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Abstract: The CT dose index (CTDI) is usually measured using a pencil chamber with a length of 100 mm on a CTDI phantom with a length of 150 mm. The scattering radiation dose beyond 100 mm is usually still significant despite using a small beam width (below 10 mm). This study aims to measure the scattering index of CT dose for several variations of input parameters. The scatter index measurements were performed on a multi-slice CT (MSCT) Alexion™ using a CT dose profiler detector connected to a Black Piranha electrometer (RTI Electronic, Sweden). The measurements used the helical mode and a beam width of 2 x 4 mm, and resulted in 150 mm dose profiles. Values of CTDI150, CTDI130 and CTDI100 were calculated and used to obtain values of the scatter indices (SI130 and SI150). We varied input parameters, such as tube voltage, tube current, and pitch, and used two types of CTDI phantoms, i.e. body and head. In the tube voltage variation (from 80 to 135 kV), we found SI130 and SI150 values of 1.13 ± 0.01 and 1.19 ± 0.01 for the body CTDI phantom; and  SI130 and SI150 values of 1.08 ± 0.01 and 1.11 ± 0.01 for the head CTDI phantom. For tube current variations from 25 to 120 mA, and pitch variations from 0.75 to 1.5, SI130 and SI150 values were 1.14 ± 0.00 and 1.20 ± 0.00 for the body CTDI phantom; and 1.08 ± 0.00 and 1.11 ± 0.00 respectively for the head CTDI phantom. We showed that the more frequently used CTDI100 value is too small because it ignores scattering beyond the 100 mm boundary, even for beam widths less than 10 mm. The scatter index values were strongly influenced by the size of the CTDI phantom, and were slightly affected by the tube voltage. Variations in tube currents and pitch did not affect the value of the scatter index. The scatter index values of SI130 and SI150 were significantly different, and suggests that the use of SI150 is even more appropriate for describing the scattering dose.
Keywords: scatter index, CT dose index, CT scan, CT dose profiler
1. Introduction
The radiation dose produced by a CT scan of a particular slice is a combination of primary radiation and scatter radiation from other slices.1,2 In clinical CT examinations, it is usually obtained from a number of slices from tens to hundreds.3,4 Indeed, the dose from a certain slice due to scattering radiation from other slices may be greater than from its primary radiation.5 Thus, the measurement of the radiation dose on a slice is very complicated. Typically multiple scans of axial modes on the phantom are measured using thermo-luminescence detectors (TLDs) to obtain a combined primary dose and all the scatter doses from all scanned slices.6 From these multiple scans, the dose profile curve is obtained. The average dose in the center of phantom is calculated from the mean value of the profile sections, and is called the multiple scan average dose.7,8
In practice, the average dose in the center of a cylindrical phantom can be estimated by only a single slice scanning of the axial mode using a sufficiently long pencil detector such that the combined primary dose and the scattering dose to a certain distance can be measured at once.6 If the measured dose is divided by the beam width then a dose value comparable to the value of the multiple scan average dose is obtained. This approach produces an index dose called the CT dose index (CTDI).9 The CTDI value is complex and strongly influenced by many CT scan parameters, such as tube voltage, tube current, rotation speed, pitch, and slice thickness.7 The CTDI is the index used to quantify the output radiation dose of a CT scan, and so it can be used to compare the output dose among different CT scanners. It is also commonly used for acceptance tests and quality control of CT scanners.6 The length of the pencil chamber commonly used in measurement is 100 mm, so the dose index is often called CTDI100.8 In a CT scanner with a beam width of less than 10 mm, the CTDI100 is acceptable. However, for multi-slice CT (MSCT) technologies that have beam widths close to or greater than 100 mm,10-13 the accuracy of CTDI100 is questionable and it may not reasonably reflect patient doses.14-17 A more realistic approach is to use a pencil chamber that is much longer than 100 mm,18 or use a combination of several pencil chambers.18,19
An alternative is to use a small ion chamber or a small solid state detector that is moved along the z-axis during the scanning process.1,20,21 However, the use of a small moving detector cannot be done with a single scan of the axial mode.1,20 Instead, the helical mode must be used.21 With a small moving detector it is possible to obtain a dose profile from a single helical scan with the desired scanning length.21 By using a dose profile for any given scanning length, it is possible to evaluate the scattering dose for a specific scan length and compare it to the 100 mm scan length. Comparison of CTDI130 with CTDI100 is called a scatter index (SI) or, more specifically, scatter index 130 (SI130).20 Scatter indices are usually measured for beam widths greater than 10 mm. However, according to Boone15 using Monte Carlo simulations, the scattering dose measured for beam widths smaller than 10 mm is still significant. This study evaluated the scatter index for beam widths less than 10 mm for different CT input parameters. We also expanded the scatter index to scatter index 150 (SI150).

2. Materials and methods
2.1. Experimental set-up
The scatter index was calculated from the measured dose profiles on a multi-slice CT (MSCT) Alexion™ installed at the Department of Health Sciences, Faculty of Medical Sciences, Kyushu University, Japan. Measurements were performed using a CT dose profiler (RTI Electronic, Sweden) (Figure 1a), Black Piranha electrometer (RTI Electronic, Sweden) (Figure 1b), netbook with Ocean software (RTI Electronic, Sweden) and CTDI phantoms (Figure 1c-d).

The CT dose profiler is an advanced point dose probe that is contained within a thin-walled aluminum tube filled with plastic. It has the shape of pencil ionization chamber, so that it can be inserted into a hole in a CTDI phantom.22 The CT dose profiler uses a very small solid-state detector (0.25 mm), placed at 30 mm from the end of the probe. The probe is extended with an extension piece made of 45 mm PMMA, so that the detector will be centered in the middle of a 150 mm CTDI phantom when the end of the extension reaches the end of the phantom.22 The CT dose profiler is connected to a Black Piranha electrometer (of size 133 x 75 x 26 mm and weight about 400 g), whose output is recorded by a netbook with Ocean software. The CT dose profiler recorded the dose in small time intervals (16.0595 ms).

There are two sizes of CTDI phantom, both cylindrical, with diameters of 160 mm (Figure 1c) and 320 mm (Figure 1d). They are made of PMMA material, and both are 150 mm long. Each has a hole in the middle and several holes along the edge, although in this study, measurements were made using only the central hole.

2.2. Scatter index

The scan is performed in helical mode with 1s rotation time, beginning precisely at the beginning of the CTDI phantom and ending at the end of phantom, to obtain a 150 mm-dose profile. A typical dose profile is shown in Figure 2. If the profile is integrated along X and divided by the beam width then the CTDIX value is obtained. 
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Figure 1. (a) CT dose profiler, (b) Black Piranha electrometer, (c) head CTDI phantom, (d) body CTDI phantom
where N is the number of CT detectors and d is the width of each detector used for data acquisition. The product of N and d is the beam width. The integration length of the dose profile (D (z)) determines the CTDI value obtained, i.e. for X = 100 mm, CTDI100 is obtained, for X = 130 mm, CTDI130 is obtained, and if the profile is integrated along X = 150 mm, CTDI150 is obtained.

The scatter index is the ratio between the CTDIX and CTDI100 when measurements are made in a phantom.20 
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For scatter index calculations, X is usually 130 mm and the scatter index is known as scatter index 130 (SI130). In this study, we also calculated the scatter index for X =150 mm, which we called scatter index 150 (SI150).
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Figure 2. Dose profile obtained using the CT dose profiler. CTDI was obtained as an integral of dose profile divided by beam width (Nd). Integration was performed along 100, 130 and 150 mm lengths to obtain CTDI100, CTDI130 and CTDI150.
This study was performed on a beam width less than 10 mm, i.e. 2 x 4 mm. Scatter index measurements are usually performed for beam widths greater than 10 mm, since the scatter radiation in this beam width is significant, whereas for beam widths less than 10 mm the scattering was usually considered very small and negligible. However, a previous study with Monte Carlo simulations had shown that scattering within beam widths less than 10 mm is also significant.15 

Scatter index is a measure of the scattered radiation and can be used to compare different CT protocols and CT scanners using the same standard CTDI phantom. For our scatter index measurements, we used a variation of tube voltages (80, 100, 120 and 135 kV), tube currents (25, 50, 100, 120 and 120 mA), and pitches (0.75, 0.875, 1.375 and 1.5).

3. Results

The CTDI100, CTDI130 and CTDI150 curves for the body CTDI phantom at tube currents 100 mA, pitch 0.875, and tube voltage variation (80-135 kV) are shown in Figure 3a. The corresponding SI130 and SI150 are shown in Figure 3b, resulting in SI130 and SI150 values ​​of 1.13 ± 0.01 and 1.19 ± 0.01. The corresponding CTDI100, CTDI130 and CTDI150 curves for the head CTDI phantom are shown in Figure 3c, and the corresponding SI130 and SI150 results are 1.08 ± 0.01 and 1.11 ± 0.01. It is clear that both scatter indexes (SI130 and SI150) were larger for the body CTDI phantom than for head CTDI phantom. The SI150 values were markedly larger than the SI130 values, which means that scattering beyond the length of 130 cm is still significant. The SI130 and SI150 values ​​increase slightly with increasing tube voltage.
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Figure 3. (a) The CTDI100, CTDI130 and CTDI150 curves for the body CTDI phantom, and (b) corresponding SI130 and SI150, (c) CTDI100, CTDI130 and CTDI150 curves for the head CTDI phantom, and (d) corresponding SI130 and SI150.
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Figure 4. (a) The CTDI100, CTDI130 and CTDI150 curves for tube current variation in the body CTDI phantom, and (b) corresponding SI130 and SI150 , (c) CTDI100, CTDI130 and CTDI150 curves for tube current variation in head CTDI phantom, and (d) corresponding SI130 and SI150.
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Figure 5. (a)The CTDI100, CTDI130 and CTDI150 curves for pitch variation in the body CTDI phantom, and 9b0 corresponding SI130 and SI150 values, (c) CTDI100, CTDI130 and CTDI150 curves for pitch variation in the head CTDI phantom, and (d) corresponding SI130 and SI150.
The CTDI100, CTDI130 and CTDI150 curves for tube current variation (25-120 mA) at tube voltage 120 kV, pitch 0.875, for the body CTDI phantom are shown in Figure 4a, with corresponding SI130 and SI150 of  1.14 ± 0.00 and 1.20 ± 0.00 (Figure 4b). The CTDI100, CTDI130 and CTDI150 curves for tube currents variation for the head CTDI phantom are shown in Figure 4c, with corresponding SI130 and SI150 of 1.08 ± 0.00 and 1.11 ± 0.00. From the data it is clear that scatter indexes (SI130 and SI150) in the body CTDI phantom were consistently larger than that in the head CTDI phantom as previously obtained. It also shows that SI150 is significantly larger than SI130. Figure 4 indicates that the SI130 and SI150 values were independent of tube current.

The CTDI100, CTDI130 and CTDI150 curves for pitch variation (0.75-1.5) at tube voltage 120 kV, tube currents100 mA, and in body CTDI phantom are shown in Figure 5a, with corresponding SI130 and SI150 values of 1.14 ± 0.00 and 1.20 ± 0.00  (Figure 5b). The CTDI100, CTDI130 and CTDI150 curves for pitch variation in the head CTDI phantom are shown in Figure 5c, with corresponding SI130 and SI150 of 1.08 ± 0.00 and 1.11 ± 0.00 (Figure 5d). Figure 5 indicates that the SI130 and SI150 values were independent of pitch variation.
4. Discussions

If scattering outside the 100 mm length was non-existent then the SI130 value would be 1.00, otherwise it would be greater than 1.00. Our measurements indicate that scattering index value is significant, with SI130 values of about 1.14 in the body CTDI phantom and about 1.08 in the head CTDI phantom, using a beam width less than 10 mm. This indicates that the nominal CTDI100 value is too small (undervalued) because it ignores scattering beyond the 100 mm boundary. For a beam width larger than 10 mm, the magnitude of this scatter would be even greater.

Scattering index values of SI150 were about 1.20 in the body CTDI phantom and about 1.11 in the head CTDI phantom. The value of SI150 was greater that SI130 by about 0.06 in the body CTDI phantom and by about 0.03 in the head CTDI phantom, indicating that there is still significant scatter radiation in the area between 130 mm and 150 mm. This indicated that SI130 does not fully describe the actual scattering dose in standard CTDI phantoms, even for beam widths less than 10 mm. This suggests that the use of SI150 is more appropriate for describing the actual scattering dose.

However, the use of a single standard CTDI phantom (either body or head) with a length of 150 mm may not adequately describe the actual scattering dose. A previous study using a series of six CTDI phantoms with a total length of 900 mm resulted a 150 mm dose profile that was significantly different from that using only a single CTDI phantom of 150 mm.17 Equilibrium doses were obtained if the integration was carried out for about 600 mm. However, these measurements were made for beam widths of 20 mm or more,17 and the profile difference for beam widths of less than 10 mm are have not been studied. Boone, using Monte Carlo simulation, showed that the underestimation of CTDI100 compared with the equilibrium dose was systematic, applying to narrow beam width (less than 10 mm) and wide beams alike, and slowly becomes larger with increasing beam width.15 Our results indicate that this underestimation also occurs for beam widths below 10 mm.

The scatter index value is strongly influenced by the size of phantom. It is larger for the body CTDI phantom than the head CTDI phantom, because of the larger volume of scattering involved. Increased tube voltage produced a slightly larger scatter index, due to a change in the spectrum and the quality of the x-rays.23 At higher voltages, the x-ray spectrum becomes slightly wider so that the scattering also increases, but the increase in scattering is not significant.

Changes in the tube current and pitch did not affect the magnitude of the scattering index. The tube current only affects the intensity of the x-ray spectrum, and the scattering does not change. Similarly, although the CTDI value dropped significantly with increases in pitch value,24 the amount of scattering does not change.

Our study has several limitations. First, the measurements were made on a single CTDI phantom with a length of 150 mm, whose equilibrium dose was unknown, so that the scatter index may be smaller than anticipated. To evaluate the actual scatter index, it would be necessary to measure at least four CTDI phantoms with a total length of at least 600 mm. Second, the measurements were done using only one beam width, i.e. 8 mm. Evaluation for other beam widths needs to be done, since different beam widths are often used in clinical applications. Third, the measurements were done on a particular CT scanner. It is necessary to study other scanners.

5. Conclusion
We found that the scatter index radiation dose of a CT scan beyond the 100 mm limit is significant, so that the standard value of CTDI100 is too low since it ignores this scattering radiation. We found that even scatter index 130 does not accommodate all the actual scattering, and scatter index 150 is closer to that required to measure the actual amount of scattering dose. The scatter index values were significantly larger in the body CTDI phantom than in the head CTDI phantom. Increased tube voltages cause slight increases in scatter index but changes in tube current and pitch had no effect on scattering index values.
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 Body text

The font used throughout the paper is Times New Roman 10 pt. Standard paragraph has no space both before and after the paragraph. Do not include extra paragraphs between lines. Body text format applies under all headings. All spacing must be set at an increment of 12 pt. All first paragraphs after a section heading at any level has no first-line indentation. First-line indentation of 5 mm is given on the subsequent paragraphs.

 Bullets

There are two levels of allowed bulleting:

This is the first bullet level. Font is Times New Roman 10 pt, with no space before and after the paragraph.

This is a sub-bullet level. Font is Times New Roman 10 pt, with no space before after the paragraph. 

For texts requiring additional bullets level to be created, a table showing the complete data is advisable rather than the use of multiple bullets.

 Tables

Tables are sequentially numbered in numeric fashion with the table number and the title above the table. Caption font is Times New Roman 9 pt bold, with no space before and 12 pt space after the paragraph. Include a paragraph immediately after the table to separate it from the following text or heading.

Tables should be hanging in the page. Font is Times New Roman 9 pt, with 6 pt space before and 6 pt space after the paragraph. Table column headings should still use the same style but be bold. Tables are referred to in the text by the table number as shown in Table 1. Tables and their captions are hanging by 2 cm from the left margin. When necessary, tables can be made wide across the page with the caption kept hanging by 2 cm from the margin. 



[bookmark: _Ref439987267]Table 1. Summary of formatting rules given in an example of table.

		Object

		Font

		Align



		Paper Title 

		14 pt Arial, bold, upper Chase

		Left



		Abstract

		Times New Roman font, 10 pt

		Justified



		Text body 

		10 pt Times New Roman,

sentence Chase

		Justified



		Heading 1 

		12 pt, Arial bold, left-aligned, sentence case, arabic-numbered

		Left



		Heading 2 

		11 pt, Arial italics and bold, left-aligned, sentence case, 

arabic-numbered

		Left



		Heading 3

		10 pt, Times New Roman, bold, left-aligned, sentence case

		Left



		Bullet

		Times New Roman 10 pt

		Justified



		Sub-bullet

		Times New Roman 10 pt

		Justified







Figures

Figures are sequentially numbered in numeric fashion with the table number and the title below the figures. Caption font is Times New Roman 9 pt bold, with no space before and 12 pt space after the paragraph. 





Figure 1. An example of figure with caption; Calculated FOM on objects imaged under fluoroscopy mode with (a) 10% (30 mg/cc), (b) 12% (36 mg/cc), (c) 14% (42 mg/cc), and (d) 16% (48 mg/cc) iodine concentration.

Font is Times New Roman 8 pt, with adjustable space before and fixed 12 pt space after the paragraph. Figures are referred to in the text by the figure number. 

Figure 1 shows an included object. All figures and their captions are hanging by 2 cm from the left margin. When necessary, figures can be made wide across the page with the caption kept hanging by 2 cm from the margin. Detailed recommendations for figures are as follows:

Ensure that figures are clear and legible. Both black & white and color are allowed. Hard copy illustrations should be scanned and included in the electronic version of the submission in an appropriate manner. 

Acceptable formats as follows:

BMP - Microsoft bitmap file

WMF - Windows Metafile Format

JPG - JPEG File Interchange Format

TIF - Tagged Image File Format

GIF

PNG

The following included files are also permissible:

Microsoft Graph

Microsoft Draw

VISIO Draw

Origin or SigmaPlot graph

 Equations

Equations are sequentially numbered in numeric fashion with the equation number and no title above or below the equation. Any equations should be written on left-alignment and is hanging by 2 cm from the left margin. Equations to be identified with bracketed decimal number right-justified after the equation. Should this is impossible (equation too long), bracketed denotation to be made in the same fashion right below the equation. Equation composed by MS Word equation editor will not be accepted. All equations must be typed using Microsoft Equation 3.0, Mathtype, or other proper equation editors.



	(1)



	(2)

Font is Times New Roman 9 pt, with 6 pt space before and 6 pt space after the paragraph. Should the equation spans longer that the spaces are cutting the equation’s top or bottom side, the spacing must be modified into any increment of 12 to maintain vertical alignment between inter-column lines.	

 References

All publications cited in the text should be included in a list of references as the last section of the paper. Within the text, references must be denoted by placing number of appearance order between square brackets1. Two or more different references addressing the same ideas should be indicated by putting all references between a pair of square brackets, separated by comma for two citations2, 3, or a combination of comma and dash when any references are in order1, 3–5. Order of appearance should be made on the references section.

List of references should serve as an enclosure for the entire paper. Authors are obliged to use any reference manager software (Mendeley, EndNote, etc) in citing and presenting references. The citation and references format accepted for publication is the format for Medical Physics journal of the American Association of Physicists in Medicine (Mendeley citation format ID link: http://csl.mendeley.com/styles/323277221/medical-physics). Any manuscript arrived at the editorial office without software-generated citing and references will be returned to the corresponding author for corrections prior to the review step.

Results and discussion

Submissions for Full Paper will be reviewed by the board of reviewers. Reviewers will use a standardized form for review. Evaluation will stress the originality of the submission, the contribution to medical physics and biophysics field, the clarity of exposition and the adequacy of references to relevant work. 

All accepted papers will appear on the website of the Journal of Medical Physics and Biophysics. Printed version can be requested by sending an inquiry to editor@jmpb.org mentioning the issue number or subscription request. Authors may wish to include a letter to the Editor with their final submission if the final Full Paper makes a major deviation from these expectations.

Conclusion

A detailed conclusive remarks should be included in this section. Further recommendation and statements may also be involved.
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