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Abstract
Purpose: We investigated the role of [18F]-FDG positron-emission tomography/computed tomography
(PET/CT) in evaluating ground-glass nodules (GGNs) by visual analysis and tissue fraction correction.

Methods: A total of 40 pathologically con�rmed ≥1-cm GGNs were evaluated visually and semi-
quantitatively. [18F]-FDG uptake of GGN distinct from background lung activity was considered positive in
visual analysis. In semi-quantitative analysis, we performed tissue fraction correction for the maximum
standardised uptake value (SUVmax) of GGN.

Results: Of 40 GGNs, 25 (62.5%) were adenocarcinomas, 9 (22.5%) were minimally invasive
adenocarcinomas (MIAs), and 6 (15%) were adenocarcinomas in situ (AIS). On visual analysis,
adenocarcinoma showed the highest positivity rate among the three pathology groups (88.0%, 44.4%,
16.7%, respectively). Both SUVmax and tissue fraction corrected SUVmax (SUVmaxTF) were in order of
adenocarcinoma > MIA > AIS (p = 0.033 and 0.018, respectively). SUVmaxTF was signi�cantly higher than
SUVmax before correction (2.4 [1.9–3.0] vs. 1.3 [0.8–1.8], p < 0.001). When using a cut-off value of 2.5, the
positivity rate of GGNs was signi�cantly higher in SUVmaxTF than in SUVmax (50.0% vs. 5.0%, p < 0.001).

Conclusions: Tissue fraction correction and visual analysis increased the diagnostic sensitivity of [18F]-
FDG PET/CT in predicting malignancy of lung GGN.

Introduction
With the development of thin section and high-resolution chest computed tomography (CT) [1-3], the
detection rate of ground-glass nodules (GGN) has also been increasing. Lesions of various aetiologies
can be seen as GGNs, representatively benign lesions such as in�ammatory diseases, focal
haemorrhages, �broses and precancerous lesions, such as atypical adenomatous hyperplasia. Also,
malignancies, such as adenocarcinoma in situ (AIS), minimally invasive adenocarcinoma (MIA), and
some invasive adenocarcinomas have been reported as GGNs [4-6].

[18F]-�uorodeoxyglucose (FDG) positron-emission tomography/computed tomography (PET/CT) is
known to have high sensitivity and speci�city in differentiating benign and malignant solid lung nodules
[7-9]. Therefore, [18F]-FDG] PET/CT is strongly recommended as a method to evaluate a single solid lung
nodule according to the Fleischner Society 2017 Guidelines [10]. However, the role of [18F]-FDG PET/CT in
evaluating a subsolid nodule remains unclear [11-13].

Several studies have shown that non-small cell lung cancer (NSCLC) expressed as subsolid nodules has
lower [18F]-FDG uptake than other types of NSCLC. In particular, the false-negative rate of a malignant
pure GGN has been reported as high as 90–100% [13-16]. One of the reasons for the low [18F]-FDG uptake
of malignant subsolid nodules is that [18F]-FDG is not distributed in the air portion within the nodule,
which may underestimate the [18F]-FDG uptake of the solid portion.
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Lambrou et al. presented a method to correct the air fraction of the lung by measuring the Houns�eld
units (HUs) in interstitial lung disease. The air fraction may be heterogeneous depending on the severity
of interstitial lung disease, so it was intended to correct this effect on [18F]-FDG uptake [17]. If this method
is applied to pure GGNs, it can be expected to measure the [18F]-FDG uptake of the solid portion of the
nodule, excluding the air fraction.

The study aim was to investigate the role of [18F]-FDG PET/CT in evaluating GGNs and determine if
tissue fraction correction is helpful for interpreting [18F]-FDG uptake.

Materials And Methods
Subjects

This study was approved by the Institutional Review Board (IRB) of Kangnam Sacred Heart Hospital (IRB
no. 2021-05-026) and Hallym Sacred Heart Hospital (IRB no. 2021-08-032). The IRB waived informed
consent of this retrospective study. Among the patients with pure GGNs ≥ 1 cm on chest CT at Kangnam
Sacred Heart Hospital from June 2012 to December 2020 and Hallym University Sacred Heart Hospital
from November 2013 to December 2020, we analysed those who underwent [18F]-FDG PET/CT within 90
days (Figure 1). The patient’s age at diagnosis, sex, smoking history, date of chest CT, date of PET/CT,
date and method of pathological con�rmation, and �nal pathology were obtained from electronic medical
records. The size and location of GGNs were obtained through chest CT. All patients were pathologically
con�rmed. Due to the slow-growing tendency of GGNs, their benign or malignant nature was not
determined by imaging follow-up.

PET/CT imaging protocol

We acquired [18F]-FDG PET/CT images under the following conditions. Before PET/CT, the patient fasted
for >6 hours and was injected with 5.18 MBq/kg (0.14 mCi/kg) of [18F]-FDG. The blood glucose level was
controlled to be <8.33 mmol/L (150 mg/dL). PET/CT images were acquired approximately 60 minutes
after [18F]-FDG injection on a Gemini TF 16 PET/CT scanner (Philips Healthcare) and Gemini TF 64
PET/CT scanner (Philips Healthcare). After the initial low-dose CT (120 kVp, 50 mAs, 4-mm slice
thickness) scan, PET images were obtained in 3D mode from the skull base to mid-thigh at 7–10 beds, 2
minutes each. The PET images were reconstructed by using the 3D row-action maximum likelihood
algorithm and the iterative ordered subsets expectation maximisation algorithm (3 iterations, 33 subsets,
no �ltering), and CT-based attenuation correction was performed. Kangnam Sacred Heart Hospital and
Hallym University Sacred Heart Hospital used PET/CT scanners with the same PET resolution and
followed the same PET/CT imaging protocol.

PET/CT image analysis
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Two experienced nuclear medicine board-certi�ed physicians (S.H.L, H.J.S) performed visual analysis.
The GGN was considered positive if there was [18F]-FDG uptake distinct from background lung activity,
otherwise, it was considered to be negative. If the results were discordant, the two physicians reviewed
them together to reach a consensus.

For semi-quantitative analysis, the maximum standardised uptake value (SUVmax) was measured on a
workstation (Advantage Workstation 4.7, GE Healthcare) by placing a volume of interest over each GGN.
For tissue fraction correction of SUVmax, we made the following assumptions:

 1) By adopting the method of Lambrou et al., the SUV of the solid portion within the GGN can be
obtained by excluding the air fraction in which [18F]-FDG is not distributed.

 2) This study was conducted on pure GGNs only, and we assumed that the density within a GGN was
homogeneous.

The formula for SUVmax correction by Lambrou et al. is as follows:

1) The tissue fraction of the GGN is k, and the air fraction is (1 − k).

2) The HU of a GGN (HUGGN) can be expressed as follows.

 HUGGN = k HUTissue + (1 − k) HUAir

3) Converting to the expression for k, we get:

k = (HUGGN − HUAir) / (HUTissue − HUAir)

4) We assumed that the HU of the lung tissue fraction of the GGN would be similar to that of other solid
organs, such as the liver, so we assigned a value of 50 to HUTissue. HUAir is -1000. The HUGGN of each GGN
was measured on low-dose precontrast CT images of PET/CT because many patients had only enhanced
chest CT images.

5) If SUVmax is divided by k, the tissue fraction corrected SUVmax (SUVmaxTF) excluding the air fraction
can be obtained.

SUVmaxTF = SUVmax / k

We set the cut-off value of SUVmax and SUVmaxTF to 2.5, which is commonly used [18].

Statistical analysis

The Kruskal–Wallis test was performed for age at diagnosis, the interval between chest CT and PET/CT,
the interval between PET/CT and pathological con�rmation, GGNs size, HU, SUVmax and SUVmaxTF of the
nodule. Fisher’s exact test was performed for the patient’s sex, smoking history, pathological con�rmation
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method, percentage of nodules with SUVmax and SUVmaxTF > 2.5, and the visual positivity rate in each
pathological group. The Wilcoxon signed-rank test was performed to determine the signi�cance of
changes in SUVmax when tissue fraction correction was performed in each pathology group. The
McNemar test was performed to see if the number of GGNs with an SUVmax of ≥ 2.5 showed a
signi�cant increase when tissue fraction correction was performed. A p-value of <0.05 was considered to
be indicative of statistical signi�cance. Statistical analyses were performed by using IBM SPSS Statistics
for Windows (Version 27., IBM Corp. Armonk, NY, USA) and VassarStats (http://www.vassarstats.net).
The post-hoc test was performed with Bonferroni correction.

Results
A total of 38 patients were enrolled at Hallym University Sacred Heart Hospital (n = 29), Kangnam Sacred
Heart Hospital (n = 9), and a total of 40 GGNs (36 patients with one GGN, two patients with two GGNs)
were classi�ed according to their pathology. Of the total 40 GGNs, 25 were adenocarcinomas, 9 were
MIAs and 6 were AISs. Among these pathology groups, there were no signi�cant differences in age, sex,
smoking history, nodule size, HU, the interval between chest CT and [18F]-FDG PET/CT, the interval
between [18F]-FDG PET/CT and pathological con�rmation, and pathological con�rmation method (Table
1).
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Table 1
Patients’ characteristics

Characteristics n = 38

Age at diagnosis, year, median (Q1–Q3) 64.0 (59.0–68.0)

Sex  

Male, n (%) 13 (34.2%)

Female, n (%) 25 (65.8%)

Smoking history  

Current smoker, n (%) 3 (7.9%)

Former smoker, n (%) 0 (0.0%)

Non-smoker, n (%) 35 (92.1%)

Reason for [18F]-FDG PET/CT  

For ground-glass nodule evaluation 35 (92.1%)

For other malignancy evaluation 3 (7.9%)

Interval between CT and [18F]-FDG PET/CT, days, median (Q1–Q3) 17.5 (11.5–24.8)

Interval between [18F]-FDG PET/CT and biopsy, days, median (Q1–Q3) 5.0 (2.0–10.5)

Q1, 25th percentile; Q3, 75th percentile

The chest CT and [18F]-FDG PET/CT characteristics in each pathology group are shown in Table 2. In
visual analysis, the positivity rate was 88.0% (highest) for adenocarcinoma, 44.4% for MIA, and 16.7%
(lowest) for AIS. In the post-hoc test, there was a signi�cant difference in positivity rates between
adenocarcinoma and AIS (p = 0.002). Both before and after tissue fraction correction, the SUVmax values
were in the order of adenocarcinoma > MIA >AIS, with a signi�cant difference between adenocarcinoma
and AIS (p = 0.012, p = 0.008, respectively). After tissue fraction correction, the median SUVmax was

increased by 84.6% (p < 0.001), and the positivity rate of [18F]-FDG PET/CT, with an SUVmax cut-off value
of 2.5, also increased signi�cantly from 5.0–50.0% (p < 0.001). Representative cases are shown in
Figures 2 and 3.



Page 7/16

Table 2
Characteristics of the chest CT and [18F]-FDG PET/CT �ndings

Characteristics Adenocarcinoma
(n = 25)

MIA (n = 9) AIS (n = 6) Total (n =
40)

p

Size of nodule, mm,
median (Q1–Q3)

19.0 (15.0–23.0) 13.3 (10.0–
20.0)

14.7 (12.0–
16.8)

16.8 (12.0–
23.0)

0.125

Houns�eld unit,
median (Q1–Q3)

−436.6 (−528.5
to −377.0)

−410.5
(−630.5 to
−313.0)

−576.9
(−630.5 to
−435.2)

−437.2
(−598.4 to
−378.5)

0.406

Method for
pathological
con�rmation

        0.227

Needle biopsy, n (%) 7 (28.0%) 0 (0.0%) 1 (16.7%) 8 (20.0%)  

Surgical con�rmation,
n (%)

18 (72.0%) 9 (100.0%) 5 (83.3%) 32 (80.0%)  

Location         N/A

Right upper lobe, n (%) 9 (36.0%) 3 (33.3%) 4 (66.7%) 16 (40.0%)  

Right middle lobe, n
(%)

0 (0.0%) 3 (33.3%) 1 (16.7%) 4 (10.0%)  

Right lower lobe, n (%) 3 (12.0%) 0 (0.0%) 0 (0.0%) 3 (7.5%)  

Left upper lobe, n (%) 6 (24.0%) 2 (22.1%) 0 (0.0%) 8 (20.0%)  

Left lower lobe, n (%) 7 (28.0%) 1 (11.1%) 1 (16.7%) 9 (22.5%)  

Histological subtype         N/A

Lepidic predominant,
n (%)

16 (64%) 9 (100.0%) 3 (50.0%) 28 (70.0%)  

Acinar predominant, n
(%)

4 (16%) 0 (0.0%) 0 (0.0%) 4 (10.0%)  

Mixed lepidic and
acinar, n (%)

3 (12%) 0 (0.0%) 0 (0.0%) 3 (7.5%)  

Papillary predominant,
n (%)

1 (4%) 0 (0.0%) 0 (0.0%) 1 (2.5%)  

Uncon�rmed, n (%) 1 (4%) 0 (0.0%) 3 (50.0%) 4 (10.0%)  

AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; Q1, 25th percentile; Q3, 75th
percentile; SUVmax, maximum standardised uptake value; SUVmaxTF, tissue fraction corrected SUVmax

*P < 0.05 was considered statistically signi�cant.
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Characteristics Adenocarcinoma
(n = 25)

MIA (n = 9) AIS (n = 6) Total (n =
40)

p

Visual analysis of
[18F]-FDG PET/CT

        0.001*

Positive, n (%) 22 (88.0%) 4 (44.4%) 1 (16.7%) 27 (67.5%)  

Semiquantitative
analysis of [18F]-FDG
PET/CT

         

SUVmax, median (Q1–
Q3)

1.3 (1.1-1.8) 1.1 (0.7-1.8) 0.6 (0.5-0.9) 1.3 (0.8-1.8) 0.033*

SUVmaxTF, median
(Q1–Q3)

2.6 (2.2-3.1) 2.2 (1.9-2.9) 1.6 (1.5-1.7) 2.4 (1.9-3.0) 0.018*

SUVmax ≥ 2.5, n (%) 2 (8.0%) 0 (0.0%) 0 (0.0%) 2 (5.0%) 0.990

SUVmaxTF ≥ 2.5, n (%) 15 (60.0%) 4 (44.4%) 1 (16.7%) 20 (50.0%) 0.195

AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; Q1, 25th percentile; Q3, 75th
percentile; SUVmax, maximum standardised uptake value; SUVmaxTF, tissue fraction corrected SUVmax

*P < 0.05 was considered statistically signi�cant.

Discussion
This appears to be the �rst study to attempt evaluating [18F]-FDG uptake by correcting tissue fraction in
malignant pure GGNs. Tissue fraction correction was �rst introduced by Lambrou et al. to exclude the
effect of heterogeneous density in measuring lung [18F]-FDG uptake in patients with interstitial lung
disease [17]. We thought that FDG uptake, excluding the air fraction of GGN, could be measured by
applying Lambrou’s method because GGNs contain a high air fraction, and the density varies among
GGNs. However, it was not known which value was appropriate to apply to HUTissue in the formula.
However, we assumed that the tissue fraction constituting GGN would have a similar density to that of
other solid organs, such as the liver, so we applied 50 as done by Bondue et al. [19]. As we expected, when
this method was applied, SUVmaxTF increased the sensitivity of detecting a malignant pure GGN, and
adenocarcinoma expressed as GGNs showed high sensitivity on both visual analysis (88.0%) and semi-
quantitative analysis after tissue fraction correction (60.0%).

The pure GGNs enrolled in this study were con�rmed to be adenocarcinoma, MIA and AIS in pathological
analysis. Travis et al. reclassi�ed lung adenocarcinoma in 2011. AIS, formerly called bronchioloalveolar
carcinoma, is a small localised adenocarcinoma of <3 cm characterised by lepidic growth along with the
alveolar structure. If a nodule has papillary, micropapillary, solid growth pattern, or in�ltration into
myo�broblastic stroma with an invasion of <5 mm, it is classi�ed as an MIA. If there is an invasion of >5
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mm, invasion of lymphatics, blood vessels, pleura or presence of tumour necrosis, the nodule is classi�ed
as an invasive adenocarcinoma [20]. Therefore, the invasiveness is in the order of adenocarcinoma > MIA
> AIS. Similarly, our study showed [18F]-FDG positivity, SUVmax, and SUVmaxTF for each in the order of

adenocarcinoma > MIA > AIS. Therefore, we think that [18F]-FDG PET/CT re�ects the histological
invasiveness of GGN.

In other studies, the false negativity rate of malignant pure GGN has been reported as high as 90–100%
[13-16], which is thought to be because of the high proportion of <1-cm nodules [13, 21] or the strict
criterion of [18F]-FDG uptake positivity (a SUVmax ≥ 2.5 [14] or a higher [18F]-FDG uptake than that of
mediastinal blood pool activity [15]). To avoid high false negativity rates due to small size or a high
standard of positive criteria, we evaluated only pure >1-cm GGNs and set the positivity criteria to be [18F]-
FDG uptake higher than background lung activity in visual analysis. As a result, the positivity rate of
visual analysis was 67.5% (88.0% for adenocarcinoma), whereas the positivity rate was very low at 5%,
as in other studies when the SUVmax 2.5 was set as the cut-off. When the tissue fraction was corrected,
the sensitivity increased by 50.0% (60.0% for adenocarcinoma) despite that a high SUVmax cut-off of 2.5
was applied, which is higher than previous studies.

Vesselle et al. reported different mean SUVmax values according to the histology of lung cancer (large cell,
12.6 ± 5.5; squamous, 11.7 ± 4.5; adenocarcinoma, 9.2 ± 5.8; bronchioloalveolar carcinoma, 3.2 ± 1.7)
[22]. In our study, invasive adenocarcinoma showed a relatively low SUVmax after the tissue fraction
correction (mean SUVmaxTF = 3.2 ± 2.4). According to Yoshizawa et al., among the subtypes of invasive
adenocarcinoma divided by their growth patterns, solid- and micropapillary type adenocarcinomas
showed poor prognosis, with a 5-year disease-free survival of 67–76%. On the other hand, acinar,
papillary, and lepidic types showed 5-year disease-free survivals ranging from 83–90%, with intermediate
clinical behaviour [23]. These growth patterns are known as stage-independent prognostic indicators [24],
and Moon et al. reported that no micropapillary or solid components were found in pure GGNs [25]. In our
study, in 36 GGNs with con�rmed histological subtypes out of 40 GGNs, the most common lepidic
predominant type was 70%, followed by acinar predominant, mixed lepidic and acinar and papillary
types. Only two GGNs contained a tiny proportion of micropapillary type (<5% of cancer lesions). Not a
single GGN showed a solid component. Due to these differences in histological subtypes, the SUVmax

may have been lower than solid lung cancer even with tissue fraction correction. In addition, it is well
known that the growth rate is lower for GGNs than solid nodules or mixed GGNs. According to Hasegawa
et al., the median volume doubling time of pure GGNs is about 831 days, which is much longer than that
for mixed GGNs (about 457 days), suggesting that pure GGNs are relatively indolent [26]. Slow-growing
tumours are thought to have a low metabolic demand because of a low number of metabolically active
malignant cells [11, 27], which may also be one of the reasons why the SUVmax was low even after the
tissue fraction was corrected.

McDermott et al. reported that the mean SUVmax of 21 malignant GGNs was 0.8 ± 0.3, which is even
lower than that of 106 benign GGNs (1.6 ± 1.5, p = 0.002) [28]; however, malignant GGNs showed a mean
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SUVmax of 1.5 ± 1.2 in our study, which is signi�cantly higher than in their study (p = 0.011). We
performed a biopsy on all 40 malignant GGNs, whereas McDermott et al. performed biopsy con�rmation
on only 3 out of 127 GGNs. Consequently, it is di�cult to understand the discrepancy between the two
studies clearly. If McDermott et al. included many malignant GGNs with low [18F]-FDG uptakes, such as
AIS and MIA, it is possible to show such low [18F]-FDG uptake of malignant GGNs.

In general, CT attenuation, presenting as GGNs, is known to be higher for invasive adenocarcinoma than
for the precursor [29, 30]. Recent studies have reported that the SUVmax positively correlates with the size,
cellularity, and aggressiveness of the lesion but negatively correlates with the percentage of ground-glass
opacity [20, 23, 27, 31-33]. In our study, there was no signi�cant difference in HUs between the three
pathology groups, but signi�cant differences were found in the SUVmax and SUVmaxTF. Thus, [18F]-FDG
PET/CT may be more helpful in analysing GGNs than HU.

This study had several limitations. First, there was no benign lesion among the GGNs included in this
study, so speci�city could not be calculated. Due to the slow-growing nature of GGNs, it was hard to
determine whether or not a nodule was benign by imaging follow-up. Second, respiratory gating was not
performed. If misregistration occurred, we then performed visual analysis and semi-quantitative analysis,
assuming that the visually discernible [18F]-FDG uptake near the GGN was the [18F]-FDG uptake of the
GGN. However, [18F]-FDG uptake could have been underestimated due to inaccurate attenuation
correction.

Conclusions
Tissue fraction correction and visual analysis increased the sensitivity of predicting the malignancy of
pure GGNs on [18F]-FDG PET/CT.
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Figures

Figure 1

Flow diagram of patient enrolment
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Figure 2

Example of adenocarcinoma A 58-year-old woman with a 20-mm ground-glass nodule shown on chest
CT (a) with visually positive [18F]-FDG uptake (b, c). The HU of the nodule is −436, and the SUVmax
increased from 1.99 to 3.70 after tissue fraction correction, which is higher than the cut-off value of 2.50.
The nodule is diagnosed as adenocarcinoma after surgery
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Figure 3

Example of adenocarcinoma in situ A 60-year-old woman with a 17-mm ground-glass nodule shown on
chest CT (a) with visually negative [18F]-FDG uptake (b, c). The HU of the nodule is −644, and the
SUVmax increased from 0.52 to 1.53 after tissue fraction correction, which is lower than the cut-off value
of 2.50. The nodule is diagnosed as adenocarcinoma in situ after surgery


