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Abstract

Two different studies will be presented in this work. The first involliescalculation of
effective dose from a phantom study which simulates an atrial filwilldf\F) ablation
procedure. The second involves the validation of metal-oxide semiconduelthgffect
transistors (MOSFET) for small animal dosimetry applicatienaell as improved

characterization of the animal irradiators on Duke University’spcem

Atrial Fibrillation is an ever increasing health risk in the Unité&ates. The most common type
of cardiac arrhythmia, AF is associated with increased mortality ahdrisc cerebrovascular
events. Managing AF can include, among other treatments, an interveptimeedure called
catheter ablation. The procedure involves the use of biplane fluoroscopy dhrahganpatient
can be exposed to radiation for as much as two hours or more. The delefézisaoe
radiation become a concern when dealing with long fluoroscopy times, anddtduadd-

ablation procedure is elective, it makes relating the risks cdtradiever more essential.

This study hopes to quantify the risk through the derivation of dose conversitinieoesf
(DCCs) from the dose-area product (DAP) with the intent that DCCs casebaaiprovide
estimates of effective dose (ED) for typical AF ablation procedufebi-plane fluoroscopic and
angiographic system was used for the simulated AF ablation proceduresgiisition of organ
dose measurements, 20 diagnostic MOSFET detectors were placedtatis®igans in a male
anthropomorphic phantom, and these detectors were attached to 4 bias supplés trgdot

dose readings. The DAP was recorded from the system console and inddpeadidated with



an ionization chamber and radiochromic film. Bi-plane fluoroscopy wasrpegtbon the
phantom for 10 minutes to acquire the dose rate for each organ, and the eleiGade
procedure time was multiplied by each organ dose rate to obtain individualdoges. The
effective dose was computed by summing the product of each organ dose ancepmooding
tissue weighting factor from the ICRP publication 103. Further riglutzdiions were done
according to the BEIR VIl Phase 2 report to obtain relative andrigetttributable risks of

cancer for an average AF ablation procedure.

The ED was computed separately for the biplane fluoroscopic and angiognggiem’s
‘low’ and ‘normal fluoro’ automated settings, yielding 27.9 mSv and 45.6 mSvatbsglg for
an average procedure time of 88.2 minutes. The corresponding DAP was 487 &yl @9.1
Gy cnf for low and normal settings respectively. The independently meadéavas found
to be within 0.1 % of that measured by the fluoroscopy system’s onboardrftdtdetectors.
DCCs were calculated to be 0.573 and 0.577 for the respective low and notimgé sdthe
results proved to be very closely matched, which was to be expectechl¢hikated cancer risks
were fairly low due to the age of most patients (less than 5 incidensebdofumor per 100,000
exposed for liver colon and stomach; 100-300 incidences per 100,000 exposed for hwritgs)
concern remains that longer procedures could increase the risk of exydhether serious skin

injuries.

The second section of this thesis study involves the quantification anblutish of
radiation dose in small animals undergoing irradiation in an orthovolteae unit. Extensive
research is being done with small animals, particularly mice andrrdiesids such as cancer
therapy, radiation biology and radiological countermeasures. Restlit®aclusion are often

drawn from research based solely on manufacturer’s specificationsd#livered dose rate



without independent verification or adequate understanding of the macldpasildies.

Accurate radiation dose information is paramount when conducting resedniharena.

Traditional methods of dosimetry, namely thermoluminescence dosir(iEt&s) are
challenging and often time consuming. This section hopes to show that in plddesf
MOSFETSs can provide accurate, precise dose information comparablELRighand ionization
chambers. Measurements of all three dosimeters are comparedah arsmal irradiator in
phantoms and in vivo. Measurements done with MOSFETSs are shown to deviate byoen5% fr
that of the ADCL calibrated ionization chamber while TLDs showed @é&®%ation. Dose
distributions within a phantom is also measured using radiochromic filmitwassthe
attenuation and show that dose is not uniform throughout the mouse. A dose ddcrease o
approximately 30% is observed in a water phantom, which was only slighthatadigy a
hardening the beam with additional filtration. A Bland-Altman plot waateteto show that the
MOSFETSs and TLDs used to make the dose measurements are stgtesfigzialent. The
results show that all measurements made over a range of doses falllvéithstandard

deviations of the mean.
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1 Introduction

Atrial fibrillation (AF), the most common cardiac arrhythmia, isewgng health risk in the US.
AF is associated with increased mortality, hospitalizations, and isclogmgbrovascular events.
Management of AF includes a common procedure, utilizing the use of fluoroscagiogn
known as catheter ablation (8). AF ablation procedures are of partidil@logical concern due
to the long exposure times associated with them. Because AF ablattedynres are elective, in

that other treatment options are available, an assessment of teecetetffects is warranted.

With the exception of some large scale radiological incidents amdatlireatment, direct
research into human exposure to ionizing radiation is untenable. Smallsfilinraas a proxy
in radiation research and are used extensively to study radiation biologgr tarapy efficacy,
and medical countermeasures to radiological exposure. Fundamentalrésdairch is the
accurate measurement of absorbed dose to small animals. Inaccuratecisenpeasurements

of dose can lead to incorrect conclusions about individual studies oredgemise relationships

In order to draw valid conclusions from radiobiological studiesatiai dose must be
guantitatively assessed in a precise manner. The following sedtigrte 1.5, explain the
physical quantities involved in dosimetry, describe several dogsrete their methodologies,

and describe the phantoms used to simulate actual clinical sigiation

1.1Physics Quantities

1.1.1 Exposure and Absorbed Dose
The effects of radiation on biological tissue are ultimatelgrd@ned by the amount of energy

absorbed in the tissue. This quantity, defined as energy absorbed perssnitf e absorber, is



known as the radiation absorbed dose. Absorbed dose is measured inranitsragray (Gy)

where

—~2 =100rad (Equation 1.1)

The primary quantity measured in radiation dosimetry is exposure. Fonagar x-rays with
less than 3 MeV of energy, exposure is defined as the amount of ionizatituced in air. The
International Commission on Radiological Units and Measurements {IGiRes the definition
of exposure as:

,_he

= Equation 1.2
Am (Equation 1.2)

whereAQ is a sum of all charges of one sign produced by photons that are entpekydsio the
massAm of air. The unit, known as the roentgen, is thusly defined: 1 R = 2.58 & kg".

This concept is only applicable to photons ionizing air (Attix).

Measuring exposure without the express knowledge of each ionizatidnced by secondary
electrons or delta rays originating in the target volume requires tidislsment of charged
particle equilibrium (CPE). CPE is said to exist when the fluence ofjetigarticles entering or
leaving a defined volume is equal. When CPE is established absorbed dose oaatlige dir

related to exposure by the relation:

Dyir (Gy) = X (é) * g (é) or Dyir (Gy) = 0.00869 (%) * X (R) (Equation 1.3)

Where Dy is the absorbed dose to air in units of Gy, X is exposure in C/kg or R, and iWée i

energy necessary to produce one ion pair equal to 33.7 J/C. The convetsiod. @869 comes



from multiplying the definition of the roentgen with the energy necedsareate a single ion

pair in air.

1.1.2 f-factors

In order to estimate dose to a given medium when measuring exposure in a defines afchir
contained within that medium, quantities known as f-factors must be employedatidhe the

dose to the medium and air can be related via the ratio of their respeetsg energy absorption
coefficients(u,, ). In turn, the dose to the medium can then be related to the measured exposure

giving the equation:
Dmeq(rad) = f = X(R) (Equation 1.4)

Here,f is the f-factor and is defined as:

G
y) M (Equation 1.5)

= 0.00869 (— *
f R (Hen)air

Since the value of the f-factor is dependent on the mass energy absorefiimecd, it is
therefore dependent on the energy of the radiation being considerelll &s tve nature of the

absorbing medium.

1.1.3 Effective Dose

The International Commission on Radiological Protection (ICRP), along whi&n enttities
concerned with radiation protection, have introduced the concept of dose aguivaleler to
discriminate between different types of radiations. The dose éeniivis defined as the
absorbed dose multiplied by a dimensionless factor Q. Q, known as the qe#dityifabased on
the biological effectiveness of different kinds of radiation, wiicturn depends on the linear

energy transfer (LET) of that particular radiation. LET is definechby\€RP as the unrestricted



stopping powerin other word, the “average energy d&cally imparted to a mediu by a

charged particle traversing a distance ¢

LET = - (dE/dx) Equation 1.6)

To account for the differing radiosensitivitiesdifferent tissues the ICRP further introduced
concept of effective dose. Along with the quafagtor C, the absorbed dose is multiplied b
tissue weighting factor (¥ specific to the organ of interest. Since the siithe|CRP’s tissue
weighting factors is unitygach individually weighted organ dose can be sumimedthtain ar
effective dose that rements the risk for all stochastic effects to aadmated individual. Th

equation is given by:

ED =21 wy Hy (Equation 1.7)

Where HT is the dose equivalent the equivalent and effective doses are measureuits af

Sieverts (Sv).

Distance from source: 50cm 100cm 200cm

Dose: 4 Gy 1Gy
Surface area: 25 cm? 100 cm?
DAP: 100 Gy *cm?2 100 Gy * cm? 100 Gy * cm?

Figure 1. lllustration of DAP



1.1.4 Dose Area Product

Dose area product (DAP) is the product of the absorbed dose multiplied bgahef an x-ray
beam centered at the point of measurement. It is primarily usedjimction with radiography
and interventional fluoroscopy so that a consistent dose value can be reported biethd@ya
given procedure. DAP is useful because it eliminates the inverse-dgiegendency that dose
has in relation to the distance (r) from the measurement point to the sbuad@tion. As
illustrated in Figure 1, as the distance from the source increasdeges the area of the radiation
field. Conversely, the dose will be reduced the further away the reeasolrpoint gets from the
source, due to the same number of x-rays traversing a largendrbarece becoming more

sparsely populated.

1.2 Dosimetry Methods

Dosimeters are a means of measuring the energy deposited in a pariedilam. Dosimeters
are categorized as absolute and relative, and involve different nigtisato make dose
measurements. Absolute dosimeters directly measure absorbed emleegyseheat in the
material (known as calorimetry) or through measuring a chemical eltauged by ionizing
radiation. Calorimeters detect temperature rise by means ofish@snwhile Fricke dosimeters
typically measure the chemical change in ferrous sulfate. Relddisimeters are required to be
calibrated in a known radiation field in order to make accurate dose mmasise Relative
dosimeters include ionization chambers and solid state detectorstimndsambers being the
most common method of dose measurement. Solid state detectors can be edtagoriz
integrating or electrical conductivity dosimeters; the formeuates thermoluminescence
dosimeters (TLD), radiographic or radiochromic film, and dosimetric gele e latter

includes diodes, semiconductor junction detectors, and metal oxide semicoriigld effect



transistors (MOSFET). The techniques and detectors utilizéa iartsuing work will be

described in latter sections.

1.2.1 lonization Chambers

lonization chambers come in several configurations, the most common of wtithoze used

for this work being of the cylindrical variety. On a fundamental levetaiion chambers consist
of a gas filled chamber that separates two electrodes used to oppesite charges generated by
ionizing radiation incident on the gas. For the case of cylindrical charabernode runs axially
through the chamber with the outer wall acting as the cathode. A diagranmpie cylindrical

ionization chamber is shown in Figure 2.

ionizing radiation

Tl
e
R b

Anode

= cathode
<

— 1
+1

Figure 2. Schematic of an ionization chamber withlectrometer in rate mode.

electromagnetic radiation will ionize gas by means of various physicagses. Most

commonly, Compton scattering occurs in the gas whereby an x or gammanségrg@nergy to



an atomic electron which is then ejected. Less commonly an atomic eleatrgain energy via
the photoelectric effect or pair production. Generally, the effectoraia number of the
chamber’s gas is too low for these processes to be probable. gasttieely charged ions and
negatively charged electrons are generated they are attracted tbevaorresponding electrodes
a current is generated in the electrometer attached to the chambeotal bbarge liberated
from the mass of the gas corresponds to exposure. The exposure, meagstlens, is
converted to dose by means of a conversion factor determined by an accresirteirgio
calibration laboratory (ADCL) or by comparing the measurement to tteat afready calibrated
chamber. Used consistently throughout this work, an ionization chambeatlibt the ADCL
facility at the University of Wisconsin was necessary since foetieegy ranges used in this
work (50 kV-300kV) Bragg-Gray theory does not apply (Ma and Nahum). In additssyre,
temperature, and recombination calibration factors must be apghedgh many chamber’s
electrometers correct for these internally. fAnfactor (as shown in equation 1.5) must also be
applied if dose is being measured in a material other than air. Thesion/eom exposure to

absorbed dose can be written as:

cGy)

Dose (cGYy) = fmedaium (T * CFtemp * CFpres * CFrecomb * CFenamper * X(R)

(Equation 1.8)

1.2.2 Thermoluminescence Dosimeters

One of the most widely used methods of dosimetry, thermoluminescence, hasdokfem ager
60 years. TLDs are relative solid state detectors and are used id agypiications for
determining radiation dose. Materials which exhibit thermolumimesceclude calcium
fluoride, lithium fluoride, lithium borate, calcium borate and several sth€he lattice structure

of TLDs allow interactions between atoms and alter the electrogyelemels creating a band
7



structure specific to the type of lattice system a crysiasesses. The band structure describes
energy regions where an electron is able to exist; the lowest eneggyuod state is known as
the valence band, while the uppermost level is called the conduetioin BbNon-metallic
materials such as TLDs possess an energy region or band gap betwedmttearsd
conduction band where electron states cannot exist. Impurities intéigtinotraduced into

TLDs cause irregularities in the band structure, allowing elestimenter the band gap where
they can become trapped. Once the TLD is irradiated, electroagated into the conduction
band and eventually fall back to the ground state. Alternately they camdedl metastable state
brought on by the impurity’s traps, where they will remain until thegivecsufficient energy,
driving them back to the valence band. This transition is accompanied byitstoa of a
photon with energy equivalent to the difference between the excited and groasd stae light
output of the crystal is proportional to the energy initially absorbed fihenmcident radiation,

allowing the exposure to be calculated from the light signal.

A TLD reader is a device which both provides sufficient energy to eteasped
electrons as well as generating a signal from the resultant emigéigint.o The energy provided
is in the form of controlled heating during which the light yield issnead. Light yield is
measured by photomultiplier tubes (PMTs) which are housed within thaled-€TLD reader”
and shielded from all ambient light so that only the output of the TLDs@suned. Light
incident on a photocathode within the PMT is converted into electromisevizhotoelectric
effect; the resulting current is then amplified by a series of dynodesewhey can be counted
and recorded (in units of nanocoulombs). Typically TLDs require a periodtfiztion
(usually 24 hours) before they are read. The plot of light yield asctidn of temperature is
known as a glow curve; an example of which is shown in Figure 3. The &lthtgin be

calculated as the area under the glow curve and subsequently compghatdtother TLDs



calibrated in a known radiation field, which allows one to surmisetradidose. After this
process the TLDs can be exposed to a sequential course of heatelgy #raptying the electron

traps and ‘erasing’ the TLDs so they can be reused.

TLDs used for this work are manufactured by Harshaw and composed of MgTi doped
lithium fluoride (LiF:MgTi). Their specifications are summailzin Table 1. The effective
atomic number of LiF is similar to that of tissue, allowing the energgrbbd from photons to be
matched over a wide range of energies. The reader used for tiistbdswas a Harshaw 5500
which uses nitrogen gas to heat TLDs. All TLDs underwent uniformitintgeprior to their use;
TLDs were exposed simultaneously with an ionization chamber to approximatelytderoby a

conventional x-ray unit.

Pre-heat Read : Anneal 1 Cooltime

Temperature Curve !

Temperature
Light Photon Qutput

Time

Figure 3. Sample TLD glow curve



The results are then plotted, and those with a result of more than 2 standgiatidrdefrom the

mean are removed from the batch. Since different batches of TLDs cart diffékent average

sensitivities, confirming their precision is crucial to their usdase measurements.

The process of calibrating TLDs so that useful dose informatioteaxtracted requires that

several TLDs are exposed to a known range of doses at a specific energyheOratdration

TLDs are read, the known dose levels are plotted againstéisgictive background-subtracted

readings. The relationship is typically linear, and once the csmstablished its slope can be

obtained and used as a calibration factor for other TLDs exposed witllogbeange of the

curve.
Table 1. Harshaw TLD-100 specifications

Material Lithium Fluoride LiF:MgTi
Size 3.2mm x 3.2mm x 0.9mm
Density 2.64 glcth
Range 10 pGy to 1 Qinear

1 Gy to 20 Gy supralinear
Threshold <10 uGy

Energy Range

Tissue equivalence

Fading

Batch uniformity

Reuse

Photons, > 5 keV
Neutron, thermal to 100 MeV
Electrons, > 70 keV

Nearly tissue equivalent

< 20% in 3 months w/o thermal treatment
< 5% in 3 months with preheat or glow curve deconvolution

+15% Standard deviation from the batch mean

More than 500 times per dosimeter with < 10% change in sensi11ivity

10



1.2.3 Metal Oxide Semiconducting Field Effect Transistors

MOSFETSs, another type of relative solid state detector, have oativedy recently been applied
to the field of dosimetry. Conceptually, this form of transistor has beensieese since 1925;
it was only after 1974 that the structure was considered as a meaeasuiring radiation
exposure (Knoll). Initially used in a clinical setting to make riea¢ tmeasurements of skin dose
for diagnostic radiology and radiotherapy, they have since been validates fas dosimeters in
various other clinical applications (Yoshizumi et al.).

The basic components of a simple MOSFET transistor include medigdittodes, a silicon
dioxide insulator, a silicon substrate of type n or p, and oppositely (n or p) dapeds within

the substrate . Figure 4 shows the makeup of a simple MOSFET. eElredds include a gate, a
source and a drain. When a negative voltage is applied to the gate gjpantratsistor, the
electrons will migrate away from the insulator while the ‘holeshinp-type doped regions are
attracted. This generates a channel for the holes at the top layersobstrate underneath the
silicon dioxide layer. When the MOSFET is exposed to ionizing radiat¢ilectron-hole pairs are
created in the silicon dioxide insulator, which drift apart due to theespptiltage from the gate.
The electrons’ tendency to become trapped in the silicon dioxide-sulisteatace causes the
voltage between the source and drain to shift negative. In a MOSFETetirsihe voltage shift
is measured as the difference before and after irradiation, asda#ly a linear function of the
integrated dose. The sensitivity of such a device is increased byngpplgreater voltage from
the bias supply to the gate, thereby allowing the charge channel to mdeasing the fraction

of charge carriers collected (Knoll).

11



Metallic Gate
Silicon Dioxide
++++++++++++

channel

Source Drain

n-type Silicon Substrate

S
Body

Figure 4. Basic schematic of a MOSFET detector

Being a relative dosimeter, MOSFETSs must be calibrated prior toubeir This is done similarly
to a TLD with the exception that one expects a linear relationshigbetthireshold voltage and
exposure. The dosimeter is exposed to a radiation field simultaneausgiale an ADCL
traceable ionization chamber at a specified dose. The calibfattor is calculated as an
average of several independent readings in the following manner:

- Equation 1.9
ion chamber reading (cGy) (Equation 1.9)

CF (mV) _ threshold voltage dif ference (mV)

cGy
MOSFETSs used for this work were produced by Best Medical Canada conefstingctive area
of 0.2 mm x 0.2 mm atop a 1mm square chip. They are energy dependent, requiring different
calibration factors to be calculated for different beam energieseh as being dose rate and
temperature independent. These MOSFETSs are p-type semiconduitiiangype doped

regions.
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1.2.4 Radiochromic Film

The predecessor to radiochromic film (RCF), radiographic film, has leed as an imaging
device since the discovery of x-rays. RCF has been developed in the last £adésgdand was
initially sensitive only to extremely high doses (2@Y). In the last 20 years it has been
progressively improved to be sensitive to doses on the ordeP@yL(Brady). RCF is similar
to radiographic film in that it is useful as a qualitative 2-D dosimeter quantitative
measurements they share optical density (OD) as the primansmgastimating dose. This,
however, is where their similarities diverge; whereas radpbgedilm requires a chemical
process in order to develop and subsequently measure the OD, RCF does reoarelgtinical
or thermal reaction in order for the darkening of the film to occur. Thigges a distinct
advantage over previously used dosimetric films, allowing it to be ifjedrielatively quickly
and efficiently. The small size of TLD and MOSFET dosimeterscttffely makes them point
dosimeters, and as such they are only 1 dimensional. 2-D dosimetry inheffently higher

spatial resolution and allows visualization of high gradient radiditos (Brady).
OD is used as a measure of the darkening of film resultant from diaifoa. The definition is
simply:

I
0D = log (I_O) (Equation 1.10)
t

Where } is the incident light intensity andi$ the transmitted light intensity after it has passed
through the film (Khan) While radiographic film requires a chemical process to fix silver
bromide molecules that result as ionizing radiation (or visible ligitgyacts with silver ions,
RCF involves a topotactic polymerization reaction. The reaction reet desult of the kinetic
energy released from the incident ionizing radiation per unit mass (Brailg darkening of the

film occurs almost instantaneously as the reaction creates a polyeneomiplex within the
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active layer of the filnfVitkin). The active layer thi#m is imbedded on top of a white, opac
polyester layer and underneath a translucent ygdlalyester laye, and is insensitive to visib

light (Figure 5).

&
=]
w

Figure 5. Cross section of GAFCHROMIC® XRQA 2 radiochromic film

GAFCHROMIC® XRQA 2film was used exclusively for this thesis studysimple qualitative
spatial measurement is possible without any prawgsghatsoeve, howeverjn order to quantify
the dose absorbed byetfilm, calibration is required. As recommendedliioy AAPV, after
irradiation the film requires-12 hours before being read due to a 9% to 11%eqmisure OL
growth. The digitization is accomplished by using a standiatbed scannein this cas an
Epson 10000XL. Lightis passed through the adtyer of the film and the intensity is recorc
as a pixel value after it is reflected by the wipitdyester. After exposure each film is normaliz
to its unexposed response in order to compenor manufacturing differences between filn

Called net OD, the normalized OD is calculatedodisws:
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net OD = ODexposed - ODunexposed

I I
= log( 0 ) —log <—O> Equation (1.11)
Iexposed Iunexposed

— lOg <[unexposed>
Iexposed
where the exposed and unexposed intensities have had the background or “darkdiesities

subtracted (Brady).

Once net OD has been established for a given irradiation, the absorbedrdbsexaacted via a
calibration process similar to that used for TLDs and MOSFETs. A @rdeses is selected
based on the expected dose values of the irradiation, and the film ixpesed to these doses
alongside an ADCL ionization chamber. The absorbed dose is calculabedirgto equation
1.8 and this is plotted against the net OD values for each film yieddoadjbration curve. The
relationship between net OD and absorbed dose is not linear. Brady hasmdetehat the best

fit for this relation is an exponential association expressed as:
D(net OD) = a, * (e%*met0D _ 1) Equation (1.12)

Where D(net OD) is the absorbed dose and the coefficieatsdaa are determined via nonlinear
regression (Brady). The equation is then applied to the net OD valubs fesst of the

experimental films, giving a 2-D dose distribution.

1.3 Anthropomorphic Phantoms
In order to better represent the volumetric scatter conditions of a gkgosure, tissue
equivalent phantoms were used that simulated actual experimentalracal chnditions.

Mouse and rat sized phantoms with uniform density and homogenous medium fomamelll a
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dosimetry studies. Human anthropomorphic phantoms with materials of varyirity dens
representing lung, bone, spinal cord, and generic soft tissue were uskuidal studies. All
phantoms used in this study were products of Computerized Imaging RefeystenasS(CIRS,

Norfolk, VA).

The phantom used in the clinical section of this thesis is a CIRS Model 701 ATddM®male
anthropomorphic phantom. The phantom weighs 73 kg, stands 173 cm high and consists of 38
contiguous sections or slices measuring 25 mm thick. Each slice containdi&meter holes

that accommodate point dosimeters such as TLDs or MOSFETs. Each haleumalsered

location inside the region tissue equivalent material within the pimatitat represents a

particular organ. This configuration allows equivalent doseutations to be made based on the
ICRP weighting factors for the respective organs. The tigssigite material conforms to the
ICRU'’s definition and the relevant parameters (Table 2) agedban ICRP Report 23 and

International Commission on Radiation Units (ICRU) Report 44 spetiifits.

Table 2. ATOM® male anthropomorphic phantom values for various simulated tissues and the corresponding ICRP
or ICRU values.

ICR CIRS ICRP CIRS ICRU CIRS ICRP CIRS ICRU CIRS
P23 23 44 23 44

Density
(gcm® 1.03 1.055 158 1.6 02 021 1.038 1.07 11 1.155

A 723 715 115 115 751 71 741 738 79 7.87

El.
Density 3.42 3.43 5.03 5.03 0.663 0.681 345 345 3.69 3.7

(10%cm
)
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2. Estimating Effective Dose from Phantom Dose Masarements in
Atrial Fibrillation Ablation Procedures

There were three objectives of this study: (1) to determine fibetigé dose imparted to an
anthropomorphic phantom during a typical atrial fibrillation ablation proegd®y to relate the
effective dose measurements to the dose area product as reported bydleeatdhe
fluoroscopy unit operated during an atrial fibrillation ablation procedure{3rtd make
estimations of the cancer risks associated with the procedurdollbiweng sections will provide

a more detailed description of these objectives.

2.1 Determination of effective dose according to the ICRP

Since measuring effective dose in an actual patient is untenablehespanmorphic phantom
must serve as a proxy for these measurements. Traditional TLD nmestgere time
consuming and labor intensive requiring annealing, post irradiation waitingaimdehe reading
of the individual dosimeters. MOSFETSs have been validated fanalgse measurements and
were used to facilitate the measurements for this study (Yosh&tuahi2007). The accurate
determination of organ doses is essential to ascertain theeffdose imparted to the phantom.
The effective dose determination in turn allows the creation of dose camveosfficients

(DCC) and the estimation of cancer risk described in the followingstgtions. Organ locations
are chosen according to how heavily they are weighted in the ICRP 103 ahgamith their
proximity to the radiation field. For example, in AF ablation procesltive beam is positioned
over the heart, so lungs are chosen because they are within the field atfteHaghest tissue

weighting factor i.e. 0.12.
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2.2 Dose conversion coefficients

Determination of effective dose for an individual patient is anpical. However, modern
fluoroscopic units are equipped with flat panel detectors to measure Dig dach procedure.
Once ED has been measured in a phantom, it can be related to the measuxéal dbse
conversion coefficients (DCCs). Dose conversion coefficients apysaratio of ED to DAP
and can be used to estimate ED for other AF ablation procedures by rdtibly DCC by the
reported DAP. Currently, the majority of DCCs for fluoroscopic proasiare estimated from
Monte Carlo simulations (Hart and Wall, Schultz and Zoetelief). Thesdations have shown
that DCCs can vary based on clinical protocol, beam quality, and bodydirsda, et al.).
Values of DCCs found in the literature can either over- and undeagsteffective dose when
the simulation parameters do not conform to those of the actual procedyresally when
using a different fluoroscopy system. Experimentally deriving DCQg) @nthropomorphic
phantoms can more closely match an actual clinical situation, antemapre appropriate for a

given machine and a specific institution’s protocol (HK Looe et al.).

2.3 Estimating cancer risk in AF ablation procedures

Organ dose measurements can also be utilized to estimate the ol tdreors and leukemia in
patients who undergo an AF ablation procedure. The estimation of canasrthistoughly
detailed in the BEIR VII Phase 2 report, which presents risk modelaricecresulting from any
specified dose from low LET ionizing radiation. The models were dpedl to estimate lifetime
attributable risk based on dose, sex, and the age at exposure. While riskanegeimarily
based on epidemiological studies of the survivors of the atomic bombitigoshima and
Nagasaki , BEIR VIl Phase 2 also incorporates data for “both medecadbsed persons and
nuclear workers exposed at relatively low doses”. Unfortunately, tissestimates are subject
to myriad uncertainties stemming from inherent epidemiologicamtioty, as well as an
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inadequate understanding of the biological effects of low doses of radi&tosolid cancers,
estimating the risks from relatively low doses is based on a linear mduieas the risk
estimates for leukemia are based on a linear-quadratic model.s Bablavailable in BEIR VII
that show lifetime attributable risk (LAR) for various cancezssénd for various ages of
exposure. The LAR tables have been distilled to show the number of iresdefrzancer that
can be expected per 100,000 persons exposed to 0.1 Gy. With stochastic effectsletheciadi
a given effect is assumed linear with dose, allowing the carséetorbe scaled according to a
given organ’s absorbed dose. This makes it relatively simple to genéAftehbles specific to
certain patient cohorts once organ doses have been measured. Relative)risla(R&y of
comparing the incidence of cancer attributable to radiation exptustire incidence of cancer
within an unexposed population. The equation for RR is simply;

LAR + LR
o )

IR (Equation 1.13)

where LR is the lifetime risk of the incidence of cancer for unexppspulations.

2.4 Materials and Methods

No Institutional Review Board approval was required, as this stwdjyved only physical and

phantom dosimetry measurements.

2.4.1 X-ray Fluoroscopy System

A male anthropomorphic phantom (model 701-D; CIRS, Norfolk, VA) was used to ngee or
dose measurements in locations that coincide with the ICRP 103 tisgjimgefactors for
effective dose calculations. A photograph of the phantom positionedyfpical AF ablation
procedure is shown in Figure 6. Detectors were placed in 5mm diametedhided into 38

contiguous slabs with a thickness of 2.5 cm each. The holes correspond to epggnific
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locations that are assigned according to the manufacturer's manugbhdrtem represents
tissue equivalent substitutes with tolerances better than 1% for borsef tissue and 3% for

lung tissue at photon energies from 30 keV to 20 MeV (9) (Table 2).

Figure 6. Experimental setup of the male anthropomorphic phantom (without MOSFETs) and the Allura Xper
FD10/10 biplane fluoroscopy system.

A biplane fluoroscopy system (Allura Xper FD10/10, Philips Medicat&ys) was used to
expose the phantom. This is the same system used for actual progetheesiectrophysiology
laboratory at Duke University Medical Center. This systamautomatically vary the tube
current and peak voltage during exposures; however, it can be masatathylow’, ‘normal’,
and ‘high fluoro’. Both x-ray tubes, denoted right and left anterior ob(igd®, LAO

respectively), are equipped with flat panel detectors that metdsDAP, which is then reported
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on the console as a cumulative (summed) DAP. The relevant parametbestioo settings used
in this study are given in Table 3. While the algorithm that detes these parameters is
proprietary, the current and energy are generally dependent on the amotertadtann in the

beam and therefore the size of the patient or phantom.

Table 3. Automated fluoroscopy settings used during phantom experiments

‘low fluoro’ ‘normal fluoro’ ‘

Camera (angle) RAO (30) LAO (45° RAO (30) LAO (45°)

Tube Energy

86 93 86 82
(kVp)
Tube Current
(MA) 4.8 4.5 12 12.3

2.4.2 Calibration and DAP validation

The MOSFET calibrations and experimental measurements were done #irgs Allura
Xper FD10/10 modified with a 4 cm aluminum plate simulating equivalent human ditbenua
thickness. The aluminum plate simulated a clinical x-ray tube votthgpproximately 90 peak
kilovolts (kVp), allowing the calibrations to take place at thees®eam quality as the clinical
measurements. MOSFETs were carefully placed at the same I¢heladive volume of the
ionization chamber and exposed three times. The data was read out ioltifiiw) on a
Lenovo® laptop personal computer (PC) and converted to gray. To convert ex@sosatgen)
to absorbed dose (Gy), an ADCL chamber specific correction fact®dfkyp (interpolated
between 80 and 120 kVp to be 1.0275 R/rdg) as well as a tissue f-factor (edltolae 0.94),

were applied to the electrometer reading according to equations 1.8 andhé& &edtrometer
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self-corrects for temperature and pressure, so these correcémmaet included in the
calculations.

The MOSFET AutoSense System (Model TN-RD-60, Best Medical, Ottanad2)
includes 20 high sensitivity MOSFETs (Model TN-1002RD), a bias supply (Mddi&kD-22), a
bias reader (Model TN-RD-21) and AutoSense PC Software (Model TN-RD-#5¢
MOSFETSs were calibrated by simultaneously exposing them along witlke@ifrzation
chamber (Radcal Model 10x5-6(17624), Monrovia, CA) connected to a Radcal ettetrom
(Model 9015(91-1205)). Both the chamber and electrometer were calitovgétler at the
Accredited Dosimetry Calibration Laboratory (ADCL) at the Uniitgrsf Wisconsin, Madison.
The Radcal electrometer automatically corrects temperature esslpe.

The mass energy attenuation coefficients) (ere obtained by linearly interpolating
National Institute for Standards and Technology (NIST) data fottisefte (ICRU-44) and dry
air near sea level. The absorbed dose measurements were ugbé MMSFETS’ outputs to

create individual calibration factors for all twenty MOSFE#ich were then stored in the PC.

In order to verify the dose area product readout of the fluoroscopy unit ai@rézation
chamber was inserted between two pieces of polystyrene foam albng pece of
GAFCHROMIC®XR-QA film (ISPCORP, Wayne, NJ) as shown in Figlire The foam was cut
to accommodate the ionization chamber as well as to ensure thhthas level with the
central axis of the chamber. The setup was exposed under a 4 cm aluminum diab and t
electrometer reading was again corrected according to the AREIr fnd tissue f-factor
described above. The film was then used to estimate the area of thatlibarpoint of
measurement, which was then multiplied by the corrected electromating to give DAP

(mGy-cnf). Since the fluoroscopy unit displays a cumulative DAP from both ireathes
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ionization chamber- filmMfean-aluminumconfiguration was exposed with bdmagers

separatehand the results summ

2.4.3Phantom Measurement

The CIRS anthropomorphic phantom was loaded witfS¥BTs and exposed under t
different fluoroscopy settinc'low’ and ‘normal’. The fluoroscopy unit's settiegare automate
in that the tube energy and current are set bynidaghing, andonly ‘low’, ‘normal’, and ‘high’
may be chosen manually (these settings generaliglddhe previous setti’s beam currer.
The high fluoro settings generall not used clinically due to concerns of overexposung was
therefore not used in this study. Dosimeter locetifor the two exposures are liste(Table 4.
The skin location was chosen within the beam orbdet to serve as an entrance skin ¢

measurement.

&

GafChromic Film

k—— GafChromic Film

lon
Chamber

Figure 7. Setup allowing the measurement of DAP in a biplane fluoroscopy unit
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Table 4. Organ locations used to calculate effective dose under the two different fluoroscopic settings

Lens of the eye Mid Left Lung Lower Left Lung Sternum (marrow)
Thyroid Fourth Left Rib Mid Left Lung Thymus
(marrow) (posterior)
Upper Left Lung Breast Mid Left Lung Breast
(anterior)

Upper Thorasic Spine Stomach Upper Left Lung Stomach (anteyior)
Thymus Liver Heart wall Pancreas
Esophagus Left Kidney Spleen Left Kidney
Sternum (marrow) Pancreas Stomach (posterior) Lower Intestjne

Lower Lumbar Spine Lower Intestine Stomach (anterior) Bladder
Ovaries (equiv. Bladder Fourth Left Rib Liver
location) (marrow)
Testes Superficial Skin Esophagus Superficial Skin

Some of the locations for the ‘normal fluoro’ exposure were changed, many of the
original locations yielded no measured dose due to their being too distanh&gminhary beam.
The replacement locations were also chosen to give better coverageet heavily weighted
organs in the ICRP 103 formalism. Therefore, two more lung locations were adddd the
lower left lung and another in the mid lung more posterior to the original.tidwially, detectors
were added to the heart wall, the spleen, and a second more posterior staatzafn |

The phantom was placed in a supine position and the RAO and LAO imagers w
positioned by a cardiac electrophysiologist at 30° and 45° respectivelysaefing the
fluoroscopy coverage of a typical atrial fibrillation ablation procedurerupigtane mode
(Figure 6). The experimental setup was exposed twice for 10 minwdsre to give an
adequately high dose. The MOSFETs were subsequently read along with thad®E a

procedure repeated on the normal setting.
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2.4.4 Effective Dose and Conversion Factor Calculations

Effective dose was calculated according to the ICRP 103 formalism. Egohdose
was averaged between the two exposures and then used in equation 1.7 to defentivee e
dose. The calculated effective dose was then normalized by ahexpbsure time, yielding an
effective dose rate. Similarly the DAP given by the console was adef@gihe two exposures
and then divided by the exposure time to give a DAP rate. The DCC was timglffective
dose rate divided by the DAP rate. To estimate the effective dosgyfiica procedure the
effective dose rate was multiplied by the average clinical fleogs time derived from a
retrospective review of the electronic records of 79 patiehtsumderwent AF ablation
procedures at Duke University Medical Center (DUMC) in 2009. Thatseadle shown in Table

5.

Table 5. Averages and ranges of pertinent information about 2009 DUMC AF ablation patients

Average 88.2 276.3 93.7 59.5
Range 36.1-195.0 56-1091 51-154.8 32-78
2.5 Results

Figure 14 and 15 show the individual organ doses as measured by the MOSHEES for

first and second phantom exposures. The effective dose calculated was Z/m8Sv {range
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11.4-61.9 mSv) for the ‘low fluoro’ setting and 45.6 £ 4.9mSv (range 18.6-101.3 mSv) for the
‘normal fluoro’ setting, using a mean clinical fluoroscopic time of 88.2 ma{renge 36-195.6
minutes; n=79 patients). For the ‘low fluoro’ setting an ED/DAP conversictoff of 0.573+0.08
mSv-Gy*-cm? was calculated. For the ‘normal fluoro’ setting the conversion facisr
calculated to be 0.577+0.06 mSv-&gmi>. While confirming the console’s DAP readout, the
reported and measured DAP values were 4378 mGyanth4372 mGy-cfirespectively, a
difference of 0.1% using an arbitrary exposure time of 2 minutes.

The risk calculations based on BEIR VII Phase 2 are shown in Tables 6 ahey
encompass all age groups seen in patients who underwent AF ablation proceduresup 2009

age 60.

2.6 Discussions

Literature detailing DCCs for catheter ablation is limited. ThaddrNations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) has puldisiatéa on medical
radiation exposure; however, the data comprising radiofrequency alialiioited and widely
varying (Appendix A.1). The United Kingdom’s National Radiological Ritide Board
(NRPB) has reported a value of 0.19 mSv/Gy-&on radiofrequency ablation procedures based
on Hart and Wall's data, which is about 50% of what found in the pretseiyt.s The
UNSCEAR and NRPB data are based on estimates from Monte CaElos{Mulations rather
than measured organ doses. In addition, those data were compiled owgrytees ago;
fluoroscopy system technology has advanced considerably since that titheutwnowledge
of the parameters and geometries of the MC simulations, which areailab&yvin the journal

articles referenced by the UNSCEAR and NRPB publications, it is inippe$sicompare these
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studies with the present one. The NCRP also has data published on radiafyegjpiation
which gives DCC values ranging from 0.1 to 0.24. Several of these DC@arived from the

same Hart and Wall paper that the UNSCEAR references.

Table 6. Lifetime attributable risk (LAR) for AF ablation patients based on phantom dose measurements (additional
cases per 100,000 exposed).

Breast | - 23 | - 13 | - 6 | - 3

Table 7. Relative risk (RR) for AF ablation patients based on phantom dose measurements.

1.002 1004 | 1.002  1.003 | 1.001  1.003 | 1.001  1.003

1005  1.006 | 1.005  1.006 | 1.005  1.005 | 1.003  1.004
1.002 1.001 1.001 1.000
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A study was performed utilizing phantom measurements to calculateaffdose in AF
ablation procedures in 2007(Seguchi et al.). This study showed closer DCCtodhase
calculated in the present study; 0.41 mSv/Gy-caiculated by Seguchi et al. compared to 0.57
mSv/Gy-cni in the present work. Several aspects of the study differed from dwergHEntom
used for their study was smaller than the one used in the currenttefluoroscopy system
was manufactured by GE as opposed to Philips (as a result the half valuedsyaiy4.8
compared to 7.8 measured on the Philips system) , and the tube parametsighty different
due to the automated selections made by either system. Nevertheledsietheveee
significantly higher than those published by UNSCEAR and NRPB.

There are several limitations of this phantom study. First, due &nsyshitations only
20 MOSFET detectors could be used simultaneously. While all organs couldreptésented,
the ICRPs more heavily weighted organs in the area of exposure wereda:o¥he organs that
were neglected were those that resided outside the field of the beareranfdmenough away
from the edge of the primary beam that scatter was negligible. Seco@dRtBghantom is
based on ICRP 23’'s Reference Man. Differences in body size and weigtifez dose
measurements and fluoroscopic beam quality (Johnson 2009, Shultz 2005). Tthe eftses
strongly depend on the amount of exposure time, which can vary based on an iristitution
protocols and complications that may occur during individual procedurésg DECs as
blanket conversion factors is therefore problematic, in thahitatayield a reliable measure of
the radiation risk to a patient.

In conclusion, anthropomorphic phantom measurements are better suitedyorgseffective

dose for institution-specific protocols and equipment. A dose conversitiitieoe of 0.57
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mSv/Gy-cni is an appropriate factor for estimating effective dose within tisistition, but may
lead to overestimations or underestimations of ED elsewhere.

The risks for solid cancers were all reasonably low. Leukemithe other hand,
presented a more significant risk. This is mostly due to the fadnthdults much of the bone

marrow is located in the ribs and sternum, which were well withinrineapy x-ray beam.
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3. MOSFETs in Small Animal Dosimetry Applications

Dose delivery in small animal studies is accomplished primarihgusabinet x-ray or
cesium irradiators. Often studies are done and results deriveddodesigcbn manufacturers’
specifications of the delivered dose, without independent dose véoifica an adequate
understanding of the machines’ capabilities. Many studies involve laxdmiziners or other
elaborate geometries not considered by the manufacturers when supplyesgfor dose rates,
isodose curves, or beam quality. Differences between the manufacspexifications and the
actual absorbed dose delivered in this type of situation can bergidigBrady, 2009).
Accurate dosimetry is especially important when operating in the doe kgion where the

biological effects of irradiation are poorly understood.

Traditional methods of dosimetry are challenging when dealing with smalbés.
First, typical ionization chambers are unfeasible for internahuisy, due to the large size of the
available chambers relative to the size of the rodents typicaltyinghese studies. TLDs can
overcome this problem; however, they are highly labor interssideare difficult to place in vivo.
These problems are compounded if multiple techniques and protocols must beeelxami
MOSFETSs can overcome many of these difficulties (Lin). Their mifgssize, prompt readout
time, and the ability to be calibrated for multiple energies and measweraklocations

simultaneously makes them uniquely suited to perform small animal dogime

This study is intended to demonstrate the validity of MOSFETs asuktequivalent
mouse phantoms in the accurate determination of absorbed dose to small iancataitset

orthovoltage x-ray irradiators. To do so, a systematic comparisbriheitmoluminescent
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dosimeters is established to show concurrence with the current dosstaeiaigrd. New
measurements were taken in order to establish more accurate dofer redgsus beam qualities
in order to improve upon the dose rates measured by Abogunde. The major improvement ov
previous work is a direct result of obtaining ADCL calibration factorsifgher energies from

the University of Whiscons. The results of a Bland-Altman analysisdr indicate that both

TLD and MOSFET measurements are in agreement, as indicated by thendiéfeetween the

two measurements falling within 1.96 standard deviations of the mean. Déts@re also
generated with radiochromic film and compared to MOSFET measurementswtthsiithe dose

received by the phantom and (by proxy) the mouse are nonuniform due to tissueiattenuat

3.1 Materials and Methods

3.1.1 Orthovoltage X-ray Irradiator

The AGFA XRAD-320 Orthovoltage X-ray unit (AGFA NDT Pantak Seiferthbhé
Co. KG, Ahrensburg, Germany) housed in the Edwin A. Sands Building on Duke ltgisers
campus is primarily used to provide a predetermined dose of radiation t@aeimlls and cell
cultures. Entirely self-contained, it has a 4000 pound steel-lead-stexrddaconstruction that
prevents leakage above 0.5 mR/hr at the unit's external surface. @iiericabinet dimensions
are 102 x 75 x 86 cm, with an adjustable shelf, a collimator which include$idighindicating
the size of the field of view of the beam, and several interchangdedite for altering the beam
quality. The ISOVOLT HS X-ray tube houses the cathode and anode genesatbts axcite
the x-ray filament, an oil cooler, and an operating console that allowg tohthe tube current,
voltage, and irradiation time. The maximum tube potential and curre@faney and 10 mA
respectively and can be adjusted as low as 50 kV and 2 mA. The tube itsalfrited to the

cabinet ceiling, giving a source to target distance of 72 cm to tleeobése cabinet.
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The X-ray tube produces a beam of electrons accelerated from the cathoeltunhgsten
anode after the cathode filament is heated by a separate power suppisonklae emitted from
the cathode after it has reached approximately ZD@@d are attracted to the anode. The tube
current is varied primarily by adjusting the filament temperatiitee electrons interact with the
tungsten anode during which a small fraction of their energy is converted toptiatough
bremsstrahlung and characteristic x-ray processes. These phot@uwusally irradiate the
target medium. Extensive research has gone into characteriziKg#&2-320’s beam quality,
which is shown to have a half value layer of 1.117 mm Cu with filter 1 in place andwlith22

filter 4 (Abogunde).

3.1.2 Dosimeters
TLDs used in this study are TLD-100 lithium fluoride dosimeters (Havghthe
characteristics of which can be found in Table 1. They were annealed img la¢a%00° C for 1
hour then cooled to 100° C for 2 hours. The readout was done by a Harshaw TLD 5500 (Thermo

electron corporation) after the TLDs were left to rest in dakifer 24 hours.

The mobile MOSFET Dose Verification System (Model TN-RD-70-W tBésdical, Ottawa
Canada) used for this work includes a Mobile MOSFET bias supply (T8 Dwireless
transceiver (TN-RD-16), and five high sensitivity MOSFET detedfbis1002RD). A notebook
computer was used to collect data for calibrations and dose meassentaech were exported

to an Excel® spreadsheet on site.

GafChromic XR-QA radiochromic film (International Specialty Produats$ used to
obtain attenuation and dose distribution data by cutting the film and insertitmat 2ncm
diameter water phantom constructed from a plastic vial. The phantom wéasngas#o that the

film was vertical and parallel with the center of the x-ray beam. Theabpensity information
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was obtained by scanning the exposed film with an Expression 10000XL scapsam)(E
Calibration data was then applied to the optical density measurementwitte dose

distributions.

3.1.3 Rodent Phantoms

Two types of tissue equivalent phantoms manufactured by CIRS wézeditd make
dose assessments for the irradiators: a 2 cm diameter, 8 cm long@™pbastom and a 3 cm
diameter, 12 cm long “rat” phantom. Both phantoms have holes 5 mm in diametedpzrise
to their long axes used to place detectors; two in the mouse and threeain Bigure 8 shows a
diagram of the mouse phantom. The tissue equivalent material is homogenous wéityeofie
1.055 g crit and an effective atomic number of 7.15, conforming to the ICRU’s definition of a

tissue equivalent substitute. MOSFET measurements were made g phaecidetectors inside

o [ 4

L L 20mm

the

Figure 8. Diagram of the CIRS Tissue Equivalent Mouse Phantom

mouse phantom (three in the rat), one dorsally on the surface, and oneywerithtetectors

were positioned perpendicularly to the beam with the phantom centeredximai field.
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Three exposures were made at 250 kVp for 72 seconds each and averaged.r Aginaiéech
was used with the TLDs at the same settings, with the exceptidd ThdDs were placed inside
each hole and on the surface of the phantoms and exposed once. Each configasatised

with the F1 filter as well as the F4 filter to provide data foledent beam qualities.

3.1.4 Calibrations

All irradiations for this work were done with the Xrad 320 orthovoltageyxfradiator
(Precision X-ray Inc) at a source to detector distance of 50 cm and a 10 xfieGdooh view.
The TLDs, MOSFETSs, and GaFChromic Film were all calibrated using an Gatzation
chamber (Radcal Model 10x5-.018, Monrovia, CA) and the Radcal electroieide|(9015).
Both were calibrated simultaneously by the Accredited Dosimetryr@taéh Laboratory
(ADCL) at the University of Wisconsin, Madison. For the purposes ofatbig all calibrations
and subsequent exposures were done at 250 kVp to match the ADCL calibratiynoéniee
ionization chamber. To convert exposure into absorbed dose, the eleatraaeieg was
corrected using the chamber and energy specific ADCL correction tdctd28 R/reading ,as
well as the tissue f factor of 0.96 according to equation 1.8. TLDs and El3Skere
calibrated as described in sections 1.2.2 and 1.2.3 respectively. All thirretdos
(GaFChromic Film, MOSFETSs, TLDs) were calibrated in the same irstanplacing five high
sensitivity MOSFETS, one square piece of film (approximately 6.25anad two TLD chips
adjacent to the ionization chamber, then exposing them to a range of tos®passing the
target doses for all subsequent exposures . All dosimeters were aliginddendenter of the
active volume of the ionization chamber using carefully cut blocks of fodmit backscatter
from the irradiator’s table top. Separate calibrations were done for both F4 dildrE to

account for the difference in beam quality.
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Calibration factors for the MOSFETs were obtained by dividing theected ionization chamber
reading by the individual detector responses (equation 1.9) and thenimyeaiagxposures to
yield 5 detector specific factors. For each run two TLDs from each badre exposed and
compared with the ionization chamber readings. TLDs responses weia @adombs (C) and
averaged after subtracting the background readings then plotted #gaicstrected ionization
chamber readings (cGy) and fit with a linear curve. The curve’s slopéher used as a
conversion factor for the TLDs (Appendix C). The radiochromic film vedibrated by cutting
six squares of the film and exposing individual cuttings simultaneously wittim&ation
chamber to doses ranging from 1 — 200 cGy. The optical densities recordezhfouttiag was
matched with its respective ionization chamber reading and fit tova cammensurate with
equation 1.12. This calibration curve was then applied to subsequent mesgsrasing a

MATLAB code based on work done by Brady to produce dose distribution maps.

3.1.5 Measurements

To compare the TLD and MOSFET detectors in a typical phantom measutde@hantom was
placed in a 10 x 10 cm field at a source to detector distance of 50 cm. For thephremtsen,
two TLDs were placed into each hole, while two were left on thecsudhthe phantom. This
arrangement was exposed twice for 1.2 min with filter F1 and 1.4 min viithFd. Similarly,
MOSFETSs were inserted into each hole with one on the surface and theed:ttpes separate
times for 1.2 minutes using filter F1, and for 1.4 minutes using filter F4. Tdreqrh was
positioned so that the axis of the holes was perpendicular to the beamaxier to avoid any
attenuation from the MOSFET’s cables. All exposures were done at 250 kVp and 1hmA. T
same arrangement was used with the rat phantom, except that asnatlditsimeter was placed
into the extra hole in the larger phantom. The raw data was then subjegpgadpriate

calibration and correction factors described above and averagedlidoeation.
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In order to provide further validation of the MOSFET’s measurements arelatearly compare
them to those of the TLDs, the two detectors were simultaneouslatadd A 250 kVp beam
was used with a current of 10 mA at a source to detector distance of 50 cm to bapetedtors
in air for various times to achieve six dose levels. The measuremengtglane in the presence
of the ionization chamber, which was used as a gold standard for the sinalfgsr having
correction and calibration factors applied, the MOSFET and Tllilegawere averaged. A
Bland-Altman Plot was created by taking the difference in the twsunements for each dose
level and plotting it against the average of the two measurementiis bfragreement are
calculated by taking 1.96 standard deviations of the difference (Bland andmltAttenuation
data was collected for the tissue equivalent phantoms by configuriQBEETs such that one

was placed on the top surface one inside and one underneath the sraali@mph

To better simulate actual in vivo measurements, a mouse carcastestsighat closely
approximated the dimensions of the phantom. MOSFETSs were placed ataenoelts detector
distances as in the phantom. Radiochromic film was used to make continuougiattenua
measurements inside the water phantom described in the Methods sedtiointhége
measurements were taken for a 10 X 10 cm, 250 kVp beam with a current of 10 mA atboth be

qualities.

3.2 Results and Discussion

Summarized in Figure 9, the phantom measurements indicate good agreetween MOSFET
and TLD. All dose values corresponding to the same position fall withim#ngins of error. A
comparison of the two detectors with the ADCL calibrated ionizatiombkais shown in Figure
10. As indicated in the graph, the highest difference calculated isra#ef TLDs and 2.5 % for
the MOSFETs. The higher difference seen in the TLD measuremeikedyiue to the typical

inter-batch nonuniformities which can be as high as 15% (see Table 1). The géfesence
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between the ionization chamber’s and both detector's measuremests gjoed indication that
MOSFETs as well as TLDs are comparable to the gold standard A8lBkated ionization

chamber and are appropriate for dose measurements in small animals.

Mouse Phantom Filter 1 Rat Phantom Filter 1
220 240
200 -+ _ 220
= ] = 200 -
g 180 £ 180 -
g 160 7 8 160 -
& 140 B IOSFET & 140 - W MOSFET
Eg T mTLD iég 1 mTLD
1 2 3 1 2 3 4
Position Position
Mouse Phantom Filter 4 Rat Phantom Filter 4
220 220
200
= = 200
G 180 - G 180 -
o 160 - o 160
g 140 - m VIOSFET E 140 - W VIOSFET
100 - =T 150 "
' 100 -+
1 2 3 1 2 3 4
Paosition Position

Figure 9. Dose value comparison between Mouse and Rat Phantoms with Filters 1 and 4 as measured with TLDs
and MOSFETs.
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Figure 10. MOSFET and TLD percent difference from ADCL ionization chamber free in air

A Bland-Altman plot was created from the same data to show the tionrdiatween the two
methods of measurement. Figure 11 gives the difference between then@dMOSFET
measurements plotted against the average value of the two. The fiagteement are indicated
by the dotted lines and were computed as the bias or average difference mdsabidi standard
deviation of the difference. The measurements fall within that rangi@s such indicate
comparability between the two methods of measurement. This data pretvalesevidence that
MOSFETSs are valid tools for accurately determining the absorbed doselltasimals in an

orthovoltage irradiator and provide results comparable to TLDs.
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Figure 11. Bland-Altman Plot comparing TLD and MOSFET Detectors in Free Air in XRAD-320 Irradiator

Phantom as well as in vivo MOSFET data also indicate that within amaflal targets the x-ray
beam is significantly attenuated. This is most pronounced in the rat phavtiarh is to be
expected due to its larger size. Beam hardening can be achieved with thefidtepfilter F4)
but attenuation still persists. Figure 12 shows attenuation in the moaoasscas well as in the
CIRS phantom for filter F1. Radiochromic film provides a much better visdigation of the
non-uniformity of the dose distribution Figure 13. This is problematiticp&arly for radiation
biology studies where results are often reported as a uniform exposurentmah & is apparent
that the phantom doses are not uniform and as such could cause erroneous canéglasions
solution could be to irradiate animals in a higher energy irradgatdr as a Cesium or Cobalt

unit, or to irradiate with dual opposing beams. The latter could be adhigth a single by
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placing an animal on its back during half of the irradiation, this howevertis challenging

when dealing with live, conscious animals.
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Figure 12. Dose attenuation in the CIRS phantom as compared with that in vivo in the XRAD-320 irradiator with
filter F1
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Figure 13. Dose attenuation as seen in a water phantom irradiated with filters F1 and F4
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Appendix A. UNSCEAR and NCRP Fluoroscopic Data for
Radiofrequency Ablation Procedures

A.1 UNSCEAR Radiofrequency Ablation Fluoroscopy Data

Table 8. Fluoro Time, Skin Dose, DAP and ED data for Radiofrequency Ablation Procedures from the UNSCEAR

Fluoroscopy Localized Dose | Dose Area Product Effective Dose
time (min) To Skin (Gy) (Gy*cmz) (ED) (mSv)
42 (27108) - 116 -

50 (31 SD) - - 17
21.4 (142 max.) 0.9 (6.2 max.) - -
(190 max.) (8.4 max.) - -
28 (3109) - 103 -
- 0.07 (1.4 max.) - -
- - 56.49 -
- - 77.5h -
- - 97.3i -
53 (£ 50) 1.3(x1.3) - 17/ 25
- 0.93 (+0.62) - -
65 (5195) 1.0 (0.083.1) - -
28.9 - 91.1 17.3
- - 43.6 -
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A.2 NCRP Radiofrequency Ablation Fluoroscopy Data
Table 9. KERMA-Air product, DCCs, and ED data from the NCRP

Kerma-Area Product Dose Conversion Coefficient (DCC) Effective Dose

(Gy-cm?) (mSv/Gy-cnr) (mSv)

14

21
17.3

0.18-0.2

0.21-0.23
33.1 0.19 6.3
48.7 15.2

6.4-230 2.1-59.6
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Appendix B. Specific Organ Doses for an Average ARblation
Procedure at DUMC

B.1 ‘Low Fluoro’ Setting
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Figure 14. Phantom Organ Doses for 88.2 Minutes of 'Low Fluoro'
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B.2 ‘Normal Fluoro’ Setting
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Figure 15. Phantom Organ Doses for 88.2 minutes of 'Normal Fluoro'
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Appendix C. TLD Calibration Curves used in TLD-MOSFET
Validation Study.
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Figure 16. TLD Batch 6 Calibration Curve
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Figure 17. TLD Batch 7 Calibration Curve
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Figure 18. TLD Batch 11 Calibration Curve
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