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The process of reconstruction of a 2-D density
distribution from 1-D projections has the effect of
suppressing the low frequency portions of the noise
power spectral density distribution. This low frequen-
cy suppression is demonstrated for computed tomographic
(CT) reconstructions from an EMI 5005 scanner. An al-
ternative method of displaying the implied long range
negative correlation in CT noise is through the noise
granularity function. It is expected that large ob-
jects are easier to detect in the presence of computed
tomographic noise than in the presence of white noise
of the same r.m.s. magnitude. A simple detectability
phantom is described which allows this hypothesis to be
tested on x-ray CT scanners.

Introduction

Riederer, Pelc and Chesler have brought attention
to the fact that the noise found in computed tomogra-
phic(CT) reconstructions may have some rather unusual
properties. Indeed, if the noise in the input projec-
tions is uncorrelated, i.e. white, the noise in the re-
sulting CT reconstruction will possess long-range nega-
tive correlations. These negative correlations arise
from the suppression of the low frequency content of
the input projections. Thus, if CT noise is spatially
averaged over a circle of diameter d, the variance in

the averaged values will drop faster than d , which is

the case for white noise. Hanson has shown that the
above statements are true for reconstructions produced
from projections containing simulated white noise. In
this paper we will show that they also hold for the re-
constructions from at least one commercial x-ray scan-
ner, the EMI 5005.

It would be desirable to have a quantitative mea-
sure for the dose efficiency of CT scanners based on
the relationship between the noise in the reconstruc-
tions to the dose delivered to the patients. The fore-
going comments indicate that such a figure of merit may
not be easily reached, especially when one considers
the variety of spatial smoothing that may be used in
the reconstruction process. The ultimate goal of the
CT image is to provide visual information to the radio-
logist. Thus it is important to understand the effect
of the unusual properties of CT noise on the observa-
tion performance of the radiologists. To that end we
will describe a phantom designed to measure the detect-
ability of various sized circles on x-ray scanners.

Noise Granularity Function

3
Boyd, Korobkin and Moss introduced the application

of the noise granularity function to CT images as a

method of summarizing the dependence of the noise upon
spatial averaging. The noise granularity is defined as
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the r.m.s. deviation of the mean noise averaged over an
area A multiplied by the square root of the area. For
white noise the noise granularity remains constant as A
is varied. Figure 1 shows the noise granularity depend-
ence upon /A for a CT reconstruction from projections
containing simulated white noise. A single 256 x 256
reconstruction was produced from 300 projections using
the filtered backprojection algorithm. The solid lines
were computed using square averaging areas for the two
filters cited. The slope of these curves for V
greater than 4 pixels is -0.30. The dashed curve shows
the effect of using a pyramidal weighting in the aver-
aging of the ramp filter reconstruction. Its slope is
-0.50 as one would expect from the noise power spectrum
to be discussed later.

Figure 2 displays the noise granularity function
obtained from six reconstructions for the EMI 5005
scanner. The error bars shown on the data points indi-
cate the one standard deviation statistical uncertainty
in their values. The uniformity in the reconstructions
was extremely good since the EMI water calibration was

used. Earlier results3 did not show the reduction in
the noise granularity above 4 pixels, presumably due to
slight nonuniformities in the reconstructions used. It
should be noted that in Figure 2 a pixel refers to one
element in the 320 x 320 data matrix generated by the
EMI machine. There is a striking similarity between
the data points and the granularity curve of Figure 1

for the sinc filter function.
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Figure 1

Noise granularity function for CT reconstructions from
simulated data using two reconstruction filters. The
solid line results from averaging over square regions
with a constant weight whereas the dashed line results
from a pyramidal weighting function. fN is the
Nyquist frequency.
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Figure 2

Noise granularity obtained from 6 reconstructuions of a
water calibration phantom by the EMI 5005. The solid
curve is the noise granularity from simulated data u-

sing the sinc2 filter.

Noise Power Spectrum

The noise power spectrum (NPS) presents more de-
tailed information about the noise than the granularity
function. The noise power spectral density may be de-
fined as the ensemble average of the square of the
Fourier transform of images containing pure noise. The
ensemble average represents the average overall images

containing the same type of noise. It has been shown2
that the noise power spectral density S which results
from the CT reconstruction by the filtered backprojec-
tion algorithm using white noise projection data has
the form

S - lfllh(f) 12ap2(l
where a is the noise variance in the projections data
and thepfilter used in reconstruction is IfIh(f). Noise
power spectra were calculated from a single 256 x 256
reconstruction using 300 simulated projections for two
different reconstruction filters. The radial frequency
dependences of the calculated NPS are shown in Figure 3
together with their predicted behavior, the dashed
curves. The wiggles in the calculated curves arise
from the finite statistics used in the calculation.
The calculated curves are filled in at the origin and
rounded off before the Nyquist frequency,

-l
(2 x sample spacing) , as a result of the smoothing
performed in frequency space in order to smooth out the
statistical fluctuations. Otherwise, the calculated
curves agree well with the predictions.

The noise granularity function may be expressed in
terms of the NPS since the noise variance in the
smoothed image is simply the total power:

a2 = ff df df S(fxyf ) IH(fx,f )I
xy y xy

FREQUENCY (f/fN)
Figure 3

Noise power spectra of CT reconstructions from simula-
ted data using two reconstruction filters. The dashed
lines show the dependence predicted by Eq. 1.

2
within square regions, H does not fall off fast enough
for this to hold.

The two dimensional noise power spectrum obtained
from a single reconstruction of the water calibration
phantom by the EMI 5005 is shown in Figure 4. This NPS
is reasonably symmetric indicating an even contribution
to the noise from all angles. Figure 5 shows the
average radial frequency dependence of the NPS obtained
from two EMI 5005 images. The two NPS were the same to
within 10%. The EMI NPS is very linear up to 0.4 fN
with the exception of the small bump at zero frequency.
This bump could be caused by low frequency artifacts,
for example due to beam hardening calibration errors.
Above 0.4 fN the NPS starts to all away from the ramp

function, peaking near 0.6 f . It is seen that the NPS

for a sinc reconstruction filter does not fit the EMI
curve well, although it has generally the same features.
Thus we conclude that the noise granularity function,

which was seen in Figure 2 to agree with the sinc fil-
ter fairly well, is not as sensitive to the re-
construction filter as is the noise power spectrum. A
much better fit to the measured NPS is the dash-dotted
curve in Figure 5 which corresponds to a reconstruction

(2)

where H is the effective filter corresponding to the
spatial smoothing performed. When the noise granulari-
ty is calculated on the basis of square averaging areas,
H is nearly the product of sinc factors with arguments
f and f . It is not quite this because of the dis-

crete nature of the image presented in pixels. Thus H
is really the discrete Fourier transform of the aver-

aging function. If H falls off fast enough, faster
than If 2, the c /i X A l/4 as is the case with the
pyramidal weighting, Figure 2. For constant weighting

Figure 4

The two dimensional noise power spectrum for reconstruc-
tions from the EMI 5005 scanner.
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Figure 5

Noise power spectrum for EMI 5005 scanner. The dash-
dotted curve shows the expected dependence for a

If|sinc2(jf ) reconstruction filter. The dashed curve2Nshows the dependence for a filter with a Hanning taper
as described in the text.

that is constant up to 0.4 fN and then falls off as a

Hanning function, 1/2(1 + cos X), to its half value at
0.86 fN.

Detectability

In the clinical situation it is frequently re-
quired that the radiologist detect some anomoly in the
radiograph or CT image presented to him. Ultimately
it would be desirable to determine the efficacy of each
CT scanner in this detection task. As an intermediate
step it is interesting to determine the capability of
human observers to detect the presence of various-
sized circles on a flat background in the presence of
CT noise.

A detectability pattern, Figure 6, has been de-

veloped which permits this kind of determination over
a wide range of circle sizes with relatively few images.
In this pattern, the circle diameters change by a
factor of /5 in going from one column to the next while
the product of contrast times diameter remains constant
for each row. This product changes by /2 from row to
row. In the display of this pattern, the circles with
high contrast may saturate the latitude of the display
element, however, the "window" can usually be placed so
the circles near the limit of detection are within the
operating region of the display. This detectability
pattern has the advantage over the traditional Burger

pattern of maintaining a wide dynamic range of circle
diameters at a variety of noise levels.

It is reasonable to expect that the detection of a
circle of diameter d is related to the signal-to-noise
ratio (SNR), defined as

SNR =C (3)
Gd

where C is the contrast of the circle relative to the

Figure 6

The detectability pattern. The circle diameters de-
crease by a factor of /2 from column to column. In
each row the product of contrast times diameter remains
constant while this product decreases by /i in going
from one row to the next.

background and Gd is the r.m.s. deviation of the noise

averaged over a circular region of diameter d. Indeed,
it has been found that in images containing white noise
the threshold SNR for human observers remains constant

over a wide range of circle sizes.6 The noise granu-
larity function is related to the SNR. We might expect,
assuming a constant SNR threshold, that the product of
the threshold contrast times /area would follow the
shape of noise granularity function provided the circle
diameters are large relative to the point spread func-

tion of the imaging system. However, there is evidence2
that this may not be the case for similated CT noise.

A detectability phantom has been constructed which
when imaged by x rays will produce the detectability
pattern shown in Figure 6. It consists of a plexiglas
(lucite) base with a pattern of holes filled with aque-
ous K2HPO4 solutions. The hole diameters ranged from

2 to 16 mm in ri steps. The strongest solution was
made by dissolving 80 gm of K2HP04 in 1 liter of water.

The solutions are weakened by factors of /2 to obtain
variable contrast. The phantom is mounted inside a
water bath with a 25.4 cm diameter. This phantom has
been scanned by an EMI 5005 with the x-ray tube voltage
adjusted to 90 kV in order to reduce the contrast of the
strongest K2HPO4 solution (bottom large hole in Fig. 6)
to essentially zero. The resulting slow (70 sec) scan
is shown in Figure 7a. The smallest hole (2 mm) on the
top row contains the weakest solution and has a contrast
of above 56 CT numbers (11.2%) relative to the plexiglas.
The largest hole (16 mm) on the top row has a contrast
of 7 CT numbers (1.4%). The noise levels in this CT
image are about 2.8 times larger than they would be for
a normal scan at 140 kV. It should be noted that in
the normal full size EMI display spatial smoothing is
carried out on the 320 x 320 data matrix to obtain the
160 x 160 display matrix. Figure 7b shows a fast scan
of the same phantom at the same technical factors in
which the image has been filtered using a Hanning fil-
ter whose half value occurs at 1/8 the Nyquist frequency
(based on the 320 x 320 matrix). It is observed that
the detectability of the larger circles is nearly the
same as in Figure 7a even though the noise level in the
fast scan is a factor of two larger than in the slow

scan. It has previously been found in simulated CT
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Figure 7

Two scans of the detectability phantom by the EMI 5005
at 90 kVp.
(a) A normal display of a slow (70 sec) scan.
(b) A smoothed display of a fast (22 sec) scan.

reconstructions that under certain circumstances human
observers' detection capabilities of large circles are
enhanced through the use of spatial smoothing. This
should be investigated further with images from CT
scanners.

Conclusions

It has been shown that the EMI 5005 scanner pro-
duces images with noise characteristics similar to
those in simulated CT reconstructions. A detectability
phantom has been described which will provide a means
of investigation of the effect on human detection capa-
bility of the peculiar correlations present in the
noise present in CT scanner images.
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