A Quality-Control Phantom for Digitization of Radiographs

Ethan J. Halpern, Peter D. Esser, Edward L. Nickoloff, and Philip O. Aiderson

Quality control is fundamental to the clinical applica-
tion of digital radiography. A 14 x 17-in phantom
radiograph was designed to test digital image quality
by measurement of five parameters: high-contrast
spatial resolution, low-contrast discrimination, linear-
ity of gray-scale response, high-frequency noise, and
geometric distortion. The phantom was used to
evaluate the AT&T-Philips CommView picture archi-
val and communications system (AT&T Bell Labora-
tories, West Long Branch, NJ; Philips Medical Sys-
tems, Shelton, CT). High-contrast resolution was
found to be greater along the diagonal axis of the
system than along either the horizontal or vertical
axis. Problems with low-contrast discrimination and
linearity of gray-scale response were identified. This
phantom provides a simple tool for daily quality
assurance testing and an objective standard for
comparison of image quality between different digi-
tal radiography systems.
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N RECENT YEARS, an increasing number
of commercial teleradiology and picture archi-
val and communication systems (PACS) have
been placed into clinical use. Such systems pro-
vide mechanisms for the acquisition, transmis-
sion, and display of radiographs. Plain films are
digitized on a variety of hardware platforms,
including laser film scanners, video camera—
frame grabber combinations, and charge-cou-
pled device (CCD) cameras. Image quality var-
ies considerably among these systems.

A large number of clinical trials have been
performed to evaluate the quality of digital
radiographic images.'” Several reports have fo-
cused on the physical characteristics of plain film
images that have been digitized® and on digital
subtraction angiography.” Many different test
procedures were used in these studies. At the
present time, however, there is no generally
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accepted quality assurance protocol for digital
radiography.

A pattern developed by the Society of Motion
Picture and Television Engineers (SMPTE)® (Fig
1) has been widely used to evaluate video-based
display systems. It provides bar phantoms to
evaluate high-contrast resolution and varying
levels of brightness to test gray-scale response.
The bar phantoms of the SMPTE pattern are
arranged to test both the horizontal and vertical
limits of resolution for a standard television video
system. Diagonal resolution is not tested. The
pattern is not designed to evaluate the widely
varying resolution capabilities of digital radiogra-
phy systems. Furthermore, the SMPTE pattern
does not adequately address the issue of low-
contrast discrimination. Therefore, we have de-
signed a new phantom specifically for digital
radiography.

Many factors affect ultimate image quality.
We have designed a plain film phantom for
digital radiography to focus on five primary
parameters, including (1) high-contrast spatial
resolution, (2) low-contrast discrimination, (3)
linearity of gray-scale response, (4) high-fre-
quency noise, and (5) geometric distortion. The
goal was to design a simple standard phantom to
facilitate the comparison, initial acceptance test-
ing, and daily quality control for digital radiogra-
phy systems.
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MATERIALS AND METHODS

The Phantom

A 35 x 43-cm film phantom was composed on T-MAT L
x-ray film (Eastman Kodak, Rochester, NY) as shown in Fig
2. This phantom combines four basic test patterns: (1)
high-contrast line-pair patterns to measure high-contrast
spatial resolution in the horizontal, vertical, and diagonal
directions; (2) Rose-hole patterns to evaluate low-contrast
discrimination at both the lighter and darker extremes of film
density ordinarily seen in clinical practice; (3) gray-scale step
patterns to calibrate the system response to changes in optical
density and to quantitate the high-frequency noise; and (4)
grid patterns, to test for geometric distortion, placed at the
margins of the image.

Each of these test patterns was individually exposed. All
exposures were performed with a 0.6-mm focal spot, using a
target to film distance of 56 in. Physical phantoms were
placed directly on the film cassette. A grid was not used.

The high-contrast line-pair patterns were created by expos-
ing a commercially available 0.1-mm lead line pair phantom
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Fig 1. SMPTE pattern, dis-
played after digitization on the
CommView 2.0 system. This
pattern is frequently used to
calibrate monitor brightness. A
limited range of resolution and
contrast values are tested.

(Nuclear Associates, Carlo Place, NY) at 50 kVp and 0.8
mAs. The line-pair frequencies span the range of 0.6 to 5.0
line pairs per millimeter. Two diagonal patterns, a single
horizontal pattern, and a single vertical pattern were exposed
across the center of the film phantom.

Low-contrast Rose-hole patterns bracket both sides of the
high-contrast bar patterns. Hole sizes in these patterns range
from 0.6 mm to 9.4 mm. Background optical density for the
darker Rose-hole pattern ranges from 2.46 to 2.52 optical
density units. The larger holes in that pattern have an optical
density of 2.65 density units. Background optical density for
the lighter Rose-hole pattern ranges from 0.24 to 0.25 optical
density units. The larger holes in this pattern have an optical
density of 0.27 density units. Thus, both the dark and light
Rose patterns provide a maximum contrast of 8% for the
largest holes. The Rose-hole patterns are oriented perpendic-
ular to the cathode-anode axis to minimize heel effect.

The Rose phantom was constructed with four parallel slabs
of lucite measuring 6, 8, 10, and 13 mm, respectively. Ten
holes, varying in size from 0.6 mm to 9.4 mm, were drilled
into each of these slabs. The Rose phantom was exposed at 75
kVp and 0.1 mAs to create the light low-contrast pattern, and
at 125 kVp and 0.2 mAs to create the dark low-contrast
pattern. A model 301 densitometer (X-Rite; Grandville, MI)
was used to measure optical densities on these patterns.

Optical density step patterns are present on either side of
the film phantom. Each pattern has 21 steps of increasing
optical density ranging from 0.18 to 3.45 optical density
units. These patterns were exposed with a 21-step sensitome-
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ter (X-Rite). Optical density values at each step were
calibrated with a model 301 densitometer.

The grid lines at each end of the phantom are linear, and
spaced at 3.3 mm in both the horizontal and vertical
directions. They were created by exposing a copper wire mesh
at 50 kVpand 1.0 mAs.

The PACS System

The film phantom described was initially digitized on a
CommView digital radiography system, software release 1.0
(AT&T Bell Laboratories, West Long Branch, NJ and
Philips Medical Systems, Shelton, CT). This system uses a
model FD2000 laser film scanner (Dupont, Wilmington,
DE), operating at 1,024 x 842-pixel resolution. Images were
acquired with 8 bits of image data per pixel and were
displayed on a results-viewing station (RVS) monitor. The
phantom was also digitized on a CommView digital radiogra-
phy system, software release 2.1. This updated version
acquires digital images at 2,048 x 1,684-pixel resolution,
with 12 bits of image data per pixel. These images were
displayed on an enhanced graphics station (EGS) monitor. A
zoom feature was used to view these images at full resolution.

Quality-Control Procedure

Image quality was qualitatively evaluated by visual inspec-
tion of the digitized phantom at the display monitor (RVS or
EGS). The visual inspection was performed by the primary
author and two other independent observers. High-contrast
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Fig 2. Quality-control phantom for digital radiology. (A) Standard exposure. (B} Light exposure to show the low-contrast

Rose holes present with the dark background.

resolution was identified as the highest line-pair frequency in
which individual lines were clearly distinguished.'*'* The
minimal perceptible hole diameters for the Rose patterns was
interpreted as a measurement of low-contrast discrimina-
tion.'>!>'® Gray-scale step tablets were inspected to deter-
mine the number of visibly distinct steps. The circles within
the Rose patterns and the squares and straight lines on the
grids were inspected for geometric distortion. Magnification
and window-level functions were used when necessary to
appreciate fine details. Contrast and brightness controls were
adjusted to optimize appreciation of details on the digitized
patterns.

Additional quantitative quality-control procedures were
performed to provide an objective quality-control evaluation.
For high-contrast resolution, digital contrast was plotted as a
function of the line-pair frequency (analogous to contrast
response curves'®). For each high-contrast line-pair group,
contrast was calculated as

[(Dspacc - Dbar)/Dbackground] X 100%

where D,,, represents the mean digital pixel value along the
bar, D, represents the mean digital pixel value along the
space between the bars, and Dy, 0., TEPTeEsents the back-
ground digital pixel value. For the lower frequency patterns,
Dbackground = Dspace’

For low-contrast discrimination, the contrast between the
smallest perceptible holes and their background in the Rose
pattern was plotted as a function of minimal perceptible hole
diameter.'® Mean digital pixel values were calculated within
each step of the gray-scale step tablet and plotted as a
function of optical density on the film phantom."” Standard
deviations associated with these mean values were tabulated

to quantitate high-frequency noise.'® Finally, the number of
pixels between successive grid lines was measured in both the
horizontal and vertical directions to detect geometric distor-
tion.

RESULTS

For the CommView version 1.0 system, high-
contrast spatial resolution was measured at 1.4
line pairs per millimeter in both diagonal axes,
and approximately 1.2 line pairs per millimeter
in the vertical and horizontal axes (Fig 3A and
B). Plots of digital image contrast versus line-
pair frequency confirmed these resolution limita-
tions (Fig 3C). The CommView version 2.1
system provided high-contrast spatial resolution
of 2.5 line pairs per millimeter in both diagonal
axes, 1.6 line pairs per millimeter in the vertical
axis, and 1.8 line pairs per millimeter in the
horizontal axis. Variations of up to 0.2 line pairs
per millimeter were noted in the visual assess-
ment of high-contrast spatial resolution by the
two independent observers.

Low-contrast discrimination as evaluated by
minimal perceptible hole diameter on the Rose
patterns was worse with dark backgrounds than
with light backgrounds for the CommView ver-
sion 1.0 system. With the updated 2.1 system,
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Fig3. High-contrast resolu-
tion patterns. (A) A diagonally
oriented line-pair pattern has
been digitized with the Comm-
View version 1.0 system. (B}
Identical pattern with horizon-
tally oriented line pairs to test
vertical resolution. (C} Con-
trast transfer function. A plot
of digital image contrast at vary-
ing line-pair frequencies. As dig-
ital contrast approaches zero,
line pairs are no longer visible.
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low-contrast discrimination was present for hole
sizes as small as 1 mm and was equal for both the
darker and lighter patterns. Plots of Rose-hole
contrast versus minimal perceptible diameter
(not shown) corroborated these findings.

Initial studies with the CommView 1.0 system
yielded a poor response to changing optical
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density values above 1.6 optical density units
(Fig 4A). After modification of the look-up table
(used to map 12-bit output from the digitizer into
8-bit data), these darker shades were more easily
distinguished (Fig 4B). Quantitative analysis
revealed that the initial digital pixel values varied
logarithmically with optical density (Fig 4C).
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Following modification of the look-up table, a
nearly linear response was observed over a range
of 0.2 to 3.4 optical density units (Fig 4C).

Pixel values for the CommView 2.1 system
varied linearly with optical density (Fig 4D).
Using the window-level feature, distinct gray
shades were visible on the EGS monitor for film
densities in the range of 0.2 to 3.0 optical density
units. However, for optical density values above
2.5, there was a notable difference in the digital
pixel values obtained from the two sides of the
phantom. A nonlinear decrease was detected in
the pixel values obtained from the strip on the
left side of the phantom.

Only a minimal quantity of high-frequency
noise was detectable in the CommView 1.0
system. This noise was found only for optical
densities above 2.5 optical density units (Fig

range:
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4D). No high-frequency noise was identified in
lighter areas. However, the 12-bit/pixel Comm-
View 2.1 system revealed a significant level of
high-frequency noise. In lighter regions (~0.2 to
0.4 optical density units) the standard deviation
of pixel values measured 4 to 5 digital units. In
the darker areas (~3.0 to 3.4 optical density
units) the standard deviation of pixel values
measured 60 to 100 digital units. Thus, in 12 bits
of image data, there was approximately 2 bits of
noise in the lighter parts of the image and 6 bits
of noise in the darker parts of the image. These
noisy bits were presumably truncated in the
8-bit/pixel images of the 1.0-version software.
To be certain that the increased noise in the
darker portions of the image were not secondary
to noise on the film phantom, computed tomo-
graphic images produced with a laser scanner

0.2 to 2.2 O.D.U.

range:

0.2 to 3.4 0.D.U.

Fig4. Linearity of gray-scale response. Error bars represent standard deviations. Sample size = 200 pixels at each optical
density step. (A) Initial gray-scale phantom digitized on CommView version 1.0 system. Areas with optical densities greater
than 1.6 optical density units cannot be distinguished. (B) Gray-scale phantom with a range of 0.2 to 3.4 optical density units
was digitized after modification of a look-up table in the version 1.0 system. There is improved contrast in darker areas.
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were digitized. The black background around
each computed tomographic image on these films
revealed little graininess to visual inspection with
a magnifying lens. However, the digitized images
of these films appeared distinctly grainy when
magnified. The digital pixel values in these black
regions yielded standard deviations about the
same as those found for the darkest portions of
the film phantom.

There was no detectable geometric distortion
in the digitized images for either of the two
systems.

DISCUSSION

Degradation of image quality is often difficuit
to appreciate with digitized clinical images.'**
Any particular set of clinical images might not
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Fig 4. (Cont’'d). (C} Plot of digital pixel values versus
optical density for the phantoms shown in (A) and (B). (D)
Plot of digital pixel values versus optical density for the
CommView version 2.1 system. Note that the scale has
changed from 0-255 (8-bit data} to 0-4095 {12-bit data).
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adequately test the physical limitations of a
digital system. Phantoms, however, may be de-
signed to evaluate specific parameters affecting
image quality. Thus, phantoms may permit the
early detection of quality-control problems not
easily detected in clinical images. At the study
institution, initial clinical test images with the
CommView 1.0 system were inspected by three
radiologists, who found the images to be of
suboptimal quality. The specific difficulty with
low-contrast discrimination in darker regions,
however, was not initially appreciated with clini-
cal test images. Analysis of gray-scale response
with our phantom (Fig 4) suggested a clear
deficiency in contrast discrimination for optical
densities above 1.6. Once the problem was recti-
fied, these same radiologists found that the clini-
cal image quality was improved.

At present, there is no accepted standard
phantom for quality control of digital radiogra-
phy. The authors have designed a film phantom
to test several basic parameters of digital image
quality. Our phantom may provide both a quali-
tative and quantitative analysis of image quality.
Qualitative analysis of the digitized image of the
phantom provides a simple, reproducible quality-
control protocol that should be suitable for the
needs of many departments. Unfortunately, vi-
sual analysis is somewhat subjective. This is
further complicated by aliasing, which is intro-
duced into the test patterns as the pattern size
approaches the limiting resolution of the system.
Quantitative evaluation of a digitized image of
the phantom may be used to provide a more
objective measure of image quality. However,
quantitative analysis requires access to the digi-
tal pixel data as well as a certain level of
expertise with computers to manipulate those
data.

In the authors’ experience, evaluation of both
high-contrast resolution and low-contrast discrim-
ination may be performed in an accurate, repro-
ducible manner by simple visual inspection. Ad-
ditional quantitative information is obtained by
plotting the contrast transfer function (Fig 3C)
or by calculating the digital contrast present in
the minimal perceptible Rose holes. Visual detec-
tion of geometric distortion is also fairly accu-
rate. However, determinations of the linearity of
gray-scale response and high-frequency noise are
best accomplished by quantitative analysis of the
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digital data (Fig 4). It is appropriate for vendors
to provide access to these data for quality-control
purposes.

A quality-control phantom for digital radiogra-
phy has been described that is easily constructed
using components generally available in a radiol-
ogy department. Given the varying quality (and
cost) of digital radiography systems, a single
standard for performance cannot be defined.
Individual standards, however, may be deter-
mined by clinical trials for particular tasks. The
phantom in the present study provides objective
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criteria for comparison of image quality among
different digital radiology systems. Its test pat-
terns are appropriate for a wide spectrum of
spatial resolution and contrast discrimination.
Therefore, it may be applied equally well to
high-quality systems that use a laser scanner to
digitize films and to less expensive systems that
rely on the digitization of a video signal. Regular
quality-control testing for digital radiography
systems with a phantom such as this one can be
effectively used to ensure high-quality clinical
images.
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