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ABSTRACT
Objectives We aimed to assess the learning curves 
and the influence of the pathologist’s performance on 
the endobronchial ultrasound transbronchial needle 
aspiration’s (EBUS- TBNA’s) diagnostic accuracy in a real- 
world study.
Design/setting Cohort study conducted in a tertiary care 
university hospital (single centre) with patients referred for 
EBUS- TBNA.
Participants/intervention We initially evaluated 376 
patients (673 lymph nodes), 368 (660 lymph nodes) of 
whom were recruited. The inclusion criterion was EBUS- 
TBNA indicated for the study of mediastinal or hilar lesions. 
The exclusion criteria were the absence of mediastinal 
and hilar lesions during EBUS confirmed by a normal 
mediastinum and hilum on chest CT (except in cases of 
mediastinal staging of cancer) and lost to follow- up.
Primary and secondary outcome measures Diagnostic 
accuracy and related outcomes.
Methods We included patients from a prospectively 
constructed database. We performed a logistic regression 
multivariate analysis to adjust for potential confounders 
of the association between pathologist performance 
and EBUS- TBNA accuracy. The Cumulative Summation 
(CUSUM) analysis was used to assess pathologists’ 
performance and learning curves.
Results Most indications for EBUS were suspicion of 
malignancy, including intrathoracic tumours (68.3%), 
extrathoracic tumours (9.8%) and cancer staging (7.0%). 
The patients’ mean age was 63.7 years, and 71.5% 
were male. Overall EBUS- TBNA accuracy was 80.8%. 
In the multivariate logistic regression model, the factors 
independently associated with EBUS- TBNA accuracy 
included certain pathologists (ORs ranging from 0.16 to 
0.41; p<0.017), a lymph node short- axis diameter <1 
cm (OR: 0.36; 95% CI 0.21 to 0.62; p<0.001), and the 

aetiology of lymph node enlargement (ORs ranging from 7 
to 37; p<0.001). CUSUM analysis revealed four different 
learning curve patterns, ranging from almost immediate 
learning to a prolonged learning phase, as well as a 
pattern consistent with performance attrition.
Conclusions Pathologists’ proficiency conditioned EBUS- 
TBNA accuracy. This human factor is a potential source of 
error independent of factors conditioning tissue sample 
adequacy.

INTRODUCTION
Since the development of linear endobron-
chial ultrasound transbronchial needle aspi-
ration (EBUS- TBNA) in the late 1990s,1–3 the 
technique has become the standard of care 
in the mediastinal staging of lung cancer, 
extrathoracic tumours4–6 and the detection 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ We prospectively generated endobronchial ultra-
sound (EBUS) database and performed a multivar-
iate regression analysis to control confounding bias.

 ⇒ The characteristics of our institution, which include 
the participation of pathologists harbouring variable 
levels of experience, allowed us to compare differ-
ent levels of experience and plot The Cumulative 
Summation (CUSUM) curves to determine the num-
ber of cases required to attain competence.

 ⇒ As with any observational study, our study is ex-
posed to the risk of confounding bias.

 ⇒ Due to the invasive nature of thoracic surgery, sur-
gical biopsies (the best reference standard) were 
performed only in cases of non- diagnostic EBUS or 
for therapeutic purposes.
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and workup of radiologically occult mediastinal spread 
of lung cancer.4–8 A growing body of literature supports 
EBUS- TBNA as the initial procedure for the mediastinal 
staging of lung cancer and other mediastinal tumours.3 9 
However, the accuracy of the procedure varies among the 
different studies published.5 8–10 Such variability might 
be explained by differences in the factors influencing 
its diagnostic accuracy.11 The search for variables condi-
tioning EBUS- TBNA accuracy has focused primarily on 
factors affecting the quality of the samples obtained, 
including lymph node size,12–14 nodal station,12 13 bron-
choscopist expertise13 15 16 presence of a trainee,17 needle 
type,13 18 the indication of the procedure,10 14 type of seda-
tion,10 number of needle passes,10 patient’s age19 and CT 
findings.7 8 20

The experience of the pathologist was found to be a 
potential source of variability in a study combining slides 
from oesophageal endoscopic ultrasound fine needle 
aspiration (EUS- FNA) and EBUS- TBNA.21 However, the 
pathologists’ learning curve patterns for EBUS- TBNA 
and the role of pathologist’s expertise and skills in the 
accuracy of EBUS- TBNA have not been formally studied, 
in spite of the potential importance of this human factor.

We hypothesised that some degree of EBUS- TBNA 
accuracy should be attributable to the pathologist’s profi-
ciency (including their learning curves) and aimed to 
assess it in a cohort of patients referred for EBUS- TBNA 
at a tertiary care university hospital, adjusting for other 
variables potentially affecting EBUS- TBNA accuracy.

METHODS
A cohort was consecutively recruited from a prospec-
tively constructed database of patients referred for EBUS- 
TBNA at a tertiary care university hospital from January 
2010 to March 2015. Each patient was followed up for at 
least 3 years, obtaining his/her information from their 
electronic medical records. The inclusion criterion was 
EBUS- TBNA indicated for the study of mediastinal or 
hilar lesions. The exclusion criteria were the absence of 
mediastinal and hilar lesions during EBUS confirmed by 
a normal mediastinum and hilum on chest CT (except 
in cases of mediastinal staging of cancer) and lost to 
follow- up. Sixteen pathologists were included in the study 
from the beginning of their EBUS- TBNA cytopathology 
learning curve (they had no additional certifications in 
cytopathology or lung cancer). Four senior bronchosco-
pists obtained the EBUS- TBNA samples; they received 
formal training in EBUS and had an experience of >100 
EBUS (two SD above the mean number of 43 EBUS 
needed to attain proficiency.22 23 Further, 31 bronchos-
copist trainees also participated in the EBUS- TBNAs. We 
used numeric codes to anonymise the individual bron-
choscopists and pathologists participating in the study 
for blinding purposes. The experience of both bronchos-
copists and pathologists was quantified as the number of 
EBUS- TBNA performed or reported, respectively.

Endobronchial ultrasound transbronchial needle aspiration
All EBUS- TBNAs were performed on an outpatient basis, 
with at least one senior EBUS bronchoscopist present 
and one trainee bronchoscopist assisting. The proce-
dures were performed under conscious sedation with 
either midazolam and fentanyl or general anaesthesia, 
adding local lidocaine to the airways. The linear EBUS 
bronchoscope (BF- UC 180F, Olympus, Tokyo, Japan) 
used had an outer diameter of 6.9 mm, a 2 mm working 
channel, a 30° viewing lens and a convex ultrasound 
transducer placed at the distal tip covered with an inflat-
able balloon. An Olympus ultrasound processor (EU- 
ME2) was used for image processing. The bronchoscope 
was introduced orally in all cases using a mouthpiece to 
protect the endoscope. During the mediastinal staging of 
tumours, lymph nodes were sampled if they had a short 
axis diameter >5 mm or a diameter <5 mm with at least 
one sign of malignancy.9 24 TBNA was performed using 
the jabbing technique25 under real- time EBUS guid-
ance (Scanning frequency: 7.5 MHz) with 21G needles 
(Olympus NA- 201SX- 4021), applying −15 cm H2O nega-
tive pressure, and moving the needle back and forth 15 
to 20 times inside the lesion. Three to four passes were 
performed per lymph node, ensuring that at least one 
histological core was obtained. Rapid on- site cytological 
evaluation was not used. Doppler ultrasound was used as 
needed to avoid puncturing the blood vessels.

Three kinds of samples were available for analysis from 
each puncture: a cellblock was initially obtained using the 
internal stylet to release the core from the needle and 
fixed immediately in formalin, then the contents of the 
needle were expressed on cytological glass slides using a 
syringe and fixed, and a needle lavage using saline was 
performed to obtain more samples for cytological anal-
ysis. The pathologists had access to the same clinical 
information as in real- world clinical practice, as recom-
mended for diagnostic accuracy studies.26 27

Reference standard
Specific diagnoses from EBUS- TBNA or, in cases of 
mediastinal staging of lung cancer, an abundance of 
lymphocytes were considered diagnostic EBUS- TBNA. 
EBUS- TBNA was considered non- diagnostic in the 
absence of a specific diagnosis or, in cases of the medi-
astinal staging of lung cancer, the absence of a specific 
diagnosis, plus a scarcity of lymphocytes. In cases of non- 
diagnostic EBUS, the final diagnosis was established by 
open thoracotomy, thoracoscopy or mediastinoscopy. 
Additionally, in those patients who underwent surgery 
after an adequate EBUS- TBNA sample (ie, therapeutic 
surgery for lung tumour resection), the final diagnosis 
was established based on the histological examination of 
the surgical specimen. Patients were also followed up for 
at least 3 years with clinical and imaging examinations to 
assess if such follow- up data were concordant or discor-
dant with the EBUS results. Therefore, the reference 
standard to classify the cases as true positives (TP), true 
negatives (TN), false positives (FP) and false negatives 
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(FN) was built using surgical, clinical and imaging infor-
mation during the follow- up, and their definitions are 
detailed below.

A TP was defined as a TBNA cytology showing a specific 
diagnosis (cancer or a benign condition) undisputed 
by the findings of surgical biopsy/resection, follow- up 
or postmortem analysis, or in the case of benign disease 
follow- up and imaging findings consistent with the 
benign TBNA cytological diagnosis. A TN was defined as 
a TBNA cytology negative for cancer or other conditions 
but showing a lymphocyte fund, undisputed by the find-
ings of surgical biopsy/resection, postmortem analysis or 
follow- up. An FP was defined as TBNA cytology compat-
ible with cancer, or a specific benign condition disputed 
by further definitive testing, such as surgical biopsy/
resection or postmortem analysis, showing a different 
diagnosis. An FN was defined as non- diagnostic TBNA, 
or inconclusive TBNA cytology (including suspicious for 
malignancy reports) with subsequent biopsy/resection, 
follow- up or postmortem analysis compatible with cancer 
or a specific diagnosis. We also considered EBUS proce-
dural failures with the impossibility of obtaining EBUS- 
TBNA samples as FN.

Patient and public involvement
It was not possible to involve patients or the public in the 
design, or conduct, or reporting, or dissemination plans 
of our research.

Statistical analysis
Information about variables potentially affecting EBUS- 
TBNA accuracy (eg, confounders) was collected, 
including age, sex, lymph node size, nodal station, bron-
choscopist (including his/her experience), pathologist 
(including his/her experience), indication for the proce-
dure, chest CT and fluorodeoxyglucose positron emis-
sion tomography CT (PET- CT) findings (independent 
variables). Missing values were imputed using multiple 
imputation (data were missing in 5.9% of cases, there 
were no missing data in dependent variables, pathologists 
and bronchoscopists).

Categorical variables were reported as absolute frequen-
cies and percentages; continuous variables were reported 
with means±SD or medians and IQR (IQR: 25th to 75th 
percentile) depending on their distribution. Bivariate 
analyses for categorical variables were performed using 
the χ2 test (exact method), while the Student’s t- test or 
the Mann- Whitney U test were used for continuous vari-
ables depending on their distribution. Normality was 
tested using the Kolmogorov- Smirnov test. Overall accu-

racy was calculated by the equation: 
 

(
TP+TN

)
(
TP+FP+FN+TN

)
 
.

EBUS- TBNA was considered a diagnostic success (diag-
nostic EBUS) in the case of a TP or a TN result and consid-
ered a diagnostic failure in the case of an FP or an FN.

A multivariate binary logistic regression model was 
built using diagnostic EBUS as the dichotomous depen-
dent variable and introducing as independent variables 

all other variables potentially affecting EBUS accuracy. 
Each individual pathologist was compared with a refer-
ence group of pathologists with a diagnostic yield >80% 
(diagnostic yield ≤80% was our threshold for an unac-
ceptable failure rate). Potentially confounding variables 
were selected based on biological plausibility and having 
an association with the dependent and independent vari-
ables under study (see details in online supplemental 
appendix). All associations were considered statistically 
significant at a two- tailed p<0.05.

We used binary Cumulative Summation (CUSUM) anal-
ysis to assess pathologist performance (including their 
learning curve), which requires setting an acceptable 
failure rate (level of error if the procedure is carried out 
correctly) and an unacceptable failure rate (maximum 
acceptable level of error). We considered an acceptable 
failure rate of 10% (accuracy=90%) and an unacceptable 
failure rate of 20% (accuracy=80%) and defined a type 
I error (odds of falsely classifying someone as incompe-
tent, designated α) of 0.1 and a type II error (odds of 
falsely classifying someone as competent, designated β) 
of 0.1.15 28 29

We constructed binomial CUSUM charts using Micro-
soft Excel 2013 (Microsoft Corporation, Redmond, Wash-
ington, USA). This method consists of the cumulative 
sum of failure minus success with each case. We drew the 
CUSUM curve plotting the cumulative sum score after 
each case (y axis) versus the index number of that case (x 
axis). Consecutive errors drive the CUSUM curve upward, 
while consecutive success drives the CUSUM curve down-
ward. The CUSUM graph includes horizontal lines called 
decision limits (h1 and h0), which are the boundaries of 
an acceptable or unacceptable error rate and are calcu-
lated based on the risk of α and β errors. When the 
CUSUM curve crosses a decision limit from above, it 
is inferred that the failure rates were within the prede-
termined acceptable rate of 10% (good performance); 
when the CUSUM curve crosses a decision limit from 
below, it is inferred that the failure rates have reached the 
predetermined unacceptable rate of 20% (bad perfor-
mance); if the CUSUM curve remained between two 
decision limits, continued observation is indicated (stable 
performance). Therefore, competence is assumed when 
the CUSUM curve slopes downward or remains stable, 
but when the curve slopes upward, it indicates a below- 
than- acceptable success rate (see details in online supple-
mental appendix).

We estimated that a minimum sample size of 600 
lymph nodes and 300 patients would be required for the 
logistic regression multivariate analysis with the following 
considerations: at least 10 events (diagnostic failures) 
per variable included in the model,30 31 the multivariate 
model having 12 variables, that is, a total of 120 events 
required, an estimated overall accuracy of 80% (20% of 
diagnostic failures), and an average of 2 nodes studied 
per patient. Even though CUSUM charts do not require 
a specific sample size for the continuum control of some-
one’s performance,32 to avoid the risk of prematurely 
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classifying someone as competent at the beginning of the 
learning curve (type II error), we modelled the CUSUM 
curve of a pathologist with perfect performance, finding 
that with our CUSUM analysis assumptions a minimum 
of 19 EBUS were required to obtain a statistically signif-
icant perfect performance. Therefore, to determine the 
number of EBUS pathology reports required to attain 
competence, we only analysed pathologists who had read 
more than 19 EBUS.

Statistical analyses were performed using Microsoft 
Excel 2013 (Microsoft Corporation), MedCalc V.16.8 
(MedCalc Software bvba, Ostend, Belgium) and IBM- 
SPSS Statistics V.22.

RESULTS
A total of 376 patients (673 lymph nodes) were initially 
evaluated for the study, from which 368 patients (660 
lymph nodes) using EBUS- TBNA were recruited 
(figure 1). The mean age was 63.7±12.9 years, and 
71.5% of the patients were men. Most procedures were 
cancer- related: 451 (68.3%) for intrathoracic tumours, 
65 (9.8%) for extrathoracic tumours and 46 (7.0%) for 
the staging of existing biopsy- proven cancer. Other indi-
cations included suspicion of infectious (6/660; 0.9%) 
or inflammatory (51/660; 7.7%) diseases. The median 
short- axis diameter of the studied lymph nodes was 13.5 
mm (IQR 10.0–20.0). The most frequently sampled 
stations were 7 (29.5%) and 4R (24.8%). EBUS- TBNA 
was the only diagnostic test for the 428 (64.8%) lymph 
nodes sampled. Additional testing included mediastinos-
copy for 98 lymph nodes (14.8%), surgical biopsy for 40 
lymph nodes (6.1%) and biopsy of an alternative site in 
24 (3.6%) (table 1).

Indications for additional procedures included thera-
peutic resection of tumours and diagnostic uncertainty. 
The most common final diagnoses after combining EBUS- 
TBNA results with additional testing were 215 (32.6%) 
non- small cell lung cancers (NSCLC), 83 (12.6%) other 
cancers and 154 (23.3%) normal lymph nodes (table 1). 
No major EBUS complications were reported.

Overall, EBUS- TBNA accuracy was 80.8%, achieving a 
diagnosis in 533/660 lymph nodes sampled (127 diag-
nostic failures). We had four FP cases; two of them were 

reported as anthracosis on EBUS and the final diag-
nosis was squamous cell carcinoma, one was reported 
as anthracosis on EBUS and the final diagnosis was 
undifferentiated carcinoma and one was reported as 
undifferentiated carcinoma and the final diagnosis was 
adenocarcinoma. The variables associated with EBUS 
accuracy in bivariate analysis included nodal size and 
station, some pathologists, some bronchoscopists and 
final diagnosis (table 2).

In the multivariate binary logistic regression analysis, 
we found that the pathologist interpreting EBUS- TBNA 
results was independently associated with diagnostic accu-
racy after adjusting for potential confounders (including 
pathologist experience quantified as the number of 
EBUS- TBNA cases evaluated) (table 3). Four patholo-
gists were significantly associated with lower accuracy 
in the bivariate and multivariate models (adjusting for 
confounders, including node size, location, bronchos-
copist, EBUS indication, final diagnosis): #6 (OR 0.27; 
95% CI 0.11 to 0.68), #7 (OR 0.32; 95% CI 0.16 to 0.62), 
#9 (OR 0.41; 95% CI 0.20 to 0.85), #15 (OR 0.16; 95% 
CI 0.07 to 0.37). The general characteristics of the cases 
reported by good and poor performing pathologists were 
similar (see online supplemental table 1). Lower accuracy 
was also correlated with a lymph node size <1 cm (OR 
0.36; 95% CI 0.21 to 0.62), trainee endoscopist #9 (OR 
0.28; 95% CI 0.10 to 0.75) and lymph node station 11R 
(OR 0.22; 95% CI 0.08 to 0.62). A final diagnosis of gran-
ulomatous disease was associated with a trend for lower 
accuracy (OR 0.28; 95% CI 0.08 to 1.00), while greater 
accuracy was associated with lymph node station 4R (OR 
1.99; 95% CI 0.08 to 0.62), the experience of the senior 
bronchoscopist (OR 1.003; 95% CI 1.001 to 1.005), 
trainee endoscopist #13 (OR 7.7; 95% CI 1.02 to 58.86), 
a diagnosis of NSCLC (OR 7.07; 95% CI 3.89 to 12.84), 
malignancy in general (OR 37.1; 95% CI 8.39 to 163.97), 
as well as normal appearing lymph nodes (OR 8.01; 95% 
CI 4.01 to 16.01). Pathologist experience with TBNA 
sampling was associated with diagnostic accuracy only in 
the better performance quartile of pathologists (OR 1.03; 
95% CI 1.01 to 1.06), the detailed information about 
pathologists’ experience can be found in online supple-
mental table 2. The senior bronchoscopists performing 

Figure 1 Participant flow diagram. EBUS, endobronchial ultrasound.
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Table 1 General characteristics of the cohort

N (Nodes/patients) 660/368

Sex

Male, n (%) 263 (71.5%)

Age (years), mean (SD) 63.7 (12.9)

Indications of EBUS- TBNA Adenopathies (intrathoracic cancer), n (%) 451 (68.3%)

Adenopathies (extrathoracic cancer), n (%) 65 (9.8%)

Inflammatory adenopathies, n (%) 51 (7.7%)

Cancer staging, n (%) 46 (7.0%)

Infectious adenopathies, n (%) 6 (0.9%)

Histological re- evaluation of cancer, n (%) 2 (0.3%)

Other, n (%) 39 (5.9%)

Adenopathy size, median (IQR) 13.5 (10–20)

PET- CT Negative, n (%) 61 (9.2%)

Positive (SUV max>2.5), n (%) 245 (37.1%)

Not performed, n (%) 354 (53.6%)

Nodal station 7, n (%) 195 (29.5%)

4R, n (%) 164 (24.8%)

10R, n (%) 102 (15.5%)

4L, n (%) 62 (9.4%)

10L, n (%) 47 (7.1%)

2R, n (%) 24 (3.6%)

11R, n (%) 18 (2.7%)

11L, n (%) 16 (2.4%)

12R, n (%) 7 (1.1%)

2L, n (%) 5 (0.8%)

8, n (%) 4 (0.6%)

12L, n (%) 2 (0.3%)

5, n (%) 2 (0.3%)

3, n (%) 1 (0.2%)

Mass 11 (1.7%)

Additional tests for final diagnosis None, n % 428 (64.8%)

EBUS- TBNA repeated, n % 12 (1.8%)

Mediastinoscopy, n % 98 (14.8%)

Follow- up by PET- CT n % 39 (5.9%)

Surgical biopsy, n % 40 (6.1%)

Bone biopsy, n % 6 (0.9%)

Other biopsies, n % 18 (2.7%)

Electromagnetic navigation bronchoscopy, n % 7 (1.1%)

Conventional bronchoscopy with biopsies, n % 2 (0.3%)

CT guided transthoracic needle aspiration, n % 3 (0.5%)

Fine needle aspiration of neck adenopathies, n % 3 (0.5%)

Upper gastrointestinal endoscopy, n % 4 (0.6%)

Continued
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the EBUS- TBNA were not associated with EBUS- TBNA 
accuracy after adjusting for confounders (p>0.23).

CUSUM analysis for eight pathologists with a cumu-
lative experience of more than 19 EBUS- TBNA cases 
revealed that the median number of procedures needed 
to reach competence (defined as <10% of error: accuracy 
>90%) was 32 (IQR: 26–46). The CUSUM curves showed 
four main performance patterns: an almost immediate 
achievement of competence exemplified by patholo-
gist 13 (short learning phase pattern), observed in 14% 
of pathologists; a pattern of continuous unacceptable 
failures (CUSUM curve never crossing the acceptable 
threshold), as exemplified by pathologist 15 (prolonged 
learning phase pattern), observed also in 14% of patholo-
gists; a pattern shared by most pathologists (43% of them) 
of a stable phase of acceptable performance following 
the initial learning curve (intermediate learning phase 
pattern). An initial pattern of competence followed by 
deteriorating performance, as exemplified by patholo-
gists 1 and 7 (attrition performance pattern), observed in 
28% of pathologists (figure 2).

DISCUSSION
In our cohort study, pathologists showed four disparate 
learning curve patterns, ranging from an almost imme-
diate achievement of competence to performance attri-
tion. Additionally, EBUS- TBNA accuracy was conditioned 
by the pathologist interpreting the lymph node sampling. 
Such pathologists’ influence was independent of other 
factors, including the pathologist’s experience with the 
procedure and potential confounders. Although one 

previous study looked at the performance of cytopatholo-
gists in abdominal lesions studied using EUS- FNA, to our 
knowledge, this is the first study to investigate how pathol-
ogists might condition EBUS- TBNA accuracy in the study 
of mediastinal and hilar lesions.29 33 We also confirmed 
that lymph node size and station, bronchoscopist skills 
and underlying cause of nodal enlargement influence 
test accuracy, as described in previous studies of EBUS- 
TBNA.1 34–36

One potential explanation for some pathologists having 
poorer results is that they were sent cases that were more 
difficult to report, including smaller lymph node sizes 
and more difficult stations, which could act as potential 
confounders. To control for such potential confounders 
of pathologist’s performance, we carried out a multivar-
iate logistic regression analysis adjusting for confounders 
such as lymph node size, station, final diagnosis, bron-
choscopist and bronchoscopist’s experience, and we 
found that the lower diagnostic accuracy rates of some 
pathologists were independent of such confounders and 
even of their experience with the procedure. This finding 
points to sources of human error in the interpretation of 
EBUS- TBNA results dependent on the pathologist’s profi-
ciency and that are not predicted by the pathologist’s 
experience, which should be the focus of future studies.

The pathologists’ CUSUM curves revealed four 
different patterns, including three previously reported by 
Kemp et al15 in a study focusing on the learning curves 
of EBUS- TBNA bronchoscopists. Kemp identified a bron-
choscopist who attained competence almost immediately, 
mimicking our pathologist’s short learning phase pattern. 

Final diagnosis Lung cancer, non- small cell, n % 215 (32.6%)

Lung cancer, small cell, n % 27 (4.1%)

Other cancer, n % 83 (12.6%)

Normal, n % 154 (23.3%)

Other benign conditions, n % 22 (3.3%)

Sarcoidosis, n % 19 (2.9%)

Granulomas non- sarcoidosis non- tuberculosis, 
n %

14 (2.1%)

Lymphoma, n % 10 (1.5%)

Tuberculosis, n % 4 (0.6%)

Insufficient material for diagnosis, n % 108 (16.4%)

Inconclusive histology, n % 4 (0.6%)

Complications None, n (%) 662 (99.8%)

Oxygen desaturation, n (%) 1 (0.2%)

Anaesthetic modality Conscious sedation, n (%) 660 (99.5%)

General anaesthesia, n (%) 3 (0.5%)

Local anaesthesia, n (%) 0 (0.0%)

EBUS- TBNA, endobronchial ultrasonography transbronchial needle aspiration; PET- CT, positron emission tomography CT 
scan; SUV max, maximum standardised uptake value.

Table 1 Continued
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However, he also identified two bronchoscopists with 
CUSUM curves showing a relentless rise, similar to our 
prolonged learning phase pattern indicating a greater 
difficulty in reaching competence, as well as a bronchos-
copist acquiring competence (crossing the decision limit 
from above) after 76 procedures, similar to our interme-
diate learning phase pattern. We did not find studies on 
EBUS- TBNA showing a pattern of performance attrition, 
such as the one identified in our study. Based on our 
results, we would suggest that EBUS should be read by 
cytopathology fellowship- trained pathologists only with a 
minimum experience in EBUS reporting of 30–40 cases.

Regarding bronchoscopists, we found an association 
between greater experience of the senior bronchoscopist 
and higher diagnostic accuracy, but there were no signifi-
cant differences in diagnostic accuracy among the senior 
bronchoscopists. The current practice of EBUS- TBNA 
at our institution precludes building CUSUM curves 
for individual bronchoscopists because all EBUS- TBNA 
procedures are performed by at least one senior endos-
copist and one trainee, making it impossible to measure 
the independent effect of each bronchoscopist on test 
accuracy. However, the bronchoscopists’ learning curve 
for EBUS performance has been widely studied else-
where.37–40 Most studies agree that the learning curve for 

EBUS- TBNA is short, although the number of procedures 
needed to achieve an expert level varies. Our study found 
significant variations in the accuracy of EBUS- TBNA 
attributed to the participation of two trainees in the 
procedure. Trainee 9 was associated with lower accuracy 
(OR 0.28), while trainee 13 was associated with higher 
accuracy (OR 7.75). A previous US study found that 33% 
of pulmonary fellows did not achieve expert‐level perfor-
mance during training.41 Similarly, Nguyen et al17 found 
a 16% drop in the diagnostic yield of EBUS- TBNA when 
a trainee was present during the procedure. However, we 
found that some trainees may have improved diagnostic 
accuracy of the test. This is not an unexpected finding, 
since we are inevitably dealing with a procedure influ-
enced by human error and skills.

Other variables that affected the diagnostic accuracy in 
our study were lymph node size (<1 cm with lower accu-
racy), nodal station (11R with lower accuracy and 4R with 
higher accuracy) and the underlying disease (malignancy 
and granulomatous disease were associated with higher 
and lower accuracy, respectively). All of these have been 
previously identified as key variables,1 34–36 so our findings 
support previous studies. Our overall diagnostic accuracy 
was lower for benign aetiologies, including granuloma-
tous disease, which is also consistent with the literature, 

Table 2 Variables associated with EBUS- TBNA diagnostic accuracy (bivariate analysis)

Variable
Diagnostic success, 
N=533

Diagnostic failure, 
N=127 OR 95% CI P value

Nodal station 10L, n (%) 32 (6%) 15 (12%) 0.477 (0.250 to 0.910) 0.025

Nodal station 10R, n (%) 73 (14%) 29 (23%) 0.536 (0.331 to 0.869) 0.011

Nodal station 11R, n (%) 10 (2%) 8 (6%) 0.284 (0.110 to 0.736) 0.010

Nodal station 4R, n (%) 146 (27%) 18 (14%) 2.285 (1.340 to 3.896) 0.002

Size<1 cm, n (%) 87 (16%) 33 (26%) 0.540 (0.340 to 0.858) 0.009

Pathologist #6*, n (%) 38 (7%) 14 (11%) 0.399 (0.201 to 0.791) 0.009

Pathologist #7*, n (%) 73 (14%) 21 (17%) 0.511 (0.288 to 0.906) 0.022

Pathologist #9*, n (%) 55 (10%) 19 (15%) 0.425 (0.232 to 0.778) 0.006

Pathologist #15,* n (%) 43 (8%) 24 (19%) 0.263 (0.146 to 0.473) <0.001

Trainee bronchoscopist #12, n (%) 154 (29%) 52 (41%) 0.589 (0.395 to 0.879) 0.010

Senior bronchoscopist #2, n (%) 269 (50%) 45 (35%) 1.857 (1.243 to 2.774) 0.003

Senior bronchoscopist #4, n (%) 25 (5%) 14 (11%) 0.397 (0.200 to 0.788) 0.008

Lung cancer (NSCLC), n (%) 194 (36%) 21 (17%) 2.889 (1.752 to 4.764) <0.001

Other cancer (non- lung cancer), n (%) 80 (15%) 3 (2%) 7.299 (2.266 to 23.509) 0.001

Normal lymph node, n (%) 141 (26%) 13 (10%) 3.154 (1.722 to 5.777) <0.001

Granulomatous disease (non- sarcoidosis, 
non- TB), n (%)

7 (1%) 7 (6%) 0.228 (0.079 to 0.663) 0.007

Size mm, median (IQR) 14 (10–20) 12 (9–18) 1.554 (1.033 to 2.337) 0.034

Senior bronchoscopist experience (in number 
of EBUS), median (IQR)

330 (218–458) 317 (180–429) 1.001 (1.000 to 1.003) 0.050

A normal lymph node was defined as a TBNA cytology negative for cancer or other conditions, but showing a lymphocyte fund, 
undisputed by the findings of surgical biopsy/resection, postmortem analysis or follow- up.
*The reference group was pathologists with a diagnostic accuracy >80%; bivariate analysis performed using binary logistic regression at 
a significance level of p<0.05 (two- tailed).
EBUS- TBNA, endobronchial ultrasound transbronchial needle aspiration; NLCLC, non- small cell lung cancer; TB, tuberculosis.
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since EBUS may have lower diagnostic yield in benign 
mediastinal disease.37 42 43

Our study has several limitations. First, it is an obser-
vational study exposed to the risk of confounding bias. 
Nevertheless, the main EBUS database was generated 
prospectively, and the variables known to condition 
EBUS- TBNA accuracy were recorded systematically after 
each procedure and included in our multivariate analysis 
for controlling confounding bias. However, the potential 
influence of an unmeasured confounding factor cannot 
be entirely ruled out in our study. PET- CT fluorodeox-
yglucose uptake was available for 46.4% of the lymph 
nodes sampled before the procedure was performed. 
PET- CT findings have been shown to condition EBUS- 
TBNA diagnostic accuracy,36 43 but this limitation is also 
relatively common in real- world EBUS- TBNA proce-
dures, as evidenced by the AQUIRE registry, with 46.1% 
of patients having PET- CT available.36 Furthermore, we 
adjusted for it in our multivariate model. Additionally, 
the final number of pathologists included in this study 
was small and the study is limited to a single centre, these 
results may change in a study including a larger number 
of pathologists from multiple centres.

According to our definition of FP, intended to address 
the overall accuracy (for malignant and benign condi-
tions) of the EBUS- TBNA, we had four FP cases: two of 

them were reported as anthracosis on EBUS, and the 
final diagnosis was squamous cell carcinoma; one was 
reported as anthracosis on EBUS, and the final diagnosis 
was undifferentiated carcinoma; and one was reported 
as undifferentiated carcinoma, and the final diagnosis 
was adenocarcinoma. However, from the point of view 
of lung cancer staging, the dangerous FP are those cases 
diagnosed as malignant by EBUS- TBNA and then proved 
benign because such patients might have been denied 
the chance of a potentially curative surgical intervention, 
and we had not such dangerous FP.

Many of our patients who had a specific diagnosis from 
the EBUS- TBNA undisputed by clinical or imaging find-
ings during the follow- up were not subjected to a surgical 
biopsy to confirm their diagnosis; this corresponds to 
a partial verification (verifying only part of the popu-
lation with the reference standard).44 Such a source of 
bias, which is common to real- world studies in which the 
reference standard is an invasive procedure (eg, thoracic 
surgery), has been found to have little influence on the 
diagnostic capacity of the test.44 Nevertheless, we tried to 
limit its influence in our results, extending our clinical 
and imaging follow- up to 3 years. Despite these limitations, 
the characteristics of our institution, which includes the 
participation of pathologists harbouring variable levels 
of expertise and knowledge of cytopathology, allowed us 

Table 3 Variables associated with EBUS- TBNA diagnostic accuracy (multivariate analysis)

Variable OR (adjusted) 95% CI P value

Nodal size<1 cm 0.365 0.213 to 0.625 <0.001

Nodal station

11R 0.221 0.078 to 0.625 0.004

4R 1.993 1.085 to 3.659 0.026

Senior bronchoscopist experience (in number de EBUS) 1.003 1.001 to 1.005 0.004

Pathologist experience in number of EBUS (quartile of 
pathologist with better performance)

1.032 1.008 to 1.057 0.009

Trainee bronchoscopist #9 0.276 0.101 to 0.754 0.012

Trainee bronchoscopist #13 7.748 1.020 to 58.858 0.048

NSCLC 7.068 3.890 to 12.843 <0.001

Other cancer (non- lung cancer) 37.092 8.391 to 163.969 <0.001

Normal lymph node 8.010 4.007 to 16.013 <0.001

Granulomatous disease (non- sarcoidosis, non- TB) 0.284 0.081 to 1.001 0.050

Pathologist 6 (vs reference category: pathologists with 
accuracy>80%)

0.271 0.108 to 0.684 0.006

Pathologist 7 (vs reference category: pathologists with 
accuracy>80%)

0.318 0.163 to 0.624 0.001

Pathologist 9 (vs reference category: pathologists with 
accuracy>80%)

0.411 0.198 to 0.853 0.017

Pathologist 15 (vs reference category: pathologists with 
accuracy>80%)

0.156 0.067 to 0.365 <0.001

Multivariate analysis performed using binary logistic regression at a significance level of p<0.05 (two tailed).
A normal lymph node was defined as a TBNA cytology negative for cancer or other conditions, but showing a lymphocyte fund, undisputed 
by the findings of surgical biopsy/resection, postmortem analysis or follow- up.
EBUS- TBNA, endobronchial ultrasonography transbronchial needle aspiration; NLCLC, non- small cell lung cancer; TB, tuberculosis.
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to assess the effect of this human factor as a source of 
error independent of other confounders in multivariate 
analysis.

In conclusion, we found that the pathologists’ learning 
curves follow four main patterns and that certain pathol-
ogists were associated with lower EBUS- TBNA diagnostic 
accuracy. Such a finding is intriguing since it is indepen-
dent of the pathologists’ experience with the procedure. 
Therefore, pathologist proficiency must be considered 
a potential source of human error conditioning EBUS- 
TBNA accuracy, despite efforts to obtain adequate 
tissue samples. However, considering that our study 
was performed in a single centre with a small number 
of pathologists, these results should not be regarded as 
definitive.
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Learning curves and association of pathologist’s performance with the diagnostic 

accuracy of linear endobronchial ultrasound transbronchial needle aspiration (EBUS-

TBNA): a cohort study in a tertiary care reference centre - SUPPLEMENTARY 

APPENDIX 

Multivariate logistic regression analysis: 

A multivariate sequential binary logistic regression model was built using diagnostic EBUS 

as the dichotomous dependent variable and introducing as independent variables all other 

variables potentially affecting EBUS accuracy. Each individual pathologist was compared 

with a reference group of pathologists with a diagnostic yield >80% (our threshold for 

unacceptable failure rate). Potentially confounding variables were selected to be included in 

the first saturated model based on biological plausibility, directed acyclic graphs (DAGs) 

and having an association with the dependent and independent variables under study with a 

two-tailed P < 0.2. Variables not contributing to the multivariate model at a two-tailed P < 

0.05 where removed from the model if their elimination did not alter the coefficient of other 

variables or the R2 of the model in order to obtain the most parsimonious model. The 

association with diagnostic EBUS was measured using the odds ratio (OR) with its 95% 

confidence interval (95%CI) calculated using the bootstrapping method. All associations 

where considered statistically significant at a two-tailed P < 0.05. Goodness of fit was 

assesses using the Hosmer-Lemeshow test. 

CUSUM Analysis to assess pathologist performance and learning curves: 

We used binary CUSUM analysis to assess pathologist performance (including the 

existence of a learning curve), which requires setting an acceptable failure rate (level of 
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error if the procedure is carried out correctly, due to the inherent variability of the test) and 

an unacceptable failure rate (maximum acceptable level of error). We considered an 

acceptable failure rate of 10% (accuracy = 90%) and an unacceptable failure rate of 20% 

(accuracy = 80%) and defined a type I error (odds of falsely accusing a pathologist of being 

incompetent, designated ) of 0.1 and a type II error (odds of falsely certifying someone as 

competent, designated ) of 0.1. 1-3 

We constructed binomial CUSUM charts using Microsoft Excel 2013 (Microsoft 

Corporation, Redmond, WA, USA). This method consists in the cumulative sum of failure 

minus success with each case. The CUSUM score was calculated using the equation: 

𝑆𝑛 = ∑(𝑋𝑖 − 𝑠) 

Where 𝑆𝑛 = CUSUM, 𝑋𝑖 = 1 for failure and 0 for success; 𝑠 is a score calculated based on 

probability of acceptable and unacceptable failure rates. For each failure a score of (1 - 𝑠) 

was added and for each success a score of (−𝑠) was added (in other words, 𝑠 was 

subtracted). The score (𝑠) was calculated using the equation: 

 𝑠 =  ln((1−𝑝0)/ (1−𝑝1))ln((1−𝑝0)/ (1−𝑝1))+ln(𝑝1 𝑝0)⁄  

Where 𝑝0 was the acceptable failure rate (10%) and 𝑝1 was the unacceptable failure rate 

(20%). Therefore,  𝑠 from the above equation equals 0.1452, which means that for each 

failure we added 0.8548 (1- 0.1452=0.8548) and for each success we subtracted 0.1452. 

We drew the CUSUM curve plotting the cumulative sum score after each case (y axis) 

versus the index number of that case (x axis). Consecutive errors drive the CUSUM curve 

upward while consecutive success drives the CUSUM curve downward.  
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The CUSUM graph includes horizontal lines called decision limits (h1 and h0), which are 

the boundaries of an acceptable or unacceptable error rate. When the CUSUM curve 

crosses a decision limit (decision threshold) from above it is inferred that the failure rates 

were within the predetermined acceptable rate of 10% (absence of a statistically significant 

difference with the predetermined acceptable failure rate of 10%, i.e. good performance); 

when the CUSUM curve crosses a decision limit from below it is inferred that the failure 

rates have reached the predetermined unacceptable rate of 20% (absence of a statistically 

significant difference with the predetermined unacceptable failure rate of 20%, i.e. bad 

performance); if the CUSUM curve remained between two decision limits continued 

observation is indicated (stable performance within acceptable levels). Therefore, 

competence is assumed when the CUSUM curve is sloping downward or remains stable, 

but when the curve is sloping upward it indicates a below than acceptable success rate. 

The decision limits (h1 y h0) are calculated based on the risk of type I () and II () errors 

using the following equations: 

ℎ1 = ln ((1 − 𝛽) 𝛼⁄ )ln((1 − 𝑝0) (1 − 𝑝1)) + ln (𝑝1 𝑝0)⁄⁄  

ℎ0 = −ln ((1 − 𝛼) 𝛽⁄ )ln((1 − 𝑝0) (1 − 𝑝1)) + ln (𝑝1 𝑝0)⁄⁄  

When  =  then h0 = h1 and the decision limits are multiple of h0. In our case, as 

 =  =   𝑝0 = 10% and 𝑝1 = 20%; then h0 = h1 = 2.71. Therefore, we marked the 

decision limits in our CUSUM graphs as horizontal lines from the y axis at intervals of 

2.71.  
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Supplementary Appendix Table 1. General characteristics of the cohort by Pathologist Group (reference 

group versus low performance group) 

 

Pathologists having 

diagnostic accuracy 

> 80% 

Pathologists with 

statistically 

significant lower 

performance (6, 7, 9, 

15) 

N (nodes/patients)  367/201 287/163 

Sex 
 

  

       Male, n (%)  264 (71.9%) 204 (71.1%) 

Age, mean (SD) 63.5 (12.6) 64.1 (13.4) 

 

 

 

Indications of 

EBUS-TBNA 

Adenopathies (intra-thoracic cancer), n (%) 248 (67.6%) 199 (69.8%) 

Adenopathies (extra-thoracic cancer), n (%) 41 (11.2%) 23 (8.1%) 

Inflammatory adenopathies, n (%) 21 (5.7%) 30 (10.5%) 

Cancer staging, n (%) 28 (7.6%) 17 (6.0%) 

Infectious adenopathies, n (%) 6 (1.6%) 0 (0.0%) 

Histological re-evaluation of cancer, n (%) 2 (0.5%) 0 (0.0%) 

Other, n (%) 21 (5.7%) 16 (5.6%) 

Adenopathy size, median (IQR) 13.0 (10.0-20.0) 14.0 (10.0-20.0) 

 

PET-CT 

Negative, n (%) 35 (9.5%) 26 (9.1%) 

Positive (SUV max. > 2.5), n (%) 139 (37.9%) 102 (35.5%) 

Not performed, n (%) 193 (52.6%) 159 (55.4%) 

 

 

 

 

 

 

 

 

Nodal station 

7, n (%) 108 (29.4%) 86 (30.0%) 

4R, n (%) 96 (26.2%) 66 (23.0%) 

10R, n (%) 61 (16.6%) 40 (13.9%) 

4L, n (%) 28 (7.6%) 33 (11.5%) 

10L, n (%) 27 (7.4%) 20 (7.0%) 

2R, n (%) 12 (3.3%) 12 (4.2%) 

11R, n (%) 10 (2.7%) 8 (2.8%) 

11L, n (%) 9 (2.5%) 7 (2.4%) 

12R, n (%) 5 (1.4%) 2 (0.7%) 

2L, n (%) 3 (0.8%) 2 (0.7%) 

8, n (%) 2 (0.5%) 2 (0.7%) 

12L, n (%) 0 (0%) 1 (0.3%) 

5, n (%) 1 (0.3%) 1 (0.3%) 

3, n (%) 0 (0%) 1 (0.3%) 

Mass, n (%) 5 (1.4%) 6 (2.1%) 

Final diagnosis 

Non-small cell lung cancer 125 (34%) 89 (31%) 

Small cell lung cancer 20 (5%) 7 (2%) 

Lymphoma 6 (2%) 4 (1%) 

Other cancer 44 (12%) 35 (12%) 

Normal 102 (28%) 51 (18%) 
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Sarcoidosis 6 (2%) 13 (5%) 

Tuberculosis 4 (1%) 0 (0%) 

Granulomas non sarcoidosis non tuberculosis 8 (2%) 6 (2%) 

Other benign conditions 13 (4%) 7 (2%) 

 

Anaesthetic 

modality 

Conscious sedation, n (%) 364 (99,2%) 287 (100%) 

General anaesthesia, n (%) 3 (0,8%) 0 (0,0%) 

Local anaesthesia, n (%) 0 (0,0%) 0 (0,0%) 

  

Notes: PET-CT: positron emission tomography - computed tomography scan; EBUS-TBNA: 

endobronchial ultrasonography - transbronchial needle aspiration; SUV max.: maximum standardized 

uptake value; IQR: interquartile range (percentile 25 to percentile 75); CT: computed tomography 
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Supplementary Appendix table 2. Pathologists’ experience and accuracy 

Pathologist Pathologist's Experience 

in years 

Pathologist's Experience in 

number of EBUS 

Diagnostic accuracy (EBUS was 

diagnostic) 

 
Median P25 P75 Median P25 P75 n % N total of 

EBUS 

1.00 4.1 3.1 4.9 60 30 90 99 81.8% 121 

2.00 2.9 2.9 2.9 3 1 4 6 100.0% 6 

3.00 2.9 1.8 3.7 64 32 96 111 86.7% 128 

4.00 8.3 8.2 8.3 2 1 3 5 100.0% 5 

5.00 0.2 0.2 0.3 5 2 7 10 100.0% 10 

6.00 2.3 0.7 2.8 26 13 39 38 73.1% 52 

7.00 4.0 3.2 5.0 47 23 70 73 77.7% 94 

8.00 0.3 0.3 0.7 6 3 9 12 100.0% 12 

9.00 1.9 1.2 2.4 37 18 55 55 74.3% 74 

10.00 0.6 0.5 0.6 3 1 4 5 83.3% 6 

11.00 1.3 1.1 1.7 11 5 16 22 100.0% 22 

12.00 2.0 1.5 2.0 6 3 9 10 83.3% 12 

13.00 5.4 4.8 5.7 18 9 27 31 86.1% 36 

14.00 2.8 2.8 2.9 4 2 6 9 100.0% 9 

15.00 1.5 0.8 1.8 33 16 50 43 64.2% 67 

16.00 3.4 3.3 3.5 4 2 5 4 66.7% 6 

Notes: pathologists’ experience was measured for each EBUS; therefore, in this table we report the median and 
interquartile range (percentile 25 –P25– to percentile 75 –P75–) of pathologists’ experience. 
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