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The paradigm shift from film-based to filmless imaging has redefined the practice of
radiology. All medical practitioners are affected by this transition, including technolo-
gists, radiologists, and referring clinicians. They face new challenges and opportunities,
along with hopes for improved productivity, operational efficiency, image quality, and
interpretation accuracy.

In this chapter, we will evaluate how image display is affected by the transition from
film-based to filmless operation, specifically as it pertains to digital radiography (DR),
which encompasses computed radiography (CR) and other DR technologies. Ques-
tions addressed will include the following: (a) What constitutes good image display?
(b) What are the essential components in optimizing image display? (c) What role
does the end user (ie, radiologist) play in optimizing image display?

To answer these questions, we must evaluate a number of environmental, technical,
and perceptual issues. In a digital imaging environment, radiologists play a key role in
optimizing image display. This is contrary to their role in film-based operation, where
image display is a relatively fixed and static process. Images are acquired by a tech-
nologist, reviewed for quality assurance, transferred to the file room, and hung on a
view box or film alternator for interpretation. The components of image display are
simply the film and the view box, with little to no opportunity for the radiologist to al-
ter how the image is displayed for final interpretation. The “tools” of the radiologist in
the interpretation process are crude at best and limited to the hot light, magnifying
glass, and minifying lens. Most image display and interpretation occur within the con-
fines of the radiology department and are often performed in a large open room, filled
with ambient noise and light. Radiographic studies are often displayed in a single-
image format, with the hope of identifying all pertinent anatomic regions and types of
pathologic conditions. This process is fraught with limitations and often results in
technically flawed studies with equivocal results. The radiologist is largely a sophisti-
cated “reader” of images, with little to no role in image presentation and optimization.

With the transition to DR and picture archiving and communication systems (PACS),
image display becomes a dynamic and flexible process. Although specific technologies
play an important role in how images are displayed, the radiologist can now become a
proactive participant in the processes of image display, presentation, and processing.
This participation creates opportunities for the radiologist, including customized
image display presentation, incorporation of decision support tools, selective use of
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image-processing algorithms, and manipulation of the
digital images with a variety of electronic tools. Al-
though environmental and technical factors are not
deemed particularly important for image display in a
film-based department, these factors take on great im-
portance in filmless operation and will be discussed in
more detail. The most important point is that radiolo-
gists largely control digital image display. If they take
full advantage of the opportunities and technologies
available, their overall performance can be enhanced.
If, however, they choose a passive approach, then they
will realize no gains in productivity or interpretation
accuracy. DR is, to a certain extent, a double-edged
sword. The ultimate success or failure is largely predi-
cated on the willingness of the end user to become inti-
mately involved in the processes of image presentation,
processing, and perception.

EFFECT OF COMPUTER HARDWARE ON IMAGE
DISPLAY

A number of important decisions must be made in the
transition to filmless operation with either CR or DR.
The view box will effectively be replaced with a com-
puter workstation, which is the primary vehicle for
image display. Selection of the computer workstation
is critical and will have a dramatic effect on radiolo-
gist performance. Various display workstation para-
meters must be considered, including the type and
number of monitors, resolution, brightness, and qual-
ity control utilities.

The two principal types of commercial monitors
available for soft-copy image display are liquid crystal
display (LCD) and cathode-ray tube (CRT) monitors.
LCD monitors have a number of theoretical advan-
tages when compared with CRT monitors, including
higher luminance, longer lifetime, less drift over time,
smaller effective pixel size, reduced reflection and
glare, and reduced sensitivity to ambient light.

The major disadvantage inherent in LCD monitors
is the “angle of regard” phenomenon, which occurs
when the image is reviewed off axis. Although LCD
monitors offer the viewer excellent luminance and im-
age uniformity when the image is viewed on axis, im-
age detail and overall observer performance are com-
promised when images are reviewed to the side or up/
down, because of a dramatic decrease in luminance
(1). This increases the importance of ergonomics and
reading room design.

In a recent study performed at the Baltimore Veter-
ans Affairs Medical Center (BVAMC), investigators
compared observer performance by using dual CRT
and LCD monitors in the interpretation of digital
chest radiographic images (2). The investigators com-
pared the clinical performance of 5-megapixel CRT
and 3-megapixel LCD monitors, which are compara-
bly priced. Tested performance measures included ra-

diologist interpretation time, interpretation accuracy,
confidence in diagnosis, and perceived image quality.
No statistically significant differences were observed
between LCD and CRT monitors for any measured
parameters, even though monitor resolution and
brightness were optimized for CRT. Additional studies
are currently underway at BVAMC to compare the
clinical performance of dual 5-megapixel CRT and
LCD monitors, along with large single-screen 9-mega-
pixel LCD monitors.

One interesting observation to come out of the
study of LCDs and CRTs was the importance of win-
dow level optimization on radiologist productivity in
interpreting soft-copy DR images. Interpretation times
increased by more than 70% when window level ad-
justment was manually performed by radiologists,
compared with interpretation times for images not re-
quiring window level adjustment. This phenomenon
has been observed in other studies performed by the
authors and illustrates the importance of window
level adjustment and the lookup table in optimizing
digital image display and radiologist productivity in a
soft-copy reading environment.

With regard to the number of monitors, PACS
adopters are becoming more likely to choose two-
monitor rather than four-monitor workstations. This
change largely reflects improved functionality with
current software programs, as well as advances in image
display. In the first generation of PACS, most radiolo-
gists elected to reproduce the same reading environ-
ment and pattern experienced with film. A horizontal
four-monitor configuration allowed side-by-side com-
parisons between current and historical images, in a
manner similar to display presentation with a multi-
panel view box or film alternator. A two-view chest
radiographic examination therefore was presented
with the current study displayed on the central

Figure 1. Effect of CRT monitor brightness on reading times
for general radiographic studies. Increased monitor brightness
is associated with an interval decrease in interpretation times.
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monitors and the historical comparison images on
the peripheral monitors. Each monitor was used to
display a single image in full format, much akin to
hard-copy display.

As experienced users began to appreciate the ad-
vanced functionality afforded with PACS, preferences
shifted toward two-monitor configurations. This shift
was driven by a number of factors, including the capac-
ity for split-screen functionality, user-specific hanging
protocols, and vertical “stacking” of images on a single
monitor. Newer large-screen LCD monitors offer split-
screen functionality with a large display (22.2 inches)
and high (9-megapixel) resolution that effectively offers
the equivalent of two 4.5-megapixel 11-inch monitors
on a single screen. As previously stated, additional stud-
ies are currently underway to compare user perfor-
mance with conventional two-monitor and single
large-screen configurations. As monitor technology and
functionality continue to improve, this trend toward
using fewer monitors is likely to continue.

The subject of monitor resolution remains some-
what controversial, with conflicting data reported in
the radiology literature. Although cross-sectional im-
ages such as those from computed tomography (CT)
and magnetic resonance imaging can be viewed at full
fidelity with lower-resolution 1K monitors, DR re-
quires 2K monitors for full fidelity. Some authors
have advocated use of the zoom-and-scroll tool,
which allows for use of a 1K monitor in lieu of a 2K
monitor, with similar diagnostic accuracy but at
greatly reduced cost. However, this strategy comes at a
considerable price, in terms of decreased radiologist
productivity, by prolonging reading times and increas-
ing operator fatigue (3). Fortunately, the industry
trend in declining hardware costs is also being real-
ized for workstation monitors. With the continued de-
cline in monitor prices, the cost differential between
1K and 2K monitors will become less of an issue to
new PACS adopters.

Two of the most overlooked factors contributing to
observer performance and perceived image quality are
monitor brightness and quality control. Radiologists
tend to ignore equipment calibration and operational
standards. Even though an improperly calibrated moni-
tor can impair performance, most radiologists view
monitor optimization as an exercise for the physicist
and/or the PACS administrator. This thinking is ironic,
considering the fact that the ultimate liability for mis-
diagnosis of medical images lies with the radiologist.

Monitor luminance is a critical component in maxi-
mizing contrast resolution and the perceived gray
scale. The results of previous work have shown that
both objective and subjective measures of radiologist
performance are improved with optimized levels of
monitor brightness (4). For CRT monitors, monitor
brightness levels of 90–100 foot-lamberts are recom-
mended and have been shown to improve interpreta-
tion accuracy, reduce interpretation time, and reduce
subjective levels of fatigue (Figs 1, 2). Theoretical dis-
advantages of increased monitor brightness include
focal spot “blooming” (resulting in deceased spatial
resolution) and decreased monitor tube life expect-
ancy. These limitations are minimized with LCD
monitors, which operate at higher luminance levels,
have a longer lifetime, and have smaller effective pixel
size. It is important to note that higher levels of moni-
tor brightness have been associated with reduced use
of workstation tools (ie, window level adjustment),
which largely accounts for the reduced interpretation
times. This emphasizes the previous point that image
display optimization and radiologist productivity go
hand in hand. Any sacrifice in image display quality
will be balanced by a decrease in radiologist perfor-
mance, whether measured in terms of productivity or
diagnostic accuracy.

However, not all end users are equally affected by
limitations in image display. Soft-copy experience, sub-
specialty expertise, and level of training all appear to
influence how much observer performance is affected.
This was observed in a recent study performed at the
BVAMC that evaluated the clinical consequences of de-
graded monitor performance in the soft-copy interpre-
tation of chest CR images (5). The results of an earlier
study had demonstrated a higher rate of monitor re-
placement (41% annually) and shorter monitor life
expectancy (2.4 years) than initially anticipated (6).

When the effect of monitor quality on interpreta-
tion time was assessed, a small incremental time sav-
ings was observed with increasing monitor quality.
Interestingly, this time savings was observed only for
abnormal cases. In cases interpreted as “normal,” in-
terpretation time was unrelated to monitor quality.

The relationship between interpretation accuracy and
monitor quality was far more interesting and complex.
For the combined group of readers tested, there were
no appreciable differences in sensitivity related to

Figure 2. Effect of CRT monitor brightness on self-reported
fatigue (low or medium) in the interpretation of general radio-
graphic examinations. Increased monitor brightness is associ-
ated with decreasing levels of fatigue.
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monitor quality. A small (statistically significant) incre-
mental improvement in specificity and overall accuracy
was observed when the highest level of monitor quality
was compared with all other levels. This observed rela-
tionship between improved specificity and overall ac-
curacy and the monitor quality was observed only for
the subset of general radiologists participating in the
study. The subset of subspecialty-trained thoracic radi-
ologists was less influenced by monitor quality and
consistently maintained higher levels of interpretation
accuracy than general radiologists for all levels of moni-
tor quality. When the misinterpretations among gener-
al radiologists were analyzed, most false-positive inter-
pretations were found to occur with poorer-quality
monitors. This finding suggests that such monitors, in
the hands of less-experienced less-specialized readers,
can potentially lead to increased ordering of added im-
aging studies, additional consultations, and increased
overall cost of patient care. This finding underscores the
need for rigorous quality control within the filmless
imaging department, through the use of mandatory
computerized quality assurance or quality control pro-
grams (Figs 3, 4).

Display calibration is a frequently overlooked area of
monitor quality control that has a profound effect on
image display. Optimum perceptual performance is
achieved with a perceptually linearized display func-
tion, which is designed to match the projected image
with the perceptual capabilities of the human visual
system. In one study, monitors calibrated to the Digital
Imaging and Communications in Medicine (DICOM)
gray-scale standard display function were compared
with monitors calibrated with a nonperceptually linear-
ized display (eg, a Society for Motion Picture and Tele-
vision Engineers [SMPTE] pattern); several clinically
important differences were observed (7). Perceptually
linearized display was associated with improvement in
many measures of radiologist performance time, in-
cluding image search, dwell, and decision times.

EFFECT OF COMPUTER SOFTWARE ON IMAGE
PRESENTATION, DISPLAY, AND
INTERPRETATION

Among the factors to be considered in assessing radi-
ologist performance, the two most important are inter-
pretation accuracy and productivity. Although optimiz-
ing accuracy remains the ultimate goal, radiologists
must continue to be productive in their everyday work
to meet increasing demands. This fact is reinforced by
the crisis in radiologist staffing, which occurs at a time
when both the volume and the complexity of medical
imaging examinations are increasing. In 1998, accord-
ing to the American College of Radiology’s Professional
Bureau, there were 1.3 job listings per job seeker (8). By
2000, this ratio had increased to 3.8 (9), reflecting the
existing crisis in the radiologist workforce. In a recent

article, Bhargavan et al (9) postulated that if the growth
in demand for imaging services continues to increase at
its current rate and if radiologists do not become more
productive, this radiologist shortage could increase fur-
ther by 250%.

The single most important strategy to increase radi-
ologist productivity is work-flow optimization soft-
ware, which is specifically designed to improve work
flow in a soft-copy reading environment. Software
tools currently available allow for automatic retrieval
of historical examinations and reports (“prefetch”), as
well as user-specific customized image display presen-
tation (hanging protocols), which can be linked to the
electronic password of the user. One problem, how-
ever, is that electronic hanging protocols are some-
what cumbersome to set up, are not intuitive, and
have limited flexibility in selection. As a result, most
users tend to choose vendor-selected hanging proto-
cols, which detract from the user specificity and work-
flow potential. In addition, existing protocols do not
differentiate unique views of a single examination or
anatomic region, such as apical lordotic or decubitus
views of the chest.

As new CR and DR applications evolve, such as
dual-energy subtraction and tomosynthesis, these
challenges will become accentuated. It is therefore im-
portant for work-flow optimization software to keep
pace with developing technologies and applications
while allowing for improved customization by the
end user. One way to enhance this iterative process is
to create an intuitive graphic interface, which allows
the user to point and drag various images in an inter-
active fashion. If inherent intelligence can be built

Figure 3. Effect of monitor quality (rated 1–5) on interpretation
time for general radiographic studies. Increases in objective
measures of CRT monitor quality are associated with decreases
in interpretation time. Numbers on the horizontal axis represent
CRT monitor quality, with higher numbers indicating better qual-
ity (1 = poor, 5 = good [no monitors rated as 2]).
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into the interface, a functional wizard could incorpo-
rate the reading patterns of each user into customized
display protocols, without the added anxiety and the
time-consuming steps currently required.

These software tools automate the steps of image re-
trieval and display but do not address the process of
visual perception and interpretation. For these impor-
tant functions, a number of developments are under-
way that assist in diagnostic and decision support.
These developments include advanced CR and DR im-
age-processing algorithms (which can be disease spe-
cific), computer-aided detection (CAD) software, and
other decision support tools (eg, neural networks)
that attempt to mix artificial and human intelligence.

IMAGE PROCESSING IN DR

Throughout the lifetime of screen-film radiography,
most technical advancements were focused on image
acquisition. Radiologists had few, if any, options
available to enhance the image once acquisition was
complete. With the introduction of CR, vendors real-
ized that the wider dynamic range and exposure lati-
tude offered the opportunity to improve perceived im-
age quality beyond that of static screen-film images. A
number of CR image-processing parameters were in-
troduced, along with presentation of an image in a
dual format. This feature was offered as a way to ac-
centuate specific features within the image but was

largely rejected by radiologists, who preferred a
“single best image.”

With the introduction of PACS and soft-copy inter-
pretation of DR images, a new era of opportunity was
introduced, offering the ability to extract information
not readily apparent to the human eye. Although
screen-film images were “static,” soft-copy CR and DR
images are now “dynamic,” allowing the user to apply
a number of image enhancement techniques to high-
light certain anatomic or pathologic features. Digital
image enhancement generally involves three tech-
niques: luminance enhancement, frequency enhance-
ment, and pattern enhancement (10).

In preliminary research, Reiner et al (2,5) studied
advanced image-processing algorithms in the soft-
copy interpretation of CR images, algorithms with the
potential to improve interpretation accuracy and radi-
ologist productivity in specific disease states. In the
detection of pulmonary nodules, the use of dynamic
range control was found to improve perceived image
quality and diagnostic accuracy (Fig 5), compared
with standard CR image processing (11). In the soft-
copy evaluation of pneumothoraces, another special-
ized image-processing technique, edge enhancement,
was shown to improve diagnostic accuracy and reduce
radiologist interpretation time (2). Additional work is
currently underway to evaluate the efficacy of advanced
image-processing algorithms in the musculoskeletal
system, specifically in the detection of nondisplaced
fractures. The goal is to reduce the time radiologists
spend actively manipulating the soft-copy image (to
improve productivity), while maintaining or improv-
ing diagnostic accuracy.

A number of options are available for incorporating
image-processing algorithms into the soft-copy reading

Figure 4. Effect of CRT monitor quality (rated 1–5) on inter-
pretation accuracy for general radiographic examinations. Inter-
pretation accuracy was proportional to objective measures of
CRT monitor quality. All three measures of interpretation accu-
racy (sensitivity, specificity, and overall accuracy) were maxi-
mized with the highest levels of monitor quality (P < .0001).
Numbers on the horizontal axis represent CRT monitor quality,
with higher numbers indicating better quality (1 = poor, 5 = good
[no monitors rated as 2]).

Figure 5. Effect of specialized CR image-processing algo-
rithms in the detection of pulmonary nodules. For the soft-copy
interpretation of pulmonary nodules (with CR), both dynamic
range control (DRC) and gray-scale inversion (Gray) had higher
measures of interpretation accuracy than did standard default
processing. Edge = edge enhancement.
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process, depending on the specific preferences of the ra-
diologist. These processed images can be displayed as
thumbnail images on the workstation monitor or can
be vertically “stacked.” The radiologist can elect to page
through the stacked images or click on selected thumb-
nail images for full resolution.

An alternative image display strategy incorporates
processing algorithms directly onto the keyboard as
presets. This strategy is frequently used in soft-copy in-
terpretation of CT examinations (for different window
level settings based on different anatomic regions) and
allows rapid application of the processing algorithms
as directed by the radiologist. The application of pro-
cessing algorithms can also be driven by clinical infor-
mation conveyed in the examination requisition or the
patient’s electronic file (via the hospital information
system or electronic medical record). An example
would be a patient who has undergone recent place-
ment of a central venous catheter and has a requisition
order stating, “rule out pneumothorax.” The computer
would automatically display the image by using the
pneumothorax algorithm (edge enhancement), in ad-
dition to the standard default processing. The conven-
tional single-best-image presentation could eventually
be supplanted by multiple image presentation.

DECISION SUPPORT SOFTWARE

The concept of CAD for improving the diagnostic ac-
curacy of radiographic images arose as a result of nu-
merous studies that showed substantial error rates in
screening for lung and breast cancers (12–15). The re-
sults of later studies demonstrated that the use of radi-
ologist “double reading” produced increased sensitiv-
ity compared with interpretation by one radiologist
alone (16,17). The downside of this strategy was the
increased radiologist time and diminished productiv-
ity that resulted from these double readings. However,
if computers could be trained to provide this second
reading, they could theoretically improve sensitivity
without diminishing radiologist productivity.

From a technical perspective, CAD quantifies spe-
cific visual features of the radiographic image and pro-
vides metrics for the geometric, topologic, and other
characteristics by which medical images are evaluated
(18). For the detection of breast cancer, segmentation
(the process of separating an image into regions of
similar attributes) is used to determine the boundaries
of suspected masses. Once a lesion has been seg-
mented, the computer algorithm uses specialized im-
age-processing techniques to measure pertinent fea-
tures, such as the borders of the suspected lesion. After
multiple features of the suspected lesion have been
analyzed, artificial intelligence is used to make a com-
prehensive decision as to the clinical importance of
the imaging finding. The artificial intelligence tech-
niques include rule-based codes, decision trees, linear

to higher-order classifiers, and neural networks (19).
A neural network is a computer code that assists in
clinical decision making on the basis of certain fea-
tures within the image. It is important to realize that
the quality of this computer decision making depends
on the features chosen by the programmer. These arti-
ficial intelligence and image-processing techniques
have been used within the military for decades, to
evaluate satellite reconnaissance photographs and to
track objects on battlefields.

As the volume of screening studies (mammography,
chest radiography) continues to increase, what strate-
gies can we adopt to handle the increasing demands
without sacrificing diagnostic accuracy? The answer
may lie in CAD, which offers the radiologist an intelli-
gent screening of the image. The radiologist is ulti-
mately responsible for image review and interpreta-
tion, but CAD offers an efficient means to maintain
productivity without sacrificing accuracy. At the same
time, findings from studies have shown that CAD as a
second reader can increase both sensitivity and speci-
ficity for the detection of breast and lung cancers in
screening populations (17,20). The final three chap-
ters in this syllabus discuss CAD more thoroughly.

CAD and PACS technologies offer a new approach
to image interpretation. Radiologists are no longer
constrained by single-best-image presentation state or
image quality. Instead, radiologists will be limited
only by the psychophysical and ergonomic bound-
aries inherent in human perceptual processes.

IMAGE PERCEPTION

In its most basic form, the interpretation of a medical
image involves looking at the image (visual process-
ing) and determining whether it is normal or abnor-
mal (decision making). Although this process may ap-
pear simple and straightforward, it is actually complex
and not well understood (21). Misdiagnosis is fre-
quently the result of observer factors, with at least half
of the errors made in clinical practice believed to be
perceptual (22). Most malpractice suits are brought
because of alleged mistakes attributed to errors in per-
ception (23,24) and judgment (25). Understanding
the perceptual and cognitive processes involved in im-
age display and interpretation will theoretically im-
prove diagnostic performance, reduce interpretation
errors, and decrease medical malpractice. One study
that used perceptual feedback (identifying areas of ex-
tended dwell time) to improve observer performance
found improvements on the order of 16% (26).

 The results of studies performed to date estimate
20%–30% false-negative and 2%–15% false-positive
rates for radiologist interpretation errors (12,27,28).
False-positive readings are largely the result of sum-
mation artifacts, caused by overlying anatomic struc-
tures that mimic disease. On a chest radiographic im-
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age, such errors can be caused by a vessel en face or a
nipple mimicking a pathologic lung nodule. False-
negative readings, on the other hand, are more diffi-
cult to understand and are classified into three catego-
ries on the basis of how long the findings are fixated
or dwelt on (29). These categories include search er-
rors, recognition errors, and decision errors. Search er-
rors involve lesions missed because they are never
seen. Recognition errors involve lesions that are seen
for short periods but not long enough for the reader
to recognize suspicious features. Decision errors in-
volve lesions that are seen and looked at for extended
periods but still missed.

Most research on image perception and its effect on
diagnostic performance has involved hard-copy image
display. Although this remains important for our un-
derstanding of the mathematical relationship between
the physical properties of images and the human visual
system, it does not take into account the inherent dif-
ferences in digital image displays on computer worksta-
tions. The first research on medical image perception in
1947 was a study evaluating screening chest radio-
graphs for the detection of tuberculosis (30). Until
then, it was generally thought that all radiologists’ in-
terpretations were in agreement. This study and several
subsequent studies demonstrated high inter- and
intraobserver variability, on the order of 30% (30–33).
With the realization that radiologist interpretation was
often inconsistent, a new area of research was born.
Medical image perception research attempted to ex-
plain how and why radiologists differed in their diag-
nostic decisions and what could be done to improve
the consistency and accuracy of their interpretations.

A number of basic perceptual issues must be taken
into account in the soft-copy interpretation process,
including spatial resolution, contrast resolution, and
luminance. Other display considerations include the
optimal number of images displayed on a single
monitor, the number of monitors, the user interface,
navigational strategies, the use of electronic worksta-
tion tools, and the specific monitor type. The results
of recent studies have illustrated the importance of
monitor optimization for radiologist performance.
These results have shown improvements in perfor-
mance with higher levels of luminance (34), perceptu-
ally linearized display (35), and simplification of the
user interface (36). Krupinski and Lund (36) showed
that radiologists spent 20% of their search time look-
ing at the menu (ie, image-processing icons and man-
agement tools), rather than at the radiographic image.
This shows the effect of workstation design on ob-
server performance and suggests that the most effi-
cient interfaces are simple uncluttered ones (37).

As medical imaging undergoes the transition from
hard-copy to soft-copy viewing, the specific characteris-
tics of the digital display must be understood if diag-
nostic performance is to be optimized. To do this, we

must match the physical performance of digital dis-
plays to the psychophysical and information-process-
ing capabilities of the human visual system. Until com-
puters can accurately detect and classify every lesion in
every image without errors, radiologists will continue
to serve as the primary interpreters of medical images
(assuming self-referral is not part of the equation).
There are certain lesions that computers can detect and
humans cannot, and there are others that human ob-
servers can detect and computers cannot (38).

Radiologists approach the tasks of image perception
and cognition with a certain degree of flexibility and
common sense not possessed by a computer. Comput-
ers, on the other hand, can perform rigorous and repro-
ducible analyses of narrowly defined problems better
than most radiologists. The ideal strategy for medical
image interpretation would be to combine the best of
both worlds in a logical and methodical fashion. Com-
puters can assist radiologists by deconstructing the
complex processes in image perception and diagnostic
reasoning into a series of well-defined tasks (10). Radi-
ologists can use this information not for direct diagno-
sis but as an adjunct to their own analyses.

NEW DR APPLICATIONS

A number of new commercially available applications
for CR and DR images have the potential to enhance
diagnostic accuracy by demonstrating pathologic con-
ditions in “hard-to-see” areas and demonstrating
subtle interval change over time on serial examina-
tions. Dual-energy subtraction radiography can be
performed with a single- or dual-exposure technique
and exploits the fact that calcium-containing struc-
tures (ie, bone) selectively attenuate lower-energy
photons. When osseous elements are subtracted from
the radiographic image, densities of soft-tissue attenu-
ation (ie, lung nodules) can become more conspicu-
ous against the background of aerated lung. The re-
sultant images consist of “soft tissue,” “bone,” and
“combined” images (Figs 6–8), which can be dis-
played individually on a computer workstation, either
in stack mode or as multiple thumbnail images that
can be enlarged to full size.

Historical comparison images can be automatically re-
trieved from the electronic archive by means of prefetch
algorithms and can be displayed side by side with the
corresponding current images. Radiologists can custom-
ize the image display presentation to suit their indi-
vidual preferences and to maximize work flow. Dual-en-
ergy subtraction has been shown to improve detection
of calcified (20) and noncalcified pulmonary nodules
(39,40). This improved diagnostic accuracy was inde-
pendent of observer training and experience (41).

A fundamental objective in image interpretation is
the identification of subtle interval change, when
one has the benefit of a historical comparison study.
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The temporal subtraction technique involves auto-
mated two-dimensional warping and registration of
prior and current radiographic images to produce a
subtraction image. Temporal subtraction in the chest
offers increased sensitivity to interval change in a vari-
ety of pathologic conditions, including nodules, air-
space and pleural disease, and perfusion abnormali-
ties (20). Difazio et al (42) showed that the use of
temporal subtraction in chest radiography improved
detection of pulmonary nodules and reduced radiolo-
gist interpretation times by 19%. This highlights the
ultimate goal of radiologist decision support tools,
which is to simultaneously improve diagnostic accu-
racy and productivity. Because temporal subtraction
enhances any type of pathologic change, its diagnostic
benefits complement those of other CAD techniques.

Another new DR application for improved diag-
nostic accuracy is tomosynthesis. Tomosynthesis pro-
vides an interesting and less expensive alternative to
CT and involves the acquisition, during a single
breath hold, of multiple images obtained at slightly
different angles to one another. The digital images
acquired are reconstructed into multiple tomo-
graphic planar images by using computers. This in
effect provides the observer with high-resolution
three-dimensional images from a two-dimensional
data set. This is particularly useful in eliminating
structural overlap or summation artifact, a problem
inherent in two-dimensional radiographic images.

As previously stated, most false-positive interpreta-
tion errors are caused by overlying anatomic structures
mimicking pathologic conditions. Such overlying

structures are especially problematic for chest and
mammographic images, in which blood vessels and
fibroglandular elements mimic pathologic nodules
and mass lesions. Tomosynthesis offers a less expen-
sive alternative to CT with lower radiation exposure.
Its application is especially well suited to large-scale
screening studies, and tomosynthesis can be coupled
with other image enhancement or diagnostic tech-
niques, such as image processing and CAD, to further
enhance diagnostic accuracy.

EVOLUTION IN IMAGE DISPLAY

Radiologist work flow in the interpretation of radio-
graphic examinations has also undergone important
changes, with several different display strategies em-
ployed. The first interpretation stage with screen-film
images was that of single image presentation, with in-
dividual images typically displayed on a view box or
film alternator.

With the transition to filmless imaging by using
PACS, the second stage was realized. Early PACS adopt-
ers, trained and experienced with film-based interpreta-
tion, replicated the same image display format, simply
replacing the analog view box with the computer work-
station for electronic image display. The radiologist
could now display comparison studies quickly and effi-
ciently by using automated hanging protocols, could
review historical reports directly (from the interface be-
tween the PACS and the radiology information sys-
tem), and could adjust image brightness electronically.

Figure 7. Application of dual-energy subtraction for a DR
chest image. This image represents the bone detail image ob-
tained by using dual-energy subtraction to subtract the chest
soft tissues. The resultant image highlights bone structures of
the chest wall and other calcium-containing structures.

Figure 6. Application of dual-energy subtraction for a DR
chest image. This image represents the standard unsubtracted
radiographic image, which is customarily displayed for conven-
tional DR imaging of the chest.



D
ig

ital Rad
io

g
rap

h
ic Im

ag
e Presen

tatio
n

 an
d

 D
isp

lay

87

Additional workstation tools allow radiologists to mag-
nify images electronically and to perform linear mea-
surements along with electronic annotations. Even
though this strategy was an improvement compared
with conventional film display, it lacked many of the
current advances in workstation functionality.

The third stage in the image display paradigm shifted
from single- to multiple-image display, in which indi-
vidual radiographic images could be vertically stacked
on a single computer monitor, allowing the radiologist
to quickly move between images by using an electronic
trackball or the page-down key on the keyboard. Early
on, stacking was typically used for comparing historical
images and was particularly useful in patients with nu-
merous comparison examinations, for example, criti-
cally ill patients in intensive care with daily chest radio-
graphs. The radiologist could scroll quickly through
vertically stacked images, looking for temporal change.

The fourth stage in the display paradigm will be real-
ized not far in the future. As previously mentioned,
new applications under development (eg, tomosyn-
thesis) allow DR images to be acquired and displayed
in a three-dimensional format. As these technologies
are advanced, these three-dimensional data sets will be
able to be displayed as holographic images, which in
turn will require a whole new suite of software tools for
display and interpretation. In the end, we must realize
that the only constant in technology is change, which is
what drives future advances in medical imaging.

ADVANCES IN DISPLAY TECHNOLOGIES

The need to simultaneously improve the accuracy and
productivity of radiologists has spurred a good deal of
research into improving human-machine interfaces,
for both primary and secondary interpretation of
medical images. Two fundamental areas of research
are improvements in (a) monitor design and (b) radi-
ologist input or navigation.

The first generation of PACS workstations used a
relatively basic human-machine interface that worked
in a manner similar to Adobe Photoshop, with a pull-
down menu or icons used to bring up individual ex-
aminations. Second-generation PACS workstations
continued to use an electronic keyboard or mouse for
navigation but incorporated work-flow-enhancing
software, such as automated hanging protocols and
more intelligent navigation. The enhanced perfor-
mance and intelligence in computer workstations
have led to a progressive reduction in the number of
monitors per workstation and an increasing use of
color rather than monochrome displays, with a single
multipurpose monitor as the ultimate goal.

To date, virtually all strategies for primary interpre-
tation of DR images have been limited to embedded
technologies. This has largely limited the radiologist
to the confines of the imaging department, which was
practical for film-based imaging because that was
where images were stored. With the transition to
filmless imaging, images have become ubiquitous
throughout the health care enterprise, and the historic
practice of confining radiologists to the imaging de-
partment is being reconsidered. Reiner et al (43)
found a dramatic decrease in clinical consultations af-
ter implementation of an enterprise-wide PACS,
which was believed to be due to digital accessibility to
images throughout the medical enterprise and the re-
sultant implication that clinicians no longer had to
travel to the radiology department to view images.

If this experience is universal, then radiologists must
rethink their practice patterns to maintain relevance to
their clinical colleagues. One way to accomplish this
might be to become mobile with regard to the loca-
tion of physical image interpretation and to travel to
high-volume areas, such as the emergency room, in-
tensive care unit, and busy outpatient clinics. This
change will require a shift from embedded to portable
display technologies.

In spite of recent innovations in portable wireless
technologies, a number of shortcomings still limit
their use for radiology applications. Issues include dis-
play quality, screen resolution, battery life, transmis-
sion speed and bandwidth, memory, form factor, se-
curity, durability, and processor speed. Many of these
technical limitations are already being addressed with
the development of wireless portable devices contain-
ing computer chips running at 900 MHz and having

Figure 8. Application of dual-energy subtraction for a DR
chest image. This image represents the soft-tissue image ob-
tained by using dual-energy subtraction to subtract bone from
the chest image. The result is an image that optimally displays
soft tissues. Note the increased conspicuity of the left upper
lobe pulmonary nodule on this soft-tissue image, compared with
the unsubtracted image in Figure 6.
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memory capacity of 2 GB. Security concerns will also
be addressed as these portable devices incorporate en-
cryption support and begin to use the many security
technologies available on other types of computer
workstations. Functionality will continue to evolve as
speech-recognition technologies become increasingly
sophisticated and are incorporated into portable de-
vices. The performance of the next generation of wire-
less handheld computers, small enough to fit in a coat
pocket, will eventually exceed that currently available
with networked desktop computers. This change will
free radiologists (and other clinicians) from the con-
fines imposed by today’s embedded computer worksta-
tion. As all medical data become integrated into an
electronic patient record, these wireless alternative dis-
play devices will play a greater role in the timely access,
interpretation, and reporting of medical imaging data.

In addition to handheld portable computers, a
number of other alternative display technologies are
being developed for use in radiology. These include a
number of face-mounted systems, such as goggles,
glasses, and stereotactic navigation devices (currently
in use for neurosurgery). To date, most technology de-
velopment in this area has been driven by the enter-
tainment and gaming industry, which has used
goggles for display in virtual reality games.

The movie industry has also provided us with a futur-
istic view of idealized image display devices and func-
tionality. In the movie Minority Report, Tom Cruise
played the role of a detective who investigated crimes
before they were actually committed. The mental im-
ages from a clairvoyant were transformed into visual
images, which in turn were displayed on a single large
flat screen and manipulated by the user with a glove,
similar to that currently used in virtual reality games. A
radiologist of the future could, in effect, function in a
similar fashion, displaying multiple images from a va-
riety of imaging modalities and devices onto a single
large screen and navigate by using a combination of
hand gestures, eye movements, and speech com-
mands. The data from these acquisition devices could
be displayed, processed, and manipulated according to
a complex set of rules customized to the preferences of
the user. These display and manipulation profiles
could be constantly updated by the computer-based
changes in the user practice patterns over time, with
an electronic wizard recommending new display, per-
ception, and interpretation strategies on the basis of
stored data from a master database.

In a recent technical exhibit (44), commercial-grade
goggles were combined with video game controllers as
an alternative display technology for the review of
medical images. Although these off-the-shelf technol-
ogies were not specifically designed for use in medical
image display, they were found to be an adequate al-
ternative for certain teleradiology applications. As
resolution, integration, and image navigation tools

improve, wearable displays (perhaps as lightweight as
sunglasses) could become a practical alternative for
primary interpretation.

New technologies for projecting medical images
will also become available and will take different
forms, including retinal projection (recently displayed
at the annual Comdex meeting) and three-dimen-
sional displays, either wearable or configured as a
more conventional monitor, customized to the prefer-
ences and applications of each user. The dream of re-
mote review of medical images available any time will
undoubtedly be transformed into practical reality
within the next few years.

In conclusion, a new era in DR image display and
presentation has arrived with the widespread imple-
mentation of digital imaging modalities and PACS. Ra-
diologists must understand a number of technical and
practical issues if they expect to reap gains in productiv-
ity and accuracy with these technologies. Advances in
computer hardware and software will be realized only
if radiologists are proactive in image optimization and
display and are open to the idea of new applications
not previously encountered in film-based operation.
Technologic advancements will continue as new dis-
play technologies and decision support tools are devel-
oped to refine the display interpretation processes.
These technical innovations will help radiologists to
make the transition from an embedded role within the
imaging department to a ubiquitous one. The ultimate
goal is to make the image interpretation process more
accurate and efficient, while allowing radiologists to
maintain their position in the medical community as
imaging information and technology experts.
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