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AIM: To determine if pure ground-glass opacities (GGOs) and the subgroup of ground-glass
nodules (GGNs) typically demonstrate higher 2-[18F]-fluoro-2-deoxy-D-glucose (18F-FDG) up-
take at positron-emission tomography (PET) when benign than when malignant.
MATERIALS AND METHODS: Informed consent was waived for this institutional review

board (IRB)-approved, Health Insurance Portability and Accountability Act (HIPAA) compliant,
retrospective study. A review of all 1,864 combined PET/computed tomography (CT) exami-
nations performed in 2011 on a single system to identify pure GGOs with mean diameter �1
cm yielded 166 GGOs. Two blinded subspecialty-trained thoracic radiologists independently
assessed GGO size, morphology, attenuation, and location on CT. A blinded nuclear radiologist
procured the SUVmax for each GGO. Final diagnosis of malignancy (n¼21) was made based on
histopathology or upon increased size and attenuation; a final diagnosis of benignity (n¼106)
was made if GGO resolved, was new within 3 months, evolved in a manner consistent with
pulmonary fibrosis, or was stable for �60 months; 29 were indeterminate and were excluded,
along with 10 cases with unreliable SUVmax measurements, yielding 127 GGOs, of which 68
were GGNs, in 76 patients.
RESULTS: The SUVmax was significantly higher in benign than malignant GGOs (p¼0.0017)

and in the GGN subgroup (p¼0.03). A threshold SUVmax >1.5 for GGOs, including GGNs,
assured benignity in this cohort.
CONCLUSION: Benign GGOs and the benign GGN subgroup demonstrated significantly

higher FDG uptake at PET than malignant GGOs/GGNs. Awareness of this finding may prevent
misinterpretation of highly 18FDG-avid pure GGOs/GGNs as definitively malignant, which
could lead to unnecessary thoracic surgery and its associated risks.

� 2018 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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Introduction

Over the past decade, healthcare providers have
increasingly relied on combined 2-[18F]-fluoro-2-deoxy-D-
glucose (18FDG) positron-emission tomography/computed
tomography (PET/CT) imaging to distinguish benign from
malignant pulmonary nodules on account of expected
higher rates of glucose metabolism in malignant lesions;
however, the ability to make this distinction at 18FDG-PET/
CT has been shown to vary with nodule constitution,
whether solid or subsolid.

Lung adenocarcinoma subtypes, which can manifest as
pure ground-glass opacities (GGOs) include adenocarci-
noma in-situ, minimally invasive adenocarcinoma, and
rarely, invasive adenocarcinoma.1 Possible causes for low
glucose metabolism and thereby false-negative 18F-FDG-
PET results in these tumours include low cellularity, low
degree of nuclear atypia, desmoplasia, high proportion of
mucin content, necrosis, and a low density of viable cancer
cells.2e5 In contradistinction, inflammatory GGOs can yield
false-positive 18F-FDG-PET results.2,6,7

Early studies suggested a maximum standard uptake
value (SUVmax) threshold of 2.5 as a sensitive and specific
means for differentiating benign from malignant pulmo-
nary nodules.8e11 Although this threshold is a somewhat
helpful guide for solid nodules, it is less helpful for subsolid
nodules. In fact, indolent lung malignancies, which may
have subsolid components on CT, can result in false-
negative 18F-FDG-PET results.3,12e14 Unfortunately, prior
studies examining the usefulness of 18F-FDG-PET for dis-
tinguishing malignant from benign pulmonary nodules
have not always differentiated between solid, part-solid,
and pure ground-glass nodules (GGNs),15e18

More recent studies have shown greater 18FDG avidity
for benign than malignant subsolid nodules, but either
merged both pure GGNs and part-solid nodules in their
analysis and/or used histograms to define and identify
them,19e21 rather than applying the widely accepted
Fleischner Society definition of GGNs.22 The latter requires
qualitative visual inspection, rather than quantitative
analysis, and is therefore of more practical clinical use and
has been used in daily clinical practice for decades. Use of
histograms to identify GGOs is not standard clinical prac-
tice. In addition, a review of the figures within the article
upon which histogram analysis in the above cited papers
was based23 reveals that histogram use yielded inclusion of
part-solid nodules in their ground-glass cohort, confound-
ing their results and rendering them potentially inappli-
cable to pure GGOs.

The Fleischner Society glossary of terms defines a GGO
on CT as an area of increased pulmonary parenchymal
attenuation that does not obscure bronchovascular struc-
tures. It defines a nodule as a rounded opacity �3 cm. A
GGN possesses both of these qualifications.22 Although the
causes of GGOs are numerous and include pulmonary
oedema, haemorrhage, infection, inflammation, and inter-
stitial lung disease, they also include atypical adenomatous
hyperplasia, a premalignant lesion, and indolent lung
cancer.24 Therefore, persistent GGOs often require at least 5
years of surveillance.25

Based on expectations related to differences in meta-
bolism and observational experience with 18FDG-PET/CT, it
was hypothesised that, counter to prevalent expectation,
benign pure GGOs and the benign pure GGN subgroup, as
defined by Fleischner criteria, are apt to exhibit greater
18FDG avidity at PET than malignant pure GGOs/GGNs. If
borne out to be true, the importance of this knowledge
would be to prevent misinterpretation of highly 18FDG-avid
pure GGOs/GGNs as malignant, which could lead to un-
necessary diagnostic intervention and its associated risks.

The purpose of this study was to determine if pure GGOs
(nodular and non-nodular) and the GGN subgroup typically
demonstrate higher 18FDG uptake when benign than when
malignant.

Materials and methods

Approval for this Health Insurance Portability and
Accountability Act (HIPAA)-compliant, retrospective study
was obtained from the institutional review board. The
requirement for informed consent was waived.

Scan selection

A list of all PET/CT examinations with a concurrent
diagnostic chest CT with intravenous contrast medium,
performed for any indication on a single PET/CT system
(Siemens Biograph 64; Erlangen, Germany) at a quaternary
referral hospital from 1 January to 31 December 2011 was
obtained. A random number generator randomised the or-
der of these scans. All studies were subsequently reviewed
in this prescribed random order to identify solely focal,
measureable, pure GGOs, whether nodular (GGNs) or non-
nodular, with a mean diameter �10 mm, exclusively on
the 1.5 mm slice series. Part-solid lesions were excluded. If a
patient underwent more than one PET/CT examination over
the 12 months, the first scan on the randomised list of a
given patient was the scan included in this study. Scans
were excluded if there were no GGOs or diffuse GGOs, if no
thin 1.5 mm collimation series was available, or if images
were degraded by respiratory motion. Paediatric patients
(�18 years of age) were also excluded.

Integrated FDG-PET/CT acquisition

Each integrated FDG PET/CT study included a low-dose
non-diagnostic CT examination for attenuation correction
purposes only, an 18F-FDG-PET examination, and a diag-
nostic CT examination with iodinated contrast medium, all
of which were performed on the same system during the
same imaging appointment. Separate low-dose attenuation
correction and diagnostic CT examinations were performed
to avoid errors in attenuation correction related to the
presence of intravenous and oral contrast media.

The non-diagnostic attenuation correction, low-dose,
unenhanced CT examination was performed using 120



Figure 1 Morphologic classification. Axial CT images demonstrating
(a) a nodular GGO (GGN; arrow) and (b) a non-nodular GGO (arrow).
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kVp, modulated tube current dependent on body mass in-
dex (BMI; 11 mA for BMI <30, 30 mA for BMI of 30e34, 40
mA for BMI of 35e44, and 100 mA for BMI >45), a tube
rotation time of 0.5 seconds per rotation, a pitch of 1.5, and a
section thickness of 5 mm.

A PET examination was obtained over the same
anatomical regions promptly after the non-diagnostic CT in
seven table positions, at 3 minutes per bed position for
patients with BMI <30, 4 minutes per bed position for BMI
of 30e34, 5 minutes per bed position for BMI of 35e44, and
6 minutes per bed position for BMI >45. Iterative recon-
struction of the PET data was performed with segmented
correction for attenuation using the low-dose CT data, with
a final section thickness of 5mm. Each patient fasted at least
6 hours prior to FDG administration. A blood glucose level
was procured just before FDG injection to exclude hyper-
glycaemic patients. The mean glucose level of the present
study cohort was 110�15 mg/dl (range 86e138 mg/dl). A
single intravenous injection of 15.8�2.2 mCi (584�81 MBq)
of FDG was therefore administered, as per national stan-
dards for blood glucose levels �250 mg/dl. The patients
were scanned approximately 1 hour after injection by an
integrated 64-slice PET/CT system. They were instructed to
breathe shallowly during the PET examination.

Following the PET acquisition, a diagnostic CT examina-
tion with iodinated intravenous contrast medium was ob-
tained using the following parameters: 120kVp, modulated
tube current, a tube rotation time of 0.5 seconds per rota-
tion, a variable pitch between 1e1.5, depending on patient
BMI, and a section thickness of 2 mm. Coronal and sagittal
reformats in 2 mm slice thickness and axial super dimen-
sion reformats in 1.5 mm slice thickness were also recon-
structed. Patients were instructed to hold their breath at
mid-inspiration for this diagnostic CT examination.

CT image analysis

Two fellowship-trained thoracic radiologists, with 21
and 7 years of experience, blinded to patient history and
final diagnosis of the GGO, independently assessed the CT
examinations. The thin-section CT (1.5 mm) images were
reviewed and analysed on a picture archiving and
communication system (PACS) workstation (AGFA IMPAX
6.6.1.3004) that allowed the readers to measure the long
and short axis of the GGOs and to draw regions-of-interest
(ROI) to obtain attenuation values measurements. All im-
ages were displayed at lung window settings (centre e550
HU, width 1,500 HU).

A maximum of five focal, measureable, GGOs �10 mm in
mean diameter, were identified and analysed per scan. Long
and short axis measurements and mean attenuation values
with standard deviation of each GGO were obtained and
recorded independently by each reader, with results aver-
aged prior to statistical analysis. The mean and standard
deviation of the attenuation of the GGO was obtained by
placing a round or elliptical ROI encompassing the largest
area of the opacity and excluding vessels to the extent
possible. Provided the GGO was focal and measureable, it
was included in the study, whether it met the Fleischner
Society definition of a nodule and was both of ground-glass
attenuation and�3 cm (GGN) or it was a non-nodular (non-
rounded), focal measurable GGO. GGOs were then classified
morphologically as nodular GGOs (GGNs) and non-nodular
GGOs (Fig 1). Any disagreement regarding morphology was
resolved by consensus.

PET image analysis

PET image analysis was performed on dedicated multi-
modality viewing software (Siemens SyngoVia VB20;
Erlangen, Germany) by a single nuclear radiologist with 4
years of experience. Each GGO, identified on thin 1.5 mm
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slice, super-dimension reformat CT imaging, was localised
manually on the low-dose non-diagnostic CT scan per-
formed for attenuation correction purposes. An ROI, inclu-
sive of the entire opacity, was drawn on the low-dose CT
image and automatically mapped to the co-registered PET
image to measure SUVmax. Visual analysis was performed
to confirm that the ROI on the PET imagewas appropriate. If
the opacity was in an area where SUV measurements
cannot be reliably measured, for example, near the dia-
phragm, the GGO was excluded. A reference ROI measuring
3 cm2 was drawn in the right hepatic lobe in a region
without evident anatomical abnormalities by CT, and the
mean SUV was acquired, hereby referred to as SUVliver. The
corrected SUVmax (SUVmaxcorr) was calculated for each
GGO by dividing SUVmax by SUVliver.
Final diagnosis

The final diagnosis was made based on histopathology, if
available. When histopathology was unavailable, determi-
nation of malignancy versus benignity was made by
assessment of GGO behaviour over time on prior and
follow-up imaging, as per standard clinical practice. A GGO
was considered malignant if malignant cells were identified
at biopsy or surgery or if the GGO increased in size and
attenuation over an interval greater than 6 months
(example in Fig 2). A GGO was considered benign if the
opacity resolved, decreased in size and attenuation over 3
months or a longer period in the absence of chemotherapy,
had arisen (�1cm) within 3 months, was stable for >5
years,25 or had imaging features that evolved in a manner
consistent with interstitial lung disease or radiation
fibrosis26,27 in patients with appropriate clinical history
(Fig 3). If a benign or malignant determination could not be
made, the lesion was considered indeterminate.
Figure 2 Final diagnosis determination: malignant. An 85-year-old man w
axial CT (arrow). This GGN increased in size and attenuation on follow-u
Statistical analysis

Statistical analysis was performed with SAS (version 9.4;
SAS Institute, Cary, NC, USA) by two-sided Wilcoxon rank
sum test and Fisher’s exact test, as appropriate. A p-value of
<0.05 was considered statistically significant.

Results

In 2011, a total of 1,864 PET/CT examinations were per-
formed on 1,418 patients on the single PET/CT system uti-
lised for this investigation. Exclusion of duplicate patients
left 1,418 PET/CT examinations. After image review and
application of the inclusion and exclusion criteria, 108 scans
remained with 166 GGOs. Ten GGOs were subsequently
excluded because an accurate SUV measurement could not
be obtained on account of proximity to FDG-avid structures.
An additional 29 GGOs were excluded, as a final diagnosis of
benignity or malignancy could not be established (inde-
terminate), based on the standard, widely accepted and
used clinical criteria described in the Final Diagnosis section
of the Materials and Methods. That is, a minority of GGOs
did not fall into any of the clinically diagnostic categories
and therefore could not be categorised as benign or ma-
lignant. The final study cohort consisted of 127 nodular and
non-nodular GGOs in 76 patients. Amidst these 127 GGOs
were 68 GGNs, of which 48 were benign and 20 malignant,
and 59 non-nodular GGOs, of which 58 were benign and
one malignant (Fig 4 provides a flowchart of the subject
enrolment process).

The present cohort consisted of 37 men and 39 women
with an average age of 62 years (range 20e91 years). Forty-
nine (23 men, 26 women) were current or former smokers.
The indications for the PET/CT examinations in which the
127 GGOs were encountered are listed in Table 1. Each
ith a history of lung cancer and (a) a 12 mm mean diameter GGN on
p imaging performed (b) 6 months and (c) 9 months later.



Figure 3 Final diagnosis determination: benign. A 42-year-old man with lymphoma and (a) an 11 mm mean diameter GGN on axial CT (arrow),
which resolved on a subsequent chest CT performed 3 months later (b), in the absence of therapy for lymphoma.

Figure 4 Flowchart of study population selection from all patients who underwent FDG-PET/CT imaging on a single PET/CT system in 2011.
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patient had an average of 1.7 GGO, ranging from one to a
limit of five GGOs (51 patients had a single GGO,11 had two,
five had three, six had four, and three had five). Table 2
provides the criteria used to determine benignity versus
malignancy of the GGOs included in this study and the
number and percentage of GGOs meeting each of these
criteria.

Table 3 shows how the demographic findings of sex, age,
smoking history, history of lung cancer, and history of
extrapulmonary malignancy related to benign or malignant
final diagnosis.
Regarding CT imaging features, benign GGOs were
significantly larger than malignant GGOs (mean diameter of
25 mm, with range of 10e78mmversus a mean diameter of
14 mm, with range of 10e26 mm, respectively, p<0.0001).
Subgroup analysis of GGNs (excluding non-nodular GGOs)
revealed benign GGNs to be larger than malignant GGNs
(mean diameter of 18 mm, median diameter of 15 mm, and
range of 10e42 mm versus mean diameter of 14 mm, me-
dian diameter of 12 mm, and range of 10e26 mm; p¼0.01).
There was a significant difference regarding the location of
the GGOs, with 62% (13/21) of malignant GGOs occurring in



Table 1
Indicationsa for combined 2-[18F]-fluoro-2-deoxy-D-glucose (18FDG)
positron-emission tomography/computed tomography (PET/CT) in the study
cohort (n¼127 GGOs).

Indication for PET/CT per GGO/GGN,
as provided in the radiology information
system (RIS)

No. of cases
with indication

Abnormal chest CT 2
Breast cancer 3
Cervical cancer 2
Colon cancer 5
Endometrial cancer 1
Oesophageal cancer 9
Gastroesophageal junction cancer 2
Head and neck cancer (non-thyroid) 5
Idiopathic thrombocytopenic purpura 1
Lung cancer 39
Lung mass 3
Lymphoma (non-Hodgkin) 25
Lymphoma (Hodgkin) 6
Melanoma 8
Myasthenia, diffuse mediastinal

lymphadenopathy
1

Neuroendocrine tumour 1
Ovarian cancer 1
Pancreatic cancer 1
Prostate and thyroid cancer 1
Pulmonary nodule 1
Pulmonary nodules, mediastinal

lymphadenopathy
4

Scalp cancer 2
Soft-tissue sarcoma 2
Unknown primary 2

GGOs, ground-glass opacities; GGNs, ground-glass nodules.
a As originally provided by healthcare provider in radiology order entry

system.

Table 3
Demographics of study cohort.

Characteristic Benign
GGOs (n¼106)

Malignant
GGOs (n¼21)

p-Value

Gender
Male 59 9 0.34
Female 47 12

Age (years�SD) 59�16 72�9 0.0002
Smoker (current/former)
Yes 67 16 0.32
No 39 5

History of lung cancer
Yes 30 18 <0.0001
No 76 3

History of other cancer
Yes 71 2 <0.0001
No 35 19

GGOs, ground-glass opacities.
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the upper lobes compared to 57% (60/106) of benign GGOs
occurring in the upper lobes (p¼0.0088). There was a sig-
nificant difference in morphology between malignant and
benign GGOs, with 95% (20/21) of malignant GGOs exhib-
iting a nodular appearance (GGNs), compared to 45% (48/
106) of benign GGOs (p<0.0001). Conversely, only 5% (1/21)
of malignant GGOs exhibited a non-nodular appearance,
compared to 55% (58/106) of benign GGOs. There was no
significant difference in the mean and standard deviation of
attenuation between malignant and benign GGOs.

The mean SUVmax was significantly higher for benign
than malignant GGOs (p¼0.0017; Figs 5 and 6). The same
result was found for mean SUVmaxcorr (normalised for liver),
Table 2
Criteria used to determine benignity versus malignancy of the GGOs and numbe

Final diagnosis How diagnosis was made

Benign (n¼106) Resolved
Decreased in size and attenuation from a prior stu
New (�1 cm) within 3 months
Stable for �60 months
Imaging features evolved in a manner consistent w

Malignant (n¼21) Increase in size over a >6 month interval
Increase in attenuation over a >6 month interval
Biopsy/resection

GGOs, ground-glass opacities.
with even greater statistical significance (p¼0.0001). The
mean SUVmax for benign GGOs was 1.61, with a range of
0.3e8.8. The mean SUVmax for malignant GGOs was 0.76,
with a range of 0.48e1.5 (p¼0.0017). An SUVmax cut-off of
�1.5 yielded a sensitivity for malignancy of 100% and a
specificity of 31%. Only 14% (3/21) of the malignant GGOs
had an SUVmax >1.

Analysis of the GGN subgroup again revealed the mean
SUVmax and SUVmaxcorr (normalised for liver) to be significantly
higher for benign than malignant GGNs (p¼0.03 and
p¼0.0048, respectively). The mean SUVmax for benign
GGNs was 1.47 (range 0.3e8.8) and the mean SUVmax for
malignant GGNs was 0.73 (range 0.48e1.50). Table 4 sum-
marises the PET/CT imaging findings pertinent to benign
and malignant GGOs/GGNs.
Discussion

Radiologists and other healthcare providers often rely
upon 18FDG-PET/CT imaging to distinguish malignant from
benign pulmonary nodules, guiding clinical management
toward or against diagnostic intervention, with high SUV-
max numbers widely interpreted as favouring malignancy.
More recent studies have shown benign subsolid nodules to
demonstrate greater 18F-FDG avidity than malignant sub-
solid nodules, but did not distinguish part-solid nodules
from pure GGNs in their analysis.19e21 The present study
examines and compares the 18F-FDG avidity of benign and
r and percentage of GGOs meeting each of these criteria.

No. of GGOs (%)

79 (75%)
dy over 3 months or longer 2 (2%)

13 (12%)
4 (4%)

ith interstitial lung disease or radiation fibrosis 8 (8%)
13 (62%)
5 (24%)
3 (14%)



Figure 5 A 51-year-old man with a history of head and neck cancer and (a) an 18 mm mean diameter GGN in the right lower lobe on axial CT
(arrow). (b) Corresponding FDG-PET image demonstrates intense FDG uptake (SUVmax ¼ 8.8; arrow). (c) This GGN resolved on follow-up CT 3
months later, in the absence of therapy and was deemed benign.

Figure 6 A 64-year-old woman with a history of breast cancer and (a) an 11 mm mean diameter, GGN in the left upper lobe on axial CT (arrow).
(b) Corresponding FDG-PET image demonstrates minimal FDG uptake (SUVmax ¼ 0.8; arrow). This GGN was resected and proven malignant.
Primary lung adenocarcinoma was confirmed at histopathology.
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malignant pure GGOs (nodular and non-nodular) exclu-
sively, using the more clinically practical and widely
accepted Fleischner definition, rather than histograms, to
classify a pulmonary opacity as ground glass.

In the present study cohort, which included patients
with any indication for PET/CTon a single system in the year
2011, the mean SUVmax of GGOs and the GGN subgroup
was significantly higher for benign than malignant GGOs/
GGNs. In fact, all GGOs and subgroup GGNswith an SUVmax
>1.5 were benign. Conversely, no malignant GGO exceeded
an SUVmax of 1.5. If the originally cited and later discounted
2.5 threshold for malignancy8e11 had been used in the
present study, all benign GGOs and subgroup GGNs would
have been misclassified as malignant.

This paradoxical finding corroborates that of Wu et al.,
who reported an SUVmax of 1.04�0.43 in their smaller
sample size of malignant pure GGNs (n¼10)14 and validates
the work of Chun et al.;20 however, the present study had a
larger sample size and employed the standard definition of
a GGO, used in daily clinical practice, rather than histogram
analysis. Histogram analysis risks inclusion of part-solid
nodules in a ground-glass cohort, based on reference to
the figures and legends of the paper,23 which provided the
methodology for use of histograms in Nomori et al.19 and
Chun et al.20

Reflection on this seeming paradox of benign pure
GGOs/GGNs exhibiting greater FDG avidity than their
malignant counterparts reveals it not to be a paradox at all.
Given the notorious indolence of malignant GGNs, with
doubling times of 1.5e3 years,28,29 it is quite credible that
inflammatory ground-glass lesions are typically more
metabolically active than their malignant counterparts.
Awareness of this finding may prevent misinterpretation
of highly 18FDG-avid pure GGOs/GGNs as malignant, which
could lead to unnecessary thoracic intervention and its
associated risks.



Table 4
Imaging features of pure ground-glass opacities (GGOs), including pure
ground-glass nodules (GGN) subgroup, in study cohort on combined 2-[18F]-
fluoro-2-deoxy-D-glucose (18FDG) positron-emission tomography/computed
tomography (PET/CT).

Characteristic Benign
Total GGOs: n¼106;
GGN subgroup: n¼48

Malignant
Total GGOs: n¼21
GGN subgroup: n¼20

p-Value

Mean size (mm)a

GGO 25.1�15.3 13.6�3.7 <0.0001
GGN subgroup 18.3�7.9 13.7�3.9 0.0112

Lobe
RUL 37 1
RML 10 1
RLL 24 3
LUL 23 12
LLL 12 4 0.0088

Morphology
Nodular (GGN) 48 20
Non-nodular 58 1 <0.0001

Attenuation value (mean)a

GGO �548.8�131.5 �542.7�154.3 0.93
GGN subgroup �528.8�137.2 �539.1�157.4 0.75

SUVmaxa

GGO 1.61�1.49 0.76�0.29 0.0017
GGN subgroup 1.47�1.49 0.73�0.26 0.03

SUVmaxcorr (normalised for liver)
a

GGO 0.75�0.64 0.33�0.13 0.0001
GGN subgroup 0.7�0.68 0.33�0.13 0.0048

RUL ¼ right upper lobe, RML ¼ right middle lobe, RLL ¼ right lower lobe,
LUL ¼ left upper lobe, LLL ¼ left lower lobe, SUVmaxcorr ¼ corrected
SUVmax, mean � SD ¼ mean � one standard deviation, SUVmaxcorr (nor-

malised for liver)
a.

a Mean�SD.
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The present study also found that GGOs �1 cm in mean
diameter, with nodular (GGN), rather than non-nodular,
morphology have a high statistical likelihood of malig-
nancy; that malignant GGOs more typically occurred in the
upper lobes than benign GGOs; and that a history of lung
cancer, and, independently, advanced age conferred a
higher likelihood of malignancy to a GGO; however, a his-
tory of smoking did not.

The present results further corroborate the value of dis-
tinguishing nodular from non-nodular GGOs in terms of
predicting benignity and malignancy. Such a distinction has
been proven possible by both standard and low-dose chest
CT.30e32

Limitations

Limitations to this study include its retrospective nature,
which was largely countered by randomly sorted, blinded
examination of all chest PET/CT examinations performed
for any indication (not just those referred for pulmonary
nodule evaluation) on a single PET/CT system in the year
2011, after the above-specified exclusions. Use of a single
system facilitated a consistent product, including a 1.5 mm
thin section series. Second, in most cases, determination of
benign or malignant diagnosis required deduction on the
basis of GGO/GGN behaviour over time, rather than histo-
pathology. Although the present conclusions would have
been more powerful had a greater number of incontestably
proven cancers been included, this was not possible
because, in clinical practice, most GGNs undergo surveil-
lance, rather than biopsy, until they declare themselves as
likely cancers by development of a solid component or an
at least part-solid appearance. The recently updated,
evidence-based 2017 Fleischner Society guidelines for the
management of pulmonary nodules state that both pure
GGNs and part-solid nodules of any size which have been
stable for 5 years require no further imaging follow-up,
inferring the benignity of these nodules. This criterion for
benignity was employed in the present study. The present
use of rapid development of a �1cm mean diameter GGO/
GGN over 3 months as a criterion for benignity was based
on studies showing a very slow mean volume doubling
time (VDT) of malignant GGOs, including a study of ade-
nocarcinomas presenting as GGOs of 813 days28 and
another study showing the VDT of 567�168 days for
bronchioloalveolar carcinoma (as it was called at the time
of that study) and 384�212 days for adenocarcinoma with
bronchioloalveolar carcinoma components.29 Third, the
number of malignant, as opposed to benign, GGNs in the
present cohort was relatively small (20 versus 48, respec-
tively). It would not have been appropriate, however, to
enhance this number artificially by eliminating random-
isation, hand-selecting patients, or including more than
one CT examination of a given patient in the year 2011,
because it would have risked artificially weighting the data.
Despite the small sample size of this cohort, many results
achieved statistical significance, substantiating sufficient
statistical power. Fourth, data clustering is another possible
limitation, because up to five GGOs per patient were
included. A statistical method, such as a generalised esti-
mating equation approach, was not used to manage these
issues; however, because some patients had a mixture of
malignant and benign GGOs. In addition, studies have
suggested that multifocal adenocarcinomas behave in an
independent manner,33,34 mitigating this issue. Last, while
100% of the malignant GGNs exhibited an SUVmax �1.5 in
the present study, validation in another cohort would be
needed before employing this SUVmax threshold in any
way other than a rough guide in clinical practice. The year
2011 was chosen for this investigation, rather than later
years, to assure potential of 5 years of follow-up for every
GGO. Earlier years could not be studied because thin 1.5
mm slices were not standard in the diagnostic PET/CT
protocol before 2011.

In conclusion, the results of this investigation highlight
a potential risk of FDG-PET imaging misinterpretation,
which has previously not been fully considered in the
context of pure GGOs/GGNs, related to higher metabolic
activity of inflammatory lesions and the lower metabolic
activity of indolent lung cancer. When employing this
concept in clinical practice, it is critical that the Fleischner
definition of GGOs be strictly adhered to and supple-
mented by good clinical judgment. This study suggests
that the greater the 18FDG-PET avidity of a pure GGO, or
pure GGN more specifically, the more likely it is to be
benign. Further validation in a larger study population
would be helpful.
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