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Image Formation and Detector Characterization

In x-ray radiographs image formation is a statistical process and the mtrinsic limitations
are given by Poisson noise only. A common measure of the image quality 1s the signal
(S) to noise (0) ratio (SNR,y) in the entire image or parts of the image.

Consider a homogeneous area A illuminated for a certain time T (a flat field image). At
each single point of A a flux density, in the following denoted with &(x,y.t), can be
assumed to be superimposed with noise due o the poisson statistics. The signal to noise
ratio within this illuminated area is then given by

jSJT.(b(x,y,t)-dt-da
SNR,, =22

\/Hq)(x,y,t)-dt-da

N denotes the integral number of quanta in the entire area A. Note that this expression
describes the intrinsic limitation for all kinds of photon imaging systems. An image of
this area is recorded with an integrating detector. Photon integrating or, more precisely,
energy integrating devices such as the discussed detectors contribuie additional noise to
the image. Thus, in general, the image information is degraded at each step of the
detection. An image of the flat field recorded with a real, and hence noisy detector,
delivers the following degraded SNRy:

JN (1)

_N_
- ="

SNR,, =/DQE - SNR . @)

Obviously, a reduced DQE value requires an increased number of quanta (or dose) in
order to achieve the same signal to noise ratio in the recorded images. To avoid
unnecessary dose applied to patients in this particular application, the DQE values of
detector systems should be close to 1. With the knowledge of both the SNRou and the
SNR;, it is possible to evaluate the DQE for a given detector system. Images are sampled
at discrete positions in the space domain with the period defined by the pitch of the
segmentation. Obviously this kind of image recording underlies the sampling theorem
and the smallest detail transmitted is defined by the ‘Niquest frequency" in the reciprocal
domain of the space. In the following this domain is denoted as the domain of spatial
frequencies. Formula (2) can be rewritten in terms of the spatial frequencies fand g as

(3.

2 2
DQE(f,g) -~ [SNRom (f:g)) =[Sout (f’g) O, (f!g)J
SNR, (f,g) o, (f.g)-S,(f,8)
where SNRou(f,g) and SNRy, (f,g) are, respectively, the output and input signal to noise
ratios at the spatial frequencies f and g. The transformation in the domain of the spatial
frequencies allows the convenient evaluation of the DQE(f,g) in terms of experimental
measurements. It will turn out that the input signal S;, as well as oy, is independent of



spatial frequencies since the latter is considered to be white noise. Thus the SNR;; in the
domain of the spatial frequencies is constant for all spatial frequencies. This can be
shown by utilizing a pin hole aperture at the position x=0, y=0 which covers the flat field
introduced earlier. The input signal in the spatial domain is then a convolution of the flux
density with the pin hole which can be written in terms of a two dimensional Dirac
distribution ¢{(x,y)®d(x,y) . One gets

S, (x,y)= J‘ _[¢(X= y)-3(x,y) -dx-dy=¢(0,0)=¢0 = const @)

and in the domain of the spatial frequencies

Sin (f,g) =c- I J.(q’o)'e_i.f.x e -dx-dy= ¢o : )

¢ denotes the normalization of the transform and f and g are two base vectors of the
spatial frequency domain. In the domain of the spatial frequencies the input noise in the
Poisson case is

Culf.g) =c [ [y € 6™ dx-dy= /o, ©)
which results in SNR;,(f,g) = m .

The detector system, however, responds to the input impulse at the object coordinates x
=y = 0 with a characteristic transfer function. Due to the effects of charge generation
within the detector the ionization which consists of the image information does not
necessarily remain at this specific position but rather spreads over adjacent pixels. This
causes a blurring or enlargement of the signal at the image coordinates x’, y'. This effect
is described by the point-spread-function (PSF). Mathematically the output signal Seu in
the space domain of the image is a convolution of the input signal with the PSF of the
detector and with the quantum efficiency € of the detector. One gets

Seu(®,y)=E [ [0(x,9)-8(x,y)- PSF(x —x’,y = y’) -dx -dy= )

£:0(0,0) - PSF(—x’,—y)=€- ¢, - PSF(x’,y")

The latter equality is allowed since the PSF is symmetric by definition. A Fourier
transform delivers the output signal in terms of its spatial frequencies and one obtains

Sou(f,8) =c-€- I j% -PSF(x’,y")-e " .e @ . dxdy’= c- ¢, - MTF(f,g) 8.)

where MTF is the modulation transfer function. In practice the MTF is a measure of how
well a detail of a certain size is recorded with the detector system. Note that for an ideal
detector MTF(f,g) = 1 at all spatial frequencies. For such a detector the noise would be
independent of spatial frequencies, similar to the input noise in formula (6). The low pass
characteristics of a real detector, however, degrade the high spatial frequency signals as



well as the high frequency noise. In general the image noise recorded with an integrating
detector can be subdivided into two major constituents: one part due to the Poisson

statistics, and a second additional noise source in the following denoted with Gaga - The
Jatter consists of inherent detector noise, electronics noise and ADC noise, which add in

quadrature since they are statistically independent. In the model developed so far the total
image noise in the space domain would be

2 _ 2
O = E-¢0 0,4 9.)

when € 1s the quantum efficiency of the detector. In this notation G,gq has the dimension
of a photon flux at the input of the detector. The Fourier transform of (8) delivers directly
the noise power spectrum NPS(f,g)

oo oo oo oo

NPS(f,g) = ls(o-fm )‘_—_ ¢, J' J'(% £) e e dx-dy+c, - J‘ J.G:dd 7% e L dx . dy

=W, + W,
(10.)

W, and Wy are the so called Wiener spectrum of the Poisson noise and the additional
noise, respectively and c1 and ¢2 some normalization constants. From equations (5), (6) ,
(8) and (10) an expression for the DQE is

|MTECE,g) _ [MTE(fg)f

wsie %) Wesie) )

DQE(f,g)=€-¢” -9,

or for the one dimensional case
|MTRE® MR

NPS(f) (00) NPS(f) (112

DQE(f)=g-c*-¢,

¥(0g) is a detector property which relates variations in detector exposure at zero spatial
frequency to variations at the output and is often interpreted as Zero Spatial Frequency
DQE (ZSFDQE) which can be defined as

2
x(%):(MJ : (12)
SNR;, (¢,)
In the following an expression for the zero spatial frequency DQE is developed with
special regard to photon or, more appropriate, to energy integrating detectors. In the
discussion it is more convenient to deal with photon numbers than flux densities. With a
pixel width of b, a beam or pixel height of a and an integration time T for a flux density
&, an integrated number of N photons are measured in a particular pixel with an
associated error of YN leading to SNR;, = VN . As mentioned above the detectors are



ma

energy integration rather than photon integration devices. Taking this into account, the
total charge released in a particular detector pixel by N photons of the energy E, is

Eb
=-—2..N.e. (13
=¥ )

ion

Here E,, = FE, denotes the total absorbed energy in a detector element, and Wi, is the
ionization energy required to produce an ion - electron pair ( or one electron - hole pair).
F is the Fano factor that takes into account that not all the energy carried by a photon is
really deposited in the detector and hence F is always less than one. The output signal is
Sou=kQe , where k is a property of the acquisition electronics that describes the
conversion of charge to gray values in the image. An error propagation eventually leads
to the total image noise Coy

]:n(E)-Ez-dE

O =1 Qe -k*- 2 N +e-k2-§ + 62, (14)

The first term in brackets describes normalized fluctuations of the absorbed energy
spectrum n(E) in the pixel with

E, =jn(E)-E-dE.

0
The second term is the error due to the Poisson fluctuations. Other possible noise sources
Isuch as electronics noise, ADC noise and the inherent detector noise have been taken
into account by the additional noise term 0,499. Formula (12) and (14) eventually lead to
the following expression of the ZSFDQE

x(9)= - c . (15)

e-In(E)-EZ-dE

-0

62, - Wi

ion

+
E* e-k?-F*-E!-¢-¢*-T-a-b

1+

Formula (15) reveals four characteristics of the ZSFDQE:

1. For high photon fluences the expression is dominated by the quantum efficiency € of
the detector. Obviously ZSFDQE values close to 1 are achievable by detectors with a
high absorption efficiency only.

2. Most of the absorbed energy should really remain in the pixel in which the ionization
took place. Ideally, the integral in the denominator should vanish if the overall ionization
can be localized in a single pixel. Fluorescence photons that escape from a considered



pixel will cause a spread in the energy spectrum which results in an increase of the
fluctuations and a decrease of the ZSFDQE .

3. Since the additional noise term shifts the ZSFDQE rather than changing its shape, Gaqq
should be as low as possible in order to achieve high ZSFDQE values even for small
photon fluences.

4. In principle the same effect on the ZSFDQE as described in 3. is valid for the
ionization energy Wi, with the exception that low ionization energies carry the
disadvantage of thermal charge production. This statistical process contributes to the
additional noise term.

Further reading

J.C.Dainty and R.Shaw, Image Science, Academic, New York, 153, (1974)

D. Chapman, C.Schultz, IEEE Conference Report, Nuclear Science Symposium and Medical
Imaging Conference, Vol III, (1993), 1528

K.Doi et al, “MTF’s and Wiener Spectra of Radiographic Screen-Film Systems”, U.S.Dept. of
Health and Human Service Publ. FDA 82 - 8187, (1992)

R.M.Nishikawa and M.J.Yaffe,” Signal to Noise Properties of Mammographic Film Screen
Systems”, Med.Phys. 12 (1), 32 (Jan./Feb. 1985)

Radiation detection and measurements, Glen Knoll, John Wiley and Sons, New York
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