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Abstract

Rationale: Early, accurate diagnosis of interstitial lung disease
(ILD) informs prognosis and therapy, especially in idiopathic
pulmonary fibrosis (IPF). Current diagnostic methods are
imperfect. High-resolution computed tomography has limited
resolution, and surgical lung biopsy (SLB) carries risks of
morbidity and mortality. Endobronchial optical coherence
tomography (EB-OCT) is a low-risk, bronchoscope-compatible
modality that images large lung volumes in vivo with
microscopic resolution, including subpleural lung, and has the
potential to improve the diagnostic accuracy of bronchoscopy
for ILD diagnosis.

Objectives: We performed a prospective diagnostic accuracy
study of EB-OCT in patients with ILD with a low-confidence
diagnosis undergoing SLB. The primary endpoints were EB-OCT
sensitivity/specificity for diagnosis of the histopathologic pattern
of usual interstitial pneumonia (UIP) and clinical IPF. The
secondary endpoint was agreement between EB-OCT and SLB for
diagnosis of the ILD fibrosis pattern.

Methods: EB-OCT was performed immediately before SLB.
The resulting EB-OCT images and histopathology were

interpreted by blinded, independent pathologists. Clinical
diagnosis was obtained from the treating pulmonologists
after SLB, blinded to EB-OCT.

Measurements and Main Results: We enrolled 31 patients,
and 4 were excluded because of inconclusive histopathology or
lack of EB-OCT data. Twenty-seven patients were included in
the analysis (16 men, average age: 65.0 yr): 12 were diagnosed
with UIP and 15 with non-UIP ILD. Average FVC and Dico
were 75.3% (SD, 18.5) and 53.5% (SD, 16.4), respectively.
Sensitivity and specificity of EB-OCT was 100% (95%
confidence interval, 75.8-100.0%) and 100% (79.6-100%),
respectively, for both histopathologic UIP and clinical diagnosis
of IPF. There was high agreement between EB-OCT and
histopathology for diagnosis of ILD fibrosis pattern (weighted k:
0.87 [0.72-1.0]).

Conclusions: EB-OCT is a safe, accurate method for
microscopic ILD diagnosis, as a complement to high-resolution
computed tomography and an alternative to SLB.
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At a Glance Commentary

Scientific Knowledge on the
Subject: Early, accurate diagnosis of
interstitial lung disease (ILD) informs
prognosis and therapy, but current
diagnostic methods are imperfect.
High-resolution computed
tomography has limited resolution,
while surgical lung biopsy (SLB)
carries risks of morbidity and
mortality. Endobronchial optical
coherence tomography (EB-OCT) is
a low-risk, bronchoscope-compatible
modality that images large lung
volumes in vivo with microscopic
resolution, including subpleural lung,
and has potential for ILD diagnosis.

What This Study Adds to the
Field: We demonstrate that EB-OCT
accurately distinguishes usual
interstitial pneumonia (UIP) from
non-UIP ILDs, with a sensitivity and
specificity of 100% for
histopathologic UIP and clinical
idiopathic pulmonary fibrosis, and
that EB-OCT diagnoses specific
fibrotic ILD patterns with a high
agreement with corresponding SLB
(weighted k=0.87). We also
demonstrate that EB-OCT procedural
and interpretation skills can easily be
acquired by physicians who are
unfamiliar with EB-OCT with
minimal training. These data support
EB-OCT as a low-risk, minimally
invasive method for the microscopic
diagnosis of ILD, as an adjunct to
high-resolution computed
tomography and an alternative

to SLB.

Interstitial lung disease (ILD) is a
heterogeneous group of diseases with
variable rates of progression and mortality
(1-3). Early, accurate diagnosis of the
various ILDs is critical to inform prognosis
and guide therapy (2, 3). Idiopathic
pulmonary fibrosis (IPF) is progressive and
fatal and has a poor prognosis (1).
Antifibrotic therapy (e.g., nintedanib,
pirfenidone) attenuates the rate of decline in
FVC in individuals with IPF and other
progressive fibrotic ILDs among patients
with restricted and preserved lung function
(4-8). For individuals with IPF, antifibrotic
therapy is the mainstay of treatment, and
immunosuppression is associated with an
increased risk of death and hospitalization
(2-9). For individuals with non-IPF fibrotic
ILDs, however, antifibrotic therapies are
often used in conjunction with immune
modulating therapy (6). Accordingly,
distinguishing between these diagnoses is
critical. Furthermore, antifibrotic therapy is
not curative, and early intervention is
essential to maximize the preservation of
lung function (7, 8).

ILD diagnosis requires a
multidisciplinary approach including
radiographic and/or pathologic assessments
(2, 3). IPF is characterized by a usual
interstitial pneumonia (UIP) pattern
visualized by high-resolution computed
tomography (HRCT) and histopathology (2,
3, 10-12). However, HRCT resolution
limitations hinder the ability to detect
microscopic features, such as honeycombing
and traction bronchiectasis <2 mm in
diameter, thus precluding a definitive
diagnosis in up to 40% of cases, especially in
patients with early UTP (2, 3, 12, 13). When
HRCT is inconclusive, surgical lung biopsy
(SLB) may be indicated for histopathologic
diagnosis (2, 3). Unfortunately, SLB carries
risk of morbidity and mortality in patients

with ILD, with mortality rates averaging 2%
for elective procedures (14, 15). These risks
mandate a cautious approach to employing
SLB for ILD diagnosis and categorically
preclude its use in patients with high-risk
features. Recently, transbronchial lung
cryobiopsy (TBLC) has emerged as a less
invasive alternative to SLB, with reported
agreement of up to 70.8% (14, 16, 17).
However, concerns regarding sampling
error, smaller biopsy size, interoperator
variability, and risk of pneumothorax and
bleeding have limited widespread use (14, 16,
17). Genomic classifiers performed on
transbronchial biopsy samples have shown
promising results in distinguishing UIP
from non-UIP ILD, with a reported
sensitivity and specificity of 70% and 88%,
respectively, for cases of UIP (18). However,
the classifiers are unable to provide
information on microscopic features in non-
UIP ILD cases.

There is a clear need for low-risk,
high-resolution imaging techniques to
assist in microscopic ILD diagnosis.
Endobronchial optical coherence
tomography (EB-OCT) is a minimally
invasive, real-time, optical imaging
modality that is operated through the
working channel of a standard diagnostic
bronchoscope and evaluates the
peripheral lung without tissue removal
(19, 20). EB-OCT uses endogenous tissue
contrast to provide in vivo three-
dimensional imaging in tissue volumes
much larger (~100 X ) than SLB, with
microscopic resolution (<10 pm) well
beyond HRCT capabilities (19-21).
EB-OCT can image many more distinct
sites than SLB and can be performed
under conscious sedation in a 10- to
15-minute flexible bronchoscopy
procedure, obviating the need for
mechanical ventilation (20, 22).
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Previous ex vivo and in vivo studies
indicate that EB-OCT has the potential to
serve as a low-risk method for the evaluation
and diagnosis of ILD without tissue removal
(20, 22-25). In a pilot study in five patients
with ILD undergoing diagnostic SLB for
clinical purposes, we preliminarily
demonstrated that EB-OCT can detect
microscopic features of UIP (20). Here, we
conduct a blinded, prospective study to
evaluate the diagnostic accuracy of EB-OCT
for microscopic ILD diagnosis as compared
with concurrent SLB and clinical follow-up
diagnosis. Some of the results of these
studies have been previously reported in the
form of abstracts (26-32).

Methods

Study Design and Subject Enroliment
In this comparative, blinded, prospective,
single-center diagnostic accuracy study,
inclusion criteria were as follows: 1) age >21
years, 2) fibrotic ILD based on HRCT with
unclear diagnosis, 3) SLB required for ILD
diagnosis based on the clinical decision of the
treating pulmonologist, and 4) ability to give
informed consent. Patients were excluded if
their health status precluded participation as
determined by the treating physician. Potential
subjects were identified from surgical
schedules and gave written informed consent
to participate in the study. All study-related
activities were Health Insurance Portability
and Accountability Act of 1996 (HIPAA)
compliant, and ethics approval was provided
by the Mass General Brigham Institutional
Review Board (Protocol #2015P001345).

EB-OCT Imaging and Lung
Biopsy Procedure
Subjects underwent EB-OCT during their
clinical bronchoscopy, immediately prior
to their SLB or TBLC. The bronchoscopist
operated the EB-OCT catheter and
received a 10-minute standardized
training, including how to navigate to and
image a sufficient number of lung regions.
Study physicians reviewed the most recent
HRCT images to identify anatomic
subsegmental regions of interest (ROIs)
for EB-OCT imaging based on areas of
interstitial abnormality. The number of
ROIs varied among subjects depending on
disease heterogeneity, with a minimum of
four ROIs selected per subject.

EB-OCT images were acquired using
either an in-house, custom-built OCT system
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or a commercial OCT system (Ninepoint
Medical Nvision), both of which consist of a
swept source laser (wavelength, 1,250-1,350
nm) with an axial resolution of 6 um and
penetration depth of up to 3 mm (19-21). A
flexible EB-OCT catheter (diameter, 1.65
mm) was advanced through the
bronchoscope working channel and
extended beyond the visualized region of
the bronchoscope until resistance was met
in the subpleural lung at each ROI. This
method for reaching the subpleural lung
was developed and validated in prior ex
vivo studies of EB-OCT in whole
explanted lungs, including lungs with ILD
(25). In two subjects, fluoroscopy was
performed at the discretion of the
bronchoscopist for the clinical biopsy
procedure, and the subpleural location of
the catheter was visually confirmed in
both cases.

Helical cross-sectional images were
acquired by rotating the inner optics of the
catheter at 12.8 to 66 frames per second. The
inner optics of the catheter were retracted
with pullback lengths of up to 9 cm (distance
over which EB-OCT cross-sectional images
were acquired), moving from distal to
proximal, generating a three-dimensional
helical volume of EB-OCT imaging data. The
inner optics were protected by a single-use,
sterilized, stationary outer sheath. No
moving catheter parts were in contact with
tissue during image acquisition. The image-
to-image spacing (or pitch) was 33 pm or 50
pm, depending on the system. EB-OCT data
were evaluated in real time during the
procedure by a pathologist experienced in
EB-OCT interpretation and ILD to confirm
catheter location in the subpleural lung and
ensure adequate image quality and data
acquisition for all ROIs.

EB-OCT Data Processing and
Interpretation

EB-OCT cross-sectional images were
generated from raw data sets and displayed
using a grayscale lookup table. Volumetric
representations were rendered using 3D
Slicer (version 4.11; https://www.slicer.org).
EB-OCT criteria (Table 1) were developed
from previous ex vivo and in vivo
comparative studies (20, 23-25) for
microscopic features of normal and
emphysematous parenchyma and histologic
fibrotic ILD patterns: UIP, nonspecific
interstitial pneumonia (NSIP), and airway-
centered fibrosis (ACF) (2, 3, 33).

A pathologist with expertise in ILD and
EB-OCT interpretation, referred to as the
expert EB-OCT reader, assessed the EB-OCT
data from each subject, blinded to
histopathology. The expert EB-OCT reader
was informed of the anatomic location of
each imaging site to assess disease
distribution. The expert EB-OCT reader
interpreted data from all ROI imaging sites
using the criteria in Table 1 to provide a
single diagnosis per subject: UIP, NSIP, ACF,
mixed ACF/NSIP, or mixed ACF/NSIP/UIP
pattern.

Histologic Interpretation
Corresponding lung biopsies were diagnosed
by a pathologist with expertise in thoracic
pathology at the time of biopsy as part of
standard clinical care. A second independent
pathologist with expertise in thoracic
pathology provided a diagnosis for each
subject (deidentified and labeled with a
unique study number) at the end of the
study. In cases of discrepancy between the
two diagnoses, a third independent
pathologist with expertise in thoracic
pathology provided a diagnosis, and a
majority diagnosis was determined. All
pathologists arrived at their diagnoses
independently and were blinded to EB-OCT
results and all prior histology interpretation.
All pathologists had experience in ILD and
used established criteria for the
histopathologic diagnosis of UIP pattern as
specified by the 2011 and 2018 American
Thoracic Society (ATS)/European
Respiratory Society/Japanese Respiratory
Society/Latin American Thoracic Society
Clinical Practice Guidelines and the 2018
Fleischer Society Guidelines for the diagnosis
of UIP/IPF (2, 3, 33). The criteria for the
diagnosis of a histopathologic UIP pattern is
consistent across the guidelines, and there
were no significant changes in the ATS
guidelines between 2011 and 2018 (2, 3, 33).

Clinical Follow-up Diagnosis

Each treating pulmonologist conducted a
systematic review of the clinical, HRCT, SLB,
and serology data to determine a clinical
follow-up diagnosis for each patient as a part
of clinical care. A multidisciplinary
discussion (MDD) conference was
conducted if deemed necessary. A separate,
independent pulmonologist reviewed all data
to confirm clinical follow-up diagnoses. All
pulmonologists were blinded to EB-OCT.
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Table 1. EB-OCT Imaging Features of Interstitial Lung Disease

Microscopic Feature

Normal lung parenchyma

Emphysema

Usual interstitial pneumonia

Destructive subpleural fibrosis

Microscopic honeycombing

Traction bronchiectasis

Spatial heterogeneity

Absence of features indicating alternative diagnosis
Nonspecific interstitial pneumonia

Nondestructive interstitial fibrosis

Mild traction bronchiectasis

Airway-centered fibrosis
Fibrosis centered on airway

Traction bronchiectasis

Peribronchiolar metaplasia

Hyperinflation

EB-OCT Imaging Feature

Regions of evenly spaced, small (150-500 pm), lattice-like,
signal-void (black) alveoli separated by thin, gray alveolar walls,
attached to the bronchiolar wall (Figure 2).

Enlarged (1.5-4.5 mm), irregular-shaped, signal-void (black)
alveolar airspaces, with thin, gray alveolar walls showing
evidence of fragmentation. Minimal to no fibrosis is present
(Figure 5).

Dense, homogeneous, signal-intense (gray to light gray)
subpleural tissue replacing normal, lattice-like, signal-void
(black) alveoli (Figures 3 and 4).

Irregularly shaped, signal-poor (black to dark gray), clustered,
dilated cystic structures (0.5-3 mm), with mildly thickened,
signal-moderate (gray) walls, embedded within dense, signal-
intense (gray to light gray) fibrosis. Cystic structures do not
connect to the main airway, distinguishing them from traction
bronchiectasis (Figures 3 and 4).

Cystic, dilated, and/or distorted, signal-void (black) airway branch
points that connect to the main airway, associated with signal-
intense (gray to light gray) fibrosis. May be present but is not
required or specific for usual interstitial pneumonia (Figure 4).

Regions of preserved alveolar, signal-void (black) parenchyma
adjacent to regions of destructive, signal-intense (gray to light
gray) fibrosis. May appear normal or with interstitial fibrosis in a
nonuniform nonspecific interstitial pneumonia—like pattern
(Figure 2).

Absence of conspicuous airway-centered fibrosis.

Evenly spaced signal-void (black) alveoli with mild, uniform signal-
intense (gray to light gray) thickening of alveolar walls, present
homogeneously throughout the parenchyma (Figure 6).

May be seen but is not required.

Dense, signal-intense (gray to light gray) fibrosis around airways,
with preserved alveolar architecture distal to the region of
fibrosis. Fibrosis may be either destructive or nondestructive of
attached signal-void (black) alveoli (Figure 7).

Frequently seen, often involving more proximal airway branch
points (Figure 7).

May be seen. Appears as small-sized, irregular, signal-poor (black
to dark gray) cystic structures immediately adjacent to proximal
traction bronchiectasis (Figure 7).

May be seen. Appears as enlarged, rounded, signal-void (black)
alveolar airspaces, with intact gray alveolar walls (Figure 7).

Definition of abbreviation: EB-OCT = endobronchial optical coherence tomography.

Training and Testing of Novice
EB-OCT Readers

To evaluate the ability of pathologists to learn
to interpret EB-OCT images, three board-
certified pathologists with expertise in ILD
and no prior experience with OCT imaging
(referred to as novice readers) were trained
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and tested on EB-OCT interpretation. After
completion of the initial study analysis by the
expert EB-OCT reader, the study data were
divided into training and testing data sets,
with each data set comprising 50% of the
study subjects, with equal proportions of
each ILD diagnosis. The novice pathologist

readers participated in a 3-hour training
session with the expert EB-OCT reader,
which covered the basic principles of
EB-OCT and the application of EB-OCT
imaging criteria for the diagnosis of UIP and
non-UIP ILD using subject cases from the
training data set. Following the training
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Subjects consented (n = 31)

» OCT system malfunction,

Excluded (n = 1)

no EB-OCT data

Y

Imaged with EB-OCT (n = 30)

> Inconclusive/Nondiagnostic
histopathological correlate

Excluded (n = 3)

Y

Assessed by expert EB-OCT

reader (n = 27)

Y

Assessed by novice EB-OCT

readers

Y

Y

UIP (n = 6)
Non-UIP ILD (n = 8)

Training dataset (n = 14)

UIP (n=6)

Testing dataset (n = 13)

Non-UIP ILD (n=7)

Figure 1. Flow diagram of study enrollment. EB-OCT = endobronchial optical coherence tomography; ILD = interstitial lung disease; UIP = usual

interstitial pneumonia.

session, the novice pathologist readers were
asked to independently evaluate the EB-OCT
data for each subject in the testing data set,
blinded to histopathology and the assessment
of the EB-OCT data by the expert reader.
The readers were informed of the anatomic
location of each imaging site to assess disease
distribution. Novice readers were asked to
interpret data from all ROI imaging sites
using the criteria in Table 1 to provide a
single diagnosis per subject of either UIP or
non-UIP ILD pattern.

Statistical Analysis
Based on UIP prevalence of 50%, in
accordance with data from our ILD center, a
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sample size of 24 subjects would enable an
estimation of sensitivity and specificity of at
least 90% for UIP, with 89% power and a
lower 95% confidence limit of at least 0.5 (34).
Primary endpoints were sensitivity and
specificity of EB-OCT for the diagnosis of
UIP and IPF, as compared to independently
evaluated histopathological diagnosis and
clinical follow-up diagnosis, respectively. UIP
was defined as EB-OCT or histopathology
with pure UIP, without mixed ACF pattern.
Gwet’s AC1 statistic was used to assess
interrater reliability among the novice
EB-OCT pathologist readers. The secondary
endpoint for the expert EB-OCT reader
was the agreement between the specific

fibrotic ILD pattern diagnosis based on EB-
OCT and that based on histopathology,
and ordinal categorical diagnoses were
compared with unweighted and
Cicchetti-Allison weighted Cohen’s k
statistic. All statistical analyses are
presented with 95% confidence intervals
(95% ClIs). All analyses were performed
using SAS software (version 9.4).

Results

Study Subject Cohort
Between November 2015 and March 2020,
31 patients with a low-confidence diagnosis

American Journal of Respiratory and Critical Care Medicine Volume 204 Number 10 | November 15 2021



Table 2. Baseline Patient Demographics and Characteristics for the EB-OCT Study Cohort

Sex
M
F
Age, yr
Body mass index, kg/m?
Smoking status
Never
Former
Current
Pack-years (former smokers)

Lung function measurements (all subjects, n=25)

FVC, % of predicted value
DLco, % of predicted value

Lung function measurements (subjects with UIP/IPF)

FVC, % of predicted value
DLco, % of predicted value

Lung function measurements (subjects without UIP/IPF)

FVC, % of predicted value
DLco, % of predicted value

Value

16 (59)
11 (41)
65.0 + 8.0
30.0+5.38

Definition of abbreviations: EB-OCT = endobronchial optical coherence tomography; ILD =

fibrosis; UIP = usual interstitial pneumonia.

interstitial lung disease; IPF=

idiopathic pulmonary

Data are shown as n (%) or mean = SD, unless otherwise stated. There is a statistically significant difference (P< 0.05) for comparisons of both
FVC and Dico (% predicted value) between UIP and non-UIP ILD.

or unclassifiable ILD were enrolled in the
study. Four patients were excluded (Figure
1): three due to inconclusive/nondiagnostic
biopsies and one due to a lack of EB-OCT
data owing to a minor system malfunction
prior to the study imaging procedure. Of the
three inconclusive/nondiagnostic cases, two
had lower lobe predominant disease as
assessed by HRCT but underwent upper
3lobectomy for resection of a lung nodule
that was concerning for malignancy, and
middle/lower lobe biopsies were not
obtained owing to patient safety concerns.
The third case was a patient with a
nondiagnostic TBLC specimen who declined
subsequent SLB. The remaining 27 subjects
were included in the analysis (Figure 1): 16
(59%) men and 11 (41%) women with a
mean age of 65.0 years (SD, 8.0). Of the 27
subjects, 16 (59%) were presented in MDD
conference by their treating pulmonologist.
Baseline patient characteristics are shown in
Table 2.

Patients generally had mild to moderate
impairment on lung function tests, with an
average percent-predicted FVC of 75.3%
(SD, 18.5) and an average Dic of 53.5%
(SD, 16.4). Patients who received a diagnosis
of UIP on SLB and IPF on clinical follow-up
had higher FVC and Drc( values than the
patients with non-UIP/IPF ILD (Table 2).
Twenty-four patients underwent SLB, and
three underwent TBLC. Only one TBLC was
diagnostic. The two patients for whom TBLC
was nondiagnostic underwent SLB 2 to 3
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months later, which was used as the EB-OCT
histologic comparator.

EB-OCT Imaging Procedure

Nine physicians (eight thoracic surgeons and
one interventional pulmonologist)
experienced in bronchoscopy underwent
training on EB-OCT imaging and
successfully performed EB-OCT. Of the nine
physicians, seven had no prior experience
with OCT imaging and two (one thoracic
surgeon and one interventional
pulmonologist) had previously performed
EB-OCT in patients with lung cancer with
central airway masses (fewer than 5 cases
each). There were no adverse events
associated with the EB-OCT imaging
procedure. The average bronchoscopy time
for EB-OCT was 9.5 minutes (SD, 4.22).
Volumetric EB-OCT was obtained from
multiple locations in the upper, middle, and
lower lung lobes (average, 6 EB-OCT ROI
imaging sites per patient; range, 1-9 sites),
with up to 8.7-cm-long pullback lengths per
ROI (average, 4 cm; SD, 1.5 cm). Each ROI
imaging site generated an average of 1,340
cross-sectional images, which were all
assessed for diagnosis. In two patients, only
one EB-OCT ROI was acquired because of
time constraints from a prolonged diagnostic
bronchoscopy prior to EB-OCT or EB-OCT
catheter malfunction after the first ROL In
both cases, interpretable EB-OCT data were

still obtained. In the remaining 25 patients, at
least four EB-OCT ROIs were acquired.

Histopathology and Clinical Follow-
up Diagnosis

On histopathology, 12 patients received a
diagnosis of UIP (44.5%) and 15 received a
diagnosis of non-UIP (55.5%): 3 as mixed
UIP/ACF/NSIP (11.1%), 1 as ACF (3.7%), 7
as mixed ACF/NSIP (25.9%), 3 as NSIP
(11.1%), and 1 as other (diffuse idiopathic
pulmonary neuroendocrine cell hyperplasia
with carcinoid tumorlets) (3.7%). In 19 cases
(70.4%), two independent pathologists
agreed on the diagnoses. In the remaining
eight cases (29.6%), a third independent
pathologist provided a diagnosis, and a
majority diagnosis was rendered. All patients
who received a diagnosis of histologic UIP
pattern were classified as having clinical IPF
by the treating pulmonologist.

Expert EB-OCT Reader Analysis

In the expert EB-OCT reader analysis,
EB-OCT diagnosis of UIP achieved a
sensitivity of 100% (95% CI, 75.8-100%) and
a specificity of 100% (79.6-100%) as
compared with the histopathologic diagnosis
of UIP and the clinical follow-up diagnosis of
IPF. The positive predictive value (PPV) and
negative predictive value (NPV) were both
100% for UIP and IPF, respectively. The raw
agreement between paired EB-OCT and
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Table 3. EB-OCT Diagnosis as Compared Independently with Histologic Diagnosis and Clinical Follow-up Diagnosis

EB-OCT Diagnosis

uiP
Mixed NSIP + ACF
ulp

ulp

ulp

ulp

UIP

Mixed ACF + NSIP

Mixed ACF + NSIP

Mixed NSIP + ACF

ulp

Mixed ACF + NSIP

Mixed ACF + NSIP + UIP

UIP

Mixed NSIP + ACF + UIP
UIP

uIp

NSIP

UIP

Mixed ACF + NSIP + UIP
Mixed ACF + NSIP

Mixed ACF + NSIP + UIP

ACF

Mixed ACF + NSIP

Mild ACF + NSIP;
small mass lesion in LLL

UIP
Mixed ACF + NSIP

Histopathology Diagnosis

uIP
Mixed NSIP and ACF
uIP

uIpP

uIp

uUIP

UIP

Mixed ACF + NSIP

Mixed ACF + NSIP

NSIP + ACF

uIP

Mixed ACF + NSIP

Mixed ACF + NSIP + UIP

uUIP

NSIP

uUIP

uiP

NSIP

uIP

Mixed ACF + NSIP + UIP
NSIP

Mixed ACF + NSIP +UIP

ACF

Mixed ACF + NSIP

Other (DIPNECH with carcinoid tumorlets)

UlP
Mixed ACF + NSIP

Clinical Follow-up Diagnosis

IPF
Likely FHP, but no antigen source identified

IPF (limited scleroderma likely unrelated
to UIP)

IPF

IPF

IPF

IPF

FHP

CTD-ILD (myositis)

Likely FHP, but no antigen source identified
IPF

Likely FHP, but no antigen source identified

Fibrotic ILD of unclear etiology, possibly from
inhalational exposure. Not IPF

IPF

FHP (bird exposure)

IPF

IPF

Idiopathic fibrotic NSIP

IPF

Likely FHP, but no antigen source identified
CTD-ILD (SLE)

Fibrotic ILD of unclear etiology, possibly from
inhalational exposure. Not IPF

Fibrotic ILD of unclear etiology, possibly from
inhalational exposure. Not IPF

Autoimmune-related ILD (IBD)
DIPNECH

IPF
CTD-ILD (myositis)

Definition of abbreviations: ACF = airway-centered fibrosis; CTD-ILD = connective tissue disease—related interstitial lung disease;

DIPNECH = diffuse idiopathic pulmonary neuroendocrine cell hyperplasia; EB-OCT = endobronchial optical coherence tomography; FHP = fibrotic
hypersensitivity pneumonitis; IBD = inflammatory bowel disease; IPF = idiopathic pulmonary fibrosis; LLL = left lower lobe; NSIP = nonspecific
interstitial pneumonia; SLE = systemic lupus erythematosus; UIP = usual interstitial pneumonia.

Table 4. EB-OCT Sensitivity and Specificity for Histopathologic UIP and Clinical IPF for Expert and Novice EB-OCT Readers

No. of Sensitivity Specificity PPV NPV
EB-OCT Reader Cases (95% Cl) (%) (95% Cl) (%) (95% Cl) (%) (95% Cl) (%)
Expert EB-OCT 27 (12 UIP/15 non-UIP ILD) 100 (75.8—100) 100 (79.6-100) 100 (73.5-100) 100 (78.2—100)
Nor\?iigeéB-OCT 13 (6 UIP/7 non-UIP ILD) 100 (54.1-100) 100 (59.0-100) 100 (54.1-100) 100 (59.0-100)
Nc:\?iggeéé-OCT 13 (6 UIP/7 non-UIP ILD) 100 (54.1-100) 100 (59.0-100) 100 (54.1-100) 100 (59.0-100)
Nor\(/aiggeEr%-OCT 13 (6 UIP/7 non-UIP ILD)  66.7 (22.3-95.7) 100 (59.0-100) 100 (39.8-100)  77.8 (40.0-97.2)
reader

Definition of abbreviations: Cl = confidence interval; EB-OCT = endobronchial optical coherence tomography; ILD = interstitial lung disease;
IPF = idiopathic pulmonary fibrosis; NPV = negative predictive value; PPV = positive predictive value; UIP = usual interstitial pneumonia.
All cases of histopathologic UIP on lung biopsy were determined to be clinical IPF.
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Figure 2. EB-OCT of alveolar lung parenchyma. (A) In vivo volumetric EB-OCT and (B and C) corresponding cross-sectional EB-OCT images
from the upper lobe show alveolated lung parenchyma with minimal fibrosis. Alveoli appear as round, evenly spaced and sized, signal-void
(black) structures with thin, lattice-like alveolar walls attached to the thin distal bronchiolar wall. (D) Representative histology from the surgical
lung biopsy confirms regions of preserved lung parenchyma with minimal interstitial fibrosis. The EB-OCT cross-sections in B and C are taken
from the locations on the volumetric image (A) indicated by the blue and yellow squares, respectively. a = alveoli; aw = alveolar walls;
EB-OCT = endobronchial optical coherence tomography.

histopathologic diagnosis of specific ILD
fibrosis patterns was 84.0% (95% CI,
66.7-100.0%), with a Cicchetti-Allison
weighted k of 0.87 (95% CI, 0.72-1.0) and an
unweighted k of 0.84 (95% CI, 0.68-1.0).
EB-OCT image interpretation by the expert
reader, histopathology diagnosis, and clinical
follow-up diagnosis for all subjects are
presented in Table 3.

Novice EB-OCT Reader Analysis

In the novice EB-OCT pathologist reader
analysis (Table 4), two readers achieved a
sensitivity of 100% (95% CI, 54.1-100%) and
a specificity of 100% (95% CI, 59.0-100%)
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for the histopathologic diagnosis of UIP and
the clinical follow-up diagnosis of IPF. The
PPV and NPV in comparison with
histopathologic diagnosis and clinical follow-
up were both 100% for UIP and IPF,
respectively. The third novice pathologist
reader achieved a sensitivity of 66.7% (95%
CI, 22.3-95.7%) and a specificity of 100%
(95% CI, 59.0-100%) as compared with the
histopathologic diagnosis of UIP and the
clinical follow-up diagnosis of IPF. The PPV
was 100% and the NPV was 77.8% in
comparison with histopathologic diagnosis
of UIP and clinical follow-up diagnosis of
IPF. Interrater reliability for the three novice

EB-OCT pathologist readers was 0.80
(P < 0.0001), indicating strong agreement
among the novice readers.

EB-OCT Case Examples

Example EB-OCT images from the spectrum
of fibrotic ILD patterns are presented in
Figures 2-7. Figures 2 and 3 are from a 64-
year-old man who received a diagnosis of
IPF. EB-OCT visualized intact alveolar lung
parenchyma in the upper lobe (Figure 2) and
UIP features in the lower lobe (Figure 3). On
subsequent SLB, there was dense, destructive,
subpleural fibrosis with infrequent cystic
structures, consistent with microscopic
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Figure 3. EB-OCT of UIP in a patient ultimately diagnosed with histopathologic UIP and clinical IPF. (A) /n vivo volumetric EB-OCT and (B and
C) corresponding cross-sectional EB-OCT images from the lower lobe of the same patient in Figure 2 show features of UIP. Dense, signal-
intense (light gray to white) subpleural fibrosis has obliterated alveolar structures. Embedded within the fibrosis are clusters of enlarged,
irregularly shaped, stacked, signal-poor (black to dark gray) cystic structures, consistent with microscopic honeycombing. (D) Subsequent
surgical lung biopsy confirms dense, destructive subpleural fibrosis with infrequent, individual cystic honeycomb-like structures. The consensus
histopathologic diagnosis was UIP, but there was wide discrepancy among the reviewing pathologists, owing primarily to the absence of
honeycombing. The diagnosis of UIP was ultimately confirmed 3 years later on surgical explant lung histology at the time of lung transplantation,
and the patient was clinically diagnosed with IPF. The EB-OCT cross-sections in B and C are taken from the locations on the volumetric image
(A) indicated by the blue and yellow squares, respectively. EB-OCT = endobronchial optical coherence tomography; F =fibrosis;

HC =microscopic honeycombing; IPF =idiopathic pulmonary fibrosis; UIP = usual interstitial pneumonia.

honeycombing (Figure 3D). The
histopathologic majority diagnosis was UIP,
but there was wide discrepancy among the
reviewing pathologists primarily due to the
sparsity of honeycombing. Three years later,
a diagnosis of UIP was made on surgical
explant lung histology at the time of lung
transplantation, and, subsequently, the
patient was clinically diagnosed with IPF.

In an example of combined
pulmonary fibrosis with emphysema from
a 77-year-old man (Figures 4 and 5),
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EB-OCT from the basilar segment of the
lower lobe visualized UIP features (Figure
4). EB-OCT from the upper lobe and the
superior segment of the lower lobe (Figure
5) showed alveolated lung parenchyma
with enlarged alveolar spaces and
fragmented alveolar walls, consistent with
emphysema. SLB confirmed the diagnoses
of UIP and emphysema, and the clinical
follow-up diagnosis was IPF in a patient
with combined pulmonary fibrosis with
emphysema.

NSIP is a fibrotic ILD pattern that can
be seen idiopathically or in the setting of
fibrotic hypersensitivity pneumonitis (FHP)
or connective tissue disease related ILD
(CTD-ILD). EB-OCT images from a 65-
year-old woman showed features of NSIP
(Figure 6) with preserved alveolar
architecture and mild, homogeneous fibrotic
thickening of interstitial alveolar walls. SLB
confirmed the diagnosis of NSIP.

ACF is a fibrotic ILD pattern that can be
seen in FHP, CTD-ILD, and aspiration,
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Figure 4. EB-OCT of UIP in a patient with combined pulmonary fibrosis and emphysema. (A) In vivo volumetric and (B and C) cross-sectional
EB-OCT images from the basilar segment of the lower lobe show features of UIP, including microscopic honeycombing embedded in a
background of dense, destructive subpleural fibrosis. A region of traction bronchiectasis can be seen as an abnormally dilated, tortuous airway
branch point with fibrosis and some adjacent preserved alveolar spaces. (D) Corresponding surgical lung biopsy shows dense destructive
fibrosis with microscopic honeycombing. The clinical follow-up diagnosis was idiopathic pulmonary fibrosis with emphysema, also known as
combined pulmonary fibrosis and emphysema. The EB-OCT cross-sections in B and C are taken from the locations on the volumetric image (A)
indicated by the blue and yellow squares, respectively. a = preserved alveolar spaces; EB-OCT = endobronchial optical coherence tomography;
F =fibrosis; HC = microscopic honeycombing; TB =traction bronchiectasis; UIP = usual interstitial pneumonia.

either as pure ACF or mixed with regions of
UIP pattern. Typically, the presence of
conspicuous ACF on histology argues against
a diagnosis of IPF. Figure 7 illustrates an
example of ACF in a 69-year-old woman.
EB-OCT showed fibrosis surrounding the
proximal end of the airway with traction
bronchiectasis and associated
peribronchiolar metaplasia. There is a
transition distally to alveolated parenchyma,
with enlarged, rounded airspaces and intact
alveolar walls, indicative of hyperinflation.
SLB confirmed the diagnosis of ACF ILD.
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Discussion

Early, accurate diagnosis of ILD is critical
for clinical management, prognostication,
and therapeutic decision-making. The
current standard diagnostic methods have
limited resolution or carry risks of
morbidity and mortality (2, 3, 12-17). Here,
we demonstrate that EB-OCT accurately
distinguishes UIP from non-UIP ILDs, with
a sensitivity and specificity of 100% for
histopathologic UIP and clinical IPF, and
that EB-OCT diagnoses specific fibrotic ILD

patterns with a high agreement with
corresponding SLB (weighted k = 0.87). We
also demonstrate that EB-OCT procedural
and interpretation skills can easily be
acquired with minimal training by
physicians who are unfamiliar with
EB-OCT. We successfully trained nine
bronchoscopists to obtain adequate
EB-OCT data in <10 minutes per patient
and trained three pathologists to interpret
EB-OCT data, with two pathologists
achieving a sensitivity and specificity of
100% for histopathologic UTP and clinical
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Figure 5. EB-OCT of emphysema in a patient with combined pulmonary fibrosis and emphysema. (A) In vivo volumetric and (B and C) cross-
sectional EB-OCT images from the superior segment of the lower lobe in the same patient as Figure 4 show emphysema, demonstrated as
irregularly shaped, abnormally enlarged airspaces with focal destruction of alveolar walls. Fibrosis was minimal. (D) Corresponding surgical lung
biopsy confirms the presence of emphysema. The emphysematous changes are distinguishable from usual interstitial pneumonia seen in the
patient’s lower lobe basilar segment (Figure 4). The clinical follow-up diagnosis was idiopathic pulmonary fibrosis with emphysema, also known
as combined pulmonary fibrosis and emphysema. The EB-OCT cross-sections in B and C are taken from the locations on the volumetric image
(A) indicated by the blue and yellow squares, respectively. CPFE = combined pulmonary fibrosis and emphysema; ea = enlarged airspaces; EB-
OCT = endobronchial optical coherence tomography.

IPF. These data support EB-OCT as a low-
risk, minimally invasive method for the
microscopic diagnosis of ILD, as an adjunct
to HRCT and an alternative to SLB (Figure
8), that has the potential for widespread use.
The ability to accurately diagnose and
subtype ILD—especially IPF—at early
disease stages is paramount to optimizing
treatment. The INBUILD trial demonstrated
that antifibrotic therapy, nintedanib,
preserves lung function in individuals with
UIP and those with other progressive fibrotic
ILDs. However, the use of concurrent
immunosuppressive therapy should be
limited to patients with non-IPF ILD (6, 9).
Additionally, studies have shown that
antifibrotic therapies slow the rate of FVC
decline in patients with UIP/IPF with
preserved lung function (7, 8). Therefore, it is
anticipated that antifibrotic therapy initiated
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at early disease stages will have further
protective effects against pulmonary function
decline and will, therefore, have further
clinical benefits for patients. This requires a
diagnosis in the early disease stages, when
features distinguishing the different types of
fibrotic ILDs may not be identifiable on
HRCT (10-13). In this study, participants
with UIP had relatively preserved lung
function without macroscopic honeycomb
cysts on HRCT, demonstrating that EB-OCT
may be useful for diagnosing early ILD with
minimal risk.

EB-OCT is inherently safer than SLB
and TBLC, because no tissue removal is
required (14-17). There were no adverse
events associated with EB-OCT use in this
study. Previously, we have shown that
EB-OCT can be safely performed during a
10- to 15-minute flexible bronchoscopy

under conscious sedation (22). This removes
the requirement for mechanical ventilation
or general anesthesia that contributes to the
risks of morbidity associated with SLB in
patients with ILD. Here, we conducted
EB-OCT in an average of 9.5 minutes per
patient, including intraprocedural EB-OCT
adequacy evaluation and time for occasional
instances requiring catheter repositioning.
This is significantly less time than is needed
for standard SLB procedures and,
accordingly, reduces the risk to the patient.
Although our study represents data
from a single center, our results indicate that
other physicians can easily be trained to
acquire and interpret EB-OCT data, thus
suggesting that this technique could be
readily expanded to other sites. In the TBLC
literature, interoperator variability has been
identified as a potential cause of variable
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Figure 6. EB-OCT in a patient with NSIP. (A) In vivo volumetric and (B and C) cross-sectional EB-OCT images show preserved alveolar
architecture with mild, homogeneous fibrotic thickening of the interstitial alveolar walls, consistent with NSIP. A small normal bronchiolar airway
branch point can also be seen. (D) Subsequent surgical lung biopsy confirms homogeneous interstitial fibrosis and the diagnosis of NSIP. The
EB-OCT cross-sections in B and C are taken from the locations on the volumetric image (A) indicated by the blue and yellow squares,
respectively. b =bronchiolar airway branch point; EB-OCT = endobronchial optical coherence tomography; IF = interstitial fibrosis in alveolar

walls; NSIP = nonspecific interstitial pneumonia.

rates in diagnostic accuracy and adverse
events (14, 16, 17). Here, we found that a
10-minute training in EB-OCT imaging
acquisition was sufficient for nine physicians,
who had little to no prior experience with
OCT imaging, to collect interpretable data
for all patients. The ease of performing
EB-OCT will aid in standardizing the
procedure for future multicenter use.
Although the study initially used one expert
EB-OCT reader, because of the need for
expertise in both ILD and EB-OCT, we
demonstrated that pathologists without prior
experience with OCT can successfully
interpret EB-OCT images after a 3-hour
training session. In our study, two of the
novice EB-OCT readers achieved a sensitivity
and specificity of 100% for histopathologic
UIP and clinical IPF. Although a third novice
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EB-OCT reader achieved a lower sensitivity
(66.7%), specificity was still 100% for
histopathologic UIP and clinical IPF. We
anticipate that additional training and
experience with EB-OCT would likely
improve interpretation skills. The study
sample size was not sufficient to allow for
adequate training and testing of the novice
pathologist readers on specific fibrotic ILD
patterns within the non-UIP ILD category.
However, because the EB-OCT imaging
features are direct correlates of
histopathologic features, we do not anticipate
difficulty in training ILD pathology experts
to identify specific fibrotic ILD patterns, and
we will evaluate this in future, larger-scale
studies.

EB-OCT imaging data are presented in
real time. This feature allows for the

intraprocedural assessment of EB-OCT
images, helping to ensure that sufficient
data are obtained for diagnosis and avoid
the need for repeat or more invasive
procedures. In this study, a pathologist
with expertise in ILD and EB-OCT
interpretation was present during the
procedure to confirm subpleural
positioning of the EB-OCT catheter at the
beginning of each scan and to ensure
adequate data quality and sampling of
anatomic sites for diagnosis. We anticipate
that pathologists trained in EB-OCT
interpretation—such as the novice EB-OCT
readers trained in this study—may provide
intraprocedural consultation on imaging
quality and adequacy, similar to frozen
section evaluation of SLB. Moreover, we
have previously shown that pulmonologists
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Figure 7. EB-OCT in a patient with airway-centered fibrosis. (A) /n vivo volumetric and (B and C) cross-sectional EB-OCT from the lower lobe of
a patient shows dense, signal-intense fibrosis surrounding the proximal end of the airway (left side). Traction bronchiectasis within the fibrotic
region appears as a cystically dilated, irregular airway branch point. Adjacent, smaller, irregular cystic structures are indicative of

peribronchiolar metaplasia, often associated with traction bronchiectasis in airway-centered fibrosis. Distal to the airway-centered fibrosis, there
is a transition to alveolated parenchyma with enlarged, rounded airspaces and intact alveolar walls, indicative of hyperinflation. (D) Surgical lung
biopsy confirmed the diagnosis of airway-centered fibrosis with traction bronchiectasis, peribronchiolar metaplasia, and enlarged airspaces with
intact alveolar walls. The EB-OCT cross-sections in B and C are taken from the locations on the volumetric image (A) indicated by the blue and

yellow squares, respectively. ea =enlarged, rounded airspaces; EB-OCT = endobronchial optical coherence tomography; F =fibrosis;
PBM = peribronchiolar metaplasia; TB = traction bronchiectasis.

without OCT experience can be trained to
interpret OCT imaging in lung cancer,
with a sensitivity and specificity >90%
(23). In future studies, we plan to train
bronchoscopists to assess EB-OCT data for
adequacy.

ILD is notoriously heterogeneous (2, 3,
35). Owing to the large sampling volume and
number of sites imaged, EB-OCT is
potentially less likely to suffer from the
sampling error that occurs in SLB and TBLC.
We navigated to and conducted EB-OCT in
diseased regions in all lung lobes without
difficulty, including assessing multiple
locations within the same lobe and across
multiple lobes in both lungs, neither of which
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can be done easily with SLB or TBLC. In 25
patients, we collected four to nine EB-OCT
imaging sites per patient. In two cases, we
demonstrated sampling superior to the
concurrent lung biopsy sample. In one
patient, EB-OCT detected UIP features
including microscopic honeycombing,
whereas the SLB result was more ambiguous,
leading to a consensus diagnosis of UIP but
with varying opinions among the reviewing
pathologists. The diagnosis of UIP was
ultimately confirmed 3 years later, on
surgical explant lung histology at the time of
lung transplantation. In a second case, UIP
was diagnosed by EB-OCT when the
concurrent TBLC specimen was

nondiagnostic. A subsequent SLB later
confirmed the diagnosis of UIP. IPF was
diagnosed in both patients on clinical
follow-up.

Despite the relatively small sample
size, this study was adequately powered to
assess the sensitivity and specificity of
EB-OCT for the diagnosis of UIP on SLB
and IPF on clinical follow-up (34). We
demonstrated high agreement (weighted
k =0.87) between EB-OCT and SLB for the
diagnosis of microscopic fibrotic ILD
pattern, which is a critical element in
MDD for ILD diagnosis. However, we did
not have a sufficient sample size to assess
the accuracy of diagnosing specific non-
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of HRCT

Indeterminate UIP o

If clinically
indicated

If clinically

indicated

Figure 8. Flow diagram of potential incorporation of EB-OCT in clinical ILD diagnostic workflow. EB-OCT = endobronchial optical coherence
tomography; HRCT = high-resolution computed tomography; ILD = interstitial lung disease; IPF = idiopathic pulmonary fibrosis; SLB = surgical
lung biopsy; TBLC = transbronchial lung cryobiopsy; UIP = usual interstitial pneumonia.

UIP/IPF ILD entities, such as FHP or
CTD-ILD cases. We will investigate this in
future, larger-scale, multicenter studies.

EB-OCT could be combined with TBLC
for targeted tissue sampling based on
EB-OCT-detected abnormality. An
illustrative example from our cohort is the
case of diffuse idiopathic pulmonary
neuroendocrine cell hyperplasia with
carcinoid tumorlets diagnosed on SLB.
EB-OCT in this patient showed mild ACF
with hyperinflation and a small, mass-like
lesion within the airway, which, in retrospect,
was likely a carcinoid tumorlet. Although
EB-OCT alone could not identify the small
airway lesion as a carcinoid tumorlet, pairing
it with TBLC could allow for targeted
sampling of the mass and airway narrowing
for diagnosis. Similarly, combining EB-OCT
with genomic classifiers may also provide
additional diagnostic information (18). In
future studies, we aim to investigate EB-OCT
with guided TBLC sampling for ILD
diagnosis.

Although MDD is generally
considered the gold standard for ILD
diagnosis, our aim was to evaluate EB-OCT
as a possible alternative to SLB (2, 3).
Accordingly, we selected our primary
comparator to be SLB diagnosis. Given the
novelty of EB-OCT at this time, MDDs
could not be reasonably expected to
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appropriately integrate EB-OCT into their
assessment. In lieu of MDD, we compared
EB-OCT diagnosis against independent
clinical follow-up diagnosis from the
patients’ treating pulmonologists, the
majority of which were presented at MDD
conference. Similarly, an adaptation of
EB-OCT to the 2018 ATS and Fleischner
Society guideline histopathology categories
(Probable UIP, Indeterminate for UIP, and
Alternative Diagnosis) (2, 3) would have
been challenging because of the novelty of
the modality. In future studies, we will
create a training data set from the results of
this study to train MDD participants and
test with a separate validation data set to
compare the impact of EB-OCT with that
of SLB in MDD assessment of ILD. We
will also adapt the 2018 ATS and Fleischner
Society UIP categorization for EB-OCT
assessment (2, 3).

There were some limitations to our
study. A minor OCT system malfunction
immediately before bronchoscopy/SLB
prohibited the collection of EB-OCT data in
one patient, while an EB-OCT catheter
malfunction during the imaging procedure
limited the amount of data collected in a
second patient. These events are rare and are
unlikely to be recurring issues, as
demonstrated by successful EB-OCT
imaging in the remaining cases. Although the

study was limited to a single site, the patients
enrolled were referred for lung biopsy by six
different treating pulmonologists, which
reduces potential practice bias from any
single provider. Furthermore, we successfully
trained nine bronchoscopists and three
pathologists, all with little to no prior OCT
experience, to obtain adequate EB-OCT
imaging data with no adverse events and to
interpret EB-OCT imaging data with high
sensitivity and specificity for UIP. We
anticipate that we would achieve similar
results when training bronchoscopists and
pathologists at other institutions. However,
future multicenter studies will need to be
performed to confirm that the findings in
this study can be replicated at other
institutions.

Given its low-risk nature, other
potential uses of EB-OCT may be explored
in the future for research and/or clinical
purposes. Repeat, longitudinal EB-OCT
imaging may be useful to assess disease
progression over time, either to study
natural history of disease development in
untreated patients or to study therapeutic
response in patients using therapy.
EB-OCT may also have utility in assessing
asymptomatic patients with interstitial
lung abnormalities on HRCT as a method
of identifying microscopic features of
progressive fibrosis and could therefore
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potentially identify which patients may
benefit from early therapeutic
intervention.

Conclusions

This study provides evidence supporting the
utility of EB-OCT as a safe, low-risk method
for the microscopic diagnosis of ILD,
particularly for the diagnosis of
histopathologic UIP and clinical IPF. The

findings in this study support the use of
EB-OCT as a potential future part of ILD
diagnostic work-up (Figure 8), as a
complement to HRCT and an alternative to
SLB. Additional, larger-scale multicenter
studies will need to be performed to confirm
that the findings of this study can be
replicated at other institutions and to further
evaluate the role of EB-OCT for the
diagnosis of non-UIP ILDs. M
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