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Review article
Radiology’s Achilles’ heel: error and variation in the
interpretation of the Rontgen image

P J A ROBINSON, FRCP, FRCR

Department of Clinical Radiology, St James’s University Hospital, Leeds LS9 7TF, UK

Abstract. The performance of the human eye and brain has failed to keep pace with the enormous
technical progress in the first full century of radiology. Errors and variations in interpretation now
represent the weakest aspect of clinical imaging. Those interpretations which differ from the
consensus view of a panel of “experts” may be regarded as errors; where experts fail to achieve
consensus, differing reports are regarded as “observer variation”. Errors arise from poor technique,
failures of perception, lack of knowledge and misjudgments. Observer variation is substantial and
should be taken into account when different diagnostic methods are compared; in many cases the
difference between observers outweighs the difference between techniques. Strategies for reducing
error include attention to viewing conditions, training of the observers, availability of previous
films and relevant clinical data, dual or multiple reporting, standardization of terminology and
report format, and assistance from computers. Digital acquisition and display will probably not
affect observer variation but the performance of radiologists, as measured by receiver operating
characteristic (ROC) analysis, may be improved by computer-directed search for specific image
features. Other current developments show that where image features can be comprehensively
described, computer analysis can replace the perception function of the observer, whilst the function
of interpretation can in some cases be performed better by artificial neural networks. However,
computer-assisted diagnosis is still in its infancy and complete replacement of the human observer

is as yet a remote possibility.

Introduction

A century ago the doctors and scientists
working with the then new-fangled Rontgen rays
were predicting that they would soon be able to
produce images of internal body structures using
“a comparatively short exposure, say 5 or 10 min”
[17]. Setting up the apparatus and the patient and
developing the plates took considerably longer, so
a whole day’s work would typically produce only
a handful of radiographs for interpretation. Even
then, it soon became apparent that reading the
images could give rise to error and to disputes. Mr
W H Brown, speaking at the Leeds and West
Riding Medico-Chirugical Society in 1901 on
“Skiagraphy versus the Practitioner” referred to
X-rays causing disputes between patients and their
doctors [2], whilst in the same year Dr J B Hall
pointed out to the Bradford Medico-Chirugical
Society that with appropriate modifications of
technique, a knowledgeable operator could pro-
duce in the skiagrams almost any degree of deform-
ity he chose. He concluded that “X-rays could be
dangerous in the hands of unscrupulous persons,
and the profession should take steps to protect
itself” [3].
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Growth in both the range and the volume of
imaging procedures has accelerated enormously in
the last two decades. It is now commonplace for
staging computed tomography in an oncology
patient to include 60 or 70 images, whilst a complex
MR procedure may produce 200 or more images
for interpretation. Simpler examinations such as
chest radiography have been speeded up by filmless
technology, considerably increasing the through-
put of patients. The reporting radiologist is bom-
barded from all sides with increasing volumes of
more and more complex images. It is now com-
monplace for the interpretion of clinical images to
take longer than the process of acquiring them.

Guidelines published recently by professional
bodies on both sides of the Atlantic recommend
that all imaging procedures should include an
expert opinion—by way of a written report or
comment—from a radiologist [4, 5]. “Opinion”
may be defined as “a conclusion arrived at after
some weighing of evidence, but open to debate and
suggestion” [6], so by implication the expert’s
report is not expected to be incontrovertible.
Although technology has made enormous progress
in the last century, there is no evidence for similar
improvement in the performance of the human eye
and brain. Recent analyses of errors in general
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radiology [ 7] and in barium enema reporting [ 8]
show that the same errors are being made now as
in earlier decades. Moreover, every new develop-
ment, every new technique, brings with it new
opportunities for getting things wrong.

Distinguishing between error and variation

Error implies a mistake—in the context of
image reporting, an incorrect interpretation. In
order for a report to be erroneous, it follows that
a “correct” report must also be possible. Because
of the subjective nature of image interpretation,
the definition of what is erroneous then becomes
a matter of “expert opinion”. The observer makes
an error if he or she fails to reach the same
conclusion that would be reached by a group of
expert observers. Therefore, errors can only arise
in cases where the correct interpretation is not in
dispute. Degrees of error can exist, depending upon
how clearly the abnormality is shown on the
images or upon the extent, severity or size of
the lesion.

Variation between observers may be due to error
on the part of one observer, but also includes cases
in which there is a genuine difference of opinion
about the correct interpretation. A framework for
describing the relationship between degrees of
abnormality, doubt and certainty, error and vari-
ation, is shown in Figure 1. Here, the degree of
severity, size or extent of the lesion is expressed on
one axis with the probability that an abnormality
is present described along a different axis. Cases in
which major abnormalities can be recognized with
a high degree of certainty (A) could be regarded
as “easy” cases. In some cases a minor abnormality
may be shown very clearly (B), for example, a tiny
pleural effusion shown on CT, whilst in others the
observer may have difficulty in deciding whether
even a major abnormality is present (C), for
example, an impacted fracture of femoral neck, or
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may have doubt about the significance of a clearly
visible finding. Finally, there are cases in which
minor degrees of abnormality are perceived with
low levels of certainty (D) and, in practice, we tend
to blur the distinction between these two attributes.
For example, a report on a chest radiograph saying
“the heart is slightly enlarged” literally means “yes,
the heart is definitely enlarged but only to a slight
degree”. What we may intend to convey is that
“there is a possibility that the heart is enlarged but
this is by no means certain”. It is with this latter
type of case that differences of opinion must be
regarded as acceptable, since neither of two con-
flicting reports would be regarded by the “weight
of expert opinion” as being wrong. Somewhere
between the clear-cut error and the inevitable
difference of opinion is an arbitrary division defin-
ing the limit of professional acceptability. The
position of this watershed between error and
acceptable variation is defined by the performance
standards of radiologists as expressed through their
professional bodies and as interpreted by the courts
in negligence and malpractice case law.

How widespread is observer variation?

The interpretation of radiographs is particularly
accessible as a topic for studying observer vari-
ation. Unlike the physical examination of patients
and findings at endoscopy or surgery, evidence of
the examination remains available for subsequent
scrutiny. Even so, there is a substantial body of
literature covering observer variation in the taking
of histories, clinical examination, endoscopy and
the examination of pathology specimens. Within
radiology, observer performance has been assessed
in barium studies and other contrast procedures,
in angiography, ultrasound, CT, MRI and radio-
nuclide imaging. In the interests of brevity, this
paper focuses primarily on the interpretation of
the Rontgen image.

Grossly
abnormal .C " .
/% easier" A
4 ,Q':S‘ cases [ J
severe % /
[°4 /
Or
%a, /
Q
2,
(o
%,
/Qo
"more / e,
rang " O,
difficult / %‘9 Figure 1. A proposed relationship
cases 20 between severity and certainty in
) ® recognizing abnormalities. “Errors”
mild ‘ D ® occur when “easy” cases (e.g. A)
v . B . .
\ are wrongly interpreted; different
Normal Definitely readings of “difficult” cases (e.g. D)
¢ — abnormal represent acceptable “observer vari-
doubt certainty ation”. See text for more details.
1086 The British Journal of Radiology, November 1997



Review article: Error and variation in image reporting

Studies carried out 50 years ago showed that
the chest radiographs of tuberculosis suspects were
read differently by different observers in 10-20%
of cases [9]. In the 1970s it was found that most
lung cancers detected on screening radiographs
were visible in retrospect on previous films [10,
11]. 10-30% of breast cancers are thought to be
missed on screening mammograms [12, 137]. In
reviewing barium enemas it was found that the
“average observer” missed 30% of visible lesions

[14].

Causes and consequences of error and
variation

Common experience in radiology suggests that
many errors are of little or no significance to the
patient, and some significant errors remain undis-
covered. Even so, errors are undesirable and pro-
fessional audit should include error review [15,
16]. Risk management strategies aimed at reducing
errors have recently highlighted requirements for
“...development of and adherence to high stan-
dards of practice...” and “...insistence on techni-
cally satisfactory images...”, avoiding excessive
workload, ensuring the availability of previous
examinations and using a suitable viewing environ-
ment [17].

As errors which come under the most intense
scrutiny are those resulting in litigation, these cases
should provide a useful illustration of the causes
of error. In a recent review of 20 years’ experience of
medical litigation, Berlin [18] found that 70%
of legal cases arising within radiology departments
were due to alleged diagnostic errors. Berlin classi-
fied the causes of radiological “misses” as inad-
equate technique, perceptual errors, lack of
knowledge and errors of judgement [19-227.
Analysing 437 errors detected in routine radiologi-
cal practice in the 1960s, Smith [23] categorized
about half as “under-reading” and a further quarter
as failures of judgment in interpretation. In a more
recent analysis of 182 radiological errors, Renfrew
et al [7] found perceptual misses to be the most
common problem. Other causes included limi-
tations of technique, misleading or incomplete
clinical data, unavailability of previous studies or
reports, false positive errors (over-calls), misinter-
pretation of perceived findings, and misses due to
the phenomenon of “satisfaction of search” in
which subtle findings are more likely to be over-
looked if overt abnormalities are also present [ 247.
Experimental studies recording the eye movements
of radiologists searching chest radiographs for faint
nodules found that about 30% of misses were due
to incomplete scanning, 25% to failure of recog-
nition, and 45% to wrong decisions [25]. The
same group also showed that prolonged attention
to a specific area on the radiograph (“visual dwell”)
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increased both false negative and false positive
errors [26]. However, reducing the viewing time
for chest radiographs to less than 4 s also increased
the miss rate [27].

Whilst individual errors are a cause of real
concern in the care of the patients involved, a
second major consequence of observer error and
variation arises in the inappropriate assessment of
new techniques. When there are several causes of
error or variation in a system, the total error is
equal to the square root of the sum of the squares
of the component errors [28].

Errortotal = \/(errortechnique )2 + (errorobserver)2

As will be seen later, observer variation can be
very considerable, so that comparative studies
using only a single observer, or a single observer
for each of two techniques, would need to show a
very substantial difference between the two tech-
niques to outweigh the probable effect of observer
variation. Although the variability in observer per-
formance was highlighted almost half a century
ago [9], only in the last few years have studies on
the clinical validity of new methods included mul-
tiple observers in their methodology [29].

The measurement of error and variation

In order to develop strategies for improving
performance, we need to know how often errors
and differences of opinion occur in different clinical
contexts. In the simplest case, we can measure
error by posing a set of test images and counting
how often the observer calls the correct interpret-
ation. This type of experiment allows us to measure
the proportion of positive cases correctly called
(sensitivity), the proportion of negative cases cor-
rectly called (specificity), and the proportion of
correct calls in the whole sample (accuracy). The
proportion of error is then (1—accuracy).
Expressing accuracy in this way does not dis-
tinguish between false positive and false negative
calls. Even if sensitivity and specificity are used,
this approach does not allow any weighting for
the severity of individual errors and can only be
applied when there is a clear-cut positive/negative
interpretation, i.e. disease present or disease absent.
With most biological systems there is overlap or
gradation between normal and abnormal—a grey
area—and in ordinary experience we would classify
these cases as being “possibly abnormal” or per-
haps “probably abnormal”. Forcing a positive/
negative response requires an arbitrary threshold
which could differ between individual observers.
Changing this decision threshold would alter sensi-
tivity, specificity and accuracy.
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An approach was developed to overcome this
same problem in radar signal detection by allowing
graded responses—degrees of certainty—rather
than yes/no answers. Plotting the frequency of true
positive calls against false positive calls at different
levels of probability produces the receiver
operating characteristic (ROC) curve, first applied
to radiology by Lusted [30] and developed by
Swets [31], Metz [32] and others. A perfect set
of observations would produce a rectangular ROC
curve encompassing an area of “1” when plotted
in a unit square. The more accurate a set of
observations, the larger the area under the ROC
curve would be and the more it will approach
unity. The measured area under the ROC curve
(A,) is a more resilient and reproducible indicator
of accuracy than the simple sensitivities and speci-
ficities calculated from positive/negative calls,
although the ROC method is more time-consuming
and requires a degree of training in the observers.
When used to compare the relative success of
different imaging techniques both ROC and sensi-
tivity/specificity methods share a major disadvan-
tage—they test the observers as well as the
techniques. Many radiological publications, even
quite recently, have concluded erroneously that
differences in results could be attributed to differ-
ences between techniques, when the effect of
observer variation has been ignored.

A major limitation of enquiries into the effec-
tiveness of clinical diagnostic methods is the diffi-
culty in obtaining satisfactory verification of the
diagnosis. Any measurement of accuracy requires
comparison of the test method with a reference
standard and the validity of the test results is
dependent on the veracity of the reference standard.
If no independent standard is available, as is often
the case in clinical practice, the accuracy with
which a cognitive task such as film reading is
carried out might be approximated by comparison
with a reference observer who is believed to be a
“good performer”. One way of doing this is to use
the kappa statistic, described by Cohen et al [33],
which is an indicator of the degree of agreement
between two sets of observations of the same data.
Kappa is defined as x=(p,—p.)/(1—p.) where p,
is the observed level of agreement and p, is the
level of agreement attributable to chance. The level
of agreement between observations can be applied
either to a single observer interpreting the data on
two separate occasions, or to two observers.
Modifications of the kappa statistic allow weight-
ing for the magnitude or significance of individual
discrepancies [34] comparisons of multiple
observers [35] and comparisons of multiple
samples [36], but the applications and limitations
of these statistical methods still need further
exploration.
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Reproducibility or accuracy?

Broadly, the ROC curve measures accuracy
whilst kappa measures reproducibility. Clearly, an
observer cannot sustain a high level of accuracy
without being reproducible, so a low level of
reproducibility is incompatible with a high level of
accuracy. Since observer variation is largely idio-
syncratic, it follows that convergence of multiple
observers’ opinions by expert consensus should
provide a better reference standard than the use of
a single expert, and the consensus method is now
widely adopted in radiological evaluations.
However, reproducible results are not necessarily
accurate—all observers could agree on a finding
and all of them could be wrong.

Factors influencing the magnitude of
observer variation

In trying to understand the cause of error and
variation we may enquire to what extent variations
are intrinsic to individual observers, and to what
extent they are determined by the nature of the
task being performed. We could also ask how each
of the potential causes of error: faulty technique,
faulty perception, faulty knowledge and faulty
judgment, impacts on the performance of various
types of task. In scientific studies we would expect
to use standard techniques and ensure that the
observers had an adequate level of knowledge at
the outset, unless these particular aspects were
being tested. In studies using “expert observers” it
is implicit that perception and judgment are the
elements being tested. The tasks used in studies
comparing observer variation in radiology gener-
ally fall into one of three categories: measurement,
scoring or grading, and diagnosis.

Examples of measurement tasks include the deri-
vation of Cobb angles in scoliosis [37-39] and
measuring anatomical angles across joints
[40—447]. With this type of task the technique for
acquiring the radiographs is standard, the land-
marks are clearly visible, and the method of
measurement is well defined. The differences
between observers should therefore be small
However, subtle changes may be less reproducibly
measured than severe changes; Goldberg et al [45]
found “excellent” agreement between observers
evaluating primary Cobb angles in scoliosis, but
much less agreement in measuring secondary Cobb
angles because “...small angles (<20 degrees) were
often not noticed.” Furthermore, faulty technique
in acquiring the images may undermine the validity
of measurements which appear to be precise and
reproducible. The measurement of varus angle at
the knee in patients with bow-legs can be per-
formed with precision, but changing the degree of
rotation of the femur when the radiographs are
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obtained produces differences which may be much
greater than the measurement error [46]. The
acetabular index, an indicator for hip dysplasia,
was found to vary considerably if the degree of
flexion/extension of the hip was not carefully repro-
duced at each successive examination [47] and
may not be reliable as a single radiological
measurement [487]. Nevertheless, many studies of
this type of task show that the measurement error
between different observers is fairly small and
resistant to technical variables, for example, Robb
et al [49] found the acetabular “tear drop” to be
clearly visible on 93/100 routine pelvic radiographs,
and were easily able to recognize coronal or sagittal
tilt of 5° or more. Where intraobserver variation
has also been measured, it is invariably less than
the variation between observers, although this
difference may not reach statistical significance if
the measurement error itself is small.

The second type of task typically combines
judgments on individual image features with
numerical weighting, aimed at reducing oppor-
tunities for error. Examples include classifying frac-
tures [ 50-537, grading the severity of a condition
or a disease [40, 547, scoring or ranking studies
[55, 56] and identifying the presence or severity
of a condition by adding together points for differ-
ent image features [ 57-617. Conclusions from such
studies vary enormously. Nance et al [60] found
“...highly consistent and reproducible results...”
between observers scoring the features of rheuma-
toid arthritis on hand radiographs. The recognition
of specific features of bronchiolitis on chest radio-
graphs showed “acceptable” agreement between
observers in a study by Coblenz et al [61].
Thomsen et al [53] found “acceptable” levels of
agreement for the overall classification of ankle
fractures by four observers, but agreement was
“poor” for staging of supination/adduction and
supination/eversion. Herrs-Neilsen et al [62],
using a scoring system for osteoporosis, found
“satisfactory” interobserver agreement in diagnos-
ing wedge compression fractures, but poor repro-
ducibility for endplate infractions. Several studies
found low levels of agreement between observers
in the classification of fractures of the femoral neck
or proximal humerus [50-52, 637 with one of
them concluding that “neither...classification is
sufficiently reproducible to allow meaningful com-
parison of different studies” [527]. In classifying
the shape of the acromion, Haygood et al [64]
found only moderate interobserver agreement for
radiographs and poor agreement for MR images,
questioning the value of the previous system of
interpretation.  Testing  previously  reported
methods for determining the presence of loosening
in hip prostheses, McCaskie et al [65] concluded
that “...these methods cannot provide reliable
data.” Typical findings from this type of study
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show greater observer variation than with
measurement studies, but again the variation
within the same observer is less than that between
different observers.

The third type of task requires the observer to
diagnose the presence or absence of a condition
without explicitly quantifying the individual fea-
tures in the image which lead to the diagnos-
tic conclusion—a “pattern recognition” task.
Examples include the diagnosis of pneumonia
[66], loosening of hip prostheses [ 67], osteopenia
[68], spondylitis [69], and sacroiliitis [70, 71].
Not surprisingly, this type of study produces much
more observer variation than studies of measure-
ment reproducibility. Sargeant et al [58] found
that in only seven out of 60 cases of subsequently
confirmed intussusception was the diagnosis cor-
rectly made on abdominal radiographs by all of
three observers. Shaw et al [ 72] found that three
observers agreed on the interpretation of chest
radiographs in children with malignant disease in
only 29% of cases. Harris lines are widely used to
establish the chronology of stress incidents during
growth, but Macchiarelli et al [73] found poor
interobserver reproducibility for both radiographs
and pathological sections. Observer variation is
much greater with some image features than with
others, and with some diagnoses than with others.
Assessing the loosening of hip prostheses, observers
agreed about the femoral component much more
often than about the acetabular component [67].
In chest radiographs of patients with suspected
aortic injury, observers agreed more often on the
presence of mediastinal widening and obscuration
of the aortic knuckle than on the presence of
several other signs [57]. Reviewing plain abdomi-
nal films, Markus et al [ 74] found some features
to be unreliable whilst others were consistently
reported. Also, it appears that observers agree
more often in “easy” cases—advanced disease or
gross classifications—than in “difficult” cases. In a
multiobserver comparison between dual energy
X-ray absorptiometry (DXA) and lumbar spine
radiography, agreement was much better in cases
of severe osteopenia confirmed by DXA than in
mild cases [68]. Reviewing chest radiographs in
pneumonoconiosis, Maranelli et al [ 757 found that
the worst levels of observer agreement were associ-
ated with the most subtle cases. In a forensic dental
study [76] 17 observers were asked to match up
31 pairs of dental radiographs and to describe each
case as easy, moderate or difficult. Most of the
errors were made on “difficult” cases. In the tibia
vara study mentioned above [40], the level of
agreement between observers was best for early
and late stages and worst for intermediate stages
of disease. Studies of lung scintigraphy for pulmon-
ary embolism similarly show better levels of agree-
ment for clear-cut high probability or normal cases
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than for the intermediate or indeterminate categor-
ies. In these latter examples it is not the subtlety
of disease which provides the difficulty but the
arbitrary nature of the discrimination between
different intermediate categories.

Review of these studies suggests two broad con-
clusions—firstly, that the variation between
observers is always greater than the variation
within a single individual’s performances; and sec-
ondly, that the frequency of errors and the magni-
tude of observer variation both increase in
proportion to the “difficulty” of the task. But what
constitutes a “difficult” call? In some cases it is
distinguishing between the normal range and early
stages of disease—the borderlines of normality—
whilst in other cases the presence of abnormality
is not in doubt but criteria for indicating the
severity or significance of the findings are highly
subjective, and the reproducibility of judgment
calls is poor. It now becomes clear that there is
some circular logic here—the “easy” cases may be
defined as those we usually agree on, whilst the
“difficult” cases, by definition, are those in which
expert opinion is divided.

Even when reproducible interpretations are
obtained, they may have little relevance to clinical
or pathological evidence of disease. Hand radio-
graphs in rheumatoid arthritis were found to show
highly reproducible abnormalities, but the findings
were unrelated to clinical indicators of disease
activity [ 77]. Reviewing radiographs of the sacro-
iliac joints, Rothschild et al [71] found a high
level of false positives and concluded that “..
radiological techniques therefore have major limi-
tations for the assessment of sacro-iliac disease...”
Yao et al [78] found that even when there was
agreement between observers in assessment of
acromial shape, there was no correlation with the
presence of impingement.

A final point is revealed by the language used
to discuss findings and present conclusions. Studies
which use pre-determined criteria for interpretation
by different observers test both the methods and
the observers. Where results are unsatisfactory it
is typical for the authors to conclude that the
methods are inadequate, rather than that there is
anything wrong with the observers. This raises the
question of the importance of training and
experience.

The influence of training and experience

Most studies comparing the performance of
different groups of observers have concluded that
inexperienced or untrained observers are less
successful in interpreting radiographs than are
experienced radiologists. Such studies include
comparisons of accident and emergency (A/E)
doctors’ readings of bone [ 79, 80] and abdominal
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radiographs [81], chest radiograph readings by
various groups of physicians and medical students
[54, 66], readings of A/E radiographs by non-
medical observers [82, 83] and the radiographic
identification of unknown human remains [847].
However, when the interpretations of radiologists
have been compared with those of physicians or
surgeons who were experienced in the context of
the cases being examined, they have found little
difference in performance. Clinical haematologists
performed as well as radiologists in reading spine
films of myeloma patients [85] and orthopaedic
surgeons and radiologists produced concordant
reports in trauma patients [ 86].

All these clinical studies share the limitation that
there is no incontrovertible verification of the true
reading of each case—mno gold standard. Since
training in medical specialties is largely a matter
of aiming to achieve a level of performance indis-
tinguishable from that of recognized experts in the
field, convergence is inevitable. Improved repro-
ducibility might indicate improved accuracy, but
could also be explained by a convergence of the
individual readings without a true improvement in
accuracy. Throughout the history of medicine, new
discoveries have usually been met by concerted
hostility from established experts, and it is likely
that at least some of our radiological teaching is
based on illogical and ill-conceived judgments aris-
ing from inadequate knowledge. In the absence of
conclusive proof of the presence or absence of
disease in most of our test situations, the extent to
which improved reproducibility simply means that
we all make the same mistakes, rather than making
different ones, remains uncertain.

Some light is cast on this question by studies in
which nodules were artificially superimposed on
normal chest radiographs, so that the “truth” was
not in doubt, and by studies in which radiographs
were interpreted either with or without the patients’
clinical data. Reassuringly, the task of correctly
determining the presence or absence of faint super-
imposed nodules on chest radiographs, mimicking
the detection of early lung cancer, was performed
more accurately by experienced radiologists than
by trainees [87]. The availability of clinical data
is generally regarded as being helpful in the
interpretation of radiographs. Several authors have
demonstrated improved performance when rel-
evant clinical data were available to the reader
[88-90] although others have argued that clinical
details are unhelpful in lesion detection [91, 927.
The question of whether clinical clues help or
hinder searches for specific abnormalities remains
contentious. Some experimental evidence indicates
that unguided search produces better results than
guided search [93, 94], but these studies revolve
around small differences in observer performance
in the detection of very subtle lesions, tasks which
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may by our previous definition be described as
“difficult”, so it may be inappropriate to apply
their findings to routine clinical radiology. In
another recent study [95], five experienced radiol-
ogists reviewed a sample of radiographs in which
the diagnosis was “known”, first without and then
with the relevant clinical data. Availability of clini-
cal data did not significantly improve accuracy but
led to a substantial reduction in interobserver
variation. When clinical data were available, the
observers all tended to make errors on the same
cases, rather than making different errors. This
“distracting” effect of clinical data may be related
to the phenomenon of “satisfaction of search”
referred to earlier. The threshhold for detecting a
specific abnormality is lowered by a prior suspicion
of its likelihood, whilst the threshhold for detecting
an unexpected lesion is raised, once another abnor-
mality has been seen. In routine practice, we need
clinical data to ensure firstly that the most appro-
priate procedure is carried out, and secondly to
avoid spending time and effort searching for find-
ings which would be irrelevant in the clinical
context. These requirements heavily outweigh any
potential advantage of ecliminating bias in the
observer by withholding relevant clinical data.

Circumstantial evidence that improved repro-
ducibility includes at least an element of increased
accuracy can be gained by scrutinizing the vari-
ation between inexpert observers. In one recent
study, the variation between observers who were
critical care physicians or anaesthetists was much
greater than that between radiologists looking at
the same chest radiographs [54]. In detecting
fibrosing alveolitis on CT, inexperienced readers
showed greater intraobserver variation than did
experienced observers [96]. Whilst improved
reproducibility does not necessarily equate to
improved accuracy, low levels of reproducibility
could not be associated with high levels of
accuracy.

What then are the attributes of the expert
observer which are learned through training and
experience? Firstly, experimental data suggest that
perception can be improved by disciplined stra-
tegies of visual search [97]. A second major
element of learned experience is the ability to
recognize new cases based on memories of previous
experience. This is not just the gestalt phenomenon
of recalling identical appearances, as in the recog-
nition of faces, but also includes elements of analy-
sis and synthesis so that visual features of similarity
in images can be detected [98]. A third factor is
the acquisition of new knowledge and the execution
of those mental processes which make new knowl-
edge available for recall in appropriate circum-
stances, so that the observer can approach new
images with at least some knowledge of conditions
which he or she has never seen before. The final
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and perhaps most critical element of “learned
expertise” is the ability of the observer to under-
stand the context of the diagnostic examination—
to know what to look for in the images, and
why [99].

Assistance from computers

The ubiquitous microchip is available to help
us in almost everything we do. In the current
context two questions arise—can computer acqui-
sition or processing of the radiographic image
contribute to improving the performance of the
human observer, and can we expect computers to
replace human observers in the analysis of image
data?

Digital acquisition and/or display

Since the introduction of digital technology for
acquiring X-ray images, conventional film has been
superseded by digital hard copy images first in
angiography, then in fluoroscopy, and most
recently in “plain film” radiography. The take-up
of digital acquisition technology is now delayed
more by financial and cultural obstacles than by
limitations of its performance. Numerous studies
compared the detection of specific features and
overall “image quality” of digitally acquired versus
conventional analogue radiographs, while others
have compared hard copy reporting with reading
of “soft copy” images displayed on monitor screens.
The typical findings were that low contrast struc-
tures are better seen on digital image presentations
whereas fine structural detail, exemplified by the
early changes of interstitial lung disease on chest
radiographs, is better seen on conventional radio-
graphs [ 100—104]. However, most of these studies
used single groups of observers and are limited in
that the training and experience of the radiologists
used as observers was largely derived from ana-
logue films, whereas the experiment tests both the
digital technology and the observers’ ability. In
one of the few studies using multiple groups of
observers, Kido et al [ 104] found that the differ-
ence between conventional chest radiographs and
storage phosphor images was insignificant when
the performance of a mixed group of experienced
and inexperienced observers was considered. Sub-
dividing their observers, it became clear that the
experienced radiologists performed better with the
analogue films whereas the trainees’ performance
was the same with both types of image—the differ-
ence between the observers was greater than the
difference between the technologies. This factor
was emphasized in another recent study in which
observers’ performance in viewing conventional
radiographic images or light microscopy appear-
ances was strongly correlated with years of
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experience, whereas when digital displays of the
same data were viewed by the same observers,
performance was negatively correlated with experi-
ence [105], i.e. the inexperienced observers were
better than the experts when the data were pre-
sented in an unfamiliar format. In some cases,
therefore, digital acquisition of the radiographic
image produces increased accuracy of detection, in
some cases reduced accuracy, and in other cases
no significant difference [106]. From first prin-
ciples it seems unlikely that the introduction of
digital radiography and soft copy displays for
reporting will have much effect on the underlying
causes of error which were described above. The
obvious exception—that errors arising from incor-
rect exposure of radiographs will be much less
likely with digital technology—is counterbalanced
by the new opportunity for technical error which
is inherent in the new methods.

Image enhancement and computer-assisted
image analysis

Post-processing of digitized radiographs or digi-
tally acquired image data offers some intriguing
possibilities. Some early techniques focused on
improving fine structural detail by spatial filtration
for edge enhancement (e.g. unsharp masking) whilst
others aimed at improving the visibility of low
contrast objects by varying the available grey levels
according to the degree of exposure in different
areas of the image (e.g. histogram equalization).
These methods often improved sensitivity at the
expense of increased false positives. More recently,
methods for direct analysis of image data by com-
puters programmed to search for specific features,
for example, microcalcifications in mammograms
and nodular or interstitial densities on chest radio-
graphs, have compared the performance of radiol-
ogists interpreting the images with and without
computer assistance. Using ROC analysis, Chan
et al [107] found a significant improvement in the
accuracy of the observers’ performance when com-
puter analysis was available, whilst Kegelmeyer
et al, using computer-assisted diagnosis (CAD) for
detection of spiculated breast lesions, found an
improvement in sensitivity with no loss in speci-
ficity [108]. Similar improvements have been
found when radiologists interpreted chest images
with CAD-generated analyses for detecting consoli-
dation, nodules, or interstitial disease [ 109—111].
Using a variety of “rubber sheet warping” to create
accurate registration of sequential chest radio-
graphs, Defazio et al have recently shown that
temporal subtraction produced a very significant
improvement in the detectability of small or ill
defined areas of consolidation [112].
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Direct computer analysis of images

Clinical studies have so far concentrated on the
analysis of image features which can be readily
defined. Examples include measurement of the area
of the hip joint space [ 113], metacarpal morpho-
metry automated on digital images [114], bone
age estimation from hand and wrist radiographs
[115], and the diagnosis of hyperparathyroidism
by detection of sub-periosteal erosions in hand
radiographs [ 116]. Not surprisingly, all these stud-
ies confirm that automation of the decision making
reduces the scope for variation until, with a totally
automatic method, variation 1is abolished.
Although absence of variation does not necessarily
mean absence of error, and a limitation of these
studies is that the reference standard for accuracy
was derived from a group of expert observers,
differences between the expert consensus and the
computer analysis results were so small as to be
probably insignificant.

Artificial intelligence

Perhaps the most exciting area of development
is the application of artificial intelligence (Al) to
the task of image interpretation. Various types of
computer-based decision support are undergoing
development [ 117]. Heuristic expert systems using
rule-based reasoning are likely to be useful in
guiding the appropriate selection of procedures
but will probably have only a limited application
in image interpretation. Bayesian networks offer a
powerful way of representing knowledge about
conditional probabilities and their interrelation-
ships in complex clinical situations. Human per-
formance in the assessment of conditional
probabilities is known to be rather weak, so
Bayesian systems may be most useful in this area,
for example determining the relative likelihood of
several possible causes of a solitary bone lesion.
Case-based reasoning is a complex form of pattern
recognition in which the knowledge base is made
up of previous cases analysed in detail; this looks
like a promising avenue for CAD with complex
clinical problems but applications are, as yet, still
in their infancy.

The most successful area at present is the use of
artificial neural networks (ANNSs). Unlike other
CAD architectures, neural networks make up their
own rules. Training of an ANN is typically by the
direct input of image data from cases with estab-
lished diagnoses. The subsequent processing of new
(undiagnosed) cases by the ANN is driven by
hidden layers of network elements (“neurons”) and
one of the disadvantages of ANNs is that the
“thought processes” are covert—the explanation
for a particular output decision cannot be traced.
However ANNs have been shown to be effective
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in the interpretation of chest radiographs in neo-
nates [ 118] and in discriminating between benign
and malignant lung nodules [119]. In dis-
tinguishing benign from malignant breast lesions
an ANN has been found to out-perform expert
radiologists by improving specificity whilst main-
taining 100% sensitivity [120, 121]. At the time
of writing, ANNSs for the detection and differential
diagnosis of bone lesions have been less successful
but still sufficiently encouraging to promote further
development.

Reducing observer error—the way forward

As we enter the second century of diagnostic
radiology, it is clear that the weakest link in the
chain of events which represents clinical imaging
is the performance of the observer. A strategy for
reducing observer error requires optimization of
perception and of interpretation.

Viewing conditions

An understanding of human visual responses
[122] suggests appropriate requirements for the
physical environment of the reporting area, includ-
ing luminosity of monitor screens or viewing boxes,
ambient lighting levels, and varying viewing dis-
tances for detecting image features of different sizes
and contrast. Testing of radiologists’ visual acuity
has been suggested [123], although it would be
important to test perception of low contrast objects
as well as the usual test of spatial resolution at
high contrast.

Training

Many of the studies comparing the performance
of observers who have different levels of experience
actually rely on “expert consensus” as the final
gold standard. It is therefore difficult to disentangle
reproducibility from accuracy—what we may be
seeing is convergence of observers rather than
reduction in error. However, tests using simulated
lesions have also shown improvement with experi-
ence, and the observation that reproducibility is
worse in untrained observers also supports the
idea that training is worthwhile. Because even
expert observers show a wide variation in perform-
ance, an acceptable level of performance can be
reached after only a moderate amount of training,
even for observers with a non-medical background
[124-1267]. This applies only to perception and
fairly simple categorization tasks—the more com-
plex cognitive elements of reporting have not yet
been studied in the same way.
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Clinical data and previous films

Although experimental evidence suggests that
the perception of low contrast objects is more
accurately achieved by free search (i.e. with no
prior clues as to the site and nature of the suspected
lesion) rather than by directed search, the weight
of evidence from clinical studies suggests that the
availability of relevant clinical information is over-
whelmingly more important. There is also good
evidence that the availability of previous films (not
just previous reports) improves diagnostic accu-
racy [127].

Dual reading

In the situation of screening for low-contrast
objects, for example, early breast cancer on mam-
mograms and early lung cancer on chest radio-
graphs, error rates have varied between 10 and
50%. If these misses were truly random for each
observer, dual reading should reduce the pro-
portion of misses from 1/FN to 1/FN? where FN
is the percentage of false negative calls for each
observer. Results obtained in practice largely bear
this out. Dual reading of mammograms increases
the number of lesions found by about 10-15%
[ 128—1307] whilst dual reading of chest radiographs
was shown long ago to improve substantially the
pick-up rate of pulmonary tuberculosis [ 131-133].
Dual reading of barium enemas also reduces per-
ception errors [14, 134]. In a study of CT in
lymphoma dual reading was found to have a
greater impact on staging of disease than the use
of contiguous rather than interval slices [135].
Evidence from screening mammography suggests
that dual reading is also cost-effective [136].
Medical tradition accepts the “second opinion” as
a useful resource in difficult cases, but what remains
to be decided is the value of a second opinion in
those cases which are not thought to be difficult.
When considering the diagnostic efficacy of new
techniques, future studies should include multiple
observers in order to show how the costs and
benefits of new technologies compare with the
costs and benefits of dual or multiple observers. It
may be more effective and cheaper to employ extra
observers than to buy new technology.

Standardization

It would be an exceptional radiologist who
could produce accurate bone age estimates without
the use of a reference atlas, and using similar sets
of reference images might reduce interobserver and
intraobserver variation in other contexts, for
example osteoarthritis of the knee [ 137]. Similarly,
structured terminology such as the BI-RADS
system for mammography reporting [ 1387, allows
easier comparison of complex reports and offers
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an avenue towards eventual mechanization. So far,
studies comparing the content of radiology reports
have focused on specific descriptive and diagnostic
elements. Nuances of probability, uncertainty,
emphasis, significance and correlation with clinical
data are more difficult to define. Attempts to
capture the full richness of the information content
of radiology reports in terms of symbolism, semi-
otics and semantics are still in their infancy [ 139].
Artificial intelligence techniques offer several poss-
ible routes for exploration.

Image processing and computer-assisted
diagnosis

Post-processing techniques such as unsharp
masking and histogram equalization may improve
the conspicuity of subtle lesions but are unlikely
to improve the performance of observers trained
on conventional analogue images. The new gener-
ation of radiologists, trained with digital images,
is more likely to benefit from computer assistance.
More sophisticated CAD using search algorithms
for specified image features have already been
shown to improve accuracy of interpretation and
the combination of human observer with computer
assistance seems to be additive. The intelligent
work station of the future will offer to the observer
not only digital images with the capability of
enhancing those features thought to be relevant to
the clinical problem, but will also pre-process the
images to offer diagnostic suggestions and will
make available such reference data (other images
of similar conditions, text descriptions, references
etc.) as will help the observer to reach an accurate
interpretation [ 140, 1417].

Eliminating the observer

As pointed out by Jaffe [142] the observer
contributes to radiographic interpretation only in
those areas where the physical attributes of image
abnormalities are not definable. Where the physical
properties have been identified clearly enough to
allow reliable detection and distinction from
normal structures, the observer could be elimin-
ated. Automated feature detection, combined with
neural networks for decision making, can already
improve on the performance of single human
observers in breast cancer detection [120, 121,
143]. Further developments of these and similar
approaches will surely replace human observers in
some interpretive tasks. However, many radiologi-
cal procedures produce complex images, and
human perception is surprisingly adept at detecting
low level signals in a noisy background. The inte-
gration of multiple image features, comparison
with banks of similar images stored in memory,
evaluation of interrelationships within the image

1094

P J A Robinson

data and with associated clinical data, and the
other cognitive aspects of image interpretation are
tasks at which AI devices have so far been less
successful. Radiologists will not be replaced in the
next decade or two, but could help themselves by
contributing to the development of CAD and Al
systems for assisting and improving their
performance.
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