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Background: The electromagnetic navigation bronchoscopy (ENB) was increasingly used to mark small
pulmonary nodules (PNs) for video-assisted thoracic surgery (VATS) resection due to high effectiveness
and low risk. However, no study reports the learning curve of ENB-guided preoperative localization. In the
study, we aimed to describe the learning curve of ENB-guided preoperative PNs localization initially.
Methods: Consecutive PNs cases that underwent ENB localizations between October 2018 and October
2019 by the same surgeon in our center were included in the study. The cumulative sum (CUSUM) method
was used to analyze the learning curve of ENB localization.

Results: A total of 89 ENB localization from 64 patients were included in this study. The learning curve
was divided into 3 phases: Phase I (the initial 11 cases), Phase II (the 12th to the 47th cases), and Phase III
(the 47th to the 89th cases). The success rate of ENB localization has increased with the accumulation of
operational experience in 3 phases (72.73%, 91.67%, and 97.62%, P=0.049). The distance from the ENB
guide wire tip to the center of the lesion in Phase I was significantly longer than those in Phase II and Phase
IIT (2.46+1.76 vs. 1.36+0.94 and 1.47+0.97 cm, P=0.014 and 0.027, respectively). Sex, bronchus sign, and
learning curve phase were independent risk factors influencing operative time (OT) (OR =8.187, 18.847, and
13.920, respectively).

Conclusions: The technical competency, which is indicated by higher success rate, localization accuracy,

and shorter OT, for ENB-guided preoperative PNs localization was achieved at the 47th operation.
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Introduction surgery (VATS) resection in its early stage (2,3). However,
the precise localization of some ground-glass opacity (GGO)

Lung cancer is one of the most prevailing cancers and the or semisolid small pulmonary nodules (PNs) is challenging

leading cause of cancer-associated death worldwide (1).
With the advent of low-dose CT screening, early lung
cancer can be detected effectively. This improvement in
lung cancer early diagnosis has significantly reduced its
mortalities through successfully video-assisted thoracic
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to thoracic surgeons during VATS, especially when the
nodules are less than 10 mm in diameter or when they are
more than 10 mm away from the pleura (4).
Electromagnetic navigation bronchoscopy (ENB) is
a navigation technology that converts two-dimensional
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159 PNs used ENB localization before VATS resection
from October 2018 to October 2019 in our center

Exclusion

>

70 PNs were located by other thoracic surgeons

Y

89 cases were performed by
Dr. Shuben Li

Y

Inclusion: 89 cases underwent

ENB localization for the learning curve analysis

Figure 1 Flow chart of cases selection. PNs, pulmonary nodules; ENB, electromagnetic navigation bronchoscopy; VATS, video-assisted

thoracic surgery.

preoperative computed tomographic (CT) imaging into a
three-dimensional (3-D) virtual bronchial map and uses an
electromagnetic board to guide the bronchoscopic probe to
PN (5). The ENB was used in relatively large PN biopsy
initially but with inferior diagnostic yield (6). Recently, this
technology was increasingly used to preoperatively mark
small PNs due to high effectiveness and low risk (7,8).
Many studies have confirmed that ENB was a feasible and
effective method for preoperative PN localization with a
high success rate (91.4-97.2%) (4,9). Compared with the
commonly used CT-guided transthoracic localization,
the advent of ENB-guided localization can effectively
decrease many complications, such as pneumothorax,
hemorrhage, and embolism (9). Meanwhile, this technique
can be performed in an operating room without radiation
exposure. It also has significant advantages in localizing
multiple lung nodules compared with the CT-guided
method (10,11). However, there was no study to report the
learning curve of ENB-guided preoperative localization. In
the study, we aimed to initially describe the learning curve
of ENB-guided preoperative localization of PNs performed
by a single surgeon from our center.

We present the following article in accordance with the
STROBE reporting checklist (available at https://dx.doi.
org/10.21037/jtd-21-490).

Methods
Patients and study design

A total of 129 patients underwent ENB to localize PNs
between October 2018 and October 2019 at the First
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Affiliated Hospital of Guangzhou Medical University.
Among them, 64 patients with 89 ENB localizations,
performed by a single thoracic surgeon (SBL) who has the
experience of routine bronchoscopy and not the experience
of endobronchial ultrasonography (EBUS) and ENB-guided
biopsy, were finally included in the study as shown in Figure 1.
The inclusion criteria for ENB localization were: (I) patients
with a suspicious malignant appearance in CT scan (GGO
or semisolid); (IT) nodules between 8-10 mm in diameter
or more than 10 mm away from the pleura; (III) presumed
to be undetectable and unpalpable during VAT'S based on
the surgeon’s experience. The cumulative sum (CUSUM)
was used to investigate the in-depth learning curve of ENB
localization. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). The study
was approved by Ethics Commission of the First Affiliated
Hospital of Guangzhou Medical University (No. 2018-51)
and informed consent was taken from all the patients.

ENB localization

All patients underwent intravenous anesthesia with a
laryngeal mask in the operating room. ENB localization
was performed as previously reported (12). ENB was
performed by using the electromagnetic navigation system
(LUNGCARE, Suzhou, China), which plans a visualized
route to the target nodules for surgeons based on maximal
inspiratory breath-hold (INSP) or expiration (EXP) thoracic
CT images. If there was no direct bronchus to the target
nodule, we would select the nearest point to the nodule
through nearby bronchi. After the locatable electromagnetic
guide and the extended working catheter had reached
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Figure 2 ENB-guided preoperative PN localization. (A) ENB localization system; (B) the ICG marking PN. ENB, electromagnetic

navigation bronchoscopy; PN, pulmonary nodule; ICG, indocyanine green.

the target, 0.3 mL of diluted indocyanine green (ICG)
(dilution ration: 1ml of ICG with 3 mL of normal saline) or
methylene blue and the appropriate amount of air was then
injected. The operating process was shown in Figure 2. The
patient was then turned to a lateral position and underwent
wedge resection by VATS. The successful localization
was defined: dye visible during VATS and resection that
contained the lesion and dye together.

The cumulative sum method

In the present study, the cumulative sum (CUSUM) method
was used to assess the learning curve, and it determines
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the accumulated differences among the individual data
points and the mean of all data points (13). The patients
were categorized in chronological order, and the operative
time (OT), spent for the construction of virtual tracheal
and the marking of target nodules, was collected for
calculating CUSUM ¢ (CUSUMOT:Z::I(X,- —1), x; and p
indicates individual OT and the mean OT, respectively).
The fluctuation of the learning curve represented different
phases of the learning process of the surgeon.

CUSUM was used to analyze marking success as previous
report (14). In this study, we determined acceptable
failure ratio as 0.1 and unacceptable failure ratio as 0.2.
Conventionally, standard type I error (o) and standard type
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Table 1 General characteristics

Parameters Overall

Patients (n=64)

Age (years) 52.58+12.97
Sex, n (%)
Male 23 (35.94)
Female 41 (64.06)

Type of nodule, n (%)
Solitary nodule 49 (76.56)
Multiple nodules 15 (23.44)
Nodules (n=89)
Nodule size (cm) 0.88+0.57
Distance from pleura (cm) 1.55+£1.13
Characteristics, n (%)
GGO 69 (77.53)
Solid 20 (22.47)

Nodules location, n (%)

RUL 19 (21.35)
RML 6 (6.74)

RLL 20 (22.47)
LUL 29 (32.58)
LLL 15 (16.85)

Bronchus sign, n (%)

Yes 18 (20.22)
No 71 (79.78)
Location time (min) 11.42+7.41

Pathology, n (%)

AAH 4 (4.49)
AIS 14 (15.73)
MIA 40 (44.94)
Invasive adenocarcinoma 9 (10.11)
Benign 22 (24.72)
Successful location, n (%) 82 (92.13)

RUL, right upper lobe; RML, right middle lobe; RLL, right lower
lobe; LUL, left upper lobe; LLL, left lower lobe; AAH, atypical
adenomatous hyperplasia; AlS, adenocarcinoma in situ; MIA,
minimally invasive adenocarcinoma.
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II error (B) were set as 0.1. CUSUM line below acceptable
failure rate boundary (h0) represented the acceptable
successful rate of the surgeon.

Statistical analysis

ENB localization’s OT was divided into two groups,
0-14 minutes and more than 14 minutes, according to the
mean OT of learning Curve Phase II for multivariable
analysis. SPSS 19.0 software was used to perform statistical
analysis. Continuous data were expressed as mean =
standard deviation, and the Student’s z-test was used to
compare the data between the two groups. One-way analysis
of variance was used to analyze the data among three
groups. Categorical data were analyzed using the chi-square
test or Fisher’s exact test. Logistic regression models were
applied for multivariable analysis. In this study, the P value
of less than 0.05 was considered statistical significance.

Results
General characteristics

The general parameters were shown in 7izble 1. The mean
age of the patients was 52.58 years, while females accounted
for a larger proportion (64.06%). The majority of patients
(49, 76.56%) had solitary PNs undergone ENB localization,
and 15 patients (23.44%) had multiple PNs undergone ENB
localization. The mean size and length from pleura of PNs
were 0.88+0.57 and 1.55£1.13 cm, respectively. The majority
of PNs (69, 77.53%) manifested GGO in CT imaging, and
50 nodules (56.18%) located in the upper lobe, followed
by in the lower lobe (31, 34.83%) and the middle lobe (8,
8.99%). Only 18 nodules (20.22%) present CT bronchus
sign. The mean OT of ENB was 11.42+7.41 minutes,
and the mean distance between the tip of the locatable guide
and the center of the lesion was 1.55+1.13 centimeters. The
success rate of ENB localization was 82 out of the total
89 cases (92.13%). The final pathology revealed 75.28%
of PNs were malignant lung diseases. No complications
were found during ENB-guided preoperative localization.
In our study, all nodules were resected by VATS without
conversion to open thoracotomy. The PNs of unsuccesstul
localization were performed extend resection or

segmentectomy by VATS.
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Figure 3 The CUSUM curve of operative time and locating success. (A) The learning curve of ENB-guided PN localization used CUSUM

methods for the operative time. As shown in the curve, two cutoff points were found in the 11" case and the 47" case. The learning curve
was divided into 3 phases: Phase T (the initial 11 cases), Phase II (the 12" to the 47" case), and Phase IIT (after the 47" case). (B) The

operative time was presented in chronological order. (C) CUSUM of locating success. h1, unacceptable failure rate boundary. h0, acceptable

failure rate boundary. The 31" case below hO represented that the surgeon was competent with an acceptable successful rate. ENB,

electromagnetic navigation bronchoscopy; CUSUM, cumulative sum; PN, pulmonary nodule.

Learning curve analysis

In this study, we used the CUSUM method to analyze the
OT of ENB localization in chronological order and drew
the learning curve of ENB shown in Figure 3A. This figure
reveals the change of OT with the increasing experience.
And the OT was presented in Figure 3B in chronological
order. Two cutoff points were found in the 11" case and the
47" case, respectively. Therefore, the learning curve was
divided into 3 phases: Phase I (the initial 11 cases), in which
the OT was less than the average OT and the learning curve
was in decline trend; Phase IT (the 12" to the 47" case), in
which the OT was more than the average and the learning
curve displayed a continuously rising trend; Phase III
(after the 47" case), in which the OT was less than average
time and the curve displayed a significantly declining
trend. The CUSUM of locating success (Figure 3C)
showed that a cutoff point below hO was made at the 31"
case, indicating that the surgeon was competent with an
acceptable successful rate.

Nodules characteristics and outcomes of the different
learning phases

The preoperative characteristics and the outcomes of
different learning phases were summarized in 7able 2. These
nodule characteristics, such as type of nodules, nodule size,

the proportion of GGO, nodule depth, and final pathology,
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showed no statistical difference among the three phases.
Compared with those in Phase II and Phase III, more
PNs were located in the lower lobe in learning Phase I
(22.22%, 33.33%, and 81.82%, respectively, P=0.009). The
proportion of nodules near a direct airway continuously
declined among the 3 phase (45.45%, 25%, and 9.52%,
respectively, P=0.023). As of the outcomes of ENB-guided
lung nodules marking, the success rate of ENB localization
was increasing with the accumulation of learning experience
in 3 phases (72.73%, 91.67%, and 97.62%, P=0.049).
The distance between marker and lesion in Phase I was
significantly longer than in Phase II and Phase I1I (2.46+1.76
vs. 1.36+0.94 and 1.47+0.97 c¢m, P=0.014 and 0.027,
respectively).

Relevant factors influencing OT

The influencing factors determining the operative easiness-
or-difficulty were shown in 7able 3 by univariable analysis
and multivariable logistic regression analysis. As shown in
univariable, compared with lung nodules with direct airway
access, the nodules without a direct airway were more
difficult to locate (OT more than 14 minutes) (P=0.024).
The OT longer than 14 minutes had a larger proportion
in learning curve Phase II than in Phase I and Phase III
(P=0.001). Though there was no statistical significance
about nodule localization, the upper lobe nodules seemed
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Table 2 Preoperative characteristics and outcomes of different learning phase

Phase | (Case 1to Phase Il (Case 12 Phase Il (Case

Parameters Case 11) to Case 47) 48 to Case 89) P P1(lvs. Il) P2(lvs. Illy P3(lvs. Il
Age (years) 52.27+14.49 51.33+£12.43 51.29+£12.49 0.972 1.000 1.000 1.000
Sex, n (%) 0.001
Male 9(81.82) 10 (27.78) 10 (23.81)
Female 2(18.18) 26 (72.22) 32 (76.19)
Type of nodule, n (%) 0.112
Solitary nodule 5 (45.45) 16 (44.44) 28 (66.67)
Multiple nodules 6 (54.55) 20 (55.56) 14 (33.33)
Nodule size (cm) 1.13+0.67 0.79+0.44 0.90+0.625 0.218 0.338 0.230 0.109
Distance from pleura (cm) 6.87+6.751 9.17+9.23 7.06+7.38 0.476 1.000 1.000 0.772
Nodule characteristics, n (%) 0.392
GGO 7 (63.64) 30 (83.33) 32 (76.19)
Solid 4 (36.36) 6 (16.67) 10 (23.81)
Nodules location, n (%) 0.009
RUL 0(0) 10 (11.24) 9(10.11)
RML 0(0) 2 (2.25) 4 (4.50)
RLL 4 (4.49) 5 (5.62) 11 (12.36)
LUL 1(1.12) 15 (16.85) 13 (14.61)
LLL 6 (6.74) 4 (4.49) 5(5.62)
Bronchus sign, n (%) 0.023 0.263 0.013 0.125
Yes 5 (45.45) 9(25.0) 4(9.52)
No 6 (54.55) 27 (75.0) 38 (90.48)
Operative time 8.18+4.33 14.50+8.82 9.62+5.695 0.004 0.032 1.000 0.009
Pathology, n (%) 0.272
Malignant 6 (54.55) 28 (77.78) 33 (78.57)
AAH 1(9.10) 1(2.78) 2 (4.76)
AIS 0(0) 10 (27.78) 4(9.52)
MIA 3(27.27) 12 (33.33) 25 (59.52)
IA 2(18.18) 5(13.89) 2 (4.76)
Benign 5 (45.45) 8(22.22) 9(21.43)
Successful rate, n (%) 8 (72.73) 33 (91.67) 41 (97.62) 0.049 0.131 0.025 0.330
Distance between the marker 2.46+1.76 1.36+0.94 1.47+0.97 0.014 0.013 0.027 1.000

and nodule (cm)

RUL, right upper lobe; RML, right middle lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe.
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Table 3 Relevant factors influences operative time
Univariable analysis Multivariable analysis
Parameters 0-14 min (N=65)  >14 min (N=24)
P P OR 95% CI

Age (years) 51.51+12.66 51.21+12.31 0.921 0.960 1.001 0.947-1.058
Sex, n (%) 0.105 0.015

Female 47 (72.31) 13 (54.17) 1

Male 18 (27.69) 11 (45.83) 8.187 1.504-44.564
Single nodule, n (%) 35 (53.85) 14 (58.33) 0.706 0.990 1.009 0.240-4.252
Nodule size (cm) 0.79+0.44 0.9 +0.53 0.857 0.273 1.877 0.609-5.786
Distance from pleura (cm) 14.25+11.47 18.79+10.20 0.071 0.184 0.927 0.829-1.037
Characteristics, n (%) 0.822 0.553

GGO 50 (76.92) 19 (79.17) 1

Solid 15 (23.08) 5(20.83) 1.619 0.330-7.951
Nodules location, n (%) 0.19 0.357

Lower lobe 26 (40.00) 5 (20.83) 1

Middle lobe 6 (9.23) 2(8.33) 0.198 5.888 0.395-87.780

Upper lobe 33 (50.77) 17 (70.83) 0.210 3.095 0.530-17.830
Bronchus sign, n (%) 0.016 0.024

Yes 17 (26.15) 1(4.17) 1

No 48 (73.85) 23 (95.83) 18.847 1.484-239.354
Phase, n (%) 0.002 0.001

| 10 (15.38) 1(4.17) 0.792 0.684 0.040-11.585

Il 19 (29.23) 17 (70.83) <0.001 13.920 3.182-60.894

11l 65 (55.38) 6 (25.00) 1

to be more difficult to locate than the lower lobe nodules Discussion

(17750, 34%, vs. 5/31, 16.13%). As shown in multivariable
logistic regression analysis, sex, bronchus sign, and learning
curve phase were independent risk factors of difficult
localization. The risk rate of difficult localization was higher
in male patients than in female patients (OR =8.187, 95%
CI =1.504-44.564, P=0.015). Nodules without a presence
of bronchus sign had a higher risk for difficult localization
than those with bronchus sign (OR =18.847, 95% CI
=1.484-239.354, P=0.024). The risk rate of OT of more
than 14 minutes in the learning curve Phase II was higher
than in the learning curve Phase III (OR =13.920, 95% CI
=3.182-60.894, P<0.001).

© Journal of Thoracic Disease. All rights reserved.

Many previous studies have reported that ENB is useful
for localizing the small, non-visible, and non-palpable
PNs during VATS. ENB-guided localization significantly
decreases complications compared with transthoracic
localization with CT-guidance by an interventional
radiologist in a radiology suite (10,15). Currently, CT-
guided preoperative localization is still the most common
localization method for small PNs in many thoracic centers.
It might partially attribute to the learning curve of ENB-
guided localization (16). To our knowledge, there was no
relative study reporting on the learning curve for ENB-
guided preoperative localization.
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ENB technology was initially used in the biopsy of
relatively large pulmonary lesions. However, there was non-
significant priority for ENB-guided biopsy compared with
CT-guided transthoracic biopsy (6,17). On the contrary,
the ENB-guided preoperative localization has significant
potentials to mark PNs and assist VAT'S resection, with a
high marking success rate (91.4-97.2%) nearly without any
complication (4,9). Our study showed a similar success rate,
especially in the learning curve of Phase III (97.62%).

In this study, we used CUSUM analysis, commonly used
in assessing the trainee competence in new procedures, to
detect the differences in ENB OT. When the trainee took
more or less time than the mean OT, the learning curve
would present rise or fall, respectively (18). In theory, the
OT was usually in a gradual decline with the accumulation
of learning experiences. And the learning curve usually
displays a rising trend in the initial phase and then gradually
declines in the expert phase by the CUSUM method reported
by previous studies (18,19). However, the learning curve of
ENB-guided preoperative localization was a downtrend in
Phase I (the initial 11 cases). The ENB-guided localization
time was generally less than the mean OT.

To further investigate the influencing factors of OT, we
divided the cases into two groups according to location
time. We found that the OT of ENB PN localization
was affected by the presence of CT bronchus sign and
by sex other than by being in different learning phases.
The previous reports have confirmed a bronchus sign was
associated with highly diagnostic yield for ENB-guided
biopsy (20). In this study, we found that the rate of more
than 14 minutes in PNs without presence of bronchus
sign was higher than that of those with bronchus sign
(OR =18.847). It showed that such factor had more
influence on the OT than from the learning curve (OR
=13.92, Phases II vs. Phases III). Though there was no
statistical significance in nodule localization, the locating
time of PNs in the lower lobe was usually less than that in
the middle and upper lobes. Most surgeons found it more
difficult to complete ENB localization in the upper lobe,
because of the vertical angle of the upper lobe bronchus,
especially in the apical lung segment (S1). Surprisingly, the
male patients spent more locating time than female.

In real clinical situation, it is nearly impossible to avoid
selection bias for the early learning curve. And the simple
cases would be chosen preferentially when the trainee started
to learn a new technique. According to previously reported
experiences from ENB-guided biopsy, pulmonary lesions
with CT bronchus sign were more likely to be diagnosed

© Journal of Thoracic Disease. All rights reserved.

compared with the lesions without bronchus sign (20).
Therefore, in order to reduce the failure rate of ENB-
guided localization, the surgeon preferred to select the PNs
with bronchus sign or located in the lower lobe in the early
learning curve. There was 45.45% PNs with bronchus sign
and 81.82% PN located in the lower lobe in the learning
curve Phase I, which were more than Phase IT and Phase III.
This may be the main reason for the exceptional downtrend
of the learning curve Phase I. It may be reasonable to
choose simple cases to train ENB-guided preoperative
localization not only for operative success rate but for
patient’s interest. In the study, we confirmed that PNs with
bronchus sign or located in the lower lobe were easier
to perform ENB-guided localization than PNs without
bronchus sign or located in the upper lobe. We recommend
choosing PNs with bronchus sign or located in the lower
lobe to perform ENB-guided localization preferentially for
the new trainees. And we believe the exceptional learning
curve of ENB-guided localization reflects the real clinical
situation and was suitable to other surgeons.

The success rate of ENB localization and the localization
accuracy were both significantly lower in Phase I compared
with those in Phase II or Phase III. Apart from the influence
of the learning curve, the partly reason for the high failure
rate and low accuracy in Phase I could attribute to the
imprecise reconstruction of bronchial map, which was
compiled based on CT performed at a maximal INSP in
advance. Brian S. Furukawa and associates have also reported
that PN localization via ENB using EXP CT scans could
yield higher accuracy compared with using INSP CT (21).
In our study, we used the EXP CT to reconstruct a virtual
bronchial map from the 14" Case. It is noteworthy that
0.3-0.5 mL ICG or methylene blue is enough to mark
the PNs. Meanwhile, it is vital for the successful mark to
sequentially and slowly administer the right amount of air
(3 to 4 milliliters), aimed to push the dye from work catheter
to the pulmonary surface of target PNs. In our study, the
third case failed to localization without ICG marking caused
by the disorderly conduct of administering dye.

Although the OT of the learning curve displayed a
generally rising trend with relatively complex cases in
Phase II, its ENB localization success rate was close to
that of Phase III (91.67% and 97.62%, respectively), and
its marking accuracy was even superior to that of Phase
IIII (1.36+0.94 and 1.17+0.97 cm, respectively). And the
CUSUM of locating success indicated that the surgeon
was competent with an acceptable successful rate after the
31" case. ICG and methylene blue were both used in our
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study. However, we recommend the ICG dye, which does
not hinder observing the lung lesion in VATS resection or
jeopardize the further pathological evaluation.

We have to admit there are limitations in the current
study. First, it only included cases from a single surgeon
and a single ENB operative system. The surgeon with
the experience of routine bronchoscopy might affect the
learning curve of ENB. More studies from multiple-centers
and multiple ENB systems are needed to support our
conclusions. Second, the bias of case selections in Phase I
may influence the evolution of the learning curve. However,
the selection bias may be inevitable for those trainees in
clinical practice. Therefore, this unique learning curve
represents the reality and is still valuable. Finally, although
the ENB performing in the operating room is an effective
and low-risk approach to mark small, deep-seated, and
non-palpable PN, it is still more expensive compared with
conventional CT-guided methods.

In conclusion, our study demonstrated 3 phases of
the learning process of ENB localization before VATS
resection. Phase I (the initial 11 easy cases) showed a short
operation time but a low success rate and low localization
accuracy. Meanwhile, Phase II (12-47 cases) showed a
higher success rate and localization accuracy but longer
operation time. And the technical competency of high
success rate, high localization accuracy, and short operation
time was achieved at the 47" operation.
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