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Abstract

The aim in radiology is to obtain images which are adequate for the clinical purpose with the minimum radiation
dose to the patient. If optimum performance is to be achieved, assessments of image quality must be made to
balance against patient dose. The subjective nature of image interpretation makes an objective approach to such
assessment difficult. Methods widely applied involve the use of test objects, which although providing a measure of
imaging performance may be difficult to link to clinical image formation. The ideal method for evaluation of
imaging techniques is through clinical trials and this should be used to address major questions. Scoring of quality
criteria, relating to features observed in a normal clinical radiograph, provides a simple method through which
image quality can be assessed in every hospital department. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

Medical images should provide sufficient infor-
mation to allow clinicians to make medical decisions
with a reasonable degree of certainty. Better quality
images can be obtained in many cases by use of tech-
niques which give higher radiation doses to patients
(Martin et al., 1998). Thus in choosing the level of
image quality required, the potential risk from loss of
diagnostic information from application of a lower
dose technique must be weighed against the increased
risk that would result from use of a higher radiation
exposure. The availability of digital technology offers
new opportunities for flexibility in diagnostic imaging.
Images can be obtained with significantly lower radi-
ation doses (Marshall et al., 1994; Wade et al., 1995),
but considerable care must be taken to ensure that
such techniques provide all the clinical data that is
required.

It is not possible to monitor accurately all the subtle
differences in an X-ray examination, which contribute

* To whom all correspondence should be addressed.

to a diagnosis. Thus in order to achieve the correct
balance between image quality and radiation dose,
techniques for evaluating image quality should be set
up and links established between results of these tests
and clinical performance. Assessments of image quality
are particularly important if the best use is to be made
of digital systems. Minimum imaging standards should
be developed against which comparisons can be made
to determine whether equipment performance is ade-
quate for different types of examination. There is a
wide variety of approaches to the assessment of image
quality and this article reviews some of those available.
These include techniques which might be used by
equipment evaluation laboratories, equipment manu-
facturers, hospital physicists, radiologists and radiogra-
phers.

2. Adequate image quality for diagnosis

The aim in optimising image quality is to provide an
image which is adequate for the clinical task with the
minimum radiation dose to the patient. But before a
realistic assessment of image quality can be made, the

0969-8043/98/$19.00 © 1998 Elsevier Science Ltd. All rights reserved.

PII: S0969-8043(98)00022-0

www.manaraa.com



22 C.J. Martin et al. | Applied Radiation and Isotopes 50 (1999) 21-38

requirements need to be defined. It is whether the clini-
cal information required is contained in the image and
can be interpreted by the observer that is important,
rather than whether the appearance of the image is
pleasing to the eye. The ideal set of parameters
describing image quality should give a measure of the
effectiveness with which an image can be used for its
intended purpose, namely answering the clinical ques-
tions posed. They should therefore relate to the ability
of the image to demonstrate disecase and to delineate
anatomical structures which are relevant to detection,
differential diagnosis and localisation. The image qual-
ity requirements vary for different types of examin-
ation or even different tasks within single
examinations. A low dose option on a fluoroscopic
unit will provide a level of image quality which may be
entirely satisfactory for some procedures such as bar-
ium meals, but unacceptable for others such as angio-
graphy. Categories of image quality and radiation dose
standards therefore need to be established, which are
representative of the requirements for different groups
of clinical applications. These should provide standards
which can be used to judge whether the performance
of imaging equipment is adequate for particular tasks.
Where there is a trade-off between patient dose and
image quality, it is necessary for both quantities to be
measured. Methods for measurement of patient dose
are comparatively well established (IPSM, 1992;
Faulkner et al., 1998). Assessment of image quality is
less straight forward. Image quality is affected by resol-
ution, sensitivity and statistical noise. Techniques for
measuring image quality can be divided into those
evaluating images of test objects and those assessing
clinical images. Image quality measures derived from
the former can be quantified by direct observation.
Such evaluations play an essential role in quality assur-
ance programmes because of their simplicity. A major
limitation of these techniques is their reliance upon
subjective assessment of the image. The observer is
making a subjective interpretation of the image, which
depends on the ability to identify features relevant to
clinical diagnosis (signal) from amid a background of
other features and image noise. Image quality can be
assessed analytically in terms of signal to noise ratios
for different spatial frequencies, which should relate to
the ease with which structures of different sizes can be
picked out from amid background noise and these
methods may be applied to give a more objective
assessment of imaging performance (ICRU, 1996).
Measurements using test objects alone describe the
behaviour of an imaging system under specific con-
ditions, but it is often difficult to link these directly to
clinical performance. Imaging of a patient can be simu-
lated by incorporating a test object in a tissue equival-
ent phantom, but assessments of clinical images should
also be performed to ensure their adequacy for diagno-

sis. A full evaluation of image performance can be
obtained from trials to determine clinical outcomes of
cases examined, but such lengthy procedures can only
be employed to answer major imaging questions, they
are impractical for day to day use. Moreover, the pace
of change in technology means that new developments
become available before trials on older systems are
complete. Diagnostic performance criteria referring to
visualisation of anatomical features in normal individ-
uals are being established for quick assessments of
clinical images (CEC, 1996a). The techniques that are
available for evaluating images of test objects and for
assessing clinical images are summarised in Table 1.
Methods using test objects placed at the image recep-
tor evaluate performance under ideal conditions, and
are not affected by factors such as radiation quality
and scattered radiation, while those employing a phan-
tom or clinical image reflect performance in clinical
use. Although most techniques will provide a quanti-
tative assessment, most rely on a subjective interpret-
ation of images by observers. The different approaches
all have roles to play in the development of optimal
image display techniques, in routine monitoring of per-
formance and in judging whether image quality is ade-
quate for particular applications. Measurement of
image quality, the range of techniques that are avail-
able and the role of each in the overall scheme will be
reviewed in the following sections.

3. Use of test objects for assessment of imaging devices
3.1. Measurements of image receptor performance

Measurements of image quality are performed routi-
nely with test objects placed as close as possible to the
image receptor, i.e. the image intensifier face or the
film cassette (IPEM, 1995, 1996). The techniques
attempt to measure the threshold strength at which a
signal can be seen in an image. An assessment of resol-
ution can be obtained from a line pair test object con-
taining groups of metal strips with a variety of widths
and spacings (Fig. 1(d)) and a measure of threshold
contrast from an array of discs of varying contrast
(Fig. 1(b)). The “contrast detail diagram” (Fig. 2) is a
plot of the minimum detectable contrast for an image
feature as a function of its diameter. Such diagrams
have usually been measured with test patterns such as
the “Rose—Burger” phantom (Burger, 1949, 1950;
Rose, 1948, 1973) and the FAXIL test objects (Hay et
al., 1985), in which simple signals, such as squares or
circles, are present in regular arrays of different sizes
with contrast varying regularly in one direction
(Fig. 1(a)). The observer must indicate the lowest con-
trast signal of each size that is visible.
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b

Fig. 1. Diagrams showing the form of FAXIL test objects used for (a) contrast detail and (b) threshold contrast for fluoroscopic
units, where all groups of discs of similar size have different contrast levels. (c) An image of the TOR CDR object for film/screen
radiography, shown as an inverted image to allow discs of different contrast to be reproduced. (d) the Huttner line pair test object
and (e) a line pair test object with groups of lines of different spacing, suitable for use in determinations of MTF.

These tests provide information on imaging capa-
bility at different doses or dose rates through visual
assessment. They do not provide information on the
performance of the system for different radiation qual-
ities or amounts of scattered radiation relating to clini-
cal use, although the system sensitivity may vary with
radiation quality. Imaging performance can be com-
pared with levels set down in standards documents
(IPEM, 1997), allowing poor performance of an inten-

sifier system to be identified. Similar methods can be
used to optimise particular aspects of an imaging sys-
tem, such as the photon fluence (optical density on the
film) required for image perception (Robson et al.,
1995), or compare images recorded by different hard
copy techniques (Fig. 2(a)). In this example, the film/
screen system performs considerably better than the
100 mm camera film, but optimisation of viewing con-
ditions by masking off the illumination in the area sur-
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Fig. 2. Contrast detail plots showing differences in detection
limits for: (a) images of a FAXIL TOI10 test object taken
under identical conditions on the same X-ray unit, recorded
with a film/screen system (o), a 100 mm camera (/) viewed
directly on a light box, and with the same 100 mm film sur-
rounded by a mask to limit stray illumination and viewed
with the aid of a magnifier (O): (b) an image of the TOI10 test
object incorporated into a 100 mm thick perspex phantom to
simulate a paediatric examination carried out with (e) and
without (O) a grid. Results represent averaged scores for sev-
eral individuals viewing the films under the same conditions.

rounding the 100 mm film and using a magnifier to
examine the image can enhance performance consider-
ably. This demonstrates the importance of standardis-
ing viewing conditions for comparisons in quality of
different images. The tests rely on a subjective assess-
ment by an observer of whether or not they can detect
an object. Since such decisions are affected by both the
local conditions and the observer, it is not possible to
use the method to make objective comparisons
between different fluoroscopic units or make accurate
comparisons of equipment performance in different
hospitals. Nevertheless, because of the relatively simple

nature of the tests, they fulfil an essential role in tasks
such as monitoring of image intensifier performance.
For film/screen systems the device output, optical
density, is not a linear function of exposure, so the
characteristic curve, which relates optical density to ex-
posure (Fig. 3), is an important factor determining
imaging performance. This can be determined by
exposing the system under test to a range of doses and
plotting the variation in density against exposure on a
log scale (IPEM, 1996; Hjardemaal and Westergaard,
1992; Warren-Forward, 1995). Important constituents
of the test are use of a phantom to simulate modifi-
cation to the X-ray spectrum by the patient and
measurement of the film exposure by an appropriately
placed ionisation chamber. Parameters defining the
performance of a film/screen system can be determined
from the characteristic curve in terms of doses required
to give various densities above the base plus fog level
(IPEM, 1996). These are the sensitivity or speed, which
is the reciprocal of the incident dose to air at the film
expressed in mGy to give a density of 1.0, the contrast,
which is often expressed in terms of the film gamma
defined as the average gradient of the curve between
densities of 1.0 and 2.0, and the latitude, which gives
the range of exposures that can be accommodated
within the normal working density range (0.25-2.0).

3.2. Tests of performance of the whole imaging system

Choice of higher values for tube potential for radio-
graphic or fluoroscopic examinations can often reduce
radiation dose to the patient. Test objects which
employ metal discs and bars to give contrasting objects
cannot be used on their own to assess the impact of
changes in radiation quality on clinical images, since
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Fig. 3. Characteristic curve of optical density (with base + fog
level subtracted) plotted against logarithm of relative exposure
for a conventional film/screen system.
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attenuation in metals varies with photon energy in a
different manner from that in tissue. Moreover, such
test objects will not produce significant amounts of
scattered radiation, so do not provide information on
relative merits of different methods for scatter removal.
Phantoms for simulating changes in image quality in
clinical examinations should reproduce changes in the
quality of the X-ray beam and scattered radiation
which occur after it has passed through a standard
patient. Assessments have been carried out in which
image quality test objects have been combined with
uniform attenuating phantoms (ANSI, 1982, Conway
et al., 1984, Conway et al., 1990). These phantoms,
which are made from plane sheets of perspex and
metal, are designed so that the emergent X-ray spectra
are similar to those for the body regions they rep-
resent. Studies have been carried out with phantoms
incorporating contrast detail test objects (Geleijns et
al., 1993) and the Leeds TOR(CDR) contrast and res-
olution test object (Fig. 1(c)) (Llorca et al., 1993;
Guibelalde et al., 1994; Vano et al., 1995, Almen et al.,
1996) to assess radiographic image quality, and incor-
porating the Huttner line pair test object (Fig. 1(d)) to
assess fluoroscopic and fluorographic systems (Cooney
et al., 1995, Nicholson et al., 1995). Both high and low
scatter conditions can be simulated by placing the test
object nearer to the X-ray tube or the image receptor
and results presented in a similar form to those for test
objects used on their own (Fig. 2(b)). The sizes of
details in the test object are given on the x-axis in
Fig. 2(b), but because the object is some distance in
front of the film, the image is magnified. The phan-
toms approximate clinical conditions and good corre-
lation has been observed between such results and
ones based on assessments of clinical images (Vano et
al., 1995). The phantoms can therefore be used to com-
pare image quality provided by exposure factors
selected by different automatic exposure rate control
(AERC) options on fluoroscopic equipment.

4. Objective assessment of imaging systems

A more detailed and objective portrayal of the ima-
ging capability of a device can be obtained from a
number of physical parameters. Three broad types of
parameters have been identified in ICRU (1996).

4.1. The large area (macro) system transfer factor, K

This measures the relationship between the input to
the imaging device, X-ray quanta, and the output
image, e.g. optical density. For some devices, such as
X-ray intensifier tubes, the device output, brightness, is
linearly related to the input exposure, the constant of
linearity being known as the large-area transfer factor.

In other cases, in particular photographic imaging, the
detector is non-linear, the large area transfer factor
will then be a function of exposure (Fig. 3). In such
non-linear systems it is preferable to work in terms of
a relative, rather than absolute, scale for both exposure
and image brightness and the large scale transfer func-
tion is then expressed in terms of the film’s gamma.

4.2. Measures of spatial resolution

When considering the response of the imaging sys-
tem to small features it is necessary to use the detail
system response function. This describes the blurring
and displacement of the input signals by the imaging
system before they form the output. Generally the ima-
ging system is treated as if it is a linear, shift invariant
system. The system’s response can then be measured in
terms of its point, line or edge spread function and the
corresponding frequency space representation, the
modulation transfer function (MTF), (Fig. 4). A dis-
cussion of the measurement of MTF in radiographic
systems is given by ICRU (1986). A technique using a
bar test object (Fig. 1(e)), for which alignment con-
ditions are less stringent, has also been employed but
this involves more approximations (Coltman, 1954;
Workman, 1994).
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Fig. 4. (a) Line spread functions of (A) a rare earth, (B) a cal-
cium tungstate and (C) a mammographic screen—film system.
(b) Modulation transfer functions calculated from the line
spread functions (From Doi and Rossman, 1975).
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4.3. Measures of noise

Noise may arise from a number of sources; in X-ray
film—screen systems it is due to quantum mottle, film
granularity, and screen structure mottle (Barnes, 1982).
In situations where the signals of interest have low
contrast, noise can be regarded as additive, i.e. inde-
pendent of the signal. Image quality will depend not
only on the magnitude of the noise but also its spatial
structure. Noise variance analyzed in terms of its
spatial frequency content is known as the noise power
spectrum, (NPS) or Wiener Spectrum (W,). The NPS
is defined as the Fourier transform of the noise autoco-
variance function (Fig. 5). Techniques for measuring it
can be found in Giger et al. (1984) and ICRU (1996).

While the above parameters have the advantage of
being objective, they only measure one particular
aspect of device performance and cannot, by them-
selves, offer a way of judging overall image quality. If
noise measured in terms of the output parameters,
such as film density, is converted to units of input
quantities, such as X-ray photon density, then it is
known as the noise equivalent quanta (NEQ). It is
given by the equation

KXMTF?( f)
Wa(/)

NEQ is the number of quanta that the image is worth
based on the three image performance measurements
discussed above. If the image was made with Q ex-
posure quanta, then the ratio NEQ/Q is called the
detective quantum efficiency (DQE). (Fig. 6).
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Fig. 5. Noise power spectrum for a film—screen system
exposed to X-rays, upper curve, showing quantum mottle and
for the film alone exposed to light, lower curve, showing film
granularity (From Wagner, 1977).

NEQ can also be linked to the performance of the
imaging task, where it summarises the contribution of
the imaging system hardware to the performance of
the task by the so-called ideal observer. A discussion
of ideal and non-ideal observers is beyond the scope of
this paper but interested readers can find details and
further references in ICRU (1996). Both NEQ and
DQE have great potential for measuring equipment
performance (see for example Cowan and Workman,
1992), but are not easy to measure in a hospital en-
vironment. It may be possible to incorporate software
packages into digital imaging devices, which could be
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Fig. 6. NEQ and DQE as a function of spatial frequency for three film—screen systems (From Sandrick and Wagner, 1982).
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used in assessments of performance for tests carried
out under standard conditions in the future.

5. Subjective assessment of imaging systems

Since an image is, by definition, a means for visually
representing the clinical information captured by the
X-ray equipment, at some stage quality must be based
on the judgement of a human observer. Yet much
effort has been expended to avoid subjective analysis
of image quality. The major problem is perceived to be
the lack of reproducibility that appears to accompany
such an exercise; firstly large differences in perform-
ance have been found between different observers.
Secondly, for reasons given below, it is often necessary
to view a large number of images to obtain accurate
results; it is difficult to persuade observers to spend the
time required, and fatigue can, of course, influence per-
formance. In any event, the assessment will be time
consuming.

Two general approaches have been taken to subjec-
tive analysis; the first is appropriate when the percep-
tual task requires a binary response from the observer,
for example classifying the image as either normal or
abnormal, or when comparing a pair of images pro-
duced under two different imaging conditions. This
allows quality to be measured in terms of specificity
and sensitivity. The drawback is that this approach
needs the “answer” to be known so that the observer’s
response can be marked as either true or false. It also
requires that the pathology be of borderline visibility.
To acquire such a set of clinical images is frequently
difficult and the approach is often limited to test pat-
terns where the perceptibility of the abnormal features
is under the control of the experimenter. It is, however,
a very powerful technique and widely used. It will be
looked at in more detail later.

The second approach is to look at relative measures
of quality. For example, a set of images produced at
different doses on the same machine is presented to the
observer who is asked to rank them in order of qual-
ity. The definition of quality is under the control of
the experimenter and may vary from being as specific
as the clarity with which breast calcifications are
shown, or as general as simply asking for the images
to be arranged in the order of preference (Sharp et al.,
1982). By repeating the exercise with either different
sets of images and/or different observers, quality can
be judged by the agreement in ranking order. While
the strength of agreement will give an indication of the
superiority, in this case, of the images produced at one
dose level compared with another, it does not permit a
quantitative judgement to be made as to how much
better the images produced at one dose level is than
another. Nor, of course, does it answer the question as

to whether a lower dose may still give images of suffi-
cient quality for the task. A more quantitative assess-
ment can be made by assigning a scale value to the
quality of images or specific features within the image.

Much of the work on subjective assessment of image
quality has been based on the first approach. This
includes the methods such as contrast detail plots
(Fig. 2) described in the section on use of test objects
for assessment of imaging devices. This type of test
pattern has the great advantage of being very simple to
use, but the cost is the poor statistical reliability of the
results produced. There is usually only a single signal
for each contrast and size combination, yet for signals
close to the limits of perceptibility, noise effects result
in quite significant random fluctuations in visibility.
The method of constant stimulus (MCS) attempts to
take this effect into account in its definition of
threshold visibility. The technique requires a test object
in which signal contrast can be varied by the exper-
imenter. The observer is shown a set of images con-
taining the signal at contrasts varying from that which
is sufficiently high for the signal to be clearly visible, to
low values at which the signal cannot be seen. For
each selected contrast value, several images are pro-
duced. The number of occasions on which the feature
at a particular contrast level is seen gives the true posi-
tive response; a plot of true positive against contrast
gives a visual response curve (Fig. 7). Typically the
threshold contrast is taken to be that which produces a
50% visual response.

Both approaches have the advantage of giving a
measure of image quality in a physically realistic form;
it is possible to link the contrast and size to the fea-
tures likely to be seen in clinical practice. While the

THRESHOLD
S1 §2 S8 VISUAL STIMULUS
100 —
e
VISUAL
RESPONSE
%
¥

I1 Il2 l'3 SIGNAL INTENSITY

Fig. 7. The signals of intensity il to I3 will produce visual
stimuli of average intensities sl to s3. It is assumed that the
observer adopts a visual threshold 7 such that a signal is seen
in the image only if the stimulus that it produces exceeds this
visual threshold. The resulting curve showing true positive re-
sponse rate as a function of signal intensity is known as the
visual response curve.
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method of constant stimulus gives a more reliable
measure of threshold detectability, both it and the con-
trast—detail approach suffer from one fundamental
problem, they assume that the observer’s visual system
has some intrinsic perceptual threshold that must be
exceeded by the visual stimulus produced by the test
pattern before the signal can be seen. This threshold
theory of vision was challenged in the early 1950s and
has been supplanted by statistical decision theory. One
consequence is the realisation that an observer can
consciously vary his/her visual threshold and hence the
assessed quality of the image.

6. Signal detection theory

While the observer’s decision making process is rep-
resented by an internal threshold which must be
exceeded by the visual stimulus produced by the signal
for the signal to be seen, this threshold can be con-
sciously varied by the observer according to the degree
of confidence the observer requires in his/her judge-
ment before reporting the signal as seen. A high degree
of confidence will imply that a high visual stimulus, i.e.
a high contrast signal, is needed before the observer
reports the signal as seen, while if the observer
employs a low confidence level, then signals with much
lower contrast are seen. Thus a technique is needed
which provides a measure of image quality which
avoids the influence of this internal decision criterion.

Consider the situation in which the observer is pre-
sented with a set of images some of which are normal
and some contain an abnormality, the task being to
differentiate between the two. Not only may the obser-

Distribution of Actually
Normal Cases

ver correctly identify either an abnormal image (true
positive response) or normal image (true negative), but
they may also incorrectly identify either a normal
image as abnormal (a false positive response) or an
abnormal image as normal (a false negative response).
The situation is represented in Fig. 8. As the decision
criterion/threshold is varied so will the number of true
and false responses. As the threshold increases, the
number of true positive responses and the number of
false positives will decrease. A plot of true against false
positives yields a curve, such as shown in Fig. 9,
known as a receiver operating characteristic (ROC)
curve (Green and Swets, 1966; Metz, 1978, 1986a;
Swets and Pickett, 1982). The curve shows the effect of
changes in decision criterion. If the image quality
changes such that it becomes easier to differentiate
normal from abnormal images, then the position of
the curve will also vary (Fig. 10).

Thus the position of the curve is a measure of the
discriminability between normal and abnormal images,
the closer it gets to the upper left hand corner of the
graph the better the image quality, while points mak-
ing up each curve reflect the changes introduced by the
observer varying the visual threshold. Thus the ROC
curve provides a way of separating out the distinguish-
ability of signal from noise from the observer’s ability
to alter the visual threshold.

While the relative position of ROC curves gives a
ranking of the quality of image sets, a quantitative
measure of image quality is still desirable. A number
of such measures are available, the area under the
ROC curve being perhaps the most widely used. While
such measures measure the discriminability between
signal and noise, they do not provide the physically

Distribution of Actually
Abnormal Cases

/ Decision Threshold

True Positive Fraction

L
yA AN
yA AN
/ AN
AN
AN
N\
A NN\ N
N

Decision Axis—>

False Positive Fraction

Fig. 8. The visual stimuli produced by the set of normal and abnormal images are represented by Gaussian curves, reflecting the
variation in image appearance. The observer adopts a threshold which depend upon his/her decision criteria. Images producing a
visual stimulus greater than the threshold value are reported to be abnormal. Hence the fraction of the abnormal image curve
exceeding the threshold is the true positive fraction and that of the normal image curve the false positive fraction.
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Fig. 9. The receiver operating characteristic (ROC) curve, which can be plotted as either sensitivity against specificity or true posi-

tive response rate against false positives.

meaningful measure of image quality found with the
method of constant stimulus and contrast detail
curves.

The most common and most efficient way of gener-
ating ROC curves is by using the rating technique
(Green and Swets, 1966; Goodenough et al., 1974;
Metz, 1979; Swets and Pickett, 1982). The observer is
asked to assess the likelihood of the image being
abnormal using a scale such as shown in Table 2.
Alternatively a continuous scale has been suggested
(Rockette et al., 1992). A number of tests have been
proposed for measuring the statistical difference
between ROC curves, the principal ones being McNeil
and Hanley (1984), Hanley (1989), Metz (1986b, 1989)
and Dorfman et al. (1992). The application of signal

N S+N N S+N

FALSE POSITIVES, %

1000 100
/7

TRUE
POSITIVES A
%

0

Fig. 10. As the image quality improves then the overlap
between the curve representing the visual stimulus produced
by images containing a signal (S + N) and those containing
no signal (N), decreases, i.e. one moves from the situation
shown in A to that in B. This results in the ROC curve (curve
A) shifting further towards the top left-hand corner of the
plot of true positives against false positives (curve B).

detection theory to radiology was reviewed by Metz in
1986. Recently it has been used to study the effect on
diagnostic accuracy of reducing patient dose (Roehrig
et al., 1997).

6.1. Relationship between ROC and MCS

The method of constant stimulus approach and sig-
nal detection theory are not independent ways of
measuring quality, but two “views” of the same set of
data (Sharp, 1990). The surface shown in Fig. 11 illus-
trates how the surface cut in one direction yields the
visual response curve, and in the other the ROC curve.

6.2. Forced choice experiments

As the name suggests, this approach forces the
observer to make a decision. In the simplest form the
observer is faced with two images, only one of which
contains a signal, i.e. is abnormal. The observer’s task
is to identify which image contains the signal. Thus the
problem of a varying internal threshold is overcome by
requiring only relative responses from the observer.
This is known as the two-alternative forced choice ex-
periment (Green and Swets, 1966). The number of cor-
rect responses is linked to the area under the ROC

Table 2
Rating scale

Rating Description

1 abnormality almost certainly not present
2 abnormality probably not present

3 abnormality possibly present

4 abnormality almost certainly present

5 abnormality definitely present
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Fig. 11. A three-dimensional graph showing the relationship
between visual response curves and ROC curves. The surface
can be considered to be made from a set of visual response
curves, showing true positive fraction as a function of signal
intensity, at different false positive values. Alternatively, it is
made from a set of ROC curves, true against false positive
fractions, for a series of signal intensity values.

curve (Green and Swets, 1966; Hanley and McNeil,
1982). A multiple alternative forced choice experiment
involves more than two images, but still only one con-
tains a signal. The advantage of the forced choice
approach is that the experiments are more reproducible
and the results have an unambiguous interpretation
(ICRU, 1996). Forced choice experiments have also
been used to produce contrast—detail diagrams (Loo et
al., 1984).

7. Assessment of clinical images

7.1. Clinical trials

At one end of the spectrum of measures relating to
image quality are those giving objective measures of

Table 3
Six-level model of efficacy

specific, technical aspects of imaging system perform-
ance, such as MTF for spatial resolution. NEQ then
provides a way of combining these measures into a
single unit of performance. To give a measure of
image quality, however, NEQ needs to be combined
with information about the specific task required of
the observer; the ideal and non-ideal observers provide
a framework for doing this, yielding a signal to noise
ratio (ICRU, 1996). While these models link the physi-
cal parameters into a decision model, they do not
themselves provide a simple mathematical alternative
to the human observer, at the best giving a measure of
ideal performance.

Fryback and colleagues (Fryback and Thornbury,
1991) have proposed a six-level efficacy model sum-
marised in Table 3. ROC based studies, which sit at
the next level of efficacy, provide a technique for
measuring the quality of the image by a human obser-
ver in a way that permits the removal of bias associ-
ated with the confidence level adopted by the observer
in making his/her decision. For simple tasks, the qual-
ity measures derived from ROC curves can be recon-
ciled with those from the ideal and non-ideal
observers, see ICRU (1996). Since quality measures are
task-dependent, then ultimately, the effectiveness of
imaging systems require to be evaluated against real
clinical data. Trials employing real clinical data are
usually difficult to perform and time consuming; this is
a major problem in circumstances where the technol-
ogy of the imaging system may well change signifi-
cantly during the time of the trial. A first step,
therefore, is to analyze the clinical task to see if it can
be modelled by a simple task which can be incorpor-
ated in a test pattern. To date, it should be noted,
quality measures have often relied upon well defined
but simple detection tasks; these are classification tasks
in which the response required refers to a discrete
number of categories, often just two. Work needs to
be done to extend the methodology to estimation tasks
which involve the measurement of a continuous par-
ameter, such as the spatial extent or intensity of the
signal.

While the role of objective measures of quality can-
not, at present, utilise real clinical data, no such

Level

Typical output measures

Technical efficacy MTF

Diagnostic accuracy efficacy
Diagnostic thinking efficacy
Therapeutic efficacy

Patient outcome efficacy
Societal efficacy

sensitivity, specificity; ROC curve analysis
change in clinician’s diagnostic probability
percentage of times therapy changed
change in quality adjusted life years

summed quality adjusted years; Positive change in national product
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restriction applies to the ROC approach. Indeed it car-
ries the important message that the defining of clinical
performance in terms of single values of sensitivity and
specificity is not only oversimplified, but may also be
inaccurate. The ROC curve shows the trade-off
between sensitivity and specificity for a specific set of
imaging conditions. The particular combination that is
most efficacious depends both upon the prevalence of
the disease in question in the population studied and
the benefits and costs of the various correct and incor-
rect decisions in the diagnostic setting (McNeil et al.,
1975; Metz et al., 1975; Metz, 1978; Swets and Swets,
1979; Swets and Pickett, 1982; Sainfort, 1991). By con-
sidering these the combination of true and false posi-
tive responses on the ROC curve that yields the
highest benefit can be determined. This benefit can
then be compared with the “cost” of performing the
procedure. This provides the methodology by which
quality can be considered in the context of the higher
levels of efficacy.

8. Assessment of clinical images in a radiology
department

8.1. Image quality criteria

The ROC approach provides methodology which
can be applied to clinical studies. Simpler techniques
are required for carrying out routine assessments in X-
ray departments for evaluating local performance and
for deciding whether techniques are appropriate for
different applications. Although the important imaging
requirement is detection of abnormalities, most assess-
ments of clinical image quality in a radiology depart-
ment must be based on visualisation of normal
anatomy since the majority of images are normal, and
technical assessment of a range of abnormalities would
be impractical. Guidelines on Quality Criteria for clini-
cal radiographs have been developed by the
Commission of the European Communities (CEC)
which set out diagnostic requirements for a radiograph
of a normal adult for common examinations (CEC,
1996a). The relevance, acceptability and ease of use of
the criteria have been assessed in trials involving 83
departments in 16 countries (Maccia et al., 1995), as
well as in studies on large numbers of radiographs in
single departments (Vano et al., 1995). These criteria
include a list of anatomical structures, which should be
reproduced and other features which should appear
visually sharp (Table 4). They encompass positioning
of the patient as well as the imaging capability of the
system. Typically about 90% of the image quality cri-
teria are fulfilled by radiographs regarded as accepta-
ble for clinical diagnosis.

Table 4

Positional

Diagnostic requirements for a Chest PA projection (CEC, 1996a)

technique/
image quality

Image criteria

position

performed at full inspiration and with suspended respiration

1.1

position

symmetrical reproduction of the thorax as shown by central position of the spinous process between the medial ends of the clavicles
medial border of the scapulae to be outside the lung fields

1.2
1.3

position

position
image quality
image quality

reproduction of the whole rib cage above the diaphragm

visually sharp reproduction of the vascular pattern in the whole lung, particularly the peripheral vessels

visually sharp reproduction of: the trachea and proximal bronchi, the borders of the heart and aorta, the diaphragm and lateral costo-phrenic

angles

image quality
image quality

visualization of the retrocardiac lung and mediastinum
visualization of the spine through the heart shadow

image quality
image quality

small round details in the whole lung, including the retrocardiac areas: high contrast: 0.7 mm diameter, low contrast: 2 mm diameter

linear and reticular details out to the lung periphery: high contrast: 0.3 mm in width, low contrast: 2 mm in width

Important image details

8
2.2
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The methodology provides a valuable practical tool
for assessment of clinical image quality, but has limi-
tations. It is based on visualisation of normal anatomy
for which the requirements may be less demanding
than for differentiation of abnormal pathologies. It
does not take into account variations in observer
thresholds in defining the limit of acceptability and sig-
nificant variation in responses of different radiologists
have been reported, with field radiologists tending to
score films as acceptable more often than ‘“‘experts”
(Maccia et al., 1995). In addition, scores may be influ-
enced if patients with abnormal pathology are included
as this may mask the visibility of some features
(Wraith et al., 1995, McParland et al., 1996). Despite
these drawbacks, the clinical image quality criteria pro-
vide the best method that is available for assessing the
quality of radiographs in individual departments and
mark an important step in the standardisation of tech-
niques. For local studies where images obtained using
different techniques are being compared, criteria
grouped under one heading can be separated, if that is
considered appropriate, or a half mark awarded for
fulfilment of each.

In addition to the image quality criteria, the guide-
lines include an indication of the size for important
image details which the system should be capable of
visualising (Table 4), examples of equipment and ex-
posure factors considered representative of good radio-
graphic technique and reference values for patient
entrance surface doses for an adult patient.
Departments should be able to work within the refer-
ence doses without compromising image quality. If the
mean dose for any examination within a department
exceeds the reference dose, this should be used as a
trigger for action to optimise the technique. A similar
methodology has been applied to paediatric radiogra-
phy (CEC, 1996b) and CT examinations (CEC, 1997).
Many aspects, particularly those relating to radiation
doses for CT, still need to be established, but the docu-
ments represent an important first step in the develop-
ment of standards. The reference doses do not put
limits on lowest doses and recent surveys have shown
that doses significantly less than the guidelines can be
achieved. However, it is essential that effects on image
quality are taken into account when making any
changes to reduce dose.

The area of radiological imaging where clinical
assessment is more difficult is fluoroscopy. Videos or
sets of digital images can be recorded for evaluation
by several radiologists (Smiddy et al., 1996), but image
quality criteria are more difficult to apply, so that a
qualitative assessment of an examination may be the
best that can realistically be employed. In addition,
different dose rate options may be used for various
parts of an examination depending on the image qual-
ity requirements at each stage. Because of these diffi-

culties, assessment of image quality by the use of test
phantoms is the method generally adopted for fluoro-
scopic systems. However, more guidelines on suitable
tube potentials and image performance requirements
for fluoroscopic and fluorographic images recorded
from image intensifiers for different types of examin-
ation would be valuable.

8.2. Practical assessment of clinical image quality

The clinical radiographic quality criteria (CEC,
1996a) are designed to be applied in audits of image
quality in an X-ray department. Some criteria include
visualisation of several elements and these should be
scored independently. Assessments should be underta-
ken for a random selection of patients of average size
(60-80 kg) and equipment and exposure factors should
be recorded for each radiograph. Entrance surface
doses should be evaluated and methods for carrying
this out are described elsewhere in this issue (Faulkner
et al., 1998; Jessen et al., 1998; Geise, 1998; Dance and
Skinner, 1998). Forms listing the image criteria, which
should be fulfilled, must be completed by at least two
radiologists observing each radiograph and the scores
averaged. Each observer should work independently of
the others. Studies must include sufficient numbers of
images that the results are not unduly influenced by
one or two patients. This would normally be a mini-
mum of ten. Any consistent non-compliance with
image quality criteria should then be investigated and
corrective action taken where this is considered necess-
ary.

When carrying out assessments, care should be
taken to standardise viewing conditions by ensuring
that all light boxes used are of the same type, illumina-
tion colour and brightness. Before starting the trial,
some experience should be gained in observing films
and filling in assessment forms, as observer thresholds
have been seen to change during the early stages of
evaluations of this type. Having a set of “ideal” films
in which all aspects of performance have been opti-
mised can be helpful. Such films must have been taken
with exposures below the corresponding reference
level. The test films can then be compared directly with
the ideal ones to aid in assessment. The paediatric
quality criteria (CEC, 1996b) also include a system for
scoring more general aspects of an image such as film
blackening, contrast and sharpness. These should not
be used in deriving the image quality score, but may
aid in interpretation of results.

The method can be employed to assess changes in
technique. An initial evaluation can be made using an
anthropomorphic phantom (ICRU, 1992; White,
1993). However, when a technique is introduced clini-
cally, a comparison of radiographs taken with the old
and new techniques should be made to ensure that the
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new one represents a real improvement and that any
radiation dose saving does not compromise the diag-
nostic potential of the image. Only criteria relating to
the reproduction of clinical features should be used for
such a comparison. When selecting images for in-
clusion, attention should be paid to obtaining groups
of patients with a similar mix of age and a similar
mean weight to represent each technique. Any patients
for whom the disease process is likely to influence the
result should, as far as possible, be excluded. A sample
of at least ten should be used for both the original
technique and the new one, and this should be
increased to twenty or more if there is a likelihood of
the pathology of individual patients having a signifi-
cant influence on the results. The images should be
judged by at least two radiologists working in the rel-
evant area and preferably more. None of those carry-
ing out the assessment must be involved in the
selection of patients. All markings indicating the
source of each image should be masked, where practic-
able, and images randomised to eliminate bias from
position in the assessment. It is only through evalu-
ation of clinical images in addition to the image per-
formance tests carried out on X-ray equipment that a
department can ensure that all aspects of its perform-
ance have been optimised and that the standard of per-
formance is maintained.

Establishment of the process of audit for both dose
and image quality is one of the most important steps
for improving performance in an imaging department.
Assessments encourage knowledge of technical aspects
of equipment performance and how these relate to
image quality and patient dose. Significant improve-
ments can often be made in radiation dose and image
quality where performance is closely monitored and
such improvements maintained. A proper dose/image
quality control audit programme is particularly im-
portant for systems which have a broad exposure lati-
tude. Studies of chest radiographs performed on
mobile equipment with a broad latitude film/screen
combination have revealed both a wide range of ex-
posures and a significantly higher mean exposure than
was used for a combination with a narrower latitude,
but similar speed index (Simpson et al., 1998). When a
quality control audit of both radiation dose and image
quality was carried out and results fed back to users a
substantial reduction in radiation dose was achieved
with no measurable effect on image quality. Similar
findings have been reported with computed radiogra-
phy systems which can provide satisfactory images
with an even wider range of exposures (Seibert et al.,
1996). Image quality/dose audit and feed back should
play an important role in achieving optimal perform-
ance for all digital systems.

Table 5

Techniques for evaluating image quality showing the part of the imaging system tested and the application. (The code refers to that used in Table 1)

Group using

Part of imaging system

Method of

Position of

technique

Task performed

object assessment tested

Object imaged

Code

local
evaluation group
evaluation group

monitoring performance

imaging system and display

visual scoring
digital analysis
digital analysis

system evaluation
system evaluation

system excluding display
imaging system and display

image receptor

test object

local

comparison of techniques

system as in clinical use

patient position visual scoring

test object in phantom

preliminary assessment of clinical technique local

system as in clinical use

visual assessment

patient position

anthrop. phantom

local
local
international assessment

clinical technique evaluation
clinical technique evaluation
clinical technique evaluation

system as in clinical use
system as in clinical use
system as in clinical use

quality criteria
clinical trial ROC

visual assessment

patient position

clinical images
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9. Discussion

There are many ways in which images can be
assessed and the factors influencing the various
methods are given in Table 1. These methods all have
roles to play in evaluation of new systems, routine
monitoring of performance, and the comparison and
evaluation of clinical techniques, and these are sum-
marised in Table 5. Methodology for assessment of
image quality is still being developed, but it is import-
ant that techniques already available are applied in
regular evaluations for individual departments in order
to improve and maintain imaging performance. This is
particularly important for digital systems which can
provide acceptable images for a wide range of doses,
because of their broad dynamic range.

The simplest method for evaluating the performance
of imaging equipment is to use an arrangement with a
test object placed as close as possible to the image
receptor. This avoids many of the variables present in
clinical use, which may degrade the image, so that a
direct assessment can be made of true performance
under ideal conditions. Evaluations of this type are
simple to carry out and are employed routinely in hos-
pitals with observers grading images of a variety of
test objects to provide a guide to performance and
check for any deterioration. However, the tests rely on
observations by individuals who will have differences
in threshold criteria for making judgements and so do
not provide objective data suitable for evaluating and
comparing different systems. Parameters such as the
NEQ and DQE have potential for providing objective
assessments of imaging performance for an image as
viewed by an ideal observer. Measurements of this
type should allow objective comparisons to be made
between different systems. The methods are not easy to
apply in a hospital environment, but can be employed
by equipment manufacturers and evaluation groups for
assessing the performance of individual models. More
research is required to establish links between these
measures of performance and requirements for clinical
examinations. In addition, standards of performance
relating to different groups of clinical examinations
need to be set which can be used to judge whether the
image quality provided by a particular unit is adequate
for the intended clinical purpose.

The methods discussed in the preceding paragraph
evaluate imaging performance under ideal conditions.
They do not take account of how differences in radi-
ation quality would affect the image of a real patient
or how scattered radiation will degrade the image.
These factors can only be included through assessment
of clinical images or images of phantoms with similar
properties to those of a patient. Test objects can be in-
corporated into tissue equivalent phantoms and scored
in terms of the features that can be visualised. This

method may be of particular value for applications
such as comparing the imaging performance of fluoro-
scopic equipment at different AERC exposure factor
options (Martin et al., 1998), and choosing the opti-
mum exposure factor programme for different examin-
ations. However, the final test of imaging performance
must be of the system in clinical use. Image quality cri-
teria which should be fulfilled by normal clinical
images provide a valuable guide to imaging perform-
ance which can be used in hospital departments. The
method can be employed both for assessing the overall
quality of clinical images in a department and for eval-
uating changes in technique to ensure that they pro-
vide an improvement in performance.

In order for the optimisation of imaging systems to
proceed further, there is a need for standards to be set
for imaging performance and for radiation doses relat-
ing to a range of different radiological examinations.
The only method that can establish objectively the suit-
ability of a technique is a clinical trial. ROC analysis
methods can be applied to remove the bias associated
with the confidence level adopted by the observer and
so provide objective assessments. These methods
require a considerable amount of time and effort.
However, they can and should be applied to answer
major clinical imaging questions, such as the determi-
nation of optimum imaging conditions and minimum
acceptable doses for a range of common examinations.
Finding answers to these questions is particularly im-
portant if digital techniques are to be used to their full
potential. Much research in this area has involved indi-
vidual hospitals working in relative isolation and there
is now a need for a coordinated approach. Careful
consideration must be given to the imaging parameters
radiation quality, photon fluence and removal of scat-
tered radiation, which affect both image quality and
radiation dose (Martin et al., 1998), and conditions
standardised in participating departments. Information
gained from these studies should enable optimum per-
formance criteria to be established for a range of clini-
cal applications in radiology for both conventional and
digital imaging.

10. Conclusions

A range of techniques are available for assessing
image quality. Involvement of X-ray equipment manu-
facturers, medical physicists, radiologists, radiogra-
phers and others in the application of these techniques
at various stages in equipment development, installa-
tion and use should enable the gradual improvement
in imaging performance to be continued. Further
developments are required, including setting of stan-
dards against which imaging performance can be
judged through the organisation of large scale clinical
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trials and application of objective methods for measur-
ing performance. Major studies of this type should be
the next step towards achievement of the optimal bal-
ance between patient dose and image quality.
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