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Abstract

Introduction

This study aimed to investigate whether artificial intelligence (Al)-based quantification of intranodular
vascular features on computed tomography (CT) scans can predict invasiveness in pure ground-glass
nodules (pGGNSs) of lung adenocarcinoma.

Material and methods

We conducted a retrospective analysis of 125 surgically resected pGGNs from 112 patients.
Preoperative CT images were processed with MyrianXP-Lung software to measure nodule size (long
and short diameter, volume), mean CT attenuation (Hounsfield Units, HU), and intranodular vascular
volume. Pathological diagnoses were classified into minimally invasive adenocarcinoma (MIA) and
invasive adenocarcinoma (IAC). Group comparisons were performed using non-parametric tests, and
multivariable logistic regression was applied to identify independent predictors of IAC. Diagnostic
performance was assessed using receiver operating characteristic (ROC) curves and area under the
curve (AUC) values.

Results

The cohort included 68 MIA and 57 IAC cases. IAC nodules exhibited significantly larger short
diameter (8.5 vs 6.1 mm, P<0.001), higher CT attenuation (-532 vs -588 HU, P<0.001), and greater
vascular volume (61.2 vs 20.8 mm?3, P<0.001) compared to MIA. Multivariable analysis identified short
diameter (OR=1.32, P=0.007), CT attenuation (OR=1.012, P=0.001), and vascular volume (OR=1.031,
P=0.002) as independent predictors of IAC. Vascular volume showed the highest predictive accuracy
(AUC=0.812), with a combined model achieving AUC=0.829. Nodule volume strongly correlated with
vascular volume (r=0.905, P<0.001).

Conclusions

Al-assisted vascular volume quantification emerges as a novel predictor of invasiveness in pGGNs.
Integration of vascular characteristics with radiological features provides a valuable non-invasive
approach for risk stratification and personalized management, underscoring the role of angiogenesis in
lung adenocarcinoma progression.
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Introduction

Lung cancer remains the leading cause of cancer-related mortality worldwide
[1-3]. With the adoption of low-dose CT (LDCT) screening, detection of pure
ground-glass nodules (pGGNSs) has increased, many of which represent early-
stage lung adenocarcinoma (LUAD)[4, 5]. Pathologically, LUAD presents as a
spectrum ranging from pre-invasive adenocarcinoma in situ (AlS) and minimally
invasive adenocarcinoma (MIA) to invasive adenocarcinoma (IAC). Notably,
AIS and MIA are associated with nearly 100% five-year recurrence-free survival
after resection, whereas IAC carries a higher risk of recurrence[6, 7]. Therefore,
noninvasive differentiation of IAC from AIS and MIA is clinically essential for

optimizing treatment timing and strategy.

Angiogenesis is a fundamental hallmark of cancer progression[8]. In pGGNSs,
neovascularization supplies essential nutrients and oxygen that support tumor
growth and invasion[9, 10]. Early identification and management of LUAD can
be enhanced through advanced monitoring technologies such as the Artificial
Intelligence of Things (AloT), leading to more favorable outcomes[11, 12].
Notably, intranodular vascular features from CT imaging are quantifiable with
advanced artificial intelligence (Al) software and may reflect the underlying
tumor biology and potential for invasiveness [13-15]. Although previous studies
have qualitatively assessed the relationship between vessel morphology and
invasiveness[16, 17], precise quantification of intranodular vascular volume

using Al remains unexplored and may offer a more objective and robust
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biomarker. To that end, our study evaluated the association between
intranodular vascular features on CT and pathological invasiveness in a cohort

of resected pGGNs diagnosed as LUAD.

Material and methods

Study design and population

We reviewed 856 consecutive patients with GGNs who underwent surgical
resection at Henan Chest Hospital between January 2019 and December 2023.
The inclusion criteria were as follows: (1) age > 18 years; (2) pGGN on
preoperative CT imaging (lung window: homogeneous hazy opacity without
solid components, maximum diameter < 30 mm); (3) availability of preoperative
thin-section CT (slice thickness < 1.25 mm, DICOM format); (4) pathological
diagnosis of LUAD (MIA or IAC) according to the 2021 World Health
Organization (WHO) criteria; and (5) no prior lung cancer treatment. Meanwhile,
the exclusion criteria were as follows: (1) history of extrathoracic malignancy;
(2) inadequate CT quality for Al segmentation; and (3) pathological diagnosis
of AlS, atypical adenomatous hyperplasia (AAH), or non-adenocarcinoma. Of
note, AIS was excluded to focus the analysis on the clinically important
distinction between MIA and IAC, which has greater implications for surgical
management. (4) Evidence of nodal or distant metastasis on preoperative
staging. In total, 112 patients with 125 pGGNs met the inclusion criteria. The

discrepancy between the number of patients and nodules is due to 13 patients
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who each had two synchronous pGGNs, all of which were included in the

analysis.

Image analysis and nodule segmentation

DICOM images were analyzed using Myrian® XP-Lung software (Intrasense,
Montpellier, France). The segmentation algorithms in Myrian® XP-Lung employ
advanced machine learning models trained to differentiate nodule tissue and
vascular structures from the surrounding lung parenchyma based on CT
attenuation and morphological characteristics. This software utilizes a
combination of adaptive thresholding and region-growing algorithms, refined
with morphological operations, to automatically segment the nodule and
intranodular vasculature. Vascular segmentation specifically targets tubular
structures based on their Hounsfield unit (HU) values and connectivity within
the nodule’s volume of interest. Two blinded thoracic radiologists independently

performed the analyses:

Manual measurements: nodule long diameter (LD), short diameter (SD), and
mean CT attenuation (measured using HU), recorded on the axial slice showing

the largest cross-section of each nodule.

Al-assisted 3D quantification: The software automatically segmented the
entire nodule volume and intranodular vasculature using proprietary algorithms,

with manual refinement performed to ensure accurate delineation.

Nodule Volume (mm?)
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Vascular volume (mm?) was defined as the total volume of vessels within the

nodule ROI.

Vascular Volume Percentage (%) = (vascular volume/nodule volume) X 100.

Discrepancies greater than 5% were resolved by consensus.

Pathological evaluation

All specimens were processed and reviewed by experienced lung pathologists
who were blinded to CT findings. Diagnoses (MIA vs. IAC) were made strictly
according to the 2021 WHO classification. MIA was defined as predominantly
lepidic growth with stromal invasion < 5 mm in the greatest dimension.
Meanwhile, IAC was defined as an invasive component lesion > 5 mm in the

greatest dimension.

Statistical analysis

Statistical analyses were performed using SPSS 27.0 (IBM Corp.) and R 4.3.1.
Continuous variables are presented as median (interquartile range, IQR), with
comparisons between MIA and IAC groups made using the Mann-Whitney U
test, while the standardized test statistic (Z-score) and P-values were also
reported. Categorical variables are presented as frequencies (%) and
compared using the Chi-square or Fisher's exact test, as appropriate.
Multivariable logistic regression was used to identify independent predictors of
IAC, including variables significant in univariate analysis. Multicollinearity was

evaluated using variance inflation factors (VIF), with values below five indicating
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no substantial multicollinearity. Model goodness-of-fit was assessed using the
Hosmer-Lemeshow test. Internal validity of the combined predictive model was
further evaluated using 10-fold cross-validation. Receiver operating
characteristic (ROC) curves were used to assess the diagnostic performance
of individual parameters and the combined model, with optimal cut-off values
determined by Youden’s index. Spearman correlation was used to evaluate the
relationship between nodule volume and vascular volume. P-values < 0.05

were considered statistically significant.

Results

Clinical and pathological characteristics

The final cohort included 125 pGGNs (68 MIA, 57 IAC) from 112 patients (Table
1). There were no significant differences between the MIA and IAC groups in
terms of patient age (P = 0.421), gender (P = 0.308), smoking history (P =

0.682), family history of cancer (P = 0.502), or nodule location (P = 0.187).

Table 1. Clinical characteristics of the study population.

Characteristics Total (n=125) MIA(n=68) IAC (n=57) P-value

Age (years) 0.421
<60 68 39 29
260 57 29 28

Gender 0.308

Male 48 23 25
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Female 77 45 32

Smoking History 0.682
Yes 21 11 10
No 104 57 47

Family History 0.502
Yes 27 13 14
No 98 55 43

Location 0.187
RUL 48 30 18
RML 9 3 6
RLL 18 8 10
LUL 33 21 12
LLL 17 6 11

Abbreviations: RUL: right upper lobe, RML: right middle lobe, RLL: right lower

lobe, LUL: left upper lobe, LLL: left lower lobe.

Comparison of imaging characteristics

Significant differences were observed in all quantitative CT-derived metrics
between MIA and IAC nodules (Table 2; all P<0.001). IAC nodules were larger
(LD, SD, and volume), denser (higher CT attenuation), and exhibited
significantly greater absolute vascular volume as well as a higher vascular

volume percentage.

Table 2. Imaging characteristics of MIA and IAC nodules.
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Variables MIA (n = 68) IAC (n = 57) Z P-value

Long Diameter (mm) 9.1(7.0,11.5) 13.8 (10.8, 16.5) -5.874  <0.001
Short Diameter (mm) 6.1 (4.8, 7.6) 8.5(7.1,10.3) -6.218  <0.001
CT Attenuation (HU) -588 (-618, -555) -532 (-569, -498) -5.109  <0.001
Nodule Volume (mm?) 208 (132, 356) 482 (315, 872) -6.302  <0.001
Vascular Volume (mm?) 20.8 (12.1, 35.4) 61.2 (41.5, 98.7) -7.045  <0.001
Vascular Volume (%) 10.1% (6.8, 13.2) 12.7% (10.3, 15.8) -4.003  <0.001

Data presented as Median (IQR). Abbreviations: Z; Standardized test statistic

from the Mann-Whitney U test.

Predictors of Invasive Adenocarcinoma

Multivariable logistic regression (Hosmer-Lemeshow, P = 0.621, indicating
good model fit) identified nodule short diameter, CT attenuation, and vascular
volume as independent predictors of IAC (Table 3). Nodule volume and
vascular volume percentage were excluded due to multicollinearity (VIF > 4 with

vascular volume).

Table 3. Multivariable logistic regression analysis for IAC prediction.

Variables B se OR 95% Cl
value

Short Diameter (mm) 0.278 0.103 0.007 1.321 1.080-1.616
CT Attenuation (HU) 0.012 0.004 0.001 1.012 1.005-1.019

Vascular Volume (mm3) 0.031 0.010 0.002 1.031 1.011-1.052

Abbreviations: SE: Standard Error; OR: Odds Ratio; Cl: Confidence Interval.

Diagnostic Performance
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ROC analysis showed good diagnostic performance for vascular volume alone
(AUC = 0.812). The combined model (short diameter + CT attenuation +
vascular volume) achieved the highest AUC of 0.829 (95% CI: 0.758-0.900, P
< 0.001), with a sensitivity of 70.2% and specificity of 83.8% at the optimal cut-
off (Table 4). The model demonstrated strong internal validity, with a 10-fold

cross-validated AUC of 0.815.

Table 4. ROC curve analysis for predicting IAC.

Variables AUC  Cutoff Sensitivty ~ Specificity oo
Short — Diameter 761 725 7549 70.6% 0.460
(mm)

CT Attenuation (HU) 0.698 -558.5  68.4% 67.6% 0.360
Vascular  Volume 415> 3805  80.7% 73.5% 0.542
(mm?)

Combined Model ~ 0.829 0486  70.2% 83.8% 0.540

Correlation between nodule volume and vascular volume

Spearman correlation analysis demonstrated a very strong positive correlation
between nodule volume and vascular volume across all nodules (r = 0.905, P

< 0.001), with the relationship appearing linear across the observed size range.

Discussion

In this study of 125 resected pGGNs, quantitatively assessed intranodular
vascular features on non-contrast CT proved to be promising indicators of

pathological invasiveness in LUAD. Our findings solidify the critical role of
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angiogenesis, as a fundamental biological driver in the progression from
indolent MIA to IAC in pGGNSs. The independent predictive value of nodule
short diameter, CT attenuation, and vascular volume resulted in a combined
model AUC of 0.829, reflecting their potential as non-invasive biomarkers for
refining risk stratification and guiding clinical decision-making in this challenging

patient population.

The transition of a pGGN from MIA to IAC represents a critical biological shift,
characterized by the acquisition of invasive capabilities. Our observations
showed that vascular volume was significantly increased within IAC nodules,
marking a pivotal event in tumor progression[18-20]. In the AIS or MIA state,
tumor cells predominantly grow along pre-existing alveolar structures (lepidic
pattern), relying on the existing pulmonary capillary network. As genetic and
epigenetic alterations accumulate (e.g., EGFR, KRAS, TP53), tumor cells and
associated stromal cells, particularly cancer-associated fibroblasts (CAFs),
begin to secrete a potent array of pro-angiogenic factors[21-24]. Vascular
endothelial growth factor (VEGF-A), often regarded as the master regulator of
angiogenesis, plays a central role [9, 25-28]. Binding of VEGFR-2 (KDR/Flk-1)
on endothelial cells activates complex downstream signaling cascades,
including the PI3K/Akt/mTOR pathway, which promotes endothelial cell survival,
and the Ras/Raf/MEK/ERK pathway, which drives proliferation and
migration[29-32]. This orchestrated response results in endothelial sprouting,

tube formation, and ultimately the establishment of new, often immature and
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leaky, capillaries within the developing tumor mass[33, 34]. This intratumoral
neovascularization is quantified by our Al software as vascular volume. These
nascent vessels supply the oxygen and nutrients necessary to support the
exponential growth and metabolic demands of an expanding invasive clone.
Moreover, they serve as conduits for tumor cell intravasation, representing the
initial step in the metastatic cascade[35-38]. The strong correlation between
nodule volume and vascular volume (r = 0.905, P < 0.001) illustrates this co-
dependent relationship: tumor growth drives angiogenesis, and effective
angiogenesis, in turn, facilitates further growth and invasion. These findings
position angiogenesis not merely as a consequence but as an active enabler

and potential biomarker of malignant progression in pGGNs.

The clinical need to accurately distinguish IAC from MIA in pGGNs is
paramount. Although surgical resection provides excellent cure rates for MIA (>
95% five-year Disease-Free Survival), it carries inherent morbidity[39-41].
Conversely, delayed resection of aggressive IAC increases the risk of disease
progression. Current management guidelines, including FLEISCHNER and
NCCN, primarily rely on size thresholds (persistent pGGN > 6-8 mm) and
interval growth as indicators for intervention or intensified surveillance[39, 42-
44]. However, these parameters have significant limitations. Nodule size alone
correlates poorly with invasiveness at the individual level, and growth
assessment requires time, potentially delaying critical treatment in rapidly

progressing cases. Integrating vascular volumetry into clinical algorithms could
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reduce unnecessary surgery for benign-appearing nodules while expediting
intervention for biologically aggressive lesions, thereby advancing toward truly
personalized management[45]. The defined vascular volume threshold (38.05
mm?3) may serve as a practical quantitative benchmark in clinical practice. For
instance, a pGGN that remains stable in size but has a vascular volume near
or above this threshold may warrant closer surveillance or earlier biopsy. In
contrast, a nodule with a vascular volume below this cutoff could translate to a
more conservative management approach, even if its size exceeds
conventional criteria, potentially reducing unnecessary surgeries. Furthermore,
the vascular volume cutoff (38.05 mm?) provides a tangible, quantifiable target
for future prospective validation studies and could serve as an imaging
surrogate endpoint in trials evaluating anti-angiogenic strategies for early lung

cancer interception.

Quantifying complex 3D vascular structures within low-density GGNs requires
sophisticated tools beyond human visual assessment. Al-powered software like
Myrian® XP-Lung enables objective and reproducible volumetry, extracting
features imperceptible to the naked eye, representing a significant
advancement. Nonetheless, several methodological considerations warrant
discussion. First, the accuracy of vascular segmentation hinges on the
algorithm's ability to distinguish true intranodular vessels from subtle density
fluctuations or image noise, particularly in very faint GGNs. Validation against

histopathological MVD using markers such as CD31 or CD34 remains essential
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but was not performed in this study[46-48]. Second, the defined ‘vascular
volume’ includes both the lumen and vessel wall. While this metric correlates
with perfusion capacity, it does not directly measure blood flow or vessel
permeability, key hallmarks of angiogenesis. These parameters are better
assessed using dynamic contrast-enhanced (DCE) CT or MR perfusion
techniques, which are generally avoided in pure GGN screening due to
radiation and contrast concerns. Third, the strong correlation between vascular
volume and nodule volume introduced multicollinearity, necessitating careful
variable selection in our regression model. Future studies could investigate
more sophisticated Al-derived vascular phenotypes, such as vessel tortuosity,
branching complexity (fractal dimension), or spatial distribution heterogeneity.
Importantly, these may capture additional biologically relevant information
independent of simple volume[49-51]. The stability of vascular volume
percentage observed in larger nodules in previous studies suggests potential
regulatory mechanisms or vessel co-option, representing areas for further Al-

driven investigation.

Previous studies qualitatively assessed vessel changes as binary features,
focusing on vessel prevalence (detection rate) and vessel volume percentage
(a relative measure normalized to nodule volume), often using deep learning
for segmentation[16, 17]. In contrast, the present study is the first to
quantitatively and objectively measure the absolute three-dimensional volume

of intranodular vasculature using dedicated, validated Al-powered software.
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This approach provides a continuous, reproducible variable (vascular volume
in mm?3) rather than relying on subjective morphological assessment. This
methodological advancement enables a more precise and objective evaluation
of angiogenesis. Using this quantitative approach, we identified vascular
volume as a strong independent predictor of invasiveness (OR = 1.031, 95%
Cl: 1.011-1.052, P = 0.002) in multivariable analysis, alongside established
features such as short diameter and CT attenuation. In contrast to Chu et al.,
who reported vessel changes as significant in univariate analysis but not as an
independent predictor (with only mean CT attenuation and lobulation retained),
our findings highlight the critical and independent role of quantitatively
assessed angiogenic activity in predicting invasiveness. Our ROC analysis
demonstrated that quantitatively measured vascular volume alone achieved
strong diagnostic performance (AUC = 0.812), outperforming CT attenuation
(AUC = 0.698) and comparable to nodule size (short diameter, AUC = 0.761).
Importantly, the combined model incorporating short diameter, CT attenuation,
and vascular volume yielded the highest AUC (0.829), indicating that
quantitative vascular assessment provides additive diagnostic value beyond
conventional size and density metrics, and markedly surpasses qualitative

evaluations.

Our analysis revealed an exceptionally strong positive correlation between
nodule volume and vascular volume (r = 0.905, P < 0.001). This quantitative

relationship reinforces the biological paradigm that tumor expansion and
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angiogenesis are tightly coupled processes. By demonstrating that larger
pGGNs consistently harbor greater vascular volume, our findings provide
imaging-based evidence that the growth of invasive clones is sustained by a
proportional increase in blood supply, supporting a mechanistic rather than
merely correlative link between angiogenesis and progression. Furthermore,
the present study focused exclusively on nodules pathologically diagnosed as
MIA or IAC, while excluding AAH and AlS. This focus is clinically significant, as
distinguishing MIA from IAC directly informs management decisions, including

the extent of surgical resection and the necessity of lymph node dissection.

While our cross-sectional study robustly demonstrates an association between
vascular volume and invasiveness, longitudinal studies are still needed to
determine whether acceleration in vascular volume growth precedes or
coincides with the onset of histologically detectable invasion. The potential of a
vascular surge to serve as an early-warning biomarker for malignant
transformation in previously stable pGGNs warrants further investigation.
Prospective longitudinal CT studies with precise vascular quantification are
essential to map these dynamics and establish predictive thresholds. In parallel,
the molecular mechanisms driving the angiogenic switch in pGGNs remain
incompletely understood and require further elucidation. Integrating imaging
biomarkers with genomic and proteomic profiling of resected specimens could
uncover specific mutations or signaling pathway activations that underlie

aggressive vascular phenotypes. Such a radiogenomic approach holds
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considerable promise for building integrated diagnostic and prognostic models,

bridging imaging, molecular biology, and clinical outcomes.

Another important frontier is therapeutic targeting. Elevated vascular volume,
reflecting active angiogenesis and invasion, may also serve as a predictor of
response to anti-angiogenic therapy. Agents such as bevacizumab (anti-VEGF-
A) and VEGFR-targeting TKls have already been established in advanced
NSCLC[52]. Neoadjuvant therapy may represent a potential strategy for high-
risk pGGNs identified by vascular metrics, with the aim of downstaging disease
or eradicating occult micrometastases. Early-phase clinical trials exploring this
paradigm are warranted. Finally, the ethical and practical integration of Al-
based vascular quantification into routine screening programs requires careful
consideration, particularly regarding cost, accessibility, workflow integration,

and standardization across platforms and institutions.

Several limitations should be acknowledged. First, the retrospective design and
exclusive inclusion of surgically resected nodules inherently introduce selection
bias; Our cohort consists of nodules that were resected based on preoperative
suspicion of malignancy, likely over-representing those with aggressive
features relative to the broader population of screen-detected pGGNs. Second,
the single-center design limits the generalizability of our findings. Third,
although the sample size (n = 125 nodules) was adequate for the primary
analyses and larger than many prior validation cohorts, it was insufficient for

robust subgroup analyses or exploration of potential interactions between
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predictors. Although internal cross-validation yielded a robust result, the model
warrants validation in larger, multi-center prospective cohorts to confirm its
generalizability. The absence of longitudinal follow-up data prevents
assessment of how vascular features evolve over time or predict future growth
and invasiveness. Additionally, pathological measurement of MVD using
immunohistochemistry was not performed for direct correlation with CT-derived
vascular volume, which would be a valuable addition in future prospective

studies.

Conclusion

The present study confirms that nodule short diameter, CT attenuation, and
intranodular vascular volume are significant independent predictors of IAC. The
strong correlation between nodule volume and vascular volume reinforces the
critical role of angiogenesis in tumor progression. Integrating these readily
quantifiable CT features, particularly through Al-assisted vascular volumetry,
offers valuable noninvasive tools for risk stratification and personalized

management of patients with pGGNs.

Ethics approval and consent to participate

This retrospective single-center study was approved by the institutional review
board (No. HNCH-2018-24), and informed consent was waived given the
retrospective nature of this study. All procedures were conducted in accordance

with the ethical standards of the institution and the Declaration of Helsinki.
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This graphical abstract summarizes the study evaluating Al-assisted quantification of
intranodular vascular features for predicting invasiveness in pure ground-glass nodules
(PGGNs). The study retrospectively analyzed 125 pGGNs (68 minimally invasive
adenocarcinoma [MIA] and 57 invasive adenocarcinoma [IAC]) using MyrianXP-Lung
software. Key findings demonstrated that IAC nodules had significantly larger short
diameter, higher CT attenuation, greater volume, and notably larger vascular volume
compared to MIA nodules. Multivariable analysis identified these three factors as
independent predictors of IAC. Receiver operating characteristic (ROC) curve analysis
showed that vascular volume had the highest individual predictive power (AUC=0.812),
and a combined model achieved superior performance (AUC=0.829). The strong
correlation between nodule volume and vascular volume suggests active angiogenesis.
The conclusion highlights that the Al-based assessment of intranodular vascular volume
provides a novel, non-invasive tool for improving risk stratification and guiding
personalized management plans for patients with pGGNs.


http://www.tcpdf.org

