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Background: To explore the association between the glucose metabolism level of lung ground-glass 
nodules (GGNs), as revealed by 18F-flurodeoxyglucose positron emission tomography/computed tomography 
(18F-FDG PET/CT) imaging, and the invasive pathological growth pattern of early lung adenocarcinoma.
Methods: We retrospectively analyzed patients who underwent PET/CT examination and surgical 
resection due to persistent GGNs, which were confirmed to be early lung adenocarcinoma by postoperative 
pathology examination. After adjusting for confounding factors and performing stratified analysis, we 
explored the association between the maximum standard uptake value of PET (SUVmax) and the invasive 
pathological growth pattern of early stage lung adenocarcinoma.
Results: The proportions of invasive adenocarcinoma (INV) in the SUVmax of Tertile 1, Tertile 2, and 
Tertile 3 were 52.7%, 73.3%, and 87.1%, respectively. After adjusting for potential confounding factors, the 
risk of INV gradually increased as the GGN SUVmax increased [odds ratio (OR): 1.520, 95% confidence 
interval (CI): 1.044–2.213, P=0.029]. This trend was statistically significant (OR: 1.678, 95% CI: 1.064–
2.647, P=0.026), especially in Tertile 3 vs. Tertile 1 (OR: 4.879, 95% CI: 1.349–17.648, P=0.016). Curve 
fitting showed that the SUVmax and INV risk were linearly and positively associated. The association was 
consistent in different subgroups based on GGN number, type, shape, edge, bronchial sign, vacuole sign, 
pleural depression sign, diameters, and consolidation-to-tumor ratio, suggesting that there was no significant 
interaction between different grouping parameters and the association (P for interaction range = 0.129–0.909).
Conclusions: In FDG PET, the glucose metabolism level (SUVmax) of lung GGNs is independently 
associated with INV risk, and this association is linear and positive.
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Introduction

Lung adenocarcinoma is the most common and aggressive 
subtype of lung cancer, with the highest heterogeneity (1). 
Ground-glass nodules (GGNs) are generally considered 

to be an indolent subtype of early lung adenocarcinoma, 
which has a specific follow-up and treatment strategy (2). 
According to the new classification of lung adenocarcinoma 
proposed in 2011 by the International Association for the 
Study of Lung Cancer, the American Thoracic Society, 
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and the European Respiratory Society (IASLC/ATS/
ERS) (3), as well as the World Health Organization’s 
Classification of Lung Tumors in 2015 (4), lepidic 
predominant pulmonary lesions (including adenocarcinoma 
in situ, minimally invasive adenocarcinoma (INV), and 
non-mucinous lepidic predominant adenocarcinoma) 
often exhibit a better prognosis. This type of pulmonary 
l e s i o n  r a r e l y  e x h i b i t s  m e d i a s t i n a l  l y m p h  n o d e  
metastasis (2), and the 5-year disease-free survival rate can 
reach 93.8% (5). In contrast, invasive lung adenocarcinoma 
(acinar, papillary, micropapillary, and solid predominant 
INV) has a 5-year disease-free survival rate of 40–85% 
(5,6). Therefore, accurate and non-invasive identification 
of the histopathological subtypes and growth patterns of 
early lung adenocarcinoma can improve the prediction of 
patient prognosis and help design optimal management and 
treatment plans for GGNs.

Previous studies (7-9) have attempted to use the 
conventional computed tomography (CT) morphological 
parameters of GGNs (such as lesion size, morphology, 
boundary, CT attenuation value, solid component ratio, 
etc.) to predict the invasive growth pattern of early lung 
adenocarcinoma; however, the efficacy of this approach 
was unsatisfactory. A meta-analysis (10) found that the 
sensitivity and specificity of using CT image features to 
evaluate the invasiveness of GGNs were only 0.41–0.52 
and 0.56–0.63, and the area under the receiver operating 
characteristic (ROC) curve (AUC) was only 0.60–0.67. 
Our previous study also confirmed that early lung 
adenocarcinoma pathological growth pattern could not be 
identified by conventional CT morphological parameters 
alone (11).

A l t e r e d  m e t a b o l i s m  i s  a  h a l l m a r k  o f  c a n c e r. 
18F-flurodeoxyglucose (18F-FDG) is a glucose analog, and 
its standard uptake value (SUV) in FDG positron emission 
tomography (PET) is closely related to the proliferation, 
invasion, progression, and metastasis of malignant 
tumors (12). Previous studies have shown that the GGN-
based early lung adenocarcinoma often exhibits low or 
no FDG uptake (13), and its incidence of lymph node 
or distant metastases is low (2,14). Thus, FDG PET has 
limited application for identifying GGN-based early lung 
adenocarcinoma. However, our previous study found that 
the glucose metabolism level of GGNs (such as SUVmax) 
in FDG PET could predict the invasiveness of early 
lung adenocarcinoma, with an AUC of 0.628 (11). These 
results raised questions regarding the association between 
GGN glucose metabolism and the pathological growth 

pattern of early lung adenocarcinoma, the strength of the 
association, as well as the existence of this association after 
adjusting for confounding factors (such as patient clinical 
data, CT image features of GGNs, etc.) and stratification 
analysis. To address these questions, we carried out this 
retrospective cohort study of 18F-FDG PET/CT to explore 
the association between GGN glucose metabolism and early 
lung adenocarcinoma invasiveness.

Methods

Clinical data 

We retrospectively analyzed patients who underwent PET/
CT and high-resolution computed tomography (HRCT) 
imaging due to lung nodules and received surgery at our 
hospital from November 2011 to March 2020. The surgical 
pathological classification was based on the IASLC/ATS/
ERS lung adenocarcinoma classification standard (3). 
According to previous literature, the enrolled patients were 
divided into a lepidic predominant pulmonary lesions (LPL) 
group and an INV group (15). 

The inclusion criteria were as follows: (I) imaging 
manifestation was GGN; (II) GGN diameter ≤3 cm; (III) 
PET/CT and focal continuous HRCT imaging were 
performed preoperatively; (IV) the surgery and PET/
CT, HRCT imaging were completed within 1 month; (V) 
all lesions were surgically removed, and the pathological 
data was complete; (VI) the nodules were confirmed 
to be carcinoma in situ or stage IA adenocarcinoma by 
postoperative pathological examination; and (VII) patients 
with no history of severe liver disease, diabetes, or tumor. 
The exclusion criteria were as follows: (I) poor image 
quality or the lesions were difficult to measure; and (II) 
patients who had previously received anti-tumor treatment. 

Patient information, including age, gender, smoking 
status, imaging characteristics, quantitative analysis results 
of PET/CT and HRCT, and postoperative pathology, were 
recorded. The study protocol followed the Declaration of 
Helsinki’s tenets and was approved by the Ethics committee 
of our hospital [(2018) KD 013]. The study flowchart is 
shown in Figure 1.

Imaging equipment and methods 

The Germany Siemens Biograph mCT [64] PET/CT 
scanner (Siemens Medical Solutions, Hoffman Estates, 
Illinois, USA) was used for 18F-FDG PET/CT imaging. 
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The imaging agent was 18F-FDG (JYAMS PET Research 
and Development Ltd, Nanjing, China, radiochemical 
purity>95%). The patients were fasted for at least  
6 hours before scanning, and 18F-FDG (3.70–5.18 MBq/kg)  
was injected intravenously after fasting blood glucose 
examination. The patients underwent a PET/CT scan 
after resting for 45–60 minutes in a quiet, warm, and dark 
environment. 

CT scanning utilized CareDose 4D technology (the 
tube current was automatically adjusted during the CT scan 
according to body shape, anatomical structure, and tissue 
density), with tube voltage 100 kV, screw pitch 0.8, bulb 
tube single layer rotation time 0.5 s, and layer thickness 
5 mm. PET scanning used three-dimensional mode; 
the scanning range was from the skull base to the upper 
femur, and the acquisition time was 2 min/bed. The Syngo 
TureD system (Siemens, Germany) was used for image 
reconstruction.

HRCT scanning was performed immediately after PET/
CT scanning with the patient holding their breath, and the 
scan area was the location of lung nodules. The scanning 
parameters were as follows: voltage 140 kV, tube current  
64 mAs, rotation time 0.5 s, pitch 0.6, and slice thickness 1.0 
mm. The reconstruction algorithms were as follows: B70f 
very sharp and B41f medium +; matrix, 512×512. The CT 
window was set as follows: lung window width 1,200 HU, 
window level −600 HU; mediastinal window width 350 HU, 
window level 40 HU.

Image analysis 

The SUVmax of the GGNs was used as the quantitative 
index of PET images. The measurement of GGN SUVmax 
was performed on the PET/CT (lung window) fusion 
image. We selected a circular region of interest (ROI) that 
completely covered the nodule, and the maximum SUVmax 
was measured layer by layer. When measuring the SUVmax, 
the image was magnified two times to reduce measurement 
errors, and the averaged value measured by two nuclear 
physicians was recorded. 

The HRCT qualitative indicators included the 
following: GGN number (single, multiple), location 
[peripheral (2/3 area outside the lung on cross-sectional 
CT image), center (1/3 area inside the lung on cross-
sectional CT image)], type [pure ground-glass nodules 
(pGGN), mixed ground-glass nodules (mGGN)], edge 
(smooth, lobulated), shape (circular/quasi-circular, 
irregular), bronchial sign, vacuole sign, pleural depression 
sign, and vessel convergence sign. 

The HRCT quantitative indicators included the 
following: (I) GGN diameter (DGGN, the long diameter of 
the largest cross-section of the nodule on lung window); 
(II) the diameter of the solid component in the GGNs 
(Dsolid, the long diameter of the largest cross-section of the 
solid component on lung window); (III) the proportion of 
solid components (consolidation/tumor ratio (CTR), the 
ratio of Dsolid to DGGN); (IV) the average Hounsfield Unit 
of ground-glass components in the GGNs (CTGGO, the 
average value was measured three times at different lung 
window levels using a circular ROI. Solid components, 
blood vessels, and the dilated bronchus and vacuoles inside 
the nodule were avoided); (V) the average Hounsfield Unit 
of normal lung parenchyma (CTLP, the average Hounsfield 
Unit of normal lung tissue around the GGNs. The average 
value was measured three times at different lung window 
levels using a circular ROI); and (VI) ΔCTGGO-LP (the 
difference between CTGGO and CTLP). When measuring 
the above indicators, the images were magnified 3–8 times 
to reduce measurement errors, and all data were recorded 
as the averaged measurement from two radiologists. 
Representative cases are shown in Figure 2.

Statistical analysis

Statistical analysis was performed using R3.4.3 (http://www.
R-project.org). Normally distributed data were expressed as 
mean ± SD, non-normally distributed data were expressed 

240 patients with persistent GGN who 
underwent PET/CT and HRCT scans

57 patients were excluded:
24 patients with GGN >30 mm in diameter;
26 patients without complete pathological 
data;
7 patients with history of malignant tumor

183 patients with 214 GGNs were 
include

22 pathological benign GGNs were excluded;
6 GGNs of AAH were excluded;
5 GGNs with unknown pathological growth 
pattern;
4 GGNs images were not good enough to for 
quantitative analysis

156 patients with 177 GGNs were 
analyzed

Figure 1 Flowchart of the study. GGN, ground-glass nodule; 
AAH, atypical adenomatous hyperplasia.
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Figure 2 Representative cases of lepidic predominant pulmonary lesions and invasive adenocarcinomas (two cases). (A-C) A 55-year-old 
female, adenocarcinoma in situ with lepidic growth pattern. (A) CT lung window image shows a pure ground-glass nodule with a diameter 
of 11.7 mm in the upper left lobe (triangular arrow); (B) PET/CT fusion image shows that the lesion SUVmax is 0.6 (triangular arrow); (C) 
pathological classification is adenocarcinoma in situ (left upper lobe), with lepidic-predominant growth pattern (hematoxylin-eosin staining, 
×200 magnification). (D-F) A 65-year-old, female, invasive adenocarcinoma with a papillary-predominant growth pattern. (D) CT lung 
window image shows a mixed ground-glass nodule with a diameter of 26.4 mm in the upper lobe of the right lung (arrow); (E) PET/CT 
fusion image shows that the lesion SUVmax is 4.3 (arrow); (F) pathological classification is moderately differentiated adenocarcinoma (right 
upper lobe), with a papillary-predominant growth pattern (hematoxylin-eosin staining, ×200 magnification).

as median P50 (P25, P75), and counting data/categorical 
variables were expressed as number or percentage. The 
intraclass correlation coefficient was used to analyze the 
consistency between two observers’ measurements. The 
chi-square test (categorical variable), single-factor analysis 
of variance (normally distributed continuous variable), and 
Kruskal-Wallis test (skew continuous variable) were used to 
analyze the differences between groups.

Univariate logistic regression analysis was used 
to calculate the relationship between the imaging 
characteristics of GGNs with different glucose metabolism 
levels and INV. Generalized linear models with a logit link 
were used to test whether the GGN glucose metabolism 
level (SUVmax) was an independent risk factor for INV. 
Exact and asymptotic methods were used to calculate 
unadjusted and adjusted estimates, respectively. Covariates 

were included as potential confounders in the final models 
if they changed the estimates of the SUVmax on INV by 
more than 10% or were significantly associated with INV 
(P<0.10). Generalized additive models were used to test 
whether there was a non-linear relationship between INV 
and the SUVmax. This model helped to find non-linear 
relationships and determine whether there was a threshold 
effect. 

In the stratified analysis and the interaction test, we 
assessed whether the following categorical variables had 
an impact on the correlation between the SUVmax and 
INV: GGN number (single vs. multiple), type (pGGN vs. 
mGGN), shape (round/quasi-round vs. irregular), edge type 
(smooth vs. lobulated), bronchial sign (no vs. yes), vacuole 
sign (no vs. yes), pleural depression sign (no vs. yes), DGGN 
(≤20 vs. >20 mm), and CTR (≤0.5 vs. >0.5). P<0.05 was 
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considered statistically significant.

Results

Clinical and pathological data of included patients

A total of 156 patients were enrolled in the study, 
including 45 males and 111 females, with an average age of  
61.4±8.9 years. There were 25 smokers, 98 cases with 
a single GGN, and 58 cases with multiple GGNs. The 
two observers had consistent measurements on the image 
characteristics and quantitative analysis of the GGNs 
(SUVmax, DGGN, Dsolid, CTR, CTGGO, and ΔCTGGO-LP), 
with intraclass correlation coefficient values of 0.955–0.999 
and P<0.001. The pathology of 177 GGNs was confirmed 
postoperatively: there were 50 LPL cases, including five in 
situ carcinomas, 16 micro-INVs, and 29 lepidic predominant 
adenocarcinomas; as well as 127 INV cases, including 105 
acinar types, 18 papillary types, and four micropapillary or 
solid types.

The HRCT imaging characteristics and pathological 
growth patterns of GGNs with different metabolic levels

According to the SUVmax tertiles, the 177 GGNs were 
divided into three groups: Tertile 1 (0.4–1.3), Tertile 2 
(1.4–2.8), and Tertile 3 (2.9–11.7), which contained 55, 60, 
and 62 GGNs, respectively. A comparison of the HRCT 
imaging characteristics and pathological growth patterns 
between these groups is shown in Table 1. The number 
and position of the GGNs were not statistically different 
between the groups (P>0.05); while the type, shape, edge, 
bronchial sign, vacuole sign, pleural depression sign, vessel 
convergence sign, DGGN, Dsolid, CTR, CTGGO, and ΔCTGGO-

LP were markedly different between the groups (P<0.05). 
In this study, INV accounted for 71.8% of the total GGN 
cohort. As the SUVmax increased from Tertile 1 to Tertile 
3, the INV proportion also gradually increased from 52.7% 
(Tertile 1), to 73.3% (Tertile 2), and to 87.1% (Tertile 3);  
the differences between the groups were significant 
(P<0.001).

Association analysis between FDG PET/HRCT features of 
GGNs and the INV risk 

After adjusting for age, gender, smoking history, and fasting 
blood glucose, we used the postoperative pathology of the 
GGNs as the dependent variable (INV: Y=1) and 16 GGN 

imaging features, including SUVmax, as the independent 
variables to perform single-factor logistic regression analysis. 
The results showed that GGN type, shape, edge, bronchial 
sign, vacuole sign, pleural depression sign, vessel convergence 
sign, DGGN, Dsolid, CTR, CTR grouping (0.5), CTGGO, 
ΔCTGGO-LP, and SUVmax were all possibly relevant factors 
for INV (P<0.10). The detailed data are shown in Table 2.

Multivariate regression analysis on the effect of the 
SUVmax on INV 

To determine the association between GGN SUVmax and 
INV, we adjusted the potential confounding factors and 
performed multivariate regression analysis. The unadjusted 
covariate (non-adjusted) was equivalent to single-
factor logistic regression analysis (only adjusted for age, 
gender, smoking history, and fasting blood glucose); the 
preliminarily adjusted covariate equation (Adjust I) adjusted 
seven covariates (age, gender, smoking history, fasting blood 
glucose, Dsolid, CTR, and ΔCTGGO-LP); and the fully adjusted 
covariate equation (Adjust II) adjusted 14 covariates (age, 
gender, smoking history, fasting blood glucose, GGN type, 
shape, edge, bronchial sign, vacuole sign, pleural depression 
sign, vessel convergence sign, Dsolid, CTR, and ΔCTGGO-LP).

We observed that an increase in the continuous variable, 
SUVmax, magnified the INV risk in regression equations 
with unadjusted, preliminarily adjusted (Adjust I), and fully 
adjusted (Adjust II) covariates (odd ratios (ORs) were 1.858, 
1.520, and 1.399, respectively; P<0.001, 0.029, 0.093; see 
Table 3). For the three SUVmax tertiles, the increasing trend 
of the SUVmax was notably associated with an increased 
INV risk in the regression equations with unadjusted, 
preliminarily adjusted, and fully adjusted covariates (ORs 
were 2.112, 1.678, and 1.739, respectively; P=0.001, 0.026 
and 0.036, respectively; see Table 3). Ultimately, Adjust I was 
used as Adjust II may have exhibited a potential statistical 
inefficiency (see Table 3).

Curve fitting

Generalized additive models were used to test the 
association between GGN SUVmax and INV. The results 
showed that, after adjusting the covariates (age, gender, 
smoking history, fasting blood glucose, Dsolid, CTR, and 
ΔCTGGO-LP), the INV risk gradually increased with the 
increase of the SUVmax. The two were approximately 
linearly and positively associated (degree of freedom: 1.000, 
P=0.018, Figure 3).
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Table 1 Comparison of HRCT imaging features and pathological growth patterns of GGN with different metabolic levels in FDG PET 

Groups Total (n=177) Tertile 1 (n=55) Tertile 2 (n=60) Tertile 3 (n=62) P value

Number, n (%) 0.843

Single 98 (55.4) 29 (52.7) 33 (55.0) 36 (58.1)

Multiple 79 (44.6) 26 (47.3) 27 (45.0) 26 (41.9)

Type, n (%) <0.001

pGGN 53 (29.9) 31 (56.4) 18 (30.0) 4 (6.5)

mGGN 124 (70.1) 24 (43.6) 42 (70.0) 58 (93.5)

Location, n (%) 0.411

Periphery 169 (95.5) 52 (94.5) 59 (98.3) 58 (93.5)

Center 8 (4.5) 3 (5.5) 1 (1.7) 4 (6.5)

Shape, n (%) <0.001

Round/quasi-round 97 (54.8) 42 (76.4) 27 (45.0) 28 (45.2)

Irregular 80 (45.2) 13 (23.6) 33 (55.0) 34 (54.8)

Edge, n (%) <0.001

Smooth 86 (48.6) 42 (76.4) 28 (46.7) 16 (25.8)

Lobulated 91 (51.4) 13 (23.6) 32 (53.3) 46 (74.2)

Bronchial sign, n (%) 137 (77.4) 33 (60.0) 48 (80.0) 56 (90.3) <0.001

Vacuole sign, n (%) 28 (15.8) 5 (9.1) 6 (10.0) 17 (27.4) 0.008

Pleural depression sign, n (%) 117 (66.1) 23 (41.8) 42 (70.0) 52 (83.9) <0.001

Vessel convergence sign, n (%) 168 (94.9) 47 (85.5) 59 (98.3) 62 (100.0) <0.001

DGGN (mm) 19.8±6.6 13.7±4.5 22.1±5.3 23.1±5.4 <0.001

Dsolid (mm) 7.6±6.8 2.7±3.8 6.8±6.4 12.9±5.5 <0.001

CTR 0.4±0.3 0.2±0.2 0.3±0.3 0.6±0.2 <0.001

CTGGO (HU) −460.0±131.7 −514.3±144.8 −457.4±127.2 −414.2±105.0 <0.001

ΔCTGGO-LP (HU) 402.1±120.4 354.5±130.9 405.9±123.3 440.5±91.5 <0.001

Growth pattern, n (%) <0.001

LPL 50 (28.2) 26 (47.3) 16 (26.7) 8 (12.9)

INV 127 (71.8) 29 (52.7) 44 (73.3) 54 (87.1)

The results are expressed as mean ± (SD) / N (%). HRCT, high-resolution computed tomography; pGGN, pure ground-glass nodule, 
mGGN, mixed ground-glass nodule, DGGN, diameter of the GGN, Dsolid, diameter of the solid component, CTGGO: attenuation value of the 
GGO component on CT. CTR, Dsolid/DGGN; ΔCTGGO-LP, CTGGO − CTLP.

Stratification analysis and interactive effect

Stratification analysis and interaction tests were used to assess 
whether factors were affecting the association between GGN 
SUVmax and INV risk. The results showed that GGN 
number (single vs. multiple), type (pGGN vs. mGGN), 

shape (round/quasi-round vs. irregular), edge type (smooth 
vs. lobulated), bronchial sign (no vs. yes), vacuole sign (no 
vs. yes), pleural depression sign (no vs. yes), DGGN (≤20 vs.  
>20 mm), and CTR (≤0.5 vs. >0.5) did not significantly alter 
the association between the SUVmax and INV risk (the 
range of P for interaction was 0.129–0.909) (Figure 4).
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Table 2 The imaging characteristics of GGN and its INV pathology

Characteristics Statistics OR (95% CI) P value

Number 0.668

Single 98 (55.4%) 1.0

Multiple 79 (44.6%) 1.158 (0.593–2.260)

Type <0.001

pGGN 53 (29.9%) 1.0

mGGN 124 (70.1%) 4.259 (2.077–8.732)

Location 0.904

Periphery 169 (95.5%) 1.0

Center 8 (4.5%) 1.107 (0.213–5.743)

Shape 0.002

Round/quasi-round 97 (54.8%) 1.0

Irregular 80 (45.2%) 3.206 (1.521–6.758)

Edge <0.001

Smooth 86 (48.6%) 1.0

Lobulated 91 (51.4%) 4.675 (2.237–9.770)

Bronchial sign 137 (77.4%) 2.630 (1.242–5.567) 0.011

Vacuole sign 28 (15.8%) 6.304 (1.412–28.147) 0.016

Pleural depression sign 117 (66.1%) 2.107 (1.030–4.310) 0.041

Vessel convergence sign 168 (94.9%) 3.627 (0.915–14.372) 0.067

DGGN (mm) 19.8 ± 6.6 1.050 (0.994–1.109) 0.078

Dsolid (mm) 7.6 ± 6.8 1.104 (1.042–1.170) <0.001

CTR 0.4 ± 0.3 11.521 (3.118–42.577) <0.001

CTR grouping (0.5) 0.024

CTR≤0.5 112 (63.3%) 1.0

CTR>0.5 65 (36.7%) 2.394 (1.123–5.105)

CTGGO (HU) −460.0 ± 131.7 1.005 (1.002–1.008) <0.001

ΔCTGGO-LP (HU) 402.1 ± 120.4 1.006 (1.003–1.009) <0.001

SUV max 2.6 ± 1.9 1.858 (1.338–2.580) <0.001

The results are expressed as mean ± (SD) / N (%). pGGN, pure ground-glass nodule; mGGN, mixed ground-glass nodule; DGGN, diameter 
of the GGN; Dsolid, diameter of the solid component; CTGGO, attenuation value of the GGO component on CT. CTR, Dsolid/DGGN; ΔCTGGO-LP = 
CTGGO − CTLP.

Discussion

As a semi-quantitative index in FDG PET, the SUVmax 
is widely used in the diagnosis, staging, treatment efficacy 
monitoring, and follow-up of lung cancer (16) and the 
construction of various clinical diagnosis and prediction 

models (17). Previous studies (11,13,18) have reported 
that the SUVmax of INV (acinar, papillary, micropapillary, 
solid-predominant INV) is significantly higher than that 
of lepidic predominant pulmonary lesions; however, the 
relationship between the SUVmax and invasiveness has not 
been fully elucidated. In this study, after adjusting for the 
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confounding factors and performing stratified analysis and 
curve fitting, we found an approximately linear and positive 
association between the SUVmax and INV, and the risk of 
INV gradually increased with the increase of the SUVmax.

Numerous studies (8,19-22) have found that the 
morphological characteristics and quantitative parameters 
of lung GGN HRCT are related to INV. Consistent with 
these previous reports, our study also found that when the 
lung GGN was mGGN, the INV risk increased with the 
increase in GGN diameter, proportion of solid components 
(Dsolid, CTR), density of ground-glass components, as well 
as the positivity in bronchial sign, vacuole sign, pleural 

depression sign, and vessel convergence sign. However, the 
correlation between HRCT imaging features of lung GGNs 
and INV is not absolute, and its efficacy in predicting INV is 
insufficient (11). The reason for this might be that although 
the solid components observable by HRCT are likely to be 
the invasive components in histopathological examinations 
(in mGGN), they may also be benign or fibrous scars 
containing interstitial infiltrating components (23).  
Even in pGGN, there is still a considerable proportion 
(more than 40%) exhibiting invasive growth patterns 
(acinar or papillary predominant INV), as confirmed by 
postoperative pathological results (24).

The GGN size is also an important factor affecting 
the SUVmax (11,13,25); the larger the GGN diameter, 
the higher the SUVmax. Dsolid and CTR indicate the size 
and proportion of solid components in GGNs; the more 
solid components and fewer ground-glass components 
in the GGNs, the higher the SUVmax. The SUVmax of 
mGGN is significantly higher than that of pGGN (14), 
and the SUVmax of GGNs with CTR >0.5 is markedly 
higher than those with CTR ≤0.5 (26). The Hounsfield 
Unit reflects the number and density of cells in the lesion; 
the higher the Hounsfield Unit, the greater the density, 
the higher the number of abnormal cells per unit space, 
and the more FDG uptake. When GGNs are accompanied 
by aggressive CT imaging features (such as vacuole sign, 
pleural depression sign, vessel convergence sign, etc.), 
the SUVmax is significantly higher than those without 
such signs. Therefore, many HRCT morphological 
characteristics and quantitative parameters of lung GGNs 
are related to INV and the SUVmax, which constituted the 
confounding factors in our study of the association between 
the SUVmax and INV. Previous studies were more focused 
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Figure 3 The association between GGN SUVmax and INV risk. 
The x-axis represents the SUVmax (continuous variable), and the 
y-axis represents INV risk (0 = non-INV, 1 = INV). The solid red 
line is the fitted line between GGN SUVmax and INV risk, and 
the blue dotted line is the 95% confidence interval.

Table 3 Multivariate regression analysis of the effect of the SUVmax on INV

SUVmax
Non-adjusted Adjust I Adjust II

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Total 1.858 (1.338–2.580) <0.001 1.520 (1.044–2.213) 0.029 1.399 (0.945–2.070) 0.093

Tertile 1 1.0 1.0 1.0

Tertile 2 3.246 (1.390–7.578) 0.006 2.743 (1.035–7.270) 0.042 2.527 (0.830–7.696) 0.103  

Tertile 3 8.041 (3.010–21.480) <0.001 4.879 (1.349–17.648) 0.016 4.839 (1.144–20.469) 0.032

P for trend 2.112 (1.472–3.030) <0.001 1.678 (1.064–2.647) 0.026 1.739 (1.036–2.919) 0.036

Non-adjusted model adjusted for: age, gender, smoking history, and fasting blood glucose. Adjust I model adjusted for: age, gender, 
smoking history, fasting blood glucose, Dsolid, CTR, and ΔCTGGO-LP. Adjust II model adjusted for: age, gender, smoking history, fasting 
blood glucose, GGN type, shape, edge, bronchial sign, vacuole sign, pleural depression sign, vessel convergence sign, Dsolid, CTR, and 
ΔCTGGO-LP.
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Figure 4 Stratification analysis of GGN SUVmax and INV risk. Adjusted for the following: age, gender, smoking history, fasting blood 
glucose, Dsolid, CTR, and ΔCTGGO-LP. The following variables were excluded because of <20 obs: location, vessel convergence sign.

on the traditional influencing factors of the SUVmax, such 
as fasting time, fasting blood glucose, PET reconstruction 
parameters, body mass index, etc. (27). Our study is the first 
to systematically exclude the confounding interference from 
the qualitative and quantitative parameters of lung GGN 
HRCT, and faithfully clarify the relationship between the 
SUVmax and INV.

As a characteristic of malignant tumors, tumor cells can 
obtain energy through anaerobic glycolysis in an aerobic 
environment. Thus, there is usually intermittent hypoxia 
in tumor tissues, which induces the expression of glucose 
transmembrane transporter-1 (28) to increase glucose 
uptake. Moreover, the glucose metabolism level of GGN-
based early lung adenocarcinoma is often related to the 
expression of glycolysis-related genes, tumor immune 
microenvironment (29), Ki-67 expression (30), and 
mutations in epidermal growth factor receptor (EGFR), 
tumor protein 53 (TP53), and kirsten rat sarcoma viral 
oncogene (KRAS) (31). The increase of lung GGN 
SUVmax indicates a poor prognosis and a high-risk of 
malignancy (32). Since we used different PET scanners, the 
SUVmax was not a universal value. However, the increase 
of GGN SUVmax still indicated the invasive growth 
pattern of tumor cells and poor prognosis. This relationship 
provides an important basis for risk stratification, clinical 
management, and surgical methods of GGNs (wedge/

segment resection or lobectomy), especially for multi-
GGNs. Clarification of the association between GGN 
SUVmax and INV also provides scientific evidence for the 
construction of clinical diagnosis and prognosis prediction 
models and the control of confounding factors.

Limitations

This study has several limitations that should be noted. 
Firstly, this was a single-center retrospective study. There 
were only four micropapillary or solid-predominant 
lung adenocarcinomas and an excessive number of acinar 
predominant types (105/177, 59.3%). The INV group could 
not be further divided into acinar + papillary-predominant 
and micropapillary + solid-predominant subgroups for 
analysis. Secondly, this study did not include information 
about the prognosis of patients with different GGN growth 
patterns. Thus, the relationship between the SUVmax and 
the prognosis of GGNs with different growth patterns was 
not established.

Conclusions

In summary, this study retrospectively analyzed patients who 
underwent PET/CT examination and surgical resection 
due to persistent lung GGNs, which were confirmed as 
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early lung adenocarcinoma via postoperative pathology 
examination. After fully adjusting for the confounding and 
interaction factors, we found an approximately linear and 
positive association between the SUVmax and INV, and 
the risk of INV gradually increased with the increase of 
the SUVmax. This finding provides a scientific basis for 
constructing clinical diagnosis and prognosis prediction 
models and the control of confounding factors.
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