Received: 8 June 2019 | Revised: 30 October 2019

Accepted: 1 November 2019

DOI: 10.1002/acm2.12780

MEDICAL IMAGING

WILEY

Feasibility of the new copper pipe method for evaluating half-
value layer in computed tomography: A measurement and
Monte Carlo simulation study

Rena Okubo! | Kosuke Matsubara® | Thunyarat Chusin® | Tomoya Hibino'® | Yusuke Ito?

Department of Radiological Technology,
DAIYUKAI HEALTH SYSTEM, Ichinomiya,
Japan

2Department of Quantum Medical
Technology, Faculty of Health Sciences,
Institute of Medical Pharmaceutical and
Health Sciences, Kanazawa University,
Kanazawa, Japan

3Department of Quantum Medical
Technology, Graduate Course of Medical
Science and Technology, Division of Health
Sciences, Graduate School of Medical
Science, Kanazawa University, Kanazawa,
Japan

Author to whom correspondence should be
addressed. Rena Okubo

E-mail: renaokubo716@gmail.com;
Telephone: +81-80-3082-5732

Funding information
JSPS KAKENHI, Grant/Award Number:
JP18K07746

1 | INTRODUCTION

Abstract

This study aimed to verify the accuracy of half-value layer (HVL) measured using
the new copper pipe method with the CT ionization chamber while the X-ray tube
is rotating and to compare it with the conventional nonrotating method and Monte
Carlo simulation method based on the actual measurement and geometry of the
new copper pipe method. HVL was measured while the X-ray tube was rotating
using a CT ionization chamber surrounded by copper pipe absorbers and located at
the isocenter of the CT gantry. The exposure as the copper pipe thickness
approached 0 mm was extrapolated from the attenuation curve to take the influ-
ence of scatter radiation into consideration. The results of the new copper pipe
method were compared with those of the other two methods. Data were acquired
using two different CT scanners on a single axial scan. The two one-sided test
(TOST) equivalent test yielded equivalence between HVLs derived from the new
copper pipe and the nonrotating methods (P < 0.05) and those derived from the
new copper pipe and the simulation methods (P < 0.05) at the equivalence margins
of + 0.03 mmCu. The mean absolute difference in HVL between the new copper
pipe and conventional nonrotating methods was 0.01 + 0.02 mmCu, which corre-
sponded to an error of effective energy of (0.86 + 1.66)%. The new copper pipe
method can ensure that HVL of CT scanner can easily be evaluated using solely the
CT ionization chamber and copper pipe absorbers without requiring service engi-
neering mode.
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be accurately placed using the unit's service engineering mode. For

increased test validity, several researchers have investigated differ-

Half-value layer (HVL) is a practical indicator that is used for describ-
ing polyenergetic radiation. HVL is used in various X-ray imaging
techniques, such as fluoroscopy, radiography, and mammography, to
assess the beam quality. However, the measurement of HVL in com-
puted tomography (CT) is complicated because the X-ray tube has to

ent methods to measure HVL while the X-ray tube is rotating.*~
Previous studies have investigated noninvasive methods to mea-

sure HVL while the X-ray tube is rotating; however, these studies

were limited by the difficulty in creating the necessary equipment

and in accurately placing the CT ionization chamber. For example,

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2019 The Authors. Journal of Applied Clinical Medical Physics published by Wiley Periodicals, Inc. on behalf of American Association of Physicists in Medicine.

186 | wileyonlinelibrary.com/journal/acm2

J Appl Clin Med Phys 2019; 20:12: 186-192


mailto:
http://www.wileyonlinelibrary.com/journal/ACM2

OKUBO ET AL.

the ring method® does not require parking the X-ray tube to mea-
sure HVL; instead, HVL is measured while the tube is rotating by
placing the CT ionization chamber at the center of the gantry, and
surrounding it with aluminum rings. Thus, each projection of the X-
ray beam is filtered by an identical amount of aluminum, and this
method requires custom-built acrylic stands to support the aluminum
rings. The localization method?® uses the CT’s localizer mode to mea-
sure HVLs. This method is similar to the conventional nonrotating
method; however, it requires a special support mechanism for the
CT ionization chamber to prevent it from moving when the couch
moves. The lead-covered case method? can also measure HVL with-
out using the service engineering mode. The box, made of lead
plates, blocks out the X-ray beam, except for an aperture in the box.
Attenuators, such as aluminum or copper filters, are placed on this
aperture to measure HVL. The lead box is easy to manufacture;
however, its bulkiness and the placement of the CT ionization cham-
ber prove to be the drawbacks associated with this method.

The copper pipe method,® which is one of the HVL evaluation
methods, uses general-purpose ionization chamber and several thick-
nesses of copper pipes to determine HVL. The copper pipes were
fabricated to attach general purpose ionization chamber (6 cc thim-
ble). The diameter and length of the copper pipes were 20 and
40 mm respectively. An ionization chamber was covered with them,
exposure was measured, and attenuation curves were derived. The
attenuation curves of semilogarithmic plots were approximated by
cubic function from O to 0.3 mm thickness of copper pipes, and
quadratic function from 0.3 to 0.6 mm. HVLs were derived as the
thickness of copper required to attenuate one-half of the incident
radiation by using these attenuation curves. This method does not
need special support for the CT ionization chamber; instead, the
chamber can be placed anywhere within a field of view. However,
this method has some unsolved problems. First, the method uses a
general-purpose ionization chamber, which is not commonly used for
dose measurement in CT. Second, choosing the correct approxima-
tion function depends on the thickness of the copper pipe. For

example, from O to 0.3 mm, a cubic function is used, whereas from

100

Fic. 1. Fabricated copper pipes for
measuring the half-value layer in a CT
scanner.
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0.3 to 0.6 mm, a quadratic function is used. Third, the error in effec-
tive energy between the copper pipe method and the conventional
nonrotating method is relatively large, even after applying a correc-
tion factor (1.81 + 1.38%).

The present study aimed to solve the abovementioned problems
and verify the accuracy of the new copper pipe method in measuring
HVLs in CT scanners while the X-ray tube is rotating. The new
method was compared with the conventional nonrotating method
and a simulation method using the geometry of the new copper pipe
method.

2 | MATERIALS AND METHODS

2.A | CT scanners and dosimeter

HVLs were obtained from a 16-channel (SOMATOM Emotion; Sie-
mens Healthineers, Erlangen, Germany) and 64-channel (LightSpeed
VCT; GE Healthcare, Milwaukee, WI, USA) multidetector row CT
(MDCT) scanners. Exposure was measured using the CT ionization
chamber (model 10X6-3 CTDI chamber; Radcal, Monrovia, CA, USA)
and an electrometer (model 2026C electrometer; Radcal).

2.B | New copper pipe method

Figure 1 shows the fabricated copper pipes made of copper (C1100
or C1220), with thicknesses of 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and
0.6 mm. These materials were chosen for their capability of being
shaped and high purity (>99.9%). The length and diameter of these
pipes were 100 and 12 mm respectively.

Figure 2 shows the experimental setup of the new copper pipe
method. Briefly, the CT ionization chamber was placed at the center
of the gantry and covered by each thickness of the copper pipe.
Exposure values were recorded using CT scanners with the following
single axial scan parameters: tube voltages of 80, 110, and 130 kV
and a detector configuration of 8 x 1.2 mm for the 16-channel
MDCT scanner and tube voltages of 80, 100, 120, and 140 kV and a
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detector configuration of 4 x 0.625 mm for the 64-channel MDCT
scanner. A tube current of 50 mA, X-ray tube rotation time of 1.0 s
per rotation, and a small focal spot size were selected for both CT
scanners. The beam width differed between the two CT scanners
because of their different detector configurations. Each series of
data were log-transformed, and attenuation curves were derived
using the least-squares method. Exposures were measured at least
thrice and averaged. The exposures as the copper pipe thickness
approached O mm (Iy) were extrapolated from the approximate
curves to take the effect of the scattered radiation into considera-
tion.

The ratio of [ and the exposure at HVL is shown in the follow-

ing equation:

la
’0

Nl

(1)

where Iyy, represents exposure at HVL. When taking the logarithm
of Eq. (1),

Iog'*;% =log} ()
The exposure at HVL will be described by following formula,
log Invy = log Ity — log 2 (3)

HVL was determined by using Eq. (3) and the goal-seek feature

in the what-if analysis tool of Microsoft Excel 2019 (Microsoft Cor-
poration, Redmond, WA, USA).

2.C | Conventional nonrotating method

Figure 3 shows the experimental setup of the conventional nonro-
tating method. Briefly, the scan parameters were kept the same as
the new copper pipe method, except that the X-ray tube was parked
at the bottom of the gantry using the service engineering mode.
Exposure time was set to 1.0 s. The ionization chamber was placed
at the center of the gantry. In this method, 10 x 10-cm pieces of
copper sheet with thicknesses of 0.1, 0.2, 0.3, 0.4, and 0.5 mm were
used to attenuate the X-ray beam. These filters were placed on a
lead collimator above the lower surface of the gantry. Exposure was
measured at least thrice and averaged. The equivalence of HVLs
derived from the copper pipe and the nonrotating methods were
tested using two one-sided test (TOST)
0.03 mmCu.

with a margin of

2.D | Monte Carlo simulation based on the new
copper pipe method

The copper pipe method was simulated using the Particle and Heavy
lon Transport Code System (PHITS) ver. 3.00.° The free software X-
Tucker-3, which calculates X-ray energy spectra by using a corrected
Tucker's formula,” was used for estimating the X-ray energy spec-
trum of the original CT X-ray source by using tube voltage, target
angle, and the thickness of inherent filters. The 80, 110, and 130 kV
spectra were calculated for a 16-channel MDCT scanner, and those

(b)
lonization
chamber
/]
/5\)
Copper pipe
Fic. 2. The experimental setup for the
new copper pipe method for measuring
X-ray tube half-value layer (HVL). (a) A position of
(rotating) covered ionization chamber at the center
of the gantry. (b) A schema of the new
copper pipe method.
(b)

lonization
chamber

Copper sheet\

X-ray tube
(Fixed)

)

i-

Lead

collimator
Fic. 3. The experimental setup for the

conventional nonrotating method. (a) A
position of the ionization chamber and the
lead collimator at the gantry. (b) A schema
of the nonrotating conventional method.

Polystyrene
foam



OKUBO ET AL.

of 80, 100, 120, and 140 kV spectra were obtained for a 64-channel
MDCT scanner. Attenuation curves obtained from the conventional
nonrotating method were used to determine the shape of the spec-
trum. Because the material and thickness of the inherent filter were
not described, the material of the filter was assumed to be aluminum
and the filter thickness was determined based on an identical attenu-
ation curve obtained from a conventional nonrotating method. In
this study, exposure was measured only at the center of the gantry;
thus, the thickness of inherent filter included the thickness of bowtie
filter at the center.

The simulation geometry was defined based on the actual mea-
surements of the copper pipe method. A source-to-isocenter dis-
tance and X-ray beam angle were chosen based on each CT scanner
specification. A fan-shaped beam was defined using a default cone-
beam and a pair of collimators. Because the couch was not in the
beam path, it was not defined in the simulation. The calculated spec-
trum was imported into PHITS, and particle transportation was simu-
lated. Batch and history numbers were set to minimize the relative
error to <1.0%. Equivalence of the copper pipe and the simulation
methods were analyzed using TOST equivalence test with a margin
of 0.03 mmCu to determine statistical significance. Using the linear
attenuation coefficient of copper, HVLs were converted to effective
energies.®

3 | RESULTS

Attenuation curves derived from the new copper pipe method are
shown in Fig. 4 for the 16-channel MDCT and Fig. 5 for the 64-
channel MDCT. HVL at each tube voltage is shown as x mark on

each attenuation curve. In this method, HVL was derived using

10
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quadratic function for the entire dataset because the polyenergetic
photon beam was exposed to the attenuator and the CT ionization
chamber. Because the attenuation curve did not follow exponential
function, the quadratic function was used. The linear coefficient of
determination for each attenuation curve was approximately 0.99.
This trend was observed both in 16-channel and 64-channel MDCTs
for all tube voltages. The standard deviation of each data point was
<0.01.

Table 1 presents the results of HVLs measured using the con-
ventional nonrotating, copper pipe, and simulation methods. The
TOST procedure yielded equivalence between HVLs derived by the
copper pipe and the nonrotating methods (P < 0.05) at the prede-
fined equivalence margins of + 0.03 mmCu. Systematic overestima-
tion or underestimation of HVLs was not observed. The absolute
error varied from —0.02 to 0.04 mmCu, which corresponds to a dif-
ference in effective energy of —0.77 to 1.84 keV. The mean absolute
difference in HVLs measured using the new copper pipe and con-
ventional nonrotating methods was 0.01 + 0.02 mmCu. The relative
error in effective energy was (0.89 + 1.66)% for the new copper pipe
method.

The TOST procedure yielded equivalence between HVLs derived
from the copper pipe and the simulation methods (P < 0.05) at the
predefined equivalence margins of + 0.03 mmCu, and no systematic
overestimation or underestimation was observed. The absolute error
varied from —0.02 to 0.03 mmCu in HVLs, which corresponds to a
difference of —1.67 to 0.89 keV in effective energy. The average
error estimated between the new copper pipe and simulation meth-
ods was —0.01 + 0.02 mmCu. Thus, the data indicate that HVLs
measured using the new copper pipe method agreed with both the
conventional nonrotating method and the simulation method based

on the new copper pipe method.

Log(Dose)

Fic. 4. Attenuation curves for 16-
channel multidetector row CT 0.1

®80kV y=1475x2-1.846x+1914
R2=1.000

Al110KkV Yy=0.657x2-1.118x+2.186
R2=0.999

W130kV Y=0.426%x*-0.866x +2.309
R*=0.999

X HVL at each tube voltage

(MDCT) derived from the new copper pipe
method.

0.1

0.2 0.3 0.4 0.5 0.6
Cu thickness (mm)
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Log(Dose)

®30kV y=1390%>-1.760 x + 1.667
R2=1.000
A100KV y=0.790 x2 - 1.225 x + 1.906
R?=1.000
W120kV y=0.465x%-0.913 x +2.084
R2=0.999
¢ 140kV y=0.331x%-0.740 x + 2.227
R2=0.999
X HVL at each tube voltage .
Fic. 5. Attenuation curves for 64-

channel multidetector row CT

0.1 0.2 0.3 0.4
Cu thickness (mm)

<

0.5 0.6

(MDCT) derived from the new copper pipe
method.

TaeLe 1 Half-value layer (HVL) measured by the three methods and expressed as both HVL and effective energy.

HVL (mmCu) Effective energy (keV)
Scanner Tube voltage (kV) NR CP-M CP-S NR CP-M CP-S
16-channel MDCT 80 0.19 0.19 0.20 429 43.1 43.6
110 0.31 0.34 0.32 51.1 52.8 51.9
130 041 0.45 0.43 56.8 58.6 57.8
64-channel MDCT 80 0.21 0.20 0.23 444 44.0 45.7
100 0.30 0.31 0.33 50.6 51.0 523
120 0.41 0.42 0.41 57.0 57.2 56.8
140 0.55 0.54 0.57 63.4 62.6 64.0

NR, CP-M, and CP-S, for Nonrotating, copper pipe-measurement, and copper pipe-simulation.

4 | DISCUSSION
This study investigated the accuracy of the new copper pipe
method, which can measure HVLs in a CT scanner while the X-ray
tube is rotating. This method was compared to the conventional
nonrotating method and a simulation method based on the new cop-
per pipe method. The result showed that the HVLs derived from the
copper pipe method were equivalent with the conventional nonro-
tating and the simulation methods with a margin of 0.03 mmCu.
Even considering an equivalent margin of 0.03, the corresponding
difference in effective energy is approximately 2 keV. In addition,
the actual difference in HVLs derived from the new copper pipe and
the nonrotating method was less than 0.03 mmCu; thus, we believe
that this difference was negligible.

Previous studies have investigated several methods to measure
HVLs while the X-ray tube is rotating. However, most of these
methods require new, complicated equipment to support the attenu-

ators and CT ionization chamber or CT chamber with special

functions, such as a real-time dosimeter.’ Though the copper pipes
were developed by ourselves and they are not available in the mar-
ket, the new copper pipe method is unique because it can measure
HVLs using the existing CT ionization chamber without using compli-
cated equipment to support them.

Comparing the former copper pipe method, HVL was consistently
calculated using the new copper pipe method. In the former copper
pipe method, different approximation functions were used based on
the thicknesses of the copper pipe. In the new copper pipe method,
HVL was measured using a quadratic function for the whole dataset.
The limitation of the former copper pipe method can be attributed to
the length and the diameter of the copper pipe, which is not large
enough to remove scattered radiation from the X-ray beam. On the
other hand, the length and the diameter of the new copper pipe are
longer and smaller than those of the former copper pipe. Because of
this, scattered radiation appears to be removed by the longer copper
pipe. The new copper pipe seems to contribute to minimize the

amount of scattered radiation measured by the ionization chamber.



OKUBO ET AL.

This study also demonstrated that HVLs measured using the new
copper pipe method were equivalent to HVLs derived using the con-
ventional nonrotating method. According to the present study, the
relative error in effective energy was approximately 0.89% for the
new copper pipe method. lida et al.® showed that the relative error
in effective energy was 1.81% for the former copper pipe method,
which was larger than that for the new copper pipe method. More-
over, the accuracy of the new copper pipe method was verified
using the simulation method based on the geometry of new copper
pipe method. The difference between HVLs measured by these
methods were also equivalent. Notably, the average error estimated
between the actual measurement and simulation methods based on
the new copper pipe method was relatively small. This result implies
that the accuracy of the new copper pipe method can be shown by
not only comparing nonrotating conventional method but also simu-
lation method based on the new copper pipe method. The new cop-
per pipe method also has advantages in data collection and analysis
over the former copper pipe method.

The new copper pipe method has several future perspectives.
For over 10 years, some medical institutions have used dual energy
CT (DECT) for image processing, such as monoenergetic image
reconstruction, to decrease beam-hardening effects and bone
removal in CT angiography.” However, there are few methods to
evaluate the X-ray energy in DECT.'® Understanding HVL as a basic
physical characteristic of DECT is of importance. The copper pipe
method possibly applies to the split-beam DECT. By applying this
method, it could be possible to obtain average HVL of two type of
energy spectra. This method is considered to contribute to derive
the mass energy coefficient ratio and calculate organ dose when this
type of the scanners are used.'®'! There is another perspective, the
copper pipe method may allow the estimation of the spectrum inside
the dosimetry phantom. The diameter of the CT ionization chamber
is 9 mm,*? and the chamber ports diameter of the CTDI phantom is
13.1 mm.*® Therefore, it is possible to insert the CT chamber cov-
ered with copper pipe into the CTDI phantom. By putting CT ioniza-
tion chamber covered by copper pipe absorbers, HVLs inside the
phantom can be evaluated. We believe measuring HVLs inside the
phantom can provide new aspect to understand the dose estimation
for patients.

Some limitations of this study must be noted. First, only two CT
scanners were used to verify the accuracy of HVL measured using
the copper pipe method. Although the average error between the
conventional nonrotating and copper pipe methods was approxi-
mately 0.01 mmCu in this study, it may be different in other CT
scanners. Secondly, aluminum HVL was not discussed in this study.
Although some reports suggested that the aluminum HVL should be
used on diagnostic field,** copper is also appropriate as the attenua-
tor for measuring HVL in the energy range of CT scan.'® Thirdly, the
present study did not explain the mechanism of the scattered radia-
tion correction and the effect of the beam hardening enough. How-
ever, the differences between HVLs derived from copper pipe
method and those derived from the conventional method were not
significant. In a future study, the change in spectrum due to beam

WILEY——2

hardening should be investigated to determine a better correction
method. Lastly, the X-ray energy spectrum for the simulation method
was not directly measured. Instead, the X-ray energy spectrum was
calculated from the tube voltage, target angle, and thickness of
inherent filter. Previous study showed that measured doses and sim-
ulated doses using spectra calculated by Tucker's formula were

|’16

agreed well,”® thus we believe that defined spectrum was sufficiently

precise to simulate measured exposure.

5 | CONCLUSION

The study demonstrated the ease and inexpensiveness of the new
copper pipe method that also improved on the accuracy of the for-
mer method. It was observed that the new copper pipe method can
measure HVL while the X-ray tube is rotating as efficiently as the
conventional nonrotating method. It required neither the use of ser-
vice engineering mode nor any special support mechanism. This
method can ensure that HVL of CT scanner can easily be evaluated
with minimal equipment, and it is applicable in clinical setting for

quality assurance of CT scanner and dose estimation for patients.
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