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G E N E R A L  D I S C U S S I O N

In this thesis we have investigated the reduction of metal artefacts and radiation 
dose in musculoskeletal (MSK) computed tomography (CT) imaging using novel 
CT techniques. We focused on large metal-on-metal (MoM) total hip arthroplasties 
(THA), concerning the most severe metal artefacts and on metal hardware used for 
fracture fixation, concerning the assessment of fracture consolidation adjacent to 
metal hardware. The reduction of metal artefacts, improvement of overall image 
quality and the effects of radiation dose reduction were investigated in phantom, 
human cadaveric and patient studies based on quantitative and qualitative outcome 
measures. Studies were executed in Isala, Zwolle, the Academic Medical Center 
(AMC), Amsterdam in cooperation with the University of Twente, Enschede. A 
research collaboration between Philips and Isala hospital enabled the use of latest 
innovative CT techniques in Haifa, Israel and Isala. The clinical value and limitations 
of these novel techniques separately and combined was evaluated in order to 
tailor these techniques for patient groups and indications. We first discuss the main 
outcomes of the individual studies presented in this thesis. 

T H E S I S  O V E R V I E W

Part I

By first executing THA phantom studies with different unilateral and bilateral THA 
we were able to assess the potential clinical value of novel CT techniques regarding 
metal artefact reduction, improved image quality and radiation dose reduction based 
on quantitative outcome measures. In Chapter 2, we showed that the orthopaedic 
metal artefact reduction algorithm O-MAR is most effective in severe artefacts and 
in combination with IMR compared to iDose4 and filtered-back-projection (FBP). The 
use of 140-kVp was preferred over 120-kVp with least severe artefacts regardless 
of the use of O-MAR. Overall image quality with IMR was superior compared to 
FBP and iDose4 with higher signal-to-noise ratios (SNR) and contrast-to-noise ratios 
(CNR), lower noise values and similar CT numbers measured in the regions of interest 
placed in the background and within hydroxyapatite pellets, which represented 
bone. These pellets were placed at relevant radiological zones in the femur (the 
Gruen zones, pellets 1-7) and acetabulum (DeLee and Charnley zones, pellets 0 and 
8) [1,2]. This initial phantom study was the basis for further research. 

The use of IMR enables a radiation dose reduction. Since reducing CT radiation dose 
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and the influence of metal hardware both affect image quality, capabilities of IMR 
and O-MAR were put to the test in Chapter 3. Before determining its value in THA 
patients, the THA phantom with a commonly used THA was scanned in order to 
investigate the capabilities of IMR and O-MAR while reducing CT radiation dose. 
Based on quantitative analyses on CT numbers, noise values, SNR and CNR, we 
showed that the combined use of IMR and O-MAR enabled a reduction in radiation 
dose of 83% compared to FBP and iDose4. Also when reducing radiation dose, the 
use of 140-kVp was preferred over 120-kVp, where a decrease in radiation dose did 
not always result in lower signal-to-noise ratios and contrast-to-noise ratios. Results 
of this phantom study initiated a clinical validation study in patients to test if CT 
radiation dose could be reduced in THA patients also.

Besides the use of MAR software, it is well-known that metal artefacts could also 
be reduced using virtual monochromatic images extracted from various DECT 
approaches [3–8]. As we demonstrated in Chapter 4, virtual monochromatic dual-
layer Spectral CT imaging resulted in a significant reduction of streak artefacts 
produced by beam-hardening in mild and moderate artefacts. CT-number accuracy 
improved, SNR and CNR improved, while noise values decreased in a total hip 
arthroplasty phantom. Several different unilateral and bilateral hip prosthesis 
composed of cobalt-chromium-molybdenum, titanium and stainless steel were 
investigated since different metal artefact severities may require a different optimal 
virtual monochromatic reconstruction. The so-called “optimal keV” was defined 
as the keV trade-off with effective metal artefact reduction while minimizing the 
loss of overall image contrast at higher keVs. An average optimal monochromatic 
energy of 130 keV was found within the investigated range of 74 keV to 150 keV 
for the investigated total hip arthroplasties. As for the conventional data reported 
in previous chapters, the use of 140-kVp was beneficial over 120-kVp. In severe 
metal artefacts, which were mainly the case in bilateral THA and THA composed of 
metal alloys with a high density, the value of virtual monochromatic imaging was 
limited. These severe metal artefacts, which are mainly caused by extensive photon-
starvation were not reduced. 

In Chapter 5 we compared MAR software and virtual monochromatic imaging 
regarding its effectiveness in metal artefact reduction. In this study we quantitatively 
assessed CT image quality and fracture visibility using virtual monochromatic 
imaging and iterative metal artefact reduction (iMAR) in a femoral bone fracture 
phantom with titanium and stainless steel fixation implants of different thicknesses. 
Four regions of interest and two radii were used to calculate artefact severity and 
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to compare artefact severity to reference non-metal image values based on CT and 
noise values. Fourier analysis and a Fourier intensity sum were used to separate 
noise from artefacts. Finally, an amplitude ratio of a fracture model between the Error 
function gap depth amplitude and the Gaussian artefact amplitude was determined 
where a higher value indicated a better gap and fracture visibility. We showed that 
iMAR and high keV monochromatic images extracted from DECT both reduced 
metal artefacts caused by different metal fixation implants. Based on our quantitative 
phantom results we found that dual-energy CT imaging is in general superior to 
iMAR in fracture visibility near metal fixation implants. Despite the fact that new 
artefacts were introduced by iMAR and overall image contrast was decreased in 
high keV DECT images, overall image quality improved for both iMAR and DECT 
imaging due to the reduction of metal artefacts. Optimal monochromatic energies 
varied for different implant alloys and thicknesses but were found to range between 
130 to 150 keV for titanium and stainless steel fixation implants. 

Chapter 2, 3 and 4 all demonstrated that the use of additional MAR software is 
advised in patients with THA to effectively reduce metal artefacts and improve the 
diagnostic value of CT. Chapter 5 indicated that dual energy CT imaging is in general 
superior to MAR software in fracture visibility near metal fixation implants.

Part II

Since metal hardware composed of different metal alloys results in different metal 
artefacts and severities, the use of implant specific monochromatic energies may 
be valuable to minimize artefacts. However, choosing the optimal keV for each 
patient individually is both challenging and time consuming. When choosing a 
keV that is too low, metal artefacts will be more pronounced resulting in an overall 
decreased image quality, compromising the evaluation of bone and soft tissue 
structures. On the other hand, when choosing a keV that is too high, overall image 
contrast will be decreased which may impede the diagnostic quality. In Chapter 6, 
we implanted titanium and stainless steel intramedullary nails and plates used for 
fracture fixation in a human cadaveric lower leg in order to optimize CT acquisition 
and reconstruction in patients. We found a large range of optimal keVs of 130 keV, 
180 keV and 190 keV in case of the titanium tibia plate, a stainless steel tibia plate 
and a titanium intramedullary nail respectively. Region of interest measurements, 
performed in muscle, fat, bone and the intramedullary cavity showed that most of 
the artefacts were reduced within the range of 70 to 130 keV. In case of heavier 
metals and implants with a more complex geometry higher keVs need to be chosen 
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since some metal artefact reduction was observed above 130 keV. Therefore, the 
use of implant specific protocols has an advantage over using generalized protocols 
for all implants. In a clinical setting, radiological evaluation using 70 keV reference 
images and implant specific optimal virtual monochromatic images with minimal CT 
number inaccuracies and fluctuation is therefore advised. 

Chapter 6 indicates that use of implant specific protocols is more beneficial than 
using generalized protocols for all implants when using virtual monochromatic 
imaging extracted from DECT.

Part III

In patients treated for fractures of the long bones with delayed or disturbed 
fracture healing or so-called “non-union”, it is important to accurately determine 
the degree of fracture consolidation with high diagnostic confidence. As shown in 
Chapter 5, dual-energy CT reduced metal artefacts in fixation implants effectively 
and has the preference over MAR software regarding metal artefact reduction and 
fracture visibility. In this Chapter 7, our goal was to validate these findings and find 
optimal and worst monochromatic energies to assess bone union in 50 patients 
with a suspected non-union of the appendicular skeleton treated with different 
metal fixation implants. Observer groups of MSK radiologists and orthopaedic 
trauma surgeons were asked to participate in an online survey. Orthopaedic trauma 
surgeons found average optimal keVs of 145, 152 and 152 keV for titanium implants, 
stainless steel implants and combined implants of titanium and stainless steel 
respectively. MSK radiologists found optimal keVs of 156, 171 and 167 respectively. 
Differences in optimal keV were not statistically significant for different alloys or type 
of fixation implant in both observer groups. Average optimal keVs were higher and 
average worst keVs were lower for radiologists compared to surgeons in all different 
hardware (p<0.05). Radiologists were more confident in selecting optimal and worst 
keVs for all different hardware (p<0.005). Images extracted at 190 keV were most 
frequently selected as the optimal keV by both radiologists and surgeons, which 
was unexpected due to the substantial decrease of overall image contrast at this 
highest keV level. Based on the results of Chapter 5, 6 and 7 and relevant literature 
we suggest using 130 keV and 150 keV in patients with titanium and stainless steel 
fixation implants respectively [4,5,8–10]. In patients with combined fixation implants 
of titanium and stainless steel, the use of 150 keV is advised.

The diagnostic value of high keV monochromatic images in patients treated for 
fractures of the appendicular skeleton with suspected non-union was investigated 
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in Chapter 8. Dual-energy CT scans of 41 patients were extracted at 130 and 150 
keV in case of titanium and stainless steel fixation hardware respectively. High keV 
images were compared with 70 keV monochromatic, which are comparable to 120 
kVp conventional images. Diagnostic confidence and image quality improved in 
high keV images compared to 70 keV images (p<0.001). Since a clear improvement 
of overall image quality and diagnostic confidence was seen when switching from 
70 keV to high (130 and 150) keV images, we expected an improved agreement 
between observers regarding degree and location of consolidation and non-union 
type also. This improvement was only minor and applied to only several cases. 
The fact that there was poor agreement between both readers, consisting of an 
experienced MSK radiologist and an experienced orthopaedic trauma surgeon, 
suggests that multi disciplinary consultation between both disciplines enhances a 
reliable diagnosis to improve clinical decision-making in these complex cases.   

Quantitative THA phantom study results presented in Chapter 2 and 3 showed that 
CT radiation dose could be reduced while maintaining or improving image quality 
using IMR and O-MAR. Despite promising phantom study results, a clinical validation 
study was essential to determine whether CT radiation dose could be reduced in 
THA patients also. Low-dose (LD) IMR results acquired with -20%, -40%, -60% or -80% 
CT radiation dose were quantitatively and qualitatively compared with full-dose 
(FD) iDose4 results. Quantitative results of Chapter 9 confirmed our phantom study 
data and showed that when using IMR; noise was reduced, contrast-to-noise ratios 
between muscle and fat improved with constant CT numbers in low-dose results 
compared to full-dose iDose4 results. However, subjective image quality scores 
provided by two MSK radiologists were in general lower for low-dose IMR results 
compared to full-dose iDose4 results. More interestingly, results showed that image 
quality of low-dose images reconstructed with IMR was classified inferior to images 
reconstructed with iDose4, regardless of the degree of radiation dose reduction. 
This suggests that both observers preferred images reconstructed with iDose4 over 
images reconstructed with IMR, especially when evaluating osseous structures. 
When dealing with bilateral metal-on-metal THA, causing severe metal artefacts 
mainly due to photon-starvation, the use of IMR in combination with aggressive 
radiation dose reducing radiation dose is therefore discouraged. Radiation dose can 
be reduced to some extend in THA patients using IMR, depending on the clinical 
purpose. Despite lower subjective image quality scores in IMR images, we have to 
determine if we are able to see what we want and need to see. When evaluating 
the positioning and status of prosthetic components in situ, low dose protocols are 
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sufficient. Despite reduced subjective image quality in LD IMR reconstructions, most 
soft tissue pathology can be assessed, albeit with reduced diagnostic confidence. 
Fatty infiltration in muscles for example can be observed, however with reduced 
diagnostic confidence due to a loss of small details. It is important to let radiologists 
get used to images with low noise levels and the so-called plastic appearance of 
IMR, especially in low-dose acquisitions and especially when dealing with severe 
metal artefacts.

Chapter 7 showed that optimal monochromatic DECT images to assess bone union 
in patients with suspected non-union of the appendicular skeleton varied between 
observer groups of orthopaedic and trauma surgeons and musculoskeletal 
radiologists. Chapter 8 showed that high 130 and 150 keV images improved 
overall image quality and diagnostic confidence compared to 70 keV images in 
evaluating fractures of the appendicular skeleton in patients with suspected non-
union. Chapter 9 showed that in low-dose IMR with O-MAR images, CT numbers 
remained constant, noise decreased and contrast-to-noise ratios between muscle 
and fat increased whereas subjective image quality reduced compared to full-dose 
iDose4 with O-MAR images in patients with metal-on-metal THA, regardless of the 
degree of radiation dose reduction.

I M P L I C AT I O N S  A N D  F U T U R E  P E R S P E C T I V E S

Over the past decades innovative CT techniques have reduced metal artefacts, 
improved overall image quality and lowered radiation dose [11,12]. The size, shape, 
geometry and density of metal hardware all influence metal artefact severity [13]. 
Modifying image acquisition, image reconstruction, projection data and/or image 
data and use of virtual monochromatic imaging extracted from dual-energy CT 
(DECT) all contribute to the reduction of metal artefacts. The review provided in 
Chapter 10 helped us to better understand the origin of metal artefacts, technical 
background of commercially available metal artefact reduction algorithms and the 
value of dual-energy CT and MAR software for different metal hardware in current 
clinical practice. 

The technical innovations investigated in this thesis have their advantages and 
limitations in musculoskeletal CT imaging. MAR software effectively reduced severe 
artefacts caused by extensive photon-starvation. In THA patients, the reduction of 
artefacts was most effective using O-MAR combined with IMR, where the use of 140-
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kVp instead of 120-kVp was more beneficial than increasing mAs. The use of MBIR 
techniques improves the reconstruction process over IR and FBP reconstruction 
techniques and reduces artefacts, although the effect of IMR alone is limited 
compared to MAR software or DECT [14–16]. The use of O-MAR leads to an improved 
overall image quality and diagnostic confidence in evaluating soft tissue and bone 
pathology and bone-metal interfaces in THA patients. Patients will benefit from the 
implementation of MAR software in clinical practice since complications such as 
hardware malfunction or malpositioning, fractures, muscle atrophy, pseudo-tumour 
formation, impingement and bone status can be evaluated with higher confidence, 
which improves clinical decision-making. 

In smaller fixation implants used for fracture fixation, the use of high keV virtual 
monochromatic imaging is preferred over MAR software. Despite the loss of 
overall image contrast, metal artefacts were reduced effectively by reducing beam-
hardening artefacts, also directly adjacent to metal hardware. Second, virtual 
monochromatic DECT does not encounter the introduction of secondary artefacts 
seen with MAR software [17–21] DECT can be dose neutral compared to single-
energy CT and when combining both spectra, a conventional single-energy CT scan 
can be simulated and specific DECT post-processing software can provide valuable 
additional information besides the reduction of metal artefacts. Bone marrow 
oedema formation and urate crystals depositions for example, can be assessed 
retrospectively in dual-energy acquisitions. So when available, the use of DECT is 
beneficial instead of single-energy CT, preferably using 100 and Sn150-kVp. The 
use of a tin (Sn) filter for the high kV beam improves the spectral separation by 
reducing the amount of low-energy photons and reduces CT radiation dose [22–24]. 
In concordance with relevant literature, our results also showed a large variation in 
optimal keV for different implants based on qualitative and quantitative analyses. In 
general, the use of 130 keV will be sufficient when no detailed information regarding 
metal hardware is available. The use of higher keVs is beneficial in larger implants, 
implants with a higher density and implants with a more complex geometry. High 
130 and 150 keV images showed reduced metal artefacts with an improved image 
quality and diagnostic confidence compared to 70 keV images in patients treated 
for fractures of the appendicular skeleton with suspected non-union. The poor 
agreement between observers with respect to degree and location of consolidation 
and non-union type suggests that multi disciplinary consultation between both 
departments enhances a reliable diagnosis to improve clinical decision-making 
in these patients with complex fractures. Patients will benefit from optimal image 
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acquisition, reconstruction and multi disciplinary consultation since in this way 
soft tissue and bone pathology, hardware loosening and positioning and fracture 
consolidation are assessed with higher confidence.

When available, the combination of DECT and MAR software is often but not always 
the best option regarding metal artefact reduction since new artefact may be 
introduced and overall image contrast may be impeded. For this reason, radiological 
evaluation of reference images is essential in both individual MAR approaches and 
when combining these techniques. 

Lowering CT radiation dose affects image quality, especially when large metal 
implants are involved, which already impede overall image quality. As shown, novel 
model-based iterative reconstruction techniques, such as iterative model-based 
reconstruction (IMR), should be used with caution in musculoskeletal CT imaging. 
Images may appear smooth and the possible reduction of spatial resolution may 
result in a loss of small details and affect the appearance of clinical findings such as 
fractures [25]. Use of MBIR improves image quality compared to FBP and IR, however, 
its plastic appearance may impede its clinical acceptability in MSK radiology, mainly 
in the evaluation and delineation of osseous structures and the assessment of bone 
destruction, bone density and sclerosis. This is even more valid when dealing with 
impaired image quality due to severe artefacts and reduced radiation dose. In certain 
specific CT protocols, where the visualization of small structures and details is of less 
importance, possibilities regarding radiation dose reduction may be more viable. 
As such, low dose -20%, -40% and -60% IMR reconstructions will in general provide 
sufficient diagnostic image quality to evaluate prosthetic components, pseudo-
tumours and relevant hip musculature in patients with a unilateral THA. When using 
IMR while applying aggressive radiation dose reduction in case of bilateral large 
head MoM THA, image quality becomes unacceptable. We therefore discourage to 
further stretch the ALARA principle in MSK radiology while using IMR. We already 
see more with less dose and we do not want to be in the area of seeing just enough 
or just not enough while further reducing radiation dose.  

In Medicine, new techniques emerge frequently. Some technical innovations are left 
unused or are used sub-optimally due to lack of medical or technical knowledge 
and lack of time and due to long implementation times in clinical practice. By 
better understanding the background of technical innovations and possible clinical 
implications we can get the most out of novel techniques, especially within the 
progressive technical field of radiology. Innovative techniques investigated in this 
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thesis tackle most of the two main enemies of CT within musculoskeletal radiology 
involving metal artefacts and CT radiation dose. In Isala, O-MAR is already used 
in clinical practice in almost all CT examinations involving metal hardware. The 
department is not in the possession of a dual-energy CT scanner yet, so currently the 
only MAR approach that can be used is O-MAR. Since radiologists have to get used 
to IMR images, an additional set of IMR images is reconstructed in more and more 
CT examinations. Low-dose CT imaging using IMR is not used in current clinical 
practice yet, especially not in MSK imaging based on current experiences. On-going 
research at the Radiology department will determine the possible clinical value of 
low-dose imaging using IMR in other examinations. In the AMC, almost all MSK CT 
examinations are acquired using dual-energy CT when the Force dual-source CT 
scanner or TwinBeam AS+ scanner is available. The use of the Force is preferred 
over the AS+ in several CT examinations due to its superior spectral separation, fast 
scanning and ability to adjust tube voltages of both tubes separately. In general 
we do also prefer the Force for MSK examinations, especially when an upcoming 
scanner update enables the use of dual-energy with additional MAR software. 
From now on, patients with large hardware such as total knee, shoulder and hip 
arthroplasties will be scanned on the AS+ CT scanner since dual-energy acquisitions 
can be combined with additional MAR software. When detailed information adjacent 
to smaller hardware such as intramedullary nails and plates used for fracture fixation 
is required, the Force is preferred. 

In our opinion, metal artefacts are reduced effectively using the latest innovative 
approaches investigated in this thesis. Photon-counting CT can reduce beam-
hardening artefacts even further, however this technique is also incapable of 
reducing severe artefacts caused by extensive photon-starvation [26]. The use of 
biodegradable implants, implants made of lightweight metal alloys or substitutes 
and the use of smaller implants with improved geometry may reduce the presence 
of artefacts in the first place [27]. We have to keep in mind that, if metal is present, 
providing detailed information regarding the alloy and size of the hardware by 
referring departments is important. In this way the imaging chain, from acquisition 
to reconstruction, post-processing and visualisation can be tailored to reduce metal 
artefacts and radiation dose, improve image quality and improve the diagnostic 
value of CT in musculoskeletal radiology. 
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