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ABSTRACT

A parallel reconstruction method, based on antiteranaximum likelihood (ML) algorithm, is develope¢o provide

fast reconstruction for digital tomosynthesis margmaphy. Tomosynthesis mammography acquires 11 lose-d
projections of a breast by moving an x-ray tuber@/&0° angular range. In parallel reconstructeath projection is
divided into multiple segments along the chestifiple direction. Using the 11 projections, segmdatated at the
same distance from the chest wall are combinedtopate a partial reconstruction of the total breadume. The

shape of the partial reconstruction forms a thab shngled toward the x-ray source at a projedingie 0°. The initial

partial reconstruction is computed on a single essing node. The reconstruction of the total bresisime is obtained
by merging the partial reconstructions. The overkgion between neighboring partial reconstructiand neighboring
projection segments is utilized to compensate lierincomplete data at the boundary locations ptesethe partial

reconstructions. A serial execution of the compaoiteis compared to a parallel implementation, ugiligical data. The
serial code was run on a PC with a single PentiudiBGHz CPU. The parallel implementation was dgwetbusing

MPI and run on a 64-node Linux cluster using 800Mtanium CPUs. The serial reconstruction for a medsized

breast (5cm thickness, 11cm chest-to-nipple diglatakes 115 minutes, while a parallel implemeatatakes only 3.5
minutes (on 64 processing nodes). The reconstrutitioe for a larger breast using a serial impleragon takes 187
minutes, while a parallel implementation takes Gutes. No significant differences were observetiwiken the
reconstructions produced by the serial and paratiplementations.
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1. INTRODUCTION

Tomosynthesis is an imaging technique that provigdlesar information of an object from a set of die x-ray
projections. In this technique, image slices at arbitrary times within the object are retrospectively recamsted
from a single scan. Tomosynthesis mammography leas lnvestigated to solve the breast tissue supesition
problent®. Conventional two-dimensional (2-D) mammographytsrently the most effective screening tool foe th
early detection of breast cancer. However, theeeatwout 30% of breast cancers missed by mammograpinyarily

due to overlapped normal breast tissue that obsctire cancér Meanwhile, the superimposed normal tissues
sometimes look like a tumor with ill-defined margiron a mammogram, which generates a large number of
unnecessary callbacks. At the Massachusetts Gemtwapital (MGH), false-positive callback rate cadisby
superimposed normal breast tissues is approxim@&¥%. As a three-dimensional (3-D) technique, tomtsesis
mammography provides more accurate diagnosis aratpg overlapping breast tissues.

A prototype breast tomosynthesis system has beeeweloped by MGH and General Electric Global Res€4Fig.
1). A flat panel detector is used to acquire 1Jqmions of the breast over a 50 angular rangeofaed at ~5° angular
steps). The breast and the detector are statiahaigg the acquisition. The breast volume is rettosed from the
projections. A tomosynthesis reconstruction coesi$tmultiple 1 mm thick slices parallel to theetdbr plane.

Each tomosynthesis projection is acquired with Very x-ray exposure. The total dose from 11 prajed is about
50% higher than that generated during a singleesefém mammogram. Conventional screening mammdyrdpkes
a medio-lateral oblique (MLO) view and a cranio-@¢al{CC) view for a breast. Tomosynthesis only mesguthe MLO



view because 3-D structural information is avaidabhd because a MLO view provides the most completerage of
the whole breast. Therefore, the patient is exptsediower dose with tomosynthesis than with cotiemal two-view

mammography. In tomosynthesis, the breast is casaptein the same way as in conventional mammograpteytotal

image acquisition time for 11 projections is abéeconds. Patient motion is reduced by breast masjpn and rapid
image acquisition.

The development of tomosynthesis reconstructioorélgms is challenging because only a limited nurmdfdow-dose

projections, acquired over a limited angular ranges available. Different types of tomosynthesisorstruction

methods have been explored. The conventional #fgoris calledshift-and-add. Using this algorithm, projection
images taken at different angles are shifted anlédogether to generate an in-focus image shoatéd at a defined
depth under the breast surface. The amount of liife is adjusted so that the visibility of features this slice is

enhanced, while the information of out-of-focustteas is blurred. Filtered back-projection baseppathms have also
been investigated, in which dedicated filters aesighed based on the tomosynthesis geometry antkdleres of

interest®. Matrix inversion algorithm have also been devetbpo attempt to balance the quality of the higufrency

signal and the low-frequency signal during recargton’®", Iterative reconstruction algorithms representtiaso

class of reconstruction methods, in which a modehe breast volume is iteratively updated unté turrent output
satisfies a predefined objective funcfioh The objective function determines the quality theonstructed solution.
Dobbins and Godfrey have surveyed tomosynthesikadstextensively, as well as the clinical applimasi’.

For tomosynthesis mammography, we have electedséoan iterative maximum likelihood (ML) algorithrarfour
clinical studies The objective function in the ML algorithm is thikelihood functionL = P(Y|u), which computes the
probability of generating the projectiodobtained in the experiment, given a 3-D modehefattenuation coefficients
u. Clinical studies have shown that cancers missedld mammograms due to superimposed tissues carmadound

in tomosynthesis reconstructions. The number skfglositive callbacks caused by superimposed ndissales is also
reduced using tomosyntheSis Our iterative ML algorithm has been shown to sl tomosynthesis reconstructions
of excellent quality. However, this algorithm regs intensive computation. It takes 1-3 hours tbage8-iteration
reconstruction of a breast volume. The computdiime must be significantly reduced for clinical &pations.

2. METHODOLOGY

A parallel reconstruction algorithm has been dgwetbto perform tomosynthesis reconstruction on -adie based
computing platform. This method uses the same Mbrithm used in the serial implementation. In thegfiel method,
the reconstruction of a big breast volume is diglidigo multiple partial reconstructions. Each garteconstruction is
executed on a CPU node of the cluster. When atigbaeconstructions are computed, reconstructibthe whole
breast volume is generated from these partial gooctions. In our implementation, the number oftiph
reconstructions is equal to the number of clustefes (one partial reconstruction per node). Theeefioe total time
includes the time one partial reconstruction coresinplus the time to compute the projection partjtito perform
volume retrieval, and to transfer data.

2.1. Data partition

For efficient parallel computation, one would wamiimit the amount of inter-node communication.this work, data
partitioning is used such that a computation on coster node is independent of the computatiofiopmed on any
other node. A tomosynthesis projection is dividei imultiple segments along the chest-to-nippledlion Fig. 2A).

In projectioni, thej-th segment from the chest wall side is denotefjjaBrom the 11 projection images, segments with
the same indeikare grouped and used for a partial reconstructicdhe breast volume.

The partition of the reconstructed volume is deteed by the way in which the projection images paetitioned. In
our approach, the reconstruction volume is partét along the chest-to-nipple direction, just as fojection
segmentsKig. 2B). The shape of a partial breast volume is a tlaib angled toward the x-ray source at’gfbjection
angle. The extension of the mid-plane of the plardaonstruction passes through ttfexéray source. The size of a
partial reconstruction is the area of the corredpunprojection segment multiplied by the breagtkhess. Since the x-
ray is contained in the extension of the mid-plahe, shape of a partial reconstruction is sligltifferent than its



neighbors. The angle made by the intersection efrttid-plane of a partial reconstruction and thesctetr plane
increases as the partial reconstruction gets clostre chest wall side. Under cone-beam geomdttg partitioning
insures that most projection data required for digdareconstruction is contained in the correspogdprojection
segments.

2.2. Overlap between partitioned data

Because of the cone-beam geometry, some projedtitanrequired for a partially reconstructed volusmmissing using
of the partition scheme described above. The nasginjection data results in incomplete data atatendaries of the
partial reconstructiond=(g. 3, the actual shape of the incomplete-data regiowisshown). Since the incomplete-data
region only occurs at the boundary, the size ofgtwection segments and the size of partial vokimsencreased so
that the geometrical of a bad-data region in aiglaréconstruction is overlapped with a correctadeggion in the
neighboring partial reconstruction. With sufficiemterlap, we can guarantee that, for any locatidthimvthe breast
volume, valid reconstruction data can always beenstd from the partial reconstructions. Therefdhe, incomplete
data regions are compensated by allowing for ope(d@ta redundancy) between neighboring projectegments and
between neighboring partial reconstructiofig( 2 and 3).

2.3. Volume merging

Reconstruction of a complete breast volume is abthiby merging partial reconstructions. To allodhte value of a
voxel in the breast volume, the location of thigefas first calculated. A partial volume that cos¢his location is then
identified and the value for the voxel at this lib@a is recovered from the selected partial reqoiesion. If the voxel is
located in the overlap region between two pargabnstructions, the value will be retrieved frora flartition with a
mid-plane that is closer to this voxel. The reasgibehind this choice is based on the fact thatgibod-data region in
a partial reconstruction is close to the mid-plambijle the incomplete-data region is located at oeindary. For
example, if the voxel being generated is locateth@omplete-data region 1 of the partially recomsted volumg in
Fig. 3, the volume-merging scheme will find two partiatonstructiong andj-1, both of which cover the location of
this voxel. The scheme will choose the partial nstauctionj-1 to retrieve the voxel value because the locatiothis
voxel is much closer to the mid-plane of partiadaestructionj-1, which is in the good-data region. Our volume-
merging scheme makes sure that the reconstructitteavhole breast volume can always be retrievethfgood-data
regions in the partial reconstructions.

3. DATA

We have selected two different clinical cases tengare the performance of the serial and the pardie
implementations. The first case is a medium-sizeddt, with a thickness of 5 cm, and with a chestipple distance
of 11 cm (1100x2304x50 voxels in reconstructiorfje Becond case is a very large breast, with artegkof 7 cm and
a chest-to-nipple distance of 14 cm (1400x2304x@Rels in reconstruction). These cases provide ubl o
reference points. We can measure the time ne@dprbtess a typical and a computationally-intensiveosynthesis
reconstruction. The serial implementation, whichorestructs the complete breast volume as a siregensnt, was
executed on a single-CPU workstation. This systeossesses a 2.2 GHz PentiumlV CPU. Our parallel
implementation, which uses a multi-segment schewas,executed on a 64-node Itanium-based syste®0(d8z 64-
bit architecture), interconnected by a 1Gb Myrinetwork switch. A 50% overlap between neighborimgjgxtion
segments was used, which provided very satisfaatesylts for these two cases. The optimal sizehef dverlap
between neighboring projection segments remairapan problem to be studied in future work.

4. RESULTS

For the medium-sized breast dataset, an 8-iteragioonstruction took 115 minutes using the senglléementation run
on the PC workstation. The parallel reconstructioplemented on the 64-node cluster took around n3ifsutes.
Reconstructing the larger breast dataset took li@utes using the serial code and 6.5 minutes ugiagarallellized
code. Computation time was significantly reducedun parallellized implementation.



We next compare the quality of the serial and pelredconstructions. Three reconstruction slicesated at 5 mm, 18
mm and 33 mm under the skin, were compared fromréoenstruction. Results from the single-segmenigalse
implementation $) and the multi-segment parallellized implementatfdl), as well as an image generated capturing
the difference between the two metho8s\M), are shown irFig. 4. As we can see, no significant difference is enide
between the reconstructed images produced by twteimentations. Only a small geometric mismatch (#@x&ls) was
found to exist between the two results. The mismat@s caused by rounding operations performed dudista
partitioning and volume merging. The pixel valuetlie difference image was about 2-3% of the pixdue in the
reconstructed slice. From the reconstructions efléinger breast, three reconstructed slices locattei@pths of 10, 30
and 50 mm under the skin were selected for compaffsg. 5). The pixel values in the difference image onlarged
in 1-2% of the pixel values in the reconstructidines The reconstruction using the parallel impletagion provides
equivalent diagnostic information as produced keydhiginal serial code.

5. CONCLUSIONS

A multi-segment parallel reconstruction algorithmash been developed, which provides fast tomosyrghesi
reconstruction on a 64-node cluster. The fidelftyhis implementation tested using both a mediuredibreast dataset,
as well as a much larger dataset. No significafferdinces in image quality were observed betweenpérallel
implementation and the original serial method. um future work, we plan to experiment with tradeolfietween the
size of the overlap region and the resulting imaugglity.
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Fig. 1 Breast tomosynthesis system, (A) Front view ofgihstem; (B) Side view of the system. Eleven prigest are
acquired over a 50° angular range (~5° angulaskt&uring the acquisition, the breast and the deteare stationary
and the x-ray tube is rotated. An a-Si flat pasetiector (100um pixel size) is used to record irmaf anti-scatter
grid is used. An amorphous Si (Csl:Tl) flat-panekattor (18002304 pixels, 0.1 mm pixel size) is used to record
projection images. A Rh/Rh target/filter combinatis used to image 3-8 cm thick breasts. The expdsme for each
projection is 0.1~0.2 second and detector readimgt is about 0.3 second. The x-ray tube is movatdemext position
during the detector readout. The total image adipnstime for 11 projections is about 7 seconds.

Fig. 2 Partition of the projection and the reconstructicsiume. (A) A projection image is divided into miple
segments along the chest-to-nipple direction. Saeggngith the same indgxfrom 11 projections are grouped and used
to reconstruct a partial breast volunéB) The reconstruction of the breast volume g glartitioned along the chest-
to-nipple direction. The shape of a partial recardton volume is a slab tilted toward the x-rayise at O projection
angle. The x-ray source at & located in the extension of the mid-plane efplartial reconstruction volume. The shape
of a partial reconstruction volume is differentritenother one (such as partial volumesdj-1). The size of a partial
reconstruction volumgis the area of the projection segmentultiplied by the breast thickness. In (A) and,(8yerlap
between neighbor projection segments and betwaghbwr partial reconstruction volumes is illustchte

Fig. 3 Reconstructions of two overlapped neighbor partabnstruction volumesandj-1. Bad-data regions exist in
boundaries of the reconstructions (the shape ob#tiedata region is not as illustrated). In tHisstration, the overlap
is large enough so that each bad-data region art&preconstruction volume is overlapped withcddrdata region of
the neighbor partial reconstruction volume (badkdagion 1 of volumé-1 is compensated by volunje&; bad-data

region 2 of volumg is compensated by volunjel). In volume merging step, the reconstruction ef whole breast is
retrieved using only the good-data regions of theial reconstruction volumes. For a voxel locatedhe overlap

region, its value is retrieved from the partialamstruction volume whose mid-plane is closer ts tlixel because the
good-data region of a partial volume is close ®rttid-plane while the bad-data region is locatetti@boundary.

Fig. 4 Reconstructions of a regular-sized breast (5 coktigss, 11 cm chest-to-nipple distance) using tmeparallel
and parallel algorithms are compared. Reconstmdlies using the single segment non-parallelrdtga (S), the
multi-segment parallel algorithnVK); and the difference between these two algoritl{Bi) are shown in three
columns. Slices located at 5 mm (sub-skin), 18 mrhghign tumor in the middle, close to the chedhwand 33 mm
(normal breast tissues) under the skin were cormpdree difference in pixel value between the twoorestructions is
about 2-3%. A small geometric mismatch was obseimdtiis case too. No significant difference betwélee results
from the two algorithms was found.

Fig. 5 Reconstructions using the non-parallel and paralegbrithms are compared. This case is a very largast (7
cm thickness, 14 cm chest-to-nipple distance). fiils¢ column §) shows the reconstruction slices using the single
segment non-parallel ML algorithm; the second calu@) shows the slices using the multi-segment parallel
algorithm; the difference between these two algari is shown in the third columi®{M). Slices located at 0 mm
(breast surface where blood vessels are visibene (breast tissue, a mass with smooth boundahedtottom, and

a lymph node on the top left), and 40 mm (a caicéne middle) under the skin were selected froenriconstruction.
The difference in pixel value between the two restarctions is about 1-2%. A small geometric mismg®-3 pixels)
exists, which may be caused by the rounding-oféremn the implementation of data partition and arvolume
merging.
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