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Abstract

Purpose: To study using phantoms made from biological tissuég, feasibilityand practical
challengesof“monitoring the position of the radiation beam and depositeddose by Xray
acoustic computed tomography (XACT) during external beam radiothdedipery.

Methods and.,Material: A prototype XACT system witha single immersion ultrasound
transducer,, whickvas positionecround the target sample driven bynator-controlled rotation
stage, wasused to acquire the -Kay acoustic (XA) signals produced by a medikaéar
accelerator(Linac) to form an XACT image of theirradiated phantom.To investigate the
feasibility ‘'of XACT in tracking theposition ofradiation dosga large piece of veal livewith
embedded fat tissue was imagatibeam misalignmestwere measuredilext, weexploredthe
sensitivity ofXACT in monitoring and quantifying thdelivered dosein which a block of
porcinegelwasembedded with equally spaced lard cylindemdimaged. The doses on the lard
cylinders modulated by physical wedges were quantified from the X&@aQe, and were
verified by comparsonto measurements fronadiochromicfilms as the gold standar@hen to

simulatehow XACT canperformin atargeedtissue inthehuman body, a porcine gel phantom
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with lard cylinders covered by different materials (bone, muscle, and air gap, respeuta®ly)
also imaged

Results: The reconstructedACT imagesof the phantoms show congruenveih theboundaries
of the beam _field andthe interfaces betweerthe different tissue materials The beam
displacement from theéarget wastracked properly by the reconstructed XACT image An

intensity difference as small a8.9% in delivered doseegion can be measuredrom XACT

images(ps= 0.02) . The intensitiesof XACT images were highly correlatedto the film

measurementsith an R better than 0.986Ihe expectedrariances of dose delivereddifferent
target regiensas a result othe differernce in attenuation were successfulbapturedby the
XACT images.

Conclusions=This studyvalidatedthe feasibility ofXACT in accuratelyobtaining relative dose
mays of tissuemimicking phantomsXACT offers a practial method for verifyingthe beam
position againsthe targetand quantifying theelativedosedelivered to the targetluring external

beam radiotherapy.

K eywor dsiX=ray acoustic computed tomography, radiation dosimetry, photoacoustic imaging,
ultrasound.imagingradiation therapy

1 INTRODUCTION

As one of thamain treatment options for cancer, radiationrtpy is receivedoy roughly twaethirds
of all cancer patientslt works by damaging te DNA of the cancer cells usittigh-energy beasof
ionizing, radiatior’.® Primarily, clinical linear acceleratsr (Linac), which produce higienergy
megaveltagejipoton or electron beamareused to deliver ionizing radiation to patiefrom outside
of the bedy.during external beam radiotherapy (EBRRgdiation damageaffectnot only cancerous
tissues but also healthy cellsThereforethe premiseof radiation therapys to optimize astrategyfor
maximizing“the damage to cancer cells while minimizing the damage to the surroteditigy
regionsithe demandor delivering the correct dose to the proper location inside patieotly leads
to more advanced treatment delivery techniques such as intensity modulated radietpn( k& T)
and volumetriemodulated arc therapy (VMAT)" However, the complicaion due to organ

deformations and respiratory motiatill cannot be avoide¥f Therefore invaving a volumetric
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form of in vivo dose measurement is necessary to assess clinically relevant diffeirenbes

delivered intensity andeliverylocationbetween th@lanned andhedeliveredradiationdose

Several techniquetr reaktime in vivo dosimetry are currently uséd monitor theradiationdose
delivery during EBRT®! including silicon diodes'*'® metal oxide semiconductor field effect
transistors«(MOSFETSJ"** and electronic portal imaging devices (EPLEs) However,the silicon
diodes'and MOSFETare point dosimetsrandthe EPIDs are naccurate enough due tioeir exit

dosenaturesand lack cfufficient sensitivity*"*®

Since the pulsed radiation beam produced.imacs generates transient temperature rise in tissue
after being absorbedjmilar to photoacoustic imagin¢PAl),*° the acoustic waves induced by the
high-energyX-rays namelyX-ray acoustic (XAwave could be detecte by ultrasonic transducers
Recently; the detection of XA sigisah clinical Linacs has been demonstrataadthe XA computed
tomography (XACT) imaipg of a lead rod embedded in chicken breast tissue has been acflieved
Lately, the ability to form experimental XACT images in pure water in a&tyadf clinically relevant
situations and to extract accurate dosimetric information from such imagedsea®monstrated-
Besides the studiesorking with high doseX-ray generated by Linacs, XACT imaging based on the
kV X-ray excitationhas beemxplored®?** Theseresultsinspireusto further developand assess the
perfarmance oXACT usingmore realistic softissue phantomsThe goal of this study is texplore

the feasibility of XACT inproviding relevant feedbacknformation by evaluatingl) the relative
radiation. dose delivere the target tissuend 2)the dose delivery positioin relation tothe target

tissue

2 MATERIALSAND METHODS

2.1 X-ray.induced acoustic wave gener ation

In the process of-ray absorptiontheMVs X-ray photorproduced byinacs interactswith anouter
shell ;ofbital-€lectron of an atoprimarily through the Compton effett The photon is scattereat
some anglavith reduced energy, while the orbital electisrejectedwith kinetic energy equal to the
differencesbetween the energy of the incident and scattadrp Thescattered electromow called

the Compton electronwill propagate andcatter inside the medium and finally be reabsorbed to

produce heatith a thermal efficiency,,:*°

H(r,t) = nenpDy(r,t) #(1)
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whereH (r,t) is the heat absorption raté locationr € R3 andtimet, p is the mass density of the
material, and,.(r, t) is the temporaldose rateduring a single X-ray pulse The temperature rise

distributionT (r, t) due totheheatsourceterm H (r, t) follows the equatior’

T (r, t
oC, g: ) 0T ) + H(r )#(2)

whereGyis.specific heat capacity, arids the thermal conductivityDuring asingle Xray pulsethe

thermal diffusiondistanced,;, can beevaluatedy:

den = 2\/agTp#(3)

wherea,, issthe thermal diffusivity(~ 0.15 mm?2 /s for soft tissuef® andr, is the pule duration
which issareund3 — 6 us for clinic Linacs?**° The themal diffusion distanceis less thar2 um
during the excitation pulsavhich is much smaller thathe scale of spatial resolution considered in
this study“and hence negligiblérherefore Eq. (2)regardingtemperature rise can be rewritterth

thetemporaldose ratdoy omitting the first term on the rightandside

6T(r, t) — nthDT (r' t)
ot c,

#(4)

Hencejthe wave equation governing the generation and propagatithe ofray inducedacoustic

pressuralué to the temperature rigaven by

2 2
(\72 _ia_>p(r’ t) — _'B_fw#(s)

vZ 0t? vZ  0t?

can befrewritten as:

1 0?2 BKr:n aDr(T, t)
VZ N ’t = — # 6
( v )p(r ) v2C, ot (6)

wherev, = /K7 /p is the velocityof soundp is the volumetric thermal expansion coefficient, and
K is the isothermal bulk modulushe solvedXA pressure detected at the transducer positiand
time t can.be“expressed by:

1 1 aD.(r', t")
) = dr' r .
p(r.6) 4m752f r r—r| TP T g

- F 7

t'=t-
Us

whererl is theGrlneiserparameter defined as:
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2.2 Doseinformation from X-ray acoustic images

Unlike 'the pulsed laser appligdr PA imaging clinic Linacs offer the excitation source with
relatively long pulsedurationof 3 — 6 us, which makes ithard to satisfy the stress confinement
(1, - vs < spatial resolution)®**** By selectinga low frequency acoustic detection rangehich
leads tolower spatial resolutionthe temporal profile o single Xray pulse can b&eated as a Dirac
delta function andtq. (7)can be rewritten as

1 0 1 I'mnp lr —1'|
t)=——— | dr’ —D (r")é|t— #(9
P00 = oz | A e D) ) #0)

where D, (r) = D.(r,t)t, is the local dose due to a singleray pulse.Meanwhile, he initial

acoustic pressumg, (r) induced by Xray excitation can bebtained by:

I'nenp
T

Po(r) = Dy, (r)#(10)

p

Even though it is challenging to resolve quantitatively accurate initial acqustssure,(r) from
the acqtired XA signals(r, t),* the pixel \alue inside the XA imagés proportional to the local
dosesdeposited per puls&he correlation between the relative XA intendify) and the local

deposited dosB,, () can be descrilakas:

I'Nenp
T

I(r) <

D,(r)#(11)

P

Thereforetheimage ofrelative XAintensityl(r) will reveall) information aboubeampositionand
field shapeduring the dose deliverand 2) dose amoudeposited tdhe target volumewhich may

undergadifferent attenuations.

2.3 XACT experimental setup

Fig.lewshows theschematic diagram anthe photograph ofthe prototype XACT systemat our
institution. Axclinical radiotherapy Linac (TrueBeam™, Varian Medical systems) proveditl/
photon beanpulses with 4us pulse durationand operaté at a dose rate of 800MU/min. An
unfocusedmmersiontransducel(VV301, OlympusNDT) with central frequencyf 0.5 MHz and—6
dB bandwidth of64% wasdriven by acomputercontrolledsteppemotor (MD2, Arrick Robotics)to
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scan around thehantom inside the water tank. The transdugas used to detect theA waves
generated from the phantoend transmitted through watat each scanning positiofhe output of
the transducewasamplified by the preamplifier (5660B, OlympMDT), which was set to a gain of
60 dB with a bandwidth from50 kHz to 2 MHz, and threrecorded by a Hbit digitizer card (Razor
14, GaGe) insida PC sited outside theeatmentroom. The acquisitisweretriggered by theé.inac
target pulsesentout fromtheLinac console andwereoperatingat 10 MHz sampling frequencylo
scan a 2D imagehe transducerotated along an entire circle (diameter 12 cm) around the phantom
with a total of120 equiangular stepg’he measurement at each scanning position was aderage
660 pulsesnd thesignal acquisition for a 2D image toakout 10minutes To avoid the attenuation
of the radiation beam passing through the rotation stage, the gantry was rotated &y ttf@°the
beamcamefrom the bottonof the water tank

| mageeconstruction

The signals.recordedt each scanning positiavere processedith a median filterbeforetaking the
average. Adigital high-pass filteiwith cutoff frequency at 50 kHwas applied to remove D&hdlow
frequeneybackground drifinside the averaged signals, and a SavitZkjyay denoiig filter (order
of 3, andwindow of 31) was appliedo further smooth the sigis before reconstructiohen 2D
XACT. imageson the scanning plangere reconstructed based aisimplefiltered backprojection

algorithm3*

Imaging of deposited dose

To validatethe feasibility of XACT inverifying the shape anthe location of the Xray field during
treatment, a,phantom containing two pieces of veal liver andcobeid of fat was preparedas
shown in Fig2. A cuboidof tissue was removed from the larger piece of veal liver and replaced with
the cuboid of fat (6cm X 4 cm X 3 cm) asthe targetof treatment All the tissues were fixeth a
blocksefpereine ge(10g/100ml, G2500, Sigmaldrich).

Before XACT imaging, amltrasoundUS) image of the phantowas acquiredy compounding 12
US B-mode.imagesacquired around the phantom. The 12nBde images were scannég a
commercial systemZ(one, Zonare Medical Systemsnd a phased array probe R4 Zonare
Medical Systems)To acquire images at different locations around the phantom, the \pasioeiven
by the same rotation stagethe XACT system With a30° step size, 12 images were scanakiuhg
an entire circle around the phantdmtheexperimentthe X-ray beam had a field size ottéhx4 cm,

the same as thsize of thefat cuboidin the imaging planeBoth the center layer dhe phantom and
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the scanning plane of the transducer were adjustedtisfy a sourceo-surface distance (SSD) of
100 cm.For the first XACT imagingthe X-ray beamwas alignedvith the position of the fatuboid
asshown bythe Field#1 in Fig.2 (B). To mimic the situation that theX-ray beam was offarget due

to body motions or misplacement errdige X-ray beam was shifted away from the target during the
second XACT imaging, as shown theField#2in Fig. 2(B).

2.6 Doseestimation

To evaluate the sensitivity and accuracy of the XACT systemeaasuringhe dosedelivered to the
target asphantom witta row of5 cylinders(diameter 1 cm; height 2 cm) made with lard andixed
inside poreine gelvas preparedas shown in Fig. 3Threephysical wedges with different attenuation
slopes(15?, 305 and 45°)wererespectivelyadded to thé.inac apertureandthe differences in dose
delivery to the5 lard cylinderswere measuretly our XACT systemThe center plane of the lard
cylindersandthe scanning plane dhe transducer weradjustedto the sameheight witha 100cm
SSD and,10.cm above the bottom of the t&ikce theb lard cylinderswere preparewith the same
material; the differencimm absorbed dose due to timaterial properties cdoeignored Therefore, the
intensitieswin 'the XACTimage candirectly reflect the local doses at thelard cylinders.For
statistical analysisl0 independenmeasurements wemmnductedor eachof the thee wedge The
dose distributions @heimaging plae were also recorded yadiochromicfilm for comparisonand

validation

Consideringthe complex situation insida patients body during treatment, the radiation dose
reacling.the target volume magready experiencdifferent attenuationsespecially when the beam
passes threugh covering tissues contaimiagties(less attenuation) angones(more attenuation)
Thisis another cause diieuncertainty in estimating the dose delivered to the tafgetimulate this
situatioprandwalidate the feasibiliof XACT in measuringhelocal dose delivereth sucha scenario

a phantomsshown in Fig. 4 was prepased imagedFourlard cylinders (cameter 1 cny height 2
cm) werevindividually covered by piece of bone (thicknes8.9 cm), an air gap (thicknesk5 cm),

a piece of parkmuscle (thicknessl.9 cm) and nothing, and then all fixed inside porcine géle

independenimeasurements on this phantamreconductedor statistical analysis.

3 RESULTS

Imaging of deposited dose

ThereconstructecKACT images(normalized so that the maximum intensity equalsatjespondent

to Field#1 (radiation beanon-targe) andField#2 (radiation beamoff-targe} are showrin Figs. 5(A)

This article is protected by copyright. All rights reserved
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and (B) respectivelyln Fig. 5 (A), only the entireutline of the fat cuboid can bebservedas the
245 whole fat cuboid was just covered by theay field and the outlines of both were overlapping-ig.
5 (B), the boundaries of the squareeray field can be observed, as the outline of the field was
shifted off from the outline of the fat cuboid. Moreover, one corner of the fat cuhoialsmbe seen
due to the contrast between the fat and the liver sssli@s contrast is mainly caused by the
differences in 'Gruneiserparameterwhich are0.6 for fat and 0.15 for liveFigs.5 (C) and(D) show
250 the XA"images pseudo coldr superimposed othe compoundindJS image gray scal§. These
combinedimagespresent thgositions of the deposited do&es mapped by XACT images) related
the location,and shaé the treatment target (as shown by the US images

Figs. 6 (A)"and (B) display the XACT and US intensity profiles alongdtehdot lines maked in
Figs. 5(C) and (D). The vertical line is through= —14 mm. The horizontal line is through= 35
255 mm. The US.intensity profiles present the boundaries of the takgebrding to the US profileshée
horizontalsize andthe vertical size of theargetalong the marked lindsecome59 mm and41 mm
due to thewdistortion, respectivelyhe two sets of XACT intensity profilegecorrespondntto Field
#1 (radiationsbeam oetarget) and-ield #2 (radiation beam oftarget), respectivelyComparedwith
the US‘profiles, e determined boundari@s XACT profiles labeled with green and red dash lines
260 display the*conditions of beam alignment bef(atarget)and after(off-target)shifting the beam
location;,respectively. Subjected ttee changef the beam location, thieorizontal position and the
vertical positionof the beam, as presented by the XACT intensity profilese shiftecby + 18 mm
and— 9 mm, respectivelyAs shown inFig. 5 andFig. 6, the XA intensities pealat the interfaces
i.e.,thegboundary of the Xay field or the interface between the fat cuboid and the Ihaording to
265 Eq. (9) and considering the differesdeetween Grineisen parametefsfat and liver the peak of
XA signal corresponding to the field boundarydting on fatis higher than thepeakfrom the field

boundary.locating on liver and the pestithe fatandliver interface.

3.2 Dose uncertainty estimation

Fig. 7 shows XACT imagng resultsfrom the phantom containing lard cylindersunder 6 MV

270 photon bearm The only difference between Figs.(X) and (B) is that é80° physical wedgevas
added'to the Linac apertufer the image in (A) while no wedgeas usedor the image in (B)The
imageintensitywas normalizedo the maximum intensitgf the imagewhich was acquireevithout
using the wedge To explore the feasibility of XACT in quantifying the deposited dose in each
cylinder targetthe intensity profiles extracted fronthetwo XACT imageswere compareéh Fig. 7

275 (C). Considering that th& cylinder targets were not perfectly alignaldng a horizontal line, each
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intensity profileactuallyshows the horizontal projection of the maximum value inside the range from

y=—40mmtoy = —20mm.

Figs. 8 (A-C) presenthe quantifieddataset®f relative XA intensities forthe 5 lard cylindersmaged
with the use ef 15° physical wedgea 30° physicalWwedge anda 45° physicalwedge respectively.
Under each,condition (i.e., three different wedigeghe results in AC, respectively, thenormalized
relativeintensity of each of the lard cylinderswas quantified by dividing its maximum intensity in
the XACT=image by the maximum intensity of the corresponding lard cylingiarthe XACT image
that doesshet usewedge.Under each conditigriLO independent measurememtere conductedor

statistical analyses.

Fig. 9 (A) shows thedose profileer pulseextracted from the film test resuitsthe same direction
as thes'lardicylinderswere alignedThe dose per pulse was calculabstthe recorded accumulated
dosedividing,the monitored pulse number during each film tdstr each wedge, the normalized
relative XA intensities ofhe5 lard cylinders shown in Fig are compareavith the dose per pulse
valuesiread from film profiles at pasibs of —50 mm, —25 mm, 0, 25 mm, and 50 mm displayed in
Fig. 9 (A). As derived inSection 2.2, lte XA intensitied () for each lard cylinder can bigtedto the
local deseD, () measured by filmwith a determined constaéit which shouldcorrespondo the

propertionalityconsideredn Eq. (11):
Dy(r) =& - 1(r)#(12)

The XA intensities andhe doseper pulseare plotted together in F3g9 (B)-DO), while Fig.9 (E)
preserd the proportionalitybetween the normalized relative XA intensities #meldose per pulsby
determininga,constang for each wedge. Theensitivity of XACT imaging in monitoring theelative
dosecambesachieved up 8%, asthe minimumdose difference between two largdindersunderthe

15° physical wedgés 2.9% according to thdilm result shown in Fig.9 (B). Based orthe dataset
shown in Fig.8 (A), a ttestwith a null hypothesis that XACT cannot detect the dose difference

between the adjacent lard cylinders achievemjaificantp-value of 0.02

Fig. 10 displays one representative reconstructed imagereqglantifiedrelative XA intensities of
the 4 lard.eylinders inside the phantom shown in BigA). All measurements werermalized tdhe
meanvalue of XA intensities of the lardylinder withoutbeing covered by anythingxceptfor gel.
For the caseahat the X-ray passedhrough the air gappefore reacimg the lard cylinder, the XA
intensity from the lard cylinder is about 10% stronger theX-ray experiencedower attenuation
inside air compadto gelor water The XA intensity from the lard cylindeovered bybone is about

20% weakerasthe X-ray experiencednore attenuation while propagating through bSrighe p

This article is protected by copyright. All rights reserved



12

values calculated from the-tiests comparinginy two groupswere shown in the figureAll p-values
are smaller than 0.005 excdpt the p-value from the comparisdmetween the muscle group and the
gel group die to the fact that muscle and gel have similaiayX attenuationThe finding fromthe

310 XACT imagingagres wellwith the radiographyesultshown in Fig4 (B).

4 DISCUSSION

In this swerk=imaging of severalphantons made from biological tissues wa®nductedusing a
prototype=XACT systemBecause tomographic imaging was achievidthe rotational scan of a
single flat transducer arounthe phantom only 2D images in the scanning plane which was
315 perpendicular to the direction of thé&ray beamwere reconstructedn the preparation of the
phantomstherefore all importantfeatures werelistributed in a single layer. In the future, however,
by scanning-aroundhe ample along a 2D surfacéor example by performinga scan along a
spherical_surface or a cylindrical surfaserrounding the samplea real 3D imagecan be

reconstructedo evaluate thdeposited radiation doge any voxel

320 As demonstratedn Section 3.1, theosition and the distribution of the deposited dose inaide
phantom can beetermined by the acquired XACT imageregistered with theorresponding US
image.as.the example resukbown in Fig5 and Fig.6. The shift of the Xray beam field against the
mimic targetinside phantom can be observed through the combined imayegdsts the feasibility
of applying. XACT as an addn to the clinical US to achieve imagaidance for radiation therapy.

325 The accuracy of this tracking process is limited by the accuracy of the image registratiois
study, the ceaegistration was based on the geometric feature of the fat cuboid in XACT image and
US image,"which took advantage of the extreme contrast between fat and liver in Xagd and
was limited«by the qualities of acquired XACT image and US imagm Wvo scenario, additical
calibration may be necessary so that the acquired XA images and US images can be éisform

330 the same coordinate system. Since the US and XA signals are both propagate as acousti@ivaves, th
detection sensor can be shared, and the corresponetmeen their coordinates can be established
accurately. Inithe future, areattime dual modalitysystemwhich can acquire X&T and US images
usingthe same transduceprobe driven by the same data acquisition systeay erable improve

accuracyfar confirming thebeamandtargetalignmentfor EBRT.

335 In XACT images for examplen Fig.5, grong XA intensitiesappearedt the beam field boundaries
or the interface betweethe tissuesThis is due tothe applied reconstruction algorithm anthe
limited bandwidth ofthe measuring systerwhich missessomelow frequencycomponent$® To

realize the quantitative imaging mentioned in section 2.2, the acoustic inversidangs including
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loss of low frequency components and limited sensor response could be resolved by agplying
convolution methods in the process of image reconstruttiSBesides, the ay pulse profile
should also be taken into consideration, sincectiieentduration ofthe X-ray beam pulse is too long
to be treated as delta functiort’ According to the previous studj&s? limited by the 0.5 MHz
central frequency transducer and by th@sdduration of the Xay pulse, a theoretical spatial
resolution of & mm in static image can be achieved anayXield shifts of 2mm can be determined
by our prototype systemiWWhen possitd, decreasing the duratiasf the X-ray pulseand maintaining

the dose amount per pulse frén@ Linac couldenhance both the spatial resolution andsijeatto-
noise ratio $NR), whichis alsodescribedn Eq. (10)

As demonstrated in Section 3.the intensity insidethe XACT image is related to the energy
depositedoy the excitation pulse, which implies the possibility of tracking the delivered target do
per pulse.independent of the repetitiateof theLinac (~330Hz at the dose rate of 800 MU/nior

6 MV bhean)..However,to achieve sufficient SNRhe sighalsdetected foiXXACT imaging had to be
averaged=66Qaimes before being used for image recatruction. When XA signals neetd be
collectedfrem; 120 scanning positiorsround the sample, the signal acquisition for each 2D XACT
image takesbout 10minutesand parts of the radiation pulses were missing due to movement of the
transducertbetween each scanning positiorthe future,a circular array probe or a commercially
available_linear probe driven by a muitiannel data acquisition system can be used to replace the
circular_searof a single element transducer. In that ¢assingle XACT image can be formed during

a short timenterval, which can be in the order of few seconds or eversetdnds. Similato the
works shown in Fig. 9, the intensity of the formed XACT image can be calibrated tueizged

dose deposited by the excitation pulses during that short time interval following Edri{is2yvould

make it possible for tracking the mGy level variation of the dose delivery with hajralspnd
temporal_resolutions, which will be useful for monitoring complex dose delivery tpaessuch as
dynamic IMRT and realizing thpotentials of (4D) timeesolved intrafraction dose delivefyThe
radiation. dose at each spatial point will be quantified by the integration of #eXACT intensity

over thewtime intervalsMoreover, & the difference in dose delivery or XA intensity can be
determined=with a sensitivity of 3%, any changes in the target could be monitored during the

treatment:

To evaluate“theaccuracyof monitoring the dose delivered to the target regaifierent physical
wedgeswere applied tgenerate differandose distributios on the target regiorThe relative dose
distributionsquantified by XACTwere correlatedvith the dose profilesneasured byadiochromic

films. All the lard cylinders were modeled to the same geonaetdyfixedalong a lineinside the
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porcine gelwhich can be treatemsa homogeneous background this way a simple backprojection
algorithm, whichdoes not consider any attenuationslistortions during acoustic wave propagasion
could be applied toextract the initial pressureThe wiformed Grlineisen parametethermal
efficiency, and densitysimplified the relation betweenthe delivered dose andthe XA intensity
described in Eqg. 10). However, for clinical implementation all these parameters need to He
considered before truly quantitative evaluation of dose can become podsibiuture clinical
applicationsaccessing the tissue propertieghe volume of interestould be realized viaomputed
tomography (CT) imaging during the treatmentplanning® In this way, quantitative or semi

quantitative,evaluation and mappiafidose deliverycanbe achieved

5 CONCLUSION

This werk-evaluatesthe feasibility of obtaining relative dose distributiom radiotherapy by
performingXACT imagingof softtissuephantomsThestudy has shown thXACT images ofsoft-
tissuephantoms can be achievedth accuracyin dose measuremenf up to 2.9%at a spatial
resolutionsof: 6 mmwhich suggestshe potential application of X&T imagng for verifying beam
alignment with thedrget tissuandfor evaluatingaccuracy of the dose delivered to the target tissue
CombiningXACT imagingwith clinical US imagingis a novelin vivo dosimetryapproach that has

the potentiato guideradiotherapydeliveryin realtime.
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Figure legends

Figure 1. (A)"Schematic of the XACT system. (B) Photograph of the instruments ittseddé&reatment

room. Trans:transducerDAQ: data acquisition card.

Figure 2. (A) Photograph of a porcine gel phantom containing veal livers an(BjaCompounding US
image of thesphantom, where the shape and the location of the radiatignbéamare labeledy a red
dash rectangleé(cm x 4 cm). Field #1: the beam was afigd to the fat cuboid (i.e., target of treatment);
Field #2: the beam was shifted away from the target{m along the xaxis and—10 mm along the y

axis).

Figure 3. (A) Photograph of a porcine gel phantom contairindentical lard cylinders distributed along a
row. (B) Schematic diagram of the lard cylinders and radiation bearwi@ap. (C) Schematic diagram of
lard cylinders, wedge, and radiation beam (side viéw$. the diameter of the lard cylindérjs thespace

between two, adjacent cylinde#s;is the height of the lard cylinder.

Figure 4.=s(A)mPhotograph of a porcine gel phantom containthgdentical lard cylinders covered
respectively"by different materials with differentr&y attenuation, including be, air gap, pork muscle,

and nothings(gel.enly). (B) Radiograph of the phantom.

Figure 5,_Normalized XACT images corresponding to (A) Field #1 (radiation beatarget) and (B)

Field #2 (radiation beam oféirget) as described in Fig. 2 (B). The dasteatangle marks the position and
the shape of the target. (C) XACT image in (A) presentguséudo coloand superimposed on the gray
scale US image of the phantom. (D) XACT image in (B) presentpddndo coloand superimposed on

the gray scale US imagf the phantom.
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Figure 6. The intensity profiles along the marked horizontal {pe= 4+35 mm) and the vertical line

(x = =14 mm) in the XACT images of the two measurements (beam on target and beam off target,
respectively) and the compounding US imaglee green and the red dash lines label the beam boundaries
determined by the profiles of XACT images before-{mmet) and after (offarget) shifting the beam
location, respectively. The green and the red dtdHines show the centers of the beara. (ithe central

lines betweenrthe, determined boundaries) before and after shiftingdhe Ibcation, respectively. The

gray dash lines show the boundaries of the target extractedHeoimensity profiles of the US image.

Figure 7. (A) A reconstructed XACT image of the phantom contairrigrd cylinders. A 30° physical
wedge was usedto change the dose applied to each cylinder(Bydeteconstructed XACT image of the
same phantom where no wedge was applied. (C) The intgsifijes along the saxis showing the

deposited doses'in ttaecylinder targets for the two situations, i.e., watid without using the 30° wedge.

Figure 8. Narmalized relative XA intensities for tftdard cylinders when (A) a 15° physical wedge, éB)
30° physicakwedge, or (C) a 45° physical wedge was usgdintiependent measurements were conducted

to compute the mean and the standard deviation for each lard cylivtdsraach condition.

Figure 9. (A) Dose profiles extracted from the film tessu#ts for three physical wedges (15°, 30°, and
45°). (B)-(D) Dose'per pulse extracted from film profiles shown in (A) matched Wwéhrtean value and
standard deviation, of the normalized relative XA intensities (shown ir8ignder the 15°, 30°, and 45
physical wedgesyrespectively. (E) Correlation between the normalizeigereldt intensity and thdilm
measureddose per pulse, including linear fittings follows Eq. (12) for the 15°, 34, 45° physical

wedges (showniin blue, red, and green, regpeyg}.

Figure 10. (A) A reconstructed XACT image of the phantom shown in Fig. 4 (A). (BjsBtal analyses
of the normalized relative XA intensities for thdard cylinders covered by materials with differentay
attenuations, including nothing (gehly), bone, air gap, and muscle. Thevglues from the -tests

comparing any of the two groupgere evaluated
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