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a.p.= Antero-posterior
Az = Area under a ROC curve
DSA = Digital subtraction angiography
FCR = Fuji computed radiography
FPF = False positive fraction
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p.a. = Postero-anterior
PACS = Picture archiving and communication systems
PCR = Philips computed radiography
Pixel = Picture element
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TPF = True positive fraction
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INTRODUCTION
Since the beginning of the 1970's, with the introduction of CT, digitization within
the radiology department has progressed steadily. With the advent of equipment
that allows digitization of every examination, a whole new range of opportunities
has been opened with the possibility for total digitization of the radiology
department.

Every step forward in radiology seems to degrade the spatial resolution of the
image, be it an add-on such as the screens in cassettes or a new imaging technique
such as CT, but there is always some gain which far outweighs this degradation of
the image; as with the lower patient dose with the screen, and the higher contrast
resolution in CT. The same is true for other types of digital technique. The
resolution of the chest film is lowered from the 5-7 Ip/mm of the conventional film-
screen combination to 2.5 lp/mm using the digital luminescence technique, but
contrast resolution is dramatically increased, and this should compensate for the
lower spatial resolution. In addition, the potential to electronically manipulate and
process the image may have an impact on diagnostic information.

Another important aspect of digitization will be the possibility of storing and
transferring images electronically, subjects which have priority for research today
(1). Most early studies digitized conventional radiographs, combining the low
contrast resolution of the conventional system with the low spatial resolution of a
digital system (13). The results often did not favor digitization, but they were not
necessarily translatable to a pure digital system, and many questions were therefore
still not answered. Extensive evaluation must therefore be performed, in order to
make sure that the quality of interpretation and of patient care is not appreciably
degraded. The new system must be at least as accurate as the conventional film-
screen system for routine diagnosis, and should preferably be superior to this system
in the mediastinum and retrocardially. To be cost-effective in the future, the digital
system must be easily integrable into a future picture archiving and communication
system (PACS). Finally, the new system must increase the radiologists' efficiency,
be easy to maintain and be reliable.

Chest radiography constitutes the largest single category of examination performed
in the general radiology department, and it is technically among the most difficult to
carry out. This is because of the density difference between the aerated lung and the
dense mediastinum, and because of the diversity shown by lung diseases, from
nodular changes of varying size to discrete linear densities. For this reason chest
radiography is usually chosen for the comparative evaluation of new techniques such
as digital radiography.



The Digital Equipment and Technique
The commonest means of acquiring digitized images is still by scanning conventional
radiographs and digitizing the image, but dedicated digital systems are becoming
more and more common. Over the last decade, numerous approaches to digitize the
chest image have been tested. Although each differs in its specifics, conceptually
there are three basic approaches based on beam geometry: 1) conventional broad-
area-beam geometry; 2) fan- or scanning-slit geometry; or 3) pencil-beam geometry
(3,4,10,21). In our opinion, the broad-area luminescent phosphor system developed
by Fuji (FCR) was the most promising and the most flexible. Contrary to other
systems, FCR can be used without modification to the existing radiographic
equipment and can thus be used with all types of projection radiography performed
in a department. The reason is that existing tables and stands may be used, the only
difference being the replacement of the ordinary cassette by a cassette containing a
receptor, the imaging plate.
This receptor appears similar to a conventional intensifying screen. Its phosphor
consists of europium-doped barium fluoride bromide phosphor which, apart from
the doping and special preparations, is a common intensifier material.

When the receptor is struck by the photons, these interact with the phosphor
material, generating a large number of low-energy electrons and holes, i.e. missing
electrons in the crystalline structure of the phosphor. In an ordinary intensifying
screen, the electrons and holes will combine to create a luminescence and, thereby,
exposure of the film. In the same manner, in the imaging plate, about half of the
electron-hole pairs will combine and create a spontaneous luminescence, which is
not utilized. The other half of the electrons and holes is trapped separately and
represents the latent image of the examined object (Fig. la).

•) Exposure of Receptor <>) Reading of Receptor

Fig. 1. The image receptor plate is struck by photons and acts as an energy trap (a) The latent image in the receptor is released

when (he plate u scanned with a laser (b). (After Blume (6)).



By stimulating with red light the electrons are liberated and migrate to the holes,
generating a luminescence (Fig. lb). In practice this is done by scanning the plate
with a helium-neon laser beam with a wavelength of 633 nm. The luminescence is
sampled with a photomultiplicator tube which converts the light signals to electrical
signals that are digitized, and the image is subjected to digital image processing (6)
(Fig. 2).

Mirror Scanning laser

Receptor
plate

Photodetector
To Digitizer

Laser stimulated phosphorescence

Fig. 2 . The image plate is scanned with a laser beam and the signats sampled by a photomultiplicator tube. (After Blume (6)).

After the reading, the plate is transported to the next station where the image is
erased by exposure to high intensity light. Finally, the plate is returned to a cassette,
ready for further use. The sampled digitized image can be placed in an electronic
storage medium and later retrieved for reprocessing and diagnosis. Usually the
digital signals are converted to analog signals and the information printed on a 26 x
36 cm film (Fuji CR 633) with a resolution of 2.5 Ip/mm. Commonly, two digitized
images are produced, one simulating a conventional screen-film image and the other
contrast-enhanced. The image-processing algorithms used by the laser reader are
spatial-frequency enhancement (edge processing), using unsharp masking, and
contrast enhancement (tonal processing), using gray-scale mapping look-up tables
(2,6, 34).

The imaging plate is the essential component in this digital system (6). Whereas the
film in conventional radiography has three functions - image acquisition, image
processing and image archiving - in computed radiology (CR) these functions are
separated. This means that image acquisition can be achieved without compromises,
and the whole large, linear dynamic range of the receptor can be utilized (Fig. 3).



F i g 3 . A comparison between film (unbroken line) and imige

plate (broken line), showing the wider dynamic range of the latter.

The digital system responds linearly over an exposure range of four orders of
magnitude from 5 /iR to SO mR, whereas the film response is linear for only about
one order of magnitude. This means that, in the conventional film-screen
combination, the exposure must be chosen carefully, while the wide range of CR
virtually eliminates over- and underexposure.
Similarly, the separation of functions means that image display can be perfected,
with denser parts of the body (the mediastinum) penetrated as good as the less
dense parts (the lungs) at one and the same exposure. For each organ, parameters
are optimized to automatically get the best performance but, if necessary, user-
controlled reprocessing of the examinations can be performed, just as in CT.

Methodology for comparison of the accuracy of examination methods
To compare two different methods or systems, one can either use observer-
independent or observer-dependent measurements (28).

1) Observer-independent measurements.

These are made with instruments and have their advantage in their precision, which
makes them highly reproducible. Their disadvantages are that differences in the
measured physical properties do not necessarily imply deterioration or improvement
in the final result. As was mentioned before, the poor spatial resolution of CT is
counterbalanced by high contrast resolution.

2) Observer dependent measurements.

a) Visibility threshold measurements: Examples include the measurement of spatial
resolution with a bar pattern and the contrast-detail-dose curve. The advantage of
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these measurements is that they are easily performed and can provide results
quickly. They have, however, many of the disadvantages of the physical
measurements.

b) Observer preference: Image quality ratings: This is the most common method for
evaluating images and is also done least carefully. The opinion of an expert is very
valuable, but the problem then is to identify the real expert.

c) Diagnostic accuracy: This method is simple in concept but difficult in execution.
Accuracy, sensitivity and specificity are often dealt with independently, but these
measures are not independent, as described in more detail below. Furthermore,
they are strongly influenced by observer bias in the form of preference for a
particular outcome and knowledge of disease prevalence. Inter- and even intra-
observer variations can be great, which makes these methods unreliable (7).

Definitions

Accuracy, i.e. that fraction of cases in which the physician is correct, is probably the
most common way to evaluate procedures or systems. With a low prevalence of the
abnormality sought for, however, one can be very accurate by ignoring all evidence
of abnormality and calling all cases negative. Thus, at a prevalence of 5%, accuracy
will be 95%!
Also used are sensitivity and specificity, where:

Number of true positive (TP) cases

Number of actually positive cases

and

Number of true negative (TN) decisions
specificity =

Number of actually negative cases

These two values are in effect only another form of accuracy: the first for positive
cases and the second for negative cases.

Receiver operating characteristic analysis

Receiver operating characteristic (ROC) analysis is the only method that gives
unbiased measures of the observers' true positive and false positive decisions, and is
the only method that distinguishes differences in discrimination capacity from
differences due to the decision criterion. It is a statistical method introduced in the
1950 's, originally to test the performance of radar operators. LUSTED (31) was the



first to introduce the use of ROC in radiology. The principles of ROC methodology
have been steadily improved (18,23,24,27,35-37,47,48).

The terms commonly used in ROC are different from the above, but essentially
mean the same things. Thus true positive fraction (TPF) is the same as sensitivity
and true negative fraction (TNF) the same as specificity. These two terms suggest
two other definitions:

False positivt =

fraction (FPF)

Number of false positive decisions

actually negative cases

and

False negative =

fraction (FNF)

Number of false negative decisions

Number of actually positive cases

If all cases can be diagnosed as either normal or abnormal, i.e. negative or positive,
the number of correct decisions plus the number of incorrect decisions must equal
the number of cases with that actual state. Thus the various fractions defined above
must be related by

and
TPF + FNF = 1

TNF + FPF ' 1.

Figure 4 presents a hypothetical probability distribution of a positive and a negative
finding in a group of patients.

Oa« powUe letting of lb«
confctaM tmkoid.

Aduaflyntgiöv» emt

Fig. 4 . Distribution of dueaied ind normal palienu and how TPF and FPF will be dependent upon each other with different deriiion

level». (After Metz (36)).
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As diagnostic signs are seldom clear-cut, the curves overlap where some of the
patients with disease have no signs and some of the healthy patients have signs of
disease. By setting a decision level as shown in Fig. 4, a number of patients is falsely
classified as normal or abnormal, and it is the variation of this decision threshold
that makes ROC-analysis possible. As can be seen from the curves, the number of
true and false positives rises and falls with changing decision levels.
By using the number of answers, false and true positive fractions can be calculated
for every threshold-level and a curve constructed with its origin in 0 and its end in 1
(Fig. 5).

1 . 0

0.5

Less strict
confidanca
tresbold

/Strict
/confidence
traahold

typical ROC curve

0.5 1.0

Fig. 5. A typical ROC-curve. The more the curve is

displaced to the left and up, the better the result.

By using existing computer programs such as ROCFIT by METZ which performs a
maxirnum-likelihood-fit, a smoother curve can be constructed.

Some authors have discussed the fact that the area under the curve is equal to
accuracy (22, 24), which can be used statistically to determine the difference
between the entities under scrutiny. The advantage with this statistical method is
that it is independent of disease prevalence and observer bias. This means that, even
if an observer changes his attitude during the session, it only moves his decision
level to another point on the curve.

PRESENT INVESTIGATION
Because of the different opinions reflected in previous studies dealing with digital
chest radiography • mostly due to these works being based on digitized conventional
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radiographs or receptors other than luminescent phosphor - we judged it necessary
to do our own evaluation using different chest abnormalities.

Aims of the present study

The aims were 1) to assess the diagnostic accuracy of a digital system in chest
radiology, and to compare it with the conventional film-screen system; 2) to
examine the relative value of two differently processed digital images, and to see if
both were needed for correct diagnosis; 3) to assess the potential dose reduction in a
digital system; 4) to evaluate if gray-scale inversion of the image would contribute to
better results; and 5) to assess the value of monitors in routine diagnostic work, by
comparing digital images displayed on a 1200-line monitor with the same images
displayed on hard copies.

Material and methods

Evaluation of dose reduction

To evaluate the amount of dose reduction achieved by the replacement of the
conventional cassettes by the image plate, an experiment was performed with a
series of nine exposures. The dose was measured with an transparent ionization
chamber on the beam collimator, and also with an ionization chamber placed
behind a conventional cassette and a cassette with an imaging plate, respectively.
The exposure was at 120 kV, and a 10 mm Al filter was interposed to simulate a
chest. Exposures without a screen were done first, in order to have a reference
value.

Assessment of digital chest radiography using stimulable phosphors (I)

Altogether 170 patients were examined, of whom 135 were examined at the
Department of Radiology, and 35 with a supine a.p. projection in the ward.
The selection was blind. The conventional radiograph was complemented with a
digital p.a. examination. Patients were selected irrespective of referral diagnosis, but
as most of the patients were referred from the thoracic surgeons, this fact was
reflected in the material and the result (Table 1). Thus most examinations were
performed before or after a chest operation, and virtually all the patients examined
in the ward had had chest surgery. Several patients had more than one abnormality.

12
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Normal
Tumor
Pneumothx.
Fibrosis
Atelectasis
Bone
Mediastinum
Enlarged heart
TBC
Incompensat.
Pneumonia
Total

20
21
25
31
69
10
11
8

12
13
17

237
Table 1. The different diagnoses in the study,

with the number of patients in each group

The chest radiographs were obtained in two different examination rooms. The only
difference between the two rooms was that the film-focus distance was 3 m in one
room and 3.5 m in the other. The focus size was 1.2 mm and the ionization chamber
was placed behind the cassette. The exposure data was 140 kV and 4 to 10 mAs. The
film used for conventional radiography (Wicor-X RPL, CEA) had a speed of 320
fiR. The screen used was a Quanta Fast Detail (DuPont) and the resolution was 7
lp/mm. The film used for the FCR (Fuji CR type 633) was a special single emulsion
film with the sensitivity at the He-Ne laser beam wavelength.

Accuracy of digital radiography using stimulable phosphor for diagnosis of
pneumothorax (II).

Thirty-eight patients with a pneumothorax and 40 patients with a normal chest were
examined. In 15 patients the examination was performed supine in the ward. The
patients were selected by examining all those having the referral diagnosis
pneumothorax with an additional FCR examination. In this study, again the chest
radiographs were obtained in two different examination rooms with a film-focus
distance of 3 m in one room and 3.5 m in the other. All exposure data were similar
to the previous study.

In addition to the pneumothorax, one patient had a skin-fold simulating a
pneumothorax in the digital examination. The size of the pneumothorax was 2- 5
mm (3 patients), 6 -10 mm (25 patients), 11-20 mm (6 pafitnts) and 21 - 60 mm (4
patients).

Digital luminescence radiography in interstitial lung disease (III).

A total of 91 patients was included. Of these 56 had interstitial changes and 35 were
normal. The same two examination rooms as in the previous studies were used.
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Thus the film-focus distance was 3 m in one room and 3.5 m in the other, focus size
was 1.2 mm and the exposure data were 140 kV and 4 to 10 mAs.

The largest group of parents had sarcoidosis, of whom 33 had interstitial changes.
The causes of parenchymal changes in the remaining 23 patients were: fibrosing
alveolitis, postradiologic fibrosis, tuberculosis and pneumoconiosis. In 19 patients
the changes were discrete, in 17 they were more easily seen, and were more or less
obvious in 20. The parenchymal changes varied from slight granular-reticular to
severe honey-combing.

Of the patients with normal lungs, 8 had sarcoidosis while 5 had sarcoidosis as their
referral diagnosis but neither before nor after any clinical or radiological evidence
of the disease. The remainder had a lung examination for diseases not related to the
lungs.

Efficacy of inverted digital luminescence radiography evaluating chest neoplasms (IV).

There was one clinical and one experimental study. In the clinical study of 80
patients, 40 had one or more chest tumors, and 40 had a normal chest radiograph.
The same examination rooms and the same parameters as in the previous studies
were used.

Patients referred for a known or suspected lung tumor were selected. In 10 patients
the diagnosis was obvious, in 11 less obvious, and in 19 the position, size and
attenuation of the tumor made it difficult to locate.

The experimental study comprised 100 exposures of a chest phantom with test
objects simulating a tumor, applied to the mediastinum and left lung. Both consisted
of methyl metacrylate polymer hemispheres with a diameter of 18 mm and 6 mm,
respectively. Three test regions, right and left lung and mediastinum, were marked
on the phantom, and each region was divided into small numbered squares, but only
the mediastinum and left lung were analyzed in the present study.

Presence and localization of each test object into the squares was randomized by a
computer. In 31 exposures there was no abnormality, while the mediastinal tumor
was found in 45 and the left lung tumor in 46 cases. Because the test objects
sometimes were found in both locations, the sum of the above was more than 100.
In both studies, parameters for the inverted (positive) images were found
empirically and printed out on the laser printer. The radiographs were obtained in
an examination room with a film-focus distance of 3 m, a focus size of 1.2 mm,
exposed at 140 kV and 4 to 10 mAs. The film used for the conventional radiographs
(Wicor-X RPL, CEA, Sweden) had a speed of 320 nR. The film used for the FCR
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(Fuji CR type 633) was a special single emulsion film with the sensitivity at the He-
Ne laser beam wavelength.

Digital luminescence radiography using a chest phantom. A comparison between digital
radiographs displayed on films and on monitor (V).

Of the 100 chest phantom exposures mentioned in the former study, 98 were also
saved on optical disc. This made it possible to compare the hard-copies with a
matching examination on a 1200-line monitor, where the observers were free to use
all the software potentials of the woiicstation: windowing, inversion, filtering etc., to
compensate for the lower resolution of the monitor. In addition to the two test
objects simulating a tumor, a third, simulating a pneumothorax, had been placed
over the right hemithorax. It consisted of an approximately 4 cm long 0.5 mm thick
aluminum foil. Both orientation and localization of this test object could be totally
atypical for a pneumothorax, which made its detection more difficult.

Fig 6. The different test object* used in the phantom studies,

a) a pneumoihorax simulation, b) an 18 mm and c) a 6 mm test object.

Evaluation method

Because the FCR examination yielded two images, material was produced for three
viewing sessions: the non separated and the separated normal and enhanced images
respectively. The fourth session consisted of the conventional film. The material in
studies I to III was evaluated in this manner. In the last two studies, the comparison
with conventional film was not considered essential any longer, and the comparison
was made between different modes of the digital image. In IV, hard-copies were
compared with the customary simulated normal and enhanced (negative) images
versus an inverted (positive) image, and in V between images on negative hard-
copies and on a monitor. The observers reviewed the examinations independently of
each other and with at least one month between each session. Their only
information concerned the type of pathology expected in the study, not the
proportion of patients with pathology. As observers, radiologists with varying
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experience, from senior chest radiologists to residents, were chosen. Two
experienced chest radiologists who did not participate in the reading sessions
reviewed all the examinations (including the lateral radiographs, the patients'
clinical histories, previous and later examinations). They formed a consensus as to
normal and abnormal examinations. The findings were subjected to ROC analysis.

Results

Dose reduction.

The dose measured behind the film-screen combination was lower than behind the
imaging plate (Table 2). The averaged percentage measured behind the film-screen
and the imaging plate was found and, finally, the percentage of the dose arriving at
the imaging plate was related to the film-screen cassette (55.7%). The dose
reduction was thus 100-55.7%=44.3%.

No screen

Convent, film-
screen

Imaging plate

Tube output
(relative units)

0.0278
0.0280
0.0282

0.0282
0.0283

0.0280

0.0282
0.0285
0.0285

Ionization chamber
(PC)

880
882
889

289
292

284

519
523
523

Ionization
/Output

31655
31500
31525

10248
10318

10143

18404
18351
18351

Conv. and
digital
related to
exposures
without a
screen

32.5%
32.7%

32.1%

58.3%
58.1%
58.1%

Mean

31560

32.4%

58.2%

Absorption of 32.4/58.2= 55.7%
dose

Table 2. Measurements behind the film-screen cassette and imaging plate with the resulting dose
reduction. (pC=picoCoulorab)
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Pilot study (I).

There was a significantly better result for the digital system compared to the
conventional film-screen system with regard to pneumothorax (p=O.O35) and
atelectases (p=0.029) (Table 3).

Normal (20)
Tumor (21)
Pneumothorax. (25)
Fibrosis (31)
Atelectasis (69)
Bone (10)
Mediastinum (11)
Enlarged heart (8)
TBC (12)
Incompensat.ion(13)
Pneumonia (17)

True positives
Film-
screen
18
19
21
26
62
8
9
6
11
12
14

FCR

19
20
24
24
65
8
7
6
11
13
13

False positives
Film-
screen
9
17
8
15
18
1
0
5
11
17
3

FCR

11
10
4
15
18
1
3
3
17
19
4

False i
Film-
screen
2
2
4
5
7
2
2
2
1
1
3

negatives
FCR

i

1
1
1
7
4
2
4
2
1
0
4

Table 3. Comparison between the conventional and digital radiographs. Numbers in
parentheses are the total number of positive cases in each group

For all the other abnormalities, i.e., mediastinal lesions, tumors, fibrosis, TBC,
enlarged heart, bone lesions, incompensation and pneumonia, the results between
the two systems were similar, but with a slightly higher sensitivity for FCR. When
the non separated FCR images were compared to the separated simulated normal
and unsharp mask images, only small differences were seen.

Pneumothorax (II).

The result from the previous pilot study, showing significantly better performance
for the digital system, could not be reproduced in this ROC analysis. Using
CORROC2 (35), no differences between the individual observers could be found.
Neither did a paired t-test performed on the areas of the curves of the observers
show any difference between the conventional and the digital systems (p>0.05). The
sensitivity and specificity for the conventional film-screen radiograph and both the
non separated and the two separated digital radiographs were almost identical.

To see the difference of performance between the systems for the individual
observers, their results for film-screen and FCR were compared with CORROC2
(Table 4). There was no significant difference between the performance of the
individual observers in the two sessions.
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Observer 1
Observer 2
Observer 3
Observer 4
Paired t-test

FCR
0.96
0.785
0.943
0.956

Conventional probability
0.96 p=0.7757
0.999 p=0.0653
0.972 p=0.2286
0.912 p=0.1683

t=-1.08
p=032

Table 4. With CORROC2 the performance of the individual observers
in the FCR and conventional radiograph session was compared.

The areas of the two sessions were compared using a paired t-test

Interstitial parenchymal changes (III).

No statistical differences were seen between the various sessions, the ROC curves
were almost superimposed on each other. The edge enhanced images had a higher
sensitivity than the other images but, concurrently, had a lower specificity.
Comparing the results of every observer for the two systems with CORROC2, a
statistically significant difference was seen in one observer (Table 5).

Observer 1
Observer 2
Observer 3
Observer 4
Paired t-test

Table 5. The area
CORROC2onthe

FCR
0.988
0.993
0.995
0.956

under the <

Conventional
0.954
0.965
0.986
0.962

t=1.42
p«=0.2

Probability
p=0.0O62
p=0.10137
p=0.1516
p=0.745

:urves with the results of
individual observers' performance in the two

systems. The result of a paired t-test on the areas is also shown

Tumors of the chest (IV).

In the clinical section consisting of patients with lung tumors there was a lower ROC
curve for the session with inverted (positive) FCR images compared to the normal
(negative) FCR mode, but the difference was not found to be significant (p>0.05).
The enhanced FCR mode was found to have a higher sensitivity and a lower
specificity than the other modes, i.e., a higher number of true positive findings, but
at the cost of a higher number of false positives.

In the phantom study the findings were similar, with non significant differences
between the curves and the lowest curve belonging to the positive FCR images. A
CORROC2 test was performed on the individual observer's results from the various
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sessions (Table 6), where observers 3 to 5 were found to have a significantly lower
area under the curve (Az\ for the positive session compared to the negative.

\ negative

Observer 1
Observer 2
Observer 3
Observer 4
Observer 5

FCR

.8372

.8398

.8860

.8451

.8160

Aiz positive FCR Negative v<

.8306

.8689

.7845

.7438

.7592

ersus positi

p=0.075
p=0.248
p=0.007
p=0.004
p=0.05

t =1.84
p=0.10

Table 6. Areas under the curve (A^J with differences between individual observer's
performance in the two sessions, and a t-test performed on the areas

Phantom-monitor study (V).

The performance of FCR on film and monitor (TV) was the same, but with a
slightly lower curve for CRT (cathode ray tube) in the pneumothorax examinations.
The performances of the observers in the two sessions were compared using
CORROC2 (Table 7).

"pneumo-

thorax"

film

0.8364

0.8426

0.83%

0.7592

0.8992

0.8535

0.8409

'pneumo-

thorax"

IV

0.6921

0.7989

0.7811

0.7823

0.6662

0.8838

0.8505

1-1.78

p-0.1

18 mm

nodule film

0.9601

0.8629

0.8759

0.8836

0.9551

0.9314

0.8814

t

P

18 mm
nodule TV

0.8585

0.9089

0.8381

0.8934

0.7143

0.9185

0.861

-1.69

-0.12

6 mm

nodule

film

0.8542

0.7365

0.7571

0.7752

0.5879

0.7088

0.6821

t

P

6 mm
nodule
TV

0.7217

0.7761

0.7407

0.7327

0.6286

0.7156

0.731

-0.22

-0.83

TV

"pneumo-

thoraz"
p-0.0001

p-0.001

p-0.0002

p-0.0015

p-0.0001

p-0.94

p-0.894

versus

18 mm

"lumor"

p-0.79

p*O.38!7

p-0.11

p-0.67

p-0.0099

p=0.77

p-0.9226

CRFilm

6 mm

"lumor"
p *=0.068

p=0.5039

p-0.027

p-0.0042

p-0.006

p-0.92

p-0.0093

Obsl
Obs 2
Obs 3
Obs 4
Obs 5
Obs 6
Obs 7
paired
t-test
Table 7. Areas under the curves in the three regions with comparison of the individual observer's
results in the different sessions using CORROC2. The results of paired t-tests for the different
regions are also shown
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Discussion

Several studies have evaluated the different existing digital systems (5,14,21, 34, 46,
49, 50) where each has its advantages and drawbacks (Table 8):

Because of the great latitude of a digital system, a dose reduction is possible. The
dose reduction was produced unintentionally because of the position of the
ionization chamber and the lower absorption of the digital cassettes compared to
the conventional film-screen type. We estimated it primarily to be about 25%
redue^on, but measurements of digital and analog cassettes showed it to be almost
50% (Table 2). On the other hand, the dose cannot be lowered too much, and
probably not below 50%, because this may result in such a weak signal that the
diagnostic signals are almost drowned in noise (Fig. 7).

Fig 7. A chest radiograph with quantum noise due
to too low a dose in spite of ordinary exposure

parameters. (The patient was very thin).

Only in the future will the full potential of digitization be exploited, i.e., with the
introduction of PACS-systems, especially in combination with more efficient
modern compression algorithms. By this means, storage facilities for the archiving of
radiographs, as well as the personnel for handling them, can be saved in
combination with reduction or perhaps elimination of film. Hard-copies as we know
them today will perhaps disappear completely to be replaced by "disposable" copies.
Because it is not desirable to save all examination results, it is necessary that the
present optical discs be supplemented with an erasable, magnetic disc. In this way,
all examinations can be stored on the magnetic disc and all unwanted examinations
can be eliminated, so that only essential radiographs are stored.
A major driving force in implementing PACS is the expected reduction of costs, but
probably a PACS can improve patient care as well. For example, if images are
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instantly available in the intensive care unit, this may initiate patient treatment
more quickly.

Even if the digital systems can produce good-quality chest images, problems remain
to be solved relating to more efficient storing, manipulating, displaying and
transmitting of the data. If a minimum of 2.5 lp/mm is assumed as a minimum
demand for resolution - and most studies agree on this, at least for abnormalities
such as pneumothorax and interstitial changes (Table 8) - a chest image will require
8-10 Megabyte.

Investigators Display Pixel size(s) Abnormalities
medium tested investigated

Estimated
acceptable
pixel size
(mm)

Foleyetal.(13)

Huebencr(25)
Seeley & Newell
(43)
MacMahon et at.
(33)
Lams & Cocklin
(30)
Goodman vt al.
(19)
Chakraborty et al.

(8)
Niklason et al. (40)
Kushner et al. (29)
Barnes et al. (4)

Film,

TV
Film

Film

TV 1024

TV 1024

TV 512

Film
Video 256
Film

0.2,0.4,0.6,
0.8,1.0,1.6
1
0.1,0.2,0.4, 0.8

0.10,0.2,0.5,
1.0
0.2,0.4,0.8,1.6

0.2

0.5

0.45
1
0.45

Miliary disease,
nodules
various
various

Pneumothorax,
interstitial changes
Septal lines, nodules

Nodules
septal lines
Nodules

Nodules
Various
Interstitial

1.0

<1
0.2

«:0.2

0.4
0.8
<0.2

0.5

0.45
<1.3
0.45

Table 8. Comparative studies of diagnostic accuracy with digital chest images

The storage capacity for this amount of data exists, but the large volume hampers
rapid accessibility to stored data, as well as rapid switching of video images and
rapid transmission. One of the drawbacks in PACS is the workstation (1,38). This is
due to the large variation in user requirements and the inability of PACS to
compete with film as a low-cost dirolay medium being too slow and too expensive,
and only when the economic and technical problems are solved can one expect the
full potential of a digital system to be explored.

It seems today that the hope that digital imaging should improve rates of disease
detection only partially is borne out. Several studies have shown that window
manipulation improves diagnosis in the mediastinum (19, 20, 32) while black and
white reversal has not proved to be a definite benefit. Edge enhancement and other
processing algorithms, while improving performance in diagnosing some types of
disease, can lower detection in other categories of disease. On the other hand, the
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wide latitude of digital systems has largely eliminated the need for repeat
radiographs, which is especially important when using portable radiographs. This
elimination of repeat radiographs, in combination with the ability to produce
radiographs of uniform quality time after time, is just as valuable it* not as glamorous
as more sophisticated options.

What we have found was not always in accordance with the above mentioned
studies. Contrary to FAJARDO et al. (11) and GOODMAN et al. (19), we found
that the performance of FCR was equal to the conventional film-screen system in
the diagnosis of pneumothorax. This is in accordance with another study by
GOODMAN et al. (20), who improved their rate of detection from 65% to 89% by
increasing the resolution from 1.25 to 2.5 lp/mm. Both studies used digitized
conventional radiographs.

The same discordance is true for interstitial changes: Some studies find a resolution
that is inferior to conventional film (12, 30, 33), while others find it equivalent (14,
19,41,42). One study (39) even goes so far as to recommend the use of FCR only in
routine controls, not for specific tasks. In our opinion that is too pessimistic, and if
that were the case it would amount to rejecting the digital system. Our results are in
accordance with the group with equal performance of conventional and digital
radiographs. A recent study using the same equipment as ours has come to similar
conclusions (9). As OESTMAN et al. (41) point out, the unsharp mask digital image
is especially important in the evaluation of the lung parenchyma. Unfortunately, we
also find that it gives rise to a higher number of false positives, and for that reason
the second, simulated conventional image is deemed important as a control.

Pulmonary nodules are also commonly used for evaluation of performance, as the
early diagnosis of these is extremely important in order to bring the patient to early
treatment. There is not the same discordance concerning performance as is seen
with other diseases, with most authors agreeing that a digital system is equal to (13)
or better (40) than the conventional system. Both these studies used hard copies for
evaluation, SHELINE et al. (44), using digitized conventional radiographs displayed
as positive images on a 1200-line monitor, found better performance for this than
for both digital and conventional hard-copies. In our study, comparing negative and
positive digital hard-copies, using both patients and a chest phantom, the results of
SHELINE et al. could not be reproduced, the results for the positive radiographs
being slightly lower than for the negative; but the studies were not similar, as we did
not use monitors in our study.

In the last study the previously chest phantom exposures were used again, this time
in comparing an interactive workstation with digital hard-copies. No difference
could be found between the two modes in the evaluation of either pneumothorax
emulation or pulmonary or mediastinal nodules.
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In all our studies we have looked only at applications easily produced with a digital
FCR system. Dual-energy subtraction radiography, where background clutter can be
removed thus aiding specific tasks such as nodule detection and characterization
(15, 45), is another alternative which has not been dealt with at all. Other aspects
such as computer-assisted detection of nodules and interstitial parenchyma! changes
are under research at other hospitals and may prove to be valuable additions to
digital radiography (16,17,26).

As mentioned, in our opinion both the simulated conventional and the unsharp
mask image are needed, even if the latter image has the best penetration and shows
most abnormalities best. If only one image is preferred, it ought to be a compromise
between the present simulated normal and unsharp mask image, because of the high
number of fake positive diagnoses with the latter.

Because of the complex nature of chest diagnosis, in the future a "one-size-fits-all"
approach to imaging will perhaps have to be exchanged for settings specified for a
single task, i.e. nodules and interstitial changes, but until more work is done to
clarify these aspects, the present constellation with one "conventional" and one
enhanced image is sufficient for everyday use.

Economy

The economics of digital radiography have not been investigated in depth, but
MERRIT et al. (34) have analyzed the costs of an imaging plate system and
concluded that about $2 was saved per examination. The biggest saving came from
the reduced size of the film, a smaller part from the reduced number of retakes.
Because of higher film prices in our country compared to the USA, our savings in
acquiring a digital system are therefore negligible today, but with an expected
reduction in film prices when more digital systems are sold, the economic
justification for such an expensive device will probably not be a problem in the
future. A further aspect which is difficult to evaluate in economic terms, but which is
appreciated, is the easier handling of the smaller films, both for demonstration and
archiving. Because of the wide latitude of the system, retakes are virtually
eliminated, saving costs in film and working hours of the technicians.
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Conclusions

1) A digital FCR system is equal to a conventional film-screen system for the tasks
we have tested.
2) Both the simulated normal and the unsharp mask images are considered
necessary.
3) A dose reduction is possible, but in our experience should not exceed 50%.
4) Positive (inverted) hard-copies does not improve performance.
5) An interactive workstation for diagnosis of nodules and linear structures gives as
good information as hard-copies in phantom studies, and should be useful also in
clinical work.

This, in combination with elimination of retakes and easier handling, justifies the
cost of the FCR system and, in combination with future development, will perhaps
make its general introduction inevitable.
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