NEW CONCEPT OF SCATTERED RADIATION IMAGING WITH HIGH SENSITIVITY
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ABSTRACT

We propose a new scheme for imaging radiation emitting objects by
measuring its non collimated scattered radiation at various energies.
A few years ago we have put forward the idea of scatter imaging
and show how it works with a collimated detector. To increase dras-
tically the sensitivity of this modality as well as its field of view
and resolution we propose that data acquisition should be performed
without collimation as it is done in Compton cameras. We discuss
image formation by scattered radiation in this context by computing
and comparing the related Point Spread Functions (PSF) and com-
ment on their properties. We also present numerical simulations to
support the attractiveness of this modality.

Index Terms— Biomedical imaging, nuclear imaging, gamma
rays, scattering, sensitivity

1. INTRODUCTION

Scattered radiation in emission imaging has appeared as one of the
promising contenders for future active imaging agent in nuclear
medicine [1, 2, 3, 4, 5, 6, 7]. Conventional three dimensional tech-
niques have so far relied on non scattered or primary radiation and
treated scattered radiation as noise and perturbing factor which must
be eliminated as much as possible. However since the fifties, there
has been a continuous interest in Compton scattered radiation and
its possible usage for tomography or three dimensional imaging [8,
9, 10, 11]. Numerous proposals have been made in this direction.
Most devices use collimated point sources of gamma rays scanning
the electronic density inside matter and the scattered radiation is reg-
istered by a movable point-like detector outside, e.g. [12]. On the
other hand, a valuable idea to exploit scattered radiation in emission
imaging is the concept of electronic collimation for gamma camera
[13], introduced about two decades ago.

Recently we have put forward the idea of exploiting informa-
tion encoded in scattered radiation but detected by a standard gamma
camera with collimator [3]. We have also shown that three dimen-
sional reconstruction is possible since an analytic inversion formula
exists, at least when attenuation is neglected and the electronic den-
sity of the scattering medium roughly constant. But using a collima-
tor means that a huge amount of scattered rays are discarded (only
1/10000 part of the emitted radiation reaches the detector). There-
fore we take now the bold step to remove entirely the collimator of
the gamma camera. Our operating modality is nevertheless differ-
ent from that of a Compton camera since it does not make use of
coincidence detection.

Fig. 1 shows how single scattered radiation is used in image for-
mation with and without collimator. How scattered radiation works
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Fig. 1. Two modalities in emission scattered radiation imaging.

in the two cases is displayed in Fig. 2 and Fig. 3. The removal of
the collimator allows a detection site to register many more contri-
butions arriving from all possible directions in the upper half space
of the detector. To focus on the essentials of image formation and
convey first the interesting aspects, we choose to present the com-
putations in two dimensions since they are less involved. Section
2 describes the successive steps of image formation. In section 3,
we establish the analytical expressions of the Point Spread Func-
tion (PSF) in the two cases and compare them. Finally in section
4 we present numerical simulation results which support the possi-
ble implementation of this new imaging principle. Conclusion and
perspectives are in the last section.

2. SCATTERED RADIATION IMAGE FORMATION
WITHOUT COLLIMATION

Let

S = (zs,ys) be a radiation emitting point source of an object
represented by its activity density f(S), a real valued non negative
function, compactly supported,

M = (xu, ym ), a scattering site inside the surrounding medium,
which eventually may include the object itself,

D = (zp,0), a detection site on the linear detector.

The detected radiation at D has undergone at least one Compton
scattering. Its energy FE, after collision, is related to the scattering
angle w by the Compton relation:

1

E=FH—
°T+e(l—cosw)’

M

where Ej is the photon initial energy, ¢ = FEo/mc® and mc? the
rest energy of the electron. The Compton effect is thought to have
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establish the particle aspect of radiation known as photon.

To see the role of scattered radiation in this new imaging princi-
ple, we shall adopt the following simplifying hypothesis in the com-
putation:

e since single Compton scattering are dominant, only these events
will be considered hereafter. Higher order scattering will be
the object of future work,

e radiation attenuation in medium will be neglected,

e the medium electronic density is assumed to be approximately
constant, i.e. n, = const,

e the primary emission by an object point source S is assumed
to be isotropic.

The image recorded by the detector appears then as the photon
flux density g(D,w) at site D and at given scattered photon energy
E, or equivalently at scattering angle w. Its expression can be ob-
tained by following the photon path from emission to detection with
one scattering at site M. Generally g(D,w) appears as a linear in-
tegral transform of the activity density f(S):

9(D,w) = / dS £(S)P(D,w]S), @

as we shall see in the following.

Because the primary emission is isotropic, the photon flux den-
sity emitted at S and reaching a scattering site M of small transverse
dimension (e.g. diameter) e, is

£(S)ds

s

" e 1

arctan ( 5 M) =

This number of photons will scatter with n.(IM)dM electrons at
site M and will be deflected by an angle w from its initial direction
with a probability r. P(w), the Compton differential cross section
in two dimensions per scatterer. Hence the scattered photon density
reaching detection site D is

f(S)ds
2m

1
arctan ( = ne(M)dM r. P(w) arctan (ﬁ) .

sir)
SM
The totality of detected photons is thus the integral over all emis-
—
sion sites S and all scattering sites M such that S M makes an angle
—
w with M D. This is exactly what Eq. (2) expresses.

3. POINT SPREAD FUNCTION (PSF)

P(D,w|S) is by definition the image of a unit single point source at
S. The scattering condition under scattering angle w means that the
scattering site VI must be on two arcs of circles subtending an angle
(7 — w) passing through sites D and S (see Fig. 3). Thus the PSF is
given by an integral over two arcs of circle

1
P(zp,wlrs,ys) = K(w)g

X /MeAI‘CS arctan (SLM) arctan (%) dM, 3)

with K (w) = ne re P(w) /27, and ne = ne(M).

For computation we choose polar coordinates such that S =
(d,c), with DS = d and M = (r,0), with DM = r and
DM - DS =rd cos~.
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Fig. 2. Coordinates for scatter image formation with collimator
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Fig. 3. Coordinates for scatter image formation without collimator

The circular arcs have polar equations

T:dsm(w—’y)

( r:dsin(w—i-’y)
sin w

and -
sinw

; (C))
. — e

where ~ is the angle between DS and DM: v = (6 — «).

The distance SM can be extracted from a simple identity in the
triangle DSM, i.e.

SM=d =20
[S10090)

The integration element dM corresponds to a small area delim-

ited by a portion of the arc of circle and by e

.d dry.
sinw

dM =e

As the scattering medium is of finite extent, the lower limits of
integration should be calculated beforehand, this depends on w and
will be noted ~;(w)

d ) esinw
=K t
P(zp,w) (w)esinw Agrcs/o arctan (dsin’y)

esin w
t - | dn. 5
X arc an(dsin(w—fy)) Y )
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In reality to account for the structure of a linear detector a factor
sin(a — ) should be added to the integrand in the second arctan of
Eq. (5) to describe the projection of the scattered photon flux density
on this detector.

Now if a collimator is mounted on the detector (see Fig. 2) then
only one scattering site M, located on the perpendicular to the detec-
tor at site D, will contribute to detection site D. Thus the integration
is restricted by a delta function which picks out only the correspond-
ing value of 7, i.e. 70 = (7/2 — ). Consequently the PSF in the
presence of a collimator has the expression

d esinw
Peott(tp,w) = K(w) esinw arctan (dsin'y)
x arctan | — 0 Ay ©)
dsin(w — )

The angular element A~ should in practice correspond to the
smallest step in the discretization of the circular arc in numerical
calculations. Once it is fixed, one can compare the two PSF curves.
Fig. 4 and Fig. 5 show the PSF curves in the two cases for differ-
ent scattering angles, the horizontal axis being the Ox axis of the
receiving face of the detector.
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Fig. 4. PSF curves at various scattering angles with collimator
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Fig. 5. PSF values at various scattering angles without collimator

As an illustrative example, let us consider the case of a scat-
tering angle of 50 degrees, the signal without collimator is on the
average 20.2 stronger than the one with collimator. This can be seen
on the PSF profiles in Fig. 6. Thus image formation without col-
limator comes out with much higher sensitivity as shown by color
level display in Fig. 7.

Scattering angle = 50°

— — —PSF with collimator
PSF without collimator
TN
5r- / \
/ \

& / \
g / \
T Ar / \
=
7 / \
g
8 / \
23 / \
= 3F / \
= 7 \
@ ’ N
= s N
£ 2f . AN
o - ~

Lo T

I | I | I )
-30 -20 -10 0 10 20 30

Distance |zp — zg|

Fig. 6. Comparison of PSF images on the detector: with collimator
(filled line) and without collimator (dotted line)

PSF with collimator 45

4

-30 -20 -10 0 10 20 30 3
Distance [vp — zs| 25

PSF without collimator

-30 -20 -10 0 10 20 30 o
Distance [zp — zs|

Fig. 7. Comparison of sensitivity on the detector: with collimator
(upper short line) and without collimator (lower long line)

4. NUMERICAL SIMULATION RESULTS

In this section, we present the results of two numerical reconstruc-
tion of the Shepp-Logan medical phantom (see Fig. 8 for the original
image). The scattering medium is discretized with 55 points along
the  and y axis. The detector line is placed on the line y = 0.

The photon flux density coming from the object and arriving on
the detector is simulated using Eqgs. (5) or (6). The images simulated
without collimator are on the average 15 to 30 times more sensitive
than those with collimator.

Then, we construct the weight matrix of the medium by calcu-
lating, for each point of the mesh, the PSF on the detector at different
scattering angles. The reconstruction is carried out by inverting the
weight matrix using the Singular Value Decomposition method.

Fig. 9 shows the result when a collimator is mounted on the
detector. We can see that the part of the object near the detector is
better reconstructed than the upper part of the image. The three small
structures are invisible. The reconstruction relative error is 9.13 %.
On the other hand, when we simulate a detector without collimator

IV -159



(Fig. 10), the whole image is correctly reconstructed: the relative two dimensional imaging to three dimensional imaging, and the an-
error is 1.17 10™* %. The results are very encouraging and push us alytical inversion of the PSF - a major mathematical challenge - are
to explore further this new imaging principle. topics for future research.

(1]

(2]

(3]

(4]

(3]

Fig. 10. Shepp-Logan phantom reconstruction without collimator

[12]
5. CONCLUSION AND PERSPECTIVE
[13]
These promising results open the way to a new concept of high sen-
sitivity imaging system which may find applications in fields beyond
biomedical imaging such as industrial non destructive control, high
energy astrophysics, environmental survey, etc. The transition from
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