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Introduction

Lung cancer has become the leading cause of cancer 
death in the world (1). As the popularity of computed 
tomography (CT) scan for screening lung cancer, the 
number of pulmonary nodules has been found increasing 

substantially. The National Lung Screening Trial Research 
Team reported 27.3% of high-risk patients who experienced 
low-dose CT screening had pulmonary nodules suspicious 
for malignancy (2). Individuals with pulmonary nodules can 
be evaluated by non-surgical biopsy methods to estimate 
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the probability of malignancy according to the American 
College of Chest Physicians (ACCP) Lung Cancer 
Guidelines, which plays a significant role in the detection of 
the early lung cancer (3).

The most common non-surgical biopsy methods 
of diagnosing lung lesions are transbronchial biopsy 
(TBB) and transthoracic needle aspiration (TTNA) 
biopsy. However, these two methods are limited either 
by low accuracy or by potential complications (4-7). 
Electromagnetic navigation bronchoscopy (ENB) is a 
promising technology that is designed to guide the biopsy 
of peripheral pulmonary lesions (PPLs) and increase the 
diagnostic yield of conventional bronchoscopy. ENB utilizes 
an electromagnetic technique for real-time navigation based 
on three-dimensional CT scans and virtual bronchoscopy, 
which offers an accurate pathway reaching PPLs. ACCP 
Lung Cancer Guidelines also indicate that in patients with 
PPLs difficult to reach with conventional bronchoscopy, 
electromagnetic navigation guidance is recommended if the 
equipment and the expertise are available (7).

Many previous studies have demonstrated ENB has a 
high diagnostic yield in diagnosing PPLs (8-10), but few 
studies explore the learning curve. The study presented our 
initial experience since its first introduction into the special 
hospital for thoracic neoplasms, covering a period of about 
8 months. The objective of the study was to explore the 
learning curve and evaluate the diagnostic efficiency and 
safety of ENB in diagnosing peripheral pulmonary nodules, 
with the final goal to guide the clinical application of ENB 
in diagnosing peripheral pulmonary nodules, especially in 
the newly introduced hospitals.

Methods

Patients

From July 28, 2014 to April 16, 2015 in our Hospital, 
patients were prospectively enrolled into the clinical study. 
The inclusion criteria were as follows: (I) all patients were 
discovered with peripheral pulmonary nodules suspicious 
of malignancy according to clinical and radiologic features 
and needed pathologically confirmation; (II) all participants 
were older than 18 years; (III) chest CT image showed 
there was bronchus leading to or adjacent to the nodule; 
(IV) the size of the nodules was no more than 3 cm and 
beyond the vision of the conventional bronchoscopy. The 
exclusion criteria were as follows: (I) chest CT image 
showed pure ground glass opacity (GGO) lesion; (II) severe 

cardiopulmonary dysfunction and other indications that 
cannot tolerate bronchoscopy; (III) refusal of participation. 
The protocol was approved by the local ethics committee 
and the ethics approval number was KS1530. All patients 
participating in the study provided written informed 
consent and were followed up for at least one year after the 
procedure.

Procedure

All patients underwent chest CT scans (Philips Brilliance  
64 multi-slice spiral CT, Philips Healthcare, The 
Netherlands) prior to ENB procedures. The data of CT 
scans met the following criteria for navigation software: (I) 
slice thickness 1.0 mm; (II) slice interval 0.8 mm; (III) kernel 
C; (IV) DICOM format; (V) image resolution 512×512. 
All procedures were performed under local anesthesia and 
moderate sedation with midazolam and fentanyl and finished 
by the same operator who was experienced in transbronchial 
lung biopsy (TBLB) and performed more than 100 cases 
each year in recent 3 years. ENB (superDimension/inReach 
system, Covidien, America) procedures were performed as 
previously described (11,12). A bronchoscope (BF-1T260, 
Olympus, Tokyo, Japan) with a 2.8 mm diameter biopsy 
channel was used through the intraoral approach.

When the nodule was reached, the locatable guide (LG) 
was withdrawn from the extended working channel (EWC) 
and a radial ultrasound probe (UM-S20-20R, Olympus) 
was inserted via the EWC to confirm the position of the 
nodule. Then fluoroscopy was used to confirm the location 
of the radial ultrasound probe. Specimens were obtained 
through EWC in the sequence of biopsy and brushing, 
aided by fluoroscopy to guarantee that the EWC did not 
dislodge and endobronchial accessories reached the nodule 
well. After biopsy and brushing, the EWC was flushed 
with saline to collect liquid specimens. Five biopsy, one 
brushing and one flushing samples were finally obtained of 
each nodule. All patients performed chest radiographs after 
the procedure to exclude pneumothorax. A representative 
case of ENB guided TBLB was shown in Figure 1 and an 
operation video could be available in Figure 2 (13).

Brushing and flushing specimens were sent for 
cytological examination and biopsy specimens were 
processed for histopathological examination. Further 
immunohistochemistry (IHC), including cytokeratin (CK), 
thyroid transcription factor-1 (TTF-1), P40 and CD56, was 
performed if the tumor cannot be classified by morphologic 
features. Flushing specimens were also processed for 
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microbiologic assessment if it was necessary according to 
the judgment of the doctors. All final diagnoses were made 
by experienced pathologists. Driver gene testing including 
epidermal growth factor receptor (EGFR) gene mutations, 
anaplastic lymphoma receptor tyrosine kinase (ALK) gene 
fusions and ROS proto-oncogene 1, receptor tyrosine 
kinase (ROS1) gene fusions performed in nonsquamous 

non-small cell lung carcinomas (NSCLCs) which cannot 
undergo surgery.

Final diagnosis

The final diagnosis of the nodule was based on the 
histological, cytological pathology or microbiological 

Figure 1 A representative case of ENB guided TBLB. (A) Preoperative CT scan showed a mixed GGO; (B) virtual bronchoscopy image 
generated after registration was completed; (C) real-time navigation screen when the distance between the sensor probe of the LG and the 
lesion was nearest; (D) radial ultrasound probe showed mixed blizzard sign; (E) biopsy process under the guidance of fluoroscopy. ENB, 
electromagnetic navigation bronchoscopy; TBLB, transbronchial lung biopsy; LG, locatable guide; GGO, ground glass opacity; CT, 
computed tomography.
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evidences of specimens obtained by ENB procedure and/
or other means. If specimens obtained by ENB procedure 
had definite malignant histological or cytological pathologic 
evidence, or had characteristic pathology or microbiological 
evidence of benign disease that was confirmed by the 
follow-up treatment, they were considered to be diagnosed 
by ENB. Otherwise, if the specimens gained from ENB did 
not have specific benign or malignant pathological evidence 
or specimens were unqualified, they would not be viewed as 
diagnosed by ENB. For these specimens, the final diagnosis 
were made by repeated biopsy of ENB or additional 
procedures, including CT-guided TTNA, surgical biopsy, 
or clinical and imaging follow-up. All patients received 
treatment according to the diagnosis made by the methods 
above and received follow-up for 12 months to review 
whether the diagnosis was right or not simultaneously.

Cumulative Sum (CUSUM) analysis

The CUSUM method has been widely provided for 
quantitative evaluation of the learning curve (14-16), which 
was used in assessing learning curve based on navigation 
time, total operation time and diagnostic yield in our study. 
Navigation time was defined as the time from registration 
completed to the LG reaching the nodule. Total operation 
time was defined as the time from the bronchoscope passing 
through the glottis to getting out of the glottis. Diagnostic 

yield was the accuracy of the final diagnosis that was 
proved histopathologically or clinically. The CUSUM is 
the accumulation of differences between each data and the 
average of all data. All cases were ordered chronologically 
to calculate the CUSUM and a power function was 
approximated. CUSUM was defined as ∑(Xi − X0), where Xi 
is individual attempt and X0 is the reference or target value 
for the procedure. For the procedure time, Xi and X0 were 
the procedure time of each case and the mean procedure 
time of all cases, respectively. Positive slope means a long 
procedure time, and negative slope means procedure time 
decreasing. For the diagnostic yield, X0 was defined as the 
overall diagnostic yield, with Xi =1 for diagnostic procedure 
and Xi =0 for nondiagnostic procedure. Positive slope 
means diagnostic procedure, and negative slope means 
nondiagnostic procedure.

Statistical analysis

All statistical analysis was performed using the SPSS 
version 20.0 (IBM, New York, United States). The results 
of categorical variables were presented as percentage and 
continuous variables were presented as mean ± SD (range). 
Comparison of the continuous variables and categorical 
variables was performed using t-test or correlation test and 
Chi-square test or Fisher’s exact test, respectively. P value 
less than 0.05 was considered statistically significant.

Results

Baseline characteristics of the patients and the nodules

Forty patients including 40 nodules were enrolled in the 
study, of whom 23 (57.5%) were females. The mean age 
was 59.0±8.7 years, ranging from 39 to 77 years. The mean 
diameter of the 40 nodules was 21.1±5.3 mm, ranging from 
11.0 to 29.7 mm. Characteristics of pulmonary nodules are 
summarized in Table 1.

Diagnostic yield

ENB was successfully performed on the 40 nodules and 
the final diagnosis was described on Table 2. The nearest 
distance from the sensor probe of the LG to the targeted 
nodule ranged from 0.1 to 1.6 cm with the average distance 
of 0.8±0.4 cm. Thirty-three of the 40 nodules (82.5%) 
were diagnosed by ENB, of which 27 were malignant, 6 
were benign. The remaining 7 nodules (17.5%) including 4 

Figure 2 Video of ENB-EBUS-X-ray-TBLB procedure (13). The 
time (00:00:00 to 00:00:30) is ENB procedure; the time (00:00:31 
to 00:00:51) is the EBUS feature of the lesion; the time (00:00:52 
to 00:00:59) is the biopsy process with the guidance of X-ray; the 
time (00:01:00 to 00:01:07) is brushing process with the guidance 
of X-ray. ENB, electromagnetic navigation bronchoscopy; EBUS, 
endobronchial ultrasound; TBLB, transbronchial lung biopsy. 
Available online: http://www.asvide.com/articles/1570
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malignant nodules and 3 benign nodules were nondiagnostic 
by ENB and finally proved by other diagnostic procedures. 
The diagnostic yields of ENB in diagnosing malignant 
and benign nodules were 87.1% (27/31) and 66.7% (6/9), 
respectively.

The factors, including gender, age, lesion size, lesion 
location, lesion location from the hilum, relationship 
between the airway and the nodule and distance from the 
nodule to the visceral pleura, that may affect the diagnostic 
yield were analyzed. And it turned out to be no statistical 
significance between these factors and diagnostic yield 
finally (Table 3).

Learning curve analysis

The navigation time of ENB ranged from 3.1 to 15.2 min 
with the mean time of 8.1±3.2 min and the total operation 
time ranged from 18.6 to 32.6 min with the mean time 
of 24.6±4.1 min. The navigation time and total operation 
time had no correlation with the lesion size analyzed using 
correlation test (P=0.71 and 0.76, respectively). The raw 
navigation times of all cases were plotted in chronological 
order (Figure 3A). The CUSUM learning curve based on 
navigation time was plotted, which was best modeled as 
a third-order polynomial with a high R2 value of 0.8856 
(Figure 3B). The raw total operation times of all cases were 
plotted in chronological order (Figure 4A). The CUSUM 
learning curve based on total operation time was plotted, 
which was best modeled as a third-order polynomial 
with a high R2 value of 0.9304 (Figure 4B). According to 
the change in the slope of Figure 3B and Figure 4B, the 
CUSUM learning curve based on navigation time and 
total operation time can be divided into two unique phases 
with the initial 14 cases as phase 1 and the final 26 cases as 
phase 2. Comparisons of characteristics have no statistical 
significance between the two consecutive phases (Table 4).

The CUSUM learning curve based on diagnostic yield was 
plotted, which could be modeled as a five-order polynomial 
with a R2 value of 0.503 and the shape of the curve did not 
demonstrate an obvious learning curve (Figure 5). 

IHC and driver gene analysis

In our study, IHC were performed in 14 samples including 

Table 1 Characteristics of pulmonary nodules (n=40)

Variables Data

Size (mm), mean ± SD (range) 21.1±5.3 (11.0–29.7)

Lesion location

Upper lobe 20 (50.0%)

Middle lobe/lingula 6 (15.0%)

Lower lobe 14 (35.0%)

Lesion location from the hilum

Central 5 (12.5%)

Intermediate 9 (22.5%)

Peripheral 26 (65.0%)

Distance to pleura (mm), mean ± SD 
(range)

17.1±9.9 (0–44.3)

Table 2 Final diagnosis of all nodules (n=40)

Diagnosis Number Diagnostic yield

By ENB (n=33) 82.5% (33/40)

Malignant disease (n=27)

Adenocarcinoma 23

Squamous carcinoma 3

SCLC 1

Benign disease (n=6)

Inflammation 4

Tuberculosis 1

Fungal infection 1

By others (n=7) 17.5% (7/40)

Malignant disease (n=4)

Adenocarcinoma† 3

Squamous carcinoma‡ 1

Benign disease (n=3)

Inflammation§ 2

Tuberculosis¶ 1
†, Surgery (n=2), TTNA (n=1); ‡, TTNA n (n=1); §, clinical and 
imaging follow up (n=2); ¶, clinical and imaging follow up (n=1). 
ENB, electromagnetic navigation bronchoscopy; SCLC, small 
cell lung cancer; TTNA, transthoracic needle aspiration.
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Table 3 Univariate analysis of variables conditioning diagnostic yield

Variables Diagnostic (n=33) Nondiagnostic (n=7) χ2 (t) P

Gender χ2=0.74 0.43

Male 13 4

Female 20 3

Age (years), mean ± SD (range) 58.8±8.3 (41.0–77.0) 60.1±10.8 (39.0–71.0) t=0.38 0.71

Size (mm), mean ± SD (range) 20.9±5.4 (11.0–29.4) 22.1±5.6 (14.3–29.7) t=0.55 0.58

Lesion location χ2=0.24 0.89

Upper lobe 17 3

Middle lobe/lingula 5 1

Lower lobe 11 3

Lesion location from the hilum χ2=5.05 0.08

Central 3 2

Intermediate 6 3

Peripheral 24 2

Relationship† χ2=0.06 1.00

Leading 25 5

Adjacent 8 2

Distance to pleura (mm), mean ± SD (range) 16.2±9.3 (0–44.3) 21.2±12.4 (8.7–44.2) t=1.21 0.24
†, Relationship between the airway and the nodule according to the chest CT imaging. 

Figure 3 Learning curve based on navigation time. (A) Navigation time plotted against case number; (B) CUSUM of navigation time 
plotted against case number (solid line with marked point). The dashed line represents the curve of best fit for the plot (a third-order 
polynomial with equation CUSUM = 0.0026 case number3 − 0.2175 case number2 + 4.5593 case number − 2.2921; R2 =0.8856). CUSUM, 
cumulative sum.
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Table 4 Comparisons of characteristics between two consecutive phases

Variables Phase 1 Phase 2 χ2 (t) P

Gender χ2=1.71 0.32

Male 4 13

Female 10 13

Age (years), mean ± SD (range) 60.7±8.8 (41.0–77.0) 58.1±8.6 (39.0–70.0) t=0.92 0.36

Size (mm), mean ± SD (range) 19.3±5.4 (11.0–26.0) 22.1±5.6 (11.1–29.7) t=1.62 0.11

Lesion location χ2=0.82 0.67

Upper lobe 6 14

Middle lobe/lingula 3 3

Lower lobe 5 9

Lesion location from the hilum χ2=0.07 0.97

Central 2 3

Intermediate 3 6

Peripheral 9 17

Relationship† χ2=1.32 0.28

Leading 9 21

Adjacent 5 5

Distance to pleura (mm), mean ± SD (range) 15.8±11.5 (0–44.2) 17.8±9.2 (0–44.3) t=0.58 0.56
†, Relationship between the airway and the nodule according to the chest CT imaging.

Figure 4 Learning curve based on total operation time. (A) Total operation time plotted against case number; (B) CUSUM of total 
operation time plotted against case number (solid line with marked point). The dashed line represents the curve of best fit for the plot (a 
third-order polynomial with equation CUSUM = 0.0031 case number3 − 0.282 case number2 + 6.2341 case number − 0.7866; R2 =0.9304). 
CUSUM, cumulative sum.
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12 adenocarcinomas and 2 squamous cell carcinomas. All of 
the adenocarcinomas were TTF-1 and CK positive and P40 
negative. All of the squamous cell carcinomas were P40 and 
CK positive and TTF-1 negative.

Driver gene testing using samples gained from ENB 
was performed in 10 patients diagnosed with lung 
adenocarcinomas that cannot undergo surgery. EGFR 
mutations were found in 6 cases including 4 exons 19 and 2 
exons 21. No ALK and ROS1 gene fusions were found in 
these 10 samples. All samples were adequate for IHC and 
driver gene testing.

Safety

No obvious complications, such as pneumothorax and 
bleeding, occurred in 40 patients after the procedure in the 
study.

Discussion

ENB has been proved to be a useful method in diagnosing 
PPLs (8-10), the pooled sensitivity and specificity was 82% 
and 100% (17). But operational expertise and learning curve 
have limited its widespread utilization. Several studies have 
referred that it took time to train for the use of ENB (12,18-
20), but were not designed as learning curve. Lamprecht  

et al. (8) reported a steep learning curve with a diagnostic yield 
of 80% and 87.5% for the first 30 and last 30 procedures, 
respectively. But these procedures were performed by three 
bronchoscopists and could not separately reflect learning 
curve of one bronchoscopist. There were no detailed data 
available of statistical difference on individual learning curve. 
Makris et al. (21) reported no significant learning curve was 
observed for each operator separately. The lesion size in the 
study varied much and the relationship between the lesion 
and the bronchus was not clear, which lead to some lesions 
to be diagnosed easily and some difficultly. The study was 
our preliminary experience in ENB diagnosing peripheral 
pulmonary nodules and was designed as a learning curve of 
ENB. The lesion size was limited in a certain range and all 
the lesions had bronchus leading to or adjacent to on the 
thin slice chest CT imaging in order to make the difficulty 
of these procedures equally and increase comparability of the 
results. GGO was excluded from the study for its difficulty in 
biopsy and diagnosis.

The training of ENB covers planning, registration, 
navigation and sampling. As previously described (18), 
accurate pre-procedure planning of pathways leading to 
the target lesion was very important to the success of the 
procedure, and this is highly dependent on the quality of 
the pre-procedure CT scans. New operators can benefit 
from hands-on training, standardized lecture, videos of 
ENB procedure, observing on-the-spot ENB operation, 
procedural simulation models and in vivo animal training 
before attempting clinical application of ENB. The 
pulmonologist in our study had took standardized lecture, 
watched some videos of ENB and observed some on-the-
spot ENB operations before the study.

The learning curve was assessed by navigation time, 
total operation time and diagnostic yield in our study. 
The navigation time and total operation time in our study 
was in accordance with previous studies (22,23). We first 
plotted the raw data by chronological cases and then drew 
the CUSUM graph, generating a polynomial curve based 
on the CUSUM graph. Both the CUSUM graphs of 
navigation time and total operation time were best fitted 
third-order polynomial curves with the slope changed at 
14 cases (R2>0.8), and the basic characteristics have no 
statistical significance between the initial 14 cases and 
the final 26 cases, which suggested ENB had an obvious 
learning curve based on navigation time and total operation 
time. The CUSUM graphs of diagnostic yield was fitted 
with a five-order polynomial curves (R2=0.503). The curve 
did not demonstrate an obvious learning curve, which can 

Figure 5 CUSUM of diagnostic yield plotted against case number 
(solid line with marked point). The dashed line represents the 
curve fit for the plot (a five-order polynomial with equation 
CUSUM = 4E-07 case number5 − 2E-05 case number4 − 0.0003 
case number3 + 0.0249 case number2 − 0.3479 case number4 + 0.063; 
R2 =0.503). CUSUM, cumulative sum.
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be explained by the following reasons. First, all procedures 
in our study were performed by the same physician who 
had abundant experience in TBLB with the guidance of 
X-ray and radial endobronchial ultrasound (R-EBUS). 
What we were unfamiliar with was the system of ENB. 
The diagnostic yield of ENB in diagnosing pulmonary 
nodules was related to one’s skill of TBLB, which did not 
change much as long as the EWC reached the nodule. 
Second, the sample size was small in our study, which led 
to the diagnostic yield prone to no difference in statistics. 
Finally, the nodules enrolled were suspected of malignancy, 
which was easy to diagnose. In short, an experienced 
pulmonologist can finish the training of ENB after 14 
procedures and gained a satisfied diagnosis results.

A meta-analysis of ENB reported the diagnostic yield 
of ENB in diagnosing PPLs ranged from 55.7% to 87.5%, 
and the pooled diagnostic yield was 64.9% (24). The meta-
analysis also reported that the following several factors 
could increase the diagnostic yield of ENB in diagnosing 
PPLs, including nodule location in the upper or middle 
lobes, greater nodule size, lower registration error, presence 
of a bronchus sign on CT imaging, combined use of 
an ultrasonic radial probe, and catheter suctioning as a 
sampling technique. In our study, all nodules had bronchus 
leading to or adjacent to, and multiple locating method, 
including R-EBUS and fluoroscopy, and multiple sampling 
means, including brushing, biopsy and flushing, were 
applied in our study. The overall diagnostic yield of our 
study was 82.5%, higher than the pooled diagnostic yield, 
which means we had overcome the learning curve. While 
the diagnostic yield was a little lower than the studies of 
Lamprecht et al. (8) and Pearlstein et al. (20), which may be 
attributed to the reason that ROSE was not applied in our 
study as it was not done routinely in our hospital. ROSE 
can increase the diagnostic yield, which was reported by 
previous studies (25-27).

Personalized therapy plays an important role for tumor 
patients. Scagliotti et al. (28) have reported that patients 
have different response to the chemotherapy based on 
their different histologic types. In addition, international 
association for the study of lung cancer, American thoracic 
society and European respiratory society (29) have pointed 
out that molecular markers in predicting response to 
therapy has become more prominent. It recommends that 
IHC should be applied to classify NSCLCs in patients 
with advanced-stage if the tumor cannot be classified based 
on light microscopy alone. And tissue specimens should 
be managed for molecular studies to guide therapy for 

patients with advanced nonsquamous NSCLCs. If tumor 
tissue is inadequate for molecular testing, there may be a 
need to rebiopsy the patient in order to perform testing 
that will guide therapy (30). IHC and driver gene testing 
were performed in 14 (35.0%) and 10 (25.0%) patients, 
respectively, in our study. All samples in our study were 
adequate for both histologic subtyping and driver gene 
testing, which was consistent with the studies of Ha et al. (31).

The meta-analysis of ENB reported that pneumothorax 
occurred in 3.1% of the patients with 1.6% required 
chest tube drainage and minor or moderate bleeding was 
reported in 0.9% of the patients, none of them requiring 
specific treatment (24). Similarly, there were no severe 
complications observed in our study. In a word, ENB has 
turned out to be a safe technology for diagnosing PPLs.

There are some limitations in the study. First, it was a 
single center’s study and the data in our study were from 
a pulmonologist with rich experience in TBLB, making it 
unclear to generalize other less experienced pulmonologist. 
Although there exist some biases in the study, it still 
establishes a foundation for studies about the learning curve 
of ENB for pulmonologists experienced in TBLB. Second, 
some diseases in the study lacked definitive pathological 
diagnosis, and the final diagnosis was made by clinical and 
imaging follow-up. Third, the sample size was small and 
larger scaled and more generalized studies are needed to 
evaluate the learning curve further. Last but not the least, 
the study was not ENB alone. R-EBUS and fluoroscopy 
were used in the study, because ENB was a navigational tool 
and was often performed with tools confirming the lesion 
especially initially used.

Conclusions

ENB has been proven to be a safe technology with a high 
diagnostic yield and can be preliminary grasped after a short 
period of training. The learning curve based on procedure 
time could be stable after 14 procedures and there was 
no obvious learning curve based on diagnostic yield for 
a pulmonologist experienced in TBLB. The specimens 
obtained from ENB are adequate for histologic subtyping 
and driver gene testing.
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