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Original Article

CT perfusion imaging can detect residual lung tumor early after 
radiofrequency ablation: a preliminary animal study on both 
tumoral and peri-tumoral region assessment
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Background: Radiofrequency ablation (RFA) is a minimally invasive procedure to treat lung cancer. 
Timely evaluation on residual lung tumor after RFA is crucial to the prognosis, hence, our objective is to 
assess CT perfusion (CTP) on detection of residual lung tumor early after RFA.
Methods: CTP imaging was performed in 24 lung VX2 tumor models 1 day before and within 1 hour 
after RFA. CTP maps with dual-input (n=24) and single-input [n=13, with predominant ground glass 
opacity (GGO) after RFA] models were generated using the maximal slope method. Regions of interest were 
independently placed on the maximal cross-sectional tumor before and after RFA and on GGO after RFA 
by two thoracic radiologists. The bronchial flow (BF), pulmonary flow (PF) and perfusion index (PI) were 
compared between pre-RFA and post-RFA images. The parameters (BF, PF and PI of tumor; PF of GGO) 
of the complete and incomplete RFA groups were compared based on nicotinamide adenine dinucleotide 
hydrogen (NADH) and TdT-mediated dUTP nick-end labeling (TUNEL) staining and were correlated 
with the microvascular density (MVD). 
Results: The BF and PF decreased after RFA (all P values <0.03). The decrease in BF and PF (ΔBF and ΔPF) 
in the complete RFA group was higher (P=0.01; 0.02). The areas under the curve (AUC) of ΔBF and ΔPF at 14.85 
and 17.25 mL/min/100 mL in determination of tumor with complete ablation were 0.80 and 0.78, respectively. 
ΔBF was positively correlated with MVD (P=0.046, r=0.468). PF of GGO with incomplete RFA was higher 
(P=0.001). The AUC of PF ≤29.4 mL/min/100 mL in determination of tumor with complete ablation was 0.99.
Conclusions: CTP could detect residual lung tumor early after RFA in a rabbit model, which might 
provide a clinical solution to early treatment assessment after RFA.
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Introduction

Radiofrequency ablation (RFA) has been adopted as a locally 
minimally invasive therapy for primary and oligometastatic 
lung tumors (especially, tumors less than 3 cm) and is 
recognized as a safe and effective procedure (1-6). However, 
local tumor progression associated with incomplete ablation 
was reported to be 30–40% and 13–19% for primary 
and metastatic lung tumor, respectively (7). Hence, early 
detection of residual tumor after ablation is pivotal to the 
prognosis. The present method of evaluation after RFA is 
using conventional imaging (i.e., computed tomography 
and integrated with positron-emission tomography), 
which is occasionally imprecise due to complicated 
pathophysiological changes after ablation (8,9). Functional 
imaging like CT perfusion (CTP) might have the potential 
to overcome this limitation. 

CTP has been widely applied to the assessment of tumor 
angiogenesis, prediction of cancer pathologic grading 
and evaluation of tumor response to treatment (10). CTP 
evaluation of tumors after RFA has been mainly focused on 
liver cancer, which usually manifests as low and high blood 
perfusion within completely versus incompletely treated 
tumors (11-13). Few investigations of CTP on lung cancer 
after RFA have been carried out, and the majority utilized 
the single-input (usually systemic circulation) model of 
CTP without taking into account pulmonary arterial  
circulation (14). Lung cancers have been verified to have 
a good deal of pulmonary blood supply besides bronchial 
blood supply (15,16). Thus, CTP with dual-input model 
on assessment of lung tumors after RFA might be more 
reasonable and accurate. Besides, previous investigations 
on treatment assessment using conventional imaging are 
usually based on the routine morphological pathology, 
which might underestimate the effect of RFA (17). The 
thermally fixed or apoptotic tumor cells sometimes manifest 
as normal vital cells on H&E staining, yet the enzymes and 
proteins used to maintain cell activity have been denatured, 
and cells have been inactivated (17). Nevertheless, these 
pathological changes could be detected by specific staining, 
including nicotinamide adenine dinucleotide hydrogen 
(NADH) and TdT-mediated dUTP nick-end labeling 
(TUNEL) (18).

To achieve complete ablation of lung cancer, any 
peritumoral lung parenchyma within 5 to 10 mm needs 
to be ablated (7,19,20). This area presents as necrosis, 
effusion and congestion from the inner zone to the outer 
zone on histopathology, accordingly (21), and manifests as 

ground glass opacity (GGO) on CT, which is the crucial 
area in the early assessment after RFA (8). Previous studies 
based on the morphological changes of unenhanced CT 
found that the size of GGO was associated with residual 
tumor and recurrence (22,23). Hemodynamic changes of 
this region early after RFA could be assessed by pulmonary 
parenchymal perfusion based on single-input CTP, which 
would complement to the structural imaging assessment.

Therefore, we explored whether the use of dual-input 
together with single-input model of CTP based on NADH 
and TUNEL staining could accurately detect lung tumor 
viability both in tumoral and peri-tumoral regions early 
after RFA.

We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://jtd.
amegroups.com/article/view/10.21037/jtd-21-967/rc).

Methods

Optimization of contrast material injection protocol for 
the dual-input model of computed tomography perfusion 
imaging

We tested 4 different contrast material injection protocols 
(iohexol, 350 mg/mL, injection rate and volume: 1.5 mL/s  
+ 1.0 mL; 1.5 mL/s + 2.0 mL; 2.0 mL/s + 1.0 mL; 2.0 mL/s 
+ 2.0 mL) (Table S1) among 40 New Zealand white rabbits, 
compared the parameters (Table S2) generated from the 
time-density curves (TDCs) of the pulmonary and bronchial 
arteries (Figure S1), and found that CTP with a contrast 
material injection rate of 1.5 mL/s and volume of 2.0 mL 
was optimal for visualization of pulmonary and bronchial 
circulation of rabbit lung.

Rabbit lung VX2 tumor modeling, RFA procedure and 
grouping

This prospective study was under the approval of our 
center’s Animal Care and Use Committee. Thirty New 
Zealand white rabbits (Shanghai Jiagan Biological 
Technology Co., Ltd.; permit number: SCXK2010-0028; 
2.0 to 3.0 kg of weight, 3 to 5 months of age, with half 
males and half females) were implanted with VX2 tumor 
pieces (measuring 1 mm3, trimmed from the VX2 tumor-
bearing rabbits on their thighs, purchased from Shanghai 
Institutes for Biological Sciences). The tumor pieces were 
inoculated into either the right or left side of the lower 
lobe (distant from the heart, diaphragm, central vessels and 

https://jtd.amegroups.com/article/view/10.21037/jtd-21-967/rc
https://jtd.amegroups.com/article/view/10.21037/jtd-21-967/rc
https://cdn.amegroups.cn/static/public/JTD-21-967-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-21-967-Supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-21-967-Supplementary.pdf
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main bronchi) percutaneously by a 17-G coaxial needle 
(6.8 cm, Angiotech, Vancouver, BC, Canada) under CT 
guidance. The growth of implanted VX2 tumors was 
followed up by unenhanced CT at an interval of 1 week 
[according to the double time of lung VX2 tumor (24) and 
auricle VX2 tumor growth (25)], and the rabbits with VX2 
tumors measuring 7 to 10 mm in the maximal diameter (two 
rabbits were randomly selected to test the blood supply to 
the implanted tumor by digital subtraction angiography 
and CT, and the tumoral angiogenesis was verified by 
H&E and CD31 staining) received a subsequent RFA 
procedure, which contained the following steps. First, 3% 
pentobarbital sodium (1 mL/kg, Dingguo Biotechnology 
Co., Ltd., Shanghai, China) was administered via the 
marginal ear vein to achieve general anesthesia. Second, 
a 17-G umbrella electrode (length of 10 cm, 10 sub-
needles, diameter of 2.0 cm, Medsphere International Co., 
Ltd., Shanghai, China) or a 19-G single-needle electrode 
(length of 8 cm, diameter of needle tip of 1 cm, Medsphere 
International Co., Ltd., Shanghai, China) collocated with a 
radiofrequency generator (S-1500; Medsphere International 
Co., Ltd., Shanghai, China) was percutaneously placed into 
the implanted VX2 tumor under CT guidance. The sub-
needles of the umbrella electrode were opened 1.0 cm in 
diameter, and the single-needle electrode was inserted 1 cm 
into the tumor. Third, the ablation procedure either with 
a fixed power pattern of 25–30 W (umbrella electrode) or 
an initial power of 5 W with an increment of 5 W until the  
25 W pattern (single-needle electrode) was set, and ablation 
was begun continuously until it ceased automatically due 
to the increasing impedance. This ablation procedure was 
carried out in a similar position once again on a 30-second 
interval until the GGO measuring 5 mm appeared on the 
lung window of CT, suggesting a complete RFA (26).

The rabbits with implanted VX2 tumors, which served 
as the VX2 lung cancer models, were finally grouped after 
RFA into complete and incomplete RFA subgroups based 
on NADH and TUNEL staining.

Computed tomography perfusion imaging

The rabbits were fasted for 12 hours and anesthetized by 
administration of pentobarbital sodium (3%, 1 mL/kg) 
into the marginal ear vein via a 24-gauge indwelling needle 
before CTP imaging. A supine position, with limbs and 
incisors fixed to a homemade examination pad and gauze 
bandages bound to the abdomen for controlling abdominal 

breathing, was utilized during examination. Additional 
sodium pentobarbital was administered for a stable 
respiratory rhythm at a rate under 20 per minute.

First, a positioning scan was carried out to determine the 
target tumor area. Then, a cine mode scan was performed 
after a 1-second delay of intravenous injection of 2 mL 
iohexol, followed by 4 or 5 mL 0.9% saline with the same 
speed of 1.5 mL/s through a single indwelling needle 
(marginal ear vein) by a power injector (Stellant, SCT-
210, MEDRAD, Pittsburgh, USA). A 64-dector row CT 
scanner (Hitachi Scenaria 64, Hitachi Medical System, 
Kashiwa Shi, Chiba, Japan) was utilized to finish the whole 
scanning roughly from the thoracic inlet to the diaphragm 
with the tumor area as the center. The scan parameters 
were as follows: tube voltage, 100 kV; tube current, 80 mA; 
0.5 s/rotation; collimation, 64×0.625; matrix, 512×512; 
field of view (FOV), 90–120 mm; slice thickness/interval, 
1.25/1.25 mm; total acquisition time, 19 s (0.5 s/rotation, 
continuously repeated for 38 rotations); total dose-length 
product (DLP), 87.9 mGy·cm; window width (WW),  
350 HU; and window level (WL), 40 HU.

Inflated fixed lung with VX2 tumor, cross-sectional macro- 
and microscopic specimens

The rabbits with VX2 tumor after RFA and CTP were 
sacrificed with an overdose of pentobarbital. The lungs 
were then immediately isolated, inflated and fixed using the 
Heitzman method. Those samples for NADH staining were 
inflated and fixed with optimal cutting temperature (OCT) 
compound (37 ℃) after 10 mL air inflation until they 
appeared not collapsed.

The inflated and fixed lungs were set at the supine 
position and scanned with a slice thickness of 2.5 mm to 
position the central slice of the VX2 tumor after RFA under 
circumstances of the lung window. The cross-sectional macro-
specimens with the same thickness were then sliced under 
guidance of the laser positioning line from the central slice 
to both ends and fixed in formalin overnight for paraffin 
embedding of the histological specimen (5 μm) and staining 
(H&E, CD34 and TUNEL) or were immediately frozen 
for NADH staining.

H&E, CD31, NADH and TUNEL staining and 
evaluation

The sections with 5 μm thickness were first stained with 
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hematoxylin-eosin for routine morphological assessments 
and were then reacted with a 3% H2O2-methanol solution 
for 12 minutes, incubated in 100 μL serum for 15 minutes 
and with the CD31 antibody (primary and secondary 
antibodies, Arigo Biolaboratories Corp., Taiwan, China) 
within 1 day at room temperature for microvessel density 
(MVD) evaluation according to the Weidner methods (27), 
which were detailed as follows. First, one single microvessel 
was defined as one isolated CD31 positively stained vascular 
endothelial cell or clusters of CD31 positively stained cells 
with or without cavity formation and a branching structure 
with a clear gap. The diameter of the cavity was larger than 
8 red blood cells, and those with a muscular layer and CD31 
positively stained cells in the necrosis and peri-tumoral 
areas were not calculated as one single microvessel. Second, 
the “hot-spot” area was defined as a strong staining area on 
40-fold magnified views. Third, five views were randomly 
selected on the 200-fold magnified of the “hot-spot” area, 
and the average was defined as the MVD.

Air- and OCT-compound-fixed fresh lung with VX2 
after RFA within 10 minutes was frozen at −80 ℃ for 
2 to 3 minutes and cut into slices with a thickness of  
10 μm. Then, the sections were incubated in 10 mL Tris-
HCL buffer (pH=7.4) containing 8 mg NADH (Beyotime 
Biotechnology, Shanghai, China) and 10 mg NBT 
(Beyotime Biotechnology, Shanghai, China) at 37 ℃ for  
30 minutes (28). The positive NADH staining was dark 
blue, indicating that those cells were viable, while the 
negative staining was colorless, indicating that those 
cells died as a result of NADH diaphorase inactivation 
immediately after cell death (29,30).

The TUNEL staining procedure was performed on 
the paraffin embedded sections according to the modified 
Roche protocol (Version 11, April 2006) using the Roche 
cat. for in situ cell death detection kit (No. 11684795910). 
Positive staining of massive DNA fragments caused by 
coagulative necrosis in the center of ablation was classified 
as a true positive result instead of a false positive in the 
study. TUNEL-positive staining was defined as nuclei with 
green light under UV excitation indicating cell apoptosis or 
death, whereas negative staining was defined as nuclei with 
blue light without excitation indicating cell viability.

All the above stained histological sections were 
first scanned by a digital panoramic imaging system 
(Pannoramic-250, 3D HISTECH Ltd., Budapest, Hungary) 
with 200-fold magnification and then reviewed and analyzed 
by a pathologist with more than 30 years of experience in 
diagnostic pathology and various staining techniques.

Data processing and analysis

All CTP images (DICOM format) were transferred to 
the Vitrea station (Vitrea FX, version 6.5.3, Minnetonka,  
MN, USA).

The dual-input perfusion model was utilized in the body 
perfusion packs for the assessment of the VX2 tumor before 
and after RFA. First, non-rigid correction was performed 
for the respiratory movement. Second, the region of interest 
(ROI) of the pulmonary artery trunk, descending aorta 
and left atrium was delineated on the transverse image at 
the mediastinal window. Third, the according TDC was 
generated automatically and adjusted to show the left atrium 
enhancement peak point in the intersection of the TDC 
of the pulmonary artery truck and descending aorta (cut-
point of the pulmonary and systemic circulation). Fourth, 
the dual-input CTP pseudo-color mapping (displaying 
calculated parameters in rainbow colors) was calculated with 
the maximum slope method (31,32) at CT values ranging 
from −80 to 150 HU. Finally, ROIs of the VX2 tumor 
before and after RFA (referring to the images before RFA) 
were delineated on the maximal axial images while avoiding 
the lobar bronchi and vessels to generate the perfusion 
parameters of bronchial flow (BF, unit: mL/min/100 mL), 
pulmonary flow (PF, unit: mL/min/100 mL) and lung 
perfusion index (PI, unit: %).

The single-input perfusion model was utilized in the lung 
perfusion packs for the assessment of the peritumoral “safe 
zone”. First, non-rigid correction was performed for the 
respiratory movement. Second, the ROI of the pulmonary 
artery truck and lung parenchyma of the right lower lobe 
(avoiding the area adjacent to the heart and diaphragm) was 
delineated on the transverse image at the mediastinal and 
lung window. Third, the TDC was generated automatically 
and then adjusted by verifying each ROI in a similar region 
at different time points. Fourth, the single-input CTP 
pseudo-color mapping was calculated with the maximum 
slope method at a CT value ranging from −400 to −50 HU. 
Finally, the ROIs of the GGO after RFA were delineated 
from the central to peripheral ablation zone based on 
different contours caused by the decreasing temperature of 
the lung tissue on the pseudo-color map; accordingly, the 
PF was generated.

The following steps were used to well register between 
CTP images and pathological images: firstly, cross-sectional 
CTP images across the maximal axis of the tumor before 
RFA were marked by both tumor contour and adjacent 
anatomic structures (e.g., tracheal carina, ascending aorta, 
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heart atrium and ventricle); secondly, cross-sectional CTP 
images across the maximal axis of the tumor after RFA were 
identified by cross checking with the marked CTP images 
in the prior step; thirdly, large histological section with 
H&E staining which were well correlated with CTP images 
were identified by cross-referring to both tumor contour 
and adjacent lung parenchymal structures (e.g., lobar and 
segmental bronchus, pulmonary artery and vein). NADH 
and TUNEL staining histological sections were then made 
for further subgrouping.

The measurement was blindly performed by two 
radiologists (ZC and FS, with 10 and 15 years of experience 
in thoracic diagnostic imaging, respectively), and the mean 
value was used.

Statistical analysis

The values of PI, BF, PF in the complete and incomplete 
groups before and after RFA were compared by either a 
two-tailed unpaired t-test (data in Gaussian distribution 
tested by the Kolmogorov-Smirnov test) or a two-tailed 
Mann-Whitney U test (data in non-Gaussian distribution). 
The receiver operating characteristic (ROC) curve was used 
to test the differentiating ability of the perfusion parameter 
in terms of area under the curve (AUC), sensitivity, 
specificity and positive likelihood ratio (LR+). The 
correlation between the significant perfusion parameter and 
MVD was tested by either a one-tailed Pearson correlation 
(data in Gaussian distribution) or Spearman correlation 
(data in non-Gaussian distribution). The coefficients 
of correlation above and below 0 indicated positive and 
negative correlations, respectively. An absolute value above 
0.6 indicated high correlation, a value between 0.4 and  
0.6 indicated correlation, and a value below 0.4 indicated 
no correlation. All the statistics were carried out by STATA 
(Version 14.1.408, Statacorp, TX, USA), and the statistical 
charts were created by GraphPad Prism (Version 8.0.0, 
GraphPad Software, CA, USA). All significant levels were 
set at 0.05.

Ethical statement

Experiments were performed under a project license 
(No. 2017-A015-01) granted by the institutional ethics 
committee board of Shanghai Public Health Clinical 
Center, in compliance with Shanghai Public Health Clinical 
Center’s institutional guidelines for the care and use of 
animals. A protocol was prepared before the study without 

registration.

Results

Rabbit lung VX2 tumor model with RFA and CTP

There were 28/30 successfully implanted lung VX2 
tumor models. Of these 28 models, 2 were sacrificed to 
test for tumoral angiogenesis, and another 2 died from 
hemopneumothorax and bronchopleural fistula during the 
RFA procedure. The remaining 24 models successfully 
received both dual-input CTP and RFA. Of the 24 finally 
enrolled models, 11/24 models had no prominent GGO 
adjacent to the tumor after RFA, which might be caused 
by subsequent lung parenchymal collapse, congestion, 
or consolidation. These 11/24 models were not further 
investigated by single-input CTP on account of avoiding the 
potential influence on the blood supply of this peri-tumor 
region. Consequently, 13/24 models with prominent GGO 
were finally enrolled to investigate the single-input CTP.

Dual-input CTP changes in rabbit lung VX2 tumor early 
after RFA

The mean value of BF and the median value of PF decreased 
14.10±15.09 mL/min/100 mL and 15.60 (6.00–26.00) 
mL/min/100 mL after RFA (P=0.0001; <0.0001, α=0.05), 
respectively, and the corresponding value of the complete 
RFA group decreased more than that of the incomplete 
RFA group (P=0.01; 0.02, α=0.05). The mean value of PI 
slightly decreased 0.01±0.15 after RFA; however, there was 
no significant difference (P=0.7058, α=0.05). The mean value 
of PI in the complete RFA group slightly increased early 
after RFA, while the mean value of PI in the incomplete 
RFA group slightly decreased early after RFA, yet there 
were no significant differences (P=0.23, α=0.05) (Tables 1,2;  
Figures 1,2). The ROC curve shows that using a decrease 
of ∆BF ≥14.85 mL/min/100 mL and ∆PF ≥17.25 mL/min/ 
100 mL as a threshold to determine complete RFA of lung 
VX2 tumors could produce AUC of 0.80 and 0.78, sensitivity 
of 75.00% and 75.00%, specificity of 66.67% and 66.67%, 
and LR+ of 2.25 and 2.25, respectively.

Changes in single-input CTP of the peritumoral “safe 
zone” of rabbit lung VX2 tumor after RFA and its role in 
early evaluation

There were 13 rabbit lung VX2 tumors with predominant 
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GGO immediately after RFA, and 6 of them were 
classified as the incomplete RFA group according to H&E 
and NADH staining according to the vital tumor area 
shown in the peri-tumor region. The mean PF value in 
the corresponding GGO was 39.07 mL/min/100 mL. 
The remaining 7 models were classified as the complete 
RFA group, and the mean value of PF in the GGO was  
18.83 mL/min/100 mL. As a control, the mean PF of GGO 
of the normal lung after RFA was 20.66 mL/min/100 mL.  
There were significant differences among these three 
subgroups (P=0.0009, α=0.05/3). The mean PF of GGO in 
the incomplete RFA subgroup was larger than that in the 
complete RFA subgroup (P=0.0012, α=0.05/3) and in the 
normal lung control subgroup (P=0.0087, α=0.05/3), while 
there was no significant difference between the latter two 
subgroups (P=0.8447, α=0.05/3) (Table 3; Figure 3). The 
ROC test showed that using PF ≥29.4 mL/min/100 mL as 
a threshold to determine incomplete RFA of GGO could 
produce an AUC of 0.99, sensitivity of 100%, specificity of 
91.67%, and LR+ of 12.00.

Correlations between CTP parameters and MVD

∆BF positively correlated with MVD (P=0.0456, r=0.4684, 
α=0.05, Pearson’s correlation), while there was no significant 
correlation among ∆PF, ∆PI and MVD (P=0.1437, 
r=0.3059, α=0.05; P=0.1000, r=−0.3645, α=0.05, Pearson’s 
correlation).

Discussion

To date, CTP based on a single-input model has been 
investigated for the evaluation of various treatments of 
lung cancer, including chemotherapy, targeted therapy, 
radiotherapy and interventional therapy. The majority of 
these studies confirmed CTP as a useful method and found 
that BF and permeability surface (PS) product decreased 
after treatment (33-37). Few studies have been carried out 
on thermal ablation, and the results have varied. A study 
found that BF and PS decreased and correlated well with 
the results assessed by the response evaluation criteria 
in solid tumors (RECIST) (38), while another study on 
microwave ablation did not find a difference (39). The reason 
might be that the algorithm being chosen is a single-input 
model, and there could be some pulmonary blood supply 
to the tumor and transiently increased pulmonary blood 
perfusion around the ablation at an early stage. DI-CTP 
might have the potential to solve this problem, as was found 
by our study that BF and PF decreased at an early stage 
after RFA. The possible mechanism might be that thermal 
damage during ablation directly or indirectly destroys the 
microvessels of lung tumors, triggering a large number of 
round cells in the interstitium infiltrating the capillary wall 
and causing degenerative changes, which eventually lead to 
occlusion and necrosis of tumor blood supply vessels (40) 
and a prominent decrease in microcirculatory perfusion. In 
addition, we found that both BF and PF decreased more in 
the complete ablation groups than in the incomplete group, 

Table 1 Dual-input CT perfusion parameter changes in the implanted VX2 tumor after RFA

Parameters Pre-RFA (N=24) Post-RFA (N=24) P

BF (mL/min/100 mL) 25.50±14.95 11.40±5.77 0.0001*

PF (mL/min/100 mL) 25.40 (11.45–35.43) 11.40 (6.58–15.33) <0.0001*

PI 0.58±0.12 0.57±0.13 0.7058

Value of BF/PI: mean ± SD; value of PF: median (95% CI). *, P values indicate significant difference. RFA, radiofrequency ablation; BF, 
bronchial flow; PF, pulmonary flow; PI, perfusion index.

Table 2 Dual-input CT perfusion changes in the implanted VX2 tumor early after RFA in the complete and incomplete RFA subgroups

Parameters Complete RFA (N=12) Incomplete RFA (N=12) P

∆BF (mL/min/100 mL) 21.66±14.61 6.54±11.76 0.01*

∆PF (mL/min/100 mL) 22.90 (14.35–34.38) 9.90 (1.68–19.03) 0.02*

∆PI 0.03±0.15 0.05±0.15 0.23

∆=|post-RFA − pre-RFA|; value of ∆BF/∆PI: mean ± SD; value of ∆PF: median (95% CI). *, P values indicate significant difference. RFA, 
radiofrequency ablation; BF, bronchial flow; PF, pulmonary flow; PI, perfusion index.
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which provides a basis for the early evaluation of RFA. 
The PI was reported to be a good perfusion biomarker in 
differentiation of malignant from benign solitary pulmonary 
nodules with an AUC of 0.92, and the PI of malignancy 
was smaller than that of benignity (41). Similar to this 
investigation, we found a trend in which PI increased in 
the complete RFA group but decreased in the incomplete 
RFA group, although there was no statistically significant 
difference, which could be explained by changes in the dual-
input blood supply of the tumor after RFA. BF decreased 
more than PF in the complete RFA group; however, BF 
decreased slightly more than PF in the incomplete RFA 
group. The reason for the non-statistically significant 
difference might be the miscellaneous effects of the PI, for 

instance, tumor size and volume: the larger the volume was, 
the smaller the PI was (42). The variance in volume of the 
VX2 tumor in the study might be one factor accounting 
for this observation. In addition, the implanted tumor 
was mainly peripherally located, which might be another 
factor, as was reported that the proportion of pulmonary 
blood supply in peripheral lung cancer is larger than that in 
centrally located lung cancer (14). 

The GGO appearance around the VX2 tumor after 
RFA is the key area to be carefully assessed, which is 
pathophysiologically complicated. The GGO could 
be vasculogenic as a result of reactive increasement in 
microvascular blood volume after lung tissue damage or 
non-vasculogenic due to bronchoalveolar destruction, 

Figure 1 Dual-input CT perfusion changes in the implanted lung VX2 tumor with complete ablation based on H&E and NADH staining 
within 1 hour after RFA. (A-C) BF, PF, PI map of the VX2 tumor pre-RFA; (D-F) BF, PF, PI map of the VX2 tumor within 1 hour post-RFA; 
corresponding value of ROI: 51.7 mL/min/100 mL, 51 mL/min/100 mL, 47.6%; 11.4 mL/min/100 mL, 15.5 mL/min/100 mL, 57.1%.  
(G-I) Macropathology of cross-sectional lung specimens, H&E staining (1×), and NADH staining (1×). ROI with yellow color illustrating 
the VX2 tumor post-RFA; dense and hematoxylin-stained tumor cells are visible, while negative staining on NADH indicates nonviable 
tumor cells. NADH, nicotinamide adenine dinucleotide hydrogen; RFA, radiofrequency ablation; BF, bronchial flow; PF, pulmonary flow; 
PI, perfusion index; ROI, region of interest.
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collapse or some tumor cell infiltration in a lepidic pattern 
through the alveolar pore (43). The non-vasculogenic GGO 
can be easily assessed by CTP with the decreased PF after 

RFA; however, the vasculogenic GGO can be discerned by 
the increased vessel diameter within the GGO (44) or dual-
energy CTP when the diameter of the corresponding vessel 

A B C

D E F

G H I J

Figure 2 Dual-input CT perfusion changes in the implanted lung VX2 tumor with incomplete ablation based on H&E and TUNEL 
staining within 1 hour after RFA. (A-C) BF, PF, PI map of the VX2 tumor pre-RFA; (D-F) BF, PF, PI map of the VX2 tumor within 1 hour 
post-RFA; corresponding value of ROI: 14.3 mL/min/100 mL, 19.6 mL/min/100 mL, 57.7%; 23.2 mL/min/100 mL, 23.2 mL/min/100 mL,  
50.4%. (G-J) macropathology of cross-sectional lung specimens, H&E staining (1×), TUNEL staining (1×), and TUNEL staining (200×). 
Area with red arrows illustrating vital part of the VX2 tumor, blue-stained on TUNEL staining; left lower red rectangle indicates vital 
tumor cells; right upper red rectangle indicates almost nonviable tumor cells. TUNEL, TdT-mediated dUTP nick-end labeling; RFA, 
radiofrequency ablation; BF, bronchial flow; PF, pulmonary flow; PI, perfusion index; ROI, region of interest.

Table 3 Single-input CT perfusion changes in the peri-tumoral “safe zone” early after RFA in different subgroups

Subgroups PF (mL/min/100 mL, mean ± SD) P

Complete RFA (N=7) 18.83±4.36 0.0012@

Incomplete RFA (N=6) 39.07±6.98 0.0087#

Normal lung control (N=5) 20.66±8.30 0.8447&

P 0.0009*

*, P value of comparison between the 3 groups; @, P value of comparison between complete and incomplete RFA; #, P value of comparison 
between incomplete RFA and normal control; &, P value of comparison between complete RFA and normal control; numbers in italic 
denote significant differences. RFA, radiofrequency ablation; PF, pulmonary flow.
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cannot be verified (43). Previous studies usually uses a size 
of at least 5 mm and integrity of GGO as the standard for 
complete ablation (45); however, predicting success based 
only on the morphology is not precise. In this study, we 
used the CTP with a calculated threshold of the CT value 

between −400 and −50 HU to assess the lung pulmonary 
parenchyma with GGO and found that the PF of the 
residual tumor area was larger than that of the complete 
ablation area with either a tumor or normal lung, which is 
similar to the report on the instant evaluation of normal 

A B C D

E F G H

I J K

Figure 3 Single-input CT perfusion changes in the “safe zone” around implanted lung VX2 tumor and normal lung within 1 hour after RFA based 
on H&E and NADH staining. (A-D) Cross-sectional lung specimen (A), H&E staining (B), NADH staining (C) and pulmonary parenchymal CTP 
(D) of GGO around a complete lung VX2 tumor after RFA. The ROI in yellow indicates devitalized tissues (on NADH staining); mean PF of the 
corresponding ROI: 12.75 mL/min/100 mL. (E-H) Cross-sectional lung specimen (E), H&E staining (F), NADH staining (G) and pulmonary 
parenchymal CTP (H) of GGO around an incomplete lung VX2 tumor after RFA. The ROI in yellow indicates vital tissues (blue part on NADH 
staining-vital); PF of corresponding ROI: 34.9 mL/min/100 mL. (I-K) H&E staining (I), B-NADH staining (J) and pulmonary parenchymal CTP 
(K) of GGO of normal lung after RFA. The ROI in yellow indicates no vital tissue (on NADH staining); the mean PF of the left lower part of 
ROI: 12.75 mL/min/100 mL; the right upper part of ROI indicating congestion. RFA, radiofrequency ablation; NADH, nicotinamide adenine 
dinucleotide hydrogen; CTP, CT perfusion; GGO, ground glass opacity; ROI, region of interest; PF, pulmonary flow.
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porcine liver with CTP (46), suggesting that CTP could be 
a promising method in the early evaluation of GGO around 
lung tumors after RFA.

Regarding the correlation between perfusion parameters 
and MVD, we found that only ∆BF positively correlated 
with MVD, which was consistent with the results from 
studies based on the single-input model CTP (47-49). 
The reason for the lack of correlation between the other 
two parameters and MVD might be due to the inability to 
differentiate arterioles from venules using this counting 
method, and there was still some overlap between the 
bronchial and pulmonary blood supply, even with the 
maximum slope method of dual-input CTP.

Admittedly, there were several limitations in this study. 
First, the artifacts caused by respiratory movements might 
affect the perfusion parameters; however, a non-rigid 
movement correction was utilized to alleviate this effect. 
Second, delineation of the VX2 tumor on the maximal cross-
section might not fully reflect the perfusion changes of the 
whole tumor (50) because there was spatial heterogeneity 
in the tumoral blood supply (51). A delineation of the 
whole tumor would be warranted to verify the present 
results. Third, there were no comparisons between different 
mathematical algorithms on the calculation of perfusion 
parameters, as there might be differences in the treatment 
evaluation based on perfusion (52). However, a study on 
the CTP calculated with different mathematical algorithms 
of normal porcine liver after RFA found that all perfusion 
parameters could discriminate vital from necrotic tissues (46). 
Last, neither inter- nor intra-observer consistency tests were 
carried out; nevertheless, the intra-observer consistency 
was stable on volume perfusion CT, and the inter-observer 
consistency was ameliorated after training (53).

In conclusion, CTP with a dual-input model and a single-
input model could evaluate the lung VX2 tumor and the 
“safe zone” after RFA, respectively, at an early stage. The 
combined method could be used for comprehensively early 
evaluation and thus could provide clues in clinical practice.
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Supplementary

Table S1 Subgroups with different injection protocol

Subgroup

Injection protocol

Iohexol (350 mg/mL) Sodium Chloride (0.9%)

Rate (mL/s) Volume (mL) Rate (mL/s) Volume (mL)

1 1.5 1.0 1.5 4.0

2 1.5 2.0 1.5 5.0

3 2.0 1.0 2.0 4.0

4 2.0 2.0 2.0 5.0

The same volume plus additional 3 mL (the volume of type “Y” connecting tube was 3 mL) sodium chloride (0.9%) with same rate was 
injected following injection of iohexol for sake of bolus injection.

Table S2 Intergroup comparisons of key parameters of TDC

Subgroups

P value

PA-max Spa-max AA-max Tpa-aa

0.0025* 0.0027* 0.0035* 0.4975*

2 vs. 1 0.004151 0.000408 0.012614 –

2 vs. 3 0.000656 0.023337 0.000749 –

2 vs. 4 0.257740 0.343962 0.343962 –

(I) PA-max-maximum enhancement CT value of pulmonary artery; Tpa-max-time to PA-max; Spa-max-slope of PA-max;  
AA-max-maximum enhancement CT value of aortic artery; Tpa-aa-time difference to peak of PA-max and AA-max. P value marked 
with ‘*’ utilizing the standard-a =0.05, and the left utilizing the standard-a =0.004167. P value in italic indicating significant difference. 
(II) Intergroup comparisons were made partially, because of the preliminary observation of TDCs getting the targeted protocols. TDC,  
time-density curve.
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Figure S1 Time-density curves (TDCs) of dual circulation in subgroups. TDCs were similar in an asymmetric bell, and TDCs in the 
subgroup 2 (TDC2) and the subgroup 4 (TDC4) were sharper than those of subgroup 1 (TDC1) and subgroup 3 (TDC3).
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