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A method is proposed for generating synthetic mammograms based upon simulations of breast
tissue and the mammographic imaging process. A computer breast model has been designed with a
realistic distribution of large and medium scale tissue structures. Parameters controlling the size and
placement of simulated structuréadipose compartments and dygtsovide a method for consis-

tently modeling images of the same simulated breast with modified position or acquisition param-
eters. The mammographic imaging process is simulated using a compression model and a model of
the x-ray image acquisition process. The compression model estimates breast deformation using
tissue elasticity parameters found in the literature and clinical force values. The synthetic mammo-
grams were generated by a mammogram acquisition model using a monoenergetic parallel beam
approximation applied to the synthetically compressed breast phanton200® American Asso-
ciation of Physicists in Medicine[DOI: 10.1118/1.1501143

Key words: mammography simulation, 3D, breast tissue, mammographic compression, x-ray
image acquisition

[. INTRODUCTION essential in the development of such systems to have a tool
that can be used to test the visibility of breast structures and
Visibility of breast lesions in mammography is compromisedhelp select optimal views for 3D reconstruction, since the
by overlapping projections of normal anatomic structuresnumber of views is limited by the amount of radiation re-
that generate a background texture, which can mask existingejved.
abnormalities or introduce false ones. Several authdrs  Historicall, mammography simulation started with the
have shown that these parenchymal patterns are often thfsign of the first mathematical breast models for computing
limiting factor in detection tasks. A 3D simulation of mam- the dose received by a patient during an examination using
mography is proposed to provide insight into the formationMonte Carlo simulation of x-ray interactiofisThese simu-
of such patterns. The simulation allows one to analyze theations have used fairly crude models of breast anatomy,
correlation between the 3D composition of the breast and itfacking internal structures. More recent analytical models of
2D mammographic appearance. By identifying the dominantnammographic image acquisition have related the average
anatomical structures found in an average breast, this modehlues of the incident x-ray flux, linear attenuation coeffi-
can help analyze the deformation of those structures duringients of breast tissue, and the film density or pixel digital
the exam and their appearance in mammograms. A 3D manvalues in the obtained mammografis.
mography simulation can also serve as a complement to ex- There are two approaches to modeling the image content
periments with respect to positioning, compression, and acf mammograms. In a 2D approach, mammograms are mod-
quisition. Optimization of imaging parameterfsuch as eled based upon the analysis of spatial correlation between
compression angle and force, x-ray tube kVp and mAs) etc.image pixel values, using various random field methidds®
cannot be achieved by repeatedly imaging the same patierguch models can match some of the statistical properties of
due to concerns about the radiation dose. Such simulationgal mammograms, but they cannot reveal the relationship
can also be useful in training medical personnel by demonbetween the 3D structures of the breast, nor they can consis-
strating the effects of technique selection on image quality otently produce images of the same breast with modified po-
by determining 3D lesion position from two or more projec- sition or acquisition parameters.
tions. Finally, a 3D breast model can provide a theoretical In this paper we propose a second approach, whereby
framework for testing new breast imaging modalities. Manymammograms are modeled by projection of simulated 3D
new modalities are being developed today, includinganatomic structures, based upon the size and the distribution
stereoscop§;® tomosynthesié, and 3D image recon- of large and medium scale tissue regions found in the breast.
struction? which are expected to provide more diagnosticlt is our hypothesis that the distribution of the 2D structures
information about normal and abnormal tissue structure. It i$een in mammograms reflects the distribution of the 3D tis-
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Mammography Simulation

Breast Tissue Model

|

Large Scale Elements: AT, FGT
Medium Scale Elements: Shells, Blobs,

Compression Model

Compressed Breast Model

Acquisition Model

l

Synthetic Mammograms

Fic. 1. Components of a system for mammography simulation. The flow-
chart shows the orddtop-to-bottom in which the model components are
simulated.

sue structures of the breast. Thus, the background texture i
the synthetic mammograms so generated, should have sim
lar properties to those found in clinical images. (b)
Positioning and compression significantly affect the ap-
pearance of mammograms. Until receﬁ‘tr}}%here were no FG. 2. Anlatomic_ structures of\ﬂtg? breast includec(i]| in the ttilssuz_m(m)elt._
. arge scale regions seen In Images as predominantly adipose tissue
mOdels,Of breast deformatlon’ due to the gomplex ana‘t()rr&eg;ion, AT (bright), and predominantly fibroglandular region, FGdark
of the different types of interwoven breast tissue, whose Mesyrrounded by the AT (b) Subgross(thick) histologic slice showing large
chanical properties are difficult to analyze. We have approxiscale regions: AT and FGT, and medium scale tissue structures: compart-
mated breast compression by separate deformations of tiSSU@mS surrounde_d t_)y Cooper’s ligaments in the AT and sr_nall adlpos_e cavi-
lavers positioned normal to the compression plates ties and ducts within the FGTSubgross breast histology image provided
y p S . . p p : courtesy of Dr. R. D. Cardiff.
The objective of this work is to generate synthetic mam-
mograms. A method for achieving this goal is described in
Sec. I, while the results of the simulation are shown in Secpositioned normal to the compression plates. Each slice is
[Il. An accompanying paper details an analysis of the qualityapproximated by a beam composed of two different tissues.

of the modeft’ Deformed slices are stacked to produce a model of the com-
pressed breast. The mammogram acquisition model was
1. MAMMOGRAPHY SIMULATION adopted from the literaturé,assuming monoenergetic x rays

and a parallel beam geometry without scatter. Presently, the
The proposed mammography simulation consists of thregynthetic mammograms are generated with a spatial resolu-
major components: a 3D software breast phantom, a comyon of 200 um/pixel because the current model version does
pression model, and an x-ray image acquisition mddeé ot include fine tissue details. This resolution is comparable
Fig. 1). The breast phantom is a software tissue model congg the resolution of digitized mammograms in the Mini

taining two ellipsoidal regions of large scale tissue elementsi A database(obtained by averaging >4 pixels in the
predominantly adipose tissy&T) and predominantly fibro-  griginal MIAS databas).

glandular tissu¢FGT). The internal tissue structures of these

regions, namely the adipose compartments and the breagt sofware breast phantom

ductal network, are approximated by realistically distributed ) . .

medium scale phantom elements: shells, blobs, and the simd: Modeling large scale tissue regions

lated ductal tree. The compression model is based upon tis- Figure 2 illustrates the types of anatomic structures of the
sue elasticity properties and a breast deformation model. Désreast which are included in the breast phantom. Fig(ae 2
formation is simulated separately for tissue sliéeslayers  is an MRI breast section, showing the shape and position of
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Fic. 3. Orthogonal sections of the uncompressed breast model. Paramet

2133

(® (b) (©

Fic. 4. Examples of different tissue distributions in real breasts, illustrated
with clinical mammograms from the MIAS database. The amount of adipose
tissue affects the size and visibility of compartments seen in the AT and FGT
regions.

The interiors of the shells and blobs have the elastic and
x-ray attenuation properties of adipose tissue. As a first ap-
proximation, the adipose compartments are represented by
spheres. The size of the spheres can vary to allow for normal
breast anatomic variations.

Figure 3 shows two orthogonal cross sections of a breast
tissue phantom. Simulated regions of predominantly adipose
and predominantly fibroglandular tissue are seen, together
with the spherical approximation of adipose compartments in
those regions. Note that the size of the simulated compart-
dnents in the AT and FGT regions differ. The size of the

without subscripts correspond to the semi-axes of the ellipsoidal approxima@dipose compartments varies in different women, depending
tion of the breast outline; superscriptsandP correspond to the anterior and upon the amount of adipose tissue in the breast, as seen in

posterior border of the FGT model region, respectively.

the large scale tissue regions. The MRI shows the predomi
nantly fibroglandular tissue, appearing as a dark region in the¥§

sue, a brighter region surrounding the fibroglandular tissue 8§52
Internal structures of these tissue regions are less clearly vigh
ible, due to the relatively low MRI resolution of approxi-
mately 1 mm/pixel. Figure (») shows a subgross histologic
slice of the breast, obtained after mastectomy. The predomil
nantly fibroglandular region in the slice is represented by
darker image region in the center, surrounded by brighter

into round compartments, formed by fibrous Cooper’s liga-

ments. The FGT region also contains adipose compartment
but they are smaller in size than the compartments in the A

model elements.

2. Modeling adipose tissue compartments (a)

The. adipose compartments are apPrOXimated by . thifs. 5. sections of breast models with different sized tissue elements labeled
shells in the AT region and small blobs in the FGT region.according to Table | aga) “Small,” (b) “Medium,” and (c) “Large.”

Medical Physics, Vol. 29, No. 9, September 2002
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sen for modeling the ducts since it offers the least con-
strained branching pattefdThe ductal model consists of 15
lobes and each lobe is simulated by a different random bi-
nary tree. Different trees are generated by using different
random number generator seeds. A simulated ductal network
is shown in Fig. 6. For clarity, only 5 out of 15 lobes are
visible.

B. Mammographic compression model

The mammographic compression simulation is based
upon a deformation model including realistic tissue elasticity
properties. Elasticity parameters of the tissue found in the
literature vary significantl®=>2One of the reasons for these
variations is that the experiments for determining the elastic
properties have been performed using small samples taken
from a particular tissue typg.g., adipose, fibroglandular, or
cancerous However, the breast is comprised of a compli-
cated admixture of different tissues which affect the elastic
behavior of the whole organ.

The parameters most often used for description of elastic
properties are the Young's linear elasticity modulisand
the Poisson’s ratioy, defined by

(a) (b)

o FIA Aw
Fic. 6. Examples of computer generated ductal lok@sA simulated mam- E=—=—-, v=——. (1)
mogram with five duct lobes. For the purpose of this illustration, other e Al Al
medium scale image elements have been suppre@setivo views of the The Young’s modulus relates the strai, as a measure of
same simulated ductal network, used to generate imaga).iriThe letter . . ) )
“N” indicates position of the nipple. deformation(i.e., the fractional change in lengthl/l) and

the stressg (the forceF applied to the surface aréaof the
deformed objegt The Poisson ratioy, is equal to the ratio
Fig. 4. Adipose compartments are more easily identified in ®#f transverse contractiomyw, to the elongationAl, of a
histologic slice than in a mammogram, since the latter imagé&leformed bar. It is usually assumed that human tissue can be
contains the superimposed projections of many tissue layergpproximated as an incompressible material, whose volume
Simulations of breasts with different sized adipose compartdoes not change during deformatihFor incompressible
ments are illustrated in Fig. 5. The procedure for generatingnaterialsy~0.5.
simulated tissue compartments starts by filling the 3D breast The other elasticity moduli used to describe the behavior
phantom with compartments of the largest selected size unt@if material are the bulk modulu&, and shear modulus;,
they start to intersect each other. The compartment size ihich can be expressed using the value& @nd v:
then reduced and the procedure continued until the smallest E E
selected size has been reached. K= 31-21) G= 20+ 0) 2

There is a relationship between the bulk elasticity modulus,
K, material densityp, and the speed of sound through the
To achieve a sufficiently realistic tissue phantom it is alsomaterial,v, given by
necessary to model the breast ductal network. Ducts can be
visualized by galactography, a clinical x-ray imaging proce- U~ \/K_/p' @)
dure whereby the ducts are enhanced by injection of a corln the compression model, the elasticity parameter values of
trast agent. The breast ductal system consists of about 15—2@lipose and fibroglandular tissues were computed using the
ductal lobes, each corresponding to a major duct branchingalues of ultrasound velocity through various tissues found
from the nipple into a network of smaller ducts. In galacto-in the literature®®
grams, usually a single lobe is enhanced. Larger ducts are The Mammography Quality Standards Actegulates the
more visible than the smaller ones, since they attenuate morainimum and maximum breast compression to be used in
X rays. mammography. In general, the mammography technician
The main focus of our model is on the pattern of ductwill apply the maximum force tolerated by the patient to
branching. This pattern can be expressed by a ramificatioachieve optimum quality mammograms. Sulliveinal >° re-
matrix, representing probabilities of branching at differentported a statistical analysis of the compression force and
levels of a tree structur€.There are no previous reports in compressed breast thickness, measured during 560 exams.
the literature on analyzing the breast ductal network by ramiSimulated force values were selected to address these con-
fication matrices. The class of random binary trees was chaosiderations.

3. Modeling breast ductal network

Medical Physics, Vol. 29, No. 9, September 2002
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There are very few published results about deformation oDeformation of each slice is computed in three steps. First, a
breast tissue structures during mammography. One reasonrisctangular slice approximation is computed. Second, slice
that it is hard to provide 3D visualization of such deforma-deformations are estimated using a composite beam model.
tions. Clinically available 3D breast imaging techniques, ul-Third, the compressed slice shape is computed from the de-
trasound and MRI, have lower resolution and poorer qualityfformed rectangular approximation. Compressed slices are
than mammography. In addition, both methods use much lesstacked together to form the compressed breast model shape.
compression and are not applicable for analyzing tissue deA detailed description of the processing steps is given in the
formation during mammography. In our compression modelfollowing.
tissue deformation is estimated in two phases. First, the large
scale model elements, the AT and FGT regions, are deforme
to determine the shape of the compressed breast. Second,
medium scale model elements are deformed by transforming A slice of the breast model is replaced by its rectangular
the shells and spheres into ellipsoids. After compression andpproximation. The whole slice region and its FGT portion
X-ray image acquisition, the medium scale elements appeare approximated by rectangles, satisfying the following con-
as elliptical structures in synthetic mammograms correstraints:(i) the area of the rectangular slice approximation,
sponding to the oval shaped lucencies seen in real mammd\g.., and area of the rectangular FGT approximatitgg,
grams. are the same as the corresponding areas in the original slice;

The compression of large scale model elements is simudi) the side of the rectangular slice approximation in the
lated in the form of separate deformations of the breast tissuehest-nipple directiondgi.e, and the side of the rectangular
slices, positioned normal to the compression plates. In thiEGT approximation in the same directiag, are equal to
paper, the medio-lateral obliqU®LO) mammographic view the corresponding dimensions in the original slice; &iid
is modeled since it provides visualization of more breast tisthe distance between the centers of gravity of the rectangular
sue than other view&. Moreover, in a number of countries, slice approximation and the rectangular FGT approximation
e.g., UK, the Netherlands, and Sweden, it is the only viewis the same as the corresponding distance in the original
obtained by breast screenifgCompression for other views, slice. This constraint is not used for deformation of the slice
e.g., cranio-cauddlCC), can be simulated by a modification through the nipple, because it may produce a rectangular
of the described model. In the case of MLO compressionapproximation of the FGT region protruding outside of the
tissue slices are positioned normal to the MLO view planeslice. Instead, the FGT region is positioned so that it touches
In this case, a slice appears as a semiellipse, and the FGfie nipple side of the rectangular approximation of the whole
portion of the slice appears as the intersection of two semieklice.
lipses, as shown in Fig. 3. Slice thickness corresponds to the Using these constraints, the dimensions and relative posi-
model resolution specified at the beginning of the simulationtions of the rectangular slice and FGT approximation are

.eRectangular slice approximation

Medical Physics, Vol. 29, No. 9, September 2002
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computed. An example of a slice through the nipple is illus- En K

2

1%

trated in Fig. 7. EA DA PAYA
Ere Kre  provie

—0.81. @)

2. Slice deformation via a composite beam model Finally, there is a relationship between the strains in dif-

The approximating rectangles preserve the elastic propeF?rent parts of the rectangular slice approximation, since:

ties of the corresponding slice regions. The elastic properties ,y
of the AT and FGT regions are modeled by linear Young'’s
moduli, E5 andEgg, respectively. This rectangular slice ap- o )
proximation can be treated as a composite 2D elastic bean{/hich after dividing byw, and using the fact thadg = €,
positioned between two bars corresponding to slices througdue to symmetry, yields

the compression plates. Deformation is estimated by apply-

ing a force to the compression plates which in turn deforms _

the composite beam. It is assumed tfiathe slice thickness LRy, * Rowy, ©

is much smaller than the sides of the approximating rect- . ) . ]

angles andii) during the compression, the slice stays in the Eduations(4), (6), and(9) yield dimensions of the rectan-
same plane as before compression. The latter assumption$&/lar slice and FGT region normal to the compression plates
based on the fact that in reality slices of tissue are not com@fter the compressiongecsiiceandWrecre, respectively:
pressed independently; the neighboring tis&leove or be- whew
low) partially confine the slice to a plane. Slices in the planes  RecSlice
above or below the nipple level do not have initial contact

with the compression plates. It is assumed that all slices deAssuming that the areas of the rectangular slice and FGT
form with the same strain value which is equal to the strain‘egion, Agjce andAgg, stay the same before and after com-

L:AWR1+ AWR2+ AWR3' (8)

Wi(1-€),  Wreerg=Wr, (1~ €,). (10)

of the slice in the nipple level: pression, we can compute the dimension of the rectangular
ew c slice and FGT approximation in the chest-nipple direction
ompress . .
Eglice= €NPPIe= AWRGCS"ce: _ Wrecslice , W P after compressiondfarsice@Nd dRacre respectively:
ice 1
WRecslice W?\’Igcsnce WReIax
Agji A
(4) new _ /‘Slice new _ ©‘FG (11)

Niople . . RecSlice™ new ! RecFG ™~ new

where €gjice and eg2® represent strain for any slice and RecSlice RecFG

strain for the slice in the nipple level, respectively%.qce

andWeecsicerepresent size of the rectangular approximationz, compressed slice from the deformed

normal to the compression plates, before and after compresectangular approximation

sion, respectivelywRe®andw°mPesyepresent breast thick- _ _ _ o

ness before and after compression, respectively. The inten- The final step of the slice deformation modeling is the
sity of the compression force is included indirectly, by computation of the compressed breast slice from its de-
specifying the thickness of the compressed breast. Since fgrmed rectangular approximation. The compressed breast

linear model of tissue elasticity is used, only the ratio ofdoes not have an ellipsoidal but rather a flattened sffafe.
Young's moduli for the AT and FGT region is needed to The thickness of the compressed breast is constant and equal

estimate slice deformation. to the distance between the compression platé$mPress

The stress in the rectangular FGT regiog,, is the same everywhere except in a narrow region close to the front edge

as the stressess. andor_ in the parts of the rectangular AT of the breast. Analysis of that region on a mammogram was
. . L 3 used to estimate the breast thickness directly from
region with th|cknes:le and WR,»

mammograms’ To achieve a realistic shape of the com-

=0R,. (5) pressed breast slice, a correction was applied to the nibdel.
This correction assumes that the deformed breast slice con-

Replacingo; by Eje;, from Eq. (1), the strain in the rectan- sists of a rectangle positioned at the chest wall side, and a

0'R1:0'R2

gular FGT approximation is calculated as: semiellipse attached to the rectangle, extending forward to
=N the nipple(see Fig. 7.
€R,~ E__€R;" (6) Parameters of the deformed rectangle and semiellipse are
FG

computed satisfying the following constrain{s: the sum of
The ratioE,/Erg is computed based upon the relationshipthe rectangular areadRea"9% and the semielliptical area,
between the bulk elastic moduli, tissue density, and velocityAF"P*¢ is equal to the area of the whole uncompressed slice,
of sound propagation through the tissue. Measured values @gi.c; (ii) one side of the rectangle and one axis of the
the velocity of sound in samples of adipose and fibroglandusemiellipse are equal to the distance between the compres-
lar tissue are vy=1470 m/s and veg=1545 m/s, sion plates for the compressed breagt®™ eSS and (i) the
respectively® Densities of the adipose and fibroglandular slice region where the thickness is less thverP™PeSScon-
tissue are p,=930 kg/nt and pps=1040 kg/ni, tains 10% of the whole mammogram breast afeBhe de-
respectively’® Using Eq.(3), gives scribed correction for flattening the compressed breast is

Medical Physics, Vol. 29, No. 9, September 2002
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(b)
Fic. 8. Examples of synthetic images with different sizes of tissue modeld@mma and the speed coefficient, reSpeCtlveW' Itis assumed

(©)

elementdi.e., simulated compartments in the AT and BG@Which are used

2137

TasLE |. Radii of simulated adipose compartments in the AT and FGT, used
to generate the synthetic mammograms.

Model regions

Structure radii AT (mm) FGT (mm)

Small 2.7-6.7 1.3-2.7
Medium 4-10 2-4

Large 5.3-13.3 2.7-5.3

wheren represents the quantum efficiency of the screfis,
the fluence at the entrance to the bre&sthe x-ray photon
energy,C is the attenuation factor due to the compression
paddle and gridw©°™P"sSs the compressed breast thickness,
a andb are digitization coefficients, andand g are the film

that the digitization output is proportional to optical density,

for comparison with clinical mammograms. The images are labeled accordthys Eqs.(12) and (13) can be simplified so that DV is lin-

ing to Table | asi(a) “Small,” (b) “Medium,” and (c) “Large.”

early proportional to the ray sum. The linear x-ray attenua-
tion coefficients of the AT and FGT tissue, taken from the
literature®? are ur=0.456 cm* and urg=0.802 cm?, at

slice. Deformation of the FGT region is still computed usingthe literature’

the 2D composite beam approximation.

Separate processing of individual model slices is followed||. SIMULATION RESULTS AND DISCUSSION

by stacking the deformed slices together to get the 3D com-

pressed breast model. Slices whose relaxemcompressed
thickness is less than the compressed breast thickness are

Figure 8 shows three synthetic mammograms generated

Hgtour simulation. These three images differ in the size of the

ulated medium scale tissue structures. The ranges of adi-

processed at all; they are assumed to preserve their relax&l"” L :
shape. The compressed breast thickness was used insteaaoqf’e cqmpgrtments Tad” 'S|mulated in the mammograms
the compression force to compute the deformation of the(S own in Fig. § are given in Table_l.

breast model slices. The compression force can be calculated It can be noted_ that the_ propqrtlons_ of the breast mo_del,
from the difference of the relaxed and compressed bread vertical to horizontal dimension ratio after compression,

thickness and tissue elastic moduli using Hooke’s law. Whe/f9r€€ ‘.N'th t_he “st_andard breast” from Nové‘kdeflne_d by .
i ofiveraging dimensions of 27 compressed breasts. Dimensions

of the breast model are smaller than the “standard breast” by
approximately 15%.

The synthetic mammograms were printed on fIRGFA

The x-ray image acquisition model consists of an x-ray-R9200, AGFA-Gevaert, Belgiupifesize, and were shown
propagation model, which includes attenuation by the breadf radiologists in the Breast Imaging Center of Thomas Jef-

tissue and conversion of the x-ray energy into film density,ferson University. Qualitatively, subregions of synthetic and

and a model of mammographic film digitization. In the caseClinical images were reported to have similar appearance

of digital mammography, the film and digitization models When viewed at a distance of 1-2 m. When examined
should be replaced by a model of a solid-state x-ray detectdflosely, it was observed that the synthetic images lack blood

the adipose and fibroglandular tissue are needed.

C. X-ray mammogram acquisition model

array. The model is adopted from the literatiffeand for
simplicity assumes a monoenergetic x-ray spectrum and
parallel beam geometry, without scatter.

vessels and other organized fine tissue structures. In addition,
the borders between the AT and FGT regions in the synthetic
mammograms appeared as a clear, geometrically regular

The mammogram acquisition model relates the Spatia§eparation degrading the subjective pergeption of reaility. For
distribution of the x-ray energy imparted to the intensifying (N€ latter reason, the model was modified by addition of
screenk, , to the mammogram digital valuéafter digitiza- small random variations to the position of the borders be-

tion), DV, and the linear x-ray attenuation coefficient of tis- Ween the compressed AT and FGT phantom regions. This
sue, correction is included in Fig. 8.

As stated in Sec. |, the model for producing the synthetic
mammograms was based upon the hypotheses that the size

_ Compress
Ei(x.y)= 77¢EC9XP[ - fsz p wi(x,y,z)dzt, (12  and the distribution of simulated 3D tissue elements are simi-
z=0 lar to those found in the real breasts, and that the 3D tissue
distribution is reflected in the distribution of 2D mammo-
DV(x,y)=a—bylog;o{ BE,(X,Y)}, (13)  graphic structures. In order to evaluate the synthetic images,
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we performed statistical comparisons of several texture demammograms could be used for testing algorithms for can-
scriptors computed in synthetic and clinical mammogramscer detection.

including: average size of image objects, texture energy, and

fractal dimension. These descriptors have been previousl

used in the literature for the analysis of parenchymal pattern CKNOWLEDGMENTS
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