Investigation of basic imaging properties in digital radiography.
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Hiroshi Fuijita, Kunio Doi, Maryellen Lissak Giger, and Heang-Ping Chan
Kurt Rossmann Laboratories for Radiologic Image Research, Department of Radiology, The University of

Chicago, Chicago, Illinois 60637

(Received 8 February 1985; accepted for ﬁublication 4 November 1985)

A simple method was devised to determine the characteristic curve of image intensifier (I1)~TV
digital imaging systems, which relates the output pixel value to the input relative x-ray intensity.
To provide a wide range of x-ray intensities incident on the II, we used an aluminum stepwedge
consisting of nine steps with thickness increments of 6.3 mm, together with an 0.81-mm-thick
copper plate. The x-ray field was narrowly collimated to the area occupied by the stepwedge in
order to reduce the effect of veiling glare. The relative x-ray intensities transmitted through each
step of the stepwedge were determined by using screen—film systems. The gradient curve of the
system was derived from the slope of the characteristic curve. Results obtained with a Siemens
Digitron 2 system showed that its characteristic and gradient curves depended upon the matrix
size used, but did not change with the II field size. The validity of the characteristic curve was
demonstrated by measurement of jodine attenuation curves obtained with the II-TV digital

system at different exposure levels.
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. INTRODUCTION

Characteristic (or H&D) curves have been used extensively
with conventional film and screen—film recording systems.
Such curves are useful in the comparison of system speeds
and in the linearization of the system response for measure-
ment of the modulation transfer function (MTF) and other
physical quantities. =3 At present, several different methods
for determining the charactenshc curve of screen—film sys-
tems are available.*”

A number of new digital radiographic imaging systems
are currently being developed,'®'? and digital subtraction
angiography (DSA) systems''™' in particular have been
successfully used in clinical practice. The characteristic
curve of a digital radiographic imaging system can be de-
fined, in a way similar to that of a screen—film system, as the
relationship of the output in terms of pixel value to the input
in terms of relative x-ray intensity. The characteristic curves
of digital imaging systems will be useful for monitoring and

comparison of the system response, and also for-quantitative

analysis'*~'" of digital image information. For example, ac-

curate measurements of basic imaging properties, such as
the MTF, cannot be made without knowledge of the charac-
teristic curve. Barnes ef al. determined the curve for a Picker
digital chest unit.'® Maclntyre et al.,'" Cohen et al.,?° and
Seibert eral.?! determined the characteristic curve for a DSA
or image intensifier (II)-TV digital unit by making a series
of exposures to the II-TV system. However, it is generally
difficult to measure the characteristic curve of a DSA unit,
because most clinical units are equipped with an automatic
exposure control system, and because the flexibility of that
system in selecting exposure parameters is limited. In this
study, we developed a simple and practical method for deter-
mining the characteristic curve of an II-TV (DSA) digital

13 Med. Phys. 13 (1), Jan/Feb 1986

0094-2405/86/010013-06801.20

imaging system by using an aluminum stepwedge and a nar-
row beam.

Il. EXPERIMENTAL METHODS

In our study, a Siemens Digitron 2 DSA system was em-
ployed as an II-TV digital imaging system, This system in-
cludes a Garantix 1000 x-ray generator with a 0.6-mm focal
spot x-ray tube, a triple-mode (25, 17, and 12 cm) Optilux
RBV 25/17 HN image intensifier with grid (12:1, 40 lines/
cm), and a Videomed N TV system. The Digitron 2 contains
a20-megabyte semiconductor memory for image acquisition
and storage, and a 10-bit analog-to-digital (A/D) converter
with a conversion rate of 20 MHz. Logarithmic or linear
amplification is performed prior to A/D conversion. Matrix
sizes of 256 X 256 and 512 X 512 are available, and images
canbeacquired in either a pulsed or a continuous x-ray expo-
sure mode. A Winchester disk of 80 megabytes is used for
image storage.

For measurements of the characteristic curve, one can
vary the x-ray intensity incident on the II by changing (1)
the distance between the focal spot of the x-ray tube and the
I1, (2) the tube current, or (3) the thickness of an attenuat-
ing material. However, because of the automatic exposure
control in many DSA systems, manual selection of the tube
potential, the tube current, and/or the exposure time may
not be possible. In addition, the adjustable distance between
the focal spot and the IT may not cover the wide range of x-
ray intensities required for measurement of the characteris-
tic curve. Therefore, we employed the third method, varying
the x-ray intensity by using an aluminum stepwedge as an x-
ray beam attenuator. One advantage of this method is that
the characteristic curve can be measured from a single im-
age. We determined the x-ray transmission through each
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step of the stepwedge by using screen—film systems, as will be
described in detail in Sec. V.

The aluminum (type 1100) stepwedge consisted of nine
steps, each of which was 1.0 cm X 2.0 cm in area, with
thickness increments of 6.3 mm. This stepwedge was used
together with a 0.81-mm-thick copper plate, which was
placed in front of the I surface (before the grid), in an effort
to harden the x-ray beam and to minimize the variation in
beam quality through different steps of the stepwedge. The
copper plate may also reduce the scattered radiation from
the aluminum stepwedge.?” The distance between the 11 and
the x-ray tube focal spot was 90 cm, and the stepwedge was
placed approximately 15 cm from the IL

A problem with the stepwedge method is the presence of
veiling glare,'”?"**%% which is mainly caused by scattering
of x rays, electrons, and light in the I1. When the stepwedge
is exposed with a broad beam, an approximately constant
amount of the veiling glare from the entire 11I field is added to
the stepwedge image; thus the veiling-glare fraction, which is
defined as the ratio of the veiling-glare component to the
total light output level of the II, in the region of the thick
aluminum steps will be greater than that in the thin steps.
This implies that the pixel values corresponding to the thick
parts of the stepwedge will represent mainly the veiling
glare, but not the low-level x-ray intensities incident on the
11. In order to reduce this effect of veiling glare, we narrowly
collimated the x-ray field to the area occupied by the step-
wedge, and thus the contribution of the veiling glare coming
from outside the region of the stepwedge was assumed to be
negligibly small. Only small amounts of veiling glare gener-
ated from each step itself and from neighboring steps will be
included in the stepwedge image. This assumption was veri-
fied in measurements of attenuation curves of an iodine
phantom, as will be discussed later.

For an ideal condition, such as a case in which the x-ray
tube current can be varied over a wide range without chang-
ing other parameters, the characteristic curve should and
could be measured together with the veiling glare, the
amount of which is proportional to the x-ray intensity inci-
dent on the I1.2" If the veiling glare is eliminated entirely, or
if the veiling-glare fraction is constant at all steps of the step-
. wedge, the corresponding characteristic curves will merely
be shifted laterally on the logarithmic relative x-ray intensity
axis, and thus the shapes of the curves will remain un-
changed. This is the basis of our approach to devise a simple
and practical method of measuring the characteristic curve
of DSA systems by using the aluminum stepwedge with a
narrow-beam geometry.

In order to obtain the stepwedge image with a narrow-
beam geometry, one may need to “fool” the automatic expo-
sure control of the DSA system, because the narrow-beam
geometry may cause an abnormally high kV setting. For
example, a broad-beam exposure may be made initially;
then, after the adjustment of the exposure parameters and
iris setting is completed by the automatic exposure control in
the beginning frames, the exposure field can be collimated
down to the desired size while the exposure factors remain
unchanged. Instead of the collimator adjustment, an x-ray
" beam attenuator can be introduced in or removed from the
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exposure field to “fool” the automatic exposure control so
that various exposure factors can be selected, as will be dis-
cussed later for measurements of iodine attenuation curves.

IIl. THE GRADIENT AND ITS APPLICATION TO
IMAGE ANALYSIS

The slope of the characteristic curve of a screen-film sys-
tem, called the gradient, has been used frequently for the
evaluation of image contrast.”® A similar gradient for the II-
TV digital system, G, can be defined by

ADSA # 1)
Alog,o E |’ ’

which is the différence in the DSA pixel values (A DSA #)
divided by the difference in the log relative x-ray intensities
(A log, E). The term A DSA # may be regarded as the
magnitude of a DSA signal above the background. The abso-
lute value is used because the characteristic curve of our
system has a negative slope. In this study, we determined the
gradient from the slope of the polynomial-fitted characteris-
tic curve, and we plotted the values versus the DSA pixel
value (or DSA number) of the background. From Eq. (1),
we can derive the following relationship:

A DSA # = — (log,pe) G%, (2)
which relates the magnitude of the DSA signal, A DSA #,
to the radiation contrast, AE /E, that is equal to the ratio of
the signal component AE to the background E expressed in
terms of the relative x-ray intensities detected by the IL. Scat-
tered radiation may be included in the background E. It
should be noted that Eq. (2) is applicable only when the
veiling glare is negligibly small, or when the veiling-glare
fraction in the background region is equal to that in the sig-
nal region, since this is the condition under which the char-
acteristic curve is determined. The latter condition arises, for
example, when a relatively large object is imaged with a uni-
form background, i.e., when the object size is much larger
than the “size” of the point spread function (PSF) of the
veiling glare.?' However, in clinical imaging situations these
conditions usually are not satisfied, and the presence of an
almost constant amount of veiling glare reduces the image
contrast to less than that estimated from Eq. (2).

In addition, it is generally more important in DSA images
to visualize small rather than large objects. When the size of
a small, low-contrast object is much less than the size of the
PSF of the veiling glare, the amount of veiling glare superim-
posed on the signal component can be regarded as identical
to that on the background adjacent to the signal, and thus the
image contrast is reduced in a way similar to the effect of the
scattered radiation. Therefore, Eq. (2) has to be modified to
include the veiling glare and the scattered radiation, namely,

ADSA # = —(log,{,e)GA—E(lws)(l—k). (3)

EP
Here, AE /E, is the “primary” radiation contrast of a small
signal, which corresponds to the radiation contrast detected
by the II, but without the scattered radiation and veiling
glare; s is the scatter fraction, which equals the ratio of the
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scattered radiation to the total radiation detected by the II;
and k is the veiling-glare fraction, as defined earlier. The
veiling-glare fraction can be measured with a lead-disk
method, which involves extrapolation to an infinitesimally
small disk size.”’ _

In a more general situation, in which the object size may
not be regarded as small and the background may not be
assumed to be uniform, it is likely that the amount of veiling
glare varies over the region of the signal and surrounding
background, and thus the image contrast cannot simply be
determined from Eq. (2) or (3). In such a case, the effect of
veiling glare on the signal contrast is complicated and needs
to be evaluated by convolution of the PSF of the veiling glare
with the spatial distribution of the input x-ray image detect-
ed by the II. The spatial distribution of this resulting image
in terms of the light output of the II is subsequently convert-
ed to that in terms of DSA pixel values by means of a charac-
teristic curve, which can be measured with the method de-
scribed in this study. '

In the determination of the noise Wiener spectrum of the
DSA system, the measured Wiener spectrum expressed in
terms of DSA pixel values may be converted to that in terms
of relative x-ray intensity.?® One can accomplish this by
dividing the measured spectrum by the factor
G*(1 —k)?(log,, €)?, where G is the system’s gradient at
the average DSA pixel value of the noise pattern, and k& cor-
responids to the veiling-glare fraction measured with a
broad-beam exposure. It is assumed that the constant
amount of veiling glare over the exposure field reduces the
contrast of the quantum noise detected by the I1. Except for
the correction factor for the veiling-glare effect, this conver-
sion method is similar to that achieved with the gradient of
the H&D curve in the analysis of the noise Wiener spectrum
of a screen—film system.?

IV. RESULTS

Figure 1 shows the characteristic curves (DSA pixel value
versus log relative x-ray intensity) of our Digitron 2 system
for images obtained with 256 X 256 and 512 X 512 matrix
sizes. These curves are the averages of ten independently
measured curves over several days, which were graphically
superimposed and smoothed by eye. The exposures were

T T T v T T T
1000} J
L 256 X 256
800[ * "":‘“-.-._h 1
u TN
3 e
> 600
o
w
x
% 400} 512 X 512
53
w
[=]
200} .
L
c 1 1 1 1
[ 2 5 10 20 50 100

RELATIVE X-RAY INTENSITY

FiG. 1. Characteristic curves relating the pixel value to ihe relative x-ray
intensity incident on a DSA system, for two matrix sizes. A logarithmic
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made at 63 kV and at 2 frames/sec with the logarithmic
amplifier. It is apparent that the characteristic curve is de-
pendent on the matrix size, and that each curve tends to
saturate at both high and low DSA numbers. It should be
noted that the 256 X 256 matrix size image was obtained
with a blanking interlaced mode during the TV camera read-
out, whereas the 512 X 512 matrix size image was obtained
with a nonblanking progressive readout mode. We believe
that the shapes of these curves depend on the properties of
the logarithmic amplifier and other electronic components
in the DSA unit, since the light output of the II is related
linearly to the x-ray intensity incident on the IL.2*?' There-
fore, the characteristic curve of the II-TV digital systein is
basically equal to the relationship between the light output
of the IT and the pixel value. We have confirmed that the
shape of the curve does not vary with the II mode used. We
also found that, for both matrix sizes, the characteristic
curves of another Digitron 2 unit, recently installed, were
similar to that for the 256 X 256 matrix size shown in Fig. 1.

In the initial stage of this study, images of the stepwedge
were transferred from the Digitron 2 to a Siemens Evaluskop
computer system in order to determine the DSA pixel val-
ues. However, we found that we could read within the ex-
perimental error the average DSA pixel values representing
each area of the aluminum stepwedge by employing a win-
dowing technique, i.e., by changing the window level, at the
minimum window width, until one of the gray levels on the-
cathode ray tube (CRT) monitor matched the average gray
level of the selected region in the stepwedge image. The win-
dow level corresponding to the matched gray level indicated
the pixel value of the step. This windowing technique would
be unnecessary if ROI (region of interest) software were
available. In addition, we found that the variation of the
characteristic curves obtained from different frames in the
same exposure sequence was negligible except in the first few
frames during which the exposure parameters were being
adjusted by the automatic exposure control. Also, variations
among curves obtained at different exposures and on differ-
ent days were usually small, as illustrated in Fig. 1. Only a
lateral shift of the curve along the relative x-ray intensity axis
was observed. "

Gradient curves for both matrix sizes are shown in Fig. 2.
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amplifier was employed before the A/D converter. The experimental data
points were obtained from ten independent measurements.

Fi10G. 2. Gradient turves for two matrix sizes, obtained from the slopes of the
characteristic curves shown in Fig. 1.
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F1G. 3. Conversion factor of signal contrast from the DSA pixel value to the
radiation contrast (left ordinate) was calculated from Eq. (2). The conver-
sion factor on the right ordinate was calculated from Eq. (3) for a case
including 50% scatter arid 30% veiling glare.

Edch curve is the average of ten gradient curves; each of
which was calculated from a different fitted characteristic
curve. The conversion factor of the signal contrast in terms
of the DSA pixel vdlue to that in terms of the radiation con-
trast was calculated from Eq. (2) and is plotted in Fig. 3as a
function of the average DSA pixel value of the background.
In addition, the primary radiation contrast per unit change .
in DSA pixel value (for asignal component), which is calcu-
lated from Eq. (3), is plotted for the case in which 50%
scatter and 30% veiling glare are included. Figure 3 indi-
cates that; for our system, the signal contrast of one DSA
pixel value corresponds to a primary radiation contrast of
approximately 1%, when the dverage pixel value i$ in the
niid-range and when 50% scatter and 30% veiling glare are
included.

Figure 4 illustrates two characteristic curves, each ob-
tained with the linear amplification mode for the 256 X 256
matrix size, but measured on two independent occasions.
The solid curve is linear, whereas the dashed curve indicates
a distorted response, which is probably due to an incorrect
adjustment of the A/D converter and/or the amplifier. Oc-
casionally, we observed changes in the shape of the charac-
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FiG. 4. Characteristic curves for the 256 X 256 matrix size in the linear
amplifier mode, for the case of incorrect (dashed curve) and linear (solid
curve) adjustments of the A/D converter and/or the amplifier.
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teristic curve that coincided with the malfunction of an elec-
tronic component in the power supply and with its repair.
These results appear to indicate the usefulness of the charac-
teristic-curve measurement for monitoring of the system re-
sponse.

V. DISCUSSION

A fundamental problem with the stepwedge method is
that the x-ray beam qualities transmitted through each step
of an aluminum stepwedge can differ substantially due to
filtration. Consequently, the relative x-ray intensities trans-
mitted through different steps, as measuired by an image re-
ceptor (or detector), depend strongly on the x-ray energy
absorption properties of the detector. This implies that the
aluminum attenuation curve measired with an ionization
chamber will generally not be the same as the curve mea-
sured with an image intensifier. In order to determine accur-
ately the relative x-ray intensities detected under each step of
the aluminum stepwedge by the image intensifier, one has to
measure the x-ray intensities with a detector whose x-ray
absorption characteristics ate similar to those of the II and
whose x-ray sensitometric relationship is known. Thus we
chose three screen—film systems, Kodak Lanex Regular/
OG, DuPont Cronex Quanta II/XL, and Cronex Quanta
I11/XL, as x-ray detectors. Since the relationship between
the optical density and the relative x-ray intensity incident
on a screen—film system (i.e., the H&D curve) can be deter-
mined accurately with an inverse-square intensity-scale x-
ray sensitometer,>® we can obtain the relative x-ray intensi-
ties detected under the stepwedge from the aluminum
attenuation curves measured with these screen—film sys-
tems, as will be discussed later. It should be noted that we
assumed the x-ray absorption characteristics of these screens
to be similar to those of the II input phosphor (CsI). This
assumption was verified by a computer simulation of attenu-
ation curves with different detectors, which can be described
as follows. We calculated the attenuation curves of alumi-
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FIG. 5. Calculated attenuation curves for aluminum with three different

- screens and with CsI phosphor (100 mg/cm?) at 60 and 70 kV with 2 0.81-

mm copper filter, Screens used were Lanex Regular (Gd,0,8; 130 mg/
cm?), Quanta II (BaFCl; 85 mg/cm?), and Quanta III (LaOBr; 108 mg/
cm?).
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F1G. 6. Measured attenuation curves for aluminum, obtained with three
screen—film systems at 63 kV.

num, obtained with the above three screens and with a CsI
phosphor, for two incident spectra at 60 kV [half-value layer
(HVL): 2.30 mm Al] and 70 kV (HVL: 2.65 mm Al) by
taking into account the screen absorption of the primary x
rays and the reabsorption of the X x rays in the phosphor.?®
The coating density of the CsI phosphor was assumed to be
100 mg/cm®. As shown in Fig. 5, the attenuation curve ob-
tained with the CsI phosphor is in good agreement with the
curves calculated for the Quanta II and the Quanta III
screens. This result may be related to the fact that the K
edges (Cs: 36.0 keV; I: 33.2 keV) of Csl are very close to the
K edges (Ba: 37.4 keV; La: 39.0 keV) of the high atomic
number elements contained in these screen phosphors. How-
ever, the attenuation curve calculated for the Lanex Regular
screens is slightly higher than those obtained with the other
screens; this result is probably due to the high K edge of Gd
(50.2 keV) contained in the Lanex Regular phosphor.
Figure 6 shows the measured attenuation curves of the
aluminum stepwedge for the three screen—film systems.
Each curve represents the average of at least three indepen-
dent measurements. In this experiment, a 2 X magnification
technique at a 100-cm focal-spot—film distance, together
with a 12:1, 57 lines/cm grid, was used for elimination of the
scattered radiation. The curves were measured at a beam
quality of 63 kV, with added filtration of 0.8 1-mm-thick cop-
per. In addition, the x-ray field was collimated to the area of
the stepwedge to reduce the off-focus radiation. The relative
x-ray intensities detected under the aluminum stepwedge
were determined from the optical density values by use of the
corresponding H&D curve of each screen—film system. The
field nonuniformity of the x-ray intensity was corrected. The
curves are almost linear on the semilog plot, especially those
for the Quanta IT and Quanta III screens. These curves agree
well within the experimental errors at the thin portion of the
aluminum and differ slightly in the region with thick alumi-
num. The curve obtained with Lanex Regular screens is
slightly above the other curves, as was also observed from
the calculated values. These results thus appear to support
our assumption that the energy response of the CsI phosphor
is similar to those of the Quanta II and Quanta I1I screens.
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F1G. 7. Comparison of characteristic curves with (dashed curve) and with-
out (solid curve) correction for the nonuniformities of the II response and
the incident x-ray intensity, obtained for the 256 X 256 matrix size and the
17-cm II mode.

Therefore, for the abscissa of the characteristic curve for the
DSA system, we determined the relative x-ray intensities
detected under the stepwedge from the average of the attenu-
ation curves obtained with the Quanta II and Quanta III
screens.

The effect of spatial nonuniformities in the II-TV re-
sponse>?’ and in the x-ray beam incident on the II (e.g., due
to the heel effect) on the measured characteristic curve was
corrected by obtaining an image without the aluminum step-
wedge. The characteristic curves with and without the cor-
rection for the nonuniformities are shown in Fig. 7, in which
itis apparent that the change in the curve due to the nonuni-
formity correction is within the experimental error. Thus, a
correction for nonuniformity appears to be unnecessary in
measurements of the characteristic curve of our DSA sys-
tem.

To demonstrate the validity of the measured characteris-
tic curve, we determined the attenuation curves of iodine at
three different exposure levels, We constructed an iodine
phantom that contained individual compartments whose io-
dine content ranged from 0 to 100 mg/cm? This phantom,
together with a 12-cm-thick Lucite block, was imaged by the
Digitron 2 with a 256 X 256 matrix at 63 kV and with a
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F1G. 8. Relationship between DSA pixel values and iodine content, mea-
sured at three different exposure levels for the 256 X 256 matrix size.
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F1G. 9. Attenuation curve of iodine, obtained at three different exposure
levels.

broad-beam geometry. Three independent images at differ-
ent exposure levels were obtained by fooling the automatic
exposure control of the system, as described earlier. The
curves in Fig. 8 indicate different relationships between the
DSA pixel value and the iodine content. However, when the
DSA pixel values were converted to relative x-ray intensities
by means of the characteristic curve (this corresponds to
“linearization” of the DSA system response), the attenu-
ation curves for iodine obtained at different exposure levels
coincided within the experimental error, as shown in Fig. 9.
This result seems to indicate that the DSA system can be
linearized with the use of the characteristic curve for quanti-
tative image analysis, and also to verify that the measured
characteristic curve can be useful in relating the pixel value
to the relative x-ray intensity incident on the II-TV system.

In conventional screen—film radiography, the optical den-

sity is commonly considered to be the output of the system -

response in the determination of the characteristic curve of
the system. In this study, however, we employed the pixel
value as the output of a DSA system, excluding the effect of a
multiformat camera and photographic film. This is because
the pixel value is a unique output of a digital imaging system,
which can be subjected to quantitative analysis of image
data. For visualization of digital-image data on a film, how-
ever, the optical density needs to be considered as the system
output, which can be determined by incorporating the rela-
tionship between the optical density and the pixel value into
the characteristic curve defined in this study. :

VI. CONCLUSION

We developed a simple method for determining the char-
acteristic curve of II-T'V digital systems. The gradient curve
of the system was obtained from the slope of the characteris-
tic curve. Measurements of the characteristic curve will be
useful for monitoring of the DSA system response as well as
for quantitative determination of basic imaging properties
such as the radiation contrast,?®-*? the MTF,** and the noise
Wiener spectrum.?®
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