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Purpose: Develop a method to subtract fat tissue contributions to wide-angle x-ray scatter (WAXS)
signals of breast biopsies in order to estimate the differential linear scattering coefficients ug of fat-
less tissue. Cancerous and fibroglandular tissue can then be compared independent of fat content. In
this work phantom materials with known compositions were used to test the efficacy of the WAXS
subtraction model.

Methods: Each sample 5 mm in diameter and 5 mm thick was interrogated by a 50 kV 2.7 mm di-
ameter beam for 3 min. A 25 mm? by 1 mm thick CdTe detector allowed measurements of a portion
of the & = 6° scattered field. A scatter technique provided means to estimate the incident spectrum
No(E) needed in the calculations of us[x(E, 8)] where x is the momentum transfer argument. Val-
ues of 1, for composite phantoms consisting of three plastic layers were estimated and compared to
the values obtained via the sum ﬁsz (x) = vips1 (X) + vapgr(x) 4+ v3us3(x), where v; is the fractional
volume of the ith plastic component. Water, polystyrene, and a volume mixture of 0.6 water + 0.4
polystyrene labelled as fibphan were chosen to mimic cancer, fat, and fibroglandular tissue, respec-
tively. A WAXS subtraction model was used to remove the polystyrene signal from tissue composite
phantoms so that the g of water and fibphan could be estimated. Although the composite samples
were layered, simulations were performed to test the models under nonlayered conditions.

Results: The well known pg signal of water was reproduced effectively between 0.5 < x < 1.6
nm~!. The 1z, obtained for the heterogeneous samples agreed with ﬁ; Polystyrene signals were
subtracted successfully from composite phantoms. The simulations validated the usefulness of the
WAXS models for nonlayered biopsies.

Conclusions: The methodology to measure p; of homogeneous samples was quantitatively accurate.
Simple WAXS models predicted the probabilities for specific x-ray scattering to occur from hetero-
geneous biopsies. The fat subtraction model can allow us signals of breast cancer and fibroglandular
tissue to be compared without the effects of fat provided there is an independent measurement of
the fat volume fraction vy. Future work will consist of devising a quantitative x-ray digital imag-
ing method to estimate vs in ex vivo breast samples. © 2014 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4870982]

Key words: wide-angle x-ray scatter (WAXS), differential linear scattering coefficients, breast tissue,
fat, biopsies, CdTe

1. INTRODUCTION

Diagnosing breast cancer is a multistep process involving
clinical examination and/or mammography to detect lesions,
surgery to remove tissue, and histology to analyse several
slices of the tissue. The slices chosen are based upon a metic-
ulous anatomic examination by a pathologist.! Khaddage
et al.’ studied intraoperative techniques used in sentinel
lymph node breast biopsies and found it is important to
analyse a greater proportion of sectioned tissue to minimize
sampling errors.
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Wide-angle x-ray scatter (WAXS) methods are being used
to characterize breast tissue.*!> An x-ray scatter method can
potentially become a complementary method to histology for
determining whether a biopsy is malignant or benign. In this
work, WAXS models for the purpose of analyzing breast tis-
sue were devised and experimentally tested with phantom
materials.

A pioneering WAXS work on 100 breast tissue samples
was done by Kidane et al.'” They extracted differential linear
scattering coefficients (us) of breast tissue via WAXS energy
dispersive experiments performed at 6 = 6° using an 80 kV

© 2014 Am. Assoc. Phys. Med.  053501-1
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beam and a HPGe detector. The composition of each sam-
ple was estimated by histological analysis of 5 um sections.
Their ug data for cancer obtained upon removal of the fibrous
and fat components were quite different from fibroglandular
tissue. The use of histology to estimate fat content is ques-
tionable because there is no guarantee the composition of the
chosen slice is the same throughout the sample.

Griffiths et al.” performed imaging in order to obtain more
detailed data on the composition of their breast tissue sam-
ples. They generated microCT transmission (30 kVp, Mo
anode, pixellated amorphous silicon array) and diffraction
(70 kVp, W anode, & = 6°, HPGe detector) images of 19
samples. Diffraction images were generated using x = 1.1 and
1.5 nm~! data where the momentum transfer variable x com-
bines the dependence of scatter on angle () and x-ray wave-
length (1). Images of 1 mm thick sections were segmented,
coregistered, and compared to histology stains. Diffraction
signatures as a function of x were acquired for the 1 mm thick
tissue sections, two of which were estimated to be pure tumor
and pure fat. The scatter signal at 1.1 nm~' is lower than that
at 1.5 nm~! when a sample is predominantly tumor. The study
concluded that the ratio of the signals at these two values of x
can be used to characterize tissue.

From an x-ray perspective, normal breast tissue can be
considered to consist of two main types: fat and fibroglan-
dular tissue.'® Fat tissue is loose connective tissue composed
of fat cells whereas fibroglandular tissue has fibrous connec-
tive tissue and epithelial cells. In a previous work,'! s breast
data were measured with a stationary W anode tube and a cad-
mium zinc telluride (CZT) energy dispersive system. Com-
parisons of g between cancerous and fibroglandular tissue
showed differences but results were not consistent. Biopsies
are heterogeneous in nature and the presence of fat could have
affected the results.

A WAXS model'! for homogeneous samples was modified
and extended to heterogeneous applications, with particular
emphasis on its use to eliminate the effects of fat in WAXS
signals. Consider a biopsy that contains fat with fractional
volume v and another material 7. The experimental/analysis
protocol to extract us of material 7 is the following: (1) mea-
sure the scatter spectrum Ny of the biopsy, (2) calculate 7z, for
the composite sample, and then (3) subtract from it the contri-
bution due to fat. The v¢ needs to be known to accomplish this
task. In this paper breast biopsy phantoms were used and the
amount of polystyrene which was chosen to approximate fat
was known. Future work will examine a quantitative method
to estimate v¢ in the samples. The WAXS models for practical
uses with experimental data are now described.

2. WAXS MODELS

A semianalytic mode can be used to estimate the
number of scattered photons from tissue samples with known
scattering properties. Consider a pencil beam of x rays that
irradiates a homogeneous sample of thickness d as shown in
Fig. 1. Let Ny(E) denote the number of incident x rays each
of energy E. An energy dispersive photon counting detector is
situated at a distance » and angle 6 with respect to the sample

11 1,14-17
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center. The following expression can be used to estimate the
number of scattered x rays originating in segment of thickness
dl that reach the detector

AN(E, 0)= | No(E)e ™ (xp)e B adl, (1)
Qqet

where w(E) and us(x;) are the total linear attenuation
and differential linear scattering coefficients of the sample,
x; = sin(6,/2)/A, and the integration is over the solid angle
subtended by the detector. The geometry chosen for the ex-
periments (r = 43 cm, d = 5 mm, detector active diameter D
= 4.2 mm) is such that over the thickness d, 8; ~ 6 and u,
can be considered to be a constant over the detector surface.
With these approximations the expression for the total scatter
from the sample becomes

No(E)ps[x(E, 9)]Qdet67“(5)ﬁ
M(E)(l o colsé))

x [1- e—u(E)d(l—m‘So)]’ @)

where Qge = 7 D?/(4r?). This expression assumes: (i) all scat-
tering occurs along the central vertical axis of the sample, (ii)
the Compton wavelength shift is negligible, and (iii) multi-
ple scatter is negligible. Rearrangement of Eq. (2) yields an
expression for g, namely,

Ny(E, 9) »
No(E)Qqet

Ny(E, 0) =

M(E)(l — ;)eu(E)ﬁ

cosf

uslx(E, 0)]=
[1- e—u(E)d(l—ﬁ)]

3)

Given a measurement of Ny(E, 0), an estimate of Ny(E),
and p values, the us can be obtained for homogeneous
samples.

For heterogeneous samples an approximation for s de-
noted by 7t, can be calculated from N (E, 6) provided the
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amounts of each tissue type are known. For example, the 1
for a sample consisting of three tissue types can be approxi-
mated via Eq. (3) with u(E) replaced by

H(E) = i1 (E) + vaua(E) + v3us3(E), “

where v; is the fractional volume of the ith tissue type. The
calculation requires no knowledge of the locations of the tis-
sue components within the sample. The &t was compared to
the sum

_SX: = vll,l,sl + vzﬂsz + v3MS3a (5)

where g were obtained via Eq. (3). The summation method
is similar to that used by Kidane et al.'* with the exception
that v was the fractional weight.

Consider a sample consisting of a material n and fat (f).
Suppose the scatter spectrum N (E, ) was measured and that
the fractional volume of fat denoted by v¢ was known. The pi
for material n can be approximated by

NE ) TE(I=gg)er O /
NoS2get [l_e*ﬁ(E)d(lw,La)]
(1 —vyp), ©)

where 1t = (1 — vr)i, + veur and the subscript “c” denotes
that the s was obtained via subtraction (correction) of fat.

wl(E,0)=

3. METHOD
3.A. Samples

Samples of polystyrene (polyst), nylon, polymethyl
methacrylate (PMMA), and polycarbonate (polyca) were
used. The stoichiometric unit for each plastic are CgHg
(polyst), C¢H11NO (nylon), CsHgO, (PMMA), and C16H 403
(polyca).'® The samples were machined to have 5 mm di-
ameters and thicknesses ranging from 1 to 5 mm. Values of
T, were obtained for the following three-compartment phan-
toms: (A) 3 mm polyst (top) + 1 mm nylon (middle) + 1 mm
PMMA (bottom), (B) 1 mm polyst + 3 mm nylon + 1 mm
PMMA, and (C) 1 mm polyst + 1 mm nylon 4+ 3 mm PMMA.

Figure 2 shows the ug(x) values (solid lines) for (a)
adipose tissue (fat), (b) breast cancer, and (c) fibroglandu-
lar tissue acquired at & = 6° by Kidane et al.'> Fat has a
distinct pg peak at x = 1.1 nm™' because of the preferred
orientation of triacylglycerol molecules.'® Inter-chain interac-
tions of their hydrocarbon chains in a lateral two-chain pack-
ing is correlated to a d-spacing of 4.6 A.2° Polyst, a glassy
polymer that has two broad Bragg peaks?! approximates the
fat signal. The first peak corresponds to interchain interfer-
ences (8.84 A) where large phenyl groups prevent neigh-
bouring chains from getting close to each other. The second
peak is due to intramolecular interferences (4.67 A) such as
those between phenyl groups.?! The s of polyst was ex-
tracted from the diffraction data of Kosanetzky et al.?> The
water ug which approximates cancer [Fig. 2(b)] was calcu-
lated using coherent form factors F measured by Narten?
and incoherent scattering functions (S) from Hubbell et al.**
Figure 2(c) shows that a phantom called fibphan consisting of
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FIG. 2. (a)—(c) us(x) data for three breast tissue types (Ref. 14), and corre-
sponding phantoms: (a) fat/polyst, (b) cancer/water, and (c) fibrous/fibphan.

60% water and 40% polyst volumes behaves somewhat like
fibroglandular tissue. This sample will be treated as homo-
geneous fibroglandular tissue but actually consists of two lay-
ers. The scattering coefficients for fibphan were calculated via
pPPM = 0.6 x e 0.4 x P, The scatter signal for
breast fat is well known but those of cancer and fibrous tissue
are not as well understood. For the latter two, Griffiths ez al.®
obtained different signals as compared to Kidane et al.'> Here,
the phantoms chosen will suffice to demonstrate the utility of
the fat subtraction model.

wu values of plastics and breast phantoms were calculated
using the sum rule' and cross section data of elements.?
Johns and Yaffe?® measured linear attenuation coefficients of
breast tissue using a HPGe spectroscopy system. Over the
energy range of interest, the average percent differences be-
tween w values of the breast phantoms and tissues were: 6%
for polyst vs fat, 9% water vs cancer, and 19% fibphan vs
fibrous.

The estimation of ws(x) of a material via the subtraction
model was demonstrated using the samples listed in Table I.
The 2 mm water + 3 mm polyst composite was also treated as
a 3.33 mm fibphan + 1.67 mm polyst composite. The polyst
signals were subtracted from the N signals so as to evaluate
Eq. (6) for water and fibphan.
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TABLE I. Composite samples used to test the WAXS subtraction model.

Water Polyst
(mm) (mm)
4 1
35 1.5
3
2 3
1

3.B. WAXS Measurements

The WAXS system is housed in an x-ray cabinet (Model
43855C, Faxitron X-Ray Corporation, Chicago IL). It con-
sists of a stationary anode tungsten tube, a MAGNA Icc par-
allel plate chamber (Standard Imaging Inc., Middleton WI),
pinhole apertures, translation and rotation stages (Unislide
Model, Velmex Inc., Bloomfield NY), and a cadmium tel-
luride (CdTe) 25 mm? by 1 mm thick crystal (XR-100T-CdTe,
Amptek Inc., Bedford MA). Room temperature semiconduc-
tor detectors (e.g., CZT, CdTe) are known to have problems
with fluorescence escape and hole tailing.?” A response func-
tion model?’ could be devised but was omitted. In Ref. 11 the
s curves obtained for water with and without detector cor-
rections were similar.

Figure 3 shows a schematic of the scatter geometry. A
50 kV beam 2.7 mm in diameter at the surface of the sam-
ple and of 3 min duration yielded an entrance exposure of
0.12 C/kg. The ion chamber provided a means to correct for
tube output fluctuations. Scatter signals from the cylindrical
shaped region of interest (ROI) were measured at 6° with the
CdTe crystal which was collimated by a 4.2 mm diameter Pb
aperture.

In previous work!! the effects of air scatter were ne-
glected and Ny was estimated via direct measurements with
a small aperture on a CZT detector. Results of u for water

50 kV

T A8
/

36 cm N
i / \ ion

/" P | N —
1 mm ey chamber
I
T I \ 2 mm diam

9cm : pinhole
|

l | - sample
5 mm

¥ /)

N
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/ 43 cm
\ /
/
N/
N
CdTeQ

FIG. 3. Scatter geometry for experiments (not to scale).

Medical Physics, Vol. 41, No. 5, May 2014

053501-4

3000

1
]
1
[
[
"

2500

[\
=
S
=)

)
No per 0.5 keV

l.--—-.-.-..“L-.-.-.-.:.:.:.:._ DEERErEs

Spectra per 0.5 keV
%
S
S

N, .
1000 ]
_ 10’
500 |t/ 3
0 | Nlm | s i YT 106
10 20 30 40

FIG. 4. Polyca scatter and background spectra measured at 6° and attenuated
background and Ny estimate.

obtained at # = 6° did not match for x < 1.3 nm~! the gold
standard data.’>2* In this work a different approach was used.

Figure 4 shows two measured spectra and two processed
spectra. The measured ones are the scatter N spectrum (220
counts/s) for a 5 mm thick polyca sample and a background
Ny spectrum (125 counts/s) which was obtained when the
sample was removed. The energy range from 8 to 45 keV was
chosen for analysis. The sharp peaks at low energies were due
to L-fluorescence from the tungsten anode. The background
was due to air scatter which originates from where the direct
6 = 0° beam was present. When a homogeneous sample is
analysed, the amount of air scatter reaching the detector will
be reduced to Ny(E)e " where y is the attenuation coeffi-
cient of the sample. The Ny, spectrum shown in Fig. 4 was
obtained for a 5 mm thick polyca sample. Corresponding
attenuated background spectra were subtracted from all N
spectra. The detector dead times for all spectra were negli-
gible (less than 1%). In the applications of WAXS models,
only statistical noise was included in the calculations of the
error bars.

In order to extract accurate pg values a good Ny estimate
is required. A direct measurement of Ny with small apertures
requires precise alignment of the system. A more forgiving
method is to use an x-ray scatter technique.”® A rearrange-
ment of Eq. (2) yields an expression for Ny which can be
evaluated by measuring the Ny spectrum of a sample with a
known pg signal. The use of Ny(E, 8 = 6°) from polyca and
s from Ref. 22 provided the N, estimate shown in Fig. 4
(right y-axis). A drawback to this method is its dependancy
on an external scatter coefficient measurement. However, an
analysis could have be done without N if i, coefficients were
not sought.

3.C. Simulations

Simulations using the same geometry as the WAXS mea-
surements were done to test the models. The scattered num-
ber of photons Ny(E, 6 = 6°) was computed for a 2.7 mm
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FIG. 5. Testing models with simulations: (a) homogeneous model, (b) het-
erogeneous model, and (c) polyst (fat) subtraction model.

diameter 50 kV beam (&, spectrum from Fig. 4) incident on
5 mm diameter 5 mm thick samples. The samples were di-
vided into 0.2 x 0.2 x 0.1 mm?> voxels of which 7250 oc-
cupied the central ROI. The scattering was assumed to oc-
cur at the center of each voxel.!! The Compton wavelength
shift was incorporated while multiple scatter was neglected.
Statistical noise was not included in the simulations. For het-
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erogeneous samples, the materials were distributed randomly
between voxels.

First, consider a sample of water. The coherent form fac-
tors from Narten?? and the incoherent scattering functions ()
from Hubbell et al.** were used. The N, obtained via sum-
ming over voxels in the ROI was then used in Eq. (3) to solve
for g of water. Figure 5(a) shows that Eq. (3) is is an effective
model to extract ug of water.

Next, consider a heterogeneous sample consisting of
polystyrene (v = 0.6), nylon (0.2), and PMMA (0.2). For the
experiments this sample was a layered one, while for the sim-
ulations it was divided into voxels. The fractional volumes
were (0.6, 0.2, 0.2) within both the ROI and remaining sam-
ple. The WAXS data from Ref. 22 were used. Figure 5(b)
shows the 7, obtained using Eq. (3) with u replaced with zc.

These 1, values are well approximated by ﬁsz.
Finally, a 5 mm thick sample with (v = 0.8) water + 0.2

polyst was used to test Eq. (6). Figure 5(c) shows that 1

~ ESZ and ug obtained using Eq. (6) yields excellent esti-

mates for water .

4. RESULTS AND DISCUSSIONS
1 1

Figure 6 shows u signals in units of m™" sr™ as a func-
tion of 0.35 < x < 1.9 nm™! (bottom axis) and E (top axis)
obtained for (a) polyst, (b) nylon, (¢c) PMMA, (d) water, and
(e) fibphan. The raw spectra were binned at 0.5 keV inter-
vals and calculations of p, were performed and then binned
at 0.05 nm~! resolution. The polyst and PMMA experiment
profiles of u agree with literature (dashed lines) except at the
peaks where for the former a slight overshoot occurs and an
undershoot for the latter. The two peaks in nylon are visible
but resolution would need to be improved for better separa-
tion. The water data for 0.5 < x < 1.6 nm~! match the gold
standard*>?* and the sum 0.6 ulater 4+ 0.4 ;LEOIYS[ is well ap-
proximated by the fibphan measurement for the entire x range.

King and Johns*-3" developed a method to extract fi
from energy dispersive x-ray diffraction measurements. Their
model calculations require the ratios of scatter to transmission
spectra. The solid line in Fig. 6(a) was generated using their
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10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
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20+ : : oy 1 I+ 1
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FIG. 6. ug for the homogeneous samples measured at & = 6°. In (a) to (c), the dashed lines were extracted from the data of Kosanetzky er al. (Ref. 22).
The solid line in (a) was generated using F data from King et al. (Ref. 29), and S from Hubbell et al. (Ref. 24). (d) The dashed line = gold standard
(Refs. 23 and 24). (e) Recall that fibphan is actually a layered two compartment sample of water and polyst (dashed line = 0.6 1" + 0.4 MS"'W).
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FIG. 7. (a) ;g for composites A = [3 mm polyst (top) + 1 mm nylon (mid-
dle) + 1 mm PMMA (bottom)], B = [1 mm polyst + 3 mm nylon + 1 mm
PMMA], and C = [1 mm polyst + 1 mm nylon 4+ 3 mm PMMA]. (b) SNR
in terms of ftg for composite A versus A’ (a shuffled A).

F data and S values from Hubbell e al.>* For x < 0.8 nm™!,
our measured pg of polyst agree with the data of Kosanetzky
et al.”> whereas for x > 0.8 nm~' they are closer to the data
of King et al.*

Figure 7(a) shows the 1, signals for composite samples
with varying amounts of polyst, nylon, and PMMA. Note how

053501-6

I agree well with ﬁsz for all samples. Figure 7(b) shows the

signal-to-noise ratio (SNR) in terms of 1, signals between
composites A (3 mm polyst + 1 mm nylon + 1 mm PMMA)
and A’ (1 mm nylon + 1 mm PMMA + 3 mm polyst) a shuf-
fled composite A. The SNR is given by

A Hsa — Hsar

SNR = — = 7
OA OA
where
A\ A\ .
2 _ A A
GA_(BNA> Ns +<8NA/> NS
2 2
* (%) Nt ( apﬁyca) NP ®
b N

was calculated assuming only Poisson error. The fluctuations
around zero imply that ordering of compartments is not im-
portant. A t-test failed to show a statistically significant dif-
ference between (SNR) = —0.05 and 0, t(31) = —0.4559,
p < 0.05.

Figure 8(a) shows 1 (dashed line) for a 4 mm water +
1 mm thick polyst composite. Upon subtraction of a 20%
polyst signal, the estimates pY**" (circles) agree well with
our measured us water (solid line). For clarity, error bars
were omitted for @, and pu,. Figure 8(b) shows u, for a
3.33 mm fibphan + 1.67 mm polyst composite. Following
a 33.4% subtraction of polyst, the data ptc™™" agree with
the s of fibphan. Figure 8(c) shows p¥ estimates using
the subtraction technique on other water/polyst samples. The
accuracy of the subtraction method is demonstrated by the
overlap of the resulting ;132" curves which are close to those
of water. The attempt to correct for larger amounts of polyst
(e.g., 80%) results in larger error bars and fluctuations.

5. CONCLUSIONS

The WAXS homogeneous model with air scatter correc-
tions and an N, estimated via scattered photons provided

E (keV) E (keV) E (keV)
10 20 30 40 10 20 30 40
25 ] _ 1 1 1 1 _ 1 1 1
- us [Voue=0.8, V,,=0.2] }ls [Viphar=0-67, V0, =0.33]
20 1t .
water fibphan
isho Mo

—u
10

n (m'1 sr_l)

.....
.....

042 084 126 1.68

X (nm'1 )

042 0.84

X (nm'1 )

0
1.26  1.68 042 084 126 1.68

X (nm'1 )

F1G. 8. Demonstration of the WAXS subtraction model. (a) 1tg for a 4 mm water + 1 mm polyst composite and p for water, (b) 7tg for a 3.33 mm fibphan +
1.67 mm polyst composite and s for fibphan, and (c) again for water using other water/polyst phantoms.
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accurate g estimates of the samples. The model predicted
well the ps for heterogeneous biopsy phantoms. The success-
ful subtractions of polyst (fat) signals from the composite
samples were encouraging. The usefulness of the models for
nonlayered biopsies were validated via the simulations. The
methods can be used to compare p¢ signals of breast cancer
and fibroglandular tissue without the effects of fat tissue pro-
vided one has an accurate method to estimate the volume frac-
tion of fat. Future work will consist of devising such a method
for the WAXS applications.
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