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ABSTRACT
GONGTING WU Image reconstruction and processing for stationary digital tomosynthesis
systems
(Under the direction adianping Luand Otto ZhoWy

Digital tomosynthesidDTS) is an emerging-ray imaging techniqudor disease and
cancer screenindTS takesa small number of xay projectios to generate pseud® images,
it has a lower radiation and lowercost compared to theomputed Tomography (CT) and an
improveddiagnostic accuracy comparexthe 2D radiographyOur research group has developed
a carbon naotube (CNT) based-say source This technology enables packing tple x-ray
sources into one singleray source array. Based on this technology, our group built several
stationary digital tomosyntheqisDTS) systemswhich have a faster scanning time and no source
motion blur

One critical stefin bothtomosyntheis and CT is image reconstruction, which generates a
3D image from the 2D measuremerbr tomosynthesishé conventionaleconstruction method
runs fast but fails in image quality. A better iterative method exists, however, it iin@e
consumingto be used in clinics.The goal of this work is to develofast iterativeimage
reconstructionalgorithm and other imageprocessingtechniquesfor the stationary digital
tomosynthesisystemimproving the image quality affected by the hardware limitation

Fast iterative reconstructi@hgorithm, named adapted fan volume reconstruction (AFVR),
wasdevelopedor the sDTS. AFVR is shown to beraorder ofmagnitude faster than the current

iterative reconstruction algorithms and produces better images ovelagsecal filteredback



projection(FBP) methodAFVR was implemented for the stationary digital breast tomosynthesis
system (DBT), the stationary digital chest tomosynthesis systeldG3) and thestationary
intraoral dental tomosynthesis systesmlQT). Next, satter correction techniguer stationary
digital tomosynthesisvas investigatedA new algorithm for estimating scatter profile was
developed, whichhas been shown to improvbe image qualitysubstantially Finally, the
guantitative imaging wamvestigated wherethe s-DCT systemwas usedo assesthe coronary

arterycalcium score
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CHAPTER 1: Introduction

1.1  Dissertation Overview

Lung cancer and breast cancer are the two leading causes of cancer death in the United
StatesBased orarecent stug by American Cancer Societgn estimated a220,000 new cases
of lung cancer anéd50,000 new cases of breast cancer are diagmog81 6§ andabout200,000
deatls from breast and lungances.[1] For both cancers, early detection is extremely important
asit can dramaticallyedue the mortality rate.

Currently, two dimensiongdRD) x-ray imaging modalitiessuch as chest radiography and
digital mammographyare widely used fonorrinvasivecancer andlisease screeninghe 2Dx-
ray imaging techniques have the advantages of lowacmstow radiatiorose thereforethey are
well suitable for large population disease screening. Howgv2Dh images, the depth information
of thethree dimensionaBPD) objectis missing structures at different depths overlap on each pther
severely degradinghe image contrast and causeage artifacts. As a resultthe 2D imaging
techniquesufferfrom low diagnostic sensitivity and specificity

Computed Tomography (CWasinventedto address the drawbacks of 2Bay imaging.
In CT, hundreds 02D x-ray measurementre acquireat variousmaginganglesandare used to
computethe 3D imageof the object This completely removes the structure overlapping artifact
found inthe2D x-rayimageand improves the imagm®ntrastDespitethegood image qualityCT
is relatively expensive and éixposes high radiation dose to the patievitichincreases the risk

of radiationrinduced cancegspecially for pediatric patients



Digital tomosynthesis (DT 3% anothetomograpliic techniquevhich producepseude3D
images at radiographicdose levelUnlike CT which acquires hundreds wfray images DTS
only takea few xray projectiongo compute the 3dmage thisresultsin a much lower radiation
dose and dower-cost systemcompared toCT. It has been shown that DTS has an improved
diagnostic accuracy over the 2D radiography in mamycal applicationsincludingabdominal,
breast, chest, dental, musculoskeletal and sinonasal im&gjifg} Most DTS systemsuse a
single xray source and mechanical movingantry toshootX-ray at different imaging posons.
This mechanical translating desitgads to imagélur and slows down the scanning speekich
potentialy causes morpatient motion blur

Stationarydigital tomosynthesis {PTS) system eliminates the source motion I t
conventional DTS system witisource arragonsisted omultiple fixed carbonnanotubgCNT)
basedx-ray source[2], [8]1[10] Each CNT sourcén sDTS s switched electronicallythus the
s-DTS is capable of performing cardiac gated imagumgch can significantlyredue the patient
motion blur inthe cardiac imagingnd thepediatric imaging11] Previousstudies have shown
that the sDTS has improved image resolution as well as faster scanning time compared to the
conventionaDTS[8], [10], [12]

Image recostruction isthe process toeconstrucBD images of the scanned objéam
2D x-ray measurementt is a crucial component in tomosynthesis imagistha reconstruction
algorithm would directly affect the final image qualiompared toegularCT, DTS suffers from
insufficient projection datanddata truncation. As a result, classical image reconstrucigthod
which is based an analytical model aradies on data completenes®es not work welfor the
tomosynthesis reconstructi¢h3]i [16] Statistical iterative reconstruction (SIR), on the other hand,

is based ora statisticalmodeland ituses the iterative solvgt7]i[19] Numerous studies have



shown that SIR produces better reconstruction imayes the classical filtered bagkojection
(FBP) algorithn]13], [20]i [22] However SIR iscomputationdy expensive The reconstruction
couldtake severdhours and itis not practical iraclinical setting.

In this dissertationa fast iterativeamage reconstructionalgorithm named adapted fan
volume reconstructiorfor linear tomosynthesisystemswill be proposed The image artifact
reduction methods and the synthetic mammography technique will be dischs=dd a
measuremenrbased scatter correction algorithm will iméroduced The feasibility of assessing

heart calcium sconesing stationary digital chest tomosynthesi®&T) will be investigated.

12 Research Objective
1.2.1 Iterative Reconstructiofor sDTS

In this aim, a fast iterative reconstructioalgorithm named adapted fan volume
reconstruction (AFVR)was developed to reconstrueD3 S images with linear source array.
comparisorstudy was performed tiovestigatethe reconstruction image qualivy the proposed
AFVR and theclassical FBP algorithm.In addition, two different forward projectors were
investigated and image processing techniques for image artifacts reduction were implemented.
Furthermorethe AFVR wasmplemented on three3TS system: the-BBT, thes-DCT, and the
stationary intraoral deal tomosynthesiss{lOT) system.Finally, the method for generating

synthetic mammography was investigated.

1.2.2 Scatter Correction
A measuremenbased scatter correctiomethodfor DTS was developed.This work

includes two parts: the hardware developmef the primary samplingdevice (PSD) and the



scatter correction algorithrdevelopmentor scatterestimation anccompensationThe scatter
correction method wasvaluatedon the sDBT system using breast phantom, angvas also

implemented othe sDCT systento remove scatter inuman cadaver images

1.2.3 Quantitative Tomosynthesis Imaging

In this phasgthe feasibility of assessing heart calcium scoregusgia sDCT system was
studied.A heart model was developed, and imaged by bothri@Ts&®CT ex vivo. The calcium
score metric for chest tomosynthesis was then developed, and the correlation betwieenecT

calcium score and the tomosynthed&ived calcium score was studied.

1.3  Outlines of Dissertation

This dissertation is orgazed in the following order: (1) background of tomosynthesis
imaging, (2) iterative reconstruction for tomosynthesis, (3) measurdyasatl scatter correction
algorithm, (4)quantitative tomosynthesis imaging. Chapter 2 introducegrttierlying principles
of x-ray imagingthe DTS and sDTS. Chapter ®rovides the mathematical foundatiohimage
reconstruction. In Chapter 4, a fast iterative reconstruction algorithm-0arSsis reported.
Chapter 5 investigates the scatter correction methodsddiS and reportshe filtered scatteto-
primary ratio {-SPR) scatter estimatio@hapter 6studies the feasibility of assessing calcium
score using-®CT. Finally, in Chaptef7, the dissertation is summarized and the future direction

of the research is disssed
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CHAPTER 2: X-ray Imaging

2.1 X-ray Interactions with Matters

X-rayis discoveredy Gernman physicist WilhelmRdtgen, who studied theCrooks tubes
andnoticeda greenglow ona nearbyfluorescentscreen evethoughthe tubewas wrapped by
black cardboard. Rantgen realized that it mudbe due to some invisible raygeneratedrom the
Crooks tubeandhe referredhe raysa sX-réily to indicatethe unknowrtype of this radiation
Ratgenalsotookapi ct ure of his wifeds haraydFigor@2l)la phot ¢

which became the first medicaleusf x-ray. [23]
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Figure2-1: the X-raypictureofR° nt gendés [2@] f eds hand.

As we now understand;rays area form of electromagnetic radiation similar to visible



light. The differencebetween xray and visible lights that xray has anuchsmaller wavelength
thatranges fron0.1 pm to 10 nmgorresponding to an energy leedbm 100 eV to O MeV. The
smaller wavelength and higher energy efays give it the ability to penetrate through most
materials.This ability, however, does not come witharty cost. The xay interacts with the
matters while it penetrates through, aneséhinteractions weaken theay intengy until finally,

it reaches zerdn medical imaging ltethreemajortypes ofinteractiors between xray and matters
are (1) Photoelectric absorption, (2) Compton sdatierand (3)Rayleigh scatteing. These
interactions are illustrated in kige 2-2.[25] Here, we briefly introduce #éhthree major xay

interactionsasthey directly contribute to the contrast imay imaging.

2.1.1 Photoelectric Absorption

In Photoelectric absorptioman electron of the atom is freed the incidentx-ray photon
and be emitted from the atoiffrigure 2-2B) The difference betweethe incident photorenergy
and the binding energy of the electron becomes the kinetic energy of the emitted ,eldaihbn
is also called photoelectrowhen theemittedelectron is atlow state electrons at high energy
statewill jump to this lower state, resultitige characteristic-ray with energy equals to the energy
differencebetweerthe twostates

Approximately,the occurrenceate of photoelectriabsorption igproportional tow j O ,
whereZ is the atomic numbeaf the materiahndE is theenergy of the incident-ray photon26]
Whenthe photon energig low, the photoelectric absotn is more likely to occur. In facthe
photoelectriabsorption is the dominaimteraction for lowenergy xray. At the sameime, heavy
atoms figh Z valug would have a higér probability ofhavingphotoelectric absorption, éhefore

theyattenuate »xay more than the light atomi3hotodectric absorption is generally considered as



harmful to the human body, &@sironizes the atons and could potentiallypreaks the molecular

bondsof DNA and proteins
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Figure 2-2: Interactions of xray. (A) X-ray beam does nanteract with the material(B)
Photoelectric absorption and characteristray, (C)Rayleighscattering(D) Compton scattering
where recoiled electras generated25]
2.1.2 Compton Scattémg

Comptonscattering is the predominant interaction in the diagnoséiggrange with soft
tissue, it is illustrated in Figure2 In Compton scatteringhe incident phototransfes a portion
of its energy to the electron, which causes a recoil and removed efectron, the incident photon
will change direction after the interaction. However, the &nargy and momentuareconserved
in this process. Compton scatteriogizes thetissueand contributes to the radiation dose to the
patient. The probabilitgf Compton scatteringepends on the photon energy. For energy between

10 keV and 100 keV, the probability is approximately proportiongl 3, while at high energy



(> 100 keV), the probability is approximately proportionatddD.[25] As shown in Figure -3,
Compton scattering consists the majority of scatter radiation, which is an important issue for

diagnostic imaging as it reduces the image contrast and causes artifacts.

2.1.3 RayleighScatteing

In Rayleighscatteringtheincident photon temporarily excites an electvathout freeing
it from the atomWhen the electron returns to its original state, it emits-eay»photorwith the
same energy batdifferentdirectionof the incident photorThis process is also knovais coherent
or elastic scattering, where the photon energy does not chBagkeigh scattering does not
transferthe energyof x-ray photon to the materiaherefore, it does not contribute to patient
radiation dose. HoweveRayleighscattering isan important issue for-xay imaging as it can be
up to 20% of thescattering. The probability of theRayleigh scatteringis approximately
proportional ta® j O , therefore, it is more likely to occur with low energyay photons and high

Z materialg25]

22  X-ray Attenuation and the Beern Lambert law
The interactions of xay with mattershave a combined effect of attenuatithg xray
intensity, this relationships experimentallyletermined and it can be approximated as
YOO - Yah (2-1)
where'Os the ray intensityY"Os the change of the intensityjis thelinearattenuation coefficient,
andYwis the distancéhe ray travelsThis model indicates that the percentage change athe
intensity is proportional ta coefficienttimesthe distance the ray travels. The mass attenuation

coefficient isa function of the photon energyd the material compositipalthoughmost of the
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time, it is considered to only depends on the material compositaqure 2-3 illustrates the
relationship between the mass attenuation and-tiag photonenergy, and the contributions on
the attenuation from differentpay interaction$27] For the xray used in medical imagin@0

keV1 120 keV) the major mass attenuation comes from the Compton scatter.
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Figure2-3: Mass attenuation of tissues at different photon en@Tjy.

Therelationship described by Hegtion2-1 is often writtenin an integraformat:

L |=. B-H ,v.ﬁ (2_2)
whereQs the xray intensityafterit leaves themedium “Ois the ray intensity beforthe xray
entersthe mediumand interacts with the matgef .4s the massttenuatiorwithin the mediumi,
andw is the distanc¢he ray travels within medium Thisexponential decay relationshigpalso
referredas BeerLambert law andwill be used to model the image reconstruction probléra.

linear attenuation coeffient is a function of the interacted material and theax energy

spectrum, thisormsthe physics foundation @hany xray imaging modalities.
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23  X-ray Imaging Modalities
An x-ray image measures the interactions -o&yx and matters. The most widely used x

ray imageis the attenuation image, whettee x-ray photons that leave the materiafter being
attenuatedhre recordedAs the xray attenuation depends on the atomimber of the material,
the attenuationvalue can differentiateisualize materials with different densities. Besides
attenuation, other physical effects, sucltlagracteristic xay emission andcatterinteractiors,
are also utilizedo develop imagingeichniquessuch as xay spectroscopy,-kay crystallography
and xray scatter imagingln this study, we will onlyfocus on the xay attenuation imaging

techniques used in medicgbplications

2.3.1 Radiography

Radiographyis probably the oldest-ray imaging technique, whicls discovered along
with x-ray. In x-ray radiography, the patient is illuminated by a sherax pulse, and the-ray
photons exit patient are recorded iA@dimage.Due to the simplicity othe imaging systerand
the low cost, radiography is widely used in many medical applications, sacreasing lungnd
heartdiseases in chest imagingiagnosing abdominal diseases, detecting gallstones or kidney
stonesgdetecting boné&acturesas well as tooth cavitieRadiography image is origingltecorded
on photographidiims.

Based on the image receptor, radiography can be classified into three types: conventional
radiography with photographic film, computed radiography which uses imaging cassklater
scars the cassette to produce digital images, and digital radiograpigh directly produces
digital images with a digital detectddowadays the conventional filnand the imaging cassette

arereplaced bythe digital detectorfor bettertransferringand stoing patient dataln addition to

12



those benefits,the digital detector alshas a high radiation dose efficiency andoivers the
radiation dosedelivered to the patientf28] The image posprocessing and compartaided
diagnosisalsobecome much easiendigital images.

One of themost commoruses of x-ray radiography isn chest imaging for patients with
known or suspected lung diseas€be chest xay radiography (CXR) often acquire multiple
views imageswith each view obtained at different orientations of the chest and-tag keam
directions.Comnon CXR viewsinclude posteroanterior view, anteroposterior view, deieral
view. As CXR only produces 2D imagesylti-view radiographic imagesanhelp to visualize
features at wvarious positions insi desshowe pat.
in Figure 24.[28]

Based on the characiglics of xray attenuation, the higher energy of theay, thefewer
interactions the xay would have with materials. Thus, high energyax photongremuch easier
to penetrate through the human body, however, they would have a lower sensitivity on
differentiating different organs due fewer interactions.CXR typical uses an-ray source

operated at 12KVp, which isoptimized to balance body penetration as well as tissue contrast
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Figure2-4: Schematic diagram ofray chest radiograpHg38]
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Although digital radiography worksvell on high contrast organs, it hpsor contrast on
soft tissuesThemainreason liesn the imaging mechanisrm whichradiography projecthe3D
objectonto a 2Ddetectorandthe depth information of #tobjectis lost in the radiographic image
As aresult, features, such as different organs, overlap each other on the rachiagiges, which
blurs the images and reduces the contrast, making it harder to identify diseases and extract useful

diagnostic information.

2.3.2 Mammography

Mammographys another2D radiographic imaging techniguenlike radiography which
is used invarious differentapplications, mammography is only used for breast imaging and it has
a unique system design optimized for this specific goal Originally, like radiography,
mammography is recorded on the photographic. fQurrently, the conventional fil is replaced
by the digital detectorEquipped witha digital detector, the name of the imaging technology
changedigital mammographyDM). A mammography exam, often called a mammogram, aids
in the early detection and diagnosis of breast diseases in iwdimbas been shown that
mammograms effective in screening breast canaed reducinghe mortality rate of the breast
canceff29], [30] In fact, the American College of Radiologgcommend screening mammography
every year for women, beginning at age 40.

As breast consists mbgbf thesoft tissuethe xray source used idigital mammography
hasa muchsofterenergy spectrunwith the meanenergytypically around 35 kVp, compared to
that ofmost digital radiography systenie soft xray providesabettercontrasof the soft tissue
in the breasthowever,it would more likely to be absorbed/scagigby the beast and harder to

reach to the detectoModern DM systemuses automatic exposure control (AEC) to apply

14



customizedk-raysfor different patientsior example, fopatiens with thick breast, a longer pulse

of higherenergy xrays would be generated toage breastin DM, there is compression paddle
thatcompreses and fixesthe breast on the detector during sitan The compression paddle not
only reduce the motioartifact, but it also measures the thickness of the breast which is used by
AEC to deternme the source energy and exposure time for the specific paieiitustration of

the mammogram is shown in Figuré&231]

Camera unit

X-ray beam

Film plate

Figure2-5: lllustration ofthemammograni31]

DM uses ahigh-resolutiondetectorwith a pixel size around or smaller than 30, to
visualize small features such as microcalcifications whagk an early sign of breast cancer.
Normally, amammographyxam includes twwiew images:onecranial caudal(CC) view, and

onemediolateral obliqugMLO) view. CC view is the toglown view, whereghe x-ray is fired
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right above the patient. CC view clearly depitte entire breast includinge nipple thefat and
thefibro-glandulartissue. MLO view images breast from the centechadst outward to the side,
it gives the best lateral view of the breast where pathological changes are most likely to occur.

Examples of CC view and MLO view mammography images are shown in Figér32]

(a) (b)

Figure2-6: Digital mammography in (a) CC view and (b) MLO vi§32]

2.3.3 Computed Tomography

Computedomography (CTwas invented inthe 1970sby Godfrey Hounsfield and Allan
Cormack The basicideaof CT is using multiple 2D radiograply imagesacquiredat different
angledo estimate the 3@ttenuation map of th@bject Driven by the clinical demand$e system

design of CT has been evolving ever since its invention.fifsiegeneration CT system uses
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parallel beandesign it is soon being replaced/fan beam xay radiation for faster scanning
speedTheinitial axial imaging scheme is replaced dfelical or spiral scan for the purpose of
scan the entire organs in a single breath Haodtler, the cone beam CT is developed to achieve
isotropic spaal resolution and an even faster scanning speed. Despite different systers, design
typical CT systermrhas one xay source tube mounted on a mechanical moving gantha digital
detector that measures theay radiation The xray sourceotatesandfires xrays at different
spatial positionghe detectormovestogethemwith thesourceandmeasures the-say radiation for
each shoot. Eackray shoot forms a projection imagetire CT exam, the xay source typically
moves between 180 to 3@@garourd the objecandit generatefiundreds of projection images
during one scarThe projection images are then transferreadompuer, andaspecificcomputer
software computes the 3dtenuationmagesof the object based on the projection images as well
as the imaging geometry for eaplojection This processs also called image reconstruction,
which will be intensively discussed in Chapter 3 and Chaptarsthematic diagram for a fan
beam axial CTis shown in Figure-Z [33]

In CT images theimagebrightness, oimageintensity,represets the linear attenuation,
and the differencen the xray attenuationcreateshe contrast betweedfferent materials The
linear attenuatiohas gphysicalunit of cmr. It is normallynot necessary to record the exact value
of the attenuatiomvhich would cost extra storage spa@nd it isalsonot conveniento interpret
diagnostic information using a float numb&hus, in CT, the linear attenuationtiancatedand
converted toan integerwith a special unicalled Hounsfield unit (HU) or CT number The

conversion from cmto HU is:

S (29
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where‘ , . . gad‘ . .are the linear attenuation of water and air, respectiVely CT images are typically

stored as a@ bit image in théigital Imaging and Communications in Medici(@ICOM) format. The
HU is converted to nenegative integer for storage and transfer, the conversion parameters are stored in

the image header, or DICOM header.

Figure2-7: Third generation axial fabheam CT geometr33]

CT produces 3D images of the pati@matomywith no tissue overlappingrtifact this
dramaticallyimprovesthe image contrast and consequently thiagnostic accuracgver the
conventional radiographylowever,due tothelarge numbers of projection images acqui@d
deliversa significant amount of radiation dose to the patigrtich is about 100 times the
radiographic dose. This increadhe risk of radiationnduced cancerespecially for pediatric

patients In addition, he complex system desigof CT raisesthe cost ofthe CT examRecent
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studies on advanced image reconstruction algorithms showed promising iresettacingthe
radiation dose of CT, however, the diagnostic accuracy of those techniques Hre stibbject of
debate and more investigations need to leefopmed before the dose can be reduced
clinically.[18], [34]i [36] In summary although CT has many successful medical applications, it
is not a good choice for diseasereening in the general publiand low dose 3D imaging

modalitiesarestill needed.

2.3.4 Digital Tomosynthesis

Digital tomosynthesis (DTS) ianother tomographic imaging technig@®milar to CT,
DTS also produce3D imagesrom multipleprojectiorsacquired during one scan. Howevei,S
only acquires a fewprojection imageswhich is only a fraction of the projection images in CT,
within a much smaller angular coveraddis imaging mechanissimplifies the system design
as a result, DT®as lowercost over CT and delivers aradiographic dose levehdiation dos¢o
the patient A schematic diagram of tomosynthegsllustratedin Figure 28(a), wherethree
projection images are acquired at different source poskiganre 28(b) demonstratdne principle
of the 3D tomosynthesii single xray projection imagegiaturesn variousdepths of the imaged
objectoverlap each otheBy shiftandadd multiple projection images with different imaging
geonetries in-focusplanes with different features will be obtaineohd the overlapping artifact is
substantially reduced.

The most welknown application of DTS is breast imaging, where the DTS system is
called digital breast tomosynthesis (DBT), or 3D mammograjphigreast carer screeningan
abnormaldense tissue called mass or lesamdthe small micro-calcification aregenerallyused

as markes for earlybreastcancer.The lesion typically has a low contrast, when it overlaps with
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other normal tissuesithe 2D mammograpy, its contrastfurther reduces. As a resulthe call

back rate is quite high for digital mammography as doctmsot tell whether theuspectetesion

truly exist. DBT has been demonstrated to significantly improve the contrast of the lesion by
reducingthe overlapping artifact with tH&D imaged3], [32], [37], [38] For microcalcifications
however, the digital mammography performs better than DBT as the source motion in DBT blurs
thesmall calcificationg4], [39] As a result, DBT is FDAapproved to be used together with DM

for breast cancer screeninghere DBT is used for confirmintgsionsand DM is used for
visualizing micrecalcifications. Some DBT systems, such as ®enoClaire 3D Breast
Tomosynthesisnanufaturedby GE Healthcare, use stepdshootimagingto reduce the source
motion artifact. Howevethis alsoncreases the scanning tinvehich potentially introduces more

patient motionas well as the patient discomfort.
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Figure2-8: Schematic diagram of tomosynthesis. (a) Three projection images with different source
projection were acquired. Each projection image is a unique functithre ;fource positioand

the imaged object or patient. (B)shift-and-add reconstructiofor tomosynthesisThe in-focus

plane is obtained by shift each projection image and add together. Features start to show up in the
in-focus plane[5]
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Figure2-9: lllustration of DCT[40]

Another important application for DTS is chest imaging, in which the DTS is called digital
chest tomosynthesis (DCThe basic principle of DCT is similar to DBAs illustrated in Figure
2-9,[40] DCT consists an-xay source mounted on tieoving gantry, a digital detector and the
control electronicsThe gantry moves the source to various projections and multiple projection
images are acquiretihe difference beteen DCT and DB&re in the system design, whégder
x-rays larger angulaspan, and more projection imagee usedn DCT. For chest imaging, the
most challenging task is the detection of pulmonary nodules, \ahesttrongly related to the lung
cancelf41] Due to the severe tissue overlapping in chest imaging, xiragtradiography(CXR)

has poor diagnostic accuracy on small nodul&3T hasdemonstrated to dramatically improve
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the diagnostic accura®f lung nodules over CXR with comparable sensitivigs CTfor large
lung nodules[41]i[43]

The 3D tomosynthesis images reduce the overlapping artifdde¢ad to higher diagnostic
accuracy over the 2D radiography in many applications. However, DTS has many challenges as
well. First, the limited angular coverage and the small projection images in DTS are
mathematically not sufficient to restore the full Bormation of the imaged object. As a result,
tomosynthesis images have a poor depth resolutever contrast and mowatifactsover CT.
Secondly, the mechanical moving garglgyws downthe scanning speed and introduces two types
of motion artifactFirst, the rotating source introduces motion blur to the projection inveigieh
in terms adversely &dct theimageresolution and thdiagnostic accuracy for small featurésr
example, DBT suffers from the source motion blur and performs worse thama2iinography in
detectingmicrocalcificationsAnother type of motion artifact is the indirect patient motion artifact
caused by long scanning timie fact, the patient motion blur, including heart beats and respiration,

is the mostestructivamage artifct for chest imaging

24  Stationary Digital Tomosynthesis
2.21 Field Emission Effect

Field emission, also known as field electron emissiothhdemissionof electron induced
by an external electric fieldkield emissions first observed in eighteecenturies, but not until
1928 hasthe effect been fully explained and understood using quantum tunrjédihdn field
emission, thexternal electc field lowers theeffective barrieland increases the probability that
electrons tunnel througln illustration of the field emission effect is shown in Figurg®45]

The emission current gdetermined by the Fowlédordheimequation:
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@) o\mAQ)BT—(b h (2-4)

wherea, b are two constants, andV, % | are the emission currempltage of theapplied field
work function, and field enhancement factor, respectively.

An important application oféld emissions making field electron emitters electrongun
sourceTraditionally, electrons are generated based on thermal electron emigkene, electrons
are emitted when the metallic emitter is heated up to a higpeteture. However, thefield

emissioronly requires external electric field and it has no requirement of the tempekégace,
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Figure2-10: lllustration of the field emisen. [45]

2.22 CNT Field Emitter

A carbon nanotube is a material with cylindrical nanostructure wieglaphenelt is first

synthesizedon 1991 by Sumio lijima using the arc dischargnethod, which generated
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unprecedented intesein the CNT and opened a new era of nanotechnfjyFigure 211
illustrates the narstructure of aingle wallCNT.[47] Based on the number of layers, CNT can be
categorized as singlwalled nanotubes (SWNTs) or multialled nanotubes (MWNTS). The
diameter variebetween 8/NTs and MWNTSs. The diameter for SWNTSs ranges from 0.4 nm to
10 nm, while those of MWNTSs are much larger, which ranges from 2 nm to over 10@pends

on the nancstructureor the ways that CNT is create@NT can have a variety ohechanical
optical and electrical propertiesJeading to wide applicationsincluding medical implant,

semiconductordyatteries and mord7]

Figure2-11: lllustrationof the CNT nanostructuid.7]

CNT has been extensively studied adield emitter The main reason is that CNT has a
high aspect ratio, whichllows the electron tunneling the energy barrier more easily and makes
the field emissiorto be naturally enhance@NT field emitter presents many advantages over
thermionic emission. First, CNT field emitters do not require heatirggenerate electromhich
is more energy efficient and produces more stable electron focusing. The cold nature of field
emission also simpliés the cooling system design. Secondly, CNT field emitter could be
electronically switched on araff, which is faster than the theramic emitterand eliminates the
need of a mechanical shutt&inally, the CNT field emitter has more compact design over the
thermionic emitter, and theoretically generate less outgassing which wontdminatethe

vaaium chamber.
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Figure2-12: A schematic diagram of the triodgpe field emission xay sourceElectronemission
controlled by the voltage applied to the SWNTSs. Electrons accelerate insiaiben chamber
and xrays are generadlevhen accelerated electrons hit the copper t§4gét.

Our lab developed the first CNdased xray source using a cold cathode made of
SWNTs[48] A systematic diagram of the first CNdased radiography system is shown in Figure
2-12. The source targetas made of copper, and the anode voltage was set to be 14 kV. The whole
assembling was sealed inside a vacuum chantbat the past decade, our lahsdeveloped
several CNTbased xray source and source array with various source voltage, focal spot size, and
tube output for different applications, including mi€€d systen]49]i[51] microbeam
radiotherapy systeli®2], [53] stationary CT systernh4] stationary digital breast tomosynthesis
system[9], [10], [55] stationary digital chest tomosynthesis system and the stationary intraoral
tomosynthesis syste[f], [8] Figure2-13(a) shows a micrQT system using a CNibased xray
source, and Figure-23(b) shows aesktopmicrobeanradiotherapy system using CNiased x

ray sources.

25



(a) (b)

Figure2-13: (a) A microCT system using a CNlbased xray source. (b) a desktop microbeam
radiation therapy system with CNJased xray sources.

2.23 Stationary Digital Tomosynthesis

As mentionedpreviously the mechanical translating gantiysedin DTS has several
drawbacks, it slow down the scanning speadd introduces source motion blur. Based on the
field emission technique, our lab developed a stationary digitedsynthesis (©TS) technology,
where the sourcestaystationary during the scaAs shown in Figure-24,in sDTS, the moving
gantry andthe i h oxtray sourcearereplaced bya i ¢ o sodréemodule madewith multiple
CNT-based xray sourcesAll CNT-based xray sources aréixed on the source ensembleach
CNT-basedk-ray sourceor focd spothas its unique spatial positiom the sourcensembland it
is responsible for one projection imag&siring the scan,-raysare fired sequentially from the
first focal spot to théast focal spot, and each firifigpm a focal spot createa projection image
with the unique source positiolbue to the compact size of ti@NT-based xay sourcejt is

relatively easy to pack multiple CNdasedsourcesn a flexible geometryhat ishard to ahieve
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with thetranslating gantryFor instance, we have developesbarce ensemble wittrossindines
geometrywheretwo linear arrays of sources crossedhe&middle, anda squareshapé source

arraywhere sources adistributedalong the edge dhesquare

Linear Source Array

‘\\ I /x
Focal spots
(CNT-based x-ray sources)

X-ray beam

N

Patient

\ Detect
¢ D o

Figure2-14: Schematic of stationary digitdmosynthesis using CNBased xray source array.
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Figure2-15: (a) A picture of the stationary digital breast tomosynthesis system. The linear source
array with CNTFbased xray sourcesis retrofitted onto a Hologic Selenia Dimensions
tomosynthesis system.

Based on the clinical applicatiorthyee sDTS system$iave been developed in our lab:
the stationary digital breast tomosynthesis, the stationary chest tomosynthesis, and the stationary
intraoral tomosynthesisPictures of €DBT and sDCT are shown in Figure -25. Each
tomosynthesisydem targets a unique clirdtapplication As a resultthex-ray source used in
each system are designed to have different tube voltagectuisnt and focal spot size. For
example, the source voltages-DBT is around 35 kVp, while that irBCT is 80 kVp Despite
all the differenceall sDTS systems use a linesources design, where all focal spots are

distributed along a line that is parallel to the detector. It makes the manufacturing of the source
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