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There are several factors that influence the radiologist’s ability to detect a specific structure/lesion in a radiograph. Three
factors that are commonly known to be of major importance are the signal itself, the system noise and the projected anatomy.
The aim of this study was to determine to what extent the image background acts as pure noise for the detection of subtle lung
nodules in five different regions of the chest. A receiver operating characteristic (ROC) study with five observers was
conducted on two different sets of images, clinical chest X-ray images and images with a similar power spectrum as the
clinical images but with a random phase spectrum, resulting in an image background containing pure noise. Simulated
designer nodules with a full-width-at-fifth-maximum of 10 mm but with varying contrasts were added to the images. As a
measure of the part of the image background that acts as pure noise, the ratio between the contrast needed to obtain an area
under the ROC curve of 0.80 in the clinical images to that in the random-phase images was used. The ratio ranged from 0.40
(in the lateral pulmonary regions) to 0.83 (in the hilar regions) indicating that there was a large difference between different
regions regarding to what extent the image background acted as pure noise; and that in the hilar regions the image
background almost completely acted as pure noise for the detection of 10 mm nodules.

INTRODUCTION The aim of the present study was to determine to
what extent the image background acts as pure noise
for the detection of lung nodules in chest radio-
graphy. Such an investigation is of importance for
several reasons: it is of interest for the optimisation
of beam quality and dose level, it gives information
about to what extent the human observer can ‘pre-
white’ the image—indicating that the observer is cap-
able of distinguishing a fixed pattern associated with
the image background and remove the pattern so that
the detection task is not disturbed by the pattern®—
and it explores the limits of projection radiography.
The study described in the present paper is one
of four studies constituting a larger investigation
(the RADIUS chest trial) thoroughly examining
various aspects of nodule detection in digital chest
radiography. The RADIUS chest trial, conducted by
members of the Radiological Imaging Unification
Strategies (RADIUS) group (a European-wide
research group financed by the European Commis-
sion), is introduced by Bath et al®, and a review
of recent research leading to the investigation is
provided. The investigation is summarised in a
paper by Héakansson er al."”, in which the results
from the four studies are analysed in a joint manner.
Details of the studies constituting the investigation
are described in four papers, of which the present
paper, examining to what extent the image back-
ground acts as pure noise, is one. The other three
papers deal with the effects of nodule location?,
*Corresponding author: magnus.bath@vgregion.se system noise''? and anatomical noise'¥.

In the recent years, a lot of effort has been made to
investigate the components that disturb the detection
of pathology for different X-ray examinations, such as
(1-3) : (4.5)

mammography' ~, chest radiography and lum-
bar spine radiography®. In several of these studies,
it has been shown that in many cases system noise
(including quantum noise) is not the major com-
ponent disturbing the detection of details but the pro-
jected anatomy itself. Bochud er al." investigated
this effect in mammography and found that it was
strongly dependent on the combination of the type
of image background and the type of signal. For one
combination, the performance of the human observ-
ers was equal to that of model observers in images
containing only system noise (of the same amount as
in the real images), whereas for another combina-
tion, the human observers did not perform better in
the real images than model observers did in images
that had the same power spectrum as the real images
but random phase spectrum, thereby containing
only pure noise”. The conclusion that can be drawn
from these results is that for the first combination the
projected anatomy did not disturb the detection at
all, whereas for the other the projected anatomy
disturbed the observer as if it had been pure noise.
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MATERIALS AND METHODS
Introductory remarks

In the paper by Hakansson ez al. ', where the effect
of nodule location on detection was studied, the chest
radiograph was divided into six different regions,
each region being somewhat uniform in terms of dif-
ficulty. Five of the six regions were finally examined
in that study, and as a measure of detectability, the
detail contrast needed for obtaining an area under
the receiver operating characteristic (ROC) curve
(A4,) of 0.80 (Cyg) for simulated nodules of diameter
10 mm was used. The same approach was used in the
present work. As a measure of the part of the image
background that acts as pure noise, the ratio between
Cy.g for clinical images and Cyg for images with
similar power spectrum but random phase (thereby
containing only noise) was used. The five regions
analysed by Hakansson er al."V (see Figure 1 and
Table 1) were investigated separately.

Figure 1. Graphical representation of the regions used in
the study. Note: Region A was excluded from the study.

Table 1. Description of the five regions examined in the
study.

Region Description

The lateral pulmonary regions

The retrocardial region

The lower mediastinal region (the spine)
The hilar regions

The upper mediastinal region (the trachea)

mTmgaQw

Production of random-phase images

To determine the power spectrum of each of the five
regions, regions of interest (ROIs) of size 128 x 128
pixels were extracted from 30 clinical chest
radiographs collected using the computed radio-
graphy system Fuji FCR 9501 (Fuji Photo Film,
Tokyo, Japan). (The same 30 images were used to
determine Cy g for the clinical image backgrounds by
Hakansson er al.'V)) The size of the ROI was a
compromise between the negative effects of using
small ROIs (edge artefacts and spectral leakage) and
a goal to include as much as possible of the anatomy
(the sizes of the regions were such that large ROIs
would not fit in the regions). The ROIs were posi-
tioned next to each other resulting in between 100 and
300 realisations of the anatomy for each region.

Calculating the power spectrum of a noise process
with a strong correlation between pixels leads to
large edge artefacts. A common method of solving
this problem is to use windowing'*!'>. However,
since the ROIs were as small as they were, the effects
of the window itself became dominant (the values of
the low-frequency components were strongly affec-
ted by the windowing). Instead, a different method
was used. The edge artefact is caused by the dis-
continuity introduced by the use of the discrete
Fourier transform (DFT). Simply speaking, the DFT
assumes a periodicity that is not present in the
anatomical cut-outs (the cut-out cannot be posi-
tioned to produce wallpaper). However, by mirror-
ing each ROI to produce a larger 256 x 256 ROI,
a periodicity was introduced. An edge artefact was
still present, since the mirroring itself introduced a
small discontinuity. However, the magnitude of this
artefact was much lower than that produced when
no mirroring was being used.

Owing to the differences in exposure, patient thick-
ness and anatomy itself, the difference in average
exposure between ROIs belonging to a specific region
was large. To increase the precision of the power
spectrum determination, the normalised power spec-
tra of the ROIs belonging to each region were there-
fore averaged. (The normalisation was achieved
by dividing the power spectrum with the square of
the mean pixel value in each ROI. Hence, since the
projection of anatomy leads to a deterministic signal,
the normalised power spectrum of the reproduced
anatomy is independent of the dose level.)

It was decided that although the mirroring
reduced the artefact from the finite ROI size,
the artefact was still unacceptably large. The two-
dimensional power spectra were, therefore, radially
averaged. The artefact was mainly influencing data
along the axes of the two-dimensional power spectra
and hence they were excluded.

It has been shown that the power spectrum of
several types of background can be described using
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Table 2. The parameters used to fit the sum of two
power-law functions to the measured power spectra for the
five regions.

Region o b1 o b
B 1.8 x 10°° 3.2 19 x 1073 0.5
C 6.0 x 107° 3.1 45 x 1073 0.4
D 3.0 x 10°° 3.2 7.0 x 107° 0.5
E 2.0 x 1073 3.4 1.4 x 1073 0.5
F 1.0 x 1073 3.3 40 x 1073 0.7

a single power-law function®'*19, at least for low

frequencies. In the present work, a sum of two
power-law functions was needed; probably due to a
relative increase in the system noise components at
high frequencies. The determined one-dimensional
power spectra were, therefore, fitted to an analytical
function of the form:
o] 02

N(u) = i + g (1)

The values of the components in Equation 1 for
the different regions can be found in Table 2. The
random-phase images were produced by creating
complex arrays of the desired size (512 x 512 pixels
were used)—corresponding to the random-phase
images in the frequency domain—and setting the
magnitude of each frequency value according to the
analytical expression. Random phase with a uniform
probability density between 0 and 27 was addressed
to the frequency values. (For the zero frequency, the
phase was always set to 0, and for the Nyquist fre-
quencies along the axes and along the diagonal of the
phase was randomly set to 0 or 7.) To obtain real
images, the symmetry of the phase spectrum, ®, was
odd [®(u)=—P(—u)]. By Fourier transformation,
real images were obtained. To validate the analytical
fit, one-dimensional power spectra were calculated
for the random-phase images in the same way as was
done for the clinical images (Figure 2). In Figures 3
and 4, examples of cut-outs of clinical images and
the corresponding random-phase images are presen-
ted for two of the five regions used.

Study set-up

For each region, 180 unique 512 x 512 random-
phase images were produced. With five different
regions, this led to a total of 900 images. In half of
these, a simulated ‘designer’ nodule!!” was inserted.
The full-width-at-fifth-maximum was 10 mm. Three
different contrast levels were used, each level being
22.5% higher than the previous. The baseline con-
trast was chosen individually for each region, based
on the results of pilot studies.

An ROC study was conducted with five observers
(two radiologists and three medical physicists).

The study was conducted in a completely digital
environment with both image presentation and scor-
ing conducted using software developed in-house'®.
Each observer viewed all images in a unique random
order. A five-graded scale was used for the con-
fidence of each positive/negative decision. The data
from all five observers were pooled, and the soft-
ware ROCFIT (C. E. Metz, University of Chicago)
was used to calculate the A4, for each combination
of region and detail contrast. As a measure of
detectability, Cog was used. The measure was
obtained from a logarithmic fit of A, vs. contrast
(see Figure 5). Values of Cyg for the clinical images
were obtained from the ROC study conducted
in a similar way described by Hakansson er al.'V.
The same observers were used in both studies.

An estimation of the uncertainty in Cyg for a
specific region was obtained in the following way.
For each of the three contrast levels, the standard
deviation of the 4, was obtained from ROCFIT.
The square root of the sum of squares of the stand-
ard deviations was then divided by 3 (the number
of independent observations for each logarithmic
fit). The number obtained in this way, reflecting the
uncertainty in A, for a specific contrast, was then
transformed to the uncertainty in contrast (Cgg) for
a specific 4, (0.80) through the logarithmic fit.

RESULTS

The estimated relative uncertainty in the Cyg was
~3% both for the random-phase images and for
the clinical images, leading to an average relative
uncertainty of 4% for the obtained ratio between
the Cpg values for the clinical images and the
random-phase images.

The detail contrast needed for obtaining an A4,
of 0.80 in the different regions for the random-phase
images is presented in Table 3. The ratio between
the contrast needed in the clinical images and the
random-phase images ranged between 0.40 (Region
B) to 0.83 (Region E), indicating that Region B was
the region for which the image background acted
least as pure noise whereas vice versa for Region E.
Region D was both the easiest region (smallest con-
trast needed in the clinical images) and the region
with the smallest amount of variations (smallest con-
trast needed in the random-phase images) whereas
the opposite was true for Region E.

DISCUSSION

Many interesting results can be found in Table 3
if the data are analysed in a closer manner. The Cg g
values for the clinical images describe the difficulty
of the regions, whereas the Cjg values for the
random-phase images describe the amount of vari-
ations in the regions—regardless to what extent the
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Figure 2. Measured one-dimensional power spectra of the clinical images (upper panel) and the generated random-phase
images (lower panel).

variations in the clinical images disturb the observer
(acts as pure noise). The ratio between the Cgg
values for the clinical images and the random-phase
images is a measure of to what extent the image
background in the regions acts as pure noise. Region
E (hilar regions) has the highest C, g values for both
types of images, indicating that it is not only the
most difficult region, but also the region which to a
largest extent acts as pure noise for the detection of
the inserted nodules, which can easily be understood.
There are large variations in the region (leading
to a large contrast needed for detection when the
information is transformed into noise) and the
structures in the region can easily be mistaken for

nodules, e.g. overlapping of large vessels (leading
also to a large contrast needed for detection in the
clinical images). Region B is completely different.
The contrast needed in the random-phase images is
large but only a small contrast is needed for the
clinical images. This is due to the large impact of the
ribs (leading to a lot of noise power in the random-
phase images but not strongly affecting the detection
in the clinical images). Furthermore, Region B to a
smaller extent than Region E contains structures
that can be mistaken for the 10 mm nodules used
in the study. Region D was by far the easiest region,
both for the clinical images and for the random-
phase images.
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Figure 3. Example of a 128 x 128 pixels cut-out (upper
panel) used for producing 512 x 512 pixels random-phase
images (lower panel) for Region B.

It should be noted that the ratio between the two
Cy.g values does not have a maximum of unity. An
image could be produced that only contains overlap-
ping of nodules of the same shape and size as the one
searched for (the excess frequency power being used
to produce a certain image background), in which
case the task would become extremely difficult and
result in a higher value of Cyg than the random-
phase image containing pure noise. The random-
phase images are merely used to normalise the
contrast needed for the detection to that of images
in which the frequency power is randomly positioned
in the images. The term ‘acts as pure noise’ describes
both to what extent the image background resembles
the signal and to what extent the observer is con-
fused by the background. An experienced observer
may know that the overlapping of certain structures
results in a nodule-like appearance and disregard
from it, whereas an inexperienced observer erro-
neously detects it as a signal. All the observers in
the present study were experienced in evaluating
chest images (no significant difference in perform-
ance in the clinical images was found between the
radiologists and the medical physicists'"), never-
theless the contrast ratios were surprisingly high.

Owing to the system noise (including quantum
noise and detector noise), also the clinical images
contain pure noise, indicating that even in the ideal

Figure 4. Example of a 128 x 128 pixels cut-out (upper
panel) used for producing 512 x 512 pixels random-phase
images (lower panel) for Region E.

case of an anatomical background completely recog-
nised by the observer and not resembling the signal
at all, a contrast ratio larger than zero would be
obtained. Since the system noise varies between the
regions due to, for example, differences in attenu-
ation, the magnitude of this effect is slightly different
for different regions. Refer to Hakansson er al.!'?
for details on the effect of the system noise in the
different regions and to the papers giving an over-
view of the RADIUS chest trial®-19 for a complete
analysis.

It should be noted that the detail contrast levels
presented in Table 3 refer to image contrast (although
not to display image contrast which could be set
arbitrarily) and not to object contrast. Owing to
differences in the amount of scattered radiation in
the different regions, the object contrast needed
for detection is different. This difference is further
discussed by Hakansson et al'V, and the effect
of nodule location on detection is thoroughly
examined.

For each region, the power spectra of the clinical
images and of the random-phase images were not
identical, but based on the fact that the difference
between the power spectra for the different regions
was larger than the difference between the random-
phase power spectrum and the anatomical power
spectrum for a specific region, it was decided that
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Figure 5. A, vs. detail contrast for the clinical images and the random-phase images for Region D. Error bars are =1 SD.
Cy g is obtained from a logarithmic fit.

Table 3. Cypg for the clinical images and for the
random-phase images for the five regions as well as the
ratio between the two values.

Region Anatomy Random phase Ratio
B 0.101 0.257 0.40
C 0.101 0.136 0.74
D 0.063 0.116 0.54
E 0.258 0.310 0.83
F 0.141 0.225 0.63

Estimated relative uncertainty: anatomy, 3%; random phase,
3%: and ratio, 4%

the accuracy was acceptable. Nevertheless, compar-
ing the two kinds of spectra, it is possible that the
Cy g for random-phase images with the same power
spectrum as the anatomical Region C is somewhat
underestimated with the random-phase images used,
whereas the opposite might be true for Region E.
However, the power spectra differences are only sub-
stantial at the absolutely lowest frequencies, which
probably do not influence the detection of the nod-
ules to a large extent. Furthermore, the anatomical
power spectrum of Region E is definitely higher than
that of Region B, for which the difference between
the anatomical power spectrum and the random-
phase power spectrum is small, and the determined
Cy g for the random-phase images is only 20% higher
for Region E than for Region B, indicating that
the possible overestimation is <20%.

To fully explain the results presented in the
present paper, the effects of nodule location! ", sys-
tem noise(!? and anatomical noise'® must also be
taken into account. As mentioned previously, two

summarising papers®'? aim at thoroughly investig-
ating these effects in combination with the results
presented in this paper, and the reader is referred
to those papers for an overall picture of nodule
detection in digital chest radiography.

CONCLUSIONS

There is a large difference between different regions
in the chest radiograph regarding to what extent
the image background acts as pure noise. In the hilar
regions, the image background almost completely
acts as pure noise for the detection of 10 mm
nodules.
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