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The efficacy of two medical-grade, self-calibrating,

gray scale displays were compared with regard to

impact on sensitivity and specificity for the detection

of interstitial lung disease (ILD) on computed radio-

graphs (CR). The displays were a 5-megapixel (MP)

cathode ray tube (CRT) device and a 3-MP liquid

crystal display (LCD). A sample consisting of 230 an-

teroposterior (AP), posteroanterior (PA), and lateral

views of the chest with CT-proven findings charac-

teristic for ILD as well as 80 normal images were

compared. This double-blinded trial produced a sam-

ple sufficient to detect if the sensitivity of the LCD

was 10% or more reduced (one-sided) from the ‘‘gold

standard’’ CRT display. Both displays were calibrated

to the DICOM gray scale standard and the coefficient

of variation of the luminance function varied less than

2% during the study. Five board-certified radiologists

specializing in thoracic radiology interpreted the

sample on both displays and the intraobserver Az

(area under the ROC curve) showed no significant

correlation to the display used. In addition, an inte-

robserver kappa analysis showed that the relative

disagreement between any observer pair remained

relatively constant between displays, and thus was

display invariant. This study demonstrated there is no

significant change in observer performance sensitivity

on 5-MP CRT versus 3-MP LCD displays for CR

examinations demonstrating ILD of the chest.

KEY WORDS: ROC, kappa, image quality, displays,

interstitial lung disease, receiver operating charac-

teristic

For nearly the first century of its existence,
the practice of radiology has relied upon

film as its primary detector, archive, and display
device. With the advent of broadly accepted
softcopy reading solutions since the mid-1990s,
there has been a gradual shift toward reading
diagnostic images on computer displays. His-
torically, those displays have been cathode ray
tubes (CRT). However, in less than 10 years the

prevalence of CRTs has been challenged by the
LCD (liquid crystal display). It is clear that the
display market is moving toward the broader
use of LCD flat panel displays. The reasons for
adoption of LCD over CRT are multifaceted,
but is implementation of this new display
technology outpacing proof of efficacy? In
particular, the authors have embarked on a
study to answer this question in the case of
interstitial lung disease (ILD) findings on 5-
megapixel (MP) CRT versus 3-MP LCD.
A standard tool of display analysis is the re-

ceiver operating characteristic (ROC), which
seeks to quantify an observer’s sensitivity and
specificity for a given imaging task. In addition,
to measure the agreement among observers for
a given finding, the kappa statistic is used.1

However, there is a Catch-22 here: To ade-
quately size a sample to detect a given sensi-
tivity difference among two displays, one has to
have an a priori estimate of what the sensitivity
gap is. A literature survey shows that the sen-
sitivity for ILD findings for chests on film is in
the range of 67%–89%.2-4 On CRT softcopy
reading, the literature quotes sensitivity ranges
from 55% (early 1990s CRTs) to >83%.4-8
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LCD results are sparse in the formal literature,
but presentations at ARRS, RSNA, and SCAR
seem to support that the LCD at 3 MP can
compete with the 5-MP CRT.9 This work aims
to strengthen the case.

METHODS

Image Acquisition, Processing, and
Display Platform

All images used in the study were acquired from Fuji CR

systems and archived without persistent application of any

vendor-specific lookup tables (LUTs), edge enhancement

algorithms, or annotations. The images were stored on a

McKesson PACS (Version 4.6) (McKesson Medical Imag-

ing, Richmond, BC, Canada), with the Window/Level

optimized for default appearance to minimize the need for

the radiologist observers to manipulate or process the

images. The images were displayed to fit the screen using the

default downsampling algorithm of the PACS application.

The CRT display was a Barco 521 (2048 · 2560); the LCD
(1200 · 1600 matrix) was a Barco Coronis 3 MP (Barco
Corporation, Kortrijk, Belgium).

Sample Selection

Computed radiographs (CR) of the chest were utilized in

this study to maximize the potential to discover differences

in display capabilities. In particular, the high spatial fre-

quency abnormalities present in ILD potentially allow for

the differentiation in diagnostic sensitivity between display

devices of different matrix size.

IRB (Internal Review Board) approval was obtained to

perform a retrospective records search and to utilize anon-

ymized image data for the study. Specifically, a retrospective

review of a radiology database which tracks diagnoses on

computed tomography (CT) scans was performed for all

studies from 1997 to 2003. This search specifically targeted

chest CT scans coded for ILD. From the results of this

search, a secondary correlative search of the radiology

information system (RIS) was performed to extract a subset

of CT-proven cases of ILD which also had CR of the chest

performed within 6 months of the CT scan. The CT studies,

which were discovered as a result of these searches, were

pulled from the radiology archive and reviewed by a board-

certified radiologist specializing in thoracic radiology (BJB).

This radiologist confirmed the presence, ascertained the

type, and determined the extent of ILD on each of these

cases. For the purposes of this study, studies with classic

features of usual interstitial pneumonitis (UIP), nonspecific

interstitial pneumonitis (NSIP), chronic hypersensitivity

pneumonitis (HSP), and other diffuse atypical fibrotic lung

disease were included. Focal fibrotic changes, diffuse alve-

olar processes, or studies with predominantly ground-glass

opacities were excluded from the study. In addition, where

possible, cases of mild or early manifestations of ILD were

preferred for inclusion to optimize the possibility of

detecting differences in the two types of displays utilized in

the study. Studies with significant pathology unrelated to

ILD were also excluded from the study.

Each of the CR images for patients with CT-proven ILD

were also analyzed by a board-certified thoracic radiology

specialist (BJB). As with the selection of CT examinations,

CR images with the most subtle manifestations of disease

were favored for inclusion in the study, and any images with

significant pathology unrelated to the proven ILD were

excluded. For some patients, multiple CR studies obtained

on different dates were utilized. A similar method was uti-

lized to obtain normal CR images for inclusion in the study.

A search of the radiology diagnostic database over the

course of one year was used to discover negative CTs of the

chest. For each of these results, a correlative search for chest

CR examinations within 6 months of the CT was performed

in the RIS. For each of the CR studies found, the images

were evaluated by a board-certified thoracic radiology spe-

cialist, and any images with pathology or transient abnor-

malities such as atelectasis were excluded.

For the study, the individual normal and abnormal

images were deidentified, pooled, and randomized.

Experimental Design, Data Collection,
and Analysis

The sample size was based on the comparison of sensi-

tivity estimates for the 3-MP LCD display and the 5-MP

CRT display. Assuming a test of paired proportions with

independent results, for a sample size of 229 patients with

CT-proven findings there would be at least 80% power for a

one-sided test of 10% sensitivity degradation at a = 0.05.

Also, with this sample size the 95% confidence intervals for

80% and 90% estimates of sensitivity would be 74%–85%

and 86%–94%, respectively. In addition, 81 patients with

normal CT images have been included in the readings. These

‘‘normal’’ patients were randomly assigned to be read along

with the images from the 229 patients with CT-proven

findings. These normal exams were mainly included to keep

the readers ‘‘honest.’’ However, estimates of specificity have

also been calculated, with less precision than for sensitivity,

at 80% and 90% the 95% confidence intervals would be

70%–88% and 81%–96%, respectively.

A total of five observers were used in the study: two chest

imaging fellows and 3 staff radiologists with at least 12 years

of postboards experience. The observer experience was split

into four reading sessions of approximately 1 h each. The

observer’s first session was randomly assigned to either the

LCD or the CRT display to avoid any training bias. Then

the observer read half of the 310 image set. Within a short

time (one to several days), the observer read the balance of

the image set on the other display. A period of time (not less

than 12 days and typically 3 or more weeks) was then used

to wash out memory effects and the observer read the

images again on the complementary displays.

For the first session for a given observer, the study

coordinator (SC) provided instructions both verbally and in

writing. In addition, the SC explained the viewing software

and the observer was given a couple of training images to

become comfortable with the system. The SC sat with the
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observer for every session to capture the observer’s ROC

score for each image. The SC also recorded the observer’s

use of imaging tools and time per image. Figure 1 shows the

data collection form: by entering the Confidence score cell, a

timer is started in the time cell. As soon as the Confidence

score is entered, the timer is frozen and the observer is time

per image is captured.

ROC curves were constructed to summarize the dis-

criminatory ability of an observer’s confidence score in

distinguishing a scan depicting lung disease from a normal

scan. ROC curves were constructed for both the 5-MP CRT

and 3-MP LCD displays, for each of the five observers. The

performances of the two displays (5 MP vs. 3 MP) were

compared, within each of the five observers, by testing for a

significant difference in the paired areas under the curve

(AUC). This was done using a method suggested by De-

Long et al.10 to compare correlated curves.

Sensitivity and specificity estimates, along with 95%

confidence intervals, were calculated for each observer sep-

arately. Confidence levels of ‘‘likely lesion’’ and ‘‘certainly

lesion’’ were considered to be calls of positive for lung dis-

ease, while levels of ‘‘uncertain,’’ ‘‘likely normal,’’ and

‘‘certainly normal’’ were considered to be a normal scan

judgment.

Agreement between each pair of observers was estimated

using a weighted kappa statistic, along with a 95% confi-

dence interval, of the five ordered confidence judgments

with: 1 = ‘‘certainly lesion’’ to 5 = ‘‘certainly normal’’.11

These estimates were then interpreted.1

Display Setup, Calibration, and
Measurements

The displays used in this study were a Barco MGD521

CRT and a Barco Coronis 3-MP LCD. The CRT was

controlled by a Barco 5MP2 video card and the LCD was

controlled by a Barco BarcoMed 3MP2FH display con-

troller. The pixel matrix of the CRT was 2048 · 2560
(nominal 5 MP) and that of the LCD was 1536 · 2048
(nominal 3 MP). The pixel pitch of the CRT was 0.148 mm

and that of the LCD was 0.207 mm. The luminance re-

sponse of the displays was calibrated to the DICOM

Grayscale Standard Display Function (DGSDF) using the

vendor-provided MediCal calibration software and pho-

tometer.12 The ambient light in the CRT and LCD envi-

ronments averaged 7.5 lx, ranging from a minimum of 5 to

10 lx. Given these low ambient light levels in combination

with the reflective properties of the displays, it is not ex-

pected that the difference in ambient lighting conditions

affected the results of this experiment.

After calibration, the displays were evaluated subjectively

using the procedures and images provided by the American

Association of Physicists in Medicine Task Group 18 report

Assessment of Display Performance for Medical Imaging

Systems (further referred to as TG18).13 At the time of this

study, there were a pair of theCRTs and a pair of the LCDs in

our laboratory. As each member of a display pair performed

equally well with regard to the TG18 evaluation, it was con-

cluded that all displays were functioning properly. However,

only a single display of each pair was used for this study.

After calibration, the TG18-LN images were used to

measure the gray scale response of the displays. These

images provided 18 unique input digital driving levels

(DDL) equally spaced in the 8-bit range provided by the

display driver cards. The 18-step luminance response of the

displays was measured weekly for the duration of the pro-

ject to ensure consistency of the gray scale rendition of the

displayed images.

The resolution of the displays was characterized by

measuring the modulation transfer function (MTF). As

measured, the MTF included the effects of the finite pixel

element size and the blur inherent to the display. The MTF

was calculated from a digital photograph of a bright spot

(an individual pixel element with a DDL of 182 placed upon

a uniform background of DDL 110).

Digital photographs were acquired with a Hamamatsu

Orca-ER charge coupled device (CCD) camera with a Ni-

kon PK-13 extension tube and a Nikon 105-mm photo-

graphic lens (35-mm format) (Hamamatsu Corporation,

Bridgewater, NJ). The pixel value output of the camera is

linearly proportional to the incident luminance within the

range of luminance levels used in this work. The pixel matrix

of the camera was 1344 · 1024. The optical lens of the
camera was positioned 11 cm from the display face and the

lens was focused. The effective pixel pitch of the camera

images was 0.005 mm, resulting in photographs of the dis-

plays that were 30· oversampled for the CRT and 42·
oversampled for the LCD (calculated linearly).

A background image and a four-spot image were ac-

quired. The background image contained only pixels with

DDL of 110. The four-spot images had a background DDL

of 110 and four pixels arranged on a 2 · 2 matrix with a
DDL of 182. The four spots were separated by a distance of

14 and 12 display pixels for the CRT and LCD, respectively.

Fig 1. A sample of the data collection spreadsheet. Tim-

ing information for each image view was collected auto-

matically; the clock started when the study coordinator

entered the cell ‘‘ROC Score’’ and stopped as soon as a

value was entered and the cell was exited.
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The photographic image of the background was subtracted

from that of the spots. This subtraction effectively removed

pixel and raster line noise that would be expected to inter-

fere with accurate MTF characterization. Next, a 2 · 2-mm2

region surrounding each of the spots was extracted and the

2D Fourier transform (FT) of each region was calculated.

The MTF was defined as the modulus of the FT, normalized

by the zero-frequency components. This MTF characterized

the combined resolution response of the finite displayed

pixel element and the blur inherent to the displays. While

the 2D MTF was calculated, only the average of the hori-

zontal and vertical MTF components are presented here.

RESULTS

Display Measurements

The calibrated luminance response of the
displays is shown in Figure 2. Also shown in
Figure 2 is the ideal DGSDF for the luminance
range of each display. The luminance of the
CRT ranged from 0.98 to 324 cd/m2, corre-
sponding to a gray scale just noticeable differ-
ence (JND) range of 571. The luminance of the
LCD ranged from 0.8 to 517 cd/m2, corre-
sponding to a JND range of 649. Based on these
values, the LCD demonstrated superior gray
scale dynamic range. Both displays demon-
strated good agreement with the DGSDF
model. The weekly survey of the luminance re-
sponse of the displays demonstrated good

luminance stability over the 7-week duration of
the experiment. For any given DDL, the max-
imum coefficient of variation of the luminance
output was 2%.
The average 1D MTF of the two displays is

shown in Figure 3. The 1D MTF of a rectan-
gular pixel is expected to be a sinc function.
The sinc function corresponding to an ideal 5-
MP CRT and 3-MP LCD is also shown in
Figure 3. Comparison of the display MTFs to
the ideal response functions demonstrates that
the LCD provides an MTF more similar to its
ideal than does the CRT. That the 3-MP LCD
had a greater MTF than the 5-MP CRT is an
important result. This indicates that although
the CRT has a greater number of addressable
pixels, its ability to faithfully reproduce the
information contained in a digital image is
more severely compromised by its inherent
blur.
Finally, Figure 4 demonstrates the number of

JND/DDL (which can be thought of as the
available contrast at a given DDL) versus the
averaged histogram of AP and lateral views.
The LCD display enjoys an advantage in
all areas where there is significant image infor-
mation.
In general, the quality of an electronic display

is a combination of luminance response, reso-

Fig 2. Measured gray scale display functions and ideal DICOM Grayscale Standard Display Function (DGSDF) for the 5-MP CRT

and 3-MP LCD.
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lution, and noise. Note that the noise of these
displays was not measured directly. However,
subjective evaluation of TG18-AFC test pat-
terns, designed to be sensitive to display noise,
did not demonstrate notable differences be-
tween these displays, (see Table 1).

Observer Results

Tool Usage

As mentioned in the Methods section, all
images in the study were archived to the PACS

Fig 3. Modulation transfer function of the 5-MP CRT and the 3-MP LCD.

Fig 4. Comparison of the JND/DDL of the CRT and LCD displays versus a histogram constructed by averaging the AP and lateral

views of both female and male patients. Note that the LCD enjoys an advantage in all areas of significant image information.
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system with the Window and Level optimized.
Thus, observers in this study spent relatively
little effort in further image-processing tasks in
contrast to other studies.9 As a result, Table 2
shows that tool usage was insignificant for
observers with both displays.

Time/Image

To reduce the effect of a task acclimatization
bias in the timing results, each observer was
shown two or three test cases (on whatever
display he was assigned to start on) before the
actual timing per case commenced. Neverthe-
less, there was an 80% correlation of observers
performing faster on the second display used, as
seen in Table 3. This pattern can best be ex-
plained by noting that the observers learned
certain ‘‘tricks’’ as they progressed (e.g., park-
ing the cursor over the ‘‘Next Case’’ button
while the current case loaded).
To eliminate this bias, Table 4 demonstrates

the timing of observers as computed from only
their performance on the second half of the
survey sample for each display. In other words,
the timing information from reading the first
155 exams on each display was discarded in
computing the following. Note that in this
example all observers (except 2) seemed able to
reach a diagnosis faster on the LCD display,

which would seem to indicate greater confi-
dence on that device.

Intraobserver ROC

To compare the observer’s performance
against self as a function of the display, a ROC
curve was built for each observer and for each
display. The ROC curve is a plot of false posi-
tive fraction (ordinate) versus true positive
fraction, and a perfect curve would have an area
underneath it of unity. As Figure 5 shows for a
single observer, the areas of the two displays
(Az) are actually very close from simple visual
inspection.
The computed Az is given in Table 5. As can

be seen, the Az differences are quite small, and,
as the P-values demonstrate, the difference in
display performance within each observer was
not statistically significant.
Table 6 illustrates the intraobserver sensitiv-

ity/specificity performance, along with 95%
confidence intervals, regarding confidence levels
of ‘‘likely lesion’’ and ‘‘certainly lesion’’ as a

Table 2. Fraction of Cases Each Observer Spent Using

Imaging Tools

5-MP CRT 3-MP LCD

Observer 1 0.04 0.02

Observer 2 0.02 0.04

Observer 3 <0.001 0.003

Observer 4 <0.001 <0.001

Observer 5 <0.001 0.006

Observer 1 used the Window/Level or Magnification function

on the LCD display 0.02 · 310 = 6 times. Observers 1 and 2

started the study on the CRT display first, while the remaining

observers started on the LCD display.

Table 1. Summary of Key Display Metrics

Matrix (pitch) Min (cd/m2) Max (cd/m2) JND

CRT 2048 · 2560

(170 dpi)

0.98 323 571

LCD 1536 · 2048

(123 dpi)

0.8 517 648

Table 3. Seconds to Reach a Decision per Image

5-MP CRT 3-MP LCD

Observer 1 7.96 5.52

Observer 2 5.79 5.64

Observer 3 3.06 3.30

Observer 4 3.65 3.45

Observer 5 3.95 4.41

Observers 1 and 2 started on the CRT. All others started on

LCD. Note that except for Observer 4, all observers performed

faster on the second display regardless of which display they

started on.

Table 4. Average Numbers of Seconds per Image as

Computed from Only the Second Half of the Sample

Survey on Each Display

5-MP CRT 3-MP LCD

Observer 1 5.58 4.51

Observer 2 4.96 5.59

Observer 3 2.96 2.43

Observer 4 3.09 3.01

Observer 5 3.80 3.71

Observers 1 and 2 started on CRT, all others started on LCD.

With the exception of Observer 2, all observers rendered a

decision faster on the LCD display.
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positive judgment, while levels of ‘‘uncertain,’’
‘‘likely normal,’’ and ‘‘certainly normal’’ were
considered to be a scan as normal judgment. A
point of interest is that while there is never more
than a 5% intraobserver variance in sensitivity
or specificity, there is a great difference in in-
terobserver performance. This is most highly
correlated to the observer’s time per image, with
those who rushed showing a concomitant
reduction in performance.

Interobserver Kappa

Finally, we performed a pairwise kappa test
to assess interobserver agreement. A kappa of
unity represents perfect agreement, a kappa
between 0.80 and 1.0 indicates excellent agree-
ment, values between 0.6 and 0.8 represent
substantial agreement, while those between 0.4
and 0.6 represent fair agreement.1 As the
Table 7 shows, the agreement among observers
is either excellent or very good unless one
compares the most sensitive observers (1, 2, and
5) with the least sensitive ones (3 and 4). Fur-
thermore, to within the 95% confidence limits,
the kappa value between any two observers is
independent of the display, indicating that it is
an inherent property of the observers them-
selves.

CONCLUSIONS

Within the 80% power of this study, there is no
significant difference in observer performance on
the 5-MP CRT versus the 3-MP LCD as mea-
sured by intraobserver ROC (sensitivity and
specificity) scores. Furthermore, there is no sig-
nificant difference in tool usage on either display.
A definite interobserver sensitivity difference was
noted, but those differences were relatively con-
stant betweendisplays and correlatedmore to the
observer pair (kappa statistic). Rather than the
display used, the best predictor of observer sen-
sitivity in this study was the time spent studying
the image, with a positive correlation being
shown between more time and better sensitivity.

Future Directions

During this study, it became apparent that
performing new ROC studies on each new dis-

Fig 5. A representative plot of the 3-MP LCD ROC curve against that for the 5-MP CRT for a single observer.

Table 5. Az Results for Intraobserver Performance

5-MP CRT 3-MP LCD P-value

Obs 1 0.993 0.986 0.16

Obs 2 0.978 0.978 0.98

Obs 3 0.967 0.970 0.67

Obs 4 0.962 0.973 0.25

Obs 5 0.986 0.984 0.48
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play to validate efficacy for a given imaging task
is not the best use of observer effort. Numerous
workers are pursuing objective computational
methods to predict the human visual response
to image quality.14 One method that shows
great promise uses an analysis of the ‘‘just
noticeable differences’’ in the image (JND Me-
trix, Princeton, NJ). In a similar manner, we
envision a new method for display evaluation
based on the following strategy:

1. For a given imaging task (ie, evaluation of
lungs for ILD) construct a full-fidelity image
library for that finding.

2. Establish imaging software tools capable of
injecting controlled noise, blur, downsam-
pling, or reduced contrast ‘‘on the fly’’ as
images are displayed on the workstation.

3. Conduct ROC experiments on state-of-the-
art displays with optimal calibrations, but
subject the observers to sessions with each of
the above-mentioned variables adjusted until
thresholds are found that reduce sensitivity/
specificity by a significant amount (say 10%
below the performance with optimal imaging
parameters).

4. Repeat for all four parameters until thresh-
old metrics are established for spatial reso-
lution, contrast resolution, noise, and blur
for that finding. In essence, establish the
system signal-to-noise ratio needed for the
human visual system to perceive the finding.

At the end of the process for a given finding, the
output will be display requirements for a given
imaging task. Ultimately, one could imagine
measuring only four parameters on a display and
then consulting a catalog to establish what
imaging tasks thedisplaywouldbe suited for.The
value of this approach is that future questions of
display efficacy (whether the display is film,CRT,
or LCD) will be answered by convening one ex-
pert panel that will establish the imaging
requirements for a particular task. From then on
one need only consult the results of that panel.
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