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Abstract

Pulmonary nodules are of high clinical importance, given they may prove to be an early manifestation of lung cancer.
Pulmonary nodules are small, focal, radiographic opacities that may be solitary or multiple. A solitary pulmonary
nodule is a single, small (�30 mm in diameter) opacity. Larger opacities are called masses and are often malignant.
As imaging techniques improve and more nodules are detected, the optimal management of pulmonary nodules
remains unclear. However, the question of malignancy of any given nodule remains the same. A standard contrast-
enhanced computed tomography (CT) scan is often the first examination, followed by a number of other
examinations. The purpose of this study was to examine the clinical feasibility of CT versus integrated
[18F]fluorodeoxyglucose-positron emission tomography (PET)/low-dose CT scan in patients with suspected lung
cancer and pulmonary lesions on CT. All results were controlled for reproducibility. We found that when used
early in the work-up of the lesions, CT raised the prevalence of lung cancer in the population to the point where
further diagnostic imaging examination could be considered futile. We also found that the overall diagnostic accuracy,
as well as the classification probabilities and predictive values of the two modalities were not significantly different;
the reproducibility of these results was substantial.

Keywords: Lung neoplasms; radiography; radionuclide imaging; multidetector computed tomography, positron emission tomography/
computed tomography, sensitivity, specificity.

Introduction

Pulmonary nodules are of high clinical importance, given
they may prove to be an early manifestation of lung
cancer. Pulmonary nodules are small, focal, radiographic
opacities that may be solitary or multiple. A solitary pul-
monary nodule is a single, small (�30 mm in diameter)
opacity[1,2]. Larger opacities are called masses and are
often malignant[3]. Pulmonary nodules and masses are
also known as pulmonary lesions.

As imaging techniques improve and more nodules are
detected, the optimal management of pulmonary nodules

remains unclear. However, the question of malignancy
of any given nodule remains the same. Current assess-
ment strategies include: no follow-up in low-risk patients
and imaging follow-up in high-risk patients with very
small nodules (54 mm); imaging follow-up in low-risk
patients and imaging as well as tissue sampling in
high-risk patients with small nodules (4�8 mm); and ima-
ging as well as tissue sampling in all patients regardless
of risk class with larger nodules and masses. This is irre-
spective of whether the nodules are incidental findings or
if they are found in patients with suspected lung
cancer[4].
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Obviously, imaging plays an important role in the
assessment of patients with suspected lung cancer and
in the assessment of patients with incidentally discovered
pulmonary nodules. Usually the first imaging examina-
tion is a chest radiograph. This is followed by contrast-
enhanced computed tomography (CT) of the thorax and
upper abdomen and, dependent on local arrangements,
by whole-body integrated [18F]fluorodeoxyglucose
(FDG)-positron emission tomography (PET)/CT.

FDG-PET aids in differentiating malignant and benign
nodules if these are 410 mm in diameter[5�7]. For this
purpose, sensitivity has been reported to be 80�100%
(median, 87%) and specificity to be 40�100% (median,
83%) for malignancy of lung nodules[3]. However, due to
large numbers of false-negatives, the use of FDG-PET
outside clinical trials is discouraged for nodules 510
mm[8]. Besides the risk of false-negatives in nodules
510 mm, FDG-PET is also reported to give false-nega-
tives in highly differentiated adenocarcinomas and
other slow-growing cancers[9,10]. This considerable risk
of false-negatives means that, although FDG-PET has
been reported to have a consistently high negative pre-
dictive value, the modality cannot be used to rule out
lung nodule malignancy. FDG-PET is also reported to
be false-positive in infections and inflammation of all
kinds[11,12].

Modern FDG-PET scanners are integrated with CT
scanners in a single gantry (FDG-PET/CT scanner).
The purpose of this is to couple the functionality of an
FDG-PET scanner with the resolution of a CT scanner,
thereby increasing the value of both. However, there are
only few published studies on the matter of characteriza-
tion of pulmonary nodules using integrated FDG-PET/
CT scanners[13�15].

The purpose of this study was to examine the clinical
feasibility of CT versus integrated FDG-PET/low-dose
CT in patients with suspected lung cancer and pulmonary
lesions on CT. First, CT and FDG-PET/CT were com-
pared by their overall lesion characterization results.
Second, FDG-PET/CT lesion characterization results
were examined in three different patient subgroups. All
results were controlled for reproducibility.

Materials and methods

Study population

The study conformed to Danish legal requirements. As
all subjects received best patient care and no biological
material was involved, Institutional Review Board
approval was waived (The Central Denmark Region
Committees on Biomedical Research Ethics, case no.
1-15-0-72-2-09).

Patients with suspected lung cancer, who were referred
to a tertiary sector hospital for diagnosis, were prospec-
tively identified for inclusion over a 15-month study
period. All patients received standard contrast-enhanced

CT of the chest and upper abdomen as part of their
clinical work-up. Based on the CT results, the patients
were the subjects of a multidisciplinary decision. If there
were no pulmonary lesions, or at least no pulmonary
lesions suspicious for malignancy on CT, the patients
were either discharged without follow-up or received
CT follow-up after 3, 6, 12, 24 months or longer. On
the other hand, if there were indeterminate lesions or
lesions suspicious for malignancy on CT, they underwent
whole-body FDG-PET/CT.

Consecutive patients who received both a CT of the
thorax and upper abdomen, and an FDG-PET/CT scan
of the whole body were included in the study. To ensure
equal review terms between CT and FDG-PET/CT, all
examinations done as part of the clinical work-up were
blinded, and were reviewed as part of the study. A total of
182 consecutive patients received a CT scan as well as an
FDG-PET/CT scan. However, 14 patients were excluded
due to discrepancy between CT and FDG-PET/CT
nodule location, incomplete FDG-PET/CT data or
incomplete CT data, leaving 168 patients for final analy-
sis. Patient sampling preceded both imaging and refer-
ence standards. Therefore the study design was
prospective.

CT procedures

CT including the chest and the upper abdomen was per-
formed with an multidetector computed tomography
(MDCT) scanner (Philips Brilliance CT 64-channel scan-
ner; Philips Healthcare, Best, The Netherlands). The CT
acquisition parameters were: 64� 0.625 mm collimation,
section thickness 2.0 mm, increment 1.0 mm. iodixanole
270 mg/ml (Visipaque� 270; GE Healthcare, Oslo,
Norway) or iohexole 300 mg/ml (Omnipaque� 300; GE
Healthcare, Oslo, Norway) was injected intravenously in
weight-adjusted doses of 2 ml/kg body weight to compen-
sate for differences in distribution volume. A bolus track-
ing technique was used to compensate for differences in
cardiac output. The trigger region of interest (ROI) was
placed in the aorta and when it exceeded 200 HU, the
patients were scanned from the root of the neck to the
upper abdomen including the liver and adrenals. CT was
performed after a delay of 15 s for the chest and 65 s for
the upper abdomen and raw picture data sets were trans-
ferred to a Philips Extended BrillianceTM Workspace
workstation v4.02, where they were reviewed with the
application CT-viewer.

Two consultant radiologists reviewed the studies. The
reviewers were blinded to patient name, patient ID and
clinical data. They assessed three well-documented pre-
dictors of malignancy[3]: (1) lesion size, measured as the
greatest axial diameter on CT; (2) lesion morphology,
assessed as smooth, irregular or spiculated; and (3)
lesion attenuation assessed as solid, partly solid or
ground glass opacity (GGO). Although no formalized
score system was used, these predictors were considered
as the reviewers assigned each lesion an overall rating on
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potential of malignancy. The following rating scale was
used: (1) definitely benign, (2) probably benign, (3) inde-
terminate, (4) probably malignant and (5) definitely
malignant (Table 1) (Fig. 1). Both radiologists reviewed
all participants� images side by side to obtain consensus
results for the study. Six months later, they reviewed the
first 100 participants� images again, individually, to assess
reproducibility.

FDG-PET/CT procedures

As a part of a fast-track work-up for suspected lung
cancer, the patients received CT and FDG-PET/CT
within a few days, followed immediately by tissue sam-
pling. Whole-body FDG-PET/CT including the head
except for the brain, neck, thorax, abdomen, pelvis and
thighs was performed with an integrated PET/CT scan-
ner (Siemens Biograph w. 40-slice CT scanner; Siemens
Healthcare, Erlangen, Germany). Participants were
instructed to fast for 6 h prior to the examination.
Approximately 400 MBq FDG was injected intrave-
nously. FDG-PET/CT scans were performed after a
delay of 60 min. The FDG-PET images were corrected

for scatter and iteratively reconstructed. CT acquisition
parameters were: 40� 3.0 mm collimation, section thick-
ness 5.0 mm, increment 3.0 mm. No contrast medium
was administered. FDG-PET/CT picture data sets were
transferred to a Hermes Gold 3TM workstation, where
they were reviewed with the application Hermes Hybrid
Viewer.

Two consultants in nuclear medicine did the FDG-
PET/CT reviews. The reviewers were blinded to patient
names, patient IDs and clinical data. According to inter-
national guidelines, FDG uptake was compared with the
background uptake of the liver. Thus, lesion uptake was
rated on a scale of 1 to 4: (1) no uptake, (2) mildly
increased uptake (i.e. below liver level uptake), (3) mod-
erately increased uptake (i.e. at or slightly above liver
level uptake) and (4) intensely increased uptake (i.e. sub-
stantially above liver level uptake)[16] (Table 1) (Fig. 2).
Both nuclear medicine consultants reviewed all partici-
pants� images side by side to obtain consensus results for
the study. Six months later, they reviewed the first 100
participants� images again, individually, to assess
reproducibility.

Table 1 CT and FDG-PET/CT ratings

CT Definitely benign Probably benign Indeterminate Probably malignant Definitely malignant
Benign 10 1 6 2 13
Malignant 2 3 5 6 120

FDG-PET/CT No uptake Mildly increased uptake Moderately increased uptake Intensely increased uptake
Benign 15 5 3 9
Malignant 4 5 24 103

Figure 1 The 5 CT ratings. From top left to bottom right, these specific lesions were rated as: definitely benign,
probably benign, indeterminate, probably malignant and definitely malignant.
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The consultant radiologists had no access to the FDG-
PET/CT images and the consultants in nuclear medicine
had no access to the CT images. Thus, the reviewers were
completely blinded.

Reference standard

In general, tissue sampling was the preferred reference
standard. All malignant diagnoses were verified by tissue
sampling and all non-malignant diagnoses were verified

by tissue sampling. In this manner, three separately
obtained non-malignant diagnoses were accepted as a
definitely benign result. In most cases, lesion material
was obtained by fluoroscopy-guided or CT-guided trans-
thoracic needle aspiration biopsy (TNAB). However, in
selected cases, material was obtained by bronchoscopy or
by video-assisted thoracic surgery (VATS). Definitive
diagnoses were obtained in 91% (153/168) of all cases
in this study.

In 9% (15/168) of the cases, it was inappropriate to do
an invasive procedure to achieve a definitive diagnosis. In

Figure 2 The 4 FDG-PET/CT ratings. From top to bottom, these specific lesions were rated as: negative, with mildly
increased uptake, with moderately increased uptake and with intensely increased uptake.
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these cases, CT follow-up was accepted as the reference
standard. Studies have shown that solid nodules that
have been stable for at least 2 years usually do not require
further evaluation[17�19]. Therefore, CT follow-up was
done at 3, 6, 12 and 24 months. Partly solid nodules
and GGOs should be followed for at least 36 months.
However, as the validity of the follow-up rules has been
questioned[20], the follow-up period was longer if neces-
sary. Follow-up ceased prematurely if lesions resolved
entirely. The follow-up time in this study was 5�30
months (median, 18 months).

Statistics

Pulmonary lesions were rated on an ordinal scale from 1
to 5 (CT) or from 1 to 4 (FDG-PET/CT), with higher
values being indicative of malignancy[21]. Diagnostic
accuracy was defined as the area under the fitted receiver
operating characteristic (ROC) curve and was computed
using the ratings with a maximum-likelihood ROC model
assuming bivariate normal distributions[22]. Sensitivity,
specificity, positive predictive value and negative predic-
tive value were computed from the resulting 2� 2 con-
tingency tables. Two different clinical situations relating
to the role of CT as the first examination in a line of
examinations were addressed: (1) What were the sensi-
tivity, specificity and positive predictive value if CT was
used to identify patients with lung cancer? In this situa-
tion it was important to achieve a high positive predictive
value. Therefore, CT ratings 1�3 were considered benign
results, and CT ratings 4 and 5 were considered malig-
nant results. (2) What were the sensitivity, specificity
and negative predictive value if CT was used to rule
out cancer? In this situation, it was important to
achieve a high sensitivity and a high negative predictive
value. Therefore, CT ratings 1 and 2 were considered
benign test results, and CT ratings 3 to 5 were
considered malignant test results. In both situations, an
FDG-PET/CT rating of 1 was considered a benign
test result, and FDG-PET/CT ratings of 2�4 were con-
sidered malignant test results. The reproducibility of the
results was assessed with weighted kappa of the original
ratings.

According to accepted scientific standards, all data
on diagnostic performance as well on reproducibility
were reported using 95% confidence intervals. Sample
test statistics were used when appropriate; in these
instances, Fisher�s exact test was used to test for correla-
tion between categorized (nominal) variables, and
Spearman�s rho was used to test for correlation between
ordered categorized (ordinal) variables. The chi-squared
test was used to test for non-independence of the areas
under the ROC curves of CT and FDG-PET/CT.
P values50.05 were considered statistically significant,
and P values50.001 were considered highly statistically
significant.

The licensed statistical software package STATA/SE
11 (STATAcorp LP, College Station, TX) was used for
the statistical analyses.

Results

Overall results

A total of 89 males and 79 females aged 34�88 years
(mean, 66 years) participated in the study. Each partici-
pant had a single pulmonary lesion. Eighty-one percent
(136/168) of the lesions were malignant and 19% (32/
168) were benign. The malignant lesions had the follow-
ing distribution: 47% (64/136) adenocarcinomas, 30%
(41/136) squamous cell carcinomas, 4% (6/136) large
cell carcinomas, 9% (12/136) other or undifferentiated
non-small cell ling carcinomas, 8% (11/136) small cell
lung carcinomas and 1% (2/136) metastases from extra-
thoracic cancers.

There was no significant difference between the areas
under the ROC curves of CT and FDG-PET/CT
(�2
¼ 0.07; P¼ 0.80) (Fig. 3). Although based on differ-

ent criteria, CT and FDG-PET/CT ratings were both
highly associated with malignancy (both P50.001).
Likewise, the overall accuracy was higher than 80% for
both imaging modalities. This was irrespective of whether
CT was used to identify lung cancer or to rule out cancer.

In practice, CT results did not vary significantly, irre-
spective of whether the imaging modality was used to
identify lung cancer or to rule out cancer; in both
instances the sensitivity was 490%. However, specificity
was almost 20 percentage points higher if CT was used to
identify lung cancer than to rule out cancer (Table 2).
Reproducibility of the CT ratings was substantial
(k¼ 0.62 (0.41�0.76)).

FDG-PET/CT results were very similar to CT results;
the sensitivity for FDG-PET/CT was490% and the spe-
cificity was 47% (Table 2). Reproducibility of the FDG-
PET/CT ratings was substantial (k¼ 0.73 (0.43�0.89)).

When the false-positives and false-negatives were
reviewed, the modalities also yielded very similar results
(Table 2) (Figs. 4 and 5). The false-positive rate, at
approximately 50%, was clearly too high; this was irre-
spective of the imaging modality and the clinical situa-
tion. On the other hand, the false-negative rate was well
below 5% in all instances. The false-negative lesions on
FDG-PET/CT comprised three adenocarcinomas and a
transitional cell carcinoma metastasis. The size of these
lesions ranged from 7 mm to 24 mm (median, 17 mm).

Stratified results

The CT results were used to stratify the FDG-PET/CT
results into subgroups.

If CT was used to identify patients with lung cancer
(i.e. lesions reviewed as being probably malignant or defi-
nitely malignant on CT (n¼ 141)), a positive FDG-PET/
CT examination would make the likelihood of
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malignancy even higher. For this purpose, the sensitivity
and specificity of FDG-PET/CT were 98% and 27%,
respectively; the false-positive rate was 73% (Table 3).

If CT was used to rule out cancer (i.e. lesions reviewed
as being probably benign or definitely benign on CT
(n¼ 16)), obviously the clinical issue would be to rule
out cancer. For this purpose, the sensitivity and specifi-
city of FDG-PET/CT were 80% and 64%, respectively;
the false-negative rate was 20% (Table 3).

If CT was indeterminate (i.e. lesions reviewed as being
indeterminate on CT (n¼ 11)), the sensitivity and speci-
ficity of FDG-PET/CT were 100% and 67%, respectively;
the false-positive rate was 33%. There were no false-nega-
tives (Table 3).

Discussion

Previous studies by our research group have indicated
that the prevalence of lung cancer is 15�20% in the pop-
ulation referred for CT[23,24]. However, in this study, the
pre-study standard contrast-enhanced CT raised the prev-
alence of malignancy to more than 80%, a significant
result in itself. It was obvious from the overall results

that standard contrast-enhanced CT is better suited to
diagnosing patients with lung cancer than ruling out
cancer; all other things being equal, the specificity for
the former purpose was 20 percentage points higher
than for the latter. On the other hand, there was strik-
ingly little difference between overall CT and FDG-PET/
CT results.

These results raised a need for stratification according
to the CT results in order to mimic the setup in daily
practice. When reviewing the stratified results, it
appeared that FDG-PET/CT could be an effective exam-
ination for patients if they had been previously identified
with lung cancer on CT or if the CT was indeterminate.
However, in a clinical setting, these patients would
already be considered highly suspicious for malignant
disease and although FDG-PET/CT might make the
likelihood of lung cancer even higher, the need to
obtain a lesion biopsy would in most cases make further
diagnostic imaging redundant. Thus, in this context,
FDG-PET/CT would make no difference to these
patients. The next question was whether FDG-PET/CT
should be offered to patients if they were previously
deemed cancer free on CT. Obviously, for these patients

Figure 3 These two parametric ROC curves illustrate the overall lesion characterization results of CT and FDG-PET/
CT. In this study, the overall diagnostic accuracy of CT and FDG-PET/CT was defined as the area under the parametric
ROC curves. The two ROC curves were compared using the chi-squared test.

Table 2 Overall results of CT and FDG-PET/CT

CT used to identify lung cancer,
% (95% CI)

CT used to rule out cancer,
% (95% CI)

FDG-PET/CT,
% (95% CI)

Sensitivity 93 (87�96) 96 (92�99) 97 (93�99)
Specificity 53 (35�71) 34 (19�53) 47 (29�65)
Positive predictive value 89 (83�94) 86 (80�91) 89 (82�93)
Negative predictive value 63 (42�81) 69 (41�89) 79 (54�94)
False-positive rate 47 66 53
False-negative rate 7.3 3.7 2.9
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the major clinical issue would be to rule out cancer.
However, the low prevalence of malignancy in these
patients combined with the rather significant false-nega-
tive rate of FDG-PET/CT indicates that the chance of

finding an additional lung cancer in this group would be
so low that it would hardly justify further work-up.
Therefore, clinically, it would make more sense to
follow these patients with CT.

Figure 4 Four false-negative lesions on CT. Both nodules in the top row were rated as definitely benign and both
nodules in the bottom row were rated as probably benign. Both nodules in the top row, and the nodule in the bottom left
represent adenocarcinomas; the nodule in the bottom right represents a large cell carcinoma. In retrospect, the large cell
carcinoma could have been rated differently.
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The results of this study are fairly close to those
previously reported on the subject, further bolstering
them. In the present study, the prevalence of malig-
nancy was 81%. If CT was used to identify patients
with lung cancer, the sensitivity and specificity were
93% and 53%, respectively; the sensitivity and specifi-
city of FDG-PET/CT were 97% and 47%, respectively.
In comparison, in an analysis by Wahidi et al.[3] from
2007, the prevalence of malignancy was 48�73% in 8
studies of CT imaging. In the same analysis, the prev-
alence of malignancy was 46�82% in 17 studies of
FDG-PET imaging. CT sensitivity was 98�100%
(median, 100%) and specificity was 54�95% (median,
75%); FDG-PET/CT sensitivity was 80�100% (median,

87%) and specificity was 40�100% (median, 83%). In
turn, those results were slightly less optimistic than
those of 40 studies of FDG-PET analysed by Gould
et al.[25] in 2001.

There were some limitations to the design of this study,
the most significant of which was whether it was justifi-
able to let the outcome of one imaging test determine
whether the next should be carried out. However, as
mentioned above, this trial was performed in the clinical
setting and represented everyday imaging algorithms and
problems. Clinically, based on cost�benefit analyses and
due to radiation considerations, it would not be feasible
to suggest FDG-PET/CT as the first examination for
patients with suspected lung cancer.

Figure 5 Four false-negative lesions on FDG-PET/CT. The lesions in rows 1�3 represent adenocarcinomas; the lesion
in row 4 represents a transitional cell carcinoma metastasis.
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Conversely, our study�s strengths must also be men-
tioned. Patient sampling preceded both imaging and the
reference standard. This prospective design, as well as the
blinding procedure, conforms to the STARD statement
from 2003, which dictates that these are both natural
requisites in studies of diagnostic accuracy[26].
Furthermore, the study size was large; 168 participants
with pulmonary lesions were included. This should be
compared with an average of 37�66 participants per
study for both CT and FDG-PET/CT in most stu-
dies[3,25], making our study comparably strong. In addi-
tion, all results in this study were controlled for
reproducibility. Although this has been standard for CT
since the STARD statement, to the best of our knowl-
edge, reproducibility has not previously been controlled
for FDG-PET/CT.

In conclusion, this study was initiated to compare CT
with FDG-PET/CT for characterization of pulmonary
lesions in patients with suspected lung cancer. When
used early in the work-up of the lesions, CT raised the
prevalence of lung cancer in the population to the point
at which further diagnostic imaging examination could be
considered redundant. Standard contrast-enhanced CT
seems better suited to identify patients with lung cancer
than to rule out cancer. Finally, the overall diagnostic
accuracy as well as the classification probabilities and
predictive values of the two modalities were not signifi-
cantly different. The reproducibility of the above results
was substantial.

In conclusion, although standard contrast-enhanced
CT has brought us far in the characterization of pulmo-
nary nodules and masses, the last decade has seen a
constant move away from strictly anatomical approaches
to imaging, towards more functional or analytical
approaches. The desire is, of course, to be able to
safely distinguish between malignant and benign nodules
without the need for invasive procedures. By examining
some of the current imaging modalities in the field, this
study is a step towards that goal.
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