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Computed Tomography (CT) is a diagnostic imaging modality resulting in higher
patient dose than other radiological procedures. As the rapid growing of CT, the patient
dose from CT examination is questioned and needed to know. As the direct measurement
of patient dose is not practical, the patient skin dosemeter (PSD) has been developed by
Unfors to measure dose directly. The aim of this study is to determine the patient dose
from abdominal CT using PSD and correlate to the calculated methods. Fifty-eight
patients in CT upper abdomen and eighty-six in CT whole abdomen were prospectively
included in the study. The collected data were patient age, gender, height, weight, body
thickness, kVp, effective mAs, slice thickness, number of series, CTDI,, and DLP from
CT scanner, Siemens SOMATOM Sensation 16 at King Chulalongkorn Memorial
Hospital. The effective dose was determined by applying the conversion factor for
different regions of the bedy and patient groups and scanner factor. In this study, the PSD
was attached to the patient skin close to the gonad (over left ovary position for female
and over left testis position for male) to measure the skin dose. Result: The average
patient skin dose, CTDl,,, DLP and effective dose per scan series for CT upper abdomen
were 0.27 + 0.22 mGy, 11.77 £+ 1.02 mGy, 352.26 + 44.35 mGy-cm and 5.24 + 0.69 mSv
respectively. For CT whole abdomen, the results per scan series were 7.64 + 3.56 mGy,
11.41 + 0.94 mGy, 485:59 %= 66.80 mGy-cm and 7.02 + 1.40 mSv, respectively. The
diagnostic reference levels (DRLs) for CT abdomen is 35 mGy for CTDI,, , 800 mGy.cm
for DLP and 12.0 mSv for effective dose. The average patient skin dose, CTDI,,, DLP
and effective dose for all series were 1.10 = 1.01 mGy, 42.12 + 10.18 mGy, 1260 +
337.67 mGy-cm and 18.71 £ 5.02 mSv, respectively for upper abdomen and 31.50 +
14.69 mGy, 42.26 + 11.74 mGy, 1763.19 £ 410.74 mGy-cm and 25.46 + 6.63 mSv for
whole abdomen which were very high as the protocol for CT abdomen requires 3-5
series. Conclusions: The effective dose could be determined by using the correlatmn
between the average effective dose and the skin dose of the value 17.82 mSv.mGy ™ and
0.92 mSv.mGy™ for upper and whole abdomen, respectively.
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CHAPTER |
INTRODUCTION

1.1 Background and rationale

Computed Tomography Is a specialized x-ray imaging technique which cross-
sectional image of body has been obtained since its introduction into diagnostic radiology
in early 1970s. CT is-a diagnostic imaging modality resulting in higher patient dose in
comparison with other-radiological procedures. Spiral CT was developed in 1989 and
multi slice spiral CT inthe early 1990s. As the rapid growing of the CT, the patient dose
during CT examination-was_observed. Nevertheless the direct measurement of patient
dose during CT examination is'‘complicated [1-5].

During the scan, the x-ray beam enters the patient from all directions at some
area. It is not clear where, on surface or inside the patient, the maximum dose occurs, or
the calculation of the dose at any point in or on the patient straightforward [6]. Patient
dose in CT is usually expressed in terms of volume dose and dose-length product (DLP)
leading to the calculation of the effective dose. The main dosimetric quantities are the
Computed Tomography Dose Index (CTDI) and DLP [7]. CTDI is a good measure of CT
scanner output for applications where the table is incremented during the scan. However,
it has limitations, .as CTDI is measured by using a standardized, homogeneous,
cylindrical phantom; it questionably represents the dose for objects of substantially
different size, shape, or attenuation, like the human body. Methods exist to estimate
organ doses for a variety of human or humanoid volumes; these typically require use of
Monte Carlo simulations. The 14-cm length of the body CTDI phantom does not provide
a sufficiently long scatter path relative to the typical length of a human torso; hence,
patient dose may be underestimated with CTDI values. In addition, while the current 100-
mm integration-length is sufficient for measurement of the dose tails for nominal beam
widths of several centimeters, it is not sufficient for beam widths greater than 10 cm,
such as the 12-cm'nominal beam width for the prototype Toshiba 256-section system or
C-arm-based cone-beam CT systems. Finally, .CTDI does not indicate the dose to a
specific point in_the scan volume when.the patient.table remains. stationary. for multiple
scans, such as for interventional or perfusion CT [8].

Nowadays, the patient skin dosemeter (PSD) has been developed by Unfors
manufacturer, Sweden, to measure patient entrance skin dese. PSD is a solid state; silicon
detector of small size which can monitor patient dose in real-time during CT examination
and fluoroscopy. procedure for radiation protection to excessive dose usage and
consequential patient lesions. An audio-visual warning system indicates to the user when
specific dose levels are reached.



1.2 Hypothesis

1.2.1 Null Hypothesis (Ho): There is no correlation between the measured and
calculated effective doses at gonad from abdominal CT examination.

1.2.2 Alternative Hypothesis (H.): There is correlation between the measured and
calculated effective doses at gonad from abdominal CT examination.

1.3 Objectives

1.3.1 To determine the-effective dose at gonads from abdominal CT examination

in patients.

1.3.2 To-estimate the correlation of effective dose at gonads between the
measurement using patient skin dosemeter and calculated method.

1.4 Definition

Computed Tomography Dose Index
(CTDI)

Multiple Scan Average Dose
(MSAD)

Effective dose (E)

The equivalent of the dose value inside the
irradiated slice that would result if the absorbed
radiation dose profile were entirely concentrated
to rectangular profile of width equal to the
nominal slice thickness. Accordingly, all dose
contributions from outside the nominal slice
width, i.e. the areas under the tails of the dose
profile, are added to the area inside the slice.

The measurement of average absorbed dose
(mGy) to the irradiated area from a series of
slices. It is a consequence of the fact that the
dose profile of each CT scan is not perfect
(square), but is bell-shaped. The need of MSAD
manifests itself when a sequence of adjacent CT
scans is made. For. cases where the couch
increment is equal or less than the nominal slice
width the. bell shaped edges of the dose profiles
of each CT 'scan overlap, and result in the
average. (summed) dose being higher than the
dose ina single CT scan. Obviously the higher
is the spread of the bell shape of the dose
profile, the higher is the MSAD.

The organ doses from a partial irradiation of the
body are converted into an equivalent uniform
dose to the entire body.



CHAPTER Il
REVIEW OF RELATED LITERATURES

2.1 Theory
2.1.1 The introduction of Computed Tomography (CT) [9]

At the Annual Congress of the British-Institute of Radiology, in April of 1972,
G.N. Hounsfield, a senior research scientist at EMI Limited in Middlesex, England,
announced the invention of-a revolutionary new imaging technique, which he called
“computerized axial transverse-scanning”. The basic concept was quite simple: a thin
cross-section of the head, atomographic slice, was examined from multiple angles with a
pencil-like x-ray beam. The transmitted radiation was counted by a scintillation detector,
fed into a computer for.analysis by a mathematical algorithm, and reconstructed as a
tomographic image. The image had a remarkable characteristic, one never seen before in
an x-ray image. It demonstrated a radiographic difference in the various soft tissue; blood
clots, gray matter, white matter, cerebrospinal fluid, tumors, and cerebral edema all
appeared as separate entities. The soft tissues could no longer be assigned the physical
characteristics of water. The computer had changed that concept.

Like most great discoveries, CT was the end product of years of work by
numerous investigators. As Austrian mathematician, J. Radon, working with gravitational
theory, proved in 1917 that a two- or three-dimensional object could be reproduced from
an infinite set of all its projections. Thus, the mathematical concept was established 55
years before the production of a commercial CT scanner. Workers in several unrelated
fields (i.e., electron microscopy, astronomy, optics) were all struggling with a similar
problem. In 1956, Bracewell, working in radioastronomy, constructed a solar map from
ray projections. Oldendorf in 1961 and Cormack in 1963 understood the concept of
computed tomography and built laboratory models. Kuh!l and Edwards in 1968 built a
successful mechanical scanner for nuclear imaging, but did not extend their work into
diagnostic radiology. It remained for Hounsfield to put a CT system together and
demonstrate its remarkable ability.

As with all fields in radiology, CT units are being continuously changed and
upgraded by manufacturers. The physical principles are probably most easily explained in
terms of rotation and translation motion because radiation attenuation information may be
collected by.a pencil x-ray beam and a single detector.

2.1.2 Basic principle of Computed Tomography (CT) [9]

The basic principle behind CT is that the internal structure of an object can be
reconstructed from multiple projections of the object. The principle is illustrated in



Figure 2.1. The object is made up of multiple square blocks, five of which have been
removed to form a central cross (Figure 2-1A). Projections could be obtained by passing
an x-ray beam through the blocks and measuring the transmitted radiation. The ray
projections that represent attenuated radiation, by the number of blocks in each row are
presented. The horizontal sums (called “‘ray projections”) are shown on the right; the
vertical ray sums are shown below the object. All the horizontal and vertical ray sums are
added, like the two shown in Figure 2.1B, to produce a numerical reconstruction of the
object (Figure 2.1C). The numbers included inthereconstruction are 4, 6, 7, 8, 9, and 10.
A gray scale value is.then assigned to numbers to produce an image like the one shown in
Figure 2-1D. The image can be manipulated to highlight certain areas; that is, contrast
can be adjusted. For example, the gray scale can be narrowed to include only black and
white, and applied.at any point-along the numerical sequence. In Figure 2.1E, the scale is
centered at the 9-10 level. Blocks with the number 10 are white and all other blocks are
black. A perfect reproduction is achieved in Figure 2.1F by centering the black-white
scale at the 6-7 level. This simple method of reconstructing an object may illustrate the
basic idea, but unfortunately will not. work in practice.

Figure 2.1 The basic principle of computed tomography. (Curry S‘Thomas, Dowdey E
James and Murry C Robert, Christensen’s Physics of Diagnostic Radiology, Lippincott
Williams & Wilkins, 1990)

2.1.3 Tomographic acquisition [10]

A single transmission measurement through the patient made by a single detector
at a given moment in time is called a ray. A series of rays that pass through the patient at
the same orientation is called projection or view. There are two projection geometries that
have been used in CT imaging (Figure 2.2). The more basic type is parallel beam



geometry, in which all of the rays in a projection are parallel to each other. In fan beam
geometry, the rays at a given projection angle diverge and have the appearance of a fan.
All modern CT scanners incorporate fan beam geometry in the acquisition and
reconstruction process. The purpose of the CT scanner hardware is to acquire a large
number of transmission measurements through the patient at different positions. The
acquisition of a single axial CT image may involve approximately 800,000 transmission
measurements. Before the axial acquisition of the next slice, the table that the patient is
lying on is moved slightly in the cranio-caudal direction (the “z-axis” of the scanner),
which positions a different slice of tissue in the path of the x-ray beam for the acquisition

ea

parallel beam projection fan beam projection

Figure 2.2 Two different geometries have been used in CT, parallel beam projection and
fan beam projection. (Bushberg J T, Seibert J A; Leiholdt EM and Boone J M, The
essential physics of medical imaging, Lippincott Williams & Wilkins, 2002)

2.1.4 Tomographic reconstruction [10]

Each ray that is acquired in CT is a transmission measurement through the patient
along a line, where the detector measures an x-ray intensity, l;. The unattenuated intensity
of the x-ray beam is also measured during the scan by a reference detector, and this
detects an x-ray intensity lo. The relationship between I; and Iy is given by the following
equation:

Where t is the thickness of the patient along the ray-.and p is the average linear
attenuation coefficient along the ray. Notice that I;and lo are machine-dependent values,
but the product pit is an important parameter relating to the anatomy of the patient along a
given ray. When the equation is rearranged, the measured values I; and Iy can be used to
calculate the parameter of interest:



In (j—“) = ut (2.2)

Where In is the natural logarithm (to base e, e =2.78...), t ultimately cancels out, and the
value p for each ray is used in the CT reconstruction algorithm. This computation, which
is a preprocessing step performed before image reconstruction, reduces the dependency
of the CT image on the machine-dependent parameters, resulting in an image that
depends primarily on the patient’s anatomic characteristics. This is very much a desirable
aspect of imaging in general, and high clinical-utility of CT results, in part, from this
feature. By comparison, if a screen-film radiograph is-underexposed (lp is too low) it
appear too white, and.ifit'is overexposed (I, is too high)- it appear too dark. The density
of CT images is independent of 1, although the noise in-the image is affected.

After preprocessing of the raw data, a CT reconstruction algorithm is used to
produce the CT images. There are numerous. reconstruction strategies; however, filter
back-projection reconstruction is most widely used in clinical CT scanners. The back-
projection method builds up the CT image.in the computer by essentially reversing the
acquisition steps. In Figure 2.3, the data acquisition in CT scanner involves making
transmission measurements through the object at numerous angles around the object (left)
and the process of computing the CT image from the acquisition data essentially reverses
the acquisition geometry mathematically (right). During acquisition, attenuation
information along a ‘known path of the narrow x-ray beam is integrated by a detector.
During back-projection reconstruction, the p value for each ray is smeared along this
same path in the image of the patient. As the data from a large number of rays are back-
projected onto the image matrix, areas of high attenuation tend to reinforce each other,
and areas of flow attenuation also reinforce, building up the image in the computer.

acquisition backprojection

Figure 2.3 Data acquisition in CT scanner around the object and the process of
computing the CT image. (Bushberg J T, Seibert J A, Leiholdt EM and Boone J M, The
essential physics of medical imaging, Lippincott Williams & Wilkins, 2002)



2.1.5 Detectors and Detector Arrays [10]
A) Xenon detectors

Xenon detectors use high-pressure (about 25 atm) nonradioactive xenon gas, in
long thin cells between two metal plates (Figure 2.4). Although a gaseous detector does
not have the same detection efficiency as a solid one, the detector can be made very thick
(e.g., 6 cm) to compensate In part for its relatively low density. The metal septa that
separate the individual-xenon detectors can also-be made quite thin, and this improves the
geometric efficiency by reducing dead space between detectors. The geometric efficiency
is the fraction of primary X-rays exciting the patient that strike active detector elements.

The long, thin‘ionization plates of a xenon detector are highly directional. For this
reason, xenon detectors must be positioned in.a fixed orientation with respect to the x-ray
source. Therefore, xenon detectors cannot be used for fourth-generation scanners,
because those detectors have to record X-rays as the source moves over a very wide angle.
Xenon detectors can be used only for third-generation systems.

small acceplanca b ¢
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xenon detector array individual detector

Figure 2.4 Xenon detector arrays. (Bushberg J T, Seibert J A, Leiholdt EM and Boone J
M, The essentialphysics of medical imaging, Lippincott Williams & Wilkins, 2002)

Xenon detectors for CT are ionization detectors—a gaseous volume is surrounded
by two metal electrodes, with a voltage applied across the two electrodes. As x-rays
interact. with the_xenon atoms and cause ionization (positive atoms and negative
electrons), the electric field (volts per centimeter) between the plates causes the ions to
move the electrodes, where the electronic charge is collected. The electronic signal is
amplified and then digitized, and its numerical value is directly proportional to the x-ray
intensity striking the detectors, and its use.is now relegated.to inexpensive CT scanners.



B) Solid-State Detectors

A solid-state CT detector is composed of a scintillator couple tightly to a
photodetector. The scintillator emits visible light when it is struck by x-rays, just as in an
x-ray intensifying screen. The light emitted by the scintillator reaches the photodetector,
typically a photodiode, which is an electrode device that converts light intensity into an
electrical signal proportional to the light intensity. This scintillator-photodiode design of
a solid-state CT detector is very similar in-concept-to many digital radiographic x-ray
detector systems; however, the performance requirements of CT are slightly different.
The detector size in CT is measured in millimeters (typically 1.0 x 15 mm or 1.0 x 1.5
mm for multiple detector-array scanners), whereas detector elements in digital
radiography systems.are typically 0.10 to 0.20 mm on each side. CT requires a very high-
fidelity, low-noise signal, typically digitized to 20 or more bits.

The scintillator used in solid-state CT detectors varies among manufacturers, with
CdWOQ, yttrium and.gadolinium ceramics,-and other materials. Because the density and
effective atomic_number of scintillators are substantially higher than the pressurized
xenon gas, solid-state detectors typically -have better x-ray absorption efficiency.
However, to reduce crosstalk between adjacent detector elements, a small gap between
detector elements is necessary, and this reduces the geometric efficiency.
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Figure 2.5 Solid-state detectors comprise ‘a scintillator coupled. to ‘a photodiode.
(Bushberg J.T, Seibert-d A, Leiholdt EM and Boone J M, The essential physics of
medical imaging, Lippincott Williams & Wilkins, 2002)

The top surface of a solid-state CT detector is essentially flat and therefore is
capable of x-ray detection over a wide range of angles, unlike the xenon detector. Solid-
state detectors are required for fourth-generation CT scanners, and they are used in most
high-tier third-generation scanners as well.



C) Multiple Detector Arrays

Multiple detector arrays are a set of several linear detector arrays, tightly abutted
(Figure 2.6). The multiple detector array is an assembly of a multiple solid-state detector
array modules. With a traditional single detector array CT system, the detectors are quite
wide (e.g., 15 mm) and the adjustable collimator determines slice thickness, typically
between 1 and 13 mm. with these systems, the spacing between the collimator blades is
adjusted by small motors under computer control..With multiple detector arrays, slice
width is determined by the detectors, not by the collimator (although a collimator does
limit the beam to the total slice thickness). To allow the slice width to be adjustable, the
detector width must be adjustable. It is not feasible, however, to physically change the
width of the detector arrays per-se. therefore, with multislice systems, the slice width is
determined by grouping one-or.more detector units together. For one manufacturer, the
individual detector elements are 1.25 mm wide, and there are 16 contiguous detectors
across the module. The detector dimensions are referenced to the scanner’s isocenter, the
point at the center of gantry rotation. The electronics are available for four detect array
channels, and one, two, three or four detectors on the detector module can be combined to
achieve slices of 4 x ' 1.25 mm, 4 x 2.50 mm, 4 x 3.75 mm, or 4 x 5.00 mm. to combine
the signal from several detectors, the detectors are essentially wired together using
computer-controlled switches. Other manufacturers use the same general approach but
with different detector spacings.

collimators
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Figure 2.6-A multiple detector array composed of multiple detector modules (top) and
four different detector configurations each allowing the detection of four simultaneous
slices but at different slice widths determined by number of detectors binned together
(bottom). (Bushberg J T, Seibert J A, Leiholdt EM and Boone J M, The essential physics
of medical imaging, Lippincott Williams & Wilkins, 2002)
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Multiple detector array CT scanners make use of solid-state detectors. For a third-
generation multiple detector array with 16 detectors in the slice thickness dimension and
750 detectors along each array, 12,000 individual detector elements are used. The fan
angle commonly used in third-generation CT scanners is about 60 degrees, so fourth-
generation scanners (which have detectors placed around 360 degrees) require roughly
six times as many detectors as third-generation systems. Consequently, all currently
planned multiple detector array scanners make use of third-generation geometry.

2.1.6 Details of Acquisttion [10]
A) Slice thickness: multiple detector arrayscanners

The slice thickness.of multiple detector array CT secanners is determined not by
the collimation, but rather by the width of the detectors in the slice thickness dimension.
The width of the detectors is changed by binning different numbers of individual detector
elements together—that is, the electronic signals generated by adjacent detector elements
are electronically summed. Multiple detector arrays can be used both in conventional
axial scanning and in helical scanning protocols. In axial scanning (i.e., with no table
movement) where, for example, four detector arrays are used, the width of the two center
detector arrays almost completely dictates the thickness of the slices. For the two slices at
the edges of the scan (detector arrays 1 and 4 of the four active detector arrays), the inner
side of the slice is determined by the edge of the detector, but the outer edge is
determined either by the collimator penumbra.or the outer edge of the detector,
depending on collimator adjustment. With a multiple detector array scanner in helical
mode, each detector array contributes to every reconstructed image, and therefore the
slice sensitivity profile for each detector array needs to be similar to reduce artifacts. To
accommodate this condition, it is typical to adjust the collimation so that the focal spot-
collimator blade penumbra falls outside the edge detectors. This causes the radiation dose
to be a bit higher (especially for small slice widths) in multislice scanners, but it reduces
artifacts by equalizing the slice sensitivity profiles between the detector arrays.
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Figure 2.7 Slice thickness of single detector array and multiple detector arrays scanners.
(Bushberg J T, Seibert J A, Leiholdt EM and Boone J M, The essential physics of
medical imaging, Lippincott Williams & Wilkins, 2002)

B) Detector pitch and collimator pitch

Pitch is a parameter that comes to play when helical scan protocols are used. In a
helical CT scanner with one. detector array, the pitch is determined by the collimator
(collimator pitch) and is defined as:

table movement (mm)per 360 degree rotation of gantry (2 5)

. r pi =
Collimato pltCh collimator widt h (mm)at isocenter

It is customary in CT to measure the collimator and detector widths at the
isocenter of the system. The collimator pitch represents the traditional notion of pitch,
before introduction of multiple detector array CT scanners. Pitch is an important
component of the scan protocol, and it fundamentally influences radiation dose to the
patient, image quality, and scan time. For single detector array scanners, a pitch of 1.0
implies:that the number of CT.view acquired, when averaged over the long. axis of the
patient, is comparable to the number acquired with contiguous axial CT. A pitch of less
than 1.0 involves-everscanning, which may result in some-slight improvement in image
quality and a higher radiation dose to patient. CT manufacturers have spent a great deal
of developmental effort in optimizing scan protocols for pitches greater than 1.0, and
pitches up to 1.5 are commonly used. Pitches with values greater than 1.0 imply some
degree of partial scanning along the long.axis of the patient. The benefit is faster scan
time, less patient motion, and, in circumstances, use of a smaller volume of contrast
agent. Although CT acquisitions around 360 degrees are typical for images of the highest
fidelity, the minimum requirement to produce an adequate CT image is a scan of 180
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degrees plus the fan angle. With fan angles commonly at about 60 degrees, this means
that, at a minimum, (180 + 60)/360, or 0.66, of the full circle is required.

This implies that the upper limit on pitch should be about 1/0.66, or 1.5, because
66% of the data in a 1.5-pitch scan remains contiguous.

Scanners that have multiple detector arrays require a different definition of pitch.
The collimator pitch defined previously is.-still” valid, and collimator pitches range
between 0.75 and 1.5,-as with single detector array scanners. The detector pitch is also a
useful concept for multiple detector array scanners, and it'is defined as:

table movement (mm)per 360 degree rotation of gantry

Detector pitch = (2.6)

detector widt h (mm)

The need to.define detector pitch and collimator pitch arises because beam
utilization between single and multiple detector array scanners is different. For a multiple
detector array scannerwith'N detector.arrays, the collimator pitch is as follows:

Detector pitch

Collimator pitch = 3

(2.7)

For scanners with four detector arrays, detector pitches running from 3 to 6 are
used. A detector pitch of 3 for.a four-detector array scanner.is equivalent to a collimator
pitch of 0.75 (3/4), and a detector pitch of 6 corresponds to a collimator pitch of 1.5 (6/4).

2.1.7 Tomographic Reconstruction [10]
A) Rays and views: the sinogram

The data acquired for one CT slice can be displayed before reconstruction. This
type of display is called a sinogram. Sinograms are not used for clinical purposes, but the
concepts that they embody are interesting and relevant to understanding principles. The
horizontal axis of the sinogram corresponds to the different rays in each projection. For a
third-generation_scanner, for example, the horizontal axis of the sinogram corresponds to
the data acquired at-one instant in time along the length of the detector array. A bad
detector in.a third-generation scanner would show up.as a vertical line on the sinogram.
The vertical axis in the sinogram represents each projection angle. A state-of-the-art CT
scanner may acquire approximately.-1,000 views with 800.rays per view, resulting in a
sinogram that is 1,000 pixels tall and 800 pixels wide, corresponding to 800,000 data
points. The number of data points (rays/view x views) acquired by the CT scanner has
some impact on the final image quality. For example, first- and second-generation
scanners used 28,800 and 324,000 data points, respectively. A modern 512 x 512 circular
CT image contain about 205,000 image pixels, and therefore the ratio between raw data
points and image pixels is in the range of about 3.2 to 3.9 (800,000/205,000 = 3.9).
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The number of rays used to reconstruct a CT image has a profound influence on
the radial component of spatial resolution, and the number of views affects the
circumferential component of the resolution. CT images of a simulated object
reconstructed with differing numbers of rays show that reducing the ray sampling results
in low-resolution, blurred images. CT images of the simulated object reconstructed with
differing numbers of views show the effect of aliasing in using too few angular views.
The sharp edges (high spatial frequencies) of the bar patterns produce radiating artifacts
that become more apparent near the periphery of‘the image. The view aliasing is mild
with 240 views and becomes pronounced with 60 views. The presence of high-frequency
objects (sharp edges) in the‘image exacerbates the impact of view aliasing. In Figure 2.8,
the reconstruction with 960 views in each image is shown, but with the number of rays
differing as indicated. As the number of rays is reduced, the detector aperture was made
wider to compensate..With.only 32 rays, the detector aperture becomes quite large and
the image is substantially blurred as a result. In Figure 2.9 three images which were
reconstructed using 512 rays but differing numbers of views are shown. In going from
960 to 240 views, a slight degree of view aliasing is seen (center image). When only 60
views are used (right image), the view aliasing is significant. The presence of the aliasing
is exacerbated by objects with sharp edges, such as the line pair phantom in the image.

512 rays 32'rays

Figure 2.8 An image of .a test object, reconstructed with 960 views in each image, but
with the number of rays-are 512 rays, 128 rays and 32 rays resulting in different image
quality from shape to blurred images. (Bushberg J T, Seibert J A, Leiholdt EM and
Boone.J M, The essential physics of medical imaging, Lippincott Williams & Wilkins,
2002)
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Figure 2.9 Each of three images was reconstructed using 512 rays but the number of
views of 960, 240 and 60 showing different degree of alising. (Bushberg J T, Seibert J A,
Leiholdt EM and Boone J M, The essential physics of medical imaging, Lippincott
Williams & Wilkins; 2002)

B) Processing the data

The raw data acquired by a CT scanner is preprocessed before reconstruction.
Numerous preprocessing steps are performed. Electronic detector systems produce a
digitized data set that is easily processed by the computer. Calibration data determined
from air scans provide correction data that are used to adjust the electronic gain of each
detector in the array. Variation in geometric efficiencies caused by imperfect detectors
alignments is also corrected. For example, in fourth-generation scanners, the x-ray source
rotates in an arc around each of the detectors in the array. As the angle and the distance
between the detector and the x-ray tube change over this arc, the geometric efficiency of
x-ray detection changes. (Similarly, the intensity of sunlight shining on one palm changes
as the wrist is rotated.) These geometric efficiencies are measured during calibration
scans and stored in'the computer; they are corrected in the preprocessing steps.

After the digital data are calibrated, the logarithm of the signal is computed by the
following equation:

Inly/I, = ut (2.8)

Where g is the reference data, I; is the data corresponding to each ray in each view, t is
the patient’s overall thickness (in centimeters) for that ray,and  is the linear attenuation
coefficient (in cm™). Note that the data used to calculate the images:is linear with respect
to the linear attenuation coefficient, y. The linear attenuation coefficient is determined by
the composition and density of the tissue inside each voxel in the patient. Whereas | is
the total attenuation coefficient for each ray, it can be broken down into its components in
each small path length At
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Ut = pAt 4+ pp At + paAt+. o+ p, At = Atfpg + pp +us + o+ (2.9)

Figure 2.10 The measured value of a single ray is equivalent to the attenuation path (t)
times the linear attenuation coefficient (pt). The single measurement of ut can be broken
up into a series of measurements pyty, Usty, ., Untn@s shown. (Bushberg J T, Seibert J A,
Leiholdt EM and Boone J M, The essential physics of medical imaging, Lippincott
Williams & Wilkins, 2002)

The constant At factors outs, resulting in the following:

b=ttt oty (2.10)

Therefore, the reconstructed value in each pixel is the linear attenuation coefficient for
the corresponding voxel.

C) Interpolation (Helical)

Helical CT-scanning produces a data setin which the x-ray source has traveled in
a helical trajectory around the patient. Present-day CT reconstruction algorithms assume
that the x-ray source has negotiated a circular, not a helical, path around the patient. To
compensate.for these differences in the acquisition geometry, before the actual CT
reconstruction the helical data set is interpolated into a series of planar image data sets, as
illustrated in Figure 2.11. Although this interpolation represents an additional step in the
computation, it also enables an important feature. With conventional axial scanning, the
standard is to acquire contiguous images, which abut one another along the cranio-caudal
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axis of the patient. With helical scanning, however, CT images can be reconstructed at
any position along the length of the scan to within (1/,) (pitch) (slice thickness) of each
edge of the scanned volume. During helical acquisition, the data are acquired in a helical
path around the patient. Before reconstruction, the helical data are interpolated to the
reconstruction plane of interest. Interpolation is essentially a weighted average of the data
from either side of the reconstruction plane, with slightly different weighting factors used
for each projection angle. Helical scanning allows the production of additional
overlapping images with no additional dose to_patient. The added clinical importance of
using interleaved images.-The sensitivity of the CT-image to objects not centered in the
voxel is reduced (as quantified by the slice sensitivity profile), and therefore subtle
lesions, which lay between two contiguous images, may be missed. With helical CT
scanning, interleaved reconstruction allows the placement of additional images along the
patient, so that the ‘clinical examination Is. almost uniformly sensitive to subtle
abnormalities. Interleaved reconstruction adds no additional radiation dose to the patient,
but additional time is required to reconstruct the images. Although an increase in the
image count would increase the interpretation time for. traditional side-by-side image
presentation, this concern will ameliorate as more CT studies are read by radiologists at
computer workstations.

/— reconstruction plane

data interpolation

slice volume 1

J L_ i helical data
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Figure 2.11 During helical acquisition, the data are acquired in a helical path around the
patient. (Bushberg J T, Seibert J A, Leiholdt EM and Boone J M, The essential physics of
medical imaging, Lippincott Williams & Wilkins, 2002)

It is important not to confuse the ability to reconstruct CT images at short
intervals along the helical data set with axial resolution itself. The slice thickness
(governed by collimation with single detector array scanners and by the detector width in
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multislice scanners) dictates the actual spatial resolution along the long axis of the
patient. For example, images with 5-mm slice thickness can be reconstructed every 1-
mm, but this does not mean that 1-mm spatial resolution is achieved. It simply means that
the images are sampled at 1-mm intervals. To put the example in technical terms, the
sampling pitch is 1 mm but the sampling aperture is 5 mm. In practice, the use of
interleaved reconstruction much beyond a 2:1 interleaved yields diminishing returns,
except for multiplanar reconstruction (MPR) or-3D.rendering applications.

D) Simple back-project regonstruction

Once the image raw data-have been preprocessed, the final step is to use the
planar projection data sets (i.e:, the preprocessed sinogram) to reconstruct the individual
tomographic images. lterative reconstruction techniques are discussed here because they
are not used in clinical x-ray, CT. As a basic introduction to the reconstruct process,
consider Figure-2.12. Assume that a very simple 2 x 2 “image” is known only by the
projection values. Using algebra (“N-equations in M unknowns”), one can solve or the
image values in. the simple case of a 4-pixel image. A modern CT image contains
approximately 205,000 pixels (the circle within a 512 x 512 matrix) or “unknowns,” and
each of the 800,000 projections represent an individual equation. Solving this kind of a
problem is beyond simple algebra, and back-projection is the method of choice.

Simple back-projection is a mathematical process, based on trigonometry, which
is designed to emulate the acquisition process.in reverse. Each ray in each view
represents an individual measurement of p. In addition to the value of p for each ray, the
reconstruction algorithm also “knows” the acquisition angle and position in the detector
array corresponding to each- ray. Simple back-projection starts with an empty image
matrix (an image with all pixels set to zero), and the p value from each ray in all views is
smeared or back-projected onto the image matrix. In other words, the value of i is added
to each pixel in-a line through the image corresponding to the ray’s path.
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Figure 2.12 The mathematical problem posed by CT reconstruction is to calculate image
data (the pixel values—A, B, C; and D) from the projection values (arrows). (Bushberg J
T, Seibert J A, Leiholdt EMand Boone J M, The essential physics of medical imaging,
Lippincott Williams & Wilkins, 2002)

simple backprojection filtered backprojection

o

Figure 2.13 Simple back-projection and filtering back-projection methods of
reconstruction. (Bushberg J T, Seibert J A, Leiholdt EM and Boone J M, The essential
physics of medical imaging, Lippincott Williams & Wilkins, 2002)

Simple back-projection ‘comes very close to reconstructing the CT image as
desired. However, a characteristic 1/r blurring is a byproduct of simple back-projection.
Imagine that a thin wire is imaged by'a CT scanner perpendicular to the image plane; this
should ideally result in a'small point on the image. Rays not running through the wire
will contribute little to the image (u = Q). The back-projected rays, which do run through
the wire, will converge at the position of the wire in the image plane, but these
projections run from one edge of the reconstruction circle to the other. These projections
(i.e., lines) will therefore “radiate” geometrically in all directions away from a point
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input. If the image gray scale is measured as a function of distance away from the center
of the wire, it will gradually diminish with a 1/r dependency, where r is the distance away
from the point. This phenomenon results in a blurred image of the actual object when
simple back-projection is used. A filtering step is therefore added to correct this blurring,
in a process known as filtered back-projection.

E) Filtering back-projection reconstruction

In filtered back=-projection, the raw view data are mathematically filtered before
being back-projected onto the image matrix. The filtering step mathematically reverses
the image blurring, restoring the image to an accurate representation of the object that
was scanned. The mathematical filtering step involves convolving the projection data
with a convolutien kernel."Many convolution kernels exist, and different kernels are used
for varying clinical applications such as soft tissue imaging or bone imaging. The kernel
refers to the shape of the filter function in the spatial domain, whereas it is common to
perform the filtering step.in frequency domain. Much of the nomenclature concerning
filtered back-projection involves an understanding of the frequency domain. The Fourier
transform (FT) is used to convert a function expressed in the spatial domain (millimeters)
into the spatial frequency domain (cycles per millimeter, sometimes expressed as mm™);
the inverse Fourier transform (FT™) is used to convert back. Convolution is an integral
calculus operation and is represented by the symbol@&. Let p (x) represent projection data

(in the spatial domain) at @ given angle (p(x) is just one horizontal line from a sinogram),
and let k(x) represent the spatial domain kernel as shown in equation 2.11. The filtered
data in the spatial domain, p”(x), is-computed as in equation 2.11:

p'(x) = p(x) ® k(x) (2.11)

The difference between filtered back-projection and simple back-projection is the
mathematical filtering operation (convolution) shown in equation 2.11. In filtered back-
projection, p’(x) is back-projected onto the image matrix, Whereas in simple back-
projection, p(x) .is ‘back-projected. The equation can also be performed, quite exactly, in
the frequency domain:

p'() = FT HFT[p(O] X K(f)} (2.12)

Where K(f) = FT[k(x)], the kernel in the frequency domain. This equation shows that the
convolution operation can be performed by Fourier transforming the projection data,
multiplying by the frequency domain kernel (K(f)), and then applying the inverse Fourier
transform on that product to get the filtered data, ready to be back-projected.
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F) CT numbers or Hounsfield units [10]

After CT reconstruction, each pixel in the image is represented by a high-
precision floating point number that is useful for computation but less useful for display.
Most computer display hardware makes use of integer images. Consequently, after CT
reconstruction, but before storing and displaying, CT images are normalized and
truncated to integer values. The number CT(x,y) in each pixel, (x,y), of the image is
converted using the following expression:

CT(x,y) = 1,000“("'?‘—# (2.13)
where p(x,y) is the floating peintnumber of the (x,y) pixel before conversion, Hyater IS the
attenuation coefficient of water, and CT(X,y) is the CT number (or Hounsfield unit) that
ends up in the final'clinical CT image. The value of pyaer IS @about 0.195 for the x-ray
beam energies typically used in CT scanning. This normalization results in CT numbers
ranging from about -1,000 to +3,000, where -1,000 corresponds to air, soft tissue range
from -300 to -100, water is 0, and dense bone and areas filled with contrast agent range
up to +3,000.

CT numbers corresponds to physically.in the patient as the following details. CT
images are produced with a highly filtered, high-kV x-ray beam, with an average energy
of about 75 keV. At this energy in muscle tissue, about 91% of x-ray interactions are
Compton scatter. For fat and bone, Compton scattering interactions are 94% and 74%
respectively. Therefore, CT numbers and hence CT images derive their contrast mainly
from the physical properties of tissue that influence Compton scatter. Density, g/cm?, is a
very important discriminating property of tissue (especially in lung tissue, bone and fat),
and the linear attenuation coefficient, p tracks linearly with density. Other than physical
density, the Compton scatter cross section depends on the electron density (pe) in tissue:
pe = NZ/A, where N is Avogadro’s number (6.023 x 10%%), Z is the atomic number, and A
is the atomic mass of the tissue. The main constituents of soft tissue are hydrogen (Z = 1,
A = 1), carbon (Z = 6, A = 12), nitrogen (Z = 7, A = 14), and oxygen (Z = 8, A = 16).
Carbon, nitrogen, and.-oxygen all have the same Z/A ratio of 0.5, so their electron
densities are the same. Because the Z/A ratio for hydrogen is 1.0, the relative abundance
of hydragen in a tissue has some influence on CT number. Hydrogenaous tissue such as fat
is well visualized on CT. Nevertheless, density plays the dominant role in forming
contrast in medical CT.

CT numbersare quantitative, and this property leads to more accurate diagnosis
in some clinical settings. For example, pulmonary nodules that are calcified are typically
benign, and the amount of calcification can be determined from the CT image based on
the mean CT number of the nodule. Measuring the CT number of a single pulmonary
nodule is therefore common practice, and it is an important part of the diagnostic work-
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up. CT scanners measure bone density with good accuracy, and when phantoms are
placed in the scan field along with the patient, quantitative CT techniques can be used to
estimate bone density, which is useful in assessing fracture risk. CT is also quantitative in
terms of linear dimensions, and therefore it can be used to accurately assess tumor
volume or lesion diameter.

2.1.8 Radiation Dose [10]

Different x-ray-modalities address radiation dose in different ways. For example,
in chest radiography-it"is the entrance exposure (not the dose) that is the commonly
quoted comparison.figure. In mammography, the average glandular dose is the standard
measure of dose. The distribution of radiation dose In"CT is markedly different than in
radiography, because of the unique way in which radiation dose is deposited. There are
three aspects of radiation dose in CT that are unique in comparison to x-ray projection
imaging. First, because a single CT image is acquired in a highly collimated manner, the
volume of tissue that is irradiated by the primary x-ray beam is substantially smaller
compared with, for example, the average chest radiograph. Second, the volume of tissue
that is irradiated in CT exposed to the x-ray beam from almost all angles during the
rotational acquisition, and this more evenly distributes the radiation dose to the tissues in
the beam. In radiography, the tissue irradiated by the entrance beam experiences
exponentially more dose than the tissue near the exit surface of the patient. Finally, CT
acquisition requires a high SNR to achieve high contrast resolution, and therefore the
radiation dose to the slice volume is higher because the techniques used (kV and mAs)
are higher. As a rough comparison, a typical PA chest radiograph may be acquired with
the use of 120 kV and 5 mAs, whereas a thoracic CT image is typically acquired at 120
kV and 200 mAs.

A) Dose measurement [10]

Compton scattering is the principal interaction mechanism in CT, so the radiation
dose attributable to scattered radiation is considerable, and it can be higher than the
radiation dose from. the primary beam. Scattered radiation is not confined to the
collimated beam profile-as primary x-rays are, and therefore the acquisition of a CT slice
delivers a considerable dose from scatter to adjacent tissues, outside the primary beam.
Furthermore; most CT protocols call for the acquisition of a series of near-contiguous CT
slices ‘over the tissue volume under examination. Take, for example, a protocol in which
ten 10-mm CT slices are acquired in'the abdomen. The tissue in slice 5 will receive both
primary and scattered radiation from slices 4 and 6, and to a lesser extent from slices 3
and 7.

Patient dose in CT is usually expressed in terms of organ dose and effective dose.
This is the calculation method of effective dose. The main dosimetric quantity used in CT
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is the Computed Tomography Dose Index (CTDI). CTDI is defined as the integral of the
dose profile along a line parallel to the axis of rotation for a single scan, divided by the
nominal slice thickness [7].

CTDL = =", D(2)dz (2.14)

Where D(z) is the dose as a function of position z along the axis of rotation of
scanner. N is the number of tomographic sections.imaged in a single axial scan. This is
equal to the number of data channels used in a particular scan. The value of N may be
less than or equal to the maximum number of data channels available on the system, and
T is the width of the tomographic section along the z-axis imaged by one data channel. In
multiple-detector-row (multi-slice). CT scanners, several detector elements may be
grouped together to form one data channel. In single-detector-row (single-slice) CT, the
z-axis collimation (T) is the nominal scan width [11].

CTDI represents the average absorbed dose, along the z-axis, from a series of
contiguous irradiations. It is measured from one axial CT scan (one rotation of the x-ray
tube), and is calculated by dividing the integrated absorbed dose by the nominal beam
collimation. The CTDI is always measured in the axial scan mode for single rotation of
the x-ray source, and theoretically estimates the average dose within the central region of
a scan volume consisting of multiple, contiguous CT scans [Multiple Scan Average Dose
(MSAD)] for the case where the scan length is sufficient for the central dose to approach
its asymptotic upper limit. The MSAD represents the average dose over small interval
(-1/2 , 1/12) about the center of scan length (z=0) for a scan interval I, but nominally
equivalent method of estimating this value, and required only a single-scan acquisition,
which in the early days of CT, saved a considerable amount of time [12].

The CTDI varies across the field of view (FOV). For example, for body CT
imaging, the CTDI is typically a factor or two higher at the surface than at the center of
the FOV. The average CTDI across the FOV is estimated by the Weighted CTDI
(CTDIy) , where

il 2
CTDI,, = 3 CTDlLygocenters + 3 CT DIy ,perip hery (2.15)

The values.of 1/3 and 2/3 approximate the relative areas represented by the center
and periphery. CTDI,, is useful indicator of scanner radiation output for a specific kVp
and mAs. According to IEC 60601-2-44, CTDI,, must use CTDlyoo as described above
and f-factor for air (0.87 rad/R or 1.0 mGy/mGy)

To represent ‘dose for a specific scan ‘protocol, which almost-always involves-a
series of scans, it is essential to take into account any gaps or overlaps between the x-ray
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beams from consecutive rotations of the x-ray source. This is accomplished with use of a
dose descriptor known as the Volume CTDI,, (CTDl,,), where

CTDl,y = = x CTDI, (2.16)

And | = the table increment per axial scan (mm).

Since pitch is defined as the ratio of the table travel per rotation (I) to the total
nominal beam width (NT),

-
Pitch = —— (2.17)

Thus, Volume CTDIcan beexpressed as

CTDI,, = ﬁ X CTDI, (2.18)

Whereas CTDI,, represents the average absorbed radiation dose over the x and y
directions at the‘center of the scan from a series of axial scans where the scatter tails are
negligible beyond the 100-mm integration limit, CTDl,q represents the average absorbed
radiation dose overthe X, y, and z directions. It is conceptually similar to the MSAD, but
is standardized with respect to the integration limits (x 50 mm) and the f-factor used to
convert the exposure or air kirma measurement into dose to air.

The CTDI,, pravides a single CT dose parameter, based on a directly and easily
measured quantity, which represents the average dose within the scan volume for a
standardized (CTDI) phantom. The Sl unit is milligray (mGy). CTDly is a useful
indicator of the dose to a standardized phantom for a specific exam protocol, because it
takes into account protocol-specific information such as pitch. Its value may be displayed
prospectively on the console of newer CT scanners, although it may be mislabeled on
some systems as-CTDI,. The IEC consensus agreement on these definitions is used on
most modern scanners.

While CTDIyo estimates the average radiation dose within the irradiated volume
for and object of similar attenuation to the CTDI phantom, it does not represent the
average dose for objects of substantially different size, shape, or attenuation or when the
100-mm integration limits omit a considerable fraction of scatter tails. Further, it does not
indicate the total energy deposited into the scan volume because it is independent of the
length of the scan. That is, its value remains unchanged whether the scan coverage is 10
or 100 cm. It estimates the dose for a 100-mm scan length only, even though the actual
volume-averaged dose will increase with scan length up to the limiting equilibrium dose
value.
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To better represent the overall energy delivered by a given scan protocol, the
absorbed dose can be integrated along the scan length to compute the Dose Length
Product (DLP), where

DLP(mGy - cm) = _CTDI,,; (imGy) X scan length(cm) (2.19)

The DLP reflects the total energy absorbed (and thus the potential biological
effect) attributable to the complete scan acquisition. Thus, an abdomen-only CT exam
might have the same CTDlIy, as an abdomen/pelvis CTexam, but the latter exam would
have a greater DLP, proportional to the greater z-extent of the scan volume.

In helical CT, data-interpolation between two points must be performed for all
projection angles..Fhus, the images at the very beginning and end of a helical scan
require data from z-axis projections beyond the defined “scan” boundaries (i.e., the
beginning and end of the.anatomic range over which.images are desired). This increase in
DLP due to the additional rotation(s) required for the helical interpolation algorithm is
often referred to as “overranging”. For MDCT scanners, the number of additional
rotations is strongly pitch dependent, with a typical increase in irradiation length of 1.5
times the total nominal beam width.

The implications of overranging with regard to the DLP depend on the length of
imaged body region. For helical scans that are short relative to the total beam width, the
dose efficiency (with regard to overranging) will decrease. For the same anatomy
coverage, it is generally more dose efficient to use a single helical scan than multiple
helical scans.

It is important to recognize that the potential biological effects from radiation
depend not only on the radiation dose to a tissue or organ, but also on the biological
sensitivity of' the tissue or organ irradiated. Effective dose, E, is a dose descriptor that
reflects this difference in biological sensitivity. It is a single dose parameter that reflects
the risk of non-uniform exposure in terms of an equivalent whole-body exposure. The
units of effective dose are millisieverts (mSv) used in diagnostiC radiology [11].

The. concept of. effective. dose .was. designed. for radiation protection of
occupationally expased personnel. It reflects radiation detriment averaged over gender
and ‘age, and its—application ‘has-limitation “when applied to" medical populations.
However, it does facilitate the comparison of biologic effect between diagnostic exams of
different types. The use of effective dose facilitates communication with “patients
regarding the potential harm of a medical exam that use ionizing radiation. The effective
dose describes the relative “whole-body” dose for a particular exam and scanner, but is
not the dose for any one individual. Effective dose calculation use many assumptions,
including a mathematical model of a “standard” human body that does not accurately
reflects any one individual (it is androgynous and of an age representative of a radiation
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worker). Effective dose is best used to optimize exams and to compare risks between
proposed exams. It is a board measure of risk, and as such, should not be quoted with
more than one or two significant digits [11].

The most direct way of estimating doses to patients undergoing CT examinations
is to measure organ doses in patient-like phantoms.. Another way of obtaining the pattern
of energy deposition in -patients undergoing” CT examinations is by calculation.
Computations that use Monte Carlo methods-follow.the paths of a large number of x-rays
as they interact with a virtual phantom, and estimate the probability of the dominant
interaction processes (1.e., Compton scatter and photoelectric absorption). This type of
calculation assumes that the-patient resembles the phantom used for measurements or
Monte Carlo simulation. When patients differ in size and composition, appropriate
corrections might need«to be used. The resultant information is the absorbed dose to
specified tissue, which may be used to predict the biological consequences to that (single)
tissue. CT examinations, however, -irradiate multiple tissues having different radiation
sensitivities. The effective dose takes into account how much radiation is received by an
individual tissue, as well as the tissue’s relative radiation sensitivity [11].

Specific values of effective dose can be calculated using several different
software packages, which are based on the use of data from one of two sources, the
National Radiological Protection Board (NRPB) in the United Kingdom or Institute of
Radiation Protection (GSF) in Germany. A free Excel spreadsheet can be downloaded
from www.impactscan.org to perform organ dose and effective dose estimates using the
NRPB organ dose coefficients. Other packages are available for purchase [11].

To minimize controversy over differences in effective dose values that are purely
the result of calculation methodology and data sources, a generic estimation method was
proposed by the European Working Group for Guidelines on Quality Criteria in
Computed Tomography. Effective dose values calculated from the NRPB Monte Carlo
organ coefficients were compared to DLP values for the corresponding clinical exams to
determine a set of coefficients k, where the values of k are dependent only on the region
of the body being seanned (head, neck, thorax, abdomen, or pelvis) shown in Table 2.1.
Using-this.methodology, E can.be estimated from.the DLP,which.is reported. on most CT
systems:

E(mSv) =~ k X DLP (2.20)

The.values of .E predicted by DLP and.the values of E estimated using more
rigorous calculations methods are remarkably consistent, with a maximum deviation from
the mean of approximately 10% to 15%. Hence, the use of DLP to estimate E appears-to
be a reasonably robust method for estimating effective dose. Similarly, Huda has
compared effective dose, as calculated from the NRPB data, to estimates of energy
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imparted in order to develop conversion coefficients by which to later estimate effective
dose from energy imparted [11].

Table 2.1 Normalized effective dose per dose length product (DLP) for adults (standard
physique) and pediatric patients of various ages over various body regions.

k' (mSv/mGy:-cm)
Region of body

Oyearold 1yearold~ 5yearold 10yearold Adult
Head and neck 0.013 0.085 0.0057 0.0042 0.0031
Head 0.011 0.067 0.0040 0.0032 0.0021
Neck 0.017 0.012 0.011 0.0079 0.0059
Chest 0.039 0.026 0.018 0.013 0.014
Abdomen~&pelvis 0.049 0.030 0.020 0.015 0.015
Trunk 0.044 0.028 0.019 0.014 0.015

On the other hand, the effective dose can also be deduced in a simplified manner
as [13]:

E(mSv) = DEP o Kfrmtan X Rer (2.21)

With frean being the average value of the conversion factors f(z) for each region of
the body and patient group. These data are listed in Table 2.1. The results obtained by
using equation 2.20 are certainly less accurate than those found by taking into account the
conversion factors f(z) for each individual slice. Nevertheless, the method is much more
precise than the very approximate. Since there are many uncertainties involved in the
assessment of effective dose, the accuracy thus achieved is more than sufficient for most
purposes.

The conversion factors given in Table 2.1 require as the input parameter the axial
dose free-in-air.“Therefore, the dose-length product used in this context must also be
calculated with CTDl,e This is inconvenient in so far as dose recommendations (and
dose display on the operator’s console of some newer scanners) are given in terms of
CTDIy. The problem arises from a lack of conversion coefficients with CTDI,, as the
input parameter. Therefore the displayed DLP,, must be converted with the aid of the
phantom factors.

In this way, a DLP based on CTDI,, can now be related to CTDI,;-and so used for
those purposes where CTD I is required, such as equation2.21 and Table 2.2.

The scanner-specific correction is made by application of a scanner factor Kcr.
Values of kcr for 6 different categories of scanner type (0-V) are tabulated in Table 2.3,
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based on data given in Shrimpton98. The scanner factors appropriate for a range of
different models can be derived from the information on scanner category. These factors
relate to the most commonly used tube potentials. The assignment of individual scanner
models to a particular category (0-V) (‘scanner matching’) follows the recommendations
given in Shrimpton98 and ImMPACTO02. The scanner-related error in the present method
for the determination of effective dose can thus be reduced to approximately + 10% [13].

Scanner category refers to the classification of the particular scanner for the
purposes of assigning the scanner-specific correction factors kcr listed in Table 2.3. In
most cases, the classification-was made according to the recommendations given in
Shrimpton98 and IMPACTO02: In-a few, less well-defined cases, classification was made
by using the matching formalism developed by ImMPACT [13].

The scanner. factors ket are arranged in steps of approximately 10% for the
head/neck region and 20% for the trunk region. Scanners with relatively hard beam
qualities (higher tube potentials and/or larger filtration) are usually classified in scanner
categories | or Il; those with softer beam gualities (lower tube potentials and/or smaller
filtration) in scanner. categories IV and V. Moreover, geometrical effects (focus-axis
distance, beam shaper) are also taken into account by this classification [13]. For this
study used Siemens SOMATOM Sensation 16 category Il had been used in this study.

If the calculations of effective dose have been made for a tube potential U, which
the basic dose data (normalized dose free in air (;CTDL;,), kct) for a specific scanner
model refer, then a two-step.correction is required. The first step takes into account the
change in tube output, in terms of CTDl,, with tube potential. This varies approximately
with the second power of the tube voltage. The corresponding correction factor ky i is
obtained from

U
ky, = (m)z (2.21)

In the second step, a correction is made for the influence of tube potential on the
conversion coefficients used to calculate organ doses (and effective dose). This implicitly
means.that.the scanner factor ket also changes, with a rate of change.of roughly 5% per
10 kV. The second correction factor ky » therefore is obtained from equation 2.22.

U
koo = ()" (2.22)

Overall, the effective dose thus varies with changes in tube voltage according to
the power of 2.5, provided the tube current-time product is kept constant. The same holds
true for all phantom-related CTDI quantities.
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Table 2.2 Average values fean 0f conversion factor (in mSv/mGy-cm) to convert from
dose free-in-air on the axis of rotation into effective dose for different regions of the body
and patient groups (beam quality: 125 kV, 9 mm Al-equivalent); demarcation of the body
regions was made according to Hidajat96/2.

Adults Children (7 year-old)  Babies (8 week-old)
Body region

Female  Male Female Male Female Male

Head 0.0022  0.0020 0.0028 0.0028 0.0075 0.0074
Neck 0.0051 0.0047 0.0056 0.0055 0.018 0.017
Chest 0.0090 0.0068 0.018 0.015 0.032 0.027
Upper abdomen 0.010 0.0091 0.020 0.016 0.036 0.034
Pelvis* 0.011 - 0.0062 0.018 0.011 0.045 0.025
Entire abdomen* 0.010 . 0.0072 0.019 0.014 0.041 0.031

*without direct irradiation of gonads of male patients

Table 2.3 Scanner factors to correct for scanner-specific influences when assessing

effective dose.

Scanner factor ket

Scanner category

Head/Neck/Children

Trunk (adults)

116
1.00
0.90
0.80
0.70
0.60

1.25
1.00
0.80
0.65
0.50
0.40
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Table 2.4 Summary of the principle for the assessment of the effective dose; U is the
tube potential to which the basic dose data (,CTDl,, kcr) of the scanner refer. The
example given here applies to an examination of the upper abdomen of a female adult of
average size and weight.

Step Inffl;ce;) crlng Calculation.  Provisional result Example Reference
1 Tube current | 120 mA Protocol setting (PS)
2 Exposure time t -15s PS

=Q mAs-product (dose) = 180 mAs
. Basic dose
g Normalized o crpy " Dose free inair .20 specifications for
dose free in air mGy/mAs
CT scanners
1% voltage 2
4 correction Ky - (140/120) PS
FCIDI4; =49 mGy
5 Slice thickness h -0.7cm PS
6 Num_ber of A .30 PS
slices
/ _ Dose-length =1029
7 DLF.w product mGy-cm
Conversion - 0.01
! factor T mSv/mGy-cm Table 2.1
8 Scanner factor ket -0.8 Table 2.2
9 2" voltage - ku. -(140/120)*° PS
= Effective dose = 8.9 mSv

B) Dose Considerations in Helical Scanning

Helical scanning with a collimator pitch of 1.0 is physically similar to performing
a conventional (nonhelical) axial scan with contiguous slices. For CT scanners with
multiple detector-arrays, the collimator pitch (not the detector-pitch) should be used for
dose calculations. The dose in helical CT is calculated in exactly the same manner as it is
with axial CT, using_the CTDI; however a correction factor is needed when the pitch is
not 1.0:

1

Dose (helical) = Dose (axial) X Nk ok

(2.23)

For example, with a collimator pitch of 1.5, the dose from helical scanning.is 67%
of the.dose.from conventional scanning, and a collimator. pitch of 0.75 corresponds to a
helical dose of 133% of the axial dose (i.e., 33% greater), assuming the same mAs was
used. The 'dose changes linearly with the mAs of the study. Because-helical scans often
use less mAs per 360-degree gantry rotation than axial scans do, the mAs should be
factored into the calculation if it differs from the mAs used to measure the CTDI.
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C) Current Modulation in Computed Tomography

Several CT manufacturers have introduced scanners that are capable of
modulating the mA during the scan. In axial cross section, the typical human body is
wider than thick. The mA modulation technique capitalizes on this fact. The rationale
behind this technique is fewer x-ray photons (lower mA) penetrate thinner tissue and
more x-ray photons (higher-mA) are needed to penetrate thicker projections through the
body. The SNR in the final image is related to the number of x-rays that pass through the
patient and are detected. However, because of the way in which the filtered back-
projection technique combines-data from all views, the high SNR detected in the thinner
angular projectionsis essentially wasted, because the noise levels from the thicker
angular projections deminate in the final image. Therefore, a reduction in patient dose
can be achieved with little loss in image quality by reducing the mA during acquisition
through the thinner tissue projections. The other benefit of this technique is that because
the mA is reduced per gantry rotation, X-ray tube loading is reduced and helical scans can
be performed for longer periods and with greater physical converge. The mA modulation
technique uses the angular-dependent signal levels (of the detectors) from the first few
rotations of the gantry during acquisition (helical and axial) to modulate the mA during
subsequent gantry rotations.

2.2 Related Literatures

Lu Z et al [14] evaluated a solid state dosemeter (SD) in direction measurement of
CT dose. The studies have been done to compare solid state dosemeter with ion chamber
detector for x-ray dosimetry. The responses of such a dosemeter with various technique
setting and the limitations implied. A variety of phantoms has been involved, including
acrylic cylindrical phantoms with various diameters and anthropomorphic phantoms. The
angle and energy dependence of the SD and the effect on dose measurement had been
evaluated. The results from SD are compared to the CTDI measurement by a pencil ion
chamber(IC). The SD energy response is within £ 10%. It is angle dependent which
affects CT dose-measurement. It is shown that the IC results are-higher than those of SD.
The discrepancy increases with kVp, e.g., 20%.at 80 kVp, 36% at 100 kVp, 49% at 120
kVp and 61% at-140 kVp using a-16 ecm-diameter. phantom. In.addition,-the variation
appears to be more significant as the phantom size reduces, e.g., 12% at 120 kVp for a 32
cm diameter phantom, 39% for 24 ‘em, 49% for 16 cm and 77% for 10 cm. Similar trends
are observed with anthropomorphic phantoms. This leads to adjust the setting and use the
SD sensors in pair with one facing up and the other with facing down. Corrective factors
are calculated to compensate for the angle dependence. The angular sensitivity in the
solid state dosemeter affects the ultimate dose reading and needs correction factors.
Overall, the solid state dosemeter provides a new tool for direct and instantaneous
measurement of CT dose. Lu’s paper did not study the effective dose which refers to
estimate patient dose during CT examination.
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Boonserm N [15] studied the comparison of effective dose in phantom from
computed tomography using Monte Carlo simulation and Thermoluminescent dosimetry
(TLD) methods. The organ doses and effective doses from calculation by ImPACT
spreadsheet of Monte Carlo simulation and measurement by TLD in the Rando phantom
had been reported. The organ doses and effective doses for chest and abdominal
examinations were estimated. from Siemens Sensation 16 computed tomography
equipment used at King Chulalongkorn Memorial ‘Hospital. CTDI was measured in air
and in body phantom with Scanditronix/Wellhofer DCT 10-RS ionization chamber then
the CTDIs and exposed parameters were entered in ImPACT spreadsheet for calculation
of the organ dose and effective doses. The TLD-100-chips were calibrated with *°Co
beams. The sensitivity, linearity and energy response of TLD-100 chips were determined.
The TLD-100 chips‘inserted in‘the Rando phantom were irradiated. The organ doses and
effective doses were calculated. Finally, the results from two methods were compared in
terms of percentage difference. From his study, most of the organ doses for chest and
abdominal examinations from TLD were higher than those calculated by Monte Carlo
simulation except breast, esophagus,.and bone surfaces for chest examination and gonads,
lung, and esophagus for abdominal examination. The differences between the organ
doses from two methods were within the 11.74% uncertainty. of TLD measurement for
the organ located in the radiation field except the organs that were difficult to search for
the exact location. The effective doses of chest examination were 4.37 mSv from Monte
Carlo simulation and 5.42 mSv for TLD, resulted in 19.37% difference. The effective
doses of abdominal examination were 7.31 mSv from Monte Carlo simulation and 8.52
mSv for TLD, resulted in 14.20% difference. The results showed the higher measured
dose than calculated which agreed with the other published studies. The underestimation
of the calculated dose was mainly due to the difference of the design between the Rando
phantom and Medical Internal Radiation Dosimetry (MIRD) mathematical phantom in
Monte Carlo simulation. For the clinical patient, the organ and effective doses could be
estimated by Monte Carlo simulation with the awareness of the under estimation within
20% when compared to TLD.

Lu Z et al [16] studied pediatric patient dose management from a 64 slice VCT.
To manage patient dose without compromising image quality, especially in children. A
special effort should be made to reduce pediatric patient dose through age- and size-
specific protacols.. A pediatric 64 slice VCT scanner (GE Lightspeed) was tested with a
groupof cylindrical acrylic phantom with diameters ranging from 6-32 cm. In addition,
anthropomorphic phantoms were employed to correlate the CTDI values with the skin
doses measured by ‘a solid state dosimeter (Unfors PSD). The dose affecting factors
included: kVp, mAs, beam filtration, beam collimation, pitch, patient size,. detector
configuration and dose reduction technigques such as mA modulation and post-processing.
Various techniques and their combinations were included in this study. The automated
CTDI values displayed on the system agreed with our measurements when the standard
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phantom sizes were used, i.e., 16 cm in diameter for head, 32 cm for adult body and 16
cm for pediatric body. However, the measured dose differed from the automated CTDI
by a factor of 1.72 for a reduced head phantom size of 6 cm in diameter. Patient age also
played an important role in estimating effective dose. The changing beam filtration
caused a variation of up to 42% in the in-air dose output. The clinical protocols were
established based upon the dose level corresponding to the patient size and age as well as
the tolerable noise level corresponding to the specific clinical applications.

Dan E Ware et al [17] evaluated radiation effective doses to patients undergoing
abdominal CT examinations.-The studies have been done to determine the radiation
effective dose to adult and pediatric patients undergoing abdominal CT examinations.
Technique factors were obtained for three groups of randomly selected patients: 31
children aged 10 years or younger; 32 young adults aged 11-18 years; and 36 adults older
than 18 years. The radiographic techniques, together with the measured cross sections of
patients, were used to estimate the total energy imparted to each patient. Each value of
energy imparted was subsequently converted into the corresponding effective dose to the
patient, taking into account the mass of the patient. All abdominal CT examinations were
performed at 120 kVp with a section thickness of approximately 7 mm for all sizes of
patients. The mean number of CT sections increased from 22.0 for children to 31.5 for
adults, and the mean quantity of x-ray in mAs . increased from 220 mAs for children to
290 mAs for adults. The mean values (£ SD) of energy imparted were 72.1 mJ + 24.4 for
children, 183.5 mJ + 44.8 for young adults, and 234.7 mJ +89.4 for adults. The
corresponding mean values of patient effective dose were 6.1 mSv + 1.4 for children, 4.4
mSv * 1.0 for young adults, and-3.9 mSv £ 1.1 for adults. Values of energy imparted to
patients undergoing abdominal CT examinations were a factor of three higher in adults
than in children; but the corresponding patient effective dose were 50% higher in children
than in adults.

Huda Walter et al [18] studies converting dose-length product to effective dose at
CT. The studies have been done to determine effective dose per unit DLP conversion
factors for CT dosimetry. A CT dosimetry spreadsheet was used to compute patient E
values and corresponding. DLP values. The ratio of E to DLP was determined with 16-
section CT scanners: from four vendors, as well as with' five models from one
manufacturer that spanned more than 25 years. E-to-DLP ratios were determined for 2 cm
scan lengths along the patient axis, as well as for typical scan lengths encountered at head
and body CT examinations. The dependence of the ratio of E to DLP on Xx-ray.tube
voltage (in kilovolts) was investigated, and the values. obtained with the spreadsheet were
compared with those obtained by using two other commercially available CT dosimetry
software packages. For 2 ‘cm scan lengths, changes in the scan-region resulted-in
differences to E of a factor of 30, but much lower variation was obtained for typical scan
lengths at clinical head and body imaging. Inter- and intramanufacturer differences for
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E/DLP were generally small. Representative values of E/DLP at 129 kVp were 2.2
uSv/mGy-cm (head scans), 5.4 uSv/mGy-cm (cervical spine scans), and 18 pSv/mGy-cm
(body scans). For head scans, E/DLP was approximately independent of x-ray tube
voltage, but for body scans, the increase from 80 to 140 kV increased the ratio of E to

DLP by approximately 25%. ‘: :1; lent p/;ﬁ data for all three software packages
i

was generally very good exce "\" er '}je examinations which one software
13 ﬂe of the other two.
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CHAPTER Il
RESEARCH METHODOLOGY

3.1 Research Design
This study is an observational descriptive design.

3.2 Research Design Model

Perform quality control of the Siemens SOMATOM Sensation 16

\ 4 \ 4

Calculated method Measurement method (PSD)

A 4 A 4

Verify dose of CT monitor Verify PSD with ion chamber

\ 4 A 4

Scan patient with PSD on surface, using routine abdomen protocol

\ 4

Record CT dose from PSD, CTDI,, and DLP

\ 4

Determine and estimate correlation between the measured
patient skin dose using PSD and calculated effective dose.




3.3 Conceptual framework

v

Abdominal CT examination
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3.4 Key words

° Effective dose
° Solid state dosemeter
° Abdominal CT examination

3.5 Research questions

3.5.1 Primary question

What is the correlation between the measured and the calculated effective dose

from abdominal CT examination?

3.5.2 Secondary question

What is the ‘effective dose from abdominal CT examination using solid state

patient skin dosemeter?
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3.6 Materials

3.6.1 CT scanner: Siemens SOMATOM Sensation 16

Figure3.1CT scafner: Slemens SOMATOM Sensatlon 16.

In this stuqy We used CI scanner Slemens Somatom Sensation 16 at
Department of Radlology King: Chulalongkorn Memorla,l Hospital, installed in 2003 to
acquire the patient mfor“matlon The Sensation 16 |s the third-generation multi-detector
CT scanner, featuring a 60 KW generator, 5.3 MHU x-ray tube and fastest gantry rotation
time of 0.42 seconds. In helical mode it is capable of imaging 16 slices per rotation, with
slice widths of 16 x 1.5 mm and 16 x 0.75 mm, as well as smaller numbers of wider
slices. There.ape 24 parallel rows of solid state detectors, covenng 24 mm in the z-
direction at ihe isocenter. The computer software unit uses ,uhe operating system
Windows NI ® -and the application software Syngo. CARE Dose 4D is function of
automatic exposure control system in Siemens Sensation 16 and scanner with software
version VB10 or higher.
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3.6.2 Solid state dosemeter; Unfors Patient skin dosemeter (PSD)

Figure 3.2 The Unfors Patient skin dosemeter with 3 sensors. (http//:www.unfors.com)

The solid state dosemeter is used in CT and fluoroscopy procedures to prevent
excessive dose usage and consequential patient lesions. The solid state detector utilized
three tiny silicon detector chips 10 mm % 5 mm in size on cables connected to a display
unit. The small detectors can be placed on the body and leave a minimal footprint on the
x-ray image. The display unit.can be placed on the side of the patient table or next to
ceiling suspended monitors. When the detectors and display unit have been positioned
and the instrument turned on, dose is accumulated and alarms (audible and visual) are
triggered when selected dose limits are exceeded. The PSD can be delivered with one,
two, three or four sensors depending on the application. The display unit is displayed
real-time.

The detectors are calibrated to entrance skin dose (ESD) at 90 kVp in Gy and the
energy dependence is < £ 10% for the energy range 60-110 k\V/p (< 15% for the energy
range 40-140 kVp) at a tube filtration 6 mm Al. The entrance skin dose response at 70
kVp,.100 cm focal spot distance and 30.x.30 cm field size. The.sensor was.mounted on
an 1SO body phantom which is radially and axially rotated in the radiation field. The
cable end of the detectoris at 90°.

The detectors are calibrated on an ISO/ANSI phantom at a field size of 20 x 20
cm. The conversion factor from the dose in free air-at the same position is'1.4.(= 1.32 x
1.06), where 1.32 is the scattering factor and 1.06 is the tissue dose to air dose factor. The
angular dependence is <'5% for £ 45° tilt (< 10% for + 60° tilt).
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Table 3.1 Characteristics of Unfors patient skin dosemeter (PSD)

General
Dose range

Start trig level

Stop trig level
Maximum dose rate
Reproducibility
Reset

Power off

Disinfections

Power source
Battery life time
Read out

Temperature range
Size(HxW x L)
Weight

Sensor

Expanded uncertainty
Angular dependence

Bandwidth
Energy dependence

Temperature dependence
Pressure dependence
Size (Hx W x L)
Alarms

Level 1

Level 2

Level3

Level 4

Buzzer

Flashing diode

1 pGy —9999 Gy

100 pR — 9999 R

10 uGy/s, 60 mR/min

5 uGy/s, 30 mR/min

100 mGy/s, 600 R/min

1%

Manually or automatic

Manually “or automatic after 5, 10, 30 or 240
(default) min of inactivity

Sensor, cable and instrument housing can be
wiped off with propyl alcohol

Two 1.5V LR06 (AA) alkaline

100 hours

4 digit LCD display with units and sensor
identification

15-35°C, 59-95 °F

98 x 82 x 21 mm, 3.9% 3.2%x0.81in

250 gram, 9 oz

+ 6% at calibration point 90 kVp

+ 5% for 45°

+ 10% for 75°

2.4 Hz, 3dB

+ 10% (60-120 kVp)

+ 15% (40-150 kVp)

At 6 mm Al

Negligible

Negligible

4 x 15 x 15 mm, 0.15 x-0.6 x 0.6 in

25% 0f 2 Gy
50% of 2 Gy
75% of 2 Gy
100% 0f 2 Gy
ON'or OFF
ON or OFF
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3.6.3 CT Dose Phantom

The CT phantom is used to perform QC for CT system. The CT Dose Phantom is
manufactured to comply with the FDA’s performance standard for diagnostic x-ray
systems. The phantom consists of two 14 cm length made of solid Polymethyl
Methacrylate (PMMA) disks measurlng 16 ci"n éhead) and 32 cm (body) in diameters as
shown in figure 3.3. ; ‘ »*’ ”

There are 9 holeswth acryllc rods to plug the hgles for both phantoms when not
in use. Through holes are 1.31 cm m*’ diameter and 14 cm length to accommodate
standard CT probes. One’ holg is-atcenter and four are around the perimeter, 90° apart and
1 cm from hole center _goath’eigufts'jd_,e edg% of each phantom.

"

Figure 3.5CT Do§e Phantom with pencil chamber inserted at cerhter.

- -

- 3.64 Catbhén@ 500 Phantom [19]'
The ‘Ceitphan® phantom is genérally used for the CT performance evaluation. The

Catphan® phantom is positioned in.the CT scanner by mountlng on the case WhICh
: placed directly at the end of the table,

The Catphan® 500, phantom IS deS|gned so all test sectlons can be Iocated by
precisely indexing the table from center of section 1 (CTP401) to the center of each
subsequence test module. The indexing distances from section 1 are Catphan® 500 test
module locations:
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Module Distance from section 1 center
CTP401, slice width, sensitometry and pixel size

CTP528, 21 line pair high resolution 30 mm

CTP528, Point source 40 mm

CTP515, Sub slice and supra-slice low contrast 70 mm

CTP486, Solid image uniformity module 110 mm

Figure 3.6 Catphan® 500 phantom. (The phantom laboratory, Catphan® 500 and 600
Manual, copyright© 2009)

3.6.5 Unfors model Xi platinum dosemeter

The Unfors Xi platinum prestige is a complete system for multi-parameter
measurements on all modalities. This includes R/F, mammography, dental and CT with
and added option for luminance and illuminance measurements of medical monitors. The
Unfors Xi platinum prestige is the ultimate QA solution fitted into a small and portable
aluminum case. All' Unfors Xi detectors are interchangeable and function with any base
unit. The Unfors Xi platinum prestige will give you the most potential as all capabilities
are bundled into one complete system.
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Figure 3.7 Unfors'model Xi platinum dosemeter (http://www.unfors.com)

Table 3.2 Characteristics of Unfors model Xi platinum dosemeter.

Unfors Xi CT detector

Unfors Xi base unit firmware
Size detector

Size diameter detector

Size diameter phantom adapter
Effective length

Weight

Range

Uncertainty
Energy dependence

Radial uniformity

Axial uniformity

Influence of relative humidity
Uncertainty in temp. and pressure
correction

Pressure range

International standard

4.0 or higher

200 x 20 x 12 mm (7.9 % 0.8 x 0.5 in)
7.5mm (0.30 in)

12.5 mm (0.49 in)

100 mm (3.94 in)

50 g(1.75 0z)

10 pGy.— 9999 Gy (1 mR — 9999R)

20 pGy/s — 100 mGy/s (140 mR/min — 680
R/min)

5% (at reference point RQA9; 120 kV, 42.5 mm
Al)

< 5% (at 80 kV-150 kV; RQR and RQA
qualities)

+ 2%

+ 3%, within rated length

< 0.3% (for RH < 80%)

2%
80.0 —106.0 kPa
Fulfill requirements in IEC 61674

3.7 Methods

3.7.1 Perform.the quality control of Siemens SOMATOM Sensation 16

The quality control of Siemens. SOMATOM Sensation 16 was performed
following the AAPM report No.39 (1993): specification and acceptance testing of CT
scanner [20] in the part of performance evaluation and IMPACT information leaflet 1: CT
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scanner acceptance testing version 1.02 [21]. The quality control program included the
test of performance of electromechanical components, image quality and radiation dose.

3.7.2 Verification of CTDl,g.

The CTDl, is displayed on the monitor. of the console of Siemens SOMATOM

Sensation 16 before the scan. To make a confidence of using these values, the verification
of CTDlIyq was performed.

Pencil ionization. chamber was inserted in the 32 cm diameter of PMMA
phantom. The positioning of the phantom and-chamber were investigated to avoid
the alignment errors:

Computed. Tomography Daose Index (CTDI) was recorded where the chamber is
inserted at the.center and the peripheral positions in phantom. The phantom was
scanned three times for each kVp setting.

The acquisition parameters were 2.X 5.0 mm collimation, 1.0 sec rotation time,
helical piteh of 1.0, and effective mAs 100. The CTDlIy, that initially displayed
on CT console were recorded before running the scan.

The data shown on dosemeter was recorded for the calculation of CTDI,, and
compared to the displayed values on CT monitor and the INPACT values for each
kVp.

3.7.3 Apply PSD at the patient’s skin close to the gonad for abdominal CT

examination. Using routine abdominal protocol.

In this study, we acquired the data in 144 patients, 58 patients for upper

abdominal CT.examination and 86 patients for whole abdominal CT examination,
respectively by the patient must sign consent form to attend the research before start
examination.

Table 3.3 Routine abdominal CT parameters

Scan parameters

kVp 120
Effective mAs 160
Scanning mode Helical
Collimation (mm) 16 x1.5
Rotation time (sec) 0.5

Helical pitch 1
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3.7.4 Data recording

Record the patient’s information, patient skin dose, CTDIl,, and DLP in case
record form.

3.7.5 Effective dose calculation

The purpose of this study is to calculate the effective dose from abominal CT
examination by separate to upper and whole abdominal CT examination.

3.7.6 Determination of the correlation of the effective dose

The purpose of this study is to determine the correlation between the effective
dose from calculation and.the patient skin dose from solid state dosemeter

3.8 Sample size

This study aims to define the correlation of the effective dose from calculation
method and the patient skin dose measurement using solid state detector for abdominal
CT examination. The sample size determination will be calculated by;

Za/2+Zp

2
S ] +3 (3.1)

Sample size for dependent group: m = [

Given confidence interval (Cl) 95%, a is 0.05 and Z,, is 1.96 (two-tail). At power
90%, B is 0.10 and Zg is 1.282. Z(r) can be defined by;

Z(r) = ;In (=) (3.2)

When r is the correlation coefficient and will be calculated by;

_ _Sa=DO-)
VE—22 (y— )2

(3.3)

Defined x is the.average value of patient skin dose for measured method using
patient skin dosemeter-and -y is the average value of the effective dose for calculated
method.

Due to PSD is new tool, there has been no dose report on this type of dosemeter.
Therefore, the pilot study is necessary. After the pilot study for abdominal CT
examination in 10 patients, we found that the average value of patient skin dose (x) is
1.88 mGy and the average value of the effective dose () is 5.78 mSy. The variable in
equation 3.3 was added to obtain the correlation coefficient of 1.80, then the correlation
coefficient was substituted into equation 3.2 resulting in the Z(r) and add all parameters
in the equation 3.1. Finally, the sample size for this study is approximately 29 patients.
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3.9 Measurement
Variables

Independent variables: scan length and number of scans

Dependent variables: patient skin dose, CTDI,,, DLP and effective dose
3.10 Statistical analysis

3.10.1 Descriptive statistics: mean, standard deviation (SD), minimum, maximum
and third-quartile were performed with the statistical program package SPSS statistics
17.0.

3.10.2 Hypothesis testing: correlation between measured patient skin dose from
solid state dosemeter and calculated effective dose was evaluated by calculating Pearson
rank correlation coefficient to indicate statistically significant differences.

3.11 Data Collection

3.11.1 Patient information: date, age, gender, height, weight, body thickness, kVp,
mAs, slice thickness, collimation, FOV, helical pitch, scan length.

3.11.2 The patient skin dose, the real-time read out, CTDlI,, and DLP read out
from CT monitor.

This data collected at Computed Tomography Unit, Chulachakapong Building, 1°
floor, Department of Radiology, King Chulalongkorn Memorial Hospital, Bangkok
Thailand, using Siemens SOMATOM Sensation 16.

3.12 Data Analysis

The verification of CTDIyq had been reported as percentage difference between
the displayed, the measured and the IMPACT values for each kVp setting. After that the
radiation dose data for a specific parameter setting in abdomen CT examination were
collected from the values of CTDI,q displayed on'the CT console in the unit of mGy and
presented in form of table.

Data from patients had been reported as mean, standard deviation and range, then,
presented in form of table.

The. data from solid state dosemeter as the patient skin dose was calculated to
entrance surface dose and were analyzed by determining the mean and standard deviation
for each rank. This data presented in form of bar chart.
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The data of CTDI,, and DLP displayed on CT console was obtained for the
calculation of the effective dose for abdominal examination and presented in form of bar
chart.

The determination of the correlation of the effective dose for abdominal CT
examination and the patient skin dose was estimated by considering on the results of
same patient and presented in form of the scatter plot.

3.13 Outcomes

The patient skin .dese at skin over the-gonad for routine abdominal CT
examination was obtained.~The effective dose was calculated by using the CTDl,, and
DLP from CT console and other parameters involved.

3.14 Expected Benefits

The total effective dose for gonad from abdominal CT examination and the
characteristics of effective dose from abdominal CT examination when the number of
scan is increasing, are expected from this study. Furthermore, the correction factor of
PSD or CT dose from CT monitor for effective dose determination would be obtained.
These would be benefit to the patients and the radiologists in order to justify further
investigations. The patient dose saving should be considered.

3.15 Ethical consideration

This study will be performed in patients to investigate the patient skin dose from
abdominal CT examination for the calculation of the effective dose and determine the
patient dose at.the skin nearly the gonad. The ethical consideration had already been
approved by Ethics Committee of Faculty of Medicine, Chulalongkorn University.



CHAPTER IV
RESULT

4.1 Quality control of the CT scanner: Siemens SOMATOM Sensation 16

The quality control of CT scanner was performed following the AAPM report
No0.39 [20] and IMPACT Information Leaflet 1 [21]. Furthermore, the quality control
includes the test of perfermance of electromechanical component, image quality and
radiation dose.

The detail of quality-control of CT scanner was shown in Appendix B and the
summarized report of CT scanner performance test was shown in Table 4.1.

Table 4.1 Report of CT system performance

Location CT unit, Chulachakapong Building, Floor.G
Date March 19, 2009
Manufacturer Siemens
Model SOMATOM Sensation 16
Pass Scan Localization Light Accuracy
Pass Alignment of Table to Gantry
Pass Table Increment Accuracy
Pass Slice Increment Accuracy
Pass Gantry Tilt
Pass CT No. Position Dependence and SNR
Pass Beam Alignment
Pass Reproducibility of CT Number
Pass mAS Linearity
Pass Linearity of CT Numbers
Pass High Contrast Resolution
Pass Low contrast Resolution
Pass Radiation Profile Width

4.2 Verification of Computed Tomography Dose Index (CTDI)
4.2.1 CTDlg in air

The-CTDlyo in air was determined by using head and body protocol.and the
pencil chamber was set at the isocenter of the CT bore. The scan condition was 100 mA
tube current, 1 sec scan time, 1 helical pitch and 2x5.0 mm collimation setting for all
measurements at kilovoltage settings of 80, 100, 120 and 140. The measured CTDI was
compared with ImPACT scan values for each kVp. The result of CTDI in air was shown
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in Table 4.2. From the results, the percentage difference of CTDI in air with the
IMPACT scan values was less than £10 percent in all kVp setting range from -2.37 to -
0.38 for head protocol and -0.26 to 2.99 for body protocol.

Table 4.2 The measured CTDlIyo. in air for head and body protocol compared with
IMPACT values for each kVp.

CTDly in air (head) CTDl in air (body)

kVp % difference % difference
Measured ImPACT Measured IMPACT
80 8.88 9.10 -2.37 5.26 5.24 0.34
100 15.83 16.08 -1.55 TORE 10.59 -0.26
120 21.72 21.80 -0.38 15.64 15.26 2.49
140 29.40 - - 22.28 21.63 2.99

4.2.2 CTDI o in'head phantom

The CTDlIyqg in head phantom was determined by using 16 cm diameter PMMA
cylindrical phantom placed at the isocenter of the CT bore. The scan conditions were 100
mA, 1 sec scan time, 1 helical pitch, kernel H30s and 2x5.0 mm collimation setting for
all measurements atvarious kVp settings of 80, 100, 120 and 140. The measured CTDI
was compared with ImMPACT scan values for each kVp. The result of CTDI in head
phantom was shown in Table 4.3. From the results, the percentage difference of CTDI in
head phantom with the INMPACT scan values were less than +10 percent in all kVp setting
range from -9.63 to -8.61 for center position and -9.63 to -7.95 for periphery position.

Table 4.3 The measured CTDlyy at each position of head phantom compared with
IMPACT values for each kVp.

CTDlI g in head phantom (mGy)

kVp At center % At periphery %
Measured ImPACT © diff  North East South West Average ImPACT  diff

80 5.03 5.50 -8i618 §0.40 W69 HN5.68 W 604 6.09 6.70 -9.11
100 9.80 10.85 “F63% T8 M1 EY5 088 U  1;32 12.53 -9.63

120 14.03 15.40 -8.92 16,55 16.28 1492 1551 1581 17.18 -7.95
140 19.42 : : 2256 2210 20.44 2119 2157 -
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4.2.3 CTDlqq in body phantom

The CTDlyg in body phantom was determined by using 32 cm diameter PMMA
cylindrical phantom at the isocenter of the CT bore. The scan conditions were 100 mA, 1
sec scan time, 1 helical pitch, kernel B30s and 2x5.0 mm collimation setting for all
measurements at various kVp settings of 80, 100, 120 and 140. The measured CTDI was
compared with IMPACT scan values for each kVp. The result of CTDI in head phantom
was shown in Table 4.4."From the results, the-percentage difference of CTDI in body
phantom with the IMPACT scan values were less than £10 percent only at 100 kVp of
-9.61 and -8.68 at center and. periphery position, respectively. The percentage difference
for another kVp were out of acceptable limit range from -14.89 to -14.60for center
position and -15.21 to=12.09 for periphery position.

Table 4.4 The measured CTDljoo at_each position of body phantom compared with
IMPACT values-for each kVp.

CTDlyqq in body phantom (mGy)

kvp At center At periphery
% diff % diff
Measured IMPACT North  East South  West Average ImPACT
80 0.95 1.12 -14.89 2.30 2.29 2.07 2.19 2.21 2.61 -15.21
100 2.23 247 -9.61 4.98 4.89 4.49 4.70 4.77 5.22 -8.68
120 3.56 4.17 -14.60 /=57 7.36 6.52 7.08 7.13 8.16 -12.59
140 5.29 6.19 -14.61 - 1041 1055 9.75 10.16 10.22 11.62 -12.08

4.2.4 CTDIyg of monitor and calculated CTDIw

The CTDI,, was determined by using 16 and 32 cm diameter PMMA cylindrical
phantoms for head and body phantoms, respectively. The scan-tecniques were 100 mA, 1
sec scan time, helical pitch 1, 2X5.0 mm collimation, kernel H30s for head protocol,
kernel B30s for body protocol for any measurement at various kVp setting. The displayed
CTDlIy on CT monitor were recorded to compare percentage difference with the
calculated values and ‘the ImMPACT values as shown in Table 4.5 for CTDI, in head
phantom and Table 4.6 for CTDI,, in body phantom.
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Table 4.5 CTDI, of monitor and CTDI,, using head techniques mAs 100, collimation 10
mm and pitch 1 and kernel H30s.

CTDly (MGY) in head phantom

KV %difference %difference
Calculated Monitor (calculated and ImMPACT Monitor and
monitor) IMPACT
80 5.74 6.70 -14.40 6.30 -6.24
100 10.82 1120 -3.43 11.97 6.42
120 15.22 16.80 -9.41 16.58 -1.35
140 20.86 22.90 -8.93 - -

Table 4.6 CTDIyer of monitor and CTDI,, using body techniques mAs 100, collimation
10 mm and pitch 1 and kernel B30s.

CTDlye (MGy) in body phantom

%odifference %difference
Calculated” Monitor (calculated and ImPACT (Monitor and
monitor) IMPACT )
80 1.79 2.10 -14.62 2.11 -0.63
100 3.92 4.00 -1.95 4.30 -7.04
120 5.94 6.30 -5.68 6.83 -7.76
140 8.57 9.10 -5.79 9.81 -7.24

4.3 Patient data and scanning parameter

58 patients for upper abdominal CT examination and 86 patients for whole
abdominal examination were requested for abdominal CT examination and completed
consent form before examination. The patient data as shown in Table 4.7 was classified
into 4.groups by.the body weight of patient. The patient data of.age, gender, number of
series, height, weight and body thickness of 58 patients for upper abdominal CT
examination were-shown.in Table 4.8.
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Table 4.7 Patient data and scanning parameters of 58 patients for upper abdominal CT
examination and 86 patients for whole abdominal examination.

Body weight (kg)
Parameters
26-45 >45-65 >65-85 >85-105
CT upper abdomen
Number of patient 3 37 16 2
Age (years) 54.67 58.24 57 48
Average/range (52-57) (35-81) (39-80) (30-66)
Weight (kg) 44 56.19 72.71 87.5
Average/range (43-45) (46-65) (66-82) (86-89)
Height (cm) 160 158.82 167.94 172.5
Average/range (152-168) (146-175) (156-177) (170-175)
Body thickness (cm) 16.63 19.15 22.77 25.2
Average/range (16.2-17.2) (12.2-25.2) (16.8-29) (24-26.4)
kVp 120 120 120 120
Effective mAs 15333 157.97 165 160
Average/range (140-160) (140-170) (140-200)
CT whole abdomen
Number of patient 11 54 19 2
Age (years) 61.55 57 59.11 66.50
Average/range (33-83) (19-84) (33-86) (58-75)
Weight (kg) 39.77 55.64 74.99 88
Average/range (32.5-40) (46-65) (66-85) (86-90)
Height (cm) T, - 159.06 170.05 171
Average/range (148-170) (145-175) (158-178) (157-185)
Body thickness (cm) 15.14 19.34 22.75 23.35
Average/range (10.3-17.1) (13.4-25.4) (16.9-29.6) (23.2-23.5)
kVp 120 120 120 120
Effective mMAS 152.88 157.98 160 163.33
Average/range (135-160) (133.33-200) (160-166.67)
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Table 4.8 Patient data of 58 patients for CT upper abdominal examination.

Study Number Age Gender Numper of Height Weight Body thickness

(years) series (cm) (kg) (cm)
Ul 54 M 3 165 65 20.4
u2 53 M 4 165 63 20.8
U3 53 M 3 175 75 21.1
U4 3 M 5 164 65 22.0
U5 73 M 3 165 65 20.8
U6 59 M 4 158 55 18.4
u7 52 F 4 173 51 15.0
us 30 M 4 175 86 24.0
U9 62 B 2 156 70 23.6
u10 7, F 4 160 70.3 24.6
uUll 52 A 4 152 46 16.1
u12 54 M 4 162 75 24.3
uU13 41 M 4 155 63 21.2
ul4 5§ F < 167 74 23.4
u15 53 M - 162 50 12.2
uU16 69 F 4 156 525 19.7
u17 63 F 4 153 57 21.2
ui1s 39 M ) 174 72 16.8
ul9 44 M 3 155 52 15.7
u20 60 M 4 170 72 23.2
u21 57 M 3 170 74 22.5
u22 70 M 4 165 63.5 25.2
u23 72 F 3 150 50 20.1
u24 64 F 3 o7 46 18.3
u25 53 M 4 160 64 19.4
U26 80 F 4 155 61 22.5
u27 65 M 4 170 60 21.4
u28 52 M 4 165 46 12.8
uU29 57 F 3 158 70 21.6
U30 47 F 4 164 66 21.7
U3l 62 M 4 162 62 20.8
Us32 35 F 4 150 85 19.8
uU33 57 M 3 175 78 23.6
U34 60 F Z 160 62.5 20.7
U35 60 F 3 150 51 22.4

*U- Upper abdominal CT examination.
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Table 4.8 Patient data of 58 patients for CT upper abdominal examination (continued).

Study Number Age Gender Numper of Height Weight Body thickness

(years) series (cm) (kg) (cm)
U36 67 M 2 160 57 16.9
u37 51 M 4 160 58 17.0
u3s 75 F 4 160 50 18.0
U39 56 = 3 156 46 17.5
u40 62 M 4 177 70 21.0
U4l 47 M 4 163 61 18.7
u42 65 F 5 155 54 22.1
u43 41 F 4 161 64 16.4
u44 31 F 4 150 47 17.7
u45 52 M 3 163 63 25.0
uU46 66 F 4 170 89 26.4
u47 55 M 4 168 44 16.5
u48 44 M 4 175 75 23.1
u49 52 M . 160 45 17.2
U50 43 M 4 175 57 16.9
uUs1 80 M 3 164 70 24.2
uU52 46 E 3 152 54 18.4
U53 61 F 3 158 61.5 21.0
U54 51 F 3 146 49 16.8
U55 60 F 2 BRD 5 52 19.2
uU56 57 F 2 152 43 16.2
u57 50 M 4 172 70 20.6
us8 60 M 4 168 82 29.0

*U- Upper abdominal CT examination.



Table 4.9 Patient data of 86 patients for CT whole abdominal examination.
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Study Number. Age Gender Numper of Height Weight Body thickness

(years) series (cm) (kg) (cm)
w1 83 M 4 160 41.5 17.1
W2 37 F 5 150 48 17.7
W3 85 M 5 170 71 20.1
W4 17 = 4 150 55 20.3
W5 61 = 3 148 41 15.5
W6 ¥/ F 3 158 58 19.1
W7 83 F 4 162 44 17.0
W8 52 F 4 158 57 17.8
W9 57 FF 4 160 78 25.1
W10 58 F 3 148 50 17.4
W11 53 M 3 168 67.8 22.0
W12 56 M 4 169 63 19.3
W13 33 M 1 168 79 21.8
W14 54 F 5 156 56 17.7
W15 71 M 5 170 64 21.9
W16 69 F 4 158 58 22.7
W17 69 M 3 178 82 25.1
w18 53 F 4 153 50 17.1
W19 59 M 3 165 47 16.3
W20 45 F 3 154 56 23.6
w21 63 M 3 160 73 20.9
W22 36 M 3 158 68 22.3
W23 64 F 3 150 48 17.5
w24 19 M 3 165 55 18.5
W25 84 M 3 165 o7 20.6
W26 52 F 4 170 43 16.4
W27 72 M 3 162 40 13.9
W28 58 M 4 170 62 19.2
W29 76 M 5 174 79 29.6
W30 86 M 3 170 80 24.7
W31 42 F 4 159 59 24.9
W32 61 M 4 167 67 22.9
W33 50 M 4 173 70 20.1
W34 60 F 4 157 60 25.4
W35 46 M 5 165 65 20.1

*W- whole abdominal CT examination.



Table 4.9 Patient data of 86 patients for CT whole abdominal examination (continued).
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Study Number Age Gender Numper of Height Weight Body thickness

(years) series (cm) (kg) (cm)
W36 46 F 4 175 53 16.0
W37 61 M 4 158 46 20.2
W38 75 M 2 165 65 16.4
W39 66 = 5 165 61 18.5
W40 71 M 5 162 54 19.0
W41 66 F 3 154 59 20.9
W42 58 M 3 176 85 25.2
W43 36 F 3 152 32.5 15.0
W44 70 M 3 165 65 21.3
W45 56 M 3 162 61.5 20.6
W46 69 M 4 160 55 20.0
W47 66 F 5 145 51 20.0
W48 72 M 4 176 78 24.9
W49 59 F 3 152 50 18.5
W50 73 M 4 L5% 90 23.2
W51 37 F 4 158 47 16.9
W52 62 = 4 160 55 19.2
W53 53 M 5 165 63 21.9
W54 58 M 4 168 59 20.0
W55 64 F 3 158 51 18.2
W56 47 M 4 174 67 16.9
W57 45 F 4 157 56 17.5
W58 64 M 4 173 69 19.7
W59 52 B 3 o2 48 18.7
W60 50 F 1 177 85 26.1
W61 32 F 4 170 63 16.4
W62 83 M 5 178 85 20.4
W63 56 F 3 161 66 22.0
W64 28 F 3 w3 58 19.1
W65 33 F 3 150 425 16.5
W66 64 F 3 162 42 16.9
W67 74 K 4 150 34 12.8
W68 52 F 4 1558 51.5 RO
W69 49 F 3 153 54 18.2
W70 67 F 4 160 52.5 18.5

*W- whole abdominal CT examination.



Table 4.9 Patient data of 86 patients for CT whole abdominal examination (continued).
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Study Number Age  Gonder Numberof Height Weight Body thickness

(years) series (cm) (kQ) (cm)
W71 82 F 4 165 63 20.2
W72 54 M 4 162 43 15.1
W73 59 & 4 147 58 22.0
W74 54 = 4 158 47 14.0
W75 54 M 4 170 75 22.5
W76 65 M 3 5. 34 10.3
W77 73 F 5 Y 48 18.2
W78 63 F 3 153 58 19.2
W79 31 & 3 149 57.2 24.0
W80 70 H 5 150 55 20.9
w81 39 F 5 155 47 13.4
W82 39 M 1 175 55 16.2
W83 53 F 4 162 63 22.0
W84 52 F 5 150 60 20.9
W85 48 F 4 156 47 16.3
W86 58 M 3 185 86 23.5

*W- whole abdominal CT examination.

4.4 Patient dose

The results of the total patient skin dose (PSD), CTDl,q, DLP, total scan length
and effective dose (E) of 58 patients for CT upper abdominal examination were shown in

Table 4.10.
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Table 4.10 Patient dose from measurement and CT monitor for 58 patients upper
abdominal CT examination.

Study Number Total PSD Total CTDIl,, Total DLP Total scan E

(mGy) (mGy) (mGy-cm) length (cm) (mSv)
Ul 0.58 36.16 1170.00 84.50 16.73
U2 0.57 47.36 1628.00 119.50 23.66
U3 0.30 27.40 892.00 83.50 12.76
U4 1.09 58.56 1819.00 132.50 26.24
U5 0.61 36.16 1106.00 79.50 15.74
U6 0.57 47.36 1274.00 90.00 17.82
u7 37 47.36 1228.00 85.50 18.60
us 0.87 47.36 1613.00 120.00 23.76
U9 0.36 19.60 602.00 50.00 9.52
ui10 1.71 59.20 1633.00 72.50 18.80
U1l 1.06 41.44 1045.00 85.00 16.18
ui12 0.65 59.20 1777.00 103.60 25.64
ui13 0.36 47.36 1488.00 111.00 21.98
ui4 0.96 35.84 1158.00 81.50 17.68
uis 0.36 33.60 987.00 70.50 13.96
ui16 2.38 44.80 1148.00 109.00 23.72
u17 5.25 50.48 1397.00 94.00 21.73
ui18 4,14 58.56 2429.00 184.50 36.53
ui19 0.51 36.16 1028.00 72.50 14.36
u20 1.75 48.64 1401.00 100.50 19.90
uz21 0.55 33.60 1078.00 76.00 15.05
u22 1.23 47.36 1315.00 93.00 18.42
u23 0.99 36.16 1050.00 75.00 16.32
u24 0.78 36.16 896.00 62.50 13.60
u25 0.26 47.36 1373.00 99.00 19.60
u26 1.29 47.36 1202.00 83.50 18.17
u27 1.16 47.36 1536.00 112.00 22.18
u28 0.55 47.36 1249.00 89.00 17.62
u29 1.10 36.16 1080.20 79.50 17.30
u30 3.41 44.80 1613.00 120.50 26.22
U3t 0.37 47.36 1379.00 98.50 19.50
U32 1.87 47.36 1280.00 90.50 19.69

*U-Upper abdominal CT examination
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Table 4.10 Patient dose from measurement and CT monitor for 58 patients upper
abdominal CT examination (continued).

Study Number Total PSD Total CTDIl,, Total DLP Total scan length E

(mGy) (mGy) (mGy-cm) (cm) (mSv)

KK 0.08 36.16 1065.00 76.50 15.15
U34 0.63 19.60 592.00 49.00 9.33
U35 0.95 36.16 933.00 65.00 14.14
uU36 0.11 19.60 646.00 55.00 9.53
u37 0,35 47,36 1457.00 106.00 20.99
uU3s 0.34 47.36 1428.00 103.00 22.41
U39 1.29 36.16 1046.00 75.00 16.32
u40 0.86 53.60 1500.00 90.00 20.15
U4l 0.26 47.36 1401.00 100.50 19.90
u42 1.68 58.56 1528.00 112.00 24.37
u43 1.88 43.40 1571.00 121.50 25.62
u44 1.68 47.36 1178.00 82.50 17.95
u45 0.29 36.16 1255.00 91.50 18.12
U46 0.40 47.36 1534.00 112.00 24.37
u47 0.44 47.36 1236.00 86.00 17.03
u48 0.42 56.40 1733.00 106.00 24.93
u49 1.22 36.16 1017.00 72.00 14.26
u50 0.37 47.36 1492.00 108.50 21.48
uUs1 0.54 36.16 1089.00 78.00 15.45
u52 1.31 36.16 1162.00 84.50 18.39
uUs3 3.33 36.16 1247.00 91.00 19.80
u54 1.44 36.16 1035.00 73.50 15.99
uU55 0.73 19.60 590.00 48.50 9.23
U56 0.79 19.60 612.00 51.00 9.71
us7 0.47 47.36 1516.00 110.50 21.88
u58 0.17 47.36 1368.00 98.00 19.41
Average 1.05 42.12 1260.00 90.61 18.71

*U-Upper abdominal CT examination

The results of mean and range of PSD, CTDlI,,, DLP, scan length and effective
dose were classified into 4 groups by the body weight for 58 patients upper abdominal
examination as shown in table 4.11.
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Table 4.11 PSD, CTDl,,, DLP and effective dose for 58 patients CT.upper abdominal examination.

Body Number S— PSD (mGy)  CTDlyo (mGy) DLP (mGy-cm) Effective dose (mSv)
weight  Gender of Examination
(kg) patients Mean (Range) ~ Mean (Range) Mean (Range) Mean (Range)
26-45  Female 1 Single phase® 0.79 19.6 612 9.71
Male 5 Dual phasé® 0.83 41.76 1126.5 15.64
P (0.43-1.22) (36.16-47.36) (1017-1236) (14.26-17.03)
>45-65 Male 1 Single phase® 0.11 19.6 646 9.53
: 4 0.68 19.6 591 9.28
Female 2 Singlephase™ ) 63.0.74) (590-592) (9.23-9.33)
Male 17 Dual phase® 0.56 44.57 1350.41 19.31
P (0.26-1.23) (33.60-58.56) (987-1819) (13.96-26.24)
Female 17 Dual phase® 1.70 42.86 1198.47 19.00
(0.34-5.25) (36.16-58.56) (896-1571) (13.60-25.62)
>65-85 Female 1 Single phase? 0.36 19.6 602 9.52
b 0.90 45.86 1440.73 20.62
Male 1 Dual phase™~(h0g-414)  (27.40-59.20) (892-2429) (12.76-36.53)
Female 4 Dual phase® 1.79 44 1364.75 20.00
(0.96-3.47) (35.84-59.20) (1080-1633) (17.30-26.22)
>85-105  Male 1 Dual phase” 0.87 47.36 1613 23.76
Female 1 Dual phase” 0.40 47.36 1534 24.37

& represent 1-2 number of series for abdomen CT examination, such as pre.contrast, post contrast.
®represent more than 2 number of series for abdomen CT examination, such as post contrast arterial phase, post contrast venous phase,
delay phase, delay kidney, delay bladder. * *and ° follow radiologist request protocol for the exam depends on clinical or disease.

69
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The results of the total patients skin dose (PSD), CTDl,q, DLP, scan length and
effective dose (E) of 86 patients for CT whole abdominal examination were shown in

Table 4.13.

Table 4.12 Patient dose from measurement and CT monitor for 86 patients whole
abdominal CT examination.

Study Number Total PSD - Total CTDI,o Total DLP  Total scan length E

(mGy) (mGy) (mGy-cm) (cm) (mSv)
W1 36.84 38.60 1788.00 162.00 21.91
W2 45.55 58.56 2182.00 147.50 32.10
W3 24.39 56.00 2201.00 168.00 26.32
W4 30.90 47.36 1654.00 121.50 26.44
W5 38.79 33.60 1285.00 98.00 21.32
W6 32.05 29.40 1342.00 122.00 23.23
W7 39.99 47.36 1738.00 131.00 28.51
W8 41.70 47.36 2040.00 155.00 33.73
W9 29.49 47.36 1821.00 136.50 29.70
W10 35.29 30.80 1133.00 100.50 19.14
W11 28.68 30.80 1520.00 131.00 18.85
W12 18.23 47.36 2082.00 159.00 24.91
W13 0.83 11.20 595.00 47.50 7.44
W14 37.91 59.84 2444.00 184.00 40.04
W15 2.00 59.84 2098.00 154.00 24.13
W16 36.16 47.36 1772.00 131.00 28.51
W17 15.22 33.60 1597.00 125.50 19.66
W18 39.14 47.36 2005.00 152.50 33.18
W19 39.51 33.60 1713.00 135.50 21.23
W20 28.08 29.40 1289.00 125.00 23.80
W21 26.66 33.60 1377.00 102.00 15.98
W22 24.96 39.20 1574.00 105.00 18.92
W23 40.19 33.60 1271.00 96.50 21.00
W24 26.73 33.60 1427.00 110.50 17.31
W25 11.80 33.60 1433.00 111.50 17.47
W26 52.16 38.60 1509.00 134.00 24.87
W27 18.92 33.60 1601.00 126.00 19.74
W28 2.45 47.36 2117.00 162.00 25.38

*W- whole abdominal CT examination.
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Table 4.12 Patient dose from measurement and CT monitor for 86 patients whole
abdominal CT examination (continued).

Study Number Total PSD  Total CTDI,,  Total DLP  Total scan length E

(mGy) (mGy) (mGy-cm) (cm) (mSv)
W29 14.96 58.56 1995.00 145.00 22.72
W30 136 39.20 1962.00 134.00 24.38
W3l 46.81 44.80 1931.00 150.00 32.64
W32 26.20 47.36 1829.00 135.00 21.15
W33 30.87 47.36 2120.00 162.50 25.46
W34 53.24 47.36 2270.00 174.00 37.86
W35 3.78 59.84 2246.00 168.00 26.32
W36 38.58 47.36 1995.00 147.50 32.10
W37 35.56 47.36 1923.00 145.50 22.80
W38 2.78 17.76 931.00 94.50 11.10
W39 16.52 61.12 2347.00 174.50 37.97
W40 28.68 58.56 2363.00 178.50 27.97
w4l 30.36 30.80 1491.00 125.80 25.11
W42 1.09 30.80 1637.00 142.00 20.48
W43 32.56 29.40 1396.00 126.00 24.92
w44 1.36 29.40 1405.00 126.50 17.34
W45 25.91 29.40 1190.00 104.50 14.33
W46 28.00 47.36 1974.00 122.50 19.19
w47 41.18 Ol 2 2418.00 180.00 39.17
W48 27.57 47.36 2150.00 165.00 25.85
W49 30.93 30.80 1343.00 104.00 21.03
W50 6.23 44.80 1923.00 148.00 23.19
W51 40.61 47.36 1922.00 145.50 31.66
W52 35.92 47.36 1986.00 148.50 32.31
W53 4.00 56.00 2525.00 176.50 27.65
W54 T 47.36 2012.00 153.00 23.97
W55 33.24 33.60 1535.00 120.00 26.11
W56 24.13 47.36 2169.00 166.50 26.09
W57 36.75 47.36 1879.00 142.00 30.90
W58 38.21 47.36 2049.00 156.00 24.44
W59 33.20 29.40 1415.00 128.00 25.60
W60 1.34 15.60 863.00 52.00 14.14
W61 38.92 47.36 1958.00 148.00 32.20

*W- whole abdominal CT examination.
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Table 4.12 Patient dose from measurement and CT monitor for 86 patients whole
abdominal CT examination (continued).

Study Number Total PSD  Total CTDI,,  Total DLP  Total scan length E

(mGy) (mGy) (mGy-cm) (cm) (mSv)

W62 4.49 64.80 2610.00 189.50 32.53
W63 36s 29.40 1461.00 132.00 25.13
W64 et 29.40 1468.00 133.00 25.32
W65 41.06 33.60 1617.00 128.05 27.86
W66 16.48 33.60 1675.00 133.00 28.94
W67 40.02 47.36 1561.00 113.50 24.70
W68 28.76 47.36 1813.00 135.00 29.38
W69 3381 33.60 1419.00 110.00 23.94
W70 36.90 47.36 1991.00 150.50 32.75
wrl 33.24 47.36 1909.00 143.00 31.12
W72 42.60 47.36 1758.00 130.50 20.45
W73 36.98 47.36 1851.00 138.00 30.03
W74 40.91 47.36 1728.00 127.50 27.74
W75 31.87 47.36 2012.00 168.00 26.32
W76 19.18 33.60 1506.00 117.50 18.41
w77 38.72 58.56 2277.00 171.00 37.21
W78 34.93 33.60 1251.00 95.00 20.67
W79 28.97 33.60 1259.00 95.50 20.78
W80 37.40 58.56 1897.00 138.00 30.03
wegl 38.14 58.56 2145.00 160.00 34.82
W82 1.28 11.20 598.00 47.50 7.44
W83 35.59 47.36 2122.00 161.50 35.14
w84 38.42 59.84 2352.00 159.00 34.60
W85 43.09 47.36 1791.00 130.50 28.40
W86 30.87 35.00 1803.00 133.00 22.50
Average 28.04 42.26 1763.19 135.63 25.46

*W- whole abdominal CT examination.

The result of mean and range. of PSD, CTDl,q, DLP, scan length and effective
dose were classified into 4 groups by the body weight for 86 patients upper abdominal
examination.as shown'in table 4.13.



Table 4.13 PSD, CTDI,,, DLP and effective dose for 86 patients CT-whole abdominal examination.
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Body

Number

weight Gender of Examination PSD (mGy) — CTDIvol(mGy) DLP(mGy-cm) Effective dose(mSv)
(ka) patients Mean (Range) = Mean (Range) Mean (Range) Mean (Range)
g 20.37 38.29 1663.25 20.13
26-45  Male 4 Dual phase™ .~ 15 95 42 60) " (33.6-47.36) = (1506-1788) (18.41-21.91)
Female , ol 37.29 37.65 1536.29 25.87
P (16.48-52.16) . . (29.4-47.36) -  (1285-1738) (21.32-28.94)
. 4 2,03 14.48 764.5 9.27
>45-65  Male 2 Single phase™ 1 58 > 78) (11.2-17.76) (598-931) (7.44-11.10)
Male ” ouilhidb 17.09 45.05 1893.43 22.14
P (1.36-39.51)  (29.4-50.84)  (1190-2525) (14.33-27.97)
Female 28 A 35.85 44.84 1813.03 29.68
P (16.52-46.81)  (19.40-61.12)  (1133-2444) (19.14-40.04)
>65-85 Male 1 Single phase® 0.83 14 595 7.44
Female 1 Single phase? 1.34 15.6 863 14.14
" 22.19 44.71 1920.13 23.28
Male 15 Dualphase” ) 09.3821)  (30:80-64.80)  (1377-2610) (15.98-32.53)
Female , Dual phase® 27.52 38.38 1641 27.42
(25.55-20.49)  (19.40-47.36) - (1461-1821) (25.13-29.70)
b 18.55 39.9 1863 22.84
>85-105  Male 2 Dual phase™ 5 53 30 87) (35-44.8) (1803-1923) (22.50-23.19)

% represent 1-2 number of series for abdomen CT examination, such as pre contrast, post contrast.
®represent more than 2 number of series for abdomen CT examination, such as post contrast arterial phase, post contrast venous phase,
delay phase, delay kidney, delay bladder.
*2 and ° follow radiologist request protocol forthe exam depends on clinical or disease.
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The result of comparison of male and female for upper and whoel abdominal
CT dose values with increasing number of series were shown in Table 4.14 and 4.15,
respectively.

Table 4.14 Comparison of male and female for upper abdominal CT dose values with

increasing number of series.

Number PSD (mGy) CTDly (MGY) DLP (mGy-cm) E (mSv)
se(:ifes Male Female  Male ' Female .~Male Female Male Female
2 0.11 0:635208.60 19.60 646 599 9.53 9.45
3 0.50 1353477 36.12 1068.70 1064.69 15.16 16.62
4 0.61 1.89~ 4885 4736 1459.79 1354.75 20.83 21.12
5 2.61 1.68~ 5856 5856 2124 1528  31.39  24.37

Table 4.15 Comparison of male and female for whole abdominal CT dose values with

increasing number of series.

Nurr:cber PSD (MGy) CTDlg (MGy)  DLP(mGy.cm) E (mSv)
0
seriess Male Female ~ Male Female = Male  Female Male Female
1 1.06 1.34 12 15:6'». 596.50 863 744 1414
2 2.78 ! === % 931 * 11.10 *
3 20.32 32.27° 3350 31.62 1553.21 1391.18 19.04 23.76
4 2571 3799 4655 46.85 1993.29 1874.82 23.65 30.63
5 11.76  36.73 ~ 59.09 5952 2291.14 2257.75 26.80 35.74
*No data

The results of mean, minimum, maximum and third-guartile values of PSD,
CTDly,, DLP and effective dose per series for CT upper and whole abdominal
examination shown in Table 4.16 and 4.17, respectively. Table 4.18 and Table 4.19
shown the results of mean, minimum, maximum and third-quartile values of PSD,
CTDlIyo, DLP and effective dose per series for CT upper and whole abdominal
examination in male and female, respectively.



Table 4.16 Upper abdominal CT dose values per scan series.

PSD (mGy) CTDIl,, (mGy) DLP (mGy-cm) Effective dose (mSv)

Mean 0.27 11.77 352.26 5.24
SD 0.22 1.02 44.35 0.69
Min 0.03 9.13 261.25 4.02
Max 1.17 14.8 485.80 7.31
3rd-Quartile 0.35 12.05 378.67 5.60

Table 4.17 Whole abdominal CT dose values per scan series.

PSD (mGy) ..CTDl,,(mGy) DLP (mGy-em) Effective dose (mSv)

Mean 7.64 11.41 485.59 7.02
SD 3.56 0.94 66.80 1.40
Min 0.36 8.88 377.25 4.54
Max 13.69 15.60 863.00 14.14
3rd-Quartile 10.09 11.84 S11R5 7.93

Table 4.18 Upper abdominal CT dose values per scan series for male and female.

PSD (m@Gy) CTDl,(mGy) DLP (MmGy:cm) Effective dose (mSv)

Male
Mean 0.18 11.91 364.65 5.21
SD 0.15 0.97 41.43 0.67
Min 0.03 9.13 297.33 4.25
Max 0.83 14.80 485.80 7.31
3rd-Quartile 0.21 12.05 380.25 551
Female
Mean 0.39 11.59 337 5.27
SD 0.24 1.07 43.80 0.72
Min 0.07 9.80 261.25 4.05
Max .17 14.80 415.67 6.60

3rd-Quartile 0.41 12.05 373.27 5.86
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Table 4.19 Whole abdominal CT dose values per scan series for male and female.

PSD (mGy) CTDIly,q(mGy) DLP (mGy-cm) Effective dose (mSv)

Male
Mean 5.39 11.40 501.39 6.04
SD 3.61 0.88 56.14 0.83
Min 0.36 8.88 396.67 4.54
Max 13.17 13.07 654.00 8.13
3rd-Quartile 8.56 11.84 8381./5 6.52
Female
Mean 9.42 11.41 472.30 7.80
SD 2.30 1.00 71.97 1.26
Min 1.34 9.65 3 NBS 6.01
Max 13.69 15.60 863.00 14.14
3rd-Quartile 10.79 11.84 491.25 8.30

In this study evaluated effective dose values with conversion factors from
DLP on CT monitor and calculation with conversion factor for regions of the body
and patient group and scanner specific correction for upper and whole abdominal
examination were shown in Figure 4.1 and 4.2, respectively.

8.00
7.00
6.00
5.00 &
4.00, + >
3.00 1=k -L*_—*' ® Male
5 00 _‘ ] i ® Female
1.00 = &
M | B A I oS ol o1 s
0.00 2.00 4.00 6.00 8.00

Effective dsoe from specific region (mSv)

R2=0.9788

Effective dose from f, ..., Kt (MSV)

R?=0.6251

Figure 4.1 Scatterplot of all effective dose values estimated with conversion factors
from DLP versus calculation with conversion factor for region of body and patient
groups and scanner specific correction based on DLP,;, calculation for upper
abdominal CT examination.
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Figure 4.2 Scatterplot of all effective dose values estimated with conversion factors
from DLP versus calculation with-conversion factor for region of body and patient
groups and scanner specific correction based on DLP,; calculation for whole
abdominal CT examination.

4.5 Correlation between patient skin dose and effective dose

The correlation coefficient (R) between measured patient skin dose and
calculated effective dose for upper and whole abdomen per examination were 0.387
and 0.225, respectively.

The correlation coefficient between measured patient skin dose and calculated
efffective dose for CT upper abdominal examination in male and female were 0.431
and 0.415, respectively. The correlation coeficient between measured patient skin
dose and calculation effective dose for CT whole abdominal examination 0.009 and
-0.412, respectively.
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Table 4.20 The correlation coefficient (R) between measured patient skin dose and
calculated effective dose.

Examination Number R Significant (2-tailed)
Upper abdomen 58 0.387 0.003*
Whole abdomen 86 0.225 0.037**
Male upper abdomen 32 0.437 0.012**
Female upper abdomen 26 0.415 0.035**
Male whole abdomen 38 0.009 0.956
Female whole abdomen 48 -0.412 0.004*

*Correlation is significant at the level 0.01 level (2-tailed).
**Correlation issignificant at the level 0.05 level (2-tailed)

The correlation (R-sguare) between measured patient skin dose and calculated
effective dose in 32 males and 28 females for CT upper abdominal examination were
0.1934 and 0.172, respectively.

The correlation (R-square) between the average PSD and the effective dose of
38 males and 48 females for whole abdominal CT examination were 0.00009 and
0.0025, respectively.
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0 200 -4
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- 4
0.00 : : - ——
oo™ Jo2od 4D ™ Do@ | o WWWoa §124 § %40
Pateint skin dose (mGy)

Figure 4.3 The correlation between the PSD and the effective dose for CT upper
abdominal examination in.male and female patients.
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CHAPTER V
DISCUSSION AND CONCLUSION

5.1 Discussion

All the measured CT Dose was verified by the IMPACT values. The quality
control program of the CT is very important and should be performed prior to the
research study. The measured CTDI in air was'in acceptable limit when compared to
the IMPACT values of less than 10% difference. The measurement in phantom
showed the difference of less than 10% for CTDI in head phantom but greater than
10% for CTDI in body phantoem. The measured CTDI in body phantom at 120 kVp of
at normal setting for routine CT abdominal examination protocol was less than
IMPACT value of 12.59 % difference.

The calculated CTDIy, was less than the displayed CTDlI, values in all kVp
settings for head phantom. The percentage difference of calculated CTDlI, values
were ranged from -14.40to -3.43. The displayed CTDI,, values were higher than the
IMPACT values at 80 and 120 kVp settings except in 100 kVp setting the displayed
CTDly values was less than IMPACT value. The percentage difference of IMPACT
values and displayed CTDIy, were ranged from -6.42 to 6.24 in body phantom, the
calculated CTDl, were less than the displayed CTDIyq values in all kVp setting as
the head phantom. The percentage difference of calculated CTDI,, values and the
displayed CTDlIy, were ranged from -14.62 to -1.95. The percentage difference of
displayed CTDI, values were less than the IMPACT wvalues in all kVp settings. The
percentage difference of displayed CTDly and IMPACT values was ranged from -
7.76 t0 -0.63.

The main cause of the large difference is the measurement uncertainty as
described in IAEA Technical Report Series (TRS) No0.457: Dosimetry in Diagnostic
Radiology: “An' International Code of Practice [22]. The factors affecting the
measurement uncertainty in the estimation of the CTDI were the characteristics of the
ionization chamber/ electro meter, the measurement scenario;-the precision of reading,
tube loading, chamber and chamber positioning, the phantom construction, the
chamber response in phantoms and the inaccuracy-on laser beam alignment.

Additional sources of uncertainty arise from the effect of attenuation, scattered
radiation inside the phantom, beam hardening and others which may affect the
chamber response for measurements in phantom.

Therefore, the conversion factors and the calibration factors of ion chamber
and electrometer must be applied.

In addition, the systematic error has to be considered since our x-ray tube has
been replaced to a new model which is different from the previous one. As a
consequence, it differs from that one used in measurement by IMPACT. This may be
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another reason of a large difference of CTDI,, between the measured and the
IMPACT values. Furthermore, the CTDI phantom used for INWPACT was different
from the phantom in this study.

In calculation of the effective dose, the conversion factor to convert from dose
free-in-air on the axis of rotation into effective dose for different regions of the body
and patient groups (fmean) and the scanner factor (kct) was used which were 0.0091
and 0.010 mSv-mGy™*-.cm™ for male and female, respectively in CT upper abdominal
examination and 0.0072 and 0.010 mSv-mGy‘l-cm'1 for male and female, respectively
in CT whole abdominal examination. Whilst, the'study of \Van Der Molen A J et al [4]
used the EU conversion factor from a European concerted Action on CT (FIGM-CT-
2000-20078) which was0.017 mSv-mGy*.cm*.and the effective dose was 6.6 mSv
for abdomen. Our study showed the effective dose of 7.93 mSv for abdomen CT
which was higherthan the effective dose from Van Der Molen A J et al study. Both
studies were acquired by .Siemens SOMOTOM  Sensation 16, but the effective dose
was less than the study from United Kingdom of 12 mSv [23].

The maximum effective dose in this study 36.53 mSv in male patient with 5
series for CT upper abdomen and 40.04 mSv, male patient with 5 series for CT whole
abdomen.

The increasing number of series in CT abdomen result in increasing the patient
skin dose, CTDI,q, DLP and effective in both genders for CT upper abdomen. Whilst,
the CTDI,q and effective dose increased accordingly with the increase of the number
of series in both gender for CT whole abdomen. In other hand, the patient skin dose
and DLP increased with the increasing of number of series not over more 4 series. If
the series was over 4 series, the patient dose decreased.

The correlation between measured patient skin dose and calculated effective
dose for all examination were poor correlation. It may be the measured patient skin
dose from solid state dosemeter which measured as point dose not volume dose as the
CTDI value to calculate the effective in the final. Furthermore calculation effective
dose rather depends on the scan length even if the patient were same gender, number
of series.

The limitations in this study are, first, no patient in group of the bady weight
mare than 105 kg. Second, the position of the dosemeter. on the patient skin may vary
during the examination of several series as the patient moved from bed at the end of
the series. Lastly as the scan parameter varied from study to study, resulting:in the
variation of the effective dose inthe CT abdomen study.

5.2 Conclusion

Our CTDI measurements provide the CTDI data to verify radiation dose with
IMPACT scan and the display on monitor at workstation. The measured and
calculated values and the values from ImMPACT scan and the monitor values were
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acceptable of less than £10 percent. Therefore, the patient dose readout from monitor
of CTDI value could be used according to the results of the verification. The patient
skin dose was measured by the patient skin dosimeter (Unfors, PSD) which the
detector was attached at the skin close to the gonad during the whole examination,
then the dose values were read from the panel and the correction factor for the
response at 120 kVp was applied.. The effective dose calculation could also be
obtained by the DLP multiplication of values with the region specific normalized
coefficients from European Commissioning. -The patient data included the body
weight, number of series, gender, average PSD, CTDl,,, DLP and total scan length
for CT upper and whole abdomen.

For CT abdomen, the diagnostic reference levels (DRLs), CTDI,, is 35 mGy,
DLP is 800 mGy:.cm-and.the effective dose is 12 mSv per examination as
recommended by EUR 16262: European Guidelines on Quality Criteria for Computed
Tomography [22]. The routine protocol at King Chulalongkorn Memorial Hospital for
CT upper abdomen and whole abdomen require 3-5 series. The average patient skin
dose per series for male and female were 0.18 and 0.39 mGy for CT upper abdominal
examination, CTDI, per series were 11:91 and 11.59 mGy, DLP per series were
364.65 and 337 mGy-cm and the average effective dose per series were 5.21 and 5.27
mSv. The average patient skin dose per series were 5.39 and 9.42 mGy for CT whole
abdominal examination, the average CTDI,, per series for were 11.40 and 11.41
mGy, DLP per series were 502.39 and 472.30 mGy-cm, the average effective dose per
series were 6.04 and 7.80 mSv for male and female respectively.

The total dose for CT upper and whole abdomen of 1.05 mGy, 28.04 mGy
patient skin dose, 42.12 mGy, 42.66 mGy, CTDl,,, 1260 mGy.cm, 1763.19 mGy-cm
DLP and 18.71 mSv, 26.46 mSy effective dose.

The consideration of patient’s body weight, increasing the body weight not
corresponded with increasing the measured patient skin dose straightforward. As
CTDl,,, DLP and effective dose increased when increasing the patient’s body weight.

The patient entrance surface dose (ESD) for the CT abdomen depends on the
gender, number of series and the scan length. The average female gonad, obtained
higher dose than maleas the field of view covered the gonad-region while the male
gonad was out of the field. The study shows the high risk could be obtained from
whole abdomen CT especially in‘children and female of reproductive age.

5.3 Recommendation

The protocol for data acquisition in all patients should be set up, and the PSD
should be attached at the 'same position of the whole examination.~The gonad dose
must be determined in all routine abdomen examinations.
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Appendix A: Case Record Form

Table 1 Data Collection form of abdominal CT examination

1. Patient information

Study No.:
Age:
Height:

Body Thickness:

Scout

year

cm

cm

Date:

77

Gender:
Weight:

kg

kVp

mA

: Scan length (cm)

Patient skin dose (mGy)

Parameter

kVp

r

Series 1

[y

mASeff

Slice thickness (m

Field of view (mm)

Helical pitch

J

Start position

End position

Scan length (cm)

Patient sk i

CTDly (MGY)

DLP (mGy * cm)

Series 2

Series 3

Series 4

Series 5

w
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Appendix B: Quality Control of CT systems
1. Scan Localization Light Accuracy
Purpose: To test congruency of scan localization light and scan plane.

Method: Tape localization film to the backing plate making sure that the edges
of the film are parallel to the plate edge. Place the film vertically along
the midline of the couch aligned with its longitudinal axis. Raise the
table to the head position. Turn the alignment light. Mark both internal
and external light with unique pin pricks along the midline of the light.
Expose the internal light localization using the narrowest slice setting
at.120 kVp, 50-100 mAs. For external light increment table to light
position-under software control and expose the film.

Tolerance:  The center. of the irradiation field from the pin pricks should be less
than 2 mm.

Results:
Measured Deviation External 0 mm
Internal 1 mm
Comments: Pass
2. Alignment of Table to Gantry

Purpose: To ensure that long axis of the table is horizontally aligned with a
vertical line passing through the rotational axis of the scanner.

Method: Locate the table midline using a ruler and mark it on a tape affixed to
the table with the gantry untilted, extend the table top into gantry to
tape position. Measure the horizontal deviation between the gantry
aperture center and the table midline.

Tolerance:  The deviation should not be within'5 mm.

Results:
Table Bore
Distance from right to center (mm) 198 349
Distance from center to left (mm) 202 H
Measured Deviation (mm) 2 1

*Measured deviation = (Distance from right to center — Distance from center to left)/2

Comments: Pass



3. Table Increment Accuracy

Purpose: To determine accuracy and reproducibility of table longitudinal
motion.
Method: Tape a measuring tape at the foot end of the table. Place a paper clip at

the center of the tape to function as an indicator. Load the table
uniformly with 150 Ibs. from the initial position move the table 300,
400 and 500 mm into the gantry under software control (+ve). Record
the relative displacement of .the pointer on the ruler. Reverse the
direction of motion (-ve) and repeat. Repeat the measurements four

times.

Tolerance:  Positional errors should be less than 3 mm at 300 mm position.

Results:

Indicated (mm)

Measured (mm)

Deviation (mm)

500 500 0
400 400 0
300 300 0
-300 -300 0
-400 -400 0
-500 -500 0

*Deviation = |Indicated — Measured|

Comments:. .Pass

4. Slice Increment Accuracy

Purpose: To determine the accuracy of the slice increment.

Method: Set up as you would for beam profile measurement. Select 120 kVp,

100 mAs and smallest slit ' width."Perform several scans with different programmed
slice 'separations under auto control. Scan the film with a densitometer and measure

the distance between the peaks.

Tolerance: Positional errors should be less than 3 mm-at 300 mm position.



Results:
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Slice separation in mm

Measured separation in Deviation(mm)

mm
20 20 0
30 30 0
50 50 0

*Deviation = |Slice separation — Measured separation|

Comments:

Pass

5. Gantry Angle Tilt

Purpose:

Method:

Tolerance:

Results:

Todetermine the limit of gantry tilt and the accuracy of tilt angle
indicator.

Tape alocalization film to the backing plate making sure that the edges
of the film are parallel to the edges of the backing plate. Place the film
vertically along the midline of the couch aligned with its longitudinal
axis. Raise the table to the head position. Move the table into gantry.
Center plate to alignment light. Expose the film at inner light location
using narrowest slit, 120-140 kVp, 50-100 mAs. Tilt the gantry to one
extreme from the console. Record the indicated gantry angle. Expose
the film using the above technigue. Measure the clearance from the
closest point of gantry to midline of the table.

Tilt the gantry to its’ extreme in the opposite direction. Record
clearance and repeat the exposure. Measure the tilt angles from the
images on the film.

Deviation between indicated and measured tilt.angles < 3°. Gantry
clearance should be = 30 cm.

Away Toward

Indicated Angle 15° | ¥

Measured Angle 15° 15°

Deviation 0 0

Clearance (mm) 455 470

*Deviation = |Indicated angle — Measured angle|

Comments:

Pass
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6. Position Dependence and SNR of CT Numbers

Method: Position the water phantom centered in the gantry. Using 1 cm slice
thickness, obtain one scan using typical head technique. Select a
circular region of interest of approximately 400 sq.mm. And record the
mean CT number and standard deviation for each of the positions 1
through 5.

Technique: 120 kVp, 2560 mA, 1 sec, 300 mm FOV and 10 mm slice thickness

Tolerance: less than 3 HU

Results:
Position Mean CT number(HU) SD CcVv
1 1. 3.0 0.270
2 11.1 2.9 0.261
3 115 2.8 0.243
4 +i8 3 0.274
5 11.1 3.7 0.333

*CV = Standard deviation / mean CT number

Figure 1 Position of ROl was measured the'CT number.
Comments: Pass
7. Reproducibility'of CT Numbers

Method: Using the same set up and technique as position dependence, obtain
three scans. Using the same ROI as position dependence in location 5,
which is the center of the phantom, obtain mean CT numbers for each
of the four scans.
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Tolerance: The coefficient of variation of mean CT numbers of the four scans
should be less than 0.002

Results:

Run Number il 2 3 4

Mean CT Number (HU) 10.273 10.279 10.299 10.305

Mean Global CT Number 10.289
Standard Deviation 0.015
Coefficient of Variation 0.001
Comments: Pass
8. mAs Linearity
Method: Set up the same as position dependence and insert 10 cm long pencil

chamber in the center slot of the C.T. dose head phantom. Select the
same kVp and time as used for head scan. Obtain four scans in each of
the mA stations normally used in the clinic. For each mA station
record the exposure in mGy for each scan. Scans should be performed
in the increasing order of mA. Compute mGy/mAs gor each mA
setting.

Technique: 120 kVp, 250 mA, 1 sec, 250 mmSFOV

Results:
Exposure in mGy
mA mGy/mAs C.V.
Run 1 Run 2 Run 3 Run 4
50 0.762 0.760 0.760 0.763 0.0152 1.000
100 1.456 1.455 1.457 1.455 0.0146 0.022
150 2.178 2.193 2.186 2.187 0.0146 0.001
200 2.916 %019 2.918 2.31% 0.0146 0.000
250 3.646 3.650 3.654 3.656 0.0146 0.001
300 4.392 4.390 4.384 4.394 0.0146 0.001

350 5.158 5.151 5.143 5.152 0.0147 0.003
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mMAS Linearity
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Figure I The relationship of mGy and mAs.
Comments: Pass

9. Linearity of CT Numbers

Method: Set up the Catphan phantom as described. in beam alignment. Select the
section containing the test objects of difference C.T. numbers. Select
the head technique and perform a single transverse scan. Select a
region of interest (ROI) of sufficient size to cover the test objects.
Place the ROl in middle of each test object and record the mean CT
number.
Technique: 120 kVp, 250 mAs, 1 sec, 250 mm SFOV, 10 mm slice thickness
Tolerance: . -R-square between measured CT number and linear attenuation
coefficient () more than 0.9
Results:
Materials Expected CT number (HU)  Measured CT number (HU)
Air -1000 -1021.4
Teflon 990 13938.5
Delrin 340 494.3
Acrylic 120 120.7
Polystryline -35 -43.6
LDPE -100 -106.2
PMP -200 -196.3
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Note: Expected C.T. numbers are either the predicted ones or the ones obtained
during the previous annual measurement.

Comments: Pass

045 H(cm-1)
0-4
[ 4 0:35
’ VA Y

R?=0.9713

| . ; 0 |
-1500 -1000 -500 O 500 1000 1500 2000
Measured CT number

Figure Il Linearity of CT number
10. High Contrast Resolution

Method: Set up the Catphan phantom as described in beam alignment. Select the
section containing the high test objects. Select the head technique.
Perform a single transverse scan. Select the area containing the high
resolution test -objects and zoom as necessary. Select appropriate
window width and level for the best visualization of the test objects.
Record the smallest test object visualized on the film.

Technique: 120 kVp, 250 mA, 1 sec, 250 mm SFOV, 10 mm slice thickness
Window width = 150, window level = 200

Figure IV High contrast resolution

Results:

Slice thickness in mm Resolution
10 4 Ip/mm (0.125 cm)
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11. Low Contrast Resolution

Method: Select the section containing the low resolution test objects in the
Catphan phantom. Perform a single transverse scan utilizing the same
technique as high resolution.

Technique: 120 kVp, 250 mA, 1 sec, 2560 mmSFOV, 10 mm slice thickness

Window width = 140, window level = 100

Figure V Low contrast resolution

Slice thickness (mm) Resolution (mm)
10 mm at supra-slice 1% 4 mm
10 mm at supra-slice 0.5% 4. mm
10 mm at subslice 7.mm

12. CTDI Measurement
Purpose: To verify CTDI of the scanner to IMPACT scan.

Method: The CTDIlygo measured free in air and-in 16 and 32 cm PMMA
phantom for head and body were compared the CTDI data spreadsheet
of the ImPACT dose survey© 2000-2004. The percent difference were
calculated between measured and available IMPACT values

Technique: 120 kVp, 100 mA, 1 sec, 10 mm collimation
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Results:

The measured CTDlIyq free in air and in 16 and 32 cm PMMA phantom for head and
body scans were measured and compared to the CTDI data spreadsheet of the
IMPACT dose survey © 2000-2004. [(http://impactscan.org/dosesurvey.htm for
details of the dose survey)]

Computed tomography dose index:in air and the head phantom

CTDlg5 (Head, mGy/100 mAs)

kVp Air - Center _ Periphery _
% diff % diff % diff
Measured ImPACT Measured ImPACT Measured ImPACT
80 8.88 9.1 28 5.03 5.5 8.61 6.09 6.70 9.11
100 15.83 16.08 1,63 9.80 10.85 9.63 11.32 12.53 9.63
120 21.72 21.8 0.38 14.03 15.4 8.92 15.81 17.18 8.06
140 29.40 - - 19.42 - - 21.57 - -
Computed tomography dose index in air and the body phantom
CTDlyg0 (Body, mGy/100 mAs)
kVp i i
Alr % ditf Center % diff Periphery % diff
Measured ImPACT Measured IMmPACT Measured ImPACT
80 5.26 5.24 -0.34 0.95 1.12 -17.49 2.21 2.61 -17.94
100 10.57 10.59 0.26 2128 2.47 -10.64 477 5.22 -9.50
120 15.64 15.26 -2.49 3.56 417 -17.09 7.13 8.16 -14.40
140 22.28 21.63 -2.99 5.29 6.19 -17.12 10.22 11.62 -13.74

13. Radiation Profile Width
Purpose: To determine the accuracy of the slice thickness

Method: Set up as you would for beam: praofile measurement.. Select 120 kVp,
100 mAs, and smallest slit width. Perform several scans with different programmed
slice thicknesses under auto control. Scan the film with a densitometer and measure
the distance between the peaks. Average measures at least 3 times on each profile.


http://impactscan.org/dosesurvey.htm
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Result:
Collimation (mm) Measured (mm) Deviation
9mm (12 x 0.75) 11.8 2.8
10 mm (2 x 5) 10.4 0.4
18 mm (12 x 1.5) W ESF | 2.6
*Density profiles may also \ ‘ Vnicrodensitometer or image J
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Appendix C: Patient information sheet
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