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The pinhole gamma camera is the basis of the newly developed method of high-resolution pinhole single photon emission com-
puted tomography (SPECT). In this paper, a pinhole gamma camera system was examined using the channel model of information
theory. The model pinhole gamma camera was simplified from a noisy, lossy channel to a noiseless, lossless channel by assuming
a plane source. An approximate formula of average mutual information for the pinhole gamma camera was then derived from the
model. Imaging experiments validated the applicability of the analytic formula. The findings demonstrated that the pinhole gam-
ma camera can be adequately described using the channel model of information theory, and that average mutual information can
be considered a figure of merit for the optimizing design of the pinhole gamma camera.
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High-resolution pinhole single photon emission computed
tomography (SPECT) imaging plays an important role in
the rapidly growing field of molecular imaging [1,2]. A
variety of high-performance pinhole SPECT imaging sys-
tems have been constructed [3—6], but the design theory of
these imaging systems is developing relatively slowly. In
the design of pinhole SPECT systems, the performance of
imaging systems can be predicted with simulation methods
[7-11]. These methods can be used to quantify the spatial
resolution, sensitivity and field of view (FOV) of the imag-
ing systems [10-12]. These characteristics are, however,
limited by each other. The improvement of any two param-
eters always occurs at the cost of a third parameter, so it is
difficult to identify the optimal tradeoff. Therefore, it is
valuable to use only one figure of merit in evaluating the
overall performance of the pinhole SPECT system.
According to general information theory, the imaging
process is a process of information transmission, since its
main purpose is to obtain information. According to a
communication model (Figure 1), an imaging object can be
regarded as an information source, while the observer can
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be regarded as a receiver. As such, the imaging system can
be regarded as a channel, containing the function of an en-
coder. An image reconstruction algorithm is thus equivalent
to a decoder. Many imaging studies simply improve the
decoding capability of already existing algorithms, which
does not increase the amount of information transferred by
the imaging system [13-16]. If we wish to obtain more in-
formation from an information source, however, it is neces-
sary to optimize the design of the imaging system from the
perspective of the channel.

Figure 2 shows a simplified version of the channel model
shown in Figure 1. This version was used for convenience
the current study, which used the channel model and associ-
ated theory to examine a gamma photon imaging system. In
this simplified model, the imaging object is still an informa-
tion source, the imaging system is a channel, the computer
receiving projection data can be regarded as the receiver,
and the projection data constitute the elements in receiver
space. No image reconstruction algorithm was included in
the simplified communication model, to avoid any potential
effects on the performance evaluation of the imaging system.

In the channel model, we directly used the average mu-
tual information to represent the information transmission
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Figure 1 Schematic diagram of a communication model for photon imaging.
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Figure 2 Schematic diagram of a communication model for a pinhole
imaging system.

performance of a gamma photon imaging system. The
channel capacity is related to the statistical characteristics of
the channel, but the channel can achieve the greatest amount
of information transmission only when it is used for a par-
ticular information source. Since the information source of a
gamma photon imaging system cannot be changed freely,
the channel capacity cannot be used to accurately charac-
terize the information transmission capacity of the imaging
system.

The pinhole gamma camera is the basis of the newly de-
veloped pinhole SPECT system. As the SPECT system it-
self is more complicated than the gamma camera, this initial
investigation examines the pinhole gamma camera to estab-
lish the theoretical foundation for future studies of the pin-
hole SPECT system. The schematic geometry of pinhole
imaging is shown in Figure 3. The spatial resolution, Ry,
and geometric efficiency, gpin, can be approximated by egs.
(1) and (2) [17]:

Detector

Pinhole collimator

Figure 3 Schematic geometry of pinhole imaging.
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where d . =d+ tanE is the effective diameter of
u

pinhole collimator [18], d is the geometric diameter, % is the
channel height, a is the opening angle, u is the attenuation
coefficient, M =f/z is the magnification, z is the source-to-
collimator distance, f is the focal length, Ry, is the intrinsic
resolution of detector, and L is the size of detector. The
formula applies to the pinhole axis region.

In this paper, the approximate formula of average mutual
information for the pinhole gamma camera was first derived,
followed by discussion of its implications. Finally, the re-
sults of imaging experiments are reported.

1 Channel model of pinhole gamma camera

In this section, the channel type of pinhole gamma camera
is first analyzed from the perspective of mapping, then de-
scribed with a mathematical model. In this imaging model,
the imaging object is divided into a 3D voxel matrix, and
the projection image into a 2D pixel matrix. In 3D imaging
space, the same radiation distribution can be mapped onto
different projection images at different times due to statisti-
cal fluctuation, Compton scattering and background radia-
tion. Thus, the pinhole SPECT system constitutes a noisy
channel. For the same reasons, a variety of distributions
may be mapped onto the same projection image. Thus, the
pinhole SPECT system also constitutes a lossy channel. To
summarize, the gamma camera can be considered a noisy
and lossy channel.

According to information theory, the following mathe-
matical language can be used to describe the channel model
of the imaging system.

Let
{X}_{ X, X, X, - }
P | p(X)p(X,) e p(X,)---

be the probability space of input signal set of channel,

3)
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where X; denotes the ith radiation distribution, p(X;) is the
corresponding probability, and Z p(X,)=1

Let
% Y, Y, - Y -
Pl | p(Y).p(Y,)--p(Y;)--
be the probability space of the output signal set of the
channel, where Y; denotes the jth projection, p(Y)) is the

corresponding probability, and Z p¥,) =1L
Hence, the probability space of the channel is [X,P(Y]X),
Y], and ZP(Y | X)=1. The average mutual information
Y

can be calculated by
I(X;Y)=H(X)+H(Y)-H(XY). (5)

In principle, all of the radioactive distributions and their
corresponding projection images could be enumerated to
calculate the average mutual information. However, under
the conditions of current computing, there is not enough
space to store all the elements of source space and receiver
space. Therefore, it is impossible to calculate the average
mutual information of all kinds of channels.

To overcome this difficulty, the problem was simplified
by assuming a plane source. Let R, be the spatial resolu-
tion of the imaging system, Droy be the FOV, and Ry, be the
intrinsic resolution of crystal array detector. The plane source
of Droy X Droy can then be divided into a two-dimensional
point source matrix model of ngoy X nroy according to the
resolution of the imaging system, where npoy = Drov/Ryin,
the distance between points, is Ry,. Hence the number of
point sources inside the FOV is

n. = TED 2ov (6)
AT 2
4R,

Eq. (1) and Dgoy=L/M are substituted into eq. (6) result-
ing in

nl’

n, = . (7)
boaldl M 41 + R ]

In actual imaging, the concentration of radioactive mate-
rial that organisms absorb has a maximum value. Here, we
let pnax represent the maximum concentration of plane
source, which is at the ith point source. Thus, the maximum
activity of the point source matrix from plane source is

amax = pmax R;in : (8)

In the imaging system, the count of corresponding de-
tector units through geometric mapping is

Ni = éamux gtt ’ (9)

where ¢ refers to the efficiency of the detector, ¢ represents
measurement time, and g; represents the efficiency of the
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corresponding detector pixel:

2 3
Rin COs 91 , d > \/ERin
dn(z+ f) 1+M
S _ cos’ 6. R 2R
g,' — mid cos 2: , in < d < \/_ in , (10)

4n(z+ f) 1+M 1+M

d2 3 6 .

COS2 I ’ d < i
16z 1+M

where

T R
Spid =| ——arccos ————
[4 A+M)d

+R JA+M)d>-R>.

The gamma photons passing through the pinhole aperture
to the detector are mainly divided into three components:
direct, penetration and scattering. In general, the direct
component is regarded as signal, and penetration, scattering
and background radiation are regarded as noise. As such,
geometric aperture was used in eq. (10) rather than effective
aperture. The information transmission efficiency of the
collimator is given by

=1 )Wa+7,+7,+7,) (11)

}(1+M)2d2

where y; is the direct component, , is the penetration com-
ponent, ¥, is the scattering component, and , is the back-
ground radiation component.

While N;>> 1, the standard deviation of N;, o, can be ap-
proximated by \/ﬁ, , here 20 was used as a unit of gray

scale. Considering the effect of noise on the information
transmission capacity of the imaging system, 7 was used
directly to calibrate the effective gray scale. Thus, the effec-
tive gray scale of projection image is given by

N' gamaxgit
K =n——+1|=n| ——+1|. 12
SR et S

Therefore, one gray image approximately corresponds to
only one plane source, and the pinhole gamma camera ap-
proximates the noiseless, lossless channel. Therefore, when
amax 18 at the ith point source, the number of elements in

receiver space is K~ , and the mutual information is
I, =(n,-1Dlog, K,. (13)
Since ie[l,n,], the average mutual information of the
imaging system is
ny

1= L5 TS0 k,
i=1

-1
Ny iz ny,

i 't
" Zlogzq[vgam“g' +1J. (14)
i1
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When n, >> 1,

éamax g i t

I~ log,n +1| (15)

i=1

According to eq. (15), an increase of &ay,t, causes the
average mutual information to increase. This indicates that
the gamma photon imaging system is a time-dependent
channel; thus, the receiver space in the model above is not
complete. If the value of eq. (15) is less than O, the artifacts
produced by noise would lead the image to produce an error
message. The average mutual information is generally not
less than O in information theory, so in the following calcu-
lation, it is defined as /=0, when I<0.

Comparing eq. (2) and (10) shows that the channel model
increases the amount of information about the geometric
relationship between the pinhole and the detector unit.

When d > \/ERi“ / (1+ M), further increasing the aperture

can increase the sensitivity of conventional parameters, but
cannot increase the count of corresponding detector units
through point source geometric mapping. On the other hand,
it would be expected to decrease the average mutual infor-
mation in the system because of the reduction in n4. There-
fore, an optimal aperture should exist for the actual imaging
system. Similarly, according to eq. (10), an optimal focal
length should exist for the same imaging object or the same
FOV. From (15), the optimal aperture and optimal focal
length can be obtained under different parameters. The
opening angle of the pinhole collimator is determined by the
focal length and detector size.

2 Analysis results

In accord with eq. (15), the effects of FOV, focal length,
aperture and intrinsic resolution on the average mutual infor-
mation were initially examined. The calculation model was
as follows: the pinhole collimators made of tungsten alloy
were knife-edge-shaped, the area of the Nal(Tl) crystal ar-
ray detector was 120 mm x 120 mm, and the radioactive
source was 99mTc, 140.5 keV radiation. In the calculation,
n=yl(a+p+r+m= (dlduy)*, the values of EPmaxt Were
10°mm? and 10"/mm” respectively.

Figure 4 shows the relationship between the average mu-
tual information and the focal length under different magni-
fications, and different conditions of FOV. The magnifica-
tions tested were 1, 2, 3 and 4 respectively, the pinhole ap-
erture was 1.0 mm, the intrinsic resolution of the detector
was 2.0 mm, Eopat Was 10%/mm? in Figure 4(a), and 10’
/mm? in Figure 4(b). As shown in the figure, an optimal focal
length existed, but this increased with the magnitude of the
EPmaxt Increase. In addition, FOV truncation caused substan-
tial information loss when the imaging object was too big.

Figure 5 shows the relationship between the average mutual
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Figure 5 Relationship between the average mutual information and the
aperture. (a) Epmaxt = 10° /mm?; (b) Eppaxt = 107 /mm?;

information and the aperture under different intrinsic resolu-
tions. The intrinsic resolutions tested were 1, 2, 3 and 4 mm,
while the focal length was 100 mm, the source-to-collimator
distance was 30 mm, &pp, ¢ Was 10° /mm? in Figure 5(a),
and 10’/mm’ in Figure 5(b). As shown in the figure, an op-
timal aperture existed, but it was related to the intrinsic res-
olution and the count detected by the detector.

The above analysis indicates that an optimal focal length,
aperture, and intrinsic resolution of pinhole gamma camera
exist in practical applications of this imaging method, which
seems to conflict with eq. (1). According to eq. (1), the
smaller the aperture and intrinsic resolution, the higher the
spatial resolution, and the more information can be obtained
from the image. In fact, eq. (1) describes the spatial resolu-
tion of the pinhole gamma camera under the ideal state, not
taking into account the effects of statistical fluctuation,
transmission, scattering or background radiation noise. As
shown in Figure 5, increasing the statistical count (i.e. de-
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creasing the statistical noise), caused a gradual decrease in
the optimal aperture and the intrinsic resolution. In practical
imaging applications, the statistical count is limited and is
not too big due to the constraints imposed by radioactive
drugs and imaging time. Thus, optimal values of aperture
and intrinsic resolution exist, but vary under different con-
ditions of use.

3 Imaging results

To verify the conclusions described above, a series of pin-
hole gamma camera imaging experiments were designed.
The imaging object consisted of four capillaries, with an
internal diameter of 0.3 mm, filled with approximately 20
mCi/mL *™Tc solution. The distances between capillaries
were 1 mm, 3 mm and 2 mm respectively (Figure 6). Imag-
ing experiments were completed with a small gamma cam-
era in the MicroSPECT/CT laboratory of the Shanghai In-
stitute of Applied Physics (SINAP), CAS. The gamma
camera consisted of a Nal(Tl) crystal array and a position-
sensitive photo-multiplier tube (PSPMT) with crystal
thickness of 5 mm and intrinsic resolution of 1.4 mm. The
focal length was 10 cm. The pinhole collimators were made
of tungsten alloy, with apertures of 0.5 and 1.0 mm, channel
height of 0.5 mm, and acceptance angle of 60 degrees.

We first calculated the analysis values with different ob-
ject distances and different acquisition times (Figure 7), in
which the object distances were 20, 40, 60, 80 and 100 mm,
respectively, the acquisition times were 30 and 300 s, respec-
tively, dmax = pnrszm. As the FOV varied at different object
distances, the information density was used for comparison,
which is the average mutual information per unit area.

Projection images were then obtained at different object
distances and different acquisition times. The profiles of
projection images are shown in Figure 8.

As shown in Figure 8(a) and (c), a 0.5 mm aperture could
distinguish a space interval of 1 mm when L =20 mm

Figure 6 Imaging object consisting of four capillaries.
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and acquisition time is 300 s, indicating that the amount of
information increases with an increase in acquisition time.
From Figure 8(a) and (b), the signal to noise ratio (SNR) of
the 0.5 mm aperture decayed more quickly with increasing
object distance compared to when the aperture was 1.0 mm.
When L=80 mm, a 0.5 mm aperture could not distinguish a
3 mm space interval, whereas an 1.0 mm aperture could.
This finding indicates that an 1.0 mm aperture is better than
a 0.5 mm aperture under these imaging conditions. Com-
paring Figure 7 and Figure 8 indicates that the experimental
results were consistent with the theoretical predictions.

The results described above indicate that the proposed
formula was able to predict the experiment results, and that
an optimal aperture exists in this imaging system under dif-
ferent imaging conditions. Therefore, an optimized design
of pinhole gamma camera system should be based on the
characteristics of the imaging object, including its size, the
desired imaging time, and the concentration and specificity
of radioactive substances.

4 Conclusion

Although further studies are required, the current results
revealed that the channel model of information theory is
appropriate for describing the pinhole gamma camera. In
addition, the findings indicated that average mutual infor-
mation can replace resolution, sensitivity and FOV in pro-
viding descriptions of the properties of imaging systems.
The formula used to approximate the pinhole gamma cam-
era presented here was able to determine optimized pa-
rameters under different imaging conditions, providing val-
uable information for optimal design and use. Future studies
will examine the channel model of the pinhole SPECT im-
aging system on the basis of this theory. In addition, the
current method can be used for optimizing the design of
other imaging systems, such as photon counting computed
tomography.

The author would like to thank Yujin Qi of the Shanghai Institute of Ap-
plied Physics for the experiment instruments.
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