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History of Research in Medical Image
Perception
Harold L. Kundel, MD

Human observers engage in 2 interrelated processes when interpreting medical images: perception and analysis.
Perception is the unified awareness of the content of a displayed image that is present while the stimulus is on.
Analysis is determining the meaning of the perception in the context of the medical problem that initiated the
acquisition of the image. Radiologists have, correctly, regarded image analysis as their primary field of research.
They have naively assumed that what they perceive in images is a faithful representation of the images’
information content and have not been concerned with perception unless it fails. Failures have stimulated
research on quantifying observer performance, defining image quality, and understanding perceptual error.
This article traces the historical development of the use of receiver operating characteristic analysis for describ-
ing performance, the development of signal-to-noise ratio psychophysical models for defining task-dependent
image quality, studies of error in small lesion detection, and the beginnings of studies of the nature of expertise
in image interpretation. The history is traced through published articles.
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HE SCOPE OF PERCEPTUAL RESEARCH
N RADIOLOGY

uman observers engage in 2 interrelated processes when
nterpreting medical images: perception and analysis. Per-
eption is defined as the unified awareness of the content of
displayed image that is present while the stimulus is on [1].
nalysis is determining the meaning of the perception in the
ontext of the medical problem that initiated the acquisition
f the image [2]. Radiologists have, correctly, regarded im-
ge analysis as their primary field of research. They have
aively assumed that what they perceive in images is a faith-
ul representation of the images’ information content and
ave not been very concerned with the process of perception

tself, until it fails. Failures show up as observer error and
ncertainty, both of which affect judgments about image
uality, attempts to objectively evaluate imaging technol-
gy, and especially everyday image interpretation.

Research on the perceptual component of image inter-
retation has largely but not exclusively focused on psy-
hophysics, which is the study of the quantitative rela-
ionship between a visual stimulus and an observer’s
esponse. Although mainly descriptive, the ultimate goal
f psychophysics is the development of mathematical
odels that allow the prediction of the system output
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rom any arbitrary input [3]. That is, imaging scientists
ould like to be able to predict how an observer will

espond to any image configuration without having to
other with the messy business of performing a study
ith real human observers [4]. Research in the broader
omain of the mechanism of perception has mainly fo-
used on understanding observer error.

This essay tracks the development of research in percep-
ion and psychophysics in radiology through publications,
iting both the articles that introduced new ideas and those
hat summarized them. The original articles are not neces-
arily the best ones. Original work is frequently fuzzy; clar-
fication comes later. There are innovators and popularizers
n every human endeavor. Many of the central ideas have
een summarized in invited lectures given at major radiol-
gy society meetings. They form the backbone of this survey
ecause they provide a glimpse into what the community
hought was important at the time. This survey is also
eavily biased by my interest in using observer performance
or evaluating imaging technology and in understanding the
ources of reader error.

HE BEGINNING OF SERIOUS
ERCEPTION RESEARCH IN THE 1940S

onfronted with the miracle of the roentgen ray, early workers had little
ime for conscious consideration of the miracle of the human eye.
—W. J. Tuddenham [5]

© 2006 American College of Radiology
0091-2182/06/$32.00 ● DOI 10.1016/j.jacr.2006.02.023
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Kundel/History of Perception Research 403
he earliest report of psychophysical research in radiol-
gy was published in 1899, barely 4 years after Roent-
en’s momentous discovery. Béclère [6] reported on ex-
eriments that he conducted on the sensitivity of the
etina to the light of a fluoroscopic screen. He observed
hat it took 20 minutes to achieve maximal visual sensi-
ivity, that sensitivity depended on the color of the light,
nd that dark adaptation was “absent in the fovea.” He
orrectly related his observations to the then-newly de-
eloping knowledge of the physiology of retinal rods and
ones and concluded correctly that complete dark adap-
ation was essential to being able to see details during
uoroscopy.
Béclère’s [6] study was an isolated example of perceptual

esearch. Undoubtedly there were others, but recognizable
esearch in image perception was dormant for almost 50
ears. In the early 1940s, 2 important events occurred, ini-
iating formal research into perceptual psychophysics in ra-
iology. In 1941, W. E. Chamberlain [7] of Temple Uni-
ersity in Philadelphia was asked to give the Carman
ecture—“Fluoroscopes and Fluoroscopy”—at the annual
eeting of the Radiological Society of North America

RSNA). This lecture rekindled interest in dark adaptation,
isual acuity, and the limitation on image quality imposed
y the quantum nature of radiation. In 1944, the US Public
ealth Service and the US Veterans Administration formed

he Board of Roentgenology, which initiated a study to
valuate the effectiveness of various imaging techniques for
etecting pulmonary tuberculosis [8,9]. Chamberlain was
hairman of the board.

HE BOARD OF ROENTGENOLOGY
NITIATES STUDIES OF TECHNOLOGY
VALUATION USING OBSERVER
ERFORMANCE

y the 1940s, radiologic physicists were characterizing
maging systems in terms of contrast rendition, spatial
esolution, and the radiation dose required to make an
mage. G.C.E. Burger of the Philips Company was one of
he first radiologic physicists to recognize the importance
f the mutual dependence of contrast and size as deter-
ining factors for the threshold perceptibility of the de-

ails in images. In the 1930s, he began characterizing
mages using contrast-size diagrams, which he called
perception curves.” The data for the curves were ob-
ained by measuring the threshold visibility of holes of
ecreasing diameter arranged horizontally in phantoms
ith vertically oriented steps of increasing thickness [10].
he contrast-size diagram is an expression of a psycho-
hysical model [4]. However, in the 1940s, it apparently
as not good enough to convincingly predict the relative
erit of 4 competing imaging systems for detecting pul-

onary tuberculosis, and the Board of Roentgenology r
ecided to measure observer performance directly. The
ommunity was surprised by the results that were pub-
ished in JAMA in 1947 [11]. Five expert observers inter-
reted chest images made with 4 techniques (35-mm
hotofluorograms, 4 � 10 inch stereophotofluorograms,
4 � 17 inch paper negatives, and conventional 14 � 17
nch celluloid films) on 1,256 individuals, and they could
ot show that any of the methods, “not even the 14 � 17

nch celluloid,” was superior to the others. The main
easons for not being able to show any differences (if they
eally existed) were that the investigators could not estab-
ish the correct diagnoses by a method independent of
he images and that the variation among the observers
as greater than the differences among the techniques.
n editorial titled “The Personal Equation in the Inter-
retation of a Chest Roentgenogram” [12] that accom-
anied the article expressed astonishment at the magni-
ude of observer disagreement and stated, “These
iscrepancies demand serious consideration.” The prob-

ems of establishing truth and accounting for reader vari-
tion still vex us today. An article about the large observer
ariation in mammography published in 1994 [13] was
lso accompanied by an editorial that again emphasized
he importance of the problem but gave no hints for a
olution [14]. “It’s deja vu all over again” [15].

The use of the term personal equation in the JAMA
ditorial linked observer variability in radiology to a long
ine of observer studies going back to observational as-
ronomy. The term was coined around 1876, when the
stronomer and mathematician F. W. Bessel found dif-
erences between his own readings of the transit time of
tars across the meridian and those of 5 other astrono-
ers. He tried to resolve the differences by calculating

personal equations” that adjusted each astronomer’s
eadings to match his—an early attempt at quantitative
sychophysics—but this proved unsatisfactory [16]. The
roblem of interastronomer variation was finally side-
tepped by using an instrument, the chronograph, for
easuring transit time. Perhaps computers will eventu-

lly be used to eliminate observer variability in diagnostic
maging. In a review of his work, “The Perceptibility of

etails in Roentgen Examination of the Lung,” Burger
10] showed “perception curves” for 5 individuals (his
igure 9), each different from the others.
Birkelo et al’s [11] study on the effectiveness of various

maging techniques for detecting pulmonary tuberculo-
is started a flurry of investigations into human error in
maging diagnosis that were summarized by J. Yerush-
lmy, the biostatistician on the project [9]. L. H. Garland
8], a radiologist at Stanford University who also partic-
pated in the project, described it in his RSNA presiden-
ial address in 1948, titled “On the Scientific Evaluation
f Diagnostic Procedures.” Garland [8] enumerated 3

esearch objectives:
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1) to determine reliable methods for measuring the rel-
ative number of lesions missed by a reader,

2) to study the probable reasons for missing lesions and
their characteristics, and

3) to investigate methods of interpretation that might
lead to a reduction in the number of lesions missed.

ARLAND’S FIRST OBJECTIVE

he Development of Receiver Operating
haracteristic (ROC) Analysis

. Lusted, a radiologist who had worked on the studies
timulated by the results published by Birkelo et al [11]
nd was interested in applying the principles of formal
ogic to radiologic diagnosis [17], tackled the problem of
roperly describing performance. By the late 1950s the
tatistics of observer performance studies generally were
resented in terms of sensitivity and specificity. Radiol-
gists discussed the results in terms of underreading or
alse-negatives and overreading or false-positives, but at
hat time, the covariation of the 2 types of error was not
ppreciated. This important insight, originally devel-
ped by psychologists and systems engineers [18], was
ntroduced into radiologic thinking (and perhaps into
eneral medicine) around 1960 by Lusted [19], who
ummarized it in an RSNA Memorial Fund lecture titled
Logical Analysis in Roentgen Diagnosis.” He intro-
uced the statistical-decision-theory approach to the
nalysis of observer response data. The approach requires
n observer not only to make the usual yes-or-no re-
ponse about the presence of pathology in an image but
lso to give a confidence report about each decision. The
ractions of true-positive and false-positive responses at
ach confidence level are plotted, and the statistical deci-
ion theory model is used to fit the experimental points to
smooth curve. The curve is called an ROC curve, and

he curve-fitting model provides 2 very important pa-
ameters and their standard errors: the area under the
urve and an index of detectability (d). The area under
he curve is a single-valued parameter for performance
hat is free of bias due to the use of decision criteria (the
redisposition to overread or underread) and reflects
nly the ability to separate normal from abnormal. It
anges from .5 for guessing to 1.0 for perfect perfor-
ance. The index of detectability is a somewhat more

ifficult parameter to understand. Simply, it is the ob-
erver’s signal-to-noise ratio (SNR) for the decision task
nd typically has a value between 0.5 and 3.0, although it
as a range from zero to infinity.
The ROC model was mostly a laboratory tool until

979, when J. Swets of Bolt, Beranak and Newman, a
erceptual psychologist funded by a grant from the Na-
ional Cancer Institute, assembled a group of psycholo-

ists, radiologists, and radiologic physicists who planned t
nd conducted a study using ROC analysis comparing
rain tumor detection by radionuclide scanning and
omputed tomography [20]. The study was the first
emonstration of comparing imaging modalities in a
linical setting using ROC analysis. The ROC method is
ow widely used in radiology. The original study stimu-

ated a lot of methodologic research in technology eval-
ation dealing with experimental design, curve fitting,
nd statistical analysis. The original curve-fitting algo-
ithm developed in 1969 by Dorfman and Alf [21] at the
niversity of Iowa has been modified and incorporated

nto many computer analysis programs by research
roups at the University of Chicago, led by C. Metz, and
t the University of Iowa, led by K. Berbaum. The state-
f-the-art of ROC analysis was summarized in 4 review
apers that were published in 1989 [22-25]. In 1992,
orfman, Berbaum, and Metz [26] collaborated to pro-

uce an ROC analysis computer program that combines
he statistical decision model with a classical analysis of
ariance. This so-called DBM approach has become the
enchmark methodology for ROC analysis and in turn
as stimulated a lot of the current research into ROC
ethodology.

he Development of SNR Psychophysical
odels Designed to Predict Performance

rom Physical Measurements on Imaging
ystems

he Rose–De Vries Psychophysical Model. It is
afe to say that most radiologists working today have
ever performed fluoroscopy in a darkened room, view-

ng the patient in the dim, yellow-green light of a zinc-
admium sulfide fluorescent screen. In the 1940s, when
hamberlain [7] started to work on his Carman Lecture,

creen fluoroscopy was all that was available. The need
or dark adaptation was well established, although in the
ecture, he pointed out that some radiologists were either
keptical about its value or too impatient to bother with
t. He prepared for the lecture by reviewing the funda-

ental work on dark adaptation of the physiologist S.
echt [27] and had his colleague G. Henny, a radiologic

hysicist, perform fundamental measurements of the
hreshold visibility of details at screen fluoroscopy using
he contrast-size phantoms developed by Burger. Cham-
erlain pointed out that the fluoroscopic screen could
dequately display details that were visible in bright light
ut that could not be seen even by the fully dark adapted
ye. A 1,000-fold increase in brightness was needed to
hift the eyes from scotopic (rod) to photopic (cone)
ision, and typical of the mind-set in radiology, Cham-
erlin suggested a technologic solution: the image inten-
ifier. The image intensifier, developed by Coltman [28]
n the late 1940s, first became commercially available in

he early 1950s and completely replaced direct screen
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Kundel/History of Perception Research 405
uoroscopy, obviating the need for 20 minutes of dark
daptation, thereby depriving the radiologist of the op-
ortunity of reading the morning newspaper before start-
ng fluoroscopy.

The work of Chamberlain and Henny is significant
ot only because it brought the image intensifier to the
ttention of the radiology community but also because it
eamed up a radiologist and physicist. It drew on knowl-
dge of perceptual psychology and image evaluation and
sed original observations to support a solution to a
ractical problem. It was hoped that in addition to im-
roving detail visibility, the image intensifier would

ower the fluoroscopic radiation dose. This did not occur,
ecause image noise (some price had to be paid for in-
reased brightness) limited the visibility of details. In
949, Sturm and Morgan [29] described the effect of
oise on the threshold visibility of details in x-ray images
sing a mathematical model originally proposed by H. de
ries [30] and elaborated by A. Rose [31] of the RCA
arnoff Laboratory. It is variously known as the “Rose
odel,” the “Rose–De Vries model,” or the “De Vries–
ose model,” depending on whether one is from the
ngineering or the vision research community. It is a
sychophysical model in which the physical image prop-
rty is characterized by the SNR and the observer re-
ponse is threshold visibility. Basically, the model asserts
hat an image, to be just recognizable, must have a SNR
hat exceeds some threshold value. Morgan’s group at
ohns Hopkins University eventually extended the
odel to include the physiologic optics of the human

ye. In 1966, Morgan [32] summarized the work in an
nnual oration at the RSNA titled “Visual Perception in
luoroscopy and Radiography.” Although it expanded
he Rose–De Vries model, it continued using threshold
etectability as the observer’s response in the psycho-
hysical equation.

ask-Dependent Image Quality. In 1972, D.
oodenough, K. Rossmann, and Lusted [33], then at the
niversity of Chicago, used ROC analysis to compare

maging techniques in the laboratory. It was becoming
lear that optimizing image quality involved trade-offs
etween contrast rendition, spatial resolution, and noise.
n fact, Rossmann and Wiley [34] had pointed out al-
eady that image quality could not be defined indepen-
ently of the imaging task. The powerful idea of task-
ependent image quality began to influence studies of
sychophysics in radiology.
In 1979, Wagner et al [35] at the US Food and Drug

dministration reformulated the SNR psychophysical
odel using the detection of a small faint object as the

ask, the index of detectability from ROC analysis as the
bserver response and defining the SNR in terms of the

ystem modulation transfer function, the noise power o
pectrum, and the size, contrast, and profile of the signal.
ver the next 5 years, the model was applied to virtually

ll imaging systems that existed at the time [36].

tructured Noise: The Fly in the Ointment. One of
he difficulties with the Rose–De Vries SNR models is
hat in real images, signals such as lung nodules or masses
n mammograms are embedded in an anatomic back-
round that acts as camouflage, blocking the perception
f the lesion. The noise in the SNR formulation is con-
idered to be random, whereas the camouflaging back-
round has recognizable structure, such as ribs and blood
essels, that is not random but still affects detection. In
972, Revesz et al [37] tried to quantify what they called
he “structured” noise in the background and define a
NR for lesion conspicuity rather than lesion detection.
lthough the camouflaging effect of image structure has
een verified [38], the incorporation into SNR models
as been difficult to accomplish.

he Theory of the Ideal Observer. Statistical deci-
ion theory defines an ideal observer as one who “makes
he best possible use of all information to reach a deci-
ion” [4]. The theory describes procedures for calculating
he performance of the ideal observer. Burgess et al [39]
howed that by comparing the response of the human
bserver and the ideal observer, the efficiency of an im-
ging decision task could be determined. This compari-
on provided insight into the amount of improvement in
uman performance that was possible and provided a
ethod for comparing different imaging tasks. During

he 1980s and 1990s, the laboratory of H. Barrett at the
niversity of Arizona was very productive in the devel-

pment of imaging psychophysics [40]. An up-to-date
ccount of psychophysical models for visual detection,
argely the work of Barrett’s students, can be found in the
hapters written by K. Myers [41] and M. Eckstein, C.
bbey, and F. Bochud [42] in The Handbook of Medical

maging.

ARLAND’S SECOND OBJECTIVE

maging psychophysics concentrates on building mathe-
atical models that will predict performance given the

hysical parameters of an imaging system. A researcher
ccepts the proposition that performance is inherently
naccurate and incorporates the error into the analysis.
he root cause of error is not addressed because of the

omplexity of the human perceptual apparatus and the
ifficulty of performing meaningful experiments. Never-
heless, a few investigators in radiology began to probe
ome of the fundamental mechanism of perception as
pplied to medical imaging.

In 1962, William Tuddenham [43] of the University

f Pennsylvania, presented the RSNA Memorial Fund
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ecture, titled “Visual Search, Image Organization, and
eader Error in Roentgen Diagnosis.” He had previously
ritten about the impact of retinal anatomy and physi-
logy on contrast perception [44] and had done experi-
ents on the visual search of radiographs [45]. His work
arked the beginning of formal research into the mech-

nism of human visual perception as it applies to radio-
ogic imagery. In 1969, Tuddenham [46] edited an issue
f Radiological Clinics of North America that brought
ogether authors from disciplines that either contributed
deas to or benefited from research in medical image
erception. The slim volume contained articles on per-
eptual psychology [47], statistics [9], search behavior
48], image quality [49], image processing [50,51], com-
uter diagnosis [52], and learning radiology [53].

tudies of Visual Search

ne possible source of error had been pointed out by
uddenham [54], who proposed that when an observer
as satisfied with the meaning of an image, active search
as stopped. Smith [55], in a delightful, anecdotal clas-

ification of observer errors, coined the term satisfaction of
earch. The phenomenon is real: observers do not report
nexpected findings on images when they have found
omething suggested by the original search task [56,57].
ubsequent research using gaze tracking has shown that
he unreported lesions actually are looked at but are dis-
egarded [58,59]. Tuddenham’s original notion of “sat-
sfaction of meaning” is probably more descriptive of the
ctual phenomenon, but we are stuck with the catchy
atisfaction of search.

Gaze tracking has also been used to study search for
ung nodules [60], fractures [61], and cancers in mam-

ograms [62]. In all instances, most unreported abnor-
alities were selected for attention by the gaze but ap-

arently not recognized. In fact, the observation that
any of them received prolonged gaze dwell time

63,64] has stimulated research on using feedback from
aze tracking as an aid to lung nodule and mammogram
ass detection [65].

ARLAND’S THIRD OBJECTIVE

uddenham [66] concluded his volume on the percep-
ion of roentgen images with some personal reflections.
e wrote,

he ultimate solution to the problem of ‘reader error’ is not yet clear.
t may lie in the further development of automated pattern recogni-
ion systems.. . .For the moment, however, it appears to me more
robably to lie in the elucidation of consistent logical systems of film
nalysis with which to guide the perceptual learning of the radiologist
nd his paramedical assistants.

The trend in radiology has been to technologic solu-

ions, with the development of computer-assisted diag- R
osis systems [67] and attempts to improve display tech-
ology [68]. As usual, the perceptual side has been
eglected, although recently there has been interest in
erceptual learning [69] and the development of exper-
ise in imaging tasks [70-72].

he Growth of Medical Image Perception as
Distinct Discipline

he diversity of investigators—radiologists, psycholo-
ists, physicists, engineers, and statisticians—interested
n medical image perception was an obstacle to any type
f organized activity for exchanging ideas. People at-
ended different meetings and belonged to different pro-
essional societies. In 1983, a group of radiologists, psy-
hologists, and physicists interested in perception
rganized a conference held in Park City, Utah, called
he Far West Image Perception Conference. The attend-

es liked the conference and decided to organize a second
n 2 years. Thus began an ongoing 2-year cycle of spon-
aneously organized conferences with no sponsoring or-
anization. Interest in medical image perception was the
lue that held the group together and resulted in 8 con-
erences labeled “Far West,” even though some of them
ere held on the East Coast. The name was finally

hanged to the Medical Image Perception Conference
or the ninth and subsequent conferences. In 1994, a
onference on image perception was added to the annual
nternational Society for Optical Engineering Medical
maging Conference, giving people interested in percep-
ion another forum for the exchange of ideas.

In 1996, the perception group organized the Medical
mage Perception Society to promote medical image per-
eption research and its application. The society also
egan to formally sponsor the Medical Image Perception
onference. It is an international society, and in 2005

he Medical Image Perception Society XI Conference
as held in Windermere, England.

OME PERSONAL REFLECTIONS

ecently, there has been a great deal of interest in the
ssessment of computer-assisted imaging systems. In a
eview of contemporary assessment methods subtitled
Lessons From Recent Experience,” Wagner et al [73]
tated that

unding agencies and researchers work years to discover ways to im-
rove mean performance for some modalities by something on the
rder of 0.05 points (in terms of ROC area), for example. These
mprovements can be readily masked by the contemporary level of
eader variability.

Reader variability” has been a major problem since the
tudy of Birkelo et al [11]. It was elegantly demonstrated
or mammography by Beam et al [74], who used the

OC methodology on a sample of 108 radiologists in-
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Kundel/History of Perception Research 407
erpreting mammograms. The variability was not only in
he application of diagnostic criteria but also in the ab-
olute ability to detect and recognize abnormalities. The
istory of observer performance suggests that this is a
roblem that is not going to go away. It may be side-
tepped with limited applications by human-free com-
uter image analysis, but we may have reached the limits
f Garland’s first goal of measuring performance. It may
e time to put more effort and resources into the second
nd third goals of understanding the reasons for errors
nd ways of teaching radiologists to perform better and
ore consistently. Research in the deeper aspects of im-

ge perception and in the interface between perception
nd analysis may hold the key to the problem of error and
ariability.
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