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To investigate the feasibility of breast tissue characteriza-
tion in terms of water, lipid, and protein contents with a
spectral computed tomographic (CT) system based on a
cadmium zinc telluride (CZT) photon-counting detector
by using postmortem breasts.

Nineteen pairs of postmortem breasts were imaged with
a CZT-based photon-counting spectral CT system with
beam energy of 100 kVp. The mean glandular dose was
estimated to be in the range of 1.8-2.2 mGy. The im-
ages were corrected for pulse pile-up and other artifacts
by using spectral distortion corrections. Dual-energy de-
composition was then applied to characterize each breast
into water, lipid, and protein contents. The precision of
the three-compartment characterization was evaluated
by comparing the composition of right and left breasts,
where the standard error of the estimations was deter-
mined. The results of dual-energy decomposition were
compared by using averaged root mean square to chemi-
cal analysis, which was used as the reference standard.

The standard errors of the estimations of the right-left
correlations obtained from spectral CT were 7.4%, 6.7%,
and 3.2% for water, lipid, and protein contents, respec-
tively. Compared with the reference standard, the average
root mean square error in breast tissue composition was
2.8%.

Spectral CT can be used to accurately quantify the water,
lipid, and protein contents in breast tissue in a laboratory

study by using postmortem specimens.

©RSNA, 2014
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ammography is the current

standard for breast cancer

screening because of its im-
pressive advantages for detection per-
formance, imaging time, and cost-effec-
tiveness (1-5). However, radiologists
also widely recognize its limitations,
especially for dense breasts (6-8). In-
herent to the nature of the two-dimen-
sional projection technique, overlap-
ping breast parenchyma may obscure
tumor identification and reduce its pos-
itive predictive value (9,10) even with
the improved dynamic range offered
by the recent advances in digital mam-
mography systems (11-13). Despite the
technical advances in mammography,
the positive predictive value of malig-
nant tumor detection may be as low as
20%, and benign findings account for
a large portion of biopsy results (9).
Therefore, it is critical to develop new
image-based techniques to improve the
predictive power of breast imaging.

A recent report suggests that in ad-
dition to irregular mass shape, spiculat-
ed mass margin, and patient age, high
mammographic attenuation of a mass
increases the likelihood of malignancy
(14). However, high mass density by it-
self is not sufficiently accurate to avert
the need for a biopsy. If lesions can be
characterized quantitatively according
to their chemical compositions, predic-
tive capability might be improved. Pre-
vious reports (14-17) that used diffuse
optical spectroscopy suggested that ma-
lignant tumors reduced (by ~20%) lipid
and increased (by >50%) water con-
tents compared with normal breast tis-
sues. There are also other reports that
suggest a positive correlation between
increased tissue water content and

Advance in Knowledge

B [n a postmortem study, spectral
CT based on an energy-resolved
photon-counting detector accu-
rately characterized breast tissue
by the volumetric fractions of
water, lipid, and protein con-
tents, with an average root mean
square error of less than 3%
with respect to the reference
standard from chemical analysis.

carcinogenesis (18). It was suggested
(19) that increased cell water content
not only promotes cell division and on-
cogene expression, but also accelerates
respiration rate of cells, which enhances
their ability to compete for nutrients
with normal cells. The degree of malig-
nancy increases with the degree of cell
hydration (20). These reports indicate
that sensitivity and specificity may be
improved if the water, lipid, and protein
contents can be accurately measured to
better characterize a lesion according
to its composition.

The three-compartment character-
ization of a lesion can be challenging
with the current x-ray imaging technol-
ogy. Unlike calcification or an iodinated
contrast agent, the x-ray attenuation
properties of water, lipid, and protein
have small differences in the diagnos-
tic energy range (21). Decomposition
noise induced by image misregistra-
tion or spectral overlap may easily re-
duce the signal-to-noise ratio to the
level where no reliable measurement
can be obtained. Recent advances in
spectral breast computed tomography
(CT) based on energy-resolved photon-
counting x-ray detectors offer unique
advantages in such imaging tasks (22—
26). Photon-counting detectors are
able to count individual photons and
sort them according to their energies
with a typical energy resolution of a few
kiloelectron-volts (27). Thus, a proper
selection of the energy threshold can ef-
fectively reject the electronic noise and
minimize the spectral overlap in dual-
energy imaging. Moreover, spectral in-
formation is acquired simultaneously
for different energy ranges within a sin-
gle scan, which eliminates the need for
additional radiation exposure and the
potential misregistration artifacts.

Implication for Patient Care

B An accurate breast tissue charac-
terization, in terms of its water,
lipid, and protein contents, can
potentially be used to differen-
tiate malignant lesions from
benign ones, which may reduce
the number of false-positive
biopsies.

The purpose of this study was to
investigate the feasibility of breast tis-
sue characterization in terms of water,
lipid, and protein contents with a spec-
tral CT system based on a cadmium
zinc telluride (CZT) photon-counting
detector by using postmortem breasts.

Materials and Methods

Photon-counting Spectral CT System

A bench-top spectral CT system was
used for image acquisition, and it con-
sisted of a tungsten target x-ray tube
(Dynamax 78E; Machlett Laboratories,
Stamford, Conn) with an x-ray gener-
ator (Optimus M200; Phillips Health-
care, Best, the Netherlands), a high-
precision motor (Kollmorgen Goldline
DDR DO062M; Danaher Motion, Wood
Dale, Ill) that served as the rotational
sample platform, and a CZT-based
photon-counting detector (eV2500; eV
Products, Saxonburg, Pa). The photon-
counting detector consisted of a linear
row of 64 pixels with a pixel pitch of 0.8
mm. The thickness of the CZT crystal
along the x-ray beam direction was 3
mm. A brass collimator shaped the en-
trance beam to the detector, collimat-
ing the height of each pixel to 0.8 mm.
The detector has five user-definable
energy thresholds. Fan-beam geometry
was used with fore- and aft-collimators

Published online before print

10.1148/radiol.14132732  Content codes:

Radiology 2014; 272:731-738

Abbreviation:
CZT = cadmium zinc telluride

Author contributions:

Guarantor of integrity of entire study, S.M.; study concepts/
study design or data acquisition or data analysis/inter-
pretation, all authors; manuscript drafting or manuscript
revision for important intellectual content, all authors; ap-
proval of final version of submitted manuscript, all authors;
literature research, H.D., M.J.K., J.L.D., S.M.; experimental
studies, all authors; statistical analysis, H.D., M.J.K.; and
manuscript editing, H.D., M.J.K., J.L.D., S.M.

Funding:
This research was supported by the National Institutes of
Health (grant R01CA13687).

Conflicts of interest are listed at the end of this article.

732

radiology.rsna.org = Radiology: \lolume 272: Number 3—September 2014



Radiology

EXPERIMENTAL STUDIES: Breast Tissue Characterization with Photon-counting Spectral CT Imaging

Ding et al

After

Phantom
czT collimator

detector

~ =
4

Fore
collimator

Source

Rotation and translation stage

Figure 1:

A schematic of the bench-top photon-counting spectral CT system.
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Figure 2:  Graph shows experimentally measured tungsten anode spectrum

at 100 kVp. The electronic noise floor and the splitting threshold between
the low- and high-energy hins were noted as dashed lines at 22 and 42 keV,

respectively.

constructed out of lead sheets. The fo-
cal spot size of the x-ray tube was 0.6
mm. The source-to-detector distance
and the source-to-object distance were
1.33 m and 0.93 m, respectively, and
the magnification was X1.4. To address
the detector size limitation, a transla-
tion stage controlled by two-step motors
was used to move the sample stage in
both vertical and horizontal directions.
Therefore, the overall field of view at
the isocenter could be expanded up to
12 cm by stitching four scans together.
A schematic of the CZT-based spectral
CT system is presented in Figure 1.

Calibration Phantom and Postmortem
Breasts

A cylindrical calibration phantom with a
diameter of 3.175 cm was constructed

from polymethylene plastic (Delrin;
McMaster-Carr, Elmhurst, 1), which
has been shown previously to be a good
candidate for representing the x-ray at-
tenuation properties of protein (28,29).
Two holes, with a diameter of 0.95 cm,
were drilled in the phantom and were
subsequently filled with water and vege-
table oil. Thus, the three-compartment
phantom consisted of the surrogate ma-
terials for water, lipid, and protein con-
tents, respectively. The potential errors
introduced by the calibration material
selection were previously reported
(21,28).

This postmortem study was exempt
from institutional review board ap-
proval. Nineteen pairs (left and right)
of breasts were acquired from the
Willed Body Program in the University

of California-Irvine School of Medicine.
The breasts, including the skin, were
surgically removed from the cadaver to
the pectoralis major muscle and kept
frozen inside plastic bags with careful
labeling. The mass of the breasts var-
ied from 136 g to 2330 g. The breast
density range, measured by using cone-
beam CT, was approximately 5%-70%
(30). The breasts were removed from
the freezer and kept at approximately
4°C for a day before the experiment.
To prevent any water loss during the
experiment, the breasts were wrapped
with thin plastic and shaped into cylin-
ders with a diameter of approximately
10 cm by using white polystyrene foam
that is almost transparent to x-ray
beam. Before each CT scan, samples
were kept at room temperature for
at least 30 minutes to allow for tissue
relaxation.

Dual-Energy Image Acquisition and
Processing

By using the energy discrimination ca-
pability of the CZT detector, the detect-
ed photons in a single exposure were
sorted into the low- and high-energy
bins, which are separated by splitting
energy. The optimal imaging protocol,
in terms of tube voltage and splitting
energy for water, lipid, and protein de-
composition, was previously reported
(22). CT scans were acquired at beam
energy of 100 kVp with a splitting en-
ergy at 42 keV. A prefiltration of 2 mm
aluminum was used. The measured x-
ray spectrum is shown in Figure 2 with
the selection of the noise floor and the
splitting energy. The mean glandular
dose was estimated according to previ-
ous Monte Carlo simulations (31), and
it was adjusted for the helical scanning
mode with a pitch of 2. The mean glan-
dular dose was approximately 2.0 mGy
for a 14-cm breast of 30% glandularity.
A flat field calibration was applied to
correct the pixel nonuniformity by mul-
tiplying a gain factor obtained from the
ratio between the corresponding pixel
and the average count of all 64 pixels
(32). Four helical scans with pitch of 2
were acquired to cover the whole three-
dimensional volume of a breast, which
was translated horizontally between
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each scan. Four acquisitions were prop-
erly aligned and interpolated to form
a full field-of-view sonogram that con-
sisted of 1229 projections over 360°
with an angular increment of 0.29°
per projection for each section. The
number of projections was carefully
calibrated according to the rotation
speed of the sample stage and the CZT
detector frame time. CT images were
then reconstructed with filtered back-
projection method. Depending on the
breast size, the scanning time in this
study was 1-7 hours. This was because
of the small detector size (5-cm line
detector).

The voxel values in the reconstruct-
ed dual-energy CT images were repre-
sented by the effective attenuation co-
efficients for the corresponding energy
bins, which were used for dual-energy
decomposition (22). The three-material
decomposition was achieved with an
additional constraint, which assumed
that the total volume of water, lipid,
and protein in each voxel equals the
known voxel size. The calibration phan-
tom was first imaged to determine the
system matrix calibration coefficients
(22). Then, the dual-energy signals of
the postmortem breasts were mea-
sured over the entire volume, including
the skin, and subsequently inputted
into the system matrix to determine
the image-based volumetric fractions of
water, lipid, and protein.

Current CZT-based photon-count-
ing detectors have discernible spectral
distortions because of limited counting
capability, pulse pile-up, charge shar-
ing, and other artifacts (33-36). As a
result, photons may be registered with
incorrect energies and sorted into the
wrong energy bins. Spectral distortion
introduces undesired spectral overlap
between the low- and high-energy im-
ages, which will deteriorate the accu-
racy for quantitative material decompo-
sition. This is especially true in the case
of water, lipid, and protein decomposi-
tion, where the x-ray attenuation differ-
ence is relatively small. To address this
issue, a spectral distortion correction
technique was applied in the projection
domain by matching the recorded pixel
values to the simulated ones in each

Protein

Figure 3: A Low-energy CT image of a postmortem breast, and the corresponding decomposition images
for, B, water, C, lipid, and, D, protein. The color scale represents the absolute volumetric fraction for different

components in a given voxel.

energy bin (37). The technique has
been validated in phantom studies,
where the undesired spectral overlap
between the low- and high-energy im-
ages can be effectively minimized (37).
Dual-energy decomposition was then
performed by using corrected images.

Chemical Analysis

Chemical analysis was used as the ref-
erence standard. The chemical analysis
method was based on a standardized
procedure devised by the U.S. Depart-
ment of Agriculture to measure the con-
tent of water, lipid, lean, and mineral in
a sample (38). Each postmortem breast
was chemically decomposed into water,
lipid, and protein contents right after
imaging. Skin was also included in the
chemical analysis so that the total vol-
ume under investigation was consistent
with the image-based measurement.
The measured masses of water, lipid,
and protein contents were converted

into volumes by using their known den-
sities. The error from chemical analysis
was estimated to be approximately 1%

(30,39).

Statistical Analysis

The precision of the investigated the
dual-energy decomposition technique
was evaluated by the right-left breast
correlations for water, lipid, and
protein contents, respectively. The
accuracy of the breast tissue com-
positional analysis was evaluated by
comparing the volumetric fractions of
water, lipid, and protein contents mea-
sured by using photon-counting spec-
tral CT to the reference standard ob-
tained from chemical analysis. Linear
regression analysis was performed by
using data analysis and graphing soft-
ware (Origin; OriginLab, Northamp-
ton, Mass). Pearson correlation coeffi-
cient was used to evaluate the strength
of the correlation. Standard error of
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Figure 4:  Scatterplots show the right-left correlation of (a) water and (b) lipid contents measured from
spectral CT by using dual-energy decomposition and (c, d) from chemical analysis. Linear fittings for all three
contents are shown with dashed lines, which are in good agreement with the identity line.

Table 1

Summary of the Linear Regression Analysis of the Right-Left Correlations of Breast
Composition for Both Chemical Analysis and Spectral CT Measurements

Chemical Analysis

Spectral CT Imaging

Parameter Water Lipid Protein Water Lipid Protein
Slope 0.98 0.98 0.97 0.94 1.03 0.82
Intercept (%) -0.4 0.1 31 —-25 0.8
Pearson correlation coefficient (r) 0.97 0.98 0.99 0.93 0.96 0.61
SEE (%) 3.4 0.4 7.4 6.7 3.2

Note.—SEE = standard error of the estimate.

the estimate was also used to investi-
gate the deviation from the best fitted
line. Error in quantitative decomposi-
tions was estimated with root mean
square error for the water, lipid, and
protein contents, respectively. In addi-
tion, the root mean square error in tis-
sue compositional characterization was
derived from the measured fractions of
all three components in a given breast
and was averaged over all breasts.

An example of the low-energy image
with the decomposed water, lipid, and
protein images of a postmortem breast
are shown in Figure 3. Water is present
in all different tissues in the breast;
however, it has a much higher con-
centration in the fibroglandular tissue
and the skin. On the other hand, lipid
can only be seen in adipose tissue with

minimal amount in the fibroglandular
regions of the breast.

In the right-left correlation study,
the chemical analysis shows excellent
correlations with slopes approach-
ing unity for water, lipid, and protein
contents (Fig 4, Table 1). Breast tissue
compositions measured with spectral
CT imaging also showed excellent right-
left correlations with slopes very close
to unity. The result from the protein
measurement was more scattered than
those from water and lipid contents.
This is because the measurement errors
became larger when the small range of
protein fractions in breast tissue was
compared. Nevertheless, the absolute
errors in the fractional measurement
remained small. The standard error
of the estimate for water, lipid, and
protein contents were estimated to be
7.4%, 6.7%, and 3.2%, respectively.

The volumetric fractions of water,
lipid, and protein contents obtained
from dual-energy decomposition were
shown to have excellent agreement with
respect to those from chemical analysis
(Table 2). Good correlations between
the spectral CT data and the reference
standard were observed for all of the
three tissue components (Fig 5). The
root mean square errors for the dual-en-
ergy measurements of the water, lipid,
and protein contents were estimated to
be 3.5%, 3.3%, and 1.9%, respectively.
The average root mean square error for
all the breasts was approximately 2.8%.

The proposed dual-energy decompo-
sition technique by using the photon-
counting spectral breast CT enables
characterization of lesions according
to their chemical composition. Several
studies (40-43) reported the x-ray at-
tenuation properties of normal and
neoplastic breast tissues. Differences
in linear attenuation coefficients be-
tween malignant and normal breast
tissues can be significant in the low-
energy range, especially when different
tissue types from the same patient are
compared. The differences in linear
attenuation coefficient between malig-
nant and normal tissues indicate that
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Figure 5:  Scatterplots show correlations of the volumetric fractions of (a) water, (b) lipid, and (¢) protein contents derived from dual-energy images and chemical
analysis. Linear fittings for all three components are shown with dashed lines, which are in good agreement with the identity line.

Table 2

Statistical Analysis of the Water, Lipid, and Protein Volumetric Fractions Measured
with Spectral CT with Respect to the Reference Standard from Chemical Analysis

Parameter Water Lipid Protein
Median (%) 30.4 (29.5) 64.1 (65.9) 49 (4.7)
Minimum (%) 9.8 (12.3) 24.1(26.0) 1.4(1.9
Maximum (%) 68.7 (63.1) 86.1(85.7) 13.0 (11.4)
Slope 0.99 0.97 0.88
Intercept —-0.24 2.89 0.43
Pearson correlation coefficient (r) 0.97 0.98 0.78
Root mean square error (%) 35 3.3 1.9

Note.—Data in parentheses are values from chemical analysis.

their water, lipid, and protein contents
should be different. In this context, the
discrimination capability for suspicious
lesions might be improved if the co-
mposition of lesions can be accurately
determined. Such information may
increase the positive predictive value
for diagnostic imaging and reduce the
number of biopsies needed for suspi-
cious lesions and the number of benign
biopsy findings.

In addition, the proposed technique
can provide quantitative metrics to po-
tentially stratify women according to
breast cancer risk. The current stan-
dard of care for breast density evalua-
tion involves visual assessment of mam-
mograms by using the four-category
Breast Imaging Reporting and Data
System. This subjective classification
scheme is limited by its considerable
intra- and interreader variability (44).

At the same time, it would be difficult
to use such a qualitative ranking in sta-
tistical cancer risk models. Breast den-
sity, defined as the fibroglandular ratio
of the whole breast, has been widely
recognized as a risk factor for breast
cancer development. However, volu-
metric breast density quantification re-
quires an accurate measurement of the
fibroglandular and adipose volumes,
which can be challenging with a single
exposure. Dual-energy mammography
has also been proposed to quantify
breast density, but the accuracy may be
affected by system calibration because
of wide variations in the chemical co-
mposition of fibroglandular and adipose
tissue (45). To extend the traditional
two-compartment model into a three-
compartment model, which decom-
poses breast tissue into its fundamen-
tal water, lipid, and protein contents,

enables quantitative categorization ac-
cording to breast composition. It also
addresses the limitation with system
calibration for dual-energy imaging,
where the calibration phantom is easily
standardized by using common mate-
rials. Thus, the water, lipid, and protein
decomposition has the potential to pro-
vide cancer risk evaluation superior to
that of mammographic breast density.
Moreover, a previous report has sug-
gested that water content of tissue
can be affected by pathologic changes
(46). Tt would be of great importance to
study the correlation between composi-
tion changes in the surrounding tissue,
such as increased water content, and
the tumor genesis process. Additional
relevant information to help charac-
terize tumor progression and response
may be provided by mapping the water
fraction in tissue.

Because of the small differences
in their x-ray attenuation properties,
it is extremely challenging to quantify
the three primary components (water,
lipid, and protein) of a lesion by using
standard x-ray images. Our study in-
vestigated the feasibility of dual-energy
tissue compositional characterization
by using a spectral CT system based
on an energy-resolved photon-count-
ing CZT detector. Postmortem breasts
were imaged in this study so that the
definitive tissue composition, in terms
of water, lipid, and protein contents,
can be derived from chemical analysis.
Our results suggest that the chemical
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composition of breast tissue can be
characterized accurately at a dose level
of approximately 2 mGy with CZT-
based spectral CT after spectral correc-
tion. The estimated error from dual-en-
ergy decomposition was less than 3%.
Compared with a similar study that
used a flat-panel-based cone-bean CT
system, the accuracy for tissue charac-
terization was improved by using only
a third of the dose (28). Although our
study used the whole volume of breast,
the proposed technique can be readily
implemented to characterize the chem-
ical composition of lesions with small
volumes. With a reliable technique for
tissue characterization, future studies
can be conducted to investigate the
compositional differences between ma-
lignant and normal tissues.

The tissue compositional measure-
ment from chemical analysis was in
good agreement with previous reports
(28,45), where the volumetric fractions
of water, lipid, and protein were esti-
mated to be 29%, 63%, and 7% for a
breast with average breast density (47).
These numbers matched well with the
median values of our results. It should
also be noted that the fractions of lipid
and water is strongly correlated (r >
0.99) with a slope of —1.2. At the same
time, protein fraction positively corre-
lated (r = ~0.95) to water with a slope
of 0.2. Such correlations can be attrib-
uted to the fact that lipid and water
were found primarily in adipose and
glandular tissues, respectively, while
protein can only be found in glandular
tissue.

The tube voltage and splitting en-
ergy used in this study were based on
a previously reported simulation study
that maximized the dual-energy signal-
to-noise ratio with respect to mean
glandular dose (22). The low-energy
photons carry useful information for
material differentiation; however, they
are also associated with high radiation
dose. The selection of the splitting en-
ergy is thus critical for the dose effi-
ciency and accuracy of the technique.

The postmortem breasts were kept
frozen before the experiment. There-
fore, the measured chemical composi-
tion may not reflect the exact property

of in vivo breast tissue. Furthermore,
the skin was included in both chemi-
cal analysis and dual-energy decompo-
sition. However, it should not affect the
accuracy determination because the
compositions were compared for the
same breast volume between the two
techniques. In addition, a calibration
phantom that consisted of water, veg-
etable oil, and polymethylene plastic
was used to represent water, lipid, and
protein, respectively. This may intro-
duce errors in dual-energy decompo-
sition (28). The accuracy of this study
can be further improved by using cali-
bration material that more closely re-
sembles the x-ray attenuation property
of protein. Another limitation is that
our study analyzed the whole breast
volume, where the region of interest
can be objectively defined. However, in
lesion studies, the measured chemical
compositions may depend on the re-
gion of interest selection. It would be
interesting to test the dual-energy de-
composition technique by using small
regions of interest for the evaluation of
the associated inter-and intraobserver
variability. Finally, the scanning time in
this study is relatively long (1-7 hours)
because of the small detector size. A
full field-of-view detector that can cover
the entire breast and an x-ray tube with
sufficient power will be required for
clinical implementation.

In summary, the postmortem study
indicated that spectral CT imaging based
on an energy-resolved photon-counting
detector can be used to accurately char-
acterize the chemical composition of
breast tissue in terms of water, lipid,
and protein contents with a relatively
low radiation dose. In the future, the
dual-energy compositional analysis of a
lesion may be used to improve the sensi-
tivity and specificity in breast cancer di-
agnosis. Such information may also help
to manage individual cancer risk.
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