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Abstract The use of color LCDs in medical imaging is
growing as more clinical specialties use digital images as a
resource in diagnosis and treatment decisions. Telemedicine
applications such as telepathology, teledermatology, and
teleophthalmology rely heavily on color images. However,
standard methods for calibrating, characterizing, and profil-
ing color displays do not exist, resulting in inconsistent
presentation. To address this, we developed a calibration,
characterization, and profiling protocol for color-critical
medical imaging applications. Physical characterization of
displays calibrated with and without the protocol revealed
high color reproduction accuracy with the protocol. The
present study assessed the impact of this protocol on ob-
server performance. A set of 250 breast biopsy virtual slide
regions of interest (half malignant, half benign) were shown
to six pathologists, once using the calibration protocol and
once using the same display in its “native” off-the-shelf
uncalibrated state. Diagnostic accuracy and time to render
a decision were measured. In terms of ROC performance,
Az (area under the curve) calibrated00.8570 and Az

uncalibrated00.8488. No statistically significant difference
(p00.4112) was observed. In terms of interpretation speed,
mean calibrated04.895 s; mean uncalibrated06.304 s which
is statistically significant (p00.0460). Early results suggest a
slight advantage diagnostically for a properly calibrated and
color-managed display and a significant potential advantage
in terms of improved workflow. Future work should be
conducted using different types of color images that may
be more dependent on accurate color rendering and a wider
range of LCDs with varying characteristics.
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Introduction

Clinicians in all specialties rely on images as part of the
arsenal with which diseases and other abnormalities are
detected, diagnosed, and treated. Optimal display of these
images is critical to this interpretation process. To date, there
has been a significant amount of research in radiology on how
to calibrate both medical-grade and commercial off-the-shelf
displays [1–7], but for the most part, radiology uses mono-
chrome displays and grayscale images, and the techniques are
in general not applicable to color images and displays.

However, color displays are increasingly being used in
other diagnostic imaging applications such as pathology,
ophthalmology, and telemedicine. These displays (as well
as the images displayed on them) vary in size, contrast,
resolution, luminance, color primaries, color gamut, and
white point. While there are some standards regarding the
acquisition of images for some of these applications [8, 9],
guidance regarding calibration of color displays is fragmented
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without consensus regarding what type of calibration should
be performed even with a given clinical specialty [10–13]. A
single validated color display calibration protocol is not in
place for color image applications in medicine.

One specialty in particular that has seen increased interest
in color display calibration is pathology. With the advent of
more technologically advanced and improved whole slide
imaging (WSI) techniques, the challenges associated with
the display of these images have arisen as a key barrier to
wider clinical use of WSI in clinical practice and education
[14–17]. There are some proposed methods for image ac-
quisition and display for WSI, but in general, they have not
been validated or evaluated with respect to their impact on
diagnostic interpretation performance. For example, Yagi
[18] has been developing techniques for color validation
and optimization. One proposed method starts out by taking
two standard slides that are scanned and displayed by a
given imaging system. One of the slides is embedded with
nine filters having colors purposely selected for hematoxylin
and eosin (H&E)-stained WSIs, and the other slide is an
H&E-stained mouse embryo. The displayed images are then
compared to a standard to identify inaccurate display of
color and its causes. The question of whether inaccurate
display affects observer performance is not addressed.

Another group has concentrated more on display charac-
terization and the tools used during the calibration process.
For example, one study [19] characterized three probes for
measuring display color: a modification of a small-spot
luminance probe and two conic probes based on black
frusta. They found that there are significant differences
between the probes that effect the measurements used to
quantify display color. They have proposed a method to
evaluate the performance of color calibration kits for LCD
monitors using the idea of a virtual display—a universal
platform to emulate tone reproduction curves [20]. The
model processes video signals based on a preprogrammed
look-up table containing the tone reproduction curves of
a display being evaluated and determines whether the calibra-
tion kits are sufficient. Sufficiency, however, is not judged
with respect to observer performance but rather with
respect to physical display property characterization and
measurement.

Clearly, there is a significant lack of data showing
that poor or inappropriate calibration can affect diagnos-
tic performance, and therefore, there is no universally
accepted image quality program for color displays. Be-
cause of limited experience with routine diagnosis on
softcopy color displays in any healthcare applications
that use color digital images, the clinical consequences
of degraded monitor performance are not well established.
To address this, we developed a calibration, characterization,
and profiling protocol for color-critical medical imaging
applications [21].

Materials and Methods

The details of our color calibration protocol have been
presented elsewhere [21], along with a complete description
of our novel black-level correction methodology which is
compatible with the color profile structure specified by the
International Color Consortium (ICC) methods for color
management [22]. Properly measuring and accounting for
the contributions of the display black level are important for
color reproduction and critical for LCDs since the LC panel
serves as an array of filtered light valves that modulate
illumination from a backlight module that constantly emits
light (i.e., there is always some light leakage even in the
pixel off state). Figure 1 provides a flowchart which sum-
marizes our methodology for calibration, characterization,
and profiling of color LCDs for medical applications [21].

We have demonstrated with physical characterization of
displays calibrated with and without our protocol that high
color reproduction accuracy can be achieved with the protocol
[21]. The question addressed in the present study was whether
this improved color calibration and color reproduction accu-
racy would impact diagnostic accuracy or efficiency.

Test images were selected from regions in a set of 93
uncompressed virtual slides produced by a DMetrix scanner
for stained breast biopsy specimens (DMetrix, Inc, Tucson,
AZ) [23]. Briefly, the DMetrix ultrarapid virtual slide scan-
ner uses an array microscope as an imaging engine and can
produce 1.5×1.5-cm virtual slides (the industry de facto
standard for assessing virtual slide processing rates) in less
than 1 min. The processor scans images at 0.47 μm per pixel
resolution and captures more than 200,000 images per sec-
ond. The high slide throughput is accomplished through the
use of massive parallel processing. The case diagnoses were
verified by the original report and a second confirmatory
review by a board-certified pathologist not participating in
the study.

Regions (512×512) in each slide were selected by this
expert pathologist as being areas that contained relevant
diagnostic information that would allow an observer to
determine if the case was benign or malignant. The regions
of interest (ROIs) were also chosen with respect to having
good quality in terms of no blurring due to the scanning
process and no excess tissue material irrelevant to the task
(e.g., blood cells). Based on a sample size analysis to
achieve a power of 0.80, a total of 250 regions of interest
(half benign, half malignant) were selected for inclusion in
the study. All images were also graded by another indepen-
dent pathologist as having excellent or good quality.

Six pathologists (based on the sample size estimate)
participated in two study sessions using a counterbalanced
design. Two of the readers were board-certified pathologists,
one was a fellow, and three were pathology residents. The
first three were considered experienced readers, while the
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residents were considered less experienced. One session
used a calibrated/color-managed NEC 2690 LCD (1,920×
1,200; Lmax0320 cd/m2; contrast ratio01,000:1; wide gam-
ut), and the other used a matched, off-the-shelf, uncalibrated
NEC 2690 LCD without the benefit of color management.
The pathologists' task was to determine for each biopsy image
if the specimen was benign or malignant and report decision
confidence using a 6-point scale (10benign, definite; 20
benign, probable; 30benign, possible; 40malignant, possible;
50malignant, probable; 60malignant, definite). Decision
times (time from when an image first appeared until after a
decision and rating had been made and the reader se-
lected the “next image” option) were also recorded as a
measure of diagnostic efficiency. Half of the subjects
viewed the images first on the color-managed/calibrated
display then about 3 weeks later on the uncalibrated display,
while the other half viewed the images in the opposite order.
This counterbalanced presentation design was used to avoid
presentation order bias in the results. Three weeks was used to
promote forgetting of the images, which is typical in counter-
balanced studies.

A dedicated interface (Fig. 2) was developed and used for
the study. The interface presented the images at full resolu-
tion in the center of the display to simulate what the pathol-
ogist would likely see if they were zooming on a particular
ROI during clinical reading. Figure 3 shows examples of a
malignant (left) and benign (right) specimen. The room
lights were set to 25 lx to simulate a typical reading envi-
ronment in which the room lights are approximately the
level of an average image displayed on the monitor used
for viewing.

Prior to the first session, each subject was given
Ishihara's Test for Color Deficiency (Kanehara Trading,
Inc. Tokyo, Japan), and all passed. The Ishihara color
test is a perception test for color deficiencies. The test consists
of sets of images containing a circle of dots that appear to be
randomized in color and size, but within the pattern are dots
that form a number visible to those with normal color vision
and invisible, or hard to see, for those with a color vision
defect.

Results

The observer confidence data were analyzed using the mul-
tireader multicase receiver operating characteristic tech-
nique (MRMC ROC). MRMC allows for the comparison
of multiple treatments (e.g., displays) using data from mul-
tiple readers and multiple cases and performing an analysis
of variance on the resulting area under the curve (Az) values
[24]. In terms of ROC performance, Az for the calibrated
display was 0.8570, and for the uncalibrated display, Az0
0.8488. No statistically significant difference (F00.71, p0
0.4112) was observed. The individual Az values are shown
in Table 1. Five out of the six readers had higher perfor-
mance (as indicated by the ROC Az values where 0.50 is
chance and 1.0 is perfect performance) with the calibrated
than with the uncalibrated display, but the differences were
relatively small and, as noted, not statistically significant.

In terms of interpretation speed (see Fig. 4), the mean
calibrated total viewing time was 4.895 s, and the mean total
viewing time for the uncalibrated display was 6.304 s which

Fig. 1 Flowchart for
calibration, characterization,
and ICC profile generation for
color LCDs used in medical
imaging
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was statistically significant (p00.0460) when tested with a
paired t test.

Discussion

There are a variety of ways that have been proposed to
characterize and calibrate color displays for medical image
interpretation tasks that involve the use of color images such
as WSI for pathology [16–20]. To date, however, there have
been few, if any, studies examining the impact of calibrating
or color-managing color displays on diagnostic accuracy or
efficiency for the interpretation of virtual pathology slides.
Thus, this work represents one of the first studies to do so
and may have significant implications for the way patholo-
gists carry out quality control measures in their digital
reading rooms.

Although we did not observe a significant impact on
diagnostic accuracy with the color-managed/calibrated dis-
play, we did observe a significant impact on interpretation
speed. Despite the lack of a significant difference in diag-
nostic accuracy, there was a slight trend for performance
being better with the calibrated display. The lack of a signif-
icant difference could mean a variety of things, but further
research is of course needed. Speed with the uncalibrated
display was just over 1 s longer than with the calibrated
display. It is important to remember that the images used in
this study were relatively small regions of interest (512×512)
and not the entire pathology virtual slide. If the entire slides
were used, it seems likely that this difference in viewing time
might extend into many seconds per slide, and cumulatively,
this could result in significantly longer viewing times over a
large set of images for viewing on an uncalibrated versus
calibrated color display. Clearly, there are other factors that

Fig. 2 Dedicated interface for
the observer study. The image
appears on the left, and the
observer inputs confidence
ratings on the right. Time is
automatically recorded

Fig. 3 Typical malignant (left)
and benign (right) images
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would contribute to overall viewing time of actual cases, but if
simply using the proper calibration method could reduce even
one contributing factor, it could make a significant difference
in terms of overall efficiency and thus acceptance of reading
pathology virtual slides.

In terms of the lack of a significant difference in diag-
nostic accuracy, it simply may be that color, although a very
important aspect of the pathology images, is not the only
diagnostic feature that pathologists use during the interpre-
tation process, so completely accurate rendering may not be
as important as one would think. There are many features
that the pathologist processes visually when examining a
typical specimen slide. The configuration of the cells and
the cell structures are critical for example in determining
whether a given specimen is benign or malignant, and
although color may aid in visualizing these structures, it is
the basic configuration and relationship between the struc-
tures that matter rather than color. Color may help in the
visualization and/or identification of these structures, but the
structure itself is likely to be more critical in rendering a
diagnostic interpretation.

Another possibility is that even uncalibrated off-the-shelf
displays are really quite good in their ability to accurately

reproduce and render color information, so the gains one
gets with more sophisticated calibration methods are only
marginal. Finally, it may be that other types of pathology
images with different stains, different diagnostic features,
etc. may require accurate color rending while breast biopsy
specimens with the H&E stain may not. The fact that we did
observe an impact on efficiency with the calibrated display
does indicate, however, that even if all of these are true to
some extent, there is still an advantage to accurate color
calibration and rendering. As with all clinical practices
today, workflow is critical as clinicians are being required
to deal with more and more patients. Finding ways to
improve workflow even to a moderate degree could be very
important.

The final possibility for the small differences in perfor-
mance is that the types of images used may not be that
dependent on the color information for their interpretation.
Within pathology, there are huge differences in the appear-
ance of different specimen samples depending on the organ,
the disease, the type of staining, and so on. Breast biopsy
specimens may not be as highly dependent on color infor-
mation as other specimens, but only future study on this
topic will determine if this is the case. Pathology itself may
actually be less impacted by color differences than other
medical imaging specialties. For example, dermatology and
ophthalmology are now acquiring digital color images for a
variety of diagnostic uses, and these images contain numer-
ous color components that may be more important to the
diagnostic process than color is in pathology. Again, only
future studies with different types of images from different
clinical specialties will reveal the extent to which color
calibration and color management of the display is impor-
tant in terms of diagnostic accuracy and efficiency.

It is interesting to note that histopathology laboratories
use various hematoxylin and eosin staining protocols and
staining techniques. At a university hospital laboratory,
pathologists typically view glass slides from multiple out-
side laboratories almost daily (second opinions, QA, etc.).
There is a large variance in the actual staining of the glass
slides, as well as section thickness which also affects color
appearance. Therefore, pathologists are able to work around
large variations in slide appearances introduced by differ-
ences in staining. Also, light microscope alignments within
a single laboratory can vary a great deal, also affecting color.
Unlike radiology, for example, where many radiologists in
an individual practice share the same imaging devices, path-
ologists may view glass slides through a number of different
light microscopes in any given day. At a university medical
center laboratory, pathologists are very accustomed to dealing
with differences in histopathology image appearances pro-
duced using a number of different light microscopes in a given
day. Microscope alignment testing is rarely carried out in
service pathology laboratories.When alignmentmeasurements

Table 1 ROC Az
values for the six
readers using the uncal-
ibrated and calibrated
color display

Reader Uncalibrated
Az

Calibrated
Az

1 0.9003 0.9142

2 0.9747 0.9856

3 0.8235 0.8586

4 0.7827 0.7884

5 0.8098 0.7889

6 0.8015 0.8062

Mean 0.8488 0.8570
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Fig. 4 Average viewing times for the six pathologists using the cali-
brated and uncalibrated displays
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are carried out, the degree to which some light microscopes,
used for routine diagnostic pathology, are out of alignment can
be quite striking. Thus, pathologists may be so used to com-
pensating for differences in the color of not only the specimens
themselves but in the viewing devices that calibration efforts
have very little impact.

Conclusions

There was no significant impact on diagnostic accuracy with
the color-managed/calibrated display, although there was a
slight trend for performance being better with the calibrated
display. We did, however, observe a significant impact on
interpretation speed. Further study on this topic is warranted as
we only studied one type of display and one type of pathology
specimen example. The impact of a well-managed/calibrated
display on diagnostic accuracy in pathology as well as other
medical imaging applications where color is important may
well differ as a function of these two variables, and thus, future
work should investigate these other reading scenarios.
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