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CHAPTER 1

INTRODUCTION

1.1 Background and rationale

As the anatomic localization of functional abnormalities seen on PET scan is
limited by the spatial resolution, whereas, the CT image lacks of functional
information and diagnostic accuracy in assessing tumor stages. This situation is
changed dramatically by combining two established modalities between PET and CT
to the first PET/CT scanner in 1998 [1], to address these problems. These modalities
provide a medical imaging with the capability to acquire accurately aligned anatomy
and functional images of a patient within single examination. While CT scan provides
anatomical detail, such as size, location of the tumor and mass, PET scan provides
metabolic detall, cellular activity of the tumor and mass. Combined PET/CT is more
accurate than PET and CT alone. The availability of this technology has realized of
combined imaging to appropriate with separate devices, such as the use of CT for
attenuation correction of PET images, the convenience for both physician and patient
of asingle scan for both modalities, and increased confidence in study interpretation
that originates from having coregistered anatomy and function available immediately
after scan.

The most commonly used positron-emitting radiopharmaceutical in clinica
imaging for PET is the glucose analog Fluorine-18 —2-fluoro-2-deoxy-D-glucose (18F-
FDG). Many tumor cells use large amounts of glucose as an energy source and
possess increased expression of glucose transporters and increased hexokinase
activity. Glucose transporters transfer glucose and fluorodeoxyglucose into the cell,
where they are phosphorylated by hexokinase. BE.-FDG is essentially trapped within
the cdl in proportion to the rate of glucose metabolism. This alows sufficient time to
imaging its distribution in normal and abnormal bodily tissues. ®F-FDG is formed
through radiochemical synthesis from cyclotron-produced 8F. 8F decays to stable
180 by positron emission with a half-life of approximately110 minutes[2].

Since the introduction of -the first. PET/CT prototype was over 9 years ago,
several thousand cancer patients had been scanned on combined PET/CT scans.
Whole-body PET/CT examinations may be incurred an increased patient exposure
compared with an individual CT or PET examination, internal exposure from positron
emitter radiopharmaceuticals and externa exposure from CT [3]. Therefore, patient
referral for PET/CT studies must be justified in each case to avoid repeated exposure
or overexposure of radiation to patients. Besides justification, optimization is the
second genera principle in radiological protection.



The first PET/CT system, LSO PET/CT HI-REZ, CTI/Siemens Medica
System had been installed in August 2006, at Department of Radiology, King
Chulalongkorn Memorial Hospital, Thai Red Cross Society. Cancer patients of over
200 cases referred to PET/CT examination for whole-body scan, was administered
with F-FDG. Thus, the average patient dose in PET and CT procedures, correlated
factors of radiopharmaceutical activity, mass of organs, scan length and patient body
mass index are being investigated.

1.2 Resear ch objectives

1. To evaluate patient dose from BE.FDG PET/CT examinations at King
Chulaongkorn Memorial Hospital .

2. To study the correlated factors affecting the patient dose from ¥F-FDG
PET/CT examinations.

1.3 Definitions[4]

Algorithm
Image reconstruction from the measured raw data.

Annihilation

Spontaneous conversion of a particle and its anti-particle into radiation. e.g.
positron and el ectron into two gamma-ray photons of energy 511 keV.

Becquerel
Measure unit of radioactivity, corresponding to one disintegration per second.

Computed Tomography

A technigue for constructing images of the structures at a particular depth
within the body - done by taking several x-ray images at different angles and then
using a computer to reconstruct and analyze the resulting images.

Cyclotron

Device in which positively charged particles are accelerate in a spira path in
a vacuum between poles of a magnet, energy being provided by a high frequency
voltage across the vacuum.

Dose, Absorbed dose

The amount of energy deposited in any substance by ionizing radiation per
unit mass of the substance. It is expressed numerically in rads (traditiona units) or
Grays (S units).

Effective half-life

The time required for the amount of a radionuclide deposited in a living
organism to be diminished 50 percent as aresult of the combined action of radioactive
decay and biological elimination.

External dose
Radiation exposure from a source outside the body.



Fluorodeoxyglucose
A glucose analog used for differentiating malignant neoplasm from benign
lesions, staging malignant neoplasm, differentiating severely hypoperfused.

Gray

The international system (SI) unit of radiation dose expressed in terms of
absorbed energy per unit mass of tissue. The gray is the unit of absorbed dose and has
replaced therad. 1 Gray = 1 Joule/kilogram and also equals 100 rad.

Internal dose
Radiation exposure from a source inside the body.

Positron
A positively charged particle having the same mass and magnitude of charge
asthe electron and constituting the antiparticle of the electron.

Positron Emission Tomography
A modality generates images depicting the distributions of positron-emitting
nuclides in patients.

rad

The original unit devel oped for expressing absorbed dose, which is the amount
of energy from any type of ionizing radiation, such as apha, beta, gamma, neutrons,
etc, deposited in any medium. A dose of one rad is equivalent to the absorption of 100
ergs per gram of absorbing tissue. The rad has been replaced by the Gray in the Sl
system of units (1 Gray = 100 rad).

Reference man

A person assumed to have the anatomical and physiological characteristics of
an average individual. These assumed characteristics are used in caculations
assessing internal dose, also may be caled “Standard Man".

Sievert
The international system (SI) unit for dose equivaent equal to 1
Joule/kilogram. The sievert has replaced the rem. 1. sievert is equivalent to 100 rem.

Tissue weighting factor

A multiplier that is used for converting the equivalent dose to a specific organ
or tissue into what is called the “effective dose”. The goal of this process was to
develop a method for expressing the dose to a portion of the body in terms of an
equivalent dose to the whole body that would carry with it an equivalent risk in terms
of the associated fatal cancer probability. It applies only to the stochastic effects of
radiation.



CHAPTER 2

REVIEW OF RELATED LITERATURES

2.1 Theory

Over the past 25 years, PET (Positron Emission Tomography) imaging has
developed from the research techniques to the mainstream clinicd imaging tool.
Through positron-emitting radionuclide labeling, PET allows the in-vivo imaging of
physiologicaly and pathologically important molecules containing basic organic
chemical elements such as carbon, hydrogen, and oxygen. Such data provide
molecular and/or metabolic information essential to the diagnosis and evaluation of
disease and thus to the effective management of patient care.

2.1.1 Basic positron physics [5]

Positron-emitting radionuclides are most commonly produced by cyclotrons
by bombarding a stable element with protons, or deuterons. The produced
radionuclides have an excess of protons and decay by the emission of positrons.

When a positron is emitting, it travels for a short distance from its site of
origin, gradually losing energy to the tissue through which it moves. When most of its
kinetic energy has been lost, the positron reacts with a resident electron in an
annihilation reaction. This reaction generates two 511-keV gamma photons, which are
emitted in opposite directions a about 180 degrees from each other. In a PET scanner,
these photons interact with the detector ring at opposite site, which defines a line
aong which the annihilation reaction occurred and permits localization of the
reaction. By using many such events, an imaging can be reconstructed.

It is noted that the site of origin of the positron and the site of the annihilation
reaction occur at dlightly different locations. Furthermore, the positrons are not all
emitted with the same energy, therefore, the distance the positron travels before
annihilation varies for each specific radionuclide. For example the positrons from
fluorine-18 (*®F) energy 640 keV and.carbon-11 (*'C) energy 960 keV have arangein
water of about 1 to 1.5 mm and 2.5 mm in tissue, whereas rubidium 82 (8Rb) energy
3.15 MeV has a range of about 10 mm in water and 16 mm in tissue before
annihilation.. The positron travels a distance before annihilation causes some
uncertainty in determining the original location of the positron (range related
uncertainty). Further, the two resultant annihilation photons may actualy be emitted
up to +/- 0.25 degrees from the theoretical 180 degrees. This variation in emission
angle (noncolinearity) also generates some uncertainty in the original location of the
annihilation reaction. Both of these issues contribute to fundamental degradation of
gpatial resolution in any PET detector system as shown in figure 2.1.



?Drine - 18 Mucleus J\J
- SR .

RN

F'usitr_nr_'l -_%i e Electron

pan

AN

Figure 2.1 Positron emission and annihilation
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2.1.2 PET instrumentation
2.1.2.1 Overview of PET scan [5]

The PET scan contains multiple rings of detectors of scintillation
crystals coupled with photomultiplier tubes (PMTS). The advantage is that two
photons detected in close temporal proximity by two opposed detectors in the ring are
likely to be from a single annihilation event. Such a simultaneous detection event is
called a coincidence. The simultaneous detection of two photons provides localizing
information in that the annihilation event can be assumed to have occurred
somewhere on a line between the two detectors, the line of response, or LOR. Many
coincidence events recorded by the PET scanner constitute a raw data set representing
projections of the distribution of the positron radiopharmaceutical in the body. These
data are then reconstructed by using a filtered back projection algorithm or an
iterative a gorithm to produce cross-sectional images.

As photons travel at the speed of light, PET cameras require very fast
electronics to determine if two detected photons were likdy produced by a single
annihilation event. In a PET scanner, each annihilation photon reaching a detector
generates a single electronic pulse in the detector. For this photon to be accepted and
used in the PET image, it must be in a specific energy range, ideally approaching 511
keV, and be paired with another photon reaching another detector simultaneously.
Coincidence circuitry connecting the many detectors in the ring determines whether
two such single pulses fall within a short coincidence time window, typicaly 6 to 12
nanoseconds. If so, they are deemed to constitute a coincidence event and are
recorded in the resultant image. The actual coincidence time is typically about 1
nanosecond. However, the time window for coincidence detection varies with
different camera systems and depends in large part on the speed of the electronic
circuitry and detector crystal type. It is about 12 nanoseconds for bismuth germanium
oxide (BGO), 8 nanoseconds for gadolinium oxyorthosilicate (GSO) and sodium
iodide (Nal), and 6 nanoseconds for lutetium oxyorthosilicate (LSO) detectors.
Because the energy resolution of the various crystal detectors is not precise, photons
within a broad energy range, 250 to 600 keV, are counted as vaid annihilation
photons.



2.1.2.2 Types of coincidence events [6]

Events detected by PET scanners include true, scattered, and random
coincidence as shown in figure 2.2, providing both annihilation photons are actually
detected and fall within the coincidence window. True coincidences are those that
result when both 511-keV photons from an annihilation reaction are detected within
the coincidence time window, neither photon having undergone any form of
interaction before reaching the detector. These true coincidence events provide the
desired information for constructing accurate images of the distribution of a PET
radiopharmaceutical in clinical imaging.

A scattered coincidence is one in which at least one of the detected
photons has undergone at |east one Compton scattering event prior to detection. Since
the direction of the photon is changed during the Compton scattering process, it is
likely that the resulting coincidence event will be assigned to the wrong LOR.
Scattered coincidences add a background to the true coincidence distribution, which
changes dlowly with position, decreasing contrast and causing the isotope
concentrations to be overestimated. They also add statistical noise to the signal. The
number of scattered events detected depends on the volume and attenuation
characteristics of the object being imaged, and on the geometry of the camera.

Random coincidences occur when two photons not arising from the
same annihilation event are incident on the detectors within the coincidence time
window of the system. The number of random coincidencesin agiven LOR is closaly
linked to the rate of single events measured by the detectors joined by that LOR and
the rate of random coincidences increase roughly with the square of the activity in the
FOV. As with scattered events, the number of random coincidences detected also
depends on the volume and attenuation characteristics of the object being imaged, and
on the geometry of the camera. The distribution of random coincidences is fairly
uniform across the FOV, and will cause isotope concentrations to be overestimated if
not corrected for. Random coincidences also add statistical noise to the data.

+ = Annihilation event
—& = Gumma ray
= Assigned LOR

Scattered Randon True
coincidence coincidence eoincidence

Figure 2.2 Types of coincidencesin PET images



There are a number of methods available to reduce the image
degrading of scattered coincidences. Most scattered photons are not detected because
they are absorbed in tissue of the body, are scattered away from the detector rings, or
have lost significant energy during Compton scattering. These lower-energy scattered
events can be rgjected by using an energy window designed to exclude photons of
certain energies. The success of such regjection depends on the energy resolution
characteristics of the detectors being used. Because crystal detectors have only afinite
energy resolution, if one were to measure only photons approaching 511 keV and
exclude scattered photons of slightly different energies, alarge number of true events
would also be excluded, there by either reducing image statistics or increasing image
acquisition times unacceptably. Therefore, a rather broad energy window is used that
allows some scattered events to be recorded as true events.

2.1.2.3 PET scintillation detectors

All PET detector systems use the principle of scintillation whereby the
photon interacting with a crystal produces a flash of light, which is then detected and
localized by photomultiplier tubes (PMTs) coupled to the scintillation crystal. The
ideal PET crystal detector would have

1. High stopping power for 511-keV photons providing high efficiency and
optimum spatial resolution

2. Fast, intense light output with rapid decay of the light for decreased system
dead time

3. Good energy resolution for accurate scatter rejection.

Stopping power is best for crystalline materials with high density and
high effective atomic number (Z). There are severa types of crystalline detector
materials used for PET imaging. These include sodium iodide (Nal), bismuth
germanium oxide (BGO), gadolinium oxyorthosilicate (GSO) and lutetium
oxyorthosilicate (L SO). Some characteristics of these are shown in table 2.1 and table
2.2.

From these tables it is evidence that BGO has the poorest energy
resolution, whereas Nal has the best energy resolution as a result of the highest light
output. The energy resolution of BGO crystals requires that a wide energy window,
250 to 600 keV, be used to avoid rejecting true events and reducing the detected count
rate. The use of a wide energy window means that a BGO detector system will accept
more scattered events than will the other systems with' better energy resolution.
Nal(TI) systems use anarrower energy window than do BGO, LSO or GSO systems.



Table 2.1 Physical properties of various types of PET scintillation detectors [5]

Ralative Decay Densit Effective

Crystal  light output*  time Y aomic Energy resolution
%) (ns) (g-cm-3) AuMmber at 511 keV
Nal(Tl) 100 230 3.7 51 8
BGO 15 300 7.1 75 12
LSO 75 40 7.4 65 10
GSO 25 60 6.7 59 9

* Light output depends on cerium concentration and read-out device (PMT or
APD)
All crystal emits light with wavelengths ranging from 410 to 480 nm

Table 2.2 Relative properties of various crystalline detector materials [5]

Crystal  Stopping power Lightyield Decaytime Energy

(511-keV photons) resolution
Nal(Tl) low high long high
BGO high low long low
LSO intermediate intermediate  short intermediate
GSO intermediate  low short intermediate

The light signal produced by scintillation detectors is not discrete in
time but occurs over a short time interval, scintillation decay time about 10 to 300
nanoseconds, which includes the period over which the light fades to background.
Along with the speed of processing electronics; this decay time is an important
determinant of system dead time. Dead timeis the brief period during with a crystal-
PMT detector is busy producing and recording a scintillation event and having the
scintillation light decay so that the next distinct scintillation can be recognized and
recorded. During this time additional arriving events cannot be processed and are |ost.
This limits the rate at which events may be detected. High count rate capability of
PET instruments is particularly important in three-dimensional acquisitions and in
setting requiring high activities of very short-lived radionuclide, such as oxygen 15.
Currently count rate capabilities are about 500,000 counts/second.

The relatively long decay times of both BGO and Nal(Tl) crystals limit
count rate capability. The shorter decay time of light output for LSO crystals can
reduce scan time for comparable images to about half of the time required for BGO
systems. LSO crystal probably has the best combination of properties for optimizing
PET imaging, especially in three-dimensional imaging systems, without septa, with
the potential for very high count rates.



2.1.2.4 PET detector geometry [5]

The PET scanners are multidetector full ring, circular or polygonal,
systems that axially surround the patient. These cameras have multiple adjacent
detector rings that significantly increase the axial FOV of the patient. A larger FOV

dlows more counts to be detected for

radiopharmaceutical dose and a fixed scan time by allowing more time at each table

position.

Scintillatar

Crystals

Photomultiplier

Detector Block

Figure 2.3PET scintillation block detector

Table 2.3 Properties of atypical PET camera

Characteristic

PET scanner

Radionuclides imaged
Detector array
Detector (crystal material)

Crystal number and size

Counting rate

Algorithm for-location

Acquisition

Spatial resolution

Coincidence window

Energy window

System sensitivity (cps/Bg/mL)

Axial resolution FAVHM (mm)
at 10 mm

PET only

Ring (usually 18-32)

Sodium iodide (Nal) curved

Bismuth germinate (BGO)

L utetium oxyorthosilicate (LSO)
Gadolinium oxyorthosilicate (GSO)
Block detectors contain 10,000-20,000
small crystals (4 x 4 x 30 mm) with 36-
46 crystals per block

High

Specific detector

2 or 3 dimensional

High (5-6 mm)

6-12 nanoseconds

350-650 keV

25-35%

5.5-7

FWHM = full width a half-maximum

a dtandardized administered
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The most common detector arrangement used in PET camera consists
of rings of individual detector modules of small crystal arrays or cut block
scintillation crystals coupled with photomultiplier tubes. In crystal arrays, multiple
separate very small scintillation crystals are grouped together in blocks, often
arranged in 6x6 or 8x8 blocks, 36 to 64 crystals per detector block. This concept is
more economicaly achieved by using a single crystalline block onto which deep
channels have been cut, forming a matrix (8x8 or 64 elements) on the face of the
block. The channelsin the crystal are filled with opaque material so that the light from
scintillation events cannot spread between sections, but travels only toward the PMTs.
This achieves the effect of multiple small crystalline detectors asin figure 2.3.

Many blocks are then assembled to form a crystal ring asin figure 2.4.
The light from each block is collected by PMTs servicing the entire block of crystals.
Even though the number of PMTs per block is far less than the number of individual
crystal elements, it is still possible to attribute each light pulse to a particular crysta
for localization by comparing pulse heights in each of the PMTs. Most full multi-ring
PET scanners have 10,000-20,000 crystals arranged in about 200 to 400 blocks and
with about 500 to 1000 PMTs. For multi-crystal PET cameras, the intrinsic spatial
resolution is a function of crystal size; thus, the small sizes of the crystal faces
allowed by block design permits optimization of intrinsic resolution. Further, a large
number of small independent detectors in a PET system significantly reduces dead
time count losses and allows camera operation at higher rates.

Figure 2:/4Ring designs of PET cameras

With ring detectors of any sort, resolution varies with location in the
FOV. As an annihilation event gets closer to the edge of the FOV, more image
blurring occurs because the path of an annihilation photon may traverse more than
one detector element and is capable of producing scintillation in any of them.

Alternative detector arrangements to the smal “multi-crystal”
complete ring design have been available. These include a hexagonal array or aring
of large curved thallium-doped sodium iodide, crystals, and dual opposed arcs of
small detectors that rotate around the axis of the patient to acquire data. There are
advantages and disadvantages to these alternative configurations. Because septa are
not typically use with these systems, only three-dimensiond imaging is employed.
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2.1.2.4.1 Full ring [6]

With few exceptions, as in figure 2.5A, PET scanners are full-ring
systemsthat is, scintillation detectors cover a full 360° around the volume to be
imaged. Advantages offered by this particular configuration are (a) optimal system
sensitivity, which is necessary to obtain high counting statistics to achievethe needed
physical detector resolution; (b) reduction of imageartifacts due to tracer, organ, or
patient motion; and (c) absenceof moving components, which would require further
calibrations and would introduce additional variables to be considered.

2.1.2.4.2 Partia ring

Two opposed curved mairices constituted by BGO crystal blocks (11
tangentially x 3 axialy) with a reciprocal 15°angular shift rotate, supported by a dlip
ring technology at 30 rpm, as shown in figure 2.5B. The 2 block banks are not
perfectly opposed to increasethe transverse FOV during detector rotation. Compared
with full-ring systems, this category is characterized by lower overal sensitivity.
Using this dedicated scanner, only 3D acquisition is possible.

Figure 2.5 Graphic representation of full-ring (A) and partial-ring (B) of PET scanner.
2.1.2.5 Attenuation correction [5]

Attenuation is theloss of true events through photon absorption in the
body or by scattering out of the detector FOV. Attenuation problems are significantly
worse with PET imaging than with single-photon emission computed tomography
(SPECT). Even though the energy of the annihilation photons is greater than for
single-photon imaging, with PET, two photons must escape the patient to be detected
and the mean photon path is longer, increasing the likelihood of attenuation. In a
larger person, the loss of counts due to attenuation can excess 50% to 95%.

Loss of counts through attenuation increases image noise, artifacts, and
distortion. Significant artifacts may occur on whole-body PET images obtained
without attenuation correction. These include (1) distortions of areas of high activity,
such as the bladder, due to variable attenuation in different directions, (2) a prominent
body surface edge and (3) apparently high count rates in tissue of low attenuation,
such as the lungs. As a result, attenuation correction of these images is necessary
before the true amount of radionuclide present at various locations in the body can be
accurately determined. Thisis true both for accurate quditative assessment of activity
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distribution on regional or wholebody images and for precise quantitative
measurements of tracer uptake, such as standardized uptake values (SUVs).

Methods of attenuation correction include (1) calculated correction,
based on body contour assumptions and used primarily for imaging the head/brain
where attenuation is relatively uniform; and (2) measured correction using actual
transmission data, used for imaging the chest, abdomen, pelvis, and whole body
where attenuation is variable. Transmission attenuation correction is performed by
acquiring a map of body density and correcting for absorption in the various tissues.
The amount of positron-emitting radionuclide at a specific location can then be
determined. Once the correction is performed, the information is reconstructed into
Cross-sectional images.

One method to obtain a transmission attenuation map of the body is to
use an orbiting long-lived radioactive source outside the patient, typically arod of 120
to 370 MBg, of germanium-68 (*®Ge)/gallium-68 (*Ga) with a half-ife of 9 months,
or 185 to 740 MBq of cesium-137 (**'Cs) with a half-life of 30 years, and measure
transmission through the patient by using the same system ring detectors used for
primary position imaging. In a ®Ge/®Ga transmission source, the ®Ge decays to
8Ga, which then decays by positron emission. In general, performing the transmission
scan with either of these radionuclides can take 20 to 25 minutes and account for up to
40% of total scanning time.

In PET/CT scanners, x-rays from the computed tomography (CT) scan
are used for attenuation correction and for providing localizing anatomic information.
Because the x-rays used are less than 511-keV, the transmission data are adjusted to
construct an attenuation map appropriate for annihilation photons. Attenuation maps
can be obtained much more quickly with a PET/CT scanner than with external
radionuclide sources, and the quality of the attenuation maps is improved. However,
because the attenuation map obtained with CT was obtained much more quickly than
is PET scan, artifacts in regions of moving structures such as the diaphragm may
occur.

Attenuation is more likely when the annihilation reaction occurs in the
center of the patient andless likely when the event occurs at the edge of the body.
Thus, in a non-attenuati on-corrected image, there is less activity at the skin surface.
Typicaly both attenuation corrected and non-attenuation: corrected images are
provided for interpretation. Images without attenuation correction can be recognized
by the surface of the body and the lungs appearing to contain considerably increased
activity. On attenuation corrected images, the lungs have less activity than do
structures nearer the surface and appear photopenic. Some lesions located near the
surface of the body are more obvious on the uncorrected images, but most will be
seen on the corrected images. A misalignment artifact can occur when a patient move
in between the transmission and emission scans. This can result in overcorrection on
one side of the body and undercorrection on the other. In addition, an artifact may
occur as a result of the bladder filling with radionuclide during the PET scan
acquisition. This results in a hot area appearing around the bladder on the attenuation
corrected images but not on the non-attenuation-corrected images.
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2.1.3 PET image acquisition and processing [6]

PET systems are most commonly used in a whole-body scanning mode. This
usually entails obtaining sequential segmental views of the body by moving the
scanning table stepwise to acquire multiple contiguous views. There is a need to
overlap the views to get uniform counting statistics, because in multiple detector ring
systems, the detector rings at the edge of the FOV have less sensitivity than do those
in the middle. A whole-body scan usually extends from the base of the brain to the
mid-thigh using a two or three-dimensional acquisition. Depending on the size of the
patient and the scanner overlapping images are usually obtain every 15 to 20 cm for
several minutes per position.

2.1.3.1 2D and 3D images acquisition

Imaging with lead septa is called two-dimensional or slice imaging,
there are thin lead or tungsten septa between the detectors and the adjacent rings of
detectors such that each ring of detectors accepts coincidences only between detectors
in the same ring or in closely adacent rings as shown in figure 2.6A. This defines a
single plane, eliminating out-of-plane scatter. Although sensitivity is reduced, image
quality is enhanced. Two-dimensiona imaging is usually performed when imaging
small portions of the body or obese patient, when using respiratory gating or short
scan times with high activity, or when obtaining higher resolution or accurate
guantification.

When three-dimensional acquisition is performed, septa are not present
or are retracted. This alows acquisition of a large volume defined by the FOV with
coincidences recorded between the multiple detector rings in any combination as
shown in figure 2.6B. Sensitivity is about 5 to 10 times higher than with two-
dimensional acquisition due to absence of the septa and the increased FOV of each
crystal. However, athough the number of recorded true coincidences is increased,
out-of-plane scatter and random events are also considerably increased reducing
image contrast and quality, compared with two-dimensional imaging, three-
dimensional acquisitions increase sensitivity of the system by fivefold or more.
However, because both ‘true coincidence and scatter rates are increased, better
temporal and. energy resolutions are needed to accurately. eliminate scatter and
random events.
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Figure 2.6 Comparison between 2D (A) and 3D (B) acquisition modality. Septa
removal causes significant sensitivity improvement when moving radioactive sources
toward center of FOV
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2.1.3.2 Filtered backprojection

This method provides accurate estimation of 2D radiotracer
distribution when projection data are noise free. The basic principles areto perform
the Fourier transform of angular projections, apply the ramp filter in the frequency
domain, uniformly distributethe filtered data over the reconstructed matrix, and then
antitransform. This method is simple to implement and fast in performing sections
reconstruction. However, the ramp filter used to eliminate the star artifact and
improve spatia resolution aso amplifies the noise component, which is particularly
important at low counting statistics. To compensate for these effects, low-pass
smoothing filters are applied to cutoff frequencieshigher than a certain limit, thereby
producing more blurredimages and worsening spatial resolution.

2.1.3.3 Iterative algorithms

Iterative algorithms are based on the attempt to maximize or minimize
a target function determined by the particular algorithmused. The target is reached
through several analytic processescalled iterations. A major advantage of this type of
algorithm is the possibility of incorporating different a priori information, such as
noise component, attenuation, or characteristics of detector nonuniformity, for more
accurate image reconstruction; however, it must be pointed out that inclusion of
additional parameters means increase in processing times.

2.1.3.4 Sinograms

PET raw data was acquired directly into sinogram as shown in figure
2.7.1n the sinogram, the LORSs associated with each coincidence detectionis plotted
as a function of angle of orientation versus the shortest distance between the LORSs
and the center of the gantry. There is a separate sinogram for each slice containing the
projection data across all projection angles. These data can be reorganized into
projection views where each image represents the projection data for al dlices. A
particular pixel in the transverse imageplots into half of a sine wave in the sinogram.
Conversely, each pixel in the sinogram corresponds to a particular LORs or detector
pair. Events associated with particular detectors are plotted on diagonals across the
sinogram. Thus, the sinogram of a uniform source can be used for scanner quality
control.

Figure 2.7 Sinograms images
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2.1.4 PET performance parameters[7]

Aswith any medical imaging devices, PET systems are judged on the basis of
their quantifiable performance parameters and by the clinical utility of the images
they produce. The standard numerical specifications that enter into image
characterization are spatial resolution, sensitivity, and ability to reect scattered
radiation; count rate limit; and overall image quality. The National Electrica
Manufacturers Association (NEMA) has worked with the user community to define
methods and techniques to measure and quantify the important parameters for gamma
cameras and PET cameras fairly and reproducibly. The document is “NU1-2001
Performance Measurements of Scintillation Cameras’. For PET cameras, it is“NU 2-
2001 Performance Measurements of Positron Emission Tomographs’.

2.1.4.1 Spatial resolution

The spatial resolution of a system represents its ability to distinguish
between 2 points of radioactivity in an image. The purpose of the measurement of
gpatia resolution is to characterize the widths of the point spread function (PSF) in
the reconstructed image of compact radioactive sources. The width of the PSF is
reported as the full width at half maximum (FWHM) and full width at tenth maximum
(FWTM)

Spatial resolution in PET scanners is, in large part, a function of
detector size, which smaller detectors increasing the resolving capability of the
system. Because of inherent physical limitations on positron localization imposed by
their movement from the site of their emission (range) and the noncolinearity of
annihilation photons, submillimeter resolution, such as possible with magnetic
resonance imaging (MRI), is not achieved. The ultimate limit of spatial resolution
when using *®F-fluorodeoxyglucose (‘*~FDG) is about 1 mm. However, the practical
gpatia resolution for clinical imaging is about 4 to 6 mm.

2.1.4.2 Sensitivity

The sengitivity is defined as the recorded true coincidence rate divided
by the activity concentration. Sensitivity of a PET camera is determined by multiple
factors, including, but nat limited to, scanner geometry, crystal efficiency, and photon
attenuation tissue. Most' photons emitted from the patient, 98% to 99%, are not
detected because they are emitted in-all directions from the patient and the detector
rings cover only-a fraction of the patient’s body surface. And when attenuation by
absorption or scatter is considered, current systems record substantially 1ess than 0.1%
of the true events. However, PET scanners typically image in three-dimensional
mode, their efficiency for detecting emitted radiation is still considerably greater than
that for SPECT imaging. Further, the sensitivity of PET is such that picomolar
concentration of PET radiopharmaceuticals can be detected.
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2.1.4.3 Scattered photons and random counts

In singlephoton planar nuclear medicine, SPECT and PET cross-
sectional imaging, photons that enter the detector after having been scattered in the
patient degrade image quality. Reection of scattered radiation is primary
accomplished by gamma energy windowing.

PET has adopted additional maneuvers, as with the lead or tungsten
septa of 2D and 3D systems. In PET, moreover, the average number of photon
scattered uniformly in the image is estimated and removed, a correction that improves
contrast at the cost of adding noise.

With PET cameras it is possible for two unrelated photons to arrive at
opposing detectors within the coincidence time window. This event, referred to as a
random, lowers image quality. The random’s rate for any two opposing detector
elementsis given by R = S1 x S2 x 7, where S1 and S2 are individual counting rates
for the two detector elements and z is the length of the coincidence time window. PET
cameras estimate the average random’s rate and remove it from the final image; this,
as with scatter, improves image contrast but adds noise to the corrected image. The
coincidence time windows for BGO, LSO, and GSO are typicaly about 13, 6, and 6
nanoseconds, respectively.

2.1.4.4 Contrast and noise

Evauation of PET performance based on images from simple phantom
is of questionable value, but such tests are nevertheless commonplace. For SPECT
cameras, the phantom typically contains “cold” spheres ranging from 31 mm to 9 mm
in diameter, and cold rod from 19 mm to 4.8 mm in diameter, and these may provide a
rough indication of the status of uniformity corrections, contrast, scatter, and spatial
resolution.

For PET, NEMA has defined a test using anthropomorphic phantom
containing air and materials that resemble spheres of various diameters. The hot
spheres have a target-to- background or contrast ratio is either 4.1 or 8:1 between the
hot spheres and phantom background. Standard calculations provide measures of
noise, image contrast-and scatter, and attenuation correction accuracy.

To facilitate the comparison of PET scanning technique, a figure-of-
merit known as noise-equivalent count-rate (NECR) has been defined as:

2
NECR = T [2.1]
(T+S+R)

Where T = trues counting rate, S = scatter counting rate, R = randoms
counting rate, and (T+S+R) = prompts or total counting rate. The NECR is a measure

of the increased image noise due to the subtraction of scatter and randoms from the
initial image.
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2.1.5 Florine-18-fluorodeoxyglucose (** F-FDG) [5]

The most commonly used positron-emitting radiogoharmaceutical in clinical
imaging is the glucose analog ¥ FDG. The structure of *F-FDG is shown in figure
2.8."®~FDG is formed through radiochemical synthesis from cyclotron-produced *°F.
18F decays to stable 20 by positron emission with a half-life of 109.77 minutes. Many
tumor cells use large amounts of glucose as an energy source and possess increased
expression of glucose transporters (especialy GLUTI) and increased hexokinase
activity (especially HK2). Glucose transporters transfer glucose and
fluorodeoxyglucose into the cells, where they are phosphorylated by hexokinases. The
rate-limiting step in this processis at the hexokinase level and not at glucose transport.
Although phosphorylated glucose can be further metabolized, phosphorylated FDG
cannot be rapidly metabolized and BEFDG s essentially trapped within the cell in
proportion to the rate of glucose metabolism. This allows sufficient time to image its
distribution in normal and abnormal bodily tissues. A notable exception to the
trapping of phosphorylated FDG is the liver, in which an abundance of phosphotases
causes enhanced dephospharylation of FDG-6-phosphate, which accelerates its
washout from that organ.

Although *®F-FDG reaches a plateau of accumulation in tumors at about 45
minutes after injection, the tumor-to-background ratio is best at 2 to 3 hours. Highest
activity levels at 2 hours are seen in the brain, heart and urinary system.

CH,OH

18F

Figure 2.8 2-fluoro-2-deoxy-D-glucose structures
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2.1.6 Computed Tomography [8]
2.1.6.1 CT principles

The principles of CT are conceptualy simple. Physically, X-rays can
traverse a cross-section of an object along straight lines, attenuated by the object, and
detected outside it. During CT scanning, the cross-section is probed with X-rays from
various directions; attenuated signals are recorded and converted to projections of the
linear attenuation coefficient distribution of the cross-section. These X-ray shadows
are directly related to the Fourier transform of the cross-section, and can be processed
to reconstruct the cross-section.

The measured attenuations of the X-rays passing through the patient
are converted into pixels and converted into CT numbers, measured by Hounsfield
units (HU).The 3D CT images are obtained from 2D transverse dlices which show
anatomical information in terms of tissue densities (HU). Because we cannot see the
difference between 2000 different shades of grey it would be pointless to produce an
image which covered the whole range of Hounsfield numbers. In order to produce a
useful image of the area of interest a system of windowing and levelsis used.

The available grey scale is spread over the chosen range of Hounsfield
numbers. The window defines the upper and lower limits of this range. To produce an
image which shows up most major structures a large window is used. For more
detailed information about tissues with very similar density a small window is used.
The smaller the window the more detailed the image but the range of tissue density
that is seen isreduced. Thelevel isthe Hounsfield number at the centre of the window.
This is chosen so that the window covers the type of tissue of interested. To image
dense tissues ahigh level of window setting is used and to image low density tissues a
low level window setting is used. Multi-slice detector geometries allow whole-body
imaging, reduces scanning times, which the patient discomfort is reduced and
movement artifacts in images are minimized. To enhance some structures with similar
tissue density values, contrast mediais used.

2.1.6.2 Factors influence radiation dose from CT [8]
a Beam energy

The energy of the x-ray beam has a direct influence on patient radiation
dose: This is selected by the operator, when the kilovolt peak-is chosen for the scan.
However, it isalso influenced by the filtration selected for the scan. When all other
technical parameters are held constant and the kilovolt peak is increased on a single-
detector CT scanner.

b. Photon influence
The photon influence, as influenced by the tube curreni—time product,

milliampere-seconds (mAs), also has a direct influence on patient radiation dose. As
one might expect, the radiation doseis directly proportional to the mAsvalue.
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c. Helical pitch

For helica scans, the pitch parameter, defined as table distance
traveled in one 360° rotation/total collimated width of the x-ray beam, has a direct
influence on patient radiationdose. This is essentially because as pitch increases, the
timethat any one point in space spends in the x-ray beam is decreased, causing the
reduction in radiation dose.

d. X-ray beam collimation

The collimation of the x-ray beam will both directly and indirectly
influence the patient radiation dose. For a single section with al other technical
parameters held constant, more x-ray photons will be transmitted when the collimator
setting is wider, wider x-ray beam for athicker section. However, exposure and
absorbed radiation doseare defined on a per unit mass basis. The thicker section has
more photons available but also more mass being irradiated than a thinner section,
thus indicating that the radiation dose for thick and thin sections may be close to
equivaent, the difference might be attributed to the higher scatter expected in the
thicker section.

2.1.7 PET/CT principles

The PET images offer a great functional contrast but don’t provide too good
anatomical resolution. On the other hand, the CT images provide a very good
anatomical representation but it is difficult to find out functiona information. The
combination of PET and CT in a single device provides simultaneous structural and
biochemical information (fused images) under amost identica conditions,
minimizing the temporal and spatial differences between the two imaging modalities
as show in figure 2.9.

Figure 2.9 PET/CT scan
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2.1.7.1 Basic components of a PET/CT system

Among the advantages that having this two modalities together offers
we can find that the patient stays on the same table for both acquisitions minimizing
any intrinsic spatial misalignment; the total examination of PET is notably reduced;
because of the transmission scan is being done by the CT reducing the costs of
maintenance and of replacing the radioactive source available in the standard PET
scanners. The examination starts with the injection of the radionuclide. After an
optional uptake time the patient is positioned as comfortable as possible on the table
of the PET/CT scanner. Normally a CT-topogram follows. Then the table moves into
the start position of the PET system and the emission scan is initiated. By the time the
emission PET scan is completed the CT transmission images have been aready
reconstructed and available for the attenuation and scatter corrections of the emission
data. The total time for the images to be ready for diagnostics is restricted to the
reconstruction time, which is more or less the time taken to have enough counts for
each bed pogtion of the PET acquisition.

2.1.7.2 PETICT imaging [5]

Interpretation of PET scans has often been hampered by difficulty in
determining the anatomic location of an area of increased activity. The exact location
of the activity can greatly affect whether it is considered abnormal, a normal variant,
or smply physiologic. For example, increased activity in a ureter or the bowel is
likely normal, whereas increased activity in a lymph node is more often abnormal.
Accurate localization also gives a better indication of possible causes of abnormal
activity. For example, the likely etiol ogies may be somewhat different if the activity is
in the skeleton rather than adjacent soft tissue. Software efforts to fuse CT images
with either SPECT or PET data obtained at substantialy difference times are often
hampered by a number of problems, such as difference in patient positioning and
internal change in organ position due to variations in breathing patterns and
physiology, especialy in the abdomen, between examinations. Thus, a single
instrument that can acquire both PET and CT data sequentially on the same table and
at close to the same time is desirable.

The addition of CT to PET instruments yields severa distinct
advantages, depending on the CT protocols used. These include more efficient and
accurate attenuation correction, ‘shorter imaging time, more precise anatomic
localization of lesions, and acquisition of diagnostic CT and PET scans in one effort.
PET/CT scans produce more accurate result than does CT or PET aone or side-by-
side visual correlation of PET and CT scans. The primary improvement is a reduction
of equivocal interpretations. Given current trends, PET/CT is likely to become the
preferred technique in most clinical setting to generate images that contain both
anatomic and physiologic information.

Early PET/CT scanners were two separate machines operated by
different sets of software at separate consoles. Such scanners used a CT device that
obtained basic anatomic and attenuation data but without sufficient spatial resolution
to provide diagnostic quality images. Current PET/CT scanners appear to be a single
machine, but most are simply a CT and PET scanner placed together within a single
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cover. The patient table transverses the bore of both machines. These systems obtain
diagnostic quality studies with four to sixty-four slices CT devices.

The current PET/CT scanners can produce good whole-body fused or
coregistered PET/CT images as shown in figure 2.10, in less than 30 minutes. When
fusing the data, matching CT and PET images is possible to within a few millimeters.
However, there may still be dlight differences due to the limited spatial resolution of
the PET scanner as well as patient movement and/or differences in positioning
occurring between the CT scan and completion of the PET scan. PET images are
acquired over minutes and CT images are acquired over seconds, there are still some
minor alignment problems related to the position of the diaphragm.

In addition to providing precise anatomic localization, the CT scan
data are also used to perform PET attenuation correction, eliminating the need and
additional time for transmission scans using ®®Ge or *'Cs sources. The CT
transmission images have less noise than do those from radionuclide sources,
resulting in attenuation-corrected PET images with less noise. SUV values obtained
on attenuation-corrected images using either CT or radioisotopic methods are
generally comparable. However, the lower energy used in the CT scan allows more
artifacts from high-density materials. Very high density, contrast on the CT scan can
cause overestimation of tissue **FDG concentration, producing areas of apparent
increased activity. A similar effect occurs if there are significant metallic objects in
the patient.

P -t
CT Transmission Attenuation PET-CT
Scan Comected Fusion Scan
PET Emission Scan

Figure 2.10 PET/CT imaging

2.1.8 Medical Internal Radiation Dosimetry (MIRD)

To ensure the safe use of radioactivity labeled drugs in medical practice, it is
necessary to determine the radiation dose received by the patient. Because these
radiation doses are received from radioactive materials within the body, they are
normally referred to as internal doses. Unlike radiation doses received from external
sources such as an x-ray machine, internal doses can never be directly measured;
rather, they are calculated from standardized assumptions and procedures. Although
several methodologies exist to calculate interna doses, the schema developed by the
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Medical Internal Radiation Dosimetry (MIRD) Committee of the Society of Nuclear
Medicineis normally used to calcul ate doses from radiopharmaceuticals [9].

The MIRD formalism takes into account variables associated with the
deposition of ionizing radiation energy and those associated with the biologic system
for which the dose is being calculated. Although some of the variables are known
with a relatively high degree of accuracy, others are best estimates or simplified
assumptions that, taken together, provide an estimate of the dose to the average adult,
adolescent, child, and fetus.

2.1.8.1 Basic concepts of MIRD [10]

Radioactivity is the property of some nuclides that results in
spontaneous transition from one nuclear steate to another. The nuclear transition rate
(nuclear transition per unit time) is designated as activity. Radiations are usualy
emitted when nucleus undergoes a nuclear transition. Radiations vary widely in
energies and absorption properties, but all can give rise to ionization when absorbed
in matter. Thus, they are called ionizing radiations. The energy absorbed from
ionizing radiation per unit mass of any materials is called absorbed dose, designated
by the symbol D.

Absorbed dose is defined as:

D= g5 [2.2]
dm

Where de is the mean energy imparted by ionizing radiation to matter
of mass dm. The units of absorbed dose are typically erg/g or Jkg. The specia units
are rad in older unit (100 erg/g) or the Gray (Gy) (1 Jkg = 100 rad = 10" erg/g). Dose
equivaent (H) is the absorbed dose multiplied by a “quality factor” (Q), the latter
accounting for the effectiveness of different types of radiation in causing biological
effects:

H = DQ [2.3]

Because the quality factor is in principle dimensionless, the pure units
of this quantity are the same as absorbed dose (i.e. erg/g or Jkg). However, the
specia units have unique names, specifically, the rem and sievert (Sv). Vaues for the
quality factor have changed as new information about radiation effectiveness has
become available. Current values, recommended by the International Commission on
Radiological Protection (ICRP 1979), are given in Table 2.4.
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Table 2.4 Quality factors recommended in ICRP 30

Particle or photon Quality factor

Alpha particles 0
Beta particles (+/-)
Gammarays

X-rays

Y )

The quantity dose equivalent was originally derived for use in radiation
protection programs. The development of the effective dose equivalent (EDE) by the
ICRP in 1979, and the effective dose (ED), in 1991, however, alowed nonuniform
internal doses to be expressed as a single value, representing an equivalent whole
body dose.

In 1977, the International Commission on Radiological Protection
(ICRP) introduced the parameter effective dose equivalent, whichis a weighted sum of
the individual organ absorbed doses. The tissue weighting factor for each organ was
defined as theratio between the absorbed dose delivered to the whole body, which
would confer a certain probability of cancer induction, and the absorbed dose in a
single organ (Hr), which would confer the same probability of cancer induction in that
organ. Forexample, a dose of 0.12 Gray to the whole body confers some probability
of cancer induction; a dose of 1 Gray to the lungs resultsin the same numerical
probability of lung cancer induction; thus, the tissue weighting factor for lung is set
equal to 0.12.

The product of the tissue weighting factor W, and the absorbed dose
equivalent in an organ is called the organ effective doseequivalent; the sum of organ
effective dose equivalents is calledthe effective dose equivalent He and is calculated
asfollows:

He =27Wr Hy [2.4]

(The ICRP uses the symbol Hr for the absorbed dose in an organor
tissue, which is the same quantity as D in the MIRD formalism.)

Tissue weighting factors recommended in ICRP 60 [11] for calculation
of the effective dose equivalent are given in table 2.5.
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Table 2.5 Tissue weighting factors

Organ Weighting factor
Gonads 0.20
Red Bone Marrow 0.12
Colon 0.12
Breast 0.05
Bladder 0.05
Esophagus 0.05
Liver 0.05
Lung 0.12
Skin 0.01
Thyroid 0.05
Bone Surface 0.01
Remaining tissue 0.05

2.1.8.2 MIRD equation [10]

Depending upon the identified of the radionuclide, particles or rays of
characteristic energy and abundance will be given off a a rate dependent upon the
amount of activity present. The quantities needed for equation are the fraction of
emitted energy which is absorbed within the target. This quantity is most often called
the “absorbed fraction” and is represented by the symbol @. For photons, some of the
emitted energy will escape objects of the size and composition of interest to interna
dosimetry, mostly soft tissue organs with diameter of the order of centimeters. For
electrons and beta particles, most energy is usually considered to be absorbed, so we
usualy set the absorbed fraction to 1.0. Electron, beta particles [12], are usually
grouped into a class of radiations referred to as nonpenetrating emissions while X-
and y-rays are called penetrating radiations. An absorbed fraction property in various
organswas illustrated in figure 2.11.

Electronsin-particles

e

Ia""h.-i.""'. s =0

Oy o=1 e =1

Figure 2.11 Different absorption properties of photons versus electron
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S0, the fraction absorbed depends on:

(1) the distance between the source and target organs
(2) the composition of the tissue between the source and target organs
(3) the penetrating ability of the radiation.

We can show a generic equation for the absorbed dose in as[10]:

k,&z nEg
D=—1i — [2.5]
m

is absorbed dose (rad or Gy)

is cumulated activity (uCi-hr or MBg-sec)

is number of radiations with energy E emitted per nuclear transition
is energy per radiation (MeV)

is absorbed fraction

ismass of target region (g or kg)

is proportionality constant (rad-g/uCi-hr-MeV or Gy-kg/MBg-s-MeV)
is number of emitted radiations

—X3Q M3 >0

The cumulative activity (A), or number of transitions, is represented by the
shade area under the curve as shown in figure 2.12.

1

\

Activity \

Time

Figure 2.12 Cumul ative activity

The cumulative activity depends on two factors. the amount of activity
administered to the patient (Ag) and the life time of the radioactive within the body or
organ of interest. So, characteristics of both physical and biological factors had
affected cumulative activity [13].

The units used for this quantity are uCi-hr, recall that 1 uCi-hr is equivalent to
1.33 x 108 disintegrations. If activity isin units of Bg and time isin units of seconds,
cumulated activity will have units of Bg-sec.
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The residence time () of aradionuclide in a source can be used instead
of cumulative activity in estimating the absorbed doseto a target. The residence time
is defined asfollows:

A
A

T = [2.6]

Therefore, the residence time can be thought of as a "mean" or
"effective” life of the administered activity Ay in the source organ. It is important to
remember that residence time accounts for both physical decay and biologic removal.
2.1.8.3 The MIRD system

The equation for absorbed dose in MIRD system, Loevinger et al. 1988,
[14] is deceptively simply:

D=AS [2.7]

The cumulated activity is there; all other terms must be lumped in the
factor S, and so they are:

kD nEd
St LN [2.8]
m
% kz nE¢,
D=A—1—— [2.9]
m

In the MIRD equetion, the factor k is 2.13, which gives doses in rad,
from activity in microcuries, mass in gram, and energy in MeV. The MIRD system
was developed primarily for use in estimating radiation doses received by patients
from administered radiopharmaceuticals; it is not intended to be applied to a system
of dose limitation for workers.

2.1.8.4 Sfactor [15]

The S factor is the dose to the target organ per unit of cumulative
activity in a specified source organ, rad/uCi-hr.-It is determined by a number of
factors, including, the mass of the target organ, the type and amount of ionizing
radiation emitted per disintegration, and the fraction of the emitted radiation energy
that reaches and is absorbed by the target organ. Each S factor is specific to a
particular source organ, target organ combination. Usually, the S factor is provided in
tabular form for most common diagnostic and therapeutic radionuclides. The MIRD
committee has not yet published S factors in Sl units, however, this conversion is
anticipated.

Once the rules for defining absorbed fractions have been determined,
the Svalue for any radionuclide and a given source-target combination may be
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calculated using the energies and branching fractions, the absorbed fraction, and the
target organ mass. Therefore, in MIRD Pamphlet No. 11 [16], these S-values are
tabulated for the 117 radionuclides and 20 source and target regions defined in the
phantom. If one can estimate the cumulated activity for all important source organs,
absorbed doses for any defined target organs may be estimated ssmply as [10]:

D(rk»rh)zz,&h S(rk<_rh) [2.10]

Wherer, represents a source region and r, represents a target region.

This equation reduces the entire dose equation to a two-step
calculation, per source organ, once the integrals of the time-activity curves are known.
Often determination of this latter quantity is the most difficult in adosimetry analysis.
The absorbed doses calculated using this equation are defined for a model of a
standard size, 70 kg, with a uniform activity distribution in each source region. This
simple equation is quite powerful, but understanding of its underlying assumptions is
essertial to its proper application.

2.1.8.5 Whole-body dose and effective dose equivalent

The calculated absorbed doses have singletarget organ, and depending
on the biokinetics of the administeredradiopharmaceutical. The individua organ dose
can range ove several orders of magnitude. Consegquently, a single parameter that
relates to the radiation dose delivered to the body asa whole is needed to evaluate and
compare the radiation risksof different procedures. Historically, the parameter used
forthis function is the whole-body dose or total-body dose. Thisquantity is defined as
the total radiation energy absorbed inthe body divided by the mass of the body, which
is taken as 70 kg for the reference man. The whole-body dose is calculated in the
MIRD schema by using the published S factor for the combination of whole body as
source organ and whole body as target organ. The ratio of whole-body dose to the
highest single organ absorbed dose varies from nearly unity for radiopharmaceuticals
that tend to be uniformly distributed in the body.

2.1.8.6 The MIRDOSE software[17]

A computer program called MIRDOSE has been developed and is
distributed by the Radiation Internal Dose Information Center. The program contains
tables of the S factorsfor the common radionuclide; the user must provide the
biokinetic data in the form of residence times for the source organs. Theprogram then
generates tables of organ doses per unit administeredactivity in both traditional and Sl
units, rad/mCi and mGy/MBg.
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2.2 Review of related literatures

Brix G, et a [3], investigated radiation exposure of patients undergoing
whole-body BF.FDG PET/CT examinations at 4 hospitals equipped with different
tomographs. They reviewed whole-body PET/CT acquisition protocols used between
September 2003 and May 2004 in 4 Germany university hospitals and estimated
patient dose by using dose coefficients for ®FFDG for internal dose and from
thermoluminescent measurements performed on an anthropomorphic whole-body
phantom for CT dose. Average ®~FDG activities of 300 MBq (hospital 2) and 370
MBq (hospita 1, 3, 4) were administered and the acquisition time for the whole-body
B FDG PET scans was less than 45 minutes at all sites. The effective dose for
patients undergoing high quality whole-body ®FFDG PET/CT examinations at the
four university hospitals participating in this study was about 25 mSv.

Table 2.6 Summary of radiation exposure of patient from *F-FDG PET/CT
examinations at 4 German Hospitals from Brix G et al.

Effective dose (mSv)
Hospital Type Scan
Per scan  Per examination

H1 Topogram 0.8

Diagnostic CT with CA* 18.6

PET, 370 MB('®F-FDG 7.0 26.4
H2 Topogram 0.1

Low-dose CT 4.5

PET, 300 MBq°~FDG 5.7

Diagnostic CT with CA 14.1 24.4
H3 Topogram 0.2

Diagnostic CT with CA 17.6

PET, 370 MBq°~FDG 7.0 24.8
H4 Topogram 0.2

Low-dose CT 24

PET, 370 MBq"°~FDG 7.0

Diagnostic CT with CA 141 23.7

* CA - Oncology patient.
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Hays MT, et a [2], estimated absorbed dose from a bolus intravenous
administration of ®F-FDG. They concluded that the whole-body residence time in the
ICRP publication, 2.13 h, is similar to their report, 2.38 h, residence times for some
source organs are notably different. This MIRD report found a brain residence time of
0.23 h, which was higher than the ICRP value of 0.15 h, resulting in a
correspondingly greater doseto the brain (0.046 mGy/MBq vs. 0.028 mGy/MBq). For
the liver, Health Physics 2003 gave the dose as 0.011mGy/MB(q, whereas their report
listed the mean liver dose as 0.034 mGy/MBqg. This difference reflects the observed
specific liver uptake found in the human studies that form the basis of this MIRD
dose-estimate report, whereas the ICRP authors assumed that the human liver had no
specific BF-FDG uptake.

Kim JH, et a [18], had developed a mathematical phantom model for
calculating internal radionuclide dosimetry base on the basic data from the Korean
reference adult male, and have also derived paired-organ and other selected inter-
organ photon-specific absorbed fractions (SAFs) for this model. Monte Carlo method
was applied for the calculation of SAFs. The calculated data were compared against
the data of MIRD Pamphlet No. 5 and ORNL TM-8381 report, which are based on
the existing data of the ICRP-23 reference man. As a result, SAFs were indicated to
be higher in the phantom based on Korean reference adult male than in the data of
MIRD 5 and ORNL. Thisis considered to be so mainly because of the differencesin
accordance with the photon energy emitted from the source organ of the thyroid
glands are estimated to have a connection with the materials composng a medium
and the range of photon. Also, the result of calculating SAFs in the adrenals, lungs
and kidneys, which are separated into two parts although of the same physiological
function, indicated that, if an organ is paired, each of these organ parts serves as an
independent source organ and that differences are noted in SAFs according to the
region in which these organs are located, that is, to the left or right of the region.

Megjia AA, et a [19], reported the estimation of absorbed doses due to the
intravenous administration of fluorine-18-fluorodeoxyglucose in positron emission
tomography in normal volunteers. The time activity curves were obtained for seven
organs (brain, heart, kidney, liver, lung, pancreas, and spleen) by using dynamic PET
scans and for bladder content by using a single detector. Absorbed dose were
calculated by the MIRD method using the absorbed dose per unit of cumulated
activity, transformed for the Japanese physics and the organ masses of Japanese
reference man. The study showed that the bladder wall and the heart were organ
receiving higher dose of 0.12 and 0.045 mGy/MBq, respectively. The brain received a
dose of 0.029 mGy/MBg and other organs received doses between 0.01 and 0.03
mGy/MBq. Their results concerning the bladder wall agree with other results and aso
confirmed that the absorbed dose to this organ can be reduced to half of that for the 2
hours void time if the patient void at 1 hour after injection. Although, the absorbed
doses estimated in this wok cannot be directly compared to other published data since
there is organ weight/total body weight variance in Japanese versus European and
American adults, the values reported here are in the range of other published results
on the dosimetry of this radiopharmaceutical.



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Resear ch design

This research is designed as a cross sectional study to estimate patient dose
from PET/CT scans administered °F-FDG. The procedures are as the following steps
asby infigure 3.1.

3.2. Resear ch design model

PET/CT system calibrations

;

Patient preparation
= |nform PET/CT examinations
= Patient sign consent form
»  Record patient information

Cdculate patient

= 1 liter of water

; 18 P dose from

g;k(;g:ﬂhl, . FFDG injection PET/CT data
= Void before 5

PET/CT scans

v

PET/CT scan at 1 hr after injection

Y
Evaluate patient dose and factors affecting
from 8F-FDG PET/CT examinations

Figure 3.1 Research design model
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3.3 Conceptual framework

There are four parameters influencing the patient dose from PET/CT scan. The
activity of BEFDG and mass of organ influences the interna dose. The scan length
and patient body mass index influences the dose from CT scan, or externa dose. The
conceptual framework of this study is shown in figure 3.2.

Internal dose (PET) F > Patient Dose |« | Externa dose (CT)
— Activity of ®F-FDG Scan length
— Mass of organs Patient body massindex (BMI)

Figur e 3.2 Conceptual framework
3.4 Resear ch question
3.4.1 Primary research question:

What is the patient dose from ®F-FDG PET/CT examinations at King
Chulalongkorn Memorial Hospital?

3.4.2 Secondary research question:
What are factors affecting the patient dosesin PET/CT examinations?
3.5Key words
¥RFDG
- MIRD

Patient dose

PET/CT
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3.6 Thesample

3.6.1 Target population: All patients who were requested for PET/CT
examinations at King Chulalongkorn Memorial Hospital.

3.6.2 Sample population: The patients who were requested for PET/CT
examinations at King Chulalongkorn Memorial Hospital, and met the eligible criteria

3.6.3 Eligiblecriteria

3.6.3.1 Inclusion criteria:

- Oncology patients

- Whole body scan

3.6.3.2 Exclusion criteria

- Pregnant patients

- Patient age>60 years
3.6.4 Sample size determination

Sample size, n, is calculated from continuous data to estimate the
population based on the formula with 90 % confidence interval (CI):

202
n_ZaG
e

[3.1]

o

26896 x2401. =31
2.1025

n issamplesize

o isvariance of data(24.01)

d isacceptable error (1.45)

Za is90% CI = 1.64 from table (a = 0.10)

The sample size (n) for 90 % confidence interval is 31
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3.7 Materials
3.7.1 Positron Emission Tomography/Computed Tomography [20]

The PET/CT system as shown in figure 3.3 is manufactured by Siemens
Medical Solutions, Model Biograph Sensation 16. The system integrates a PET scan,
with a 16 multi-slice CT scan using the syngo multimodality computer platform. PET
scan, consist of arrays of lutetium oxyorthosilicate (LSO) crystal detector, dimension
4x4x20 mm, crystal per block are 169 crystals, total detector of LSO are 144 blocks,
total number of detectors are 24,336 detectors, covering an axia field of view 162
mm, and transaxial field of view 585 mm. For CT scan, it is able to simultaneously
collect data, this 16-row data collection is accomplished via a 24-row detector. The
maximum scan FOV is 500 mm. Bore diameter is 700 mm. Three kVp settings are
available at 80, 120 and 140 kVp. The tube current ranges from 28 to 500 mA. The
automatic exposure control (AEC) protocol to minimize acquisition system efficiency
isavailable.

Figure 3.3 PET/CT system

3.7.2 Fluorine-18-fluorodeoxyglucose (18 F~FDG)

Fluorine-18 is a cyclotron produce positron emission prepared by
radiochemical synthesis. The structure of ®FFDG is shown in figure 2.8. 8F decays
to stable 130 by positron emission with a half-life of 109.77 minutes.



3.7.3 Monte Carlo simulation program [21]

The WinDose program version 2.1a, as shown in figure 3.4, is the PC program
for estimating organ dose and effective dose values in computed tomography. The
calculations are based on the Monte-Carlo simulations for anthropomorphic phantoms
which were obtained earlier by the GSF — National Research Center for Environment
and Health, Nurnberg, Germany. The exposure factors were entered into the WinDose
spreadsheet, along with CTDI in air which the measurements made with the pencil
ionization chamber. The spreadsheet used these data and table of normalized organ
doses to estimate the organ dose by matching with the manufacturer CT machine.
This program was implemented under Windows 95 to operate on any standard PC or
laptop PC at arbitrary sites. It was written in C++ and offers a user-friendly graphical
user interface.

D O S }e - Ir ‘“’r III-LI:.:":-:I-.:..:'T
g SCAHBIIRP_H[I
'¢// I i Version 2. la V. HOFER

'y

:.f\ﬂmnr. irsior [ Esa |

P AL - O

Figure 3.4 WinDose program
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3.7.4 The pencil ionization chamber [22]

A 100 mm long pencil ionization chamber: DCT 10-RS S/N 1057 is shown in
figure 3.5. It has 4.9 cm® active volumes, 100 mm total active length, 8.0 mm inner
diameter of outer electrode, and 1.0 mm diameter of inner electrode. It isused with an
electrometer during the measurement.

Figure 3.5 The pencil ionization chamber
3.7.5 The electrometer [22]

An electrometer: RTI Electronics AB Type SOLIDOSE 400 Electrometer SIN
4103 [23] is shown in figure 3.6, has the leakage within 4x10™ Ampere, for 80 — 150
kV radiation quality, and the calibration factor Np x equa to 24.2 mGy cm/nC (120
kV/HWD 4.05 mm Al).

Figure 3.6 The electrometer

3.7.6 Accessories

= Drinking water 1 liter/patient
= Consent form
=  Caserecord form
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3.8 Methods
This study is carried out as the following:
3.8.1 PET/CT daily QC[APPENDIX D]

The daily quality control program for CT and PET is regularly performed
using water phantom for the study of CT image quality, kVp calibration, pixel noise
and CT number values. The Ge/Ga68 phantom is used for PET daily QC, to check
chi-square value, for detector for response, or performance of detectors. Two-bed test
is checking the match-registration between PET and CT scan.

3.8.2 Patients

The study was investigated in 7 male and 28 female patients with age range
28-60 years (mean+SD, 44+10), who underwent ‘®F-FDG PET/CT examinations at
King Chulalongkorn Memorial Hospital. The patient is informed about the objective
of the study. The written consent was obtained form the patients before PET/CT
examinations [APPENDIX C]. Record patient information such as patient
identification number, height, weight, injected activity and time in case record form
[APPENDIX B]. The injected activity of *®FFDG is 4.75 MBq per kilogram. The
patient is encouraged to drink 1 liter of water and rest at patient’s waiting room. The
patients urinated before the examination.

3.8.3 PET/CT procedure

Whole-body PET/CT scan was obtained at 1 hour after administration of 18F-
FDG. A segmented emission scan was acquired for 3 minutes per bed position, and 6
to 8 bed positions per patient, from the base of skull to the upper thigh. Scanning was
performed in the caudocranial direction. Three sequential whole-body emission scans
were acquired at 1, 2 and 3 hour after injection to investigate the residence time of
various organs. For CT scan, the parameters such as tube voltage (kVp), collimation,
dlice width, and pitch factor were fixing in al patients, except mAs parameter using
the automatic exposure control (AEC) mode, as in table 3.1. The acquisition time for
the whole-body scan is about 30 minutes per patients. The image was reconstructed in
axial view and reformation to coronal and saggittal planes.

Table 3.1 CT scan parameters for whole-body PET/CT scan.

kVp Collimation  Slice width Pitch factor
(mm) (mm)

120 16x 1.5 5 0.75
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3.8.4 Dataanalysis
3.8.4.1 Internal dose

The internal dose calculation is carried out according to MIRD
equation as 3.2 [10].

KAY nEg [3.2]
D= m

is absorbed dose (rad or Gy)

is cumulated activity (uCi-hr or MBg-sec)

is number of radiations with energy E emitted per nuclear transition
is energy per radiation (MeV)

is absorbed fraction

ismass of target region (g or kg)

is proportionality constant (rad-g/pCi-hr-MeV or Gy-kg/MBg-s-MeV)

~ 3 QM3 >0

Calculation the time-activity curves or cumulative activity
To measure SUV values, the region of interest was drawn within the

boundaries of organ. For each time interval of the scan, data from each ROI in SUV
was assessed to unit of total organ activity as the following equation:

Organ activity(MBq) = SUV x Administered activity(MBq) x Organ weight(g) [3.3]

Body weight(qg)

The SUV (Standardized uptake value) is determined by using the PET syngo
software on the attenuation-corrected images, by placing ROI over the portion of the
organ with greatest ®F-FDG uptake. The target organs are the liver, spleen, kidneys,
lungs, bone marrow, bone surface, testes, ovaries, colon, skin, thyroid, urinary bladder
wall, stomach and breast. Plot time activity curves using total organ activity in target
organ at 1, 2 and 3 hours after injection as the following equation 3.3. Cumulative
activities in target organs were obtained by integral area under time activity curvesin
thirteen target organs as showninfigure 3.7.

Integrated activity under curve using MATLAB program, version 7.5.0 with
the following command:

>> 0% Cumulative activity in target organ
>>clc

>> y=textread(‘target organ.txt’);

>> 0p Scale X valuefor 0.5

>> x=(0:5:time to integral);

>> pl Ot(X’y’l'l)

>> Area=trapz(x,y)
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Figure 3.7 Cumulative activities in target organs

Determine the residence time (z) in target organs as the following equation:

A
A

T =

[3.4]

Where A is the cumulative activity in target organ, and Ao is the activity
administered to the patients. Therefore, the residence time is related to the
characteristics of both the physical and biological removal in target organs.

Radiation dosimetry

Absorbed dose in target organs is cal culated according to the MIRD method as
in the equation 3.2. Using S factor and the specific absorbed fraction following dose
factor for 8F [10], for Thai patient, derived from the ratio of the organ weight in the
MIRD reference man [23], multiplied by the organ residence time and multiplied by
the activity of *°F-FDG administered to the patient. The effective dose of the organ is
determined using weighting factor provided by ICRP publication 60 [11].

The total-body effective dose (E) was determined by formalism [3]:
E=ATC [3.5]

Where I'f°° is the dose coefficient (uSv/MBG), and, A is the activity (MBq)
administered to the patients.
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The dose coefficient (USV/MBQ) is determined by sum the results of absorbed
dose multiplied by tissue weighting factor in thirteen target organs as the following
table 3.2.

Table 3.2 The dose coefficient (uSv/MBQ) to determine the total body effective dose.

Tagetorgan AP0 Tissieweighiingfactor D oA e
Liver 0.05
Kidneys 0.05
Lungs 0.12
Urinary bladder 0.05
Stomach 012
Spleen 0.05
Gonads 0.20
Bone marrow 0.12
Colon 0.12
Bone surface 0.01
Skin 0.01
Thyroid 0.05
Breast 0.05

3.8.4.2 External dose

For CT scan, the external dose is calculated by using WinDose program as the
following:

Input data and parameters

When WinDose is started, the input screen will be shown in figure 3.8. Enter
the parameters for the interested scan, the type of scan, conventiona or spiral and the
sex of the patient. The scan range should be specified, cranial and caudal positions,
scan length, table increment or pitch ‘and the number of dlices or rotations. In the
section “scan parameters’, tube voltage, effective energy, the mAs product and the
slice thickness can be sel ected.
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Figure 3.8 WinDose input screen

Kerma data is obtained by the measurements on the scanner or, from the
specifications by the manufacturer. WinDose offers an automatic update of kerma. In
this study we use the pencil ionization chamber, model DCT 10-RS S/N 1057, 4.9
cm® active volume, to measure air kerma [8]. The 100 mm long pencil ionization
chamber was placed in air at the center. Exposure techniques used for air kerma
measurements were set by the following parameters as table 3.3.

Table 3.3 CTDI in air parameters measurements

Interface Input
Entry Head first
Position Supine
Scan type Axiadl
Slice Thickness 10 mm
Tilt 0 degrees
mA 100

kv 120
Rotation speed 1 second

Scan length 100 mm
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Output parameters

The available WinDose result screens are shown in figure 3.9 and 3.10. Dose
values for the major organs are listed together with a summary of the selected scan
parameters and scan range. Click the “Graphical display” button provide an optional
graphical representation of the scanned region, the organ positions and the calculated
organ doses with a schematic drawing of a male or female patient, respectively. The
calculation of effective dose values is carried out according to both ICRP 26 and 60
using the respective tissue weighting factors [24], [11].The resulting effective dose
value is also specified in units of natural background radiation per year to give an
indication of the orders of magnitude involved.
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Figure 3.10 WinDose output screen with a graphica presentation of the anatomical
scan range, organ ranges and dose levels
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Sum the effective dose from both CT and PET scan, and evaluate the correl ate
factors affecting patient dose from PET/CT examinations.

3.9 Statistical analysis

The study involves the comparison and correlation of the data from
independent and dependent variables. Bivariate analysis is chosen for analyzing each
independent variables and dependent variable.

Independent variables: Patient body massindex (BM1), Scan length,
Patient weight, Activity *F-FDG.

Dependent variable : Patient dose

Data analysis was done using SPSS program.
3.10 Ethical consideration

This research covers the determination of the average patient dose and its
factors affecting PET/CT examinations. ®FFDG will be administered to patients by
intravenous injection. The ethical was approved by Ethics Committee of Faculty of
Medicine, Chulalongkorn University.
3.11 Expected benefits

Patient dose from PET/CT examinations a King Chulalongkorn Memorial
Hospital.

Factors affecting patient dose from PET/CT examinations.



CHAPTER 4

RESULTS

4.1 The quality control of PET/CT system

The daily quality control program for CT and PET isregularly performed. The

quality control of PET/CT system was evaluated with the following topics:

CT image quality
kVp calibration

Pixel noise

CT number value
Chi-sguare value
Two bed test

Trues coincidence
Random coincidence
Single coincidence
PET temperature

The results of quality control from July 2007 to December 2007 are shown in

APPENDIX D.

4.2 External dose

4.2.1 Measurement of computed tomography dose index

Table 4.1 Computed tomography dose index in air

Method CTDI in air
(mGy/100 mAS)

M easurement 14.83

WinDose 15.40

Table 4.1 shows the CTDI in air values measured from Biograph 16. The

mean CTDI measured in ar indicates 14.83 mGy. The CTDI in-air from WinDose
program shows the higher value than the measurement. The difference for CTDI in air
between measured and WinDose is 3.70 percent. The CTDI in air from measurement
will be used in this study.

4.2.2 The effective dose from Monte Carlo simulation

The summary of effective dose from CT scan calculated using Monte Carlo

simulation, WinDose program is presented in table 4.2.
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Table 4.2 Summary of patient data including the effective dose from CT scan using
Monte Carlo smulation

Min Max Mean + SD
Patient weight (kg) 40 70 53.34+8.12
Patient height (cm) 149 178 160+ 7.71
Body Mass Index (kg/m?)  15.42 28.14 21.12+3.05
Scan length (mm) 759 992 856 + 71.64
mAS 75 173 112 + 21.68
Effective dose (mSv) 10.04 21.98 14.45+ 2.82

The patient information and results of effective dose for 35 patients from CT
scan using WinDose, Monte Carlo simulation technique is presented in table 4.3.

The patients have age ranged from 28 to 60 years (mean + SD, 44 * 10).
Seven cases were male and 28 cases were female. Patient height ranged from 149 cm
to 178 cm (mean + SD, 160 + 7.71), Patient weight ranged from 40 kg to 70 kg (mean
+ SD, 53.34 + 8.12). Patient BMI ranged from 15.42 kg/m? to 28.14 kg/m? (mean +
SD, 21.12 + 3.05). The mAs ranged from 75 to 173 (mean £ SD, 112.37 + 21.68).
Scan length from 759 mm to 992 mm (mean + SD, 855.57 + 71.64).

The wholebody effective dose from CT scan has ranged from 10.04 mSv to
21.98 mSv (mean £ SD, 14.45 + 2.82).

4.2.3 The correlation between patient dose and factors affecting in CT scan
using Monte Carlo Simulétion

Figure 4.1, 4.2 and 4.3 are scattered diagram showing the correlation between
the patient effective dose and its factor affecting patient dose of CT scan. The y-axis
represents the patient: effective dose in.mSv. The x-axis represents the factors
affecting patient dose. The scattered diagram shows the linear relationship between
the patient body mass index and effective dose with the correlation coefficient of
0.866 (p-value<0.01), the linear relationship between mAs and effective dose with the
correlation coefficient of 0.980 (p-value<0.01), and relationship between the scan
length and effective dose with correlation coefficient of -0.179.

The correlation between the body mass index and mAs is shown in figure 4.4.
The scattered diagram shows the linear relationship with correlation coefficient of
0.888 (p-value<0.01).



Table 4.3 Patient information and the effective dose (mSv) from CT scan

Pt. Age Heght Weight Scanlength  BMI Effective dose
No. G (vears) (cm) (ko) (mm)  (kgm? ™S T (msy)
1 M 28 172 55 985 18.58 93 11.344
2 F 45 152 60 759 26.00 173 21.977
3 F 28 159 47 856 18.58 101 13.393
4 F 29 160 50 856 19.53 96 12.730
5 F 60 158 53 863 21.20 116 15.398
6 F 35 160 50 873 19.53 96 12.727
7 F 52 154 62 870 26.16 153 20.274
8 F 36 154 43 870 18.14 96 12.721
9 F 30 160 50 875 19.53 92 12.199
10 M 32 169 59 875 20.63 114 13.435
11 F 44 150 50 875 22.22 116 15.482
12 F 43 156 65 759 26.42 134 17.023
13 F 49 153 53 797 22.22 133 17.264
14 M 49 177 68 992 21.73 132 16.252
15 F 58 155 56 759 23.33 120 15.248
16 F 30 159 52 759 24.51 120 15.248
17 F 60 156 47 875 19.34 109 14.566
18 F 42 150 40 759 17.78 84 10.674
19 F 59 149 47 759 20.72 101 12.835
20 M 56 168 54 875 19.15 103 12.138
21 F 57 150 47 875 21.33 113 14.986
22 M 46 164 63 875 23.42 120 14.248
23 M 49 172 51 873 17.23 92 10.830
24 F 45 154 45 875 19.00 87 11.534
25 F 47 159 40 970 15.42 75 10.036
26 F 53 162 53 980 20.23 120 16.067
27 F 47 160 47 865 18.16 91 12.137
28 M 28 178 70 990 22.40 123 15.019
29 F 43 166 63 868 23.00 132 17.485
30 F 31 149 40 759 18.02 84 10.700
31 F 48 158 56 875 22.50 116 15.293
32 F 50 164 47 875 17.10 102 13.447
33 F 35 152 65 759 28.14 142 18.087
34 F 39 155 53 759 22.08 108 13.756
35 F 43 160 65 856 25.78 146 19.225
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Figure 4.1 The correlation between patient Body Mass Index (kg/m?) and effective

dose (mSv) from CT scan, r = 0.866 (p-value<0.01)
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Figure 4.2 The correlation between mAs and effective dose (mSv) from CT scan,

r =0.980 (p-value<0.01)
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4.3 Internal dose
4.3.1 Residence time (1)

The residence time is related to the characteristics of both the physical and
biological removal in target organ. The residence time in target organ calculated by
the cumulative activity in target organ divided by the activity administered to patient.

In this study, 5 patients were collected to investigate mean residence time in
the target organs. The mean residence time of ¥~FDG in the 13 target organs, the
liver, kidneys, lungs, urinary bladder, stomach, spleen, gonads, bone marrow, colon,
bone surface, skin, thyroid and breast are presented in table 4.4. The standard
deviation for target organs showed small number, and the highest mean residence
timeis 0.104 hour from liver.

Table 4.4 Mean residence time (hours) of **F-FDG

Patient number

Target organ Mean + SD
1 2 3 4 5
Liver 0.1100  0.0700 0.1000  0.1400 0.1000 0.104+0.0251
Kidneys 0.0200 0.0200 0.0250 0.0400 0.0310 0.030+£0.0074
Lungs 0.0124  0.0140 0.0100 0.0160 0.0160 0.014+0.0026
Urinary bladder 0.0340 0.0400 0.0340 0.0460 0.0400 0.040+0.0050
Stomach 0.0160 0.0100 0.0100 0.0100 0.0110 0.011+0.0026
Spleen 0.0075 0.0053 0.0100 0.0120 0.0070 0.010+0.0026
Gonads 0.0037 0.0004 0.0004 0.0004 0.0004 0.001+0.0015
Bone marrow 0.0730 0.0630 0.0970 0.0710  0.0680 0.074+0.0132
Colon 0.0044  0.0130 0.0110 0.0170 0.0120 0.011+0.0046
Bone surface 01260 0.0790 0.0790 0.0840 0.0920 0.092+0.0197
Skin 0.0300 0.0270 0.0270 0.0260 0.0270 0.027+0.0015
Thyroid 0.0009 0.0006 0.0007 0.0010 0.0006 0.001+0.0002
Breast 0.0090 0.0090° 0.0100 ~0.0100 0.0080 0.010+0.0008
4.3.2 Absorbed dose

The mean absorbed doses in 13 target organs were calculated in 35 patients as
summarized in table 4.5, figure 4.5 and detail in table 4.6. The urinary bladder
received the highest average absorbed doses of 63.72+9.41 uGy/MBq (mean + SD),
ranged from 46.21 uGy/MBq to 80.80 nGy/MBg. The skin received lowest average
absorbed dose of 1.10+0.08 uGy/MBq (mean + SD), ranged from 0.94 uGy/MBq to
1.14 nGy/MBq.



Table 4.5 Absorbed dose in 13 target organs (LGy/MBQ)

Organ

Target organ Max Min Mean + SD
(nGy/MBag) (uGy/MBag)  (nGy/MBaQ)

Liver 39.50 21.50 29.83+ 3.56
Kidneys 33.60 19.80 27.28+ 353
Lungs 5.57 3.47 4.63 + 0.59
Urinary bladder 80.80 46.21 63.72+9.41
Stomach 15.36 8.84 11.57 + 1.56
Spleen 18.50 8.72 1479+ 2.32
Gonads 20.98 7.71 11.46 + 3.78
Bone marrow 24.80 14.16 18.11+2.25
Colon 14.80 < a ] 10.47 + 1.97
Bone surface 26.23 16.45 21.33+262
Skin 1.14 0.94 1.10+0.08
Thyroid 13.80 6.43 10.44 +1.83
Breast 9.11 5.88 7.33+0.90

thyroid
skin

bone surface

colon |

bone marrow £

stomach
urinary bladder
lungs

kidneys

liver

Figure 4.5 The average absorbed dose (uGy/MBQ) in target organs

Absorbed dose (uGy/M BQ)
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Table 4.6 Absorbed dose in target organs (LGy/MBq)

50

Absorbed dose (uGy/MBQ)

Target organ Patient number

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Liver 2738 215 301 395 294 313 29 332 313 2517 313 286 3006 238 30 3006 32 342
Kidneys 2549 198 237 336 283 285 247 316 285 2429 285 24 274 2211 264 274 297 334
Lungs 366 504 347 500 537 486 432 532 486 396 486 421 470 364 456 470 504 557
Urinary bladder  48.18 708 57.3 672 643 674 57 761 674 5337 674 55 643 4735 616 643 708 808
Stomach 1536 114 109 996 115 12 10.3 135 12 1002 12 997 115 902 111 115 126 142
Spleen 1053 8.72 1580 16.70 10.60 15.80 1360 1760 1580 13.35 1580 13.20 15.10 12.10 14.60 15.10 16.50 18.50
Gonads 19.65 1050 9.88 827 932 983 807 1150 988 1851 988 771 932 1640 882 932 1050 12.10
Bone marrow 15.88 16.60 24.80 16.30 16.80 18.90 17.00 20.50 18.90 1548 1890 16.60 1830 14.37 17.80 18.30 1950 21.40
Colon 370 1350 10.90 14.80 1140 1090 940 1220 1090 878 1090 911 1050 791 1010 1050 11.40 12.80
Bone surface 26.23 1990 1920 1830 2150 2230 19.60 24.60 2230 1830 2230 19.10 2150 16.74 20.80 21.50 23.20 25.80
Skin 105 114 114 110 114 114 114 114 114 094 114 114 114 094 114 114 114 114
Thyroid 917 716 7.88 961 643 1130 932 1290 1130 955 1130 893 10.70 845 1020 10.70 11.90 13.80
Breast 637 724 767 671 58 767 656 861 767 649 767 635 735 608 705 735 804 911
Pt. weight (kg) 55 47 50 60 53 50 62 43 50 59 50 65 53 68 56 53 47 40
Activity(MBQ) 303 260 270 310 288 342 372 285 263 280 320 333 300 420 343 335 300 264
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Table 4.6 Absorbed dose in target organs (uGy/M Bq), continued.

Absorbed dose (LGy/MBQ)

Target organ Patient number

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Liver 32 2589 32 2454 2671 326 342 3006 32 2362 29 342 30 32 286 3006 286
Kidneys 29.7 2549 297 2324 2687 307 334 274 297 2169 247 334 264 297 24 2714 24
Lungs 504 413 504 381 433 517 557 470 504 358 432 557 456 504 421 470 421
Urinary bladder  70.8 56.68 70.8 5048 605 736 808 643 708 4621 57 808 616 708 55 643 55
Stomach 126 1056 126 954 112 13 142 115 126 88 103 142 111 126 997 115 997
Spleen 1650 14.04 1650 12.75 14.84 17.00 1850 15.10 1650 1186 1360 1850 1460 1650 13.20 15.10 13.20
Gonads 1050 19.65 1050 1750 20.98 10.20 1210 932 1050 1602 8.07 1210 882 1050 7.71 932 771
Bone marrow 1950 16.09 19.50 15.00 16.80 20.00 2140 1830 1950 14.16 17.00 2140 17.80 1950 16.60 18.30 16.60
Colon 1140 9.26 1140 835 982 1180 1280 1050 1140 7.75 940 1280 1010 1140 911 1050 911
Bone surface 2320 1916 2320 1755 20.15 2390 2580 2150 2320 1645 19.60 25.80 20.80 23.20 19.10 21.50 19.10
Skin 114 094 114 094 09 114 114 114 114 094 114 114 114 114 114 114 114
Thyroid 1190 10.19 1190 9.03 1091 1230 1380 10.70 1190 8.23 932 1380 1020 1190 893 10.70 893
Breast 8.040 7.070 8.040 6.410 7.480 8.300 9.110 7.350 8.040 5.960 6.560 9.110 7.050 8.040 6.350 7.350 6.350

Pt. weight (kg) 47 55 47 63 51 45 40 53 ~47 70 62 40 56 47 65 53 65
Activity(MBg) 263 305 311 379 345 0 260 227 350 260 341 322 287 385 277 342 323 366
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Table 4.7 The relation between mass of organ (g) and absorbed dose (uGy/MBQ)

Averagemass absorbed dose  Number

Target organ of organ (Q) (WGy/MBq)  of patients
Liver 1371.7 29.83 35
Kidneys 236.2 27.28 35
Lungs 762.0 4.63 35
Urinary bladder 114.3 63.72 35
Stomach 190.5 11.57 35
Spleen 05 P, 14.79 35
Testes 34.4 18.39 7
Ovaries 6.4 9.73 28
Bone marrow 1143.1 18.11 35
Colon 217.2 10.47 35
Bone surface 3048.2 21.33 35
Skin 2293.7 1.10 35
Thyroid 152 10.44 35
Breast 267.5 7.33 35

The summary of patient information, dose coefficient (uSv/MBQ), the
effective dose (mSv) from PET scan are shown in table 4.8 and are compared with the
reported RADAR (Radiation Dose Assessment Resource) [25] dose estimates.

The Radiation Assessment Resource or the RADAR web site [25]
provided information on dose assessment models and methods including the RADAR
Medical Procedure Radiation Dose Calculator. This form gives radiation dose
estimates for certain radiographic and nuclear medicine procedures based on literature
reported values. Individual organ doses and total body effective doses are given for
these specified examinations, and some combinations of examinations. In addition, a
short statement is generated, which may be useful as part of a patient consent form
document, explaining the radiation doses as numerical values and as equivaent days
of exposure to natural background radiation.
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Table 4.8 The dose coefficients (I'f°®) for'®F-FDG and whole-body effective dose
(mSv) from PET scan

Effective RADAR

Pt. Age  Weight Activity |

Gender E dose values
1 M 27 55 303 15.19 4.603 4.854
2 F 45 60 310 16.04 4972 4972
3 F 27 47 260 14.66 3.812 4144
4 F 29 50 270 15.31 4134 4321
5 F 60 b 288 14.74 4.245 4.617
6 F 35 50 342 15.91 5.441 5.470
7 F 52 62 372 13.75 5.115 5.949
8 F 36 43 285 17.74 5.056 4.558
9 F 30 50 263 15.91 4184 4.203
10 M 32 59 280 15.09 4.225 4.481
11 F 44 50 320 15.91 5.091 5114
12 F 43 65 333 13.34 4.442 5.327
13 F 49 53 300 15.24 4572 4.795
14 M 49 68 420 13.65 5.733 6.719
15 F 58 56 343 14.7 5.042 5.487
16 F 30 53 335 15.24 5.105 5.357
17 F 60 47 300 16.62 4,986 4,975
18 F 42 40 264 18.66 4.926 4.220
19 F 59 47 263 16.62 4371 4.203
20 M 56 55 305 15.9 4.850 4.878
21 F 57 47 SIE 16.62 5.169 4972
22 M 46 63 379 14.41 5.460 6.062
23 M 49 51 345 16.83 5.806 5517
24 F 45 45 260 17.01 4.423 4,155
25 F 47 40 227 18.66 4.236 3.628
26 F 53 53 350 15.24 5334 5.600
27 F 48 47 260 16.62 4321 4,155
28 M 28 70 341 13.38 4.563 5.452
29 F 43 62 322 13.75 4.428 5.150
30 F 31 40 287 18.66 5.355 4,588
31 F 48 56 385 14.7 5.660 6.156
32 F 50 47 277 16.62 4.604 4.428
33 F 35 65 342 13.34 4,562 5.470
34 F 39 53 323 15.24 4.923 5.168
35 F 43 65 366 13.34 4.882 5.860




4.3.3 The effective dose from PET scan

The reqults from PET scan of calculated effective dose by two methods for 35
patients including ¥r.FDG injected activities are presented in table 4.9.

Table 4.9 Summary of the effective dose (mSv) and related factors from PET scan

Min Max Mean + SD
Dose coefficient (uSv/MBQ) 13.34 18.66 15.56 + 1.52
B FDG Activity (MBQ) 227 420 312+ 43.45
Effective dose (mSv) 3.81 5.81 4.82+05
RADAR values 3.63 6.72 5.00+ 0.7

The average dose coefficient from administration of ¥FFDG of 15.56+1.52
uSv/MBq, ranged from 13.34 uSv/IMBq to 18.66 uSv/MBg. Average BE.FDG
activities of 312+43.45 MBq were administered, ranged from 227 MBq to 420 MBg.
The whole-body effective dose from PET scan of 4.82+0.5 mSv, ranged from 3.81
mSv to 5.81 mSv.

The resut of effective dose estimates from the RADAR vaues of 5.00+0.7,
ranged from 3.63 mSv to 6.72 mSv. The correlation between the effective dose from
calculation and by RADAR dose estimates is shown in figure 4.6. The scattered
diagram showed the linear relaionship with correlation coefficient of 0.724 (p-
value<0.01).

4.3.4 The correlation between patient dose and factors affecting PET scan

Figure 4.7 and 4.8 are scattered diagram showing the correlation between the
patient effective dose and its factor affecting patient dose of PET scan. The y-axis
represents the patient: effective dose in.mSv. The x-axis represents the factors
affecting patient dose. The scattered diagram showed the effective dose is more
depend on the activity of 22 F-FDG, r = 0.720 (p-value<0.01) than factor from patient
weight, r = 0.128. The correlation coefficient between dose coefficient and patient
weight has negative correlation, r =-0.906 (p-value<0.01) as shown in figure 4.9.
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Figure 4.6 The correlation between effective dose (mSv) from calculated and

RADAR values, r = 0.724 (p-value<0.01)
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Figure 4.7 The correlation between activity of **F-FDG (MBq) and effective dose

(mSv) from PET scan, r = 0.720 (p-value<0.01)
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Figure 4.8 The correlation between patient weight (kg) and effective dose (mSv)
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Figure 4.9 The correlation between patient weight (kg) and dose coefficient

(uSv/MBQ), r =-0.906 (p-value<0.01)
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4.3.5 Patient dose from PET/CT examinations

Table 4.10 Summary data of patient dose from whole-body BE.-FDG PET/CT
examinations

Pt. Weight Activity BMI Effective dose (mSv)

No. (k) (MBQ) (kgm) oy CT  PET+CT

55 303 18.58 4.603 11.344 15.947
60 310 26.00 4.972 21.977 26.949
47 260 18.58 3.812 13.393 17.205
50 270 19.53 4.134 12.73 16.864
53 288 21.20 4.245 15.398 19.643
50 342 19.53 5.441 12.727 18.168
62 372 26.16 5.115 20.274 25.389
43 285 18.14 5.056 12.721 17.777
50 263 19.53 4.184 12.199 16.383
10 59 280 20.63 4.225 13.435 17.660
11 50 320 22.22 5.091 15.482 20.573
12 65 333 26.42 4.442 17.023 21.465
13 53 300 22.22 4.572 17.264 21.836
14 68 420 2193 5.733 16.252 21.985
15 56 343 23.33 5.042 15.248 20.290
16 53 335 24.51 5.105 15.248 20.353
17 47 300 19.34 4.986 14.566 19.552
18 40 264 17.78 4.926 10.674 15.600
19 47 263 20.72 4.371 12.835 17.206
20 55 305 1913 4.85 12.138 16.988
21 a7 311 21.33 5.169 14.986 20.155
22 63 379 23.42 5.46 14.248 19.708
23 sl 345 17.23 5.806 10.83 16.636
24 45 260 19.00 4.423 11.534 15.957
25 40 227 15.42 4.236 10.036 14.272
26 53 350 20.23 5.334 16.067 21.401
27 a7 260 18.16 4321 12.137 16.458
28 70 341 22.40 4.563 15.019 19.582
29 62 322 23.00 4.428 17.485 21.913
30 40 287 18.02 5.355 10.70 16.055
31 56 385 22.50 5.66 15.293 20.953
32 47 277 17.10 4.604 13.447 18.051
33 65 342 28.14 4.562 18.087 22.649
34 53 323 22.08 4.923 13.756 18.679
35 65 366 25.78 4.882 19.225 24.107
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Table 4.11 Summary of effective dose (mSv) from PET/CT scan
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Min Max Mean + SD
Effective dose from CT scan 10.04 21.98 14.45+2.82
Effective dose from PET scan 3.81 581 482+0.5
Effectivedose from PET/CT scan  14.27 26.95 19.27 £ 2.92

The summary of effective dose from PET/CT examinations is presented in
table 4.10 and table 4.11. The results shows that the average effective dose from CT
scan was 14.45+2.82 mSy, ranged from 10.04 mSv to 21.98 mSv, the average whole-
body effective dose from PET scan was 4.82+0.5 mSy, ranged from 3.81 mSv to 5.81
mSv. The average whole-body effective dose from PET/CT examination was

19.27+2.92 mSv, ranged from 14.27 mSv to 26.95 mSv.



CHAPTERS

DISCUSSION AND CONCLUSION

5.1 Discussion

As PET/CT scan using ®F-FDG has been widely used for metabolic studies it
IS necessary to determine the patient radiation absorbed dose. Some studies provide
the type of human kinetic data needed for dosimetry such as International
Commission on Radiological Protection (ICRP), publication 53 and 80 [26], present
table of ®F-FDG doses derived from a model assuming. In this study, the absorbed
dose in target organ was calculated based on biokinetic data obtained in humans, Thai
patient, after a bolus intravenous injection.

5.1.1 Comparison of measured and calculated CTDI

The calculated CTDI was higher than the measured CTDI in air 3.70 percent.
These would make the effective dose cal culated by these values | ess than the effective
dose calculated using default values.

5.1.2 Comparison of patient dose to published data

The mean absorbed dose in target organs in this work was compared to other
works as presented in table 5.1. All of the absorbed doses in target organ in this work
except the lungs and skin, agree with other authors. The mean absorbed dose to each
organ was less than the others according to the method of measurement. The absorbed
dosein urinary bladder wall agrees with other studies.

The absorbed dose at target organs is comparable to Mgjia e a [19], as the
similar size of Japanese and Thal and estimated from data in humans. They used S
tables derived for Japanese adults and based on a model of Japanese reference man.

Theresultsin table 4.7 show that the absorbed dose is independent of the mass
of the target organ. The size of the target organ affects the total amount of energy
absorbed by the organ, but has little effects on the concentration [13]. Although the
injected activity of ®F-FDG was 4.75 MBq per kilogram, it is adequate in image
quality. In addition, the PET/CT scan was acquired at 1 hour after injection which was
correlated a maximum accumulation of FDG in tumors at about 45 minutes after
injection.

The dose coefficient listed in table 4.8 can be used to estimate whole-body
effective dose from PET scan, using the patient specific such as the age, sex and body
weight. The dose coefficient and patient weight isinversely correlated with r = -0.906
(p-value<0.01). The S values for the European and American adult reference man are
lower than the corresponding values for Thai. Thus, an underestimation of the
absorbed dose to Thai patient would occur if the absorbed dose was calculated using
European and American reference man.
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The average effective dose for patients undergoing wholebody *F-FDG
PET/CT examinations was 19.27 mSv, and the range was between 14.27 and 26.95
mSv. This is in comparable to Brix et a [3] study of average dose of 25 mSv for
PET/CT. The average effective dose from CT scan using WinDose program was
14.45 mSv, and the range was between 10.04 and 21.98 mSv, these results agree with
the effective dose determined by Brix et a. using thermoluminescent dosimeters
(TLDs).

Table 5.1 Comparison of the absorbed dose in target organ of this study to other
published data.

Target organ _ Absorbed dose (_L_le/M BQ) _
Thisstudy MIRD 19[2] Mseiaeta [20] Brixeta [3]

Liver 29.83 24 23 11
Kidneys 27.28 21 30

Lungs 4.63 15 10 10
Urinary bladder 63.72 73 66 160
Stomach 11.57 11
Spleen 14.79 15 22

Gonads 11.46 11 15 135
Bone marrow 18.11 11 12 11
Colon 10.47 13
Bone surface 21.33 11
Skin 11 8
Thyroid 10.44 10
Breast [=32 6.8

5.1.3 Comparison of the residence time to published data

The cumulative activity in target organ can be calculated by measure the organ
activity at 1, 2, and 3 hours after injection, and interpolate to injected time using
exponential equation to fit the time activity curve. The calculation includes physical
and biological half-lives. The results agree with Megjia et a. They calculated the
cumulative activity in some source organs by used-only physical decay of the activity
remaining in the organ after last measurement, indicated the residence time in some
organs, such as liver, kidneys and spleen of this study with minimal difference. The
comparison of residence time in target organs with other studies is presented in table
5.2
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Table 5.2 Comparison of the residence time (hour) in target organ of this study to
other published data.

Target organs Thisstudy Meiaetal Jonesetal Haysand Segall
Liver 0.11 0.11 0.15
Kidneys 0.029 0.03

Lungs 0.012 0.02 0.07
Urinary bladder 0.034 0.12 0.2 0.09
Stomach 0.016

Spleen 0.0075 0.01

Gonads 0.004

Bone marrow 0.073

Colon 0.0044

Bone surface 0.126

Skin 0.03

Thyroid 0.0009

Breast 0.0006

5.1.4 Factors affecting patient dose

The patient effective dose increases with increasing the patient BMI for CT
scan. The correlation between patient BMI and patient dose were good, r = 0.866 (p-
value<0.01). The patient BMI is directly affecting the mAs when using Automatic
Exposure Control (AEC) for CT scan. The maximum BMI was 26 kg/m2 asshownin
table 4.3. The mAs and the patient dose increase with BMI. This means that the
patient size is important predictor of patient dose. Whereas, the average scan length
from CT scan was 855.57 £ 71.64 mm ranged from 759 mm to 992 mm. The
correlation between patient dose and scan length were very poor with r = -0.179, as
shown in figure 4.3. For PET scan, the patient dose increases with the activity of *°F-
FDG. The effective dose depends on' the activity of *~FDG rather than patient
weight with correlation coefficient = 0.720 (p-value<0.01).

Although.-the MIRD method provides reasonable organ doses, the typical
application of this technique includes severa significant assumptions, limitation, and
simplifications that, taken together, could result in differences between the true and
calculated doses. These include the following:

1. The radioactivity is assumed to be uniform distributed in each source organ.
This is rarely the case and, in fact, significant pathology or characteristics of the
radiopharmaceutical may result in a highly nonuniform activity distribution.

2. The organ sizes and geometries are idealized into ssmplified shapes on aid
mathematical computation.

3. Each organ is assumed to be homogeneous in density and composition.
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4. The phantom for the reference is only approximations of the physical
dimension of any given individual.

5. Dose contributions from minor radiation sources are ignored.

6. With afew exceptions, low energy photons and all particulate radiation are
assumed to be absorbed locally.

5.2 Conclusion

Combined PET/CT scan are more than just a convenient diagnostic tool for
acquiring perfectly registered functional and anatomic images. They represent a new
generation of clinical imaging toolsthat highlight the complexity of multidisciplinary
clinical decision making. In addition, they emphasize the crucia role of adequate
workflow management when combined with appropriate technology
and computer systems in providing efficient and cost-effective patient management.

As nuclear medicine has grown to include a substantial therapeutic component,
the importance of radionuclide dosimetry has also grown. Radiation dosimetry is
primarily of interest because radiation dose quantities serve as indices of the risk of
biologic damage to the patient. The Medical Internal Radiation Dosimetry (MIRD)
Committee of the Society of Nuclear Medicine has developed a methodology for
calculating the radiation dose to selected organs and the whole body from internally
administered radionuclides. The MIRD formalism takes into account variables
associated with the deposition of ionizing radiation energy and those associated with
the biologic system for which the dose is being cal cul ated.

The average effective dose of patients undergoing whole-body ®F-FDG
PET/CT examinations at King Chulalongkorn Memoria Hospital, Thailand, was
19.27 mSv and the range between 14.27 and 26.95 mSv. The effective dose obtained
from CT scan based on the Monte Carlo simulation and it is greater than the effective
dose obtained from PET scan about 3 times. For WinDose Monte Carlo simulation
program, when al parameters were fixed, the patient dose depends on mAs and
patient gender rather than patient scan length. The PET/CT acquisition protocols
examined in this study reflect the range of patient dose. The reduction of patient dose
can be done by adjusting the protocol of PET/CT systems such as, kV, mAs, and
optimization of activities of radiopharmaceutical administered to the patient. Using
AEC mode in CT scan had benefit when used with small patient size such as Thai
people. The benefits of this study are the records of patient dose and related
information for *°F-FDG PET/CT in the future.
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APPENDIX A

Tablel. Masses of the organs and tissues (unit:g) [23]

Organ Reference man ICRP 23

Adrena glands 20
Blood 5,400
Brain 1,500
Breast 26
Eyes 30
Esophagus 40
Fat 10,000
Gall bladder 10
Gastrointestinal tract 2,000
Heart 330
Kidneys 310
Liver 1,800
Lymphoid tissue 700
Lung 1,000
Miscellaneous(blood vessels, 390

cartilage, nerves, eic.)
Muscle 30,000
Pancreas 70
Prostate gland 20
Salivary glands 50
Skeleton 10,000
Skin and subcutaneous tissue 6,100
Spinal cord 30
Spleen 150
Stomach 250
Teeth 20
Testes 40
Thymus 10
Thyroid gland 20
Urinary bladder 150
Total body 70,000




APPENDIX B

Case Record Form ®F-FDG PET/CT Examinations
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-~

Dateof exam ..........ccooevvviieinnnnnn,
Patientno ................
SEX i T T L AR T ...l (YEBES)
Patient height...................... (cm) Patient weight..................cceene..(KQ)
Patient BMI ............cc.ccvni... (kg/m)Activity °F-FDG..................(MBq)
Injectiontime...........c...ococieienntn Startscantime............cooooeii i,
Finishscantime..........c..coiiiiinnnn Scan length............................(cm)

............................ (MGY)DLP.........oo
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APPENDIX C

Patient consent form
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APPENDIX D

PET/CT daily QC

The daily quality control program for CT and PET is regularly performed
using water phantom for the study of CT image quality, kVp calibration, pixel noise
and CT number values. The Ge/Ga68 phantom is used for PET daily QC, to check
chi-square value, for detector for response, or performance of detectors. Two-bed test
is checking the matchregistration between PET and CT scan, as displayed in the
output screen asin figurel (A) and | (B).

e i = |

—t— ot J‘Jl

= " R
i = |
== |
p L1-’ 25T 2V 1, B J

/’!,/ ’;...‘_’;.ﬂ J
‘_r" 3 .4"1

i £ EFF =
=5 " ek
=) N |

Figurel Chi-square values output screen (A) and two-bed test output screen (B)

1. Ge/Ga-68 phantom

The cylindrical uniform phantom as shown in figure Il is Ge/Ga-68 phantom,
Model CS-20-1, activity 54 MBq, with diameter 20 cm and 20 cm length cylinder.
Ge/Ga-68 phantom used for PET calibration as daily test. ®Ga decays to stable ®Ge
by positron emission with a half-life of 288 days.

b

Figurell Ge/Ga68 phantom



Tablell. Theresults of quality control of PET/CT system.
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July 2007
CT PET
Date  Check Quality Chi- 2bed trues random single Temp.
up Square  test  (cps) (cps)  (cps)  (°C)
2/07/07 N N 0.9 N 789k 7.8k 2850k 20
3/07/07 \ \ 0.9 \ 786k 7.8k 2850k 20
4/07/07 v \ 0.9 v 783k 7.8k 2844k 20
5/07/07 v \ 0.9 \ 783k 7.7k 2843k 20
6/07/07 v \ 1.0 y 779k 7.7k 2833k 20
9/07/07 v \ 0.9 \ 772k 7.6k 2815k 20
10/07/07 \ 1.0 \ 76.9k 7.6k 2809k 20
11/07/07 \ 11 v 763k 7.6k 2810k 21
12/07/07 v 1.0 \ 774k 75k 2801k 21
13/07/07 \ 1.0 \ 770k 75k 2798k 20
16/07/07 \ 1.0 \ 76.8k 7.4k 2786k 20
17/07/07 \ 0.9 \ 76.1k 7.3k 2776k 20
18/07/07 \ 0.8 V. 759k 7.4k 2772k 20
19/07/07 v 0.8 \ 759k 7.3k 2768k 20
20/07/07 v 0.8 \ 76.1k 7.3k 2763k 20
23/07/07 \ 0.9 V. 787k 7.2k 2742k 20
24/07/07 \ 0.9 \ 751k 7.2k 2738k 20
25/07/07 \ 0.8 \ 751k 7.1k 2735k 20
26/07/07 \ 0.9 \ 746k 7.1k 2726k 20
27/07/07 \ 0.9 N 745k 7.1k 2722k 20
August 2007
CT PET
Date  Check T Chi- 2bed trues random single Temp.
up square  test (cps) (cps) (cps)  (CC)

1/08/07 N N 0.9 v 738k 7.0k 2694k 20
3/08/07 v \ 0.9 \ 735k 6.9k 2690k 20
6/08/07 v \ 0.9 \ 725k 6.8k 2677k 20
7/08/07 \ \ 0.9 \ 725k - 6.8k 2663k 20
8/08/07 \ \ 0.9 v 723k 6.8k 2659 20
10/08/07 \ 0.9 \ 720k 6.7k 2660k 20
15/08/07. .~ A \ 0.9 y 71.2k 6.6k . 2628k 20
16/08/07 \ 0.9 v 706k 65k = 2625k 20
21/08/07 \ 0.9 \ 69.7k 6.5k 2599k 20
22/08/07 \ 0.9 \ 69.7k 6.5k 2509k 20
23/08/07 \ 0.9 v 689k 6.4k 2590k 20
24/08/07 \ 0.9 \ 69.1k 6.4k 2587k 20
27/08/07 \ 0.9 \ 68.9k 6.4k 2579k 20
28/08/07 \ 0.9 \ 685k 6.3k 2572k 20
29/08/07 \ 0.9 v 682k 6.3k 2562k 20
30/08/07 \ 0.9 \ 67.9k 6.3k 2559k 20
31/08/07 \ 0.9 \ 67.9k 6.2k 2552k 20




September 2007

CT PET
Date  Check Qual Chi- 2bed trues random single Temp.
up square  test  (cps)  (cps) (cps) (’C)
3/09/07 N N 0.9 N 675k 6.26k 2544k 21
4/09/07 V \ 0.9 v 672k 620k 2532k 20
5/09/07 N \ 0.9 \ 67.0k 6.20k 2532k 20
6/09/07 \ \ 0.9 \ 66.4k 6.10k 2532k 20
7/09/07 v \ 0.9 v 66.7k 610k 2520k 20
10/09/07 \ 0.9 \ 66.4k 6.10k 2513k 20
11/09/07 \ 0.9 y 65.8k 6.00k 2509k 20
12/09/07 \ 0.9 \ 656k 6.00k 2504k 20
13/09/07 \ 0.9 \ 653k 610k 2502k 20
14/09/07 \ 0.9 \ 65.4k 6.00k 2498k 20
17/09/07 v 0.9 \ 64.6k 590k 2484k 20
19/09/07 \ 0.9 v 645k 580k 2474k 20
20/09/07 \ 0.8 \ 641k 580k 2467k 20
21/09/07 \ 0.9 \ 64.0k 5.80k 2458k 20
24/09/07 \ 0.9 \V 637k 570k 2452k 20
25/09/07 v 0.9 \ 63.6k 570k 2448k 20
26/09/07 v 0.9 \ 63.3k 570k 2443k 20
27/09/07 \ 0.9 V 630k 570k 2436k 20
28/09/07 \ 0.9 \ 63.0k 570k 2437k 20
October 2007
CT PET
Date  Check Qual Chi- 2bed trues random single Temp.
up square  test  (cps) (cps)  (cps)  (°C)
1/10/07 N N 0.9 v 623k 56k 2419k 20
2/10/07 v v 0.9 V- 6lek 56k 2419 20
3/10/07 v \ 0.9 \ 624k 5.6k 2420k 20
4/10/07 v \ 0.9 v 615k 5.6k 2404k 20
5/10/07 v \ 0.9 \ 616k 5.4k 2401k 20
8/10/07 v \ 0.9 \ 614k 5.4k 2390k 20
9/10/07 \ \ 0.9 \ 60.5k - 5.5k 2387k 20
10/10/07 \ 0.9 v 609k 54k 2385k 20
11/10/07 \ 0.9 \ 60.7k 5.4k 2383k 20
12/10/07. .~ A \ 0.9 y 60.3k 5.4k . 2374k 20
22/10/07 \ 1.2 V. B85k 52k 2326k 20
25/10/07 \ 1.2 \ 50.0k 5.1k 2316k 20
26/10/07 \ 1.2 \ 504k 5.1k 2315k 20
29/10/07 \ 1.2 v 583k 50k 2299 21
30/10/07 \ 1.2 \ 58.7k 5.1k 2298k 20
3y10/07 \ 1.2 \ 584k 5.1k 2295k 20




November 2007
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CT PET

Date  Check Qualit Chi- 2bed trues random single Temp.

up square  test  (cps) (cps)  (cps)  (CC)
1/11/07 N N 1.2 N 58.1k 5.0k 2291k 20
2/11/07 V \ 0.9 v 581k 50k 2285k 20
5/11/07 N \ 1.0 \ 574k 50k 2273k 20
6/11/07 \ \ 0.9 \ 56.6k 4.9k 2268k 20
7/11/07 \ \ 1.2 v 573k 50k 2267k 20
8/11/07 v \ 1.2 \ 56.9k 5.0k 2265k 20
9/11/07 v \ 1.2 y 56.5k 5.0k 2253k 21
16/11/07 \ 1.2 V. 561k 4.8k 2233k 20
19/11/07 \ 1.2 \ 55.7k 4.8k 2219k 20
211107 \ 1.2 v 553k 47k 2216k 20
23/11/07 v 1.2 \ 543k 4.7k 2213k 20
26/11/07 \ 1.2 V. 547k 46k 2195k 20
29/11/07 \ 0.9 \ 546k 46k 2187k 21
December 2007
CT PET
Date  Check Quality Chi- 2bed trues random single Temp.
up square  test  (cps) (cps)  (cps)  (°C)

3/12/07 N \ 0.9 \ 5416k 454k 2171k 20
4/12/07 v \ 0.9 \ 53.95k 456k 2161k 21
6/12/07 v \ 0.9 \ 53.90k 4.49k 2161k 20
7/12/07 V \ 0.9 \ 5350k 449 2150k 20
11/12/07 \ 0.9 v 5538k 490k 2141k 20
12/12/07 \ 0.9 \ 5290k 4.42k 2138k 20
13/12/07 \ 0.9 \ 5343k 450k 2131k 20
14/12/07 v 0.9 v 5410k ~4.83k 2135k 20
15/12/07 \ 0.9 \ 54.00k 4.83k 2121k 20
18/12/07 \ 0.9 v 5400k 475k 2112k 20
19/12/07 \ 0.9 \ 54.00k 4.80k 2110k 20
20/12/07 \ 0.9 \ 51.30k 4.30k 2114k 20
2112/07 A \ 0.9 \ 51.30k -4.30k 2106k 21
25/12/07 A \ 0.9 v 5280k 4.79% 2097k 20
26/12/07 \ 0.9 \ 50.90k 4.10k 2090k 20
27/12/07. A \ 0.9 y 50.60k - 4.20k. 2087k 20
28/12/07 \ 0.9 V' B50.50k  4.16k 2085k 20

cps— count per second
k-10°
Temp—temperature
*C—degree Celsius
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NEMA Standards Publication NU 2-2001 [7]
Perfor mance M easur ements of Positron Emission Tomographs
PET phantom for test perfor mance characteristic of PET scan

The requirement of NEMA NU2-2001 for test performance characteristic of
PET scan was introduced PET phantom set, consist of torso phantom IEC/2001,
scatter phantom and sensitivity phantom.

1. Tota performance phantom [7]

The phantom as show in figure lI1, is an Internationa Electric Commission
(IEC) body phantom set, used for evaluated image quality in PET scan, which
consists of a torso cavity, removable lung insert, and 6 fillable spheres with inner
diameter of 10, 13, 17, 22, 28 and 37 mm and wall thickness of 1 mm. A cylindrical
insert filled to simulate the attenuation of lung with outside dimension 51 mm
diameter and 180 mm length and wall thickness less than 4 mm, it was centered inside
the body phantom.

Figurelll Torso phantom

2. Scatter phantom [ 7]

The phantom as shown in figure 1V, is a scatter phantom set, used for
evaluated the scatter fraction and noise equivalent count rate. This phantom including
a solid circular cylinder composed of polyethylene with a specific gravity of 0.96, an
outside diameter of 203 mm, an overall length-of 700 mm, and a plastic tube that is
800 mm long and has an inner diameter of 3.2 mm to hold the source activity.

FigurelV Scatter phantom



75

3. Sensitivity phantom [7]

The phantom as shown in figure V, is a sensitivity phantom set. These
phantom used for evaluated sensitivity of detector of PET scan, consists of 5
concentric aluminum tubes, each long 700 mm, and a 1.8 mL fillable polyethylene
tube inserted into the center sleeve.

FigureV Sensitivity phantom

The performance tests are consi sting of':

A. Spatial resolution
B. Scatter fraction
C. Sensitivity

D. Image quality

A. Spatial resolution

The purpose of this measurement is to characterize the widths of the
reconstructed image point spread functions (PSF) of compact radioactive sources. The
width of the spread function is measured by its full width at half-maximum amplitude
(FWHM) and full width at tenth-maximum amplitude (FWTM).

Method

The spatia resolution is measured in the transverse dice in 2 directions,
radially and tangentially, and in the axial direction. Point sources of '®F are imaged in
air. The point source consists of asmall quantity of concentrated radioactivity inside a
glass capillary. The resolution is measured with the sources at 6 locations. Two axia
positions are selected, the center of the axia FOV and a position one fourth of the
axial FOV from the center. For both axial locations, the source is imaged at 3
positions, () x=0andy=1cm, (b) x=0andy=10cm, and (c) x=10andy = 0cm.
The source arrangement is shown diagrammatically in Figure V1.
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Figure VI Positions of source for resolution measurement
B. Scatter fraction

The purpose of this procedure is to measure the rel ative system sensitivity to
scattered radiation.

Method

The phantom in this measurement comprises a 20-cm-diameter solid
polyethylene cylinder with an overall length of 70 cm. The data for the measurement
of intrinsic scatter fraction are taken from the low activity scans of the measurement
of counting rate performance, when the count loss and randoms rates are both <1% of
the true rate. Activity is placed in a line source that is threaded through a hole in the
cylinder a a radius of 4.5 cm and parallel to the central axis. For consistency, the
phantom is rotated such that the line source is at the lowest pogtion, because the
measured result will depend on the relative orientation of the line source and the bed.

C. Sensitivity

The purpose of this procedure is to measure the sensitivity or ability of the
scanner to detect positrons.

Method

A 70-cm-long plastic tube is filled with a radioactivity, sufficiently low that
count losses and randoms are negligible. The tubing is encased in metal seeves of
varying thickness and imaged, suspended in the center of the transverse FOV.
Alternatively, the radioactivity can be placed in the smallest metal sleeve, aslong as it
iswell sealed.

D. Image quality

The purpose of this measurement is to produce images simulating those
obtained in a whole-body study with both hot and cold lesions. Spheres of different
diameters are imaged in a ssimulated body phantom with non-uniform attenuation.
Activity is also present outside the scanner.
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Method

The phantom consists of atorso phantom, containing hot and cold spheresin a
warm background. The hot spheres have inner diameters of 1.0, 1.3, 1.7, and 2.2 cm,
the cold spheres have inner diameters of 2.8 and 3.7 cm. A 5-cm-diameter insert with
an attenuation coefficient approximately equal to the average value in lung is also
placed in the center of the phantom, and measured attenuation correction is
performed. The background is filled with '°F at an activity concentration typical of
what is seen in patient FDG studies, 370 MBqg/70-kg patient, or 5.3 kBg/mL. The hot
spheres are sequentially filled with activity concentrations of 8 and 4 times that of the
background, 2 sequentia acquisitions. The line source of the 70-cm-long phantom is
filled with sufficient activity to yield an effective activity concentration equal to that
of the background in the torso phantom. The arrangement of radionuclide distribution
isillustrated in figure V.

middle slice of
imaging FOV

T cm

70 cm test phantom

| | | Body phantom

patient table

7 cm

Figure VIl The arrangement of radionuclide distribution



APPENDIX E

Tablelll. Specific absorbed fractions (per gram) for the adult male [25]

Sour ce Organ Target Organ 0.5 MeV
Adrenals Breasts 2.90E-06
Adrenals Stomach 1.10E-05
Adrenals Upper Large Intestine Wall 4.30E-06
Adrenals Kidneys 3.30E-05
Adrenals Liver 1.90E-05
Adrenals Lungs 1.10E-05
Adrenals Red Marrow 1.20E-05
Adrenals Bone Surfaces 6.70E-06
Adrends Skin 2.00E-06
Adrenals Spleen 2.00E-05
Adrenals Testes 2.00E-07
Adrenals Thyroid 5.60E-07
Adrenals Urinary Bladder Wall 6.50E-07
Adrenals Total Body 6.10E-06
Brain Breasts 2.50E-07
Brain Stomach 5.70E-08
Brain Upper Large Intestine Wall 1.30E-08
Brain Kidneys 3.00E-08
Brain Liver 1.10E-07
Brain Lungs 6.10E-07
Brain Red Marrow 4.40E-06
Brain Bone Surfaces 7.60E-06
Brain Skin 2.40E-06
Brain Spleen 1.20E-07
Brain Testes 9.90E-10
Brain Thyroid 7.00E-06
Brain Urinary Bladder Wall 2.80E-09
Brain Total Body 4.10E-06
Breasts Breasts 2.30E-04
Breasts Stomach 3.30E-06
Breasts Upper Large Intestine Wall 6.00E-07
Breasts Kidneys 1.30E-06
Breasts Liver 3.70E-06
Breasts Lungs 1.10E-05
Breasts Red Marrow 3.10E-06
Breasts Bone Surfaces 2.20E-06
Breasts Skin 4.20E-06
Breasts Spleen 2.60E-06
Breasts Testes 0.00E+00
Breasts Thyroid 1.80E-06
Breasts Urinary Bladder Wall 1.80E-07
Breasts Total Body 3.60E-06
Gall Bladder Contents Breasts 1.90E-06
Gall Bladder Contents Stomach 1.20E-05
Gall Bladder Contents Upper Large Intestine Wall 3.30E-05
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Source Organ Target Organ 0.5MeV
Gall Bladder Contents Kidneys 1.70E-05
Gall Bladder Contents Liver 3.50E-05
Gall Bladder Contents Lungs 3.10E-06
Gall Bladder Contents Red Marrow 5.00E-06
Gall Bladder Contents Bone Surfaces 2.50E-06
Gall Bladder Contents Skin 1.70E-06
Gall Bladder Contents Spleen 5.20E-06
Gall Bladder Contents Testes 6.10E-07
Gall Bladder Contents Thyroid 2.90E-07
Gall Bladder Contents Urinary Bladder Wall 2.80E-06
Gall Bladder Contents Total Body 5.80E-06
Lower Large Intestine Contents ~ Breasts 2.70E-07
Lower Large Intestine Contents ~ Stomach 5.90E-06
Lower Large Intestine Contents ~ Upper Large Intestine Wall 1.40E-05
Lower Large Intestine Contents ~ Kidneys 3.70E-06
Lower Large Intestine Contents  Liver 1.10E-06
Lower Large Intestine Contents  Lungs 4.00E-07
Lower Large Intestine Contents = Red Marrow 1.00E-05
Lower Large Intestine Contents ~ Bone Surfaces 4.20E-06
Lower Large Intestine Contents. Skin 1.90E-06
Lower Large Intestine Contents ~ Spleen 2.90E-06
Lower Large Intestine Contents =~ Testes 7.50E-06
Lower Large Intestine Contents ~ Thyroid 4.90E-08
Lower Large Intestine Contents ~ Urinary Bladder Wall 2.00E-05
Lower Large Intestine Contents ~ Total Body. 5.70E-06
Small Intestine Contents Breasts 6.00E-07
Small Intestine Contents Stomach 9.60E-06
Small Intestine Contents Upper Large Intestine Wall 6.10E-05
Small Intestine Contents Kidneys 9.50E-06
Small Intestine Contents Liver 5.30E-06
Small Intestine Contents Lungs 8.80E-07
Small Intestine Contents Red Marrow 8.30E-06
Small Intestine Contents Bone Surfaces 3.30E-06
Small Intestine Contents Skin 1.70E-06
Small Intestine Contents Spleen 4.80E-06
Small Intestine Contents Testes 1.60E-06
Small Intestine Contents Thyroid 5.90E-08
Small Intestine Contents Urinary Bladder Wall 9.10E-06
Small Intestine Contents Tota Body 5.80E-06
Stomach Contents Breasts 3.10E-06
Stomach Contents Stomach 1.80E-04
Stomach Contents Upper Large Intestine Wall 1.10E-05
Stomach Contents Kidneys 1.10E-05
Stomach Contents Liver 6.60E-06
Stomach Contents Lungs 5.00E-06
Stomach Contents Red Marrow 4.00E-06
Stomach Contents Bone Surfaces 2.40E-06
Stomach Contents Skin 2.00E-06
Stomach Contents Spleen 3.30E-05
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Source Organ Target Organ 0.5MeV
Stomach Contents Testes 3.60E-07
Stomach Contents Thyroid 3.00E-07
Stomach Contents Urinary Bladder Wall 1.30E-06
Stomach Contents Total Body 4.80E-06
Upper Large Intestine Contents ~ Breasts 7.10E-07
Upper Large Intestine Contents ~ Stomach 1.30E-05
Upper Large Intestine Contents ~ Upper Large Intestine Wall 1.50E-04
Upper Large Intestine Contents  Kidneys 9.30E-06
Upper Large Intestine Contents ~ Liver 8.60E-06
Upper Large Intestine Contents ~ Lungs 1.10E-06
Upper Large Intestine Contents ~ Red Marrow 7.10E-06
Upper Large Intestine Contents ~ Bone Surfaces 2.90E-06
Upper Large Intestine Contents ~ Skin 1.70E-06
Upper Large Intestine Contents ~ Spleen 4.40E-06
Upper Large Intestine Contents ~ Testes 1.30E-06
Upper Large Intestine Contents  Thyroid 1.20E-07
Upper Large Intestine Contents  Urinary Bladder Wall 7.40E-06
Upper Large Intestine Contents ~ Total Body 5.60E-06
Heart Contents Breasts 1.20E-05
Heart Contents Stomach 7.30E-06
Heart Contents Upper Large Intestine Wall 1.30E-06
Heart Contents Kidneys 3.40E-06
Heart Contents Liver 9.20E-06
Heart Contents Lungs 2.00E-05
Heart Contents Red Marrow 5.60E-06
Heart Contents Bone Surfaces 3.70E-06
Heart Contents Skin 2.00E-06
Heart Contents Spleen 5.10E-06
Heart Contents Testes 8.70E-08
Heart Contents Thyroid 2.30E-06
Heart Contents Urinary Bladder Wall 2.50E-07
Heart Contents Tota Body 4.60E-06
Heart Wall Breasts 1.30E-05
Heart Wall Stomach 1.10E-05
Heart Wall Upper Large Intestine Wall 1.50E-06
Heart Wal Kidneys 3.70E-06
Heart Wall Liver 1.00E-05
Heart Wall Lungs 1.90E-05
Heart Wall Red Marrow 5.60E-06
Heart Wall Bone Surfaces 3.70E-06
Heart Wall Skin 2.00E-06
Heart Wall Spleen 7.00E-06
Heart Wall Testes 9.90E-08
Heart Wall Thyroid 2.30E-06
Heart Wall Urinary Bladder Wall 1.70E-07
Heart Wall Total Body 5.90E-06
Kidneys Breasts 1.30E-06
Kidneys Stomach 1.10E-05
Kidneys Upper Large Intestine Wall 9.30E-06
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Source Organ Target Organ 0.5MeV
Kidneys Kidneys 2.50E-04
Kidneys Liver 1.30E-05
Kidneys Lungs 3.20E-06
Kidneys Red Marrow 8.50E-06
Kidneys Bone Surfaces 3.90E-06
Kidneys Skin 2.30E-06
Kidneys Spleen 3.00E-05
Kidneys Testes 3.70E-07
Kidneys Thyroid 3.70E-07
Kidneys Urinary Bladder Wall 1.30E-06
Kidneys Total Body 5.70E-06
Liver Breasts 3.70E-06
Liver Stomach 7.00E-06
Liver Upper Large Intestine Wall 8.30E-06
Liver Kidneys 1.30E-05
Liver Liver 8.70E-05
Liver Lungs 8.70E-06
Liver Red Marrow 4.40E-06
Liver Bone Surfaces 3.00E-06
Liver Skin 2.00E-06
Liver Spleen 3.50E-06
Liver Testes 2.00E-07
Liver Thyroid 6.10E-07
Liver Urinary Bladder Wall 9.00E-07
Liver Total Body 5.70E-06
Lungs Breasts 1.10E-05
Lungs Stomach 5.20E-06
Lungs Upper Large Intestine Wall 1.10E-06
Lungs Kidneys 3.20E-06
Lungs Liver 8.70E-06
Lungs Lungs 5.20E-05
Lungs Red Marrow 5.60E-06
Lungs Bone Surfaces 4.20E-06
Lungs Skin 2.20E-06
Lungs Spleen 7.20E-06
Lungs Testes 6.40E-08
Lungs Thyroid 4.20E-06
Lungs Urinary Bladder Wall 1.70E-07
Lungs Total Body 4.90E-06
Muscle Breasts 2.30E-06
Muscle Stomach 5.10E-06
Muscle Upper Large Intestine Wall 5.00E-06
Muscle Kidneys 4.70E-06
Muscle Liver 3.60E-06
Muscle Lungs 4.30E-06
Muscle Red Marrow 4.50E-06
Muscle Bone Surfaces 4.60E-06
Muscle Skin 3.20E-06
Muscle Spleen 4.90E-06
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Source Organ Target Organ 0.5MeV
Muscle Testes 5.00E-06
Muscle Thyroid 5.50E-06
Muscle Urinary Bladder Wall 6.40E-06
Muscle Total Body 4.80E-06
Pancreas Breasts 3.30E-06
Pancreas Stomach 5.50E-05
Pancreas Upper Large Intestine Wall 6.90E-06
Pancreas Kidneys 2.30E-05
Pancreas Liver 1.60E-05
Pancreas Lungs 7.80E-06
Pancreas Red Marrow 7.30E-06
Pancreas Bone Surfaces 4.00E-06
Pancreas Skin 1.70E-06
Pancreas Spleen 5.80E-05
Pancreas Testes 2.90E-07
Pancreas Thyroid 5.60E-07
Pancreas Urinary Bladder Wall 1.00E-06
Pancreas Total Body 6.60E-06
Active Marrow Breasts 3.10E-06
Active Marrow Stomach 4.00E-06
Active Marrow Upper Large Intestine Wall 7.00E-06
Active Marrow Kidneys 8.50E-06
Active Marrow Liver 4.40E-06
Active Marrow Lungs 5.60E-06
Active Marrow Red Marrow 2.30E-05
Active Marrow Bone Surfaces 1.20E-05
Active Marrow Skin 2.50E-06
Active Marrow Spleen 4.60E-06
Active Marrow Testes 1.70E-06
Active Marrow Thyroid 3.90E-06
Active Marrow Urinary Bladder Wall 4.10E-06
Active Marrow Tota Body 5.30E-06
Trabecular Bone Breasts 1.90E-06
Trabecular Bone Stomach 2.00E-06
Trabecular Bone Upper Large Intestine Wall 2.40E-06
Trabecular Bone Kidneys 3.20E-06
Trabecular Bone Liver 2.50E-06
Trabecular Bone Lungs 3.50E-06
Trabecular Bone Red Marrow 1.00E-05
Trabecular Bone Bone Surfaces 1.40E-05
Trabecular Bone Skin 3.00E-06
Trabecular Bone Spleen 2.50E-06
Trabecular Bone Testes 2.20E-06
Trabecular Bone Thyroid 4.00E-06
Trabecular Bone Urinary Bladder Wall 2.00E-06
Trabecular Bone Total Body 4.80E-06
Cortical Bone Breasts 1.90E-06
Cortical Bone Stomach 2.00E-06
Cortical Bone Kidneys 3.20E-06
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Source Organ Target Organ 0.5MeV
Cortical Bone Liver 2.50E-06
Cortical Bone Lungs 3.50E-06
Cortical Bone Red Marrow 1.00E-05
Cortical Bone Bone Surfaces 1.40E-05
Cortical Bone Skin 3.00E-06
Cortical Bone Spleen 2.50E-06
Cortical Bone Testes 2.20E-06
Cortical Bone Thyroid 4.00E-06
Cortical Bone Urinary Bladder Wall 2.00E-06
Cortical Bone Total Body 4.80E-06
Spleen Breasts 2.60E-06
Spleen Stomach 3.20E-05
Spleen Upper Large Intestine Wall 4.40E-06
Spleen Kidneys 3.00E-05
Spleen Liver 3.50E-06
Spleen Lungs 7.20E-06
Spleen Red Marrow 4.60E-06
Spleen Bone Surfaces 3.00E-06
Spleen Skin 2.10E-06
Spleen Spleen 4.50E-04
Spleen Testes 2.50E-07
Spleen Thyroid 5.50E-07
Spleen Urinary Bladder Wall 7.50E-07
Spleen Total Body 5.70E-06
Testes Breasts 0.00E+00
Testes Stomach 4.10E-07
Testes Upper Large Intestine Wall 1.20E-06
Testes Kidneys 3.70E-07
Testes Liver 2.00E-07
Testes Lungs 6.40E-08
Testes Red Marrow 1.70E-06
Testes Bone Surfaces 2.60E-06
Testes Skin 5.50E-06
Testes Spleen 2.50E-07
Testes Testes 1.20E-03
Testes Thyroid 8.90E-09
Testes Urinary Bladder Wall 1.60E-05
Testes Total Body 4.80E-06
Thymus Breasts 1.40E-05
Thymus Stomach 2.30E-06
Thymus Upper Large Intestine Wall 5.70E-07
Thymus Kidneys 1.20E-06
Thymus Liver 2.90E-06
Thymus Lungs 1.30E-05
Thymus Red Marrow 4.20E-06
Thymus Bone Surfaces 3.00E-06
Thymus Skin 2.60E-06
Thymus Spleen 1.70E-06
Thymus Testes 4.20E-08
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Source Organ

Target Organ

0.5MeV

Thymus

Thymus

Thymus

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Thyroid

Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Urinary Bladder Contents
Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Total Body

Thyroid

Urinary Bladder Wall
Total Body

Breasts

Stomach

Upper Large Intestine Wall
Kidneys

Liver

Lungs

Red Marrow

Bone Surfaces

Skin

Spleen

Testes

Thyroid

Urinary Bladder Wall
Total Body

Breasts

Stomach

Upper Large Intestine Wall
Kidneys

Liver

Lungs

Red Marrow

Bone Surfaces

Skin

Spleen

Testes

Thyroid

Urinary Bladder Wall
Total Body

Breasts

Stomach

Upper Large Intestine Wall
Kidneys

Liver

Lungs

Red Marrow

Bone Surfaces

Skin

Spleen

Testes

Thyroid

Urinary Bladder Wall
Total Body

7.00E-06
1.20E-07
5.20E-06
1.80E-06
4.00E-07
1.20E-07
3.70E-07
6.10E-07
4.20E-06
3.90E-06
4.80E-06
2.40E-06
5.50E-07
8.90E-09
1.70E-03
2.50E-08
5.20E-06
1.40E-07
1.20E-06
6.90E-06
1.40E-06
8.50E-07
1.20E-07
3.90E-06
2.30E-06
2.10E-06
8.00E-07
1.60E-05
2.50E-08
2.50E-04
5.10E-06
3.60E-06
6.00E-06
6.40E-06
5.70E-06
5.70E-06
4.90E-06
5.40E-06
5.80E-06
3.20E-06
5.70E-06
4.80E-06
5.20E-06
6.30E-06
4.80E-06




TablelV. Specific absorbed fractions (per gram) for the adult female [25]

Sour ce organ Target Organ 0.5MeV
Adrenals Breasts 3.36E-06
Adrenals Stomach 1.42E-05
Adrenals Upper Large Intestine Wall 5.71E-06
Adrenals Kidneys 4.42E-05
Adrenals Liver 2.33E-05
Adrenas Lungs 1.35E-05
Adrenals Red Marrow 1.37E-05
Adrenals Bone Surfaces 8.76E-06
Adrenals Skin 2.37E-06
Adrenas Spleen 2.78E-05
Adrenals Thyroid 8.12E-07
Adrenas Urinary Bladder Wall 9.32E-07
Adrenas Ovaries 2.13E-06
Adrenals Tota Body 7.78E-06
Brain Breasts 3.39E-07
Brain Stomach 9.00E-08
Brain Upper Large Intestine Wall 2.23E-08
Brain Kidneys 5.29E-08
Brain Liver 1.40E-07
Brain Lungs 6.28E-07
Brain Red Marrow 6.28E-06
Brain Bone Surfaces 9.69E-06
Brain skin 2.82E-06
Brain Spleen 1.27E-07
Brain Thyroid 3.67E-06
Brain Urinary Bladder Wall 4.82E-09
Bran Ovaries 9.42E-09
Brain Total Body 4.79E-06
Breasts Breasts 2.24E-04
Breasts Stomach 4.39E-06
Breasts Upper Large Intestine Wall 9.87E-07
Breasts Kidneys 1.59E-06
Breasts Liver 4.59E-06
Breasts Lungs 1.26E-05
Breasts Red Marrow. 3.31E-06
Breasts Bone Surfaces 2.83E-06
Breasts Skin 4.99E-06
Breasts Spleen 2.86E-06
Breasts Thyroid 2.43E-06
Breasts Urinary Bladder Wall 2.83E-07
Breasts Ovaries 4.08E-07
Breasts Total Body 4.47E-06
Gall Bladder Contents Breasts 2.40E-06
Gall Bladder Contents Stomach 1.78E-05
Gall Bladder Contents Upper Large IntestineWall  4.02E-05
Gall Bladder Contents Kidneys 1.90E-05
Gall Bladder Contents Liver 4.36E-05
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Sour ce organ Target Organ 0.5MeV
Gall Bladder Contents Lungs 4.41E-06
Gall Bladder Contents Red Marrow 5.46E-06
Gall Bladder Contents Bone Surfaces 3.22E-06
Gall Bladder Contents Skin 2.08E-06
Gall Bladder Contents Spleen 8.01E-06
Gall Bladder Contents Thyroid 4.65E-07
Gall Bladder Contents Urinary Bladder Wall 3.08E-06
Gall Bladder Contents Ovaries 7.68E-06
Gall Bladder Contents Tota Body 7.07E-06
Lower Large Intestine Contents ~ Breasts 3.80E-07
Lower Large Intestine Contents ~ Stomach 7.19E-06
Lower Large Intestine Contents ~ Upper Large Intestine Wall 1.77E-05
Lower Large Intestine Contents ~ Kidneys 4.24E-06
Lower Large Intestine Contents ~ Liver 1.62E-06
Lower Large Intestine Contents ~ Lungs 5.36E-07
Lower Large Intestine Contents = Red Marrow 1.22E-05
Lower Large Intestine Contents ~ Bone Surfaces 5.36E-06
Lower Large Intestine Contents ~ Skin 2.31E-06
Lower Large Intestine Contents  Spleen 3.42E-06
Lower Large Intestine Contents ~ Thyroid 8.79E-08
Lower Large Intestine Contents  Urinary Bladder Wall 2.32E-05
Lower Large Intestine Contents ~ Ovaries 8.01E-05
Lower Large Intestine Contents ~ Total Body 7.04E-06
Small Intestine Contents Breasts 8.63E-07
Small Intestine Contents Stomach 1.16E-05
Small Intestine Contents Upper Large Intestine Wall ~ 7.41E-05
Small Intestine Contents Kidneys 1.24E-05
Small Intestine Contents Liver 6.62E-06
Small Intestine Contents Lungs 1.22E-06
Small Intestine Contents Red Marrow 1.00E-05
Small Intestine Contents Bone Surfaces 4.15E-06
Small Intestine Contents Skin 2.10E-06
Small Intestine Contents Spleen 6.48E-06
Small Intestine Contents Thyroid 1.18E-07
Small Intestine Contents Urinary Bladder Wall 1.21E-05
Small Intestine Contents Ovaries 4.83E-05
Small Intestine Contents Total Body 6.91E-06
Stomach Contents Breasts 4.12E-06
Stomach Contents Stomach 2.20E-04
Stomach Contents Upper Large Intestine Wall 1.48E-05
Stomach Contents Kidneys 1.28E-05
Stomach Contents Liver 9.45E-06
Stomach Contents Lungs 6.91E-06
Stomach Contents Red Marrow 4.29E-06
Stomach Contents Bone Surfaces 3.32E-06
Stomach Contents Skin 2.47E-06
Stomach Contents Spleen 3.45E-05
Stomach Contents Thyroid 5.73E-07
Stomach Contents Urinary Bladder Wall 1.70E-06
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Sour ce organ Target Organ 0.5MeV
Stomach Contents Ovaries 3.80E-06
Stomach Contents Total Body 6.08E-06
Upper Large Intestine Contents ~ Breasts 8.88E-07
Upper Large Intestine Contents ~ Stomach 1.68E-05
Upper Large Intestine Contents ~ Upper Large Intestine Wall 1.82E-04
Upper Large Intestine Contents ~ Kidneys 1.11E-05
Upper Large Intestine Contents  Liver 1.10E-05
Upper Large Intestine Contents ~ Lungs 1.66E-06
Upper Large Intestine Contents ~ Red Marrow 8.14E-06
Upper Large Intestine Contents ~ Bone Surfaces 3.67E-06
Upper Large Intestine Contents ~ Skin 2.15E-06
Upper Large Intestine Contents ~ Spleen 5.88E-06
Upper Large Intestine Contents ~ Thyroid 1.97E-07
Upper Large Intestine Contents  Urinary Bladder Wall 9.37E-06
Upper Large Intestine Contents ~ Ovaries 4.10E-05
Upper Large Intestine Contents ~ Total Body 6.83E-06
Heart Contents Breasts 1.51E-05
Heart Contents Stomach 1.02E-05
Heart Contents Upper Large Intestine Wall 1.90E-06
Heart Contents Kidneys 4.50E-06
Heart Contents Liver 1.27E-05
Heart Contents Lungs 2.59E-05
Heart Contents Red Marrow 5.51E-06
Heart Contents Bone Surfaces 4.49E-06
Heart Contents Skin 2.45E-06
Heart Contents Spleen 6.82E-06
Heart Contents Thyroid 3.13E-06
Heart Contents Urinary Bladder Wall 4.61E-07
Heart Contents Ovaries 7.09E-07
Heart Contents Total Body 5.90E-06
Heart Wall Breasts 1.75E-05
Heart Wall Stomach 1.56E-05
Heart Wall Upper Large IntestineWal  2.07E-06
Heart Wall Kidneys 4.73E-06
Heart Wall Liver 1.37E-05
Heart Wall Lungs 2.48E-05
Heart Wall Red Marrow 5.30E-06
Heart Wall Bone Surfaces 4.33E-06
Heart Wall Skin 2.56E-06
Heart Wall Spleen 8.80E-06
Heart Wall Thyroid 2.82E-06
Heart Wall Urinary Bladder Wall 4.62E-07
Heart Wall Ovaries 8.72E-07
Heart Wall Total Body 6.52E-06
Kidneys Breasts 1.59E-06
Kidneys Stomach 1.19E-05
Kidneys Upper Large Intestine Wall 1.13E-05
Kidneys Kidneys 2.67E-04
Kidneys Liver 1.55E-05
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Sour ce organ Target Organ 0.5MeV
Kidneys Lungs 4.58E-06
Kidneys Red Marrow 9.87E-06
Kidneys Bone Surfaces 5.34E-06
Kidneys Skin 2.64E-06
Kidneys Spleen 3.66E-05
Kidneys Thyroid 3.20E-07
Kidneys Urinary Bladder Wall 1.83E-06
Kidneys Ovaries 4.89E-06
Kidneys Total Body 7.11E-06
Liver Breasts 4.59E-06
Liver Stomach 9.67E-06
Liver Upper Large Intestine Wall 1.04E-05
Liver Kidneys 1.55E-05
Liver Liver 1.07E-04
Liver Lungs 1.19E-05
Liver Red Marrow 4.89E-06
Liver Bone Surfaces 4.10E-06
Liver Skin 2.53E-06
Liver Spleen 5.22E-06
Liver Thyroid 8.78E-07
Liver Urinary Bladder Wall 1.34E-06
Liver Ovaries 2.74E-06
Liver Total Body 7.09E-06
Lungs Breasts 1.26E-05
Lungs Stomach 7.30E-06
Lungs Upper Large Intestine Wall 1.49E-06
Lungs Kidneys 4.58E-06
Lungs Liver 1.19E-05
Lungs Lungs 6.98E-05
Lungs Red Marrow 6.25E-06
Lungs Bone Surfaces 5.40E-06
Lungs Skin 2.82E-06
Lungs Spleen 9.93E-06
Lungs Thyroid 5.23E-06
Lungs Urinary Bladder Wall 3.17E-07
Lungs Ovaries 6.13E-07
Lungs Total Body 6.29E-06
Muscle Breasts 2.91E-06
Muscle Stomach 6.26E-06
Muscle Upper Large IntestineWall  5.68E-06
Muscle Kidneys 5.82E-06
Muscle Liver 4.58E-06
Muscle Lungs 5.70E-06
Muscle Red Marrow 5.56E-06
Muscle Bone Surfaces 5.63E-06
Muscle Skin 3.79E-06
Muscle Spleen 6.20E-06
Muscle Thyroid 5.62E-06
Muscle Urinary Bladder Wall 6.80E-06
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Sour ce organ Target Organ 0.5MeV
Muscle Ovaries 7.88E-06
Muscle Total Body 5.10E-06
Ovaries Breasts 4.08E-07
Ovaries Stomach 4.32E-06
Ovaries Upper Large IntestineWall  4.57E-05
Ovaries Kidneys 4.89E-06
Ovaries Liver 2.50E-06
Ovaries Lungs 6.10E-07
Ovaries Red Marrow 1.17E-05
Ovaries Bone Surfaces 4.72E-06
Ovaries Skin 2.07E-06
Ovaries Spleen 2.79E-06
Ovaries Thyroid 6.37E-08
Ovaries Urinary Bladder Wall 3.07E-05
Ovaries Ovaries 2.16E-03
Ovaries Tota Body 7.93E-06
Pancreas Breasts 3.98E-06
Pancreas Stomach 6.64E-05
Pancreas Upper Large Intestine Wall 8.91E-06
Pancreas Kidneys 2.63E-05
Pancreas Liver 2.04E-05
Pancreas Lungs 1.02E-05
Pancreas Red Marrow 7.30E-06
Pancreas Bone Surfaces 4.86E-06
Pancreas skin 2.03E-06
Pancreas Spleen 6.81E-05
Pancreas Thyroid 6.99E-07
Pancreas Urinary Bladder Wall 1.35E-06
Pancreas Ovaries 3.41E-06
Pancreas Total Body 8.21E-06
Active Marrow Breasts 3.31E-06
Active Marrow Stomach 4.43E-06
Active Marrow Upper Large Intestine Wall 7.78E-06
Active Marrow Kidneys 9.87E-06
Active Marrow Liver 4.89E-06
Active Marrow Lungs 6.25E-06
Active Marrow Red Marrow. 2.59E-05
Active Marrow Bone Surfaces 1.50E-05
Active Marrow Skin 3.02E-06
Active Marrow Spleen 5.20E-06
Active Marrow Thyroid 4.65E-06
Active Marrow Urinary Bladder Wall 5.28E-06
Active Marrow Ovaries 1.17E-05
Active Marrow Total Body 6.52E-06
Trabecular Bone Breasts 2.15E-06
Trabecular Bone Stomach 2.59E-06
Trabecular Bone Upper Large IntestineWall  2.93E-06
Trabecular Bone Kidneys 4.26E-06
Trabecular Bone Liver 3.21E-06
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Sour ce organ Target Organ 0.5MeV
Trabecular Bone Lungs 4.41E-06
Trabecular Bone Red Marrow 1.26E-05
Trabecular Bone Bone Surfaces 1.65E-05
Trabecular Bone Skin 3.55E-06
Trabecular Bone Spleen 3.18E-06
Trabecular Bone Thyroid 4.67E-06
Trabecular Bone Urinary Bladder Wall 2.41E-06
Trabecular Bone Ovaries 3.86E-06
Trabecular Bone Tota Body 5.82E-06
Cortical Bone Breasts 2.15E-06
Cortical Bone Stomach 2.59E-06
Cortical Bone Upper Large Intestine Wall 2.93E-06
Cortical Bone Kidneys 4.26E-06
Cortical Bone Liver 3.21E-06
Cortical Bone Lungs 4.41E-06
Cortical Bone Red Marrow 1.26E-05
Cortical Bone Bone Surfaces 1.65E-05
Cortical Bone Skin 3.55E-06
Cortical Bone Spleen 3.18E-06
Cortical Bone Thyroid 4.67E-06
Cortical Bone Urinary Bladder Wall 2.41E-06
Cortical Bone Ovaries 3.86E-06
Cortical Bone Total Body 5.82E-06
Spleen Breasts 2.86E-06
Spleen Stomach 3.72E-05
Spleen Upper Large IntestineWall  6.08E-06
Spleen Kidneys 3.66E-05
Spleen Liver 5.22E-06
Spleen Lungs 9.93E-06
Spleen Red Marrow 5.20E-06
Spleen Bone Surfaces 4.15E-06
Spleen Skin 2.45E-06
Spleen Spleen 5.16E-04
Spleen Thyroid 7.74E-07
Spleen Urinary Bladder Wall 1.16E-06
Spleen Ovaries 2.79E-06
Spleen Total Body 7.27E-06
Thymus Breasts 1.55E-05
Thymus Stomach 2.85E-06
Thymus Upper Large IntestineWall ~ 7.35E-07
Thymus Kidneys 1.42E-06
Thymus Liver 3.80E-06
Thymus Lungs 1.55E-05
Thymus Red Marrow 4.53E-06
Thymus Bone Surfaces 3.93E-06
Thymus Skin 3.21E-06
Thymus Spleen 2.28E-06
Thymus Thyroid 1.05E-05
Thymus Urinary Bladder Wall 1.91E-07
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Sour ce organ Target Organ 0.5MeV
Thymus Ovaries 3.38E-07
Thymus Total Body 6.38E-06
Thyroid Breasts 2.43E-06
Thyroid Stomach 6.51E-07
Thyroid Upper Large Intestine Wall 1.94E-07
Thyroid Kidneys 3.20E-07
Thyroid Liver 8.78E-07
Thyroid Lungs 5.23E-06
Thyroid Red Marrow 4.65E-06
Thyroid Bone Surfaces 6.01E-06
Thyroid Skin 5.54E-06
Thyroid Spleen 7.74E-07
Thyroid Thyroid 1.97E-03
Thyroid Urinary Bladder Wall 4.59E-08
Thyroid Ovaries 8.35E-08
Thyroid Total Body 5.68E-06
Urinary Bladder Contents Breasts 2.78E-07
Urinary Bladder Contents Stomach 1.48E-06
Urinary Bladder Contents Upper Large Intestine Wall 9.72E-06
Urinary Bladder Contents Kidneys 1.88E-06
Urinary Bladder Contents Liver 1.09E-06
Urinary Bladder Contents Lungs 3.04E-07
Urinary Bladder Contents Red Marrow 5.28E-06
Urinary Bladder Contents Bone Surfaces 2.96E-06
Urinary Bladder Contents Skin 2.52E-06
Urinary Bladder Contents Spleen 1.19E-06
Urinary Bladder Contents Thyroid 4.53E-08
Urinary Bladder Contents Urinary Bladder Wall 4.03E-04
Urinary Bladder Contents Ovaries 6.06E-05
Urinary Bladder Contents Total Body 6.38E-06
Uterus Breasts 3.98E-07
Uterus Stomach 3.35E-06
Uterus Upper Large Intestine Wall 2.21E-05
Uterus Kidneys 3.83E-06
Uterus Liver 2.74E-06
Uterus Lungs 5.40E-07
Uterus Red Marrow 8.27E-06
Uterus Bone Surfaces 3.52E-06
Uterus Skin 2.22E-06
Uterus Spleen 2.45E-06
Uterus Thyroid 8.35E-08
Uterus Urinary Bladder Wall 6.53E-05
Uterus Ovaries 8.64E-05
Uterus Total Body 8.12E-06
Total Body Breasts 4.50E-06
Total Body Stomach 7.34E-06
Total Body Upper Large IntestineWall  7.87E-06
Total Body Kidneys 6.98E-06
Total Body Liver 7.08E-06
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Sour ce organ Target Organ 0.5MeV
Total Body Lungs 6.30E-06
Total Body Red Marrow 6.68E-06
Total Body Bone Surfaces 7.03E-06
Total Body Skin 3.80E-06
Total Body Spleen 7.09E-06
Total Body Thyroid 5.65E-06
Total Body Urinary Bladder Wall 5.88E-06
Total Body Ovaries 7.97E-06
Total Body Total Body 5.82E-06
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