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Abstract
BACKGROUND 
In recent years, the detection rate of ground-glass nodules (GGNs) has been 
improved dramatically due to the popularization of low-dose computed tomo-
graphy (CT) screening with high-resolution CT technique. This presents 
challenges for the characterization and management of the GGNs, which depends 
on a thorough investigation and sufficient diagnostic knowledge of the GGNs. In 
most diagnostic studies of the GGNs, morphological manifestations are used to 
differentiate benignancy and malignancy. In contrast, few studies are dedicated to 
the assessment of the hemodynamics, i.e., perfusion parameters of the GGNs.

AIM 
To assess the dual vascular supply patterns of GGNs on different histopathology 
and opacities.

METHODS 
Forty-seven GGNs from 47 patients were prospectively included and underwent 
the dynamic volume CT. Histopathologic diagnoses were obtained within two 
weeks after the CT examination. Blood flow from the bronchial artery [bronchial 
flow (BF)] and pulmonary artery [pulmonary flow (PF)] as well as the perfusion 
index (PI) = [PF/(PF + BF)] were obtained using first-pass dual-input CT 
perfusion analysis and compared respectively between different histopathology 
and lesion types (pure or mixed GGNs) and correlated with the attenuation values 
of the lesions using one-way ANOVA, student’s t test and Pearson correlation 
analysis.

RESULTS 
Of the 47 GGNs (mean diameter, 8.17 mm; range, 5.3-12.7 mm), 30 (64%) were 
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carcinoma, 6 (13%) were atypical adenomatous hyperplasia and 11 (23%) were organizing 
pneumonia. All perfusion parameters (BF, PF and PI) demonstrated no significant difference 
among the three conditions (all P > 0.05). The PFs were higher than the BFs in all the three 
conditions (all P < 0.001). Of the 30 GGN carcinomas, 14 showed mixed GGNs and 16 pure GGNs 
with a higher PI in the latter (P < 0.01). Of the 17 benign GGNs, 4 showed mixed GGNs and 13 
pure GGNs with no significant difference of the PI between the GGN types (P = 0.21). A negative 
correlation (r = -0.76, P < 0.001) was demonstrated between the CT attenuation values and the PIs 
in the 30 GGN carcinomas.

CONCLUSION 
The GGNs are perfused dominantly by the PF regardless of its histopathology while the weight of 
the BF in the GGN carcinomas increases gradually during the progress of its opacification.

Key Words: Ground-glass nodules; Tomography; X-ray computed; Lung cancer; Perfusion computed 
tomography; Dual blood supply
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Core Tip: In this study, bronchial flow (BF) and pulmonary flow (PF) as well as perfusion index (PI) were 
obtained by using first-pass dual-input computed tomography perfusion analysis and compared 
respectively among different histopathological types and between pure and mixed ground-glass nodules 
(GGNs), then correlated with the attenuation values in forty-seven GGNs from 47 patients. We found that 
the GGNs are perfused dominantly by the PF regardless of histopathological types while the weight of the 
BF in the GGN carcinomas increases gradually during its opacification. Therefore, the PI may be a 
potentially useful biomarker for distinguishing indolent nodules from aggressive ones.

Citation: Wang C, Wu N, Zhang Z, Zhang LX, Yuan XD. Evaluation of the dual vascular supply patterns in 
ground-glass nodules with a dynamic volume computed tomography. World J Radiol 2022; 14(6): 155-164
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INTRODUCTION
In recent years, more and more ground-glass nodules (GGNs) have been detected due to the application 
of low-dose screening with high-resolution computed tomography (CT)[1]. The rapidly increasing GGN 
cases requires appropriate management which depends on a thorough investigation and sufficient 
knowledge of the GGNs. In most diagnostic studies of the GGNs, morphological factors or nodular 
characteristics are used to differentiate benignancy and malignancy[2-6]. On the other hand, studies of 
the solid lesions suggested that the information of CT perfusion is helpful in identification and 
treatment planning[7-13]. A few studies have quantitatively measured iodine concentration to assess the 
blood supply status of the GGNs with promising outcomes[14]. Furthermore, quantification of the dual 
blood supply from the pulmonary and bronchial artery, i.e., the pulmonary flow (PF) and bronchial flow 
(BF) in lung disorders is recently achieved with the first-pass dual-input perfusion analysis at a dynamic 
volume CT, producing helpful information for differentiations and treatment planning[15]. Therefore, 
this prospective study was designed to determine the patterns of the dual vascular supply in the GGNs 
on different histopathology and attenuation values (HU).

MATERIALS AND METHODS
Study population
The prospective study was approved by the Institution Ethics Committee. Written informed consent 
was obtained from all patients. Between Jan 2014 and May 2018, 50 patients who had been previously 
evaluated by non-contrast CT and had GGNs with an axial diameter > 5 mm were prospectively 
enrolled into this study. All patients received histopathological diagnoses which were acquired by CT-
guided puncture biopsy or surgical resection within 2 wk after the CT perfusion. Exclusion criteria were 
as follows: severe motion artifacts on the perfusion images that made it difficult to perform the 
perfusion analysis; patients receiving any antitumor treatment prior to the CT perfusion and contrain-
dications to the administration of the iodinated contrast media. 1 patient with beam hardening artifacts 
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caused by the contrast agent in an ipsilateral subclavian vein and 2 patients who received antitumor 
treatment before the CT perfusion were excluded. Eventually, forty-seven patients (27 men and 20 
women; mean age, 53 years; range, 35-69 years) with 47 GGNs were included in the statistical analysis.

The radiation dose of the dynamic CT was calculated from the dose–length product (DLP) listed in 
the exposure summary sheet generated by the CT equipment and multiplied by a k-factor of 0.014[16].

CT perfusion imaging technique
Before the CT examination, all patients performed breath training by holding their breath during the 
dynamic CT scan procedure and otherwise adopted regularly shallow breathing.

First, unenhanced helical CT of the entire thorax was performed to determine the location of the 
GGN. Then, the dynamic volume CT perfusion was performed at a 320-row multidetector CT (Aquilion 
ONE, Toshiba Medical Systems, Otawara, Japan). With a dual-head power injector, 50 mL of non-ionic 
contrast medium with an iodine concentration of 370 mgI/mL (Iopromide, Bayer Schering, Berlin, 
Germany) was injected at a flow rate of 5 mL/s, followed by 20 mL of saline solution at the same rate. 
Five seconds after the start of the bolus injection, 15 intermittent low-dose volume acquisitions were 
made with 2 s intervals with no table movement.

The dynamic contrast-enhanced volume CT protocol was performed with the following parameters: 
80 kV tube voltage, 80 mA tube current, 0.5 s gantry rotation speed and 0.5 mm slice thickness. The 16 
cm coverage included both the lung hilum and the GGN. The first two volumes were acquired before 
the contrast medium arrived in the pulmonary artery (PA) and served as the baseline. The duration of 
the breath hold was approximately 30 s. The raw data were reconstructed with adaptive iterative dose 
reduction and automatically produced 0.5 mm slice thickness and 0.5 mm spacing images, resulting in 
320 images per volume and a total of 4800 images for the entire perfusion dataset.

Data post-processing and analysis
Post-processing was performed using perfusion software available on the CT equipment (Body 
Perfusion, dual-input maximum slope analysis, Toshiba Medical Systems, Otawara, Japan). The first 
step is volume registration. The registration is performed to correct for motion between the dynamic 
volumes and creates a registered volume series. The registered volumes were then loaded into the body 
perfusion analysis software.

Rectangular region of interests (ROIs) (mean area 1.0 cm2) was manually placed in the pulmonary 
artery trunk and the aorta at the level of the hilum to generate the TDCs representing the PA input 
function and the bronchial artery input function, respectively. An elliptical ROI was placed in the left 
atrium and the peak time of the left atrium tunneled dialysis catheters (TDCs) was used to differentiate 
pulmonary circulation (before the peak time point) and bronchial circulation (after the peak time point)
[15]. A freehand ROI was drawn to encompass the lesion to generate the TDC of the contrast medium’s 
first-pass attenuation in the GGN. The perfusion analysis range was set from -700 HU to 50 HU to 
confine the perfusion analysis to the GGN or mixed GGN regions only and to ignore normal lung 
parenchyma. Finally, 512 × 512 matrix color-coded maps of the PF, BF and perfusion index [PI = PF/(
PF + BF)] were generated automatically. For each lesion, measurements were repeated on all relevant 
5.0-mm axial slices and then averaged to calculate the final value. Lesion opacity (mean HU) was 
measured on the non-contrast axial slice with the maximum lesion diameter using a freehand ROI 
closely encompassing the lesion and avoiding major vessels. This post-processing procedure was 
independently performed by two radiologists (**BLINDED**, with 13 and 11 years of experience, 
respectively in CT perfusion in the abdomen and chest). Each radiologist was blinded to the results of 
the other and the histopathological diagnoses. The final results were the average of the two observers. 
Inter-observer reproducibility was assessed for the PF, BF and PI as well as the lesion opacity (mean 
HU). The lesion type (pure GGN or mixed GGN) was independently determined by the two radiologists 
and by a third radiologist (**BLINDED**) if the results of the two radiologists were inconsistent.

The pure GGN was defined as a focal, slightly increased attenuation in lung without masking the 
underlying structures on the lung window images while the mixed GGN as a focal increased 
attenuation with solid components masking the underlying structures of pulmonary vessels[17].

Statistical analysis
Forty-seven GGNs were analyzed. The bronchial artery (BF) and pulmonary artery (PF) as well as the PI 
[= PF/ (PF+BF)] were compared respectively between the histopathologic types and the lesion types 
(pure GGNs or mixed GGNs) using one-way ANOVA and students’ t test and correlated respectively 
with lesions’ HU using Pearson correlation analysis. In addition, the BF and PF were compared by 
paired t test to determine the dominant blood flow in the GGNs. The inter-observer reproducibility of 
perfusion parameters (BF, PF and PI) and HU of GGNs were assessed using intraclass correlation coeffi-
cients (ICC). Statistical analysis was performed using commercially available software (SPSS, V13.0, 
IBM). A P value < 0.05 was considered to indicate a significant difference.
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RESULTS
All patients showed good compliance with the CT perfusion procedure. No severe motion artifacts or 
adverse events occurred.

Of the 47 GGNs (mean diameter, 8.17 mm; range, 5.3-12.7 mm), 30 (64%) proved to be bronchioloal-
veolar cell carcinoma (BAC) (n = 24) or adenocarcinoma with predominant BAC component (n = 6), six 
(13%) atypical adenomatous hyperplasia and 11 (23%) organizing pneumonia. None of the three 
perfusion parameters demonstrated significant difference among the three histopathological types 
(Table 1). Of the 30 carcinomas GGNs, 14 showed mixed GGNs and 16 pure GGNs, with a greater PI in 
the latter (P < 0.01). Of the 17 benign GGNs, 4 showed mixed GGNs (including 1 atypical adenomatous 
hyperplasia and 3 organizing pneumonia) and 13 pure GGNs (including 5 atypical adenomatous 
hyperplasia and 8 organizing pneumonia) with no significant difference of the PI between the GGN 
types (P = 0.21). Of the 30 cancerous GGNs, the lesions’ HU demonstrated mild negative correlation 
with the PF (r = -0.558, P = 0.001) while mild positive correlation with the BF (r = 0.565, P = 0.001). The 
PI demonstrates moderate negative correlation with the HU (r = -0.76, P < 0.001). No correlation 
between the perfusion parameters and the HU was revealed in the other two diseases (all P > 0.05).

Perfusion parameters were visualized by color maps and fused onto the original axial CT images. 
Representative perfusion color maps are shown in Figure 1 and Figure 2. Statistical results of the 
perfusion parameters derived from dual-input computed tomography perfusion are listed in Table 1 
and shown in Figures 3-5. ICC (0.94, 95%CI: 0.93-0.95) demonstrated that the reproducibility between 
the two observers is good.

The dynamic volume CT perfusion protocol was identical for all 47 cases. The CT dose DLP = 324.8 
mGy cm or 4.55 mSv (k = 0.014).

DISCUSSION
The PF and the BF, i.e., the dual vascular supply was revealed in lung cancer through post-mortem 
microarteriography in the early 1970s[18]. Since then, the BF in lung cancer was confirmed by many 
reports and broncho angiography studies[19]. In contrast, PF in lung cancer was rarely reported until 
recently with an in vivo evaluation of the dual vascular supply in lung cancer and was achieved by using 
a dynamic contrast-enhanced volume CT[20] which reported a dominant BF along with a subordinate 
PF in solid cancerous nodules. In the present investigation, however, we revealed a dominant PF along 
with a subordinate BF in the GGN carcinomas. In addition, we revealed that with the increase of the 
lesion opacity, the weight of the PF in the total blood flow of the GGN carcinomas decreases while the 
weight of the BF increases. Thus, we would like to provide an interpretation of our findings combining 
with the findings of the previous reports as the following: During the progress of the lung adenocar-
cinoma from a pure GGN to a mixed GGN then to a solid nodule[21,22], the PF dominant perfusion 
pattern may gradually reverse to the BF dominant perfusion pattern. In contrast to solid nodular 
carcinoma, GGN carcinoma are supposed to be indolent, which allows long-term follow-up of their 
morphological changes for treatment planning[23-25]. Our findings on the increasing weight of the BF 
in GGNs during its opacification suggest that the PI which represents the weight of the BF in the total 
blood supply (BF + PF) may be a potentially useful biomarker for distinguishing indolent nodules from 
active ones.

Though the dual vascular supply patterns of the GGNs were determined in the current investigation, 
it cannot help differentiate GGNs between benignancy and malignancy because none of the three 
perfusion parameters (PF, BF and PI) showed significant difference between benign and malignant 
GGNs. Nevertheless, the feature of the PF dominant perfusion in the GGN carcinomas may have two 
important clinical implications: (1) Bronchial arterial chemoembolization may not be suitable for the 
treatment of a GGN carcinoma; and (2) radiation therapy may not be suitable for the treatment of a 
GGN carcinoma. The reason for the former is self-evident. The reason for the latter is because the PF 
dominant perfusion indicates a low level of oxygenation in the GGN carcinoma resulting in a low level 
of radiosensitivity[20,26].

It was reported that the pure GGNs are difficult to be distinguished morphologically between 
malignancy and benignancy[27]; however, the mixed GGNs tend to be a malignant one[28,29]. During a 
long-term CT follow-up of an adenocarcinoma in the lung, the typical case may be a pure GGN at the 
very beginning then gradually changing into a mixed GGN and a solid nodule at last[30,31]. Therefore, 
it strongly suggests an adenocarcinoma when a pure GGN gradually changed into a mixed one during 
follow-up. According to the current investigation, a pure GGN carcinoma is mainly perfused by the PF 
while the weight of the BF increases in a mixed GGN. In addition, a solid carcinoma is mainly perfused 
by the BF according to the previous study[15,20,32]. These adaptive changes of the perfusion patterns 
may bring more oxygen to feed the growth of the GGN carcinomas because of a low oxygen level in the 
PF and a high oxygen level in the BF. However, the mechanism behind these changes is still unknown 
and needs to be investigated further.
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Table 1 Results of histopathologic comparisons on the three perfusion parameters

95% CI
Parameters Histopathology n mean ± SD

Lower Upper
One way ANOVA

Carcinoma 30 135.54 ± 46.58 118.15 152.93

Adenomatous hyperplasia 6 121.51 ± 40.56 78.94 164.08

PF (mL/min/100 mL)

Organizing pneumonia 11 116.06 ± 43.15 87.07 145.05

P = 0.435

Carcinoma 30 33.21 ± 12.12 28.68 37.74

Adenomatous hyperplasia 6 26.55 ± 4.08 22.26 30.83

BF (mL/min/100 mL)

Organizing pneumonia 11 24.96 ± 9.90 18.31 31.61

P = 0.079

Carcinoma 30 0.79 ± 0.09 0.75 0.82

Adenomatous hyperplasia 6 0.80 ± 0.07 0.73 0.88

PI (100%)

Organizing pneumonia 11 0.81 ± 0.69 0.76 0.86

P = 0.657

PF: Pulmonary flow; BF: Bronchial flow; PI: Perfusion index.

Figure 1 Axial colored perfusion maps in a 55-year-old male patient with pure ground-glass nodule carcinoma located in the right 
superior lung. Dominant pulmonary flow (PF) along with subordinate bronchial flow (BF) was observed in the pure ground-glass nodule. A: Axial colored perfusion 
map of PF; B: Axial colored perfusion map of BF; C: Axial colored perfusion map of perfusion index; D: Axial non-contrast computed tomography.

In this investigation, the perfusion analysis range was set from -700 HU to 50 HU to confine the 
perfusion analysis to the GGN or mixed GGN while ignore the normal lung parenchyma. In fact, the 
perfusion analysis range could be set individually according to an on-spot CT measurement of the 
GGN. To simplify and standardize the post-processing procedure, we adopted a fixed CT perfusion 
analysis range, i.e., -700 HU to 50 HU in this study.

There are some limitations to this study. First, the relatively small sample size of this study will 
undermine the significance of our findings. Second, a relatively high radiation dose is an unavoidable 
limitation of perfusion CT though the total effective dose of each patient was controlled to comparable 
with a multiphasic CT procedure[33,34]. Third, although the difference of CT perfusion between the 
pure and mixed GGN carcinomas was investigated, the solid components and the pure components of 
the mixed GGN carcinomas were not evaluated separately because it’s difficult to define the boundary 
of the two components. Fourth, our findings cannot help to differentiate between malignant and benign 
GGNs because no significant difference in perfusion parameters was revealed between them. However, 
the change regularity of the dual vascular supply patterns during the opacification of GGN carcinomas 
could help to better understand its biological behavior and therefore help to better manage it.
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Figure 2 Axial colored perfusion maps in a 72-year-old male patient with mixed ground-glass nodule carcinoma located in the right 
superior lung. The perfusion is heterogeneous throughout the lesion. Pulmonary flow (PF) is globally dominant, especially in the dorsal part of the lesion (arrow), 
which corresponds to the lower attenuation region of the mixed ground-glass nodule. A: Axial colored perfusion map of PF; B: Axial colored perfusion map of 
bronchial flow; C: Axial colored perfusion map of perfusion index; D: Axial non-contrast computed tomography.

Figure 3 Box plot of perfusion parameters demonstrates dominant Pulmonary flow (PF) along with relatively low bronchial flow (BF) in 
carcinoma (n = 30), atypical adenomatous hyperplasia (n = 6) and organizing pneumonia (n = 11).

CONCLUSION
In conclusion, the GGNs are perfused dominantly by the PF regardless of its histopathology while the 
weight of the BF in the GGN carcinomas increases gradually during its opacification. The PI may be a 
potentially useful biomarker for distinguishing indolent nodules from aggressive ones.
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Figure 4 Box plot of perfusion index [= pulmonary flow/(pulmonary flow + bronchial flow)] demonstrates dominant pulmonary flow along 
with subordinate bronchial flow in pure ground-glass nodule carcinoma (n = 16) and a weakened pulmonary flow along with an enhanced 
bronchial flow in mixed ground-glass nodule carcinoma.

Figure 5 Plots of the Pearson correlation between the attenuation values of the ground-glass nodule carcinoma and the three perfusion 
parameters. The HU of the GGN carcinoma correlates negatively, positively and negatively with the pulmonary flow (PF), bronchial flow (BF) and the perfusion 
index (PI), respectively. A: Correlation between the HU of ground-glass nodule (GGN) carcinoma and PF; B: Correlation between the HU of GGN carcinoma and BF; 
C: Correlation between the HU of GGN carcinoma and PI.
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ARTICLE HIGHLIGHTS
Research background
In recent years, the detection rate of ground-glass nodules (GGNs) has been improved dramatically due 
to the application of low-dose computed tomography (CT) screening and high-resolution CT. The 
rapidly increasing detection rate requires appropriate managements of the GGNs which depends on a 
thorough investigation and sufficient knowledge of the GGNs. In most diagnostic studies of the GGNs, 
morphological factors are used to differentiate benignancy and malignancy. However, evaluation of the 
dual vascular supply patterns in GGNs with a dynamic volume CT could provide more valuable 
information for identification and treatment planning.

Research motivation
Studies of the solid lesions suggested that the information of CT perfusion is helpful in identification 
and treatment planning. Furthermore, quantification of the dual blood supply from the pulmonary and 
bronchial artery, i.e., the pulmonary flow (PF) and bronchial flow (BF) in lung disorders was recently 
achieved with a dynamic volume CT and the first-pass dual-input perfusion analysis producing helpful 
information for differentiations and treatment planning. Based on this, our study is devoted to the 
assessment of the dual blood supply pattern of GGNs by dynamic CT to provide more valuable 
information for differentiations and treatment planning.

Research objectives
To assess the dual vascular supply patterns of GGNs with regard to different histopathology and 
opacities using a dynamic volume CT.

Research methods
In this prospective study, 47 GGNs from 47 patients were included and underwent the dynamic volume 
CT. Histopathologic diagnoses were obtained within two weeks after the CT examination. BF and PF as 
well as the perfusion index [(PI) = PF/ (PF+BF)] were obtained using first-pass dual-input CT perfusion 
analysis and compared respectively between different histopathology and lesion types (pure or mixed 
GGN) and correlated with the attenuation values of the lesions, using one-way ANOVA, student’s t test 
and Pearson correlation analysis.

Research results
Forty-seven GGNs including three histopathological types (30 carcinoma, 6 atypical adenomatous 
hyperplasia and 11 organizing pneumonia). All perfusion parameters (BF, PF and PI) demonstrated no 
significant difference among the three conditions (all P > 0.05). The PFs were higher than the BFs in all 
the three conditions (all P < 0.001). Of the 30 GGN carcinomas, 14 showed mixed GGNs and 16 pure 
GGNs, with a higher PI in the latter (P < 0.01). A negative correlation (r = -0.76, P < 0.001) was 
demonstrated between the CT attenuation values and the PIs in the 30 GGN carcinomas.

Research conclusions
In conclusion, the GGNs are perfused dominantly by the PF regardless of its histopathology while the 
weight of the BF in the GGN carcinomas increases gradually during the progress of its opacification.

Research perspectives
Our future study will expand the GGNs sample size to further investigate potential difference of 
perfusion parameters between malignant and benign GGNs and to further confirm that the PI is a useful 
biomarker for distinguishing indolent GGNs carcinomas from aggressive ones.
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