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Noninferiority comparison of electromagnetic
navigation-guided versus computed
tomography-guided percutaneous
localization of multiple small pulmonary
nodules: a prospective randomized clinical
trial

Hongliang Hui', Haoran Miao'", Fan Qiu'", Huaming Li", Yangui Lin"", Yigian Zhang'" and Bo Jiang'"

Abstract

Background Accurate preoperative localization is a challenge in thoracoscopic surgery for multiple pulmonary
nodules. In this study, we aimed to assess the accuracy and feasibility of electromagnetic navigation (EN)-guided
percutaneous localization.

Methods We enrolled 50 patients with multiple pulmonary nodules for EN-guided (EN group) or CT-guided (CT
group) localization. The primary outcome was the localization accuracy, and the primary analysis was to assess the
noninferiority (noninferiority margin of 5 mm) of EN-induced localization deviation compared with that of CT-induced
deviation. The secondary outcomes included the procedural duration, anxiety score, and incidence of complications.

Results Among the 50 patients randomized to the EN- and CT-guided groups, 24 patients (53 nodules) underwent
EN-quided preoperative marking, and 25 patients (54 nodules) underwent CT-guided preoperative marking. The
demographic, clinical, and radiological characteristics did not differ significantly between the groups (P> 0.05).
Among these patients, the EN group was noninferior in terms of localization deviation compared with the CT group
(9.0[6.5] vs. 7.5 [6.0] mm; P=0.33; absolute difference 0.9 [95% Cl] 0.03-1.77]). Furthermore, the procedural duration
was 16.3 (4.2) minutes for the EN group and 22.3 (8.2) minutes for the CT group (P=0.002). Additionally, the EN group
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exhibited significant improvements compared with the CT group on the basis of the Amsterdam Preoperative Anxiety
and Information Scale, particularly in relation to the S and C subscales’cumulative scores.

Conclusions EN was found to be noninferior to CT in terms of localization accuracy, as it significantly decreased the
procedural duration and relieved psychological stress for patients who underwent simultaneous surgery for multiple

pulmonary nodules.

Clinical Trial Registration Chinese Clinical Trial Registry Identifier: ChiCTR2200056734.
Keywords Electromagnetic navigation, Computed tomography, Multiple pulmonary nodules, Localization accuracy,

Video-assisted thoracoscopic surgery

Background

The advent of high-resolution, low-dose computed
tomography (CT) has enabled the detection of small or
faint pulmonary nodules for lung cancer screening [1].
In fact, the NELSON study revealed that nearly half of
the participants had multiple nodules during their CT
screening for lung cancer [2]. For patients with multiple
pulmonary nodules, minimally invasive surgery is an
ideal approach for early diagnosis and treatment [3, 4].
However, during video-assisted thoracic surgery (VATS),
particularly uniportal VATS, accurate identification of
pulmonary nodules can be challenging since they are
invisible and inaccessible [5]. Consequently, thoracic sur-
geons may need to broaden the scope of lung resection or
even resort to open thoracotomy when nodules are not
detected during the intraoperative phase [6]. However,
this may lead to postoperative lung function impairment
and a decrease in quality of life [7]. Therefore, accurate
preoperative localization of multiple pulmonary nodules
is essential.

Several techniques have been developed to aid pulmo-
nary nodule localization, either through a percutaneous
or transbronchial approach [8, 9]. However, no standard
preoperative localization technique has been agreed
upon thus far. While CT-guided percutaneous localiza-
tion is widely used because of its technical maturity and
high success rate [10], it is not without limitations and
risks, such as localization-related pain [11], hemopneu-
mothorax [12], high psychological stress,” and radiation
exposure [13]. In recent years, electromagnetic naviga-
tion (EN) technology has rapidly advanced by integrating
three-dimensional CT reconstruction, electromagnetic
field positioning, and virtual bronchoscopy navigation. It
enables precise access to any lung area through bronchos-
copy, facilitating preoperative positioning via bronchial
marker placement [14, 15]. Moreover, the latest gen-
eration of EN technology also permits the percutaneous
localization of nodules [16]. Compared with traditional
positioning methods such as CT-guided localization, EN
technology has the advantages of not requiring radiation,
being minimally invasive, and resulting in fewer compli-
cations. However, its measurement of accuracy and feasi-
bility parameters requires further investigation.

Owing to the differences in localization methods, we
hypothesized that the accuracy of EN-guided percutane-
ous localization would be noninferior to that of the CT-
guided method. Therefore, we conducted a prospective
randomized clinical trial to investigate the noninferior-
ity of EN-guided percutaneous localization accuracy and
feasibility over the CT-guided method.

Methods

Trial design and participants

Patients were recruited sequentially from 2022 to 2023 in
the current prospective, noninferior, randomized clinical
trial. Patients were randomized at a 1:1 ratio to receive
preoperative localization via either EN-guided or CT-
guided methods. This study followed the Consolidated
Standards of Reporting Trials (CONSORT) guidelines
[17]. The study was approved by the Ethics Commit-
tee of our institution and was performed in accordance
with the Declaration of Helsinki guidelines. The trial was
registered at the Chinese Clinical Trial Registry. The par-
ticipants were informed of the potential risks associated
with their participation, and written informed consent
was obtained prior to participation. Participants could
withdraw their consent at any time during the study
without affecting their medical care.

Inclusion and exclusion criteria

Adult patients (over 18 years old) scheduled for VATS
pulmonary nodule resection were assessed for eligibility
by a trained research assistant. The main inclusion crite-
ria were as follows: (i) the number of target nodules was 2
or 3; (ii) the inner margin of the target nodule was at least
20 mm from a major vessel; (iii) the maximum diameter
was less than 20 mm; and (iv) the surgeon confirmed that
multiple pulmonary nodules were necessary for localiza-
tion (see supplementary material 1 for details). The main
exclusion criteria were as follows: (i) allergy to indo-
cyanine green (ICG); (ii) target nodule obscured by the
scapula, limiting access to the puncture needle; (iii) metal
implants in the body that cannot tolerate magnetic fields;
(iv) abnormal coagulation; (v) abnormal liver or kidney
function; (vi) vulnerable patient groups (prisoners, preg-
nant/breastfeeding mothers, intellectual disabilities, etc.);
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and (vii) patient refusal to continue the study at any stage
of the study.

Interventions and randomization

Randomization was performed using a block size of 4
to create a computerized randomization list, the results
of which were placed in sealed envelopes by individuals
who did not participate in this trial. After consenting to
participate in the trial, the participants were assigned a
randomization number on the basis of the order of their
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admission to the hospital. Because masking was unfeasi-
ble, the study was not blinded after randomization.

EN-guided percutaneous localization

The EN system (Langkai Medical) imports digital imag-
ing and communications in medical data from pre-
operative high-resolution chest CT to reconstruct
three-dimensional (3D) maps of the lungs and pul-
monary nodules (Fig. 1A). Patients were administered
entire intravenous anesthetic and single-lumen No. 7.5
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Fig. 1 Electromagnetic navigation (EN)-guided percutaneous procedure. a The EN system screen displays real-time imaging during EN-guided percuta-
neous localization. The trajectory path (green line) toward the target nodule is demonstrated in the transverse view and the coronal view. b Indocyanine
green (ICG) fluorescence was detected via thoracoscopy in fluorescence mode, with yellow arrows indicating the localization points. ¢ and d Pulmonary
nodule profiles in ex vivo specimens; white dashed circles represent fluorescence or pulmonary nodules, and red dashed lines represent localization

deviations



Hui et al. World Journal of Surgical Oncology (2024) 22:323

endotracheal intubation in a supine position on an elec-
tromagnetic bed upon entering the operating room. A
3.1 mm bronchoscope with the guidewire was inserted
through the endotracheal tube to match the 3D image.
The entry point of the chest wall and the navigation path
to reach the target lesion are planned on the basis of 3D
images. During the positioning process, electromag-
netic navigation can track the puncture needle in real
time by detecting the position of the electromagnetic tip
tracking needle. The needle was placed at the top of the
planned chest wall entry point, and under the guidance
of the electromagnetic navigation system, the angle with
the target lesion was selected. The needle was pushed
through the chest wall toward the target lesion (Fig. 1A).
Once the needle tip reached the target lung nodule, the
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puncture needle core was removed, and a marker solu-
tion (ICG 0.2 mL, 0.025 mg/mL) was injected through
the puncture needle to complete the localization pro-
cess (Video 1). After localization, VATS was performed
directly in the same room.

CT-guided percutaneous localization

We conducted all the CT-guided localizations within
four hours prior to surgery. The patient was placed in
the appropriate position (prone, supine, or lateral) on a
Siemens SOMATOM 256 spiral CT scanner (Germany).
Initially, a CT scan was performed to determine the opti-
mal puncture path (Fig. 2A). After routine aseptic prepa-
ration and local anesthesia, a 19-gauge puncture needle
was inserted along the predesigned path. The needle core

Fig.2 Computed tomography (CT)-guided percutaneous procedure. a Coronal CT image with a lung window showing pulmonary nodules in the right
upper lobe (yellow arrowhead). b Anterior view of the preoperative 3D reconstruction showing the location of the right upper lobe pulmonary nodules
(yellow arrow). ¢ Indocyanine green (ICG) fluorescence was detected via thoracoscopy in fluorescence mode, with yellow arrows indicating the localiza-
tion points. d and e Pulmonary nodule profiles in ex vivo specimens; white dashed circles represent fluorescence or pulmonary nodules, and red dashed

lines represent localization deviations
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was then withdrawn, and a marker solution (ICG 0.2 mL,
0.025 mg/mL) was injected. If pneumothorax occurred
and an additional lung puncture was not possible, the
procedure was interrupted, and closed chest drainage
was considered to control the pneumothorax if neces-
sary. Finally, a CT scan was performed to evaluate com-
plications such as bleeding or pneumothorax.

Uniportal VATS of the lung

CT-guided localization was followed by transport to the
operating room. For EN-guided localization, a single-
lumen tracheal tube with an obstruction tube was used.
A 2 cm skin incision was made in the 4th or 5th intercos-
tal space of the midaxillary line, a 5-mm, 30-degree infra-
red fluorescence thoracoscopy was employed to observe
fluorescence staining (Figs. 1B and 2C), and the nodule
and its surrounding 2 cm lung tissue were subsequently
wedge shaped and resected via an endoscopic stapling
device. If green fluorescence was not observed during
surgery, then the pulmonary nodule was localized, and
wedge resection or segmental resection was performed
according to the preoperative 3D reconstruction image
(Fig. 2B).

Outcomes

The primary outcome was the localization accuracy
(marker deviation), which was defined as the distance
between the center point of the localization mark and
the target nodule in the resected specimen. Two out-
come assessors completed measurements of the primary
endpoints throughout the trial. After the specimen was
removed, the pulmonary nodule was carefully touched,
and the lung tissue was incised in a straight line between
the midpoint of fluorescence on the pleural surface and
the midpoint of the contacted pulmonary nodule. Then,
on one side of the lung tissue section, the midpoint of
the longest diameter of the fluorescent area was selected
as the midpoint of the localization marker, and the dis-
tance from the fluorescent midpoint to the lung nodule
midpoint was measured and recorded as the localiza-
tion accuracy (Fig. 1C and D, and Fig. 2D and E). For
lesions that were not successfully removed for the first
time, extensive resection was needed, and the distance
between them was measured after ex vivo recombina-
tion. The secondary outcomes included the following:
(i) procedural duration (time from the bronchoscope
entering the endotracheal intubation to the removal of
the puncture needle for the EN group and time from
the first CT scan to the final scan for the CT group); (ii)
anxiety score (assessed at the night before the surgery via
the Amsterdam Preoperative Anxiety and Information
Scale (APAIS) by the research assistant); and (iii) inci-
dence of complications, including localization-related
complications, such as pneumothorax and pulmonary
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hemorrhage. The main outcome was noninferiority, and
the secondary outcome was superiority.

Statistical analysis

In our preliminary study conducted with six patients
(three in each EN and CT group and two nodules in each
patient), the mean (SD) marker deviation was 9.5 (3.9)
and 6.9 (3.6) mm in the EN and CT groups, respectively.
Sample size calculation was performed with PASS V.11.0
(PASS, NCSS, USA). A total of 88 nodules (22 patients
with at least 44 nodules in each group) were randomly
assigned to obtain 90% power with a 1-sided a of 0.05
and a noninferiority margin of 5 mm. Considering the
dropouts, 25 patients per group were suggested for this
study.

Statistical analysis was performed with SPSS software
(SPSS 21.0, Chicago, IL, USA). Continuous variables are
expressed as the mean (SD) or median (interquartile
range) as appropriate. Normally distributed continuous
variables were analyzed via independent sample t tests,
and nonnormally distributed continuous variables were
analyzed via Mann-Whitney tests. The categorical vari-
ables are expressed as n (%) and were analyzed by the
X-square test or Fisher’s exact test (when a cell value was
lower than 5). All the statistical analyses were 2-sided,
and P<0.05 was considered statistically significant.
Through a review of relevant publications and on basis
of clinical practice, 5 mm was ultimately determined to
be the appropriate noninferiority margin [18]. Noninfe-
riority was pronounced if the upper limit of the 95% con-
fidence interval (CI) for the absolute deviation was less
than 5 mm.

Results

Patient characteristics

A total of 94 patients were approached to participate
in this study from May 1, 2022, to August 20, 2023; 44
patients were ineligible because they did not meet the
inclusion criteria or refused to participate; and 1 patient
in the EN group withdrew for refusal to receive the cor-
responding intervention. Finally, 49 patients completed
the study protocol. The EN group comprised 24 patients,
with 53 pulmonary nodules resected. The CT group com-
prised 25 patients, with 54 pulmonary nodules resected.
A flowchart of the study participants is shown in Fig. 3.
The demographic, clinical, and radiological characteris-
tics did not differ significantly between the two groups
(P>0.05) (Table 1).

Characteristics of pulmonary nodule localization

Each nodule was redefined as either an upper or lower
nodule according to its position relative to the tracheal
bulge. Despite significantly greater marker deviation in
the EN-guided group than in the CT-guided group for
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Assessed for eligibility (n=94)
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——»

Excluded (n=44)
* Not meeting inclusion criteria (n=35)

« Declined to participate (n=9)

Randomized (n=50)

:

!

EN group
Allocated to intervention (n=25)
» Received allocated intervention (n=24)

« Did not receive allocated intervention (n=1)

CT group
Allocated to intervention (n=25)
» Received allocated intervention (n=25)

« Did not receive allocated intervention (n=0)

'

'

Discontinued intervention (n=0)

Lost to follow-up (n=0)

Discontinued intervention (n=0)

Lost to follow-up (n=0)

:

'

Analyzed (n=24)

Analyzed (n=25)

Fig. 3 Flow chart of patient selection. EN: electromagnetic navigation; CT: computed tomography

the upper nodules (median [IQR], 7.5 [7.8] versus 5.0
[7.0] mm; P=0.049), there was no difference in marker
deviation for the lower nodules between the two groups
(median [IQR], 9.0 [6.5] versus 10.0 [9.0] mm; P=0.50).
Ultimately, no significant differences in overall marker
deviation were found between the EN and CT-guided
groups (median [IQR], 9.0 [6.5] versus 7.5 [6.0] mm;
P=0.33) (Table 2; Fig. 4). The 95% CI for the difference
in marker deviation between the two groups ranged from
0.03 mm to 1.77 mm, which did not reach the upper limit
of the 5 mm noninferiority margin. The 95% CI for the
difference in marker deviation for the upper and lower
nodes ranged from 0.96 mm to 2.84 mm and from -2.06
mm to 0.66 mm, respectively, indicating noninferiority
(Fig. 5).

The mean (SD) procedural duration in the EN group
was significantly shorter than that in the CT group (16.3
(4.2) versus 22.3 (8.2) min; P=0.002). The mean (SD)
procedural duration was shorter in the EN group than
in the CT group when 2 pulmonary nodules needed to
be localized (15.3 (4.2) versus 20.4 (7.8) min; P=0.015).

The advantage of the mean (SD) procedural duration
was more obvious when 3 pulmonary nodules needed to
be localized (20.1 (4.1) versus 32.4 (9.6) min; P=0.035)
(Table 2).

In terms of the APAIS score, the sum A, sum S, and
sum C subscales yielded significantly better outcomes
in the EN group than in the CT group. Although the EN
group also had better outcomes than did the CT group
in sum I, the differences in outcomes between the two
groups were not statistically significant (Table 3).

The number of patients who experienced complications
is reported in Table 2. In the CT group, 11/25 patients
(44%) presented with pneumothorax or pulmonary hem-
orrhage, most of whom had asymptomatic small volume
pneumothorax, and no patients underwent preopera-
tive pigtail insertion. There was no incidence of com-
plications assessed by CT scanning or other methods in
patients after positioning in the EN group.
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Table 1 Characteristics of patients and nodules
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Table 2 Characteristics of localization and surgical outcomes

Characteristic Total (n=49) EN group CT group Nodule Localization or Total ENgroup CTgroup P
(n=24) (n=25) Surgical Outcome (n=49) (n=24) (n=25)
(nod- (nodules=53) (nod- (nod- (nod- (nod-
ules=107) ules=54) ules=107) ules=53) ules=54)
Age, years 56.9 (9.6) 55.8(9.8) 579 (9.6) Deviation, mm
Sex, n (%) Total 8.0 (7.0 9.0 (6.5) 7.5 (6.0) 033
Male 24(49.0) 11 (46) 13 (52) Upper nodule 6.0 (6.0) 7.5(7.8) 50(7.0) 0.049
Female 25(51.0) 13 (54) 12 (48) Lower nodule 10.0(7.0) 9.0 (6.5) 10.0(9.00 050
BMI, kg/m2 23.1(2.5) 233(2.7) 229(2.2) Procedural duration, min
FEV1, L 24(0.2) 24(0.2) 2.3(0.3) Total 194 (6.2) 163 (42) 223(82) 0.002
Nodule number, n (%) 2 nodules 20.0(6.1) 153(42) 204(78) 0.015
2 40 (81.6) 19 (79) 21(84) 3 nodules 25.6 (6.8) 20.1(4.1) 324(96) 0.035
3 9(184) 5(21) 4(16) Complications, n (%)
Nodule location, n (%) Pneumothorax - 5(20)
Right above carinal 35(32.7) 17 (32) 18 (33) Pulmonary hemorrhage - 6 (24)
Right below carinal 22 (20.6) 12 (23) 10 (19) Primary resection suc- 96.3 94.3 98.1 0.60
Left above carinal 24 (22.4) 1121) 13 (24) cess rate, % (n/n) (103/107) (50/53) (53/54)
Left below carinal 26 (24.3) 13 (25) 13 (24) Nodule size, mm @ 7.2(4.2) 6.9 (4.5) 743.9) 0.54
Nodule size, mm 8.7(3.2) 8.5 (3.3) 88(3.1) Margin distance, mm 18.8(7.2) 195(78) 182(6.7) 036
Distance from pleura,mm 124 (11.7) 13.1(12.0) 117 Frozen section analysis, 091
(11.5) n (%)
Nature, n (%) Benign lesion 12(11.2) 5(9) 7(13)
Pure GGO 37 (34.6) 17 (32) 20 (37) Atypical adenomatous 11 (10.3 6(11) 50)
Part solid 42 (393) 21 (40) 21(39) hyperplasia
Solid 28(26.2) 15 (28) 13 (24) Adenocarcinoma insitu 16 (15.0) 9(17) 7(13)
Data are given as count (percentage) or mean (standard deviation) Minimally iAnvasive 38(35.5) 20(38) 18(33)
EN: electromagnetic navigation; CT: computed tomography; BMI: body mass adenocarcinoma
index; FEV1: forced expiratory volume in 1 s; GGO: ground glass opacity Invasive 29 (27.1) 13 (25) 16 (30)
adenocarcinoma
NS Squamous cell 1(0.9) 0(0) 1)
25 - carcinoma
c I Surgical procedure, 0.98
o) - nodule
- 20 Wedge resection 40 20 20
E Segmentectomy 48 24 24
d>) Lobectomy 19 9 10
T ~ 1 5 — Data are given as count (percentage) or mean (standard deviation) or median
(interquartile range)
c ofe ] o
-9 —— aEN: electromagnetic nawgatlonl; CT: computed tomography
q‘.ui ~ 1 0 . ! m Papap Measured on a resected sample
E ® H [ X
—_ ° ° Surgical outcomes
8 5 b ﬁ The surgical outcomes are summarized in Table 2. There
(o} iy ol o Je was no significant difference in the primary resection
- success rate (94.3% [50/53] versus 98.1% [53/54]; P=0.60)
0 $ T T y or mean (SD) margin distance (19.5 (7.8) versus 18.2
(6.7) mm; P=0.36) between the EN and CT groups. The
Qev‘ 4&0‘ () 4‘0‘ results of our frozen section analysis revealed 12 (11.2%)

Fig.4 Comparison of the marker deviation in each group. Nodules in each
group were divided into upper and lower ones relative to the tracheal
bulge. The horizontal line in each box indicates the median, while the top
and bottom borders of each box indicate the 75th and 25th percentiles,
respectively. EN: electromagnetic navigation; CT: computed tomography

benign lesions, 11 (10.3%) atypical adenomatous hyper-
plasia, 16 (15.0%) adenocarcinomas in situ, 38 (35.5%)
minimally invasive adenocarcinomas, 29 (27.1%) invasive
adenocarcinomas, and 1 (0.9%) squamous cell carcinoma.
Following frozen section analysis, 19 nodules underwent
complete lobectomy, 48 nodules underwent segmentec-
tomy, and 40 nodules underwent wedge resection.
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non-inferiority margin (5mm) P-value

'
]
Total —m—i I 0.3092
i
]
Upper nodule - —e—i E 0.0451
"
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Lower nodule - ——— E 0.6237
]
]

I 1 1 1 1
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Difference of localization deviation (mm)
|
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»

) EN is better ~ CT is better

Fig. 5 Forest plot of the main analysis. Analyses were performed on the 3
datasets of lung nodule localization deviations. The results are presented
as absolute differences (black dots) and 95% confidence intervals (black
lines) for the primary endpoint (lung nodule localization deviation) with
a noninferiority margin of 5 mm (triangles). The x-axis is the absolute dif-
ference scale. EN: electromagnetic navigation; CT: computed tomography

Table 3 APAIS scores

Subset EN group CT group P
(n=24) (n=25)

Sum A (items 1+2) 34(05) 3.0(0.9) 0.062

Sum S (items 4+5) 44(1.1) 58(1.5) 0.001

Sum | (items 3+6) 3409 36(1.1) 0.49

Sum C (sum A+sum S) 7.8(1.0) 9.8(1.9) <0.001

The data are presented as the mean (standard deviation)

APAIS:  Amsterdam Preoperative Anxiety and Information Scale; EN:
electromagnetic navigation; CT: computed tomography

Discussion

There have been rapid developments in preoperative
localization techniques for pulmonary nodules in recent
years [19-21], with CT-guided percutaneous localization
techniques being widely used clinically [22, 23]. However,
repeated CT scans increase radiation exposure, and mul-
tiple local needle insertion attempts can cause patient
pain and perioperative psychological stress [24]. In this
study, we compared EN-guided and CT-guided percu-
taneous localization of multiple pulmonary nodules and
reported that the accuracy of EN-guided localization was
not inferior to that of CT-guided localization. Addition-
ally, it significantly shortens the localization duration,
avoids radiation exposure, and reduces patients’ periop-
erative psychological stress.

Owing to the explicit requirement of a nodal distance
greater than 2 c¢cm from the resection margin in the
removal of early-stage malignant lung tumors [25], the
accuracy of pulmonary nodule localization is of utmost
importance. Therefore, in contrast to other similar stud-
ies that use the localization success rate as the primary
observation indicator [26], we choose to utilize the
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localization deviation as the primary observation indica-
tor. Wedge resection of the lung tissue was conducted,
and the shortest distance from the lung nodule to the
localization marker point in the atrophic state was mea-
sured. However, owing to the normal expansion of lung
tissue during nodule localization, the value of localiza-
tion deviation recorded in the atrophic state may be
small. However, with the same offset trend, the effect of
the difference in localization deviation between the two
groups is negligible. Therefore, the upper limit of the 95%
CI for the difference in localization deviation between
the two groups is much smaller than the noninferiority
margin of 5 mm, which is a reliable conclusion. In addi-
tion, although the localization deviation of the EN group
was smaller than that of the CT group in the lower nod-
ule subgroup, our data do not prove its superiority.

In the field of preoperative CT-guided pulmonary
nodule localization markers, metal localization markers
(localization needles and coils), indocyanine green (ICG)
and medical adhesives are frequently used. Each of these
markers has advantages and disadvantages. For example,
localization pins and coils carry the risk of intraoperative
loss, displacement and postlocalization discomfort; med-
ical adhesives carry the potential risk of thrombosis; and
ICG has the disadvantages of diffusion and difficulty in
locating deep nodules. On the other hand, due to certain
limitations, ICG is usually used as a localization marker
for electromagnetic navigation positioning. In the CT
control group, we chose ICG as a marker to maintain the
consistency of the localization markers (controlling for
a single variable). This approach helps to avoid localiza-
tion differences that may arise from the use of different
markers.

Previous studies have reported comparable success
rates for EN-guided bronchoscopic localization and
percutaneous CT-guided localization, which is in line
with the outcomes of our study [27]. However, EN bron-
choscopy requires skilled personnel to assist with the
operation of the bronchoscope and increases the risks
of intraoperative bleeding and hypoxia. On the other
hand, percutaneous localization could avoid these risks
and operational difficulties. Therefore, percutaneous
localization via electromagnetic navigation is considered
more convenient and safer. Our findings suggest that the
following factors may have contributed to the superior
performance of EN-guided percutaneous localization
for multiple pulmonary nodules. First, EN-guided local-
ization was conducted on patients who were intubated
under general anesthesia, enabling a controlled breath-
ing state that could fulfill localization needs and avoid
position changes that may improve localization accuracy.
Second, the EN system can dynamically track the posi-
tion of the pulmonary nodule and guide the positioning
path in real time via the system software.
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Despite the real-time dynamic tracking of virtual nod-
ules in the 3D model via the EN system [27, 28], there
may be discrepancies in the actual locations of the tar-
get nodules due to differences in respiratory phases and
breathing patterns. These factors can result in biases
between the realistic location of the target nodule and
the virtual location in the 3D model [18]. This could lead
to deviation in EN-guided localization. Additionally, the
shielding effects of the ribs or scapulae can make it dif-
ficult to select the optimal localization path and may lead
to undesirable localization paths, further contributing to
the generation of EN-guided localization deviation.

The present study demonstrated that CT-guided local-
ization of nodules above the carina resulted in a lower
deviation than did those below the carina, suggesting
that upper nodules were localized with greater accuracy,
which is consistent with previous research [29]. CT-
guided localization is conducted under local anesthesia,
which often results in obvious changes in autonomic
breathing, higher respiratory activity in lower nodules
than in upper nodules, and increased difficulty in pre-
cise localization. In contrast, EN-guided localization
was performed under general anesthesia with artificial
respiration, and the deviation in localization did not dif-
fer between the upper and lower nodules. These findings
suggest that respiration may be the main contributor to
differences in the positioning of upper and lower nod-
ules. Although the CT group exhibited better localization
accuracy for upper nodules, no significant difference in
the primary resection success rate was detected between
the EN and CT-guided groups. This finding indicates that
both groups of marker deviations could meet the require-
ments for guiding the clinical resection of pulmonary
nodules with localization accuracy.

The EN system offers the advantage of sequential local-
ization of multiple nodes, reducing the time interval
between localizations and ultimately shortening the over-
all localization time. In contrast, CT-guided localization
of multiple pulmonary nodes may require intraopera-
tive adjustments and rescanning, potentially necessitat-
ing multiple operators to accurately record and adjust
the needle approach depth and direction for each scan.
Similarly, while some patients may have multiple nodes
localized simultaneously in the same position, this could
still require more coordination efforts between opera-
tors. Our findings are consistent with prior research [27],
indicating that the EN-guided localization duration was
significantly shorter than the CT localization duration.

In previous studies, EN-guided localization has been
defined as a “single-stage” workflow [15]. This involves
performing localization and surgery under general anes-
thesia, which can help alleviate patient anxiety and fear.
CT localization, on the other hand, can be associated
with increased patient anxiety and discomfort due to
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incomplete local chest wall nerve blocks, continuous pos-
tural mobility restrictions, and longer waiting times after
localization. Anxiety has been shown to not only create
a negative medical experience but also impact patient
prognosis [30]. In addition, the “single-stage” work-
flow also reduces the risk of complications. Studies have
shown that the incidence of hemopneumothorax after
CT localization is as high as 55.6% [31].

One potential risk associated with the CT workflow
is the prolonged waiting time after localization, which
may pose hazards to patients. Immediate surgery follow-
ing EN localization may eliminate the need for puncture
placement for drainage, even for patients with massive
pneumothorax, thus minimizing the risk of complica-
tions such as hemopneumothorax. Furthermore, EN
localization is performed within a safe magnetic field,
which completely avoids radiation exposure.

Limitations

There are a number of possible limitations to our study.
First, this was a small-scale study carried out at a single
center. To verify our findings, larger multicenter studies
with greater numbers of participants are needed. Second,
our study focused solely on multiple unilateral pulmo-
nary nodules, since the number of patients who under-
went simultaneous resection of bilateral pulmonary
nodules was limited. Third, for pulmonary nodules that
failed primary resection, we performed extended resec-
tions and measurements of localization deviation after ex
vivo reconstitution, which led to increased localization
deviation errors. Fourth, the use of ICG as a localization
marker has the disadvantages of diffusion and imprecise
localization center points, which may be overcome by
using localization needles or localization coils as mark-
ers. Nevertheless, our study provides valuable real-world
experience with EN-guided localization, which could
serve as a useful guide for further research in this area.

Conclusions

In this randomized clinical trial, we demonstrated that
the EN-guided approach for localizing multiple pulmo-
nary nodules simultaneously was noninferior to CT-
guided localization in terms of diagnostic accuracy.
Moreover, the EN-guided percutaneous approach has
proven to be a rapid and effective method for nodule
localization, alleviating perioperative psychological stress
for patients.
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