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Performance of Digital
Radiographic Detectors:

Quantification and
Assessment Methods1

Digital radiographic systems are gaining widespread use in many clinical applications.
Digital radiographic detectors vary dramatically with respect to the technologies that
they use and the particular implementation. Their performance thus varies from sys-
tem to system. It is often necessary to characterize the performance of a digital radio-
graphic or mammographic detector for optimization, design, comparison, or quality
assurance purposes. To do so, it is most useful to measure the performance of the de-
tector in terms of common performance metrics, so that meaningful comparisons can
be made.

The performance of a digital radiographic detector can be described in terms of a
number of performance factors. Among them, sharpness and noise are two key char-
acteristics that describe the intrinsic image quality performance of digital radio-
graphic systems (1,2). Together, these two, along with an associated characteristic,
the signal-to-noise ratio (SNR), define the intrinsic ability of an imaging system to
faithfully represent the anatomic features of the body part being imaged.

This chapter first focuses on the quantification of sharpness, noise, and SNR in radio-
graphic systems in terms of common performance metrics of the modulation transfer
function (MTF), the noise power spectrum (NPS), and the detective quantum efficiency
(DQE). Methods for measuring the MTF, the NPS, and the DQE are then described. The
chapter ends with an outline of detector performance factors that may be considered in a
comprehensive evaluation of the performance of a detector. The next chapter in the syl-
labus focuses on the factors that influence the sharpness and noise performance of a dig-
ital radiographic detector.

QUANTIFICATION OF DETECTOR PERFORMANCE

Sharpness

The sharpness of a medical imaging system refers to the ability of the system to repre-
sent distinct anatomic features within the object being imaged. Sharpness is directly re-
lated to resolution, the ability to distinguish neighboring features of an image from each
other. Figure 1 illustrates how a degradation of sharpness can lead to loss of detail in a
radiograph of a knee.

Detector unsharpness is due to small-scale dispersion and digitization processes dur-
ing the image formation, discussed in detail in the next chapter.
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The sharpness of an imaging detector or system is best
characterized in terms of its MTF. The MTF is a measure
of the ability of an imaging detector to reproduce image
contrast from subject contrast at various spatial frequen-
cies (1,3). Figure 2 offers a schematic depiction of the
MTF in one dimension. An input to an imaging system
can be thought of as a one-dimensional trace through
x-ray intensity variations impinging on the detector. The
Fourier theorem states that such an input is equivalent
to multiple single-frequency sinusoidal functions
(modulations), the summation of which could generate
the original input. Thus, these functions can be thought
of as the spatial frequency components of the original
input. Most radiographic systems are able to transfer or
render lower-frequency longer-wavelength modulations
to the output or image without much change in the
modulation amplitude. However, the amplitudes of
higher-frequency modulations are dampened, leading
to a loss of image detail and sharpness. The MTF is a
plot of the ratio of the output-to-input modulations as
a function of their spatial frequency. The higher the
MTF, the better the sharpness and resolution of an im-
age, as illustrated in Figure 3.

There are two notable advantages of using the
MTF to describe the sharpness properties of an im-
aging system. First, the sharpness can be character-
ized at multiple levels of detail (ie, spatial frequen-
cies). Second, if a system has multiple components,
each of which affects its sharpness, the MTF of the
overall system, under suitable conditions, is simply
a multiplication of the MTFs of the individual com-
ponents. For example, the MTF of a digital detector
is equal to the product of the MTFs associated with
the capture, coupling, and collection elements of

the detector, which is discussed in more detail in the
next chapter.

Mathematically, the MTF is the Fourier amplitude
of the point spread function, the response of the de-
tector to an infinitely sharp impulse to the detector
(ie, a delta function) (4). In digital radiographic de-
tectors, the response of the detector is dependent on
the location of the impulse with respect to the pixel
sampling array. As such, digital systems violate an
important requirement for proper assessment of the
MTF, that is, shift invariance, or the independence of
a detector response from the location of an impulse
(4). To remedy this limitation, the concept of pre-
sampled MTF has been introduced as a way to define

a. b. c.
Figure 1. (a) Section of a high-resolution radiograph of the knee. (b) Same section with added blur. (c) Same section with added
noise. Magnified sections of the images are shown at upper right corner of each image to demonstrate the loss of detail resolution
with added blur and noise.

Figure 2. Schematic depiction of the MTF in one dimension,
describing the ability of an imaging system to transfer input
modulations to output modulations at various spatial frequen-
cies (f).
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the sharpness performance of a digital detector inde-
pendent of the sampling process (5). Extensive experi-
mental methods have been developed for the assess-
ment of the presampled MTF of digital radiographic
systems, which are described later in this chapter.

Noise

In radiographic imaging, noise refers to “unwanted”
image details that interfere with the visualization of an
abnormality of interest and with the interpretation of
an image. These superfluous image details fall into two
categories, anatomic noise and radiographic noise
(6,7). The former refers to normal unwanted anatomic
variations within an image (eg, the rib projection pat-
tern in a chest radiograph confounding the detection
of a lung nodule). As such, the characterization of
anatomic noise is task-dependent and is not directly
related to the intrinsic performance of a detector.

The second type of noise, radiographic noise, how-
ever, refers to unwanted variations within an image
that do not originate within the imaged subject.
Rather, they are “added” variations superimposed
on the anatomic data during the acquisition process.
Radiographic noise is also directly related to resolu-
tion because it affects the ability to resolve distinct
features of an image. Comparison of Figure 1a and
1c illustrates how added radiographic noise can lead
to loss of detail within an image.

In a discussion of radiographic noise, it should be
noted that the term noise is often used to describe two
quantities, absolute noise and relative noise. The ab-
solute noise refers to the absolute magnitude of fluc-
tuations within the image (eg, pixel standard devia-
tion), while the relative noise refers to the magnitude
of image fluctuations relative to the signal present in
the image (eg, pixel standard deviation divided by
mean signal). Relative noise is the relevant factor in
the detection of abnormalities, and if not qualified,
the term noise often refers to relative noise.

Although it is often quantified in terms of variance
or standard deviation, radiographic noise is best char-
acterized by its NPS. The NPS is the variance of noise
within an image divided among various spatial fre-
quency components of the image (8). As this definition
implies, the integral of the NPS is equal to the noise
variance. Like the term noise, the NPS is also (confus-
ingly) used to refer to two distinct quantities, absolute
NPS (as defined previously) and normalized NPS. The
normalized NPS, which is defined as the absolute NPS
divided by the mean signal, is related to the relative
noise and can be thought of as the relative noise vari-
ance divided among various spatial frequencies. Be-
cause radiographic noise does not include anatomic
variations, the appropriate image for either definition
is a uniform flat exposure with no object in the field of
view. Broad large-scale variation in such an image is
conventionally characterized as nonuniformity, while
finer-scale fluctuations are characterized as noise.

Mathematically, the NPS is the normalized squares
of Fourier amplitudes averaged over an ensemble of
noisy but otherwise uniform images (9). Conceptually
easier to grasp than this definition, the NPS is also the
Fourier transform of the autocorrelation function, a
measure of the spatial correlation of noise patterns
within an image (4). Figure 4 offers a schematic depic-
tion of the NPS in one dimension. A one-dimensional
trace through a uniform radiographic image might
depict fluctuations that can have different correlation
properties. A highly uncorrelated noise pattern will
render a sharply peaked autocorrelation function and

a. b.
Figure 3. Effect of the MTF on resolution. (a) Higher MTF. (b) Lower MTF. Higher MTF provides better contrast transfer and resolu-
tion in the resultant image than does lower MTF. lp = line pairs. (Images were generated with a simulation program developed by
David M. Gauntt, PhD, Birmingham, Ala.)

Figure 4. Schematic depiction of the NPS in one dimension,
describing the spatial correlation properties of noise as the Fou-
rier transform of the autocorrelation function (ACF). Note that in
both examples, the variances of the fluctuations are the same.
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a broad NPS, while a correlated noise pattern will
have a broader autocorrelation function and a nar-
rower NPS. In this example, both patterns have simi-
lar variances, and thus the integrals under the NPS
curves are equal. However, Figure 4 shows how the
NPS can represent the spatial pattern of noise, in addi-
tion to its magnitude. The lower the NPS, the better or
lower is the noise within the image. The experimental
methods to estimate the NPS for a digital radiographic
system are described later in this chapter.

Signal-to-Noise Ratio

As noted previously, the term noise in medical im-
aging has often been used to describe two different
quantities: (a) the absolute noise, represented by the
NPS; and (b) the relative noise, represented by the nor-
malized NPS or the SNR. As previously stated, it is the
relative noise and the SNR, not the absolute noise, that
affect the resolvability of features within an image. Pio-
neering work by Albert Rose (10) has shown that SNR2

is inversely proportional to the contrast and the diam-
eter of objects that can be reliably depicted in images
with a noise background emulating those of radio-
graphic images. Images with a higher SNR render ob-
jects at lower contrast and smaller-diameter thresholds.

Mathematically, the SNR is defined as a scalar quan-
tity equal to the ratio of the mean signal to the standard
deviation of fluctuations within an image. However, as
implied in the preceding discussion, the resolution (ie,
the ability to resolve distinct features in a radiographic
image) is influenced by both sharpness and noise.
Thus, if expressed as a spatial-frequency–dependent
quantity, SNR(f), the SNR can be used to take into ac-
count both of those characteristics. SNR(f) includes the
frequency-dependent signal response of the detector,
expressed in terms of the MTF, and its frequency-depen-
dent noise response, expressed in terms of the NPS.
Mathematically, SNR(f) is related to those quantities as
follows: SNR2(f) = G2 ⋅ MTF2(f)/NPS(f), where G is the
system gain.

In the formation of a radiographic image, the noise
associated with the finite number of x-ray photons
forming the image is often dominant. This noise is
commonly known as quantum noise. Quantum noise
is governed by Poisson statistics, and thus its associ-
ated SNR2 is directly proportional to the number of
individual x-ray quanta forming the image (4). A
larger number of quanta (ie, more radiation exposure)
render more absolute but less relative noise in the im-
age and vice versa. There are other sources of noise in
radiographic images, which are discussed in more de-
tail in the next chapter, but quantum noise defines an
“ideal” noise floor below which the noise level of an
image cannot be further reduced. The SNR2 associated
with that noise level is denoted as the ideal SNR2

(SNR2
ideal), a scalar quantity independent of spatial

frequency. In practice, the actual noise level within an

image is associated with an SNR2 lower than that of
SNR2

ideal. The equivalent number of quanta that would
give the same SNR2 as actually measured, assuming an
ideal detector detecting all of the impinging x-ray pho-
tons, is known as the noise equivalent quanta (NEQ).

The magnitude of the (relative) noise within a radio-
graphic image is proportional to the number of
quanta (and thus to the radiation exposure) used to
form the image. Therefore, for a given radiographic
system, the actual SNR2 (SNR2

actual) (ie, the NEQ) is
proportional to SNR2

ideal. Furthermore, SNR2
actual is

always less than SNR2
ideal in magnitude because of

detector inefficiencies, non–x-ray-quanta sources of
noise, and added blur in image formation. Given
these dependencies, the ratio of SNR2

actual (or the
NEQ) to SNR2

ideal can readily be used as a metric
that defines the intrinsic SNR performance of a radio-
graphic detector, theoretically independent of radia-
tion exposure (in the absence of additional non–x-ray-
quanta noise sources). This ratio, a single metric
commonly used to characterize the intrinsic perfor-
mance of a digital radiographic system, is known as
the DQE. Because SNR2

actual is a function of spatial
frequency, so is the DQE. The DQE of an “ideal” radio-
graphic detector is equal to unity at all frequencies.
Because SNR2

actual is always less than SNR2
ideal, the

value of the DQE is always less than 1. However, the
higher the DQE, the better are the SNR characteristics
of a detector.

MEASUREMENT OF DETECTOR PERFORMANCE

The performance of a digital radiographic detector is
dependent on the x-ray beam quality (ie, x-ray source
target, peak kilovoltage, and filtration) and quantity
(ie, exposure) used to form the image. Thus, the x-ray
technique or techniques at which a detector perfor-
mance is sought is an important consideration. Ide-
ally, the detector should be tested by using techniques
similar to those used for the intended application. For
example, a chest radiographic system might be tested
at 120 kVp, while a digital mammographic system
might be tested in the 25–35-kVp range. Additional
filtration is necessary to create an x-ray spectrum more
closely emulating that impinging on the detector when
a patient is being imaged and to reduce the depen-
dence of the measurements on the particularities of
the x-ray source used. The filter is placed as close as
possible to the focal spot to reduce the contribution
of scattered radiation to the acquired images.

In the past, a variety of beam qualities have been
used by investigators, most notably 70 kVp with 0.5-
mm Cu filtration (11) and 70–120 kVp with 19-mm
Al filtration (12–14). However, when comparing the
performance of different detectors, it is helpful to use
similar x-ray beams. Recently, prompted by a new ini-
tiative by the International Electrotechnical Commis-
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sion (IEC) (15,16), the use of certain standard beam
quantities for characterization of detector perfor-
mance has become popular. The Table (13,16,17) lists
the definition of some of the beam qualities used for
detector characterization, including those of the IEC.

Another prerequisite for assessing the performance
of a digital detector is its flat-field calibration. Digital
detectors are susceptible to inherent nonuniformities,
dead pixels, and pixel-to-pixel sensitivity differences,
which are discussed further in the next chapter. To
correct for such nonuniformities, most digital detec-
tors employ nonuniformity (eg, offset and gain) cali-
brations (12,14). Often, these calibrations are done
with an antiscatter grid in place, while the assessment
methods outlined subsequently are often used with
the grid removed. Furthermore, sometimes the detec-
tor may have additional or protective covers or may
be integrated within a Bucky unit or table with a cer-
tain level of x-ray absorption. The presence of addi-
tional absorptive layers does affect the noise perfor-
mance of the detector. Therefore, it is imperative that
(a) a detector is calibrated according to the guidelines
of the manufacturer for the imaging setup with which

it will be evaluated (eg, no grid, specific covers used)
before the evaluation is initiated, and (b) the setup is
reported along with the results of the evaluation.

Finally, the system should be able to output image
data in a linear and raw format; that is, the pixel values
should be linearly proportional to exposure, and no
processing (other than nonuniformity and pixel defect
calibrations) should have been applied to the image
data. If the linearity and processing requirements are
not met but the data can be converted to a linear for-
mat and the processing steps “undone,” the data may
still be used for the sharpness and noise assessments. If
unaccounted for, however, the computations required
for those assessments will violate the required underly-
ing theoretical basis for the assessments.

Sharpness Assessment Methods

Three notable methods have been developed to as-
sess the sharpness performance of digital radiographic
systems. In all of these methods, an image of a sharp
test object is first acquired. The three methods are dis-
tinguished on the basis of the type of test object used:
bar pattern, slit, or edge. The sharpness of the system

Radiographic Techniques Used for the Evaluation of Detector Performance

Ideal SNR2 (mm−2mR−1)

IEC Nominal Peak Filtration Half-Value IEC Energy-
Relevant Clinical Application Alias Kilovoltage (kVp)  (mm)∗ Layer (mm)∗ Values†  Counting‡ weighted‡

Mammography RQN-M 28 ± 1 BEM, 45.0§ NA NA NA NA

Neonatal, pediatric, RQA3II ~50 Al, 10.0 Al, 4.0 ± 0.1 190,826 175,992 172,704#

extremities

General radiography, RQA5II ~70 Al, 21.0 Al, 7.1 ± 0.1 264,626 255,232 248,931#

extremities, head, shoulder 70 Cu, 0.5 NA NA 248,836 242,053#

70 Al, 19.0 NA NA 251,393 244,806#

General radiography, RQCII 70–80 Cu, 1.5–2.0 Cu, 0.5 ± 0.1 NA 289,340# 285,098#

fluoroscopy

General radiography RQA7II ~90 Al, 30.0 Al, 9.1 ± 0.1 283,815 282,889 274,133#

Chest radiography RQTII ~120 Al, 22.0 Al, 10.4 ± 0.1 NA 272,240 256,102#

115 Al, 19.0 NA NA 272,054 256,260#

120 Al, 19.0 NA NA 270,619 253,785#

General radiography, chest RQA9II ~120 Al, 40.0 Al, 11.5 ± 0.1 272,545 273,548 260,467#

High-energy applications RQA10II ~150 Al, 45.0 Al, 12.8 ± 0.1 NA 248,633 231,946#

150 Al, 19.0; Cu, 1.0 NA NA 245,919 230,776#

Note.—The IEC techniques are fully described in an IEC standard document (17). NA = not available.
*Filtration quality, >99.9% purity.
†Converted from the IEC document (16), using an 8.77-µGy/mR conversion factor.
‡Values computed for a typical high-frequency x-ray beam, tungsten target, 12° anode angle, 2.5-mm Al intrinsic filtration plus the
specified added filtration, using xSpect x-ray simulation routine (13).
§IEC specifies the technique for a Mo target with 0.03-mm (± 0.002) Mo intrinsic filtration and percent ripple of less than 4%. BEM =
breast equivalent material made of 50% adipose and 50% glandular tissue.
IIIEC specifies the technique for a tungsten target and intrinsic tube filtration equivalent to 2.5-mm Al at 75 kVp.
#Computed for 75 kVp, 1.5-mm Cu.
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is then assessed, usually in terms of the MTF, from the
level of blur in the acquired image. The test object is
often imaged in contact with the detector front cover
by using a small focal spot and a large source-to-im-
age distance to reduce the contribution of focal spot
blur to the detector characterization. Furthermore, to
make the measurements independent of the sampling
inherent in a digital detector, the test object is often
positioned with a small angle with respect to the pixel
array of the detector. The angulation allows sampling
of the image data at a pitch finer than that of the de-
tector pixellation (by means of the different relative
placements of the object with respect to the detector
array), thus obtaining the so-called presampled MTF.

The image is acquired by using the desired beam
quality, as discussed previously, but often with expo-
sures notably higher than those used clinically, in order
to reduce the level of noise in the measurement. The
high exposure level is justified because the sharpness of
digital detectors is usually not dependent on exposure.
When the MTF depends on exposure, multiple images
of the object may be averaged to obtain the MTF esti-
mate, a method sometimes used to improve the accu-
racy of the results (particularly for the definition of the
tails of the line spread function in the slit method).

The bar-pattern assessment method, as the name
implies, is based on the use of a bar-pattern test ob-
ject. Such test objects are made with a relatively thin
layer of high-atomic-number metals (eg, Pb) cover-
ing a range of discrete frequencies (Fig 5). These test
objects are commercially available in multiple thick-
ness and frequency ranges. After acquisition, the im-
age of the bar pattern is processed to deduce the
square-wave response function at each of the spatial
frequencies of the pattern by averaging the data over
the length of the associated bar patterns. The MTF is
then mathematically deduced from the square-wave
response function (18). The advantages of the bar-
pattern method include (a) the relative ease and speed
of implementation and (b) conceptual simplicity.
However, the method suffers from low precision,

noise, and coarse sampling of an otherwise continu-
ous MTF.

The slit assessment method has been one of the
traditional methods to measure the MTF. The slit test
object is often made of two thick pieces of metal (of-
ten 2-mm-thick pieces of Pb) held at a precise dis-
tance from each other, forming a slit opening be-
tween them with a width of tens of microns (often
10 µm) (Fig 6). The object is aligned precisely with
the beam and the detector, and one or multiple im-
ages are acquired at high exposures. The location of
the slit in the acquired image is determined, and the
image data along the slit are averaged to form the line
spread function, from which the MTF is deduced by
Fourier transformation (11).

The advantages of the slit method include (a) high
precision, particularly at high spatial frequencies (19),
and (b) the acceptance of the method as an established
method to measure the MTF. The disadvantages in-
clude the need for the precise alignment of the slit de-
vice, which makes the measurement complicated and
time-consuming. Furthermore, the method suffers from
noise in the tails of the line spread function, necessitat-
ing the use of high or multiple exposures, and, more
importantly, the extrapolation of the tails of the line
spread function, which imposes an a priori function on
and reduces the precision of the low-frequency compo-
nent of the MTF.

The edge assessment method has also been one of
the established methods to measure the MTF but has
recently gained more popularity for the performance
assessment of digital radiographic systems. The edge
test object is made of a relatively thin metal foil, one
side of which is polished to achieve a sharp, straight,
and smooth edge (Fig 7). The foil should be made of
a high-atomic-number material and should be thick
enough to maximize attenuation and minimize sec-
ondary radiation yet thin enough to minimize align-
ment sensitivity. Previously, lead, platinum-iridium
alloys, and tungsten have been used to make edge ob-
jects ranging in thickness from 0.1 to 1 mm (20–22).

a. b.
Figure 5. (a) Bar-pattern test object. (b) Digital radiograph of another bar-pattern test object.
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The object is aligned with the beam and the detector,
but a precise alignment is not required because the
method is less susceptible to misalignment. The image
data along the edge image are averaged to form the
edge spread function. The edge spread function is dif-
ferentiated and subjected to further Fourier transfor-
mation to obtain the line spread function and the
MTF (21).

The advantages of the edge method include (a) high
precision, particularly at low spatial frequencies (19),
(b) simplicity, and (c) speed of data acquisition (ie,
alignment). The disadvantages of the method include
(a) its susceptibility to noise caused by the differentia-
tion process and (b) less precision at high spatial fre-
quencies (19). Noise in the edge measurement meth-
od can be reduced by proper exposure and by modest

a. b. c.
Figure 6. (a) Slit test object. (b) Magnified view of the slit opening (10 µm wide), showing slight nonuniformities. (Image courtesy of
James T. Dobbins III, PhD, Duke University Medical Center, Durham, NC.) (c) Digital radiograph of the object, averaged over 12
separate acquisitions, used for the assessment of the MTF. (Image courtesy of John Yorkston, PhD, Rochester, NY.)

Figure 7. (a) Precise polished
edge test object. (b) Magnified
view of the metal edge lami-
nated between two slabs of po-
lymerized methyl methacrylate.
(c) Digital radiograph of the ob-
ject used for the assessment
of the MTF.

a.

b. c.

smoothing of the edge spread function data. An accu-
rate, relatively precise, simple, and convenient meth-
od, the edge method has now been endorsed as the
standard method for measuring the MTF of digital ra-
diographic systems (15).

The assessment methods described in the preceding
paragraphs provide the MTF estimate at only one loca-
tion and only in one direction, perpendicular to the
orientation of the test object. If the sharpness of a detec-
tor is suspected to be different in different areas of the
detector, the MTF may be measured in different areas
(eg, center and corners). Rotating the object also pro-
vides one-dimensional MTF estimates along different
orientations. The MTF is often measured in two near-
axial directions. Because the MTF is an inherently two-
dimensional function, newer methods have been
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proposed that are based on disk (23) and multiple-
hole (24,25) test objects for the assessment of the
two-dimensional MTF in a single image acquisition.
However, because the MTF of most digital radio-
graphic detectors is nearly rotationally symmetric,
these newer methods have not gained popularity.

Noise Assessment Methods

Two methods have previously been used to charac-
terize the NPS of radiographic detectors. The one-di-
mensional moving-slit method has commonly been
used in the past to characterize the NPS of analog
screen-film systems. However, for the performance
assessment of a digital radiographic system, the slit
method has largely been replaced by a two-dimen-
sional Fourier analysis method. This method is based
on first acquiring uniform (flat-field) images at the
desired beam qualities and exposures. The exposure
to the detector should be measured precisely, free-in-
air, because the exposure dependence of the noise
magnitude is one of the important characteristics of
digital detectors reflected in the DQE. In the most
common implementation of the technique, the image
is segmented into multiple small regions. The size of
the regions is often in the neighborhood of 25 × 25
mm. Possible large-scale nonuniformities within and
between regions are often removed by subtraction
methods (9,26) because such nonuniformities are
often not characterized as noise.

The NPS from each individual region is estimated by
Fourier transformation. These spectra are appropriately
filtered, normalized, and averaged to obtain the two-
dimensional NPS (9). To obtain a smooth estimate of
the NPS, a large number of regions often must be used.
The regions can be segmented from a single uniform ra-

diograph, as stated previously, or can be taken from an
ensemble of radiographs. Finally, one-dimensional
traces through the two-dimensional NPS are obtained
by orthogonal, diagonal, or radial band averaging of
the two-dimensional spectrum (Fig 8) (20).

SNR and DQE Assessment Methods

The SNR performance of a digital radiographic de-
tector is most commonly characterized in terms of the
NEQ and the DQE. The NEQ is computed from the
measured MTF and NPS as follows: NEQ(f) = G2 ⋅
MTF2(f)/NPS(f), where the gain term, G, is either
(a) estimated from the mean area pixel value of the
detector at the exposure at which the NPS is measured
(11), or (b) otherwise set to unity if the NPS computa-
tions include proper normalization (9).

As noted previously, although the NEQ gives a direct
indication of target detectability at a given exposure
level, it is dependent on exposure. The DQE, as the
ratio of the NEQ to SNR2

ideal, provides an exposure-
independent measure of detector performance in the
absence of nonquantum sources of noise. To be able
to compute the DQE, the ideal SNR2 per exposure
(SNR2

ideal/E) should be known, from which SNR2
ideal

can be determined by multiplying by the exposure
associated with the NEQ (and the original NPS). The
SNR2

ideal/E quantity is either obtained from tabulated
values for specific beam qualities (11,15) or is other-
wise estimated by computational modeling (9). Fur-
thermore, two “types” of ideal SNR2 have been used:
(a) the counting type, which assumes an ideal detec-
tor behaves as a perfect x-ray photon counter; or
(b) the energy-weighted type, which assumes an ideal
detector behaves as a perfect x-ray photon energy inte-
grator (13). The values for the two types of ideal SNR2

a. b.
Figure 8. (a) Methods of band averaging. (b) Resultant NPS for a digital radiographic system. The diagonal band averaging pro-
vides noise estimates beyond the cutoff frequency associated with the axial sampling. The estimates are also less affected by noise
aliasing. The radial NPS (not shown) lies between the axial and diagonal estimates.
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show about a 3%–5% difference, depending on the
peak kilovoltage. As the asymmetry of the x-ray spec-
trum increases at high peak kilovoltages, so does the
difference. The Table provides the values of the two
types of SNR2

ideal/E for some typical beam qualities.

OTHER DETECTOR PERFORMANCE FACTORS

Although sharpness, noise, and SNR response are con-
sidered the key performance characteristics of digital ra-
diographic detectors, these factors do not encompass
all of the important performance characteristics. Other
notable performance factors include scatter sensitivity,
dynamic range, veiling glare, spatial artifacts, temporal
artifacts, and temporal stability. Specific quantification
and testing procedures may be devised to evaluate the
performance of the detector in terms of these character-
istics. Because the main focus of this chapter is sharp-
ness and noise, these factors are only briefly discussed
in the subsequent paragraphs.

Scatter Sensitivity

The conventional sharpness, noise, and SNR assess-
ment methods concern only the primary beam and do
not include the contribution of scattered radiation to
the image quality. In those methods, the filtration ele-
ments are placed as close as possible to the focal spot,
essentially eliminating any scattered radiation in the
recorded images. If the Bucky unit of the detector is
equipped with an antiscatter grid, the grid is also re-
moved because the methods aim to assess the detector
performance independent of auxiliary equipment.
However, in normal clinical use with a grid, the grid
attenuates part of the primary beam. Systems that use
strategies other than an antiscatter grid to reduce scat-
tered radiation (eg, slot-scanning) are naturally not
affected by this primary beam loss.

In clinical practice, scattered radiation is an ever-pres-
ent component of radiographic imaging, markedly af-
fecting the quality of the image. The scattered radiation
reduces subject contrast and affects the level of noise
within the image. The effect varies for different detec-
tors because of the difference in the spectral sensitivity
of various capture element materials used in the detec-
tor. Furthermore, from an imaging system perspective,
the effect of the scattered radiation is dependent on the
specifics of the methods used to reduce scattered radia-
tion, such as slot-scanning, air gaps, or antiscatter grids.
Thus, the performance of a radiographic system with-
out scatter and without a grid does not fully represent
the noise and DQE performance of the system in actual
clinical usage and can create biases in comparing the
performance of different imaging systems. An overall
performance assessment of a digital radiographic detec-
tor should include scatter sensitivity, taking into con-
sideration the whole acquisition system, including the
detector and the antiscatter element.

The scatter assessment may be made with a phantom
(placed close to the detector) with scattering properties
similar to those of actual patients. The measurement is
dependent on the phantom, the technique, and the ge-
ometry of the acquisition, all of which should either be
standardized (for comparing intrinsic performance of
different systems) or otherwise be representative of the
clinical usage of the system. The primary method used
to measure scattered radiation is the beam stop method
(27). In this method, small opaque disks (often made
of lead) are placed on the tube side of the phantom,
and two images are acquired with and without the
disks. The ratio of the image signals in the projected
areas of the disks, with and without the disks present,
provides an estimate of the scatter fraction (ie, the ratio
of scatter to scatter plus primary). Disks placed at differ-
ent areas of the image provide estimates of the scatter
fraction as a function of location. Currently, there is no
established method to measure the noise contribution
of the scattered radiation.

Veiling Glare

Veiling glare is a known image degradation pro-
cess in the image formation caused by broad spread-
ing of the scanning laser beam (in computed radiog-
raphy) or secondary energy carriers (in other digital
radiographic detectors) in the detector material,
which leads to a drop in the zero or near-zero spa-
tial frequency response propagated through the en-
tire frequency range. Because this process affects the
modulation (or contrast) response of the detector, it
is reasonable to expect veiling glare to be a part of
the sharpness assessment of the detector in terms of
the MTF.

However, MTF assessment methods have limited ac-
curacy at low frequencies because of the limited size of
the region of interest used to measure the MTF and the
noise in the tails of the line spread function. MTF nor-
malization is, in fact, one of the steps in conventional
MTF measurements, practically eliminating any veiling
glare from the measured MTF. However, the veiling
glare can be measured by using a method similar to the
beam stop method used for scatter measurements de-
scribed in the preceding text (28). The only difference is
that no scattering medium (ie, phantom) is present,
thus allowing an accurate estimate of the scatter within
the detector (ie, veiling glare). Glare ratio may be calcu-
lated as the ratio of the image signals in the projected
area of the disk, with and without the disk present.

Dynamic Range

Dynamic range is the useful range of exposures
within which a detector can record images with an
acceptable quality. The assessment of the detector
performance in terms of noise and the DQE over a
wide range of exposures tests the system performance
at discrete points within its dynamic range. However,
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it is useful to determine the extremes of exposure be-
tween which the detector may be used reliably, by using
the associated large-area signal and noise response of the
detector. The dynamic range can be calculated as the ra-
tio of the exposure associated with the detector satura-
tion (eg, exposure that gives a pixel value of 4,095 in a
12-bit detector) to that associated with a minimum pixel
value above the noise threshold of the detector, assum-
ing a minimum threshold SNR2 in the 3–5 range (29).

Spatial Artifacts

All digital detectors are susceptible to pixel dropouts
or point defects caused by dust specks (in computed
radiography) or by nonlinear or defective pixel ele-
ments (in flat-panel detectors and detectors that are
based on a charge-coupled device [CCD] or a comple-
mentary metal oxide semiconductor [CMOS]) (Fig 9).
Neighborhood pixel-averaging methods are used to
effectively reduce such artifacts if the locations of the
defects are known and if the number and proximity of
the defective pixels are within a limited range. Spatial
artifacts may also be seen in digital detectors that are
comprised of multiple tiled subpanels or tiled CCDs;
these artifacts are seen as faint seam lines between the
subpanels or CCDs. Although various strategies have
been devised to reduce or eliminate these artifacts,
such as pixel averaging, and gain and offset correc-
tions, the artifacts may still appear under certain cir-
cumstances, especially at high exposures. Similarly, a
computed radiographic detector may exhibit pixel jit-
ter or spatial nonlinearity artifacts caused by laser scan
nonuniformities. Because detector spatial artifacts are
highly dependent on the technology, their assessment
methods should focus on characterizing possible arti-
facts associated with the type of detector being tested.

Temporal Artifacts

Some digital radiographic detectors exhibit lag arti-
facts in the form of residual signals from previous ac-
quisitions that appear in subsequent images (30). Lag
artifacts can be due to (a) incomplete erasure of the im-
age detector (in the case of computed radiography) or
(b) residual memory effects in amorphous silicon or
the capture element (in the case of flat-panel detectors
and CCD- or CMOS-based detectors). In the flat-panel
and the CCD- or CMOS-based detectors, the residual
signal fades with a finite time constant. The amount of
residual signal at a given time depends on the time
lapse from the prior exposure. Thus, in applications in
which image acquisition is rapid (eg, fluoroscopy or
multiple-view acquisitions), strategies have been de-
vised to reduce the effect. Two common strategies are
(a) subtracting a fraction of the prior image from the
subsequent image or (b) performing an offset correc-
tion between two image acquisitions (if there is suffi-
cient time between the two acquisitions). The magni-
tude of lag artifact and the effectiveness of its reduction

methods can be characterized by measuring the time
constant of the fading of the signal after acquisition of
a high-exposure image of a high-contrast object.

Temporal Stability

Even though a detector may behave perfectly at the
time of testing, its performance may vary over time.
Variations might be due to (a) normal deteriorations
(eg, mechanical changes or changes in the scanning
or erasure components in computed radiography) or
(b) susceptibility to environmental conditions such as
temperature, if the temperature of the electronic com-
ponents is not well regulated. Thus, there is a need to
ensure that the performance of a detector is stable over
time. To do so, a quality control program may be
implemented within which the detector characteristics
most susceptible to change are tracked over time. Many
detector manufacturers offer quality control tools with
their products that may be used for this purpose. How-
ever, because the quality control testing methods might
be simpler and more limited than those used in more
comprehensive evaluations, it is important to perform
the quality control tests at the same time as the compre-
hensive evaluations to establish benchmark perfor-
mance levels for tracking over time.

SUMMARY

The performance of a digital radiographic detector can
be described in terms of various performance metrics.
Among them, sharpness and noise are most commonly
equated with the intrinsic performance of digital radio-
graphic detectors. The MTF, the NPS, the NEQ, and the

Figure 9. Contrast-enhanced uncorrected uniform image from
a flat-panel digital detector, illustrating various structured noise
patterns.
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DQE are meaningful measures of sharpness and noise
for digital radiographic detectors. Extensive methods
have been developed to measure these quantities. The
measurements can readily be used for the design of
new detectors and for optimization, testing, and com-
parison of existing ones.

Acknowledgment: The author thanks many col-
leagues for intellectual contributions and helpful dis-
cussions regarding materials presented in this chapter.
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Performance of Digital
Radiographic Detectors:

Factors Affecting
Sharpness and Noise1

Digital radiography (DR) systems are replacing analog systems in many clinical appli-
cations. Broadly speaking, DR can be defined as projection x-ray imaging in which the
image data are sampled into discrete elements in the spatial and intensity dimensions.
Initially, image data are captured by the x-ray capture element of the detector, in a pro-
cess similar to that used by analog (ie, screen-film) radiographic systems. The captured
analog signal is then transformed into digital form through the processes of sampling
and quantization. The digital image data are finally transferred to a computer and pro-
cessed for display and distribution.

DR detectors vary dramatically with respect to the technologies on which they are
based. However, these detectors all share three distinct components: the x-ray capture
element, the coupling element, and the collection element. Figure 1 illustrates these el-
ements and lists them for the most common DR detectors. The performance of digital
detectors and the quality of their acquired images are directly related to various physi-
cal processes that take place in these elements during image formation.

The previous chapter described assessment methods for characterizing the perfor-
mance of DR detectors, focusing mainly on sharpness and noise, two key factors often
equated with the intrinsic performance of these detectors (1–3). This chapter focuses on
the factors that affect the sharpness and noise characteristics of digital detectors, orga-
nized with respect to the three key detector elements described previously. This chapter
further provides a quantitative summary of the sharpness and noise performance of
current commercially available DR systems on the basis of experimental measurements.

SHARPNESS FACTORS IN DR SYSTEMS

As mentioned in the previous chapter, the sharpness of an image is related to (a) the in-
trinsic sharpness of the detector employed; (b) subject contrast, as determined by object
characteristics, beam quality, and scatter, as well as the blur caused by the finite size of
the x-ray focal spot; and (c) patient motion during the acquisition. Because this chapter
focuses on detector performance, only the detector-related factors are discussed.

Multiple factors affect the sharpness of DR detectors. The factors can be categorized
in terms of the three components of DR detectors: the capture element, the coupling
element, and the collection element (Fig 1).

Advances in Digital Radiography: RSNA Categorical Course in Diagnostic Radiology Physics 2003; pp 49–61.

1From the Departments of Radiology, Physics, and Biomedical Engineering, DUMC Box 3302, Duke University Medical
Center, Durham, NC 27710 (e-mail: samei@duke.edu).

Ehsan Samei, PhD
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Capture Element Blur

Blur in the capture element of DR detectors occurs
through two different processes during image forma-
tion. First, the energy of x-ray photons can be dissi-
pated by scattering, fluorescence, or photoelectric in-
teractions within the detector causing all or part of
the energy to be deposited somewhere in the detec-
tor other than the original point of entry. This can
cause a blur (as well as noise) within the acquired
image. In most DR detectors, the magnitude of this
blur is notably lower than that of the other sources
of blur described in the following paragraphs.

The second blur process affecting the capture ele-
ment involves the scattering of secondary energy
carriers that are generated when the energy of the
x-ray photons is absorbed by the sensitive layer of
the detector (Fig 2a, 2b). In phosphor-based detec-
tors, these secondary energy carriers are visible pho-
tons generated as a result of the x-ray photon inter-
action with the phosphor material (eg, CsI, Gd2O2S).
In direct flat-panel detectors, the secondary energy
carriers are the electronic charges (electrons and
holes) generated when the x-ray photons interact
with the photoconductor (eg, amorphous selenium).

Computed radiography (CR) is an exception to
the process described in the preceding paragraph
because the blur in the capture element occurs not
from scattering of the photostimulable lumines-
cence (PSL), but rather from the scattering of the

laser beam used to stimulate the phosphor material
(Fig 2c). Furthermore, there is an additional source
of blur in CR detectors caused by the movement of
the laser beam during the scanning process. The
emission of photostimulable light is not prompt. In-
stead, it occurs with a finite decay on the order of
microseconds. This causes a “lag” in the photostim-
ulable emission as the laser beam rapidly scans the
phosphor screen, which slightly reduces the modu-
lation transfer function (MTF) in the laser scan di-
rection, as illustrated in Figure 3 (4).

The capture element blur is negligible for direct
flat-panel detectors because charge dissipation is
practically eliminated by the application of an electric
field (5). However, the capture element blur is the
dominant source of blur in phosphor-based detec-
tors. This blur can be reduced with a number of strat-
egies. First of all, reducing the thickness of the sensi-
tive layer can markedly reduce the blur (4). This is
due to the fact that in thinner screens, light has less
volumetric space for scattering. Figure 4 illustrates
that reduction in terms of improved MTF for a CR de-
tector. However, the drawback to this strategy is that
the reduced thickness causes a reduction in the effi-
ciency of the detector in detecting the x-rays, which
causes an increase in image noise and a decrease in
the detective quantum efficiency (DQE).

Notable advances in the reduction of capture ele-
ment blur have come from the use of structured

Figure 1. Three fundamental
elements of DR systems.
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phosphors in DR detectors. Conventional phosphor
screens used in imaging are turbid in nature, made of
phosphor particles suspended (glued) within a layer
of binding material. In this form, the screen scatters a
large amount of light, whether (a) that due to x-ray
interaction in phosphor-based detectors, flat-panel
detectors or detectors that are based on a charge-
coupled device (CCD) or complementary metal oxide
semiconductor (CMOS), or (b) that due to the interro-
gating laser beam in CR detectors. Growing the phos-
phor material in a needlelike structure (the needles
being perpendicular to the screen surface) reduces the
lateral scattering of light photons, as illustrated in
Figure 5. This needlelike structure of the phosphor
has enabled the development of digital detectors with
thicker phosphors that have superior DQE and noise
performance and with sharpness better than or at least

equivalent to those made of turbid phosphors (6).
Figures 6a and 7a illustrate the MTFs of two indirect
flat-panel detectors and two CR detectors with turbid
and structured phosphors. In both detectors, the struc-
tured phosphor layer is at least 2.5 times thicker than
the turbid phosphor layer.

In terms of asymmetry of the sharpness in the CR
detectors, the limiting factor is the system throughput
because the photoluminescence decay responsible for
additional blur in the laser scan direction limits the
speed at which the screen can be scanned. Recent
progress in the development of line-scanning tech-
nology (described in the chapter by Ralph Schaetzing,
PhD) has enabled a more rapid acquisition of image
data from the CR screen, one line at a time, thus nota-
bly increasing the readout speed without undue effects
on sharpness.

a. b. c.
Figure 2. Schematic cross sections of (a) an indirect flat-panel detector, (b) a direct flat-panel detector, and (c) a CR detector, illus-
trating the generation of secondary energy carriers in the capture elements of the detectors. E = electric field, FP = flat panel, PSL =
photostimulable luminescence.

a. b.
Figure 3. (a) Schematic cross section of a CR screen, illustrating the lag in the generation of PSL signal in the laser scan direction.
(b) Lag leads to a reduction of the MTF in the laser scan (LSC) direction compared with the plate scan (PSC) direction (Fuji 9501-
HQ, ST-Va screen, 0.1-mm pixel size, 70 kVp with 19-mm added Al filtration).
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Figure 5. Schematic cross
sections of an indirect flat-
panel detector with (a) turbid
phosphor and (b) structured
phosphor screens as the cap-
ture element.

b. d.
Figure 4. Schematic cross sections of (a) a thick CR screen (Kodak GP) and (b) a thin CR screen (Kodak HR), illustrating the effect of
screen thickness on laser scattering. The thin screen produces (c) higher MTF, with (d) an associated loss in the DQE, especially at low
to mid spatial frequencies (Kodak CR-400 reader, 0.1-mm pixel size, 70 kVp with 19-mm added Al filtration).

a. c.
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Coupling Element Blur

Sharpness loss may also occur from the coupling ele-
ment of the detector. This loss occurs because of
spreading of the secondary energy carriers (light or
charge) emerging from the capture element before be-
ing collected by the collection layer. This form of blur
is often not an issue in direct flat-panel detectors be-
cause charge dissipation is highly controlled by an im-
posed electric field, unless additional blur is intention-
ally introduced for other purposes (eg, reduction of
noise aliasing) (7). Coupling element blur is also often
not an issue for CR because CR sharpness is not depen-
dent on the scattering of the emerging photostimulable
photons. However, other phosphor-based DR systems,
particularly lens-coupled CCD- and CMOS-based detec-
tors, are potentially susceptible to this sharpness loss. In

these detectors, the sharpness response of the lens sys-
tem has a direct effect on the overall sharpness of the de-
tector (see Figs 14b, 15a). The sharpness of indirect flat-
panel detectors may also be affected by the choice of the
coupling material, as illustrated in Figure 8.

Collection Element Blur

Blur at the collection layer affects all types of digital
detectors and serves as a fundamental limitation on
achieving the maximum possible sharpness. This limi-
tation is directly dictated by the finite size of the image
elements (ie, the pixels). The Nyquist sampling theo-
rem states that a digital system with a pixel size, p,
cannot represent features with spatial frequencies
higher than the cutoff (Nyquist) frequency, 1/2p (8).
In the case of an ideal digital detector with no spatial

a. b.
Figure 6. (a) MTF and (b) DQE of two identical indirect flat-panel detectors (Varian 4030 and 2520 detectors, 0.127-mm pixel size),
one with a turbid phosphor screen (Lanex Regular, 4030) and one with a structured phosphor screen (600-µm CsI, 2520) as the cap-
ture element (70 kVp with 19-mm added Al filtration). FP = flat panel.

a. b.
Figure 7. (a) MTF and (b) DQE of two CR detectors (Agfa ADC-Compact reader, 0.12-mm pixel size; and Agfa Scan-head proto-
typic reader, 0.1-mm pixel size), one with a turbid phosphor screen (Agfa MD-30) and one with a structured phosphor screen (Agfa
prototypic CsBr screen) (70 kVp with 19-mm added Al filtration). (Structured phosphor CR data courtesy of Ralph Schaetzing, PhD,
Greenville, SC.)
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energy dissipation, the response of each pixel would
be represented by an ideal rect function, a square aper-
ture function with a value of unity within the spatial
extent of the pixel and a value of zero elsewhere. The
presampled MTF for such a detector will be the Fou-
rier transform of a rect function, namely a sinc func-
tion, that goes to zero at 1/p. Thus, theoretically, the
presampled MTF of a digital system cannot exceed
sinc p. Figure 9 illustrates the limiting MTF sinc func-
tions for a variety of pixel sizes.

In popular technologies, and even in the scientific
realm, the matrix size or the pixel size of a digital im-
aging device is often equated with its resolution or
sharpness performance. However, this notion is only
partly true because it only pertains to the collection
element and does not include the other elements re-

sponsible for the sharpness performance of the device.
As noted previously, the Nyquist cutoff frequency is
only the maximum theoretical frequency that can po-
tentially be reproduced by sampling but is not repre-
sentative of what the device can actually deliver. In
digital detectors in particular, the dominant source of
blur is often not the collection element. In most phos-
phor-based detectors, the capture element blur is
much more dominant. Figure 10, for example, illus-
trates that the reduction of pixel size from 0.17 mm
to 0.10 mm has only a slight (if any) effect on the
presampled MTF from the detector. Thus, in detectors
in which capture or coupling element blurs are domi-
nant, further reduction of pixel size has only a mar-
ginal effect on the MTF.

Figure 10. MTF of a CR detector (Kodak CR-400, GP screen)
measured with 0.10-mm and 0.17-mm pixel size (MTFs in the
laser scan and plate scan directions averaged, 70 kVp with 19-
mm added Al filtration).

Figure 9. Maximum theoretical MTF for DR systems based on
the pixel aperture size (p).

a. b.
Figure 8. (a) Schematic cross section showing effect of addition of a reflective layer to an indirect flat-panel detector. (b) Effect of
additional reflective layer on the MTF (Varian 2520 detector, 0.127-mm pixel size, 70 kVp with 19-mm added Al filtration; and Varian
2520 high-bright [HB] detector, 0.127-mm pixel size, RQA5 technique).
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In contrast to phosphor-based detectors, as noted
previously, capture and coupling element blurs are
negligible for direct flat-panel detectors. In those de-
tectors, the collection element is thus the dominant
source of blur. Figure 11 illustrates the MTFs of a di-
rect and an indirect flat-panel detector in compari-
son with their associated limiting MTFs. The MTF of
the direct system is nearly identical to that of the
ideal sinc. The small difference may be attributed to
backscattered fluorescent x-rays generated in the glass
substrate of the detector, leading to a slight sharp-
ness loss (9).

The high MTF of the direct flat-panel detectors has
a direct implication in terms of signal and noise
aliasing (10). Signal aliasing can occur if there is
considerable power in the input signals to the detec-
tor at spatial frequencies higher than the cutoff fre-
quency of the detector. Such signals would be
shifted to lower frequencies, causing signal artifacts,
as illustrated in Figure 12. The same process can take
place for noise, causing higher-frequency noise com-
ponents to be shifted to lower frequencies. Because
of notable noise aliasing, the noise power spectra

for direct detectors are relatively flat, emulating
white noise, as compared with the noise power spec-
tra from phosphor-based detectors (Fig 13) (11).
Specific detector designs have been suggested to
somewhat reduce the sharpness of direct detectors
and thus reduce the potential for signal and noise
aliasing (7). However, the clinical effect of aliasing
on specific clinical tasks has not yet been substanti-
ated.

NOISE AND DQE FACTORS IN DR SYSTEMS

Generally speaking, radiographic noise in DR systems
is composed of two types: (a) quantum noise caused by
the limited number of photons forming the image and
(b) instrumentation noise added by the additional
statistically random and fixed processes underway in
the detector during image formation. Similar to sharp-
ness, the factors that affect the noise and DQE perfor-
mance of DR detectors can be categorized in terms of
the three components of the DR detector noted previ-
ously, namely, the capture element, the coupling ele-
ment, and the collection element (Fig 1).

a. b.
Figure 11. MTFs of (a) a direct flat-panel detector (DRC/Hologic DR-1000, 0.139-mm pixel size) and (b) an indirect flat-panel de-
tector (GE XQ/i, 0.2-mm pixel size), with their corresponding maximum theoretical limits (dashed lines) based on the pixel aperture
size (RQA5 technique). FP = flat panel.

a. b.
Figure 12. Effect of aliasing on (a) signal and (b) noise. (Images courtesy of David M. Gauntt, PhD, Birmingham, Ala.)
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Figure 13. Exposure-scaled noise power spectra (NPS) of a
direct flat-panel detector (DRC/Hologic DR-1000), two indirect
flat-panel detectors (GE XQ/i and Philips Digital Diagnost
[DiDi]), and a CR detector (Agfa ADC-Compact, MD-30 screen)
at comparable exposures (RQA5 technique).

Capture Element Noise

Quantum noise and part of the instrumentation
noise (conversion noise) are directly related to the
capture element of the DR detector. Quantum noise is
caused by the finite number of x-ray quanta forming
the image. Conversion noise is due to the fluctuations
in the number of secondary energy carriers generated
per detected x-ray photon. Initially uncorrelated, both
quantum noise and conversion noise produce a poorly
correlated noise pattern within the image. The contri-
bution of the capture element noise to these sources
of noise can be formulated as follows.

In a radiographic system, the signal (S) from the de-
tector is proportional to the number of x-ray photons
used to form the image (N0), the efficiency of detec-
tion (η), and the detector gain (g). Assuming Poisson
processes, the signal, noise, and signal-to-noise ratio
(SNR) for such a detector can be expressed as

(1)

(2)

(3)

where σq
2 is the image variance, and σg

2 is the variance
associated with the detector gain (5). For detectors
with multiple gain processes, the previous expressions
can be expanded to include all of the gain factors and
their associated fluctuations (12). In these expres-
sions, the N0η term represents the quantum noise,
while the g2 + σg

2 term and the σg
2/g2 term represent

the gain or conversion noise, a part of the instrumen-
tation noise component.

As the SNR relationship in Equation (3) implies, the
quantum noise in a DR system can be improved by
using two means. Increasing radiation exposure in-
creases N0 and in turn improves the SNR and the
noise equivalent quantum (NEQ). This improvement,
however, is independent of the detector performance;
the improvement in SNR is linearly proportional to
an increase in the SNRideal, keeping the detector DQE
constant. The SNR cannot readily be used to compare
different detectors because its value is dependent on
the exposures used. The SNR of two detectors may
only be meaningfully compared for a constant radia-
tion exposure and SNRideal.

The second way to improve the SNR is by improving
the capture efficiency (η) of the detector. Capture effi-
ciency can be improved by increasing either the atomic
number or the thickness of the capture element, or
both. Higher-atomic-number elements have a higher
absorption coefficient for x-ray detection, which leads
to a higher probability of interaction of incident x-rays

in the capture element, improved DQE and SNR, and
reduced noise. The history of radiographic imaging
shows a constant struggle to use higher-atomic-number
capture media in radiographic detectors, from CaWO4
to Gd2O2S and CsI (in phosphor-based detectors), and
from amorphous selenium to HgI2 and CdZeT (in
photoconductor-based detectors). The challenge has
been the ability to reproducibly manufacture these ma-
terials with high enough quality and in a large enough
size for a commercial product.

Increasing the thickness of the capture element is an-
other means to increase the efficiency of x-ray detection
and reduce quantum noise. Figure 4d shows the DQE
from two CR screens. The thicker screen has notably
higher DQE, particularly at frequencies of less than 2
cycles/mm. However, as Figure 4c shows, that improve-
ment comes with a marked reduction in the MTF. The
associated loss in image sharpness has proved the pri-
mary limiting factor in improving the detector DQE
and reducing noise by increasing capture element thick-
ness. For a given detector, increasing the capture ele-
ment thickness increases the DQE at the expense of re-
duced sharpness (MTF), particularly in phosphor-based
detectors. The recent deployment of structured phos-
phors in these detectors has had a favorable effect on
this trade-off, enabling increased capture element thick-
ness and DQE, with MTFs equal to or better than those
of thinner turbid phosphor detectors (6). Figures 6b
and 7b illustrate the DQE improvements that are pos-
sible with the use of structured phosphors in indirect
flat-panel and in CR detectors with even a slight im-
provement in the MTF (Figs 6a, 7a).

The gain or conversion noise is an important con-
tributor to the overall image noise. This noise is intro-



D
etecto

r Perfo
rm

an
ce: Sh

arp
n

ess an
d

 N
o

ise

57

duced by the statistical fluctuations in the number of
generated (and collected) energy carriers that are pro-
duced when the energy of the x-ray photons is captured
by the detector. As indicated previously, the secondary
energy carriers are either (a) visible photons, in the case
of phosphor-based detectors, or (b) electronic charges
(electrons and holes) in direct flat-panel detectors.
However, these are not the only energy carriers in the
image formation process. Image formation often in-
volves a chain of energy conversions in which energy
carriers of one type are converted to another. The num-
ber of quanta involved at each stage determines the
level of conversion noise at that stage. Ideally, the num-
ber of intermediate quanta should always be much
higher than that of the detected x-ray photons in the
capture element. If the number of carriers at any stage
of the image formation process falls to less than that
number, conversion noise can become more influen-
tial than quantum noise, a phenomenon commonly
known as a secondary quantum sink (10,13).

Conversion noise can be reduced by generating and
collecting more secondary energy carriers, leading to
improved DQE. On the generating front, more effi-
cient (higher-gain) production of secondary carriers
improves the conversion noise. For example, both
brighter phosphor screens in indirect flat-panel detec-
tors and also higher-intensity scanning laser beams
(balanced with increased laser scatter) in CR detectors
would provide a higher number of generated and col-
lected photons per detected x-ray, thus potentially im-
proving the DQE. Furthermore, a smaller number of
conversion stages would reduce conversion noise.
From that standpoint, direct flat-panel detectors are
potentially less susceptible to conversion noise than
indirect flat-panel detectors because the former detec-
tors require no light-to-charge conversion. Improved
collection of the secondary energy carriers as a means
to reduce conversion noise is discussed in the follow-

ing two sections, “Coupling Element Noise” and “Col-
lection Element Noise.”

Coupling Element Noise

The coupling element noise is directly related to the
efficiency with which secondary energy carriers are
channeled from the capture element to the collection
element. The dispersion or absorption of these carriers
either in the bulk of the capture element or in the cou-
pling element reduces their numbers, thus adding to
the conversion noise. Improved optical coupling can
thus improve the detector DQE. For example, in CCD-
and CMOS-based detectors, a fiberoptic coupling
(Fig 14a) provides a somewhat wider acceptance
angle of incoming photons compared with a lens cou-
pling (Fig 14b), which potentially improves the DQE
of the detector. However, in both types of coupling, a
large number of light photons generated in the phos-
phor screen are lost because they fall outside of the ac-
ceptance solid angle of the coupling element due to
demagnification in the image formation process
(14,15), which leads to a marked reduction in the
number of detected light photons, potentially even to
a secondary quantum sink. Figure 15 illustrates the
magnitude of DQE improvement that can be achieved
(at approximately equivalent sharpness) by direct cou-
pling of the phosphor to the collection element with
no intermediate lens system.

In CR devices, efforts have been made to continu-
ously improve the channeling of the PSL light to the
collection elements by increasing the acceptance solid
angle of the light guide, even by using microlenses in
the most recent designs. Another efficient method for
PSL light detection has also been introduced for re-
duced conversion noise and improved DQE. In this
method, instead of collecting the PSL light from only
one side of the screen, light is collected from both
sides with the use of a transparent screen support and
a second light guide, as illustrated in Figure 16. The
two images are then added together to form the final
image. This method can notably improve the DQE, as
illustrated in Figure 16b, especially at lower frequen-
cies. The improvement at higher frequencies is limited
by the blurriness of the “back” image caused by nota-
bly higher dispersion of the light photons that reach
the back light collector.

Collection Element Noise

Collection element noise is composed of multiple
components. The first component relates to the effi-
ciency with which secondary energy carriers are de-
tected by the collection element and, as such, is part of
the conversion noise introduced previously. Matching
the absorption efficiency of the collection element (eg,
the spectral absorption) to the characteristics of the
secondary carriers (eg, the wavelength of the light

a. b.
Figure 14. Schematic diagrams of a CCD- or CMOS-based
DR detector with (a) fiberoptic coupling or (b) lens coupling.
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photons) is one obvious design consideration to re-
duce collection element noise and conversion noise. A
second design consideration is the extent of the sensi-
tive area of the collection element. In flat-panel and in
CCD- and CMOS-based detectors, not all of the “real
estate” of a collection pixel is sensitive to the incoming
light. The ratio of the sensitive area to the actual area
of a pixel is known as the fill factor.

High fill factors are desirable to reduce collection
noise and conversion noise. Fill factors of modern
DR systems commonly range between 50% and
100%. In current indirect flat-panel technology, the
minimum area required for pixel transistors serves
as a fundamental limitation on achieving high fill
factors, especially for small pixels. This limitation
has direct implications for small-pixel mammo-
graphic and low-dose fluoroscopic applications of
these panels. In direct flat-panel detectors, the sec-
ondary charge created by x-rays in the photocon-
ductor material can be directed away from insensi-
tive areas of the pixel by added local electric fields,
achieving effective fill factors approaching 100%.

Additive electronic noise is another noise compo-
nent in DR systems. Electronic noise is due to back-
ground fluctuations in electronic signals or to fluctua-
tions in the readout process. It is often dominant at
low exposures, leading to a drop in the DQE at low
exposure values. This noise source has been one of the
obstacles in real-time fluoroscopic application of digi-
tal solid-state detectors. Methods to reduce electronic
noise include improved electronics and both passive
and active cooling of the detector.

Structured noise is another type of unwanted “sig-
nal” in DR that can have an effect on diagnosis. This
noise is due to (a) detector-response nonuniformities,
(b) variations in pixel-to-pixel sensitivity and linear-
ity, and (c) dead pixels. Structured noise often mani-

fests itself as a “fixed” spatial pattern superimposed
on the image data. Because of its static nature, struc-
tured noise is markedly different from the other sta-
tistical noise sources described previously. As such,
from a purely statistical standpoint, structured noise
might perhaps not be considered to be true “noise.”
Nevertheless, if noise is defined as any unwanted
image details that interfere with the diagnostic task,
structured noise definitely exerts a negative influ-
ence and thus, from a perceptual standpoint, should
be considered noise and should be included in the
assessment of detector noise and the DQE.

Structured noise is a dominant source of noise for
DR detectors at high exposures, again leading to a
drop in the DQE, as illustrated in Figure 17 (6,11).
The DQE can be improved by improving the unifor-
mity of the capture element. To further reduce struc-
tured noise, most DR systems use some form of de-
tector-specific nonuniformity correction as part of
the preprocessing. In flat-panel and in CCD- and
CMOS-based detectors, such corrections are made
by using offset and gain calibrations. Because the
magnitude and characteristics of structured noise in
these detectors may vary over time, the corrections
may need to be repeated on a frequent basis. In CR,
because the screens are interchangeable, the correc-
tions are only applied to reduce nonuniformities as-
sociated with the scanning and light-collection pro-
cesses. These preprocessing methods are further de-
scribed in the next chapter.

CURRENT PERFORMANCE LEVELS

The performance levels of current commercial DR and
mammographic systems are highly dependent on the
radiographic techniques and on the methods used to
determine the performance. Because the methods

a. b.
Figure 15. (a) MTF and (b) DQE of a lens-coupled CCD-based DR detector (0.167-mm pixel size) compared with an indirect flat-
panel DR detector (0.143-mm pixel size) (RQA5 technique). Both detectors employ a 500-µm-thick CsI layer as the capture element.
FP = flat panel.
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have not been fully standardized, it is often difficult
to compare the performance of two systems that are
evaluated by two different laboratories. Identical
methods are a prerequisite for direct comparison of
different systems.

Table 1 summarizes the MTF and DQE responses of
some common commercial CR detectors used in ra-
diographic applications, as measured in studies un-
dertaken by the author. Identical methods were used
in the studies. In general, current CR systems behave
somewhat similarly, exhibiting 0.2 and 0.1 MTF val-
ues at frequency ranges of 1.9–2.3 cycles/mm and
2.6–3.3 cycles/mm, respectively. The DQEs of CR sys-
tems are also somewhat similar except at high fre-
quencies. At 70 kVp, the DQEs range from 20% to
30% at 0.15 cycles/mm and from 2.5% to 7.8% at 2.5

cycles/mm. Corresponding DQEs at 115 kVp are
15%–23% at 0.15 cycles/mm and are 2%–6% at 2.5
cycles/mm. An exception to these similarities is the
high-resolution CR screens, which offer improved
high-frequency sharpness response (0.2 and 0.1 MTF
at 3.5 and 4.7 cycles/mm) at the expense of a lower
low-frequency DQE (17% at 0.15 cycles/mm at 70
kVp). A second exception is the new structured phos-
phor CR screen with line-scan technology, which can
produce DQEs approaching those of flat-panel detec-
tors at comparable sharpness.

Table 2 similarly summarizes the MTF and the DQE
responses of some common commercial flat-panel de-
tectors used in radiographic applications, which have
been evaluated with identical methods. The indirect
flat-panel detectors exhibit similar sharpness response
with 0.2 and 0.1 MTF values at frequency ranges of
2.5–2.6 cycles/mm and 3.5–3.9 cycles/mm, respec-
tively. The MTFs are modestly higher than those of
conventional CR systems. The MTF of the only direct
flat-panel detector that is listed exhibits superior re-
sponse with 0.2 and 0.1 MTF at 5.6 and 6.2 cycles/
mm, respectively.

In terms of the DQE, the CsI-based flat-panel detec-
tors also exhibit similar response, with values ranging
from 60% to 64% at 0.15 cycles/mm and from 15%
to 24% at 2.5 cycles/mm (at ∼70 kVp, RQA5 tech-
nique). Corresponding DQEs at approximately 120
kVp (RQA9 technique) are 45%–54% at 0.15 cycles/
mm and 12%–20% at 2.5 cycles/mm. The differences
at higher frequencies are mostly due to the pixel pitch
of the detectors. These DQEs are markedly higher than
those of a turbid phosphor–based indirect detector
tested, which shows a performance (19% at 0.15
cycles/mm at ∼70 kVp) similar to that of conventional
CR. The only direct flat-panel detector that is listed ex-
hibits lower DQE at lower frequencies (38% at 0.15

Figure 17. DQE of an indirect flat-panel detector (GE XQ/i,
0.2-mm pixel size) at multiple exposures with RQA5 technique
(top three graph lines) or RQA9 technique (bottom three graph
lines).

a. b.

Figure 16. (a) Schematic
cross section of a double-sided
CR detector, in which the PSL
signal is collected from both
sides of a screen with a trans-
parent base. (b) Noise equiva-
lent quanta (NEQ) as a func-
tion of front-to-back addition
ratio of the two generated CR
images at multiple spatial fre-
quencies. c = cycles. (Image b
courtesy of Robert A. Uzenoff,
BS, Stamford, Conn.)
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cycles/mm at ∼70 kVp), mostly because of the lower
atomic number of selenium, but shows a somewhat
higher response at higher frequencies (20% at 0.15
cycles/mm at ∼70 kVp) because of its minimal blur
and small pixel size.

Although not listed, lens-coupled CCD- and CMOS-
based digital detectors usually exhibit a performance
similar to that of CR, even with structured CsI phos-
phors, because of the reduced collection of the light
photons, as discussed previously. The use of fiberoptic

coupling remedies this deficiency somewhat, notably
improving the DQE of CCD- and CMOS-based detec-
tors. The CCD-based detectors with slot-scanning ge-
ometry (now marketed for chest imaging and for mam-
mography) enjoy the added advantage of not needing
an antiscatter grid for scatter rejection, thus notably im-
proving the effective DQE of the system. (Note that the
DQE is always measured and reported without the grid;
for a system with the grid, the effective DQE is equal to
the measured DQE times the mean grid transmission.)

Table 2
MTF and DQE Performance of Some Commercial Flat-Panel Detectors at Equivalent Exposure (~0.3 mR) with RQA5 and
RQA9 Techniques

Frequency (mm−1) at Percent DQE with RQA5 Percent DQE with RQA9
Specified MTF at Specified Frequency at Specified Frequency

Detector Pixel
Flat-Panel System Type Size 0.1 MTF 0.2 MTF 0.15 mm−1 2.5 mm−1 0.15 mm−1 2.5 mm−1

DRC/Hologic DR-1000 Direct, 0.139 6.2 5.6 38 20 22 11
selenium

GE Revolution XQ/i Indirect, CsI 0.2 3.5 2.6 64 15 45 12

Philips Digital Diagnost∗ Indirect, CsI 0.143 3.4 2.6 60 24 NA NA

Varian Paxscan 2520 Indirect, CsI 0.127 3.9 2.6 64† 20† 54‡ 20‡

Varian Paxscan 4030 Indirect, 0.127 3.8 2.5 20† 6† 19§ 7§

Gd2O2S

Note.—All results are averages of the response in the horizontal and vertical directions. NA = not available; RQA5 = ~70 kVp, 21-mm Al
filtration; RQA9 = ~120 kVp, 40-mm Al filtration.
∗Trixell panel; preliminary results.
†70 kVp with 19-mm added Al filtration.
‡115 kVp with 19-mm added Al filtration.
§120 kVp with 19-mm added Al filtration.

Table 1
MTF and DQE Performance of Some Commercial CR Detectors at 70 and 115 kVp with 19-mm Added Al Filtration

Frequency (mm−1) at Percent DQE at 70 kVp Percent DQE at 115 kVp
Specified MTF at Specified Frequency at Specified Frequency

CR Reader CR Screen 0.1 MTF 0.2 MTF 0.15 mm−1 2.5 mm−1 0.15 mm−1 2.5 mm−1

Agfa ADC-Compact Agfa MD-10 2.8 2.1 20.3 3.8 15.9 3.8
Agfa ADC-Compact Agfa MD-30 2.6 2.0 22.9 4.1 18.5 3.7
Agfa ADC-Solo Agfa MD-10 2.9 2.2 24.6 4.6 21.5 4.1
Agfa ADC-Solo Agfa MD-30 2.7 1.9 28.6 4.9 21.8 3.5
Lumisys CR-2000 Lumisys MD-10 2.6 2.0 22.2 2.5 15.3 1.8
Fuji FCR-9501(HQ) Fuji ST-Va 3.2 2.3 30.0 6.6 23.1 5.2
Kodak CR-400 Kodak GP-25 3.3 2.3 29.5 7.8 22.3 6.0

Mean∗ 2.9 2.1 25.4 4.9 19.8 4.0
SD∗ 0.3 0.2 3.9 1.8 3.2 1.3

Kodak CR-400 Kodak HR 4.7 3.5 17.3 8.7 13.8 7.3
Agfa Scan-head† Agfa CsBr screen† 3.1 2.3 58.0 10.0 NA NA

Note.—All systems were tested at equivalent exposure (~0.3 mR) with a pixel size in the 0.10–0.12-mm range. All results are
averages of the response in the horizontal and vertical directions. NA = not available.
∗Of the above values reflecting the CR response with standard-resolution turbid phosphor screens.
†Prototypic system using structured phosphor and line-scanning scan-head technology: preliminary results.
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Digital mammographic detectors exhibit a notably
different response because of their smaller pixel size
and the applied x-ray energy. In particular, selenium,
in spite of having a lower atomic number than most
phosphors, including CsI, has a high absorption effi-
ciency at mammographic energies. As a result, with
equivalent thickness, selenium-based direct flat-panel
detectors have higher DQE than CsI-based indirect de-
tectors, opposite to the behavior observed at radio-
graphic energies (>70 kVp) (16,17).

SUMMARY

The main sharpness limitation in DR systems is the
spreading of secondary energy carriers in the bulk of
the capture and coupling elements of the detectors,
which can be improved by the use of thinner cap-
ture elements, improved coupling, structured phos-
phors (in phosphor-based detectors), or electric
fields (in direct flat-panel detectors). The main noise
limitation in DR systems is the inefficient detection
and collection of x-ray photons and secondary energy
carriers. Noise may be improved (reduced) by the use
of structured phosphors and efficient coupling (in
phosphor-based detectors) and by a reduction of elec-
tronic noise within the detector. Phosphor-based de-
tectors that use structured phosphors (CR or flat-
panel) exhibit superior MTF and DQE compared with
turbid phosphor–based detectors (CR or flat-panel).
In comparison, selenium-based direct flat-panel detec-
tors exhibit considerably higher MTF (at all frequen-
cies), with lower DQE (mostly at low frequencies) at
radiographic energies and with higher DQE at mam-
mographic energies.

Acknowledgment: The author thanks many col-
leagues for intellectual contributions and helpful dis-
cussions regarding materials presented in this chapter.
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Recommended methods to test the performance of computed radiography~CR! digital radiographic
systems have been recently developed by the AAPM Task Group No. 10. Included are tests for dark
noise, uniformity, exposure response, laser beam function, spatial resolution, low-contrast resolu-
tion, spatial accuracy, erasure thoroughness, and throughput. The recommendations may be used for
acceptance testing of new CR devices as well as routine performance evaluation checks of devices
in clinical use. The purpose of this short communication is to provide a tabular summary of the tests
recommended by the AAPM Task Group, delineate the technical aspects of the tests, suggest
quantitative measures of the performance results, and recommend uniform quantitative criteria for
the satisfactory performance of CR devices. The applicability of the acceptance criteria is verified
by tests performed on CR systems in clinical use at five different institutions. This paper further
clarifies the recommendations with respect to the beam filtration to be used for exposure calibration
of the system, and the calibration of automatic exposure control systems. ©2001 American
Association of Physicists in Medicine.@DOI: 10.1118/1.1350586#

Key words: computed radiography, photostimulable phosphor radiography, acceptance testing,
quality control, automatic exposure control
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I. INTRODUCTION

Computed radiography~CR!, scientifically known as photo
stimulable phosphor radiography, is a digital technology
the acquisition of radiographic images.1,2 CR is the most
common digital radiography modality in radiology depa
ments today, with an estimated 7000 systems in use wo
wide. The technology uses a conventional radiographic
quisition geometry to deposit x-ray energy in
photostimulable phosphor screen with delayed luminesce
properties. After irradiation, the screen is stimulated by
scanning laser beam, to release the deposited energy i
form of visible light. The released photostimulated light
captured by a light detector, converted to digital signals,
registered with the location on the screen from which it h
been released. The digital data are then postprocesse
appropriate presentation, and are sent to a hard-copy pr
or a soft-copy display monitor for medical evaluation.

Upon installation and prior to clinical use, CR devic
should be evaluated for satisfactory performance.3,4 As of
September 2000, there are five manufacturers of CR ima
361 Med. Phys. 28 „3…, March 2001 0094-2405 Õ2001Õ28„
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devices, Agfa Medical Systems~Ridgefield Park, NJ!, Fuji
Medical Systems~Stamford, CT!, Eastman Kodak Health
Imaging~Rochester, NY!, Konica Imaging Systems~Wayne,
NJ!, and Lumisys, Inc~Sunnyvale, CA!. There are currently
no industry standards for specifying the performance of th

TABLE I. CR systems evaluated in this study.

Manufacturer CR device Phosphor screen

Agfa ADC-70 MD-10
ADC-Compact
ADC-Solo

Fuji FCR-9501 ST-VA and ST-VN
FCR-9501-HQ
AC3-CS
FCR-5000 ST-VN

Kodak CR-400 GP-25 and HR

Lumisys ACR-2000 MD-10
3613…Õ361Õ11Õ$18.00 © 2001 Am. Assoc. Phys. Med.
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devices. The lack of uniformity in measurement procedu
among different manufacturers has introduced ambiguity
the meaning of the system specifications. For example,
ferent manufacturers calibrate the response of the system
given exposure value using different beam qualities and

TABLE II. Testing devices required to perform the acceptance testing
CR imaging device.

Testing device

Calibrated x-ray source
Calibrated hard/soft-copy display devices
Densitometer~if a hard-copy display is to be used!
Copper and aluminum filters
Calibrated ion chamber
Stand for the ion chamber
Screen cleaning solution and cloths
Two metric 30 cm steel rulers~for laser-beam function and spatial
accuracy tests!
Three sector-type~0.4°! line-pair phantoms of up to 5 lp/mm frequency
~>0.05 mm lead thickness!
Low-contrast phantom~e.g., Leeds TO.12!
Screen-contact wire-mesh pattern
Screen-contact fine wire-mesh pattern~e.g., mammography screen-film
contact tool!
Small lead block~.3 mm thick!
Antiscatter grid~10:1 or 12:1, 103 ln/in.! ~if the x-ray system does not
have one!
Anthropomorphic phantoms~foot, hand, pelvis, chest, etc.!
Timer
Measuring tape
Flashlight
Role of masking tape
Medical Physics, Vol. 28, No. 3, March 2001
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port the response using indices which have different dep
dences on exposure. In a large medical institution in wh
CR devices of different kinds might be employed, it is im
portant to assure that the patient images are acquired w
a certain exposure range to prevent over- and undere
sures. However, the lack of calibration uniformity makes t
definition of the acceptable exposure ranges from the
response values cumbersome.

In general, in order to achieve a consistent level of cli
cal performance, acceptance testing should utilize a unifo
cross-platform methodology and uniform criteria so that
results of the tests can be correlated with clinical perf
mance standards. Currently, Task Group No. 10 of
American Association of Physicists in Medicine~AAPM
TG10!5 is making an effort to provide a comprehensive sta
dardized testing protocol for acceptance testing and qua
control of CR systems. In this work, we have used the p
liminary guidelines established by the AAPM Task Group
evaluate the performance of CR systems currently in us
different institutions represented by the co-authors. The
per provides a summary of the tests recommended by
AAPM Task Group, delineates the specific technical aspe
of the tests, suggests quantitative measures of the pe
mance results, and recommends uniform quantitative crit
for satisfactory performance. The recommendations provi
in this paper are a first step toward meeting a need perce
by practicing clinical medical physicists for quantitativ
guidelines to be used in conjunction with AAPM TG10 re
ommended testing procedures.
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TABLE III. Testing protocol and acceptance criteria for the dark noise test.

Agfa Fuji Kodak Lumisys

Exposure condition No exposures. Erase a single screen and read it without exposing it.

Screen processing System diagnostics/flat field, Test/sensitivity~L51!, Pattern Standard
speed class5200 fixed EDR~S510 000!

Image postprocessing None ‘‘Linear’’ ‘‘Raw data’’ and ‘‘no edge None
musica parameters50.0 ~GA51.0, GT5A, RE50.0! enhancement’’ settings,
Sensitometry5linear window5512,

level5exposure index

Measurements to be IgM, average pixel value~PV! Avg. pixel value~PV! Exposure index~EI!, average Average pixel value~PV!
made and its standard deviation~PVSD!, and its standard deviation pixel value~PV!, and its standard and standard deviation

and scan average level~SAL! ~PVSD! within 80% deviation~PVSD! within 80% ~PVSD! within 80%
within 80% of the image of the image area of the image area of the image area

Qualitative criteria Uniform image without any artifacts Uniform without any artifacts except Uniform image
for acceptance for collector profile bands in the without any artifacts

screen-movement direction

Quantitative criteria IgM,0.28 PV,280a EIGP,80, EIHR,380 PV.3425
for acceptance SAL,130 PVSD,4 PVGP,80, PVHR,80 PVSD,4

PV,350 PVSD,4
PVSD,5

aFor those systems in which there is a direct relationship between PV and log~E!. In the case of an inverse relationship, PV should be greater than 744
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TABLE IV. Testing protocol and acceptance criteria for uniformity~CR screen test!.

Agfa Fuji Kodak Lumisys

Exposure condition This test is applied to all the screens. Visually inspect the screens for physical defects. Verify that the cassette label matc
the type of screen inside. Expose the screen to 10 mR (2.5831026 C/kg)a entrance exposure using 80 kVp, 0.5 mm Cu and
1 mm Al filtration, and 180 cm source-to-image distance~SID!. If significant heel effect is present, test can be performed with
two sequential half-exposures between which the orientation of the cassette is reversed.

Screen processing System diagnosis/flat field,
speed class5200

Test/sensitivity~L51!, Semi EDR Pattern Standard

Image postprocessing None,
Musica parameters50.0
Sensitometry5linear

‘‘Linear’’ ~GA51.0, GT5A, RE50.0! ‘‘Raw data’’ and ‘‘no edge
enhancement’’ settings,
window5512,
level5exposure index

None

Measurements to
be made

Average pixel value~PV!
and its standard deviation
~PVSD! within 80%
of the image area

Average pixel value~PV!
and its standard deviation
~PVSD! within 80%
of the image area

Average pixel value~PV!
and its standard deviation
~PVSD! within 80%
of the image area

Average pixel value~PV!
and its standard deviation
~PVSD! within 80%
of the image area

Screen-to-screen variations:
Standard deviation of IgM
~LMSDs!, and mean
and standard deviation
of PV among screens
~PVs and PVSDs!

Screen-to-screen variations:
Standard deviation/mean
sensitivity ~SD/Ss!
and standard deviation of
average PV among screens~PVSDs!

Screen-to-screen variations:
Standard deviation
of exposure index
among screens~EISDs!

Screen-to-screen variations:
Standard deviation
of average PV
among screens~PVSDs!

Qualitative criteria
for acceptance

Uniform image without any artifacts

Quantitative criteria
for acceptance

PVSD,25 ~single screen!
LMSDs,0.02
PVSDs,25

PVSD,20 ~single screen!
SD/Ss,5%
PVSDs,20

PVSD,20 ~single screen!
EISDs,20

PVSD,20 ~single screen!
PVSDs,20

aThroughout these tables, for convenience, all exposures are expressed in units of mR~1 mR52.5831027 C/kg!.
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II. METHODS AND RECOMMENDATIONS

As listed in Table I, CR devices in use at five differe
institutions from four major CR manufacturers were eva
ated. The inventory of equipment used for testing is listed
Table II. Each system was evaluated for dark noise, scr
uniformity, exposure indicator calibration, linearity and a
toranging response, laser beam function, limiting resoluti
noise and low-contrast resolution, spatial accuracy, era
thoroughness, aliasing and grid response, and through6

Special attention was paid to applying a uniform testing p
tocol for different CR systems, following the recommend
tions of the AAPM TG10 as closely as practicable. The d
from different institutions were collected and processed i
single database. Prior to or shortly after the evaluations, e
system’s performance was judged clinically acceptable
attending radiologists based on image quality of clinical i
ages acquired with the system. Tables III–XIII tabulate
testing protocol and the acceptance criteria derived from
results. For a full description of the tests and the rationale
performing each test, the reader is advised to consult
AAPM TG10 report.

The quantitative acceptance criteria were establis
based on the results of the tests performed on the clin
systems and a uniform level of tolerance in system respo
across different systems. Table XIV tabulates the respo
tolerance levels based upon which the acceptance cri
were established. These levels were translated to sys
Medical Physics, Vol. 28, No. 3, March 2001
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specific parameters, as reported in Tables III–XIII, using
response relationships of the systems tabulated in Table
None of the clinically acceptable systems tested in this c
laborative effort generated results beyond the established
teria. In most instances, the acceptance criteria were at
20% beyond the extremes of the evaluation results, a rea
able margin considering that the evaluated systems were
operating at the borderline of clinical acceptability.

Several experimental precautions were observed in
evaluation of the systems. All the phosphor screens w
cleaned and erased prior to executing the testing procedu
Consistent delay times between 1 to 15 min were obser
between exposing and reading the screens. Care was tak
reduce backscattered radiation by utilizing cross-table ex
sures and significant interspace behind the screens. A l
source-to-image distance~SID;180 cm! was used to mini-
mize the heel effect. The ‘‘raw’’ signal values which we
proportional to the log of the incident exposure without a
postprocessing were used in the evaluations.

All exposures were measured in a consistent fashion:
collimators were set to expose the whole cassette with a
tional 7 cm margins on each side in the direction perpend
lar to the anode–cathode axis. The ion chamber was t
placed at the center of the beam at 2/3 of the SID. T
exposure was measured in five consecutive exposures
the values averaged,E1 . Keeping the ion chamber at 2/
SID, the chamber was shifted on the central axis perpend
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TABLE V. Testing protocol and acceptance criteria for exposure indicator calibration.

Agfa Fuji Kodak Lumisgysb

Recommended
exposure conditiona

Use multiple screens~at least three! of a given size/type. Expose the screens to approximately 1 mR (2.5831027 C/kg!
enhance exposure using 80 kVp and 0.5 mm Cu/1 mm Al filtration. Screens should be read with a precise 10 min delay.

Exposure condition Expose a screen to Expose a screen Expose a screen Expose a screen to approx
~manufacturer approximately 1 mR to approximately to approximately mR (2.06431026 C/kg! entrance
specifieda! (2.5831027 C/kg! entrance 1 mR (2.5831027 C/kg! 1 mR (2.5831027 C/kg! exposure using 80 kVp with 1 mm

exposure using 75 kVp
and 1.5 mm Cu filtration.
Screen should be read
promptly.

entrance exposure
using 80 kVp without
filtration. Screen should
be read with a
precise 10 min delay.

entrance exposure
using 80 kVp
and 0.5 mm Cu/1 mm
Al filtration. Screen
should be read with
a precise 15 min delay.

Cu filtration. Screen should be read
promptly.

Screen processing System diagnosis/flat field, Test/sensitivity~L51!, Pattern Standard
speed class5200 semi-EDR

Image postprocessing None, Irrelevant None
musica parameters50.0

Measurements to be IgM and IgM normalized Sensitivity and sensitivity Exposure index~EI! Mean pixel value~PV! within 80%
made to exactly 1 mR exposure normalized to exactly and exposure index of the image area normalized

to the screen (IgM1 mR) 1 mR exposure normalized to exactly 1 mR exactly 1 mR (PV1 mR)
using IgM1 mR5IgM2log(exposure), to the screen (S1 mR) exposure to the screen or 8 mR (PV8 mR) exposure
SAL and SAL normalized using S1 mR5S exposure (EI1 mR) using to the screen using
to exactly 1 mR exposure
to the screen (SAL1 mR)
using SAL1 mR5SAL/~exposure!0.5

EI1 mR5EI21000
3log ~exposure!

PV1 mR5PV11000 log~exposure)
PV8 mR5PV11000 log~exposure/8)

Qualitative criteria
for acceptance

None

Quantitative criteria IgM1 mR22.2,60.045 single screenS1 mR2200,620 EI1 mR22000,645 Pv8 mR2600,645 single screen
for acceptance IgM1 mR22.2,60.023 for all single screen single screen PV1 mR21505,645 single screen

screens averaged S1 mR2200,610 EI1 mR22000,623 PV1 mR21505,623 for all screens
SAL1 mR21192,660 single screen for all screens averaged for all screens averaged averaged
SAL1 mR21192,630
for all screens averaged

aThere is currently a strong consensus that CR systems should be calibrated with a standard filtered beam. Until such time as manufacturers c
recommendations, the calibration procedure can be performed both with the manufacturer-defined technique, to verify conformance with the manurer’s
specifications, and with 0.5 mm Cu/1 mm Al filtration and 10 min delay time, for benchmarking and constancy checks.

bThe Lumisys ACR-2000 software did not make use of an exposure index at the time of testing. The system is calibrated to produce a pixel value
response to an 8 mR (2.06431026 C/kg! exposure to the screen.
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lar to the anode–cathode axis toward the edge of the fi
just outside the useful beam area~the shadow of the ion
chamber was still fully within the beam without projectin
over the cassette area!. The exposure was measured in fi
consecutive exposures again and the values were avera
E2 . The chamber was kept at the second location during
tests for verification of the exposure values. The aver
exposure to the cassette in each single exposure was c
lated as (E1 /E2)(2/3)2 ~measured exposure!.

III. DISCUSSION

To achieve a consistent level of clinical performance fro
CR systems, acceptance testing procedures should be
formed according to a uniform cross-platform methodolo
As in any medical physics survey, the performance eva
tion of a CR system is also more definitive and object
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when the evaluation is quantitative and the results are c
pared against specific quantitative acceptance criteria. In
work, an attempt was made to outline a cross-platform u
form methodology based on the guidelines being develo
by the American Association of Physicists in Medicine Ta
Group 10. Furthermore, a first attempt was made to rec
mend quantitative acceptance criteria for satisfactory per
mance of a CR system based on the current state of prac
The criteria were established using uniform tolerance lev
and test results acquired from CR systems in clinical use
five different institutions. Theuserspecificity~as opposed to
the conventionalmanufacturerspecificity! of the acceptance
criteria suggested in this paper was necessitated by the
sired uniformity of the testing procedures. The criteria, ho
ever, do not guarantee optimal clinical performance, wh
may not be ascertained without comprehensive clinical tri
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TABLE VI. Testing protocol and acceptance criteria for linearity and autoranging response.a

Agfa Fuji Kodak Lumisys

Exposure condition Use a single screen~multiple screens may also be used if the screen-to-screen variations in the previous test were found mi!.
Expose the screen to approximately 0.1, 1, and 10 mR (2.5831028, 2.5831027, 2.5831026 C/kg! entrance exposures
in a sequence of three exposure-reading cycles using 80 kVp, 0.5 mm Cu and 1 mm Al filtration, and 180 cm SID. Each tim
read the screen with a consistent delay time.

Screen processing System diagnosis/flat field,
speed class5200

Test/ave 4.0
Semi-EDR and fixed EDR5200
repeat also with
Test/contrast
semi-EDR and fixed EDR5200

Pattern Standard

Image postprocessing None,
musica parameters50.0

‘‘Linear’’ ~GA51.0, GT5A, RE50.0! ‘‘Raw data’’ and ‘‘no edge
enhancement’’ settings

None

Measurements to be
made

IgM, average pixel value~PV!,
and scan average level~SAL!
within 80% of the image area.
Slopes and correlation
coefficients~CCs!
of linear fits to log~SAL!
vs log~E!, PV vs log~E!,
and IgM vs log~E!

For Semi EDR, correlation
coefficient~CC! of a linear fit
to log~S! vs log ~E! plot.
For fixed EDR, avg. pixel value~PV!
within 80% of the image area, slope
and correlation coefficient~CC! of a
linear fit to PV vs log~E!

Exposure index~EI!
and avg. pixel value~PV!
within 80% of the image area.
Slope and correlation
coefficient~CC! of a linear fit
to EI vs log~E! and PV vs
log ~E! plots

Mean pixel value~PV!
within 80% of
the image area.
Slope, intercept,
and correlation
coefficient~CC!
of a linear fit
to P vs log~E!

Qualitative criteria
for acceptance

SAL vs exposure
on a linear-log plot
should result
in a straight line

For semi-EDR, slope and correlation,
sensitivity vs exposure on a log–log
plot should result in a
straight line.
For fixed EDR, to PV vs exposure
on a linear-log plot should result
in a straight line

The plot of EI and PV
vs exposure on a
linear-log scale should
result in straight
lines

The plot of PV
vs exposure on a
linear-log scale
should result in a
straight line

Quantitative criteria SlopeIgM21,60.1 Slopes11,60.1 SlopeEI/100021,60.1 Slopes/100011,60.1
for acceptance SlopeSAL/0.520.1,60.1 SlopePV/25621,60.1 ~Ave 4!b SlopePV/100020.1,60.1 CCs.-0.95

SlopePV/125020.1,60.1 SlopePV/51121,60.1 ~Con.!b CCs.0.95
CCs.0.95 CCs.0.95

aIf this test is performed with hard copy prints, the relationship between the pixel value~PV! and optical density~OD! should be established beforehand usi
an electronic test pattern. The relationship between OD and PV should then be incorporated as a transformation in the quantitative analysis of tults.

bNote that in some Fuji systems, there is an inverse relationship between PV and log~E!. For those systems, the polarity of the slope in these equations sh
be reversed.

TABLE VII. Testing protocol and acceptance criteria for the laser beam function.

Agfa Fuji Kodak Lumisys

Exposure condition Place a steel ruler roughly perpendicular to the laser-scan direction on a screen. Expose the screen to about 5 mR
(1.2931026 C/kg! entrance exposure using a 60 kVp beam without any filtration~SID5180 cm!. Examine the edges of the
ruler on the image for laser beam jitters using 10–203 magnification.

Screen processing System diagnosis/flat field, Test/sensitivity Pattern Standard
speed class5200 Semi-EDR

Image postprocessing None, ‘‘Linear’’ ‘‘Raw data’’ and ‘‘no edge None
musica parameters50.0 ~GA51.0, GT5A, RE50.0! enhancement’’ settings,
sensitometry5linear window5512,

level5exposure index

Measurements to be made If any jitter is present, jitter dimension using workstation’s ‘‘measurement’’ or ROI tool.

Qualitative criteria
for acceptance

Ruler edges should be straight and continuous without any under- or overshoot of the scan lines in light to dark trans

Quantitative criteria There should not be more than occasional61 jitters.
for acceptance
Medical Physics, Vol. 28, No. 3, March 2001
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TABLE VIII. Testing protocol and acceptance criteria for the limiting resolution and resolution uniformity.a

Agfa Fuji Kodak Lumisys

Exposure condition This test should be done for each type and size of the screens. Use a 60 kVp, unfiltered x-ray beam~SID5180 cm!. Place
three line-pair pattern devices on the cassette, two in orthogonal directions and one at 45°. Expose the screen with an
exposure of about 5 mR (1.2031026 C/kg!. Also acquire an image of a fine wire mesh~e.g., mammography screen–film
contact test tool! in contact with the cassette to examine the consistency of the resolution response across the image.

Screen processing System diagnosis/flat field, Test/sensitivity Pattern Standard
speed class5200 semi-EDR

Image postprocessing None, ‘‘Linear’’~GA51.0, GT5A, RE50.0! ‘‘Raw data’’ and ‘‘no edge None
musica parameters50.0 enhancement’’ settings,
sensitometry5linear window5512,

level5exposure index

Measurements to be made Maximum discernible spatial frequencies in the three directions (Rhor , Rver , R45) using a magnified~.103!, narrowly
windowed presentation of the images

Qualitative criteria The image of the wire mesh should be uniform without any blurring across the image
for acceptance

Quantitative criteria Rhor / f Nyquist.0.9
for acceptance Rver / f Nyquist.0.9

R45/1.41 f Nyquist.0.9

aNote that the spatial resolution response of a CR system can be more comprehensively evaluated by measuring the modulation transfer function~MTF! of the
system~Refs. 7–9, 11–14!.

TABLE IX. Testing protocol and acceptance criteria for noise and low-contrast resolution.a

Agfa Fuji Kodak Lumisys

Exposure condition This test should be done for each type and size of the screens. A low-contrast resolution pattern is used~e.g., Leeds TO.12,
75 kVp beam with 1 mm of Cu filtration!. For each screen type/size, acquire three images of the low-contrast phantom using
0.1, 1, and 10 mR (2.5831028, 2.5831027, 2.5831026 C/kg! exposures to the screens. Use a constant delay time of 10 min
reading each of the screens.

Screen processing System diagnosis/flat field, Test/contrast Pattern Standard
speed class5200 Semi-EDR

Image postprocessing None, ‘‘Linear’’~GA51.0, GT5A, RE50.0! ‘‘Raw data’’ and ‘‘no edge None
musica parameters50.0 enhancement’’ settings,
Sensitometry5linear window5512,

level540962EI ~for GP screens!
or level537962EI
~for HR screens!

Measurements
to be made

Minimum discernible contrast for each object size~contrast detail threshold!, Standard deviation of pixel value~PVSD!
within a fixed ~size and location! small region of the images, correlation coefficient~CC! of the linear fit to log~PVSD! vs log~E!.b

Qualitative criteria Contrast-detail threshold should be proportionately lower at Contrast-detail threshold Contrast-detail thre
for acceptance higher exposures. should be proportionately should be proportion

lower at higher exposures, lower at higher exposure
with higher contrast thresholds
for standard-resolution screens.

Quantitative criteria CC.0.95b

for acceptance

aNote that the noise response of a CR system can be more comprehensively evaluated by measuring the noise power spectrum~NPS! and the detective
quantum efficiency~DQE! of the system at different exposure levels~Refs. 8 and 9, 11–14!.

bThe quantitative evaluation is more valid with uniform images acquired for the linearity test~Table VI! because of the absence of scattering material in
beam. The expected quantitative response is based on the assumption of a logarithmic relationship between pixel value and exposure~Table XV!.
Medical Physics, Vol. 28, No. 3, March 2001
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TABLE X. Testing protocol and acceptance criteria for spatial accuracy.

Agfa Fuji Kodak Lumisys

Exposure condition Place a regular wire-mesh screen–film contact test tool over cassette. Expose the cassette to about 5 mR (1.2931026 C/kg!
entrance exposure using a 60 kVp beam without any filtration~SID5180 cm!. Repeat the acquisition with two steel rulers
in the vertical and the horizontal directions.

Screen processing System diagnosis/flat field, Test/contrast Pattern Standar
speed class5200 Semi-EDR

Image postprocessing None ‘‘Linear’’~GA51.0, GT5A, RE50.0! ‘‘Raw data’’ and ‘‘no edge None
musica parameters50.0 enhancement’’ settings,

window5512, level5EI

Measurements to be Distances in the orthogonal directions~15 cm minimum length! measured using the measurement tool of the workstation.a

made

Qualitative criteria Grid pattern spacing should be uniform without any distortion across the image.
for acceptance

Quantitative criteria Measured distance should be within 2% of the actual values.
acceptance

aAlternatively, length measurements can be made on a hard-copy film printed in ‘‘true-size.’’

TABLE XI. Testing protocol and acceptance criteria for erasure thoroughness.

Agfa Fuji Kodak Lumisys

Exposure condition Place a thick lead block at the center of a 14317 cassette and expose the screen to about 50 mR (1.2931025 C/kg! using a
60 kVp x-ray beam without any filtration~SID5180 cm!. Read the screen, and expose it a second time to 1 mR (2.5831027 C/kg!
entrance exposure without the lead object using the same beam quality collimated in by about 5 cm on each side of the sc
a quantitative testre-read the screen after the second exposurewithout exposing it.

Screen processing System diagnosis/flat field, Test/sensitivity Pattern Standard
speed class5200 semi-EDR

Image postprocessing None, ‘‘Linear’’ ‘‘Raw data’’ and ‘‘No edge Window setting default
musica parameters50.0 ~GA51.0, GT5A, RE50.0! enhancement’’ settings, or equivalent
Sensitometry5linear Window setting default level5EI, window setting to 1 log~exposure! unit
Window setting default or equivalent to default or equivalent
or equivalent
to 1 log~exposure! unit

1 log~exposure! unit to 1 log~exposure! unit

Measurements to be IgM, average pixel value~PV! Avg. pixel value~PV! Exposure index~EI!, Average pixel value~PV!
made and its standard deviation~PVSD!, and its standard deviation average pixel Value~PV!, and standard deviation~PVSD!

and scan average level~SAL! ~PVSD! within 80% and its standard deviation within 80% of the
reread/unexposed imagewithin 80% of the

reread/unexposed image
of the reread/unexposed
image

~PVSD! within 80% of the
reread/unexposed image

Qualitative criteria Absence of a ghost image of the lead block from the first exposure in the reexposed image.a,b

for acceptance

Quantitative criteria IgM50.28 PV,280c EIGP,80, EIHR,380 PV.3425
for acceptance SAL,130 PVSD,4 PVGP,80, PVHR,80 PVSD,4

PV,630 PVSD,4
PVSD,5

aIn our tests on the ACR-2000 system, the length of the standard erasure cycle was sufficient for exposures up to 32 mR (8.25631026 C/kg!. Higher
exposures to the screen required an additional erasure cycle for complete screen erasure.

bNote that erasure time in some systems~e.g., Agfa! is configurable on an exam-by-exam basis.
cFor those systems in which there is an direct relationship between PV and log~E!. In the case of inverse relationship, PV should be greater than 744.
Medical Physics, Vol. 28, No. 3, March 2001
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TABLE XII. Testing protocol and acceptance criteria for the aliasing/grid response.

Agfa Fuji Kodak Lumisys

Exposure condition This test should be performed for each type and size of screens that will be commonly used. Place the screen in a bucky
tains an antiscatter grid so that the grid lines are parallel to the laser-scan direction. Alternatively, a grid may be placed dire
the screen. Make sure the grid movement is disabled. Expose the screen to 1 mR (2.5831027 C/kg! using an 80 kVp beam filtered
with 0.5 mm Cu/1 mm Al filter and a SID according to the specification of the grid. Repeat, placing the screen perpendicula
laser-scan direction. Repeat the exposures with a moving grid.

Screen processing System diagnosis/flat field, Test/contrast Pattern Standard
Speed class5200 semi-EDR

Image postprocessing None, ‘‘Linear’’~GA51.0, GT5A, RE50.0! ‘‘Raw data’’ and ‘‘no edge None
musica parameters50.0 A narrow window setting enhancement’’ settings,
sensitometry5linear level5EI, a narrow window setting
A narrow window setting

Measurements to be None
made

Qualitative criteria
for acceptance

Moiré pattern should not be present when the grid lines are perpendicular to the laser-scan direction. For moving grids, no´
pattern should be apparent when the screen is placed in either direction.a

Quantitative criteria None
for acceptance

aMoiré patterns caused by display sampling~not addressed in this protocol! can be distinguished by their changing behavior with changing the magnifica
of the image on the soft-copy display device.
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In light of this limitation, the recommended quantitative c
teria should only be considered as helpful suggestions
require further clinical validation in the future.

Another limitation of the current work is the fact tha
many of the evaluation procedures were not fully quant
tive or can be influenced by the subjectivity of the examin
The evaluations of limiting resolution and noise performan
~Tables VIII and IX! are two important examples. The res
lution tests used do not evaluate the system transfer cha
teristics but only establish that some modulation can be
tected at the limiting frequency. The noise tests subjectiv
evaluate the contrast-detail characteristics of the system,
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the proposed quantitative test does not evaluate the sp
characteristics of image noise. Ideally, the resolution a
noise characteristics of a CR system should be more ob
tively evaluated by measuring the frequency-depend
modulation transfer function, the noise power spectrum,
the detective quantum efficiency of these systems. A num
of investigators have been able to successfully and repro
ibly characterize the resolution and noise performance of
systems using these indices,11–13 and more recently repro
ducible measurements have been made in the field.7,14 How-
ever, a routine implementation of these measurements aw
further standardization of measurement methods, and the
TABLE XIII. Testing protocol and acceptance criteria for the throughput.

Agfa Fuji Kodak Lumisys

Exposure condition Expose 4 screens to 80 kVp, 2 mR (5.1831027 C/kg!. Process the screens sequentially without delay.a

Screen processing System diagnosis/flat field, Test/contrast Pattern Standard
speed class5200 semi-EDR

Image postprocessing musica parameters typical of those Irrelevant None
in clinical usage

Measurements to be Time interval~t, in minutes! between putting the first screen in and the last image appearing on the CR viewing stationb

made Throughput~screens/h!56034/t

Qualitative criteria None
for acceptance

Quantitative criteria Throughput should be within 10% of the system’s specifications.
for acceptance

aThe test can be performed multiple times with different size cassettes.
bContribution of the network configuration is not considered.
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TABLE XIV. The CR response tolerance levels based upon which the uniform quantitative acceptance criteria were derived~using the equations tabulated i
Table XV!. All signal levels and standard deviations are expressed in terms of corresponding exposure~E! values deduced from those quantities.

Characteristics Quantity of interest Acceptable tolerance

Dark noise Average signal and its standard deviation within 80% of the image area E,0.012 mR
(E,3.131029 C/kg!
sE /E,1%

Uniformity Signal standard deviation within 80% of the image area, and the standard sE,5%
deviation of the average screen signal among screens

Exposure calibration The exposure indicator response~expressed in terms of exposure! to 1 mR Emeasured21,610%
(2.5831027 C/kg! entrance exposure

Linearity and autoranging The slope of the system response~expressed in terms of logarithm of Slope21,610%
exposure! vs logarithm of actual exposure Correlation coefficient.0.95

Laser beam function Jitter dimension in pixels Occasional jitters
,61 pixel

Limiting resolution Maximum discernible spatial frequencies of a high-contrast line-pair Rhor / f Nyquist.0.9
pattern in two orthogonal and 45° angle directions Rver / f Nyquist.0.9

R45/1.41f Nyquist.0.9

Noise and low-contrast A linear fit of system noise~expressed in terms of logarithm of Correlation coefficient.0.95
resolution correspondingsE /E) to logarithm of actual exposure

Spatial accuracy The difference between the measured (dm) and actual distances (d0) in (dm2d0)/d0,2%
the orthogonal directions

Erasure thoroughness Average signal and its standard deviation within 80% of the reread/ E,0.012 mR
unexposed image (E,3.131029 C/kg!

sE /E,1%

Aliasing/grid response No quantitative tolerance levels

Throughput Measured throughput in screens per hours (Tm) and the specified (T02Tm )/T0,10%
throughput (T0)
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velopment of automated commercial QC products.
In this study, the exposures for quantitative measurem

were made with 0.5 mm copper and 1 mm additive alum
num filtration in the beam. The use of filtration was based
prior studies10,15,16indicating that the use of 0.5 mm Cu filte
minimizes the dependency of the results on the kVp inac
racy and on the variations in the x-ray generator type, as
filter attenuates the ‘‘soft’’ portion of the spectrum, predom
nantly responsible for tube-to-tube variations~Fig. 1!. The
use of this filtration also makes the spectrum a more accu
representative of primary x rays incident on the detecto
clinical situations~Fig. 2!. The additional post-Cu, 1-mm
thick Al filter is used to attenuate any potential second
low-energy x rays generated in the Cu filter. The use of
mm Cu/1 mm Al filtration, therefore, is advised for checkin
the consistency of the response in the acceptance testing
annual compliance inspections of CR systems.

This paper outlines the steps for only thephysicalevalu-
ation of CR systems. In a newly installed system, af
completion of the physical acceptance testing and prior
full clinical utilization, the system should also be evaluat
for its clinical performance. The appearance of CR imag
Medical Physics, Vol. 28, No. 3, March 2001
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may vary as a function of radiographic technique factors,
specific recipe of image processing parameters applied to
images, and the type and calibration of the display me
The default image processing parameters of the system
various anatomical sites and views~e.g., chest PA, chest lat
eral, chest portable, knee, etc.! should be tested and custom
ized by the application specialists of the manufacturer w
assistance of the diagnostic medical physicist and under
direction of the radiologist who is ultimately responsible f
the clinical acceptability of the images. Using radiograph
techniques provided by the manufacturer, images of vari
anthropomorphic phantoms should be acquired with vari
combinations of collimation and positioning, utilizing the a
propriate prescribed anatomical menus of the system. In e
case, the proper processing of the image and the absen
unexpected positioning and collimation errors should
verified. Attending radiologists should be consulted for a
ceptability of the image processing parameters for each a
tomical menu. Since standard anthropomorphic phanto
have a limited ability to represent human anatomy a
patient-to-patient variations, the clinical evaluation and c
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TABLE XV. The relationship between exposure and pixel value/exposure indicator responses of various CR systems. The relationships which wer
by the manufacturers or derived from their literature, were verified against experimental measurements at 80 kVp with 0.5 mm Cu/1 mm Al filtrationese
relationships, PV is the pixel value,E is the exposure in mR,B is the speed class, andL is the latitude of the system.

Agfa Fuji Kodak Lumisys

Exposure indicator IgM and scan Sensitivity~S! Expsoure index~EI! None
quantities average level~SAL!

Exposure indicator
relationship

SAL590A0.877cBE
IgM52log~SAL!23.9478

5log~cBE!20.0963
c51.0 f or MD10 screens

S5 200/E EI51000 log(E)12000 None

Pixel value
relationships

PV52499 log~SAL!24933
51250 log~cBE!2121a

PV5(1024/L)
3(log E1log(S/200))

PV51000 log(E)1c0

c052000 f or GP screens
PV51000 log~32/E!

c51.0 for MD10 screens 1511b c051700 f or HR screens

Exposure/reading 75 kVp and 1.5 mm Cu filtration, 80 kVp without filtration, 80 kVp and 0.5 mm Cu/1 mm Al 80 kVp with 1 mm Cu filtra
condition no reading delay 10 min reading delay filtration, 15 min reading delay no reading delay

aUsing a 12 bit, linear log~E! data transfer from Agfa QC workstation.
bAssuming a direct relationship between exposure and pixel value.
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tomization of the image processing parameters should
clude actual clinical images.

Care should be taken that in the validation of the syst
settings, all examinations performed at the facility are rep
sented. The final customized image processing parame
and system settings for different anatomical menus shoul
loaded into all units from the same manufacturer in place
the institution or associated medical facilities, where
same exam may be performed on different machines, to
sure consistency of image presentations. They should als
documented in a list for future reference.

Patient dose is one of the important implementation c
siderations in the use of CR in a traditional film-based ra
ology department.17 In screen–film radiography, film densit
is a direct indicator of patient dose. In CR, however, beca
of the dissociation of the detection and the display functio
of the imaging system, optical density can no longer be u
as an indicator of the patient dose. In reading a CR scr
almost all CR systems provide an index that reflects the
erage exposure received by the screen during the image
quisition ~Table XV!. This exposure indicator can be used
define and monitor patient exposures. Based on the manu
turer’s recommendations regarding the intrinsic speed of
system and on the applicable standards of practice, the
should establish, monitor, and enforce the acceptable ra
of exposure indicator values for the clinical operation in t
facility. Note, however, that if a filtration other than th
suggested by the manufacturer is used for the exposure
bration of the CR system, as suggested previously, the
cepted range of exposure indicator values should be der
based on the comparative results of the two filtration con
tions.

Automatic exposure control~AEC! is the primary means
for controlling patient exposure in general radiography pr
tice. For screen–film systems, the AEC is calibrated for c
sistency in optical density resultant from varying expos
techniques. Because of the dissimilarity between x-ray
Medical Physics, Vol. 28, No. 3, March 2001
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sorption characteristics and radiographic speed of CR
conventional screen–film radiography systems, an AEC c
brated for screen–film radiography is unlikely to be suita
for CR usage.18 For CR usage, the AEC can be calibrat
using an approach similar to that for screen–film imag
using the exposure indicator value of the system as the ta
variable to be controlled. The AEC should be adjusted
result an exposure indicator value within a narrow accepta
range ~10%–15%! when the kVp or phantom thickness
varied within clinical operational limits. It may also be set
provide a constant change in the exposure indicator va

FIG. 1. The relative variation in the response of a CR system~signal per unit
exposure!, where the energy of the beam is varied within 80 kVp610%
range, as a function of Cu filtration in the beam for both single phase
high-frequency/constant-potential generator x-ray systems~12° anode angle,
2.6 mm intrinsic Al filtration!. The data were generated by a computation
model for simulation of the x-ray spectra, filter attenuation, and absorp
characteristics of BaFBr0.85I0.15:Eu phosphor screens~98 mg/cm2 phosphor
coating weight!. The model accuracy has been previously verified aga
experimental measurements~Refs. 8, 10, 14!. Note that Agfa CR systems
use a slightly different phosphor material (Ba0.86Sr0.14F1.1Br0.84I0.06) than the
one modeled here.
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when plus or minus density steps are applied. Because
CR exposure indicator is a quantity derived from analysis
the image histogram, care must be exercised in the selec
of phantoms and processing menus. The phantoms sh
produce image histograms representative of clinical imag
not a very trivial requirement. Otherwise, inaccurate ex
sure indicator values may result, leading to faulty AEC ca
bration. Further work on AEC calibration methodology f
CR is warranted.

IV. CONCLUSIONS

The methods and acceptance criteria for the performa
evaluation of CR systems were presented in a comprehen
tabular form for imaging systems from four major CR man

FIG. 2. ~a! The model-calculated primary x-ray spectra emerging from a
mm Cu filter and 24 cm tissue-equivalent material. The spectra were
malized to have the same total area. b! The model-calculated equivalency o
the CR signal per unit exposure for various Cu and tissue-equivalent m
rial ~see Fig. 1 caption!.
Medical Physics, Vol. 28, No. 3, March 2001
he
f
on
uld
s,
-
-

ce
ive
-

facturers. The materials can be used as a handbook for
ceptance testing and quality control inspection of CR s
tems to assure the consistency and reliability of their clini
operation.
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The modulation transfer function �MTF� and the noise power spectrum �NPS� are widely recog-
nized as the most relevant metrics of resolution and noise performance in radiographic imaging.
These quantities have commonly been measured using various techniques, the specifics of which
can have a bearing on the accuracy of the results. As a part of a study aimed at comparing the
relative performance of different techniques, in this paper we report on a comparison of two
established MTF measurement techniques: one using a slit test device �Dobbins et al., Med. Phys.
22, 1581-1593 �1995�� and another using a translucent edge test device �Samei et al., Med. Phys.
25, 102-113 �1998��, with one another and with a third technique using an opaque edge test device
recommended by a new international standard �IEC 62220-1, 2003�. The study further aimed to
substantiate the influence of various acquisition and processing parameters on the estimated MTF.
The slit test device was made of 2 mm thick Pb slabs with a 12.5 �m opening. The translucent edge
test device was made of a laminated and polished Pt0.9Ir0.1 alloy foil of 0.1 mm thickness. The
opaque edge test device was made of a 2 mm thick W slab. All test devices were imaged on a
representative indirect flat-panel digital radiographic system using three published beam qualities:
70 kV with 0.5 mm Cu filtration, 70 kV with 19 mm Al filtration, and 74 kV with 21 mm Al
filtration �IEC-RQA5�. The latter technique was also evaluated in conjunction with two external
beam-limiting apertures �per IEC 62220-1�, and with the tube collimator limiting the beam to the
same area achieved with the apertures. The presampled MTFs were deduced from the acquired
images by Fourier analysis techniques, and the results analyzed for relative values and the influence
of impacting parameters. The findings indicated that the measurement technique has a notable
impact on the resulting MTF estimate, with estimates from the overall IEC method 4.0% ±0.2%
lower than that of Dobbins et al. and 0.7% ±0.4% higher than that of Samei et al. averaged over the
zero to cutoff frequency range. Over the same frequency range, keeping beam quality and limitation
constant, the average MTF estimate obtained with the edge techniques differed by up to
5.2% ±0.2% from that of the slit, with the opaque edge providing lower MTF estimates at lower
frequencies than those obtained with the translucent edge or slit. The beam quality impacted the
average estimated MTF by as much as 3.7% ±0.9% while the use of beam limiting devices alone
increased the average estimated MTF by as much as 7.0% ±0.9%. While the slit method is inher-
ently very sensitive to misalignment, both edge techniques were found to tolerate misalignments by
as much as 6 cm. The results suggest the use of the opaque edge test device and the tube internal
collimator for beam limitation in order to achieve an MTF result most reflective of the overall
performance of the imaging system and least susceptible to misalignment and scattered radiation.
Careful attention to influencing factors is warranted to achieve accurate results. © 2006 American
Association of Physicists in Medicine. �DOI: 10.1118/1.2188816�

Key words: Modulation transfer function �MTF�, linear systems analysis, digital radiography, im-

age quality, resolution, glare, edge, slit, IEC 62220
I. INTRODUCTION

Commencing with the commercial introduction of computed
radiography �CR� in 1983, the past two decades have wit-
nessed a gradual transition from analog to digital

1,2
radiography. This transition has been largely fueled by the

1454 Med. Phys. 33 „5…, May 2006 0094-2405/2006/33„5…/1
practical advantages of digital technology, including elec-
tronic image transmission, image post-processing, and soft-
copy display. Concerned about the adequacy of image qual-
ity, the scientific community has taken up the task of

quantifying the performance of these new digital systems in

1454454/12/$23.00 © 2006 Am. Assoc. Phys. Med.
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terms of conventional analog metrics of image quality, now
adapted to digital systems. The principle metrics include the
modulation transfer function �MTF�, the noise power spec-
trum �NPS�, and the detective quantum efficiency �DQE�, for
which results have been documented in prior publications for
many commercial digital radiography systems.3–8

A review of the literature indicates that various investiga-
tors have used slightly different approaches to measure the
MTF, the NPS, and the DQE. The differences can easily
influence the results, and, as a consequence, results from
various laboratories obtained for different systems cannot be
easily compared. The comparison of published results have
also often been complicated by the fact that prior studies
have been performed using different test devices, acquisition
conditions �e.g., spectral qualities, filtration, and kilovolt-
age�, or processing conditions �e.g., different filtering ap-
proaches and algorithmic implementations�, even within a
chosen method. Partly to address this problem, an interna-
tional committee recently developed a standard for measur-
ing these quantities.9 However, that by itself has added yet
another method to the list, making it difficult to compare
newly published results with those previously published in
the literature. The investigators represented in the authorship
of this paper have themselves over the years been involved
with many such measurements using two separately devel-
oped methods. While those methods have been the basis of
numerous prior publications,1,5,7,8,10–29there has never been a
side-by-side comparison of the two methods. Furthermore,
without a side-by-side investigation, it is difficult to compare
the results of those methods to those obtained using the new
international standard.

To assess the MTF of radiographic systems, two general
approaches have been used in the past: angulated slit and
angulated edge. Both techniques use the detector response to
a predefined input to measure the MTF.3,10 The edge method
is typically implemented by using either a translucent edge
or an opaque edge, which are characterized primarily by the
difference in their radiolucency.9,25 The opaque edge method
is the technique endorsed by the IEC standard.9 Given the
differences in the methods that are based on three different

TABLE I. Characteristics of the beam qualities and
apertures; Ext APT � external apertures; Int APT �

Method Test device

Designa

A �Dobbins et al.� Slit A
B �Samei et al.� Translucent edge B

C �IEC R
No A

C �IEC� Opaque edge C �IEC R
Ext A

C �IEC R
Int A
test tools, it is not possible to compare results from different
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MTF measurements without knowing the extent of the varia-
tion that might have been caused by the specific differences
within the methods themselves.

We recently undertook a comprehensive study aimed at
comparing the relative performance of the three aforemen-
tioned methods, a method by Dobbins et al.7 �hereafter de-
noted as method A�, a method by Samei et al.4,25 �hereafter
denoted as method B�, and the IEC method9 �hereafter de-
noted as method C�. In the current study we focused not only
on the methods as a whole, but also on each method’s vari-
ous acquisition and processing components. The study fur-
ther aimed to serve as the first independent scientific evalu-
ation of the new standard, placing it in the context of prior
established methods. The results of the study were organized
into two papers. This paper is focused on the MTF methods.
Similar intercomparisons of the NPS are reported in the sub-
sequent concurrent paper.30

II. METHODS

The three MTF methods compared in this paper differed
in terms of their various acquisition and processing compo-
nents �e.g., beam quality, test device, analysis technique�.
Table I provides a list of some of these differing components.
This study was designed to compare not only the methods
�including all of their differing components�, but also the
relative impact of each individual component defining a
MTF method. In the following sections we describe the de-
tails of the employed test devices, imaging system, beam
conditions, image acquisition, and the MTF processing.

A. Test devices

Three MTF test devices were used in the study: a slit for
method A, a translucent edge for method B, and an opaque
edge for method C. The slit test device7 was constructed of
two 2 mm thick pieces of Pb with polished edges placed at a
small distance from each other forming a slit 35 mm long
and 12.5 �m wide. The translucent edge test device5 was
constructed of a 0.1 mm thick Pt0.9Ir0.1 alloy foil, laminated
between two thin slabs of acrylic and polished on all four

2

sure conditions used in the study �No APT � no
nal collimator apertures�.

Beam quality Apertures

kV Filtration HVL

70 0.5 mm Cu 6.7 mm Al No
70 19 mm Al 6.6 mm Al No

� No

� 74 21 mm Al 7.1 mm Al 2 external
�per IEC�

� internal
expo
inter

tion

QA5
PT
QA5
PT
QA5

PT
sides to form a 5�5 cm square test device. The opaque
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edge �TX5 W Edge Test Device, Scanditronix Wellhöffer,
Schwarzenbruck, Germany� was made of a 2 mm thick W
slab, 5�10 cm2, polished on one side and surrounded on the
other three sides by a 3 mm thick Pb frame. This device was
used to measure the MTF according to method C �IEC stan-
dard� requiring a test device with thickness greater than or
equal to 1 mm.9

B. Imaging system

All the MTF measurements and comparisons were made
on a prototype indirect flat-panel imaging device. Since the
focus of the study was a comparison across different meth-
ods and not across different imaging devices, a single repre-
sentative imaging device was used. The device, similar to its
commercial equivalent �Revolution XQ/i, GE Healthcare�
and coupled to a standard x-ray tube and generator, is cur-
rently used in our laboratory for radiographic research. The
detector had a 0.2 mm pixel pitch, and provided a 41
�41 cm2 �2048�2048 pixels� field of view. The device was
initially calibrated for gain nonuniformities and defective
pixels following the manufacturer’s recommendations. The
calibration produced a gainmap that was used by the manu-
facturer’s acquisition and processing software to correct for
pixel-to-pixel variations in detector response. The calibration

and subsequent image acquisitions were performed without
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the originally installed antiscatter grid, faceplate, and auto-
matic exposure control sensor. All images were acquired us-
ing the same calibration gain map.

C. Beam conditions

Three beam qualities were employed corresponding to
those used historically by two of the coauthors �method A
used by Dobbins et al. and method B by Samei et al.�, and
the IEC-specified RQA5 beam quality �method C�. All tech-
niques, listed in Table I, used a tube voltage of approxi-
mately 70 kilovoltage �kV� with various amounts of external
tube filtration. Beam qualities for methods A and B used
70 kV with the specified amount of Cu and Al filtration,
respectively. Beam quality for method C, per the IEC re-
quirement, was achieved by using a specific amount of Al
filtration �i.e., 21 mm� while altering the nominal voltage of
70 kV to obtain a required half-value layer �HVL� �i.e.,
0.485–0.515 transmission� of 7.1 mm Al. The desired HVL
was achieved at 74 kV.

Both Al-based techniques used an Al type-1100 filtration
since higher purity Al metals, as specified by the IEC re-
quirement for the RQA5 technique,31 were not found to have
adequate uniformity.32 The IEC guidelines further required
the use of two beam-limiting Pb apertures for the MTF mea-
surement. Based on those guidelines, 2 mm thick Pb sheets

2 2

FIG. 1. A schematic of the data acquisition set up in-
cluding the two apertures recommended by the IEC
standard.
were used to construct a 5�5 cm and a 16�16 cm aper-



1457 Samei et al.: Intercomparison of modulation transfer function methods 1457
ture. The two apertures were placed on the beam axis at
39 cm from the focal spot and at 12 cm from the detector,
respectively �Fig. 1�. To investigate the impact of beam limi-
tation on the MTF estimate, the RQA5 beam quality was
used under three conditions: without the external apertures
�i.e., no APT�, with the external apertures �i.e., Ext APT�,
and with the tube collimator limiting the beam to the same
area as that of the external apertures �i.e., Int APT�.

D. System response function

Prior to image acquisition, the linearity of detector re-
sponse, given by the relationship between digital units and
exposure, was determined for methods A, B, and C indepen-
dently. No external apertures were used in this determination,
except for the fact that the beam was tightly collimated to
maintain a narrow beam condition �5.5�6.5 cm2 at
90.5 cm�.

Exposures were measured using a calibrated ionization
chamber �MDH Model 1015, 10X5-6 ionization chamber,
Radcal, Monrovia, CA� positioned at the approximate center
of the beam axis at 90.5 cm from the focal spot. The detector
was removed from the field of view. The probe was irradi-
ated using the narrow beam geometry at various exposures
�E� over a range of tube output from 0.25 to 64 mAs. For
E�1 mR, the exposure was determined from an average of
three exposure measurements. For 0.5�E�1 mR and E
�0.5 mR, the exposure was determined from averages of
five and ten integrated exposures, respectively, repeated three
times. For all measurements, exposure in the detector plane
was estimated using the inverse square law.

Using the same narrow beam geometry, three uniform im-
ages were acquired at each of the mAs settings at which the
exposures were measured. In these image acquisitions, the
ionization probe was positioned within the beam but off the
central axis for quality control purposes. This process was
repeated for all three beam qualities. No image processing
was applied, except for gain and bad pixel corrections noted
earlier. From each acquired image, the mean pixel value was
calculated within a centrally positioned 100�100 pixel ROI.
System response functions were then computed from a linear
fit of the averaged mean pixel values versus measured aver-
age exposures at each mAs setting over the range of 0 to
2 mR.

The linear fit to the data used a zero intercept. This choice
was due to the precision limits of the exposure meter, which
made it difficult to accurately measure the low-exposure re-
sponse. Such inaccuracies at low exposure substantially im-
pact the determination of the tails of LSF measurements in
the slit method. Thus, in keeping with our previous experi-
ence with this detector and based on information from the
manufacturer, we assumed a zero intercept, further substan-
tiated by the fact that pixel values behind Pb-masked areas
were essentially zero �i.e., within the noise�.

E. Image acquisition

Each test device was placed in contact with the detector

cover �or nearly so for the case of a slit; noted below�,
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aligned with the central axis of the x-ray beam, and then
imaged at the specified beam qualities. The approximate ex-
posure to the detector �without the device present� was 7.7,
3.7, and 4.0 mR for beam qualities associated with methods
A, B, and C, respectively. Note that for the opaque edge
device, these exposures were higher than those recom-
mended by the IEC standard.9 However, since the MTFs of
indirect flat-panel detectors rarely show an exposure
dependency,25,33 higher exposure values were used to reduce
the amount of noise in the image. All image processing was
turned off except for gain and bad pixel corrections noted
earlier. All the images were acquired using a 184.5 cm
source-to-detector distance �SDD� and a 0.6 mm nominal fo-
cal spot.

For the slit test device, the slit was 6 mm away from the
detector cover, and about 16 mm from the actual internal
detector surface. The device was precisely aligned using an
iterative technique in which the test device was sequentially
rotated until a maximum slit transmission was obtained, cor-
responding to the best alignment.7 The rotation axis was par-
allel to the plane of the detector and roughly parallel to the
slit itself. The slit was placed at an approximate angle of 2
degrees with respect to the detector pixel array to enable the
determination of the presampled MTF. Once aligned, the slit
was imaged 20 times.

For the edge test devices, the devices were simply placed
such that a polished edge was projected at the visual center
of the field of view. The edge was on the detector cover
about 10 mm from the actual internal detector surface. The
edge was otherwise angled by 2° –3° with respect to the
detector pixel array. The edge test devices were then imaged
three times at each of the specified beam conditions. In order
to further investigate the influence of edge misalignment on
the results, the edges were also sequentially shifted by up to
10 cm away from the center of the field of view.

To minimize detector lag effects, images were acquired
with a minimum time interval of 2 min. In addition, aper-
tures were used in a progression from full field to limited
field of view with a minimum interval of 10 min between
aperture configurations and a minimum of 12 h between
MTF evaluations employing different devices. All MTF data
were acquired within a short time span using the same de-
tector gain and bad pixel calibration maps.

F. MTF processing

The slit and edge images acquired above were processed
using established analysis routines. For the slit images, a
previously documented analysis method �method A� was
used.1,7 The 20 acquired images were summed to provide
adequate noise properties in the tails of the line spread func-
tion �LSF�. An initial evaluation of the transmission through
the slit was made to determine three segments along the
length of the slit, where the MTF could be reliably deter-
mined. With the slit oriented vertically, the angle of the slit
pattern within the image was then determined by evaluating
the x and y locations of the uppermost and lowermost parts

of the image of the slit. This angle information was then used
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to sort individual pixels from a 25 �vertical� � 200 �horizon-
tal� pixels �5�40 mm� region around the slit into a vector of
the pixel value versus the perpendicular distance from the slit
center, forming the LSF. The integral of exposure values
across each row perpendicular to the slit was used to normal-
ize out slight imperfections along the slit. In order to im-
prove the estimate of that integral, pixel values less than a
threshold of 4 �values essentially within the noise� were ex-
cluded.

The finely sampled LSF from the slit was resampled and
interpolated to ensure no missing data values, and then the
tails were extrapolated exponentially for all data values be-
low 1% of the LSF peak. The LSF data were Fourier trans-
formed and the absolute value of Fourier transform was nor-
malized by the zero-frequency component to give the MTF.
The MTF estimates determined from three slit segments was
averaged to improve precision of the measurement. The re-
sulting MTF estimate was divided by a sinc function to ac-
count for the estimated 18 �m width of the x-ray projection
of the slit �including the estimated focal spot blur�.

The image processing techniques used for processing the
edge images were identical to those disclosed previously.25

First, the portion of image containing the edge transition was
extracted. The extracted region for the translucent edge was
34�34 mm. The extracted region for the opaque edge was
50 mm along the edge and 100 mm perpendicular to the
edge per the IEC specification.9 The exact angle of the edge
was then determined by thresholding and gradient operations
followed by a double Hough transformation. The original
edge data in the extracted region were then projected along

FIG. 2. MTF estimate in the horizontal and vertical directions obtained with
a translucent edge �method B� at 74 kV and 21 mm Al filtration �method C�
beam quality �BQ�. Error bars �±0.003.
the edge line and binned into 0.02 mm spacing forming the
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edge spread function �ESF�. This process is similar to the
method used for slit data in which the distances between the
pixels and the slit were used to form the LSF. The ESF was
modestly smoothed using a moving Gaussian-weighted poly-
nomial fit. This process was essentially equivalent to convo-
lution with an appropriately chosen kernel. The smoothed
ESF was differentiated to obtain the LSF. The LSF was then
Fourier transformed and its absolute value normalized at
zero frequency to obtain the presampled MTF. The MTF
estimates obtained from the three repeated edge images were
averaged to achieve a higher precision in the MTF estimate.
All MTF data were averaged into 0.05 mm−1 bins per the
IEC specification to facilitate a comparison of the data.

G. Simulated slit and edge images

In order to evaluate the absolute accuracy of the process-
ing algorithms, in addition to the experimental images, syn-
thetic slit and edge images were created with an analytically
predetermined MTF.34 A perfect 512�512 edge image was
formed, assuming a 0.2 mm pixel size, a maximum pixel
value of 16 383, a minimum pixel value of 10, a 2° edge
angle, and a blur on the edge only associated with that of the
partial pixel coverage by the edge. To form simulated slit
images, two translationally offset ideal edge images were
subtracted from each other, forming a synthetic image of a
slit with a nominal 20 �m opening. No further blurring was

FIG. 3. Dependence of the MTF estimate on the measurement method, in-
dependent of beam quality. Test instruments included a slit �method A�, a
translucent edge �method B�, and an opaque edge �method C�. All data
correspond to method C beam quality �BQ� �IEC RQA5� with two IEC-
specified apertures, but method A had its own inherent aperture �slit APT�.
Error bars �±0.0002, ±0.003, and ±0.004 for methods A, B, and C,
respectively.
applied to these synthetic images, and thus both simulated
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images had a MTF that could be represented with a sinc
function associated with a 0.2 mm pixel size.

Actual radiographic images of test devices include fluc-
tuations associated with quantum and instrumentation noise
as well as broad-range, low-frequency signal spreading pro-
cesses often referred to as glare or veiling glare.35–37 In order
to further characterize the impact of image noise and glare on
the accuracy of the MTF estimates, additional versions of the
simulated edge and slit images were thus created by adding
noise and glare to the simulated images. Noisy versions of
the simulated images were formed by adding uncorrelated
Poisson noise to the images with a standard deviation equal
to the square root of the pixel value. For degradation by the
glare, the simulated noiseless images were convolved with a
Gaussian glare function,

G�f� = exp�−
1

ln�2���wf

2
�2� , �1�

where f is the spatial frequency, and w is the full-width at
half maximum of the Gaussian function, characterizing the
glare in the spatial domain. An ad hoc value of 5 mm was
assumed for the parameter w as a likely spatial representation
of the extent of glare in a structured phosphor detector. That
corresponds to a glare MTF of 0.5 at approximately
0.1 mm−1. The convolution, performed in the spatial fre-
quency space, used a MTF modification routine previously
developed in our laboratories.38 Strictly speaking, the convo-
lution of sampled data is not equivalent to sampling con-
volved data. However, in our case, the sampling was suffi-
ciently fine compared to w that this effect could be

FIG. 4. MTF dependence on beam quality �BQ� using an opaque edge. Th
�method A�, 70 kV with added 19 mm Al filtration �method B�, and 74 kV
without IEC-specified apertures �no APT�, and with beam limiting achieved
IEC aperture technique �Ext APT�. Error bars �±0.004. �b� Ratios of MTF e
�±0.9%.
considered negligible. The convolved edge and slit images
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were then added to the simulated images using

Iwg = cIglare + �1 − c�Iideal, �2�

where Iwg is the simulated resultant image including glare,
Iglare is the image convolved with the glare function, Iideal is
the simulated original image, and c is a factor indicating the
amount of added glare, set equal to 0.1 for the purpose of
this study.

The simulated edge and slit images were processed simi-
larly according to their respective methods described previ-
ously. For the slit images, a 30 �vertical� � 200 �horizontal�
pixel region was used, with pixel values less than a threshold
of 20 excluded from analysis �a higher threshold than the
previous value of 4 was used due to a nonzero background in
the simulated slit images�. For the edge images, a default
analysis area of 40�40 mm was used. The simulated edge
images with glare were further processed multiple times us-
ing different analysis areas, from 20 to 100 mm squared, to
assess the impact of the analysis area on the estimated glare
in the resultant MTF estimates.

III. RESULTS

Overall comparisons of MTF estimates using methods A,
B, and C are presented in this section, along with results of
subcomparisons of various factors that influence MTF esti-
mates.

A. System response function

The system response function demonstrated excellent lin-
2

plotted lines in �a� correspond to 70 kV with added 0.5 mm Cu filtration
1 mm Al �IEC RQA5, method C� with IEC-specified apertures �Ext APT�,

e internal tube collimator �Int APT� giving the same field size as that of the
tes with respect to the MTF obtained with method C, no aperture. Error bars
e five
with 2
by th
stima
earity �R �0.9999 in all cases� within the evaluated expo-
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sure range of interest. The original data showed an exposure
intercept very close to zero, further confirming the assumed
zero intercept for the fits to the system response functions, as
noted earlier. The method C �IEC RQA5� beam quality ex-
hibited a slightly higher slope than that obtained using either
the beam qualities of methods A or B. The slopes for the
beam qualities of methods A, B, and C were 1771.3, 1772.6,
and 1841.9 digital value per mR, respectively.

B. Directional dependence

Figure 2 illustrates the directional dependence of the MTF
estimate. In general, there is very little difference between
the MTF estimates in the horizontal and vertical directions
�0.4% ±0.4% averaged over the zero to cutoff frequency�.
Slight differences are due to the fluctuations typical of the
MTF estimates obtained using the edge method at high spa-
tial frequencies. As the DQE is limited to the cutoff fre-
quency �fc� of 2.5 mm−1, these minimal differences in MTF
estimate due to directional dependence have virtually no im-
pact on the DQE estimate. As a result, only horizontal MTF
data are reported in the remainder of the paper.

C. Impact of measurement method independent of
beam quality

Figure 3 illustrates a comparison of the MTF estimates
obtained by the three measurement methods using the same
beam quality �IEC RQA5, per method C�. At low spatial
frequencies ��1 mm−1�, the translucent edge and slit results
are identical while the MTF estimate from the opaque edge
is slightly lower. In the 1–2 mm−1 range, the results from the
translucent edge gradually shift downward toward those of

−1

FIG. 5. Impact of edge alignment on MTF estimate for �a� method B transl
21 mm Al filtration�. The ratios of misaligned edge MTF estimates and per
the opaque edge. In the 2–4 mm range, the slit results
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similarly shift to meet the other two MTF estimates. The
estimated MTF from the slit measurement was higher than
those from the translucent and opaque edges by 7.6% ±0.6%
and 7.8% ±0.6% at the cutoff frequency, respectively. Aver-
aged over frequencies up to fc, the corresponding average
relative differences were 3.2% ±0.3% and 5.2% ±0.2%, re-
spectively.

D. Impact of beam quality

Isolating the impact of beam quality alone, Fig. 4 illus-
trates the measured MTF estimates using the opaque edge at
different beam qualities. The beam quality appears to have a
modest impact on the MTF estimate. When averaged over all
frequencies up to fc, the MTF estimates for the beam quali-
ties of method A �70 kV with 0.5 mm Cu filtration� and
method B �70 kV with 19 mm Al� differed from those of
method C �IEC RQA5, 74 kV, 21 mm Al� by +3.7% ±0.9%
and −0.9% ±0.9%, respectively �without external beam ap-
ertures�.

E. Impact of external beam apertures

Referring again to Fig. 4, the presence of external aper-
tures increased the MTF estimate by an average of
4.0% ±0.9% compared to the condition without apertures.
The use of the tube internal collimator as the beam-limiting
device had even a greater impact, increasing the MTF esti-
mate by 7.0% ±0.9%, averaged over frequency, relative to
the condition without apertures. The impact of apertures may
be attributed to the reduction of scattered radiation generated
in the filtration from the beam, enhancing the edge sharp-
ness. However, it is likely that some scattered radiation

and �b� method C opaque edges using method C beam quality �74 kV and
lignment MTF estimates are tabulated in Table II. Error bars �±0.004.
ucent
might still be created from the edges of the external aperture
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closest to the detector degrading the MTF. This is consistent
with the observed slight increase in the estimated detector
exposure with added external apertures noted in the concur-
rent paper.30

F. Impact of edge alignment

Figure 5 illustrates the impact of edge alignment on the
resulting MTF estimate for both the translucent and opaque
edge devices �per methods B and C� using the method C
beam quality �RQA5, 74 kV, 21 mm Al filtration�. For both
devices, the MTF estimate remains relatively stable at up to
6 cm of misalignment above which the translucent edge ex-
hibits a reduction in the MTF estimate. To further illustrate
this finding, Table II tabulates the ratio of each MTF estimate
obtained in a misaligned edge condition to that of perfect
alignment, averaged over the frequency range of interest.
While the average relative difference is in the range of
0% –2% �±0.4% � for both devices with small amounts of
misalignment, that estimate exceeds 3.0% ±0.4% beyond
8 cm misalignment. The increased sensitivity to misalign-
ment of the translucent edge is not intuitive because its re-
duced thickness �compared to the thickness of the opaque
edge device� would suggest that it might be less susceptible
to the degradation of the MTF estimate resulting from the
edge partial-penetration penumbra. However, the behavior
may be explained by the partial-penetration penumbra asso-
ciated with the 2 mm thick acrylic laminate of the device.5

G. Overall comparison of the methods

Considering all factors combined, Fig. 6 illustrates the
overall comparisons of methods A, B, and C. The results of
the three methods converge at about 3.5 mm−1. However,
below that frequency, method A provides a consistently
higher MTF estimate than the other two methods. Between 0
and 0.85 mm−1, method B provides a MTF estimate higher
than that of method C, but vice versa beyond 0.85 mm−1.
Most of the differences observed may be attributed to the
three underlying differences: the differences in the test de-
vice, the beam quality, and the beam limitation technique
outlined earlier. At the cutoff frequency, the estimated MTF
from method C was 3.7% ±0.6% lower than that of method

TABLE II. The ratio of the MTF acquired with translational misalignment of
an edge to that obtained with no misalignment averaged over the frequency
range of 0–2.5 mm−1.

Misalignment Translucent edge Opaque edge
�±0.4% � �±0.3% �

1 cm 1.01 0.98
2 cm 1.00 1.01
3 cm 0.99 0.98
4 cm 0.97 0.99
6 cm 1.01 0.99
8 cm 0.97 0.96
10 cm 0.96 1.00
A, and 9.7% ±0.9% higher than that of method A. Averaged
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over frequencies up to the cutoff frequency, the correspond-
ing average relative differences were 4.0% ±0.2% and
0.7% ±0.4%, respectively.

H. Absolute accuracy as determined by simulated
edge and slit

A question, which naturally arises from the above results,
is which analysis method provides a MTF estimate closest to
the true MTF of the device. Figure 7�a� illustrates the results
of the three analysis methods applied to the simulated edge
and slit data in the absence of image glare. The MTF esti-
mate from the edge method is generally lower than the ex-
pected true MTF, approaching a difference of 5.2% at the
cutoff frequency. In comparison, the MTF estimate from the
slit is very close to the true MTF, differing by only 0.3% at
the cutoff frequency. The lower performance of the edge
MTF estimate may be attributed to the LSF smoothing pro-
cess documented previously.25 The edge method is also more
susceptible to noise within the image caused by the differen-
tiation process involved in the analysis.25,39

The above observations are relevant to the situation is
which no image glare is present. Figure 7�b� presents the
MTF estimates using the simulated edge and slit in the pres-
ence of simulated glare. The MTF estimate from the slit
method does not change appreciably when glare is in the
image, while the edge method MTF estimates are much more

FIG. 6. Dependence of the MTF overall method on the MTF estimate. Meth-
ods employed a slit �method A�, a translucent edge �method B�, and an
opaque edge �method C�, each with its own associated beam quality �BQ�:
70 kV with added 0.5 mm Cu filtration �method A�, 70 kV with added
19 mm Al filtration �method B�, and 74 kV with 21 mm Al �IEC RQA5,
method C�; with the inherent beam limiting achieved by the slit test device
�Slit APT� for method A, without beam limitation �no APT� for method B,
and with IEC-specified apertures �Ext APT� for method C. Error bars
�±0.0002, ±0.003, and ±0.004 for methods A, B, and C, respectively.
sensitive to the presence of glare. The sensitivity of the edge



1462 Samei et al.: Intercomparison of modulation transfer function methods 1462
method to glare is a direct function of the size of the image
area used for analysis, with the best depiction of the glare
indicated when a large area of the image ��8�8 cm2� is
used. As a larger area of the edge image is analyzed, a larger
extent of the broad glare is included in the analysis, leading
to increased low-frequency content; after normalizing the
MTF by the zero-frequency value, the low-frequency glare
causes a general reduction of the MTF estimate across all
frequencies. Using an 8�8 cm2 region of analysis in the
presence of 10% simulated glare, the edge method gives a
maximum error of 1.7% relative to the true MTF, whereas
the slit method has a maximum error of 10.0%.

IV. DISCUSSION

The MTF has been recognized as the established metric
for characterizing the resolution performance of an imaging
system.3,40,41 For many years, the slit technique was consid-
ered the state-of-the-art method to measure the MTF of ra-
diographic imaging systems.7,16,42–46 However, given its
somewhat cumbersome alignment requirements, an alterna-
tive MTF measurement technique using an edge test device
was employed by a number of investigators.25,28,34,47,48 The
edge technique, while less precise,39 had a less rigorous
alignment requirement and could provide an excellent defi-
nition of the low frequency MTF. Two types of edges were
used by investigators, a translucent edge, which would trans-
mit 10% –50% of x rays impinging upon it, and an opaque
edge that would essentially absorb all x rays. The opaque
edge technique was recently endorsed by the IEC interna-
tional standard,9 while the use of slit and translucent edge

FIG. 7. Presampled MTF estimates from the simulated slit and edge images w
the true MTF �a�. A presampled MTF estimate obtained with the simulated
analyzed using different square analysis areas, 20–100 mm in size.
methods has continued in parallel.
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In this study, we performed a comprehensive investigation
to determine the relative accuracy of the slit and edge meth-
ods using data obtained from a single but representative digi-
tal radiographic system. We further investigated the impact
of potential influencing factors such as beam quality, MTF
device alignment, size of the analysis area, and the use of
beam limiting devices, both external �via IEC-specified ap-
ertures� and internal �via collimator�. The results of this
study enable the comparison of previously published MTF
results obtained using two established methods �methods A
and B� with one another and with those from the new IEC-
specified method �method C�.

Our findings indicate that measurement technique has a
notable impact on the resulting MTF estimate, with estimates
from the overall method C 4.0% ±0.2% lower than that of
method A and 0.7% ±0.4% higher than that of method B
averaged over the zero to cutoff frequency range. Isolating
the impact of the test device alone, the MTF estimates ob-
tained with the edge devices were a maximum of
7.8% ±0.6% �5.2% ±0.2% averaged over the zero to cutoff
frequency range� lower than that of the slit. The use of beam-
limiting devices increased the frequency-averaged MTF es-
timate by as much as 7.0% ±0.9%. Isolating the impact of
beam quality alone, at typical nominal 70 kV radiographic
energies, the spectrum of method A was found to yield a
higher MTF estimate than that of method B �4.7% ±0.9%
averaged over frequency�. The results of the method C spec-
trum were only slightly higher than those of method B
�	0.9% ±0.9% �. The size of the analysis area of an opaque
edge was found to impact the MTF estimate, while both edge
techniques were found to tolerate misalignments by as much

nd without added uncorrelated noise. Also shown is a sinc function depicting
eless edge and slit images with 10% added glare �b�. The edge image was
ith a
nois
as 6 cm. These dependencies and trends should be taken into
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consideration when comparing published results based on
various methods and beam qualities. Furthermore, even
though the impact of the parameters studied in this work on
estimated MTF is relatively modest, even a modest impact
should not be overlooked, as the resulting effect would be
much more pronounced in the DQE, since the DQE is pro-
portional to the square of the MTF.

While the slit was found to give MTF estimates that were
both more precise and more accurate than those of the edge
technique in the absence of glare, in the presence of glare,
the opaque edge gave substantially better accuracy than ei-
ther the slit or translucent edge at low frequencies. It is
worthwhile to note that the poorer precision of the edge tech-
nique in estimating the high-frequency component of the
MTF is not an inherent limitation of the technique. In this
study, we applied a smoothing operation to the edge data in
order to reduce the noise enhanced by the differentiation pro-
cess. However, in lieu of smoothing, a larger number of edge
images could be averaged to reduce uncertainty in edge re-
sponse measurements, and thus this disadvantage of the edge
technique can be minimized. However, such is not the case
with the low-frequency disadvantage associated with the use
of the slit technique. The low-frequency components with
the slit are dependent on the long tails of the LSF. Those tails
are difficult to estimate due to the difficulty in recording
enough exposure to adequately represent the tails. It is pos-
sible to characterize these long tails better with computed
radiography �CR� detectors than flat-panel receptors if one
exposes the CR screen with multiple high exposures prior to
readout. It is not possible to do such an on-the-plate integra-
tion with flat panel receptors. Even with CR, the plate can
get close to saturation in the center of the slit before the tails
are adequately recorded. Thus, the limitations of the slit tech-
nique at low frequencies are not easily overcome, and the
opaque edge is seen to provide the most accurate results in
the presence of glare.

Notwithstanding the findings of this study, their scope and
limitations should be clearly recognized. This investigation
was limited to only one type of image receptor, namely an
indirect flat panel for general and chest radiographic appli-
cations, because the goal of the study was not an intercom-
parison of methods across different imaging technologies,
but rather the comparison of different methods applied to the
same imaging system. An important question arises as to
how the relative differences between MTF methods noted in
this paper can be related to the MTF measurements reported
in other studies, particularly those using different imaging
systems. We believe the most appropriate claims are the fol-
lowing: �1� For other studies using the same type of flat-
panel system as used here, a quantitative correction could be
applied to relate other MTF measurements to the three MTF
measurement methods described in this paper. �2� The per-
cent differences between MTF methods shown in this work
are likely to be reflective of the general magnitude of differ-
ences to be expected due to measurement methods when ap-
plied to other types of imaging systems. �3� It cannot be
determined quantitatively what magnitude of difference

could be expected if method A on System X were compared
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to method B on System Y. Furthermore, the comparisons are
only applicable to the beam qualities examined in this study
and cannot be readily extrapolated to notably higher �e.g.,
chest radiography� or lower �e.g., mammography� x-ray en-
ergy ranges.

V. CONCLUSIONS

In this study we compared MTF measurement techniques
using historical slit and edge techniques as well as the new
edge technique recommended by a recent international stan-
dard. The findings suggest that the MTF estimate can be
moderately impacted by the method used and by image ac-
quisition parameters such as beam quality, beam limitation,
and processing technique. Thus, as we have demonstrated,
the MTF estimate is dependent on the methodology, and as a
result, care must be exercised when comparing MTF results
obtained using different methodologies.

Our findings have multiple implications in terms of a pre-
ferred method for proper measurement of the MTF.

�1� The opaque edge method appears to yield MTF results
that are the most accurate of the three methods evaluated
in the presence of glare. The opaque edge was found to
be unaffected by misalignments by as much as 6 cm. At
higher energies, a translucent edge is more prone to gen-
erating secondary radiation that could impact the esti-
mated MTF,49 and thus the opaque edge is the preferred
technique for measuring the MTF at kVs higher than 70.

�2� When using the edge technique, the size of the analysis
area has a direct impact on the representation of possible
glare in the resultant MTF estimate. An analysis area of
about 8�8 cm2 is close to ideal. Larger sizes would
lead to an averaging resolution response across a larger
area of the detector, thereby making the measurement
prone to the heel effect, detector nonuniformities, and
defects in the straightness of the edge. Smaller sizes
would not adequately include the glare of the detector.

�3� Compared to the other two techniques, the slit method
appears to provide the highest precision, with a very
small uncertainty of measurement, even at high frequen-
cies. The slit method was also the most accurate of the
three methods in the absence of glare. However, the slit
method did not account for glare. This was due to the
fact that the method employs as exponential extrapola-
tion of the LSF below 1% of the peak amplitude, which
tends to mask long-range glare attributes of the image.
As the opaque edge method provides a better definition
of low-frequency drop in the MTF due to glare and is
easier to align, the opaque edge method is recommended
over the slit method. Averaging multiple images, similar
to that done with the slit, may be used to increase the
precision of the opaque edge technique.

�4� The beam quality, even at generally comparable kV and
filtrations, does impact the MTF estimate, although
modestly, and that should be taken into consideration
when planning a measurement or comparing results with

other studies.
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�5� Beam-limitation increases the MTF estimate by as much
as about 8% likely due to the reduction of scattered x
rays. Thus, it is encouraged. However, the x-ray tube
collimator does a more effective job in that regard than
external apertures required by the IEC standard. Given
the fact that the setup of the external apertures is cum-
bersome and time consuming, the use of tube collima-
tors is preferred.
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Second in a two-part series comparing measurement techniques for the assessment of basic image
quality metrics in digital radiography, in this paper we focus on the measurement of the image noise
power spectrum �NPS�. Three methods were considered: �1� a method published by Dobbins et al.
�Med. Phys. 22, 1581–1593 �1995��, �2� a method published by Samei et al. �Med. Phys. 30,
608–622 �2003��, and �3� a new method sanctioned by the International Electrotechnical Commis-
sion �IEC 62220-1, 2003�, developed as part of an international standard for the measurement of
detective quantum efficiency. In addition to an overall comparison of the estimated NPS between
the three techniques, the following factors were also evaluated for their effect on the measured
NPS: horizontal versus vertical directional dependence, the use of beam-limiting apertures, beam
spectrum, and computational methods of NPS analysis, including the region-of-interest �ROI� size
and the method of ROI normalization. Of these factors, none was found to demonstrate a substantial
impact on the amplitude of the NPS estimates ��3.1% relative difference in NPS averaged over
frequency, for each factor considered separately�. Overall, the three methods agreed to within
1.6% ±0.8% when averaged over frequencies �0.15 mm−1. © 2006 American Association of
Physicists in Medicine. �DOI: 10.1118/1.2188819�

Key words: Noise power spectrum �NPS�, linear systems analysis, digital radiography, image
quality, noise, IEC 62220-1
I. INTRODUCTION

This paper is part of a two-part series comparing measure-
ment methodologies for the modulation transfer function
�MTF� and noise power spectrum �NPS�. The NPS is one of
the most common metrics describing the noise properties of
imaging systems. The measurement of the NPS is conceptu-
ally straightforward but difficult to carry out experimentally,
and there has not been universal agreement on the best meth-
ods for these measurements. Recently, there have been ef-
forts by several bodies, including the AAPM1 and the Inter-
national Electrotechnical Commission �IEC�,2 to develop
standards for these measurements. Despite the laudable effort
to reach a consensus on the best measurement methodology,
there is still a sizable literature of measurements made on
various devices by a variety of methods.3–19 Because of the
variety of methods used, it is difficult to compare previously
published NPS results using different methodologies. There-
fore, there is a need for an intercomparison of these previ-
ously reported methods, as well as a comparison with the

new IEC standard, so that investigators may know how to
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interpret the results of different studies obtained using these
various techniques. In this paper we describe a comparison
of methods for a measurement of the NPS reported by Dob-
bins et al.3,20 �hereafter, method A�, Samei et al.4,5,14–17

�hereafter, method B�, and the IEC standard2 �hereafter,
method C�. In a companion paper we report similar compari-
sons of methods for measuring the MTF.21

II. BACKGROUND

The frequency-dependent NPS, NPS�f�, is defined as the
variance per frequency bin of a stochastic signal in the spa-
tial frequency domain. For a complete treatment of the deri-
vation of the NPS formula, the interested reader is referred to
another text.20 Although it may be computed as the Fourier
Transform of the autocovariance function by use of the
Wiener-Kintchin Theorem,22 the NPS is most commonly
computed directly from the squared Fourier amplitude of

two-dimensional image data using

1466466/10/$23.00 © 2006 Am. Assoc. Phys. Med.
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NPS�un,vk� = lim
Nx,Ny→�

�NxNy �x �y���FTnk�I�x,y� − Ī��2�

= lim
Nx,Ny→�

lim
M→�

NxNy �x �y

M
�
m=1

M

�FTnk�I�x,y� − Ī��2

= lim
Nx,Ny,M→�

�x �y

M · NxNy
�
m=1

M 	�
i=1

Nx

�
j=1

Ny

�I�xi,yj� − Ī�e−2�i�unxi+vkyj�	2

, �1�
where I�xi ,yj� is the image intensity at the pixel location

�xi ,yj�, Ī is the global mean intensity, u and v are the spatial
frequencies conjugate to x and y, Nx and Ny are the numbers
of pixels in the x and y directions of the digital image, �x
and �y are the pixel spacings in the x and y directions, and
M is the number of regions used for analysis in the ensemble
average. Conventionally, the Fourier transform is normalized
by dividing by NxNy.

The zero-frequency component is difficult to measure ac-
curately, and is therefore almost always excluded from
analysis. With that exclusion, the subtraction of the global
mean in Eq. �1� may be eliminated, and thus only the squared
Fourier amplitudes of raw noise data are considered.

Many factors influence the choice of methodology for
measuring the NPS. Unfortunately, there is not a universal,
standard method that will apply equally well to all situations,
and some compromises are necessary, depending on the type
of system being measured and the amount of data available.
There are two principal difficulties in determining the best
method for NPS analysis. The first such difficulty is that only
a limited amount of data is available for analysis. The sum-
mations in the discrete Fourier transforms in Eq. �1� extend
over an infinite spatial domain, but there is clearly not an
infinite extent of data available for measurement. Also, the
ensemble average in Eq. �1� requires an infinite number of
samples to determine the true NPS, but again, an infinite
amount of data is not available. Thus, some compromises
must be made in order to get the “best” estimate of the NPS
from the finite amount of available data. For two-
dimensional image data, this compromise involves a trade-
off between the size and number of the regions of interest
�ROIs� used for analysis. A thorough treatment of the issues
in selecting ROI size is beyond the scope of this paper, but
another reference may be consulted for additional details.20

In simplest terms, the size of the ROI should contain just
enough pixels to adequately demonstrate the structure in the
NPS curve. If the NPS curve is smoothly varying with fre-
quency, then a very small ROI may be used; if there are
spikes in the power spectrum, then the ROI must contain
more pixels in order to have adequate sampling in frequency
space so that the shape of the spikes is not adversely im-
pacted. Some investigators have used data windowing �de-
fined as the application of spatial weighting to image data� to
further refine the resolution of NPS data in frequency space.

Data windowing was not used with one of the methods de-
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scribed in this paper �method A in which all pixels analyzed
had the same weighting�, but a Hamming window was used
on the data for the other two analysis approaches �methods B
and C�.

The second difficulty in making accurate NPS measure-
ments is that practical data contains some static artifactual
components in addition to the stochastic noise that one de-
sires to measure. This artifactual structure may manifest it-
self as background shading due to the heel effect or inverse
square exposure variation, or as a fixed pattern due to the
structure in the detector. It is almost always desirable to re-
move shading artifacts because these contribute to the
squared Fourier components at low frequency, but do not
represent stochastic noise. Various approaches are used in
this paper to eliminate background shading artifacts, depend-
ing on the NPS measurement method being used. Fixed pat-
tern noise should not be removed from the image used to
compute NPS if the noise is spatially stochastic �even though
temporally constant�, because it contributes to the noise pat-
tern in a given image, hampering an observer’s ability to
discern the desired signal from noise. The flat-panel detector
used for the NPS measurements in this paper does a gain and
offset correction that inherently eliminates a large amount of
the stochastic fixed pattern noise; however, a small amount
remains, particularly at low frequencies. A subtraction
method can be used to determine the amount of residual
fixed pattern noise in the NPS.

It is important when evaluating the NPS on a given device
to consider the entire two-dimensional NPS. There can be
spikes or other noise artifacts that do not show up adequately
if a simple one-dimensional plot is examined.3 However, due
to the number of intercomparisons in this paper, and due to
the fact that the detector being used for measurement has no
discernable off-axis noise artifacts, only one-dimensional
plots will be presented here. In order to improve the standard
error of one-dimensional NPS curves, it is customary to av-
erage data from a thick band through two-dimensional fre-
quency space near the axes; methods described herein differ
as to whether the on-axis data is included in those averages,
and such differences will be noted.

III. METHODS

The three NPS methods compared in this article differ in
various acquisition and processing parameters �beam quality,

ROI size, configuration and number of ROIs, background
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detrending, and methods of extracting one-dimensional �1-D�
NPS data from the 2-D NPS�. Table I lists the standard ac-
quisition and processing parameters associated with these
three methods. In addition to comparing the three methods
directly, a number of subcomparisons were performed to elu-
cidate the influence of the various parameter choices associ-
ated with NPS methodology. Table II lists the combinations
of parameters for image acquisition and analysis for each of
the sub-comparison evaluations performed. In the following

TABLE I. Standard parameters for the NPS methods
lished by Dobbins et al. �Refs. 3 and 20�, Samei
respectively. Method B has historical and current ve
spectrum for method C was set at a 70 kV nominall
according to the IEC procedure for the RQA5 beam q
lapping �NOL� patterns. For detrending, method A u
methods B and C used a 2-D second-order polynomi
adjacent rows of data in the two-dimensional NPS
Method B included the data along the axis in the two-
on-axis data. Methods A and B used no external beam
beam apertures.

Method kV Filtration # ROIs

Method A 70 0.5 mm Cu 64 NOL

Method B
�historical�

70 19 mm Al 100 NOL

Method B
�current�

70 19 mm Al 343 OL

Method C 74 21 mm Al 160 OL

TABLE II. Acquisition and processing parameters fo
Method A �70 kV, 0.5 mm Cu�, method B �70 kV, 19

Beam
spectrum

Analysis
method Apertures

No.
images

C C External
�per IEC�

1
3

10
C C External

�per IEC�
1
3

10
C C None 3

10
C A External

�per IEC�
10

C B �Historical� External
�per IEC�

10

C B �Current� External
�per IEC�

3

A A None 1
A C None 3
B B �Historical� None 1
B B �Current� None 1
B C None 3

aPreviously published historical analysis areas were
�2,985,984 pixels� OL; current evaluation area was

ionization detector placement.
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sections we describe the details of the imaging system, beam
conditions, image acquisition, and the NPS processing em-
ployed in this study.

A. Imaging system

A commercial-grade a :Si/CsI flat-panel radiographic de-
tector �equivalent to that in the Revolution XQ/i system, GE
Healthcare, Milwaukee, WI� was used for all measurements.

ated. Methods A, B, and C represent methods pub-
l. �Refs. 4, 5, and 14–17�, and the IEC �Ref. 2�,
s differing by the number of ROIs used. The beam
h kilovoltage adjusted to give a HVL of 7.1 mm Al
y. ROIs were either in overlapping �OL� or nonover-

2-D first-order fit to the data within a ROI, while
to ROI data. Data rows averaged indicate how many
e averaged to give the one-dimensional NPS plot.
nsional NPS, whereas methods A and C excluded the
rtures, but method C included IEC-specified external

I size Detrending Data rows averaged

�128 2-D
�first order�

8 �w/o axis�

�128 2-D
�second order�

15 �w/ axis�

�128 2-D
�second order�

15 �w/ axis�

�256 2-D
�second order�

14 �w/o axis�

h measurement condition evaluated. Beam spectra:
Al�, and method C �IEC RQA5, 74 kV, 21 mm Al�.

. indep.
e pixels

Analysis
area

ROI
size

Overlapping vs
nonoverlapping

9 600
28 800
96 000

640�640 256 OL

2 144
6 432
21 440

512�512 256 NOL

28 800
96 000

640�640 256 OL

96 000 640�640 128 NOL

96 000 640�640 128 NOL

28 800 640�640 128 OL

48 576 1024�1024 128 NOL
28 800 640�640 256 OL
38 400a 1280�1280a 128 NOL
38 400a 1280�1280a 128 OL
28 800 640�640 256 OL

4�1664 �2 768 896 pixels� NOL and 1728�1728
ified due to limited field of view as a result of the
evalu
et a
rsion

y, wit
ualit
sed a

al fit
wer

dime
ape

RO

128

128

128

256
r eac
mm

No
imag

40
1 2
4 0
26
78

2 6
1 2
4 0
4 0

4 0

1 2

1 0
1 2
1 6
1 6
1 2

166
mod
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The detector, with a 0.2 mm pixel pitch and a 41�41 cm2

overall field of view, was mounted in a prototype research
radiographic system and was coupled to a standard x-ray
tube and generator. The antiscatter grid, system faceplate,
and automatic exposure control sensors were removed for all
measurements, in keeping with the IEC standard. The details
of the detector calibration performed prior to acquisition of
imaging data are outlined in a concurrent paper.21 As the
intent of this paper was not to characterize the NPS perfor-
mance of a specific device per se, but rather to identify the
way in which three NPS measurement methods compare, the
choice of detector used for these measurements was not criti-
cal. However, in order to make this intercomparison of meth-
ods as generalizeable as possible, the imaging system used
was selected as representative of contemporary digital radio-
graphic systems.

B. Beam conditions

The three NPS methods compared in this paper all used
roughly comparable beam spectra �70 kV nominal with
added filtration�. Method A used 70 kV with 0.5 mm Cu fil-
tration; method B used 70 kV with 19 mm Al filtration; and
method C used 74 kV �70 kV nominal� with 21 mm Al fil-
tration. Spectra for each method matched those reported in
previous publications. Method C �the IEC method� specified
an initial Al filtration and a given half-value layer �HVL�
rather than a specific tube kilovoltage. The kilovoltage for
method C was thus adjusted to 74 kV to achieve an IEC-
specified HVL of 7.1 mm Al with a 21 mm added Al filter.
Measured HVLs of the 70 kV beams for methods A and B
were 6.7 and 6.6 mm Al, respectively. Further details of the
beam conditions are provided in a concurrent paper.21

C. System response function

System response functions were measured for the spectra
of methods A, B, and C to verify detector linearity and to
determine the exposure associated with each NPS estimate.
The method of measuring response curves is described in
detail in a companion paper.21 Briefly, response curves were
generated by acquiring flat-field images for each of the three
spectra over a range of mAs settings. Mean pixel values were
determined in a 100�100 pixel region near the center of
each image. Exposure values were measured with a narrow-
beam geometry using a calibrated ion chamber �MDH Model
1015, 10X5-6 ionization chamber, Radcal, Monrovia, CA�
placed 90.5 cm from the focal spot with the detector moved
vertically out of the beam field of view �i.e., exposure mea-
sured free in air with no backscatter from the detector�. Ex-
posure values at the plane of the detector were then com-
puted by using the inverse square law. For each beam quality,
a linear fit to the mean pixel value versus exposure was used
to estimate exposure in the flat-field images used for the NPS

estimation.
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D. Image acquisition

For all measurements, flat-field images were acquired
with nothing in the beam but the required filtration �and IEC-
specified apertures, where indicated�. The filtration was
placed on the exit side of the collimator. The focal spot to
detector distance was 184.5 cm. Method C measurements
were made with apertures, in keeping with the IEC standard
�illustrated in Fig. 1 of a concurrent paper21� and without
apertures for comparison purposes. For Methods A and B, no
apertures were used, but the beam was collimated to just
beyond the edge of the detector panel.

Images were acquired for the different spectra at various
levels of incident exposure. The IEC standard specifies that
exposures of approximately Enl/3.2, Enl, and 3.2Enl be used,
where Enl is the “normal level” exposure for a particular
imaging application for a given device. In consultation with
the manufacturer of the flat-panel device, a value Enl of ap-
proximately 0.4 mR �3.5 �Gy� was used. Three images were
acquired for the beam spectra of methods A and B and ten
images for method C �based on the IEC requirement to use
4 000 000 independent measurement pixels�.

To minimize detector lag effects, a minimum interval of
2 min was employed between image acquisitions in a pro-
gression from low to high exposures and from open field of
view to a restricted field of view. A minimum interval of
10 min was used between aperture configurations. All NPS
data acquisitions were completed within 24 h of the detector
calibration.

E. NPS processing

The flat-field image data were processed using the NPS
processing methods specified by methods A, B, and C. The
methods differed in terms of various parametric choices and
algorithmic implementations. Among those, the number,
size, and overlapping of the ROIs varied by measurement
method �Table II�. Method A used ROIs of size 128�128
pixels; 64 such nonoverlapping ROIs were used in a 1024
�1024 region near the center of the image, in keeping with
the previously published results with this method. Two con-
figurations were used for method B: the B-historical method
used nonoverlapping 128�128 ROIs and the B-current
method used overlapping ROIs of the same size, reflecting a
modification of method B over time. �Historically, method B
used a total area of 1664�1664 pixels for analysis, but in
these experiments the total area of analysis was restricted to
1280�1280 due to the placement of the ion chamber�. For
method C, ROIs of size 256�256 were used in a 640
�640 pixel region near the center of each image; the ROIs
were arranged in four different overlapping patterns, each
pattern offset by one-half the ROI size in each dimension, in
keeping with the IEC standard, giving a total of 16 over-
lapped ROIs per image. In this arrangement, 16% of pixels
appeared in only one ROI, 48% appeared in two ROIs, and
36% appeared in four ROIs. Other combinations of ROI size
and overlapped/nonoverlapped orientation were used for cer-
tain specific data analyses in order to elucidate effects due to

the ROI size and the number of ROIs.
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The methods also differed in terms of detrending tech-
niques. Each method used a detrending technique to correct
for possible background gradients in individual ROIs. For
method A, a two-dimensional first-order fit �i.e., planar
ramp� was subtracted from the data prior to NPS analysis. It
should be noted that because method A excludes data on the
u and v axes when generating the one-dimensional NPS
plots, this subtraction does not change the measured one-
dimensional curves, as a ramp subtraction only affects the
data on the frequency axes. Method B employed a quadratic
�2-D second-order polynomial� surface fit to the data in each
ROI and then subtracted that surface prior to NPS analysis.
For method C, the same NPS detrending technique used for
method B was also employed, satisfying all requirements of
the IEC standard.

In addition to detrending individual ROIs, the methods
also included the means to correct for small regional varia-
tion in exposure from ROI to ROI. Such regional variations
are often caused by the heel and inverse square law effects
across the detector’s field of view. Correcting for these varia-
tions provides an estimate of NPS that is less biased by such
regional exposure variations. For all three methods, the cor-
rection involved normalizing the pixel values in each ROI by
a function of the ROI mean relative to some reference mean.
Method A normalized the pixel values in each ROI by the
ratio of the square root of the ROI mean to the global mean.
Methods B and C normalized pixel values in each ROI by
the ratio of ROI mean to the mean of a reference ROI �lo-
cated in the upper left corner of the image�. The effect of the
normalization procedure was determined by comparing NPS
estimates with both of these approaches to normalization.

The NPS is often used as an input to the computation of
detective quantum efficiency �DQE�. In the DQE computa-
tion, it is necessary to correct for the gain of the system, and
the NPS �given in units of digital value squared times mm2�
is divided by the square of the mean value of the pixels used
for analysis �in units of digital value�. This ratio is referred to
as the normalized noise power spectrum �NNPS�, and has
units of mm2:

NNPS�u,v� =
NPS�u,v�

�large area signal�2 . �2�

This ratio assumes that the pixel values have been linearized
with respect to exposure. Because the NNPS has been his-
torically reported in earlier work by Dobbins et al. and
Samei et al., it was used as the basis of the results reported in
this paper. It should be noted that in the literature, the terms
“NPS” and “NNPS” are often used interchangeably to refer
to the normalized noise power spectrum.

The Fourier transform used for method A was a FFT
adapted from the method of Bracewell,23 and hand-coded by
the author. The FFT used for the data analysis with methods
B and C was hand coded and adapted from the work of
Brigham.24 For method A, 4 lines of data just above and 4
lines just below the u-axis in the 128�128 two-dimensional
NPS space were used to generate the one-dimensional NPS

curves, with the on-axis data excluded. For each datum in
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this 8-row set, the radial frequency given by 
�u2+v2� was
used; all data in this 8-row set were then averaged into bins
of interval 0.05 mm−1. The result was an approximation of
the one-dimensional NPS along the direction of the u axis
from a band through the two-dimensional NPS space. For
method B, data were similarly processed, but a total of 15
rows �7 rows above and 7 below, including the on-axis row�
was used to determine an approximation of the one-
dimensional NPS along the direction of the u axis. Method C
used a total of 14 rows �7 rows above and 7 below, excluding
the on-axis row�. For methods B and C, data were also av-
eraged into bins of interval 0.05 mm−1. A subsequent analy-
sis of data along the v axis for one measurement condition
found essentially no difference between the u- and v-axis
directions; therefore, only the u-axis data were processed for
the remaining measurements.

IV. RESULTS

Results are described in this section for each subcompari-
son performed as well as for an overall comparison of meth-
ods A, B, and C.

A. Precision of NPS estimate

The NPS defined in Eq. �1� is an ensemble average over
an infinite number of noise realizations; for a finite number
of noise realizations, there will be an uncertainty associated
with the NPS estimate. The standard deviation of an NPS
estimate is proportional to the NPS; therefore, the relative
uncertainty �i.e., the coefficient of variation� of NPS esti-
mates is independent of frequency. This uncertainty has been
shown by Wagner and Sandrik25 to vary as 1/
N, where N is
the number of independent frequency bin measurements as-
sociated with a given NPS value. As a validation of the pre-
dicted uncertainty values, we measured the relative uncer-
tainty in NNPS using the method A processing technique
with 25,128�128 nonoverlapping ROIs and 8 rows of data
averaged, and found it to be 6.48% ±0.25%; this value
agreed well with the value of 6.25% predicted by Wagner
and Sandrik.

In the case of overlapping ROIs, the uncertainty in the
ensemble average does not decrease as the square root of the
number of ROIs, because the overlapping ROIs do not con-
tain statistically independent data. To determine the relative
uncertainty between overlapping and nonoverlapping ROIs,
we measured the relative uncertainty using the method C
processing technique with 256�256 ROIs and 14 rows of
data averaged in configurations of 4 nonoverlapping or 16
overlapping ROIs per image. When no Hamming window
was used, the relative uncertainty, averaged over all frequen-
cies, in the overlapping ROI case relative to the nonoverlap-
ping ROI case had a ratio of 0.80, which is equal to the
square root of the reciprocal number of independent pixels in
the two cases. When the Hamming window was used, the
relative uncertainty in both the overlapping and nonoverlap-
ping ROI cases was worse, although the uncertainty in the
overlapping case relative to the nonoverlapping case differed

by a greater amount �a ratio of 0.54�. This larger difference
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between overlapping and nonoverlapping ROIs with the
Hamming window is likely due to the better statistical inde-
pendence of values in the overlapping ROIs resulting from
nonuniform pixel weighting introduced by the Hamming
window.

The factors relating to overlapping ROIs and a Hamming
window were used to adjust the relative uncertainty pre-
dicted by the method of Wagner and Sandrik for all subse-
quent data reported below.

B. Directional dependence

Figure 1 depicts the directional dependence of the mea-
sured NNPS in the horizontal and vertical directions for one
of the measurement conditions. The method C �IEC� spec-
trum with apertures was used, at an incident exposure of
0.53 mR. The average NNPS estimate from ten images was
computed using method C data analysis procedures, with
overlapping ROIs of size 256�256. The two curves were
virtually identical �0.3% relative difference between curves,
averaged over all frequencies; estimated standard error of
average: ±0.5%� with no discernable trend of the difference
between curves, and hence only horizontal data are reported
for the remainder of the graphs.

C. Impact of beam quality

The effect of beam spectrum is shown in Fig. 2 for the
spectra of methods A–C �without apertures�. Because the
mean exposure in each case is slightly different, the product
of exposure and normalized noise power �E*NNPS� is plot-
ted in order to produce a quantity that in the absence of

FIG. 1. NNPS directional dependence. Method C spectrum �IEC RQA5,
74 kV, 21 mm Al filtration� with apertures. Incident exposure was 0.53 mR.
Ten images used for analysis with 160 total overlapping ROIs of size 256
�256, using the method C analysis procedure. Error bars: ±2.3%.
additive noise is independent of incident exposure, and there-
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fore, more easily compared across spectra.10 The incident
exposures �E� were 0.49, 0.40, and 0.43 mR for the spectra
of methods A, B, and C �without apertures�, respectively.
The average NNPS estimate from three images was com-
puted for each case, using the method C data analysis proce-
dure and overlapping ROIs of size 256�256. The E*NNPS
data demonstrated very little dependence on the spectrum
��0.9% relative difference between curves, averaged over
all frequencies; estimated standard error of average: ±0.8%�.

D. Impact of beam limitation

The impact of including the IEC-required apertures in the
method C measurement procedure is demonstrated in Fig. 3.
The method C spectrum and analysis technique were used in
both cases. The product of exposure and normalized noise
power is plotted. Incident exposures were 0.53 and 0.56 mR
for the images with and without apertures, respectively. The
average NNPS estimate from ten images was computed for
each case, using overlapping ROIs of size 256�256. Little
difference was noted between the E*NNPS measured with
and without apertures �2.3% relative difference between
curves, averaged over all frequencies; estimated standard er-
ror of average: ±0.5%�.

E. Impact of analysis method

The effect of the noise power analysis method, indepen-
dent of spectrum, is shown in Fig. 4. The same beam condi-

FIG. 2. NNPS dependence on beam spectrum. Plotted is incident exposure
times NNPS for method A spectrum �70 kV, 0.5 mm Cu filtration�, method
B spectrum �70 kV, 19 mm Al filtration�, and method C spectrum �IEC
RQA5, 74 kV, 21 mm Al filtration�, all without apertures. Incident expo-
sures were 0.49 mR �A�, 0.40 mR �B�, and 0.43 mR �C, no apertures�. Three
images used for analysis with 48 total overlapping ROIs of size 256�256,
using method C �IEC� analysis procedure. Error bars: ±4.2%. BQ=beam
quality.
tion was used for all curves �method C spectrum, with aper-
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tures�, but with four different methods of analysis, as
specified by methods A, B-historical, B-current, and C. A
different number of images was used for the four methods in
order to maintain approximately equivalent statistics �ten im-
ages for methods A and B-historical; three images for meth-

FIG. 3. NNPS dependence on IEC-specified apertures with method C �IEC�
spectrum. Incident exposures were 0.53 mR �with apertures–Ext APT� and
0.56 mR �without apertures—no APT�. Ten images used for an analysis with
160 total overlapping ROIs of size 256�256, using method C analysis
procedure. Error bars: ±2.3%. BQ=beam quality.

FIG. 4. NNPS dependence on analysis method. “Normal level” exposure
�Enl� is approximately 0.4 mR. Method C spectrum with apertures. ROIs
used were 250 total nonoverlapping �NOL� ROIs of size 128�128 �A�, 250
total nonoverlapping ROIs of size 128�128 �B-historical�, 219 total over-
lapping �OL� ROIs of size 128�128 �B-current�, and 48 total overlapping
ROIs of size 256�256 �C�. IM indicates the number of images used. Error

bars: �±4.2%.
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ods B-current and C�. The average NNPS estimate from
these images was computed in each case. The ROI sizes for
the four methods were 128�128 nonoverlapped ROIs for
methods A and B-historical, 128�128 overlapped ROIs for
method B-current, and 256�256 overlapped ROIs for
method C. Data are shown for the three exposure levels
specified by the IEC �method C�. There was only a small
difference in the NNPS estimates produced by the four
analysis methods for frequencies �0.15 mm−1. For example,
at the middle exposure there was a �3.1% relative difference
between curves, averaged over all frequencies above
0.15 mm−1 �estimated standard error of average �±0.8%�.
The differences were slightly lower when comparing only
between methods A and B ��1.2% average relative differ-
ence between curves, averaged over all frequencies above
0.15 mm−1�.

F. Impact of ROI size

Figure 5 shows the dependence of the NNPS on the ROI
size used for analysis. Nonoverlapping ROIs of size 128
�128 and 256�256 were used, with data taken from a
512�512 region near the center of the image in both cases.
The method C spectrum �IEC RQA5, 74 kV, 21 mm Al�
with apertures and Method C analysis technique were used.
Fourteen rows of data in the two-dimensional NNPS were
averaged �excluding the axis� for both the 128�128 and
256�256 size ROIs. Ten images were used for an analysis
of both ROI sizes, and the NNPS results from the ten images
averaged. For the smoothly varying NNPS curves obtained
in these experiments, there was very little difference in the

FIG. 5. NNPS dependence on ROI size using the method C spectrum with
apertures. Ten images used for analysis. ROIs used were 160 total nonover-
lapping �NOL� ROIs of size 128�128 and 40 total nonoverlapping ROIs of
size 256�256, both using the method C analysis procedure. Error bars:
�±4.3%.
NNPS estimate with either ROI size �1.8% relative differ-
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ence between curves, averaged over all frequencies; esti-
mated standard error of average �±0.9%�. In this particular
case, the larger ROI size demonstrated worse precision of
measurement; however, if the number of data rows analyzed
were adjusted for ROI size, such that comparable areas in the
two-dimensional NNPS were used for analysis, then the
identical precision of measurement would be found for both
ROI sizes.

G. Overall comparison of methods

Figure 6 shows the final overall comparison of methods
A, B, and C, including all components of the differences
between the methods �each used its own historical ROI size,
spectrum, number of acquired images, and analysis method�.
The exposure conditions used were 70 kV with 0.5 mm Cu
�no apertures� for method A; 70 kV with 19 mm Al �no ap-
ertures� for method B; and 74 kV with 21 mm Al �with ap-
ertures� for method C. ROI conditions were the following: 1
image using 64 nonoverlapping ROIs of size 128�128 for
method A; 1 image using 100 nonoverlapping ROIs of size
128�128 for method B-historical; 1 image using 343 over-
lapping ROIs of size 128�128 for method B-current; and 10
images using 160 overlapping 256�256 ROIs �16 per im-
age� for method C. The data is plotted in terms of the product
of exposure and NNPS in order to account for the impact of
minor differences in incident exposure in each case. There

FIG. 6. Overall comparison of NNPS methods. Plotted is the incident expo-
sure times NNPS for the method A spectrum �70 kV, 0.5 mm Cu filtration�,
method B spectrum �70 kV, 19 mm Al filtration�, and the method C spec-
trum �IEC RQA5, 74 kV, 21 mm Al, with apertures�. Incident exposures
were 0.49 mR �A�, 0.40 mR �B�, and 0.53 mR �C, with apertures�. ROIs
used were 64 nonoverlapping ROIs of size 128�128 �A�, 100 nonoverlap-
ping ROIs of size 128�128 �B-historical�, 343 overlapping ROIs of size
128�128 �B-current�, and 160 total overlapping ROIs of size 256�256
�C�. IM indicates the number of images used for analysis. BQ=beam qual-
ity. Error bars: �±3.9%.
were very small differences between the four curves above
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0.15 mm−1 ��1.6% relative difference between curves, aver-
aged over all frequencies above 0.15 mm−1; estimated stan-
dard error of average �±0.8%�.

H. Influence of fixed pattern noise

All of the NNPS data depicted above include the effects
of fixed patterns in the images in addition to the stochastic
components from the x-ray flux and electronic noise. The
fixed patterns that are stochastic �such as from random spa-
tial variation in the detector response� should be included in
the total NPS. However, as indicated earlier, a flat image
may contain fixed patterns that are artifactual and not sto-
chastic. In order to gain an appreciation for the amplitude of
the fixed pattern components in the NPS estimates, an aver-
age of 10 flat-field images was performed and subtracted
from each image to yield a set of images with the suppres-
sion of spatially fixed patterns common to all. Figure 7 dem-
onstrates the relationship between the subtracted and the un-
subtracted NNPS estimates using method A on the IEC beam
spectrum �with apertures�. It can be seen that the subtracted
and unsubtracted NNPS estimates are virtually identical
above about 0.15 mm−1, indicating that the detector pixel-to-
pixel gain correction adequately eliminates fixed pattern
noise and any systematic effect in the NNPS estimate from
nonstochastic patterns is only important at the very lowest
spatial frequencies. This finding does not speak directly to
the comparisons of the three NNPS methods, but demon-
strates an important way of distinguishing systematic effects

FIG. 7. Impact of background subtraction on the NNPS. Method C spectrum
�IEC RQA5 74 kV, 21 mm Al filtration� with apertures at an incident expo-
sure of 0.53 mR. Ten images were used for the analysis with 250 total
nonoverlapping ROIs of size 128�128, using the method A analysis proce-
dure. A fixed background was determined as the mean of the ten images,
subsequently subtracted from original images. The NNPS was computed
with and without background subtraction.
in the reported NNPS measurements.
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I. Impact of normalization technique

As noted earlier, an additional detail of evaluation relates
to the technique used to correct for small variations in re-
gional exposure. In method A, the mean of each ROI was
measured and used to adjust the pixel values of each ROI by
the square root of the ROI mean; this permitted a normaliza-
tion of the NPS across ROIs for slight variations in regional
exposure �such as from the heel effect�. Methods B and C
corrected the data in each ROI by the ROI mean, rather than
the square root of the mean, with the intent of accomplishing
the same goal. An evaluation of the difference due to the two
normalization procedures was conducted on one image ac-
quired with the method C spectrum at 0.53 mR. Method A
analysis was performed using 25 nonoverlapping ROIs of
size 128�128. The maximum difference between NNPS
values at any given frequency for the two normalization
methods was 0.02%. Therefore, it was concluded that differ-
ences in the method of normalization had a negligible effect
on the measured NNPS.

V. DISCUSSION

Overall, the NNPS estimates were comparable to previ-
ously obtained results7,16 using the same detector. The NNPS
curves demonstrated a very small additive noise component
�manifested as a white noise pedestal� with a component as-
sociated with a MTF2 smoothly varying above about
0.15 mm−1. The subtraction of the mean of ten images re-
vealed that the systematic rise in the NNPS estimate for fre-
quencies below �0.15 mm−1 was likely due to fixed pattern
features in the images uncorrected by the detector’s pixel-by-
pixel gain correction. For nonsubtraction methods, this low-
frequency rise is typical of the NNPS curves reported in the
literature.3,7 The low-frequency rise was less with method B
processing methods; these used a second-order detrending
that suppressed the low-frequency rise in comparison to
method A �which used first-order detrending� or method C
�which also used a second-order polynomial fit but larger
ROIs, and hence, worse detrending�.

All of the various acquisition and processing factors
evaluated were found to have relatively little influence on the
measured NNPS. The beam spectrum, the use of the IEC
apertures, the method of ROI normalization for regional ex-
posure variation, and the ROI size all had �2.3% effect on
the measured NNPS estimates, on average, across frequency.
A factor that influenced the NNPS estimates in a slightly
greater way, though still small, was the NPS analysis routine
used. There was �3.1% difference on average, across fre-
quency, between the three analysis routines. This difference
was likely due to differences in ROI size and the width of the
band of data in the two-dimensional NNPS averaged to yield
the 1-D NNPS.

A factor that greatly influenced the very lowest spatial
frequencies was the choice of detrending method used to
correct for residual artifacts in the ROIs. It should be noted
that while detrending introduces an element of arbitrariness
to the determination of the NPS response, it does reduce the

presence of low-frequency nonstochastic artifacts. The
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second-order polynomial fit used by method B �in conjunc-
tion with 128�128 ROIs� provided the best elimination of
low-frequency artifacts. However, it is important to assess
the prevalence of low-frequency artifacts for a given system,
so it is recommended that a second analysis of the data be
performed using a mean-image subtraction method on non-
detrended data. By comparing the low-frequency NPS values
with and without mean-image subtraction, one can ascertain
the magnitude of any low-frequency artifacts.

All of the measured average relative differences between
curves were found to be greater than the standard errors of
the average, except for the differences due to directional de-
pendence and method of regional exposure normalization.
Thus, while most of the comparisons yielded differences that
are likely statistically significant, for practical purposes, the
absolute magnitude of differences was so small that the vari-
ous methods can be considered roughly equivalent.

Methods A and B �including spectrum and analysis�
agreed very well overall, differing by only �0.8% on aver-
age for frequencies above 0.15 mm−1. The greatest differ-
ence between the two methods was at the very lowest fre-
quencies, likely due to the difference in detrending methods.
Thus, when comparing historical NPS data acquired and ana-
lyzed by these two methods, one would expect less than 1%
error in the NNPS due to the method used.

Method C �including spectrum and analysis� agreed well
with both methods A and B �0.9% difference, on average,
between methods A and C above 0.15 mm−1 and �1.6%
difference, on average, between methods B and C above
0.15 mm−1�. Approximately the same trends were noted at
the three exposure levels measured �Enl/3.2, Enl, and 3.2Enl�.
A factor of importance when making method C �IEC� mea-
surements is that the high-purity Al filtration specified by the
IEC �	99.9% � has been associated with low-frequency ar-
tifacts, and thus we recommend the use of type 1100 Al
�99.0% purity�.26

While the current results indicate excellent agreement be-
tween the three methods evaluated, it should be noted that
only a single detector was used for the comparative study. It
is possible that other detectors would show a different rela-
tive performance from the three techniques. It is likely,
though, that any differences in measured NNPS due to dif-
ferences in the detector would be mostly due to the choice of
beam spectrum and use of external apertures; other differ-
ences between methods are likely to have comparable mag-
nitudes as those reported here. The quantitative use of the
comparative findings need to be taken with additional pre-
cautions, as noted in the last paragraph of the Discussion in a
concurrent paper.21

VI. CONCLUSIONS

In summary, excellent agreement was found in NPS esti-
mates obtained using methods A, B and C; historical com-
parisons between data reported on similar detectors using the
three methods can be made with an overall disagreement of
no more than about 1.6%. This finding suggests that any of

the three methods, including the new IEC standard �method
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C�, can be used with confidence. We do, however, offer sev-
eral recommendations based primarily on matters of practi-
cality of the measurement procedures.

�1� The beam spectrum specified by IEC provides the
most reliably calibrated spectrum. However, there was virtu-
ally no difference between the results measured with the
three spectra reported here. As the IEC-specified spectrum is
based on a measured HVL rather than a kilovoltage and fil-
tration thickness, it is the least convenient to use because it
requires a measurement to confirm target HVL.

�2� A ROI size of 128�128 coupled with background
detrending using a second-order polynomial fit yields the
least susceptibility to residual shading artifacts at very low
frequencies. Because the frequencies affected by residual
shading are less than the lowest frequency specified by the
IEC, one may ignore the detrending and use a ROI size of
256�256 for purposes of measurement according to the IEC
standard. For investigators interested in the noise perfor-
mance at frequencies lower than those specified by the IEC,
ROIs of size 128�128 and second-order polynomial fit
background detrending are recommended.

�3� The use of a subtraction method is recommended to
further elucidate the degree of low-frequency residual arti-
facts.

�4� Frequency bins of 0.05 mm−1, used by all three meth-
ods, give adequate resolution of the spectrum while provid-
ing reasonably smooth results.

�5� Overlapping of ROIs using the method specified by
the IEC returned minimal benefit in improved precision of
the NNPS estimate; the small improvement in measurement
uncertainty was due to the slightly larger image area �hence,
a slightly larger number of independent pixels� that could be
placed within the collimated region of the beam when using
overlapping ROIs of large size.

�6� Provided a constant number of independent image pix-
els is used for NPS analysis, the use of the IEC-specified
beam-limiting apertures had little impact on the NPS esti-
mate. Their use, however, severely limits the field of view,
increases the number of images needed for a reasonably
smooth NPS estimate, and complicates the image acquisition
process. Their use, therefore, is not recommended.
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Assessment of Detective
Quantum Efficiency:
Intercomparison of a Recently
Introduced International Standard with
Prior Methods1
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Carl E. Ravin, MD

Purpose: To prospectively evaluate the recently introduced interna-
tional standard method for measurement of the detective
quantum efficiency (DQE) of digital radiography systems,
in comparison with representative prior methods.

Materials and
Methods:

A recently introduced international standard method (In-
ternational Electrotechnical Commission [IEC] 62220-1,
2003) for DQE measurement and two previously described
DQE evaluation methods were considered. In addition to
an overall comparison, evaluations of the following method
factors were performed: beam quality, beam-limiting de-
vices (apertures or collimators), noise power spectrum
(NPS) analysis algorithms and parameters (area, region of
interest size, background detrending), and modulation
transfer function (MTF) test devices and methods.

Results: Overall, at low to middle frequencies, the IEC method
yielded DQE estimates that were 3.3% and 6.5% lower
than the values yielded by the two previous methods.
Averaged over the frequency range of 1.5–2.5 mm�1, the
DQE estimate derived by using the IEC method was 7.1%
lower and 12.4% higher than the estimates derived by
using the other two methods. Results obtained with the
two previous DQE evaluation methods agreed well (within
2.0%) in the low- to middle-frequency range but diverged
by up to 10% at higher frequencies. When the DQE
method factors were evaluated separately, the largest per-
centage deviations in DQE were associated with (in order
of decreasing influence) the MTF analysis method
(�11%), the beam limitation (about 7%–10%), the beam
quality (�9%), and the NPS analysis method (�3%).

Conclusion: Comparison of DQE estimates obtained by using the re-
cently introduced international standard technique with
those obtained by using prior methods revealed that the
overall measurement method can affect the DQE estimate
by as much as 12%. Findings further suggest that both
beam limitation achieved by means of internal collimation
(rather than external apertures) and use of a radio-opaque
edge MTF device yield a more accurate estimation of the
DQE.
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Detective quantum efficiency (DQE)
historically has been the most com-
monly used metric of the overall

image quality of radiographic systems (1).
Defined as the ratio of the squared image
signal-to-noise ratio to the number of inci-
dent x-ray photons, the DQE describes
how efficiently a system translates inci-
dent x-ray photons into useful signal (rel-
ative to noise) within an image. With the
introduction of digital radiographic imag-
ing systems, the DQE has continued to be
regarded as a convenient, reasonably ac-
curate, and widely accepted metric of im-
age quality (2,3).

Although the DQE is almost univer-
sally regarded as the best overall indica-
tor of the image quality of digital radiog-
raphy systems, until recently there was
no universally accepted standard for the
measurement of this parameter. In
2003, the International Electrotechnical
Commission (IEC) published a standard
method (4) for measurement of the
DQE that also included specifications
for the measurement of two associated
metrics: the modulation transfer func-
tion (MTF) and the noise power spec-
trum (NPS). Given the large amount of
literature on DQE measurements, the

introduction of the standard has created
the need for insight into how the results
acquired by using the standard tech-
nique compare with the results obtained
by using prior methods (5,6). Thus, the
purpose of our study was to prospec-
tively evaluate the recently introduced
international standard method for mea-
surement of the DQE of digital radiogra-
phy systems, in comparison with repre-
sentative prior methods (7–13).

Materials and Methods

Imaging System
The prototype flat-panel detector used
in this study was provided by GE
Healthcare (Milwaukee, Wis) through a
research agreement. To compare DQE
measurement methods specifically—as
opposed to the performance of specific
imaging systems—all measurements
were obtained (N.T.R.) by using a single
representative flat-panel imaging de-
vice. This device has a 0.2-mm pixel
pitch and an amorphous silicon–cesium
iodide flat-panel detector equivalent to
that in a commercially available system
(Revolution XQ/i; GE Healthcare) (5,6,14).
The detector was calibrated before the
acquisition of imaging data according to
manufacturer guidelines.

Beam Conditions
Each of the three DQE measurement
methods involves the use of an en-
hanced x-ray beam quality that is based
on a combination of specified tube volt-
age and external beam–hardening fil-
tration (Table 1). Furthermore, the
three DQE techniques differ in terms of
the method and extent of beam limita-
tion used. The DQE measurement
methods of both Dobbins et al (8) and
Samei and Flynn (13) involved the use
of the internal collimator of the tube to
restrict the beam extent to the outer
edge of the detector, whereas the IEC
method (4) involves the use of a speci-
fied set of external lead apertures (Fig 1)
to restrict the area of the beam to 16 �
16 cm.

The effect of beam quality in the
absence of beam limitation was evalu-
ated by using the IEC DQE method with

each of three beam qualities (Table 1).
In addition, the effect of the beam limi-
tation independent of beam quality was
assessed by using the IEC-specified
RQA5 beam quality (16) in three config-
urations: without beam limitation, with
the IEC-specified external apertures,
and with the internal tube collimators
configured to achieve beam limitation
comparable to that of the IEC-specified
external apertures (5,6). It should be
noted that the aluminum filtration used
to achieve the RQA5 beam quality was
type 1100 (99.0% purity) rather than
the higher-purity (�99.9%) aluminum
specified in the standard because of the
highly visible structured image nonuni-
formities associated with the use of
very-high-purity (�99.9%) aluminum
filtration (15).

Determination of MTF
As the first component of DQE assess-
ment, the MTF was measured according
to the prescribed MTF measurement
device of each method—specifically,
(a) a radiopaque edge (IEC [4]), (b) a
slit (Dobbins et al [8]), and (c) a radi-
olucent edge (Samei and Flynn [13])—
by using acquisition and analysis algo-
rithms specific to each method. To iso-
late the effect of the MTF measurement
method from all other factors, all MTF
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Advances in Knowledge

� Comparison of detective quantum
efficiency (DQE) estimates ob-
tained by using the recently intro-
duced international standard
technique with estimates obtained
by using prior methods revealed
that the overall measurement
method can affect the DQE esti-
mate by as much as 12%.

� The DQE method factors that had
the greatest effect on the DQE
estimate were (in order of de-
creasing influence) MTF analysis
method (�11%), beam limitation
(about 7%–10%), beam quality
(�9%), and NPS analysis method
(�3%).

� Findings suggest the use of both
beam limitation achieved by
means of internal collimation and
a radio-opaque edge MTF device
for more accurate estimation of
the DQE.
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devices were imaged by using the same
beam quality (RQA5 beam quality at ex-
posure of 1.03 � 10�6 C/kg [4.0 mR]).
Additional images were acquired at ex-
posures of 2.0 � 10�6 C/kg (7.7 mR)
(slit) and 9.5 � 10�7 C/kg (3.7 mR)
(radiolucent edge) by using the beam
qualities associated with the Dobbins et
al and Samei et al methods, respectively
(Table 1). All MTF images were ana-
lyzed by using basic Fourier analysis
techniques tailored to each method. The
images of the slit device were analyzed
with a slit MTF algorithm developed by
Fujita et al (17) and adapted by Dobbins
(7) and Dobbins et al (7,8). The radiolu-
cent edge and radio-opaque edge images
were analyzed according to the Samei et
al and IEC methods by using an algorithm
developed by Samei et al (9–13). Further
details of the MTF data acquisition and
analysis component of the current study
are described elsewhere (5).

Determination of NPS
The second component of the DQE evalu-
ation involved acquiring NPS estimates—
derived from flat-field images—by using
the three methods. The image acquisi-
tion and analysis details for these mea-
surements were described previously
(6). Flat-field images were acquired at
approximate exposures of Enl/3.2, Enl,
and 3.2Enl, where Enl (Table 1) is ap-
proximately 1.03 � 10�7 C/kg (0.4
mR), according to the manufacturer of

the detector used in this study. NPS es-
timates were derived from the images
by using algorithms and parameters
specific to each of the three methods.
The three techniques involved similar
processing parameters, with the excep-
tion of the area of the detector evalu-
ated, the size and number of the regions
of interest (ROIs) used for analysis, the
background subtraction method (de-
trending), and the inclusion of on-axis
data in the reported NPS results (Table
2). In addition, the images acquired by
using the IEC beam quality and beam lim-
itation were analyzed with each of the
three NPS algorithms to assess the effect
of computational technique alone. Fur-
ther details of the NPS data acquisition
and analysis component of the current
study are reported elsewhere (6).

Determination of Incident Exposure and
q Value
An essential step in determining the
DQE is estimating the incident exposure
(E) associated with each NPS measure-
ment (Table 1). The incident exposure
at the detector was estimated (N.T.R.)
by using the system (linearity) response
function (5) to convert the mean pixel
value to an exposure value.

Another element required to com-
pute the DQE is the q value (Table 1),
which was estimated by means of com-
puter spectrum modeling for each of the
beam conditions evaluated. For the IEC

method, a q value of 264 626 mm�2

mR�1 was obtained by multiplying the
IEC-specified q value (4) of 30 174 mm�2

�Gy�1 by the conversion factor of 8.77
�Gy mR�1 air kerma per unit exposure.
For the Dobbins et al and Samei et al
beam qualities, q values were computed
(E.S. and J.T.D.) by using the DXSPEC
(18) and xSpect (13) computational mod-
els and were 271 500 mm�2 mR�1 and
255 855 mm�2 mR�1, respectively, which
correspond to the values used historically
(7–13).

Computation of DQE
The frequency-dependent DQE, DQE(f),
was computed (N.T.R.) by using the esti-
mated MTF, NPS, q, and E values:

DQE� f � � S2
MTF2� f �

NPS� f � � q � E

�
MTF2� f �

NNPS� f � � q � E ,

where MTF( f ) is the frequency-depen-
dent MTF; NPS( f ) is the frequency-de-
pendent NPS; and NNPS(f) is the fre-
quency-dependent normalized NPS
(3,6), calculated as [NPS( f )]/S2, where
S2 is the square of the large-area signal
intensity (assuming the detector is lin-
ear with respect to exposure). The DQE
estimates were computed with the
quantities specific to each method or
condition. For these computations, in

Table 1

X-ray Beam Conditions for Measurement of DQE

Beam Quality* Beam Limitation

Tube
Voltage
(kV) Beam Filtration

Measured
HVL
(mm Al)†

Exposure Estimate at Detector
Surface (mR)‡ q Value

(mm�2 mR�1)§Enl /3.2 Enl 3.2Enl

Dobbins et al (8) None 70 0.5 mm Cu� 6.7 0.187 0.494 1.270 271 500
Samei and Flynn (13) None 70 19 mm Al† 6.6 0.195 0.400 1.308 255 855
IEC RQA5 with no aperture None 74 21 mm Al† 7.1 NA 0.555 NA 264 626
IEC RQA5 with external aperture External (16 � 16 cm) 74 21 mm Al† 7.1 0.197 0.526 1.339 264 626
IEC RQA5 with internal aperture Internal collimator (16 � 16 cm) 74 21 mm Al† 7.1 NA NA NA 264 626

* The IEC-specified RQA5 beam quality was evaluated with full detector irradiation—that is, with no apertures; with IEC-specified external lead apertures restricting the field of view to 16 � 16
cm; and with the device’s internal collimator adjusted to simulate the effect of the IEC-specified external apertures. Numbers in parentheses are reference numbers.
† Aluminum (Al) type 1100 alloy (99.0% purity) was used for historical reasons and because of the nonuniformity of aluminum filtration with greater than 99.9% purity, as reported previously (15).
HVL � half-value layer.
‡ Enl � IEC-defined normal exposure (�0.4 mR). NA � not applicable; no exposure or NPS measurement was performed under this condition. 1 R � 2.58 � 10�4 C/kg.
§ q � number of incident x-ray photons per unit area per unit of exposure incident on the detector. 1 R � 2.58 � 10�4 C/kg.
� Cu � copper.
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adherence with the IEC specification
and to facilitate comparisons, all of the
MTF and NPS results were averaged
into frequency-sampling intervals of
0.05 mm�1. The DQE estimates derived
by using each of the three methods were
compared (N.T.R., E.S., J.T.D.). Addi-
tional comparisons were made to eluci-
date the isolated effects of beam quality,
beam limitation, MTF analysis method,
and NPS analysis method on the DQE
estimate. DQE curves were then com-
pared by computing the relative differ-
ence (expressed as a percentage) be-
tween one curve and another at each
0.05 mm�1 frequency bin and averaging
over the frequency ranges of interest
(N.T.R.). Error estimates for the DQE
results were derived (N.T.R., E.S., and
J.T.D.) from the reported MTF (5) and
NPS (6) values and the error estimate in
the computed exposure.

Results

Effect of Beam Limitation
With all other factors constant, across
the entire frequency range, the mea-

sured DQE estimate without external
beam–limiting apertures—that is, with
full detector irradiation—was generally
lower than that obtained when the IEC-
specified external beam–limiting aper-
tures were used. The results indicated a
mean relative difference of 6.8% (stan-
dard deviation, 0.9) between the DQE
estimates obtained with and those ob-
tained without external apertures over
spatial frequencies 0.5 mm�1 and
greater (Fig 2). Within the same fre-
quency range, the mean relative differ-
ence in the measured DQE estimate
with use of the device’s internal collima-
tors for beam collimation compared
with the DQE estimate obtained with
use of the IEC-specified external aper-
tures was 9.6% (standard deviation,
0.9).

Effect of Beam Quality
Regarding the effect of beam quality on
the DQE estimate (Fig 3), all other fac-
tors except q—the effect of which was
removed by evaluating the results in
terms of the product of q � DQE—were
kept constant. When the full detector
was irradiated, the DQE estimate ob-

tained by using the beam quality for the
Samei et al method (70 kV, 19 mm of
aluminum) was only slightly lower than
that obtained by using the IEC RQA5
beam quality (74 kV, 21 mm aluminum)
(mean relative difference, 2.2%; stan-
dard deviation, 1.4%; over spatial fre-
quencies of 0.5 mm�1 and greater). In
comparison, over the same frequency
range, the mean relative difference in
the DQE estimate obtained by using the
beam quality for the Dobbins et al
method (70 kV, 0.5 mm of copper) was
8.7% (standard deviation, 1.4%) higher
than that obtained by using the IEC
RQA5 beam quality without apertures.

Effect of NPS Analysis Method
Isolating the effect of the NPS analysis
approach, we evaluated the DQE esti-
mate with each of the three NPS meth-
ods by using a common data set of flat-
field images acquired according to the
IEC protocol. With the effect of differ-
ences in q value between methods elim-
inated, the q � DQE products (Fig 4) for
incident exposures of Enl/3.2, Enl, and
3.2Enl indicated consistent results at all
three exposure levels and excellent
agreement among the different meth-
ods, except at the lowest spatial fre-
quencies (�0.15 mm�1), at which the
q � DQE product derived by using the
IEC-NPS method decreased precipi-
tously. The mean relative difference in
the estimated q � DQE products over
spatial frequencies of 0.5 mm�1 and
greater derived by using the methods of
Dobbins et al (8), Samei and Flynn (his-
torical) (13), and Samei et al (current)
(Table 2) were, respectively, 0.3%,
2.8%, and 2.0% (standard deviation,
�1.2) higher than the product derived
by using the IEC standard method.

Combined Effect of NPS and MTF Methods
Qualitatively, the results obtained at dif-
ferent incident exposures with each
method were consistent except at very
low spatial frequencies. For the NPS-
MTF methods of Dobbins et al and
Samei et al, the q � DQE product esti-
mates were higher than those obtained
by using the IEC standard method, ex-
cept at the highest spatial frequencies
(Fig 5). Furthermore, within the limits

Figure 1

Figure 1: DQE test geometry,
compliant with the IEC 62220-1
standard. For the RQA5 beam
quality, additional filtration with
21 mm of aluminum is used to
simulate the spectral quality of
radiation incident on the detector
during a typical clinical examina-
tion. The detector is positioned at
a source-to-image distance of
1.5 m or greater. The internal colli-
mator of the device and external
beam–limiting lead apertures are
adjusted to achieve a radiation
field of approximately 16 � 16 cm
at the detector surface. The IEC
standard specifies the exact posi-
tion and size of only the aperture
closest to the detector. The radio-
opaque MTF device is placed
adjacent to the detector as shown.
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of uncertainty there appeared to be
close agreement (within 2% on aver-
age) between the results obtained by
using the Dobbins et al and those ob-
tained by using the Samei et al method
in the low to middle range of spatial
frequencies (0.15–1.00 mm�1). How-
ever, the results obtained by using the
historical and current methods of Samei
et al, which did not differ by a mean of
more than 1.5% (standard deviation,
0.8) over the frequency range of 0.5–
2.5 mm�1, began to diverge from those
obtained by using the method of Dob-
bins et al at spatial frequencies of 1.0
mm�1 and greater and approached the
results obtained by using the IEC
method at spatial frequencies of 2.0
mm�1 and greater. When averaged
over spatial frequencies of 0.5 mm�1

and greater, the mean relative differ-
ences in the q � DQE product estimates
derived by using the methods of Dob-

bins et al, Samei et al (historical), and
Samei et al (current) were, respec-
tively, 13.3%, 7.5%, and 6.7% (stan-
dard deviation, �1.2) higher than the
product obtained by using the IEC
standard method. From these results,
the effects of MTF analysis (5) alone
were estimated to be 11.0%, 4.4%,
and 4.4% (standard deviation, �0.4),
respectively.

Comparison of Overall Methods
Overall comparison of the DQE esti-
mates obtained by using each method
(Fig 6a) revealed that when the effect of
variations in q were excluded, use of the
DQE method of Dobbins et al, as com-
pared with use of the IEC DQE method,
resulted in a higher q � DQE product es-
timate over the full frequency range but
yielded results that approached those
obtained by using the IEC method at the
cutoff frequency. The results derived by

using the historical and current meth-
ods of Samei et al agreed with each
other quite well at all spatial frequen-
cies. Within the 0.15–0.75 mm�1

range, use of the Samei et al method
resulted in q � DQE products that were
qualitatively greater than those ob-
tained by using the IEC method and es-
sentially equivalent to those obtained by
using the Dobbins et al method. In the
spatial frequency range of 0.8–1.1
mm�1, the Samei et al method yielded
q � DQE product estimates that were
roughly equivalent to those obtained by
using the IEC method. However, be-
yond this range, the Samei et al method
yielded product estimates that were
lower than those obtained by using the
Dobbins et al and IEC standard meth-
ods.

The DQE estimates (with q value
dependence included) derived by using
the Dobbins et al and IEC methods (Fig

Table 2

Summary of Measurement Parameters for Evaluated DQE Methods

Overall
DQE Method

IEC
Apertures

Beam
Quality*

MTF
Device

MTF Analysis
Method

NPS Analysis
Method

NPS
Analysis Area†

ROI Size
and Type‡

NPS
Band Size§

NPS
Detrending

Dobbins et al None 70 kV
0.5 mm Cu

Slit Dobbins et al Dobbins et al 640 � 640
Pixels (10)

128 Pixels,
NOL

	4 Two-dimensional
(first order)

1024 � 1024
Pixels (1)

Samei and
Flynn

None 70 kV
19 mm Al

Radiolucent
edge

Samei and
Flynn

Samei and
Flynn

Historical 640 � 640
Pixels (10)

128 Pixels,
NOL

	7 With on-
axis data

Two-dimensional
(second order)

1280 � 1280
Pixels (1)

Current 640 � 640
Pixels (3)

128 Pixels,
OL

1280 � 1280
Pixels (1)

IEC� External RQA5 Radiopaque
edge

IEC IEC 640 � 640
Pixels (3)

256 Pixels,
OL

	7 Two-dimensional
(second order)

640 � 640
Pixels (10)

Note.—Parameters used in the Dobbins et al (8), Samei and Flynn (13), and IEC (4) methods are given.

* Cu � copper, Al � aluminum.
† The first set of parameters corresponds to the parameters employed for the evaluation of the NPS and combined NPS plus MTF dependence on the DQE estimate. Comparable statistical quality
in the NPS estimates was achieved by varying the relative number of images analyzed with each method (5). The second set of parameters corresponds to results regarding the effect of the overall
DQE method. The number of images analyzed was indicated by the specifications of each image, or in the case of the IEC method, by the requirement to use a total of at least 4 million independent
image pixels in the NPS analysis. The number of images used is in parentheses.
‡ NOL � nonoverlapping (one pass) ROIs, OL � overlapping (four passes) ROIs.
§ Number of rows of data averaged in two-dimensional NPS to produce a one-dimensional NPS curve.
� The IEC method requires the use of 256 � 256-pixel ROIs for NPS analysis involving the use of an overlapping placement scheme achieved with four successive analysis passes with ROIs offset
as follows: (x, y); x 
 128, y; x, y 
 128; and x 
 128, y 
 128. x And y are the reference coordinates for the top left-most corner of the analysis area.
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6b) were in the closest agreement in the
frequency range of 0.25–1.25 mm�1,
with the IEC method yielding DQE esti-
mates that were comparatively lower
(mean relative difference, 5.7%; stan-
dard deviation, 0.8%; over frequencies
greater than 0.5 mm�1). The historical
and current methods of Samei et al
agreed well with one another over the
full range of frequencies (mean relative
difference, 1.5%; standard deviation,
0.9%; over frequencies of greater than
0.5 mm�1), and both techniques yielded
DQE estimates that were higher (at low
frequencies) and lower (at high fre-
quencies) than those derived by using
the Dobbins et al and IEC methods (Ta-
ble 3). The crossover point at which all
methods yielded equivalent DQE esti-
mates was approximately 1.0 mm�1.

Discussion

Our study results show that moderate
differences in estimated DQE that result
from methodologic differences do exist.
With publication of the recently intro-
duced international standard for DQE
measurement (IEC 62220-1), a consen-
sus as to the “best practice” method for
DQE evaluations has been reached that
will facilitate future intercomparisons.
Nevertheless, there is still a broad body
of published literature on existing imag-
ing devices, and the results obtained by
using the international standard method
cannot be easily compared with the pre-
viously published results obtained by us-
ing the other methods.

We found that the values obtained
by using the IEC method were lower

than those obtained by using the estab-
lished methods of Dobbins et al (8) and
Samei and Flynn (13) at low frequencies
and intermediate between the Dobbins
et al and Samei et al results at frequen-
cies of greater than 1.5 mm�1. At the
very lowest frequencies, the results ob-
tained by using the IEC method (4) di-
verged substantially from those ob-
tained by using the Samei et al methods.
In the IEC-reporting range (�0.5
mm�1) and relative to the IEC method,
the greatest differences were seen in
the middle to high frequency range, cor-
responding to mean relative differences
of approximately 7% (Dobbins et al vs
IEC method) and approximately 12%
(Samei et al vs IEC method).

Our two prior reports (5,6) de-
scribe in detail the comparison of spe-

Figures 2, 3

Figure 2: Graph illustrates effects of various beam-limiting conditions on DQE
estimates: full detector irradiation with no external apertures (NPS: no APT, MTF:
no APT), limited 16 � 16-cm detector irradiation for MTF measurement with inter-
nal collimators and no additional external apertures (NPS: no APT, MTF: Int APT),
and limited 16 � 16-cm detector irradiation with external apertures (NPS: Ext APT,
MTF: Ext APT). Data were collected by using the IEC RQA5 beam quality and the IEC
standard acquisition and processing method. Ten images acquired at a detector
exposure level corresponding to Enl (Table 1) were analyzed by using a total of 160
overlapping 256 � 256-pixel ROIs for the NPS component of the DQE measure-
ments. Error bars less than 	2.5%.

Figure 3: Graph illustrates DQE dependence on beam quality. The q � DQE
products obtained with the following beam qualities are plotted: 70 kV, 0.5 mm of
copper filtration (used by Dobbins et al); 70 kV, 19 mm of aluminum filtration
(used by Samei et al); and 74 kV, 21 mm of aluminum filtration (IEC RQA5) with
no added apertures. Excluding beam quality, in all other respects the acquisition
and processing method complied with the IEC standard. Three images acquired
at a detector exposure level corresponding to Enl (Table 1) were analyzed by using
a total of 48 overlapping 256 � 256-pixel ROIs for the NPS component of the
DQE measurements. Error bars less than 	4.3%.
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cific MTF and NPS results. In terms of
NPS analysis, all three methods agreed
exceptionally well (mean relative differ-
ence, �1.6%; standard deviation,
0.6%; over the frequency range of 0.15
mm�1 to cutoff). Since none of the mea-
surement parameters had a substantial
effect on the measured NPS, we can

infer that the observed differences be-
tween the DQE measurement methods
were not due in any substantial way to
differences in the NPS technique, ex-
cept at the very lowest spatial frequen-
cies (�0.2 mm�1), at which the differ-
ences were due to a combination of the
detrending method and the size of the

ROIs used for NPS measurement (6). It
should be noted tangentially that al-
though beam limitation had no measur-
able effect on the NPS estimates, the
use of beam limitation had the disadvan-
tage of increasing the number of images
required to achieve the same number of
independent image pixels and a compa-

Figure 4

Figure 4: Graphs illustrate DQE dependence on NPS analysis method. The
q � DQE products corresponding to detector exposures of (a) Enl/3.2, (b) Enl, and
(c) 3.2Enl are plotted. IEC beam quality with external apertures, the IEC radio-
opaque edge MTF method, and a common NPS data set acquired according to the
IEC standard method were used. The Dobbins et al, Samei and Flynn (historical),
Samei et al (current), and IEC 62220-1 NPS analysis methods were evaluated with
use of a central 640 � 640-pixel area of analysis for the NPS estimate on 10 images
containing 250 nonoverlapping 128 � 128-pixel ROIs (Dobbins et al method), 10
images containing 250 nonoverlapping 128 � 128-pixel ROIs (Samei and Flynn
historical method), three images containing 219 overlapping 128 � 128-pixel
ROIs (Samei et al current method), and three images containing 48 overlapping
256 � 256-pixel ROIs (IEC 62220-1 method). Error bars less than 	2.2%, less
than 	2.5%, less than 	2.5%, and less than 	4.3% for the Dobbins et al, Samei
and Flynn (historical), Samei et al (current), and IEC 62220-1 methods, respec-
tively.
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rable level of precision in the NPS and
DQE estimates.

In terms of MTF analysis, we noted
differences in the measured MTF as a
function of the applied method in our
recent report (5). Although the differ-
ences were relatively modest, because

the MTF term in the expression for
DQE is squared, the MTF method ac-
counted for the majority of the noted
differences in the DQE estimates. Pri-
marily related to the MTF, beam quality
and beam limitation each were found to
individually affect the DQE estimate by

7%–10%. Results from a related study
(5) demonstrated that in the presence
of device misalignment and image glare
(1), the MTF estimate measured by us-
ing a slit (Dobbins et al method) was
less accurate than the MTF estimate
measured by using an edge (Samei et al

Figure 5

Figure 5: Graphs illustrate DQE dependence on combined NPS and MTF anal-
ysis methods. The q � DQE products corresponding to detector exposures of
(a) Enl/3.2, (b) Enl, and (c) 3.2Enl are plotted. Results were obtained by using the
IEC beam quality condition with external apertures, a common NPS image data set
acquired by using the IEC standard method, and MTF data acquired according to
the Dobbins et al (slit), Samei et al (radiolucent edge), and IEC 62220-1 (ra-
diopaque edge) methods. For the NPS estimates, the area of analysis, number of
images, and ROIs for each method are those specified in Figure 2. Error bars less
than 	2.2%, less than 	2.5%, less than 	2.5%, and less than 	4.3% for the
Dobbins et al, Samei and Flynn (historical), Samei et al (current), and IEC 62220-1
methods, respectively.
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and IEC methods). In that study, it was
concluded that the radiopaque edge
method recommended by the IEC and
the beam limitation achieved by using
the device’s internal collimators yield
the most accurate estimate of overall
MTF in the presence of glare and there-

fore constitute the preferred approach
for characterizing the MTF for DQE
measurement.

An important element of DQE evalua-
tion is estimation of the level of exposure
associated with the NPS measurement
used to compute the DQE estimate. Di-

rect single-exposure measurements gen-
erally have a precision of 5%–10%. In our
study, we used an average of a large num-
ber of individual exposure measurements
(6) to improve precision to within about
0.6% at high exposure values but only
achieved a precision of within about 6.4%

Figure 6

Figure 6: Graphs illustrate comparison of overall DQE methods, including beam quality and limitation, NPS analysis method, and MTF analysis method (a) without
and (b) with q value variations taken into consideration at detector exposure levels corresponding to Enl. For the Dobbins et al overall method, the following parameters
were used: 70 kV with 0.5 mm of copper filtration (no beam limitation), the slit MTF method, a 1024 � 1024-pixel analysis area on one image with 64 nonoverlapping
128 � 128-pixel ROIs for NPS analysis, and a q value of 271 500 mm�2 mR�1. For the Samei and Flynn historical method, the following parameters were used: 70 kV
with 19 mm of aluminum filtration (no beam limitation), the radiolucent edge MTF method, a 1280 � 1280-pixel analysis area on one image with 100 nonoverlapping
128 � 128-pixel ROIs for NPS analysis, and a q value of 255 855 mm�2 mR�1. For the Samei et al current method, the historical method parameters were used, with the
exception that 343 overlapping 128 � 128-pixel ROIs were used for NPS analysis. For the IEC 62220-1 method, the following parameters were used: 74 kV with 21 mm
of aluminum filtration, IEC-specified external apertures, the IEC radiopaque edge MTF method, a 640 � 640-pixel analysis area on 10 images with 160 overlapping
256 � 256-pixel ROIs for NPS estimates, and a q value of 264 626 mm�2 mR�1. Error bars less than 	4.0%, less than 	3.8%, less than 	2.2%, and less than
	2.5% for the Dobbins et al, Samei and Flynn (historical), Samei et al (current), and IEC 62220-1 methods, respectively.

Table 3

Relative Differences in DQE Estimates between the Three DQE Measurement Methods

Spatial Frequency Range
Samei and Flynn (historical)
vs IEC Method

Samei et al (current)
vs IEC Method

Dobbins et al
vs IEC Method

Samei and Flynn (historical)
vs Dobbins et al Method

0.5–2.5 mm�1 �4.3 	 0.9 �2.9 	 0.8 5.7 	 0.8 �5.2 	 1.0
0.25–1.25 mm�1 6.5 	 1.0 7.5 	 0.8 3.3 	 1.1 1.5 	 1.3
1.5–2.5 mm�1 �12.4 	 1.3 �10.8 	 1.1 7.1 	 1.1 �10.0 	 1.4

Note.—Data are mean relative differences, cited as percentages, 	 standard deviations.
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at low exposures. However, our use of
the system transfer function in the expo-
sure estimation process (5) resulted in
further precision, yielding an overall ex-
posure uncertainty of about 0.2% across
the exposure range. This improvement in
precision had a favorable influence on the
precision of DQE estimates, enabling a
more statistically rigorous comparison of
the methods.

Notwithstanding the findings, the
present investigation was limited in a
number of respects. First, the study was
aimed at comparing the recently intro-
duced international standard with only
two other methods. Other DQE assess-
ment methods would probably compare
differently. Second, the comparisons
were made at only a single—although
typical—range of x-ray spectra based on
a tube voltage of about 70 kVp. The
evaluated methods might compare dif-
ferently at other beam qualities. Finally,
the study was based on evaluation in-
volving the use of only one image recep-
tor—namely, an indirect flat-panel de-
tector. This limitation resulted from
the intended focus of the study, which
was the intercomparison of methods
rather than of systems. Nevertheless,
the findings of this study are generaliz-
able (with caveats), because the rela-
tive differences between the DQE esti-
mates observed in this work are likely
to be reflective of the relative magnitude
of expected differences due to varying
measurement methods for other classes
of digital radiographic imaging systems.
Furthermore, for studies in which the
same type of flat-panel device is used, a
quantitative correction could be applied
to relate the DQE measurement to any of
the three DQE measurement methods
described herein.

In summary, we found that the
choice of overall measurement method
can affect the DQE results by as much
as 12%; therefore, careful attention to
the details of the DQE measurement
method is necessary to ensure reliable
estimation of the DQE and comparison
with previously published results. The
DQE results obtained by using the Dob-
bins et al and Samei et al methods
agreed well at low to middle frequencies
(mean relative difference, 2.0%; stan-

dard deviation, 1.3; over frequency
range of 0.25–1.25 mm�1) but deviated
substantially at higher frequencies (mean
relative difference, 10.0%; standard devi-
ation, 1.4; over frequency range of 1.5–
2.5 mm�1). The IEC technique yielded
lower DQE estimates than either of these
methods in the 0.25–1.25 mm�1 range
(mean relative differences, 3.3% and
6.5%, respectively; standard deviations,
1.1 and 1.0, respectively), whereas at fre-
quencies of greater than 1.5 mm�1, the
IEC method yielded estimates interme-
diate between the Dobbins et al and
Samei et al (historical) values (mean
relative differences, 7.1% and 12.4%,
respectively; standard deviations, 1.1
and 1.3, respectively). We have the
following recommendations regarding
DQE measurements, which are based
on our study results and consistent
with the findings reported in associ-
ated publications (5,6):

1. Using the IEC RQA5 spectrum
(based on an iteratively achieved target
half-value layer with type 1100 alumi-
num filtration for improved image uni-
formity [15]) yields a calibrated spec-
trum, but for well-calibrated radio-
graphic systems it probably has little
advantage over using a specific target
voltage and filtration (as in the Samei et
al and Dobbins et al methods).

2. Use of internal collimation in-
stead of the IEC-specified external beam
apertures yields better estimates of the
MTF and the DQE while diminishing the
complexity of image acquisition (5).

3. Use of a more conventional
(larger) field of view (as in the Samei et
al and Dobbins et al methods), as op-
posed to the beam limitation specified
by the IEC, reduces the number of im-
ages required to achieve low variance in
NPS and DQE results (6).

4. Using a radiopaque edge (as in
the IEC standard method) to measure
the MTF component of the DQE per-
mits relatively easy alignment compared
with using a slit and yields a more accu-
rate measurement of the MTF in the
presence of image glare than either the
slit method or the radiolucent edge
method (5).

5. In NPS analysis, use of 128 �
128-pixel ROIs, coupled with second-

order polynomial background detrend-
ing (as in the Samei et al method), im-
proves estimation of the DQE at low
frequencies (6).
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