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Abstract

The aim of this study was to compare the values of the computed tomography
dose index 100 (CTDI;qy,) obtained using two small detectors (i.e. a small
ionisation chamber and a small solid state detector) with those obtained from a
100 mm pencil ionisation chamber for various input CT parameters: beam width,
kVp, mAs, pitch, and head-body phantom variation. The measurement of
CTDI, g using the 100 mm pencil chamber was carried out in a single rotation of
axial mode, while the measurement using small detectors was carried out in
helical mode. The differences of CTDI g, values obtained with two small
detectors were about 7% for all variations. The differences of CTDI ¢, values
obtained with small detectors and a 100 mm pencil ionisation chamber for beam
widths of more than 4 mm were within 40%. However, for the narrowest beam
widths (4 mm), the difference between them was very large (about 150%).
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1. Introduction

A 100 mm pencil ionisation chamber [1] and a cylindrical polymethyl methacrylate (PMMA)
phantom of approximately 150 mm length has been the standard for measuring the dose index
of CT scanners [2, 3], and the computed tomography dose index 100 (CTDI, ) is obtained
from this measurement [4, 5]. This metric is used to characterise the radiation output of CT
scanners, but is not meant to estimate individual patient dose [6]. A metric for estimating
individual patient dose is the size-specific dose estimate (SSDE) [7]. The SSDE is calculated
based on the concepts of CTDI, so that an accurate CTDI estimate lead to an accurate estimate
of patient dose [8, 9].

There was no debate about the efficacy of the 100 mm pencil ionisation chamber and the
resulting CTDI o value [10—13] until the introduction of multi-detector CT (MDCT) tech-
nology [14, 15], which enabled scanning using beam widths up to 40 mm or more [16]. It is
clear that a large amount of radiation scattering outside the length of 100 mm is not measured
by the 100 mm pencil chamber [15, 17]. Moreover, after the introduction of the cone-beam
CT (CBCT), which enabled a scan coverage of 100 mm in one scan rotation [18], more scatter
radiation is missed by the 100 mm pencil chamber.

Studies had been carried out using combinations of several PMMA phantoms up to
900 mm long [15-18] in order to evaluate the concept of CTDI,q,. In these studies, an
equilibrium dose was introduced, which is the maximal dose of total primary radiation and
scattering radiation whose value does not increase with additional integration length along the
z-axis [19, 20]. This equilibrium dose occurs at an integration length of about 450 mm. These
studies showed that the efficiency of the CTDI o values (i.e. CTDI,oy / CTDL,,) [19] were
only about 73% and 56% at the center of the head and body PMMA phantoms, and about
85% and 82% at the periphery of head and body PMMA phantoms, respectively [15].

In these evaluations of the efficiency and accuracy of CTDI, gy, the 100 mm pencil
chamber cannot be used [19, 20]. The evaluations were performed by using small ionisation
chambers [18], and using other types of detectors such as optically stimulated luminescence
(OSL) detectors [15], pin photodiode sensors [16] and lithium fluoride (LiF) TLDs [21].
Evaluations were also performed using Monte Carlo simulation [17, 22, 23]. All these studies
showed the limit of accuracy, practical utility and clinical relevance for CTDI; o, which
excludes the contributions of radiation scattered beyond the 100 mm range of integration
along z-axis. In addition, previous study showed that the underestimation of CTDI,q, is
systematic, applying to both narrow and wide beams, and is greater for increasing z-axis
collimation [22].

Dixon recommended the use of moving a small ionisation chamber in helical mode to
obtain dose profiles and CT dose index values [19]. The advantages are that the small
chamber can be moved to obtain a dose profile with a specific length to reach the dose
equilibrium, and the ease of calibration. This concept was adopted by AAPM TG 111 [24], in
which it was stated that if the profile dose obtained by the small ionisation chamber is
integrated along the 100 mm to obtain CTDIq then the result would be comparable with that
obtained using a 100 mm pencil ionisation chamber [24]. However, to the best of our
knowledge, no studies have been performed to compare actual CTDI, o, values obtained using
a small ionisation chamber against the 100 mm pencil chamber for various input parameters.

This study aims to compare the value of CTDI,(, obtained with a small ionisation
chamber with a 100 mm pencil ionisation chamber for various input CT parameters. We also
compare the results with those obtained using a small solid state detector, known as a CT dose
profiler [25].
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Figure 1. Three types of detectors used in CTDI;(y, measurements, namely (a) small
ionisation chamber and pencil ionisation chamber and (b) small solid state detector.

2. Methods

2.1. Detectors

In this study two small moving detectors, namely a small ionisation chamber (figure 1(a)
below) and a small solid detector (figure 1(b)), were used to measure dose profiles and
CTDI,op. The CTDI; ¢ results were then compared with the results from a pencil ionisation
chamber (figure 1(a) above).

The pencil ionisation chamber used in this study was a Radcal 10 x 6-3CT with a length
of 100 mm, connected to a Radcal Accu-Dose (S2186-SS) electrometer. This dosimeter was
calibrated at JQA (Japan Quality Assurance Organisation). The uncertainty of this dosimeter
was 6% with a confidence interval of 68%. The small ionisation chamber had a volume of
0.125 cc (PTW N31005 ion chamber serial number: 0543 (Freiburg, Germany)). The PTW
N31005 was calibrated in air with 120 kV x-rays using a 6 cm® ionisation chamber dosimeter
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(10 x 6-6, Radcal) at Kyushu University, and proofread by JQA (Japan Quality Assurance
Organisation). The uncertainty of this dosimeter was £10% with a confidence interval of
68%. It was connected to an electrometer (EMF521 (EMF Japan Co. Ltd, Japan)) and data
transferred to a netbook using EMF521 software (EMF Japan Co. Ltd, Japan). The sampling
rate of dose measurement was two samples/s. The dose data was collected in units of nC and
automatically converted to mGy units.

The width of the small solid-state detector was 0.25 mm. The detector was integrated into
a probe called a CT dose profiler (RTI Electronic, Sweden). The probe had a shape like the
pencil ionisation chamber with a diameter of 12.5 mm and length of 165 mm. This dosimeter
used the calibration value indicated by the manufacturer at the time of purchase. The
uncertainty of this dosimeter was 3% with a confidence interval of 68%. The dosimeter can
be inserted into the holes of the PMMA phantom. The probe had an extension piece made of
45 mm PMMA, so the detector could be centered in the middle of a 150 mm PMMA phantom
when the end of the extension reached the end of the phantom. The CT dose profiler was then
coupled to a Barracuda electrometer (RTI Electronic, Sweden), whose output was connected
to a netbook running Ocean software. The CT dose profiler recorded the dose at high sam-
pling rates (up to 2000 samples/s), in units of mGy.

2.2. Mode of measurements

The CTDI, o9 measurements using the 100 mm pencil ionisation chamber pencil were taken in
axial mode [3, 4]. The pencil chamber was positioned in the center of the PMMA phantom
and the scanning carried out in the middle of the phantom position. The measurement of CT
dose using the pencil ionisation chamber gave the accumulative dose along 100 mm directly
(dose profile integral along 100 mm, DPI, ).

+50 mm
DPI]()() = f D(Z)dZ (1)

z=-—50 mm

Dividing DPI,, by the nominal beam width (NT) gives the value of the CT dose index
100 (CTDI]()()):
DPlg
NT
In helical mode, there is an additional factor called pitch factor [26]. The pitch factor is
the speed of the patient table translation per gantry rotation. With helical mode there is an
overlapping of the scanning area for pitches smaller than 1, and a scanning gap for pitches
above 1. The pitch factor is formulated as:
p_ A
NT
where Ad is the distance of table translation per single tube rotation of 360°, N is the number
of detectors and T is the width of the detector. In helical mode, the CTDI, value is corrected
by pitch factor, so that CTDI,,, is obtained [26]:
CTDI
—p
A major limitation of dose measurements using a 100 mm pencil ionisation chamber is
that they can only measure doses of 100 mm length. However, using small detectors allow the

scanning length to be longer than 100 mm. Our measurements with these small detectors used
helical mode [24] as shown in figure 2. As illustrated in figure 2(a) when the scan is still on

CTDI o = 2)

3)

CTDI, 1,100 = @

115



J. Radiol. Prot. 39 (2019) 112 C Anam et al

(@ W (b) ,:f' (©
T | *

] H | Prartom___ __praniom ‘ . __Phaniom |

Axis of rotation ‘I || | ‘I ‘\ Axis of |annl‘ I| r W Axis of rotation ‘I | ‘II‘I

@l - ;-uammv *l Scuall detecton "'W'J”” .&F.EMT"'(HI S
uyr 1 / /

\

ul

Doseprofile Dose profile Dose profile

Poatan (e Postion (mm) ‘Poation ()

Figure 2. Illustration of measurements of dose profile using small moving detector in
helical mode.
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Figure 3. Example of profile dose along 150 mm. If the dose profile is integrated along
100 mm, then DPI;, will be obtained. Dividing DPI;y, by the nominal beam width,
CTDI, g is obtained.

the left end of the phantom, the small detector (placed in the middle of the phantom) measures
only the scattering radiation from the left side of phantom. As the scan progresses, the small
detector moves steadily along with the phantom and the patient table movement, and detects a
larger scattering dose. When the small detector is at the position shown in figure 2(b), the
radiation beam scans the middle of the phantom and the small detector measures the primary
dose. Next, as the small detector moves to the left as shown in figure 2(c), it measures only
the scattering radiation from the scanning area at the right end of the phantom.

The data collected by the small detector is sent to the electrometer and netbook, and a
profile dose of a certain length is obtained (figure 3). By integrating this dose profile the value
of DPI is obtained:

DPI = f D(z)dz. Q)
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If the integration is carried out for a length of 100 mm, then a DPI;y, value will be
obtained which should be comparable to that obtained using 100 mm pencil ionisation
chamber.

50 mm
DPI]O() = f50 D(Z)dZ (6)
—50 mm

In contrast to the pencil ionisation chamber which must include the pitch value for dose
estimation in helical mode, the dose measurement using the small moving detector has
inherently incorporated the pitch value in the measurement, so there is no need for any pitch
correction. With a small moving detector, the effect of pitch is directly visible on the dose
profile.

2.3. Input parameters

In this study, CTDI, o, measurements were acquired on a Toshiba Alexion 4-slice CT scanner
installed in Kyushu University, Japan. The CTDI,,, comparisons were evaluated at a variety
of input CT parameters: variations of beam width, kVp, mAs, pitch, and head-body phantom
variation. Variations of beam width were 4, 8, 12 and 16 mm, with other parameters kept
constant (100 mA, 120 kVp, pitch of 0.875, and 1 s rotation time). Variations of tube voltages
were 80, 100, 120 and 135 kVp with other parameters kept constant (100 mA, pitch of 0.875,
8 mm beam width, and 1 s rotation time), variations of tube currents were 25, 50, 100, 120
and 140 mA with other parameters kept constant (120 kVp, pitch of 0.875, 8 mm beam width
and 1s rotation time), variations of pitches were 0.75, 0.875, 1.375 and 1.5 with other
parameters kept constant (100 mA, 120kVp, 8 mm beam width and 1s rotation time).
Measurements were performed on the body and head PMMA phantoms (measured at beam
width 8 mm, 120 kVp, 100 mA, pitch of 0.875 and 1 s rotation time).

3. Results

3.1. Dose profiles

The profiles of doses for several different variables measured using the small solid state
detector and the small ionisation chamber are shown in figure 4. Beam width variations
ranging from 4 mm to 16 mm measured using the small solid state detector are shown in
figure 5(a), and using the small ionisation chamber in figure 4(b). Tube voltage variations
ranging from 80 kVp to 135 kVp measured using a small solid state detector are shown in
figure 4(c), and using the small ionisation chamber in figure 4(d). Tube current variations
ranging from 25 mA to 120 mA measured using a small solid state detector are shown in
figure 4(e), and using the small ionisation chamber in figure 4(f). Pitch variations ranging
from 0.75 to 1.5 measured using a small solid state detector are shown in figure 4(g), and
using the small ionisation chamber in figure 4(h). The variation of head-body PMMA
phantom as measured using small solid state detector are shown in figure 4(i), and using the
small ionisation chamber in figure 4(j).

Figure 4 shows that profiles measured using a small ionisation chamber are comparable
to that obtained using a small solid state detector for all input parameter variations. However,
profiles obtained using a small solid state detector are more jagged (fluctuating) than those
obtained using a small ionisation chamber. This is because of the larger sampling rate of the
small solid detector (viz. 62 samples/s), compared with the sampling rate of the small
ionisation chamber (viz. 2 samples/s).
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-

Figure 4. Dose profiles measured using a small solid state detector (left) and a small
ionisation chamber (right) with different beam parameters (a), (b) variations of beam
width, (c), (d) tube current variation, (e), (f) tube voltage variation, (g), (h) different
pitches and (i), (j) head-body phantoms. Dose profiles for the tube current, tube voltage,
pitch and head body variations were measured at bean width of 2 X 4 mm.

3.2. DPI values

If the X-axis of figure 4 is converted to a distance and the profile is integrated, an integral dose
profile (DPI) will be obtained (table 1). The DPI,, values obtained using a small ionisation
chamber are slightly larger (by <10%) than those obtained using a small solid state detector.
It shows that the wider beam width and pitch values (all other input parameters being kept
constant) result in smaller DPI, o values, due to the rapidly increasing phantom translation
and small detector movement. Conversely, a rise in tube voltage and current causes the
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Figure 5. CTDI(, values measured using 100 mm pencil ionisation chamber, small
ionisation chamber and small solid state for variations of (a) beam width, (b) tube
current variation, (c) tube voltage variation, (d) pitch variation and (e) head-body
phantom variation. CTDI,, values for the tube current, tube voltage, pitch and head
body variations were measured at a beam width of 2 X 4 mm.

increasing DPI, o value. The DPI,o, value inside the head phantom is greater than in body
phantom by >300%.

3.3. CTDI100 values

Various CTDI,(, values measured using a small ionisation chamber, a small solid state
detector and also using a 100 mm pencil ionisation chamber are shown in figure 5. The
CTDI, o values obtained using the small ionisation chamber and the small solid state detector
are very similar for all variations. The differences between CTDI,(, values obtained with
small ionisation chamber and small solid state detector are listed in table 2. It is shown that
CTDI, o differences are about 7%.

The differences between CTDI (o values obtained with small moving detectors and a
100 mm pencil ionisation chamber for beam width 8—16 mm are within 40%. However, for
the narrowest beam width (4 mm), the differences between small detectors and the 100 mm
pencil ionisation chamber are about 150%.
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Table 1. DPI, oo values measured using a small ionisation chamber and, alternatively, a
small solid state detector.

DPI, (o using a

DPI, (o using a small ~ small solid state DPI, ¢y using a pencil
ionisation chamber detector ionisation chamber
Variations (mGy-mm) (mGy-mm) (mGy-mm)*

Beam width (mm)

1 x4 140.1 1359 54.4
2 x4 97.8 91.3 734
3 x4 82.8 77.6 92.1
4 x4 78.6 68.1 111.8
Tube cur-

rent (mA)

25 21.8 22 17.6
50 48.4 46 36.6
100 97.8 91.3 734
120 118.8 109.8 88.1
Tube volt-

age (kVp)

80 28.1 26.3 21.5
100 58.7 54.5 43.8
120 97.8 91.3 734
135 134.7 123.8 99.2
Pitch

0.75 116.3 106.3 85.6
0.875 97.8 91.3 734
1.375 62.8 58.3 46.7
1.5 57.7 53 42.8
Phantom

(body-head)

Body 97.8 91.3 734
Head 327.7 302.2 260.8

 After it was corrected for pitch.

4. Discussion

Profiles doses for all variations appear to be jagged (figure 4), due to the influence of the
patient table [25]. When the source of the x-ray beam is above the phantom, x-rays directly
impinged the phantom, but when the x-ray beam source is below the phantom the x-rays are
absorbed by the patient table prior to the phantom. As a result, when an x-ray source is above
the phantom, the measured dose of a small detector is greater than that when the x-ray source
is below the phantom.

The CTDI, o values obtained using the small detectors (i.e. small ionisation chamber and
the small solid state detector) are very comparable for all variations with differences of about
7%. These differences are within the uncertainties of these detectors (+10% for small
ionisation chamber and 4+3% for solid state detector). The CTDI; oo values obtained with
small detectors and a 100 mm pencil ionisation chamber are interesting. The difference in
CTDI, ¢ values measured using a pencil chamber and a small detector is strongly influenced
by beam width. With a 4 mm beam width, the difference is about 150%, and the difference
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Table 2. Differences between CTDI;o values measured using the three detectors,
namely a small ionisation chamber, a small solid state detector and a 100 mm pencil
ionisation chamber.

A pencil-small ion A pencil-small solid A small ion-small
Variations  chamber (%) state (%) solid state (%)

Beam with (mm)

1 x4 157.5 149.8 3
2 x4 334 24.4 6.7
3 x4 —10.1 —15.9 6.4
4 x4 —29.7 —-39.2 13.4
Tube current (mA)

25 23.5 24.9 —1.1
50 322 25.7 5
100 334 24.4 6.7
120 34.9 24.9 7.5
Tube voltage (kVp)

80 30.9 22.7 6.3
100 34 24.3 7.2
120 334 24.4 6.7
135 35.8 24.9 8.1
Pitch

0.75 35.9 24.2 8.6
0.875 334 24 .4 6.7
1.375 34.5 24.9 7.1
1.5 34.8 243 8.2
Phantom (body-head)

Body 25.7 15.9 7.8
Head 334 24.4 6.7

decreases with the increase of beam width. With a 8 mm beam width, the difference is within
40%, and with a 12 mm beam width, the difference is within 10%. After varying the beam
width, we then varied the scan parameters (kVp, mA, pitch, and phantom) with a beam width
& mm. The results were consistent for all variations, i.e. with a difference between 23%—-36%.
These differences, especially in the 4 mm beam width, convincingly show the different nature
of the pencil chamber and small detectors, because the differences are much greater than the
uncertainty of each dosimeter, i.e. within +10%.

These results agree with the comments in AAPM TG 111 that the CTDI;qo values
obtained using a 100 mm pencil chamber and a small detector are comparable [24], except for
the narrowest beam width (4 mm). With our experimental results, we have been able to verify
that CTDI,( calculations (for beam widths more than 4 mm) can be performed with
acceptable accuracy using small detectors. The use of these small detectors have the
advantage of being able to measure the dose for any desired z-length, facilitating the mea-
surement of equilibrium doses [20].

However, the difference between small detectors and the 100 mm pencil ionisation
chamber is very significant for beam widths of 4 mm. This is likely due to collimation
inaccuracy at the smallest beam widths. The beam width measured using a small solid state
detector in the air were 8.1, 11.7, 14.5 and 20.4 mm for beam width settings of 4, 8, 12 and
16 mm, respectively. The percentage difference was about 100% for the smallest beam width
(4 mm), but the percentage difference was smaller for wider beam widths. The results are
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consistent with a previous study by Jackson ef al [27]. The beam width inaccuracy using a
small detector is higher than with a pencil chamber due to the nature of helical scanning. In
helical scanning, beam width inaccuracy occurs over many rotations during the scanning
process, while in axial scanning it occurs only in a single rotation. This is why the CTDI g
for narrow beam widths measured using small detectors is greater than that when using a
100 mm pencil chamber.

In view of this, we argue that the CTDI,, values obtained using small moving detectors
illustrate the true nature of the output dose of a CT scan over scan coverage areas with
multiple scanning (for both axial and helical modes). CTDI;(, values measured using a
100 mm pencil ionisation chamber only include over-beaming from a single scan, while the
patient gets multiple scans. Therefore, measurements using a small moving detector for very
narrow beam widths can be considered more realistic in depicting the nature of the output
dose than using a 100 mm pencil ionisation chamber.

Based on this finding, the accuracy of the estimate CT output (CTDI, ) using a 100 mm
pencil chamber should be considered carefully not only for wide beam widths (more than
40 mm), as has been reported elsewhere [15-17, 19-22], but also for very narrow beam
widths. An accurate CTDI;(, measurement is very important for an estimate of individual
patient’s dose in terms of size-specific dose estimate [28, 29].

Our study was limited in that measurements were only performed on one type of CT
scanner and only in the central hole of the phantom. Further evaluation of this phenomenon
will be performed on other CT scanners and in the phantom peripheral axis.

5. Conclusions

CTDI, o calculations using two small detectors (a small ionisation chamber and a small solid
state detector) and 100 mm pencil ionisation chamber as standard tools are comparable for all
variations of CT input parameters except for the narrowest beam widths (~4 mm). CTDI
measurements using small detectors have better flexibility compared to 100 mm pencil
ionisation chamber, because small moving detectors can be used to measure the dose profile

for any desired length, allowing for the measurement of more scatter doses of wide beam
widths from MDCT and CBCT technology.
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