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Density and atomic number measurements with spectral x-ray
attenuation method

B. J. Heismann,® J. Leppert, and K. Stierstorfer
Computed Tomography, Siemens Medical Solutions, Siemensstrasse 1, 91301 Forchheim, Germany

(Received 14 August 2002; accepted 7 May 2003

X-ray attenuation measurements are widely used in medical and industrial applications. The usual
results are one- to three-dimensional representations of the attenuation coefiicientn this

paper, we present theZ projection algorithm for obtaining the densipgr) and atomic number

Z(r) with an energy-resolving x-ray method. As input data the algorithm uses at least two
measurements.,, u»,... With different spectral weightings of the source spectr8f&) and/or
detector sensitivityD (E). Analytically, p is a function ofu;—cu,, c=const, andZ is a function

of uq/u,. The full numerical treatment yields( 1, ,) andZ(wq,u,) with S(E) andD(E) as
commutative parametric functions. We tested the method with dual-energy computed tomography
measurements of an organic sample and a set of chemical solutions with pregefingd. The
resulting images show and Z as complementary information: The densipy reflects the
morphology of the objects, whereas the atomic nundbenumber of electrons/atom describes the
material distribution. For our experimental setup we obtain an absolute precision of @.&aridr20
mg/cnt for p. ThepZ projection can potentially lead to these classes of quantitative information for
various scientific, industrial, and medical applications. 2803 American Institute of Physics.

[DOI: 10.1063/1.1586963

I. INTRODUCTION more virtual “pure” material images. Still, it provides only
qualitative values.

X-ray imaging techniques range from linear scanning In this paper we directly aim at the functional depen-
systems for, e.g., food or baggage inspection, to threedency of the attenuation process. For given spectral source
dimensional3D) computed tomographfCT) scanners used S(E) and detector characteristiey E) of the measurement,
in medical health care. All these imaging systems basicallthe mass density and effective atomic numbef of the
measure the linear attenuation coefficigut) of the scanned absorber completely determine the measured attenuation co-
object. Mostly, a direct representation ofuer) image is used  efficient u, i.e., u=u(p,Z).

for inspection and diagnosis. It is important to note thgp andZ represent completely
In our field of work of medical CT imagingy is com-  different properties: The density=dnv/dV describes the
monly normalized to the attenuation of water by mass distribution, i.e., the morphology of the absorber. The
effective Z, however, reflects the average number of elec-
C— 100::“«_/“«water' 1) trons per_atom._This is a characteristic value fo_r any kind of
Mwater material, including compounds. For pure materials it exactly

matches the atomic mass number, efy=6 for carbon.

Thus C(air)=—-1000 HU and C(water)=0 with HU  Summarizing,Z describes thehemicalclassification ang
=dimensionless Hounsfield units. Table | shows rangeS of the physicalmorphology of the absorbing material.
for different components of the human body. The pZ projection algorithm presented here extragts

Medical CT diagnosis mostly relies on spatial contrast inand Z from spectral attenuation measurements with continu-
the attenuatiorC(r), i.e., on itsrelative local changes. The ous x-ray sources. In the upcoming section we describe the
absolute Cis used rarely. Calcium scoring of blood vessel analytical solution as well as the exact numerical treatment.
plagues$ and bone densiomefiyare examples. The former The feasibility, properties, and precision of the algorithm are
incorporates & thresholding for calculating the empirical then examined using spectral CT data.
Agatston score, whereas the latter uses calibrated tables
transformingC into density values.

Alvarez and MacovsKiinitially investigated the energy
dependence of: for CT: They showed that a separation into ll. THEORY OF THE pZ PROJECTION
photoeffect absorption and Compton scattering contributions X-ray attenuation for energies<511 keV is due tda)
is f_easible by spgc;tral measuremgnts. The so—callgd base Mhotoeffect absorptiorih) Compton scattering, and) Ray-
terial decomposition yields additional contrasts in two Orjgigh scattering. The total spectral attenuation coefficient
x(E,p,Z) is given by
dAuthor to whom correspondence should be addressed; electronic mail:
bjoern.heismann@siemens.com K= KphotoT Kcomptorit KRayleigh- 2
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TABLE |. Attenuation of body materials. Equation(7) can directly be inverted and solved fprandZ.
This straightforward two-energy approach can be used for
y-source measuremen(see, e.g., Rizescet al).

Bone, compact 250=1000 However, in x-ray measurements one rather works with

Organ or material Relative attenuati@n(HU)

Bone'usv‘;‘;“geous 53?;500 a continuous tube spectru®(E) and detector sensitivity
Blood 50-60 D(E)., .0<D(E)<1. By defining the effective attenuation
Pancreas 30-50 coefficientu as
Kidney 20-40
Water, ideal 0 e 1 |
Fat ~60—100 p=lim) = gin
Lung —550—950 d—0
Air, ideal ~1000 1 [[S(E)D(E)e <ENGE
=lim| — —In( ” 8
M{ "\ T JSEDEE ®
For the following analytical approximatiomgayieignwill V& obtain
be regarded as a small negligible contribution. The remain-
iNg Kphoto @Nd Kcompton @re linear in the density. Equation ,uzf w(E)x(E)dE 9
(2) factorizes intgp and the mass attenuation coefficiért
p): with the weighting function
K Kphoto) ( KCompton) S(E)D(E)
K=|— p=( pti———|p. 3 -7
(p) p p B = TS EDE)E 10

The photoeffect attenuatiok,n.o/p depends on the atomic
numberZ of the absorbef=average number of electrons/
atom) and the energyE of the radiation. To work out the
basic ideas, the approximation

For measured effective attenuation coefficieptswe
deal with another level of approximation. We have
JLp(R)dr=In{fw(E)exd — [ «(E)dI]dE} as the quantity
measured by x-ray attenuation methods like CT, with the

Kphoto| zK integrals [, --- taken along path& of the x rays. We again
p | = @ obtain Eq.(9) when approximating exXp) for shorter paths
, _ ) . . i.e. small objects.
with a=const is used here. Classicalk=3 andl=3; for It is important to note that the effectiyedepends on the
numerical fits of experimental datalies between 3 and 4, system parameterS(E) andD(E). This explains the diffi-
i .
and| between 3 and 3'556_6’ e.g. Chet_ al?). L culty of usingu as an absolute quantitative value mentioned
The Compton scattering attenuatiottompod # 1S 1N iy the Introduction.
good approximation independent o and E for E With Eq. (9) we obtain the set of integral equations
<140 keV:
K
K —
( Compton) — 5~0.02 n?/kg. 5) " f Wl(E)( p) (E,Z)dE
P (M )ZP ' ’ D
. . . . K
Substituting Eqs(4) and (5) into Eqg. (2) yields 2 f WZ(E)(—)(E,Z)dE
p
k
x(E,p,2)=ap T+ Bp- (6)  which has to be inverted fgs and Z:
It is important to note thak is a steady monotonic func- Ml(p,Z)) H( p(,ul,,uz)> 12
tion of p andZ for nonzeroE. The higherE, the morex is Ha2(p,2) Z(py,p0))

ruled by Compton scattering, i.e., the densityof the ab-
sorber. At lower energies the photoeffect and thus the atomi
numberZ tends to dominate. For notational simplicity, the
dependency ok on p andZ will not be denoted explicitly in
the following.

The energy dependence of EG) provides the principle
of our pZ projection. Consider measuringat two different
energiesE ,E,, thought to be ideally monochromatic. From
Eq. (6) one obtains

gquations(ll) and (12) express the basic idea of the&
projection. From an experimental point of view, the two
n1, o Needed for Eq(11) may originate from different set-
ups: The x-ray tube spectru8{E) and the detector sensitiv-
ity D(E) are commutative in Eq(10). This means we can
generate the spectral data @ two measurements with dif-
ferent x-ray source spectrg(E); (b) two measurements
with different detector sensitivitieB;(E); or (c) one mea-
surement with an energy-resolving detector, i.e., different

el spectral detector sensitivities;(E) are realized at once.
K1 (Ey) B E‘; o _Figure 1 sh_ows th&(E), D(E), andw;(E) of Fhe ex-
Ko(Ey) = o |l pze)- (7) perimental section as an example for cése Two different

source spectra and one detector sensitivity yield two different

E) W, (E) W(E).
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FIG. 1. S;(E) and Sy(E) (top), D(E) (centey, and resultingw,(E) and
w,(E) (bottom used in the experimental section. The source sp&tgE)

are simulated curves for two tube voltadés= 80 kV andU,= 140 kV (see
the experimental section for the slightly different prefiltejinghe detector
efficiencyD(E) has been calculated for the 1.4 mm GdOS scintillator used

in the CT detector. Thev;(E) result from Eq.(10).

In the following we provide an approximate analytical
and a precise numerical solution to E@$l) and (12) and

also define effective andZ values for compounds.

A. Approximate analytical
Substituting Eq(6) into Eq. (11) yields

pZ projection

)= %) o
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FIG. 2. Contour plots of the analytjgZ projection.(a) showsZ = const and
(b) showsp=const as a function oft, ,u, according to Eqs(16) and(17)
with g;=a X 107° andg,=0.4ax 10" °. u,> u, follows fromg,>g, [see
Eq.(13)]. Theg; are calculated from Eq14) with thew;(E) taken from the
experimental sectiofFig. 1).

with

(E
gi=aJ WE(l ) k. (14)

Equation(13) is inverted to

p ) 1 ( 9> _91)(,u1)
= ) 15
pZ" " B(g—90) | -8 B |\r2 19
This yields
_ 1 Oom1— 012 (16)
P B 9>—01
and
_ M2 M1 1/k:(’8 1—pqilp, 1k 17)
Jom1— a2 Oom/po—01

p is a weighted difference gk, u, whereasZ is a non-
linear function of the ratiou;/w,. Figures 2a) and 2Zb)



2076 J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Heismann, Leppert, and Stierstorfer

a) 25 : ‘ ; ; K Equations(18)—(20) represent the numericalZ projec-
tion. ForZ in Eq. (18), Fig. & showsF(Z) for integerZ
=1,2,...,30 with thew;(E) of Fig. 1. SinceF(Z) is a mono-
tonically rising function ofZ for this interval, we can calcu-

2t 1 late the inverse functio@=F ~*(u,/u,) by numerical in-
terpolation. As in the analytical approximatigid7), this
w numerical definition of a fractionaf is a one-dimensional
function of the measured attenuation rati@/w.
1.5 | The densityp in Eq. (20) is still a two-dimensional func-

tion of w; and u,. Figure 3b) depicts a contour plot of
p(wm1,mo) with the w;(E) of Fig. 1. x4 and u, have been
normalized to CT value€gq v andCq4q v according to Eg.
1 , . , . , (1); see also the next section.

Z The numerical results fop in Fig. 3(b) are in good
agreement with the analytic results of FighR Major dif-
ferences occur for largep. This mainly demonstrates the
limits of the analytic approximation of energy-independent
Compton scattering.

b) 1000
800r

600}

4001

a00l C. Definition of p and Z for heterogeneous materials

For a mixture of chemical elements with densitj@s
the overall effectivepy is defined by

Ceow/HU
o

-200r-

-400-

Peff= 2 Pi; (21)
-600r- i

-800r where p; is just the partial chemical density created by the

) 560 7000 atoms of element alone. This relies on the fact that far
Ciaow/MU rays in the medical diagnostic energy range:140 keV,
FIG. 3. Plots of the numerical results of th& projection. () showsF(2) adding photon cross sections of individual elements approxi-

. 3. u i u jection. W . . .
of Eq. (18) and(b) displaysp(Caov»Casowy) Of E. (20). We have used the mates th% interaction between photons and composite matter
w;(E) of Fig. 1 and the water normalization of EQ). very well.

The definition of an effectiveZ follows from this. With
the analytical approximation of the attenuation coeffici@nt

-199%66 1500

show contour plots of Eq$16) and (17) with k=3. TheZ one obtains
= const ancp=const lines reflect the difference in the func- z5
tional dependencies. K(E.pett  Zett) = apesrzr + Bpet (22)
with
B. N ical pZ jecti
umerica ;? projection o ) 5.7,
The analytical results of theZ projection in Eqs(16) LZe= Sip (23
11

and (17) are limited by the precision of the approximation

(6). In order to obtain exact results, we use numerical table§or water,Zy=1, Zo=8, po=8py, and Eg.(23) yields
for the spectral mass attenuation coefficients p)(E,Z) Zeit n,0~ .45 fork=3. In the upcoming sections we will use
(see, e.g., Perkinet al® and Cullenet al.’). Then Eq.(11)  Z in the sense of an effectiva definition.

yields the atomic numbet as A sum rule for the spectra is obtained by inserting Eq.
w f1(2) “ (21) into
—1=1—=F(Z):>Z=F1(—1) (18)
wa f2(2) M2 _ k(E)
. m(pett:Zett) = | W(E)pes| ——| dE. (24)
with P et
K This yields
@)= [ we)| 5| Ee2)0e 19
P «(E)\  Zipil«(E)/p]; o5
and the density o | per : (25)
M1 M1 (20) The hydrogen and oxygen spectra have been summed

PmHD)  fulF Nualu] accordingly to calculate the water normalizatidhin Fig. 3.
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FIG. 5. Radial density distribution of the onion of Fig. 4, taken at a hori-
zontal line through its center. The periodic shell structure is readily ob-
served.

gradients, one obtains quantitative values folAs an ex-
ample, the radial density of the onion is shown in Fig. 5. The
periodic structure of the onion shells is measured with abso-
lute density values.

Interestingly, the shells are not represented in Zig)
image. Only the hole corresponding to the small air cavity at
the center of the onion can be found. In order to understand
this, consider a volume of a homogeneous solid material like,
FIG. 4. Original 80 kV, 140 kV, angZ-projected CT images of an onion. A €-8., carbon. When the number of atoms/volume decreases
glass cylinder with water has been added for calibration. The 80 kV and 14@lue to adding pores or changing atomic structupe,
kV images use a gray-scale window from black to whitd €200 HU,200 =dm/dV decreases too. BUW=number of electrons/atom
?rl{gp "I%";‘;re"j;izg%e gcllgr’rﬁ,’f’dl"f‘;bg’}gkm’,?]'%Tgt‘r’]ae';?;:grz[zl"rl’rl’]e_’?\lzfew“'teof the solid stays constant. Air filling the pores under atmo-
the “soft” character of thep image compared to thimage. This is due to  SPheric conditions has no significant impact on the overall
partial volume material that images smoothly in thienage(see also Fig. 5 effective Z since the difference between molecules per vol-
whereas it produces sharp matgrial_/air _border; inZlmwage. T_he thinner ume of a gas and a solid is arourdLC®.
representation of the glass housing in ﬁmage_ls based on th|§: the outer If no solid is presentZ cannot be calculated from tiny
partial volume pixels are shown as black in this gray-scale window. ) .

gas attenuationésee the convergence of tize= const lines
for small attenuations in Fig.)3TheZ=0 hole at the center
IIl. EXPERIMENT of the onion represents a nonavailable number.
So it is important to note that one measuresZha the
d. For the onion, this yields a homogeneous value
rg(onion):7.20 for the onion cell material. This is0.25
below the level ofZ(water)=7.45.

A gradient inZ can also be observed. The head holder of

the CT system is represented as the curved line below the

_onion. It has aZ of 7.1 on the surface rising to 8.1 in the
trum to higher energies compared to the 80 kV spectrum. segenter. This _ref_lect_s its g_Iass-fit_)er mat_erial composition. An
organic matrix is filled with an increasing density of glass-

Fig. 1 for a plot of the resulting;(E). :
In the following we present the results of two measure-P€r bundles toward the center. The effect&ehanges ac-

ments. Both were performed in static slice mode of the CTcord_Il_ngiIE]/\./ tinate the absolute precision of thandz val
and transformed intp andZ images with the numericaglZ \c/)v mes gar ed erﬁ ISO uw?tﬁ If:songzmvs ter al—
projection algorithm. ues, we measured samples opvand Z. Water solu-

(@) An organic sampleonion) demonstrates the basic tions of various chemicals were used. Table Il lists the
feasibility and properties of the methgBigs. 4 and 5 chemicals and their mass ratios to water. It includesthe

(b) A set of water solutions of chemicals with known taken from the chemical preparation and thg calculated

densities and compositions yields data on the absolute prec"’f‘-ccOrdlrlg to the approximate formufa3) with k=3 (clas-

) . sical approximation
Table Il, Figs. 6 and )7 . . .
sion (Table igs. 6 and We used cross-sectional CT images of glass cylinders

filled with the solutions to calculate the€Z-projected images

in Fig. 6. p andZ were averaged over 150 central pixels of
We start with the images in Fig. 4 of an onion. The twothe cross-sectional circle surface. The results are listed in

original CT pictureqtop) and the transformeg(r) andZ(r)  Table Il for comparison with the chemical preparation val-

(bottom) are shown.p(r) looks similar to the original HU ues. The deviationdp and AZ between CT measurements

picture. But instead of relative and qualitative HU values andand chemical data are plotted in Fig. 7.

We obtained spectral data with two measurements usingOIi
different source spectig(E) on a commercial multislice CT
scannel(Siemens Sensation 4 CT, Siemens Forchheim, Ge
many). The tube voltages and prefiltering of the x-ray spec-
trum were(1) U, =80 kV tube voltage with 0.6 mm titanium
prefiltering and2) U,= 140 kV with 1.2 mm Ti pre-filtering.
The different Ti filter settings further shift the 140 kV spec

IV. RESULTS
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TABLE II. Density and effectiveZ of various chemicals dissolved in water as measured and calculated from
chemical preparation aneZ measurement. Deviations are shown graphically in Fig. 6.

Chemical Chemical Chemical CT measured Approx. CT
dissolved in concentration density density |Ap| chemical measured
# water Wwt%)  (gemd)  (gem?®)  (gemd)  Zeg Zet  |AZe
1 NH; 5 0.978 0.980 0.002 7.37 7.46 0.09
2 10 0.958 0.960 0.002 7.32 7.42 0.10
3 25 0.910 0.916 0.006 7.21 7.23 0.02
4 HNO; 16 1.092 1.078 0.014 7.47 7.51 0.04
5 31 1.187 1.156 0.031 7.49 7.53 0.04
6 NaOH 10 1.111 1.093 0.018 7.68 7.72 0.04
7 20 1.219 1.189 0.030 7.89 7.94 0.05
8 KOH 15.7 1.145 1.132 0.013 9.84 9.41 0.43
9 LiOH 6.7 1.062 1.061 0.001 7.41 7.46 0.05
10 H,0, 30 1.10 1.090 0.010 7.49 7.58 0.09
11 FeSQ-7H,O 5.6 1.031 1.050 0.019 8.39 8.47 0.08
12 H,SO, 29 1.209 1.240 0.031 8.74 8.95 0.21

For p, the statistical deviations are in the rangeagf V. SUMMARY
=20 mg/cni. The finer structures in Fig. 5 thus represent L
actual sample properties and are not attributed to noise. We developed theZ projection as an x-ray method for
Z shows a major deviation for the KOH measurement.Measuring the density and the atomic number of a
This could be due tda) the limited precision of th&=3  Scanned object. Its main feature is to express pathdZ as
value in Eq.(23) for higherZ or (b) CO, absorption in the a_d'feFt function of at Iegst ,tWO attenua.t|on. valq(e§,,u2
KOH used for preparation, which could lower the solution‘sW'th different spectral weighting. The weighting differences
chemicalZ toward the CT-measured value. Statistically, the
chemical Z values are reproduced with a precision in the
range ofog,=0.1. 0.04

0.03r x
0.02- x

0.01F 1

Ap/gcm3
o
x

-0.01+ x 1
-0.02-

-0.03r x x

-0.04——————

Samples N o4}

T
29% ) \5.6%/ \ 30% XX x x .
x
-0.2r x
LiOH a0l a0l HNO,
6.7% o/ \20% 10% 16% o3 . . . . L
1 2 3 4 5 6 7 8 9 10 11 12

sample #

FIG. 6. Chemical sample measurement used for estimating the precision of
pZ-transformed CT data. Quantitative values extracted from these imagesIG. 7. Deviations of density and atomic number values between CT mea-
are listed in Table II. surement and chemical preparation values.
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can be realized by the x-ray source as well as by detectaj/cn?. For this range we found absolute precisionsAgf

sensitivity modifications. The latter also covers energy-=20 mg/cni andAZ=0.1. We estimate that it can be further

resolving detectors. increased by improved spectral measurement techniques.
We obtained quantitative and absolute values in com-  Considering these results, we conclude thatgHepro-

parison to the relative use of attenuation measurements. Thection provides a further class of precise information for

experimental CT data for an organic sample, for exampleguantitative x-ray applications.

guantifies the density variations in an onion shell structure _ '

and the effectiveZ transition in a glass-fiber sample holder. A S:Agatston, W. R. Janowitz, F. J. Hildner, N. R. Zusmer, M. Viamonte,

Furth the | ilustrate th | t and R. Detrano, J. Am. Coll. Cardidl5, 827 (1990.
urthermore, the images illustrate the complementaryzy  Genant and D. Boyd, Invest. Radidl2, 545 (1977.

meaning ofp andZ. The p image has a smooth character, 3r. E. Alvarez and A. Macovski, Phys. Med. Bid1, 733 (1976.

reflecting the continuous density variations in the cell struc-*Z. H. Cho, Z. M. Tsai, and G. Wilson, Phys. Med. Bidll, 225 (1975.

tures, whereasZ shows sharp material transitions. This 5C. Rizescu, C. Besliu, and A. Jipa, Nucl. Instrum. Methods Phys. Res. A
’ o L 465, 584 (2001).

stresses that the densﬂys g'v_en per volumeandZ is given . 6S. T. Perkins, D. E. Cullen, M. H. Chen, J. H. Hubbell, J. A. Rathkopf, and

per atom or moleculeWe achieve a fundamental separation J. H. Scofield, Report No. UCRL-50400, Vol. 30, 1991.

into Z as a chemical and as a morphological quantity. D. E. Cullen, M. H. Chen, J. H. Hubbell, S. T. Perkins, E. F. Plechaty, J.

The precision of the method for CT has been evaluated Aéggathkopf, and J. H. Scofield, Report No. UCRL-50400, Vol. 6, Rev. 4,
with water solutions of several chemical substances with e, garrett and w. SwindelRadiological ImagingVol. 1 (Academic,

fective Z between 7.2 and 9.8 andbetween 0.91 and 1.24  New York, 1981.



