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Effects of 16-bit CT imaging scanning conditions for
metal implants on radiotherapy dose distribution
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Abstract. Dose distribution was calculated and analyzed
on the basis of 16-bit computed tomography (CT) images in
order to investigate the effect of scanning conditions on CT
for metal implants. Stainless steel and titanium rods were
inserted into a phantom, and CT images were obtained by
scanning the phantom under various scanning conditions:
i) Fixed tube current of 230 mA and tube voltages of 100,
120, and 140 kV; and ii) fixed tube voltage of 120 kV and tube
currents of 180, 230, and 280 mA. The CT value of the metal
rod was examined and corrected. In a Varian treatment plan-
ning system, a treatment plan was designed on the basis of the
CT images obtained under the set scanning conditions. The
dose distributions in the phantom were then calculated and
compared. The CT value of the metal area slightly changed
upon tube current alteration. The dose distribution in the
phantom was also similar. The maximum CT values of the
stainless steel rod were 14,568, 14,127 and 13,295 HU when
the tube voltages were modified to 100, 120, and 140 kV,
respectively. The corresponding CT values of the titanium
rod were 9,420, 8,140 and 7,310 HU. The dose distribution
of the radiotherapy plan changed significantly as the tube
voltage varied. Compared with the reference dose, the respec-
tive maximum dose differences of the stainless steel and
titanium rods in the phantom were 5.70, and 6.62% when the
tube voltage varied. The changes in tube currents resulted in a
maximum dose error of <1% for stainless steel and titanium.
In CT imaging, changes in tube voltages can significantly
alter the CT values of metal implants. Thus, this can lead to
large errors in radiotherapy dose distributions.
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Introduction

Computed tomography (CT) has been widely used in clinical
diagnoses and treatments. In many CT scanners, standard
12-bit depth images have been commonly utilized, and 4,096
CT values ranging from -1,024 HU to 3,071 HU have been
established. This range can accurately represent different
tissues in patients under normal conditions. However, CT values
significantly exceed the upper limit of 3,071 HU because of
the presence of metal implants in a patient's body. Therefore,
different metal implants cannot be distinguished in 12-bit
images. In patients with common hip prostheses, implants are
characterized by either a high atomic number or high-density
metals. The exact CT values of such prostheses cannot also be
determined through conventional CT scan; consequently, the
calculated dose distributions of radiation are affected (1,2).
Therefore, 16-bit CT images are reconstructed by extending the
bit depth of CT (3-5), and this reconstruction generates a wide
range of CT values. Coolens (6) also observed that stainless
steel, titanium, and other hip prostheses can be differentiated
in 16-bit CT images. Metal regions can also be distinguished
by adjusting the window width and window level.

In radiotherapy, dose distribution is calculated on the
basis of a patient's CT image (7) in a treatment planning
system (TPS). In the TPS, a CT image is converted to the
corresponding electron density on the basis of a calibrated
CT with a relative electron density (CT-ED) curve, which is
obtained under a certain standard scanning condition. Patients
are usually examined under different scanning conditions
depending on clinical requirements. The frequent upgrades of
hardware and software for CT scanners and TPS may require
recalibration procedures, which are hard to satisfy. In practice,
a conversion table is usually fixed and a scanning condition
similar to a standard condition is selected whenever possible.
Nevertheless, this procedure may cause errors in dose delivery.
Varying CT scanning conditions may alter the CT value of the
same material (8). For instance, Zurl (9) demonstrated that a
change in tube voltage results in variations of up to 20% in HU
and thus yields a maximum dose error of 1.5%. However, dose
errors may increase remarkably in patients with high-density
metal implants, and such errors are detrimental to patients
undergoing radiotherapy. In the present study, stainless steel
and titanium rods, which are commonly used implanted mate-
rials, were scanned and analyzed under various CT scanning
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conditions. Differences in dose distributions for CT images
were further analyzed.

Materials and methods

Experimental materials. We used a computerized imaging
reference system (CIRS) intensity-modulated radiation
therapy-verified phantom (Fig. 1) produced by CIRS, Inc.,
USA. A cylindrical metal rod, a stainless steel rod, or a tita-
nium alloy rod was inserted into the center of the phantom.
A high-density rod with a bone-like tissue and two cylin-
drical rods composed of a material similar to that of the
phantom were also utilized. The phantom was scanned with
SOMATOM Definition Flash CT (SIEMENS). The extended
bit depth function was chosen, and a 16-bit CT image was
reconstructed. The axial scanning mode was applied. The
collimator width was 64.0x0.6 mm and the X-ray tube rota-
tion time was 0.5 s/rotation. The scanning layer thickness
was 2 mm, and the image reconstruction matrix was 512x512.

Experimental method. After the metal rod was inserted
into the phantom, the tube voltages or currents were altered
and the other scanning conditions were unchanged. The CT
images were obtained under different conditions during the
experiment. The tube current was fixed at 230 mA, and the
tube voltages were 100, 120, and 140 kV. The tube voltage was
fixed at 120 kV, and the tube currents were set to 180, 230,
and 280 mA. CT image data in DICOM format were inputted
into MATLAB 8.3. The relationship between the CT value
distribution of the metal parts and the scanning conditions
was analyzed. The standard scanning conditions were set as
120 kV and 230 mA, and the absolute and relative differences
in CT values were calculated when the tube voltage and tube
current were changed.

d = X=X 00 230ma (1)
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where x is the CT value of the material under each scanning
condition, Xyov.230ma 18 the CT value of the material under the
standard scanning conditions 120 kV and 230 mA, d is the
absolute difference between these values, and r is the relative
difference between these values. Throughout this text, the
CT values are the theoretical Hounsfield number (HU) plus
1,000 (6,10); i.e., air =0 and water =1,000. The CT value of the
phantom is similar to water.

The densities of the titanium alloy and stainless steel rods
were high, and their corresponding CT values were significantly
higher than that of normal tissues. The metal parts could be
segmented on the basis of 4000 HU threshold. In the phantom,
the CT value of the metal parts fluctuated greatly because of
the serious ‘cupping artifact” and inaccuracy. For the cylindrical
metal rod, the maximum CT value at the edge of the metal region
is close to the actual value (5). To correct the ‘cupping artifact’,
we uniformly set the CT values of the segmented metal area to
the maximum CT value of the metal region. The corrected CT
images were then inputted into the Varian treatment planning
system (Varian Eclipse edition 11.0). In the TPS, the CT-ED
curve (Fig. 2) calibrated at 120 kV and 230 mA was used in
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Figure 1. Phantom used in the experiment.
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Figure 2. CT to relative electron density curve derived from a 16-bit CT
image.

dose calculation. A radiotherapy treatment plan was designed
on the basis of these images. A 0° single irradiation field was
used, the source to skin distance (SSD) was 100 cm, and the
machine output quality was 200 MU. The radiation field was
10x10 cm, and the X-ray energy was 6 MV. Dose distribution
was calculated using an anisotropic analytic algorithm.

Results

CT value distribution in the phantom. Fig. 3 depicts the CT
value distribution in the phantom with a stainless steel rod
under different scanning conditions. The serious ‘cupping arti-
fact’ was observed in uncorrected CT images Fig. 3A and C.
The tube voltage ranged from 100-140 kV, and the CT values
of the metals varied significantly. On the edge of the metal
area, the largest CT value was detected at 100 kV and the
smallest CT value was recorded at 140 kV. By contrast, the
CT value of the metal center was decreased at 100 kV and
increased at 140 kV. The changes in the tube current resulted
in slight deviations in the metal region.

A region of interest (ROI) in the phantom, as shown
in the rectangular red region far from the metal in Fig. 3A,
was analyzed. The mean CT values of the ROI were 999,
998, and 997 HU when the tube voltages were 100, 120, and
140 kV, respectively. The changes in the tube voltage resulted
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Table I. Maximum CT values of stainless steel and titanium under various scanning conditions. Differences calculated through

Egs. (1) and (2).

Stainless steel Titanium
Scanning conditions CT value d (HU) r (%) CT value d (HU) r (%)
120 kV, 230 mA 14,127 - - 8,140 - -
100 kV, 230 mA 14,568 441 3.12 9,420 1,280 15.72
140 kV, 230 mA 13,295 -832 -5.89 7,310 -830 -10.20
120 kV, 180 mA 14,107 -20 -0.14 8,080 -60 -0.74
120 kV, 280 mA 14,183 56 0.40 8,140 0 0
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Figure 3. Distribution of CT values for the phantom with a stainless steel rod. (A) With fixed tube current and different tube voltages. (B) The CT values of a
metal area are corrected in (A). (C) With fixed tube voltage and different tube currents. (D) The CT values of a metal area are corrected in (C).

in a slight variation of the CT values at low densities. These
findings are consistent with those in a previous study (9). For
the bone equivalent insert, the mean CT values were 1,811,
1,741, and 1,700 HU when the tube voltages were 100, 120, and
140 kV, respectively. The changes in the tube voltage resulted
in larger deviations as density increased.

The CT value in the phantom with a titanium rod is illus-
trated in Fig. 4. Similar to those shown in Fig. 3, large deviations
were observed in the titanium rod as the tube voltage changed.
The CT value of the metal was slightly influenced by the tube
current.

The differences in the CT values of stainless steel and tita-
nium under various scanning conditions are shown in Table I.
The CT value of the metals was corrected with the maximum
CT values in the metal region. With different tube voltages, the

deviations in HU reached 5.89 and 15.72% for stainless steel
and titanium, respectively. Variations smaller than 1% in HU
were caused by changes in the tube currents for both stainless
steel and titanium.

Dose distribution in the phantom. In the TPS, the CT image
was converted to the corresponding electron density via the
CT-ED curve (11-13) calibrated at 120 kV and 230 mA, and
dose distribution was calculated.

The calculated dose distributions in the phantom with
stainless steel rod under different scanning conditions are
shown in Fig. 5 (top row). The bottom row in Fig. 5 reveals the
dose difference under various scanning conditions compared
with the standard conditions of 120 kV and 230 mA. The dose
distribution for titanium rod is displayed in Fig. 6. As the tube
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Figure 4. Distribution of CT values for the phantom with a titanium rod. (A) With fixed tube current and different tube voltages. (B) The CT values of a metal
area are corrected in (A). (C) With fixed tube voltage and different tube currents. (D) The CT values of a metal area are corrected in (C).
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Figure 5. Calculated dose distributions (top row) in the phantom with a stainless steel rod under various scanning conditions. Differences in dose distribution
(bottom row) between 120 kV and 230 mA and other scanning conditions. Legends indicate dose in cGy.

voltage changed, the dose errors resulting from the deviations Fig. 7 summarizes the dose profiles following the beam
of CT values were observed in stainless steel and titanium. The  trajectory in the phantom with stainless steel under different
major error was detected in the region downstream of the metal ~ scanning conditions. The profiles were normalized to the
rod. Small errors caused by the tube current were also detected. ~ maximum dose before they were compared. A peak was
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Figure 6. Calculated dose distributions (top row) in the phantom with a titanium rod under various scanning conditions. Differences in dose distributions
(bottom row) between the 120 kV and 230 mA and other scanning conditions. Legends indicate dose in cGy.
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Figure 7. Dose profile in the phantom with a stainless steel rod. (A) Region of interest. (B) With fixed tube voltage and different tube currents. (C) With fixed
tube current and different tube voltages. (D) Magnification of the region in (C).

observed at the tissue-metal interface. At different tube the respective maximum dose errors were 0.55 and 0.98%.
currents, the curves of the dose profiles almost completely = The changes in tube voltages resulted in visible differences
overlapped. As the tube currents changed to 180 and 280 mA, in the profiles. The maximum dose errors of 2.85 and 5.70%
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Figure 8. Dose profile in the phantom with a titanium rod. (A) Region of interest. (B) With fixed tube voltage and different tube currents. (C) With fixed tube

current and different tube voltages. (D) Magnification of the region in (C).

were observed at 100 and 140 kV, respectively. The mean dose
errors in the downstream of the metal rod were 1.99 and 4.72%
at 100 and 140 kV, respectively.

The dose profile in the phantom with titanium rod is
displayed in Fig. 8. Similar to Fig. 7, the dose profiles almost
overlapped as the tube current changed, and significant differe-
nces in the profiles were attributed to the variations in tube
voltages. The maximum dose errors of 0.61 and 0.09% were
observed at 180 and 280 mA, respectively. The CT values
of titanium did not vary as the tube current was changed to
280 mA (Table I). A dose error of up to 0.09% was a random
error, not a result of the changes in tube current. The maximum
dose errors of 6.62 and 4.37% were observed at 100 and 140 kV,
respectively. The mean dose errors in the downstream of the
metal rod were 5.26 and 3.31% at 100 and 140 kV, respectively.

Discussion

The dependence of CT values on scanning conditions has
been extensively investigated in normal tissues (14,15).
Dose errors caused by different scanner settings should be
considered in TPS (16). For metal implants, variations in CT
values as a result of different scanning conditions are larger
than those in normal tissues. Consequently, dose errors are
increased.

The present study aimed to evaluate the effects of different
scanning conditions on CT values and dose errors. For stainless
steel and titanium rods, CT values were slightly influenced by
tube currents. Thus, a maximum dose error of less than 1% was
obtained. However, the influence of the changes in tube voltage
on CT values should also be determined. In this study, the CT
values of the metal decreased as the tube voltage increased. As

the tube voltage was changed, the energy of the X-ray photon
emitted by a CT machine was altered. Attenuation coefficients
varied with X-ray energies. As a result, CT values varied. For
high-density materials, a decrease in tube voltage causes a
reduction of X-ray photon energy, and the attenuation coef-
ficient of a material is increased as CT values increase. For
commonly used implant materials, such as stainless steel and
titanium, changes in tube voltages affected CT values. Thus,
evident dose errors were obtained. The changes in the tube
voltage yielded maximum dose errors of 5.70 and 6.62% for
stainless steel and titanium, respectively. These findings were
much larger than those in a previous study (9), which showed a
maximum dose error of 1.5% in normal tissues.

Metal CT values can be determined through 16-bit CT
imaging. This method can also be applied to distinguish
stainless steel, titanium, and other metal implants with
different densities. The CT value of a metal implant changes
significantly and the dose distributions based on CT images
considerably differ when tube voltage is altered during CT
imaging. The CT value of a metal changes slightly when tube
current is altered to a certain extent. Thus, dose distribu-
tions slightly vary. In the radiotherapy of patients with metal
implants, CT scanning should be executed under a fixed tube
voltage to ensure accuracy of the calculated dose. The tube
voltage must be same as the condition under which the CT-ED
relationship was calibrated.
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