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Purpose:

Materials and
Methods:

Results:

Conclusion:

To develop an experimental method for measuring the
effective detective quantum efficiency (eDQE) of digital
radiographic imaging systems and evaluate its use in select
imaging systems.

A geometric phantom emulating the attenuation and scat-
ter properties of the adult human thorax was employed to
assess eight imaging systems in a total of nine configura-
tions. The noise power spectrum (NPS) was derived from
images of the phantom acquired at three exposure levels
spanning the operating range of the system. The modula-
tion transfer function (MTF) was measured by using an
edge device positioned at the anterior surface of the phan-
tom. Scatter measurements were made by using a beam-
stop technique. All measurements, including those of
phantom attenuation and estimates of x-ray flux, were
used to compute the eDQE.

The MTF results showed notable degradation owing to
focal spot blur. Scatter fractions ranged between 11% and
56%, depending on the system. The eDQE(0) results
ranged from 1%-17%, indicating a reduction of up to one
order of magnitude and different rank ordering and per-
formance among systems, compared with that implied in
reported conventional detective quantum efficiency results
from the same systems.

The eDQE method was easy to implement, yielded repro-
ducible results, and provided a meaningful reflection of
system performance by quantifying image quality in a clin-
ically relevant context. The difference in the magnitude of
the measured eDQE and the ideal eDQE of 100% provides
a great opportunity for improving the image quality of
radiographic and mammographic systems while reducing
patient dose.

© RSNA, 2008
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values in regions of interest on either side
of the beam stop.

Estimation of the eDQE

Incorporating the influence of scatter,
magnification, grid, and focal spot blur,
the effective DQE for each system was
estimated by using the measured MTF
and NPS, the incident exposure, the ideal
squared SNR per unit of exposure (),
and narrow-beam phantom transmission

fraction, measured at the applicable
beam qualities (18). In this formulation,
the detector-grid-cover combination was
treated as a unit, penalizing the system
for grid and cover attenuation, but not for
phantom attenuation. The values for ¢,
tabulated in Table 2, were estimated for
an ideal counting detector and the appli-
cable x-ray spectrum transmitted through
the phantom (assuming only the primary
beam), by using a radiographic simulation

routine (21) (xSpect; Henry Ford Hospi-
tal, Detroit, Mich).

Overall, all systems that were tested
demonstrated excellent linearity. The
pixel values were linearly proportional
to exposure or to the logarithm of expo-
sure. The equations describing those re-
lationships are denoted in Table 2,

Radiology: \/olume 249: Number 3—December 2008

Figure 5:

eDQE of systems in each operating mode tested. Graphs show results in
horizontal direction at exposures corresponding to (a) Eo/3.2, (b) Eg, and (c) 3.2E,,
where E, is target operating exposure (Table 1).
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along with the square of the correlation
coefficient of the fits (R?). The R* values
ranged between 0.9993 and 1.0.

Noise

Figure 3 illustrates the results of the
NNPS measurements on the systems in
the horizontal and vertical directions at
the three exposure levels of E,/3.2, E,,
and 3.2E,. The results for the system
with the use of a small focal spot are not
reported here, as they were similar to
those obtained with the use of a larger
focal spot.

For most systems with a stationary
grid, the magnitude of the NNPS is
greater in the direction perpendicular,
rather than parallel, to the grid lines
(here, corresponding to the horizontal
and vertical directions, respectively), par-
ticularly at higher exposure levels. This
may be attributed to the grid structure
associated with the orientation of the grid
lines (18). As the exposure increases,
this structure constitutes a relatively
larger component of the total image
noise, reflected here in increased hor-
izontal NNPS. There are also artifacts
in the NNPS at specific frequencies
related to the grid line spacing (18).

The three exceptions to the above
finding are noted for the computed radio-
graphic, CCD-based, and direct flat-panel
systems. The computed radiography sys-
tem used a moving grid; thus, the grid
contribution to total noise was diminished
owing to spatial averaging of the spatially
stochastic grid noise. The magnitude of
the horizontal NNPS is also lower for this
system owing to the application of anti-
aliasing filters to overcome aliasing arti-
facts associated with data sampling in the
horizontal direction (21,25). The slot-
scan CCD system does not use a grid and
thus has no grid noise. The differences
between the horizontal and vertical NNPS
findings at low exposure may result from
image lag, enhancing the noise in the ver-
tical direction (26). At higher exposures,
the noise attributes are further affected by
structured nonuniformities in the horizon-
tal direction (26). Those nonuniformities
similarly contribute to the NNPS findings
from the full-field CCD-based system. For
the direct flat-panel system, the horizontal
and vertical NNPS findings are identical,
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Figure 6:  Reported conventional DQE values for selected detectors.
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demonstrating noise aliasing that is typical
of these devices. The noise properties of the
CCD-based and direct systems suggest an
effective removal of the noise structure as-
sociated with the grid.

Resolution

Figure 4 provides an overall comparison
of the MTFs of all the systems when using
approximately comparable large focal
spots and beam qualities. These different
systems, yielding different performances,
ranged from the full-field CCD-based sys-
tem to that of the direct flat-panel detec-
tor with its characteristic frequency alias-
ing (27). The MTFs are naturally reflec-
tive of both the limiting spatial resolution
performance of the detector, as well as
the blur caused by the focal spot magnifi-
cation. As such, the MTF results reflect
the actual resolution that might be ob-
tained when using these systems to per-
form chest examinations on patients in
the clinical setting. The higher the MTF
level, the better the performance of the
system in depicting fine image details.

Scatter

The scatter fraction results are tabulated
in Table 2. Scatter fractions ranged be-

tween 10.7% and 55.6%, depending on
the system. Systems with similar grids ex-
hibited similar scatter fraction results.
Grids with a higher line density and a
higher grid ratio yielded lower scatter
fractions. The only two exceptions were
the CXDI-40G (Canon Medical Systems;
line density, 40 lines/cm; grid ratio, 10:1;
scatter fraction comparable to other sys-
tems [ie, 31.4%]) and Xplorer 1500 (Im-
aging Dynamics; line density, grid ratio
comparable to majority of systems; un-
usually high scatter fraction [ie, 49.7%])
systems. These results are likely affected
by the unique geometry of these systems
(eg, variation in air gap, etc) (28,29), as
well as possible contributions from sys-
tem veiling glare to the measured scatter
values (1). The presence of a grid, the use
of a lower kilovolt peak level, and a slot-
scan acquisition were all associated with a
lower scatter fraction measurement, as
expected.

eDQE

The eDQE results for each of the nine-
system-operating mode combinations is
shown in Figure 5. These plots reflect the
performance in the horizontal direction
at the exposure levels corresponding to
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Ey/3.2, E,, and 3.2E,. Overall, the sys-
tems show a wide range of performance
reflective of the noise, resolution, and
scatter components shown earlier.
Higher MTFs translate to higher eDQE
results at higher spatial frequencies,
while peaks in the NPS lead to reduc-
tions in the eDQE. For each system, the
eDQE decreases with increasing expo-
sure. This is a result of increased influ-

Radiology: \/olume 249: Number 3—December 2008

C. d.

Figure 7:  Radiographic images of thoracic phantom acquired with (a, ¢) xQ/i (GE Healthcare) and (b, d)
ThoraScan systems at comparable entrance exposure. ThoraScan system offers improved image quality, with
notably lower DQE but higher eDQE than those from xQ/i, demonstrated by improved conspicuity of retrocar-
diac lesion in d. This shows that eDQE is better metric of system performance than DQE alone.

ence of structured noise, which be-
comes proportionately more influential
at higher exposure levels. However, the
level of this influence, and thus, the
amount of reduction in the eDQE, var-
ies among systems. Therefore, the rank
ordering between systems varies with
increased exposure.

The most remarkable finding is that
the eDQE is lower by an order of magni-

tude than that expected for an ideal sys-
tem (ie, 100%), even for systems that
employ high-DQE detectors; the eDQEs
at near-zero frequency ranged from
1%-17%. These results demonstrate
how significantly the effects of scatter,
magnification, focal spot blur, and grid
attenuation, as reflected by the eDQE,
can degrade the actual SNR that an im-
aging system can deliver at a given ex-
posure level in a clinical setting. The
ThoraScan (Delft Imaging Systems) sys-
tem is the exception and does not ap-
pear to be much affected by those fac-
tors owing to the use of a slot-scan im-
age formation method, which reduces
the scatter without the additional pri-
mary x-ray attenuation associated with
use of an antiscatter grid.

In radiography and mammography, a
main goal of image quality measure-
ments is to characterize the perfor-
mance of imaging systems. Over the
years, many techniques have been de-
veloped to make such measurements.
These techniques have enabled quanti-
tatively accurate and reproducible as-
sessment of the signal and noise proper-
ties of imaging detectors, embodied by
the universally accepted metric of DQE.
However, owing to metrologic con-
straints, such measurements have fo-
cused on the detector alone, ignoring
the five substantial attributes of imaging
systems that affect image quality: acqui-
sition geometry, scattered radiation,
antiscatter grid, magnification, and fo-
cal spot blur. If those elements remain
consistent, the detector DQE can be
used to compare systems. However,
those conditions are rarely consistent in
clinical implementations of different de-
tectors. Thus, the DQE falls short of
reflecting the actual performance of im-
aging systems in clinical settings where
the effects of those attributes are most
pronounced.

In this study, we experimentally as-
sessed the performance of radiographic
systems in the presence of those at-
tributes by using the eDQE metric (18).
The eDQEs of seven digital radiographic
imaging systems were measured. The
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systems reflected various makes and
models in use at different clinical facili-
ties. This metric was found to be easy to
measure, while providing a more mean-
ingful reflection of system performance
in a clinically relevant context. Our
work is the first application of an eDQE
to comparatively evaluate a series of
commercially available digital radio-
graphic imaging systems.

Our eDQE results indicate that the
actual SNR performance for the imaging
systems studied is different than that
implied by the conventional DQE of the
detector alone. A comparison with prior
reported DQE results for the detectors
might be particularly useful. Figure 6
represents conventional DQE results
for some of the tested detectors (7,26).
When compared, there is a multifold
difference between the DQE results (Fig
6) and the eDQE results (Fig 5), indicat-
ing different comparative performance
among systems when using DQE, than
those represented by the eDQE metric.
Most profoundly, the slot-scan system,
with a low scatter fraction and no anti-
scatter grid, shows a reverse rank or-
dering relative to full-field systems when
comparing the DQE and eDQE results
shown in Figures 5 and 6. These findings
are consistent with earlier theoretical
estimations of eDQE values for that sys-
tem, given the differences in the phan-
toms used (23). The relevance of eDQE
as a metric of image quality is further
demonstrated with the subjective exam-
ple provided in Figure 7, showing that
the ThoraScan system, with a higher
eDQE but lower DQE, offers improved
conspicuity of a simulated retrocardiac
lesion.

These observations suggest that the
prevalent comparisons of image quality
for digital radiography systems in terms
of the DQE alone may need to be revis-
ited. Furthermore, the relative differ-
ences in magnitude between the eDQE
and DQE, as well as the difference be-
tween measured eDQE and the ideal
eDQE of 100%, set forth a challenge as
well as a great opportunity: There is
significant room for improving the im-
age quality of radiographic imaging sys-
tems and for reducing patient dose. The
largest improvement can be achieved by

using slot-scan image acquisition meth-
ods to reduce scatter, and additional
improvements could also be achieved
with more deliberate use of air gaps.
For a fixed exposure time, image resolu-
tion can be improved by using air gaps;
however, the use of an air gap requires
an increased source-to-image distance,
an increased detector size, a reduced
focal spot size, and increased tube heat
loading capacity. The reduced focal spot
size by itself can also improve the eDQE
response at high spatial frequencies.
Improvements can also be achieved in
designing better antiscatter grids with
reduced primary x-ray attenuation
properties.

Notwithstanding the conclusions of
the study, certain limitations should be
acknowledged. This study employed
one geometric chest phantom, which,
while reflective of certain typical at-
tributes of digital radiographic imaging
of the thorax, is not representative of
the range of adult thorax sizes encoun-
tered clinically. Furthermore, each ra-
diographic imaging application (eg,
mammography, foot, hand, lumbar-
spine, etc) would require a different
representative phantom; the eDQE is
an application-specific metric and thus
the conclusions from eDQE results by
using a geometric chest phantom cannot
be readily extended to other applica-
tions. Finally, while a measured eDQE
provides a more clinically relevant re-
flection of the actual SNR performance
of an imaging system, it would be im-
portant to validate that conclusion by
using independent task-specific image
quality assessments that included im-
age-based observer studies. Other im-
aging applications and clinical observer
studies remain worthwhile objectives
for future studies.

In summary, this study involved a
multisystem field trial of eDQE, a metric
of image quality, reflecting the actual,
clinically relevant SNR performance of a
digital radiography system in the pres-
ence of x-ray scattering, magnification,
focal spot blur, and antiscattering grid.
Given our results from a thoracic phan-
tom, there is a multifold difference in
the magnitude of the eDQE in compari-
son with that obtained by using the con-

ventional (detector) DQE method. The
eDQE also yields a different relative
rank ordering and comparative perfor-
mance among systems, compared with
the conventional DQE. As such, the
eDQE metric provides a more meaning-
ful reflection of system performance as
it quantifies image quality in a more clin-
ically relevant context.
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5-8 $429 $472 | $746 | $1,058| $1,374 | $1,690

9-12 $580 $626 | $805 | $964 | $1,115 | $1,278

9-12 $604 $629 | $1,061 | $1,545| $2,011 | $2,494

13-16 $724 $786 | $1,023 | $1,232 | $1,445 | $1,652

13-16 $766 $797 | $1,378 | $2,013 | $2,647 | $3,280

17-20 $878 $958 | $1,246 | $1,520 | $1,774 | $2,030

17-20 $945 $972 | $1,698 | $2,499 | $3,282 | $4,069

21-24 $1,022 | $1,119 | $1,474 | $1,795 | $2,108 | $2,426

21-24 $1,110 | $1,139 | $2,015 | $2,970 | $3,921 | $4,873

25-28 $1,176 | $1,291 | $1,700 | $2,070 | $2,450 | $2,813

25-28 $1,290 | $1,321 | $2,333 | $3,437 | $4,556 | $5,661

29-32 $1,316 | $1,452 | $1,936 | $2,355 | $2,784 | $3,209

29-32 $1,455 | $1,482 | $2,652 | $3,924 | $5,193 | $6,462

Covers $156 $176 | $335 | $525 $716 $905

Covers $156 $176 | $335 | $525 $716 $905

Minimum order is 50 copies. For orderslarger than 500 copies,
please consult Cadmus Reprints at 800-407-9190.

Reprint Cover
Cover prices are listed above. The cover will include the
publication title, articletitle, and author name in black.

Shipping

Shipping costs are included in the reprint prices. Domestic
orders are shipped via UPS Ground service. Foreign orders are
shipped via a proof of delivery air service.

Multiple Shipments
Orders can be shipped to more than one location. Please be
aware that it will cost $32 for each additiona location.

Delivery
Y our order will be shipped within 2 weeks of the journal print
date. Allow extratime for delivery.

Tax Due

Residents of Virginia, Maryland, Pennsylvania, and the District
of Columbia are required to add the appropriate sales tax to each
reprint order. For orders shipped to Canada, please add 7%
Canadian GST unless exemption is claimed.

Ordering

Reprint order forms and purchase order or prepayment is
required to process your order. Please reference journal name
and reprint number or manuscript number on any
correspondence. Y ou may use the reverse side of thisform asa
proformainvoice. Please return your order form and

prepayment to:
Cadmus Reprints

P.O. Box 751903
Charlotte, NC 28275-1903

Note: Do not send express packages to this location, PO Box.
FEIN #:541274108

Reprint Order Forms
and purchase or der

Rose A. Baynard or prepayments must
800-407-9190 (toll free number) |pereceived 72 hours

410-819-3966 (dl rect number) after recal pt of form.
410-820-9765 (FAX number)
baynardr@cadmus.com (e-mail)

Please direct all inquiriesto:
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