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ABSTRACT

We report the implementation and first test results of a two-channed speciral Computed Tomography (CT) prototype.
We use an energy-resolving CT detector with a sandwich-like two layer sel-up. Compared 1o dual-energy approaches
with twhe voltage switching, it vields a low and a high energy channel in a one shot measurement, We explain the basic
set-up of the system and its calibration. The effects of spectral weighting are examined and the weighting functions
wiE) of the detector channels are caleulated. We present spectral image data of a water phantom, a set of calibration
materials and an organic sumple. Finally, we show how the data can be used for quantitative CT measurements. The
system is work in progress and currently mot available in the United Stares,
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INTRODUCTTION

State-of-the-art medical CT measurements yield precise information on the attenuation coefficient u(r) of the human
body. While the spatial resolution has been increased steadily into the sub-millimeter range in the last few years,
speciral resolution is curently not commercially used. This is probably based on the fact that its straight-forward
applications are not of key interest in CT. Unlike in SPECT or PET, hackground events have not to be sorted out by
energy discrimination, since they are negligible compared 10 the x-ray flux. Scatter reduction would be a useful feature,
but it requires a very precise energy measurcment and probahbly a monochromatic x-ray source.

However, the roots of spectral CT extend well into the ‘pre-spiral” age. Kalender et al. [1] used a tube-voltage switching
technigue in the commercially available SOMATOM DR (Siemens, Germany, 1983-1987). A pulsed tube with
alternating voltage settings between adjacent projections created a set of dual energy data, An approach based on pre-
reconstruction base-material decomposition [1.2] was used to generate pairs of high and low Z matcrial images such as
“‘bone’ and “soft-tissue’. This option served well for some applications like hone-densiometry [3].

With the rise of spiral technology, x-ray tubes shifted to continuous radision. This was the main reason thar the dual-
energy oplion was no longer implemented. Tn this paper we will present the first realization of an energy-resolving CT
system based on detector 1echnology.

EXPERIMENTAL SET-UP

In order 1o facilitate the assembly of our spectral CT svatem, we used a Somatom Emotion duo CT {Siemens Medical
Solutions, Forchheim, Genmany) as a platform. We exchanged the standard two-slice detector meodules with our
simdwiched spectral modules. Figure | shows a photographic representation and Fig, 2 the schematics of the assembly.
Basically we have taken two standard single-slice modules and put them on top of each other, The UFC scintillator
thickness of the top module was reduced 1o 200um, while the lower module preserved the standard 1.4 mm. A standard
antiscatter collimator was attached to the top module,
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i06. %-fay quanta partly cross the firs scintillator layer and are absorbed in the second layer. The upper level

t pick up the lower energy quanta whereas the lower level ahsorbs preferably the remaining high-energy quanda.

We now have two cnergy channels instead of two slices per detector element, the izl number of measurement

stays constant. Therelore we can use the standard detector read-out electronics. With minor adjustments to the
 controd of the x-ray wbe. we end up with a fully functional spectral CT system

THEORY

CT systems measure the distribution of the attenuation cocfficicnt uir).

determined by applying o Radon transformation to a set of measured projections Hfan)=Pn). It is wsually
1o the dimensionless Hounsfield value

C =1000 2" Hbwer. 14,
-HH-'m:."

| 'weighting of u in first order approximation of the Lambert Beer law is given by
= j“-fEmE}dE. (2)

KIE} is the spectral atlenuation coefficlent at energy E and w(E) is the weighting function

S(EVIXE)
j:;fE:ImEJdE :

w(E) (3)

spectrum HE) in quanta per second at energy E and the detector absorption probability D4 E) with 0 < INE) < 1.

shows 5(E) and IDVE) Tor the standard Emotion Duo 1308V mode. For our spectral system, we measure two ., i
ifferent spectral weightings w,.w;. In order 1o calculate these functions, we have modelled our detector system
ing 1o Fig. 2. The intermediate absorbing layers like the module substrates or the scintillatos reflective paint {see

) were ireated according to the proposals of Rowlands and Taslor [4], assuming that halfl the photons scattered in
layers are scattered forward into the detector.

shows the resulting wy and wy. The wop laver obviously absorbs the majority of the low-energy quanta, The
lnyer receaves the high-energy dominated rest of the quania

urexh si; and 4 data can now be wsed for spectral CT methods like the base material decomposition [1-3] and

pregection [3]. Since the latter will be used to Interpret some of the experimental results, we shartly revise this
and ils main resulis:

projection converls two measurements of g, with different spectral weighting we,ws inte density o) and
mumber A e informastion,
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both analytical and numerical solutions to that problem. We have to invert
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for g and Z. This vields
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RESULTS AND DISCUSSION

In order to calibrate the spectral CT system we started with o standard 30cm water phantom measurement. Fig, Sab
show the corresponding images for both layers. The water image of layer | has standasd noise level and distribution. For
layer 2 we notice periodic rotational antifacts. This is explained by a small portion of primary radiation {up o 2%:)
which passes through the scintillsor septa of layer 1 and hits layer I directly. The amgle of inclination increases towards
the edges of each module in angular () direction. This creates the periodic rotational patlern with an underestimation of
Clpz) of up to -20HU for sharp reconstruction kernels, This shorcoming can be overcome by cither shielding of the

sepla in layer 1 or a numerical correction of the raw measurement data. In this paper we present the intermediate results
based on uncorrecied system data

Material p igem™ pipem_(meas.) Z Z (mes.)
IS 1.74 .58 4] 6,12
M {liguids 5] 73 f | T7.39

Table: 1: Theoretical and measured density and atomic number of the calibration materials carbon and (liquid) nitragen

As the next step, we scanned samples of the pure elements carbon (Z = 6) and liquid nitrogen (Z = 7). We applied the
P projection according to (6.7) 1o the data, using the w; » of Fig. 4. The resulting values for the theoretical density and

domic number and the measurement results are shown in Table |
of +0.12 and +0.3%, whereas the density is underestimated by 0.1
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The atomic numbers are reproduced with 2 deviation
6 glem’ and ~0.12 giem’, This is below the precision




AZ = +/-0.1 and Ap = +-0.02gfem’ reached fl.'l-l!'llhl.' dual-voltage method in [5]. The larger deviation js probably due
D the underestimation of p, discussed ghove: F{x) in (8) is a monotone mcreasing function of © = ufu;. Thus, o
luced uy vields an increased r and 7.

inally, we took cross sectional images of a pig’s spine region a5 an organic sample for mascle, fat and vertebral bone
. Fig. ba shows an overview image taken with layer 1. We have chosen o window center ¢, = 400 HU and a width
W, = 2500 HU in order to depict the full dynamics. Fig. 6b shows a zoomed representation with [=, =0 HU | w, = 4400

this time taken with laver 2. We have used a medium reconstruction kernel in order to reduce the artifacts

sscribex] ahove, Fig, 6¢ and d show the P projected zoom of the organic sample. We have used a o window of [, =
20 glom’ , w, =075 glcm’] and a 7 window of [c,=90, w,=75]

e darker regions in both the pand Z image correspond to £l embedded in muscle flesh, We have two bone structures
il the arc-shaped. cracked white strucure on the lower right and the wiangle shaped form on the right. Though
meathied cut by magnification, we can see structures in both the fat/muscle and the inner bone regions that are not
gily distinguished in the original Fig. 6a.h). The main reason for this is the reduction of dynamics from the high-range
muation coelficient to the compressed scale of 2and Z. The detailed structures can nod be attributed to the artfacts in
g 5b) since they would occur with different orientation ai their position relative to the cenier,
paring the Z and o for the bone structures reveals some interesting details. For the right triangular shaped bone,
B o have a rise of Z from Z=109 o0 11.9 from the center o the edges, whereas the density g2 is more
erogeneously distributed between 1.1 and 1.65 gicm’, Table 2 summarizes the overall intervals of measured values
ior bome, muscle and fat pig tissue. We can extract values for comparable human cell classes from [6], sce iable 3. The
llective 2 is caleulasted according 1o a 7 averaging weighted with the partial chemical densities (soe [31). According 1o
I results of the calibration test, the measured £ values for muscle and fat will be overestimated by around +0.2
er, even if we do not expect a full coincidence, the values fit into the observed intervals,

[ ppem”™ {meas.) Z {meas. )
Verwshral bone (pig) 1.0 ... 0,5 10,9 ... 13.0 Y
Muscle (pig) | L.03 ... LI : 73, &7 o]
Fal {pig} | Q.82 1,00 59 .. 64 2 4]

Table 2: Measured density and atomic number for the cell maserial types in Fig. 6,

plgem ” (ICRU 46 [6]) Z (approx)
Veriehral column, adult L.42 1.6
Muscle, ndul |05 .7
Lipamn | [T 0.3

Table 3: Tissue densities ardd approcimated effective ntomic fumbers [5.6].

SUMMARY

dspectral CT prototype system has been constructed, calibeated and tested. We have calculated the speciral weighting

ictions of the two energy channels. Image data of a water phaniom, pure maerials and an organic sample of g s
8pine region has been generated. We have transformed the lalter two images into distributions of the density 2 and
alomic number Z using the pZ projection algorithm. The quantitative resulis are in principal agreement with the
expected density and atomic number of the purc matenals. For carbon, we obiain a deviation of +0, 12 in Z and -0, 16
I"':mt in g for liquid nitrogen we have a difference of +0.39 for Z and =0.12 gfem” for & A numerical correction to the
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primary radiation Im:iulem_un layer 2 will probably lead to a further improved precision. The images of the organic
sample show that we can identify and examine typical body tissues like muscle, fat and bone tissue. We find a gouxd
similarity between the measured quantitative values for a pig and the human equivalent tissue Lypes,

ACKNOWLEDGEMENTS

The authors would like to thank K. Stiersiorfer for continuous support with the DRASIM simulation 100, E. Klote for
useful comments on the hase material decomposition and the CTD team for designing and assembling the spectral CT

syslem.
REFERENCES

(1WA, Kalender W.H. Perman . J.R:Vetter, E. Klotz, Evaluation of a prototype dual-energy computed Lo i
apparatus. I Phantom studies. Med Phys, 13(3), 334, (1986) uit

[2] RE: Alvarez and A Macovski, Energy-selective reconstructions in X-ray iy o Pt
Biol. 21, 733 (1976) . ography . Phys :

[3] W.A: Kalender, E. Klotz, C. Suess.. Vertebral bone mineral analysis: an inteerated b CT. Bacdiclo
164(2), 419 (1987) 1s; an integrated approach wit oy

[?-IslﬁJ T;;u}wlmdﬂ and K. W, Taylor, Absorption and noise in cesium iodide x-ray image intensifiers, Med. Phys. 14,
o :

[5] B. J. Heismann, J. Leppert and K. Stierstorfer, Density and stomic number measurements with spectral x-ray
anenuation method, Jour, Appl.. Phys 94(3), 2073 (2003) 3

[6] ICRU. International Commission on Radiation Units and Measurements M, [ 1992

56 Proc. of SPIE Vel 5388




Fig. 1. Photo of the sandwiched module. We have combined two standard single-slice modules with mechanical spacers
to one spectral module, It has two energy channels per pixel

Fig. 2. Schematics of the module set-up.
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Fig.3 b, Standard 130kV spectrum 5/E) and detector ahsorption probability D(E) for a Somatom Emotion Duo,
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Fig .5. Water phantom images of layer 1 {left) and layer 2 (right), see text for analysis.
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Fig. 6 Image series of an organic sample (Mg spine region ). The respective center ¢, and width w, of the gray scale
IMagcs an: Aared Bl oaw,

layer 1 image, ¢, = 400 HU , w,= 2500 HU b} Layer 2, ¢, =0, w, = 400 HU.

) Zimage, ;= 9.0, w, : dy, pinglem” | e, =12, w, =0.7.
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