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ABSTRACT

Metal-induced artifacts are known to degrade CT image quality and deteriorate the
quantitative value of the images. Therefore, numerous metal artifact reduction techniques
have been proposed and their performances have been evaluated using different qualitative
or quantitative approaches. Various approaches and measures have been applied for the
validation process visual assessment of the corrected images being one of the most commonly
applied techniques. A high proportion of the presented techniques are not properly validated
in the clinical environment, which hampers an unbiased comparison of the techniques and as
such the clinical acceptability of the techniques remains questionable. Accurate quantitative
evaluation of the processed images guarantees the reliability of the correction method. The
main motivation of this work was to present the qualitative and quantitative validation
Keywords: :  approaches and metrics used in various metal artifact reduction studies in both phantom and
CT, :  clinical experiments. Considering the challenging task of validation of the clinical studies,
Metal Artifact Reduction, ¢ where the gold standard is not present, having a proper knowledge about the potential solutions
Evaluation Metrics. would assist the researchers to apply the right validation approaches.

1. Introduction In spite of the substantial value of CT in various
clinical applications, this image modality suffers from
a number of known pitfalls and artifacts [4]. Metal-
induced artifacts are one of the most common artifacts
in CT images which are caused by metallic implants
within the patients’ body, such as cardiac defibrillators

and pacemakers, dental fillings, hip and knee prostheses

omputed tomography (CT) is one of the
most widely used imaging modalities in
the past decades in a wide range of medi-
cal applications. In radiation oncology CT
images are conveniently used for treatment

planning, patient positioning and dose calculations [1].
Beside its diagnostic values as a standalone imaging
modality, its combination with positron emission to-
mography (PET) has improved the performance of this
powerful functional imaging modality both qualitative-
ly and quantitatively. CT-based attenuation correction of
PET is the most clinically accepted attenuation correc-
tion technique which allows more accurate quantifica-
tion of PET data [2, 3].
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[5]. High atomic number of metallic objects severely
attenuates the x-ray photons, which in turn generates
gaps in the projection data. The appearance of streak-
ing artifacts on reconstructed CT images is the obvious
consequence of using such incomplete data for image
reconstruction [6, 7].

The origin of metal streaking artifacts has been as-
sociated to several physical phenomena, such as noise,
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scatter, partial volume effect, object motion and beam
hardening [8]. Since some or all of these phenomena are
typically present when CT scans of objects with metal-
lic compartments are made, the streaking artifacts are
almost always generated on such CT scans. Generation
of these bright and dark streaking artifacts deteriorate
diagnostic qualitative and quantitative value of CT im-
ages. In radiotherapy, the presence of streaking artifacts
obscures the anatomical structures, which precludes
confident diagnosis of the disease and delineation of
the organs for treatment planning. Moreover, the ap-
plication of CT images including streaking artifacts in
CT-based attenuation correction of PET data results in
propagation of the artifacts into the corresponding PET
images. Such artifacts might appear as over-estimated
or under-estimated activity concentration regions which
might lead to a false diagnosis of the disease. There-
fore, the reduction of metallic artifacts has been a hot re-
search topic in the past decade and several approaches,
with various levels of success, have been proposed [9].

The proposed metal artifact reduction (MAR) approach-
es are generally categorized as implicit and explicit ap-
proaches. Most of the presented methods, however, lie in
the explicit category, which involve various techniques
for artifact reduction either in sinogram domain or im-
age domain. A recent review on a broad range of MAR
methods revealed that the sinogram-based methods tend
to achieve more accurate processed images compared to
imaged-based approaches [9]. Applying an interpolation-
based algorithm combined with extra non-interpolation
based corrections is reported as the most appropriate
sinogram-based correction approach. However, accurate
and precise validation of the techniques, particularly in
the clinical setting where no ground truth is present, still
remains a challenging task. In this paper, evaluation met-
rics and strategies used by the developers of the MAR
techniques are presented and discussed.

2. Metal Artifact Reduction Evaluation
Strategies

The performances of the various MAR approaches are
assessed using a number of qualitative and quantitative
methods and metrics. An accurate quantitative evalua-
tion of the techniques in the clinical environment has
always been a challenge due to the absence of the gold
standard. Phantom studies are considered as an alterna-
tive and can offer reliable assessment, provided that the
phantom design is realistic and analogous to the clinical
situation. Table 1 summarizes all the validation tech-
niques used in the literature and a detailed explanation
is presented in the following subsections.

2.1. Phantom-Based Strategies

Phantom studies are the most common quantitative
validation approach in the absence of gold standard.
In case of MAR validation, since the actual Hounsfield
unit of the patient body is not known, which makes
quantitative analysis of the clinical data impractical,
making CT images of phantoms can serve as an alterna-
tive. Physical or simulated phantoms have been widely
used for MAR evaluation [10-17]. The phantoms used
in different studies range from a simple simulated jaw
phantom [13] to more complex phantoms, such as an-
thropomorphic phantom [18]. It is evident that the phan-
toms designed more analogous to the real clinical data
result in a more precise and reliable validation. Howev-
er, the evaluation metrics and measures used to quantify
the analysis also play an important role in the validation
process. Although in some few studies the phantom ex-
periments are assessed only visually [18-22], which is
most probably sufficient for the specific purpose of the
presented works, the application of proper assessment
metrics has undoubtedly an added value in the course of
validation. Wherever a visual qualitative assessment is
applied, the preservation of the fine structures surround-
ing the metallic object and the extent of the artifact re-
duction in that area is noticed.

A simple and common approach in phantom-based
evaluation of MAR approaches is the comparison of
mean and standard deviation (SD) of the intensities
within specified regions of interest (ROIs) [10, 17, 23-
25]. Comparing the SD of regions provides information
about the discrepancy between CT numbers of similar
regions before and after correction. In such cases, the
finest practice is to define several ROIs in regions cor-
responding to different tissues and to report the differ-
ences both in artifactual and artifact-free areas. Plotting
the line profiles passing through different regions of the
phantom images before and after correction as well as
the artifact-free image can serve as a visual assistance to
perceive the HU differences [ 14, 26-28]. The line profile
of the original phantom image without inserting metallic
objects is expected to have a relatively uniform intensity
distribution and the deviations of the artifactual and cor-
rected profiles from this line profile represents the bias.
Figure 1 represents the CT images of a cylindrical poly-
ethylene phantom with 16 inserts which simulate differ-
ent tissues in human body. The artifact-free image (top
left) is taken while no metallic object was inserted into
the phantom and this image serves as the gold standard.
Top middle presents the CT image with the metallic in-
serts, and the top right shows the corresponding metal
artifact corrected image. Line profiles from the same
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regions of the three images are plotted in figure 1 and
the fluctuations due to the streaking artifacts before and
after correction (blue and red lines, respectively) can be
compared to the ground truth (green line). A statistical
analysis, such as 2-tailed paired t-test, might also be
applied to emphasize the statistical significance of the
intensity variation before and after correction [29, 30].

The pixel histograms plotted for different tissue com-
ponents of the phantom is another approach which can

contribute in both visual and quantitative analysis of the
changes in the pixel intensities of the images before and
after correction and compare those to the ground truth
[10, 31].

Mean relative error (MRE), mean squared error (MSE)
and root mean square error (RMS) are three prevalent
metrics to evaluate the difference between the two mea-
sures and have been extensively used for MAR validation
[13, 16, 31-35]. They are generally defined as follows:

Table 1. Summary of the validation techniques used in the literature for evaluation of MAR approaches

Phantom-based strategies Qualitative
Preservation of the fine structures
Extent of the artifact reduction
Smoothness and continuity of the sinogram or its isophotes
General Applications
Plots
Line profiles passing through different regions
Pixel histograms for different tissue components
Measures of errors
Mean relative error
Mean squared error
Root mean square error
Mean percent absolute error
Other
Mean and standard deviation within selected ROIs
Mean | divergence
Signal-to-background ratio
Contrast-to-noise-ratio
Specific Applications
CTAC of PET
Comparison of activity concentration
Target-to-background ratio
Radiotherapy Treatment Planning
Percentage error in dose calculations

Qualitative

Strategies based on clinical data Qualitative General Applications

Borders of the organs surrounding the metallic objects
Edge preserving of the metallic objects and the surrounding organs
Overall diagnostic value of the images

Specific Applications

CTAC of PET

Comparison of CT-based attenuation corrected PET with the one which is not corrected
for attenuation
Comparison of the CT-based attenuation corrected PET with the one attenuation corrected using
the conventional transmission scan

Radiotherapy Treatment Planning
Comparison of the isodose distribution before and after correction

Quantitative General Applications

Assumed/simulated gold standards
Manual segmentation of a test set
Simulation of streaking artifacts on artifact-free real clinical datasets
Use of adjacent slice with no artifact as the ground truth
Regression without truth
Metrics based on presence of the ground truth
Normalized total variation error
Normalized root mean square difference
Mean absolute deviation
Other
Image qualities scored by two radiologists
Image entropy
Subtraction of the images
Comparing the performance of proposed technique with the already existing ones
Specific Applications
Radiotherapy Treatment Planning
Percentage error in dose calculation between the original and corrected CT
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Figure 1. Validation of MAR using line profiles. The CT images from left to right illustrate
the artifact-free (i.e. without metal inserts), uncorrected image (with metal inserts) and the
corrected image. The corresponding line profile of each image is plotted for comparison.

Other quantitative measures of difference used in the
literature include mean percent absolute error (MPAE) MPAE = 1 Z?Ll
and mean I divergence (Mean I-div) [34], which are de- N
fined as:

Imeasured (l)

Jtrue (l)
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where the latter quantifies the discrepancy between the
two measures.

Measurement of signal-to-background ratio (SNR)
and contrast-to-noise-ratio (CNR) of the corrected im-
age and comparing to that of the ground truth might also
provide extra information about the performance of the
MAR algorithm [36, 37]. Ideally, after applying a MAR
algorithm, one would expect to achieve the same SNR
and CNR of the gold standard, and such comparison of
the two measures might be worthwhile.

The assessment strategy might also be pursued in the
sinogram domain. Visual assessment of the smoothness
and continuity of the sinogram or its isophotes before
and after correction has been used in the literature as an
alternative assessment scheme [32, 38-40].

In some studies, where the proposed MAR is meant
for a specific practice, the evaluation procedure is adapt-
ed to the planned goal. In CT-based attenuation correc-
tion of PET data, for instance, the validation can be
performed on the PET images. When a phantom study
has been carried out, the actual activity concentration in
the phantom is known, and as such the performance of

the algorithm can be accurately assessed [12, 32, 41].
Target-to-background ratio (TBR) can also be used as
a quantitative measure in such cases [15]. Moreover,
when the MAR algorithm is meant to improve the ra-
diotherapy treatment planning and dose calculations,
the percentage error in dose calculations is considered
as a valid evaluation metric [11].

2. 2. Strategies Based on the Clinical Data

Although phantom studies are appreciated and must
be considered as an essential step for MAR validation,
in order to have the proposed technique clinically ac-
ceptable, it has to be validated using the clinical data-
sets to see how the method performs in real life. The
adversity associated with the clinical studies is the lack
of the ground truth. It is known that the dark and bright
streaking artifacts should disappear after correction,
but whether the correct Hounsfield unit is assigned to
the human tissue after correction, is not known. As ex-
plained earlier, for many clinical applications of CT
images, it is important to achieve valid CT numbers
after correction and as such, quantitative assessment
of the clinical datasets is essential. However, due to
the absence of the ground truth, a high proportion of

Figure 2. Two sample clinical CT images of patients with hip prosthesis (top) and dental filling (bottom) before (left) and after
(right) metal artifact reduction. The red arrows are pointing at the borders of the organs surrounding the metal implant.
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the presented works are evaluated only qualitatively
[10, 14, 15, 17, 23, 26, 27, 31, 42-45]. For the qualita-
tive assessment, a high attention is paid to the borders
of the organs surrounding the metallic objects, to the
edge preserving of the metallic objects and the sur-
rounding organs, and the overall diagnostic value of
the images after correction. Figure 2 illustrates a sam-
ple clinical CT image before and after metal artifact
reduction. The red arrows are pointing at some organ
borders which are obscured by the artifacts before cor-
rection, while on the other hand are obviously observ-
able after correction.

There have been a number of studies in which the au-
thors attempted to find a strategy for quantitative assess-
ment of the clinical data, even though the gold standard
is not known. Mahnken et al. got the image qualities
scored by two radiologists and analyzed the results
using a repeated measure ANOVA statistical analysis
[29]. A similar approach was applied by Mersbach et
al., where the axial, coronal and sagittal views of the CT
scans were evaluated by two blinded and independent
observers [46]. The evaluation was conducted based on
the overall image quality, with a specific attention to the
quality of pelvic organs and assessment of pelvic ab-
normalities. Moreover, CT attenuation and image noise
were measured before and after correction. The results
were statistically analyzed using the Friedman test, Wil-
coxon signed-rank test and Levene test.

Another analytical approach is the manual segmentation
of a test set by the experts, which can serve as the ground
truth [47]. The test set is, then, processed by the proposed
MAR approach and the resulting images are compared to
the ground truth using the Jaccard and Dice index.

Image entropy is another quantitative measure used
for evaluation of MAR methods [48]. Image entropy is
calculated as follows:

h=Y,e044l09(q,) (6)

where q, is the portion of image pixels with intensity
of g. The entropy of the image is a measure for intensity
variations and when applied to the processed images, it
measures the additional variation induced by streaking
artifacts. Whenever the variations are caused by the regu-
lar variability of the intensities of the anatomical struc-
tures, the entropy is maximized. Therefore, this measure
can also be used to optimize the performance of the MAR
techniques by incorporating an algorithm parameter into
the entropy formulation and maximizing it.

Another interesting approach to validate the MAR
technique in the clinical setting is to use an artifact-free
clinical dataset and simulate realistic streaking artifacts
on the images. In this way the ground truth is available
for an accurate quantitative validation. This method has
been proposed by Mehranian et al [49-51]. The vali-
dation metric used in their study is the normalized to-
tal variation error (%TV) which is an indicator of the
amount of artifacts in the reconstructed images:

%TV=100X% (”V(Isimulated_ Jtrue )lll/”VItrue”1
(7

S—

where Fimulaed jg the image with the simulated arti-
fact and I is the ground truth. Normalized root mean
square difference (NRMSD) and mean absolute devia-
tion (MAD) between the corrected image (F"*?) and
the ground truth are the other two metrics used in the
studies with simulated artifacts on the clinical data:
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where MAD is reported in HU.

A less quantitative comparison approach is the sub-
traction of the images before and after correction and
tracking the considerable differences on the organs of
interest [52]. This method might be applied more quan-
titatively if an adjacent slice with no artifact (or negli-
gible amount of artifact) can be found in the database
which consists of similar anatomical structures to that
of the artifatual slice. In such case, the artifact-free slice
can be considered as the ground truth. The visual assess-
ment of the subtraction of the artifact-free slice and the
corrected image is the validation technique of choice in
a study conducted by Dong et al. [53].

In case of CT-based attenuation of PET data, the PET
image which is attenuation corrected by the artifact re-
duced CT can be compared to the one which is not cor-
rected for attenuation [54]. However, this comparison
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cannot be analyzed quantitatively due to the fact that the
quantification of the PET data without attenuation cor-
rection is known to be very inaccurate. Comparison of
the CT-based attenuation corrected PET with the one at-
tenuation corrected using the conventional transmission
scan is another way of validation for this application of
CT in nuclear medicine [12].

A clinical approach for validation of the MAR perfor-
mance when CT is being used for radiotherapy treat-
ment planning is the comparison of the isodose distribu-
tion before and after correction. This approach has been
applied in a study by Xu et al. [28]. Percentage error in
dose calculation between the original and corrected CT
is another measure in this specific application [11].

Hoppin et al. proposed a validation technique in the
absence of gold standard, which is known as regres-
sion without truth (RWT) [55]. The technique is meant
to compare the performance of two modalities with the
presumed gold standard and to show which modality
performs more similar to the ground truth. It calculated
a figure of merit (FOM) for each modality based on
the parameters of a linear relationship between the true
value of the parameter which we are interested in, and
its estimated value. The two FOMs are, then, compared
and the modality with smaller FOM is concluded to per-
form more similar to the ground truth. This method can
be conveniently used for validation of MAR in the clini-
cal environment, without being concerned about the ab-
sence of gold standard [39, 56].

Alongside all the validation approaches, comparing
the performance of any proposed technique with the al-
ready existing ones is a common method to prove the
added value of the novel techniques [22, 43, 44, 57].
The comparison per se is not considered as a validation
tool, and is rather used as a complementary process.

3. Discussion and Conclusion

The necessity of metal artifact reduction on CT im-
ages has been shown in many studies [9]. However, a
high fraction of all proposed MAR methods are poorly
validated in the clinical setting. This article attempts
to provide the community with all the quantitative ap-
proaches used for the validation of the proposed MAR
techniques, using both phantom and clinical studies.
The choice of quantitative metric for validation purpos-
es, however, is not a trivial question to answer, which
is the case in all research areas. In order to achieve the
clinical acceptance, the application of various quantita-
tive validation metrics is commendable.

The methods which assist better visualization of the
differences before and after correction, such as line
profiles and histograms, are proper tools for primary
analysis of the data. These methods, however, must be
followed by more in-depth quantitative analysis. The
measures of error and differences can be conveniently
used in phantom studies. For the clinical studies, due to
the lack of the ground truth, these measures cannot be
directly applied. As shown in section II, in spite of lack
of gold standard in the clinical environment, there has
been a number of quantitative validation approaches
used to validate the MAR techniques in the clinical set-
ting. The proposed techniques, which provide a substi-
tution for the gold standard, might become beneficial
in such cases. Using the adjacent artifact-free slice,
simulation of the artifacts on real artifact-free clinical
images, and application of RWT method have been
used to tackle the no-gold-standard issue. Several other
validation metrics are also proposed which might help
to improve the accuracy and precision of the validation
procedure.

Although some MAR methods are designed for spe-
cific purposes in which qualitative validation of the
performance of MAR method would be sufficient, a
successful MAR, which can be accepted and imple-
mented in the clinic, is the one which is qualitatively
and quantitatively valid. This highlights the need for a
more accurate quantitative evaluation of the proposed
approaches. The visual assessment of the processed im-
ages by experts, however, would definitely improve the
validation as a complementary process.

Considering all the available validation tools, a fairly
designed validation process must consist of accurate
quantitative evaluation of one or more phantom studies
as well as qualitative and quantitative assessment of a
number of clinical studies, using various validation met-
rics. The application of the same framework in all re-
search groups would be beneficial for an unbiased com-
parison of the MAR performances, which would make
the clinical applicability of the techniques with superior
performance feasible.
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