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ABSTRACT

Objectives: Virtual-assisted lung mapping (VAL-MAP) is a bronchoscopic marking
method of dye application on the surface of the lungs before resecting nonpalpable
nodules. However, in some cases, it can be difficult to identify the markings of VAL-
MAP on computed tomography and intraoperative thoracoscopy. We developed
and assessed the feasibility of indocyanine green VAL-MAP (ICG-VAL-MAP).

Methods: A historical control trial was conducted to investigate the effectiveness
of ICG-VAL-MAP for marking visualization compared with that of VAL-MAP. In ICG-
VAL-MAP, instead of indigo carmine, ICG and computed tomography contrast
agents were used for dye marking, and near-infrared fluorescence endoscopy
was employed to visualize the ICG markings. The other processes in VAL-MAP
were carried out. The marking visibility was assessed in 3 grades of easy, faint, or
not identifiable. We compared the visibility of the markings on computed tomog-
raphy images and during thoracoscopic operations between VAL-MAP (567 mark-
ings in 147 cases) and ICG-VAL-MAP (142 markings in 63 cases).

Results: On the preoperative computed tomography images, ICG-VAL-MAP pro-
vided significantly better marking visualization than VAL-MAP (easy/faint/not
identifiable ¼ 142/0/0 vs 427/100/30; P< .0001). ICG-VAL-MAP provided signifi-
cantly better intraoperative markings than VAL-MAP (easy/faint/not
identifiable ¼ 141/0/1, respectively, vs 475/50/42, respectively; P< .0001). Regarding
complications, pneumothorax occurred in 8 (5.4%) cases of VAL-MAP and zero
cases (0%) of ICG-VAL-MAP (P ¼ .12); fever was observed in 7 (5.0%) cases of
VAL-MAP and 2 (3.2%) cases of ICG-VAL-MAP (P ¼ .72).

Conclusions: ICG-VAL-MAP provided significantly better visibility of markings than
VAL-MAP. It might be useful in the resection of nonpalpable small lung lesions.
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Visibility of markings in VAL-MAP and ICG-VAL-
MAP.
CENTRAL MESSAGE

ICG-VAL-MAP showed signifi-
cantly better marking visualiza-
tion on preoperative CT and
during thoracoscopic surgery
than VAL-MAP.
PERSPECTIVE
To improve the visibility of markings of VAL-MAP,
we developed ICG-VAL-MAP, employing indocya-
nine green and CT contrast instead of indigo
carmine as the dye agent. ICG-VAL-MAP provided
significantly better marking visualization than
VAL-MAP. It may have a positive influence on
resection of nonpalpable small lung lesions.

See Commentaries on pages 550 and 552.
Video clip is available online.

The incidental finding of small lung nodules has been
increasing, owing to the development of imaging technolo-
gies.1 Now that video-assisted thoracoscopic surgery has
become a standard approach, preoperative or intraoperative
marking techniques have become necessary for resection of
nonpalpable small lesions. Various methods have been
developed to help identify the location of such lung nod-
ules.2 However, conventional marking techniques, such as
computed tomography (CT)-guided percutaneous marking
using a hook wire, have possible serious complications,
including pneumothorax, hemorrhage, and potentially fatal
air embolism.3,4
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Abbreviations and Acronyms
CT ¼ computed tomography
GGO ¼ ground glass opacity
ICG ¼ indocyanine green
ICG-VAL-MAP ¼ indocyanine green virtual-

assisted ling mapping
NIR ¼ near-infrared
VAL-MAP ¼ virtual-assisted lung mapping
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Virtual-assisted lung mapping (VAL-MAP) has been es-
tablished to have a role in navigation during lung surgery,
particularly in assisting the localization of nonpalpable
small nodules or setting the intersegmental plane in seg-
mentectomy cases.5-9 VAL-MAP is a relatively new bron-
choscopic multispot dye-marking technique with fewer
complications.5-8 However, despite its advantages, VAL-
MAP has some limitations, including difficult detection
of dye markings in some cases on CT and on the surface
of the lung during surgery.6,8 Sato and colleagues6 re-
ported on the ease of VAL-MAP identification on CT;
17.6% of the markings were difficult to identify and 5%
were not identifiable. Intraoperatively, 6.0% of the mark-
ings were unidentifiable and 10.2% were faintly and
hardly visible.

In recent years, the most widely used dye in the near-
infrared (NIR) fluorescence technique has been indocya-
nine green (ICG), which has an excitation of 778 nm and
emission of 830 nm.10 Some reports have indicated the
feasibility and benefits of NIR fluorescence image-guided
tumor nodule detection during surgery.8,11-15 We
developed a novel technique of ICG virtual-assisted ling
mapping (ICG-VAL-MAP), which is a revised method of
VAL-MAP, using ICG and CT contrast enhancing agent
instead of indigo carmine as the dye, and hypothesized
that ICG-VAL-MAP can improve marking visibility. More-
over, we aimed to assess the efficacy of ICG-VAL-MAP, in
comparison with that of the original method.
METHODS
Patients

A historical control trial was conducted at Kyoto University Hospital

to validate the efficacy of ICG-VAL-MAP compared with that of VAL-

MAP. Ethical approval for this study was obtained from institutional

review board (No. YC1223, January 21, 2019). VAL-MAP data accumu-

lated from July 2012 to December 2014 were used as the historical

cohort. Patients who underwent ICG-VAL-MAP followed by lung resec-

tion between January 2017 and March 2020 were included in the ICG-

VAL-MAP group. The exclusion criteria were history of bronchial

asthma, renal failure, and allergy to the agents, as well as cases of 2

or more procedures in 1 surgery (eg, multiple wedge resections, segmen-

tectomies, and combined case of wedge resection and segmentectomy).

This study was approved by the institutional ethical board of Kyoto Uni-

versity Hospital. Oral and written consent were obtained from all

patients.
ICG-VAL-MAP/VAL-MAP Planning and
Procedures

The planning and procedures, except the dye agent, were similar be-

tween ICG-VAL-MAP and the original VAL-MAP.5,6 (Figure 1). Virtual

bronchoscopy (Synapse Vincent; Fujifilm Medical, Tokyo, Japan) was

used to identify the target bronchi that would reach the designed marking

points and to plan bronchoscopic procedures. Single or multiple markings

were set to indicate the lesion for wedge resection cases or the resection

lines for both wedge resection and segmentectomy cases.

After planning with virtual bronchoscopy, actual bronchoscopy was

conducted under sedation and local anesthesia within 2 days preopera-

tively. The dye injection technique for VAL-MAP included insertion of a

metal blunt-tip catheter (PW-6C-1; Olympus, Tokyo, Japan), which was

preloaded with 0.2 to 1.0 mL indigo carmine per 1 marking, through the

working channel of the regular flexible bronchoscope (BF 260; Olympus,

Tokyo, Japan) and into the target bronchi, under the guidance of the virtual

bronchoscopy images. Thereafter, the dye was gently injected while con-

firming fluoroscopically that the tip of the catheter reached the visceral

pleura and that the dye had spread.5-7 The injection procedures were

repeated for all target bronchi. For ICG-VAL-MAP, the dye injection tech-

nique was the same as that for the original method of VAL-MAP, except

that it used 0.1 mg Diagnogreen (Daiichi-Sankyo, Tokyo, Japan) for injec-

tion in place of ICG and 66.6 mg Iopamiron (Bayer AG, Leverkusen, Ger-

many) as the CT contrast per 1 marking. The number of markings and

selection of the dye agents on each marking depended on the bronchosco-

pist’s or surgeon’s preference.

CT Scan after ICG-VAL-MAP/VAL-MAP
An additional CT scan was performed to confirm the location of mark-

ings after the mapping procedure. The ease of identifying each marking on

the CT images was divided into 3 grades by the surgeon or bronchoscopist:

easy, faint, or not identifiable. For ICG-VAL-MAP, which used a CT

contrast agent, the spread markings were contrast-enhanced. The CT im-

ages after VAL-MAP were reconstructed into 3-dimensional images,

including the target lesion, markings, and other geometric information.

Intraoperative Findings
All surgical procedures were conducted under thoracoscopy or with the

aid of thoracoscopy. In ICG-VAL-MAP, NIR endoscopy was employed to

visualize the ICGmarkings. The ease of identification of each marking was

graded as easy, faint, or not identifiable by the surgeon. The type of oper-

ation was reported as wedge resection or segmentectomy, including sub-

segmentectomy or lobectomy.

Data Analysis
Marking visibility grading was retrospectively conducted using the CT

images obtained after ICG-VAL-MAP and intraoperative video recordings.

The marking visibility for ICG-VAL-MAP was assessed on the basis of

three grades of easy, faint, or not identifiable. The visibility data of the

VAL-MAP cohort, which were originally divided into 4 or 6 grades for

CT or intraoperative findings, respectively, were rendered into the same 3

grades as those of ICG-VAL-MAP. Clinical information, including lesion

size and depth, procedures, and complications, were examined by chart re-

view. All data were collected separately for each case (patient’s demo-

graphic data and complications), lesion (lesion size and depth,

procedure, and pathology), and marking (visibility). Statistical analysis

was conducted using GraphPad Prism (GraphPad Software, San Diego,

Calif). The data were presented as median (interquartile range [IQR]),

and the 2 groups were compared using the t test to examine the differences

in tumor size and depth. The c2 test was used to examine the differences in

complications, and the Fisher exact test was used to examine the differ-

ences in surgical procedures, radiological features, lesion pathology, and

marking visibility.
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FIGURE 1. Technique flow of indocyanine green virtual-assisted lung mapping (ICG-VAL-MAP). A, Planning on virtual bronchoscopy. B, Catheter

and dye agent used for bronchoscopic marking. C, Dye injection through a catheter inserted in the working channel of the bronchoscope. D, Marking

procedure performed under fluoroscopic confirmation. Because the dye includes a computed tomography contrast agent, the marking is easily observed

fluoroscopically (Video 1).
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RESULTS
Ninety patients were considered eligible for ICG-VAL-

MAP. However, 1 patient was excluded because of
operation cancelation, 5 patients were excluded owing to
insufficient data on markings, and 21 patients were
excluded because a combination of ICG and CT contrast
544 JTCVS Techniques c December 2021
and indigo carmine marking was used in them (Figure 2).
In total, 63 patients underwent ICG-VAL-MAP followed
by lung resection. The characteristics of the patients, lung
lesions, and markings are shown in Table 1. The ages of
the patients who underwent ICG-VAL-MAP were signifi-
cantly higher than those of the patients who underwent



ICG-VAL-MAP
Eligibility, n = 90

ICG-VAL-MAP
Eligibility, n = 63

Historical cohort of VAL-MAP
N = 147

Data analysis

Excluded
cancelation of operation (n = 1)

insufficient data of markings (n = 5)
 combination of dye agent

(indigo carmine + ICG) (n = 21)

FIGURE 2. Flow diagram of patient participation in the study. As a historical control cohort, we used virtual-assisted lung mapping (VAL-MAP) data

collected between 2012 and 2014. For indocyanine green virtual-assisted ling mapping (ICG-VAL-MAP), we collected data from 2017 to 2020. One patient

was excluded because of operation cancelation, 5 were excluded owing to insufficient data on the markings, and 21 were excluded because both dyes, indigo

carmine and ICG, were used. ICG, Indocyanine green.
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VAL-MAP (65 years vs 69 years; P ¼ .03). No significant
sex-related differences were found between the groups.
For the VAL-MAP group (n ¼ 147), 228 lesions were tar-
geted and 567 markings were conducted. The median diam-
eter of the lung nodules was 8.0 mm (IQR, 4.5-12.0 mm)
and the median depth from the surface of the lung was
4.0 mm (IQR, 1.0-10.0 mm). There were 101 wedge resec-
tions, 93 segmentectomies, and 3 lobectomies performed.
There was 1 nodule that could not be detected and resected.
Among the 227 resected nodules with the use of VAL-MAP,
the pathologic diagnosis was primary lung cancer in 105,
TABLE 1. Characteristics of patients and markings

Characteristic VAL-M

Age (y) 65 (58.75

Sex, male/female 35/2

No. of cases 147

No. of targeted lesions 228

Resected nodules 227 (99.6)

Size of lesions (mm) 8.0 (4.5-1

Depth of lesions (mm) 4.0 (1-10

Radiological feature of the nodule

Pure GGO/GGO with solid component/solid 68/35/

No. of markings 567

Per nodule 3 (2-4)

Surgical procedures

Wedge/segmentectomy/lobectomy 101/93

Pathology

Lung cancer/metastasis/benign 105/82

Values are presented as n, n (%), or median (interquartile range). VAL-MAP, Virtual-assisted

not available; GGO, ground-glass opacity.
metastatic lung tumor in 82, and benign lung nodule in
40. The radiological features were pure ground-glass opac-
ity (GGO), GGO with a solid component, and a solid
component alone in 68, 35, and 125 cases, respectively.
For the ICG-VAL-MAP group (n ¼ 63), 77 lesions were

targeted and 142 markings were conducted. The median
diameter of the lung nodules was 8.0 mm (IQR, 6.0-
13.9 mm) and the median depth from the surface of the
lung was 9.0 mm (IQR, 2.0-13.0 mm). Therewere 44 wedge
resections, 28 segmentectomies, and 1 lobectomy per-
formed. Regarding the radiological features, 19 lesions
AP ICG-VAL-MAP P value

-72.0) 69 (62-75) .03

8 66/81 .15

63 N/A

77 N/A

77 (100) >.99

2) 8.0 (6.0-13.9) .82

) 9.0 (2.0-13) .01

125 19/29/29 .0003

142 N/A

2 (1-3) <.0001

/3 44/28/1 .36

/40 55/18/4 <.0001

lungmapping; ICG-VAL-MAP, indocyanine green virtual-assisted ling mapping;N/A,
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TABLE 2. Visibility of markings of virtual-assisted lung mapping

(VAL-MAP) and indocyanine green virtual-assisted ling mapping

(ICG-VAL-MAP)

Visability VAL-MAP ICG-VAL-MAP P value

In CT images

Easy/faint/not

identifiable

437/100/30 142/0/0 <.0001

Intraoperative

Easy/faint/not

identifiable

475/50/42 141/0/1 <.0001

Values are presented as n/n/n. CT, Computed tomography.

Thoracic: Lung: Evolving Technology Tokuno et al
were pure GGO, 29 were GGO with a solid component, and
29 were solid lesions. All targeted lesions were successfully
resected. Among the 77 resected nodules with the use of
ICG-VAL-MAP, the pathologic diagnosis was primary
lung cancer in 55, metastatic lung tumor in 18, and benign
lung nodule in 4.

Overall, ICG-VAL-MAP was performed targeting signif-
icantly deeper lesions than VAL-MAP (P ¼ .01), and the
median number of markings per 1 lung nodule in each
case was significantly less in the ICG-VAL-MAP group
than in the VAL-MAP group (3, IQR, 2-4 vs 2, IQR, 1-3;
P<.0001). The variance of the radiological features and pa-
thology of the lesions were significantly different between
the 2 groups (P¼ .003 and<.0001, respectively) (Table 1).
Visibility on CT Scan
In the VAL-MAP group, 437 (77.0%) markings were

easily identifiable on CT scan, 100 (17.6%) were identifi-
able but faint, and 30 (5.3%) were not identifiable. In the
ICG-VAL-MAP group, all of the 142 markings were easily
identifiable on CT scan. In the analysis of visibility accord-
ing to 2 grades of visible and not visible, the markings were
significantly better with ICG-VAL-MAP than with VAL-
MAP (P<.0001) (Table 2 and Figures 3-6).
FIGURE 3. A representative case of virtual-assisted lung mapping (VAL-MA

right upper lobe (white arrow). B, The markings are arranged to surround the no

after VAL-MAP (black arrow). C, Intraoperative findings. The blue colored ma
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Intraoperative Visibility
In the VAL-MAP group, 475 (83.8%) markings were

easily identifiable, 50 (8.9%) were identifiable but faint,
and 42 (7.4%) were not identifiable. In the ICG-VAL-
MAP group, 141 (99.3%) markings were easily identifi-
able and 1 (0.7%) was not identifiable on the lung
surface on NIR fluorescence endoscopy. The intraopera-
tive visibility of the markings was significantly better
with ICG-VAL-MAP than with VAL-MAP (P < .0001)
(Table 2 and Figures 3-6).
Complications
Pneumothorax and pleural injury were observed in 8 cases

in the VAL-MAP group and in no case in the ICG-VAL-
MAP group (P ¼ .12). However, the severity of pneumo-
thorax in each case was mild, and none required chest
drainage before the surgery. Fever (>38�C) during the period
from the bronchoscopic procedure to surgery was noted in 7
cases in the VAL-MAP group and in 2 cases in the ICG-
VAL-MAP group. The other complications were alveolar
hemorrhage in 1 patient in the VAL-MAP group and vagal
reflex immediately after the procedure in 1 patient in the
ICG-VAL-MAP group. In both groups, there was no case
that was canceled or postponed because of complications
(Table 3). Video 1 describes brief summary of the results.
DISCUSSION
Surgical simulation and/or navigation have recently been

more frequently attempted in the field of thoracic sur-
gery.16,17 Among the methods, VAL-MAP plays important
roles in the navigation and localization of lung resection5-9;
however, there remains a room for improvement in visibility
on CT images and during operation. Sato and colleagues6

cited examples of difficult identification of markings on
CT images after VAL-MAP. Because indigo carmine
is not radiopaque, markings would be identified as a
P) with easily identifiable markings. A, The target nodule is located in the

dule and are observed as a consolidation on the computed tomography scan

rkings with indigo carmine are easily observed on the surface of the lung.



FIGURE 4. A representative case of virtual-assisted lung mapping (VAL-MAP) with faint markings. A, Target nodule located in the left upper lobe (white

arrow). B, One marking identified as faint consolidation on computed tomography (CT) scan after VAL-MAP (black arrow). C, Another marking identified

as faint bronchiectasis on CT scan after VAL-MAP (black arrow). D, Using VAL-MAP, finding the blue-coloredmarking with indigo carmine (encircled by

the white line) intraoperatively is difficult because of anthracosis on the surface of the lung.
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GGO-like appearance on CT. Therefore, faint markings
may not be clearly observed in some cases. Moreover, a dor-
sal location of the GGO-like appearancewould make it hard
to distinguish between the dye markings and the gravity ef-
fect.6 Failure to identify the markings would make lung
resection planning, such as setting the cutting lines and
ensuring the margin, challenging. To overcome this weak
point, we intended to add a CT contrast to the dye agent
in the current study. Based on the significant improvement
in visibility on preoperative CT, this addition of a CT
contrast to the dye might be effective in obtaining accurate
information for planning strategies.

Next, we focused on the improvement of intraoperative
visibility of the markings on the surface of the lung. Using
VAL-MAP, we experienced some difficulties in detecting
the markings with indigo carmine, especially in patients
with emphysema and interstitial pneumonia, because the
color of the lung surface was similar to the color of indigo
carmine. Moreover, when the dye injection was performed
at a relatively more proximal bronchus, identification of the
marking location was difficult. On the other hand, with the
use of ICG-VAL-MAP, the ICG markings on intraoperative
NIR endoscopy were green in color and provided an
obvious contrast against the background tissues. Therefore,
visibility was significantly improved with ICG-VAL-MAP.
FIGURE 5. A representative case of indocyanine green virtual-assisted ling m

had ground-glass opacity (white arrow). B, Marking with ICG and computed to

obvious consolidation on CT scan after virtual-assisted lung mapping (VAL-MA

able in green on near-infrared thoracoscopy (C), but is not identifiable under v
The number of markings for each nodule was signifi-
cantly less with ICG-VAL-MAP than with VAL-MAP.
This might have been brought about by the improvement
of visibility on both CT and intraoperative findings. Having
better visibility would need fewer markings and might lead
to a shorter time of bronchoscopy. Moreover, despite the
relatively fewer number of markings with ICG-VAL-
MAP, all nodules were successfully resected. This may be
considered among the advantages of ICG-VAL-MAP.
In this study, we found significant variances in patient age

and lesion characteristics such as depth, rate of GGO, and
pathology between the groups. However, because each
marking itself was performed in the very peripheral bronchi
to visualize the relative geometrical information of the nod-
ules on the surface of the lung, the characteristics of the
nodules and patients should not affect the visualization of
the markings.
Pneumothorax was the main complication of VAL-MAP,

whereas none of the patients receiving ICG-VAL-MAP
developed complications. Although there was no significant
difference between the 2 procedures, we considered 2 rea-
sons for the fewer pneumothorax cases after ICG-VAL-
MAP than after VAL-MAP. First, the CT contrast content
of the injected dye used in ICG-VAL-MAP enabled visual-
ization of the spread of the dye to the peripheral bronchi or
apping (ICG-VAL-MAP). A, Target nodule located in the right upper lobe

mography (CT) contrast agent located close to the nodule is observed as an

P) (black arrow). C and D, Intraoperatively, the marking is easily identifi-

isible light (D).
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Improved visualization of virtual-assisted lung mapping
by indocyanine green: a historical control trial

ICG-VAL-MAP

VAL-MAP

easily identifiable
faint, not identifiable

Marking visibility

Intraoperative

83.8%

16.2%

99.3%

0.7%

n = 567

n = 142

Preoperative CT

100%

77.0%

23.0%

FIGURE 6. Comparison of marking visibility between virtual-assisted lung mapping (VAL-MAP) and indocyanine green virtual-assisted ling mapping

(ICG-VAL-MAP). ICG-VAL-MAP showed significantly better marking visualization on preoperative computed tomography (CT) and during thoracoscopic

surgery than VAL-MAP.
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lung parenchyma under fluoroscopy. Second, because ICG
was efficiently visualized intraoperatively, even if it was
spread at a certain depth from the surface of the lung, injec-
tion to the very peripheral bronchi was not necessary. These
features of ICG-VAL-MAP might have helped reduce the
risk of pneumothorax.

By far, several marking methods have been invented to
help in the resection of small lung nodules. VAL-MAP is
among the established techniques that use dye because it
does not entail monitoring of the collection or dislocation
of the markings. ICG-VAL-MAP would be easy to intro-
duce because the procedure is the same as that of VAL-
MAP, except for the different dye for injection through
the bronchi.

The present study had some limitations. First, ICG-
VAL-MAP is available only when the institution where
the procedure takes place has an NIR scope installed.
However, because the use of fluorescence-guided opera-
tion has become increasingly common in every specialty
of surgery, this issue would be solved overtime. Second,
the present study was neither a randomized nor a synchro-
nous control study, and the number of cases in the ICG-
VAL-MAP group was relatively small. We understand
that the chronological improvement of the technique of
TABLE 3. Complications in the 2 groups

Complication VAL-MAP

Pneumothorax, pleural injury 8

Fever 7

Others 1 (alveolar hemorrhage)

Values are presented as n. VAL-MAP, Virtual-assisted lung mapping; ICG-VAL-MAP, indo
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the bronchoscopic procedure possibly contributed to the
improvement in the outcomes of ICG-VAL-MAP. More-
over, the condition of the lung, such as anthracosis,
emphysema, and interstitial pneumonia, might have influ-
enced the visualization of the markings. Despite this,
because there is no standard quantitative method for
describing the optical characteristics of a lung surface,
this aspect was not considered in the statistical analysis
for this study. Further multicenter and randomized
controlled studies that consider lung condition are war-
ranted. Third, because the marking visibility grading, per-
formed by the attending surgeons, was not blindly
assessed, bias may present in the assessments. Although
we established paper-based instructions on the evaluation
of visibility before the study, further research with blinded
assessment is warranted. Lastly, because ICG-VAL-MAP
contained a CT contrast agent, which may not be appli-
cable for patients with bronchial asthma and kidney
failure, we need to be aware of the indications of ICG-
VAL-MAP. However, considering the intrapulmonary
administration of the injection and relatively small
amount of the CT contrast agent, no clinical complica-
tions might have occurred. However, further investigation
on this aspect would be necessary in future studies.
ICG-VAL-MAP P value

0 .12

2 .72

1 (vagal reflex) N/A

cyanine green virtual-assisted ling mapping; N/A, not available.



VIDEO 1. Brief description of the effectiveness of indocyanine green

virtual-assisted ling mapping (ICG-VAL-MAP) in visualizing lung mark-

ings compared with that of virtual-assisted lung mapping (VAL-MAP).

Video available at: https://www.jtcvs.org/article/S2666-2507(21)00498-3/

fulltext.

Tokuno et al Thoracic: Lung: Evolving Technology
CONCLUSIONS
We revised the VAL-MAP as ICG-VAL-MAP with the

use of a CT contrast agent with ICG. ICG-VAL-MAP
showed clinical feasibility and improved visibility on CT
and intraoperatively and may be useful for small lung
nodule resection.
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