Clinical evaluation of a commercial orthopedic metal artifact reduction tool
for CT simulations in radiation therapy
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Purpose: Severe artifacts in kilovoltage-CT simulation images caused by large metallic implants can
significantly degrade the conspicuity and apparent CT Hounsfield number of targets and anatomic
structures, jeopardize the confidence of anatomical segmentation, and introduce inaccuracies into the
radiation therapy treatment planning process. This study evaluated the performance of the first com-
mercial orthopedic metal artifact reduction function (O-MAR) for radiation therapy, and investigated
its clinical applications in treatment planning.

Methods: Both phantom and clinical data were used for the evaluation. The CIRS electron density
phantom with known physical (and electron) density plugs and removable titanium implants was
scanned on a Philips Brilliance Big Bore 16-slice CT simulator. The CT Hounsfield numbers of den-
sity plugs on both uncorrected and O-MAR corrected images were compared. Treatment planning
accuracy was evaluated by comparing simulated dose distributions computed using the true density
images, uncorrected images, and O-MAR corrected images. Ten CT image sets of patients with large
hip implants were processed with the O-MAR function and evaluated by two radiation oncologists
using a five-point score for overall image quality, anatomical conspicuity, and CT Hounsfield num-
ber accuracy. By utilizing the same structure contours delineated from the O-MAR corrected images,
clinical IMRT treatment plans for five patients were computed on the uncorrected and O-MAR cor-
rected images, respectively, and compared.

Results: Results of the phantom study indicated that CT Hounsfield number accuracy and noise
were improved on the O-MAR corrected images, especially for images with bilateral metal im-
plants. The y pass rates of the simulated dose distributions computed on the uncorrected and
O-MAR corrected images referenced to those of the true densities were higher than 99.9% (even
when using 1% and 3 mm distance-to-agreement criterion), suggesting that dose distributions
were clinically identical. In all patient cases, radiation oncologists rated O-MAR corrected im-
ages as higher quality. Formerly obscured critical structures were able to be visualized. The over-
all image quality and the conspicuity in critical organs were significantly improved compared with
the uncorrected images: overall quality score (1.35 vs 3.25, P = 0.0022); bladder (2.15 vs 3.7,
P = 0.0023); prostate and seminal vesicles/vagina (1.3 vs 3.275, P = 0.0020); rectum (2.8 vs 3.9,
P = 0.0021). The noise levels of the selected ROIs were reduced from 93.7 to 38.2 HU. On most
cases (8/10), the average CT Hounsfield numbers of the prostate/vagina on the O-MAR corrected
images were closer to the referenced value (41.2 HU, an average measured from patients without
metal implants) than those on the uncorrected images. High y pass rates of the five IMRT dose dis-
tribution pairs indicated that the dose distributions were not significantly affected by the CT image
improvements.

Conclusions: Overall, this study indicated that the O-MAR function can remarkably reduce
metal artifacts and improve both CT Hounsfield number accuracy and target and critical struc-
ture visualization. Although there was no significant impact of the O-MAR algorithm on the
calculated dose distributions, we suggest that O-MAR corrected images are more suitable for the
entire treatment planning process by offering better anatomical structure visualization, improving
radiation oncologists’ confidence in target delineation, and by avoiding subjective density overrides
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of artifact regions on uncorrected images. © 2012 American Association of Physicists in Medicine.
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I. INTRODUCTION

In radiation oncology, target delineation and tissue electron
density (as indicated by CT Hounsfield numbers) play a crit-
ical role in assuring CT-based treatment planning accuracy.
However, metallic implants, especially large hip prostheses,
can produce severe CT image artifacts.! These artifacts not
only jeopardize the radiation oncologists’ confidence of tu-
mor and organ delineation but also severely affect the CT
Hounsfield number accuracy. When generating a treatment
plan with CT images distorted and obscured by metal ar-
tifacts, clinicians have to rely on making educated guesses
when contouring both targets and critical structures (for ex-
ample, the prostate and rectum) based on their clinical ex-
perience. In practice, dosimetrists must manually override
the artifact regions to an artificial electron density in order
to partially account for tissue heterogeneities. Supplement-
ing kilovoltage-CT simulation images with a megavoltage-
CT (MVCT) image set can mitigate delineation uncertainty,
as MVCT is not as susceptible to metal artifacts. However,
this practice is often associated with concerns about lower
soft tissue contrast information, MVCT and kilovoltage-CT
image registration accuracy, and additional patient dose from
megavoltage imaging.

Various techniques for metallic artifact reduction have
been proposed, such as iterative reconstruction methods and
projection modification methods based on either projection
data or from reconstructed images.”> Iterative reconstruc-
tion methods are generally less susceptible to streaking and
nonlinear partial volume artifacts caused by high-contrast
objects relative to analytical reconstruction methods.>? Al-
though promising, these methods are often difficult to imple-
ment in combination with standard reconstruction algorithms
and are computationally expensive, especially for the large
data sets generated by multislice CT scanners.

Most metal artifact reduction methods are based on the
strategy of projection modification. With this strategy, data
that are severely contaminated by metal implants are modified
according to the knowledge obtained from uncontaminated
data. A critical step in this strategy is to localize the metal
regions on the projection data so that they can be replaced
with appropriate estimations. One procedure involves the seg-
mentation of metal regions in reconstructed images, forward-
projection of those regions to localize the projection data that
have been contaminated by the metal implants, replacement
of the affected projection data, and reconstruction of the
corrected data.>%232%-27 The maximum a posteriori (MAP)
reconstruction combining the iterative reconstruction with
projection completion,® the fractional-order curvature
diffusion-based method,”® and the forward projected
reconstruction-based method”’ utilized this strategy. The
advantage of this procedure is that once the metal region is
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segmented in the reconstructed image, the projection data
contaminated by the metal implants can be consistently
determined among all projection views through forward-
projection. However, the reconstructed images usually
contain severe artifacts, making metal region segmentation
very difficult, especially on the cases with large metal
implants such as hip prostheses and shoulder implants.

Another procedure involves the direct segmentation of
metal shadows in raw projection data and the replacement of
these data with corrected values. The corrected raw data are
then used for image reconstruction. Manual segmentation of
metal shadows was initially proposed, but proved to be very
time consuming. Some reported methods utilized threshold-
ing as the first step to locate the metal shadows, followed
by interpolation methods to replace the missing data, such
as the polynomial interpolation technique,”* Euclidean dis-
tance calculation method,” multiresolution wavelet analysis
method,'? partial projection detection method for Conebeam
CT images,'! opposite view data replacement approach,?®
and the reformatted projection modification method.!*!* Typ-
ically, one routine chest-abdomen-pelvis scan acquired using
a 64 multislice helical CT scanner contains 40 000-70 000
projection frames. Detecting multiple metal implants on each
projection frame is very challenging due to the large num-
ber of metal shadows. In projection modification methods, the
major challenge lies in the detection of metal implants either
in the reconstructed images or raw projection data.

Metal artifact reduction techniques have mainly been qual-
itatively evaluated based on physicians’ subjective opinions
or based on phantom studies.!”>32%-32 Recently, due to the
difficulty in obtaining clinical patient case “ground truth”
data, a reference-free ground truth metric has been proposed
based on the forward projection of reconstructed images,
and utilized for clinical data evaluation.’® In addition, an
online metal artifact reduction tool based on a metal dele-
tion technique (MDT) algorithm has been provided for pub-
lic use.?%3%3* These evaluations were performed using the
phantom and simulation data for the image quality evaluation.
These promising evaluations may satisfy diagnostic needs but
are inadequate for radiotherapy planning needs such as the
dosimetry requirements. Given the critical role of CT simula-
tion images in radiation therapy, systematic and quantitative
evaluation of metal artifact corrections on treatment planning
is needed.

While there has been a thriving literature on various metal
artifact reduction techniques, it was only recently that the
first commercial orthopedic metal artifact reduction func-
tion (O-MAR) designed for radiation therapy was released
(Philips Healthcare System, Cleveland, OH). The purpose of
this study was to evaluate its performance for use in radiation
oncology practice on patient cases with large metal implants,
the improvement on visualization of critical anatomy and CT
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Hounsfield number accuracy, and also investigate its effects
on treatment planning dosimetry.

Il. METHOD AND MATERIALS
I.LA. Orthopedic metal artifact reduction algorithm

The commercial O-MAR algorithm evaluated in this study
is an iterative projection modification solution.®® First, the
original uncorrected CT image is reconstructed with no metal
artifact reduction and used as the input image during the first
iteration. Also a tissue-classified image is created by segment-
ing the input image into tissue and nontissue pixels during
the first iteration. All pixels within a certain CT Hounsfield
number range near 0 are classified as tissue and set to a sin-
gle value, while others are unmodified. For each iteration,
the input image was segmented to create a metal-only im-
age mask, which is a binary image, assigning a value of
1 where the metal exists and O elsewhere. The metal-only,
tissue-classified, and input images are all forward projected
(FP) to generate corresponding sinogram data. The tissue-
classified sinogram is subtracted from the original image sino-
gram to produce an error sinogram. The metal sinogram data
are then utilized as the mask to remove the nonmetal data
points from the error sinogram. This error sinogram data are
back-projected to generate a correction image, and combined
with the current input image to generate the updated image for
the next iteration. This process is iteratively performed until
reaching optimization.

In this algorithm, the metal only image consists of all pix-
els set to zero except for those pixels categorized as metal,
which will be used to identify the projections within the sino-
gram data that have contributions from metal. If no large clus-
ters of metal pixels are present in the image, no further pro-
cessing is performed. Therefore, this algorithm has no impact
on nonmetal regions in the images and can be used for pro-
cessing large orthopedic metal implants. During the first iter-
ation process of this O-MAR algorithm, the severe metal ar-
tifacts and hypodense areas in the original uncorrected image
may have an impact on generating a robust tissue-classified
image. As such, the tissue-classified image is not produced
from the original uncorrected sinogram, but from the sino-
gram with metal region identified, removed, and interpolated
with simulated tissue values. This modified sinogram is back-
projected and the resultant image is used to create the tissue-
classified image. This step is only performed during the first
iteration, and not the subsequent iterations. Starting from the
second iteration, the tissue classified image is generated from
the current input image since a significant portion of the metal
artifacts have been corrected. Also, the corrections only af-
fect the metal artifact regions of the original image, so the
spatial resolution of the original image is maintained, which
is different to some other algorithms that synthesize an entire
new image to correct for metal artifact, and might degrade
the overall spatial resolution of the corrected image. Similar
methods for determining the metal-only image mask and fill-
ing the metal shadow were also reported in the frequency split
MAR algorithm'® and normalized MAR algorithm,'® which
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were called as inpainting-based MAR methods, but inherit
similar procedures.

However, it is important to note that Philips recommends
that this algorithm is not suitable for processing stents, ex-
ternal metals, implanted devices near skin surface, metals
near air pockets, and surgical screws, or clips due to an un-
foreseen consequence where the O-MAR algorithm may in-
duce some abnormalities in the corrected images. There are
some cases where O-MAR should be avoided as outlined in
the contraindications section. These commonly occur when
the metal is in close proximity to air or lung tissue or small
metal object (e.g., stents) within iodinated contrast. Since
there is an unforeseen consequence where O-MAR may in-
duce some anomalies in the image, it behooves the clinician
to always cross reference the uncorrected images with the
O-MAR dataset. Since the system will always reconstruct
both sets of images whenever O-MAR is selected, the uncor-
rected images are readily available. When O-MAR is utilized
appropriately, it can improve the visualization of CT images
that are negatively impacted by the presence of orthopedic
metal. More details regarding this O-MAR algorithm can be
found in the Philips white paper.’

II.B. Phantom evaluations
Il.B.1. Data acquisition

Phantom studies were conducted using a CIRS electron
density (ED) phantom (Model 062) and sample metal tita-
nium prostheses. The sample metal implants are composed
of the same material (titanium) as those used for patients,
but with smaller sizes. The ED phantom is made of water-
equivalent materials (physical density 1.02 g/cm?) with di-
mensions of 330 mm in width, 270 mm in height, and 50 mm
in depth. The diameter of each density plug is approximately
30 mm. Either water-equivalent plugs, one, or two metal im-
plants were inserted into the left and right cavities for imag-
ing of the ED phantom to simulate without, unilateral, and
bilateral hip implants [A and B shown in Fig. 1(b)]. Plugs
of different density values (ranging from 0.20 to 1.53 g/cm?)
were placed in the neighboring cavities. Several plugs
with physical densities similar to soft tissue (ranging from
0.96 to 1.06 g/cm?) were centered between the metal im-
plants in order to simulate critical structures within human
body.

The ED phantom was scanned on a Philips Brilliance 16-
slice Big Bore CT scanner using a clinical abdomen proto-
col with settings of 120 kVp, 400 mAs/slice, 16 x 1.5 mm
collimation setting, 0.813 pitch, 1 second rotation time,
600 mm field of view (FOV), 3 mm slice thickness, stan-
dard resolution, and standard filter B. Standard resolution
refers to the sampling frequency of the detectors, and filter
is the reconstruction kernel used for filtered back-projection.
A higher sampling frequency will result in higher scan
plane resolution but will also have higher noise. Standard
filter B provides accurate CT Hounsfield numbers and is
suitable for routine abdomen, pelvis, and CT angiography
scans.
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FIG. 1. (a) CIRS Electron Density Phantom, CT images of the ED phantom
(b) without metal implants, (c) with a unilateral metal implant, and (d) with
bilateral metal implants. The physical density and electron density of each
plug are listed in Table I. Either water-equivalent plugs or metal implants
were inserted in the positions A and B to simulate metal artifact-free, single
or bilateral metal implant images. Label “R” shown in panel (b) represents
the right side of the phantom. The image display window width is 400 HU,
and window level is 800 HU.

First, a metal artifact-free image was acquired by plac-
ing water-equivalent plugs of physical density 1.02 g/cm? in
the A and B locations of the ED phantom for use as ground
truth for the evaluations. The scan process was then repeated
for a simulated unilateral implant by replacing one water-
equivalent plug with a metal prosthesis implant. A final scan
was acquired after both metal implants were placed in the
A and B locations of the phantom to simulate bilateral im-
plants. CT images of the phantom with either unilateral or
bilateral hip implants in place were processed using the O-
MAR function. The five image sets (i.e., without implant, with
an unilateral implant, with bilateral implants, the O-MAR
corrected image with an unilateral implant, and the O-MAR
corrected images with bilateral implants), were analyzed
through CT Hounsfield number accuracy comparison. These
image sets were also sent to the Pinnacle Radiation Therapy

TABLE I. Physical density and electron density of each inserted plug shown
in Fig. 1(b).

Physical density Electron density
Label # Inserts (g/em?) (10%3e/g)
1 and 2 Lung inhale 0.2 0.634
3and 5 Dense bone 1.53 4.862
4 and 11 Adipose 0.96 3.170
6 Water syringe 1.0 3.340
7 and 10 Breast 0.99 3.261
8and 9 Trabecular bone 1.16 3.730
12 and 15 Muscle 1.06 3.483
13 and 14 Liver 1.07 3.516
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Treatment Planning System version 9.0 (Philips Healthcare
System, Cleveland, OH) for simulated treatment plan
comparison.

Il.B.2. CT Hounsfield number accuracy evaluation

For each image set, five slices of the center region of the
ED phantom were selected. A set of contours outlining a uni-
form circular region of interest (ROI) within each density plug
was defined on each slice. The average CT Hounsfield num-
ber and noise o (CT Hounsfield number standard deviation)
for each ROI were measured on both the uncorrected and
O-MAR corrected images and compared with those measured
from the artifact-free images. CT Hounsfield number differ-
ence and noise difference were calculated using the following
equations:

|CT# - CT#standard |
CT#standard

CT# Difference = x 100%, (1)

|0 — Ostandard |

Noise Difference = x 100%. 2

O standard

II.B.3. Dosimetric comparison

A quantitative dosimetry evaluation was conducted on
each of the five image sets utilizing the single beam geometry
at both 6 and 18 MV. For each beam, the monitor units (MU)
were set as 100 MU, the SAD (source to axis distance) was set
as 100 cm, and the field was set as 10 x 10 cm?. With iden-
tical beam geometries and dose prescriptions, dose distribu-
tions were computed using the uncorrected and O-MAR cor-
rected images with unilateral and bilateral metal implants and
compared to the dose distribution computed on the artifact-
free image set. No density overrides were made to the artifact
regions on the metal contaminated images for dose calcula-
tions. A local spatial interpolation was performed to correlate
the evaluated pairs. The absolute dose difference was first cal-
culated for each dose distribution pair. In addition, because
the absolute dose difference is very sensitive to discrepancies
in steep dose gradient regions, the y distribution was also cal-
culated for each dose distribution pair.>®3” The y distribution
tool is a common dose comparison method and widely used in
radiation therapy for patient treatment plan quality assurance.
This tool simultaneously incorporates both dose and distance-
to-agreement (DTA) criteria to provide a numerical quality
index that serves as a measure of disagreement in the regions
that fail the acceptance criteria and indicates the calculation
quality in the regions that pass. In this study, we compared
the y distributions of each evaluated pair using two sets of
criteria: 3% with 3 mm DTA and 1% with 3 mm DTA. Dose
areas with a y value less or equal to 1.0 were considered clin-
ically equivalent.

I.C. Clinical case evaluation

Ten helical CT scans of patients with metal implants
(seven with unilateral hip implants and three with bilateral hip
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implants) were collected. Each patient was scanned on the
Philips Brilliance 16-slice Big Bore CT scanner with a rou-
tine clinical protocol acquired with the following settings:
120 kVp, 16 x 1.5 mm? collimation setting, 0.813 pitch, 1 s
rotation time, 600 mm FOV, 3 mm slice thickness, standard
resolution, and standard filter B with mAs/slice ranging from
400 to 800 according to the patient lateral size.

Il.C.1. Metal artifact reduction and CT Hounsfield
number accuracy evaluations

The original uncorrected and O-MAR corrected patient
image sets were independently evaluated by two experienced
radiation oncologists using an established review process.'?
For each case, the uncorrected and O-MAR corrected im-
ages were reviewed side-by-side. The radiation oncologists
were allowed to browse through each image series, zoom in
and out, and adjust the window settings. They ranked the
overall image quality and visual conspicuity of the bladder,
prostate and seminal vesicles/vagina, and rectum using a five-
point score: 0 = totally obscured, no structures identifiable;
1 = marked artifacts, questionable recognition; 2 = faint
anatomic recognition; 3 = anatomic recognition with low
confidence; 4 = anatomic recognition with medium confi-
dence; and 5 = anatomic recognition with high confidence
for segmentation. The preferred dataset (uncorrected or O-
MAR corrected) was also indicated. The final ranking was ob-
tained by averaging the ranks from two radiation oncologists.
A Wilcoxon signed rank test was performed to analyze the
quality ranking and to determine significant differences be-
tween the uncorrected images and O-MAR corrected images.
A P value of less than 0.05 indicated a statistically significant
difference.

Additionally, the average CT Hounsfield number and o at
the prostate (or vagina) ROIs were measured. For each im-
age set, the prostate (or vagina) ROIs were first determined
on the O-MAR corrected image on three consecutive slices.
The average CT Hounsfield number and o on the three iden-
tified slices were calculated for each ROI. Then the ROI was
mapped to the uncorrected image to calculate the correspond-
ing average CT Hounsfield number and noise and compare
to those calculated on the O-MAR corrected image. Due to
the lack of ground truth CT Hounsfield number on patient
cases, we randomly chose five CT pelvis scans from patients
scanned with the same scanner but without metal implants
and measured the average CT Hounsfield number within the
prostate regions. The average measured value, 41.2 HU, was
used to qualitatively evaluate the CT Hounsfield number ac-
curacy of the uncorrected and O-MAR corrected images.

Il.C.2. Dosimetric comparison

Five of the ten patient cases with large hip implants re-
ceived IMRT treatment for prostate cancer. The evaluation
flow was as follows. First, both the uncorrected and O-MAR
corrected CT images were sent to the Pinnacle treatment plan-
ning system. Target and critical structures were then delin-
eated on the O-MAR corrected image set. The delineated
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structures were mapped to the uncorrected metal contami-
nated images, in which the artifact regions were manually
overridden to a density of 1.0 g/cc to account for apparent
tissue heterogeneities, for clinical planning and dose compu-
tation.

The IMRT planning protocol for prostate cancer in our
clinic is as follows. The IMRT plan uses seven 18 MV beams.
The beams are approximately evenly distributed around the
patient but avoid entering through the high density regions,
because both the greater backscatter effect when photons en-
ter the high density region and the rebuild up of electronic
equilibrium when photons penetrate back to the soft tissue
might cause high dose (hot spot) at those boundary regions.
The planning target volume (PTV) is defined as the clinical
target volume (CTV) plus a 5 mm margin. Regarding to the
treatment planning goals, the maximum dose within the PTV
needs to be less than 110% of the prescription dose, and more
than 98% of the PTV should receive the prescribed dose or
higher. The dose limits to the rectum are 65 Gy to less than
17% of the volume and 40 Gy to less than 35% of the vol-
ume. The dose limits to the bladder are 65 Gy to less than
25% of the volume and 40 Gy to less than 50% of the vol-
ume. This routine protocol might vary slightly for a specific
patient. In order to investigate only the effects of utilizing dif-
ferent CT datasets on dose distributions, the dose prescrip-
tion, beam geometry, and related parameters from the clini-
cally uncorrected image-based plan were mapped precisely to
the O-MAR corrected image, and the dose distribution was
recomputed and compared.

lll. RESULTS

lllLA. Phantom study on CT Hounsfield number
accuracy improvement

Figure 2 shows both CT Hounsfield number differences
and noise differences between either the uncorrected metal
contaminated images [panels (a) and (c)] or the O-MAR cor-
rected images [panels (b) and (d)] and the ground truth data
for the bilateral metal implant study. It is evident that CT
Hounsfield number accuracy was dramatically improved on
plugs #13 and #15. As shown in panels (a) and (b), the CT
Hounsfield number difference of the liver-equivalent plug #13
of the uncorrected image is 80% compared to 33% on the
O-MAR corrected image. The absolute CT Hounsfield num-
ber was 9.5 HU in the uncorrected image, which was im-
proved to 32.5 HU on the O-MAR corrected image, compared
to the ground truth of 48.5 HU. Similarly, for the muscle-
equivalent plug #15 (the center plug), the CT Hounsfield num-
ber difference was improved from 101% to 65%. Note that the
improvement in CT Hounsfield number difference for the tra-
becular bone-equivalent plug #9 is very subtle even though it
lies on the same projection line-integral (i.e., inplane) as plugs
#13 and metal stems, suggesting that metal objects have mi-
nor impacts on high atomic-number material such as bone.
The O-MAR algorithm also had minor effects on the plugs
that do not locate inplane, such as the adipose-equivalent plug
#4, the water-equivalent plug #6, the breast-equivalent plug
#7, and the muscle-equivalent plug #12. This is due to the
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FI1G. 2. Comparisons of CT Hounsfield number differences and noise dif-
ferences between either the uncorrected bilateral metal contaminated or the
O-MAR corrected images and the ground truth data. CT Hounsfield num-
ber differences compared to the ground truth: (a) Before O-MAR correc-
tion and (b) After O-MAR correction. Noise (standard deviation) differences
compared to the ground truth: (c) Before O-MAR correction and (d) After
O-MAR correction.

presence of residual artifacts from imperfect corrections that
increased the error levels. However, the maximum difference
in absolute CT Hounsfield number between the uncorrected
and O-MAR corrected images of those plugs (#4, #6, #7, and
#12) was only 6.1 HU, and there was no difference in the con-
spicuities of those plugs. As shown in panels (c) and (d), the
noise difference for the muscle-equivalent plug #15 was im-
proved from 679% to 23% with the absolute CT Hounsfield
number improving from 86.5 to 13.7 HU, as compared to the
ground truth of 11.1 HU. Similar magnitudes of improvement
were observed for the trabecular bone equivalent plug #9 and
liver-equivalent plug #13.

Figure 3 displays the results from unilateral metal im-
plant simulations. Although the metal artifacts were not as
severe as those due to bilateral implants, improvements in CT
Hounsfield number and noise using O-MAR were still evident
for the artifact regions.

lll.B. Dosimetric comparison on phantom study

Figure 4 displays the dose distributions of the 6 MV
10 x 10 cm? field (described in Sec. I1.B.3) computed on the
ground truth image, the uncorrected metal contaminated im-
ages with either single or bilateral implants, and the corre-
sponding O-MAR corrected images. Detailed isodose lines
(120, 100, 80, 70, 65, 60, 50, and 20 cGy) are shown for the
regions on the isocenter plane with severe metal artifacts. The
maximum dose was approximately 133 cGy. The computed
dose distributions appeared very similar, even in the regions
with severe metal artifacts.

Figure 5 displays the dose distributions computed on the
ground truth image, the original metal contaminated images
with either single or bilateral implants, and the O-MAR cor-

Medical Physics, Vol. 39, No. 12, December 2012

7512

Absolute CT Number Accuracy Comparison

Absolute CT Number Accuracy Comparison

8
8

8 8 8

CT Number Difference (%)

CT Number Difference (%)
o B8 8 8 8

(@ (b)

CT Number Standare Deviation Comparison CT Number Standare Deviation Comparison

8

Standard Deviation Difference (%)
o 8 & 8 8

Standard Deviation Difference (%)
o 8 & 8 8

© @

FI1G. 3. Comparisons of CT Hounsfield number and noise differences be-
tween either the uncorrected unilateral metal implant contaminated images
or the O-MAR corrected images and the ground truth data. CT Hounsfield
number differences compared to the ground truth: (a) Before O-MAR correc-
tion and (b) After O-MAR correction. Noise (standard deviation) differences
compared to ground truth: (c) Before O-MAR correction and (d) After O-
MAR correction.

rected images for an 18 MV 10 x 10 cm? field. The absolute
isodose lines shown in Fig. 5 are 120, 100, 90, 85, 80, 60, 50,
and 20 cGy from top to bottom. The maximum dose of those
distributions was approximately 131 cGy. As with the 6 MV
plan, the computed dose distributions appeared very similar,
even in the regions with severe metal artifacts.

The absolute dose differences of 3D dose distributions on
the ground truth image, the original bilateral metal implant
image, and the O-MAR corrected image were also compared.
Figure 6 shows the absolute dose distribution differences. The
color meshes illustrate the regions with a dose difference of
more than 1.3 cGy, which is approximately 1% of the maxi-
mum dose for each beam. It is evident that these regions were
only present at the beam edge, either at the buildup or penum-
bral regions. The y pass rates of those dose distribution pairs
were greater than 99.9% even when using 1% and 3 mm cri-
teria, suggesting that the dose distributions computed on the
uncorrected and O-MAR corrected datasets could be consid-
ered clinically equivalent. The similar result was obtained on
the unilateral metal implant case.

lll.C. CT Hounsfield number accuracy improvement
on the clinical patient study

While residual artifacts remained in the corrected images,
the metal artifacts were dramatically reduced on all ten pa-
tient cases, especially for patient cases with large bilateral hip
prostheses. The overall image quality and the visual conspicu-
ity in critical organs were significantly improved compared
with the uncorrected images: overall quality (1.35 vs 3.25,
P = 0.0022); bladder (2.15 vs 3.7, P = 0.0023); prostate
and seminal vesicles/vagina (1.3 vs 3.275, P = 0.0020);
rectum (2.8 vs 3.9, P = 0.0021). In all ten cases, the radiation



7513 Li et al.: MAR for CT simulations in radiation therapy

(b)

©

FIG. 4. Comparisons of dose distributions for a single 6 MV 10 x 10 cm®
field calculated on (a) the ground truth image, (b) the image with single hip
implant and the O-MAR corrected image, and (c) the image with bilateral hip
implant and the O-MAR corrected image. The prescription dose is 100 MU.
The image display window width is 400 HU, and window level is 800 HU.

oncologists reported preference for the O-MAR corrected
images, and a clear improvement in the delineation of both
targets and nearby tissues that were affected by metal arti-
facts. The geometries of the anatomic structures were not
distorted by the O-MAR algorithm in any of the cases.
Figure 7 shows a patient case with bilateral hip implants
where an obscured prostate became visible after the O-MAR
correction.

In the ten patient cases, the average noise levels in the
prostate (or vagina) regions were reduced from 93.7 to
38.2 HU. In most cases (8/10), the average CT Hounsfield
numbers of the prostate/vagina in the O-MAR corrected im-
ages were closer to the referenced values (41.2 HU, measured
from patients without metal implants) than those in the uncor-
rected images. Of the remaining two cases, the CT Hounsfield
numbers of the prostate were 31.1 and 34.5 HU in the
O-MAR corrected images and 50 and 47 HU in the original
uncorrected images. Thus, the absolute differences from the
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(b)

©

FIG. 5. Comparisons of dose distributions for a single 18 MV 10 x 10 cm?
field calculated on (a) the ground truth image, (b) the image with single hip
implant and the O-MAR corrected image, and (c) the image with bilateral hip
implant and the O-MAR corrected image. The prescription dose is 100 MU.
The image display window width is 400 HU, and window level is 800 HU.

reference value (41.2 HU) were approximately 1 HU higher
in the corrected images. As an example, Fig. 8 shows the CT
Hounsfield number accuracy and noise improvement for a pa-
tient with bilateral hip implants. After correction, the aver-
age CT Hounsfield numbers of the ROI within the prostate
(green circle) before and after correction were 210.4 HU
and 11.7 HU, respectively. The corrected image exhibited CT
Hounsfield number much closer to the reference prostate CT
Hounsfield number 41.2 HU. The noise levels were reduced
from 115.2 to 38.7 HU.

In addition to improving the visual conspicuity improve-
ment of the prostate, the visual conspicuity of the soft tissues
contaminated by the metal artifact was also greatly improved.
Figure 9 shows the results from two patient cases with uni-
lateral hip implants. As shown by the ROIs in Figs. 9(a) and
9(b), the noise levels were reduced from 50.2 to 33.4 HU after
correction. As shown in Figs. 9(c) and 9(d), the noise levels
were reduced from 18.9 to 11.6 HU after correction.
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(C)

FIG. 6. The dose distribution differences for (a) a 6 MV 10 x 10 cm? field
and (b) an 18 MV 10 x 10 cm? field computed based on the ground truth
image and the original uncorrected image, and for (c) a 6 MV 10 x 10 cm?
field and (d) an 18 MV 10 x 10 cm? field computed based on the ground
truth image and the O-MAR corrected image with bilateral metal implants.
The meshes show the regions with a dose difference more than 1% of the
maximum dose. The image display window width is 400 HU, and window
level is 0 HU.

lll.D. Dosimetric comparison on patient cases

Figure 10 shows a single hip implant patient case with
45 Gy prescription dose to the prostate in 25 fractions. The
maximum doses of the distributions were 50.7 and 50.8 Gy,
when using the uncorrected and corrected images, respec-
tively. A color mesh overlay is used to show regions where

(b)

©

FIG. 7. Metal artifact reduction for two different axial planes on a patient
case with bilateral metal hip implants. The image display window width
is 400 HU, and window level is 800 HU. (a) Before O-MAR correction.
(b) After O-MAR correction. (c¢) Before O-MAR correction. (d) After O-
MAR correction.
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(a) (b)

F1G. 8. Improvement of CT Hounsfield number accuracy and noise for a
patient with bilateral hip implants after metal artifact reduction. The image
display window width is 400 HU, and window level is 800 HU. (a) Before
0O-MAR correction ROI CT number = —210.4 HU, o = 115.2 HU. (b) After
0O-MAR correction ROI CT number = 11.7 HU, o = 38.7 HU.

the dose differences are greater than 3% of the prescrip-
tion dose. Similar to the phantom study, these regions were
near the body boundary where dose calculation uncertainty
was the largest. The y pass rate was 99.8% using 1%/3
mm criteria. These two plans were, therefore, clinically
equivalent.

Figure 11 shows another IMRT plan from another patient
with bilateral hip implants. The prescription dose was 50 Gy
to the prostate in 25 fractions. The maximum doses from
the uncorrected and O-MAR corrected images were the same
at approximately 56.3 Gy. A color mesh overlay is used to
show regions where the dose differences were greater than
3% of the prescription dose. Similar to the case shown in
Fig. 10, these regions were located mostly peripherally due

(d

FIG. 9. Improvement of CT Hounsfield number accuracy and noise on two
patient cases with unilateral hip implants after metal artifact reduction. The
image display window width is 400 HU, and window level is 800 HU.
(a) Before O-MAR correction ROI CT number = 57.4 HU, o = 50.2 HU.
(b) After O-MAR correction ROI CT number = 35.5 HU, 0 = 33.4 HU.
(c) Before O-MAR correction ROI CT number = 64.7 HU, o = 18.9 HU.
(d) After O-MAR correction ROI CT number = 47.4 HU, o = 11.6 HU.
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F1G. 10. Comparison of IMRT treatment plans calculated on the uncor-
rected and O-MAR corrected images for a unilateral hip implant patient
case. The mesh indicates regions that have absolute dose differences greater
than 3% of the prescription dose. The image display window width is
400 HU, and window level is 0 HU.

to the larger calculation uncertainty. The dose difference on
the color mesh region adjacent to the prostate was approxi-
mately 200 cGy, which was slightly greater than 3% of the
50 Gy prescription dose. The y pass rate was over 99.9% us-
ing the 3%/3 mm criteria. These two plans were considered
clinically equivalent. Overall, all of the five patient cases eval-
uated were found to be clinically equivalent, with y pass rates
greater than 99.9% using the 3%/3 mm criteria, and greater
than 99.74% using the 1%/3 mm criteria.

IV. DISCUSSION

This paper provided an experimental and clinical eval-
uation of the first commercially available orthopedic metal
artifact reduction algorithm for CT simulations in radi-
ation therapy. As a commercialized tool, this projection
interpolation-based O-MAR algorithm does not require user
interaction and parameter chosen. The fast computation speed
makes it clinical inline acceptable. It takes about 30 s for a

FIG. 11. Comparison of IMRT treatment plans calculated on the uncor-
rected and O-MAR corrected images for a bilateral hip implant patient case.
The mesh regions indicate an absolute dose difference greater than 3% of the
prescription dose. The image display window width is 400 HU, and window
level is 0 HU.
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routine helical CT scan reconstruction. It works robustly for
all the evaluated clinical cases with large metal implants and
currently is used in our clinic. However, we also noticed that
this algorithm works better on single hip implant cases than on
bilateral hip implant cases, and residual artifacts still exist in
the corrected images. The O-MAR algorithm should be used
appropriately based on Philips’ recommendations that it is not
suitable for processing stents, external metals, implanted de-
vices near skin surface, metals near air pockets, and surgical
screws or clips due to an unforeseen consequence where the
O-MAR algorithm may induce some abnormalities in the cor-
rected images.

The study illustrated that the O-MAR corrected CT
datasets can provide better conspicuity of the anatomical
structures (and critical organs) than the original uncorrected
images for patient cases with large hip implants. The evalu-
ation also indicated that, as expected, the anatomic structure
geometries were not affected by the algorithm. While residual
artifacts were still present in the corrected images, the artifacts
were dramatically reduced for the studied patient cases, espe-
cially for patients with large bilateral hip prostheses. There are
two potential sources for the residual artifacts in the O-MAR
corrected images. First, the metal projection data extraction
and correction process could be imperfect, causing data in-
consistency between the corrected metal implant projections
at different view angles, and data inconsistency between the
corrected metal regions and the surrounding soft tissue for a
single projection. Second, x-ray photon scattering due to the
high density metal implants is still present. The metal arti-
fact correction algorithm can only correct the metal projec-
tion itself, and might reduce, but cannot eliminate the scatter-
ing caused by metal implants because the scattering spreads
throughout the projection space. Also, the imperfect correc-
tion model might induce some new minor artifacts although
not with the same severity as those original artifacts caused
by the data inconsistency between the model and the dense
metal implant. As such, the traditional beam hardening cor-
rection might not provide optimal results, thereby causing the
residual artifacts.

The primary advantage of employing the O-MAR function
lies in the improvement of critical structure visual conspicu-
ity. As shown in Fig. 7, the prostate boundary changes from
obscured to visible. Without using the algorithm, segmenta-
tion would be less confident and treatment planning accuracy
could be jeopardized. Figures 8 and 9 show that the soft tissue
visual conspicuity was also greatly improved, in addition to
the visual conspicuity improvement of prostate. The O-MAR
corrected images allow dosimetrists to arrange beams more
flexibly without the constraint of not using a beam that tra-
verses the severely contaminated regions before hitting the
target.

The use of O-MAR corrected images makes the use
of MVCT image for structure delineation unnecessary. In
this study, we did not make comparisons against MVCT
datasets. Although MVCT has been recently proposed as
an alternative, a comprehensive evaluation of this tech-
nique is lacking in the literature. Furthermore, any positional
changes of the patient between the kilovoltage-CT and MVCT
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simulations may complicate the comparison between dose
distributions.

CT simulation-based dosimetry calculation relies on the
accuracy of CT Hounsfield numbers, which in turn deter-
mines the 3D electron density maps relative to water. The
study illustrated that there was a remarkable improvement in
CT Hounsfield number accuracy and reduction of noise for
both phantom and patient studies. As shown in Fig. 8, the av-
erage CT Hounsfield number within the prostate region was
improved from —210 to 11.7 HU. However, it was found that
for all phantom and patient cases, the dose distribution differ-
ences were mostly within 1% (at most 3%) of the prescription
dose, and were therefore considered as dosimetric equivalent
no matter which CT image dataset was used for dose com-
putation. This finding can be explained by the Compton in-
teraction of megavoltage therapeutic beams with human body
tissues. As well known in radiation treatment planning, the at-
tenuation of a megavoltage beam in water is less than 3% per
cm penetration, which is much less than that of a kilovoltage
beam.?® In this study, the maximum uncertainty in average CT
Hounsfield number determination based on the O-MAR cor-
rected image and that within the water overridden region in
the original uncorrected image was less than 100 HU, which
translates to a 1 mm uncertainty per cm depth. Without loss
of generality, we can assume that a contaminated region has a
size of less than 5 cm, the uncertainly in depth determination
is, therefore, less than 0.5 cm, and it results in a dose calcula-
tion uncertainty of 3%/cm x 0.5 cm = 1.5% at most. As such,
the dose distributions are considered as dosimetric equivalent
no matter which CT image dataset was used for dose compu-
tation.

Nevertheless, the importance of structure delineation and
its impact on dosimetry should not be disregarded. It is pri-
marily for that reason that we recommend using the O-MAR
corrected image for treatment planning. It is evident that the
O-MAR corrected images provide better target and critical
structure conspicuity and are more convenient to use during
the treatment planning process. Moreover, the need to over-
ride the metal artifact regions on the uncorrected images with
density of water for planning, which is subjective and time
consuming, is eliminated. We do not suggest that the metal
regions should be ignored when setting up the beams, due
to the greater backscatter and rebuild up of electronic equi-
librium caused by the metal implants. The greater beam at-
tenuation by the high density metal implants may also cause
larger dose plan calculation errors. If for some specific cases,
the corrections on the regions close to the metal implant are
not satisfactory (for example, the CT Hounsfield number are
largely distorted), we would suggest using density overridden
for dose distribution calculation.

Occasionally, we treated head and neck cancer patients
with larger shoulder metal implants. As such, two patient
cases were also processed with the O-MAR function and eval-
uated on artifact reduction and dosimetric difference. The
same results were concluded: metal artifacts were reduced
dramatically and dosimetric differences were considered as
clinically negligible. This suggests that the O-MAR algorithm
might be useful for enhanced visualization of anatomy in the
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head and neck that has been degraded by metal artifacts from
shoulder implants. There may be other possible uses of the
O-MAR algorithm beyond hip prosthesis, although Philips
recommends that the O-MAR function is suitable for the
reduction of metal artifact caused by large orthopedic metal
implants, not small metal implants. In future work, it would be
of interest to investigate the application of the O-MAR func-
tion on small metal implants that compromise visualization of
anatomical structures, such as dental fillings and spine screws,
and analysis its effect on treatment planning.

V. CONCLUSION

The study indicated that the O-MAR algorithm can signif-
icantly reduce metal artifacts on treatment planning CT im-
ages, which enables better anatomical structure visualization.
We found that the most important benefit of this function is
that it can improve radiation oncologists’ confidence in tar-
get delineation during treatment planning and position local-
ization. Dosimetric improvement did not seem to be a bene-
fit, as corrected and uncorrected were found to be dosimet-
rically similar in all cases. We suggest that O-MAR correc-
tion image can be used safely and effectively for radiation
treatment planning for patients with large orthopedic metal
implants.
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