone was registered to the 3D reference model of the bone with the 
automatic registration algorithm available in Mimics (global registration 
followed by local registration). The 3D reference model of the prosthesis 
was manually fit to the segmentation of the prosthesis by an imaging 
expert in approximately 5 minutes. Several landmarks of the prosthetic 
model, e.g. the posterior edge and the distal notch, were precisely 
matched on the segmentation. 

2. Marker-free MRI automatic registration, fully automatic registration with 
the use of 3D reference models (MMRI-A): The automatic registration 
algorithm available in Mimics was used to register the prosthetic and 
bone segmentations to the 3D reference models of the prosthetic and the 
bone. 

3. Marker-free MRI automatic registration, fully automatic without the use 
of 3D reference models (MMRI-W): The segmentations of the prosthesis 
and the bone based on the MRI scans of acquisition number one were 
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taken as a reference model instead of the 3D reference models. Using the 
automatic registration algorithm available in Mimics, these were 
registered to the segmentations of the prosthesis and bone based on the 
remaining acquisitions. 

During registration, all 3D segmentations were matched to a 3D reference 
model and transformed to the reference coordinate system. Subsequently, using a 
procrustes algorithm in Matlab (R2015b, Mathworks©), the position (3-D 
translations and rotations) of the prosthesis with respect to the bone was 
calculated across two acquisitions (one with two, two with three, etc.) with all 
three registration methods enlisted before.  

Results are presented for all three registration methods. The translation and 
rotation for all six degrees of freedom of the prosthesis calculated from the 
midpoint are presented for the 12 acquisitions, with the mean (µ) and standard 
deviation (σ), which defined the precision of zero motion. In order to compare the 
different registration algorithms, three distance plot presenting the migration of 
the tibial component calculated par point were compiled. Boxplots were 
constructed to calculate the precision of zero motion per degree of freedom per 
registration method at 95% CI; µ ± 1.96 σ. The boxplots also visualize the current 
golden standard, i.e. 0.5 mm for translation and 1.15° for rotation (95% CI) (143, 
147). 
 

5.3 Results 
 

In Table 5.1, each row represents a calculated zero-motion result, which 
indicates the difference between two acquisitions for each of the three registration 
methods applied (MMRI-M, MMRI-A, and MMRI-W). Of the three registration 
methods, MMRI-M measured the precision of zero motion most precise, with a 
maximal mean error of 0.128 mm for translation (maximal σ 0.931 mm) and of 
0.152° for rotation (maximal σ 1.630°). External internal migration was fully within 
the range considered clinically relevant. For MMRI-A and MMRI-W, maximal 
errors for translation and rotation were 0.147 mm for translation (σ 1.974 mm) and 
0.033° for rotation (σ 3.774°); and 0.136 mm for translation (σ 1.518 mm) and 0.068° 
for rotation (σ 2.527°), respectively. 

Figure 5.3 shows the distance plots of the tibial component. In this figure, 
the difference between the calculated value (error) and the real migration (zero) 
is visualized on the surface of the tibial component. The smallest error was seen 
in the distal part of the stem of the tibial component. Of the proximal plate, the 
posterior area had the smallest error.   
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The boxplots in Figure 5.4 display the calculated values per registration 
method with the ranges of the golden standard. As is evident, the results are 
mostly out of range for all degrees of freedom, regardless of the registration 
method used. The distal-proximal direction shows the largest translation error. 

 

Figure 5.3. Distance plots for translation of the prosthesis with respect to the bone for the three types 
of registration methods used. (MMRI-M, MMRI-A and MMRI-W) 
 

 

Table 5.1:              
MRI images of the phantom of 12 different acquisitions have 
been registered with three different methods.     
MMRI-M             

Acquisition 
(Reference 
acquisition) 

medial-
lateral 

migration
(mm) 

distal-
proximal 

migration(
mm) 

posterior-
anterior 

migration(
mm) 

flexion-
extension 
migration 

(deg) 

external-
internal 

migration 
(deg) 

varus-
valgus 

migration 
(deg) 

1 (2) -0.367 1.657 0.129 -1.460 0.984 0.557 
2 (3) 0.241 -1.313 -0.446 0.682 0.681 1.846 
3 (4) -0.158 0.711 -0.535 0.829 -0.107 -0.960 
4 (5) 0.857 -0.209 0.359 -1.183 0.386 -0.952 
5 (6) -0.258 -0.116 -0.424 1.623 -0.080 2.125 
6 (7) 0.912 0.426 -0.428 2.272 1.039 -0.748 
7 (8) -0.724 -0.525 0.885 -3.657 -0.109 -1.624 
8 (9) -0.146 1.334 -0.699 0.518 0.570 0.456 

9 (10) -0.084 -1.207 -0.295 -1.197 -1.780 -0.821 
10 (11) 1.231 -0.372 0.985 0.775 0.712 0.291 
11 (12) 0.135 0.516 -0.118 0.465 0.781 0.301 
12 (1) -0.105 -0.642 -0.833 0.939 -1.252 -0.398 

              

µ(σ) 0.128 
(0.584) 

0.022 
(0.931) 

-0.118 
(0.593) 

0.050 
(1.630) 

0.152 
(0.884) 

0.006 
(1.147) 
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MMRI-A             

Acquisition 
(Reference 
acquisition) 

medial-
lateral 

migration
(mm) 

distal-
proximal 

migration(
mm) 

posterior-
anterior 

migration(
mm) 

flexion-
extension 
migration 

(deg) 

external-
internal 

migration 
(deg) 

varus-
valgus 

migration 
(deg) 

1 (2) 0.288 -0.561 1.836 1.506 0.936 -1.022 
2 (3) 1.571 -2.674 -2.178 2.964 0.900 6.187 
3 (4) -0.738 3.648 0.381 -2.857 0.298 -3.799 
4 (5) -0.040 -2.650 -0.001 0.952 -0.840 1.247 
5 (6) -1.006 -1.651 -1.670 -4.091 -0.321 3.394 
6 (7) 1.210 0.226 1.094 1.968 1.573 -3.264 
7 (8) 1.489 0.986 0.597 2.472 1.206 -1.856 
8 (9) -2.071 0.131 -0.667 -5.606 -1.682 0.943 

9 (10) -0.568 2.232 -0.203 1.584 -4.138 2.737 
10 (11) 0.535 0.079 0.495 0.628 1.160 -0.290 
11 (12) 1.565 -1.566 -1.880 2.888 0.125 3.453 
12 (1) -0.470 1.964 1.167 -2.522 0.393 -7.439 

              

µ(σ) 0.147 
(1.172) 

0.014 
(1.974) 

-0.086 
(1.284) 

-0.010 
(2.952) 

-0.033 
(1.595) 

0.024 
(3.774) 

MMRI-W             

Acquisition 
(Reference 
acquisition) 

medial-
lateral 

migration
(mm) 

distal-
proximal 

migration(
mm) 

posterior-
anterior 

migration(
mm) 

flexion-
extension 
migration 

(deg) 

external-
internal 

migration 
(deg) 

varus-
valgus 

migration 
(deg) 

1 (2) -0.326 -0.173 1.702 1.725 -0.779 -0.735 
2 (3) 1.315 -0.736 -1.071 -0.359 1.727 0.665 
3 (4) 0.094 0.356 -0.081 2.417 0.516 -0.291 
4 (5) 0.467 -0.804 0.716 -0.789 -0.416 0.502 
5 (6) -0.432 2.489 -1.456 -2.723 -0.360 -0.305 
6 (7) 1.229 -3.267 0.182 4.319 0.750 0.416 
7 (8) 0.196 0.690 -0.240 -2.665 0.295 0.291 
8 (9) 0.369 1.619 -0.062 2.500 0.206 -0.068 

9 (10) -2.113 1.378 0.618 -3.284 -2.317 -1.114 
10 (11) 0.577 -1.102 -0.718 0.452 0.553 0.383 
11 (12) 1.669 0.119 -1.792 1.847 1.364 2.007 
12 (1) -1.414 -0.956 0.746 -2.623 -1.781 -1.790 

              

µ(σ) 0.136 
(1.100) 

-0.032 
(1.518) 

-0.121 
(1.012) 

0.068 
(2.527) 

-0.020 
(1.189) 

-0.003 
(0.967) 

This table shows the migration calculated using the MRI data of each acquisition 
with respect to the previous acquisition.  A perfect registration result would be zero 
migration.   
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Figure 5.4. Boxplots for the six degrees of freedom, three for translation and three for rotation, for 
MMRI-M, MMRI-A and MMRI-W (95% CI; µ±2σ). The dashed horizontal lines indicate bounding 
range of RSA accuracy reported in literature. 

 
5.4 Discussion 
 

The most important finding of the present study is that the low-field MRI 
method as utilized in this study is not yet as precise as the golden standard RSA. 
However, low-field MRI is feasible of measuring the relative position of bone and 
implant with an error of µ ≤ 0.13 mm (σ ≤ 0.931 mm) for translation and µ ≤ 0.15° 
(σ ≤ 1.63°) for rotation when the manual registration algorithm is used, which 
indicates that with some improvements this technique could reach adequate 
precision.  
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5.4.1 Precision of zero motion 
The values for the precision of zero motion for rotation are more precise 

than those in recent marker-free RSA studies from Seehaus et al. (147) µ≤ 1.64° (σ 
≤ 3.17°) and de Bruin et al. (150) µ≤ 0.21° (σ ≤ 3.26°). However, in these studies, the 
values obtained for translation were comparable (µ≤ -0.363 mm (σ ≤ 0.876 mm)) 
and more accurate (µ≤ -0.083 mm (σ ≤ 0.295 mm)) than the values obtained in 
this study. In this study, the largest measurement error for translation is in the 
distal-proximal direction. An explanation for this is that only 2D metal artefact 
reducing sequences were available on the low-field MRI system, which resulted in 
a 3 mm through-plane resolution in the distal proximal direction compared to a 
resolution of 0.4 mm in the medial-lateral and posterior-anterior direction. An 
improvement in the through-plane resolution is expected to result in a more 
detailed segmentation and thereby to contribute to a smaller standard deviation 
for translation. To have a similar through-plane resolution in all directions further 
research should focus on improving 3D sequences. Another option which could 
reduce the measurement error in the proximal-distal direction is by changing the 
scan direction to sagittal or coronal. 

Nevertheless, neither the results obtained in this study nor those from 
marker-free RSA research are as accurate as the golden standard. (143, 147)  
To reflect on the precision of the low-field MRI method, reference values for RSA 
were obtained from the literature. It should be noted that these reported values 
are subject to variations of the exact methods and implants used. These reference 
values should therefore be used with caution and can only serve as an indication 
of the ‘overall precision’ of marker based and marker-free RSA techniques.  
 

5.4.2 Registration method 
Marker-free MRI with manual registration (MMRI-M) had the smallest 

registration error. Manually, it was possible to match according to specific 
landmarks such as the posterior notch of the proximal plate or on the distal stem, 
which explains the favourable results. However, contrary to automatic 
registration, manual registration is susceptible to observer variation. It is also 
more time-consuming.  

Despite its lower accuracy, the registration method that does not use a 3D 
reference model (MMRI-W) remains interesting. MMRI-W is an automatic 
method and is not susceptible to observer variation. Because it omits reference to 
a 3D reference model, the MMRI-W method makes it possible to determine the 
position of any prosthesis implanted in a patient, and would thus be the most 
accessible method when applied in daily practice. This makes it worthwhile to 
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work on improvements of this method which is a somewhat less accurate 
automatic registration method.   

 

5.4.3 Strengths and limitations of the technique and the study 
In addition to its potential to measure prosthetic migration, low-field MRI 

is excellently suited for judging the soft tissue structures surrounding the 
implants. Future research should investigate the added clinical benefit of being 
able to assess soft tissue structures as well as prosthetic positioning and migration. 
If low-field MRI is capable of these combined evaluations, the technique could be 
beneficial for individual patients who have recurrent or persisting symptoms after 
total knee arthroplasty. Low-field MRI could aid to diagnose whether this is 
caused by migration of the prosthesis and/or by other issues such as 
malpositioning or soft tissue impingement problems. Furthermore, it should be 
noted that compared to high-field MRI, low-field MRI is considerably less 
expensive and could therefore be a relatively cost-effective manner to assess soft 
tissue aspects as well as prosthetic migration. 

Obviously, this study has some limitations. Firstly, since it is a feasibility 
study, only one porcine tibia with a tibial component without insert and femoral 
component was used, and results were analysed by one imaging specialist. For 
further validation more subjects should be analysed by more than one imaging 
specialist. An additional shortcoming is that a phantom will always be a limited 
representation of the human knee. In this study a gelation solution was used to 
mimic the soft tissue. (154) Gelatine is a more homogeneous substance than 
human tissue, and while it does mimic globally soft tissue imaging properties, it 
lacks the variety of soft tissues in the human knee. If the low-field MRI’s accuracy 
is tested in the human knee, the knee’s reduced homogeneity will influence the 
size of the metal artefacts, which could affect the accuracy of the measurements. 
Moreover, the phantom was at room temperature (21°C). The higher temperature 
of the human knee could also affect the image quality. (156) 

Secondly, during the acquisitions available sequences on the low-field 
MRI system, and during the automatic registration procedure the registration 
algorithm available in Mimics were used. Although these methods can be 
considered as state of the art, further improvements on these aspects can be made 
in order to further reduce the registration errors. From these two aspects, it is 
proposed to first focus on improving the MRI sequences on the low-field system. 
When metal artefacts are reduced even more, segmentations become more similar 
and registration more accurate. Subsequently, research could focus on further 
improving the registration methods.  Other registration options such as rigid 
image registration techniques should be further explored. This method allows 
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scans to be directly registered to each other, without the necessity of any 
segmentation. (157)  

Thirdly, this study focuses on the accuracy of zero motion of low-field 
MRI. For further validation, it is necessary to generate true migrations with a 
micromanipulator in order to evaluate low-field MRI’s ability to measure 
prosthetic migration in a multiple human cadaver study with a total knee 
prosthesis. This should be followed by a clinical validation. If low-field MRI is used 
in clinical practice movement artefacts may occur. In today’s practice, patients are 
instructed before they are scanned in a high-field MRI scanner to minimize 
movement artefacts. Since the low-field MRI protocol for measuring migration is 
shorter than a clinical high-field MRI we expect that when the patient is well 
instructed movement artefacts can be negligible. 
 

In conclusion low-field MRI as utilized in this study appeared not yet to 
be as precise as the golden standard RSA. However, RSA has a history of over 50 
years. Interestingly, results of the present study showed that low-field MRI is 
feasible of measuring the relative position of bone and implant with a precision 
which is comparable to marker-free RSA techniques.  
 Of the three tested registration methods, manual registration was most accurate. 
However, manual registration is susceptible to observer variation and is more 
time-consuming.  

Further research is necessary and should focus on improving scan 
sequences and registration algorithms, in order to further improve the precision 
and thereby working towards clinical validation. Consequently, once this 
technique is validated within a patient cohort, low-field MRI is suggested to be a 
marker free and radiation free alternative for RSA. 
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6.0 Abstract  
 

Introduction: Low-field MRI, allowing imaging in supine and weight-bearing 
position, may be utilized as a non-invasive and affordable tool to differentiate 
between causes of dissatisfaction after TKA (‘problematic TKA’). However, it 
remains unclear whether low-field MRI results in sufficient image quality with 
limited metal artefacts. Therefore, this feasibility study explored the diagnostic 
value of low-field MRI concerning pathologies associated with problematic TKA’s’ 
by comparing low-field MRI findings with CT and surgical findings. Secondly, 
differences in patellofemoral parameters between supine and weight-bearing low-
field MRI were evaluated. 
 
Methods: Eight patients with a problematic TKA were scanned using low-field 
MRI in weight-bearing and supine conditions. Six of these patients underwent 
revision surgery. Scans were analysed by a radiologist for pathologies associated 
with a problematic TKA. Additional patellofemoral and alignment parameters 
were measured by an imaging expert. MRI observations were compared to those 
obtained with CT, the diagnosis based on the clinical work-up, and findings during 
revision surgery.  
 
Results: MRI observations of rotational malalignment, component loosening and 
patellofemoral arthrosis were comparable with the clinical diagnosis (six out of 
eight) and were confirmed during surgery (four out of six). All MRI observations 
were in line with CT findings (seven out of seven). Clinical diagnosis and surgical 
findings of collateral excessive laxity could not be confirmed with MRI (two out of 
eight). 
 
Conclusion: Low-field MRI shows comparable diagnostic value as CT and might 
be a future low cost and ionizing radiation free alternative. Differences between 
supine and weight-bearing MRI did not yield clinically relevant information. 
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6.1 Introduction 
 

Total knee arthroplasty (TKA) is a highly successful procedure usually 
performed on patients with end-stage osteoarthritis to improve long-term 
function and reduce pain (158). Each year, more than 700,000 TKA procedures are 
performed in the US, and that figure has been increasing annually (158, 159). 
Despite the increase, approximately 20% of the patients are dissatisfied after TKA; 
these patients’ cases are referred to as the problematic TKA (158). Pathologies 
related to this dissatisfaction include intra-articular, peri-articular and extra-
articular causes. The classical described pathologies for which revision is 
performed include loosening, infection, instability, and malalignment (158, 160-
163). Medical imaging of the TKA plays an important role in identifying the 
cause(s) of dissatisfaction. During the past decade, several differential diagnostic 
algorithms for the problematic TKA have been developed as a result of a multitude 
of studies (161, 164-166). In all these differential diagnostic algorithms several 
additional imaging investigations such as CT, SPECT-CT, stress radiographs or 
other are used. Unfortunately, none of these imaging techniques are solely able to 
diagnose all probable causes of the problematic TKA simultaneously.  

In the native knee, MRI has become the standard to evaluate the joint and 
surrounding soft tissue (8). MRI is considered to be of limited diagnostic value 
after TKA, primarily due to metallic susceptibility artefacts caused by the metal 
implant (167). Recent review articles have described how it is possible to evaluate 
a TKA with MRI using optimized sequences and advanced metal artefact 
reduction techniques (159, 168). However, despite these efforts, susceptibility 
artefacts are still present. Another method to reduce these artefacts is to decrease 
the main magnetic field, i.e. use low-field MRI (40). Although low-field MRI (≤ 1 
T) was previously regarded as having inferior imaging quality, systems have 
improved through the years (53, 169). Together with the possibility to reduce 
susceptibility artefacts, low-field MRI is hypothesized to be a potential solution to 
evaluate the problematic TKA and its surrounding soft tissue. 

The majority of medical imaging is performed with the patient in a supine 
position, except the conventional weight-bearing long-leg view. The knee is a 
dynamic joint acting in a load-bearing capacity during the day. Therefore, 
evaluation of the knee in a load-bearing situation may offer improved and more 
relevant insight in some pathologies. For example, in the native knee, deviated 
patellar height in the weight-bearing position might be associated with lateral 
displacement and patellar tilt (30). Patellofemoral maltracking is considered to be 
diagnosed more effectively in the weight-bearing position (27), whereby the tibial 
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tubercle-trochlear groove distance (TT-TG) has been reported to decrease (28); 
whether this also applies after TKA is currently unknown.  

Taken together, the absence of a single imaging technique that can 
simultaneously differentially diagnose a problematic TKA and the potential 
weight-bearing MRI might offer call for exploration of low-field weight-bearing 
MRI to diagnose the problematic TKA. Consequently, the aim of this feasibility 
study was twofold. First, to compare the diagnostic value of low-field weight-
bearing MRI concerning pathologies associated with a problematic TKA with CT 
and surgical findings during revision surgery. Secondly, to evaluate differences 
between supine and weight-bearing low-field MRI for patellofemoral parameters 
after TKA. 
 

6.2 Methods 
 

6.2.1 Patient selection criteria 
A prospective feasibility study was conducted between November 2018 

and June 2019  and eight patients with a problematic TKA (three male and five 
females, median age 67 years (range 55–72), two left and six right knees) were 
consecutively included at OCON Centre for Orthopaedic Surgery (Hengelo, The 
Netherlands) (Figure 6.1). In six out of eight patients the complaints started 
between the first and third year after TKA. In two patients, the complaints started 
nine and ten years after TKA. Given there is no available data on the diagnostic 
value of low-field weight-bearing MRI, a proper sample size calculation could not 
be conducted. The number of eight patients has been found to be the minimum 
required in both public and industry-funded pilot and feasibility trials (135). 
Inclusion criteria comprised patients dissatisfied after primary TKA (NexGen, 
posterior stabilized, BiometZimmer) and patients considered eligible for revision 
surgery based on the standard clinical work-up. Exclusion criteria were a body 
mass index of over 35 kg/m2, other implanted devices that could interact with the 
magnetic field, and the inability to stand for the duration of the MRI experiment. 
Informed consent was obtained from all patients.  

All patients were scheduled for revision surgery within six months after 
the low-field MRI experiment. For one of the patients, the complaints disappeared 
before surgery, while a second patient encountered other health problems (Figure 
6.1). Therefore, six patients underwent revision surgery, performed by an 
experienced orthopaedic knee revision surgeon. The revisions were an insert 
change (two patients, + 4 mm thicker liner), patella resurfacing (one patient), tibia 
component revision (one patient), and full component revision to a rotating hinge 
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(two patients) implant. During the revision surgery,  the causative findings 
relating to the revision indication were recorded. 
 

 
6.2.2 Image acquisition   

Patients were scanned at the University of Twente (Enschede, The 
Netherlands) on a low-field 0.25T MRI system (G-scan brio; Esaote SpA, Genova, 
Italy) in the weight-bearing and supine conditions (Figure 6.2), using a dedicated 
knee coil Spin echo (SE), fast spin-echo (FSE), and X-MAR sequences (based on 
the view angle tilt (VAT) technique). The sequences used were T1, T2, and PD 
weighted (TR/TE 1160-7060 ms/12-72 ms) in the sagittal, coronal and transversal 
directions. Slice thickness was 4 mm, with a gap of 0.4 mm. The field of view was 
between 200 mm and 260 mm, with an acquisition matrix of either 256 x 256 or 
512 x 512. The weight-bearing examinations were performed first, with the patient 
table at an angle of 81⁰. Both knees were under physiological load during the 
weight-bearing examination. Thereafter, supine examination was performed. The 
total duration of the imaging protocol was approximately 30 minutes (five minutes 
for positioning and rotation, 12 minutes for weight-bearing MRI, one minute for 
rotation and repositioning, 12 minutes for supine MRI).  

Figure 6.1. Patients selection flowchart 
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Figure 5.2. Scanning position in weight-bearing condition in a low-field MRI-scanner. (Adapted with 

permission from Esaote (esaote.com)).  

 
6.2.3 Measurements 

The MRI scans were assessed by a radiologist with 10 years’ 
musculoskeletal experience, who was unaware of the clinical diagnosis and 
findings during surgery. His MRI report described the status of prosthetic fixation 
and (pathologies of) the surrounding structures, including bone, tendons, 
ligaments, and muscles. Moreover, patellofemoral alignment parameters and 
rotational alignment parameters were measured by an imaging expert, who was 
also kept blind to patient characteristics.  

The measurements were performed as shown in figure 6.3. The Insall-
Salvati ratio (IS, normal value in the native knee 0.8–1.2 (27)) and the Caton-
Deschamps ratio (CD, normal value in the native knee 0.6–1.2) were used to 
evaluate the patellar height (129). Patellar tilt was evaluated based on the patellar 
tilt angle (PTA, normal value in the native knee 3⁰–7⁰)(27). Moreover, the tibial 
tubercle-trochlear groove distance (TT-TG)) was measured (10–15 mm in the 
native knee) (130). The rotational alignment was evaluated through tibial 
component rotation (TCR) using the Berger angle and via femoral component 
rotation (FCR) measuring the posterior condylar axis (PCA)(170). The images were 
evaluated semi-automatically using Matlab software that was developed in house 
(R2018a, The Mathworks, Natick, USA).  
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Figure 6.3. The patellar height was measured with the Insall-Salvati ratio (A), the length of the patellar 
tendon (yellow line) is divided by the diagonal length of the patella (red line), and with the Caton-
Deschamps ratio (B), the distance between the distal pole of the patella and the tibial plateau (yellow 
line) is divided by the posterior length of the patella (red line). The patellar tilt angle (C) was measured 
as the angle between the maximum width of the patella (yellow line) and the posterior condylar axis 
(red line). The tibial tubercle- trochlear groove distance was measured on three levels, at the first level 
a line through the posterior epicondyle (blue) was drawn, at the second level a line through the deepest 
point of the trochlear groove (yellow) perpendicular to the posterior epicondyle was drawn, then on 
the third level a line (red) through the most anterior portion of the tibial tuberosity is drawn (D). The 
distance between the red and yellow line is the TT-TG distance. The femoral component rotation (E) 
is measured on two levels as the angle between the posterior condylar axis (red line) and the surgical 
transepicondylar axis (yellow line). The tibial component rotation (F) is measured on three levels, on 
the first level the centre of the tibia is determined, then on the second level the centre of the tibia is 
connected to the top of the tibial tuberosity (yellow line), next the angle between the yellow line and 
the line perpendicular on the tangent of the tibia plateau of the tibial component (red) is calculated. 

 
To be able to compare the MRI observations with the clinical diagnosis, 

the standard clinical work-up results and the surgical findings during revision 
surgery were extracted from the patients’ medical records. Standard clinical work-
up included a diagnosis based on anamnesis, clinical examination, radiological  
reports made by a musculoskeletal radiologist based on conventional knee 
radiographs and an indicative CT or other additional investigations, such as stress 
radiographs or bone scintigraphy.  

The study was approved by the Medical Research Ethics Committees of 
Twente (Netherlands Trial Register: Trial NL7009 (NTR7207). Registered 5 March 
2018, https://www.trialregister.nl/trial/7009). 
 

6.2.4 Analysis 
MRI observations were descriptively compared with the diagnosis based 

on CT results, clinical diagnosis, and findings during surgery. The results of these 
comparisons were scored in consultation between the radiologist and the image 
expert. When the diagnoses based on MRI was comparable with CT results, 
clinical diagnosis or findings during surgery, it was scored as excellent agreement 
(++). If the diagnoses based on MRI was partly comparable with CT, clinical 
diagnosis  or surgery, it was scored as a moderate agreement (+). 

When the diagnoses based on MRI was not comparable at all it was scored 
as no agreement (--). If CT, clinical findings or surgery were not available the 
agreement was scored as not applicable (n/a). Based on the comparison of the 
clinical diagnosis and findings during surgery with the low-field MRI observations, 
several pathologies were discussed. For the patellofemoral alignment parameters 
of each patient, weight-bearing and supine values were plotted together with their 
normal ranges for the native knee, as reported in the literature. Due to the small 
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sample size, statistical paired differences for each of the eight patients’ 
patellofemoral parameters, in both the weight-bearing MRI and supine MRI 
conditions, were evaluated utilizing the non-parametric Wilcoxon signed-rank 
test. The statistical analyses were performed using SPSS (version 25, IBM Corp., 
Armonk, NY, USA). The level of significance was set at p < 0.05. 

 

6.3 Results 
 

In all six patients who underwent revision surgery, the diagnosis based on 
the clinical work-up was comparable with the findings during surgery. Table 6.1 
describes the results from the clinical work-up i.e. the diagnosis, the low-field MRI 
observations, and the findings during surgery. 
  As can be seen in Table 6.1, in the majority of the cases (four out of six), 
low-field MRI observations were roughly the same as the findings during surgery. 
For six of the eight patients, the diagnosis based on the clinical work-up was in 
line with low-field MRI observations. Interestingly, all MRI observations were 
comparable with the CT results. However, the additional weight-bearing MRI did 
not reveal additional information regarding the diagnosis based on low-field MRI. 
 

 
Figure 6.4. Rototional malalignment of the TKA. A) shows 3.3⁰ of internal rotation of the femoral 
component of patient 3, measured as the angle between the posterior condylar axis and the surgical 
transepicondylar axis. B-D) show 4.4⁰ tibial component rotation, measured in accordance with the 
Berger protocol, wherefore B shows the top of the tibia tuberosity, which is connected with the centre 
of the tibia determined in C. In D, the angle between the yellow line and the green line perpendicular 
on the tangent of the tibia plateau of the tibial component (red) was calculated as 4.4⁰ tibial component 
rotation. 

 
Malalignment was measured and confirmed with CT in three cases. 

Figures 6.4 shows a typical example of prosthetic component malalignment 
measured on the low-field MRI of two different patients (patients three and four).    
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Prosthetic loosening (tibial component) was the clinical diagnosis for 
patient six. Figure 6.5 shows the low-field MRI, which showed high signal on the 
T2-weighted images surrounding the tibial stem. Over time, the patient indicated 
that complaints had considerably reduced and the revision surgery was 
consequently cancelled, making it impossible to compare the data with the 
findings during surgery. Patellofemoral arthrosis was found on the MRI of patient 
eight (Figure 6.6), which was analogous to the clinical diagnosis and surgical 
findings. Signs of laxity could not be diagnosed based on low-field MRI (case one 
and two). In case of ligament instability, stress radiographs remains the superior 
diagnostic modality. 

 

 
Figure 6.5. Loosening of the tibial component. The conventional radiograph (A) of patient 6 shows 
tibial component loosening around the medial plate and stem. CT (B and C) and low-field MRI (D and 
E) show images of the same knee, where images C and D are the transversal views of B and E at the 
most distal point of the tibial stem. The CT shows lucency (B-C) and MRI effusion (D-E) around the 
tibial stem, which are elements suspected of loosening the tibial component. 
 

 
Figure 6.6. Patellofemoral arthrosis. The conventional radiograph (A) of patient 8, together with the 
bone scintigraphy (B), the additional patellofemoral radiograph (C) and the low-field MRI (D). Except 
for the conventional radiographs (A), all other images (B-D) show patellofemoral arthrosis. 

For all patients, patellofemoral parameters were measured in weight-
bearing and supine conditions. Figure 6.7 illustrates the patellofemoral 
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parameters per patient, per condition. Interestingly, the TT-TG distance 
significantly decreased in weight-bearing condition (p = 0.012). For the other 
parameters, no significant differences between supine and weight-bearing 
conditions were found (IS (p = 0.575), CD (p = 0.068), PTA (p = 0.161)). However, 
there seemed to be a trend in the decrease of CD and PTA in the weight-bearing 
condition.  

 

 
Figure 6.7. Results of the patellofemoral measurements of eight patients with a problematic TKA, 
scanned in weight-bearing and non-weight-bearing conditions using low-field MRI to measure the IS 
and CD ratios, the PTA and the TT-TG distance. The grey areas are the ranges given in the literature 
for the native knee: Insall-Salvati ratio ( 0.8–1.2 )(27) , Caton-Deschamps ratio (0.6–1.2)(129), Patellar 
tilt angle (3⁰–7⁰)(27), tibial tubercle-trochlear groove distance (10-15 mm)(130) 

 

6.4 Discussion 
 

Identifying the underlying pathologies that cause a problematic TKA is 
often challenging. This is the first study attempting to explore the diagnostic 
potential of low-field weight-bearing MRI for imaging pathologies associated with 
a problematic TKA and compare MRI findings with clinical diagnosis, CT findings 
and surgical findings. In six out of the eight cases included in this study, the MRI 
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observations were in line with the diagnosis based on the clinical work-up, and in 
four out of six cases, the MRI observations of malalignment, suspected loosening, 
and patellofemoral arthrosis were confirmed with findings during revision 
surgery. Only  collateral laxity could not  be confirmed with low-field MRI. 
Importantly, all MRI observations were comparable with CT or scintigraphy 
results. Weight-bearing MRI significantly decreased TT-TG distance 
measurements when compared to supine MRI. In addition, the other 
patellofemoral parameters showed a decreasing trend when measured in the 
weight-bearing condition. However, the added value of weight-bearing low-field 
MRI to evaluate the problematic knee could not be proven yet. Based on our study 
results, low-field MRI shows a comparable diagnostic value to CT regarding 
evaluation of the problematic TKA, but currently cannot replace the entire clinical 
work-up and solely diagnose all pathologies associated with the problematic TKA. 

In the cases described in our study, rotational component malalignment 
could be diagnosed with low-field MRI. As demonstrated in the extant literature, 
rotational malalignment has been possible to diagnosed by means of high-field 
MRI (16, 171). In this study, CT or MRI results for component malalignment were 
not always supported by the clinical diagnosis. This was due to the fact that not 
all patients with measured component malalignment had clinical complaints 
related to malalignment. During the evaluation of synovitis, which is related to 
aseptic loosening (99, 172, 173), the assessed low-field MRI images did show 
increased signal in T2 scans surrounding the tibial component, which has been 
associated with aseptic loosening in several high-field MRI studies (99, 172, 173). 
However, as only one of these patients with observations of synovitis on low-field 
MRI underwent surgery, the clinical evidence is scarce, and more cases are needed 
to reach a definitive conclusion. Patellofemoral arthrosis could also be visualised 
with low-field MRI, as the observations were in line with the clinical diagnosis 
based on the bone scintigraphy and the findings during surgery. Pathologies only 
causing laxity could not be diagnosed based on the low-field MRI scans and were 
only visible on the stress radiographs. It was expected that low-field MRI would 
provide additional diagnostic information concerning soft-tissue problems, as 
MRI is the superior imaging modality to diagnose these kind of problems in the 
native knee (8). Unfortunately, this could not be confirmed in the current study 
due to the fact that no patients with soft tissue problems, such as a tendinopathy, 
could be included. Results show that it is possible with low-field MRI to image the 
soft tissue structures surrounding the prosthetic components, which made it of 
potential added value when soft tissue problems are present. 

When comparing the results of weight-bearing versus supine MRI, as  
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expected, a significant decrease of the TT-TG distance was found in the weight-
bearing condition. This result is in line with findings in the native knee (174) and 
satisfied knee after TKA, and can be explained by quadriceps loading (141). 
Moreover, the results suggest a decreasing trend in patellofemoral parameters 
between the weight-bearing and supine conditions for the CD and the PTA. When 
evaluating all four patellofemoral measurements, there is a notable deviation 
between the measurements performed in this study and the normal values in the 
native knee (27, 129, 130). However, the clinical relevance of these differences is 
unknown; as there are no reference values for patellofemoral parameters after 
TKA, no firm conclusions can be drawn between the measured patellofemoral 
parameters and the patients’ complaints yet. In the future, measurement and 
collection of patellofemoral parameters after TKA would be a possible area of 
study. When more data is available, normal values can be determined and perhaps 
patellofemoral measurement outliers in the weight-bearing condition can be 
related to the cause of the problematic TKA, thereby improving diagnostics.  

Although the current study is the first to explore the diagnostic feasibility 
of low-field MRI regarding pathologies associated with the problematic knee, 
there are some obvious limitations. First, given the explorative character of the 
current study the sample size was kept limited and heterogeneous to represent 
the variety of reasons for the problematic TKA. If considerable differences would 
exist between patellofemoral measurements based on weight-bearing MRI and 
supine MRI, they would have been found even with a small sample size. However, 
in this feasibility study it is less important whether the  difference found is 
statistically significant but much more about whether it could be of clinically 
relevance to the patient. Although small differences were found between 
patellofemoral parameters in weight-bearing and supine conditions, differences 
of clinical relevance were not perceived.  Therefore, to be more certain about the 
diagnostic value of low-field MRI and the added value of weight-bearing MRI, 
more patients need to be scanned. The current study reveals an estimate of 
variability between the weight-bearing and supine positions for patellofemoral 
parameters, which can be used to conduct proper sample size calculations to set 
up clinically relevant studies in future research. Second, as radiologists are trained 
to assess high-field MRI scans, it was more difficult to evaluate images made on a 
lower field strength. Soft tissue structures, such as the popliteus tendon and the 
semi-membranous tendon, which are close to the posterior part of the prosthetic 
components, were especially challenging to distinguish. This is likely caused 
mainly by the reduced signal-to-noise ratio (SNR) of low-field MRI, and partly due 
to susceptibility artefacts caused by the TKA. Since, malalignment of the tibial  
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component affects posterior tendon tension (175), and MRI (in contrast to CT) 
offers the ability to image soft tissue, it would be beneficial if those structures can 
be visualised.  

In clinical practice, a CT scan is often made when additional imaging is 
needed. In this study, diagnostic findings considering the problematic TKA based 
on the low-field MRI were interchangeable with the diagnostic findings based on 
CT. When comparing these two imaging modalities low-field MRI does not use 
any ionizing radiation, and offers the possibility to image soft tissues surrounding 
the prosthetic components. Since soft tissue problems are difficult to diagnose 
with CT, it can be expected that if soft tissue problems are present low-field MRI 
might make a difference. Moreover, when comparing purchasing and 
maintenance costs with high-field MRI, low-field MRI is just as CT by a rough 
estimation 3 times less expensive (176). Hence, from a cost perspective, low-field 
MRI may be a realistic competitor for CT. These factors made it relevant to study 
whether low-field MRI could be used as a cost- efficient and effective alternative 
in diagnosing problems around a problematic TKA. 

Currently, there is not one imaging technique capable of differential 
diagnosis in the problematic knee after TKA. This study focused on the diagnostic 
value of low-field MRI. However, when evaluating the standard clinical work-up, 
it is remarkable that the conventional radiographs were of added value in only two 
out of the eight cases. In all other cases, additional imaging by CT, bone 
scintigraphy or stress radiographs was needed to further diagnose the problematic 
TKA. Low-field MRI is an addition to the diagnostic arsenal. Low-field MRI is 
capable of simultaneously diagnosing different pathologies, such as 
malalignment, loosening and patellofemoral arthrosis. In our study, low-field MRI 
could not diagnose laxity and other pathologies such as soft tissue problems. 
Infection was not present in our population and, therefore, the efficacy of low-
field MRI on these subjects remains unknown. Further research is warranted to 
determine the clinical and cost-effective value of low-field MRI among the current 
imaging arsenal in patients who are dissatisfied with their TKA. 
 

In conclusion, this feasibility study showed the potential of low-field MRI 
to image pathologies associated with a problematic total knee arthroplasty. The, 
diagnoses based on low-field MRI were comparable to the diagnoses based on CT. 
Our hypothesis of the added value of weight-bearing MRI to diagnose 
patellofemoral problems associated after primary TKA could not be supported in 
this feasibility study.  
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7.0 Abstract 
 
Introduction: There is a growing demand for a single diagnostic imaging modality 
that is able to diagnose the problematic knee after total knee arthroplasty (TKA). 
Magnetic resonance imaging (MRI) has proven to be an accurate imaging 
modality for diagnosing pathologies in native knees. However, after arthroplasty, 
a trade-off is required between metal artefact reducing capacities and image 
quality. Low-field MRI (0.25T) results in fewer metal artefacts and lower image 
quality compared with high-field MRI (1.5T). Technological developments such as 
metal artefact reducing sequences (MARS) have continued to improve high-field 
MRI over the years. In this context, the aim of the present study is to perform a 
qualitative evaluation of the performance of low- and high-field MRI, with and 
without MARS, in two case studies after TKA. 
 
Method: A case study was performed. Two patients with a primary TKA were 
consecutively scanned using low-field and high-field MRI. The scans were 
performed in 2017 without metal artefact reducing sequences (MARS) and in 2019 
with MARS. Scans were analysed for parameters associated with the causes of the 
problematic TKA, such as loosening and wear, instability, malalignment and 
patellofemoral problems. Hence, the prosthetic components were segmented, and 
an evaluation was performed focussing on soft tissue visibility, the measurement 
of rotational alignment parameters and quantification of patellofemoral 
parameters. 
 
Results: In 2017 low-field MRI was less hampered by metal artefacts than high-
field MRI without MARS. In 2019 MARS sequences became available, and high-
field MRI outperformed low-field MRI, which seems especially beneficial for soft-
tissue evaluation. 
 
Conclusion: When the two imaging modalities are compared, it seems that high-
field MRI offers superior image quality, whereas low-field MRI offers usability at 
low cost. Particularly since 2019, when high-end MARS sequences became 
available, high-field MRI has shown the potential to diagnose most of the essential 
causes of problematic knees. Perhaps these high-end MARS sequences could also 
be implemented in low-field MRI in the near future to enhance the clinical 
significance of low-field MRI for the analysis of TKA patients. 
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7.1 Introduction 
 

Although the studies presented in the foregoing chapters (Chapter 4–6) 
show low-field MRI to be a promising image modality near total knee arthroplasty 
(TKA), low-field MRI, to be an attractive clinical alternative, must compete with 
the clinically available system of high-field MRI (Chapter 2 & 3). 
As stated in Chapter 1, traditionally high-field MRI is hampered by susceptibly 
artefacts caused by metal implants and not capable of adequately imaging bone 
and its surrounding structures. Fortunately, over the past years, MRI sequences 
for high-field MRI have undergone vast improvements (177). In part, this is the 
result of the introduction of metal artefact reducing sequences (MARS), such as 
view-angle tilting (VAT), slice encoding for metal artefact correction (SEMAC) 
and multi-acquisition variable resonance image combination (MAVRIC) (123, 124, 
178). Recent research shows that when SEMAC is used, distortions caused by metal 
artefacts are significantly reduced. This results in a more reliable evaluation of soft 
tissue structures (110, 179). In addition, when SEMAC is used, increased sensitivity 
and specificity values are found when diagnosing loosening of the prosthesis (110). 
However, high-end MARS sequences are not always available in hospitals. In our 
hospital (ZGT), SEMAC was added to the high-field system in 2019. 

Parallel to these developments, low-field MRI (0.25 T) shows potential as 
a low-cost alternative for imaging orthopaedic hardware and its surroundings 
(Chapter 4 & 6). Low-field MRI might even be able to evaluate prosthetic 
loosening (Chapter 5) and patellofemoral and rotational alignment problems 
(Chapter 4 & 6). Compared to high-field MRI (1.5 T), low-field MRI shows 
advantages including reduction in the number of susceptibility artefacts, reduced 
purchase and maintaining costs and improved patient safety due to lower 
absorption of radio-frequency energy. On the downside, low-field MRI has a 
decreased SNR and resolution (180, 181). 

Taken together, both field strengths have their specific advantages and 
both show potential to diagnose the problematic TKA (168) (Chapter 6). However, 
a direct comparison in terms of diagnostic performance between these imaging 
modalities does not yet exist for the specific case of the (problematic) TKA and its 
surrounding structures. Therefore, the aim of this study is to perform a qualitative 
evaluation of the performance of low- and high-field MRI, with and without 
MARS, in two case studies after TKA. 
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7.2 Method 
 

7.2.1 Cases 
To perform a qualitative evaluation of the performance of low- and high-

field MRI after TKA, a comparative case study was performed. Two patients who 
were satisfied with their TKAs volunteered – patient 1 (female, 61 years, right knee, 
with a primary TKA + patella (NexGen, posterior stabilized, BiometZimmer), in 
August 2017) and patient 2 (male, 73 years, left knee, primary TKA (NexGen, 
posterior stabilized, ZimmerBiomet), in January 2019) – and informed consent was 
obtained. For this case study satisfied TKA patients were chosen because the study 
focusses primarily on the comparison between high- and low-field MRI for 
measuring several diagnostic parameters and not on the direct diagnostic value 
for one specific clinical problem. 
 

7.2.2 Scan protocol 
Patients were scanned on a low-field 0.25 Tesla MRI system (G-scan brio; 

Esaote SpA, Genova, Italy) at the University of Twente and high-field MRI 
(Magnetom Avanto; Siemens, Erlangen, Germany) at Hospital Group Twente 
(ZGT). Patients were scanned in supine positions using a dedicated knee coil and 
sequences according to the MRI scan protocol (table 7.1). In agreement with 
clinical practise at that time, the 2017 protocol for high-field MRI called for high 
bandwidth and short repetition times in order to reduce the artefact due to 
ferromagnetic material. In 2019 SEMAC sequences became available on the high-
field system and were used instead. Since the systems were not at the same 
location, scans on low- and high-field MRI were performed within 14 days of each 
other. 
 

7.2.3 Parameters 
The MRI scans were assessed and analysed for parameters associated with 

TKA failure; loosening and wear, instability, malalignment and patellofemoral 
complaints (Figure 7.1) (6, 182). 
Loosening and wear can be quantified by determining the position of the 
prosthesis with respect to its surroundings. If there is a relative movement 
between the prosthesis and the bony structures, loosening is suspected. Therefore, 
the possibility of segmenting the prosthetic 3D shape is chosen as a measure to 
determine the possibility offered by low- and high-field MRI for detecting 
loosening and wear.  
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Moreover, loosening and wear result in fibrous membrane formation 
between the bone and the implant or cement (3), which can be visualized with 
MRI as hypertrophied synovitis (17) and is not expected to be found in satisfied 
patients. 

Instability can be caused by soft tissue problems, such as tendon 
abnormalities, tendinosis or tendon rupture, or ligament deficiency (182). 
Therefore, the visibility of the tendon and ligament structures was assessed. 
Femoral and tibial component rotation of the prosthetic components was assessed 
by measuring rotational alignment parameters (91, 171). 

Patellofemoral problems are associated with patellar (m)alignment. 
Therefore, four patellofemoral parameters were assessed. 
 

7.2.4 Measurements and analysis 
All measurements and analysis are summarized in Figure 7.1. To segment 

the prosthesis, the sagittal images of patients 1 and 2 on low-field and high-field 
MRI were selected and segmented by an image expert with over four years of 
experience in image analysis. Segmentation of the TKA was performed semi-
automatically in Mimics (Mimics Research 21.0, Materialise NV) with the 
following procedure. First, a suitable threshold was determined by applying a 
profile line. Second, a region growing algorithm was applied. Third, abundant 
voxels were manually erased, and missing voxels were filled. Fourth, a 3D model 
was constructed from the connected voxels. Segmentation of the four scans was 
visually compared along with the total segmentation time. 

To evaluated tendon and ligament visibility, the tendon and ligament 
structures were assessed by a radiologist with over 10 years of experience in 
musculoskeletal imaging. The visibility of the popliteus tendon, iliotibial tract, 
Hoffa’s fat pad, patellar tendon, quadriceps tendon, medial collateral ligament, 
and lateral collateral ligament were rated on a 10-point visual analogue scale 
(VAS). Zero meant not visible and not accessible and 10 meant excellently visible 
and excellently accessible. An overview of the results per imaging modality was 
made. 

To evaluate prosthetic component rotation, first the femoral component 
rotation was measured by the posterior condylar angle, the angle between the 
posterior condylar line and the surgical epicondylar axis (normal 3.5 ± 1.2° for 
males or 0.3 ± 1.2° for females (131)). Second, the tibial component rotation was 
measured by the angle between the geometric centre of the proximal tibial 
plateau, the distal level of the tibial tubercle and the posterior axis of the tibial 
plateau (normal 18⁰ internal rotation (170)). These measurements were performed 
by the image analysis expert. Patellar alignment was assessed by quantifying the 
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Insall-Salvati ratio (IS) and Caton-Deschamps ratio (CD) for patellar height, 
patellar tilt angle (PTA) for patellar tilt and tibial tubercle groove distance (TT-
TG) for patellar translation (MRIproI). These were measured in accordance with 
the protocol published earlier in Chapter 4. Rotational and patellar alignment 
parameters were determined semi-automatically by the image analysis expert 
using custom Matlab software (R2018a, The Mathworks, Natick, USA). 

Based on the results of the analysis of the MRI images of the two patients, 
the imaging expert made an overall rating of the acquired results ranging from 
very poor (--) to excellent (++) for the following parameters: segmentation, 
visibility and alignment. 
 

7.3 Results 
 
With low- and high-field MRI, it was possible to image the TKA and the 

surrounding soft-tissue structures for both patients. Figure 7.2 shows an overview 
of the obtained images. All images are, to a certain extent, disturbed by 
susceptibility artefacts. Although, in general, the artefacts were more pronounced 
on high-field MRI than on low-field MRI, the images collected with the low-field 
system were harder to assess due to lower resolution and SNR. Segmentations of 
the prosthetic components on the sagittal MRI images are visualized in Figure 7.3. 
Based on visual comparison, the 3D model based on the high-field MRI data 
scanned in 2019 offered the best representation of the TKA shape. Second best was 
the 3D model obtained from the low-field MRI data collected in 2017. The 3D 
model obtained from the low-field image from 2019 was slightly inferior to the 
low-field 3D model from 2017, possibly due to motion artefacts and general patient 
variations in fat and fluid. The 3D model obtained from the 2017 high-field MRI 
data had the lowest scores. It showed a remarkable shift in the sagittal plane due 
the ferromagnetic artefact, which made the prosthetic shapes of the components 
harder to define. 

When evaluating the total segmentation time, the low-field scans took 
only approximately 5 minutes, while the high-field high bandwidth of 2017 took 7 
minutes and the SEMAC from the 2019 scan took 20 minutes to segment. The 
longer duration of the latter is due to the high resolution and low contrast 
difference between the pixels of the SEMAC images. The semi-automatic process 
underperformed, and many manual corrections were necessary.  
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The visibility of the tendons and ligaments on the low-field and high-field 

MRI scans is presented in Figure 7.4. When the two imaging modalities are 
compared, soft-tissue structures could best be analysed based on high-field MRI. 
When using SEMAC the structures become even more visible. Only the popliteus 
tendon and Hoffa’s fat pad remain hard to assess on both low-field and high-field 
MRI (+ SEMAC). 

 Both low-field and high-field MRI scans can be analysed for component 
alignment and the four patellofemoral parameters. In Table 7.2 the trend per 
parameter on low-field and high-field per patient is listed. Results suggest that the 
dispersion is increased for the measurements performed on the high-field MRI + 
MARS obtained in 2019 when compared with the high-field MRI analysis of 2017. 
Although differences between the low- and high-field analyses cannot be 
quantified, the image expert found it easier to assess the low-field MRI images for 

Figure 7.2. Low- and high-field MRI of the knee, images from 2017 & 2019 on both modalities in 
sagittal, transversal and coronal direction. In the sagittal direction artefacts induced by the 
prosthesis are most prominent at the borders of the femoral part (white arrows). In the transversal 
direction, the posterior condylar axis (white arrow) was sometimes hard to differentiate from the 
surrounding tissues. In the coronal direction, the tibial stem widened due to the artefact (white 
arrows). Overall the high-field MRI scans out of 2017 have the most prominent artefacts, the low-
field scans the least SNR. 
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alignment parameters due to the contrast between the prosthetic components and 
their surroundings, which was relatively better, especially when evaluating the 
2017 data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.4. Soft-tissue evaluation on low-field and high-field MRI on a 10 point visual analogue 
scale (VAS). 

Figure 7.3. Segmentation of the sagittal low- and high-field MRI images. A) low-field MRI 
segmentation of patient 1, B) high-field MRI segmentation of patient 1, due to the susceptibility 
artefact the prosthetic are shifted. C) low-field MRI segmentation of patient 2, D) high-field MRI 
segmentation of patient 2 of a SEMAC acquisition. Even small details such as the cut-out in the 
anterior part of the tibial component are visible.   
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When summarizing the results for segmentation potential, soft-tissue 
visibility, alignment and patellofemoral parameters per image modality (Table 
7.3), in 2019, high-field MRI with SEMAC outperformed all other MRI setups in 
terms of resolution and image quality. In 2017, when these high-end sequences 
were not available, based on the summary of results low-field MRI offered better 
images. 

 

 
7.4 Discussion 

In this case study, a qualitative evaluation was performed in order to 
compare the performance of low- and high-field MRI, with and without MARS, in 
two satisfied TKA patients. Both modalities were capable of imaging the knee after 
TKA. Whereas in 2017 low-field MRI performed slightly better than high-field 
MRI, in 2019 high-field MRI outperformed low-field MRI when a SEMAC sequence 
was added. Both modalities were to some extent hampered by susceptibility 
artefacts due to the prosthetic components, which made the four evaluations –  

Table 7.2: Measured component alignment and patellofemoral parameters  

  
Patient 1, 2017 
  

Patient 2, 2019  
(+ MARS) 

  
Low-field 
MRI 

High-field 
MRI 

Low-field 
MRI 

High-field 
MRI 

Tibial component rotation (⁰) 24.3–33.9 32.5–34.6 19.2–24.0 20.4–25.7 
Femoral component rotation 
(⁰)  1.2–4.7 2.5–5.9 0.1–1.7 0.0–1.4 
Insall-Salvati ratio 0.86–0.99 0.89–1.12 0.38–0.50 0.41–0.53 
Caton-Deschamps ratio 0.70–0.89 0.73–0.81 0.89–1.03 0.99–1.11 
Patellar tilt angle (⁰) 2.1–2.8 2.4–7.6 5.8–6.7 6.2–7.3 
Tibial tubercle groove distance 
(mm) 11.2–15.9 12.8–21.5 12.3–14.8 11.8–13.9 

 
Table 7.3: Descriptive summary of the analysis results  
  Patient 1, 2017   Patient 2, 2019 (+ MARS)  

  Low-field MRI High-field MRI Low-field MRI High-field MRI 

Segmentation + - +/- ++ & - 
Soft-tissue - +/- - + 
Component 
Alignment + + + + 
Patellofemoral ++ + + + 
++ excellent, + good, +/- moderate, - poor, -- very poor. 
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segmentation, visualisation of tissues, measuring alignment parameters 
and measuring patellofemoral parameters – more challenging. 
 For prosthetic component segmentation, depending on the purpose, both 
field strengths have their advantages. High-field MRI is recommended when high 
accuracy is essential for the case and the time and financial aspects are acceptable 
for the purpose. The segmentation based on the high-field MRI data of patient 2 
in 2019 gave the most accurate 3D representation of the prosthetic components, 
followed by the segmentation based on the low-field MRI data of patient 1 in 2017. 
Interestingly, low-field MRI segmentations were three times faster and could be 
executed using a more automated manner of analysis, which was a consequence 
of the greater homogeneity of pixel contrast values of the prosthetic components. 
When time and costs are important factors and many scans need to be segmented, 
low-field MRI might be the expedient choice. In current clinical practice, CT is the 
first choice to scan bony structures when an 3D model is needed. Current findings 
suggest that it would be interesting to explore low-field MRI for that specific 
purpose as a radiation-free alternative. 

Soft-tissue structures could be better visualized with high-field MRI 
compared to low-field MRI. More specifically, high-field MRI with SEMAC 
performed best. This finding corresponds to previous literature in which SEMAC 
sequences were compared with high-bandwidth protocols, and images made with 
SEMAC had a superior visibility of soft-tissue structures when compared with the 
high-bandwidth protocol (110, 179). However, the question of whether the ability 
to visualise soft tissue will improve the ability to diagnose soft-tissue pathologies 
(i.e. tendon ruptures, ligament tears, muscle problems) remains to be answered. 
To diagnose soft-tissue pathologies, fat suppression is important. Regular fat 
suppression will increase the metal artefact, for which short tau inversion recovery 
(STIR) or turbo inversion recovery magnitude (TIRM) sequences are used in the 
presence of metal hardware (183). Unfortunately, these kinds of sequence reduce 
the SNR and, as a consequence, result in inferior image quality. Therefore, 
visualisation of the anatomical soft tissues around the prosthetic component is 
the first step, the second step being to image soft-tissue pathologies. 

Rotational component alignment and patellofemoral parameters could be 
measured on both MRI modalities for the two cases included. This is in line with 
the findings in our earlier low-field study (Chapter 4) and for rotational alignment 
comparable to high-field MRI findings as presented in Chapter 3. In the present 
case study, only a subjective difference between the measurements based on low-
field and high-field MRI is reported. Low-field MRI has less signal void around the 
prosthetic components, which made it easier to perform the alignment 
measurements. 
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This present study has obvious limitations. Firstly, the low-field MRI 
images made in 2019 were of lower quality than the images obtained in 2017. When 
comparing the low-field MRI images of 2019 with other low-field MRI images 
obtained in 2019 and published in previous studies (Chapter 4 & Chapter 6), it is 
remarkable that the low-field MRI images of patient 2 were of lower quality, 
probably due to motion and general patient differences. Secondly, the systems 
used in this study have their own technological specifications and sequences 
depending on the manufacturer. Especially for low-field MRI, there are major 
differences between the available systems (55). This makes it hard to extrapolate 
the results obtained in this study towards the performance of low-field MRI versus 
high-field MRI in general. 

This case study illustrates that low-field and high-field MRI can image the 
knee after TKA with an image quality that makes it possible to perform several 
diagnostic measurements. Based on the results presented in this case study, low-
field MRI cannot be regarded a substitute for high-field MRI in terms of image 
quality and artefact reduction, especially when compared to high-field MRI 
utilizing SEMAC sequences. At best, low-field MRI could be an alternative at least 
three times less expensive than high-field MRI when imaging the knee after TKA. 
Currently, for the low-field MRI system available for the current study a VAT 
sequence is the best MARS protocol available. Whereas MARS sequences for high-
field MRI have improved over time, low-field sequences have not. If similar 
improvements were achieved in low-field MRI, it would perhaps improve the 
image quality near orthopaedic hardware in a similar way. The fact that low-field 
MRI sequences lags behind the high-field sequence in the development of 
improvements can be explained by the fact that low-field MRI is less often used in 
clinical practice, making it an inferior business case in which to invest in 
innovative sequences. As a consequence, the full potential of low-field MRI is not 
realized and may remain underutilized in the nearby future. 

As stated before, the image quality of low-field MRI was rated lower than 
that of high-field MRI + SEMAC sequences. This can be explained by the technical 
specification of the systems. Low-field MRI uses a main magnetic field that is six 
times lower and gradients with a quarter of the force used in a high-field system. 
Although this will result in scans with fewer susceptibility artefacts, the SNR and 
the resolution will be reduced too. Image quality and the ability to perform 
diagnostic measurements are factors that are determinative for clinical relevance 
of an imaging modality. However, real clinical relevancy can only be proven in a 
clinical study in which patients with complaints are scanned using both high-field 
and low-field MRI and compared with the reference standard CT or surgical 
findings. 
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In conclusion, high-field MRI utilizing high-end metal artefact reducing 
sequences showed the greatest potential to image the knee after TKA; low-field 
MRI is a low-cost alternative. In recent years there have been considerable 
improvements in high-field MRI. It would be beneficial if the same impulse to 
innovate could be applied to low-field MRI to maximize its diagnostic capacity. 
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This chapter reflects on the work presented in this thesis and discusses 
challenges and future perspectives related to magnetic resonance imaging (MRI) 
around orthopaedic hardware. The present thesis aimed to investigate the 
properties of MRI as a diagnostic modality for various pathologies near 
orthopaedic hardware and explored the added value of weight-bearing low-field 
MRI for the diagnosis of several pathologies after total knee arthroplasty (TKA). 

 

8.1 MRI near orthopaedic hardware  
This thesis showed that both high- and low-field MRI, although hampered 

by susceptibility artefacts, are capable of diagnosing several pathologies in the 
proximity of orthopaedic hardware. With respect to the performance of high-field 
MRI (1.5 T), it appeared that image quality was sufficient to diagnose pathologies 
such as prosthetic infection, prosthetic loosening and wear, and prosthetic 
rotational malalignment (chapter 3). However, limited information could be 
extracted on aspects such as arthrofibrosis and soft tissue and patellofemoral 
problems after TKA. In addition, when evaluating the ability of high-field MRI to 
image tendon re-tears near titanium anchors, an adequate diagnosis was not 
always possible due to metal artefacts (chapter 2). These findings led to the 
investigation of low-field MRI as a possible alternative to high-field MRI 
(chapters 4, 5 and 6). Low-field MRI showed potential to image prosthetic 
rotational malalignment, prosthetic loosening (migration), and patellofemoral 
pathologies. In the comparative case study of high-field versus low-field MRI 
(chapter 7), metal artefact reducing sequences, which recently became available 
in our clinical practice, led to a considerable improvement in the performance of 
high-field MRI after TKA. Therefore, a re-evaluation of high-field MRI of 
orthopaedic hardware could be promising. It may be possible to adequately 
diagnose even more pathologies than described in chapter 3, for example 
patellofemoral and soft tissue problems.  

An overview of the comparison between low-field and high-field MRI 
based on the findings presented in the earlier chapters of this thesis is provided in 
Figure 8.1. It can be stated that both low- and high-field MRI scans are helpful in 
the diagnosis of several pathologies. High-field MRI is able to diagnose prosthetic 
infection, prosthetic loosening and wear, prosthetic rotational alignment 
problems, and patellofemoral alignment problems (chapters 3 and 6).  

Low-field MRI showed potential to diagnose prosthetic loosening, 
prosthetic rotational alignment, and patellofemoral alignment problems  
(chapters 4 -7). The findings presented in the previous chapters suggest that both 
high- and low-field MRI could be potential replacements of the current diagnostic 
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arsenal. If future research confirms the value of MRI near orthopaedic hardware, 
MRI might serve as a single imaging modality to investigate the probable causes 
of complaints near orthopaedic hardware (as OSM in general and after TKA in 
particular).  

Even though low- and high-field MRI show potential as diagnostic 
imaging modalities for patients with complaints following the implementation of 
orthopaedic hardware, in current clinical practice, plain radiography and 
computed tomography (CT) are the imaging modalities of choice (184). Although 
the image quality of CT is disturbed by metal artefacts as well, in the short term it 
is expected that CT will remain the evaluation technology of choice because it has 
a high resolution, it is accessible, and it is a time-effective way of visualizing bony 
structures. CT-based techniques such as SPECT-CT and dual-energy CT might 
also offer options as differential diagnostic imaging modalities (160, 185).  
However, unlike MRI, CT techniques use harmful ionizing radiation and are not 
capable of imaging soft tissue structures. Therefore, it is expected that 

Figure 8.1. The performance of low-field and high-field MRI based on the findings presented in this 
thesis. OSM = osteosynthesis material, TKA = total knee arthroplasty, ++ outstanding, + good, +- adequate, 
- moderate, -- poor.  *This table considers high-field MRI with state-of-the-art metal artefact reducing 
sequences (MARS). The availability of high-field MRI with MARS is +; for high-field without MARS, it is ++. 
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developments to improve imaging near orthopaedic hardware will focus on 
reducing the ionizing radiation dose of CT or replacing CT with ionizing radiation-
free alternatives such as MRI or ultrasound (US). As stated in chapter 2, US  is 
still highly operator dependent compared to CT and MRI. Therefore,  MRI could 
be considered the most promising ionizing radiation-free alternative for bone and 
soft tissue evaluation near orthopaedic hardware (186, 187).  

 

8.2 Weight-bearing MRI 
Weight-bearing low-field MRI, which represents the gravitational load in 

daily activities in the native knee, is described in the literature as presenting the 
opportunity to add diagnostic value for several knee pathologies, especially when 
patellofemoral kinematics are assessed in several flexion angles (31, 188). In this 
thesis, weight-bearing low-field MRI was used to evaluate the knee, and in 
particular the patellofemoral joint, in a loaded condition after TKA in patients 
with and without complaints (chapters 4 and 6). A hypothesized advantage of 
low-field MRI compared to high-field MRI was that it offers the opportunity to 
scan in a weight-bearing condition, which represents the gravitational load during 
daily activities. It was expected that scanning in a weight-bearing condition after 
TKA would make available useful information about patellofemoral kinematics 
and soft tissue problems, which could be used to diagnose the cause of 
problematic TKA. For comparison, two explorative samples – one with and one 
without a problematic TKA – were investigated.  Patellofemoral problems were 
present and were assessed by measuring four patellofemoral parameters 
associated with patellofemoral kinematics. The TT-TG distance decreased in the 
weight-bearing condition in both studies. This reduction in TT-TG distance is 
most likely to occur due to quadriceps activation in the weight-bearing condition 
(141). The Caton-Deschamps ratio and patellar tilt angle decreased in the weight-
bearing condition, and differences in deviation between patients with and without 
complaints were seen (chapters 4 and 6). Based on these findings, it can be 
concluded that after TKA, patellofemoral measurements can be analysed using 
MRI with good reproducibility. However, only relatively small differences in 
patellofemoral parameters were found between the weight-bearing and the supine 
conditions. Because of the design of the study (prospective cohort), the cohort was 
already filled before pathologies were diagnosed. Therefore, coincidentally, soft 
tissue problems were not presented and were unfortunately not part of the scope 
of the study. Within problematic TKA patients, more dispersion between the 
supine and weight-bearing positions was found in the patellofemoral parameters 
compared to the group of TKA patients without complaints. However, it should 
be further explored if this dispersion is of clinical value. If joint movements could 
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be introduced in addition to weight-bearing during the MRI, enabling knee flexion 
and extension, clinically relevant differences might be found between flexion and 
extension in the supine and weight-bearing conditions. 

This thesis focused primarily on the knee joint after arthroplasty. During 
the preliminary research that was conducted before the start of the studies 
described in chapters 4-7, low-field MRI sequences were tested and optimised. 
These sequences were mostly assessed on the native knees of healthy volunteers, 
which resulted in images with adequate quality.  In the literature, the diagnostic 
value of low-field MRI of the native joint is also described as adequate (53, 189, 
190). This might indicate that weight-bearing MRI could be successfully utilized 
to assess other (pathological) native joint conditions, for example in the spine, 
ankle, and foot. It might even offer an opportunity to evaluate the amount of 
osteoarthrosis after a unilateral knee arthroplasty at the contralateral side (188, 
191-194).  

An MRI modality with the ability to scan in an upright weight-bearing 
position remains interesting. Upright MRI is not possible at high field strengths. 
To mimic an upright weight-bearing condition, mechanical loading jigs are 
sometimes designed and applied within the MRI scanner to allow for 
‘physiological’ loading conditions in a supine position (195). Various studies have 
used such a mechanical loading device to image the native knee and have found 
considerable changes under a loaded condition as compared to an unloaded 
condition when focusing, for example, on the meniscus and cartilage (196-198). 
However, mimicking the physiological loading conditions within a high-field MRI 
scanner is challenging, because the loading conditions from the jigs hardly 
reproduce the gravitational load, and the limited bore diameter reduces the 
physiological positions of the extremities. Therefore, such systems are currently 
mostly used in a research setting, while upright weight-bearing low-field MRI can 
easily be used in a clinical setting. Although the upright weight-bearing low-field 
MRI studies presented in this thesis did not improve the diagnosis of problematic 
TKA, low-field upright weight-bearing MRI itself remains interesting. Therefore, 
in general, it is recommended that further upright low-field MRI research should 
primarily focus on the abovementioned promising applications related to the 
native joint in a gravitational loaded condition.  

 

8.3 Clinical implications and future perspectives 
High-field MRI with state-of-the-art metal artefact reducing sequences 

can be used more often instead of CT or SPECT in the differential diagnosis of the 
problematic knee. Chapter 3 showed the diagnostic accuracy of high-field MRI in 
diagnosing the problematic knee. Although the literature indicates that high-field 
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MRI is a promising means of diagnosing prosthetic infection, prosthetic loosening 
and wear, prosthetic alignment problems, and patellofemoral alignment 
problems, it is presently not often used in clinical practice. Based on the findings 
of this thesis, high-field MRI should be considered as a potential replacement of 
parts of the current diagnostic arsenal to diagnose problematic TKA. This is 
comparable with findings in the literature describing the clinical applicability of 
MRI near arthroplasty in general (49, 182, 199, 200). Once sequences have 
improved further, MRI might become a viable substitute for CT in the diagnostic 
process.  

Low-field MRI also shows potential for this application. Chapter 6 
described the first feasibility study of the use of low-field MRI to diagnose patients 
with problematic TKA. Although the image quality was lower than expected, the 
images were of adequate quality to diagnose several pathologies. Since the low-
field studies described in this thesis were small-cohort pilot and feasibility studies, 
further clinical research is needed to confirm the diagnostic capacity of low-field 
MRI of problematic TKA.  

When comparing the advantages of the field strengths, low-field MRI 
seems to have an adequate image quality (chapter 6 and 7) with lower estimated 
purchase (± €450.000,-) and maintenance (± €15.000,-) costs1. On the other hand, 
high-field MRI has better clinical accessibility, since it is available in almost all 
Western hospitals and has a superior image quality due to the increased SNR 
(chapter 7). However, a potential disadvantage of high-field MRI is that its 
purchase  (± €1.500.000,-) and yearly maintenance (± €75.000,-) costs1 are at least 
three times higher than those of low-field MRI. It is known that susceptibility 
artefacts due to metal implants vary depending on the magnetic field strength 
(183). However, the balance needs to be found between the most adequate 
magnetic field strength to reduce artefacts and the desired field strength to retain 
sufficient image quality. Therefore, Chapter 7 presented a typical example of the 
performance of high-field and low-field MRI when metal artefact reducing 
sequences were used and showed that high-field MRI improved significantly with 
the use of Slice Encoding for Metal Artefact Correction (SEMAC).  

Over the past few years, the use of high-end metal artefact reducing 
sequences has expanded from the research setting to be introduced in clinical 
practice (183). Since low-field MRI is less frequently used in clinical practice, the 
software and hardware developments mostly focus on high-field MRI (169, 201). 
Unfortunately, these high-end sequences are only available on high-field MRI 
systems. Moreover, these sequences are expensive and are therefore sometimes  
not available in regional hospitals. Today, clinical MRI is mostly performed at 1.5 
T or 3 T, and for research purposes, even 7 T is used (169). A higher field strength 
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offers increased SNR and resolution. However, the increased SNR and resolution 
do not necessarily improve clinical relevance.  

That a higher field strength is not directly linked to increased clinical 
relevance is demonstrated in a study by Campbell et al. (169), which focused on 
improving low-field MRI. These authors modified a 1.5T Siemens MRI system such 
that it functioned as a low-field 0.55T MRI scanner. In this approach, the low field 
strength is combined with the high-performance hardware in order to retain the 
gradient performance and the receiver system. Images of high susceptibility 
regions of the lung were improved compared to conventional 1.5T MRI. This 
resulted in reduced off-resonance spiral blurring and reduced signal distortion 
caused by field inhomogeneities. Since imaging around orthopaedic hardware and 
soft tissue also involves high susceptibility regions, these techniques may be 
interesting to explore and to further improve imaging near orthopaedic hardware. 
Moreover, Campbell et al. used a prototype spiral spin-echo sequence which, on 
average, recovered the SNR to 57%, which is typical for the 1.5 T system. This 
technique made it possible to image high susceptibility regions, which also 
indicates the possibility to use low-field MRI to ionize radiation-free operative 
guidance and guiding during radiation therapy (201, 202). This illustrates the high 
potential of a combination of high-end hardware, low field strength and 
specifically tailored sequences. At the moment, SiemensTM (Siemens, Erlangen, 
Germany) is even planning to make this high-end, low-field system commercially 
available. Future research should explore whether such high-end, low-field MRI 
systems will also reduce susceptibility artefacts in the proximity of orthopaedic 
hardware.  

These kinds of recent developments in MRI technology (including 
hardware and software) show that the trend of ever-increasing field strengths is 
returning for some applications and that low-field MRI may attract renewed 
interest for some applications (203). These examples show the broader 
applicability of low-field MRI, which makes the purchase of such a system more 
attractive. Taken together with its limited costs, lack of ionizing radiation, and 
usability in several environments  (chapter 7), low-field MRI  remains an imaging 
modality to keep in mind.  

Alongside MRI development, other aspects that affect the image quality 
of orthopaedic hardware can be considered. Within the orthopaedic field, there is 
a trend to generate metal-free implants to reduce the chances of negative metal 
allergy reactions and to produce lower cost solutions. Currently, orthopaedic 
hardware is mostly made out of titanium and cobalt chrome alloys (204). 
However, alternative (metal-free) materials are considered for TKA components. 
Recent research has explored the viability of a knee arthroplasty made out of PEEK 
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(49, 205-208), a material that will not cause susceptibility artefacts. If in the future 
orthopaedic hardware is made out of PEEK, the imaging problem described in the 
current thesis might be solved. However, metal-free implants still have a long 
development path ahead. Currently, more than 450,000 people in the Netherlands 
have a metal arthroplasty (209). If these people present with complaints in the 
near future, an imaging modality that can image near metal will be indispensable.  

As described above, technology in the imaging field is evolving at a rapid 
pace, which risks that research performed on a specific system may become 
outdated within a short period of time. This was, to some extent, also the case for 
some of the research presented in this thesis, for example the sequences used to 
image the rotator cuff re-tear described in chapter 2 and the first case described 
in chapter 7. With 2020 MRI systems, imaging near orthopaedic hardware should 
be less hampered by metal artefacts, and scans should be more reliable for 
diagnostic purposes than described in the discussion of chapter 2. 

Therefore, there is a need for study designs that incorporate rapid 
technological developments and remain reliable in obtaining evidence regarding 
treatment and diagnosis. Hospitals aim to work according to evidence-based 
practice. However, the large controlled studies that are considered to be the most 
reliable evaluation in medical science are time consuming, and it can take several 
years before such studies are reported on. This period will only increase due to the 
new medical device regulations (32).  Closer collaboration between 
manufacturers, hospitals, and universities might solve part of this challenge, for 
example where manufacturers share their software, sequences and so on so that 
researchers can improve them, and where hospitals can continuously evaluate 
their healthcare improvements with short clinical trials in close collaboration with 
manufacturers and researchers to maintain continuous innovation and validation. 
Once the hardware and software of the hospitals’ current MRI systems (1.5T) have 
been updated, their performance in the proximity of orthopaedic hardware will be 
improved.  

When considering the cost aspects of most newly introduced imaging 
modalities such as high-field MRI, it is clear that these innovations come at a price. 
According to the Dutch government’s general clinical mission, medical providers 
are obliged to deliver effective care (210). Low-field MRI is a more compact system  
and has lower purchase and maintenance costs, which offers the opportunity to 
reorganize care as we know it and bring it closer to the patient’s home. As stated 
in the Dutch Scientific Agenda, medical providers should focus on prevention, 
personalised care, and the right allocation of care (210). The usability of low-field 
MRI aligns perfectly with this statement. From this perspective, it would be 
interesting to reconsider the organization of the healthcare system. What if every 
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city had its low-field systems at a health centre, where general practitioners 
together with physiotherapists, podiatrists, and other health professionals with 
the right indication or suspicion could request MRIs for their clients? Patients who 
report joint complaints could get a low-field MRI scan of the problematic joint, 
which could be remotely assessed by a radiologist or computer algorithm. In the 
near future, machine learning or deep learning techniques can be used to develop 
an automatic detection algorithm for osteoarthritis, meniscus problems, anterior 
cruciate ligament tears, or other pathologies. Such artificial intelligence 
algorithms would provide a rapid and inexpensive way to diagnose several 
musculoskeletal problems. With these innovative developments, the general 
practitioner can remain in charge of patient treatment. As a consequence, this 
might reduce the referrals to (the more expensive) second line of care. 
Furthermore,  it would introduce an accessible imaging modality in the first line 
of care, which might lead to earlier diagnoses, in turn reducing the use of more 
expensive future treatments. This would bring healthcare closer to home, reduce 
the burden on the hospitals, and offer an option for pre-scan, prevention and early 
monitoring for some diseases at a reduced cost.  
 
8.4 Conclusion  

The current thesis demonstrated the ability of both low- and high-field 
MRI to diagnose prosthetic loosening and wear, prosthetic rotational alignment, 
and patellofemoral alignment. Based on the results, it can be concluded that MRI 
in general could be a useful imaging modality for patients with orthopaedic 
hardware implants (e.g. titanium suture anchors, TKA). The hypothesized added 
value of weight-bearing in low-field MRI for TKA patients could not be confirmed, 
and more research on this subject is needed. In recent years, high-field MRI 
sequences have improved, which has made imaging modality near orthopaedic 
hardware more interesting. When high-end sequences are used, high-field MRI is 
less hampered by metal artefacts and is a promising modality to visualize the soft 
tissue structures around the prosthetic component. 
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SSuummmmaarryy  
 

In orthopaedic surgery, often orthopaedic hardware (e.g. suture anchors, 
prosthesis, osteosynthesis material) made of metal alloys is implanted. Before the 
implantation of orthopaedic hardware, magnetic resonance imaging (MRI) is the 
imaging modality of choice for imaging musculoskeletal structures. After 
implantation of orthopaedic hardware, MRI is disturbed by susceptibility artefacts 
due to the metal implants, which reduce the diagnostic value. Lowering the main 
magnetic field should reduce the size and prominence of susceptibility artefacts. 

In clinical practice MRI is performed in supine condition; however, given 
that during the day our limbs are in weight-bearing position, it seems relevant to 
image them in similar weight-bearing conditions. Low-field MRI offers the 
possibility for imaging in upright weight-bearing position. 
Therefore, this thesis first investigates the diagnostic properties of MRI near 
orthopaedic hardware. Second, it explores the added value of weight-bearing low-
field MRI after the most frequently performed joint procedure, the total knee 
arthroplasty (TKA). 
 

In chapter 2 the diagnostic properties of MRI (1.5T) after rotator cuff 
tendon surgery with a titanium suture anchor were evaluated.  MRI scans of 
twenty patients, who underwent revision surgery of the rotator cuff as a result of 
a clinically suspected retear, were retrospectively analysed by four specialized 
shoulder surgeons and compared with intra-operative findings (gold standard). In 
64% of the patients studied an accurate diagnosis with MRI of the rotator cuff 
retear was possible.   
As stated, the most frequently performed total joint procedure is the TKA, 
although approximately 20% of TKA patients remain dissatisfied postoperatively. 
The most common causes of complaint are infection, loosening and wear, 
instability, malalignment, arthrofibrosis, and patellofemoral problems. 

Chapter 3 provides a systematic review which critically appraises, 
summarizes, and compares the literature on the diagnostic properties of MRI 
(1.5T) to identify the causes of complaint that are directly related to implant failure 
of TKA or unicompartmental knee arthroplasty (UKA). Whereas studies regarding 
the diagnosis of instability, arthrofibrosis or patellofemoral complaints using MRI 
are limited and inconclusive, this review revealed that MRI can be used with 
reproducible and accurate results for diagnosing infection, loosening and wear, 
and malalignment after knee arthroplasty. 
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Chapter 4 presents a pilot study that evaluates the reproducibility of 
measurements of patellofemoral and component alignment parameters after TKA 
using low-field MRI (0.25T). Additionally, the study investigates whether there 
were differences in patellofemoral parameters across supine and weight-bearing 
conditions. Eight patients without complaints after primary TKA were scanned on 
low-field MRI in supine and weight-bearing conditions. Patellofemoral 
parameters and rotational component alignment parameters could be performed 
with good to excellent reproducibility. The differences in patellofemoral 
parameters between weight-bearing and supine condition were relatively small. 
The ability to take reproducible measurements after TKA using low-field WB MRI 
illustrates the potential of low-field MRI for evaluating post-TKA patients with 
(patellofemoral) complaints. 

Chapter 5 presents a proof-of-concept study conducted to evaluate low-
field MRI as an alternative to Roentgen stereophotogrammetric analysis (RSA). 
RSA is used to measure early prosthetic migration and to predict pending implant 
failure. However, the need for perioperatively placed tantalum markers and the 
fact that patients are exposed to additional radiation during longitudinal RSA 
studies limit the clinical applications. The disadvantages of RSA lead to this 
feasibility study in which the use of low-field MRI to measure the precision of zero 
motion is evaluated. Results show that the precision of zero motion for low-field 
MRI was between 0.584 mm and 1.974 mm for translation and 0.884° and 3.774° 
for rotation. Currently, these low-field MRI results are not as precise as today’s 
gold standard (marker-based RSA). 

A feasibility study which explores the diagnostic value of low-field MRI 
for pathologies associated with the problematic TKA is presented in Chapter 6. 
Prospectively, eight patients with problematic TKAs were scanned on low-field 
MRI in weight-bearing and supine conditions. Scans were analysed for pathologies 
associated with a problematic TKA and compared to those obtained with CT, the 
diagnosis based on the clinical work-up, and findings during revision surgery. In 
all cases MRI observations were in line with the diagnosis based on CT. In the 
majority (six out of eight) of the cases, MRI observations were comparable with 
the clinical diagnosis. In four out of six cases, MRI observations of malalignment, 
loosening, and patellofemoral arthrosis were comparable with the findings during 
surgery. Although differences between supine and weight-bearing MRI images did 
not yield clinically relevant information, the results of the study suggest that low-
field MRI is a feasible method of assessing malalignment, loosening and 
patellofemoral arthrosis of the problematic TKA. 
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When using MRI after arthroplasty, a trade-off is required between metal 
artefact reducing capacities and image quality. Low-field MRI (0.25T) results in 
fewer metal artefacts and lower image quality compared with high-field MRI 
(1.5T). However, technological developments like metal artefact reducing 
sequences (MARS) continued to improve on high-field MRI over the years. 
Therefore, in Chapter 7 the performance of low-field and high-field MRI after 
TKA with and without MARS was compared in two case studies. Results suggest 
that low-field MRI was less hampered by metal artefacts compared to high-field 
MRI without MARS. When MARS sequences were used, high-field MRI seemed to 
outperform low-field MRI, confirming the value of the ongoing technological 
developments to improve high-field MRI over the years. 
 

Chapter 8 presents a general discussion on the main findings of the 
studies described in this thesis, proposes future directions and explores the 
implications for clinical practice. It is concluded that MRI is a useful imaging 
modality after surgery in which orthopaedic hardware (titanium suture anchors, 
TKA, or other) is implanted. Although the added value of weight-bearing MRI 
could not be proven, high-field MRI performs as well as low-field MRI in imaging 
several pathologies and can be considered as an addition to the current diagnostic 
arsenal. High-field MRI excels in image quality, low-field in usability at low cost. 
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SSaammeennvvaattttiinngg  
 

Tijdens orthopedische ingrepen wordt er vaak metalen hardware 
geïmplanteerd zoals ankers, protheses of osteosynthese materialen. Echter, als een 
patiënt, na een operatie waarbij metalen hardware geïmplanteerd werd, klachten 
ontwikkelt, wordt de MRI door de metalen hardware verstoord, wat de 
diagnostiek bemoeilijkt. In theorie zouden de verstoringen door metalen 
hardware kleiner moeten worden als het magnetisch veld van de MRI verlaagd 
wordt.  

In de klinische praktijk wordt een MRI scan in liggende positie gemaakt, 
terwijl in veel gevallen een staande positie meer relevant zou zijn om pathologieën 
van het musculoskeletale systeem af te beelden. Met laagveld MRI is het mogelijk 
om scans in staande positie te maken, dit is mogelijk relevant om de oorzaak van 
klachten, die kunnen ontstaan na het implanteren van metalen hardware, in 
normaliter belaste delen, te diagnosticeren.  

In dit proefschrift worden eerst de diagnostische eigenschappen van MRI 
in de nabijheid van orthopedische metalen hardware onderzocht. Vervolgens 
wordt verkend of laagveld MRI in belaste positie van meerwaarde is na een totale 
knie prothese (TKP). 

 
In hoofdstuk 2 wordt de diagnostische waarde van 1.5T MRI onderzocht 

bij 20 patiënten die klachten hebben na een rotator cuff repair, een ingreep waarbij 
een metalen anker ter fixatie wordt gebruikt. Retrospectief zijn 20 MRI-scans van 
deze patiënten beoordeeld door vier gespecialiseerde schouderchirurgen. 
Bevindingen op basis van de beelden zijn vergeleken met de bevindingen tijdens 
revisiechirurgie (rotator cuff re-repair). Het was in 36% van de gevallen niet 
mogelijk om op basis van de MRI een cuff re-ruptuur te diagnosticeren.  

De TKP behoort tot één van de meest geïmplanteerde orthopedische 
hardware. Echter na een TKP is 20% van de patiënten ontevreden. De meest 
voorkomende onderliggende oorzaken van ontevredenheid zijn infectie, loslating 
en slijtage, instabiliteit, malpositie, arthrofibrose en patellofemorale klachten. In 
hoofdstuk 3 worden de diagnostische eigenschappen van 1.5T MRI om de oorzaak 
van een falende TKP of unilaterale knie prothese te identificeren systematisch 
beschouwd. De bevindingen ondersteunen dat 1.5T MRI reproduceerbare en 
accurate resultaten geeft om infectie, loslating, slijtage en malpositie te 
diagnosticeren. Beperkter en minder doorslaggevend zijn de onderzoeken die 1.5T 
MRI inzetten om instabiliteit, arthrofibrose en patellofemorale klachten te 
diagnosticeren.  
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In hoofdstuk 4 werd de reproduceerbaarheid van patellofemorale en 
malpositie metingen na TKP onderzocht. Dit zijn metingen die, wanneer 
afwijkend, worden geassocieerd met een problematische TKP. Hiervoor werden 8 
patiënten zonder klachten na TKP gescand op laagveld MRI (0,25T). Ook werd 
onderzocht of er verschillen te vinden waren in patellofemorale waarden tussen 
metingen in staande en liggende positie. De verschillen in patellofemorale 
waardes tussen staande en liggende positie waren klein. Wel konden de metingen 
met een excellente reproduceerbaarheid worden uitgevoerd. Dit illustreert dat 
laagveld MRI potentie biedt om de knie na TKP te evalueren. 

Loslating van de prothese is een mogelijke oorzaak van klachten na TKP. 
Roentgen stereophotogrammetry (RSA) is de gouden standaard om vroegtijdige 
loslating van een prothese te meten. RSA heeft enkele nadelen zoals de noodzaak 
voor peroperatief geplaatste markers en het feit dat patiënten gedurende de 
follow-up metingen blootgesteld worden aan extra röntgenstraling. De nadelen 
van RSA hebben geleid tot de evaluatie van laagveld MRI als mogelijk alternatief. 
In hoofdstuk 5 wordt de precisie van laagveld MRI om de positie van de prothese 
te meten bepaald. Deze precisie was tussen de 0,584 en 1,974 mm voor translatie 
en tussen de 0,884 en 3,774 graden voor rotatie. Op basis van deze bevindingen is 
laagveld MRI nog niet zo precies als RSA. 

In hoofdstuk 6 wordt in een haalbaarheidsstudie de waarde van laagveld 
MRI om verschillende pathologieën na een TKP te diagnosticeren verkend. In deze 
prospectieve studie werden 8 patiënten met een problematische TKP 
geïncludeerd en gescand in liggende en staande positie met laagveld MRI. De 
scans werden geëvalueerd op de aanwezigheid van pathologieën, die geassocieerd 
worden met de problematische TKP en de bevindingen werden vergeleken met de 
bevindingen op basis van CT, de klinische diagnose en revisiechirurgie. In alle 
gevallen waren de MRI bevindingen in overeenstemming met de diagnose 
gebaseerd op CT. In de meerderheid van de cases (6 uit 8) waren de MRI 
bevindingen gelijk met de klinische diagnose. In vier van de zes casussen waren 
de MRI bevindingen in overeenstemming met de operatieve bevindingen. 
Alhoewel de staande MRI geen extra diagnostische informatie gaf, suggereren de 
resultaten van deze studie wel dat laagveld MRI in staat is om malpositie, loslating 
en patellofemorale artrose als oorzaken van een problematische knie aan te 
wijzen.  

Wanneer bij patiënten met een TKP als beeldvormende modaliteit MRI 
wordt ingezet moet er een afweging gemaakt worden tussen het belang van 
voldoende beeldkwaliteit en metaal artefact reductie. Laagveld MRI (0,25T) geeft 
een kleiner artefact, maar ook een mindere beeldkwaliteit, vergeleken met 
hoogveld MRI (1,5T). De afgelopen jaren zijn metaal artefact reducerende 
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sequenties (MARS) geïntroduceerd. Hierdoor is de hinder, veroorzaakt door 
metaal artefact op hoogveld MRI, verminderd.  

Om deze afweging te kunnen maken worden in twee case studies in 
hoofdstuk 7  de prestaties van laagveld en hoogveld MRI (+MARS) met elkaar 
vergeleken. De resultaten van deze cases suggereren dat laagveld MRI minder 
verstoord wordt door metaal artefacten dan hoogveld MRI zonder MARS. Echter 
wanneer MARS sequenties gebruikt werden, waren de hoogveld MRI beelden 
substantieel beter dan laagveld MRI. Dit onderschrijft de waarde van de 
technologische ontwikkelingen die de afgelopen jaren hoogveld MRI hebben 
verbeterd.  
 
 Tot slot worden in hoofdstuk 8 de belangrijkste bevindingen uit deze 
thesis bediscussieerd en worden implicaties voor de klinische praktijk en 
richtingen voor vervolgonderzoek gegeven. Er wordt geconcludeerd dat MRI een 
nuttige beeldvormende modaliteit na chirurgie is, waarbij metalen ankers, 
prothese of osteosynthese materiaal zijn geïmplanteerd. De meerwaarde van 
staande MRI kon op basis van deze thesis nog niet worden aangetoond. Wel kan 
gesteld worden dat laag- en hoogveld MRI beiden in staat zijn om diverse 
pathologieën na een TKP te diagnosticeren, waarbij hoogveld MRI excelleert in 
beeld kwaliteit en laagveld MRI in lage kosten en bruikbaarheid. 
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DDaannkkwwoooorrdd  
 

Het starten, uitvoeren en afronden van het promotietraject was niet mogelijk 
geweest zonder de hulp van velen. Ik wil iedereen die hieraan heeft bijgedragen 
hartelijk bedanken, maar een aantal mensen wil ik graag in het bijzonder noemen 
te beginnen met mijn promotor en copromotor. 
 
Professor dr.ir. N. Verdonschot, beste Nico, bedankt! Dank voor het vertrouwen, 
ik had mij geen betere promotor kunnen wensen. Tijdens de maandelijkse 
gesprekken wist je altijd snel de onderwerpen te doorgronden en leverde je 
waardevolle input. Ik waardeer het enorm dat er altijd, ondanks je drukke schema, 
tijd voor mij werd vrijgemaakt.      
 
Dr. M.H.A. Huis int’ Veld, beste Rianne, bedankt! Dank voor je geloof in mij, de 
student die een onderzoeksstage liep bij het OCON. Mede door jouw inzet kreeg 
ik de mogelijkheid om bij OCON aan het werk te gaan en simultaan met mijn 
promotieonderzoek te starten. Jouw onderzoekvaardigheden en kritische blik 
hebben dit proefschrift naar een hoger niveau gebracht. Ik heb de afgelopen jaren 
ontzettend veel van je geleerd.  
 
De onderzoeken, omschreven in de hoofdstukken die u allen in dit proefschrift 
heeft kunnen lezen, zijn in meerdere fases verricht. Het eerste deel startte al in 
maart 2015 tijdens mijn 10 weekse stage bij het  OCON. Wie mij op dat moment 
had verteld dat dit zou gaan bijdragen aan mijn latere proefschrift, had ik niet 
geloofd.  
 
Prof. dr. ir. B ten Haken wist dat vast op dat moment ook nog niet. Beste Bennie, 
dankjewel voor je bijdrage aan de eerste hoofdstukken van dit proefschrift. Jij hebt 
mij geënthousiasmeerd voor het onderwerp (laagveld)MRI. Eerst tijdens het 
onderwijs wat jij gaf gedurende de opleiding TG en later tijdens de stages. Bedankt 
dat ik mee mocht naar de Dierenkliniek den Ham waar de eerste preliminaire 
studieresultaten werden verzameld op de veterinaire laagveld MRI. Alhoewel je 
eigen interesse meer ligt bij de magnetische detectie, nam je altijd de tijd om mij 
verder te helpen met het laagveld onderzoek.  
 
Dr. ir. F.F.J.Simonis, beste Frank, waar je collega Bennie in de startfase betrokken 
was bij het onderzoek op de laagveld MRI kwam jij in 2016 het MRI team op de UT 
versterken. Vanaf dat moment heb jij mij veel geleerd over MRI en was jij altijd 
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bereid nog een keer uit te leggen hoe die ene setting technisch gezien ook al weer 
werkte en niet te vergeten hielp jij met het opstellen van de optimale studie 
protocollen. Vele uren heb jij mij geholpen met de instellingen maar ook het 
scannen van proefpersonen en patiënten op de laagveld MRI, waarvoor bedankt!  
Ook nu sta jij nog elke keer klaar om die ene MRI vraag te beantwoorden. 
 
Beste leden van de promotiecommissie, Prof. dr. ir. C.H. Slump, Prof. dr. ir. G.J. 
Verkerke , Prof. dr. L. Geris, dr. J.M.H. Smolders, dr. A.J.H. Vochteloo, graag wil ik 
jullie bedanken voor dat jullie zitting hebben willen nemen in de 
promotiecommissie en voor de tijd die jullie hebben genomen om dit proefschrift 
te lezen en beoordelen.  
 
Ook wil ik graag alle collega’s van het OCON bedanken. Velen hebben op hun 
eigen manier bijgedragen aan het in dit proefschrift beschreven onderzoek of aan 
mijn klinische en/of persoonlijke ontwikkeling. In het bijzonder wil ik Frank-
Christiaan bedanken, als lid van de knie-revisie-unit deelde jij je kennis t.a.v. de 
problematische knie. Je leerde me tijdens de klinische fellow hoe een patiënt met 
knieproblemen te diagnosticeren, dankjewel. Anne Vochteloo, tijdens mijn eerste 
10 weekse stage bij OCON was jij mijn begeleider, zoals later ook voor mijn 
klinische fellow mijn opleider. Klinisch en wetenschappelijk is de knie is niet 
helemaal jouw onderwerp, maar dat gaan we in de toekomst, zowel klinisch als 
wetenschappelijk, met 3D in de hand-pols helemaal goedmaken.  
OCON, bedankt voor alle steun en mogelijkheden, op naar een mooie toekomst 
samen! 
 
Graag wil ik ook de afdeling radiologie MRON/ZGT bedanken. De MRI laboranten 
die altijd wel even een fantoom wilden scannen of mee wilden denken hoe een 
sequentie vorm te geven. Ook Sjoerd van Raak musculoskeletaal radioloog wil ik 
bedanken. Zowel betrokken bij de klinische fellow als het onderzoek. Jij leerde mij 
hoe beelden van de knie en schouder te beoordelen, maar ook was jij t.a.v. de 
hoogveld MRI een goede gesprekspartner. 
 
Mijn  paranimfen Anoek en oud OCON collega Corine. Dank dat jullie vandaag 
mijn paranimfen willen zijn tijdens de verdediging van mijn proefschrift. Corine 
je hebt een grote rol in mijn promotietraject gespeeld. Doordat jij als onderzoeker 
op het MRIpro project kwam werken raakte het onderzoek in een 
stroomversnelling in plaats van dat het stil kwam te liggen tijdens mijn  klinische 
fellowship. Als collega’s konden we het goed met elkaar vinden. Gezellig avondjes 
met de collega’s uit eten, samen op congres, etc. Dank voor alle leuke momenten. 
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Anoek, wij kennen elkaar al erg lang. Zoals jij mij vaker hebt geholpen met je 
creativiteit(Ik kan mij nog heel wat teken en handvaardigheid opdrachten 
herinneren), schoot jij mij ook deze keer te hulp. Het resultaat mag er wezen. 
Dank voor de hulp bij dit mooie proefschrift, maar het voornaamste, dank dat je 
al jaren zo’n geweldige vriendin bent! 
 
Lieve vrienden en familie, jullie boden de afgelopen jaren een luisterend oor en 
zorgden ervoor dat, heel verstandig, niet elke zondag alleen aan paarden en de 
PhD werd gespendeerd. Etentjes, weekendjesweg (wintersport)vakanties, en 
meer. Jullie zorg(d)en voor de ontspanning, jullie zijn fantastisch! 
 
Lieve pap en mam, bedankt voor de onvoorwaardelijke steun. Jullie hebben nooit 
getwijfeld aan alles wat ik weer eens tegelijkertijd wilde doen. Jullie hebben mij 
altijd gesteund en gemotiveerd het beste uit mijzelf te halen. Elk probleem groot 
of klein kan besproken worden, de oplossing of hulp staat klaar.  
 
Als laatst, maar wel het allerbelangrijkst. Lieve Steven, enthousiast en met humor 
wist je aan de PhD uurtjes thuis altijd een vrolijke draai te geven. Je was en bent 
er voor mij op elk moment.  

 
Wierden, december 2020  
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Published abstracts 
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orthopaedic Proceedings. 2020;102-b(supp_2):99-99. 
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Proceedings. 2019;101-b(supp_5):135-135. (this thesis Ch7) 
 
 
 

 

pp



 

152 
 

Conference contributions 
 
Schröder FF, Post CE, Simonis FFJ, Wagenaar FBM, Huis In't Veld R, Verdonschot N. Weight-bearing 
low field MRI after total knee arthroplasty in patient with and without complaints. 27th Annual Meeting 
of EORS, October 2-5, Maastricht, Netherlands, 2019. 
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Technology in Arthroplasty conference, London, United Kingdom,  October 10-13, 2018. 
 

Schröder FF, Verdonschot NJJ, Ten Haken B, Peters A, Vochteloo AJH, Pakvis DFM, Huis In't Veld R. 
A novel approach to measure tibial component migration by low field markerless magnetic resonance 
imaging. ZGT wetenschapsdag, Almelo, The Netherlands, October 11, 2017. Best poster award. 
 

Schröder FF, Huis In't Veld R, van Raak SM, Ten Haken B, Vochteloo AJH. Metal artefacts hamper 
magnetic resonance imaging of the rotator cuff tendons after rotator cuff repair with titanium suture 
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ISMRM 25th Annual Meeting, April 22-27, Honolulu,HI,USA, 2017.   
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Schröder FF, ten Haken B, Verdonschot NJJ, Pakvis DFM, Peters A, Vochteloo AJH, Huis In't Veld R. 
Laagveld MRI is een potentieel alternatief voor Roentgen stereophotogrammetry. NOV 
Najaarscongres, Velthoven, The Netherlands, October 12-13, 2016. 
 

Schröder FF, Huis In't Veld R, den Otter LA, van Raak SM, Ten Haken B, Vochteloo AJH. 
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MRI de toekomst? ZGT wetenschapsdag, Almelo, The Netherlands, October 11, 2016. 
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