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ABSTRACT

Purpose: The aim of thisvork is to experimentallyjdemonstrate the feasibility @fray acoustic

computed.tomoegraphy (XACT) as a dosimetry tool giisical radiotherapy environment.

Methods: The,acoustic waves induced following a single pulse of linac irradiation in a water
tank were detected with an immersion ultrasound transducer. By rotating the collimator and
keeping the transducer stationary, acoustic signals at varying angles surrauediedd were
detected and reconstructed to form an XACT image. Simulated XACT imageshiareed
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using a previously developed simulation workflow. Profiéedracted fromexperimental and
simulated XACT images were compdrto profiles measured widmion chamber. A variety of

radiationfield sizes and shapes were investigated.

Results: XACT. images resembling thgeometryof the delivered radiation field were obtained

for fields ¥anging from simple s@qres to more complex shap&¥hen comparing prdés
extracted from'simulated and experimental XACT images of a 4 dntm field, 97% of points

were foundto pass a 3%38/mm gamma testAigreement between simulated and experimental
XACT images /worsened when comparing fields with fine det®i®files extracted from
experimentalXACT imageswere compared tprofiles obtained throughlinical ion chamber
measurementsconfirming thatthe intensity of XACT images is related to depositadiation

dose. 7% of the poingin a profileextracted from an expmental XACT image of a4 cm 4

cm field passed a 7% / 4 mm gamma test when compared to an ion chamber measured profile. In
a complicated puzzipiece shaped field, 86% of the points in an XACT extracted profile passed

a 7% / 4 mmrgamma test.
Conclusions: XACT images withintensityrelated to thespatial distribution of deposited dose
a water _tank were formed for a variety of field sizes and shapes. XACT has thegaptdebe a

useful tool for absolute, relative amdvivo dosimetry.

Keywordsa##X=ray acoustic computed tomography; thermoacoustics; radiation dosimetry;

ultrasonics
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l. INTRODUCTION

Radiation"@simetry is a crucial process radiation therapy (RT) to ensutkat the correct
amount ofdose is accuratelyetivered to tle desired locatiah ? Ex vivo dosimetry, whether it be
absoluteorselative, refers to the measurementagfiationdose in a representative phantom, and
is important for beam calibration, treatment planning, and quality assurarmes@siin vivo
dosimetry is the measurement refdiation dose received by a patient during treatment. The
International Atomic Energy Agency (IAEA) recommends ftimativo dosimetry be performed

in patients, undergoing new treatment techniques, after changes to softwpneésusingle
fraction treatments, and treatments with a curative intent where the dose received is potentially
close b nomal tissue toleranceDue to the increasen more advanced treatment delivery
techniquessuch asntensity modulated RT (IMRT) and volumetric arc therapy (VMAdnd
stereotactic” casewith single or hypfractionated deliveriesthe demand and necessity for
accurate and redime in vivo dosimetryis likely to be on theise.

A wide varietyyof techniques amirrentlyused for clinical dosimetry. The mosstablished of

these includesion chambef$Cs), diodes, thermoluminescent dosimeters (TLDs), optically
stimulated luminescent dosimeters (OSLDs), metal oxide semiconductor field effect transistors
(MOSFETS), electronic portal imaging device®(Bs), andfilm.* All of these techniques have
limitations, whether it be they gnbive mint measurements, are not réale, aredose rate or

energy dependent, or are not economical.

The photoaceustic effect is a physical phenomedsamovered by Alexander Graham Bell
whereby acoustic waves are induced following the absorption of heat energy from a pulsed
photon beam The rapid deposition of heat energy within naaterial leads toa localized
temperature increasesausing thermoelastic expansion artie inductionof a differential
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pressure distribution. This leads to the generation of acoustic waves that prdpagaghout

the medium The properties of these acoustic waves are dependent on a number of factors,
including the amount of heat energy deposited,shape of the heat energy distribution, dued
material properties of thsamplé By detecting the acoustic waves at various angle®snding

the irradiated.sample with a pressure sensor such as an ultrasound transducepbohggn

image of the_initialdifferential pressure distribution can be reconstructBde photoacoustic
effect has™been expited by photoacoustic imaging to form images with contrast based on

optical pheterrabsorptioh®

The generation, of acoustic waves via the photoacoustic effect followiayg xradiationwas

first demonstrated using-rays producedby a highenergy synchrotron souréeBowen et al.
showed the first experimental detection of acoustic waves indioled/ing irradiationby a
clinical radiotherapy linaphoton beam?® More recently, Xiang etlaproposed xay acoustic
computed tomograph¢XACT), the xray equivalent ofoptical laser photoacoustic imagitg.
Theyshowed=a preliminary demonstration of XACT by imaging a lead rod embedded in chicken
breast tissueXACT using pulsed xay tubes in the &/ energy range has also been recently
proposedtas a novel imaging modality, and a resolution of 350gsrbeen achievadsing a 60

ns x-ray pulsé’

Since contrast in XACT arises from a material’s differingayx absorption properties, it has long
been propesed,thdetecting the acoustic waves induced following linac irradiation has potential
applications«in‘radiotherapy dosimetfy!" **Recentresearch in this area has focusedttom
development of a comprehensive simulation workflamd exgrimental measurement®
sysematically evaluate the properties of lina@dfiation induced acoustic wavEsthe use of
hydrophones.to detect tlweducedacoustic signals in an effort to improve signal to noise ratio
(SNR)* and._demonstrating the ability to image lead samples using a commercial ultrasound

scanner™
Previous work orKACT has largelyconcentréed on investigating the acoustic signafsluced

following the irradiation of highdensity materials, such &sad blocls, presumably due to the
relatively large induced acoussgnal. This work demonstrates the ability to fa@rperimental
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XACT imagesin purewaterin a variety of clinically relevant situatioradto extract accurate
dosimetric information from such imag@e characteristics of the induced acoustic waves and
resulting XACT images are investigated. Additionallkperimental and simated XACT
images are comparednd XACT is demonstrated to be a viable dosimetry technigye
comparing_prefiles extracted fromexperimental XACT images to clinical ion chamber

measurements.

Il. MATERIAES AND METHODS

ll. A. XACT.experimental seup

Experimental XACT images were acquired by irradragi a water tankusing a clinical
radiotherapylinear acceleratorliac). A 10 MV flattening filter free (FFF) photon beam
produced Joy=alrueBeam™ (Varian Medical Systems, Palo Alto, CAjpac was usedfor
irradiation The'linac was operatest a dose rate of 800 MU/min. Under these conditions, the
linac runs at a pulse repetition frequerafyl20 Hz ands calibrated to delivet.11 mGy per

pulse at 2.4 cm, the depth of maximum dose. This corresponds to a per pulse temperature
increase 0of 264 nK at the depth of maximum dose. Fig. 1 displays the linac pulsenghelpe,

was found.to have a full width at half maximum (FWHM) length of 4 us, as determined through
measuring.the linac target pulse with @stilloscope Note thatthis pulse represestthe pulse
envelope formed by theeries ohigh frequencypicosecond pulsgsrodiwced by the microwave

generator.

This article is protected by copyright. All rights reserved



0.0 T 1
g N L i
=
=02} -
g i -
g 0.4 - —
3 A 4us -
3 -06} —
[ - -
=
5 -0.8 p—= =
5 i -
I _1 0 | L _J_ L -
0 1 2 3 6

Time (us)
Fig. 1. Linacstarget pulse produced by a Varian TrueBeam accelerator forMV1FFF beam. The pulse has a
185 FWHM length of 4 us

As illustrated in Fig. 2the water tank sat on the linac couch at a source to surface distance
(SSD) of 100 em.An unfocused, circulaimmerspn ultrasound transducer with @entral
frequency_0f.0.5 MHza diameterof 25.4 mm, and a 6 dB bandwidth of 64% (V305BU,

190 OlympusNDBT;.Waltham, MA)was used to detect the induced acoustic waves. The transducer
was placed 13.¢m away from the center of thadiationfield at the desiretmaging depthand
oriented perpendicularly to theentral axis of thdinac photon beamThe output of the
transducerwas fed into@mmercialpreamplifier(5660B, OlympusNDT, Waltham, MA)set
to a gain“of 60 dBvith a-3 dB bandwidth of 20 kHz 2 MHz. Signals wee read out on an

195  oscilloscope IffiniVision, DSO-X 2012A, Agilent Technologies, Santa Clara, )C#tuated at
the treatment.console. The linac target pulse was used to trigger the oscilloscope, signals were

sampled at'a sampling frequency of 4 MHz, and$d@als were averaged for each acquisition.

200 Fig. 2. Experimental setip. (&) The immersion ultrasound transducer was positioned in the watettdre depth

of the imaging planeperpendicular to the photon beaantral axis(b) The water tank sat on the patient couch, and
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the transducer output was fed into a commercial preampMigtr pictured here is the oscilloscope used to read out

thesignal, which wasituated at the treatment console.

The acoustic signals induced inethvater tank followinghe irradiation offields of various
shapesand sizesvere investigatedSquare and rectangular fields were defined by the primary
collimator,and the multieaf collimator (MLQ wasusedto create norstandard fieldsNote that

all quoted field sizes were defined at an SSD of 10Catimer tharthe depth of imaging-or
imaging studiesvhere transducer signals werejaced at multipleangles around the irradiated
field, the transducer was kept in a stationary position whaecolimator was rotated. Signals
were acquired at 60 collimator positions, or every Biis step interval was chosen as a

compromise between imaging speed and quality.
Il. B. Simulation workflow

Simulated induced acoustic signals and XACT images vedétained using a previously
developed. and!validated sitation workflow** combining radiotherapy EGSnidonte Carlo
dose simulatiort$' *” andthe acoustic ave transport simulation toolbde«Wave'® Simulated
signals were.convolved with the photon beam palsgpeshown in Fig. 1A digital bandpass
filter designed to match the frequency response of the experinustéation systerwas also
apdied to the simulated signalBrofiles extracted from simulated and experimental images were

quantitatively compared using gamma analysis with aqréssia of 3% / 3 mnt?

[1.C. Signal precessing andmage reconstruction

Prior to reconstruction, both simulated and experimdrdasducer signalwere processedith
a Savitzky-Golay denoisingfilter. A back projection algorithm was used to reconstimnzges.
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Experimental images were inverted to account for the polarity change by the detgsti#on, s

and all images weneormalized such #t the maximum pixel intensity waqual to one.
Il. D. Extract ion of dosimetricinformation from XACT images

XACT forms_images of the initial differential pressure distribution following a single pulse of
linac irradiation. The relationship betweedeposited heat energif, andinduced differential

pressurep; at'a'given locatiom, is given by

p(r) =H(r) T (r) (1)

whereT is the Grineisen coefficient, a material specific constant indicating the conversion
efficiency between deposited heat energy and pressure. Note that Eq. 1 assumléhehat
energy from_a single radiation pulse is deposited instantaneously. Rewriting Eg. 19moterm

radiation doseD), yields

p)=D@) - p (@) - (1—k (@) T (r) (2)

wherep represents the physical density of the material at locati@amdk is the heat defect,
which is the.fraction of deposited energy that does not appear as heatalSintmyes were
acquired in"a homogeneous water tank,ddesity heat defectand Grineisen coefficients are

constant overall pixels, and the reconstrdXACT images ar¢éhereforerelative dose images.
[I.E. lon_chamber and XACT profile comparison

To evaluatesXACT as a potential dosimetry tool, dose profiles through the intedtiggds
were obtained with ion chamb@C) measurements in a 3D water tank asgtaendardclinical

QA protocols=The Blue Phantdmater tank dosimetry syem and a CC13 ion chamber (IBA
Dosimetry, Schwarzenbruck, Germany) were used. This ion chamber has an active eblum

0.13 cni, and volumeveraging wasiot accounted for.
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IC profiles and profiles extracted fromxperimental XACT images were quantitatively

compared using gamma analySish gamma criteria of % / 4 mm was chosen based on the
265 Radiology Physic€enter complex dosimetry protocol recently used in a roahiter IMRT

credentialing stud§® The total gamma pass rate for a given profile was calcufatgubintsin

the jawdefined field size region.

270

[ll. RESULTS
275 lll. A. Acoustic signal characteristics

The simulatedyand experimental acoustic signaduced in awater tankfollowing the
irradiationof a4 cmx 4 cmfield at a depth of 1@m aredisplayed inFig. 3 At a depth ofl0
cm, thejaw-defined field sizeis 4.4 cm x 4.4 cm. The spatial locations of the field and
280 transducer-are aligned with the time domain acougjitagsassuming that the speed of sound in
water is 1480 m/sA rarefaction trough and compression peak pair is observed in the signal at
each boundary of the radiation field. At boundary @B#&) where the dose gradient is from low
to high, as"observed kihe transducerthe rarefaction trouglprecedes theompression peak
The reversesis'truat boundary two (B2)vherethe dose gradient is from high to low, and the
285 compression pegbrecedes thearefaction troughThe near edge of the field is 11.5 cm from the
transducer, which corresponds to a time of 78 us, while the far edge of the field is 1Eo#ncm f
the transducer,,corresponding to a time of 107 pus. These ¢mresde withthe middle of the

compression peaknd rarefaction trough pair created at each field boundary.
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Fig. 3. The experimetal and simulated transducer sigan#&llowing the irradiation of a.4 cm x 4.4 cm field and
the spatial locations of the radiation field and transdassumingthe speed of sound in watisr 1480 m/s At
boundary one (Bl) the dose gradient is frlow dose to high dose and thrarefaction troughprecedes the
compression.peaklThe compression peagrecedes the rarefaction trough boundary two (B2) where the @os
gradient is from high to low. The field edges occur atygdand 107us coinciding with the middle of each

rarefaction,trough,and compression peak pair.

lll. B. XACT image characteristics

The charagcteristics of XACT images were investigated experimentally and through simulations
for a 4 cmyx.4 cm field at depths of 2.4 cm and 10 cm. Fig. 4a Rigd 4b display the
experimentabnd simulatedKACT images at a depth of 2.4 cm, while the imagea deth of

10 cm are shown in Fig. 5a and Fidp. $he high intensity square in the center of the images
represents the primary radiation fieAl.negative intensity ringrtifact surrounding the field is
observed in both experimental and simulated images, and appears more continuousagese i

at 10 cm compared to those at 2.4. ¢mthe images at a depth of 2.4 cnmaegedecrease in

intensityistebserved in the centef the radiatiorfield.
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Fig. 4. (a) EQ

ntal and (b) simulated XACT images of a 4<c#hcm field at a depth of 2.4 cm.
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Fig. 5. (a) Eaerimental and (b) simulated XACT images of a 4<cicm field at a depth of 10 cm.

O
O

. C. Ext ctini dosimetric information from XACT images

xtracted fromexperimental and simulated XACT images and compared to

To demon the relationship between the intensity of XACT images andoradiase,
profiles

measured profiledNote that gammegest pass rates for all fields arersuarized in Table 1.
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Fig. 6 compares XACT and IC profilebor the 4 cmx 4 cm field at 10 cm depthThe
corresponding XACT images were shown in FigThe agreement of profiles was quantified
using gamma analysis in thaw-defined field regionfrom -2.2 cm to +2.2 cm. When the
experimental XACT profile is compared to then@@asured profile, % of poins pass a 7% / 4
mm gammastest, with the largest deviations occurring in the center of the foelgha@ng the
simulated ‘and.experimental XAQ¥ofiles, 97% of points pasa 3% / 3nm gamma test.

1.0 T 7T I 1 m T 1 I T 1 1
‘ Exp. XACT]

(_U =snmemSim. XACT
© IC -
S 05
‘»
(0]
=
©
D 0.0
o

0.5 L

-100 -50 0

X (mm)
Fig. 6. Profiles-extractedt Y= 0 mmfrom experimental and simulated XACT imagdésa 4 cmx 4 cm field at 10

cm depthcompared to th&C measured profile.

Fig. 7 displayshe ability of XACT to imagea 6 cmx 3 cm field at 10 cm depth. Fig. 7a shows
the experimentaX ACT image while Fig. 7b displays the simulated XACT imageg. 7c and
Fig. 7d comparethe profiles extracted from thesimulated and experimentxACT images in
each dnensionto IC measured profile Within the jav defined field size regions, 100% and
95% of experimentaK ACT profile points in the 3 cm andd@n dimensions, respectively, passed
a 7% / 4 mm_gamma testhen compared to ion chamber measuremelasnparingsimulated
and experimental XACT profiles, 94% an®8®f experimental XACT profile points pass a 3 %

/ 3 mm gamma test, in the 3 cm and 6 cm dimensions, respectively.

This article is protected by copyright. All rights reserved



350

355

360

80 80 1.0
40 40
€ E
E P E 0
> >
40 40

—_—
(1)
~

e
o
_—
o
~
—
o

Exp. XACT
------ Sim. XACT 9

0.5 0.5

0.0 = 0.0

Relative signal
Relative signal

Exp. XACT

L *a - =|C

0.5 05— 3 | I B R B -
-80 -40 0 40 80 -80 -40 0 40 80
Y (mm) X (mm)

Fig. 7. (a) Experimentabind (b) simulatedACT images of a6 cm x 3 cm fieldat 10 cm depthComparison of
profiles extracted frorsimulated and experimentdACT images and ion chambeneasured profiles in the) 3
cm (X=0) and«(d) 6 cnfY=0) orientations.

Fig. 8demonstrates the ability of XACT to reconstruct ancedffitered fieldFig. 8aand Fig. 8b
showthe exgrimentaland simulatedKACT images, respectivelypf a 4 cmx 4 cmfield offset
from center by 3 cm in both theegativeX and Y directions. Fig. shows the profileextracted
from the experimental and simulatéACT images along the xaxis at Y=30 mm, compared to
the IC profilexin the jawdefined field extending frorb2 mm to-8 mm 79% of experimental
XACT pointspass the 7% / 4 mm gamma tegten compared to IC measuremeis) 596 of

experimental points pass the 3% / 3 mm gamma test when compared to the simulated XACT
profile.
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Fig. 8. (a)«Experimentahnd (b) simulatecACT images of a 4 cmx 4 cm field centered at ¥30 mm and X=30
mm at a depth of 10 cn{c) Comparison of profiles extracted from experimental and simuk£€diT images and

IC measuremenislong the xaxis at Y=30 mm.

To test the ability of XACT to reconstruct complex fields, the MLCs were used to grovue
complicated.field shape&ig. 9 shows the investigation of a fiefzthtternconsisting of three 2
cm x 6.cmyrectangles separated by 1 cm, as depiayethe block diagram in Fig. 9a. Fig 9
andFig. '¢'showthe experimentabnd simulateKACT images, respectivelyfor this field & a
depth of 10 cm;, while Fig.d®compareprofiles extracted from the experimental and simulated
XACT images at Y=10 mm to théC measured profileln the jaw definedegion from-44 mm

to +44 'mm, 636 of experimentalXACT profile points pass a 7% / 4 mm gamntest when
compared to IC measurements, wiiio of experimental XACT profile points passa 3 % / 3

mm gamma test when comparedhesimulated XACT profile
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Fig. 9. (a) Blockidiagram showing the MLfositions projected to 100 cm SSD fdiiedd pattern consisting of three
2 cm x 6 cm rectangles separated by 1 cm gaps, where the white regions repregaminadng beam. (b)
385 Experimentaland.(c) simulatecKACT image ofthe field at 10 cm depth and)(domparison of profiles extracted

from the experimental and simulatetACT images andIC measuremenilong the xaxis atY=10 mm.

390
To exploresthesspatial resolution possibilities of XACT, Fig.irivestigatesa field consisting of

a 3.25cm ==6=cm rectangle and a 3 cm6 cm rectangle, separated by 2.5 nas depictd by
theblock.diagram in Fig. 10a. Fig. h@ndFig. 10cshowthe experimentabnd simulatecKACT
images, respectivelypf this field & a depth of 10 cm, while Fig. d@ompareprofiles extracted
395 from thesimulated and experimentXlACT images at Y=10 mm to thdC measured profile.
77% of experimentaKACT profile points betweer35 mm and +35 mm pass a 7% / 4 mm
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gamma testvhen compared to IC measurements, while 38% of the experimental XACT profile
points pass a 3% / 3 mm gamma test when compared to the simulated XACT profile.

400
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Fig. 10 (a) Block diagram showing the MLC produced field patera00 cm SSRonssting of a 3.25 cmx 6 cm

410 rectangle.and a 3 cm 6 cm rectangle separated by 2.5 mm. The white regions represent the fréaary (b)
Experimentabnd(e) simulated XACT imageof the field at 10 cm depth. (dp@parison of profiles extracted from
experimental and simulated XACT images to IC measantsalong the xaxis at ¥=10 mm.
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Fig. 11demonstrates the abylibf XACT to image a compleguzzle piece shapdild, whose
415  block diagram is shown in Fig. &1 The experimental XACT image at 10 cepthis shown in
Fig. 11b, while Fig. 11c shows the simulated XACT image. Figure 11d showemmgparison
between the profike extracted from experimental and simula¥g®CT images at Y=-15 mm to
the correspoendintC profile. 86% of experimentakACT profile points betweer 35 mm and +
35 mm pass.a 7% / 4 mm gamma testen compared to the IC profile, while 80% of
420 experimental"™XACT profile points pass a 3 % / 3 mm gamma test when compared to the
simulated”XACT profile

(b)

1cm 2cm
<@~ 4>

1.5 #
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<>
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| | L] ] L] L ]
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o mEEEEEES|M.
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425

Fig. 11 (a)'Bleck diagram showing the MLC produced field pattatn100 cm SSPwhere the white regions

represent the primary beam. (b) Experimeiatadl (c) simulatedKACT images of the field at 10 cm depth(d)

Comparison of profiles extracted froexperimentabnd smulatedXACT images to IC measurementong the x
430  axis at ¥=-15 mm.
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Table 1: Summary of gamma test pasegdbr each investigated field considering the points in the jaw défild

435  region.
Field Profile location Gamma test pass rate Gamma test pass rate
(7% / 4mm) (3% /3 mm)
lon chamber vs. Simulated vs. Experimental
Experimental XACT XACT
4cmx 4cm Y=0cm 7% 97%
(Fig. 56)
6 cmx 3,em X=0cm 100% 94%
(Fig./7) (3 cm direction)
6 cmx 3'cm Y=0 95% 89%
(Fig. 7) (6 cm direction)
Off axis Y=-3cm 79% 59%
4cmx(4cm
(Fig."8)
Three rectangle Y=1cm 63% 64%
(Fig. 9)
2.5 mmygap Y=1cm 7% 38%
(Fig. 10)
Puzzle piece Y =-1.5cm 86% 80%
(Fig. 11)

V. DISCUSSION

This work first_investigated the properties of the induaedustic signalsn water following
440 linac irradiation'as seen in Section Ill.A. Fig.dsplays the acoustic signal from a 4.4 erd.4
cm field, and shows that a bipolar pulse is generated atfeddhedge. From photoacoustic
theory, a single bipolarytse is expected, howeveue to thdimited bandwidthof the transducer
used ingthis workhe single bipolar pulsis split intwo. This effectappears in the reconstructed
XACT images as a decrease in signal intensity in the center of the field. This is especially
445 noticeable in Fig. 4, wherdeimaging depth is 2.4 cm. In Fig. 5 at an imaging depth of 10 cm,
out of plane acoustic signals hedpmpensate for this effect. Ui, images acquired at 10 cm

depth were used for comparison with IC measuremerssction 111.C
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As seen in Table lthe agreement between profiles extracted feamulated and experimental
XACT imagesis best for the sipler 4 cmx 4 cm and 6 cmx 3 cm fields. The larger
discrepancies for the more complex MLC fielte partly due tothe inclusion of profile points
receiving agew dosen the gamma analysis tests. Additionally, uncertainty inMh€ Monte

Carlo modellikely contributedto this disagreement. It was observed that gamma test pass rates
worseneéd"in*MLC fields with spatially close dose gradients, such as the 2.5 mmtigap, pa
compared*te"patterns where the details were spatially farther apart, suchpazzleepiece
pattern.Bath the experimental and simulat¥CT images of the off axis4 cm x 4 cm field
appear distorted. This is likely due to the radiation field being spatially tdoge transducer,
which causes ssignal distortions due to the spakiatacteristics of the ultrasound transducer and
noise from thejlinac pulse. A striking feature of both the simulated and experinX&@al
images is the existence of pixels with a negative intensity. As per Eq. 2, nega@®# e values

imply a negative dose, which has no physical meaning. While this work used a simple back
projectiongreconstruction algorithm, a more advanced reconstruction algonitimas a model

based inversion method that uses negative constraints,could fix this problem.

The agreement of profiles extracted from XACT images with conventional iombsra
measured profiles indicates that XACT images have intensity related to pbsitdd dose.

While a gamma criteria of 7% / 4 mm is conservative and the pass rates presented in this paper
may not beat clinically acceptable levels, thesesults are promising for a proof-principle

study. Thistepens the possibility of using XACT as a dosimetry techniquenptfar relative

water tank dosimetry, as shown in this work, potentially also forin vivo dosimetry. In
principle, XACT.images could be formed during treatment by positioning ultrasound trarsduc

around the patient.

In this studyy XACT images were obtained by rotating the collimator and keepingribducar

in a constant,position. While this possiblefor homogeneous or perfectly symmetrical objects,
such as a water tank, this technique is time consuming and would not warlahgr cases.
Additionally, this implementation of XACT assumes a symmditeiam profile Ideally, an array

of transducers would surround the object or patient being imaged and the induced acoustic
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signals would be simultaneously measured by each transducer. Thus, an XACT image could be
formed in a matter of second&/ith a transducer array, the images presented in this paper could
be acquired at a dose level of 0.56 Gy (1.11 mGy / pulse - 512 pulse averages) to the depth of
maximum _dose. It is possible thahe number of signals averaged could be reduced, thus

decreasing.the dose.

It is important'to emphasize thtite induced acoustisignal strengtidependson the localized
temperature“increase following a single putédinac irradiation, as peEq. 1.Since the heat

defect in \water varies little over the relevant range of linear energy transfer (LET) values in
photon radiotherap$? beams of different energies depositing the same dose per pulse will cause
a similar temperature increassd will therefore induce acoustic signalsao$imilar strength.
However, the dose per pulse is not constant across all energies on the linac used in this work.
Imageswere acquired using a beam energy of 10 MV BE€ausehis gave the largest dose per
pulse and'therefore the highest signal to noise r&iwce the dse rate on the linas varied by
changing the=pulse repetition frequency and the dose per pulse remains constanis MOSET

rateindependent.

There arsaumeroudactors that could be optimized to improve agreerbefween experimental
XACT and IC profiles Theseinclude the number of transducer positi@svhich signals are
obtained, “signal processing and image reconstruction techniques, and tramsdpeeties
Implementing*more advanced image reconstructiohriigues is expected to be crucial for the
success ofXACT, especially vivo where acoustic wave attenuation and scattering will affect
the detected signals. In this case, acoustic properties could be extractacprtbemt computed
tomography (CTor ultrasound sc&f and usedto guide and account for heterogeneities in

image reconstructioff.

Fig. 10 demonstrated the ability of XACT to resolve a 2.5 mm gap in the dose disiributi
Ultimately, “spatialresolution on the order of.® mm—- 3 mm would be desirabléor in vivo
dosimetry sincestereotacti¢greatment is typically planned on CT scans witliee thickness of

1 mm— 3 mm? To achieve this desired spatial resolution, appropriatesigned transducers
will be critical. The 0.5 MHz central frequency transducer used in this work limits spatial
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resolution in water t88 mm. Increasing the transducer central frequency3ttHz would
improve the achievable spatial resolutiorOté mm. While there is always a tradi between
ultrasound attenuation and resolution, the increase in ultrasound attennaticater at a
frequency_of 3 MHz compared to 0.5 MHz is 0.018 dB/end is therefore not a conceth
Anotherinteresting factor that could be explored to imprspatial resolution is the width of the
linac photon pulse. From photoacoustic theory, shorter pulses are expected to ingoi®mne
since the "energy is deptei in a shorter period of tinfeAdditionally, assuming the integral
energy delivered by the pulse is kept constant, decreasing the pulse width would e&seitioe
amplitude of induced acoustic signals.

XACT has*many advantageous characteristics that make its implementation as a radiotherapy
dosimeter attractive. First, ACT is a reaiftime technique, meaning vivo images could be
obtained during treatment to ensure the delivered dose distribution is as expectedogided pr

that the transducers are placed outside of the beam path, XACT does not perturb the beam
eliminating=ther need for the perturbation correction factors required by athay dosimetry
techniques: Additionallyinduced acoustic signalsealinearly related to the amount of dose
depositedywand are energy independarr photon energies of interest in radiotherdpsing

Eq. 2 whieh'relates pressure to deposited dose, XACT could be used as an absohg®ydosi
technique povided that theheat defect, physical density, and Grineisen coefficapt
accurately. determinednd the transducer and amplification system is well defined and

calibrated.

While the term photoacoustic effect implies that a pulsed beam of photons is used to induce
acoustic waves, a similar phenomen@sbeen observed with pulsed proton beams. Due to the
importance.ofange verificatiorin proton radiotherap$ the acoustic waves induced following
proton beam_irradiation have been investigated experimentally and througlatsinsilby a
number of.groups’* with the ultimate goabeing to develop aim vivo technique capable of
localizing the Bragg péaWhile proton beams have different energy deposition mechanisms and
beam profile characteristics than photon beams, the same princgiesKACT apply since
ultimately the induction ofacoustic wavess dependent on heat energy depositibhus the

work presented heyén particular themaging workflow extraction of profile$rom imagesand
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signal processing/reconstruction techniquesuld also be extendedto imaging the dose
distributions deposited by proton beams.
V. CONCLUSION

This workdemonstratethat XACT images withntensityrelated to the amount of radiation dose
deposited within a soft tissue mimickimdpjectcan be obtainetbr a variety of fieldszesand
shapesProfiles‘extrated from XACT imagesvere quantitatively compared poofiles obtained
through ion"chamber measuremeitile this technique is still in its infancy and muefork is
requiredto optimize the detection of induced acoustic wavesthadeconstruction of XACT
images this work indicates thaXACT has potential in relative water tank apdssiblyin vivo

dosimetry applications.
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