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ABSTRACT

Objective: Delineation of the intersegmental plane during pulmonary segmentec-
tomy by systemic injection of indocyanine green (ICG) has been rapidly emerging.
We evaluated the feasibility of the use of ICG in a large-scale cohort according to
the type of segmentectomy and the presence of obstructive lung disorder and
compared the demarcation status with air injection.

Methods:We collected the data of 209 patients who underwent segmentectomy
using ICG at National Cancer Center Hospital, Tokyo, Japan. Data of the operation
including the demarcation status of the intersegmental plane were analyzed
retrospectively.

Results: The median operation duration and blood loss were 105 minutes (inter-
quartile range, 94-118 minutes) and 12 mL (interquartile range, 5-24 mL), respec-
tively. Good demarcation of the intersegmental plane by ICG was observed in 184
(88.0%) cases, with no correlation to the type of resected segments or the pres-
ence of obstructive lung disorder. Postoperative complications of Clavien–Dindo
classification grade 3 or more were observed in 5 cases (2.4%), and no ICG-
related adverse event was noted. High-frequency jet ventilation was also used in
160 cases (76.6%) to delineate the intersegmental inflation–deflation plane. The
air injected by high-frequency jet ventilation tended to spread further beyond
the intersegmental plane that was depicted by ICG.

Conclusions: The use of ICG might demarcate the intersegmental plane more
restricted to the target segment compared with air injection. Delineation of the
intersegmental plane by ICG is feasible regardless of the type of segmentectomy
or the presence of obstructive lung disorder, and it can be commonly applicable
in pulmonary segmentectomy. (JTCVS Techniques 2021;6:151-8)
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The use of ICG is a feasible and safe method to
delineate intersegmental plane (arrows).
n

CENTRAL MESSAGE

The use of ICG is feasible and
safe in lung segmentectomy,
regardless of the type of seg-
mentectomy or pulmonary
function.
PERSPECTIVE
Systemic injection of ICG has been rapidly
emerging for the demarcation of intersegmental
plane in lung segmentectomy. The use of ICG is
a feasible and safe method regardless of the
extent of resected segments or pulmonary func-
tion, and tend to show a more restricted interseg-
mental plane than jet ventilation.

See Commentaries on pages 159 and 161.
Video clip is available online.

Pulmonary segmentectomy is a procedure that aims to re-
move 1 or more segments of the lung that include the
disease lesion while leaving the normal lung intact.
Compared with lobectomy, segmentectomy is expected to
have a benefit of preserved pulmonary function, with an
adequate disease-controlling effect. Especially for lung
cancer, segmentectomy is expected to replace lobectomy
as a standard method of resection for small-sized non–
small cell lung cancer (NSCLC) with ground-glass opacity
(GGO) on computed tomography.1

At present, the Japan Clinical Oncology Group (JCOG) is
conducting 2 clinical trials regarding segmentectomy for
lung cancer.1 JCOG 0802 is a Phase III study to evaluate
the noninferiority in overall survival of segmentectomy
compared with lobectomy in patients with small-sized
(diameter�2.0 cm) peripheral NSCLC excluding radiolog-
ically determined noninvasive cancer. JCOG 1211 is a
confirmatory trial of segmentectomy for predominant
GGO lung adenocarcinoma �3.0 cm in diameter based on
thin-section computed tomography. Depending on the
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Abbreviations and Acronym
FEV1 ¼ forced expiratory volume in 1 second
FVC ¼ forced vital capacity
GGO ¼ ground-glass opacity
HFJV ¼ high-frequency jet ventilation system
ICG ¼ indocyanine green
JCOG ¼ Japan Clinical Oncology Group
NSCLC ¼ non–small cell lung cancer
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results of these clinical trials, segmentectomy has possibil-
ity to have a position of one of the standard operative pro-
cedures for selected lung cancer.

During a segmentectomy operation, surgeons have used
several kinds of methods to determine the intersegmental
plane of the lung.2 It has been common to inflate the whole
lung after occlusion of the target segmental bronchus or to
inflate the target segmental bronchus only. The ability of
this method for identifying the intersegmental plane has
not been not always satisfactory,2,3 and thus delineation of
the predicted intersegmental plane by systemic injection
of indocyanine green (ICG) under near-infrared fluores-
cence imaging has been rapidly emerging over the past
few several years.4,5 To date, studies on the feasibility of
the use of ICG for identifying the intersegmental plane dur-
ing pulmonary segmentectomy have been conducted in only
small groups of subjects.4,6-8 In this study, we evaluated the
feasibility of segmentectomy using ICG in a large cohort.
METHODS
Patient Collection

Of the 996 patients who underwent pulmonary resection between

September 2018 and December 2019 at National Cancer Center Hospital,

Tokyo, Japan, we retrospectively collected data of 244 patients who under-

went segmentectomy. Of these patients, those who had incomplete resection

(n ¼ 2) or who underwent segmentectomy without using ICG injection due

to the unavailability of instruments for the use of ICG (n ¼ 33) were

excluded. Consequently, 209 patients were included in this study.

The indications for segmentectomy in patients with lung cancer were

principally based on the enrollment criteria in JCOG 0802 (small [diameter

�2.0 cm] peripheral NSCLC excluding radiologically determined noninva-

sive cancer) and JCOG 1211 (predominant GGO lung adenocarcinoma

�3.0 cm in diameter).

Complete resection was defined as the resection of all macroscopic tu-

mor tissue and a resection margin that was free of tumor cells upon micro-

scopic analysis. For lung cancer, the clinical stage was determined

according to the tumor–node–metastasis criteria from the 8th edition of

the Union for International Cancer Control Classification. Histologic eval-

uation was performed according to the 4th edition of the World Health Or-

ganization classification of lung tumors. All clinical information was

retrospectively extracted from the patients’ medical records.

Operative Procedure
In this study, simple segmentectomy was defined as upper-division (left

S1 þ 2 and S3), lingular (left S4 þ 5), superior (S6), or basilar
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segmentectomy. Complex segmentectomy was defined as individual or bi-

segmentectomy other than upper-division or lingular segmentectomy.

Pulmonary segmentectomywas performedvia the open approach, in com-

bination with the use of a thoracoscope.9 In most cases, skin incisions of 5 to

8 cm for thoracotomy at the fourth or fifth intercostal space, and of 1.5 cm for

a thoracoscope at the seventh or eighth intercostal space were made.

During the operation, the target segmental pulmonary arteries, veins,

and bronchus were divided by either ligation or a surgical stapler. In prin-

ciple, pulmonary arteries were divided first, followed by division of the

bronchus, although the sequence of dividing these vessels and bronchus

were dependent on the situation.

Optionally, lung inflation through the target segmental bronchus using a

high-frequency jet ventilation system (HFJV) was performed before

dividing the bronchus, to depict the inflation–deflation line, when the sur-

geon judged it would be beneficial for identifying the intersegmental plane.

To perform HFJV, a bronchoscope was placed through the double-lumen

tube into the target bronchus. High-frequency oscillation was then started

(9 Hz, working pressure 2 kg/cm2, MERA Jet Ventilator JP-1; Senko Med-

ical Instrument Mfg Co, Ltd, Tokyo, Japan). The inflation–deflation line

was formed when the target segment was inflated while the preserved seg-

ments remained collapsed. After division of all the target segmental pulmo-

nary arteries and bronchus, ICG was injected intravenously.

ICG was reconstituted into distilled water to produce a 2.5 mg/mL so-

lution, and a volume of 0.25 mg/kg was injected into the peripheral

vein,10,11 followed by a 10-mL flush of sterile normal saline. After injec-

tion, the surgical field was visualized by near-infrared fluorescence imag-

ing using a fluorescence imaging camera (1588 or 1688 AIM Camera

System, Stryker, Kalamazoo, Mich). The target segment, which was

already isolated from the pulmonary vasculature, exhibited no fluores-

cence. The perfused ICG allowed the remainder of the lung to become fluo-

rescent green. The intersegmental plane was then identified as the line

separating the nonfluorescent and fluorescent lung parenchyma. The de-

picted plane was marked by either electrocautery or a surgical marker.

When the intersegmental plane was delineated by a continuous line on

the surface of the lung, it was regarded as “good” demarcation. In contrast,

when the intersegmental plane was not delineated by a continuous line, it

was regarded as “poor” demarcation.

Representative demarcations of the intersegmental plane are shown in

Figures 1 and 2, and the Video 1. Times from injection of ICG to the begin-

ning of visualization of the intersegmental plane, maximum visualization,

and disappearance of the plane were evaluated by at least 2 surgeons.

When HFJV was used before division of the bronchus, the shortest dis-

tance between the inflation–deflation line and the point marked according

to the fluorescent area was measured (Figure 3).

Based on the intersegmental plane depicted by ICG fluorescence, com-

bined with the information regarding the location of the pulmonary vein

and inflation–deflation line if available, the intersegmental plane was

divided using surgical staplers, and segmentectomy was completed.

After segmentectomy, the presence of an air leak from the lung paren-

chyma or bronchus closure line was searched by inflation of the lung under

water. If an air leak was observed, it was managed by manual sutures, fibrin

sealant patch, polyglycolic acid sheet, and/or fibrin glue. After that, the

lung was inflated again under water to confirm that there was no longer

an obvious air leak. A 28-Fr chest tube was placed through the incision

for the thoracoscope.

Postoperative Care
The chest tube was subjected to controlled suction of �10 cm H2O on

the day of the operation and this was switched to �5 cm H2O on the first

postoperative day; this was continued until removal of the chest tube.

When the lung was not adequately expanded, suction of �10 cm H2O

was continued to allow further expansion. The chest tube was removed

on postoperative day 1, provided the amount of drainage was<200 mL

and there had been no air leakage for the past 12 hours.



FIGURE 1. Examples of good and poor demarcation of the intersegmental plane by systemic injection of indocyanine green under near-infrared imaging. In a

good-demarcation case (a case of right superior segmentectomy), the intersegmental plane (dashed line) is clearly depicted under near-infrared imaging. A

segment to be resected is not observed in green, as the target pulmonary artery is already divided, whereas segments to be retained appear in green under

near-infrared imaging (A). In a poor-demarcation case (a case of right S3 segmentectomy), the border between segments (dashed line) is not well defined (B).
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Postoperative complications were recorded according to the Clavien–

Dindo classification of surgical complications.12 As long as complications

that would require hospitalized care were not present, the patient was dis-

charged 2 days after removal of the chest drainage tube.

Statistical Analysis
The data are presented as means, medians, or counts and percentages, as

appropriate. The clinical and surgical variables were compared among the

groups, simple segmentectomy versus complex segmentectomy, and the

presence versus absence of obstructive lung disorder.

The presence or absence of obstructive lung disorder was substituted by

the value of forced expiratory volume in 1 second/forced vital capacity

(FEV1/FVC), with a threshold of 70%, based on the most commonly fixed

cut-off values, including the American Thoracic Society and European

Respiratory Society criteria.13

The average values of variables were evaluated using Student t test or

the Mann–Whitney U test, as appropriate. For the statistical analyses of

the relationships between the groups, Pearson’s test was used. All tests

were 2-sided. All statistical analyses were performed using SPSS 22.0 soft-

ware (IBM Corp, Armonk, NY).

Ethical Approval
This retrospective study was approved by the National Cancer Center

Review Board (research number 2018-045). The research was conducted
FIGURE 2. Expression of the intersegmental plane by systemic injection of IC

the tumor is marked by a nylon suture (arrowhead). After the systemic injection

to 20 seconds in most cases (A). The depiction of the intersegmental plane (arrow

systemic injection of ICG. The location of this maximally visualized intersegme

intersegmental division line (B). The intersegmental plane (arrow) disappears
in accordance with the 1964 Declaration of Helsinki and its later

amendments.

RESULTS
Patient Characteristics
Characteristics of the enrolled patients are shown in

Table 1. Of the 209 patients, 122 (58.4%) were female
and 122 (52.2%) had a smoking habit, with a median Brink-
man Index for smokers of 528 (range, 5-2160). The average
age at operation was 67.9 � 11.6 years. The average per-
centage predicted forced vital capacity (%FVC), FEV1/
FVC, and percentage predicted forced expiratory volume
in 1 second (predicted %FEV1) were 110.3 � 7.2%,
75.1 � 7.8%, and 110.2 � 20.5%, respectively.

Operation Details
Details of the operation and perioperative outcomes are

shown in Table 2. The most frequent type of segmentec-
tomy was right superior (S6) resection (31 cases, 14.8%),
followed by left upper division (S1 þ 2 þ 3) segmentec-
tomy (27 cases, 12.9%). Bisegmentectomy was performed
G under near-infrared imaging in right S1 segmentectomy. The location of

of ICG, an intersegmental plane (arrow) begins to be highlighted within 10

) reaches the maximum level within 30 to 50 seconds in most cases after the

ntal plane is marked by a surgical marker or electrocautery, to determine the

within 70 to 120 seconds in most cases (C).
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VIDEO 1. Mapping of the intersegmental plane using indocyanine green.

This video demonstrates demarcation of the intersegmental plane after sys-

temic injection of indocyanine green. Under near-infrared fluorescence im-

aging, lung that should be left behind becomes fluorescent green. The

fluorescent area then gradually extends to the target segment, and the de-

picted intersegmental plane becomes obscure. Based on this observation,

the surgeon marks the predicted intersegmental plane using a surgical

marker. Video available at: https://www.jtcvs.org/article/S2666-2507(20)

30772-0/fulltext.

TABLE 1. Characteristics of enrolled patients (n ¼ 209)

Characteristic Value

Age at operation, y, mean � SD 67.9 � 11.6

Sex, female/male (%) 122 (58.4)/87 (41.6)

Smoking habit, present/absent (%) 109 (52.2)/100 (47.8)

Brinkman Index for past or current smokers,

median (range)

528 (5-2160)

Preoperative percent predicted FVC, mean� SD 110.3 � 17.2

Preoperative FEV1/FVC, mean � SD 75.1 � 7.8

Preoperative percent predicted FEV1,

mean � SD

110.2 � 20.5

SD, Standard deviation; FVC, forced vital capacity; FEV1, forced expiratory volume

in 1 s.
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in 17 cases (8.1%), in which the most common procedure
was S8þ 9 bisegmentectomy (5 cases, 2.4%). Subsegmen-
tectomy was performed in 5 cases (2.4%).

The median operation duration was 105 minutes (range,
68-189 minutes). The median amount of blood loss was
12 mL (range, 0-366 mL).

Good demarcation of the predicted intersegmental plane
by ICG was observed in 184 cases (88.0%). Median times
from intravenous injection of ICG to intersegmental plane
detection, maximum visualization, and disappearance
were 15 (range, 3-60), 40 (range, 10-155), and 90 seconds
(range, 30-420), respectively. HFJV was also used in 160
FIGURE 3. When high-frequency jet ventilation was used before division

of the bronchus, the shortest distance between the inflation–deflation line

presented by high-frequency jet ventilation (yellow dashed line) and the

point marked according to the fluorescent area (white dashed line) was

measured (arrow).
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cases (76.6%), among which good demarcation of the
inflation–deflation line was observed in 126 cases
(78.7%). The median distance between HFJV and the
ICG-related intersegmental plane was þ13 mm (range:
�18 to þ75), which meant that HFJV tended to show a
larger area of the target segment compared with ICG.

To regulate the air leak from lung parenchyma at the end
of the operation, we used fibrin sealant patch in 7 cases
(3.3%). The median postoperative dates of chest tube
removal and discharge from hospital were day 1 (range,
1-26) and day 3 (range, 2-28), respectively. The number
of cases with prolonged air leak (more than 5 days after sur-
gery) was 8 (3.8%). Postoperative complications with a
Clavien–Dindo grade of 3 or more developed in 5 patients
(2.4%). None of the complications were related to ICG.
Resected Tumor
Details of the resected lesion are shown in Table 3. Of the

209 enrolled patients, 179 (85.6%) had lung adenocarci-
noma. Twelve patients (5.7%) had metastatic pulmonary
tumor, 6 (2.9%) had benign lesion, and 5 (2.4%) had squa-
mous cell lung cancer. The median radiological and patho-
logical total lesion sizes were 18 mm (range, 5-66 mm) and
18 mm (range, 6-73 mm), respectively. As for lung cancer,
the most common pathologic stage for lung cancer was
T1bN0M0 (64 cases, 34.4%), followed by T1aN0M0 (46
cases, 24.7%).
Comparison of Simple and Complex Segmentectomy
There were no significant differences between simple and

complex segmentectomy with respect to sex, smoking habit,
operation duration, blood loss, preoperative pulmonary func-
tion, or postoperative complications. The margin distance in
simple segmentectomy was longer than that in complex seg-
mentectomy (27.0 � 14.9 vs 21.0 � 10.0 mm, P ¼ .004).
Detection of the inflation–deflation line was worse in com-
plex segmentectomy (P¼ .033). The times from intravenous
injection of ICG to detection of the intersegmental plane and

https://www.jtcvs.org/article/S2666-2507(20)30772-0/fulltext
https://www.jtcvs.org/article/S2666-2507(20)30772-0/fulltext


TABLE 2. Operation details and perioperative outcomes

Characteristic Value

Resected segment, n (%)

Right

S1/S2/S3/S6/S8 21 (10.0)/17 (8.1)/

10 (4.8)/31 (14.8)/10 (4.8)

S9/S10/basal/other 2 (1.0)/5 (2.4)/1 (0.5)/9 (4.3)

Left

S1 þ2/S3/S1 þ 2 þ 3/S4/lingular 11 (5.3)/13 (6.2)/

27 (12.9)/1 (0.5)/15 (7.2)

S6/S8/S10/other, n (%) 13 (6.2)/9 (4.3)/

2 (1.0)/12 (5.7)

Operation duration, min (range) 105 (68-189)

Blood loss, mL (range) 12 (0-366)

Length of skin incision, cm (range) 6 (5-12)

Margin distance, mm (range) 22 (5-85)

Demarcation of intersegmental plane

By ICG, n (%), good/poor 184 (88.0)/25 (12.0)

By HFJV, n (%), good/poor 126 (78.7)/34 (21.3)

Time from injection of ICG

To detection of intersegmental plane, s,

median (range)

15 (3-60)

To maximum visualization, s, median

(range)

40 (10-155)

To disappearance of intersegmental

plane, s, median (range)

90 (30-420)

Distance between HFJV and ICG-related

intersegmental plane,* mm, median

(range)

þ13 (�18 to þ75)

Postoperative day

Chest tube removal, d, median (range) 1 (1-26)

Discharge from hospital, d, median

(range)

3 (2-28)

Postoperative morbidities, n (%)

Pulmonary fistula 3 (1.4)

Bronchopleural fistula 1 (0.5)

Toxic shock syndrome 1 (0.5)

ICG, Indocyanine green;HFJV, high-frequency jet ventilation. *"þ10"means that the

intersegmental plane depicted by HFJV spread more far beyond the plane depicted by

ICG injection.

TABLE 3. Details of resected disease

Characteristic Value

Histology, n (%)

Lung ADC/lung SCC/other lung

cancer

179 (85.6)/5 (2.4)/2 (1.0)

Metastatic cancer/other

malignancies/benign lesion

12 (5.7)/5 (2.4)/6 (2.9)

Radiological total lesion size, mm,

median (range)

18 (5-66)

Pathologic total lesion size, mm,

median (range)

18 (6-73)

Pathologic TNM classification (lung

cancer, n ¼ 186), n (%)

TisN0M0/T1miN0M0/T1aN0M0

T1bN0M0/T1cN0M0/T2aN0M0

T2bN0M0/T3N0M0/T3N2M0

13 (7.0)/30 (16.1)/46 (24.7)/

64 (34.4)/13 (7.0)/14 (7.5)

1 (1.0)/4 (2.2)/1 (1.0)

ADC, Adenocarcinoma; SCC, squamous cell carcinoma, TNM, tumor–node–

metastasis.
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maximum visualization were significantly longer in complex
segmentectomy than in simple segmentectomy (18.5� 9.5 vs
15.6� 6.9 seconds, and 41.7� 20.1 vs 36.3� 19.0 seconds,
P ¼ .031 and .048, respectively) (Table 4).
Comparison by Lung Function
Patients with FEV1/FVC<0.7 (obstructive lung disorder)

were older than the remaining patients (P ¼ .015). For sex,
smoking habit, operation duration, blood loss, length of
skin incision, margin distance, and postoperative course,
therewas no significant difference depending on the presence
or absence of obstructive lung disorder. Times from the intra-
venous injection of ICG to detection of the intersegmental
plane and maximum visualization were significantly shorter
in patients with obstructive lung disorder than in the remain-
ing patients (14.8 � 6.6 vs 18.0 � 9.0 seconds, and
34.3 � 16.7 vs 40.8 � 20.4 seconds, P ¼ .028 and .015,
respectively) (Table 5).
DISCUSSION
ICG is a dye that has been used in medicine since the

mid-1950s for a variety of applications, including the eval-
uation of cardiac output or hepatic function, and it is
increasingly being used for intraoperative tissue perfu-
sion.14 In this study, we showed favorable results for iden-
tifying the intersegmental plane with the use of ICG, with
an 88.0% rate of good depiction of the intersegmental
plane, which was greater than that by HFJV inflation
(78.7%).
Identification of the segmental bronchus has been one of

the most common methods for identifying the interseg-
mental plane.2 However, inflation of a specific bronchus
often makes it difficult to realize an inflation–deflation
line, because of the collateral ventilation through the pores
of Kohn, the canals of Lambert, and the direct airway anas-
tomosis.2 Indeed, in our study the air injected by HFJV
tended to spread further beyond the intersegmental plane
demarcated by ICG, and detection of the inflation–
deflation line was significantly worse in complex segmen-
tectomy compared with simple segmentectomy. In contrast,
the quality of ICG was not decreased significantly for cases
of complex segmentectomy, or obstructive lung disease.
These findings suggest that the use of ICG might contribute
to find the intersegmental plane more restricted to the target
segment than HFJV and can be commonly applicable in
pulmonary segmentectomy regardless of the type of seg-
mentectomy or the presence of obstructive lung disease
JTCVS Techniques c Volume 6, Number C 155



TABLE 4. Comparison of patient characteristics and perioperative outcomes between simple and complex segmentectomies

Characteristic

Value

P value

Simple segmentectomy

(n ¼ 89)

Complex segmentectomy

(n ¼ 120)

Age at operation, y, mean � SD 67.9 � 11.2 68.0 � 12.0 .800

Sex, female/male, n (%) 53 (59.6)/36 (40.4) 69 (57.5)/51 (42.5) .766

Smoking habit, present/absent (%) 43 (48.3)/46 (51.7) 57 (47.5)/63 (52.5) .907

Operation duration, min, mean � SD 105 � 18 109 � 20 .169

Blood loss, mL, mean � SD 29.0 � 54.9 23.9 � 40.5 .341

Length of skin incision, cm, mean � SD 6.0 � 0.7 6.1 � 1.0 .692

Margin distance, mm, mean � SD 27.0 � 14.9 21.0 � 10.0 .004

Preoperative pulmonary function

Predicted FVC%, mean � SD 110.7 � 17.4 109.9 � 17.2 .697

FEV1/FVC, mean � SD 75.0 � 8.1 75.2 � 7.6 .795

Predicted %FEV1, mean � SD 110.3 � 22.5 110.1 � 18.9 .668

Demarcation of intersegmental plane

By ICG 81 (91.0)/8 (9.0) 103 (85.8)/17 (14.2) .254

By HFJV 59 (86.8)/9 (13.2) 67 (72.8)/25 (17.2) .033

Time from injection of ICG

To detection of the intersegmental plane, s,

mean � SD

15.6 � 6.9 18.5 � 9.5 .031

To maximum visualization, s, mean � SD 36.3 � 19.0 41.7 � 20.1 .048

To disappearance of the intersegmental plane,

s, mean � SD

95.5 � 61.5 99.8 � 45.9 .064

Distance between HFJV and ICG-related

intersegmental plane, mm, mean � SD

13.0 � 13.5 12.6 � 14.4 .836

Postoperative day

Chest tube removal, d, mean � SD 1.9 � 1.9 1.4 � 1.0 .006

Discharge from hospital, d, mean � SD 4.2 � 3.7 3.7 � 1.6 .131

Postoperative morbidities,* absent/present (%) 88 (98.9)/1 (1.1) 116 (96.7)/4 (3.3) .089

Statistical analyses using the t test, Mann–Whitney U test, or c2 test, as appropriate. SD, Standard deviation; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s;

ICG, indocyanine green; HFJV, high-frequency jet ventilation. *Clavien–Dindo grade �3.
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(Figure 4). This would be one of the strong points of the use
of ICG.

As for the use of ICG, the median times from intravenous
injection of ICG to maximum visualization and disappear-
ance of the intersegmental plane were 40 and 90 seconds,
respectively. Because the demarcation line disappears
over time, the key for successful depiction of the interseg-
mental plane might be recognizing and marking it during
the maximum visualization period.

For cases of complex segmentectomy, the times from
intravenous injection of ICG to the detection and maximum
visualization of the intersegmental plane were longer than
those in simple segmentectomy. One possible explanation
for this is that the arteries to be divided in complex segmen-
tectomy are narrower and located in a more peripheral area
compared to those in simple segmentectomy.

Interestingly, the times from intravenous ICG injection to
detection and maximum visualization of the intersegmental
plane were shorter in cases with obstructive lung disease,
although the difference was only a few seconds. Although
156 JTCVS Techniques c April 2021
it is difficult to speculate on the reason for this result, it is
possible that vascular remodeling along with emphysema-
tous change or pulmonary hypertension may play some
role.15,16 Considering that 12% of cases in our study did
not show good demarcation of the intersegmental plane
by ICG, further study would be warranted to analyze the
mechanism of action of ICG.

Although this is the largest-scale report on segmentec-
tomy using ICG, we experienced only 5 cases (2.4%) of
postoperative complications of Clavien–Dindo grade 3 or
more. We also did not have problems in achieving enough
margin distance using ICG. In our method, we used ICG
as the main way to depict the intersegmental plane. Howev-
er, we also used information on the location of the pulmo-
nary vein and inflation–deflation line, as appropriate.
Although ICG injection gives excellent results by itself,
by combining it with other methods, the accuracy of surgery
might have been strengthened. Through accurate identifica-
tion of the intersegmental plane, poor inflation of the re-
maining lung, postoperative atelectasis, and imbalance of



TABLE 5. Comparison of patient characteristics and perioperative outcomes according to pulmonary function

Characteristic

Value

P valueFEV1/FVC �0.7 (n ¼ 163) FEV1/FVC<0.7 (n ¼ 46)

Age at operation, y, mean � SD 66.8 � 11.7 71.9 � 10.5 .015

Sex, female/male, n (%) 96 (58.9)/67 (41.1) 26 (56.5)/20 (43.5) .773

Smoking habit, present/absent, n (%) 73 (44.8)/90 (55.2) 27 (58.7)/19 (41.3) .095

Operation duration, min, mean � SD 106 � 18 112 � 21 .091

Blood loss, mL, mean � SD 24.4 � 42.9 32.0 � 59.9 .751

Length of skin incision, cm, mean � SD 6.0 � 0.8 6.2 � 1.2 .526

Margin distance, mm, mean � SD 23.6 � 12.6 23.2 � 13.1 .781

Preoperative predicted FVC%, mean � SD 109.6 � 16.4 112.8 � 19.8 .288

Demarcation of intersegmental plane

By ICG, good/poor, n (%) 147 (90.2)/16 (9.8) 37 (80.4)/9 (19.6) .072

By HFJV, good/poor, n (%) 99 (79.2)/26 (20.8) 27 (77.1)/8 (22.9) .793

Time from injection of ICG

To detection of the intersegmental plane, s, mean � SD 18.0 � 9.0 14.8 � 6.6 .028

To maximum visualization, s, mean � SD 40.8 � 20.4 34.3 � 16.7 .015

To disappearance of the intersegmental plane, s,

mean � SD

102.0 � 56.6 83.4 � 35.3 .090

Distance between HFJV and ICG-related intersegmental

plane, mm, mean � SD

13.2 � 14.1 11.3 � 13.5 .709

Postoperative day

Chest tube removal, d, mean � SD 1.9 � 1.9 1.4 � 1.0 .006

Discharge from hospital, d, mean � SD 4.2 � 3.7 3.7 � 1.6 .131

Postoperative morbidities, absent/present, n (%)* 160 (98.2)/3 (1.8) 44 (95.7)/2 (4.3) .326

Statistical analyses using the t test, Mann–Whitney U test, or c2 test, as appropriate. FEV1, Forced expiratory volume in 1 s; FVC, forced vital capacity; SD, standard deviation;

ICG, indocyanine green; HFJV, high-frequency jet ventilation. *Clavien–Dindo grade �3.
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pulmonary vessel flow will be reduced, which could
contribute to a fair postoperative course. Considering the
low risk for adverse side effects, the use of ICG is consid-
ered to be beneficial in pulmonary segmentectomy.
FIGURE 4. We showed favorable results for identifying the intersegmental pla

segmental plane. The use of ICG might contribute to find the intersegmental pla

applicable in pulmonary segmentectomy regardless of the type of segmentecto
This study has some limitations. First, there should be
some selection bias, depending on the availability of the
instruments for ICG and the patient condition. Second, pa-
tients with poor pulmonary function might have a
ne with the use of ICG, with an 88.0% rate of good depiction of the inter-

ne more restricted to the target segment than HFJV, and can be commonly

my or the presence of obstructive lung disease.
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tendency to undergo wedge resection rather than segmen-
tectomy. The definitive criteria for deciding on the appli-
cation of either segmentectomy or wedge resection were
not settled, and therefore some selection bias for patients
cannot be avoided. Third, regarding malignant tumors,
local recurrence and survival should be investigated
before we can draw any definitive conclusions. Our study
shows only short-term outcomes after surgery. Fourth,
delineation by ICG was often winding. We needed to sta-
ple the intersegmental plane straight on the approximate
line, and this is one of the limitations of the use of ICG.
Fifth, we did not have detailed data on jet ventilation. It
would be beneficial if we could compare selective ventila-
tion to ICG injection as a measure of efficacy. Sixth,
although at least 2 surgeons evaluated the timings of the
visualization of the intersegmental plane and its peak after
the injection of ICG, this evaluation might harbor some
ambiguity. Seventh, as this is a retrospective study, there
should be an even greater possibility of selection bias.
For further productive analyses, a prospective study will
be warranted.

In conclusion, we showed in our large-scale cohort that
pulmonary segmentectomy using systemic ICG injection
was a feasible and safe operative method, from the perspec-
tive of accurate demarcation of the intersegmental plane,
with a fair postoperative course. The use of ICG might
demarcate the intersegmental plane more restricted to the
target segment compared with air injection. As segmentec-
tomy becomes a standard operative procedure, ICG could
be a widely applicable modality.
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