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IntroductIon

The production, presentation and interpretation of medical images
is a complex process. The radiologist’s task as image interpreter is many
faceted; the expert film reader must perceive, identify, and understand
the nature and impact of all visible abnormalities on the image.

In this Symposium the papers by Ginsburg (1) and Nodine (2) discuss
the factors within the observer that affect our ability to understand and
interpret what we see. Their experiments and observations are
grounded in the sciences of visual neurophysiology and cognitive
psychology. The papers by Seeiey (3) and Pizer (4) describe devices
outside the observer now available that permit sophisticated produc-
tion and presentation of information-rich images. Their studies find un-
derpinnings in computer science and engineering.

This paper tries to bridge the gap, or build an interface, between
the display and the observer. This interface can be conceptualized as
the task that the radiologist performs (Figure 1).
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Discussion will center on an individual patient who has colon
cancer, and on the imaging tests used to look for metastatic deposits
in his liver and lung. An historical approach will also be employed.
Specifically, we will examine ways in which the maximum amount of
information about the presence of liver or lung metastases could be
presented to and extracted by the radiologist in the 1950’s (the
�analog” image era), the 1970’s and in the 1990’s (the “digital” image
era). The visual or cognitive tasks performed by the radiologist and the
support derived from engineers and psychologists in each of these eras
is outlined in Tables I and 2.



C
0
U

I
ERA

RADIOLOGIST’S BEST IMAGING ENGINEERS
TASK TEST CONTRIBUTION

PSYCHOLOGISTS
CONTRIBUTION

1 950 Detection of low-contrast Radionuclide tSignal-to-Noise Ratio Understand effects of SNR
targets in the liver liver-spleen scan (SNR) on detection
(noisy image)

Analyze contrast-size
trade-otis

1970 Detection of targets and CT scan ‘TSNR Analyze detection and
differentiation of normal discrimination of stimuli
from pathologic structures Develop display options

(windowing) to maximize Assess impact of display

detection options on performance

(CHEMIST/PHARMACOLOGISTS

contribution- Develop biological
contrast media)

1990 Detection and precise MRI 1’SNR Extract and analyze
diagnosis of lesions features that predict

Refine pulse sequences lesion’s nature

to improve detection
and diagnosis Aid education of

inexperienced

Develop display schemes radiologists
facilitating viewing of
complex information

(CHEMIST/PHARMACOLOGIST’S
contribution� Contrast media)

TABLE 2. SEARCH FOR LUNG METASTASES IN A PATIENT
WITH COLON CANCER

ERA
RADIOLOGISTS BEST IMAGING ENGINEER’S

TASK TEST CONTRIBUTION
PSYCHOLOGISTS

CONTRIBU11ON

1990 Detection of low-contrast
targets in the lung

Digital chest
x-ray

Develop specialized
display of “synthetic
images
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TABLE 1 . SEARCH FOR LIVER METASTASES IN A PATIENT
WITH COLON CANCER

Seltzer and Judy

1950 Detection of targets and
differentiation of normal
from pathologic structures

Chest x-ray 1’SNR by Icontrast, .Lscatter,
maximizing use of dose.
.t.mottle, �, unsharpness

Understand effects of SNR
on detection

Analyze contrast-size
trade-offs

Assess performance char-
acteristics of image system
(noise-power spectrum,
MTF. etc) and impact

on observer performance

ISNR

Develop processing and display
options (edge enhancement,
windowing) to maximize
detection

Assess impact of imaging
system parameters (e.g.
pixel size), processing and
display options on
performance

Characterization of
nature of lesion

Dual-energy
digital x-ray

Extract and analyze
features that predict
lesions’ nature
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This paper is intended to give the reader an understanding of med-
ical image interpretation tasks, and how these have changed over
time. It is hoped that radiologists, engineers and psychologists can
combine their knowledge of human perception with knowledge of im-
aging devices and visual displays to improve the performance of the
diagnostician and improve care of large numbers of patients.

Case History

The patient under discussion is a 76-year-old man who had occult
blood detected in his stool as part of a routine physical examination.
Proctosigmoidoscopy revealed a 4 cm diameter polypoid mass in the
sigmoid colon. This mass was biopsied and proved to be a welI-dif-
ferentiated adenocarcinoma of the colon. Imaging tests were con-
templated in order to stage the patient’s tumor properly and determine
appropriate treatment. It was recognized that evaluation of the liver
and the lungs would be crucial in this regard. The specific tests that
would be selected to view these Iwo tissues in 1950, 1970 or 1990 will
be discussed in subsequent sections of this paper.

In 1987, it is estimated that 145,000 Amen-
cans will develop colon cancer (5). The natural
history of thistumor isfairlypredictable. At first,it

grows locally, often protruding into or surround-
ing the lumen of the colon. Next, tumor cells
reach the lymphatics in the colonic wall and
serosa, spreading to regional lymph nodes.
Hematogenous dissemination usually occurs in
two phases. First the tumor cells enter the portal
vein and lodge in the hepatic parenchyma.
Next, they disseminate widely, with metastasis to
lung, brain and bone (6). At autopsy, the only
time when reliable figures are available, 65% of
colon cancers have spread to liver, 59% to
nodes and 37% to lungs (7).

Treatment depends entirely on the stage of
the disease at the time of diagnosis. At our in-
stitution, patients with no evidence of disease
beyond the colon are treated only with surgery
to remove the primary tumor. Their five-year sun-
vival rate is 30 to 100%, depending on the de-
gree of local spread and regional lymph node
involvement (6). Full cure is also attempted in
patients who have metastases in three or fewer
of the liver’s four segments; both the primary
tumor and metastatic deposits are surgically re-
moved, and five-year survival is 25% (8,9). When
the entire liver is involved, but there is no other

evidence of spread, the colon tumor is removed
and then chemotherapy is delivered directly to
the liver via the hepatic artery. Five-year survival
is negligible, but there is evidence that good
quality of life is prolonged by the treatment (10).
Patients with disseminated metastases (lungs,
bone, etc.) are spared aggressive treatment.
Five-year survival is unrealistic; the average pa-
tient lives just a few months.

From the foregoing, it is clear that liver im-
aging tests are performed on almost every pa-
tient with newly diagnosed colon cancer, and
that the results of these studies are extremely im-
portant. The radiologist needs to detect and pin-
point each and every liver lesion reliably, espe-
cially those that are still small and in a limited
stage. Improving radiologists’ performance on
this task would have a tremendous impact on
patient care.

Interestingly, although detection of lung le-
sions is also important, their exact number and
location need not be known. In order to stage
disease correctly, one needs to determine only
whether the lungs are normal or abnormal. Im-
proving the lung images would have less impact.

In imaging both the liver and lung, the ob-
server’s task is to detect nodules. In the liver,
these lesions are likely to have little contrast from
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the fairly uniform surrounding normal hepatic
parenchyma (low-contrast detection). In the
lung, the lesions may be more visible against the
air-filled pulmonary parenchyma, but must be
differentiated from a complex array of adjacent
or overlying normal structures (such as vessels
and ribs). Ultimately, the detection of liver or lung
lesions is a noise-limited task. As such, nodule de-
tection could be facilitated by using more radia-
tion to produce each image or by prolonging
data acquisition times, or both. It is important to

be constantly aware of the trade-offs between
radiation dose and information content.

In the sections that follow, we will examine
a) the information extraction job presented to
the human observer (the “radiologist’s task”).
b) methods to maximize the information content
of liver and lung images (the “engineers con-
tnibution”), and c) how factors in the image affect
observer performance and how such perform-
ance can be improved (the “psychologist’s con-
tnibution”).

Liver Imaging

1950-THE ANALOG ERA-THE RADIONUCLIDE (RN) LIVER SCAN

In the 1950s, the best test available for
detection of metastatic deposits in the liver
was the radionuclide liver scan. Following
injection of a technetium- or gold-labeled
colloid, images were obtained by placing
the patient under a rectilinear scanner.
Few display options were available. The
scanner’s output was transmitted directly
to a piece of x-ray film (Figure 2A). The task
for the radiologist was detection of “filling
defects” that represented the tumor de-
posits on a noisy image of the liver. The
contributions required from the engineer
were to 1) maximize the contrast between
normal and pathological tissues (using a
better radiopharmaceutical, decreasing
scattered radiation), 2) maximize signal
strength (using maximum reasonable tracer
doses, optimizing decay characteristics of
the radiopharmaceutical, using maximum
reasonable counting times, decreasing
source-detector distance, increasing
photon detection efficiency), 3) decrease
noise (collecting maximum number of
photons in a reasonable counting time).

Each of these objectives comes under the
umbrella of increasing the signal-to-noise
ratio (SNR).

Figure 2
Radionuclide liver scan (A) Circa-1950 radionuclide
liver scan performed following injection of gold-labelled
colloid and using a rectilinear scanner. Image is limited
by coarseness of picture elements and noisy quality.
(Case courtesy of Robert English, R.T., Boston, MA.)
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(B) Circa-1986 radionuclide liver scan obtained following
injection of technetium-labelled colloid and using a
gamma camera. Both cases show metastatic deposits
from colon cancer; the modern scan is far easier to inter-
pret.
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Even early models of body CT units proved
able to deliver cross-sectional images of the liver
that portray its soft-tissue structures with great
clarity and without confusion from overlapping
tissues (Figure 4A). In the decade since its intro-
duction, CT images have improved (Figure 4B).
A CT scanner is a digital imaging device that is
entirely dependent on advanced computer sys-

Figure 4
Body CT scanners (A) Circa-1978
model CT scanner produced this
image of a liver that contains low-
density metastatic deposits. The
image is limited somewhat by its pixel
size (manifest as graininess on the
image), and the limited gray scale
range of the output display device.
(B) This image was obtained on a
circa-1986 model CT scanner. Spatial
resolution and gray scale range have
improved 4-fold over the earlier
model.

tems. Factors affecting both the production and
display of images can be varied. Because the
CT images have such clarity, the task facing the
radiologist has actually matured. The detection
of pathology is facilitated, and more attention is
being directed toward higher order cognitive
tasks, such as discrimination of normal from
pathologic tissues.
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The engineer helps maximize the informa-
tion available to the radiologist by 1) maximizing
the SNR by using an accurately collimated x-ray
beam, employing large numbers of efficient de-
tectors, and developing appropriate image re-
construction algorithms (The effects of radiation
dose on the appearance of CT images can be
seen in Figure 5), 2) optimizing the image display

by adjusting gray scale settings to highlight den-
sity differences between normal and pathologi-
cal structures (Figure 6) as well as permitting
areas to be selected for greater scrutiny (Figure
7). Additionally, the biologist! pharmacologist
makes a contribution by developing contrast
agents to highlight density differences between
normal and pathological structures (Figure 8).

Figure 5
Effects of radiation dose on CT scan
image quality (A) Low dose, high
noise image; (B) High dose, low noise
image.
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Figure 6
Effects of adjustment of display
parameters on visibility of tumor de-
posits (A) The center of the gray
scale is set at 36 HU; the window width
is 350 HU. These settings are used to
optimize visibility of soft-tissue struc-
tures. A metastatic deposit (arrow) is visi-
ble in the anterior segment of the right
lobe. (B) Decreasing the window width
to 100 HU (ow) increases the contrast
between the normal and pathologic
structure; it also increases the noise in
the image. Overall, the tumor is easier
to see. (C) Increasing the window
width to 750 HU (ow) decreases the
contrast in the image and decreases
the noise. The metastatic deposit is
more difficult to see.
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Figure 7
Magnification Newer CT displays
have many built-in special functions
such as magnification. (A) Image con-
taming metastatic deposits with area
of interest selected. (B) Area of interest
magnified to fill the entire display
screen in order to facilitate detailed
visual analysis.
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Figure 8
Effects of iodinated contrast mate-
rial (A) Image made without contrast
medium (I-) shows a heterogeneous,
nodular lesion in the right lobe paste-
riorly (arrow). (B) Following intravenous
injection of contrast material (I + ), the
extent ofthe posteriorly placed lesion
(straight arrow) is easier to determine,
and an additional mass (curved
arrow) is seen near the hilum.

Psychologists are just beginning to under-
stand the influence of an image’s physical
characteristics (such as SNR) and display
parameters (such as window width) on the ob-
server’s ability to detect and identify correctly
features on CT images (Figure 9) (12-17).

In the 1970s, CT proved to be the best imag-
ing test available for the detection of liver me-
tastases from colon cancer (18). The important
drawback of liver CT is its dependence on ioniz-
ing radiation and iodinated contrast media.
Therefore, efforts have continued to find better
liver imaging tests.

Figure 9
Effects of display parameters (such as window width)
on observer detection of simulated nodules Note that
as display window widens, detectability of stimuli of 3.0 or
16.1 mm in diameter gradually falls. (Figure derived from
data contained in paper by Twible DA, et al., SPIE 1984;
48#{243}:204-208.)



I
Seltzer and Judy Perception and display in diagnostic imaging

Volume 7, Number 6, Monograph #{149}November 1987 #{149}RadioGraphics 1231

1990-THE MAGNETIC RESONANCE IMAGING (MRI) ERA

MRI images are derived from the in-
teraction of tissues and magnetic fields.
Evidence is accumulating that, with
some limitations, each pathologic pro-
cess in the liver has a characteristic ap-
pearance on MRI, permitting more pre-
cise diagnosis (19-25). MRI technology of-
fers tremendous new options in image
production and display. The appear-
ance of the image and the intensities of
normal and pathologic structures are al-
tered radically by the selection of
radiofrequency pulse sequences before
the examination begins (Figure 10) (22-

25).

Figure 10
Effect of pulse sequence on appear-
ance of MR images This patient has
a metastatic deposit (arrow) in each
illustration (in the posterior aspect of
the right lobe of the liver.) (A) Spin
echo sequence with TR= 0.4 sec,
TE= 17 msec that is heavily weighted
with TI information, demonstrates the
lesion as less intense than the neigh-
boring normal hepatic parenchyma.
(B) Changing the pulse sequence
parameters to TR= 2.5 sec, TE= 35
msec adds T2-weighting and changes
the intensity relationship between the
tumor and the liver. The tumor is now
brighter, its borders are poorly de-
fined. (C) Increasing the T2-weighting
by setting TE= 70 msec, decreases the
intensity of the normal liver still further.
(Case courtesy of Domenik Huber,
M.D., New Hyde Park, NY.)
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The task of the radiologist in viewing MRI has
matured still further, calling for greater sophisti-
cation in image interpretation. Because of the
tremendous amount of tissue-specific informa-
tion available, the diagnostician is now called
upon not only to detect lesions, but to diagnose
them precisely.

The engineer’s contributions are to 1) in-
crease SNR by producing strong, homogeneous
magnetic fields, making the best possible equip-
ment for generating and receiving radiofre-
quencies, as well as developing appropriate al-
gorithms for image reconstruction, 2) refine pulse
sequences to insure maximum intensity differ-
ences between normal and pathologic tissues,
3) select pulse sequences to develop “tissue sig-
natures” that reveal a lesion’s precise histologic
nature, and 4) develop sophisticated display
schemes that permit viewing of complex infor-

mation (such as combinations of anatomy and
tissue relaxation parameters). As with CT, biolog-
ical contrast agents may help increase intensity
differences between normal and pathologic
structures (26).

With MRI, the psychologist’s chief contribu-
tion will be to help identify the salient visual fea-
tunes and the tissue relaxation parameters that
predict a lesion’s true nature (Figure 11). Accumu-
lation of this knowledge will aid education of
radiologists in MRI interpretation. It has been
suggested (20) that in the 1990s MR imaging will
become the test of choice for the detection of
hepatic metastases in our index patient with
colon cancer. CT scanning will certainly con-
tinue to be used, because it will still be far more
readily available, and it will probably remain the
best imaging method for visualization for ab-
dominal tissues outside of the liver.

Figure 11
Characteristic MR appearance of hepatic heman-
gioma (A) Contrast enhanced CT scan demonstrates
heterogeneous area in anterior segment of right lobe
(arrow). (B) On TI-weighted spin echo MR pulse sequence
with TR= 0.3 sec, TE= 17 msec, the hemangioma is less
intense than the surrounding liver. Its margins are sharply
circumscribed (in contrast to the appearance of the
metastatic deposit in Figure 10). (C) T2-weighted image
with TR= 2.0 sec, TE= 35 msec shows a reversal in intensity
relationships beiween normal and pathologic tissue. The

hemangioma is now much more intense than the sur-
rounding normal liver. (D) Additional T2-weighting with
TR= 2.0 sec, TE= 90 msec decreases the intensity of the
normal liver and increases the intensity of the benign
tumor. This pattern, namely that of a sharply cir-
cumscribed lesion whose intensity increases with in-
creased T2 weighting, is said to be characteristic of a
hemangioma. (Case courtesy of Domenik Huber, M.D.,
New Hyde Park, NY.)



lic lID

Seltzer and Judy Perception and display in diagnostic imaging

Volume 7, Number 6, Monograph #{149}November 1987 #{149}RadioGraphics 1233

Lung Imaging

1950-THE ANALOG ERA-THE CHEST X-RAY

The image on a conventional chest radiograph is analog in nature.
The density of the recording film is determined by the number of mci-
dent x-ray photons. No display options were available in the 1950s, and
the radiologist’s task in this era was to detect low-contrast targets on an
inherently complex image of the lung.

Engineering efforts to optimize the chest x-ray focused on improv-
ing the SNR of the chest radiograph. Efforts have been made to 1)
maximize contrast between different tissues (mainly by decreasing scat-
tered radiation reaching the film) (Figure 12), 2) maximize the use of the
radiation dose (penetrating dense areas, capturing as many x-ray
photons as possible, decreasing mottle, decreasing unsharpness), and
3) diminish anatomic complexity that could obscure nodular lesions.

Psychologists focused on studying observers’ detection of low-con-
trast objects. Efforts were made to discover the effects of SNR on nodule
detection, analyze contrast-size tradeoffs, assess the impact of imaging
system performance (i.e. modulation transfer functions) on observer
performance, and to analyze observers’ search patterns and eye
movements.
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Figure 12
The impact of scattered radiation
reduction on image quality Exam-
pIes of images of radiographs of an
anthropomorphic phantom pelvis. (A)
Image obtained without attempts to
control scattered radiation shows how
such scatter dramatically reduces the
visibility of most structures. (B) Addition
of a scatter-reducing grid improves
the clarity of bony structures. (C) Addi-
tion of a more efficient, crossed grid
further reduces the visibility of anatomic
detail. (Courtesy of American College
of Radiology Institute Teaching File)
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Despite gains in system
performance, the appear-
ance of the chest x-ray has
not been altered radically in
several decades (Figure 13).
Despite improvements, the
conventional radiograph still
has a limited ability to portray
abnormal low-contrast objects
(due to persistence of scat-
tered radiation, low quantum
efficiency, limited dynamic
range in the way the record-
ing medium is used, and per-
sistent anatomic complexity).
Therefore, efforts to develop
other methods to create chest
radiographs are still being pun-
sued.

Figure 13
Limited improvement in chest radio-
graph image quality over several
decades (A) Multiple pulmonary
nodules are readily observed in this
chest radiograph made in 1932. (B)
Fifty-four years later in 1986, there is
little change in the appearance of
the image or the visibility of
nodules.
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1990-THE DIGITAL CHEST X-RAY

Figure 14
Digital chest radiograph displayed in a “negative
mode” (Case courtesy of Mr. Phil Owen, Picker Interna-
tional, Cleveland, OH.)
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The digital chest radiog-
raphy apparatus uses a tightly
collimated x-ray beam, elec-
tronic x-ray detectors and

computer-aided processing
and storage of image infor-
mation (Figure 14) (27-30).
Data can be collected about
the interactions of tissues with
x-rays of different energies
(the “dual-energy digital chest
x-ray”) (31-33). A variety of dis-
play options are available. The
image is generally informa-
tion-nich, with good contrast
between normal and
pathologic structures. Calcifi-
cations are readily detected,
permitting ready identification
of nodules that are benign in
nature.

It seems likely that, as in
the liver, the task performed
by the radiologist will mature.

Detection will be facilitated
and characterization of the
nature of easily visible abnor-
malities will be possible.

The engineer in the mod-
em era has focused on im-
proving the SNR of these dig-
ital systems (improving scatter
rejection, developing wide
area detectors, minimizing
radiation dose). Display options, such as filtering,
edge enhancement, and windowing, have
been developed that facilitate detection of low-
contrast targets (28). Utilizing different x-ray ener-
gies in the dual-energy technique, it is possible
to form “synthetic” images by subtracting spe-
cific tissues (for example, removing the shadows
of the ribs), making nodule detection easier by
diminishing anatomic complexity (Figure 15) (31,1.

Additionally, with this dual-energy technique, the
density of the nodule and the presence of cal-
cification (that would indicate benignity) can be
determined directly (Figure 15) (32,33).
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Figure 15
Dual-energy chest
radiography technique
(A) Soft-tissue images
(bones subtracted) of a
right upper lobe nodule
in an asymptomatic mid-
die-aged man. (B) Bone
image (soft-tissues sub-
tracted) showing that the
nodule is still visible, as
are other calcified struc-
tures implying its benign
nature. (C) Soft-tissue
image of a nodule in the
right lower lobe. (D) Bone
image showing that the
nodule disappears, mdi-
cating absence of cal-
cification. It proved to be
an adenocarcinoma.
(Case courtesy of Robert
G. Fraser, M.D., Birming-
ham, AL.)
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The contribution of the psychologist in the
future will be to assess the impact of imaging
system parameters (such as pixel size) and dis-
play options on observer performance (34-38)

(Figure 16). Additionally, one could extract and
analyze visual and quantitative features that

predict a lesion’s true nature.

It seems highly likely that in the 1990s, digital
radiographs (perhaps performed with two x-ray
energies) will be the test of choice for the lungs
in our index patient.

Figure 16
Digital chest radiography, effect of pixel size on visibil-
ity of tiny nodules Multiple pulmonary nodules are dis-
played at 6 levels of spatial resolution varying from 0.2
mm to 1.6 mm pixel size. (A) Examples of 0.2, 0.4, and 0.6
mm pixel sizes, progressing from left to right. (B) Examples
of 0.8, 1.0, 1.6 mm pixel sizes, progressing from left to right.
(Courtesy of W. Dennis Foley, M.D., Milwaukee, WI. Previ-
ously appeared in Radiology 1981; 141:25-31.)
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The past several decades have witnessed dramatic advances in
the technology of image acquisition and display. There have been
some parallel but less spectacular advances in understanding human
acquisition and analysis of visual information. For the first time, imaging
devices are available that allow the operator to determine the bright-
ness relationships between normal and pathologic structures.

For the first time too, it is becoming possible for the community of
scientists interested in medical imaging to marry knowledge of human
observer performance with the capabilities of the modern display de-
vices to permit maximum information extraction from medical images.
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