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Original Investigation

Detecting Pulmonary Nodules in
Lung Cancer Patients Using Whole
Body FDG PET/CT, High-resolution
Lung Reformat of FDG PET/CT, or
Diagnostic Breath Hold Chest CT

Robert R. Flavell, MD, PhD, Spencer C. Behr, MD, Marc C. Mabray, MD,
Miguel Hernandez-Pampaloni, MD, PhD, David M. Naeger, MD

Rationale and Objectives: Pulmonary nodules can be missed on the non-breath hold computed tomography (CT) portion of 18F-
fluorodeoxyglucose positron emission tomography/computed tomography (FDG PET/CT), and for this reason prior studies have advocated
for routinely performing dedicated breath hold CT of the chest in addition to PET/CT for routine staging of malignancy. We evaluated
the rate of pulmonary nodule detection on standard CT images from whole body PET/CT studies (WB-PET/CT), high-resolution lung
reconstruction CT images from PET/CT studies (HR-PET/CT), and diagnostic breath hold chest CT (BH-CT).

Materials and Methods: A cohort of 25 patients was identified who had a history of lung cancer as well as a PET/CT staging or re-
staging scan and BH-CT within 30 days of each other. All PET/CTs included a set of CT images using a soft tissue algorithm filter and
3.75- to 5-mm slice thickness, as well as high-resolution reformats with a sharp reconstruction filter and 2-mm slice thickness. The CT
images from WB-PET/CT, HR-PET/CT, and BH-CT were reviewed by three radiologists. Significance was analyzed by two-way repeat-
ed measures analysis of variance.

Results: There were 2.84 nodules found per patient with WB-PET/CT, 3.85 nodules with HR-PET/CT, and 3.91 nodules with BH-CT.
When only nodules less than or equal to 8 mm in size were considered, WB-PET/CT also demonstrated significantly fewer nodules
(1.98) compared to the HR-PET/CT (2.94) or a BH-CT (2.86) (P < 0.001). No difference in detection rate was noted between the two
higher resolution modalities.

Conclusions: More pulmonary nodules are detected on the CT portion of PET/CT studies when high-resolution reformatted images
are created and reviewed. The ability to detect nodules with the reformatted images was indistinguishable from dedicated BH-CT. Overall,
high-resolution reformats of PET/CT images of the lungs can increase the sensitivity for pulmonary nodule detection, approaching that
of dedicated BH-CT. These data suggest that if HR-PET/CT reformats are used, additional dedicated BH-CT is unnecessary for routine
staging of lung cancer.

Key Words: PET/CT; pulmonary nodule; high-resolution reconstruction; breath hold; non-small cell lung cancer.
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INTRODUCTION

1 8F-Fluorodeoxyglucose (FDG) positron emission to-
mography combined with whole body computed
tomography (PET/CT) has become the standard of

care imaging test for staging of patients with non-small cell
lung cancer (NSCLC) (1). Staging of NSCLC is performed
using the tumor, node, metastasis (TNM) classification system
(2–5). Multiple prior studies have demonstrated that PET/CT
is superior to CT alone for staging the primary mass (T stage)
(6), associated nodal disease (N stage) (7), and distant metas-
tasis (M stage) (8). For these reasons, PET/CT has become
widely used for this application.

The presence or absence of pulmonary nodules, distinct from
the primary mass, is an important contributor to the overall
stage of NSCLC (3–5). Specifically, the presence of other
nodules in the same lobe as the primary tumor confers the
T3 stage, and the presence of nodules in the same side, dif-
ferent lobe, results in a T4 tumor. Metastatic pulmonary nodules
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in the contralateral lung confer M1a disease. An accurate
assessment for nodules suggestive of metastatic disease can only
be accomplished via imaging; therefore, it is critical to ac-
curately assess the presence of even small pulmonary nodules.

Several investigators have previously investigated the ability
of PET/CT to detect pulmonary nodules, and compared against
conventional breath hold chest CT (BH-CT) (9–12). Overall,
these studies have found that small pulmonary nodules can
be missed on PET/CT in comparison with conventional CT,
because of the non-breath-hold technique on PET/CT, as
well as the low spatial resolution of the CT component of
the examination (including generally thick slices and lower
in-plane resolution with large fields of view). Furthermore,
small pulmonary nodules below 1 cm in size are often not
seen on the PET portion of the examination (13,14). This
has led some authors to conclude that PET/CT is insuffi-
cient to completely stage malignancies because of the missed
nodules (10–12). In most routine PET/CT scans, the images
are reconstructed using a relatively thick slices (typically 5 mm),
with soft tissue reconstruction algorithm. Prior studies have
demonstrated that using thinner slices (1.25 mm) can improve
the rate of pulmonary nodule detection on routine BH-CT
(15). At our institution, we commonly reformat CT images
from PET/CT studies with a high-resolution reconstruc-
tion to improve the detection of pulmonary nodules, although
the added value from these reformations is unknown.

The objective of this study was to assess the ability to detect
pulmonary nodules on high-resolution reformatted CT images
compared to standard CT images obtained as part of whole
body PET-CT (WB-PET/CT) studies. Although it is likely
that improved resolution should yield some improvement in
nodule detection, this has not been previously investigated
in the PET/CT context. We compared the ability to detect
nodules on both sets of images to that of diagnostic BH-
CTs. We hypothesized that the high-resolution reformats would
reveal more nodules than the standard CT images from WB-
PET/CT, and that the increased sensitivity would be similar
to those obtained via dedicated chest CT studies.

METHODS

Patient Selection

This retrospective study was approved by our institution’s in-
stitutional review board (IRB) and informed consent was
waived. We searched our database of all PET/CT per-
formed between February 2012 and July 2013 at our institution
for the presence of the term “lung cancer.” Scans of patients
who met the following inclusion criteria were included up
to our target enrollment of 25 patients:

1. Biopsy-proven diagnosis of NSCLC at the time of the
imaging studies

2. No definitive evidence of distant metastatic disease (thereby
restricting the cohort to patients for whom an accurate
identification of pulmonary nodules could matter to the
stage)

3. PET/CT and BH-CT imaging studies obtained at our
institution within 30 days of each other were available
in picture archiving and communications system (PACS)

Scan Technique

FDG PET/CT examinations were performed on either a
Biograph 16 (Hi-Rez) PET/CT scanner (Siemens AG, Er-
langen, Germany) with an integrated PET and 16-MDCT
scanner, or a Discovery VCT PET/CT scanner (GE Medical
Systems, Milwaukee, WI) with an integrated PET and 64-
MDCT scanner. All patients fasted with hydration for at least
6 hours. Patients had blood glucose levels <200 mg/dL. Of
18F-FDG, 0.45 ± 0.09 GBq (12.2 ± 2.4 mCi) was injected in-
travenously, followed by a 10-mL normal saline flush. Patients
rested for 60 ± 15 minutes and voided before being posi-
tioned supine on the scanner table. The CT portion of the
PET/CT was performed in neutral breath hold after the in-
jection of 150 mL of iohexol (Omnipaque 350; GE Healthcare,
Wauwatosa, Wisconsin, USA) at 3 mL/s. Acquisition was per-
formed at a kVp of 120 with auto-mAs. Whole body CT images
were reconstructed as contiguous 3.75- or 5-mm slices. Lung
reformation CT images were generated using 2-mm slice thick-
ness and a sharp reconstruction algorithm. PET was performed
immediately following CT, without patient repositioning. PET
images were obtained in 3D mode at 7–10 bed positions per
patient, with an acquisition time of 3–4 minutes per station,
from the skull vertex through the mid-thigh.

BH-CT examinations were performed on 16- or 64-slice
General Electric Lightspeed VCT scanners, at a kVp of 120
with auto-mAs. Images were reconstructed as contiguous 1.25-
mm transaxial slices using standard chest CT reconstruction
algorithms that were optimized for both lung and soft tissue
evaluation (the degree of edge enhancement was in between
that used for abdominal CTs and those used for high reso-
lution computed tomography (HRCT)s to evaluate for
interstitial lung disease). A portion of the BH-CT was per-
formed with contrast: 70–150 mL of Omnipaque 350.

Imaging and Chart Review

The medical charts of patients included in the study were re-
viewed for demographic data and histologic confirmation of
diagnosis. All cases were reviewed independently for the pres-
ence of pulmonary nodules by three radiologists with 4, 9,
and 9 years of CT experience. One reader was a radiology
resident with 3 years experience, one was an abdominal imaging
and nuclear medicine with 9 years of CT experience, and fel-
lowship training in abdominal imaging and nuclear medicine,
and one was a thoracic radiology and nuclear medicine with
9 years of CT experience, and fellowship training in thorac-
ic radiology and nuclear medicine. Each reader reviewed the
three sets of images of all 25 patients, thereby resulting in 75
reviewed studies. The order the studies were reviewed was
randomized and divided into three separate blocks of 25 ex-
aminations. Each set of 25 examinations was reviewed
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separately, and all examinations were reviewed over a course
of 3 months. All examinations were interpreted for the pres-
ence of pulmonary nodules, which were defined using standard
criteria: discrete, rounded opacities between 3 and 30 mm in
diameter. Nodules with definitively benign imaging charac-
teristics, such as dense uniform calcification or macroscopic
fat (16), were excluded. The location of all nodules was re-
corded, as was the size (longest dimension on transaxial CT
images). The total number of nodules was summed up for
both the right and left lungs for each reader, scan type, and
patient. The quality of the scan for detecting pulmonary nodules
was assessed using a qualitative scale from 1 to 10, where 1
is poor or nondiagnostic and 10 is optimal in technique.

Statistical Analysis

Statistical analysis was performed with MedCalc for Windows,
version 14.8.1 (MedCalc Software, Ostend, Belgium). Two-
way repeated measures analysis of variance (ANOVA) was used
to evaluate the differences in the number of nodules de-
tected by modality and reader. This was repeated for nodules
less than or equal to 8 mm and for nodules greater than 8 mm.
Two-way repeated measures ANOVA was also used to eval-
uate the differences in quality rating between modality and
reader. As the datasets were not perfectly normally distrib-
uted, in order to ensure that results were not driven by
deviations from the underlying assumptions of ANOVA, the
analyses were repeated after a rank transformation to achieve
a more normal distribution. The statistical significance of com-
parisons was not significantly changed, and thus the more easily
understood non-rank-transformed results are presented. Gen-
erally, P < 0.05 was used to signify statistical significance,
although for pairwise comparisons in which three statistics were
available, a Bonferroni correction was applied; therefore,
P < 0.05/3 = 0.0167 was considered statistically significant.

RESULTS

Patient Demographics

Patient demographics are summarized in Table 1. Sixteen of
the 25 BH-CTs were performed with intravenous contrast
(64%), as well as all of the PET/CTs (25/25; 100%).

Scan Interpretation

WB-PET/CT, high-resolution PET/CT (HR-PET/CT), and
BH-CT were interpreted for the presence and size of nodules,
as outlined in the Methods section. Three representative cases
are shown in Figure 1.

When averaged across the three readers, 69.3, 96.3, and
97.7 nodules were found across 25 patients on WB-PET/CT,
HR-PET/CT, and BH-CT, respectively. Overall, this yields
2.77 nodules per patient on WB-PET/CT, 3.85 nodules per
patient on HR-PET/CT, and 3.91 nodules per patient on
BH-CT (statistical analyses for differences are reported in the

next section). When only nodules less than or equal to 8 mm
in size were considered, an average of 1.98, 2.94, and 2.86
nodules were found per patient on WB-PET/CT, HR-
PET/CT, and BH-CT, respectively. When nodules greater
than 8 mm were considered, an average of 1.04, 0.99, and
0.85 nodules were found on BH-CT, HR-PET/CT, and WB-
PET/CT, respectively. The results analyzed on a per-reader
basis are shown in Figure 2.

Each reader analyzed each scan for overall quality, with a
rating ranging from 1 to 10, where 1 is nondiagnostic and
10 is optimal for detection of pulmonary nodules. These results
are summarized in Figure 3. When averaged across all three
readers, the average quality score for WB-PET/CT was 7.36,
for HR-PET/CT it was 8.43, and for BH-CT it was 8.81
(statistical analysis for differences is reported in the follow-
ing section).

Statistical Analysis

For nodules of all sizes, two-way repeated measures ANOVA
was statistically significant for differences in the mean number
of nodules by modality (F = 11.78, P < 0.001) but not sta-
tistically significantly different by reader (F = 0.028, P = 0.927).
For pairwise comparisons between modalities, there was a sta-
tistically significant difference between WB-PET/CT and HR-
PET/CT (P < 0.001), and a statistically significant difference
between WB-PET/CT and BH-CT (P < 0.001). There was
no statistically significant difference between HR-PET/CT
and BH-CT (P = 0.9181).

For the smallest nodules, those less than 8 mm, a two-
way repeated measures ANOVA was statistically significant
for differences in the mean number by modality (F = 8.74,
P < 0.001) but not by reader (F = 0.17, P = 0.846). Pairwise
comparisons again demonstrated a statistically significant dif-
ference between WB-PET/CT and the two higher resolution
modalities (P < 0.001, for comparisons of BH-CT and HR-
PET/CT), but not between the two higher resolution
modalities (P = 0.754).

When nodules greater than 8 mm in size were consid-
ered, two-way repeated measures ANOVA was not statistically

TABLE 1. Patient Demographics

Age 70.3 ± 7.2 years
Sex
Male 14/25 (56%)
Female 11/25 (44%)
Average time between PET and CT scan 17.8 ± 8.0 days
Indication for CT
Restaging/treatment response/surveillance 19/25 (76%)
Initial staging 4/25 (16%)
Suspected pulmonary embolism 2/25 (8%)
Indication for PET/CT
Restaging/treatment response/surveillance 21/25 (86%)
Initial staging 4/25 (16%)

PET/CT, positron emission tomography/computed tomography.
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significant for differences in the mean number of nodules
>8 mm by modality (F = 2.24, P = 0.110) or by reader
(F = 0.78, P = 0.461).

Two-way repeated measures ANOVA was statistically sig-
nificant for differences in the mean quality rating by modality
(F = 51.72, P < 0.001) and by reader (F = 31.05, P < 0.001).
Pairwise differences revealed reader #3 differed in the use of
the scoring system from the other two (mean score given was
9.09, compared to 7.73 and 7.77, respectively; P < 0.001). There
was no statistically significant difference in ratings between
readers #1 and #2 (P = 0.839). Pairwise differences in quality
by modality demonstrated a statistically significant difference
between WB-PET/CT and BH-CT (P < 0.001), a statisti-
cally significant difference between WB-PET/CT and HR-
PET/CT (P < 0.001), and a statistically significant difference
between HR-PET/CT and BH-CT (P = 0.011).

DISCUSSION

The presence or absence of pulmonary nodules identified on
imaging can affect staging, and therefore management, in pa-
tients with NSCLC and other malignancies. The objective
of this study was to evaluate the relative performance of three
diagnostic methods for detecting pulmonary nodules, includ-
ing standard CT images from WB-PET/CT, HR-PET/CT,
and BH-CT. The key new finding in our study is that HR-
PET/CT is superior in the detection of pulmonary nodules
to standard CT images from WB-PET/CT studies and in-
distinguishable from that of BH-CT. Readers also qualitatively
rated high-resolution reformatted images as higher than stan-
dard images, approaching the ratings of BH-CT images.

We have not identified any prior studies directly assessing
the performance of high-resolution CT images from PET/CT

Figure 1. Examples of pulmonary nodules
detected using various methods. (a) A 67-
year-old man with history of non-small cell
lung cancer (NSCLC) post-resection with
a 4-mm nodule found along the suture line.
The nodule was detected on whole body
positron emission tomography/computed
tomography (WB-PET/CT) by one out of
three radiologists, on high-resolution
PET/CT (HR-PET/CT) by three out of three
radiologists, and on breath hold chest CT
(BH-CT) by three out of three radiolo-
gists. (b) A 67-year-old man with history of
NSCLC post-resection (same patient as [a]
with a 4-mm left lower lobe pulmonary
nodule). The nodule was detected on WB-
PET/CT by one of three radiologists, on HR-
PET/CT by three out of three radiologists,
and on BH-CT by three out of three radi-
ologists. (c) A 78-year-old woman with
history of NSCLC with recurrence. Images
demonstrate a 3-mm subpleural right upper
lobe nodule, detected on WB-PET/CT by
none of three radiologists, on HR-PET/CT
by two out of three radiologists, and on BH-
CT by two out of three radiologists.
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studies for detecting pulmonary nodules. Many studies,
however, have demonstrated that BH-CT is superior to stan-
dard WB-PET/CT images. Several studies have demonstrated
that pulmonary nodules are missed on WB-PET/CT, in com-

parison to BH-CT, ranging from 0.56 to 0.88 nodules per
patient (9–12). In our study, 29 nodules were missed in 25
patients, for an average of 1.16 nodules per patient. This slight
increase from previous reports may be because of the greater
overall prevalence of pulmonary nodules in our study pop-
ulation. In comparison to other studies, we reviewed exclusively
NSCLC patients, whereas other studies included many dif-
ferent malignancies. Furthermore, our study was conducted
in a region with high levels of endemic coccidioidomycosis
and a high prevalence of benign nodules (17). Taken togeth-
er, our data are consistent with the previously described reports
and confirm the finding that WB-PET/CT is inferior to BH-
CT for detection of pulmonary nodules.

In detecting pulmonary nodules, WB-PET/CT is inferi-
or in comparison to BH-CT for two reasons. First, the CT
portion of PET/CT cannot be performed with a maximal in-
spiration because of the attenuation correction and
misregistration artifacts that would result (18), instead it is typ-
ically performed in a neutral breath hold. Second, there is lower
in-plane resolution because of the large field of view in order
to include the shoulders as well as low z-axis resolution, which
allows the whole body to be covered in a manageable number
of images. In our study, high-resolution reformations of the
lungs allow for nodule detection similar to BH-CT; the per-
formance of these reformats appears to be due to the improved
special resolution in the z-axis (2 mm vs 5 mm) and the use
of an edge-enhancing algorithm that simulates an improved
in-plane resolution (Fig 1). This technique optimizes the prop-
erties of the CT for pulmonary nodule detection without giving
additional radiation dose.

Although no prior reports could be located assessing
high-resolution reformats of the lung as part of PET/CT
scans, high-resolution targeted images of the neck have
been shown to improve the accuracy of staging of head and
neck squamous cell cancer (19). Unlike this previously
reported technique, which requires an additional scan, our

Figure 2. Summary of nodules detected by readers, reported ±stan-
dard deviation. (a) The average number of nodules identified per reader,
per patient, using breath hold computed tomography (BH-CT), high-
resolution positron emission tomography/computed tomography (HR-
PET/CT), and whole body PET/CT (WB-PET/CT). (b) The average
number of nodules less than or equal to 8 mm in size, per reader,
per patient, using BH-CT, HR-PET/CT), and WB-PET/CT. (c) The
average number of nodules greater than 8 mm in size, per reader,
per patient, using BH-CT), HR-PET/CT, and WB-PET/CT.

Figure 3. Quality rating from 1 to 10 per reader for breath hold com-
puted tomography (BH-CT), high-resolution positron emission
tomography/computed tomography (HR-PET/CT), and whole body
PET/CT (WB-PET/CT).
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method does not require additional radiation or scanner
time to perform.

The primary limitation of our study is that we were not
able to directly assess the clinical significance detecting ad-
ditional nodules with this technique. First, we were not able
to determine in this retrospective analysis whether the addi-
tionally detected nodules were benign or malignant; many prior
studies, however, have shown that a reasonable minority of
detected nodules in lung cancer patients are indeed malig-
nant, including some nodules detectable by higher resolution
techniques that were missed by PET/CT. In a study of 551
patients with lung cancer who had a staging BH-CT, 11%
of small noncalcified pulmonary nodules were malignant (20).
In a pathologically verified study of 65 pulmonary nodules
1 cm or smaller, 58% were malignant (21). In a second patho-
logically verified study of 160 nodules of less than or equal
to 0.5 cm resected at surgery, 58% were malignant (22). In
a study incorporating patients with a variety of malignan-
cies, Thipphavong et al. found that 6 of 159 (3.7%) nodules
missed on PET/CT but found on BH-CT were malignant
lesions (9). Kim et al. (23) found that 6 of 138 nodules (4.3%)
in NSCLC patients in the non-primary cancer lobe were
malignant.

Second, on the new malignant nodules that could be de-
tected, we could not assess via this study the ultimate importance
of finding such nodules with regard to altering management
or staging. Such a study would require a large number of pa-
tients and high-level longitudinal follow-up. That said, many
prior investigators have concluded that BH-CT should be per-
formed in addition to WB-PET/CT for staging of malignancies
(10–12); these HR reformats approximate BH-CT in the ac-
curacy of detecting nodules and may be a sufficient substitute
in some cases.

This study has a few additional smaller limitations. First,
we studied a small patient cohort, which was necessary
given the multiple reads required for each patient; we
nonetheless were able to detect a statistically significant
difference between the modalities. Potentially a larger sample
could have resulted in identifying a small difference between
HR-PET/CT and BH-CT, although the difference is not
likely to be clinically significant. Second, the study is
limited because of its retrospective design. Third, the CT
technique in the BH-CT group used reconstruction algo-
rithms that were optimized for both lung and soft tissue
evaluation, and it is possible that a true edge-enhancing
reconstruction algorithm may have detected additional pul-
monary nodules. Finally, given that we did not detect
differences in readers’ sensitivities, we could not evaluate
the factors that could have been associated with a greater or
lesser ability to detect nodules.

Our data indicate that HR reformations from PET/CT
images are superior for the detection of pulmonary nodules
compared to standard PET/CT images, and are overall similar
to diagnostic BH-CTs. To our knowledge, we are the first
to demonstrate that HR-PET/CT improves pulmonary nodule
detection, and specifically to a level indistinguishable from

routine BH-CT, which is widely recommended in the staging
of multiple malignancies. It is likely that HR-PET/CT ob-
viates the need for dedicated BH-CT for the detection of
pulmonary nodules. Similarly, we have demonstrated that
the quality score of such high-resolution reformats was higher
than for standard WB-PET/CT images. HR-PET/CT is a
simple intervention that requires no additional scan time or
radiation and can easily be incorporated into routine clinical
practice.
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