Material-specific analysis using coherent-scatter imaging
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Coherent-scatter computed tomogragl®SCT) is a novel imaging method we are developing to
produce cross-sectional images based on the low-afxgld°) scatter properties of tissue. At
diagnostic energies, this scatter is primarily coherent with properties dependent upon the molecular
structure of the scatterer. This facilitates the production of material-specific maps of each compo-
nent in a conglomerate. Our particular goal is to obtain quantitative maps of bone-mineral content.
A diagnostic x-ray source and image intensifier are used to acquire scatter patterns under first-
generation CT geometry. An accurate measurement of the scatter patterns is necessary to correctly
identify and quantify tissue composition. This requires corrections for exposure fluctuations, tem-
poral lag in the intensifier, and self-attenuation within the specimen. The effect of lag is corrected
using an approximate convolution method. Self-attenuation causes a cupping artifact in the CSCT
images and is corrected using measurements of the transmitted primary beam. An accurate correc-
tion is required for reliable density measurements from material-specific images. The correction is
shown to introduce negligible noise to the images and a theoretical expression for CSCT image
SNR is confirmed by experiment. With these corrections, the scatter intensity is proportional to the
number of scattering centers interrogated and quantitative measurements of each (iraggciar)

are obtained. Results are demonstrated using both a series aiptyl methacrylate(PMMA)

sheets of increasing thicknes-12 mn) and a series of 5 acrylic rods containing varying amounts

of hydroxyapatite(0—0.400 g/cr), simulating the physiological range of bone-mineral density
(BMD) found in trabecular bone. The excellent agreement between known and measured BMD
demonstrates the viability of CSCT as a tool for densitometry.2@2 American Association of
Physicists in Medicine.[DOI: 10.1118/1.1493216

Key words: coherent scatter, x-ray diffraction, computed tomography, tissue composition, bone-
mineral densityBMD)

I. INTRODUCTION atomic numberZ. This form factor is the Fourier transform

: . S : .. of the electron charge distribution of the scatterer; thus,

Disease frequently impairs tissue function by altering its .
coherent-scatter patterns depend upon the atomic arrange-

structure. This may occur at the cellular level, which may . .
: ) : . ment of the scatterer. This has long been exploited by crys-
affect intramolecular configurations, or as gross tissue

changes, such as the increased fat content of trabecular bo}%lggrl?pherts'f?rOrlntaterlalﬁ :;naly&s. X-ray crystallograph)é IS
in osteoporosis. An imaging technigue responsive to changéﬁp'ca y restricted to small, homogeneous specimens, and s,

at the molecular level may, therefore, provide a sensitiv erefore, of limited medical utility. However, these limita-
means of distinguishing diseased and normal tissud'ONS are not fundamental. The size constraint is due to the
Coherent-scatter-based imaging provides such a modalitffaditional use of CiKe radiation. This monochromatic
Coherent scatter is a generalization of Thomson scattering [ROUTCe ensures a unique relation between scatter angle and
which all the atomic electrons act as scattering centers anglomentum transfer, but penetration is limited with a beam

the result is a superposition of each contribution. The cros§nergy of only 8 keV. The homogeneity requirement arises

section may be written as because the technique is essentially a projection method of
analysis. The use of higher energies and tomographic tech-
docon(0)  dothomsoft @) 5 niques eliminates these restrictions.
aa do F(x,2)%, 1) Harding and co-workers first demonstrated that crystal-

lography and medical imaging techniques could be success-
where F(x,Z) is a form factor that is dependent upon the fully joined to form a powerful new technique, mapping spa-
momentum transfer argumert| =(1/\)sin(6/2)], and the tial variations in molecular structure throughout an extended,
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inhomogeneous specimén.Several authors have followed approach is to reduce the spectral width of the incident beam
suitt™*® and proposed various methods for coherent-scattewith 0.30 g/cnf Gd filtration? This reduces the source inten-
imaging. Many applications have been proposed for publicsity by 83% but improves the angular resolution of the scat-
safety purposes, such as the screening of foodstuffs for corier patterns and allows material discrimination. The scanner
taminants or of checked baggage for explosives or drugs. & designed so that spectral blurring is minimized while
commercial system for this purpose has been implemented atasking other sources of scatter blurring, notably geometri-
Hamburg Airport cal effects due to finite object and beam size.

Several medical applications have also been considered. In addition to spectral effects, several other influences
Preliminary studies indicate that coherent-scatter imagingnust be compensated for before accurate quantitative infor-
may prove useful in distinguishing benign and malignant tu-mation can be derived from the scatter patterns. First, scatter
mors from normal breast tissti&®More recently, the use of from sources other than the specimen must be eliminated by
coherent scatter to determine the composition of kidneyareful shielding and design of the primary collimation. Cor-
stones has been explor&dTreatment for kidney stones is rections must be made for any nonuniformity in the incident
determined in part by their chemical makeup, and, at presenbeam intensity as well as for attenuation of the scatter radia-
there is no reliable method of determining thissitu. Daw-  tion within the specimen itself. As coherent scatter does not
sonet al!® used a tungsten anode tube operating at 100 kVphave a large cross section for interaction, the signals received
1 mAs, and a germanium detector to demonstrate that they the detection system are low intensity. Detector response
coherent-scatter spectra from different stone types could beust be carefully examined and any nonidealities, such as
distinguished one from another. latency in response times, must be corrected before quanti-

Perhaps the most exciting application is the characterizatative information can be extracted from the scatter data. In
tion of bone based on its coherent-scatter sigiar’®Bones  this article we describe techniques we have developed to
are comprised of hydroxyapatita calcium phosphate splt  rectify each of these effects while producing CSCT images,
collagen, yellow marrow(fat), and bloody marrow(soft  quickly and with efficient use of the available photons. A
tissug.?’ The hydroxyapatite, or bone mineral crystals, arequantitative analysis is a necessary precursor to accurate
embedded in a collagenous matrix to form bone tissue. Thigaterial-specific maps of tissue composition, and here we
tissue provides bones with rigidity and strength as well ashow that coherent-scatter analysis can provide an accurate
acting as a mineral storehouse for the body as a whole, makaeasurement of specimen dimensions, material content, and
ing bone mineral densityBMD) a useful metric of skeletal composition in g/cr
health. Metabolic bone diseases form a group of disorders
affecting bone tissue, either structuralfpsteoporosis or
metabolically (osteomalacia As osteoporosis progresses, Il. THE COHERENT-SCATTER CT SCANNER
bone tissue is lost and relatively more fat is found in the The CSCT scanndFig. 1) is based on a proof-of-concept
trabecular spac#. In osteomalacia, the bone tissue is under-system previously described by our gréuphe current ar-
mineralized and soff For both these diseases, among oth-rangement includes refinements to reduce acquisition time,
ers, a technique that could provide quantitative maps of thenprove scatter detectibility, and facilitate quantitative analy-
distribution of tissue composition across an axial slice wouldsis of CSCT images. The scanner employs a diagnostic x-ray
be useful for investigation as well as diagnosis and monitorsource(Dunlee, Aurora, USA shielded by 0.5 cm of lead
ing disease and/or treatment progression. It has been showith a 0.5 cm diam hole centered on the focal spot. This
that the components of bone can be distinguished based gmevents any off-focal radiation from interacting with system
their coherent-scatter patteffisand here we present our components and degrading the scatter signal. A second shield
method for quantitative coherent scatter analysis. is mounted on the back face of the collimator to eliminate

Several factors confound the interpretation of coherentphotons scattering from the exit hole of the inner shield.
scatter data from a polyenergetic source as first proposed Bylounted in front of the exit window is a 0.30 g/énGd
Harding! The most fundamental of these is broadening offilter. This reduces the root-mean-squénes) width of the
the scatter patterns due to the energy dependence of the miaeident spectrum from 27%-14%, improving the angular
mentum transfer argument. For monoenergetic x rays, theesolution of the measured cross sectibrster filtration,
scatter patterns from biological specimens appear as a serigge beam is collimated to an approximately 1 fmmsquare
of rings of varying brightness. With a polyenergetic source pencil beam using a triple-aperture parallel-plate collimator.
these rings are smeared out over a range of scatter anglehis arrangement minimizes scatter from the collimator
complicating material identification. Various means of deal-plates.
ing with this have been developed. Hardigtgal. adapted the The specimen is mounted on a translate—rotate stage and
“white beam” x-ray diffraction method to imaging,using is translated through the beam during a 2—6 s exposure. The
100 kVp polychromatic radiation and an energy-resolvingtransmitted primary is blocked by 5 mm of lead while the
detector(high-purity germaniumat a fixed angle and per- coherent scatter from the object is detected by a diagnostic
forming a raster scan of the specimen. Other grblisave  x-ray image intensifiefXRIl) (Precise Optics, Bay Shore,
abandoned diagnostic sources and are developing tomogre/SA) coupled to a charge-coupled devi€&CD) video cam-
phic systems using high brilliance, monochromatic synchroera (Cohu, Poway, USA Specimen translation and video
tron sources. These are not, however, widely accessible. Oacquisition are synchronous with an external video signal
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Fic. 2. Acquisition geometry for CSCT.

beamstop diode (M1)

);','::n?%,‘ where Ng is the number of incident photon3,(l) is the
transmission of the primary beam to elemdhtny(l) is the
number density of scattering centers  atl,

00— diode (M2) dorot1,x(6,1)]/dQ is the total cross section for photon in-
- 86102 teraction per unit volume per scattering cenigm,|) is the
workstati ; ;

! CCD video momentum transfer argumenkQ(6,l) is the solid angle
L 7 camera subtended byglA atl, T¢(l) is the transmission of the scatter

from dl to dA, andM () is the multiple-scatter component.

s ) At diagnostic energies, the cross section for coherent scatter
e’ is highly forward peaked, while that of Compton scatter falls
off sharply asf decrease&! When detection is limited to less
than approximately 10°, coherent scatter dominates the dif-
ferential cross section in E@2).

To obtain an expression that will lead to the reconstruc-
n of tomographic images, Eq2) is simplified under a

Fic. 1. Schematic of the CSCT scanner.

generator. Video data is digitized on an SGI-O2 work:stanor;[IO

(Silicon Graphics, Inc., Mountain View, USAuch that each
series of assumptions. First, the multiple-scatter component
video field corresponds to a known specimen position with
. I . may be neglected if the object size is restricted to less than
an accuracy of 0.03 mm. The x-ray intensity is monitored by
approximately three half-value layetdn practice, this is

two detectors, each of which consists of a radiographic
screer{Kodak Lanex Fine (GgD,S)] optically coupled to a achieved by limiting the object size of tissue equivalent ma-
2 terials to less than 10 cm in diameter. Next, the attenuation is

VSVIIH%T)(\),EOS)'OSE”IQS fmsttg/la?ofs T]O?Stt)zdoa? Lr;e t:\uebze?:)s; Olassumed to be constant for all scatter paths through the ob-
P ect. Thus, the produdtl,T,Ts is constant and equal 4,

M1) is fixed to the primary beam stop. The average intensity, . )
gf trze XRIl output ghosprzlor is also rr:mnitored b)?a Sj pho_)}deflned as the number of photons transmitted through the
todiode placed in the parallel beam of the optical path beOb]eCt Finally, thel dependence ok and A{) can be re-
tween the XRIl and the CCD camef&2). The signal from moved if L>| so that the object can be treated as a point
each photodiode is digitized at 12 kHz, providing zooscatterer ThusdN(6) is approximated by

samples per video frame, accurately synchronized to the docod !, x(6)]

video clock. The monitor signals are numerically integrated dN(6)~N ”0(|)—d9 AQ(o)dl. ©)

and registered to the appropriate video frame.
Most biological materials are either amorphous or poly-

crystalline and such materials produce azimuthally symmet-
[ll. THEORY ric diffraction patterns. It is, therefore, natural to divide the
XRIl into a series of concentric circular detector elements.
nder this geometry, the number of x rays scattered by ob-
‘Hect elemendl into theith ring is

The principle of reconstructing tomographic images from
coherent-scatter patterns was first described by Hardin
et al! and modified by Westmoret al> The theory is briefly

summarized here. Figure 2 illustrates the acquisition geom- ool X(6)]

etry. The number of photons scattered from an object ele- dN;=~N nO(I)TAQi dl. (4)
ment of thicknesgsll, at positionl, to the detector element

dA is given by

Integrating alond gives the total number of x rays scattered

d I,x(6,l into theith ring:
WAQ(G,I)TS(INI

+M(l), (2

dN(8)=NgT,(I)no(l) doreorfl X(60)]
g ’ i
N~AQ, Ntflnou)COTdL (5)
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Normalizing to unit solid angle and per transmitted x ray
gives an expression that is analogous to the line integral of
the linear attenuation coefficient in conventional CT:

N; docod 1, x(6)]
AG, fo”o“ —aa 9 ©

MeasuringN; /AQ; N, allows for the reconstruction of

dO' |, 0i
A1 x(6)] =no(1) 270k L] @)

using conventional filtered backprojection. This quantity,

Y[1,x(6,)], is defined as the differential linear coherent-

scatter coefficient per unit solid angle. Unlike conventional

CT, where a single image is produced from each projection
set, CSCT results in a series of images, indicated by the
indexi, over a range of scatter angles.

A. XRII temporal lag

The output signal of an XRII is linearly related to the
input, but is subject to veiling glare and lag due to decay
time constants within the input and output phospHors.
Scatter patterns are low intensity and XRII glare is assume#ic- 3. The self-attenuation problem. For a constant transmissigp,
to vary in proportion to input intensity at a specific energy., ;Y S CAT PAC: T B I O oward the
Therefore, by using a lead block to fully attenuate the tranSgenter of the object due to increased attenuation.
mitted primary beam, glare is not expected to be a problem

and no attempt has been made to correct for this. The XRII
data is captured at a rate of 30 frames per second. Undef is observed that the error term in EfL1) is generally
these conditions, the relatively slow response of the XRllsmall compared to [E(t)<0.IM(t)]. It is, therefore ac-
will be misinterpreted as erroneous scatter intensity, resultingeptable to make the error term in Ed1) approximate in
in an incorrect density determination. that T(t)~M(t), giving
Temporal lag is described in terms of a temporal impulse

response function. To correct for lag, XRII signals are treated f()~1+ Mt —M(®)*R() o M(®*R(t)
as a true lag-free signal convolved with the temporal impulse M(t) M(t)

response function. In principle, the true sign@(t), could  Thys the correction factor is determined from the measured
be deconvolved from the measured sigrikt), using the  gignal andR(t), which is determined separately.
response'funcuonR(t). In pracFlce, deconvolutlon can be  “The scatter patterns are generally low contrast with little
unstable in the presence of noise and when the impulse rgne spatial detail. We, therefore, make the assumption that
sponse has small values in its Fourier transform. Hence, Wg,e correction factorf(t), can be applied to an entire scatter-

developed an approximate convolution correction. _ pattern image. Thus, if(x,y,t) represents a scatter-pattern
The response of the XRII output signal is assumed “”eaécquired at tim, the corrected pattern is

and temporally shift invariant. Therefore, we can write
1" (x,y,t)=1(x,y,t)- f(t). (13

M(t)=T(t)*R(t). (8)

(12

This allows the calculation of the error due to l&(t), as B Self-attenuation

_ _ The approximations regarding multiple scatter and Ithe
EO=TO*RO-TM), © dependence of the momentum transfer argument and solid
and the corrected signaM’(t), which is approximately angle in Eq.(3) are robust with our controlled experimental
equal to the true signal(t), is geometry. The same is not true of the constant-attenuation
M’ ()= M(t)— E() = M(t)— T(t)*R(t) ~ T(1 (10 assumption. Even for a homogenous target, some beam paths
' will be longer than others, and the attenuation will be larger

A multiplicative factor,f(t), used to correct for lag is given along those pathsFig. 3). Using Eqg. (6) to reconstruct

by v[1,x(6;)] results in a cupping artifact. Variations in compo-
sition or density will further degrade the images. A straight-
(1) = M'(H) _ 14 T()—=T()*R(t) (11) forward means of correction is to normalike to a measured
M(t) M(t) ' value of the transmitted primary beam:
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100 T T T T tions from pure reference materials, known to be present in
the object, are obtained by measurihg/AQ; N; from a
single scatter pattern. These are used as a set of basis func-
tions for fitting the experimentally measuredll,x(6,)] us-

ing a non-negative least squar@$NLS) algorithm?’ The
contribution from thekth material, m,, is determined by
minimizing the x? value given by

SNR

2

X*=20 | 2 mondx(6)11= 1 x(0)]1] (16

0 L 1 L '
0 2 4 6 8 10 where v, [x(6;)] is the basis function for materid, i is
diameter (cm) incremented over the series of scatter angles,kaisdncre-

mented over the basis materials. This analysis is performed
on a pixel-by-pixel basis resulting in a series of images of
each component.

Previously published workshowed that it is possible to

N; N; identify materials with this method. However, no attempt
AQN; - A_Qik“flV[l’X( )1, (14 was made to quantify the results. In these material-specific
images, contrast depends pg(l) and the thickness or den-

wherek=1/Ny; and N; is the transmission for thgh ray  sjty of each component material can be calculated according
path.(For each of] rays we obtain a scatter pattern that cantg

be segmented intbannuli) We are considering only small-

angle scatter, therefore the pathlength of the scattered radia- Di=MiDi pasis (17)
tion is considered to be equal to that of the transmitted beanwhereD ,.5isiS the dimension of interest of the basis mate-
For a deflection of 10°, the scatter pathlength deviates fromial and D, is the quantity desired from the unknown. Ob-

FiG. 4. Variation of peak CSCT image SNR with object size for fixed pixel
size and beamwidth.

that of the primary by only 1.5%. taining accurate maps of tissue composition requires ensur-
ing that scatter patterns reflect the true magnitude and shape
C. CSCT image signal-to-noise ratio of y[1,x(6;)]. Thus, scatter patterns must be corrected for

b_effects such as XRIl lag and for self-attenuation of scattered

Noise in CSCT images is a potential obstruction to o e . : : "
diation prior to analysis and image formation.

taining accurate density measurements. Therefore, it must gé

ensured that corrections applied to the data do not signifi-

cantly degrade the signal-to-noise rat&8NR). It is expected V. EXPERIMENTAL METHODS

that_ vgrlatlons in _the r_neasured cross sections will be due 1 YRil Temporal Lag

statistical fluctuations iiN; , the number of photons scattered _ _ _

into theith annulus[Eq. (5)]. N; is Poisson distributed and ~ The temporal impulse response function was determined

the SNR in CSCT images has been shown earlier fo be by exposing the XRII to scatter from a homogenous object
for 3 s durirg a 5 sacquisition. The signal registered by M2

2 1/2
_ 12y[x(0i)]m2AQi ®.a’bhe (15  (Fig. 1 is displayed in Fig. &). After demonstrating the
W temporal response of M2 to be much faster than that of the

wherey[x(6;)] is the differential linear coherent-scatter co- X"y rise time using a fast optical LED strobe, the response
efficient per unit solid angle at thigh scatter angle for a function,R(t), was determined from the rising portion of the

uniform objectmis the number of projection angles(); is M2 curve [Fig. Sb)]. The lag correction was tested with
the solid angle subtended by tite annulus®, is the inci-  Simulated data and showed excellent compensation in the

dent fluencea is the pixel size in the reconstructed imae, absence of nois€. The correction factor was determined
andh are the height and width of the beagis the quantum  from Ed.(12), whereM(t) was given by the monitor diode,
detection efficiency of the XRII, anW is the object diam- M2, placed in the parallel optical path from the XRII output
eter. This result suggests that image SNR decreases with iRNOSPhor. Itis, therefore, proportional to the average inten-
creasing object diameter, and may pose a fundamental limgity of the scatter patterns.

tation for studying larger objeci$ig. 4).

SNR

B. Self-attenuation

D. Material-specific analysis The self-attenuation correction was validated using a 2.5

Contrast in CSCT images from E¢7) depends on both cm diameter PMMA cylinder. For each of 70 angular views,
the coherent-scatter cross section of the tissue comprising th scatter patterns were acquired as the specimen was trans-
specimen and the density of scatterers at each point in tHated through the pencil beam during a 2.3 s exposure at 70
object. The goal of CSCT is to provide volumetric density kVp and 10 mAs per framé&00 mA). With the Gd filtration,
maps of each tissue component in the form of materialthe resulting in-plane average dose delivered to the specimen
specific images, as described by Westmerral® Cross sec- was 25 mSv. The scatter patterns were corrected for temporal
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1.2 r T r v TaBLE |. Values used to determine the theoretical system signal-to-noise
ratio.
1 F PV VSRXY SR T
JURIE X b . m ®, (ecm?) a(ecm) b(ecm) h(cm) W (cm) €

o

o
o]
T
i

70 4.71x 10° 0.05 0.08 0.05 2.5 0.6

relative intensity
o
o

04T . ’ spectrum was propagated through the 2.5 cm PMMA object
02 | : , ) | usingu(E) for the mean beam energ¥3 keV) to determine
. ‘ e, the transmitted fluence. This simplification is withirl% of
0 sl L L : the more rigorous calculation, which applies the range of
0 1 2 3 4 5 w(E) values to the spectrum.
time (s)
(2) D. System linearity

The corrections described above assume a linear system,
1 T T y requiring a linear relative response from each dete@ttd,
M2, and XRI)) with varying input intensities. This was tested
by acquirirg 5 s ofscatter data fnm a 1 cmblock of PMMA
at 11 different current setting®5, 32, 50, 63, 80, 100, 125,
160, 200, 250, and 320 mAThe M2 (output phosphor in-

% 0.5 } . tensity monitoy and video(XRII scatte) data were corrected
for lag and attenuation. The diode data was integrated into
% s bin widths and the total scatter detected by the XRIl was
integrated.
0 Lo ‘ ‘ E. Material-specific images
0 0.5 1 15 2

The original CSCT test phantom was also imaged to dem-
onstrate the impact of system improvements. This phantom
(b) mimics the materials of the AAPM low-contrast CT phan-
tom, consisting of a 3.1 cm diam water-filled PMMA cylin-
Fic. 5. (@) Measured temporal response of the x-ray image intensifier. Theder containing 6 mm rods of polyethylene, PMMA, polycar-
intensifier was exposed to scatter from a homogeneous specimen; excepti t d lor{Eig. 6. Scatt tt " ' f h
fluctuations in photon fluence, the response should be constant during t na ?’ an _ny orl '9- ). Sca er—pg €rn 1mages or eac
exposure. The deviation from the ideal case displayed here is due to decafiaterial (basis functions were acquired at 70 kVp, 1200
constants in the XRII phosphor&) The response function used to correct mAs then, using the same exposure parameters as for the
XRII data for temporal lagR(t). The response function is not 1 &0, PMMA cylinder, CSCT and material-specific images were

becauseR(t) has been normalized to unit area. obtained of the test object. The scatter images were corrected

time (s)

lag, and then segmented into concentric annuli representing
100 detector elements. A series of images of the coherent-
scatter intensity at 100 scatter angles was reconstructed, first
according to Eq(6) (neglecting self-attenuatignthen nor-
malized by the transmitted intensif§{eg. (12)] and recon-
structed again to examine the impact of the correction.

C. Noise in CSCT images

Any noise introduced by the lag and self-attenuation cor-
rections was assessed by examining x10 pixel region of
interest(ROI) in the center of the PMMA cylinder. For each
scatter angle, the mean and standard deviation of this ROI
were calculated and the SNR given by the ratio of the two.
Experimental SNR values were compared to theoretical ex-
pectations using Eq15) and values from Table I. The shape
of the y[x(#6,)] curve was given by the mean values of the
ROIs, which were scaled to have the same peak value as

given by Kpsanetzkyet al~° The incident 2sgpectrum was _cal- Fic. 6. Schematic of the 3.1 cm diam water-filled phantom containing 6 mm
culated using the method of Tucket al=® and the entire rods of polycarbonatéPC), polyethylene(PE), nylon, and PMMA.
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Fic. 7. XRIl data for the translation of a piece of PMMA through the x-ray
beam, beforé—) and after(®) correction for temporal lag. The monitored
primary transmissioriM1) data is also include¢ll).

scatter angle (degree)

Fic. 9. Noise in CSCT images préA) and post{@®) attenuation correction.

for XRIl lag, integrated in 100 circular detector elements,for the NNLS fit. In this case the fit parameters reveal the

and normalized to solid angle. The pixel cross sections wergraction of the basis density present in each sample.
then decomposed into linear combinations of the bases using

NNLS. This results in independent images of each phantony. RESULTS

component. )
A. Temporal lag in the XRII

The approximate convolution correction was applied to
data acquired as a block of PMMA passed through the beam.

Uniform and mixed composition models were used to testrhjs case does not result in an instantaneous change in sig-
the linearity and accuracy of the coherent-scatter analysigal. The scatter intensity will grow to full intensity as the
method. Data was first acquired from a series of PMMAgpject moves fully into the beam. After this, ignoring statis-
sheets varying in thickness between 2 and 12 mm in 2 mnfical fluctuations, the scatter signal should be constant across
increments, as well as froa 5 mmthick sheet. Each sample the scan, and then fall to background as the object moves out
was exposed for 5.3 s at 70 kVp and 100 mA. The data wagf the beam. This is illustrated in the transmitted primary
corrected for lag and self-attenuation and cross sections weggirve (M1) in Fig. 7. As this is an attenuation signal, the
extracted for each sheet. The 5 mm cross section served aggrve is inverted with respect to the scatter signals.
basis function, and the appropriate scaling factoss, relat- The XRII data in Fig. 7 clearly exhibits temporal lag. The
ing the basis function to all other cross sections were detelcorrected curve shows considerable improvement. Prior to
mined using NNLS. These scaling factors reveal the fractiortorrection the slope of the “plateau” portion of the curve
of the basis function present in each sheet and, thus, detafas 0.042 intensity units/video frame. After correction, this
mine the thickness of each sheet. slope is reduced by a factor of 10, to 0.0043 intensity units/

This test was then repeated on a series of five boneyideo frame. The residual slope is due in part to components
mineral test rods. Each rod contained a different concentran the XRII temporal response greater than 2 s, which are not

tion of hydroxyapatite embedded in acryliCIRS Inc, Nor-  corrected for using our approximate method.
folk, USA), ranging from 0 to 0.400 g/cfin 0.100 g/cm

steps. This covers the physiological range of BMD in trabeB. self-attenuation
cular bone. Cross sections derived from pure hydroxyapatite
and acrylic, of known densities, were used as basis functionéi

F. Quantitative materials analysis

A series of CSCT images of the uniform PMMA rod is
splayed in Fig. 8. The uncorrected imagepper row il-
lustrate the cupping artifact present when self-attenuation of
scatter is neglected. Corrected images of the same object
(lower row) exhibit the uniform intensity expected from a
homogeneous specimen. Visual inspection of Fig. 8 indicates
that noise introduced by the attenuation correction does not
significantly degrade image quality.

C. Noise in CSCT images

Figure 9 shows the measured noise at each scatter angle
before and after all corrections were applied. Although noise
levels have increased, the post-correction measured SNR

Fic. 8. CSCT images of a 2.5 cm PMMA rod pre- and post-correction for COMPares fayorably to theory, across mOSF Sca_tter angles
self-attenuation of scatter. The images have a 3.5 cm field of view. (Fig. 10. This suggests that the decrease in noise due to

CORRECTED UNCORRECTED
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Fic. 10. A comparison of experimentally measured S(@, after correc-
tions, with theory(—); also displayed is the standard deviation in the dark
level for each ringA).

Fic. 11. CSCT images of the low-contrast phantom compared to a simulta-
neously acquired conventional CT image. The field of view was 3.5 cm.

temporal averaging is correctly restored by this correctior]:
method. The deviation between experiment and theory at
larger angles is due in part to increased noise contributions The first test of the potential quantitative accuracy of the
from dark subtraction as the area of the integration annulugoherent-scatter method involved measuring the thickness of
increasesFig. 10. blocks of PMMA. A straight line fit to the data resulted in a
These results must, however, be interpreted with cautiorfine defined byy=1.0%—0.05, withR?=0.99 and an rms
Despite low SNR, CSCT images can display strong contragfror of 0.2 mnt? This is in good agreement with the ex-
between different materials. Material-content information ispected straight line through the origin with unity slope.
extracted from these images by using a least-squared analysis For the more complicated case of the bone-mineral phan-
of scatter at all angles. Determining the influence of SNR orfoms, where two materials are combined, material analysis
the material analysis is not straightforward and beyond thavas used to isolate the hydroxyapatite and measure the con-
scope of this paper. For comparison, the SNR measured igentration,[HA], present in each sample. Measuf¢th],
the materia|-specific image of the 2.5 cm PMMA rod was 18.Which simulates a BMD measurement, is p|0tt6d versus the

This is similar to the expected CSCT-image SNiRgs. 4  concentration reported by the manufacturers in Fig. 13. The

and 10. straight line fit in this case is given by=1.03x—0.0002,

with R?>=0.99 and a rms error of 0.009 g/érgain, this is

in excellent agreement with expectations. While these are

simple cases, they do demonstrate that it is possible to make

) . ] accurate quantifications of material composition and dimen-
The intensity measured by the XRiscatte}, M1 (pri-  sjon using coherent scatter and illustrates the promise of

mary transmission and M2(XRII output) were found to be  cSCT as means of analyzing bone disorders.

linear with respect to one another. Nonlinearities apparent in

the data arise from inconsistencies in the tube output. Foy| piscussiON

each current setting, the three detector results are coincident ) L )

and the equations for each line are essentially identical, sug- '€ Primary objective of CSCT is to accurately measure

gesting that each detector is linear with the others. The equ he concgntra}tlon of.sp.ecmc mate_rlals at each pomt na to-

tion for the intensifier curve ig=0.00%—0.02, and that of Mographic slice. This is accomplished by determining the

both M1 and M2 isy=0.00%—0.03, all of which haveR? coherent-scatter cross section for each pixel in an image. For

values greater than 0.99. the measurements to be accurate, both the structure and mag-

nitude of the measured cross sections must be exact. This
paper has outlined several steps required to ensure accuracy.

Image intensifier data is subject to temporal effects due to
delays in the phosphor screens, and an approximate correc-

Post-correction CSCT images of the test phani®iig.  tion for this temporal lag has been presented. Estimates of
11) display no trace of self-attenuation artifact at any scattethe error in each video frame are determined using a detector
angle. These images are maps of the coherent-scatter crosgith negligible lag to monitor the video output and a single
section and, as such, exhibit material-specific, angularmultiplicative correction is applied to each video frame. This
dependent contrast. Material specific results from the watetorrection compensates for lag of no more than 2 s. A sig-
and PMMA components are displayed in Fig. 12. Again, allnificant reduction in the effects of lag were demonstrated
trace of the self-attenuation artifact has been eliminated. (Fig. 7).

. Quantitative materials analysis

D. System linearity

E. Material-specific images

Medical Physics, Vol. 29, No. 8, August 2002
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Preliminary CSCT images suffered from a self-attenuation Examination of scatter intensity fnro a 1 cmblock of
artifact. This results in intensity cupping in the imadeg. PMMA at a series of increasing tube currents demonstrates
8, upper row, which leads to erroneous concentration mea-he linearity of the system response to variations in intensity.
surements. Self-attenuation is corrected for by normalizingrhe M2 and video data were corrected for lag before analy-
each scatter projection to the simultaneously measured prsis. These results, therefore, indicate not only that the detec-
mary intensity. As Fig. 8 illustrates, this compensates fortor chain is linear, but also that the temporal correction is
self-attenuation at all scatter angles. Figures 11 and 12 disseing applied correctly. The quantitative response of the
play a series of CSCT and material-specific images of thecanner was tested using two simple models in a radio-
CSCT test object. Unlike previously published CSCT imagegraphic mode. For both the simplest case, with only one
of this object no cupping is visible in the water and the material present, and the more complex composite @zge
PMMA rod and cylinder are equally bright at all scatter 13), the results were very linear. These results demonstrate
angles, demonstrating that the correction does not fail in théhat we can quantify the thickness or concentration of mate-
presence of multiple materials. Again, the material-specifiaials using coherent-scatter-based analysis and also that our
images in Fig. 12 highlight the improvement attained withsystem responds linearly to variations in the number of scat-
this correction. terers present in the specimen. These are the first absolute

The self-attenuation correction relies on a measure of thquantifications obtained using CSCT.
transmitted primary beam, which has photon statistics supe-
rior to the scattered radiation. Correcting for self-attenuationy]], CONCLUSIONS

should not, therefore, degrade the image. This can be con- In this paper we describe a method of obtaining quantita-

firmed both by visual inspection of Fig. 8 and by the SNRtive, material-specific information based on x-ray coherent

data provided in Fig. 10. Post-correction SNR and theory : ;
. scatter from a specimen. Using an average dose of 25 mSy,
display excellent agreement.

PMMA concentrations were measured in a uniform rod with
an accuracy of 5%. The results presented here support the
development of CSCT for imaging extremities to assess

0.4 s BMD. Current clinical densitometric techniques are suscep-
E i tible to errors due to variable fat content and tissue density as
203} well as errors due to radiographic matching of calibration
< i materials. CSCT is unaffected by variable composition and
%- 02 b uses pure chemical forms of tissue components as basis stan-
2 i dards. Thus, CSCT may prove more accurate than other tech-
8 o4 | niques for assessing BMD.
2 0.
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