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Toward consensus on quantitative assessment of medical imaging systems
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Consensus has been developing over the past few decades on a number of measurements required
for the laboratory assessment of medical imaging modalities. Nevertheless, understanding of the
connection between these measurements and human observer performance in a broad range of tasks
remains far from complete. Focusing primarily on projection radiography to provide concrete
examples, this overview indicates areas in which consensus on methodology for physical image-
quality measurement has been established. Concepts such as “noise equivalent quanta’ (NEQ) and
“detective quantum efficiency” (DQE) have been found useful for normalizing physical measure-
ments on an absolute scale and for relating those measurements to the decision performance of a
hypothetical “‘ideal observer” that effectively performs decision tasks from the image data. The
connection between ideal observer performance and human performance, as determined by receiver
operating characteristic (ROC) analysis, remains to be understood for many clinically relevant
tasks.

Key words: detective quantum efficiency (DQE), ideal observer, image quality, noise equivalent

quanta (NEQ), receiver operating characteristic (ROC) analysis

Although there is a growing consensus among investigators
concerning many concepts and methods of image assess-
ment, recent discussions among ourselves and with our col-
leagues indicate that some issues still require clarification.
I'he purpose of this communication is to summarize briefly
our understanding of the present status of some of these mat-
lers, indicating areas in which consensus exists and areas
where further research is needed. In this way, we hope to
stimulate further movement toward consensus concerning
the definitions, phantoms, and measurement methodologies
that are needed for meaningful, quantitative evaluation of
medical imaging systems. Although our comments can be
applied, in principle, to many imaging modalities, we focus
primarily on projection radiography to provide a concrete
example.

Several conferences during the 1960s and 1970s consid-
cred the possibilities for objective medical image assess-
ment, documented efforts to reach consensus on measure-
ment methodology, and addressed the complicated issues that
such consensus entails.'™ Publication of ANSI Standard
PH2.43 in 1982 was a major landmark in this regard.* ANSI
Standard PH2.43 prescribed a simple phantom set con-

structed from aluminum and Lucite, and it set standards for
several representative beam qualities that could be used with
the phantom set to assess the speed and contrast of radio-
graphic screen-film systems. A very large study of the speeds
of screens, film, and screen-film systems subsequently em-
ployed the ANSI phantoms to demonstrate an efficient ap-
proach to such measurements.>

At the time of its publication in 1986, ICRU Report 41
described the state of the art of modulation transfer function
(MTF) theory and measurement in screen-film radiography.7
Despite its specific focus, that report approached resolution-
related concepts in a general way and, hence, is relevant to
other medical imaging modalities as well. Consensus mea-
surement methodology for screen-film system MTFs is being
addressed currently by ANSI Committee PH2-31 and by the
German Standards Tnstitute (DIN). Contemporary methodol-
ogy requires a level of complexity beyond that which was
sufficient just a few years ago, due to the arrival in the mar-
ketplace of significantly asymmetric near-zero-crossover
screen-film :systems.g‘9

No consensus committee has addressed the measurement
of radiographic noise power spectra (NPS), often referred to
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as Wiener spectra. [An AAPM Task Group on Standards for
Noise Power Spectra Analysis was formed in the Autumn of
1994, for this purpose.] Nevertheless, substantial effort has
been devoted to interlaboratory comparisons of radiographic
NPS measurements, with good results.'®! Screen-film NPS
of fluctuations in microdensitometric density or transmission
have been found to correlate well with observers’ visual im-
pressions of quantum mottle on radiographs.®

Two methods have been developed to “calibrate out” the
instrument dependence of NPS measurements in order to
yield results that can be reported on a universal or ““‘portable”
scale. One such calibration technique requires that microden-
sitometric measurements be made on a step tablet of well-
defined diffuse densities. The slope of this calibration func-
tion can then be used to present the measured fluctuations in
terms of diffuse density, the commonly used output unit."!

Another method of presenting NPS measurements is to
use a common scale of input units. In this approach, the
theory of noise propagation through linear systems'? is used
to express radiographic output noise, which is measured in
optical density units, in terms of the number of Poisson-
distributed input photons per unit area that would produce
the output noise variance measured at each spatial frequency.
In this referral, or scaling, of output noise to effective input
fluctuations, the effective number of “noise equivalent
quanta” (NEQ) as a function of spatial frequency is calcu-
lated from the relationship'®'

(logluf)zszTFZ(f)
W(f) ’

where f is spatial frequency, 7y is the slope of the density vs
log-exposure sensitometric curve (expressed in the density
units used for the NPS) at an operating point of interest, and
W(f ) is the NPS of optical density fluctuations measured at
the same operating point, [The scaling described by Eq. (1)
is exact only in the limit of small fluctuations in local expo-
sure to the film, due to the nonlinear relationship between
optical density and exposure, but it provides a useful ap-
proximation in many practical radiographic situations.] The
NEQ spectrum expressed by Eq. (1) depends upon beam
quality and exposure level, and its study over the latter vari-
able leads, in principle, to a quantitative description of the
useful dynamic range of the system.'s’17 Formulation of
NEQ in computed tomography has been described by Wag-
ner et al.'® and by Hanson,'” and its extension to other mo-
dalities including Fourier methods of magnetic resonance
imaging has been proposed by Wagner and Brown.”

When NEQ is divided by the actual number of exposing

NEQ(f )= M

quanta per unit area, @, that is used to acquire the noise -

sample image, the result is the “detective quantum effi-
ciency” (DQE),?"** which has the upper limit of unity for a
perfect detector system. Thus the efficiencies of various de-
tection schemes in extracting information from a radiation
beam can be compared in terms of their measured DQE val-
ues. This approach conceives of the radiographic system as a
photon counter. Departures from this mode for broad-
spectrum imaging of bone and iodine, for example, require
the radiographic system to be analyzed as an energy mea-
surement device.) In such situations, it is necessary to define

a task-dependent DQE that accounts for the noise penalty
which is incurred when a broad spectrum of photon energies
is employed.z‘1 DQE analysis has been used by many inves-
tigators to optimize or to understand the image acquisition
processes of both analog and digital imaging
systems, 15162528

The arrival of digital imaging fostered the point of view
that any imaging process consists of two (at least conceptu-
ally) distinct stages, image detection and image display,'
and it facilitated various applications of that perspective. 18-2
A logical consequence was assessment of the detection stage
in terms of signal detection theory,” where NEQ plays an
important role. We sketch that approach briefly here.

Suppose that a signal discrimination task can be formu-
lated as one of distinguishing between two alternative ob-
jects whose spatial frequency spectra differ by a known
amount AS(f )—the so-called signal-known exactly, or
SKE, task. When the data in such situations are detected by a
linear (or linearized) imaging system and corrupted by sta-
tionary Gaussian noise, the performance of the ideal observer
of Bayesian signal detection theory® can be characterized
very simply by a signal-to-noise ratio expressed as

SNR®= f |AS(f)|* NEQ(S )dy. )

(The dimensionality of f and the integral are obvious in each
application.) This ideal-observer SNR represents the level of
decision performance that can be achieved in a particular
task by an observer who uses prior knowledge of the signal
and statistical properties of the noise to determine an optimal
operation on the image data for detection of signals of the
known kind; hence, it provides an upper bound on the per-
formance that can be achieved with a system’s images.
[Equation (2) is exact for linear detection systems and pro-
vides a good approximation for nonlinear detectors, such as
radiographic screen-film systems, when noise magnitude is
sufficiently small.] An advantage of the ideal-observer SNR
is that it summarizes the intrinsic quality of the detected
image; no account is taken of the manner in which the image
data are displayed or of the eye—brain characteristics of any
human observer who would view the image.

Distinction between the detection stage and the display
stage of an imaging process is directly relevant in evalua-
tions of digital imaging systems, where use of appropriate
hardware and software allows the separation to be realized in
practice. The conceptual distinction may be important also
for understanding the steps through which images are formed
by an analog system such as screen-film radiography and,
thereby, may lead to improved designs of such systems.
However, in practice, a ranking of systems that is obtained
on the basis of NEQ or related descriptors of the detection
stage alone may not agree with the ranking that would be
obtained from displayed imagery, for a variety of reasons
that involve characteristics of real display devices and the
human visual system.

Ideal-observer performance, as specified by Eq. (2), has
been shown to correlate well with the performance of human
observers in some specific applications. For example, in the
situation where known objects at known possible locations



are to be detected in uniform white-noise backgrounds, Bur-
gess and colleagues™ showed that the levels of performance
achieved by human and ideal observers agree to within a
constant factor, which represents the “efficiency” of the hu-
man observer.*"*? Similar results were obtained by Loo and
colleagues for the task of detecting small low-contrast
spheres in radiographs.®® Thus to the extent that human ob-
server efficiency is known to be approximately the same for
two imaging systems (i.e., for two combinations of an image
detection process and an image display process) in a given
situation, NEQ measurements can be used confidently to pre-
dict the ranking of the two imaging systems that would be
found in a human observer performance experiment involv-
ing the detection of simple, known objects in uniform back-
grounds of white noise. Models of human observer perfor-
mance have been found for some more complicated tasks
and more clinically relevant backgrounds*** However,
since human observer efficiency can depend strongly on
contrast’® and noise texture, > for example, rankings based
on NEQ may not successfully predict the relative usefulness
of two imaging systems for human observers who must de-
tect variable objects in the complicated backgrounds that are
typical in clinical images. Hence, system rankings that are
based solely on NEQ and ideal-observer performance—
without regard to image display, image background, and the
characteristics of human observers—must be interpreted
with caution.

In order to understand the proper role of signal detection
theory in assessments of real medical imaging systems, one
must recognize that the decision performance of the hypo-
thetical ideal observer is unchanged by any noiseless mono-
tonic transformation of image data; in effect, the ideal ob-
server is able to optimize the displays of data from any two
imaging systems being compared so that the information
provided by each system can be utilized fully. However, a
minimum of three conditions would be needed to achieve
perfect display optimization of this kind in practice: (1) the
lwo imaging systems in question must be truly linear or lin-
carizable; (2) the spatial resolution and noise properties of
ihe systems must be known exactly; and (3) any required
linear filtering operation must be realized exactly. The degree
to which these exact conditions must be approximated in
practice in order to make the system-ranking prediction of an
ileal-observer SNR analysis reliable for clinical imaging
systems and diagnostic tasks generally will depend on a va-
riety of factors that includes the characteristics of the objects
10 be distinguished and the extent to which the properties of
the compared systems differ. As extreme examples, one may
expect that a comparison of ideal-observer SNRs would re-
liably predict which of two roughly similar radiographic
screen-film systems provides better human-observer perfor-
mance, whereas a ranking based on ideal-observer SNRs
would be tenuous in a comparison of imaging systems with
substantially different spatial resolutions, contrast sensitivi-
ties and noise textures, such as conventional projection radi-
ography and computed tomography. The degree to which
imaging systems and testing conditions can differ before
ideal-observer analysis fails to predict observer performance
reliably remains an open question.

A practical and simple example of the difficulty of satis-
fying the third condition listed above is provided by consid-
ering an optical imaging device that involves a simple lens
system. Let us assume that a single noisy image is copied
with two different settings of the optical system: one in
which the lens is focused and another in which the lens is
grossly defocused. The two copies would differ obviously in
appearance—one would be sharp while the other would be
blurred—and human observer performance in any decision
task would be reduced if the second copy’s blur were suffi-
cient. The function NEQ(f ), and hence the ideal-observer
SNRs, would be identical for these two image-copying con-
ditions, however. [The NEQ(f ) functions would be identical
for the two conditions because, at each spatial frequency, a
linear, shift-invariant blurring operation would multiply both
the square of the system MTF (in the numerator of Eq. (1))
and the NPS (in the denominator) by the same factor,
MTF},(f).] The ideal observer is able to reverse completely
the degradation due to defocusing and, thereby, is able to
produce an image—and decision—identical to that obtained
with good focusing. However, one cannot implement a com-
plete image recovery process of this kind, because it would
require enormous noise-free bandwidth and gain. Thus the
difference between the two imaging systems may be insur-
mountable in practice, even though the difference is merely
one of “display.” Further experiments are needed to deter-
mine confidently the ranges of situations over which human
observer efficiency is approximately constant or various pro-
posed models of human performance are reliable.

It is crucially important to recognize that all of the quan-
tities on the right sides of Egs. (1) and (2) must be deter-
mined at a specified exposure level and at a specified beam
quality (analogous to the pulse sequence or timing param-
eters of magnetic resonance imaging). The beam-quality re-
quirement assures that the NEQ spectrum obtained from Eq.
(1) will correspond to the contrast represented by the quan-
tity AS in Eq. (2). Beam qualities for particular phantoms
and methods for measuring the strength of a detected signal
(as modulated by the energy-dependent sensitivity of inten-
sifying screens) are given in ANSI PH2.43.* Expressed in
appropriate units, this is the signal strength that is required in
Eq. (2). Further work is needed to reach consensus on clini-
cally relevant signal phantoms.

Investigators familiar with signal detection theory and im-
age reconstruction may recognize that the expression for
NEQ in Eg. (1) is a special case of a matrix commonly
encountered in quantitative methods of image restoration.™
In these methods, measurements of system response enter in
the form of the matrix product H'R~"H. This product sum-
marizes the contribution of noise to estimation and detection
errors when inputs are transformed by a linear system that is
characterized by a transfer matrix H [here, the quantity
logge-y-MTF(f )] and when measurement covariance is
characterized by a matrix R [here, the quantity W(f )].*
Hence, the applicability of NEQ extends beyond the simple
SKE problem, as can be appreciated from discussions of the
“Fisher information matrix”" in Van Trees,” for example.

Assessment of diagnostic imaging systems requires going



beyond phantom development and laboratory measurements
and into the clinical setting. A large body of literature (re-
viewed by Metz* and by Hanley,*' for example) now docu-
ments the use of receiver operating characteristic (ROC)
analysis for ranking medical imaging systems empirically in
terms of the levels of decision performance that image read-
ers actually achieve in specified diagnostic tasks. ROC meth-
odology can be used to analyze judgments from both human
and automated™ readers of images, so it provides common
ground for the comparison of both to the theoretical perfor-
mance of ideal observers.

Unfortunately, many published ROC studies have not re-
ported the physical measurements that are needed to charac-
terize the imaging system or systems which were studied.
Such information would facilitate an understanding of the
physical conditions needed to obtain the study’s results in
clinical practice, and it would serve to define the state-of-the-
art of each modality studied. These have been ultimate goals
of investigators in the field of diagnostic image assessment
for several decades.”

Committees of the International Commission for Radia-
tion Units and Measurements (ICRU) are now formulating a
series of reports that will summarize current consensus on
the assessment of medical imaging technology. The first re-
port in this series,* to be published in the near future, de-
scribes the elements of a joint approach that involves physi-
cal measurements, statistical decision theory, and ROC
analysis, whereas subsequent reports will employ that ap-
proach to address particular medical imaging modalities.
Successful implementation of this work will require addi-
tional consensus on appropriate phantoms, measurement
methodology, and observer models, with particular attention

to the difficulties of interpreting MTF, NPS, and NEQ for -

digital imaging systems."’s"ﬂ We hope that our comments
here will clarify and encourage such efforts.
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