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Purpose: Accurate anatomical characterization of the breast is useful in breast phantom develop-
ment and computer modeling of breast imaging technologies. Capitalizing on the three-dimensional
capabilities of dedicated breast CT �bCT�, a number of parameters which describe breast shape and
fibroglandular distribution are defined.
Methods: Among 219 bCT data sets, the effective diameter and length of the pendant breast as well
as the breast volume were measured and characterized for each bra cup size. The volume glandular
fraction �VGF� was determined as a function of patient age, BIRADS density, bra cup size, and
breast diameter. The glandular fraction was examined in coronal and sagittal planes of the breast,
and the radial distribution of breast glandular fraction within a coronal bCT image was examined
for three breast regions. The areal glandular fraction �AGF� was estimated from two-dimensional
projections of the breast �simulated by projecting bCT data sets� and was compared to the corre-
sponding VGF.
Results: The effective breast diameter and length increase with increasing bra cup size. The mean
breast diameters �� standard error� of bra cup sizes A/AA, B, C, and D/DD were 11.1�0.5,
11.4�0.3, 13.0�0.2, and 13.7�0.2 cm, respectively. VGF was lower among older women and
those with larger breast diameter and larger bra cup size. VGF increased as a function of the
reported BIRADS density. AGF increased with VGF. Fibroglandular tissue was distributed prima-
rily in the central portion of the breast.
Conclusions: Breast metrics were examined and a number of parameters were defined which may
be useful for breast modeling. The reported data may provide researchers with useful information
for characterizing the breast for various imaging or dosimetry tasks. © 2011 American Association
of Physicists in Medicine. �DOI: 10.1118/1.3567147�
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I. INTRODUCTION
Understanding the characteristics of breast anatomy is the
first step to modeling the interaction between the breast and
a proposed or existing imaging system. Sophisticated physi-
cal phantoms and computer models of the breast have been

useful for various research purposes including optimization
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of breast imaging systems and x-ray dosimetry using Monte
Carlo simulation. Two-dimensional1–5 �2D� and
three-dimensional6,7 �3D� breast models have been devel-
oped. The complexities of breast tissues, such as ductal lobu-
lar units, Cooper’s ligaments, ductal networks, pectoralis

muscles, and various types of breast cancer, have been ana-
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lyzed and simulated using well-established mathematical
models based on 2D mammographic images. This advance-
ment in characterizing breast morphology of a compressed
breast is largely due to the fact that mammography, which
images only compressed breasts, is the standard technology
of breast cancer screening. With the advent of breast x-ray
tomosynthesis, there is a growing need in the medical imag-
ing community to correlate the information from 2D mam-
mographic images with that of 3D breast images. This need
is driven by a quest by radiologists specializing in breast
imaging to better understand the topology of the 3D breast,
as well as by researchers who focus on optimizing image
content and reducing radiation dose in breast imaging.

The objectives of this work were to characterize the met-
rics of breast anatomy using 3D reconstructed data sets from
a clinical trial of breast CT �bCT� and to compare the infor-
mation available from the bCT data sets with that from 2D
projection images of the breast. The data reported herein may
be useful to researchers interested in developing breast im-
aging systems.

II. METHODS AND MATERIALS

II.A. Breast CT scanner

Two dedicated breast CT scanners �dubbed, “Albion” and
“Bodega”� were designed, assembled, and integrated in our
laboratory.8 These scanners were used to acquire the bCT
images used in this investigation. The breast CT scanners
operate at 80 kVp, and the technique factors �mAs� were
selected based on the self-reported bra cup size of the pa-
tient. The mAs was selected such that the mean glandular
dose from the bCT scan was matched to two-view mammog-
raphy for each woman. The CT scan was performed by seri-

TABLE I. The breakdown of patient population for th

Categories

The comparison of VG
between the affected

and unaffected breast

Breast cancer diagnosis
No. of women

�out of 208 women�

Healthy 12
Benign findings 92

Malignant 104

Bra cup size

A or AA
B
C

D or DD

BIRADS breast density

Fatty
Scattered

Heterogeneous
Dense
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ally imaging each breast in pendant geometry with the
woman prone on the scanner tabletop and the breast hanging
through a hole in the table. The x-ray tube and the detector
system rotate around the pendant breast in the horizontal
plane. The cone-beam CT reconstruction algorithm generates
bCT images calibrated in Hounsfield units, and it also at-
tempts to correct for beam hardening and scatter using a
numerical normalization method.9 The cone-beam CT recon-
struction typically produces 200–512 breast CT images per
breast depending on the length of the breast. The 512�512
reconstructed CT images have pixel dimensions ranging be-
tween 194 and 407 �m �depending on the size of the
breast�, and slice thickness is approximately 210 �m. A
three-dimensional segmentation method10,11 used a combina-
tion of iterative thresholding, a connected-component algo-
rithm, and a 3D median filter to segment each bCT volume
data set into five components: air, adipose tissue, fibroglan-
dular tissue, chest wall, and skin. For all the bCT volume
data considered in this study, the segmentation result of the
middle-breast coronal bCT image was visually inspected by
one observer. The rating of “poor” indicates that less than
25% of the true fibroglandular tissue was segmented cor-
rectly as fibroglandular tissue by this method. A rating of
“fair” indicates that approximately 50% of the true fibroglan-
dular tissue was segmented, and a rating of “good” indicates
that more than 75% of the true fibroglandular tissue was
segmented.

II.B. Patient population

The prototype breast CT scanners were used to conduct
phase I and II clinical trial studies under several IRB-
approved protocols. Informed, written consent was acquired

dy.

All other studies

No. of bCT data sets �out of 219 bCT data sets�

22
93

104

No. of bCT data sets �out of 216 bCT data sets�

21
55
78
62

No. of bCT data sets �out of 200 bCT data sets�

18
57
78
47
is stu

F

s
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from all participating women. In the phase I trial, breast CT
images were acquired from ten healthy women volunteers.
During phase II testing, women who were at high degree of
suspicion for breast cancer after their conventional imaging
�BIRADS 4 and 5� were scanned in order to evaluate breast
CT imaging. bCT images were acquired immediately prior to
breast biopsy. Among 240 women, bCT images of 30 women
with bilateral breast cancer, breast implants, poor segmenta-
tion results, or unavailable bCT images of the unaffected
breast were excluded from this study. Pectoralis muscle was
seen in bCT images in 85 out of 210 �40%� women in this
study. A total of 208 women with bilateral bCT data sets
�including those with benign, malignant, or no findings� was
included in the comparison of volume glandular fraction
�VGF� between the affected �that breast containing the sus-
picious lesion� and unaffected breasts. For all other analyses
discussed herein, 219 single bCT data sets from 210 women
�bilateral bCT data sets from nine women� were used to ana-

FIG. 1. An illustration to determine the radial glandular fraction of a seg-
mented coronal bCT image, RGFsi

�r�, is shown. For a radial distance, r,
RGFsi

�r� is the percentage of the number of pixels marked as fibroglandular
tissue ��� and out of the number of pixels marked as fibroglandular tissue or
adipose tissue ���.

FIG. 2. The position of three breast regions of a bCT volume bounded by the
first good coronal bCT slice �sstart� and the last good coronal bCT slice �send�
is shown. Region 1 is the posterior section, region 2 is the middle section,
and region 3 is the anterior section. The middle slices of the three breast

regions are s1, s2, and s3, respectively.
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lyze breast shape and composition. Among the 219 bCT data
sets, 22 bCT data sets were breasts with no biopsy �healthy
volunteer� or no finding, 93 bCT data sets were from the
unaffected breasts of women with benign findings, and 104
bCT data sets were from the unaffected breasts of women
diagnosed with breast cancer. Bra cup size was used as a
parameter in x-ray technique selection, and 216 out of 219
bCT data sets examined in this investigation had the follow-
ing distributions: 9.7% �21� were A or AA cup, 25.5% �55�
were B cup, 36.1% �78� were C cup, and 28.7% �62� were D
or DD cup. Experienced radiologists characterized breast
density at mammography according to BIRADS criteria as
fatty ��25% fibroglandular tissue�, scattered fibroglandular
density �25%–50% fibroglandular tissue�, heterogeneously
dense �51%–75% fibroglandular tissue�, or extremely dense
��75% fibroglandular tissue�. Since the mammograms of the
ten healthy women in this study were not available, the BI-
RADS breast densities of 200 women were known: 9.0%
�18� were fatty, 28.5% �57� were scattered, 39.0% �78� were
heterogeneous, and 23.5% �47� were extremely dense. The
ages of the women in this study ranged between 35 and 82
years, with a median age of 54. Table I includes a summary
of patient population distribution described above.

II.C. Breast effective diameter

For a given coronal-reconstructed bCT image, the breast
effective diameter was computed by equating the total pixels
marked as “tissue” to the area of a circle A=��D /2�2. For a
bCT segmented image, any pixel marked as skin, chest wall,
fibroglandular tissue, or adipose tissue was considered as tis-
sue to compute the total pixel count �A� for each bCT image.
The breast effective diameter �cm� of a coronal bCT image

FIG. 3. The relationship between breast tissue volume and age is illustrated.
The dashed line is the line of best fit using a power function. A breast is
likely to be composed of more adipose tissue and less fibroglandular tissue
as a woman ages. Standard error bars are shown.
position z was calculated as
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Def f�z� = 2 · xpix ·�A

�
, �1�

where A is the total pixel count of breast area for a coronal
bCT image and xpix is the pixel dimension �cm� in a coronal
bCT image.

For a given bCT data set, the first �sstart� and last �send�
good coronal bCT images were manually determined and
recorded. The first coronal image was visually determined as
the most posterior image that was free of significant artifacts.
The last coronal image was the most anterior image that did
not contain artifact or nipple. The breast diameter �cm�,
Dchestwall, was determined by averaging the breast effective
diameter of the coronal bCT images close to the women’s
chest wall as

FIG. 4. Histogram distributions of the total breast volume �ml� for bra cup si
volume as a function of bra cup size is illustrated.

FIG. 5. The correlation of the VGF between the left and right breasts of wom
the affected and unaffected breasts of women with �b� benign findings and

line is the fitted linear regression.
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Dchestwall = 1
5 �

z=sd−2

sd+2

Def f�z� , �2�

where sd is the coronal bCT image position that is 5% of the
number of available coronal bCT images �sstart−send+1� from
the sstart.

II.D. Breast volume „3D… and areal „2D… glandular
fraction

For all glandular volumetric assessments, the volume
glandular fraction �3D� was computed within the defined re-
gion of the bCT segmented images �bounded by the first and
last good coronal bCT images� using Eq. �3�,

� A, �b� B, �c� C, and �d� D are shown. �e� A box-and-whisker plot of breast

shown for women with �a� no findings. The relationship of the VGF between
alignant findings is shown. The solid line is the line of identity; the dashed
zes �a
en is
�c� m
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VGF =
Vglandular

Vglandular + Vadipose
· 100%, �3�

where Vglandular is the number of voxels marked as “fibro-
glandular tissue” and Vadipose is the number of voxels marked
as “adipose tissue” in a bCT data set. In addition, sagittal
bCT images were generated by projecting the segmented
bCT data set in a sagittal orientation. The coronal and sagittal
areal glandular fraction �GFcoronal and GFsagittal� were calcu-
lated using Eq. �4� for all available 2D images in a bCT data
set,

GFp�s� =
Aglandular�s�

Aglandular�s� + Aadipose�s�
· 100%, �4�

where Aglandular�s� is the number of pixels marked as fibro-
glandular tissue and Aadipose�s� is the number of pixels
marked as adipose tissue in a bCT image position s in the
coronal or sagittal plane, where s=z or y and p=coronal or
sagittal, respectively.

II.E. Radial distribution of breast glandular fraction

To better understand the fibroglandular distribution within
the breast, the distribution of fibroglandular tissue in a coro-
nal bCT image was determined radially. Among the pixels
around the circle with a radius r �relative radial distance�
originating from the image center of mass, the radial glandu-
lar fraction, RGFsi

�r�, of a coronal bCT image, si, was com-
puted as the fraction of pixels marked as fibroglandular tis-
sue �see Fig. 1�. The relative radial distance was determined
by normalizing the absolute radial distance with the breast
radius of the bCT image of interest. One-hundred relative
radial distances were considered for each bCT image in this

FIG. 6. Histogram distributions of the VGF �%� for bra cup sizes �a� A, �b�
of bra cup size is shown.
analysis. To obtain a thorough glandular fraction analysis, an

Medical Physics, Vol. 38, No. 4, April 2011
entire bCT data set was evenly divided into three regions.
Region 1 was the posterior breast section, region 2 was the
middle-breast section, and region 3 was the anterior breast
section �see Fig. 2�. The radial glandular fraction, RGFn�r�,
of a breast region, n �1, 2, or 3�, was determined by averag-
ing the RGFsi

�r� over five images centered about sn as in
Eq. �5�,

RGFn�r� = 1
5 �

si=sn−2

sn+2

RGFsi
�r� , �5�

where sn is the center image of a breast region, n.

II.F. Breast projection areal glandular fraction

The volume glandular fraction was compared with the
areal glandular fraction expected from mammography. To
properly estimate the areal glandular fraction determined at
mammography, a segmented bCT data set was projected in
the sagittal orientation to simulate the process of creating a
mammographic image. Two steps of projecting through the
segmented bCT data set were implemented. A projection of
the entire segmented bCT data set was used to delineate the
breast border. Secondarily, the number of voxels segmented
as fibroglandular tissue along a projection ray through a bCT
data set was recorded onto a glandular projection image,
Iglandproj�x ,y�. To simulate the effect of a wide range of ra-
diologists’ visual inspection of breast density at mammogra-
phy, Iglandproj�x ,y� of each bCT data set was then segmented
by eight global thresholds �T=0,15.75,31.5, . . . ,110.25 in
gray scale value�. The breast areal glandular fraction
�AGFTi

� of each bCT data set using a threshold, Ti, was

� C, and �d� D are shown. �e� A box-and-whisker plot of VGF as a function
B, �c
determined using Eq. �6�,
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AGFTi
=

Agland,Ti

Agland,Ti
+ Aadipose,Ti

· 100%, �6�

where Agland,Ti
is the number of pixels where Iglandproj�x ,y�

�Ti and Aadipose,Ti
is the number of pixels where

Iglandproj�x ,y��Ti.

II.G. Data analysis

II.G.1. 3D „volumetric… breast assessment

The volumes of adipose tissue and fibroglandular tissue
were examined as a function of age. The volume data were
binned into 16 age groups �35–37,38–41, . . . , �81 years�.
The mean volume of the respective tissue types �adipose and
fibroglandular tissues� and the mean total breast volume
were presented as a function of the averaged age for the 16
age groups. The relationship between the volume glandular
fraction and age was found using the same age grouping.
Similarly, the volume glandular fraction data were catego-
rized into ten breast diameter �Dchestwall� groups according to
the 10th percentile Dchestwall�0�Dchestwall�9.9 cm�, the

FIG. 7. The graph shows a box-and-whisker plot of volume glandular frac-
tion versus BIRADS density.

FIG. 8. The relationship between VGF and breast diameter near the chest
wall �Dchestwall� is illustrated. Larger breasts tend to have a lower fraction of

fibroglandular tissue. Standard error bars are shown.
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20th percentile Dchestwall�9.9�Dchestwall�10.9 cm� , . . ., and
�90th percentile Dchestwall�Dchestwall�15.2 cm�. The mean
volume glandular fractions of ten Dchestwall groups were
found as a function of the averaged Dchestwall for each group.
In addition, the relationship between the volume glandular

FIG. 9. The VGF as a function of age is shown. Standard error bars are
shown.

FIG. 10. The areal glandular fraction is shown versus the volume glandular
fraction using a threshold level �gray scale value� where �a� T1=0, T2
=15.75, T3=31.50, and T4=47.25 and �b� T5=63, T6=78.75, T7=94.50,

and T8=110.25.
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fraction between the affected and unaffected breasts was
evaluated for women with no finding, benign, and malignant
findings. The distributions of total breast volume and volume
glandular fraction for each of the four bra cup sizes �A, B, C,
and D� were examined. The relationship between VGF and
bra cup size was presented using a box-and-whisker plot
�whisker=1.5· interquartile range�, where the solid dot is the
mean VGF with standard error and crosses represent outliers
among the VGF of each bra cup size. Box-and-whisker plots
were used in similar fashion to present other data in this
study. In addition, analysis of variance �ANOVA� and post-
hoc multiple comparisons with Bonferroni correction were
used to identify significant differences among data groups
when applicable. Linear regression was used when appropri-

TABLE II. The coefficients of the power function �y=axb+c� fit to AGF as a
function VGF using eight global thresholds in Fig. 10.

Global threshold a b c r2

0.00 	52.0122 	0.3221 88.3594 0.5619
15.75 34.4143 0.2744 	31.7009 0.6931
31.50 8.3916 0.5645 	10.9426 0.7312
47.25 2.6417 0.8236 	5.6304 0.7447
63.00 0.9318 1.0571 	3.6154 0.7545
78.75 0.3509 1.2709 	2.5259 0.7462
94.50 0.1210 1.4953 	1.7542 0.7208

110.25 0.0384 1.7281 	1.1792 0.6715

FIG. 11. The radial glandular fraction is plotted as a function of relative radi
�posterior, middle, and anterior�. The dashed line is the mean RGFn and the so

below and 75th percentile above the median. The lighter shade covers the range
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ate. For all the analyses in this study, we considered statisti-
cal significance at a two-sided p-value �0.05.

II.G.2. 2D „projection and bCT images… breast
assessment

The relationship between the breast VGF and the areal
glandular fraction �AGFTi

� was determined using eight glo-
bal thresholds for all bCT data sets. To characterize the
breast composition relative to location in the breast, the
GFn�r� of three breast regions, where n=1 �posterior�, 2
�middle�, and 3 �anterior�, was determined for women with
four bra cup size categories �A, B, C, and D�. The mean,
median, 25th and 75th percentiles, and standard error were
reported for all four bra cup sizes. In addition, the areal glan-
dular fractions of coronal bCT images, GFcoronal�z�, and sag-
ittal bCT images, GFsagittal�y�, were computed using Eq. �4�.
Due to the range in breast sizes, the image position �coronal:
z direction; sagittal: y direction� was normalized relative to
the maximum diameter or length of a bCT data set. Because
different slice thicknesses were used in the bCT data sets,
cubic spline interpolation �Matlab©� was applied to the dis-
tributions, GFcoronal�z� and GFsagittal�y�, for all bCT data sets
to evaluate the areal glandular fraction as a function of rela-
tive image position �0,0.005,0.01, . . . ,1.0�. For each relative
image position, the mean, median, 25th and 75th percentiles,
and standard error were computed for bCT data sets of four
bra cup sizes.

tance for women with bra cup sizes A, B, C, and D for three breast regions
ne is the median RGFn. The darker shade covers the range of 25th percentile
al dis
lid li
of standard error above and below the mean.
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II.G.3. Breast shape and size assessment

The breast effective diameter as a function of relative
posterior-anterior position was computed to characterize the
breast shape for each bra cup size. The same cubic interpo-
lation scheme �Sec. II G 2� was applied to the distribution,
Def f�z�, at the desired relative position. The mean, median,
25th and 75th percentiles, and standard error were deter-
mined. A third-order polynomial was fit to the mean Def f�z�
for women with each bra cup size. The breast length �cm�
was determined by the length, in z location, covered by the
first good coronal bCT image and the last good coronal bCT
image. In addition, the distributions of breast diameter and
breast length for four bra cup sizes were evaluated. The total
breast volume of the right and left breasts was also com-
pared.

III. RESULTS

III.A. 3D „volumetric… breast assessment

The visual assessment of the segmented bCT images in
this study demonstrated that 93.1% of the total bCT data sets
were rated as good segmentation, 4.1% rated as fair segmen-
tation, and 2.7% as poor segmentation.

Figure 3 shows the volume of adipose tissue, fibroglan-
dular tissue, and total breast tissues as a function of age. The
volume of adipose tissue increases steadily while the volume
of fibroglandular tissue decreases gradually as women age.
Figure 4 shows that the total breast volume increases as the

FIG. 12. The glandular fraction of coronal bCT slices is shown versus the re
direction of z position relative to a bCT volume data set is illustrated in A,
the solid line is the median GFcoronal. The darker shade covers the range of
covers the range of standard error above and below the mean.
self-reported bra cup size goes from A to D among 219

Medical Physics, Vol. 38, No. 4, April 2011
women. The mean total breast volumes �� standard error�
for bra cup sizes A, B, C, and D were 324.7�44.2,
467.9�36.2, 803.1�33.0, and 1203.7�68.7 ml, respec-
tively.

Figure 5 demonstrates the relationship between the VGF
of the affected and unaffected breasts among women with no
finding, benign, or malignant findings. The VGF of the af-
fected breasts appeared to be slightly higher than that of the
unaffected breasts for women with benign or malignant find-
ings, while the women with no finding exhibited almost
identical VGF for both breasts. However, the VGFs of the
affected breasts and unaffected breasts were not significantly
different for the women with benign findings �p=0.40� and
malignant findings �p=0.09�. Since there might be bias in
segmenting bCT data sets with breast cancer, the VGF of the
unaffected breast was thought to be a better representation of
fibroglandular composition of a woman.

Figure 6 presents the distributions of VGF among women
with bra cup sizes A, B, C, and D. The mean VGFs
�� standard error� for bra cup sizes A, B, C, and D were
17.7%�3.7%, 19.2%�1.7%, 13.2%�1.2%, and
13.2%�1.3%. The VGF of women with bra cup sizes A and
B appears to be slightly larger than that of the women with
bra cup sizes C and D. Overall, the mean VGFs of at least
two bra cup sizes were significantly different between each
other �p=0.01, ANOVA�. Post-hoc multiple comparisons
with Bonferroni correction suggested that only VGF of bra
cup size B was found to be significantly different from that

z position for women with bra cup sizes �a� A, �b� B, �c� C, and �d� D. The
e 0 is posterior and 1 is anterior. The dashed line is the mean GFcoronal and
percentile below and 75th percentile above the median. The lighter shade
lative
wher
25th
of bra cup sizes C �p=0.0042� and D �p=0.0054�. The
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mean VGFs �� standard error� for the BIRADS categories of
fatty, scatter, heterogeneous, and extremely dense were
found to be 6.5%�1.4%, 8.8%�1.0%, 15.8%�1.1%, and
25.2%�2.2%, respectively. As shown in Fig. 7, the box-
and-whisker plot shows that breasts with higher BIRADS
breast density are likely to have higher VGF as well. With
each increasing BIRADS category, VGF increased by 5.62%
�p�0.001�.

A linear function �r2=0.93� was fit to VGF as a function
of breast diameter of the chest wall in Fig. 8. Breasts with
larger diameter close to the chest wall were found to have a
higher fraction of adipose tissue content. Figure 9 suggests
that VGF decrease as women age.

III.B. 2D „projection and bCT image… breast
assessment

Figure 10 shows that VGF increases with AGF �using
eight global thresholds� in a power-law trend. The AGF as a
function of VGF using each global threshold was fit using a
power function �y=axb+c�. The coefficients of the power
function fit are recorded in Table II. Figure 11 shows the
distribution of radial glandular fraction for three breast re-
gions. For women with bra cup sizes A and B, fibroglandular
tissue tends to locate in the center portion of the breast
evenly throughout the three breast regions. For women with
cup sizes C and D, fibroglandular tissue is concentrated more
in the breast center toward the breast anterior regions. Fig-

FIG. 13. The glandular fraction of sagittal bCT slices versus the relative y po
�d� D. The direction of y position relative to a bCT volume data set is illu
GFsagittal and the solid line is the median GFsagittal. The darker shade covers
lighter shade covers the range of standard error above and below the mean.
ures 12 and 13 display the distributions of GFcoronal�z� and
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GFsagittal�y� for each bra cup size. The dashed line is the
mean GFp, and the solid line is the median GFp. The darker
shade covers the range of 25th percentile below and 75th
percentile above the median. The lighter shade covers the
range of standard error above and below the mean. Across all
four bra cup sizes, GFcoronal�z� was found to be relatively
homogeneously distributed but increased dramatically to-
ward the nipple, as shown in Fig. 12. Figure 13 shows that
GFsagittal�z� is concentrated heavily in the middle of the
breast, with a slight offset ��10%� inferiorly.

III.C. Breast shape and size assessment

Across all four bra cup sizes, Fig. 14 shows that the breast
shape can be generally characterized by the breast effective
diameter, which gradually decreases from posterior to ante-
rior. A third-order polynomial described those trends well
�r2�0.9993�. The starting Def f�z� of a breast increased as a
function of bra cup sizes. In more detail, Fig. 15 shows that
the mean breast diameter �Dchestwall� slightly increased with
bra cup sizes, where Dchestwall was measured at the relative z
location indicated by the dashed line in Fig. 14�a�. The mean
breast diameters �� standard error� for bra cup sizes A, B, C,
and D were 11.1�0.5, 11.4�0.3, 13.0�0.2, and
13.7�0.2 cm, respectively. The box-and-whisker plot in
Fig. 15�e� confirmed the observation in Figs. 15�a�–15�d�
that breasts with larger diameter corresponded to larger bra
cup sizes. In addition, Fig. 16 illustrates that breast length

n for women is shown for breasts with bra cup sizes �a� A, �b� B, �c� C, and
d in A, where 0 is superior and 1 is inferior. The dashed line is the mean
range of 25th percentile below and 75th percentile above the median. The
sitio
strate

the
appears to increase slightly with bra cup size. The mean
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breast lengths �� standard error� for bra cup sizes A, B, C,
and D were 5.7�0.5, 7.1�0.3, 9.4�0.2, and 9.7�0.2 cm,
respectively. The box-and-whisker plot in Fig. 16�e� con-
firmed that women with larger bra cup size tend to have
longer breast length. Lastly, the right breast volume was
found to be comparable to the left breast volume �slope
=0.995�. A paired student’s t test confirmed that the right
breast volume was not significantly different from the left
breast volume �p=0.17�. A total of 48.7% of all the breasts in
this analysis were ones with the benign or malignant find-
ings.

IV. DISCUSSION

In this study, a comprehensive analysis of breast compo-
sition and breast shape was performed to characterize breast
anatomy in women of different ages and with different breast
sizes. The data presented provide anatomically grounded in-
formation to guide the construction of physical or simulated
breast phantoms. In addition to the detailed description of
breast geometry, the distribution of fibroglandular tissue in
the breast was reported using both 2D and 3D metrics.

It is important to note that the BIRADS density deter-
mined at mammography tends to overestimate the glandular
fraction due to the overlap of fibroglandular tissue distribu-
tion from breast compression and the projection imaging ge-
ometry. This study found that BIRADS densities overesti-
mate the true volume glandular fraction by approximately

FIG. 14. The breast effective diameter versus the relative z position is shown
the mean Def f and the solid line is the median Def f. The darker shade cover
lighter shade covers the range of standard error above and below the mean.
cup size.
1.9-fold for fatty breasts, 4.2-fold for scattered breasts, 4.0-
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fold for heterogeneous breasts, and 3.5-fold for extremely
dense breasts. The findings also confirm the overestimation
of breast density at mammography for the “average” breast,
which has been shown to be 19.3% but not the commonly
assumed 50%.11 However, Figs. 7 and 10 can be used to
estimate the VGF for a given mammographic BIRADS cat-
egory or AGF �assuming no breast compression�. Further-
more, the coefficients in Table II allow one to estimate VGF
from AGF for a variety of segmentation thresholds. The glo-
bal thresholding scheme �Sec. II F� used in estimating breast
density at 2D projection images is crude but represents the
subjective visual thresholding by a wide variety of observers.
Further studies should establish where most radiologists fall
in this range of thresholds. The effect of breast compression
on VGF-AGF relationship must also be explored.

The study results also guide the construction of a physical
or simulated breast phantom, accounting for age and breast
size �volume, breast diameter, and length�. Previous
studies12,13 have suggested that the breast density decreases
steadily with increasing age. Figures 3 and 9 confirm this
observation. Breast diameter, breast length, VGF, and fibro-
glandular tissue distribution appear to change with bra cup
size. Bra cup size may be a rough classification of breast size
with respect to these metrics. Moreover, Figs. 11–13 suggest
that fibroglandular tissue generally originates from the breast
nipple and locate heavily in the center part of a breast in
three dimensions. Based on mammographic images, a previ-

14

women with bra cup sizes �a� A, �b� B, �c� C, and �d� D. The dashed line is
range of 25th percentile below and 75th percentile above the median. The

rd-order polynomial was fit to the mean breast diameter profile for each bra
for
s the
A thi
ous study suggests that fibroglandular tissue is preferen-
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tially located in the center portion of a breast in both medial-
lateral and cranial-caudal directions. The finding in this study
suggests a similar trend in fibroglandular tissue distribution
in three dimensions. Combining VGF, RGFn, GFcoronal, and
GFsagittal from this study, a 3D probability map of fibroglan-
dular tissue within a breast of a given breast size can be
generated. At certain breast locations, the mean RGFn,
GFcoronal, or GFsagittal is larger than its 75th percentile due to

FIG. 15. Histogram distributions of the breast diameter �Dchestwall� near the c
A box-and-whisker plot of breast diameter is shown as a function of bra cu

FIG. 16. Histogram distributions of the breast length �cm� are shown for br

length as a function of bra cup size is illustrated.
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outliers among the data. Breast phantoms calibrated to age,
size, and fibroglandular tissue distribution may be useful for
observer performance studies in breast imaging and Monte
Carlo simulation of x-ray dosimetry.

Limitations of this study include the bCT protocol in
scanning larger patients. For women with bra cup size D or
larger, the breast is confined anteriorly to be within the field
of view. In doing so, breast length may be slightly underes-

wall is shown for women of bra cup sizes �a� A, �b� B, �c� C, and �d� D. �e�
.

sizes �a� A, �b� B, �c� C, and �d� D. �e� A box-and-whisker plot of breast
hest
a cup



2191 Huang et al.: The characterization of breast anatomical metrics 2191
timated. The wide range of chest wall and axillary coverage
in the bCT images may poorly characterize breast tissue dis-
tribution in these regions, leading to slight inaccuracy in
VGF and AGF.

Despite these limitations, this work presents a description
of the breast using the largest available set of images ac-
quired with breast CT, to our knowledge. This study de-
scribes the relationship between the 2D and 3D representa-
tions of fibroglandular fraction and the overestimation when
using BIRADS density. A number of breast anatomical met-
rics were introduced and characterized in detail, describing
breast shape, breast diameter and length, radial breast glan-
dular fraction in three breast regions, and glandular fraction
along two orthogonal planes of the breast as a function of
patient age and bra cup size. Three-dimensional breast phan-
toms can be accurately generated using the breast anatomical
metrics developed in this study.
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