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Introduction

With the recent digitalization of medical images,
medical image networking has become common. Al-
though cathode ray tubel CRT&and liquid crystal display

00 LCDCmonitors have been replacing the film/viewer
system as image-display devices, the conventional film/
viewer system is still used. In these image-display de-
vices there are large differences in maximal luminance,
but no marked differences in image gradation can be
visually recognized. To clarify this contradiction, we
guantitatively evaluated differences in the gradation
characteristics among the above three image-display
devices by psychophysical analysis. The threshold con-
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tradtl CisCof the image-display devices was measured by
the new grayscale test patteri] NGTPJ*”and the appro-
priateness of psychophysical analysis of the CRT and
LCD monitors was confirmed. We performed psycho-
physical analysis of the film/viewer system by converting
ADnmin measured by Ozaki et al.>*"into the difference in
luminance. We compared the psychophysical gradients
determined in the image-display devices by measuring
the minimum perceptible luminance difference ALmin.
The usefulness of a theoretical calculation was evalu-
ated by comparing the psychophysical gradient with three
models of visual distinguishability.

Summary

Psychophysical analysis

Although there are remarkable differences in maximum luminance in cathode ray tubel CRTCand liquid
crystal displayl LCDOmonitors and film/viewer systems, these differences cannot be recognized in our per-
ception of them. To clarify the reason for this conflict, we analyzed the psychophysical gradier 50 which
is based on the minimum perceptible luminance differencel ALnyin[And can express contrast visually recog-
nized by observers. In this study, we first confirmed the compatibility of the psychophysical analysis to the
CRT and the LCD monitors by using their threshold contrastsl C;s[] Second, we calculated and compared
the 8’s of the above output devices. The Css values of each device were in good agreement. Moreover, the
Moon & Spencer model, which expressed the perceptibility of luminance change, was well suited to the
measured C;s over the whole luminance range. The psychophysical analysis is therefore available not only
for the film/viewer system, but also for the CRT and LCD systems. The difference of physical gradient G of
the luminance characteristics curve among the output devices was larger than 20 times, whereas that of &
was within 3 times. The display devices listed in the order of decreasing 8 were film/viewer>LCD>CRT.
These results corresponded to the visual contrast sensation and our clinical experience, which cannot rec-
ognize remarkable differences in perception. By using the psychophysical analysis, we clarified the reason
for the conflict between the results of physical evaluation and the contrast visually recognized by observers.
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10 Materials and Methods
1-10 Comparison of threshold contrast

This study was performed in three steps. First, the
minimum perceptible luminance difference ALnyin was
measured in the film/viewer system and in the CRT and
LCD monitors by use of the NGTP, as shown in Fig. 1,
and the Cs of each luminance was determined. AL min
agrees with the concept of Just Noticeable Difference

0O JNDO which was proposed by Digital Imaging and
Communications in Medicinel DICOMUO The minimum
perceptible luminance difference, ALmin, was determined
by 8 radiologists with healthy vision using a luminance
metell] Minolta LS-100Cto examine the limit of the no-
ticeable luminance between two segments at various
luminance levels. The results were compared with three
model8] Weber, Moon & Spencer, and Barten[for cal-
culation of the C;s,*%“and the applicability of psycho-
physical analysis using the luminance to devices with a
different image-display system was evaluated.

As shown in Fig. 1, the NGTP comprises 256 seg-
ments consisting of 16x16 squares, without gaps, and
each segment shows one gradation step. The difference
between 2 gradation steps is equivalent to a CT value
of 16, and the 256 steps agree with 4,096 CT values
between -1,024 and 3,071. The NGTP is a 12-bit
grayscale pattern. The LCD monitor was a black-and-
white monitor of 1 megapix€dll precision 1, Data Ray
Corp., USALwith a graphic car@ll ATI Technologies Inc.,
USAL The digital input and output in this monitor were
8 bits and 11 bits, respectively, at a maximal luminance of
450 cd/m?, and the minimal difference in luminance be-
tween 2 segments was 0.2 cd/m?. The CRT monitor was
a color monitor with an output of 8 bits at a maximal
luminance of 125 cd/m Barco MWD321 Plus Medical
Workstation Display, BARCO, USA[]

The monitoring conditions were an observation
distance of 25 cm and target luminance of 0.05-450 cd/m?.
To prevent the effects of glare, light sources around the
target were covered with black paper. The observation
was performed after adaptation to the darkroom. To
evaluate ALnin, the examiners were allowed to change
the window and level. The AL, of the film/viewer sys-
tem was obtained from data of the step edge shown in
Figs. 8 alH clreported in 1995 by Matsumoto et al.®"
Since the threshold is expressed as diffuse density units,
we converted the minimum perceptible contrast ADmin
into ALnyi» with equatiofnl 100

AL min=I0] 104Pmiv2_1Q-aPmin2[T] ... 010

Fig. 1 New grayscale test patteril NGTP[used in this study.

where L denotes the luminance after transmission through
film.

Figure 2 shows the relationship between the gen-
eral sinusoidal pattern and contrast.”®2 Contrast is ex-
pressed by equationl 2]

CsEl Linax—LminIl Linax+LminB=AL/LO ... 120

where L and AL, are luminance and the difference in
luminance between the center and peak level in the si-
nusoidal pattern, respectively. In Fig. 2, when the am-
plitude of the sinusoidal pattern is just at the threshold
level of visual perception, the luminance difference
between the peak-to-peak levels is called the minimum
perceptible luminance difference ALnyin. This is because
we perceive objects, including the sinusoidal pattern, by
always using the difference between the maximum and
minimum luminance. When the relationship between AL,
and AL, is considered, threshold contrast, C;, is ex-
pressed by equationl 30

Ce=ALmin/2L0 Lo [13g

where ALnin denotes the minimum perceptible luminance
difference.

Therefore, the Cis of the three image-displaying
systems are determined by substituting AL, values for
equationl 3]

To evaluate the appropriateness of the AL, val-
ues determined by the use of equationl 3[] we compared
the Cis of the three image-displaying systems to that de-
termined by the use of equationl 4Cin the Moon & Spencer
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model,*“which shows human visual distinguishability.

ALpin=0.01281 0.808{L (2L ................] 040

1-2 Comparison of the gradation characteristics

The NGTP was displayed on the CRT and LCD
monitors, and the luminancgl LCof the CT value in each
step was measured by a luminance meter, and the gra-
diert] GOwas calculated from the luminance character-
istic curve. In the film/viewer system, the density mea-
sured by a diffuse densitometer was converted into the
luminance by equationl 501

I e e PP 50

where D denotes the mean density of film, L the lumi-
nance transmitted through film with a density of D, and
Lo the luminance of the show box. L,=2,550 cd/m? was
used in this study.

1-30 Psychophysical analysis

In a psychophysical analysis, the psychophysical
contrast is obtained by multiplying physical contrast by
a modulation transfer functionl MTF[bf the human eye.
When the MTF of the human eye expressed using the
peak-to-peak of the sinusoidal pattern is regarded as T,
T. is defined as the inverse of C;, as shown in this
equation'id 6]

Te=Ci*=2L/ALmin0 «oeveiiiii 160

According to the relationship between equations! 2]
anf 30] the physical contradil C,[bf the consecutive two
segments, as shown in Fig. 1, is expressed as

ComALpp/2L0 oo 070

where L denotes the mean luminance of the sinusoidal
pattern, and AL, is the difference in physical luminance.
Therefore, the visual contrast sensatiofl SCis expressed
as the psychophysical contrast by equatiofnl 801

S=ALpp/2Lx2L/AL min=ALp/ ALmmin .............] 080

When the difference in the luminance between two
segments is very small, AL, is proportional to the gra-
dient G of the CT value-luminance curve. Therefore, the
psychophysical gradientd is expressed by equationl 9]

O=G/ALmin0 oo 190

The minimum perceptible luminance difference
ALnin is a function of the luminance, and the psycho-
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Fig. 2 Relationship between AL, and ALy, in the sinusoi-
dal pattern used for the definition of physical con-
trast and visual perception of objects, respectively.
When amplitude is just at the threshold level of vi-
sual perception, ALy, is called ALmin.

physical gradient & is determined by substituting the lu-
minance for equationl 900 The psychophysical gradient
O was used as the main parameter of the psychophysical
gradation characteristics in the image-display systems.t*”

20 Results
2-10 Comparison of the threshold contrast

Figure 3 shows the Cis measured in the film/viewer
system and in the LCD and CRT monitors along with
the Cis determined by use of the three models. Although
there were marked differences in the available luminance
range between the three image-display devices, the Cs
indicated in the same luminance range were in good
agreement. Among the three models of visual distinguish-
ability of the luminance, the C;s determined by use of
the Moon & Spencer model showed good agreement
throughout the entire luminance range with that obtained
by measurement.

2-2[0 Comparison of the gradation characteristics

Figure 4 shows the input and output characteristics

of each image-display device. In the entire CT-value range

00 luminance rangel] luminance was highest in the film/

viewer system, which was at maximum about 4-fold

higher than that in the LCD monitor and about 20-fold
higher than that in the CRT monitor.

2-300 Comparison of the psychophysical gradient

Figure 5 shows the psychophysical gradient & de-
termined by use of the CT-value. In the entire luminance
range, 6 was highest in the film/viewer system, followed
by the LCD and CRT monitors. The differences were
large in the low luminance range, but they were 2- to 3-
fold higher in the film/viewer system than in the CRT
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Fig. 3 Threshold contrasts Cis as a function of luminance
L for the film/viewer systemil e [J CRT! v[J LCDI m [J
and the fitting curve obtained by the Moon [0 Spencer
modé€l solid line] Weber moddl dashed line[] and
Barten mod€ll two-dot chain linell

monitor. In the high luminance range, the psychophysical
gradient in the LCD monitor was similar to that in the
film/viewer system.

30 Discussion

The main result of this study was confirmation of
the compatibility of psychophysical analysis used for the
conventional film/viewer system with LCD and CRT
monitors. Since differences in the image-display method
and the available luminance range are large among these
image-display devices, we measured their minimum
perceptible luminance difference ALnin values and de-
termined the C;s. As shown in Fig. 3, the contrast in the
three image-display devices agreed well in the luminance
range common to them. Because the C;s calculated by
use of the Moon & Spencer model showed good agree-
ment throughout the entire luminance range with that
obtained by measurement, the psychophysical gradient
based on the minimum perceptible luminance difference
ALnin Values was considered to be applicable to devices
with different image-display methods. With regard to
the input and output characteristics, as shown in Fig. 4,
there was a 20-fold difference in luminance between the
film/viewer system and the CRT monitor, but we failed
to macroscopically recognize such a large difference,
indicating that it is difficult to perform an accurate evalu-
ation when using input and output characteristics obtained
by physical measurement. However, as shown in Fig. 5,
the psychophysical gradient in the CRT monitor was only

Film / viewrer system
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Fig. 4 Luminance L as a function of the CT number for the
film/viewer systeml solid line[] CRTI two-dot chain
line[J and LCDI dashed line[] which are measured
by NGTP. Window width and window level settings
are 1,600 and -550, respectively.
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Fig. 5 Psychophysical gradients as a function of the CT
number for the film/viewer system, CRT, and LCD.
Window width and window level settings are 1,600
and -550, respectively.

2- to 3-fold lower than that in the film/viewer system,
and in the LCD monitor it was similar to that in the film/
viewer system, which was in close agreement with our
recognition. These results mean that the psychophysi-
cal gradient & is dependent on the maximum luminance.
However, the difference in & between the film/viewer
system and LCD monitor was smaller than that of §
between the CRT monitor and LCD monitor. This may
be because images are displayed on the LCD monitor,
using the luminance range immediately before changes
in C;s reach equilibrium, as shown in Fig. 3.
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40 Conclusion

Using psychophysical analysis, we determined the
reason for the conflict between the results of physical
evaluation and the contrast visually recognized by ob-
servers. The differences in psychophysical gradient

between the three typical kinds of display devices were
within approximately 3 times. This result corresponds
closely to the visual contrast sensation and our clinical
experience, which cannot recognize a remarkable dif-
ference in perception.
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