Optimizing Detector Size in X—Ray Imaging
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Abstract— Image data are noisy samples acquired at dis-
crete positions. Signal processing explicitly or implicitly
involves some kind of interpolation to match a desired point
spread function (PSF), to match a certain spatial resolution
or to match certain contrast detection criteria. By optimiza-
tion of a resolution—, noise— and dose—dependent figure of
merit it was recently shown that a given spatial resolution
can be best achieved using detector elements far smaller
than the desired resolution element [1]. A potential dose
reduction in the order of 50% was predicted when using de-
tector elements of about half the size of the desired spatial
resolution. Instead of prescribing spatial resolution we here
investigate how a square wave pattern of given detail size
can be best imaged in terms of contrast, noise and dose. A
contrast—to—noise quality factor @ is maximized to find the
optimal detector element size g.

Our findings are a potential of 70% dose reduction when
using optimized flat panel detector pixel size g. This opti-
mum lies in the order of 30% of the object detail size.

I. INTRODUCTION

T is common practice to push spatial resolution to the

limit that is dictated by the size g of the detector ele-
ments. One reason is that detector elements smaller than
absolutely necessary are said to decrease dose efficiency.
This is caused by the increased ratio of total to active de-
tector element size due to the space demanded by septa,
scatter collimators, wires etc. Increased electrical compo-
nent costs and increased data processing times further lead
to avoiding detectors with too many channels. Data band-
rate limitations often require to reduce the number of de-
tector pixels before read—out. Electronic combination, or
binning, of neighboring detector elements is used in these
cases.

Recently, we analyzed the situation in terms of spatial
resolution, noise and patient dose. Our findings were that
detectors of about half the size of the desired spatial res-
olution element are of significant advantage and allow to
increase dose efficiency by a factor 1.3 (1D detector) and
by a factor of 1.69 (2D detector) even in the presence of
finite sized septa [1].

Our aim here is to perform a similar optimization by
regarding the contrast of small structure details. We will
consider a one-dimensional interpolation problem. The re-
sults can be generalized to 2D detectors by simply separat-
ing the x— and the y—direction.

II. GENERAL CONSIDERATIONS
A. System Model
Let f(z) be some function that we would like to assess

by measuring it and let s(z) be the presampling function
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Fig. 1. Original object f (a square wave with period 2) and the re-
sulting images f; obtained with various g and w. The algorithms
1, 2, and 3 are color coded red, green and blue with solid, dot-
ted and dashed style, respectively. The contrast decreases from
subfigure a to subfigure c.

which comprises smoothing effects introduced by a finite
sized focal spot and a finite sized integration area of the
detector, for example. Its Fourier transform S(u) is the
presampling MTF. The output of the detector is of the
form f(x)* s(z). This output is available, however, only
at discrete sampling positions, say at spacing ax = 1, and
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(b)Contrast for w =1

Fig. 2. Contrast C; achieved as a function of the detector size g for
all three algorithms at w = 1/2 and w = 1. The original object
f has a contrast of 1 and a detail size of 1.

all we can assess is

(f(a?) * s(m)) I (x),

with III(z) = }°, 6(z — n) being the shah function.
Signal processing introduces an algorithm factor a(z)
such that the final result is given by

f(@) = ((f(z) * s(z)) L(z)) * a(). (1)

The main purpose of the algorithm factor is to provide
a continuation of the discrete data samples onto R. In
this context we can think of a(z) being an interpolation
function.

It is understood, that the presampling function and the
algorithm function must be properly normalized:

/dx s(z) =1 and /dx a(z) = 1.

To characterize f () we assume that the absolute sam-
pling position is irrelevant to the results. Our intent is to
replace the shah function of equation (1) by III(z — t) and
to average over all ¢t. This is justified by the fact that the

relative orientation of our primary signal f(x) with respect
to the detector pixels is random (the details that we want
to visualize do not know where the sampling positions are).
Mathematically, this requirement is necessary since our sys-
tem, which should be linear and translation—invariant to be
traceable, is only linear and translation—invariant on a scale
much larger than the sampling distance. We can obtain the
desired properties by averaging over ¢ by convolving with
II(¢) and get

f(@) = f(2) * s(2) * a(@) (2)

and now are ready to characterize f in place of f . To
experimentally assess the point spread function PSF(x) =
s(z)*a(z) or one of its components s(z) or a(z) this averag-
ing must be enforced by continuously varying the sampling
positions, e.g. by imaging an edge or a slot that is tilted
with respect to the detector axes.

From here on, sampling and the sampling distance plays
no longer a role in our considerations.

B. Noise Factor

Assuming that the detector samples are independent ran-
dom variables we can determine the noise introduced (or
removed) by the algorithm by error propagation. Basi-
cally, we are dealing with the filtering of noisy signals and
the error propagation characteristics are well understood
[2]. Let o%(x) be the variance corresponding to the value
f(z)*s(x) measured at position z. Error propagation yields
0?(z) * a®(x) for the variance after signal processing. In-
tegrating over all x gives the mean variance S?F? with
S% = [dz o*(z) being the mean variance of the raw-data

and
F? = /dxa2(ac).

being the noise factor of the algorithm.

As an example assume the algorithm either to perform
a nearest neighbor interpolation or to perform a linear in-
terpolation. In the first case a(x) = II(z) and the noise
variance would be multiplied by the factor 1. For the lin-
ear interpolation we have a(z) = A(z) and the factor in-
troduced by the algorithm is F'? = 2/3.

C. Noise Performance at Specified MTF

A general result can be obtained by regarding the noise
factor as a function of presampling S(u) for a specified sys-
tem modulation transfer function MTF(u), i.e. for specified
spatial resolution and thus specified object contrast. To do
so, we fix MTF(u) = S(u)A(u) where A(u) is the Fourier
transform of a(z). Rayleigh’s theorem tells us that

MTF?(u)

F2:/dxa2(x) :/dUAQ(u) = [ S2(u)

where it is assumed that the specified MTF has its cut—off
before the first zero of S(u) occurs. Regarding two sys-
tems, system A with small detectors and system B with
large detectors, we find that for well-behaved presampling
functions the inequality Sa (u) > Sp(u) will hold with strict
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Fig. 3. For a septum size of § = 0.1 this contour plot shows the
function Q2(w, g, ) for the three algorithms i = 1,2, 3.

inequality almost everywhere. Consequently F? < F2 and
system A will exhibit less image noise than system B al-
though both systems have the same spatial resolution, con-
trast and dose. This implies that smaller detectors are to
be preferred over larger detectors. Note that case B can
also be achieved by binning detector elements of type A.
Hence, binning should be avoided.

III. IMAGING SYSTEM

To become more specific we will now continue and an-
alyze if these findings apply to more practical algorithms
that operate in spatial domain and that do not attempt
to achieve a specified MTF but rather a specified contrast
value C.

We assume a rectangular presampling function of width
g and area 1

s(z) = T (2) = ~11(%)
g9 g
and we regard three typical interpolation algorithms that
allow to a) continue the discrete samples onto R and b) to
balance between noise and spatial resolution:

ay(x) = 11,7, ()
as(z) = H;*w (x)
1

as(x) = 7\/7r—/3w

The parameter w is a width parameter and will be used to
adjust for optimal contrast—to—noise ratio. The algorithms
a; and the point spread functions PSF; = s*a; are derived
and plotted in reference [1]. The rectangle functions are re-
cursively defined as 117" = II; +IT; and 1.7 =TI + 117,

The noise factor introduced by algorithm ¢ is given by
error propagation as

F? = /dxaf(m).

Image noise is given by N2 = F?(g+6)/(gD) with D being
a measure of patient dose, g being the size of the active
detector element and 0 being the thickness of the septa
which is assumed to be independent of g. The factor (g +
d)/g accounts for the fact that only the fraction g/(g + §)
of dose D contributes to the measurement. The quantities
F; and N; are analytically derived in reference [1] for the
three algorithms.

PSF (z) = I} ()

g,w,w

PSFy(z) = 115 (2)

g9,9,w

73T /0" pSy(2) = IT(2) * as(x).

IV. OBJECT AND CONTRAST

Let the object f(x) = >, II(x — 2k) = II(x) * I11(x/2)/2
be a square wave pattern of detail size 1 (period 2) and let

fi(z) = f(x) x PSFy(x)

be its image. An example of the images f; produced using
varios combinations of ¢ and w is shown in figure 1. We
can clearly see that larger detector sizes g and/or larger
algorithm widths w blur the image. The rectangle function
is imaged less accurately and the contrast

Ci = fi(0) = fi(1) = 2£i(0) - 1,



defined as the difference between the minimum and the
maximum values that are reproduced by the algorithms, is
reduced for the smoother images.

The contrast as a function of the aperture size g is shown
in figure 2 for the same two settings w = 1/2 and w = 1.
The full object contrast cannot be restored for the w = 1
case unless very small detectors are used. For the sharper
reconstruction with w = 1/2 there is some region for small
g where C; =~ 1 is obtained. It is interesting to note that
there is still some contrast in the region g > 1 where the
detector is larger than the object detail to be resolved.

V. IMAGE QUALITY

Let the (squared) contrast—to—noise ratio at unit dose

(CNRD)
Q2 = 7 — 9

' N!D F?g+$é
be the underlying measure of image quality that is to be
optimized. Note that Q; = Q;(w,g,d). Figure 3 shows
contour plots of Q? as a function of detector size g and
interpolation width w for septa of size § = 0.1. We can
clearly see, that there is a region of optimal image quality
near g = 0.4. The width w corresponding to this optimum
is depending on the algorithm, of course.

For g given we define the optimum achievable image qual-
ity by tuning the algorithm parameter w as

gpt,i(g? 6) = mgx QzQ (’LU, g, 6)

The corresponding optimal detector size g and algorithm
width w are given as

Jopti(8) = argmaxmax Q7 (w, g, )
g w

wopt,i (5) = argmax I’Il;lX Q? (U), 9, 6)
w

Figure 4 plots the image quality Qgptyi(g,é) that is
achievable for a septa size of § = 0.1. It should be noted

opt,i
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Fig. 4. The best achievable contrast for a septa size of § = 0.1 and a
given aperture size g. Here, detector sizes in the range g = 0.2 to
g = 0.4 are of significant advantage compared to larger or smaller
detectors.

that the septa size is a relative measure compared to the
size of the object details to be resolved. Thus, figure 4 as-
sumes septa of one tenth of the size of the detail. Note that
considerable improvements in Q2 are achieved when using
detectors that are much smaller than the details that shall
be resolved. This is the case even though septa, that are a
penalty to small detector sizes, are present.

Specifically, @2 increases from about 0.30 when using
large detectors with g = 1 to up to 0.6 for detectors with
g being in the order of 0.3. This is an increase of dose
efficiency by a factor of 2.0 (1D detector) which can be
used to reduce dose by 1 — 1/2.0 = 50% compared to the
non—optimized case.

The differences between the three particular algorithms
are rather small compared to the effect that is obtained
when changing the size g.

VI. CONVERTING TO 2D

Up to here, only one-dimensional detectors were consid-
ered. Although the conversion to multi-dimensional detec-
tors is straigthforward we will briefly show how the results
convert to two—dimensional arrays such as flat—panel de-
tectors, for example.

The noise factor in two dimensions is given by

Foy = /d:vdy a*(x,y) = /dx a?(x) /dy ai(y) = I\ F,

where we assumed the two—dimensional algorithm a(x,y)
to decompose into a product of two one—dimensional func-
tions ax(z) and ay(y). The geometrical efficiency factor
g/(g + &) that accounts for the septa becomes

gx gy
Gx + 0x gy + Oy

The two—dimensional analogon to the square—wave f(z) is
the checkboard

flay) = f@)f(y) + fle—=1)f(y —1).

For the contrast we then find

Cyy = [(0,0) — f(0,1) = CCy.
The quality figure of merit is finally given as

Qxy = QXQy

and our one—dimensional results can be converted to multi—
dimensional detectors by simple multiplication.

VII. DISCUSSION

Maximizing the contrast—, dose— and noise-dependent
figure of merit @) shows that detectors should be selected
far smaller than the desired resolvable detail size and de-
tector binning should be avoided. An increase of Q2 by a
factor of 2.0 compared to g = 1 was demonstrated under
the presence of moderately sized septa (figure 4). This cor-
responds to a dose reduction potential of 50%. Performing



that optimization in both detector dimensions of an area
detector would increase the dose usage by a factor of 4.0
and therefore yield a dose reduction of 75%. Note that
similar results are obtained when optimizing with respect
to a spatial resolution—based figure of merit [1]. This indi-
cates that our findings are not specific to the figure of merit
presented here but may apply for more general detection
tasks.
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