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Abstract
Purpose: Talevelop a deformable mapping technique to match corresponding lesions between digital

breast tomosynthesis (DBT) and automated breast ultrasound (ABUS) images.

MethodsiExternal fiducial markers wemdtachedo the surface of two CIRS multnodality
compressible“breast phantoms (A and B) containing multiple simutsgtissh$é Both phantoms were
imaged witheDBT (upright positioningitih craniatcaudal compressio@nd ABUS (supine positioning
with anterierto-chest wall compression). Thesionsand markersvere manuallysegmentedby three
different readersReader segnmtation similarityand reader reproducibility @eveassessed usirigice
similarity coefficients(DSC)and distances between centers of mags/)d For deformablemapping
between the modalitiemch reades segmented datasetis processedith anautomatedieformable

mapping algorithnas follows:First, Morfeus, a finite element (FE) based malgan deformable image
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registration platformconvertedsegmentations into triangular surface mesBesond, AltaiHyperMesh
aFE preprocessor, creatdbase FEnodelsfor the ABUS and DBT data setéll deformation is
performed on the DBT imag#atg the ABUS image sets remain fixéttoughout theprocess.
Deformationwasperformedon the external skinontour(DBT imagese) to match tle external skin
contour orthe ABUS set and the locations of thexternalmarkers weraised to morplthe skin contous
to be within a usedefined distance. Third, the base DBE model was deformed with the FE analysis
solver, OptistructDeformed DBTlesions wereorrelated tonatching lesioain thebase ABUS FE
model.Performancélesion correlation) was assessed witam for all corresponding lesions atesion
overlap.Analysis was performed to determine the minimum number of external fiducial s\adexted

to createhe desiredcorrelation and the improvement of correlation witause of external markers.

Results Average DSGor reader similarity ranged from 0.88 to 0.91 (ABUS) and 0.57 to 0.83 (DBT).
Correspondinggbnv ranged from 0.20 to 0.36 mm (ABUS) and 0.11 t&Irim (DBT).Lesion
correlation is,maximized when all corresponding markers are within a maximstanae of 5 m. For
deformable’mapping of phantom A, without the use of external markers, only 2 out oflétedrlesions
showed overlap=with an averagsiten d-on 0f 6.8 £ 2.8 mm. With use @& external fiducial markerg
out of 6 lesions overlappemhdaverage dom improved to 49 +2.4 nm. For deformable mapping of
Phantom B without external markers analydikesions were correlatezlit of 7with oveldap between
only 1 of 7"lesionsand araverage lesiongby of 9.7+ 3.5 mm. With 3 external markersll 7 possible

lesions were €orrelated with overlap betwdeut of 7 lesionsThe averag@conwas8.5+ 4.0mm.

ConclusioniThis work demonstrates tipatential for a deformable mapping technique to relate
correspondindesionsin DBT and ABUS imageby showingimproved lesion correspondence and
reduced lesion registration erravgh theuse ofexternalfiducial markers The techniqueshould improve
radologists™ eharacterization of breast lesions which can reduce patient callbasttsgnoseand

unnecessary biopsies.

1. INTRODUCTION
Ultrasound.imaging used in conjunction with mammography has been shamprowe
characterization of breast lesiohdConventional ultrasound imaging is performed freehand in a different
geometry (supine) than mammography (upright). Since the acquisition is freehand ultr@&iund
images are difficult to reproduce. Automated breast ultrasound, ABUS, visubkzeretist as a 3D
image volume and has advantages in terms of reproducibility, acquisition spegukeator

independence over conventional breast ultrasdtndkewise, studies have also shown the addition of
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ABUS imaging used in conjunction with mammogragbyeeningor women withdensebreass (ACR3
or ACR4)hassignificantly improved the breast candatection rate with an acceptable recall incrédse
Digital breast tomosynthesis, DBT, provides better detection and characterizdir@asiflesions over
mammography through the reduction of tissue superposition. However, DBT has not completely
eliminated the'need for the use of ultrasolihi®ne problem with the use of ultrasound in conjunction
with mammography/DBTs that at least 10% of the time, the lesions found in the ultrasound images do
not correspond to those found in mammograms/®BT.

One salution to this problem is to develop a combinealyfultrasound system that images the breast
in the same.upright geometry using a special-cadality compression paddl&s'® However, the
simpler singlesided combined systems are limited in ultrasound depth of penetration, aodia $o
date have pot€ompletely addressed issues of poor ultrasound transducer couplingightéry péthe
breast in the“mammographic geome8yme improvements such as dual sided ultrasdfmbetter
coverage and resolution have been explored but have not yet been implemented into a singld combine
systemAn alternative to the combined system is to image the breast with the DBT and ABUS ipmdalit
in their own separate geometries and then use a deformable mapping techretpte tmresponding
lesions.This has the advantage of better acoustic couplingpassibly better coverage of the breast with
ultrasoundit utilizes DBT and ABUS systems that are already commercially avadableoes not
require thesextrasexpense of purdhgsa special combined systehtowever, a deformable mapping
method has the'disadvantage of greater technical difficulty in relating corresporsiting.le

To datepthere are no deformable registration technigueetecting corresponding lesions between
ABUS and DBT breast imageBhe purpose of the present study is to investigate the viability of a
deformable-mapping method to relate corresponding lesions between DBT and ARidSmages.
Such a method should simplify and impraadiologist’s characterizations of breast lesions which can
reduce patient=callbacksisdiagnosesandnegativebiopsies. Using finite element analysis, FEA, a
biomechanical algorithm can be used to relate regions of interest behadalities so a radiologist can
directly veaify that a lesion seen in a DBT view is solid or cystic as determined from the ABUS image set.

To produce FE based biomechanical models, segmentation of the entire breast voaguized for
creation of surface and volumetric meshes. Defining the boundary between breast tisheepantoral
muscle and digiguishing between glandular, connective, adgbose tissues poses difficulty for
segmentation of breast images. Studies have used ffafumiautomatetf*3 and automatéd
segmentation in Fbased breast deformation modeling. For large deformations due to breast
compressions nelinear models havproven to be more effective thiinearelastic model$!

Relating breast images across modalities is a challenging task since the breast iscefighble

entity. Paient positioning in various modalities can change from upfigiaimmography/DBT), prone
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(MR, transmission US, andedicated breast CT), and supine (ultrasound/ABUS). Immobilization of the
breastwith compression plates and paddles adds an additionategalivhen relating areas of the breast
between modalities. A recent study has proposed FE basdoheanbiomechanical models for
correlating breasttructuresbetween two compressed states for cramaiodal, CC, to medial lateral
oblique, MLO;"mammogrdpy views? Several studies, have found favorable results in using FE
modeling betweeMRI to x-ray registration for CC and/or MLO mammografm&:**? A recent study

has found favorable results in relating lesions in sulpirast ultrasound to prone MRIAnother
correlationgstudy showed favorable agreetri@etween ultrasound computed tomography and
mammography,registration. &hresearch group also usdttasound to determine thstribution in the
breast ofYoung’s Modulus from the speed of sound. This distributvasdirectly used in FE
deformatiop'rodeling>"

Due to highdeformation fields of the breast between modaditidseven over time in a single
modality*’ the use of external fiducial markers could provadexdded benefior lesion correlation.
Several studies have used external fiducial markers and fioymdved registrationesults.In 2 studies
of MRI/PET breast registration, ink was used to mark locations on the breastjae in total). MRI
visible markers werelaced at those locations prior to MR imaging, &&dl-visible markers were placed
at the same lacations prior RETimaging®*3*In astudy ofregistration between compressed and
uncompressed-prone MRI, four external markers were placed around the breast and on tfi& nipple .
Finally, usingavelume navigation techniquestudy of breast MRI and ultrasound registration, 3 external
markers$oftgelcapsules contain vitamin E in lipid solufievere used®. In the presenstudy,we
investigatehe use of external fiducial markers to improve the registration of breast lasigmight

DBT to supinesABUSmages

2. MATERIALSAND METHODS
2.A. Phantoms

Two CIRS:MultrModality Breast Biopsy and Sonographic phantoms (Computerized Imaging
Reference Systems, Inc., 2428 Almeda Ave, Suite 316 Norfolk, Virginia 23513,
http://www.cirsinc.com/file/Products/073/073%20DS%20032316).pere used in this study. The first,

Phantom Aj"¢ontains a total of 7 lesions: 3 cystic massed dedse masseshis phantom also contains

3 calcifications. The lesiongere randomly positioned in a Zerdibased background gel emulsion and
wrapped by a&kin membrane materia-skin is a proprietary seliealing skinlike membrane that
reduces phantom desiccation and simulates the texture and properties of skin during inthgiopsy.
Zerdine is a patented solid elastic water based polyacrylamide tissue mimickingintiaa¢'s

formulation can be adjusted to correspond to a variety otisstie acoustic properties for ultrasound
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imaging>® For some time, similar polyacrylamides have been described for ultrasound imagjing a
therapy phantom¥:*®Since it is a weer-based material and the density can be controlled it can be used
for CT and MR imaging as welf=°

The second phantomh&ntom B, contains a total of 12 lesions: 6 cystic masses @@isé masses.
These leSions were randomly positioned iderdinebased background gel, withabe Zskin outer
membraneCT images of both phantoms were acquired with a GE Discovery CT750 CT sddress.
images were used solely to identify lesion type and quantity; the CT scans have rmp die i
deformation algorithm. Material properties for the phantoms were prolid#dte manufacturer. (See
Table 1.)HyperMesh, the finite element ppeocessor, cannot utilize theiBson’s Ratio of 0.50 fahe
materials in,Tablé therefore, a Poisson’s ratio of 0.49 was assumed fara#rials For this study,
based on visuahspection othephantom before and after DBT and ABUS imaging there were no
external indications titthe phantomslid not fully recover tgheir original state. To better quantify the
differences in phantom deformations, measured-#teadn curves arerpvided in the Supplemental
Information. Based on these curves, the elasticities of the phantoms are lineagrandphis a factor

of 1.9times stiffer than phantom B.

2.B. External Fiducial Markers

The present.application requires an external marker that does not cause refrattiendistortion
below the skin imultrasound imaging and doescanise artifacts in mammography/DBT imagihg.
previaus'workm€loutier et alfound glass bead fiducial markers were useful when imaging
multimodality vasculaphantom with DSA, CTA, MRA and ultrasouffdWe investigated various targets
within differentsbackground materials as candidates for external fiducial markerfiducial marker that
we found worked, best for both DBT and ABUS was a 1 mm diameter glass bead target wihmn a cl
bubblefree thermoplastic elastomer (TPE) geb. make this marker, thin samples of TPE were placed on
top of the 1 mm glass beads on a cupcake baking sheet ard atelt30C in a vacuum oven. The
vacuum was applied to the TPE as it cooled to eliminate air pockets/bubbles, which cstakennfor
the markers in ultrasound images. The fiducial markers have a thickness of approx3mately

The markers were placed around the breast, usirgdbe Liquid Waterproof Adheése (Nu-Hope
Laboratories, Inef.0. Box 331150 Pacoima, CA 913BB50,http://nuhope.com/products.php A

waterproof adhesive is recommended to ensure maintenance of fiducial marker plac#mese of

ultrasound coupling gel or lotioBix external markers were appliedpieantom A as show in in Fig.
Results were obtained using all 6 markers as well as using 5 markers (positions F, andBEL,4
markers (positions F, E, B, and C), 3 markersifposF, A, B), and two markers (positions F and B).

Resultsfor Phantom Aindicatedno statistical difference in lesion correlation when using 6 markers and
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when using a maximum of three markers at locations F, A, and B. Therefdpdgiotom B, only 3

markers at those approximate locations were used when imaged.

2.C. Data collection

A GE-SenoClaire DBT system (GE Healthcare, Milwaukee, WI) was used to image Phantom A in the
CC view with a compressive force of 6 daN and compressed breast thiokd8ssim.The maximum
uncompressed breast phantom thickness measured 98 mm from reconstructed CTTimiggdsmntom
A was compressed 51% for this stu@yout of the 7 lesions in this phantom were identified in the
reconstructed DBT imageA.GE Senographe Pristina DBT system (GE Healthcare, Milwaukee, WI) was
used to image Phantom B in the CC view with a compressive force of 3 daN and compressed breast
thickness of'31 mnf-or Phantom B, 7 of the 12 lesions were identified in the reconstructed DBT images
The maximum uncompressed breast phantom thickness measured 97 mm from ctedrGirumages.
Thus phantom Biwas compressed 68% for this stilithe reason 1 lesion in Phantom A and 5 lesions in
Phantom B were not seen in the reconstructed DBT imadfestighe plastic backing on both phantoms
restricted the ability to image close to the “chest wall” where those lesions were |&ogtad.and2b,
show DBTimagesof both phantoms including some of the lesions aneixéernal fiducial markefred
arrow).

Both phantoms were imaged with a GE Invenia ABUS syStéBE Healthcare, Milwaukee, WI)
immediately aften DBT imagind.ight AP compression is applied to the phansamhenthey areémaged
with the InveniasABUSsystem There are three settings on the system (high, medium, and low) based on
imaging depth. The high setting was usedtfmagingPhantom A and the medium setting was used for
imagingPhantem:B. The system has a safety stop at 20la\(Bwhichis lower than the compression
used in most mammography exatoday.The Invenia ABUS reverse curve transducer has a bandwidth
of 6 to 15 MHzsand can image up to 50 mm in deplie transducer has a width of 153 mm and
automatically travelapproximatelyl 70 mm across a mesh compression paddle. The breast/phantom was
positioned supine with anteriposterior compression applied by the mesh paddle. One ultrasound
volume of each pdmtom was taken in the anterior posterior view. Clinical procedures typically énclud
acquisitions of three separate volumes per breast to ensure full coverage of the brea&irgnegion.
Raw data from the Invenia ABUS system does not include ¢mnefor the curved transducer.
Therefore,.an algorithm was developed and used to correct for transducer curvABIdSiimages.
Fig’s 2c and 2d, indicate marker positioning under the ABUS imaging for Phantoms AvetidtBe
correction for the transducer curvature. In Phantom A, ttedc3ficationswere not seen ithe

reconstructed ABUS imageA.disadvantagef ultrasound imaging is that microcalificatons are often not
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seen and even larger calciunacrocalcificationsleposits can be issed?* All 12 lesions were seen the
ABUS scans of Phantom B.

2.D. Manual segmentation

All lesions.and external markers frahre acquired image sdt®m bothmodalities were manually
segmentedisifigia freehanddrawing tool within 3D Slicér by three readeflCAG, MMG and JHL)
using the samewindo¥evel settingson the same work statioReaders viewed the images together and
agreed upona windclevel setting to be used for each image set in order to eliminate wiledeling
asa variable‘infintereader concordance of lesion segmentation. Since DBT images have poor axial
resolution, the lesions were segmented untiktigerior and inferior extentd the lesions exhibited
significant blur along the edgeBhese decision pointge very subjective so the axial extents of the
lesion segmentations in DBT can vary significantly between readers.

Fig. 3, shows examples of lesion segmentation for Phantom A and B in both DBT and ABUS image
sets.Dice similarity coefficients@SC) (twice theoverlapof corresponding segmentedlumessum of
thosevolunded were used to evaluate similarities between lesion and marker contours betweerfteaders
For the DBTand"'ABUS data sets, one reader manually segmented the outer skin layes &ivrartd
the body of breast phantom A aselgmentethe body of breast phantom B from the &ior the ABUS
images, that same reader performed these sagmentations manually. There was no correction in the
segmentations, for DBT reconstruction artifaé\fter segmentations were completed, resampling was
used to decrease runtime when converting segmentatiortsamigular surface meshekhe DBT images
were resampled from a native voxel size of 0.1 mm width, 0.1 mm length, and 1.0 mm depthrio 0.2
width, 0.2 mm length, and 1.0 mm depth. The ABUS images were resampled from aoetivgize of
0.0& mm width.02 mmdepth and 0.506 mnlength (distance between adjacent slices).2 mm
width, 0.2 mm depth, and 0.506 mm lé&mg

2.E. Deformable mapping algorithm

The defermable mappindgorithm is an automated process that integrates the use of M@&feus
commercialkE.preprocesso(HyperMesh2017 Altair Engineering, Troy, MI) and a finitdeament
analysis(FEA) solverprocessor (Optistru@017, Altair Engineering, Troy, MI)An overview of tle
process is shewn in Fig. The entire deformable mappiad¢gorithm takesip to approximately 40
minutes toreemplete from start to finish oVandows 7 Intel® Core™ i7 CPWith aspeed of 2500
MHz and 45B RAM. In ABUS imaging poor acoustic contact with the transducer often occurs around
the periphery of the breast causing artifastshowron the right and left sides &ig. 2cand Fig 2d.
These artifacts cause the actual breast size and shape in ABUS imaging to be not as well defined in

comparison to DBT. An example of the segmentation of the skin layer for both phansimwisin the
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Supplementary Information. Reader bias can affectagmentation in the periphery boundary. The use

of external markers for registration should help to reduce and correct for thesendiffs in lesion
registrationOn the other hand, the breast shape and size are better defined in the DBT images as shown
in Fig. 2a and Fig. 2@.herefore, we chose to have the deformable mapping algorithm perform
deformation only to the DBT FE model arefjister the resulting deformation to the ABUS image set

The external fiducial markers allow for adjustments to be matealil markersobservedn the ABUS

images had potentiallycorresponding poistn the DBT image. More sophisticated registration rules are

required if that is not the case.

2.E.1. Conversion of DICOM segmented imagesto triangular surface mesh

Morfeusya FE based multrgan deformable image registration platform, converts all DICOM
segmented-contours into individual triangular surface mesh for use in the FEpreadel
processof! Morfeus converts the DICOM image data into mask files for image analysis using Interacti
Data Language (IDL, Research Systems Inc.). Each mask file is then convertetliarigudarsurface
mesh file. Within HyperMesh, the shrinkwrap function is used on the Morfeus generated triangular
surface element mesh in ordercteate a trias surface mesh for further processing and Ffiok.to FEA,
an element quality check is performed to ensure all elements in the model are withis vari
specificationss(e:g., aspect ratio, Jacobian, warpage etc.) in order for the analysisience. Therefore,
Morfeus uses Laplacian smoothing and a decimate function to better ensure théatriaegh is within
elementiqualitysspecifications by smoothing rough or sharp elements to ensurend@ablmtegrity

while maintain a reasonable mesh size to maintain structural features.

2.E.2. Finite element model generation

Thealgarithm/uses thEE model preprocessing software, HyperMedb,buildthe base FE model for
the DBT and-ABWS image set from the individual meg&ngular surfaceontours3D four-point
tetrahedral-EE-models are created using the trias surface meshing algorithniHyteérMesh from all
3D-triangularssurface mesh contours for each modality model which resultsyicdalhected
tetrameshed base FE ABUS and DBT eledThe algorithm takes into account the shape of the
triangular surface being meshed and uses a defined library of element patterns enm@pttiangular
surfaces foritetrahedral mesh generatitach reader'segmented datasieicludeshe resultingpbase
DBT and ABUSymodels for both phantoms. The material properties that wereegiskighe 3D
tetrahedral model volumes are as noted in Thi8erface interfaces are defined d@alindary conditions
are determinedsing a mesh morphing module nant&gerMorph The base DBT model is deformed to

match the ABUS model since there is higher certainty in the overall breast shapBBTtheodel. Since
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the simulated dense and cystic lesions cannot be distinguished in the DBT imagemralldre assumed
to have the material property of the dense lesions from Tabte Phantom A, the average number of
elements/nodes are 366,000/65,800 for the base DBT model and 102,000/20,300 for the base ABUS
model. For Phantom B the average number of nodes/elemeni8220€0/35,600 for the base DBT

model and 137,000/24,200 for the base ABUS model. The DBT model has a larger number of
elements/nodes due to smaller element size since it is used for FEA and the ABUS medehssths

reference model.

2.E.3. Skin surface transformation of DBT model to match ABUS skin surface

The base DBT FE model (Figabblug is translated and rotated to the center of mass, COM, of the
base ABUS'FE model (Fig. 5a, brown). Noltalations, (X, y, Zoordinate locations that deé& elements
in FE modelyfrom the skin surface thie basdBT-FE malel are automatically moved best match the
outer surface of ABUS FE model along the axial and coronal planes by morphing the oreghal
which results in Fig. 5¢This transformatiomeshapes the skin surface mesh and does not use any breast
phantom material properties. For this transformation, the entire skin surfésevadume is encased in a
six-sidedhexahedron to encompass the entire skin volume. The handles, (68 in total, yelled and r
spheres shown around the DBT skin mesh in Fig. 5) are created and encompass the outerf ¢cbat
DBT skinsmedelkat seven equidistant locations along each planar axis. The red spheatess ghalbal
handles, which'are 8 in total and are@yated at the eight corners of the hexahedron box surround the
skin mesh=Global handles are used for making large scale changes to the mesh. Thehariéswv sp
indicate local handles which make smaller scale changes to localized area3 béthare 6§ellow
spheres intotaland are used to manipulate a small region of the skin mesh by influenanad) reodet
locations.Influenee functions, using the HyperMorph feature within the HyperMesh softwetats the
movement ofithe handles to the nodes within. There are a number-lifieamalgorithms used
depending‘on the size and shape of the domains and the number of nodes within. The algoritesn enforc
symmetry or constrain nodal movements in many different patterns to modildatienship between
handle movement and node manipulatibine external nodes of the DBT skin model are then related
along the axial and coronal anatomical planes to the nearest node in the ABUS model Hasade t
of interest The external nodes of the DBT skin mode dren related along the axial and coronal
anatomical planes to the nearest node in the ABUS model based on the axes of interest.

The algorithm computes the differences and manipulates the handles so the DB& cartumatch
theexternal ABUS shap@anipulating handles along the coronal plane (Fig. 5b), simulates the
decompression of the DBT surface mesh. Manipulating handles along the axial glaBe)Rimulates

AP compression of the DBT surface mesh to match the ABUS surface mesh. In otterthepriginal
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DBT surface mesh is morphed by changing nodal locations to better align with thi slvape of the
ABUS surface mesi he sagittal plandlfe plane the ultrasound transducer is scanned) is not considered

due to poor coupling along thigiht and left sides of the breast during ABUS image acquisition.

2.E.4. External marker correlation

After surface deformation is completed using the outer skin contours betweers nioel@lgorithm
computesitCOM positions of the external fiducial markers from the morphed DB&I mnd reference
ABUS model. The DBT surface mesh is further deformed based off external marledattmiras
follows: External fiducial markers in the DBT model are matched with the base ABUSatfigucial
markers by‘determing the minimum distance between the COMs of corresponding markers. This
distance will'be"used to align markers closer together and allows for mesh correctigrallalo
anatomical planes (includes correction along the scanning plane of the ultrasnsdddea).

Once external markers are matched between the two sets and the resulting distances between COMs
is determined, the algorithm determines which local handle (yellow spheres shogn5o) ks needed
to adjust nodes within the mesh domain. Thiedie is determined by proximity to handle locations
along the xaxis. Once the local handle is determined, the local handle is manipulated by half the
distances:between the COMs of correlated markers for each pkasarhis is repeated for all
correspading markers. After all handle manipulation is completed the algorithntuatds the COM
distances-between markers. If all markers are within adefared distance,d(between 1 and 10 mm),
the algorithm will begin FEA. Ihot, the algorithm identies which markers are not within,cind
iterates againstesmanipulate the handles for markers that are not satisfyiggbinendlary condition.
The algorithm will iterate until all markers satisfy thg boundary condition. Each iteration will only
performhandie’corrections based off the total number of matched markers (i.e. 6 matckeid mar
corresponds to a maximum of 6 handle corrections for that iteration).

To maintain mesh integrity, the DBT FE model is deformed by half the distahwedn correlate
markers to ensure that mesh quality is not compromised due to large changes tortteskkivhich can
halt processing by the FEA solver. Skin deformation per iteration occurs only fesponding markers
that are greater.than,d~or those markers, tegmation by further manipulation of the handlas
described.in Sec. 2.E,3s performed in that area of the DBT model of the bréakiwer bound of 1
mm is used as it'is approximately equal to the ultrasound point spread function expetttedidlcial
markers. If there are no markers inferior to the nipple, mesh deformation isegissyimmetric superior
and inferior to the nipple. The displacement for each node from the surfacefrittesiDBT translated
model (Fig. 5a) and the deformed DBT surface mesh (Fig. 5¢ with the addition of extarker
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corrections) are stored and applied as boundary conditions for FEA deformation to bégitaset
DBT model. Skin surface deformation is used for the sole purpose of creating the boondéigres
needed to begin the FEA.

2.E.5. Finite element analysis

The constraints dsoundaryconditions foreach external DBT surface mesfe applied to the
translatedhaseDBT. FE modeThese boundary conditions are ussdnpt to the FEA solveprogram,
Optistruct,to generatand solvehe differential equations to describe the model deformation based off
the defined constraint¥he FEA uses the material properties and boundary conditions to find the
resultant stresandstrainof thedeformationof the entie breast volumeéDue to the high deformation
that is needed.to match the DBT and ABUS volumes, the FEA is performed atirreaonuasistatic
analysis in a/single step. Linear static deformation would compromise mesityraadresult in faulty
outpu or inability of FEA to run Therefore, this study does not recommend the use of linear static
deformation-analysis between DBT and ABUS compressions. The FEA was performed on a Windows 7
Intel® Core™'i7 CPU speed of 2500 MHz with 4GB RAith analysis complete iapproximately

twerty minutes. The analystsne will be longerfor models with greatesomplexity.

2.E.6 Lesion correlation

After FEA'is performed, the COM of all lesions from the FBBT model and the base FE ABUS
model are determined. A correlation algorithm determividsh lesions correspond to lesions in the
other set with the constraint that the difference in COM is within 15 mm. Previglissstfor deformable
registration from breast MR to mammography CC views have shoeamregistration errors of 1020
mm 2’ Theréforesince those studiagerebasedn real breast datdhese bounds were uskedselyas
correlation/criteria foregistratiormeasuremenfll external nodal locations of each lesion are analyzed
to determine overlap of correlated lesions. Corresponding lesions from DBAB&AME sets that have a
minimum distance between the COMsggd are considered to match. For two lesions in DBT that have
the same gy With a lesion in ABUS, the code checks thgg of those two DBT lesions with other
ABUS lesions.to.minimize all ghy and thereby determines the correct lesion matches. The matching
process is described in pseudde in the sypemental information for this paper.

All corresponding lesions are considered matched between the two modality sets based on the
criteria in"Tabldl. Since our studies use uniform background phantoms with large numbers of lesions,
stricter lesion corretion guidelines were employed to reduce the likelihood of mismatch.

Thereforejf two corresponding lesions overlap they are considered a matgifsdwithin 10 mm.

If lesions correspond but dwtoverlap the minimum distance to overlap, & calculatedas shown in

Fig. 6. If the two corresponding lesions are withing@ of 15 mm and ¢ is within 7.5 mm, the lesions
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are matchedlhe & is restricted to 7.5 mno ensurea match discrepancy is not madi@e results are

output into a table and can bsed to relate positions from the original ABUS and DBT DICOM data.

Calcificationsfrom Phantom A are not considered during lesion matching.

2.F. Studies perfor med

The following studies were performed:

Inter-reader concordance of segmented lesions: Inter+eader concordance of all segmented

lesions wagvaluated usin@SCand distances between the CBMf corresponding lesions
Inter-reader concordance of locations of fiducial markers: Interreader concordance of the
locations’of the fiducial markers was evaluated by measuring the distances between the COM’s of
each segmented marker for each image set.

Reader reproducibility: After segmentation was performed for all lesions, three lesions were
selected from each image set of each phantom for a studgdagisegmentation reproducliy.

Each reader segmented those tihegens in the DBT and ABUS images several days after
completing their original segmentations.

Accuracy-of deformable mapping technique: For Phantom Aresults were compared for cases

when sufficient iterations were performed to achiemeespondingnarker separationsf < 1
mmvs.<’5 mmThis comparison included results when different numbers of markers were used.
In addition, results wercompared with and without the use of the markeos.all comparisons,
the'statisticasignificance ofanydifferences between the average@valuesfor corresponding
lesions weraletermined wh paired ttests. Thenumbersof lesions that overlapped ang @ere

also'compared.

3.RESULTS

3.A. Analysisofinter-reader concordance of segmented lesionsin both phantoms.

Tablell*compares the segmentation results between readers for all lesions in both ph@iheoms.

DSCfor the ABUS data for both phantoms are approximately 0.90. For DBT data for both phantoms

DSCresults are lower, likely due to differences in reader determinatitihre afertical extents of the

lesions. The smallefiSCis 0.57 for R2 to R3 for Phantom 2. For this same reader correlation, the

averagegdistance between COMdg) is 0.81 mm thus illustrating that even thoughM&Cvalues are

low, thecentralpesitionsof the lesions segmented by the different readergiireesy close to one

another.

3.B. Analysis of inter-reader concordance of fiducial markerslocations

Table IV illustrates the average distances between the COM'’s of the fiducial markersteddigen
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the three readers. The largest differences between the COM'’s for both DBT and ABUS arienagigox

2 mm.

3.C. Reader reproducibility analysis

Table \Villustrates the reproducibility of the segmentation results for adohdual reader fothree
lesions in Phantom A and PhantomTBe reproducibilities of the DSC for the individual readers are in
general higher.for.the lesions in the ABUS images and lower in the DBT inTdgektter is likely due
to differénces in reader determination of the vertical extents of the l&siDiST images when the
readers repeatthe segmentations themselves. Howeveggthealues in Table V are less than 2 mm for
both modality images indicating good reproducibility of the positions of the lesions.

For segmentations by each reader, deformation was successfully performed on theTbB&e DB
model and correlated to the corresponding ABUS datasets between reader segmenteelveaya. In
iteration ofithealgorithm, the average distances between the COMs between the readecs e lbed
markers deereased as shown in Fig. 6. After 6 iterations, the average correlateccdifietereen all

markers is(3.0 mm which corresponds tqad mm.

3.D. Accur aeysofideformable mapping for different numbersof fiducial makersfor phantom A
Phantom A.hag lesions, all of which were viewed with ABUBowever, only 6 of the lesions were
viewed inthe DBT imagesecausd. lesion wagoo close to the chest wall and moved outside the image
field of view when the phantom waompressedkig. 73 illustrates the resulting lesiorsl, do, and
overall lesion overlap where no marker analysis was used and compares it to various marker
combinations described in Se&B when markers within a-tnm distancedy < 1 mm). Fig. 7b,
illustrates the resulting lesiongl, do, and overall lesion overldpaction that were obtained when
fiducial marker analysis was used and compares it to various marker combinations desSdreQiB
whenall correspondingnarkes werewithin a 5mm distancedy < 5 mm).
For the 6 marker case, 6 iterations were neéateall of thecorresponding external markeosbe
within a 5mm distancef each otherForall corresponding external markerga®within a mm
distanceof eachother required.7 iterationsEach iteration can have runtimefsup to 3 minutes
depending.on the number of markers usetiéanalysis. Therefore, a difference of 10 iterations can
increase runtime bgbout30 minutes. Although as shown in Fig.tiiedcom are slightly greater for
markers being within 1 mmws. 5 mm (likely due to the greater number of iterations and corrections made
to get all of the markers within the 1 mm distance), thalpe for a paired-test was 0.12Thus, there
was no statistical difference irrgls when markers were withinthm versis a 5mm distance. Hence a
dw of 5 mm is regarded as an acceptable distance between correlated markers to ensure acceptable

algorithm run time, with the employed, simple processor, while maintail@sigedesion correlation.

This article is protected by copyright. All rights reserved



15

Without the use of markers only 2 out of 6 lesions overlapgpadboth d, cases analyzedyerlap

improved to 6 out of 6 lesions with-6 marker analysis combinations and improved to 5 out of 6 lesions
overlapped for 2 and ®arker analyseg§.he largest improvement incghy is shown for 2Zand3 markers

vs. 0 markersFig. 8 displaysthe improvement from no marker analysis to that with three marker analyses

in Phantom Afor all correlated lesiofts Reader 1 segmented datasets

Table VI)compareshe averagéistances between the COMsaofrrespondingndividual lesiors + the
standard'deviations of those distanicethe deformed DBT and base ABUS imafmsthe combined
data forall 3'readers for phantof, withoutthe ug of markers and with the use of three external
markers for lesion correlatiomhe mean difference in lesioggly was 1.9 mm with 3 markemalyses
vs. without. A paired ttestof themeandcow values waperformedandresultedwith an overallp-value
of 0.01for the'averaged dataset. Therefore, the uSseafernal markers showed statisticalgnificant

improvementssin:lesiony in comparison to the use of no external markers.

3.E. Accuracy of deformable mapping technique for phantom B

Based on theesults for Phantom A, Phantom B was only imaged with three markers in the positions
F, A, and B.asiillustrated in Fig.Rhantom B has 12 lesions, all of which were viewed with ABUS.
However, anly.7.of the lesions were viewed in the DBT imdgesiuse fesions were too close to the
chest wall'and'moved outside the image field of view when the phantsroongpressedVithout the
use of markers.analysis, 4 lesions were correlated (within 15 mm of each other) withoselyapped.
As shown‘in“Table Vll,heaverageadcom between corresponding ABUS and DBT lesions for the 3
readersvas 9.7+ 3.5 mmandthe averagéesion ¢ was2.9 + 1.8mm. Forthe segmentedatawithout
marker analysis¥only one lesion showed overTdqese results are tabulated in Table IV.

Table VII, alsa includes a comparison between the deformable mapping method witnioert m
analysis with'that foR and 3external markers. Using 2 and 3 marker analyses, the aviigageetween
corresponding lesions improved by 18% and 27%, ré¢ispdg relative totheno markersase For the 4
lesions correlated without marker analysis a pantedttof the meadcom values waperformed with the
results for 2 and gharker analysis combinatioasd bothresulted in pvalues of 0.0tespectively
Therefore, these 4 lesions on average show statigtighificant improvement in lesiothcoy with the
use ofexternal.markerd-ig. 9 displays the improvement from no marker analysis to that with three
marker analyses in Phantom B for all correlated lesions for Reader 1 segmented datasets.

Table VII, shows a comparison between the deformable mapping metthadit marker analysis
and with2 and3 external marketsThe mean goy values for 2 and garker analyseare 7.6t 3.6 mm
and 8.5 4.0mm, respctively.A pairedtwo-sample itestfor means was performed on treeragecom

values The pvalue was 0.05and supports that éndifference between usingvtarkers and &arkers is
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not statistically significani.esion ID=7 values were calculated for only two readers, as that specific

lesion was not within bounds for correlation for one ofrdaelers adefined in Tabldl.

4. DISCUSSION

A novel automated deformable mapping algorithm has been described and assessedipaghéen
DBT and supinABUS images Although this method uses commerciadlyailable biomechanical
modeling and.,FEA.software, the techniques described can be applied to other comnasaialtye
software or researcigorithms. This study demsirates that with the use 243 external fiducial
markers forthe deformatiaesults in ugo 28% improvement in lesion correlati(ah-om) in comparison
with not using external markers. An expansion of this work, will incorporate an interieceadiologist
work station fordisplaying ceresponding lesions in the original ABUS and DBT slices as showrlEig

Fig. 7demonstrates thédr Phantom A asthe number of external fiducial markers that are used for
deformablemapping increase from 4 tal&overlap fraction remains the sameddhe average ¢bm
remains appreximately the same. Téifectis probablya result ofPhantom A being atiff phantom It
should be noted that although this study, twalifferent compressioforces were use@nd the
phantons represented two differebreast densitieshe automated deformable mappaigorithm was
successfullin identifyinghe majority of thecorrespondindesionswithin the two phantom data sets. This
supports translation of the deformable mapping methadtteal patient data where there will be a wide
range of compressions usaslwell as differencdn breast density and size.

For Phantom B, without marker analysis only 4 lesions were correztetharative tess of the
means othe d-oy of thoselesions without marker analydis thosewith 2 and 3 marker combations
indicated statisticadignificance. Withthe use of 2 and 3 markers allesions came within correlation
parameters..Howevea statistically insignificanttiest of ¢ov betweerthe use o and 3 markers
indicates no, greater improvement in correlation with the use of 3 markers over 2 in theephdica
geometry Nevertheless, additional markers in the axillagion,which was not simulated in the
phantoms.for.this study coufbtentially allow better registratidn patient imagingThis will be
investigatedsinsfuture studies.

It is difficult to directly compare the results between Phantom A and Phantontli following
reasons: Phantom A used more external markers than PhanRimrBom B did not contain tizeskin
membranesand all lesions were near the chest wall. Phantom B was easily compressed sinfiatgting
breast and Phantom A represented a breast with higher glandular tissue content. YSegxtenhal
markers for Phantom Bs. 6 markers for phémm A may have biased thesults.Using the same number
of external markers for both phantoms would have allowed for a better direct canmgzetween the two

data sets.
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Overall, the phantoms were easily segmented by readers. The largest differences beteexsangad
variance in reader reproducibly were evident in the DBT data sets. Due to poor axigioesoDBT
imaging,determining wheréesions were blurred or out of focus at sugerior and inferior extents of the
lesionswas difficult. Theréore, the use of an automated segmentation method would be useful and will
be investigated for future workrawing the top and bottom of the lesions at a distance from the central
plane equal to the mean circumference in the centraéptaght prove mosffective.After lesions are
correlated, their borders DBT might be drawn better based the ABUScontours.

When deforminghe DBTmodel to the base ABUS model this study assumes that all lesions are
homogenous and have the material properties dfedisions. After correlation has taken place, for
lesions that.correlated to cystic lesions in the ABUS set the algorithm could be rdrainedbrret
cystic material‘properties. In actual patient data, there will be heterogeneityaéh fissue. Arxpansion
of this study“could investigate the significardehis heterogeneity ithe FEAbased registration.

The use o or 3markers fodeformable mapping with Phantom A showetgbrovements for gby
resultsover the use od-6 markersBased on mass placement in this studgnarkers locatethferior to
thenipple have direct contact with the breast support glateng DBT compressiafThe inferior part of
the phantom flattens initially when the phantom is placed in contact with the breast glgipdt is
believed that this contact restricts the movement of the markers resulting inlisplaitements of the
markerssirthissregion.The contact could also cause the markers to stick to the breast support plate during
compression and fall off thedmasteliminating theiruse in the subsequent ABUS scans and therefore in
the deformablesregistration.

Conversely, markers located superior to the nipple (Fig. 1. Positions A, B) aidinot have initial
contact withhthesDBT compression paddle and the marker displacements were not as easiyisaapr
between DBT and ABUS imaging. Results from both phantoms indicate that a minimuafthree
external markers at the indicated positions provide significant improtemiesion registration.
However,we intend to directly quantify the number of markers and their respectivlocttat are the
most helpful'in an IRB approved preof-concept study with patients. Likewise, an MRI to US breast
study also used three external markers at those apprexiocations and found improvement in lesion
registratior?

Intuitively, one would suspect thatore external markers would allow for better correlation.
However, his studyindicates thatvhen modeling large breast compressi@xsernal deformatiomay
not becompletely indicative of internal breast deformatidhe degree to which this holds trige real
breastss yet to be determined. We beliedat determinatiof optimal external markepositions on the
breastcould yield better results in lesi@orrelation, whickcould allowthe use ofewer markersA

recent study using external fiducrabrkers to register MR breast images with microwave imayssl
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that fewer better placed fiducial markers reduced the effect of skin translation thatiatadseith
movement of internal structures in the bréfst.

The multimodality phantoms used in this work have limitations with respesinulating real
breastsSomeof these limitations include) they are made of materials that follow a linear elastic
behavior'Whilé“tinder compression; whereas, real breast tissue follows hyperelastic Bef&y/Ryrthey
have a homogeneous background; whereas, real breasts have a heterogeneous background and 3) they do
not simulate attachment to the pectoral structure which could also contriblgelittetair elastic behavior.
Our planned human subject study will determine the degree to which these lmsitfiect the results in
patientsTo reduce these effects, we will use automatic segmentation of the DBT images into glandular
and adipose tissues and include the elasticitperties of those tissues in our moéreirther
developmentsire:needetb produce physical breast phantoms with materials that better model patient
specificbreastissue propertieand can model the axifaregion of the breasOtherdeformable breds
registrationstudies have proposed the use of patspeific in vivo parametstto determine
biomechanical propertiés?®

During'ABUS imagingup to 3scansare renderetb image the breast iits entirety.The Invenia
systemscans fronthe superior to inferior margins of the brepsbducing axialmages.The scanare
performedn an AP view. For different views of the breast, this process can be repeated with parasagittal
imagingyplanesMultiple ABUS scangllow the ability to estimate #patientspecificdistribution of
elastic propertiés; in the brealstclusion of ABUSbased elastography or pulse echo segmentationld
offer grelat-benefits for the deformable mapping algorithm and other biomechanical techoigueesin
FEA. With more ABUS scans, the need for an additional marker near the axilla region idbedould
be helpful inrelating ABUS projections. Theesenstudy only considers one ABUS volupvehereas,
up to threevolumesan beaken duing an ABUS exam of a patier@ititchingor overlayingABUS views
into one volume would be helpful and provide better coverage for deformation of the DBT FE base
algorithm. ABUS stitchingr overlaycould also allow this technique to deform the base ABUS model
into the DBT base model. This would allow the correct cystic and dense lesion matgréatips to be
assigned before FEA to their respective lesidniiture goal is to includeorrelation between DBT and
ABUS sets in the axilla region of the breast.

When translating this technique to patients, we intenuséomore external markers placed at better
breast lacations and have the patient wear a special camisole for the ABUS acquisitiemslyCtins
study shows satisfactory results with the use of just three external markers for batmghdime use of
more external markers will allow for full coverage of the breast including tHargxiegion and we can
better determine what number of markers and their locations render the best results. Asistiwvn

results of Phantom B, it would be better to diledetermine which marker locations are best for all
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patient data by using the same number of markers at the same locations and then algjogttima to
determine the minimum needed for a desired registration result.

We expect that with the usé @ breast ultrasound camisptgeast movement between various scans
can be restricted. This restriction should reduce the effect of vahgmgpmpression between ABUS
views. The use of the camisole can also address an additional potential problem witertred ervarkers
becomingattachedo the ultrasound mesh paddle between multiple ABUS compressions. This camisole
would need to be made of sheer material similar to the Invenia mesh membraneghaitddfect the
ultrasoundwdepth of penetration aaldo does not interfere with coupling to the ultrasound transducer.
Ultrasound penetration and coupling of the Invenia mesh material is well understoadsanteicases
the use of this material improves coupling as it holds ultrasound gel in placeot@ise AWBUS
system (Sono€ing, Inc., Reno, N¥s a commercially available system that uses an ultrasound camisole
that fits similar t0 a sports bra to reduce breast movement during scannimgtiting breasiotion,a
breasitamisole should allow for improvement in lesion registration for the deformadgeing
algorithm.

Specifically, even if some markers become detached there will still be a sufficient memhbéring
that can be used;for registration. This studyswsgght 15 mm bound when determining a match between
corresponding lesions since the phantoms have a uniform background. When translated tstsal bre
this boundswilklikely increase due to breast heterogeneity and breast structu@sdper’s liggments)
that will not be modeled in the FE process. Additionally, we expect to segment giaigtula from the
backgrolind-adipose tissue in the breast oABES** andDBT images. Several studies, have found
successful results in deterritig breast density from DBT breast imag&&® Although, the poor spatial
resolution ehBBT in the z (depth) direction reduces the accuracy of the dense tissue aagmiarthat
direction, the overall cosevolumetric segmentation should still be of value in providing information
about the spatial distribution of the glandular and adipose tissues within thieftarélas deformable
mapping.This should assist with the lesion correlation when the method is translated toipeipes.

The process that took tineost time in this study was the manual segmentation. In order for this
technique to be effective in a clinical platform sematomated and automated segmentation techniques
will be needed anéxplored. Once all images are segmented the automated defommagtying
algorithm takes.about 40 minutes to run on a Windows 7 Intel® Core™ i7 CPU with a spee@ of 250
MHz and 4GB RAM.Theruntimecould be improved greatly with a computer with more memory and a
capable GPU

5. CONCLUSIONS
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This work demonstrates the potential use of deformable mapping techniquesedessbns between
DBT and ABUS breast images. Thtlization of external fiducial markers has been shown to improve
the accuracy of thigpproach. The resulting ot@one correlation between lesions in DBT and ABUS
could help improve radiologists’ characterization of breast lesions, which carengdiient callbacks,
negative 'biopsies and false negative biopsies. Future work will expand thismplaifmclude an IRB
approved study for patient volunteers, and an expansion of the deformable mapping tdohuisgién

relating lesions in other breast modalities such as MRI, dedicated breast CT amilssam US.
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Figure Legends

Fig. 1. Phantom A with external fiducial marker locations indicated Hy A
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Fig. 2: DBT and ABUS acquired images. The red arrows indicate the locations of external fiducial
markers in:(a) DBT image of Phantom A, (b) DBT image of Phantom B, (c) AB@d§earaf Phantom A,
and (d) ABUS image of Phantom B.

Fig. 3: Reader 1's manual segmentation ofieesin (a) Phantom A-DBT, (b) Phantom BDBT, (c)
Phantom A ABUS (d) Phantom B-ABUS

Fig. 4: The automated deformable mapping algorithm process.

Fig. 5: Mesh'transformation for external DBT breast surface mesh to match shape of ABUSmedhce
Brown: ABUS (unchanged) Yellow:Blue (deforme¢) COM translation and rotation of DBT to ABUS
COM (b) Coronal handle manipulation of DBT breast surface mesh (along y axAsjigchandle

manipulation,of DB breast surface mesh (along z axis)

Fig. 6: Lesion cofrelation metrics for COM distanced@ and minimum distance to overlapsjdor (a)

nonoverlapping lesions and (b) overlapping lesions. (Blue = ABUS, Yellow = DBT)

Fig. 7: Average distances between COMs of corresponding lesions in ABUS and DBT imagé&s$o(d

all 3 readers, as well as minimum distance to overlgp é&hd overall lesion overlap ratio (the number of
lesions that overlapped between DBT and ABUS sets divided by the total numberref thatovere
imaged) for'Rhantom A with various number of external fiducial markers. (a) Alemdistances were
within a distance (@ < 1 mm) between readers’ data sets. (b) All marker distances were within a distance

(dw <5 mm) between readers’ data sets. Marker combinations from Fig. 1:6 markers (A-F), 5 Markers

(A, B, C, Ejland F), 4 markers (F, B, E, and C), 3 markers (A, B, aadd<)wo markers (F and B).

Fig. 8: Phantom A lesion correlation for Reader 1 (a) without marker analysizsatorew (b) with
marker analysis coronal view (c) without marker analysis axial view (d) with marker areatjedi view.

All numeri¢ values correspond with Lesion ID’s in Table VI. (Blue = ABUS, Yellow = DBT)

Fig. 9: Phantom"B lesion correlation for Reader 1 (a) without marker analyhis coronial view (b)
with three marker analyses in the coronial view (c) without marker analysisawitiigiew (d) with
three marker analyses in the axial view. All numeric values correspond with Lesion IRl&4l Note
that for the'without marker analysis lesions 5, 6, and 7 did not meet the corraiidioa of being within
15 mm of eachrether (S@able VII). (Blue = ABUS, Yellow = DBT)

Fig. 10: Relating corresponding lesion in DBT and ABUS original datasets foraPmanbased on use

of deformable mapping algorithm results
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Table I: Phantom material properties

Young’s Modulus (E) Poisson’s Ratio (v)

Z-skin Membrane 10 kPa 0.50
Zerdine background gel 10 kPa 0.50
Dense lesions 60 kPa 0.50
Cystic lesions 0 kPa 0.50
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Table IlI: Criteria for lesion correlation between ABUS and DBT models

dCOM dO

OverlappingLesions decom<10mm n/a

Non-overlappingLesions dcou<15mm  do<7.5 mm

Table Ill: Average DSC and average COM distangg (g results between readers for
correspondingiesions in all DBT and ABUS data sets for Phantoms A and B

Phantom A Phantom B
Reader

) ABUS DBT ABUS DBT
correlation

DSC dCOM (mm) DSC dCOM (mm) DSC dCOM (mm) DSC dCOM (mm)

R1toR2 0.89+0.07 0.20+0.03 0.70+0.19 1.06+0.27 090+0.05 0.31+0.06 0.62+0.24 0.78+0.08
R2toR3 0:88+0.08 0.29+0.01 0.73+0.11 059+0.12 0.88+0.09 0.30+0.05 057+025 0.81+0.17
R3toR1 0:89+0.03 0.36+0.01 0.72+0.21 1.16+0.23 091+0.04 0.21+0.03 0.83+0.04 0.11+0.02

Table IV: Average COM distance {dv) between external markers among readers in DBT and

ABUS data sets for Phantoms A and B.
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dCOM (m m)

Phantom A Phantom B
ABUS DBT ABUS DBT
R1toR2 1.31+0.37 1.37+0.26 0.45+0.27 1.18 £0.26
R2toR3 1.33+0.40 0.69 £0.08 0.74 +0.23 1.38 +0.34
R3toR1 1.77 £0.61 0.97 £0.32 0.48 +0.27 2.24+0.72

Table V:Reproducibility for each reader’s lesion segmentations in DBT and ABUS data sets for
Phantoms A‘and B using DSC coefficients and average COM distajsg. (d

Phantom A Phantom B
Reader

D ABUS DBT ABUS DBT

DSC dCOM (mm) DSC dCOM (mm) DSC dCOM (mm) DSC dCOM (mm)

R1 0.85+0.04 050+0.27 0.78+0.09 188+1.34 0.89+0.02 0.19+0.03 0.68+0.19 0.59 +0.05
R2 0.86+003" 047+034 0.85+0.05 060+045 0.86+0.01 0.23+0.13 0.66+0.16 0.69+0.05
R3 0.86+0.01" 0.29+0.26 0.78+0.07 1.19+0.92 0.87+0.05 0.16+0.04 0.69+0.07 0.42 0.38

Table VI: Lesion correlation for Phantom A when no external markers are used for the

deformation (left) vs. three external markers used for the deformation (right).

Witheut:M arker Analysis With 3Marker Analysis (dy < 0.5 mm)
Leson ID .dgow(mm) do(mm) Overlap LesionID dcow (mm) do(mm) Overlap
1 82+03 34+04 no 1 45+0.2 n/a yes
2 10.2+0.7 3.6+0.3 no 2 71+1.1 n/a yes
3 50+£0.3 n/a yes 3 3.9+05 n/a yes
4 85+0.1 19x0.1 no 4 84+05 1.1x0.0 no
5 47+0.5 n/a yes 5 20+0.5 n/a yes
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6 45201 15+0.6 no 6 36+14 n/a yes
Average 6.8 2.6 Overlap Average 4.9 1.1 Overlap
c 2.4 11 2/6 c 2.4 0.0 5/6

Table VII: Lesion correlation for Phantom B when no external markers are used for the
deformation and with the use of 3 and 2 marker analysis. Note: Lesion Overlap is defined by the
resultant of‘at least 2 out of 3 readers’ data showing overlap for that specific lesion between

ABUS and DBT set!Indicates that lesion 3 in no marker analysis showed overlap for 2 out of 3
readers’ datasets. * Indicates that lesion 7 was out of correlation bounds for one reader set and

therefore thewaluese averaged based for two readers’ data and not all three

Without.Marker Analysis With 2 Marker Analysis(dM < 0.5 mm) With 3 Marker Analysis(dM < 0.5 mm)

Lesion ID dg g, (mm) d, (Mm) Overlap Lesion ID d.,, (Mm) d,(mm) Overlap Lesion ID d g, (Mm) dg(mm) Overlap

1 13:8+0i4 2.7+0.z No 1 58+20 n/a Yes 1 9.1+09 n/a Yes
2 8105 29+0.4 No 2 3.4+0.9 n/a Yes 2 2915 n/a Yes
3 58+24 08x0.C Yes 3 3.4+0.7 n/a Yes 3 3.3+20 n/a Yes
4 11.17+2.0 5.2+1.2 No 4 6.7+1.5 n/a Yes 4 83+16 11+1.3 No
5 n/a n/a n/a 5 10.1+£1.2 1.0£0.8 No 5 115+08 1605 No
6 n/a n/a n/a 6 11.1+2.7 40£04 No 6 11.8+3.7 51+x16 No
7 n/a n/a n/a 7* 12.7+£0.7 58+0.1 No 7* 128+0.2 6.6+08 No
Average 9.7 2.9 Overlap Average 7.6 3.6 Overlap Average 8.5 3.6  Overlap
G 3.5 1.8 1/4 G 3.6 25 417 G 4 2.6 3/7
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