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Summary

Since the introduction of digital chest radiography continuous advances 
have been made with respect to detector dose efficiency and processing
tools. In this thesis the effect of various aspects of advances in digital
chest radiography on actual reader performance was studied. 
In Chapter 2 we compared mobile direct radiography (DR) and mobile
computed radiography (CR) units for bedside chest radiography of
patients admitted to an intensive care unit (ICU). Overall image quality,
delineation of anatomical landmarks, and of devices for monitoring were 
scored better with DR as compared with CR. Even with 50% dose reduction
DR outperformed CR with respect to delineation of mediastinal
landmarks and devices for monitoring. Image quality was scored equally
when assessed individually, in a side-by-side comparison, however, 
87% of radiographs obtained with DR at 50% dose reduction were rated
superior to CR. Interobserver agreement for the assessment of pathology
was used as surrogate to test whether improved image quality
would have an effect on diagnostic performance. Only DR achieved an 
agreement rate of 0.48, which is considered as clinically acceptable.
DR50% and CR performed equally (0.39 and 0.33, respectively).

Chapter 3 focuses on the effects of grey-scale reversal for the detection 
of small pulmonary nodules in chest radiography. Grey-scale reversal 
is a very simple processing tool, available on PACS workstations with 
a single mouse click. From optical physiology it is known that optical
contrast perception is increased when a dark object is presented on a 
white background. We suspected that a positive image (“bones black”) 
would help the reader to detect small nodules. Three residents and three 
radiologists did not benefit from grey-scale reversal for the detection
of the nodules (mean diameter 13 mm; median 11 mm) when offered 
as additional image. We concluded that grey-scale reversal is not a 
helpful processing tool for the detection of small pulmonary nodules. 

Chapter 4 provides an overview of the publications dealing with CAD 
for the detection of intrapulmonary nodules and T1 lung carcinoma’s up 
to the time when our observer studies were carried out. Very variable 
results were reported for the various prototypes and FDA approved 
CAD systems. In all studies, the prevalence of nodules was higher as 
one would normally see under clinical conditions. Most studies only 
assessed the stand-alone performance, which is strongly influenced 
by prevalence, lesion conspicuity and lesion size. Similarly as for the
assessment of the stand-alone performance, reader and lesion selection
play an important role in observer studies: the level of reader
experience and the distribution of lesion conspicuity will strongly
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influence the potential effect of CAD. Besides, one CAD algorithm
functions differently from the other. All these aspects make it very 
difficult to compare the results of the various studies with each other 
and one has to be very careful to draw conclusions on the impact of 
CAD in general. Experts therefore request to unify evaluation forces
and to use “common databases” of clinically validated images.

In Chapter 5 and Chapter 6 the two, currently commercially
available and FDA approved, CAD systems were tested. Besides
their underlying algorithm analysis, they differ in the display of the
CAD candidates and the integration into the workflow.  

Chapter 5 presents the results of an observer study testing the impact 
of CAD (Onguard 5.0; Riverain, Miamisburg, Ohio) on the detection of 
CT proven T1 tumors in participants of the Dutch-Belgian lung cancer 
screening trial (NELSON). The stand-alone sensitivity of CAD and the 
sensitivity of the experienced radiologists were equal; however, the mean 
number of false positives per image was ten times higher for CAD as
compared with the radiologists (2.4 vs. 0.24). Use of CAD did not
improve the detection performance of the readers though CAD correctly
identified tumors, the readers originally had missed. Out of 55
true positive CAD candidates between 5 to 16 were dismissed
by the radiologists. Especially true positive CAD candidates for subtle,
low conspicuous tumors were dismissed, indicating the potential
for CAD, but also the difficulties readers had differentiating
true from false positive CAD candidates. 

In Chapter 6 a different patient group and lesion type were selected
to test the second, FDA approved, CAD software (IQQA-Chest;
EDDA Technology, Princeton Junction, NJ). The study-group
compiled of elderly patients, the majority of which had a positive
smoking history. Both smoking and aging leaded to increased
interstitial markings described as “dirty lungs”, hampering
the detection of focal lesions. Small and low conspicuous
pulmonary nodules were included to challenge perception
capabilities. Sensitivity significantly increased for inexperienced
readers from 39% without CAD to 45% with CAD (p < 0.05).
A nonsignificant increase of the mean false positives per image
(0.27 vs. 0.34) impeded a significant increase of the figure
of merit (0.71 vs. 0.71). The experienced readers performed
better than the inexperienced, but showed no significant difference
in sensitivity (50%) mean false positive per image (0.16 vs. 0.21)
or figure of merit (0.84 vs. 0.87) when using CAD as second
reader. With 33% of true positive CAD candidates dismissed
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and 40% of false positive marks by the readers provoked by a 
false positive CAD candidate, readers again showed difficulties
to differentiate true from false positive CAD candidates.

Based on these results we hypothesized that a lack of “trust” in the 
performance of CAD obviates a more beneficial use. In Chapter 7 
we therefore studied whether observer training would increase reader 
performance with CAD for pulmonary nodules. The CAD stand-alone 
sensitivity was 59%, which was slightly lower than the 65% of the 
radiologists. Each reader received individual feedback on his / her
performance after having read a subset of images. The hypothesis was 
that this would cause a learning curve, and induce a more beneficial 
use of CAD. Short-term feedback resulted in an overall increase of 
reader performance without an improvement by CAD. This was true for 
both ways CAD can be applied: either with the possibility to discharge 
marks for lesions located during primary unassisted reading, or for the 
add-on scenario with preservation of all originally indicated lesions.
A total of 32 true positive CAD candidates were dismissed by all readers
without a difference over time (16 vs. 16). The dismissed true positive
CAD candidates were for low and very low conspicuous nodules in 
78% (25/32). These results indicate that short term feedback did 
not increase the ability of readers to differentiate between true and 
false positive candidate lesions in order to use CAD more beneficially. 



General discussion

Similar as with other imaging techniques (e.g., CT or MRI) the
continuous technical development of digital radiography requires
constant adaptation of protocols. Scientific evaluation of these advances
is necessary in order to estimate the impact on image quality and 
the value for diagnostic performance. This thesis covers three aspects 
of recent advances made in the area of digital chest radiography: 

-increased dose efficiency for mobile chest radiography 
-grey-scale reversal for image display
-computer-aided detection aimed to support the detection of focal 
 pulmonary opacities. 

Increased dose efficiency for mobile chest radiography 

DR, as opposed to CR, offers higher dose efficiency which had been 
extensively evaluated in upright chest radiography. Dose reductions
up to 60% have been reported(1-5). Mobile DR units appropriate for
bedside chest radiography became technically available only years after
those for upright radiography. Until the study, presented in Chapter 2,
mobile DR units had only been tested for pediatric applications(6,7). We 
compared mobile DR and CR units for bedside chest radiography in 
an adult ICU. One of the major indications for ICU chest radiography,
delineation of monitor materials, was scored significantly better
with DR as compared with CR, even when DR images were obtained
with 50% of the “standard” acquisition dose. The underlying reason
is that especially in high absorption areas, such as the mediastinum 
and upper abdomen, the increased dose efficiency of the DR provides
a better signal-to-noise, thus contrast-to-noise ratio. Therefore
also the anatomical landmarks within the mediastinum were seen 
superiorly with DR. Equally for the assessment of overall image
quality, DR outperformed CR in the side-to-side comparison. 
The clinically relevant question is whether this increased image quality
can be transferred into higher diagnostic performance. In the absence
of a reference standard for pathology, the interobserver agreement
was calculated as surrogate for diagnostic performance. Thereby
we could demonstrate that the increased image quality of DR indeed
transferred into a superior interobserver agreement. DR obtained
with 50% dose reduction was still equal to CR. Though the dose of 
a single radiograph is very low (effective dose: 0.029 mSv), ICU
patients frequently undergo multiple follow-up radiographic studies. 
Whether the increased detector efficiency should be invested into dose
reduction for the patient or should be used to increase diagnostic
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performance cannot be generally answered and should be
determined also as function of the clinical situation and the
diagnostic purpose of the examination which is different for
upright and bedside radiography.  In our institution we chose for
patients’ dose reduction for bedside radiography. 

Grey-scale reversal for image display

Both, clinical experience and the known superior optical contrast
perception of the human eye for dark objects on a white background(8) 
motivated us to reevaluate grey-scale reversal for the detection of 
nodular opacities in chest radiography. Gray-scale reversal is a rather 
simple processing tool and has already been evaluated in the era of 
hardcopies, more than 20 years ago. At that point, not surprisingly, 
results had been disappointing, since extra hardcopies with a fixed 
reversed gradation curve had been produced and tested separately 
from radiographs with usual gradation characteristics. Nowadays,
radiographs are exclusively read as softcopies and gray-scale reversal
is available by a simple mouse click on the PACS workstation. The 
study presented in Chapter 3 revealed no benefit from grey-scale
reversal for the detection of small pulmonary nodules which
contradicted our hypothesis. The nodules included in the study had all 
been rather small with a mean diameter of 13 mm and a median diameter
of only 11 mm. We suspected that grey-scale reversal does not help 
for these types of nodules, due to the interference with vascular and
interstitial structures that equally become more prominent with grey-
scale reversal. Larger and more ill defined geographic lesions might take 
more advantage of grey-scale reversal, but this has not yet been tested. 

Computer-aided detection aimed to support the detection of focal 
pulmonary opacities.

Computer-aided detection (CAD) has evolved from prototypes with 
low sensitivity and high mean false positives per image to FDA
approved algorithms with reported stand-alone sensitivities of 35% 
and 47% for initially missed bronchogenic carcinomas(9,10). A lower
agreement rate between CAD and radiologists compared to the
agreement between radiologists furthermore underscores the
potential of CAD to detect nodules that radiologists tend to miss(11). 
The literature lists some publications that report a promising increase 
of reader performance with the use of CAD as second reader(12-14). 
These results are in contrast to the data presented in Chapter 5 
and Chapter 6. Both studies failed to show a significantly improved
detection performance of observers for small focal lung lesions.
Nevertheless we observed an interaction between observers and CAD. 



In the first study 82% (54/66) of new markings made by observers 
were due to false positive CAD candidates. In the second study 40% 
(61/154) of detrimental rating differences were possibly provoked by 
a false positive CAD candidate in the same location. True positive CAD 
candidates were dismissed in 80% and 33% respectively, meaning the 
observer interpreted the region pointed out by CAD as normal. The
majority of these dismissed true positive candidates were for low to 
very low conspicuous lesions. We concluded from these results that CAD 
has potential to have a positive impact on reader performance since it 
detects different lesions than the observers. A more beneficial use of 
CAD was undone by the inability of the observers to discriminate true 
positive from false positive CAD candidates. It is likely that high and 
moderate conspicuous lesions that have been missed by the readers
due to “inattentional blindness” would take more easily advantage of 
the availability of CAD. This effect, however, is very difficult to prove 
under study conditions, since observers will always analyze images 
with special diligence under study conditions. Lesions of low or very low 
conspicuity, however, have different diagnostic requirements; correct
diagnosis requires not only visual localization but also correct
differentiation from surrounding “anatomic noise”. None of the observers 
in our study had a broader clinical experience with the CAD algorithm. 
Though we had introduced them to the software by a number of training
cases, we suspected that the inability to correctly discriminate the
candidates could have been also caused by a lack of familiarity
with the system. We therefore undertook the study evaluating the
effects of short term feedback to the readers described in Chapter 7.
All readers received an individual feedback on their performance 
without and with CAD immediately after having read a subset of the 
study images. Results, however, found no increase of readers’ ability
to differentiate true from false positive CAD candidates. There was 
an overall training effect for the detection of nodules but not an
increased benefit of CAD. The ability to discriminate true from false 
positive candidates is apparently more complex and requires more
information than increasing the familiarity with the CAD algorithm itself.
Limited evidence is available about observer training for CAD. A one-
day-training for CAD in CT colonography resulted in an increase of 
sensitivity, but also in a decrease of specificity(15). For CAD applied 
in mammography an increase of sensitivity, specificity and Az was
reported after a four week training period(16). However, the ultimate
learning curve for CAD in mammography was estimated to be
around 2 years(17). Whether this applies for CAD in chest
radiography is not yet known. Further on it is very likely that an
increase of confidence into CAD can be achieved by decreasing the 
number of false positive CAD candidates. Li et al. reported that 68% of 
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the false positives CAD candidates were solely or in part triggered by 
a bony structure(9). First studies combining CAD with bone suppression 
techniques, like energy subtraction, provided promising results(18,19). 
Studies under way using an upgraded software version of the same 
CAD algorithm used in chapter 6 (Onguard; Riverain), showed a marked
performance improvement with a sensitivity of around 70-80% with a 
mean number of false positives per image of 0.5. Whether this indeed
transfers to an improved observer performance is currently
under evaluation.
Another approach is to alter the presentation of the CAD candidates: 
currently a maximum of 5 ROIs are presented on demand without any 
additional information. An option could be to add the likelihood per CAD 
candidate. Another option could be to leave the visual interrogation of 
the chest radiograph to the observer and only provide CAD results for
locations the observer is pointing out. The latter approach was found
successful for the detection of tumors in mammography(20) and
produced promising results for nodule detection in a preliminary
study using a public data base(21) and a number of observers
not trained in radiology(22). 
All of these above mentioned approaches are currently under
evaluation and upcoming results will determine the future role
of CAD for nodule detection in chest radiography.

In summary this thesis demonstrates that

-	 The introduction of mobile direct radiography at the bedside
allows for 50% dose reduction, as compared to computed
radiography, without loss of clinically relevant image quality.
Alternatively, the improved image quality obtained at unaltered
dose can be used to uniform diagnostic performance. 

-	 Using PACS display of digital chest radiographs, gray-scale reversal 
does not help the radiologists in detecting small pulmonary nodules.

-	 The potential of CAD to reduce detection errors by
radiologists is not fully established. 

- Despite short-term observer training, radiologists still have difficulties
differentiating true positive from false positive CAD candidates. 
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