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Objectives: The purpose of this study was to derive an optimum radiographic
technique for computed radiography (CR) chest imaging using a digitally reconstructed
radiograph computer simulator. The simulator is capable of producing CR chest
radiographs of adults with various tube potentials, receptor doses and scatter rejection.
Methods: Four experienced image evaluators graded images of average and obese
adult patients at different potentials (average-sized, n550; obese, n520), receptor
doses (n510) and scatter rejection techniques (average-sized, n520; obese, n520). The
quality of the images was evaluated using visually graded analysis. The influence of rib
contrast was also assessed.
Results: For average-sized patients, image quality improved when tube potential was
reduced compared with the reference (102 kVp). No scatter rejection was indicated. For
obese patients, it has been shown that an antiscatter grid is indicated, and should be
used in conjunction with as low a tube potential as possible (while allowing exposure
times ,20 ms). It is also possible to reduce receptor air kerma by 50% without adversely
influencing image quality. Rib contrast did not interfere at any tube potential.
Conclusions: A virtual clinical trial has been performed with simulated chest CR
images. Results indicate that low tube potentials (,102 kVp) are optimal for average
and obese adults, the former acquired without scatter rejection, the latter with an anti-
scatter grid. Lower receptor (and therefore patient doses) than those used clinically are
possible while maintaining adequate image quality.
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Chest radiography is one of the most frequently
performed diagnostic radiographic examinations in the
UK owing to its value in the management of numerous
clinical problems, such as the diagnosis of pulmonary
diseases. A recent Health Protection Agency (HPA)
report [1] presented the frequency and collective dose
for medical and dental examinations in the UK in 2008,
and demonstrated that chest radiographs contributed
approximately 19.6% of all radiographic examinations
(the second largest behind dental), although the con-
tribution to collective dose was small at about 0.5%. It is a
legal requirement in the UK under the Ionising Radiation
(Medical Exposure) Regulations 2000 [2] to optimise all
medical exposures. Because chest radiography is per-
formed so frequently, optimisation of radiographic
technique is an important research area, and has been
investigated intensively in the literature.

Many investigators [3–12] have shown that projected
patient anatomy is the limiting factor in chest radiography

rather than system (including quantum) noise, and the
term ‘‘anatomical noise’’ was derived from their work. It
therefore follows that any images used to optimise a
digital X-ray system for chest radiography must contain
clinically realistic anatomical noise. Typically, work
reported in the literature examining phosphor plate
computed radiography (CR) chest optimisation has used
relatively simple physical phantoms, which enable opti-
misation of parameters such as signal and noise but do not
necessarily contain all the anatomical features (noise)
required [13–17]. Our group has also investigated opti-
mising a CR imaging system for chest radiography with a
phantom containing only coarse anatomical detail [18–20],
but how our conclusions related to the diagnostic quality
of the clinical image was undetermined. More recently,
several groups have used a computerised voxel phantom
in Monte Carlo studies [21–25] in an attempt to model
anatomical features, but the resolution of this voxel
phantom [26] is relatively coarse (approximately 4 mm
long63 mm wide63 mm thick) and is therefore likely to
produce images of much lower spatial resolution than a
real CR image (typical pixel pitch 0.160.1 mm). Another
disadvantage of this Monte Carlo phantom is that it
simulates only four tissue types (soft tissue, bone, bone
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marrow and lung tissue) and air, thereby limiting the
contribution of anatomical noise.

In this study we have used computer-simulated chest
images that contain clinically realistic projected anatomy
(i.e. anatomical noise), produced at various tube poten-
tials, receptor air kerma and scatter rejection methods, to
optimise CR chest radiographic techniques. The compu-
ter model is based on a digitally reconstructed radio-
graph (DRR) simulation system—a computer simulation
of a conventional two-dimensional (2D) radiograph
created from CT data—and has been produced and
thoroughly validated by our group [27]. The evaluation
of simulated images was carried out by experienced
image evaluators, and so this work presents the results of
a virtual clinical trial. A brief synopsis of the computer
model and how the images are produced is described
below:

1. The virtual phantom is derived from the chest portion
of real patient CT data sets. The voxel resolution of
the phantom is 0.3460.8060.34 mm (width6height
6depth). This is superior to the resolution of the com-
puterised voxel phantom used in Monte Carlo studies
[26].

2. CT number is converted into linear attenuation
coefficient (LAC) using formulae derived from the
Gammex-RMI model 467 (Gammex-RMI, Nottingham,
UK) tissue equivalent phantom. This is a solid water
cylinder that contains 17 inserts, the attenuation
properties of which mimic the range of attenuations
of the various tissues found in vivo. This demon-
strates an improvement over the computerised phan-
tom used for Monte Carlo studies, which contains only
four tissue types.

3. X-ray spectra are generated using the techniques of
Birch and Marshall as described in IPEM report 78
[28].

4. X-ray pencil beams are projected through the CT data
set using a ray-casting method of DRR production. A
ray-casting method was used as this has been shown
to provide superior image quality to other methods
such as splatting [29–31]. X-rays are attenuated as
they move through the CT data in an exponential
manner. The intensity of photons at each energy
emerging from the virtual phantom is calculated.

5. Energy absorbed in the virtual CR phosphor is then
calculated and converted to CR pixel value. This is the
raw DRR.

6. Frequency-dependent noise is added to the raw DRR
using a slightly adapted method described by Bath
et al [32].

7. Scatter measured experimentally (‘‘scatter masks’’) on
a clinical CR system is added to the raw DRR. The
following separate scatter masks were acquired:

i. With no clinical scatter rejection (i.e. non-grid).
The ratio of scattered radiation absorbed in the
CR phosphor to that of total radiation at 60 kVp
(the scatter factor, SF) ranged from 0.33 to 0.47 in
the lung region and from 0.66 to 0.85 in the spine/
diaphragm region. SFs at 150 kVp ranged from
0.39 to 0.53 in the lung and from 0.69 to 0.88 in the
spine/diaphragm. These values are in general

agreement with SFs measured by Floyd et al [33]
in humans. There is little change in SF
in the spine/diaphragm regions with change in
tube potential, but the effect is slightly more pro-
nounced in the lung. This is similar to that re-
ported by Bowenkamp and Boldingh [34].

ii. With an antiscatter grid (strips per mm54; grid
ratio512). SFs were (on average) 40% lower in the
lung (i.e. SF50.13–0.19) and 48% lower in the
spine/diaphragm (i.e. SF50.26–0.34) when com-
pared with SFs derived without scatter rejection
(non-grid). This correlates with the scatter trans-
mission factor of 0.14 derived using a 10-cm-thick
solid water phantom reported by Fetterly and
Schueler [35].

iii. With a clinical air-gap technique. The size of the
air gap used was 20 cm based on the advice of an
expert radiographer (Jo Cook, 2010, personal
communication). SFs ranged from 0.29 to 0.39 in
the lung region and from 0.65 to 0.68 in the
spine/diaphragm region.

The resulting DRR images were validated quantita-
tively with a chest phantom and real patient CR images.
Signal-to-noise ratio (SNR) values of the DRR images in
the lung, spine and diaphragm regions agreed to within
15% (mean55%) across the diagnostic energy range
when compared with the CR images. Histograms was
similar in shape and the dynamic range of the DRR
images (minimum and maximum pixel values) were
within two standard deviations of the mean of the cor-
responding values in the CR images. Qualitative valida-
tion was carried out by expert image evaluators and they
all agreed that the DRRs adequately simulated real CR
images, and that they were acceptable to use for opti-
misation studies. As well as normal chest anatomy, the
model includes artificially added lung nodules. Lung
nodules were chosen as they are indicative of common
malignant disease, such as cancer, and non-malignant
diseases such as tuberculosis, pneumonia and sarcoido-
sis. Expert image evaluators were also asked to score out
of 10 (15definitely not, 105definitely) whether the
position and appearance of the nodules were realistic.
The mean (¡1 standard deviation) score was 7.8¡1.2,
thus validating the appearance and positioning of the
nodules.

Methods and materials

Digitally reconstructed radiograph simulation
model and computed radiography imaging system

The DRR simulation system is capable of simulating CR
chest images of average and obese adults at various tube
potentials and receptor air kerma values, and using
different scatter rejection techniques. The DRR model is
currently configured to simulate the Agfa CR-85 (Agfa,
Peissenberg, Germany) reader with MD-4.0 plates
(35 cm643 cm, effective pixel pitch of 0.1 mm), X-rayed with
a focus to receptor distance of 180 cm with a Philips
Optimus Diagnost TH (Philips Medical Systems, Cleveland,

Optimisation of chest radiography with a CR system
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OH) ceiling-suspended X-ray system, total inherent filtra-
tion equivalent to 3.1 mm of aluminium. Chest images
produced by the DRR simulator reconstructed with tube
potentials 50 and 150 kVp are shown in Figure 1a and
Figure 1b, respectively. Figure 2a and Figure 2b show
images reconstructed, respectively, with and without an
antiscatter grid for scatter rejection (both 70 kVp). Finally,
Figure 3a and Figure 3b present images at clinical receptor
air kermas of, respectively, 7 and 2 mGy through the lung
region (both 70 kVp).

As illustrated in Figure 1, contrast decreases as the
tube potential increases, especially in the lung and ribs.
This is of course expected because there is a decrease in
differences between the linear attenuation coefficients of
different human tissues with an increase in voltage, as
the photoelectric cross-section varies with energy as
approximately E23. Figure 2 demonstrates the effect of
using an oscillating focused antiscatter grid (strips per
millimetre54; grid ratio512), the detail in the spine and
diaphragm regions being more visible with the grid.
Finally, Figure 3 shows a higher level of noise in the
heart region for the lower-dose image (Figure 3b) com-
pared with the higher-dose image (Figure 3a).

Chest image reconstruction

The DRR simulator was used to reconstruct images to
the following seven criteria (referred to hereafter as
criteria 1–7):

1. CT data sets from 50 average-sized patients (70¡10 kg)
were used to create simulated CR images. The images
were simulated without any scatter rejection and at 11
different tube potentials from 50 to 150 kVp in
approximate steps of 10 kVp (exact steps of 10 kVp
were not possible on the clinical system and therefore
not used in the simulation). Each image was recon-
structed with a matched effective dose of 0.013 mSv
(¡1%) by using the clinical dose area product (DAP)
value and therefore tube current–time product required
at each tube potential to provide this effective dose. The
computer model uses the milliampere value to calculate
the intensity of X-ray photons incident on the virtual
patient. DAP values were calculated using the effective
dose calculation software PCXMC [36] and are shown in
Table 1 along with corresponding milliampere values.
The technique with no scatter rejection described here is

(a) (b)

Figure 1. Simulated chest images of an average-sized patient reconstructed at (a) 50 kVp and (b) 150 kVp.

(a) (b)

Figure 2. Simulated chest images of an average-sized patient reconstructed (a) with and (b) without an antiscatter grid.
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consistent with the current chest imaging protocol used
in our radiology department.

2. CT data sets from 20 average-sized patients were used
to create simulated CR images with an oscillating
focused antiscatter grid (strips per millimetre54; grid
ratio512) focused at 140 cm focus-to-detector distance
(FDD; useful range, 115–180 cm) incorporated into the
model, each patient DRR set containing five images,
each of a different tube voltage: 60, 81, 102, 125
and 141 kVp. Fewer images per patient were
used on the advice of the image evaluators follow-
ing their evaluations of criterion 1, as it became
time-consuming to score numerous patients and
difficult to differentiate differences in image quality

in steps of 10 kVp. Each image was reconstructed with
a matched effective dose.

3. CT data sets from 20 average-sized patients were used
to create simulated CR images with an air gap anti-
scatter technique incorporated into the model, each
patient DRR set containing five images, each of a
different tube voltage: 60, 81, 102, 125 and 141 kVp.
Each image was reconstructed with a matched ef-
fective dose.

4. Criteria 1–3 were repeated, but for obese patients,
with matched effective doses 0.022, 0.10 and 0.03 mSv,
respectively; the increase in dose being required for
imaging of obese patients.

5. 10 average-sized patients, each containing images pro-
duced with varying receptor air kerma values through
the lung region: 4.0, 3.0, 2.0, 1.5, 1.0 and 0.5 mGy.

6. 10 average-sized patients, each containing three ima-
ges: an image reconstructed without any scatter re-
jection, an image reconstructed with an antiscatter
grid and an image reconstructed with the air gap
technique. The three images within each patient were
reconstructed with the same tube potential, but each
patient was reconstructed with a different potential
(from patient 1550 k Vp to patient 105150 kVp).

7. As for criterion 6, but for obese rather than average-
sized patients.

Images of a given patient were attached in series to a
single study and given the name CR_Patient_N, where N
was the sequential patient number. For example, patient
1 had 11 series (images 50–150 kVp; see Table 1) and this
study was called CR_Patient_1. The study was sent to the
picture archiving and communications system (PACS)

(a) (b)

Figure 3. Simulated chest images of an average-sized patient (heart region only) reconstructed at (a) 7 mGy and (b) 2 mGy.

Table 1. The exposure settings used to reconstruct each
image for a matched effective dose of 0.013 mSv. The
milliampere value is required for image reconstruction

Tube potential (kVp) DAP (mGy cm22)
Tube current-time
product (mAs)

50 179 25
60 134 10
70 109 6.4
81 91 4
90 81 2.5
102 72 2
109 68 1.6
125 61 1.3
133 59 1
141 57 0.8
150 55 0.7

DAP, dose–area product.

Optimisation of chest radiography with a CR system

The British Journal of Radiology, September 2012 e633



network for observer evaluation. All other patients were
subsequently reconstructed, named and sent to the PACS
in the same manner.

Evaluation of clinical image quality

The Council of European Communities (CEC) Quality
Criteria [37] defines important anatomical and image
details for various diagnostic examinations, including
chest radiography. The image criteria described in the
CEC document, slightly revised [38–42] to reflect modern
diagnostic requirements and previous experiences of
other groups, were used to define anatomical features
in each chest image for evaluation. As well as general
chest structures, lung abnormalities were simulated in
each image and evaluated, and are shown in Table 2.
Four experienced image evaluators (two radiologists and
two reporting radiographers) evaluated and graded the
images on a reporting PACS workstation with a dual
monitor configuration (Barco Ltd, Brussels, Belgium). The
monitors were calibrated to national standards [43] and
were kept in dedicated viewing rooms with lighting
levels maintained at an acceptable level. The evaluators
were asked to keep the final image in the series of each
patient on the right-hand screen, as this was the reference
image for grading (for example, assuming 11 images per
patient, image 11 was kept on the right-hand screen). All
other images (the ‘‘test images’’) were displayed in turn
on the left-hand screen and graded against the reference
image. For the tube potential optimisation studies (i.e.
criteria 1–4), the reference image was reconstructed with
a tube potential of 102 kVp. This reference tube potential
was chosen because it is at the centre of the diagnostic
energy range; our radiology department does not
currently have a standard tube potential for chest radio-
graphy so a reference value based on local protocol could
not be ascertained. None of the evaluators had any
knowledge of what tube potential the test or reference
images represented. Test images were also presented in a
random order. Evaluators were allowed to change the
window and level settings of each image prior to grading
to optimise the appearance of each, as per clinical
technique. For the scatter rejection study (criteria 6 and
7) the image derived without any scatter rejection was
held as the reference image.

The evaluators graded the images using a visual
grading analysis (VGA) system that has been used by

Tingberg and Sjostrom [40] in a similar study using a
physical chest phantom. The VGA method has been
analysed and validated as an appropriate method to
assess the image quality of chest radiographs by Ting-
berg [38], Mansson [44, 45] and Sund et al [46]. The
image quality for six structures mentioned in the CEC
document [37], as well as lung abnormalities in the hilar
and lateral lung regions in each of the test images (see
Table 2), was compared with the reference image on a
scale incorporating seven points, as shown in Table 3.
Ribs have been shown to be a general distraction for
radiologists during the diagnostic interpretation of chest
images [47], even if they are not overlying or close to
lung nodules. Therefore image evaluators were also
asked a simple ‘‘yes/no’’ question as to whether the ribs
were an interference in the image. This work differs from
previous VGA studies in that we have also included lung
nodules as well as general chest structures.

For each image, a VGA score (VGAS) was calculated
using the equation described by Tingberg and Sjostrom
[40]:

VGAS~

PI
i~1

PS
s~1

PO
o~1 GI,S,O

I|S|O
ð1Þ

where Gi,s,o is the grading (23, 22, 21, 0, +1, +2, +3)
given by observer o for image i and structure s, I is the
number of images per tube potential (dependent on
number of patients), S is the number of structures (eight
in total—six general and two abnormal) and O is the
number of evaluators (four in this study). Negative and
positive scores indicate inferior and superior image
quality, respectively, in the test image compared with
the reference image (see Table 3).

Scoring of the dose optimisation study (criterion 5)
differed from the above as evaluators were simply asked
to give yes/no answers to whether various regions in the
chest image were diagnostically acceptable, as shown in
Table 4. Also, during the study to determine whether
scatter rejection would be beneficial (criteria 6 and 7), as
well as VGA scores, image evaluators were asked to
answer yes/no to the following question: ‘‘Image 1 (test
image) is at least 1.5 times the dose of image 3 (reference
image). If image quality of image 1 is ‘better’ than image
3, does it still justify the large increase in dose?’’

Statistical analysis

The results in this paper were tested for significance,
firstly using the analysis of variance (ANOVA) test to
examine interobserver variability, and then using the
Student’s t-test to examine differences between mean

Table 2. The chest structures used for visual grading
analysis. Structures 1–6 are mentioned in the Council of
European Communities (CEC) document [37]

Grading Structure in CEC Guidance

1 Vessels seen 3 cm from the pleural margin
2 Thoracic vertebrae behind the heart
3 Retrocardiac vessels
4 Pleural margin
5 Vessels seen en face in the central lung region
6 Hilar region

Other criteria
7 Abnormality in the lateral pulmonary region
8 Abnormality in the hilar region
9 Are the ribs a distraction? Yes/no

Table 3. The grading system for visual grading analysis

Grading Visibility of structure

23 Definitely inferior to the reference image
22 Reasonably inferior to the reference image
21 Slightly inferior to the reference image
0 Equal to the reference image
+1 Slightly better than the reference image
+2 Reasonably better than the reference image
+3 Definitely better than the reference image
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image quality scores (VGAS). A p-value of ,5% was
considered a statistically significant difference between
data sets. Error bars shown in the graphical data of the
results were calculated by averaging the standard devia-
tions of each VGAS for each chest structure (Table 2)
over all patients.

Phantom experiment to determine minimum
possible X-ray exposure times

In the event the results demonstrate superior image
quality with low tube potentials and antiscatter techni-
ques we felt it necessary to determine whether a modern
X-ray generator could produce exposure times of less
than 20 ms as recommended in the CEC guidance. As
such, the chest portion of the Alderson RANDO
(Radiology Support Devices, Long Beach, CA) anthro-
pomorphic phantom, consisting of a natural human
skeleton embedded in a synthetic isocyanate rubber with
lung substitute and air cavities, simulating the average
male (approximately 73 kg), was set up on a Philips X–
ray system as per local clinical chest protocol. Although
primarily used for radiation therapy, RANDO has been
shown to attenuate diagnostic energy radiation similar to
that of water, which in turn has very similar properties to
human muscle [48]. As the phantom only simulates the
average adult, grocery store lard was added to the
periphery to simulate obese fat (4 cm thickness was used,
chosen on the advice of an expert radiographer; Andrew

Stephens, 2010, personal communication). The phantom
was exposed using tube potentials shown in Table 1,
in sequential order, using milliamperes and correspond-
ing time settings sufficient to produce lgM52.00¡0.05.
The lgM value is a receptor dose indicator displayed on
the CR system for every image acquisition, which Agfa
recommends should be 2.00 for a correctly exposed chest
radiograph. After each exposure the CR phosphor plate
(the same one was used for each exposure) was read
through the CR reader.

Results and discussion

For all images evaluated in this study, the ANOVA test
demonstrated a p-value of $0.08, and therefore it was
deemed there was no significant difference between the
scores of each image evaluator.

Image quality of 50 average-sized patients
reconstructed without scatter rejection

The results of the optimisation study for 50 average
patients reconstructed without scatter rejection (i.e. in the
same manner as the chest radiographic technique cur-
rently used in our radiology department for average
adults) are shown graphically in Figure 4.

It is clear from Figure 4 that the VGAS is higher for
lower tube potential kilovolt potential settings, demon-
strating image quality improves with a lower kilovolt
potential. VGAS scores ranged from 0.41 for 50 kVp to
0.03 for 109 kVp, but there is very little difference
between image quality at tube potentials greater than
102 kVp, as the VGAS ranged from 0.03 at 109 kVp to 0.07
at 150 kVp. Although there is a trend towards increased
image quality at low tube potentials (r2.0.71), it was
only possible to statistically distinguish between 50 and
90 kVp (p50.033), 80 and 90 kVp (p50.033), and 80 and
109 kVp (p50.034). All other combinations demonstrated
p-values $0.102. Nevertheless, these results show that
for matched effective dose, image quality improves with
lower tube potentials, which is similar to results reported
in the literature [13, 14, 24]. However, in lowering tube
potential, an increase in milliamperes would be needed
to compensate the reduced intensity of X-ray photons.

Table 4. Chest structures/regions scored for receptor air
kerma optimisation study. Each image was reconstructed
with a different receptor air kerma, up to image N

Normal anatomy Image 1 Image 2 Image N

Lung region: diagnostically
acceptable? Yes/no

Spine region: diagnostically
acceptable? Yes/no

Diaphragm region: diagnostically
acceptable? Yes/no

Abnormal structures
Abnormalities: is lateral pulmonary

region visible? Yes/no
Abnormalities: is hilar region

visible? Yes/no

Figure 4. Image quality (visual grading analysis score; VGAS) results for average-sized patients reconstructed without any
scatter rejection and matched effective dose.

Optimisation of chest radiography with a CR system
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This is likely to necessitate increased exposure times.
This is discussed below.

Image quality of 20 average-sized patients
reconstructed with an antiscatter grid

The results (figure not shown) for average patients
reconstructed with an antiscatter grid modelled into
the simulator demonstrate that there is a weak trend
(r2.0.58) towards increased image quality to low tube
potentials, as per results above. VGAS results ranged
from +0.039 (60 kVp) to 20.279 (141 kVp). However,
there was no statistically significant difference between
any of the observations (p$0.07).

Image quality of 20 average-sized patients
reconstructed with an air gap technique

The results (figure not shown) for average patients
reconstructed with an air gap antiscatter technique
modelled into the simulator demonstrate that there is a
trend (r2.0.78) towards increased image quality to
higher tube potentials. VGAS results ranged from
20.297 (60 kVp) to +0.004 (125 kVp) and were all negative
(except 125 kVp), suggesting all of the tube potentials
were slightly inferior to 102 kVp. However, there was no
statistically significant difference between any of the
observations (p$0.08).

Image quality of 20 obese patients reconstructed
without scatter rejection methods

Figure 5 shows the results for overweight patients
reconstructed without any scatter rejection modelled into
the simulator.

There is a trend (r2.0.73) towards increased image
quality to higher tube potentials, demonstrating that all
of the tube potentials performed approximately equally
(minimum VGAS520.088; maximum VGAS5+0.02).
There was no statistically significant difference between

any of the observations (p$0.06). Lower tube potentials
probably perform worse than higher potentials because
of relatively poor radiation penetration. Increased scatter
from the obese patient, relative to the average patient,
will also reduce image quality. It is likely that poor
penetration and increased scatter in obese patients
outweighs the benefits of inherent image contrast due
to photoelectric absorption, even at lower tube poten-
tials. It should be remembered that the mean scatter
fraction (i.e. the ratio of scatter to total radiation incident
at the image receptor) in chest radiography changes very
little with tube potential [34, 49], and so the poorer image
quality seen here at lower tube potentials depends more
on patient size than on beam quality.

Image quality of 20 obese patients reconstructed
with an anti-scatter grid

The results (figure not shown) for obese patients
reconstructed with an antiscatter grid modelled into the
simulator demonstrate that there is a strong trend
(r2.0.95) towards increased image quality at low tube
potentials. VGAS results ranged from +0.61 (60 kVp) to
20.330 (141 kVp) and there were clinically significant
differences between tube potentials 60 and 141 kVp
(p,0.029), 81 and 141 kVp (p,0.012), and 125 and
141 kVp (p,0.017). These results suggest that if there is
any advantage in using antiscatter grids for obese
patients (see below), the lower the tube potential the
better, and those lower than the reference (102 kVp)
would provide superior image quality. However, as
introduced above, low tube potentials will increase
exposure times, but this is addressed further below.

Image quality of 20 obese patients reconstructed
with an air gap technique

The results (figure not shown) for obese patients
reconstructed with an air gap antiscatter rejection

Figure 5. Image quality visual grading analysis score; VGAS results for obese patients reconstructed without any scatter
rejection and matched effective dose.
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method modelled into the simulator demonstrate that
there is a weak trend (r2.0.55) towards increased image
quality at higher tube potentials, but all average VGAS
scores are negative, ranging from 21.42 (60 kVp) to
20.075 (141 kVp). These results suggest that image
quality is not improved irrespective of the tube potential
used. Tube potential 60 kVp was significantly different
from all the others (p#0.004), but there was no signifi-
cant difference between any others (p$0.201). Poorer
image quality at low tube potential is probably due
to the factors mentioned above for image quality of
obese patients reconstructed without scatter rejection
methods.

Antiscatter grid vs air gap—average-sized patients

The results demonstrated that image quality is super-
ior using scatter rejection techniques, and a grid outper-
forms the air gap method. The grid was significantly
different from air gap (p,0.006) and no scatter rejection
(p,0.0002), but the air gap method was not significantly
different from no scatter rejection (p50.06). However,
image evaluators gave a ‘‘no’’ response in 100% of the
cases when asked if the increase in dose justified using
an antiscatter technique. Therefore, scatter rejection
methods are not indicated for average patients.

Antiscatter grid vs air gap—obese patients

The results are similar to those for average-sized
patients, in that image quality is superior using scatter
rejection techniques, and a grid outperforms the air
gap technique. The grid method was significantly
different from air gap (p,0.0004) and no scatter rejec-
tion (p,0.0002), and the air gap method was signifi-
cantly different from no scatter rejection (p,0.006).
Image evaluators gave a ‘‘yes’’ response to 100% of the
patients reconstructed with an antiscatter grid (pre-
sented blindly) when asked if the increase in dose was
justified, but gave a ‘‘no’’ response to 100% of the air
gap patients. Therefore, use of an antiscatter grid is
indicated for obese patients, but an air gap technique is
not, and so the question of exposure times with lower
tube potentials (results for image quality of obese
patients reconstructed with an antiscatter grid deemed
low tube potentials superior for such patients) becomes
important.

Phantom experiment to determine minimum
possible X-ray exposure times

The results demonstrated that when average RANDO
was exposed without using a grid, it was possible to use
a tube current of 630 mA and exposure times ,20 ms to
obtain a lgM of 2.00¡0.05 with all tube potentials.
Therefore it is possible to use low tube potentials as
indicated in this work for average patients. However, for
obese RANDO imaged with a grid, it was only possible
to achieve the 20 ms limit with 109 kVp at 180 cm FDD or
90 kVp at 115 cm FDD—the lower distance permitted for
this focused grid.

Image quality of 10 patients reconstructed with
different receptor air kerma values

The response of each image evaluator to the criteria in
Table 4 was quite surprising in that all deemed image
quality acceptable in the lung region down to 1 mGy (i.e.
all answers were ‘‘yes’’). This is approximately one-
quarter of the air kerma for patients exposed with our
radiology department’s current standard exposure pro-
tocol. However, image quality was not deemed accep-
table in the spine and diaphragm regions for an air
kerma (through the lung region) of 1.5 mGy for any of the
structures and abnormalities mentioned in Table 4. This
suggests that chest imaging can be carried out with at
least a 50% decrease in receptor dose, and therefore
patient dose (for a given X-ray beam quality), while
maintaining image quality that is diagnostically accep-
table. A similar result has recently been reported by
Veldkamp et al [50].

Interference of rib contrast

Ribs interfered in approximately 5% of images recon-
structed at 50 kVp, but in no other. It is therefore not a
limiting factor in chest radiography.

Conclusions

A DRR-based computer simulation of CR chest radio-
graphs that contain clinically realistic anatomical noise
has been used to identify optimum radiographic techni-
ques for CR chest radiography with an Agfa CR-85
imaging system and MD-4.0 phosphor plates. Simulated
images scored by four experienced image evaluators
have shown that for average adult patients low tube
potentials (,102 kVp) and no scatter rejection provide
superior image quality. However, it has been shown that
for obese adult patients an oscillating focused antiscatter
grid is indicated, and should be used in conjunction with
as low a tube potential as possible, as this combination
provides superior image quality to any other investi-
gated during this study. Measurements with a chest
phantom on a clinical X-ray system demonstrate that any
tube potential used without a grid can be used for
average patients to satisfy the 20-ms exposure time limit,
but at least 90 kVp must be used for obese patients. It has
also been shown that receptor air kerma through the
lung region can be reduced to 1.5 mGy while maintaining
an adequate level of image quality, and the influence of
rib contrast interfering with image evaluation is minimal.
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