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 Purpose: To estimate the performance of digital chest radiography 
for detection of lung cancer.

 Materials and 
Methods: 

The study had ethics committee approval, and a nested 
case-control design was used and included 55 patients 
with lung cancer detected at computed tomography (CT) 
and confi rmed with histologic examination and a sample 
of 72 of 4873 control subjects without nodules at CT. All 
patients underwent direct-detector digital chest radiogra-
phy in two projections within 2 months of the screening 
CT. Four radiologists with varying experience identifi ed 
and localized potential cancers on chest radiographs by 
using a confi dence scale of level 1 (no lesion) to 5 (defi -
nite lesion). Localization receiver operating characteristic 
(ROC) analysis was performed. On the basis of the as-
sumption that suspicious lesions seen at chest radiogra-
phy would lead to further work-up with CT, the number of 
work-up CT examinations per detected cancer (CT exami-
nations per cancer) was calculated at various confi dence 
levels for the screening population (cancer rate in study 
population, 1.3%).

 Results: Tumor size ranged from 6.8 to 50.7 mm (median, 11.8 
mm). Areas under the localization ROC curve ranged 
from 0.52 to 0.69. Detection rates substantially varied 
with the observers’ experience and confi dence level: At a 
confi dence level of 5, detection rates ranged from 18% at 
one CT examination per cancer to 53% at 13 CT exami-
nations per cancer. At a confi dence level of 2 or higher, 
detection rates ranged from 94% at 62 CT examinations 
per cancer to 78% at 44 CT examinations per cancer.

 Conclusion: A detection rate of 94% for lung tumors with a diam-
eter of 6.8–50.7 mm found at CT screening was achiev-
able with chest radiography only at the expense of a high 
false-positive rate and an excessive number of work-up CT 
examinations. Detection performance is strongly observer 
dependent.
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ings in our study group comprise a 
selection of patients who underwent 
chest radiography in two projections as 
part of the clinical practice during the 
diagnostic work-up or for preoperative 
screening. Consequently, all chest radi-
ography was performed after detection 
of the malignancy by using CT. Ten pa-
tients who did not undergo chest radi-
ography within 6 weeks after detection 
of a suspicious lung nodule were excluded. 
Thus, the study group consisted of 
55 patients with at least one malignant 
nodule. 

 The study group included 12 patients 
whose cancer was detected at 1-year 
follow-up but was retrospectively visible 
at baseline CT screening. All 12 nodules 
were also reported at baseline but did 
not meet the criteria for referral at that 
time ( 6 ). 

 Control Subjects 
 From all participants who were not 
patients and who were screened at both 
study sites ( n  = 4873), we included all 
participants in whom CT did not show 
nodules larger than 5 mm in diameter 
and in whom chest radiography had 
been performed within 2 months from 
CT screening for reasons other than a 
suspicious lung nodule. Chest  radiographs 

would lead to initiation of a work-up CT 
examination, we also estimated the num-
ber of work-up CT examinations needed 
to detect one lung cancer in the NELSON 
study cohort. The aim was to estimate the 
performance of digital chest radiography 
(hereafter referred to as chest radiogra-
phy) for detection of lung cancer. 

 Materials and Methods 

 Study Population 
 We recruited our patients from two 
screening sites (Utrecht and Gronin-
gen, the Netherlands) and included all 
4938 patients who underwent baseline 
and 1-year follow-up screening until 
July 2007. The NELSON trial was ap-
proved by the ethics committes of both 
participating institutions, and a waiver 
was received for our part of the study. 
All participants in the NELSON trial 
were former or current heavy smok-
ers ( 7 ). A total of 65 lung cancers were 
detected at baseline screening and at 
1-year follow-up in this group, for a 
cancer rate of 1.3%. 

 Case Cohort 
 We recruited our case cohort from all 
65 patients in whom a pulmonary ma-
lignancy was detected with low-dose CT 
at one of the two screening sites. All 
malignancies were histologically proved. 
The NELSON study setup does not call 
for obligatory acquisition of a chest ra-
diograph at inclusion time. However, 
chest radiography is still part of clinical 
practice during the diagnostic work-up 
of lesions suspicious for malignancy. 
Therefore, the cases with positive fi nd-

             Chest radiography is still the most 
commonly used technique in clini-
cal practice to rule out chest dis-

ease, to study the effects of treatment, 
and to monitor patients with chest 
abnormalities. Computed tomography 
(CT) has a much higher sensitivity for 
the detection of small intrapulmonary 
lesions than does chest radiography, but 
chest radiography has the advantage of 
low cost, low radiation dose, and easy 
accessibility. 

 Historically, lung cancer screening 
studies by using cytologic evaluation 
and/or conventional screen-fi lm chest 
radiography have yielded disappointing 
results ( 1 ). Screening with conventional 
chest radiography was therefore consid-
ered inappropriate. However, in these 
studies, analog screen-fi lm techniques 
were used for chest radiography. The 
use of modern digital equipment with 
highly quantum-effi cient detectors and 
elaborate processing tools improves 
visualization of pulmonary structures 
with chest radiography ( 2–5 ) and may, 
therefore, be a more suitable screen-
ing tool than is conventional chest 
radiography. 

 Up to now, little has been known 
about the performance of modern digi-
tal radiography for lung cancer screen-
ing. We used a nested case-control 
setup that was based on data from the 
Dutch-Belgian Randomized Lung Can-
cer Screening (NELSON) trial ( 6 ) to 
study how the confi dence level for the 
presence of a lesion affected observer 
performance. Assuming that a posi-
tive chest radiographic screening result 

 Implication for Patient Care 

 Digital chest radiography is sub- n

stantially less effi cient than low-
dose CT for detection of tumors 
at the same stage of disease in a 
setting of lung cancer screening. 
With digital chest radiography, 
detection rates for lung cancer as 
high as 94% are achievable only 
at the expense of an excessive 
number of work-up CT 
examinations. 

 Advances in Knowledge 

 Direct-detector digital chest radi- n

ography can have a detection 
rate of up to 94% at lung cancer 
screening but only at the cost of 
an excessive rate of false-positive 
results and subsequent additional 
work-up CT examinations. 

 Confi dence levels and observer  n

experience have a substantial 
effect on the diagnostic effi cacy 
of digital chest radiography for 
the detection of early lung 
cancers. 

  Published online  
 10.1148/radiol.09091308 
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the mean time per patient examination 
ranged from 70 to 97 seconds. 

 After acquisition of all reading data, 
and with knowledge of the CT fi ndings, 
observer A retrospectively determined 
whether the lesions that had not been 
seen by any of the observers were vis-
ible on the chest radiograph. In addition, 
the same observer determined whether 
lesions were obscured by anatomic struc-
tures on the posteroanterior radiograph. 

 Statistical Analysis 
 A nested case-control setup in the 
NELSON trial was used. This design 
uses a selection of the control subjects to 
represent all control subjects in the full 
cohort, enabling reconstruction of the 
results for the full cohort ( 10 ). For that 
purpose, the results for the control group 
are multiplied by the quotient of one 
divided by the sample fraction. The cases 
of cancer in which no chest radiograph 
was available (10 [15.4%] of 65) were 
excluded. To determine the sample frac-
tion, the number of noncases, therefore, 
had to be adjusted accordingly (4873  2  
15.4% = 4123) to match the 1.3% can-
cer rate in the NELSON cohort at the 
time of this study. The sample fraction in 
our study, therefore, was 72/4123. 

 We tested whether the control sub-
jects in the observer study were rep-
resentative of all noncases in the full 
cohort (a requirement of a nested case-
control study). Categorical variables 
were evaluated by using a  x  2  test, and 
continuous variables were evaluated 
with a Student  t  test. 

 In all calculations, we assumed 
100% sensitivity for CT. Confi dence in-
tervals (CIs) were calculated by using 
the Wilson score. The following four 
parameters were used to assess the 
performance of chest radiography as a 
screening tool for lung cancer: 

 1. Localization receiver operating 
characteristic (ROC) curve analysis. 
This analysis summarizes the reader’s 
sensitivity and specifi city in a single 
value. Localization ROC analysis differs 
from normal ROC analysis in that it takes 
into account the correct localization of 
a reader’s marking. Localization ROC 
analysis was performed as described by 
Swensson ( 11 ). Jackknife free-response 

radiographs were obtained by using a 
cesium iodide amorphous silicon fl at-
panel-detector (ie, direct-detector) unit 
(DigitalDiagnost; Philips, Best, the Neth-
erlands). Images were processed by 
using nonlinear multifrequency-band 
processing ( 9 ); parameters recom-
mended by the manufacturer were 
used. For all patients, posteroanterior 
and lateral projections were available. 
Images were evaluated on liquid crystal 
display monitors (MFGD 3220D; Barco, 
Kortrijk, Belgium), with a resolution 
2048  3  1536 pixels, without and with 
gray-scale reversal. Options for magni-
fi cation and adaptation of window set-
tings were used only when observers 
were unsure about a region. 

 Cases and control subjects were 
presented in alphabetical order on the 
basis of patient name to four indepen-
dent observers with varying levels of 
experience: two chest radiologists (C.S. 
and M.P.) with more than 20 years of 
experience (observers A and B), a gen-
eral radiologist with more than 20 years 
of experience (observer C), and a 3rd-
year resident with special experience 
and interest in chest radiology (obs-
erver D). Observers were aware of the 
study population but did not know the 
number of malignancies in the group. 
Nodules smaller than 5 mm in diameter 
and calcifi ed granulomas were ignored. 
Posteroanterior and lateral radiographs 
were evaluated. The observers scored 
the presence of focal opacities that were 
suspicious for malignancy by using a fi ve-
point confi dence scale: level 1, no lesion; 
level 2, irregularity, probably no lesion; 
level 3, indeterminate for the presence 
of a lesion; level 4, lesion probably pres-
ent; and level 5, lesion defi nitely present. 
Readers had to manually localize the le-
sion on the radiograph. If more than one 
suspicious area was detected, the observ-
er had to mark the most suspicious area. 
The chest rad iographic reading was con-
sidered true-positive only when the local-
ization of the lesion was correct. Observ-
ers were not forced to place a marking; 
they could also rate a radiograph as nor-
mal (ie, no nodule present, confi dence 
level 1). Reading time was unlimited and 
ranged from 140 to 175 minutes for the 
different observers  for the total study; 

for which the radiology report men-
tioned pulmonary abnormalities other 
than those related to chronic obstruc-
tive pulmonary disease (COPD) were 
excluded. Seventy-two participants met 
these criteria. Indications for perfor-
mance of chest radiography were ex-
clusion of acute cardiovascular disease 
( n  = 18), follow-up for COPD ( n  = 17), 
screening for lung abnormalities be-
cause of rheumatoid arthritis ( n  = 13), 
preoperative screening for cardiovascu-
lar surgery ( n  = 11), unexplained fever 
( n  = 11), trauma ( n  = 1), and malaise 
( n  = 1). 

 We tested for differences in the 
prevalence of COPD in the case and 
control groups because this disease 
may affect visibility of nodules. We 
were able to compare prevalence of 
COPD because a large subsample of 
subjects in the whole screening popu-
lation underwent pulmonary function 
testing as part of a substudy of the lung 
cancer screening trial. Pulmonary func-
tion testing results were available in 43 
(78%) of our patients with lung can-
cer, 46 (64%) of our control subjects, 
and 2547 (52%) of participants with-
out cancer in the lung cancer screening 
trial. The remaining participants did 
not undergo pulmonary function test-
ing. This testing included forced expira-
tory volume in 1 second and forced vital 
capacity. A participant whose ratio of 
forced expiratory volume in 1 second to 
forced vital capacity was less than 0.7 
was considered to have COPD ( 8 ). 

 Acquisition and Evaluation of Screening 
CT Scans 
 All CT scans were acquired and eval-
uated for nodules according to the 
NELSON protocol ( 6 ). Volume and mean 
diameter of detected nodules were as-
sessed by using volumetric software 
(Lung CARE; Siemens, Erlangen, Ger-
many) ( 6 ). 

 Acquisition and Evaluation of Chest 
Radiographs 
 Acquisition technique was identical 
to that for conventional chest radio-
graphy performed in our hospital 
(Uni versity Medical Center Utrecht, 
Utrecht, the Netherlands). All chest 
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in the full cohort, age and prevalence 
of COPD were not different in our con-
trol subject cohort; however, the con-
trol subject cohort contained relatively 
more women ( P  = .02) than the noncase 
group in the full cohort ( Table 1  ). 

 Malignancies 
 The diameter of the malignancies ranged 
from 6.8 to 50.7 mm (median, 11.8 mm). 
Four malignancies manifested as ground-
glass opacity on a CT scan: One was 
nonsolid and three were part-solid le-
sions. Two of the part-solid lesions with 
ground-glass opacity were detected by 
three observers; the other two were not 
detected by any observer. Most lesions 
were located in the right upper lobe 
( n  = 25). The remaining lesions were 
located in the right middle lobe ( n  = 3), 
right lower lobe ( n  = 9), left upper lobe 
( n  = 8), and left lower lobe ( n  = 10). 
On the posteroanterior radiograph, 26 
lesions were at least partially obscured 
by overlying anatomic structures, such 
as hilar vascular structures ( n  = 7), the 
clavicle ( n  = 9), the heart ( n  = 3), a rib 
( n  = 6), or the diaphragmatic recess 

This chance is equal to the number of 
nondetected malignancies divided by 
the number of participants for whom 
chest radiography had negative or false-
positive results. This chance was multi-
plied by the number of CT examinations 
performed for false-positive fi ndings in 
radiography reports to calculate the 
number of malignancies incidentally 
detected at CT. The number of true-
positive chest radiographs plus malignan-
cies incidentally detected at CT formed 
the total number of detected malignan-
cies. These incidentally detected lesions 
will also result in a slightly different 
number of CT examinations per detected 
cancer, which hereafter we call CT 
examinations per cancer. P values less 
than .05 were considered to indicate a 
signifi cant difference. 

 Results 

 Study Population 
 Our case cohort did not signifi cantly 
differ from our control subject cohort 
with respect to age, sex, and prevalence 
of COPD. Compared with the noncases 

ROC software (Chakraborty D, Uni-
versity of Pittsburgh, Pittsburgh, Pa) 
( 12,13 ) was used to test for signifi cant 
differences between the localization 
ROC areas. 

 2. Sensitivity and specifi city. These 
statistics were calculated individually 
for each reader and each confi dence 
level. Only correctly localized tumors 
were considered true-positive fi ndings. 

 3. Number of work-up CT examina-
tions per chest radiography–detected 
cancer. This number describes how 
many CT scans need to be obtained 
in the whole screening cohort to fi nd 
one case of a positive fi nding that was 
correctly suspected from a fi nding at 
chest radiography. It is based on the 
assumption that a suspicious chest ra-
diographic fi nding leads to initiation of 
CT for further diagnostic work-up. The 
nested case-control setup allows us to 
estimate the positive predictive value 
(PPV) of chest radiography for the total 
screening population. Because PPV de-
scribes the proportion of true-positive 
chest radiographs among all positive 
radiographs, PPV is equal to the pro-
portion of work-up CT examinations 
with positive results (cancer at the sus-
pected location) among all work-up CT 
examinations performed for a positive 
chest radiograph. Therefore, the num-
ber of work-up CT examinations per 
chest radiography–detected cancer can 
be calculated as 1/ PPV. 

 4. Total percentage of malignancies 
detected during CT work-up. There is a 
small chance that work-up CT will re-
veal cancer in a different location than 
is suspected at chest radiography. This 
chance increases with the total num-
ber of work-up CT examinations per-
formed. The total percentage of detected 
malignancies, therefore, includes the 
reader’s true-positive fi ndings at chest 
radiography plus an estimated num-
ber of malignancies incidentally found 
at the work-up CT examinations per-
formed for a false-positive density on a 
chest radiograph. To calculate the total 
percentage of malignancies detected 
at CT, we also determined the chance 
that a CT examination, on the basis of a 
false-positive chest radiography report, 
would incidentally reveal a malignancy. 

 Table 1

Demographic Characteristics of Study Participants 

Characteristic
Cases 
( n  = 55)

Control Subjects 
( n  = 72)

All Noncases Minus 
Control Subjects 
( n  = 4801)

 P   Value, Cases 
versus Control 
Subjects

 P   Value, Control 
Subjects versus 
Noncases

Mean age (y) 64.5  6  6.4 * 62.4  6  5.3 * 61.4  6  5.5 * .52 .46
No. of men/women 49/6 59/13 4291/510 .32 .02
No. of patients with 
 COPD (%)

63 38 38 .14 .88

* Data are the mean  6  standard deviation.

 Table 2

Diameters of Detected and Undetected Nodules 

Observer
Median Diameter of 
Detected Nodules (mm)

Median Diameter of 
Undetected Nodules (mm)  P  Value

A 12.2 (7.6–50.7) 10.6 (4.2–18.5) .1
B 11.8 (7.6–50.7) 11.4 (4.2–21.0) .09
C 11.8 (8.1–50.7) 10.7 (6.8–35.4) .36
D 17.1 (8.1–50.7) 11.4 (3.5–21.0) .001 * 

Note.—Only probably present and defi nite nodules (confi dence levels 4 and 5) were counted. Numbers in parentheses are 
ranges.

* For observer D, the detected nodules were signifi cantly larger than the nodules that were not detected by this observer. 
Observer D detected a signifi cant difference between the nodule groups.
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chest radiography in the total screening 
cohort. When lesions rated as prob-
ably present (level 4) were taken into 
account, the number of CT examina-
tions per cancer detected at chest ra-
diography ranged from four (95% CI: 
 3, 6 ) to 46 (95% CI: 32, 68).  Table 3  
summarizes the relationship between 
sensitivity and number of work-up CT 
examinations. 

 Total Percentage of Malignancies 
Detected at CT Work-up 
 The percentage of additional, inciden-
tally detected malignancies ranged from 
0% to 8% of the total number of ma-
lignancies for the various observers at 

turned out to be correctly localized ma-
lignancies: The PPVs of nodules rated 
as defi nitely present were 82% (95% 
CI: 64%, 92%) for observer A, 89% 
(95% CI: 71%, 97%) for observer B, 
71% (95% CI: 52%, 85%) for observer 
C, and 100% (95% CI: 66%, 100%) for 
observer D. 

 Number of Work-up CT Examinations per 
Cancer Detected at Chest Radiography 
 When only defi nite lesions (confi dence 
level 5) were taken into account, we 
calculated that positive calls would have 
led to initiation of one (95% CI: 1, 2) 
to 24 (95% CI: 16, 38) work-up CT ex-
aminations per lung cancer detected at 

( n  = 1). Obscured lesions were respon-
sible for a mean of 43% of all unde-
tected lesions; individual rates were 
36% for observer A, 41% for observer B, 
39% for observer C, and 55% for 
observer D. 

 Twenty-four (44%) malignancies 
were correctly localized by all observ-
ers. Seven (13%) malignancies were lo-
calized by none of the observers. Three 
of these seven were not visible on chest 
radiographs even with knowledge of the 
CT fi ndings (Fig 1). 

 The median diameter of correctly 
localized lesions ranged from 11.8 to 
17.1 mm, depending on the reader. The 
median diameter of undetected lesions 
ranged from 10.6 to 11.1 mm. The dif-
ference in size was signifi cant ( P  = .001) 
for only one reader ( Table 2  ). 

 Localization ROC Analysis 
 The area under the localization ROC 
curve ranged from 0.52 for observer 
C to 0.69 for observer A. Localization 
ROC analysis results indicated better 
performance for the two chest radiolo-
gists (observers A and B) compared 
with the performance of observers C 
and D, but differences were signifi cant 
( P   ,  .05) only for observers A and C 
( Fig 2  ).  

 Sensitivity 
 At the highest level of confi dence (level 
5, lesion defi nitely present), sensitivity 
for correctly localized malignant lesions 
on digital chest radiography varied from 
18% (95% CI: 10%, 32%) to 49% (95% 
CI: 36%, 63%) at a specifi city of 100% 
(95% CI: 94%, 100%) to 92% (95% CI: 
82%, 97%). The false-positive rates in 
the control group at this level of con-
fi dence ranged from 0% (0 of 72) to 
13% (9 of 72) for observers D and C, 
respectively. 

 When lesions rated as probably 
present (level 4) were taken into ac-
count, sensitivity increased to 36% 
(95% CI: 24%, 50%) for observer D 
and 73% (59%, 84%) for observer A, 
with specifi cities of 99% (95% CI: 50%, 
76%) and 82% (95% CI: 71%, 90%), 
respectively ( Table 3  ). 

 Most lesions that had been rated as 
defi nitely present at chest radiography 

 Figure 1 

  
  Figure 1:   (a, b  )  Small 11.4-mm- diameter malignancy that was correctly localized and scored as defi nitely 
present by all observers (arrow) at  (a)  digital chest radiography and  (b)  CT.  (c)  Digital chest radiograph and 
 (d)  CT scan of malignancy (arrow) that was not detected by any of the observers during the study or retro-
spectively with knowledge of CT fi ndings.   
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only frontal radiographs; we used pos-
teroanterior  and  lateral images in our 
study. Whether using chest radiogra-
phy as a primary screening tool would 
also infl uence the outcome of patients 
in terms of mortality and survival can-
not be determined on the basis of these 
data alone because the biological behav-
ior of primary bronchogenic carcinoma 
greatly varies, and the prognosis of le-
sions differs according to their time of 
diagnosis. On average, lesions detected 
at chest radiography were larger than 
undetected lesions, although the differ-
ences in size were small. 

 We showed that the area under 
the curve for the localization ROC 
curve increased substantially with the 
observer’s years of experience and 
subspecialization. However, the differ-
ence in performance was signifi cant 
only for observers A and C. The two 
chest radiologists (observers A and B) 
had the greatest area under the curve, 
but the resident with special experi-
ence in chest radiology (observer D) 
performed better than did the general 
radiologist with more than 20 years of 
experience (observer C) . These results 
suggest that special training is advanta-
geous for reading chest radiographs in a 
lung cancer screening setting. 

 Observer D showed a generally lower 
level of confi dence and, therefore, a 
stronger increase in sensitivity than did 
the other three observers when lesions 
detected with lower levels of confi dence 
were also taken into account. Observer 
behavior, therefore, has a stronger ef-
fect on performance with chest radiog-
raphy than it does with CT ( 16 ). 

 Sensitivity of chest radiography 
for malignancies detected in a lung 
cancer screening trial has previously 
been studied by using conventional 
radiography ( 17 ). The diameter of the 
malignancies was similar to those in 
our study. Similar percentages of nod-
ules were obscured by anatomic struc-
tures. The main difference refers to the 
imaging technique (digital versus con-
ventional) and the inclusion of lateral 
radiographs in our study. Conventional 
chest radiography had a sensitivity of 
23% and a specifi city of 96%. While 
maintaining the same level of specifi city, 

old level for performing CT was reduced 
to the lowest confi dence level (irregular-
ity, probably no lesion) and malignancies 
present at a work-up CT examination 
for false-positive chest radiographs were 
counted as well. This, however, would 
have resulted in 62 work-up CT examina-
tions per cancer, adding up to 3191 CT 
examinations in the whole population 
and still leaving three cancers undetected. 
The PPV of CT during the fi rst round of 
the NELSON trial was 35.7% ( 14 ), re-
sulting in approximately three referrals to 
a pulmonologist to diagnose one cancer. 
This fi nding shows that even modern digi-
tal chest radiography has a much worse 
performance than does CT for lung can-
cer screening and is hampered by large 
numbers of false-positive readings or low 
detection rates. 

 On the other hand, despite the 
lower detection rate of chest radiogra-
phy, about half of the CT-proved ma-
lignancies were detected with chest 
radiography by all readers. This may 
substantially affect the power of ran-
domized lung cancer screening trials if 
chest radiography is used in the con-
trol arm ( 15 ). However, screening with 
chest radiography commonly involves 

the highest level of confi dence. At this 
confi dence level, the total percentage of 
malignancies detected during work-up 
varied from 53% with 13 work-up CT 
examinations per cancer to 18% with 
one work-up CT examination per can-
cer. For all observers, the percentage 
of additional incidentally detected ma-
lignancies increased as the confi dence 
level decreased ( Table 4  ). 

 Discussion 

 Even in the era of digital imaging, detec-
tion of lung cancer with chest radiogra-
phy is a challenging task that shows high 
interreader variability. When only lesions 
rated as probably present and defi nitely 
present were considered to require fur-
ther diagnostic work-up, the number of 
detected malignant lesions ranged from 
37% to 78% ( Table 4 ), depending on the 
reader. Thus, in instances in which we 
would rely on chest radiography alone, 
22%–63% of the lung cancers would be 
missed at a stage of disease at which 
they could be detected with CT. Even for 
the most experienced chest radiologist, 
a detection rate beyond 90% (eg, 94%) 
could be achieved only when the thresh-

 Figure 2 

  
  Figure 2:  Localization ROC curves and areas under the curve  (AUC)  for the different observers. Note the 
better performance of the chest radiologists (observers A and B). The difference between observers A and C 
was signifi cant ( P   ,  .05). 
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did not differ between patients in our 
control cohort and the noncase group 
in the full cohort. 

 The main limitation of our study 
was the absence of an independent 
reference standard. Only malignancies 
detected at CT were included. Sensitiv-
ity of CT in the NELSON trial, defi ned 
as the ratio between cancers detected 
at CT and all pulmonary cancers di-
agnosed during the 1st year after CT 
screening, was greater than 94% ( 14 ). 
Within the screening trial, only one in-
terval cancer was misinterpreted at CT; 
this cancer turned out to be retrospec-
tively visible at screening CT. Thus, our 
cohort of radiologically detectable cases 
would have been practically the same 
had we used CT or an independent ref-
erence standard. 

 The cancer rate was higher in our 
study than it was in the NELSON co-
hort. Although the observers were not 
aware of the exact disease frequency, 
they were aware of the higher preva-
lence, which could have led to overdiag-
nosis ( 25 ). Conversely, most lesions 
rated as defi nitely present were indeed 
malignant. Furthermore, the number 
of CT examinations per detected can-
cer may have been underestimated 
because control subjects in our study 
did not have any nodules larger than 5 
mm, as proved by using CT. In a usual 
screening situation, however, a certain 
percentage of patients without malig-
nancies would have had benign nodules 
at presentation, which again could have 
led to false-positive readings. Finally, 
four observers performed the readings 
in this study. Although they had varying 
experience and rating behavior, they 
still represent a selected group. More 
observers are needed to quantify the ef-
fect of reader behavior if chest radiog-
raphy is to be used as a screening tool 
on a large scale. 

 In conclusion, high rates of lung 
cancer detection can be achieved with 
digital chest radiography at a stage 
when lesions are seen at CT screen-
ing, but only at the expense of a low 
specifi city that results in an excessive 
number of work-up CT examinations. 
The detection performance with chest 
radiography strongly depends on the 

CT but were impossible to visualize on 
a projection radiograph ( 18,21,23 ). 

 Because of the procedure we used 
to select participants, the control 
patients may have been skewed 
toward COPD. It is known that the 
increased nodular and reticulonodu-
lar markings on a chest radiograph, 
often seen in smokers with COPD, af-
fect the ability of an observer to spot 
focal opacities ( 24 ). The results of 
pulmonary function testing, however, 
showed that the prevalence of COPD 

digital radiography and inclusion of 
lateral images showed a sensitivity ap-
proximately twice as high for each ob-
server. Researchers in several other 
studies ( 18–22 ) have assessed the sen-
sitivity of conventional and digital chest 
radiography; sensitivities have ranged 
from 36% to 84% depending on the 
study population. These studies retro-
spectively assessed the performance of 
chest radiography for CT-proved lesions 
but did not separately quantify the 
number of lesions that were detected at 

 Table 3

Relationship between Sensitivity, Specifi city, and Number of Work-up CT 
Examinations per Cancer Detected 

Observer and Minimum Level of 
Confi dence Included * Sensitivity (%) Specifi city (%)

No. of Work-up CT 
Examinations per 
Cancer Detected  †  

Observer A
  Irregularity, probably no lesion; 

 levels 2 + 3 + 4 + 5 75 (61, 85) 24 (15, 35) 78 (57, 107)
  Indeterminate; levels 

 3 + 4 + 5 75 (61, 85) 68 (56, 78) 33 (24, 45)
  Lesion probably present; 

 levels 4 + 5 73 (59, 84) 82 (71, 90) 20 (14, 27)
  Lesion defi nitely present; level 5 49 (36, 63) 92 (82, 97) 14 (9, 20)
Observer B
  Irregularity, probably no lesion; 

 levels 2 + 3 + 4 + 5 69 (55, 80) 51 (39, 63) 54 (39, 75)
  Indeterminate; levels 3 + 4 + 5 67 (53, 79) 60 (47, 71) 46 (33, 64)
  Lesion probably present; 

 levels 4 + 5 60 (46, 73) 82 (71, 90) 24 (17, 33)
  Lesion defi nitely present; level 5 45 (32, 59) 96 (87, 99) 8 (5, 12)
Observer C
  Irregularity, probably no lesion;

 levels 2 + 3 + 4 + 5 60 (46, 73) 56 (43, 67) 57 (40, 81)
  Indeterminate; levels 3 + 4 + 5 60 (46, 73) 57 (45, 68) 55 (39, 78)
  Lesion probably present; 

 levels 4 + 5 53 (39, 66) 68 (56, 78) 46 (32, 68)
  Lesion defi nitely present; 

 level 5 40 (27, 54) 88 (77, 94) 24 (16, 38)
Observer D
  Irregularity, probably no lesion; 

 levels 2 + 3 + 4 + 5 67 (53, 79) 50 (38, 62) 57 (40, 79)
  Indeterminate; levels 3 + 4 + 5 53 (39, 66) 88 (77, 94) 19 (13, 27)
  Lesion probably present; 

 levels 4 + 5 36 (24, 50) 99 (50, 76) 4 (3, 6)
 Lesion defi nitely present; level 5 18 (10, 32) 100 (94, 100) 1 (1, 2)

Note.—The cancer rate in the lung cancer screening cohort was 1.3%. While for readers A, B, and C, inclusion of the lower levels 
of confi dence (levels 2 and 3) did not substantially increase sensitivity, observer D had a generally low level of confi dence and 
would gain in sensitivity if low levels of confi dence were included. Numbers in parentheses are 95% CIs.

* Five-point ROC scale: level 1, no lesion; level 2, irregularity, probably no lesion; level 3, indeterminate for the presence of a 
lesion; level 4, lesion probably present; and level 5, lesion defi nitely present.

 †  Numbers of work-up CT examinations per cancer detected at chest radiography.
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observer’s confi dence level and experi-
ence. Therefore, even the use of mod-
ern digital technology instead of analog 
screen-fi lm technique does not make 
chest radiography as effi cient as low-
dose CT for lung cancer screening. 
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