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ABSTRACT

The use of computed tomography (CT) scanning has been growing steadily. Therefore, CT dose measurement is becoming
increasingly important for patient protection and optimization. A phantom is an important tool for dose measurement. This
paper focuses on the evaluation of a CT dosimetry phantom made from nylon, instead of the standard polymethyl methacrylate
(PMMA), which is not readily available or is too expensive in some countries. Comparison between phantoms made from the
two materials is made in terms of measurements of the CT dose indices (CTDI). These were measured for four different beam
widths and kVp settings at the center and periphery in head and body phantoms made from both materials and weighted CTDIs
(CTDI,) were calculated. CT numbers along the z-axis of the phantom were also measured at the center and four peripheral
positions of each scanned slice to check phantom homogeneity. Results showed that values for the CTDIw measured in the
nylon phantoms were slightly higher than those from the PMMA while CT numbers for nylon were lower than those of PMMA.
This is because the mass attenuation coefficient of the nylon is higher. Nylon could be used as a substitute material for CT
dosimetry phantom to enable measurements and adjustment factors are given which could be used to estimate PMMA values

for making comparisons with displayed values.
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Introduction

Medical imaging from computed tomography (CT)
examinations makes the largest contribution to the radiation
dose received by patients from medical exposures.!'?
Therefore, it is important to determine patient dosimetry
on CT scanners. The standard quantity used for CT
dosimetry measurement is the CT dose index (CTDI).
CTDI is the single slice dose profile integrated over a
distance normally defined as £50 mm from the middle of
the beam. This is usually carried out with a 100 mm long
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ion chamber and the result divided by the nominal beam
width; this is called CTDI . The CTDI,  can be measured
in air or inside phantoms simulating parts of the body. The
weighted CTDI, which is a parameter linked to patient
dose, is calculated from CTDI,  measured at central and
peripheral positions within the phantom and a related
quantity, namely the volume averaged CTDI is displayed
for each examination performed on CT scanners.

Tissue equivalent materials are used to make phantoms, in
order to evaluate the doses received by patients.’! These are
made from polymethyl methacrylate (PMMA) or Perspex.?
PMMA is homogenous, has a reproducible composition,
and easy to machine, but phantoms made of PMMA are
expensive, costing about £1000 in Thailand, and are too
expensive for wide-scale hospital use. The International
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Commission on Radiation Units and Measurements report
number 44 gives the physical quantities that should be
considered when tissue equivalent materials are selected
for dosimetric studies in radiation diagnosis and therapy.?
However, from a review of the literature, there are few tissue
equivalent materials which have been developed for routine
dosimetric quality control for diagnostic radiology.

Nylon is one of the most widely used plastics. It offers a
combination of mechanical performance and cost. It has a
low atomic number, its density is similar to that of human
tissue, and the mass attenuation coefficient is similar to
that of human brain tissue. Philips (Philips Healthcare)
has adopted a nylon phantom for daily image quality and
CT number test.”) There are many nylon grades with
similar properties. However, the most common types are
nylon 6/6 and cast nylon 6. Cast nylon 6, (C,H, NO) , has
some distinct advantages. It is less expensive and casy for
workshops in Thailand to obtain. Therefore, it provides a
possible alternative material for constructing CT dosimetry
phantoms. The aim of this study was to compare CTDI
values measured in the PMMA and nylon dosimetry
phantoms in order to assess whether nylon phantoms might
provide an alternative option that could be used in Thai
hospitals to facilitate dosimetry measurements.

Materials and Methods

Standard CT dosimetry phantoms, as defined in the
International Electrotechnical Commission standard, used
in this study are CT dose phantom kit for adult head and
body Model 76-419-4150 (Fluke Electronics Corporation,
Fverett, WA, USA). The phantoms are cylinders 160 mm
and 320 mm in diameter to represent the human head and
body, respectively. Each phantom is 150 mm long, has five
cylindrical holes along the z-axis, one at the center and four
at the periphery (10 mm from each edge of the phantom).™
The newly developed phantoms are similar in shape and
size but made of nylon [Figure 1] and with inserts made of

AN

Figure 1: Nylon head and body phantoms

the same material. Each part contains five probe holes, one
in the center and four at the periphery (10 mm from the
edge). The inside diameter of the holes is 13 mm.

Properties of phantom materials are shown in Table 1.
The effective atomic numbers for PMMA and nylon are
6.48 and 6.85 while physical densities are 1.17 g/em’ and
1.14 g/em®, respectively. Comparisons of CT number and
CTDI between phantoms of different materials were
carried out using a Toshiba Aquilion 64 model (64 slices)
CT scanner. Tube warm-up and daily calibration (air scans),
as recommended by the manufacturer, were performed.
The phantoms were laid on the couch at the isocenter of
the scanner using the CT scanner’s alignment lights.

The CT number of a material at a given kVp is given by:

CT Number = Mmaterial ~ Pwater %1000

“’Wﬂter

where w_and u_ are linear attenuation coefficients
‘material water

of the material and water at the same energy, respectively.
The unit for CT number is Hounsfield units (HU).

For measurement of CT number and the uniformity
of the CT numbers, the phantoms were scanned in axial
mode. The scan parameters are shown in Table 2.

CT numbers of the nylon and PMMA at the kVp settings
of 80, 100, 120, and 135 kVp were measured. For cach kVp
setting, circular region of interest (ROI) tool at the scanner
console was used to define an ROI of approximately
500 mm2."" Values of CT number were measured using
a window width of 100 and window level of 0. ROIs were
placed around the center of the image and the four edge
positions close to the inserts along the phantom length in
the z-direction. The absolute value of the CT number at
cach kVp setting for each phantom material was analyzed.
The uniformity of the CT number was assessed for each slice
by using the differences in the CT number at the center and
the mean CT number at each of four edge positions of the
phantom. The European guidelines on quality criteria state
that CT number accuracy from baseline measurements for
a given material should be within =5 HU tolerance.!"”

For comparisons of the CTDI (in a unit of mGy/200 mAs)
between both head and body phantoms of the two phantom
materials, all measurements were made with axial scanning
(pitch = 1), at 80 kVp, 100 kVp, 120 kVp, and 135 kVp.
These were measured for four different beam widths and
kVp settings. The other scan parameters were 200 mA and a
1 s rotation time for each kVp setting. The axial slice widths
(number x width, mm) were 4 mm (4 X 1), 8 mm (4 X 2),
16 mm (4 X 4), and 32 mm (4 X 8). Assessments of the
CTDI,,, were made at the center (c) and periphery (p)
of both phantoms. A 100 mm ionization chamber of type
Radcal 10 x 5-3 CT (Radcal Corporation, Monrovia, CA,
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Table 1: Properties of phantom materials and water
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Materials Energy (keV) Effective Density (g cm™) Mass attenuation Mass energy absorption
atomic number coefficient (cm?/g) coefficient (cm?/g)

Water 40 7.42 1 0.2683 0.06947

60 0.2059 0.0319

80 0.1837 0.02597

100 0.1707 0.02546
PMMA 40 6.48 1.17 0.2305 0.04599

60 0.1924 0.0253

80 0.1751 0.0232

100 0.1641 0.02368
Cast nylon 6 40 6.85 1.14 0.2702 0.07275

60 0.2058 0.03287

80 0.1831 0.02632

100 0.1701 0.02558

PMMA: Polymethyl methacrylate

Table 2: Scan parameters for measurement of
computed tomography number

Parameter Setting

Tube current 200 mA

Rotation time 1s

Tube potential 80, 100, 120, and 135 kVp
Beam width 8 mm

Field of view 178 mm (head) 355 mm (body)
Reconstruction algorithm FC18

USA) and serial number 8609 (active length of 10 cm and
active volume of 3 cm’®) with an electrometer of type Radcal
9,010 and serial number 90-2000 was used to measure
CT dose in the newly developed nylon [Figure 2] and the
PMMA reference phantoms.

The CTDI,, values at the periphery were the average
from the four edge positions of the phantom.

1 +50
CTDly = — j D(z)dz

-50

Where n'T is the total beam collimation and D (z) dz is
the dose along z-axis.

A CTDI  is employed as a standard measure relating to
patient dose, and this is given by:

CTDI,, = %CTDIC + %CTDIp

Where CTDI_is CTDI measured in the center of the
phantom and CTDI is the average value of four peripheral
CTDls.

Results

Values of the uniformity in CT number measured at
the center and any position in the periphery of the head

Figure 2: Nylon head phantom, ionization chamber, and electrometer for
computed tomography dose index measurement

phantom were within =5 HU for the PMMA and nylon
phantoms for all kVp settings. However, those for the body
phantom differed by up to =13 HU for both PMMA and

nylon.

The range of differences in CT numbers between the
center and each position of periphery for each of seventeen
slices, along the z-axis of the nylon and PMMA head and
body phantoms, for four kVp settings are shown in Table 3.
The values of the CT number measured at 120 kVp at five
positions of individual slices are shown in Figure 3.

The absolute values of the CT number vary with kVp
sctting as the attenuation changes. The CT number
increased with kVp for both materials. For the body
phantoms, the CT numbers for 80 kVp, 100 kVp, 120 kVp,
and 135 kVp were 110 HU, 123 HU, 133 HU, and 135 HU
for PMMA, and 86 HU, 102 HU, 114 HU, and 117 HU
for nylon. For the head phantoms, the CT numbers were
15 HU-20 HU lower than those for the body phantom.
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Figure 4 shows the absolute values of CT number for cach
kVp setting in head and body phantoms of both materials.

The measured CTDI values at the center and periphery
and the weighted CTDI for both phantoms are shown in
Figures 5 and 6. When using 4 mm wide beams, the CTDI |
for the nylon head phantom at 80 kVp was 32 mGy/200 mAs,
and thisrose to 105 mGy/200 mAs for 135 kVp. For the nylon
body phantom, the CTDI  values at 80 kVp and 135 kVp,
were 7 mGy/200 mAs and 27 mGy/200 mAs, respectively.
With the same beam width, the CTDI  increased with
increasing kVp, from 80 to 100 kVp, 100-120 kVp, and
120-135 kVp, by 1.73, 1.51, and 1.29 times, respectively.
With the same kVp setting, the CTDI  relative to the 4
mm wide beam decreased with increasing beam width
by 0.73, 0.66, and 0.61 for 8, 16, and 32 mm wide beams,
respectively.

All doses measured in the nylon phantoms were
significantly higher than those in the PMMA at all tube
voltages investigated. Dose measurements were higher at
the centers of the phantoms by up to 12% and 17% for the
head and the body phantoms, respectively. Results from
all beam width settings varied in a similar way. Ratios of

Table 3: Range of the computed tomography
number uniformity

kVp Head phantoms Body phantoms
PMMA (HU) Nylon (HU) PMMA (HU) Nylon (HU)
80 -1.9-4 -4.4-4.9 -6-11.8 -9.1-5.1
100 -1.5-3.1 -3.7-0.7 -3.4-10.7 =7.7-11.1
120 -1.8-3.2 -3.1-1 -3.2-1141 -5.2-13.4
135 -1.8-3.1 -4.1-0 -3.8-12.9 -5.2-12.5

PMMA: Polymethyl methacrylate, HU: Hounsfield units
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Figure 3: Computed tomography number measured at center (C) and four
peripheral positions (North [N], South [S], East [E], and West [W]) along
the z-axis for (a) head and (b) body phantoms, using 120 kVp

the measured CTDI values in PMMA and nylon for body
and head phantoms are shown in Table 4. Differences in
CTDI measured at the center of the phantoms (CTDI,)
were greater than those at the periphery (CTDI ) for both
head and body phantoms. Differences in CTDlw values
measured in the PMMA, and nylon phantoms were within
8% at all kVp settings , for both head and body phantoms.
In order to provide adjustment factors that could be used
to estimate CTDI values in PMMA phantoms from results
obtained with nylon ones, average ratios are given in Table
5 for cach kVp setting.

Discussion

CT dosimetry phantoms are important tools for quality
assurance and accurate characterization of patient dose.
The selection of the appropriate material is important.
The phantom of choice should have similar properties to
water. The standardized phantom material used for CT'DI
measurement has been PMMA since it is readily available.
However, PMMA is not actually a tissue equivalent
material. Nylon has similar properties to the human
brain® and is recommended as a substitute material for
CTDI measurement if PMMA is not available.

In this study, nylon was selected since its physical density
and mass attenuation coefficient are comparable with
those of water and close to those of PMMA. Moreover, the
phantom could be made available at a reasonable price.
Measurements of CT number through the nylon phantoms
confirmed that the phantoms were homogencous.
Measurements made of the CT number along the length of
the PMMA head phantom showed a discontinuity in this
phantom [Figure 3a]. However, the reason why there is a
step change in CT number of the PMMA head phantom
may be because the measured ROI of the first six slices
included the air space close to the insert rods, so the mean
CT number became lower.

-+ Head_PMMA

——Body_PMMA
150 +

140 -
130 -
120 -
110 -
100 -
90
80 ,,
70 -

--»- Head_Nylon
—a—Body_Nylon

CT Number (HU)

50 T T T )
70 90 110 130 150

Tube voltage

Figure 4: Absolute values of the computed tomography number for each
kVp setting
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Figure 5: Computed tomography dose index at the center (CTDI ) and periphery (CTDIP) and the the weighted computed tomography dose index (CTDI,)
for the head phantoms, using different kVp and beam width settings of (a) 4 mm, (b) 8 mm, (c) 16 mm, and (d) 32 mm

Table 4: Ratios of measured computed tomography
dose indices values in polymethyl methacrylate
and nylon body and head phantoms

kVp Beam Body phantom Head phantom
width (mm) cTpj_ CTDI, CTDI, CTDI, CTDI, CTDI,
80 4 0.86 093 092 093 097 0.96
80 8 0.86 093 0.92 090 100 0.97
80 16 0.85 1.01 098 090 101 0.97
80 32 0.86 098 095 090 105 100
100 4 0.86 101 098 092 096 0.95
100 8 0.87 097 095 091 100 0.97
100 16 0.87 099 096 092 099 0.97
100 32 0.87 098 0.96 093 095 0.94
120 4 0.87 100 0.98 0.93 099 0.97
120 8 0.88 097 0.95 092 100 0.98
120 16 0.89 099 097 094 096 0.95
120 32 0.89 096 094 093 098 0.96
135 4 0.89 095 094 094 101 0.99
135 8 0.90 098 0.96 094 100 0.98
135 16 0.90 099 097 093 099 097
135 32 0.90 097 0.95 093 099 097

CTDI: Computed tomography dose indices

A disadvantage of nylon is that it is not transparent, so
the beams from the alignment lights are not transmitted
through the phantoms. However, positioning is carried
out primarily by viewing the light beams on the phantom
surface, so this is not a significant disadvantage.

The study of computed tomography number
measurement

Comparing absolute CT numbers between two materials
has shown differences in values between PMMA and nylon.
The CT number of nylon is lower than that of the PMMA
since its attenuation coefficient is closer to that of water.
Comparison between the body and head phantoms in both
materials showed that the values of CT number measured
in the body phantoms were higher than those in the head
phantoms. CT numbers of greater than 20 HU [Figure 3]
were found in the body phantom, and there was a similar
trend for both phantom materials. The mean attenuation
of tissue equivalent material decreases as patient diameter
increases. This occurs because the lower energy photons of
Xeray beam are filtered by the larger phantom. Therefore,
the beam becomes harder.'"1?!
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Figure 6: Computed tomography dose index at the center (CTDI) and periphery (CTDI ) and the the weighted computed tomography dose index (CTDI,)
for the body phantoms, using different kVp and beam width settings of (a) 4 mm, (b) 8 mm, (c) 16 mm, and (d) 32 mm

Table 5: Adjustment factors which can be
applied to computed tomography dose indices
measurements made with nylon phantoms to
estimate values for polymethyl methacrylate
phantoms for comparison with displayed data

kVp Body phantom Head phantom
CTDI, CTDI, CTDI, CTDI, CTDI, CTDI,
80 0.86 0.96 0.94 0.90 1.01 0.97
100 0.87 0.99 0.96 0.92 0.97 0.96
120 0.88 0.98 0.96 0.93 0.98 0.97
140 0.89 0.97 0.96 0.94 1.00 0.98

CTDI: Computed tomography dose indices

The CT numbers measured are dependent on photon
energy; they increased with kVp for both phantom materials
[Figure 4|. This is because of the increasing dominance
of photoelectric interactions at lower tube potentials.
This causes a given material’s attenuation coefficient to
vary in a different manner from that of water leading to a
dependence of the material’s C'T number on kVp.

For a uniform phantom, the CT number measurement
should be uniform throughout. Since this is a relative
measurement Comparing phantoms of two materials, the
technical factors used to measure CT number for both

phantom tests were standardized. For the individual kVp
settings in the head phantoms, the maximum standard
deviation between the central ROI and any peripheral
ROI was less than =5 HU, within the recommendation
limit"% [Figure 3a]. In contrast to the head phantoms, the
maximum standard deviation between the central ROI and
any peripheral ROI in the body phantoms of both materials
rose up to = 13 HU [Figure 3b] because of the higher noise
level in the larger body phantoms which contributed to the
measured C'T number.

The uniformity of CT number across the phantoms was
better at higher tube potentials [Table 3] since the higher
energy photon beams had more penetration and so a more
uniform dose distribution within the phantoms.

The study of computed tomography dose index
measurement

For the head phantoms, CTDIs measured at the
periphery were similar to those at the center, which were
only 1.1 times and 1.1-1.3 times higher than those at the
center, for both nylon and PMMA phantoms, respectively
[Figure 5]. For the body phantoms, the peripheral values
were 1.8-2.5 times and 2.0-2.8 times higher, for nylon and
PMMA, respectively [Figure 6].
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Comparisons between phantom materials found that
the values of CTDI measured in the nylon phantoms
were 1%-8% higher than those in the PMMA ones
[Table 4]. This is because nylon has higher attenuation
coetficient. The CTDI measured at the periphery of the
head and body phantoms were up to 6% and 8% higher in
the nylon, while those measured at the center were 12%
and 17% higher. Since the values displayed on CT scanner
consoles, with which results will need to be compared,
are for PMMA phantoms, results are given in terms of
the ratio between CTDI values for PMMA and nylon, so
multiplication of results derived using a nylon phantom
by the values in Table 5 can be used to estimate CTDI in
PMMA phantom.

The dose in PMMA may underestimate that in water or
tissue. This conclusion is similar to that in a study by Li
et al.P®l who measured the CT dose in PMMA and water
cylinders with diameters from 6 to 55 cm using Monte
Carlo assessment and found that the dose to water was
higher than that to PMMA, especially at the centers of large
phantoms. Therefore, CTDI measured in the nylon may be
more relevant to that in human tissue.

Conclusion

The comparison of CTDIs and CT numbers measured
in PMMA and nylon dosimetry phantoms demonstrated
that the CT number was uniform across the measurement
field in the nylon phantom. The values of CT number for
nylon were about 20 HU lower than those for PMMA. For
the dose measurement, the measured CTDI  values in
the nylon phantoms were about 1-6% higher than those
in the PMMA, and adjustment factors have been derived
from allowing values in PMMA phantoms to be estimated
for results for nylon phantoms. Since the cost of a nylon
phantom is about one-fifth of a commercial CTDI phantom,
the use of nylon for constructing human phantoms can be
an alternative choice for CTDI measurement and may allow
CT phantoms to be more widely available for dosimetry
measurements in Thai hospitals.
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