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      Solitary pulmonary nodules (SPNs) detected by 
CT scan frequently require biopsy for tissue diag-

nosis. SPNs may be assessed via transthoracic fi ne-
needle aspiration, which has high diagnostic yields 
but increased risk of pneumothorax.  1,2   Transbronchial 
needle aspiration (TBNA) may also be used to obtain 
tissue, with a lower risk of pneumothorax, but has var-
iable diagnostic yield (14%-63%, depending on the 
size and location of the nodule).  1-4   The use of endo-
bronchial ultrasound or electromagnetic navigation 
increases diagnostic yield, but the yields are still low, 
particularly for lesions  �  2.0 cm in diameter (33%-

56%).  1-7   The addition of high-resolution imag ing at 
the tip of the TBNA needle could further increase 
the diagnostic yield of endobronchial ultrasound or 
electromagnetic navigation-guided biopsy by confi rm-
ing the needle placement within the target nodule 
prior to biopsy specimen acquisition. 

 Optical coherence tomography (OCT) is a nonde-
structive optical imaging modality that provides high-
resolution, cross-sectional images of tissue microstructure 
at penetration depths approaching 2 to 3 mm.  8-14   The 
resolution ( ,  10  m m) is comparable to low-power 
( 3  4), bright-fi eld microscopy. These modalities have 

  Background:    Solitary pulmonary nodules (SPNs) frequently require transbronchial needle aspira-
tion (TBNA) or biopsy to determine malignant potential, but have variable diagnostic yields. Con-
fi rming needle placement within SPNs during TBNA could signifi cantly increase diagnostic yield. 
Optical coherence tomography (OCT) provides nondestructive, high-resolution, microstructural 
imaging with potential to distinguish SPN from parenchyma. We have developed needle-based 
OCT probes compatible with TBNA. Before OCT can play any signifi cant role in guiding clinical 
TBNA, OCT interpretation criteria for differentiating SPN from lung parenchyma must be devel-
oped and validated. 
  Methods:    OCT of SPN and parenchyma was performed on 111 ex vivo resection specimens. 
OCT criteria for parenchyma and SPN were developed and validated in a blinded assessment. 
Six blinded readers (two pulmonologists, two pathologists, and two OCT experts) were trained on 
imaging criteria in a 15-min training session prior to interpreting the validation data set. 
  Results:    OCT of lung parenchyma displayed evenly spaced signal-void alveolar spaces, signal-intense 
backrefl ections at tissue-air interfaces, or both. SPNs lacked both of these imaging features. Inde-
pendent validation of OCT criteria by the six blinded readers demonstrated sensitivity and spec-
ifi city of 95.4% and 98.2%, respectively. 
  Conclusions:    We have developed and validated OCT criteria for lung parenchyma and SPN with 
sensitivity and specifi city  .  95% in this ex vivo study. We anticipate that OCT could be a useful 
complementary imaging modality to confi rm needle placement during TBNA to potentially increase 
diagnostic yield.    CHEST 2013; 144(4):1261–1268   
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 Materials and Methods 

 Ex Vivo Image Criteria Development and Validation 

  Specimens:   Fresh lung samples (111 tissue samples: 56 lung 
parenchyma and 55 SPN samples) from 48 ex vivo surgical and 
autopsy specimens were imaged with OCT. The Partners Human 
Research Committee Institutional Review Board   approved this 
study (protocol number: 2010-P-002214/1). 

  Imaging System for Ex Vivo Imaging:   The technical details of 
OCT have been described previously.  11,12   Briefl y, the OCT system 
consists of a broadband wavelength-swept laser source (1,250-
1,350 nm) at an A-line rate of 40 kHz. The axial resolution was 
6  m m in tissue.  11,12   OCT images were obtained at 10 to 50 frames 
per second with either a custom-built, 2.4 to 5.1 F (0.8-1.7 mm 
diameter), helical scanning catheter or a dual-axis, benchtop scan-
ner. Lung specimens were infl ated during imaging with room air 
to 20 cm H 2 O when possible. In the infl ated lung specimens, 
images were collected transpleurally with the OCT catheter passed 
through a 15-gauge needle. In the samples imaged with needle-based 
OCT, needle localization within a lung nodule was confi rmed via 
gross assessment and collection of tissues surrounding the needle 
subsequent to imaging. After imaging, tissues were fi xed in for-
malin and submitted for histology for all specimens. 

  OCT Criteria Development and Training:   A single SPN 
image and an uninfl ated lung parenchyma image were selected 
to develop OCT image interpretation criteria. Six blinded readers 
(two pathologists, two pulmonologists, and two OCT experts) 
were trained on the imaging criteria with these two selected images 
in a 15-min formal training session. The training images are dis-
played in  Figure 1  and appear as they did in the training session.  

  Pathologic Interpretation of OCT Validation Data:   Of the total 
111 OCT images included in the study, two were used as training 
images. The training images were excluded from the validation 
set, which consisted of the remaining 109 images. The readers 
were blinded, and they independently reviewed the validation 
cases off-line. Readers were allowed to refresh themselves on the 
training images prior to interpretation of the validation set, but 
were not allowed access to the training images while interpreting 
the validation data set. Readers were instructed to record a single 
diagnosis of either SPN or lung parenchyma for each image. The 
length of time to complete interpretation was recorded for each 
reader and included both the time to interpret and record answers 
for all images. Histologic diagnoses of lung parenchyma or SPN 
were evaluated by an independent pathologist. 

 Statistics 

 The accuracy, sensitivity, and specifi city of OCT criteria for 
differentiating SPNs from lung parenchyma were calculated by 
comparison with corresponding histologic diagnosis. The OCT 
interobserver variability among blinded OCT readers was quanti-
fi ed by the Cohen  k appa test of concordance. All continuous var-
iables are expressed as mean  �  SD. 

 Results 

 OCT Criteria Development for SPN and 
Lung Parenchyma 

  Table 1  summarizes the OCT interpretation crite-
ria for lung parenchyma and SPN.  The OCT inter-
pretation criteria for lung parenchyma included the 

been used with high accuracy in a wide variety of clin-
ical applications, including catheter-based cardiovas-
cular  11,15-23   and GI  9,11,24-29   imaging. 

 Bronchoscopic OCT imaging has been evaluated 
in ex vivo and in vivo lung pathology  30-39   and is capa-
ble of visualizing the fi ne features of normal airway 
layering and alveolar attachments. OCT imaging can 
identify pathologic changes, including preinvasive and 
preneoplastic airway lesions.  35   An ex vivo study with 
precisely matched OCT and histology described ini-
tial OCT features for common pulmonary pathol-
ogies, including airway-based and peripheral lung 
lesions.  37   

 Needle-based OCT catheters have been devel-
oped.  38-43   Needle-based devices require fl exibility to 
be compatible with standard bronchoscopes and/or 
TBNA needles. The previously developed OCT cath-
eters are not capable of imaging and acquiring tis-
sue through the same needle. We have developed a 
novel, fl exible, transbronchial OCT (TB-OCT) cath-
eter that is compatible with standard bronchoscopic 
TBNA needles and is capable of imaging and acquir-
ing tissue through the same needle.  44   We anticipate 
that when the TB-OCT catheter is used as a com-
plement to existing technologies, it will result in an 
increased diagnostic yield by confi rming needle place-
ment in real time prior to tissue acquisition. However, 
before OCT can play any signifi cant role in guiding 
clinical TBNA, OCT imaging criteria for lung paren-
chyma and SPN must be developed and validated. 
In this study, we developed and validated OCT inter-
pretation criteria for parenchyma and SPN in an ex 
vivo, blinded assessment with six independent readers, 
includ ing pulmonologists, pathologists, and OCT 
experts. 
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 In the needle-based OCT images of ex vivo human 
lung parenchyma ( Fig 2 ), the alveoli display both of 
the OCT interpretation criteria for lung parenchyma. 
These alveoli have a larger diameter than seen in nor-
mal lung parenchyma due to emphysematous changes 
( Figs 2A, 2B, 2E ). 

 A transition from SPN (adenocarcinoma) to lung 
parenchyma is demonstrated in  Figure 2C . The ex vivo, 
needle-based OCT images of SPN lack both signal-
void alveoli and signal-intense backrefl ections from 
tissue-air interfaces ( Fig 2C , left side;  Fig 2F ). On 
the right-hand side of the longitudinal image ( Fig 2C ), 
there is a transition to hemorrhagic parenchyma, where 
signal-void alveoli are visualized with signal-intense 
backrefl ections from the tissue-air interfaces. The loca-
tion of the transition from SPN to lung parenchyma 
was confi rmed with histology ( Fig 2D ). 

 Blinded OCT Criteria Validation for SPNs and 
Lung Parenchyma 

 The clinical and specimen information for the ex vivo 
validation data set are summarized in  Table 2 .  The 
55 lung parenchyma cases were obtained from 17 lung 

presence of evenly spaced, signal-void alveolar spaces 
and/or evenly spaced, high signal-intensity backre-
fl ections at tissue-air interfaces ( Figs 1A ,  2A, 2E   ).  
Atelectatic lung parenchyma was characterized by 
evenly spaced, high signal-intensity backrefl ections 
from collapsed alveolar walls but had a paucity of 
signal-void alveolar spaces ( Fig 1A ). 

 The OCT interpretation criteria for SPNs were the 
lack of both evenly spaced, signal-void alveoli and evenly 
spaced, high signal-intensity backrefl ections seen in 
lung parenchyma ( Fig 1B ). Typically, SPNs displayed 
a more homogenous appearance than lung paren-
chyma; however, fi ne-scale heterogeneities were pre-
sent within nodules, the presence and characteristics 
of which varied based on the underlying pathology.  37   

  Figure  1. Training   images. Ex vivo optical coherence tomography (OCT) images of uninfl ated lung 
parenchyma and solitary pulmonary nodule (SPN). A, OCT image of uninfl ated lung parenchyma obtained 
with a benchtop OCT system. The OCT imaging features of lung parenchyma are present, such as 
evenly spaced, signal-void alveolar spaces (regions in red boxes), some of which are larger in diameter 
when emphysematous change is present (region in blue box). Evenly spaced, signal-intense backrefl ec-
tions can be seen both in infl ated and uninfl ated alveoli (green arrows). B, OCT image of a lung nodule 
obtained with a benchtop OCT system. OCT interpretation criteria for SPNs include the lack of both 
evenly spaced, signal-void alveolar spaces and signal-intense backrefl ections. Scale bars: 2 mm.   

 Table 1— OCT Interpretation Criteria for Lung 
Parenchyma and SPN  

Tissue Type OCT Interpretation Criteria

Lung   parenchyma  1. Signal-void alveolar spaces and/or
2. Evenly spaced, high 
 signal-intensity backrefl ections

SPN Lack of 1 and 2

OCT  5  optical coherence tomography; SPN  5  solitary pulmonary nodule.
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  Figure  2. Ex vivo, transpleural, needle-based OCT image of infl ated lung parenchyma and SPN. 
A, OCT longitudinal image of lung parenchyma away from pulmonary nodule, longitudinal section. 
B, Corresponding histology   of lung parenchyma (hematoxylin and eosin). C, OCT longitudinal image 
of transition between SPN (adenocarcinoma, left of left line) and hemorrhagic parenchyma (right of 
right line). D, Corresponding histology   demonstrating the transition between SPN (adenocarcinoma, 
left of left line) and hemorrhagic parenchyma (right of right line) (hematoxylin and eosin). Scale bars: 4 mm. 
E, Cross-sectional OCT image of lung parenchyma. F, Cross-sectional OCT image of pulmonary nodule 
(tick marks: 500  m m). See Figure 1 legend for expansion of abbreviations.   



journal.publications.chestnet.org CHEST / 144 / 4 / OCTOBER 2013   1265 

26 min for 109 images) and 19 s/image for both the 
pulmonologists and pathologists (total: 35.3 min for 
109 images). 

  Table 4  summarizes the false-positive and false-
negative cases in the validation data set.  There were 
four false-positive cases, which included three cases of 
uninfl ated lung parenchyma and one of infl ated lung 
parenchyma. Of the false-positive uninfl ated paren-
chyma cases, one case was missed by two readers, 
whereas the other two cases were missed by one reader 
each. There were nine false-negative cases, which 
included fi ve adenocarcinomas, one mucoepidermoid 
carcinoma, one hamartoma, one squamous cell carci-
noma, and one metastatic osteosarcoma. In the false-
negative adenocarcinoma cases, all the cases displayed 
small, atypical gland formation in the imaging fi eld 
and two of the fi ve cases also had blood contamina-
tion. Similarly, the mucoepidermoid carcinoma had 
many small glands. In all these cases, the glands were not 
evenly spaced and did not exhibit the signal-intense 
backrefl ections seen at tissue-air interfaces in lung 
parenchyma. The squamous cell carcinoma contained 
very small foci of entrapped alveolar parenchyma, cre-
ating focal regions in the OCT images with features of 
lung parenchyma. The hamartoma contained focal 
intranodular fat, which had imaging features similar 
to alveoli, such as signal-void spaces, but lacked the 
signal-intense backrefl ections seen at tissue-air inter-
faces in lung parenchyma. The metastatic osteosarcoma 
contained numerous irregularly shaped, thin-walled 
vessels, which mimicked alveolar-like spaces, but these 
also lacked the signal-intense backrefl ections seen at 
tissue-air interfaces in true alveoli ( Table 4 ). 

 Discussion 

 In the National Lung Screening Trial, the false-
positive rate for pulmonary nodules was 96.4% and 
94.5% in the low-dose CT imaging group and the 
radiography group, respectively.  45   Because such a high 
percentage of these lesions are benign, SPNs must 
often undergo tissue biopsy for histologic diagnosis to 
determine malignant potential. TBNA is a low-risk 

resection specimens and included 35 infl ated lung 
parenchyma and 20 uninfl ated lung parenchyma speci-
mens. Uninfl ated lung parenchyma specimens were 
included to simulate atelectasis, which may occasion-
ally occur adjacent to an SPN in the in vivo setting. 
Parenchyma specimens with vascular congestion, hem-
orrhage, pneumonia, interstitial fi brosis, and emphy-
sematous changes were also included in the validation 
data set. The 54 SPN OCT samples were obtained from 
39 SPNs in 39 lung resection specimens and included 
a variety of benign and malignant lesions ( Table 2 ). 
The SPNs averaged 2.8 cm in maximal dimension 
(range, 1.0-9.5 cm). A few specimens containing larger 
masses were included in this study to assess large 
peripheral masses that might be accessible by TBNA. 
In the larger diameter masses (n  5  10), multiple, spa-
tially discrete regions within each mass were imaged 
with OCT, particularly when the mass demonstrated 
gross heterogeneity. 

 Validation 

 The OCT interpretation criteria applied to the val-
idation data set by the blinded OCT readers showed 
high sensitivity and specifi city for distinguishing SPN 
from lung parenchyma ( Table 3 ).  The overall accuracy, 
sensitivity, and specifi city of the six OCT readers were 
96.8  �  2.1%, 95.4  �  5.1%, and 98.2  �  2.3%, respectively. 
The interobserver variability among the blinded OCT 
readers was very low ( k   5  0.90). The average time to 
interpret each image and record the diagnosis was 
approximately 14 s/image for the OCT experts (total: 

 Table 2— Summary of Clinical Data and Specimens 
Included in the Validation Data Set  

SPNs

54 specimens
 24 primary adenocarcinomas
 10 primary squamous cell carcinomas
  4 pleomorphic carcinomas
  3 adenosquamous carcinomas
  3 mucoepidermoid carcinomas
  3 hamartomas
  1 carcinoid tumor
  1 large cell neuroendocrine tumor
  5 metastases
   2 renal cell carcinomas
   1 malignant peripheral nerve-sheath tumor
   1 osteosarcoma
   1 squamous cell carcinoma from the thyroid
Tumor size distribution
 Mean: 2.8 cm
 Median: 2.2 cm
 Range: 1.0-9.5 cm
 30 SPNs  �  3.0 cm
 6 SPNs  .  3.0 cm but  �  5.0 cm
 3 SPNs  .  5.0 cm

See Table 1 legend for expansion of abbreviation.

 Table 3— Validation of OCT Criteria for SPN and 
Lung Parenchyma  

Statistic OCT Experts Pathologists Pulmonologists

Sensitivity  99.1  �  1.3 93.5  �  6.6 93.5  �  6.6
Specifi city 99.1  �  1.3 98.2  �  2.6 97.3  �  3.9
Accuracy 99.1  �  1.3 95.9  �  1.95 95.4  �  1.3

All OCT Readers
Sensitivity 95.4  �  5.1 … …
Specifi city 98.2  �  2.3 … …
Accuracy 96.8  �  2.1 … …

Data given as mean % � SD. See Table 1 legend for expansion of 
abbreviations.
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assessing OCT images in real time to determine if the 
needle is properly targeted to the nodule. 

 Atelectasis can occur in the in vivo setting adjacent 
to a targeted mass, thus, the distinction of these entities 
is important. This study included both infl ated and unin-
fl ated parenchyma specimens to simulate the features 
of parenchyma that may be encountered in vivo. The 
readers were able to differentiate both types of lung 
parenchyma from SPN with high sensitivity and spec-
ifi city. However, nearly all the false-positive cases of 
lung parenchyma misclassifi ed as nodule occurred in 
uninfl ated lung specimens (three of four false-positive 
cases). Atelectatic lung can mimic features of an SPN 
due to the paucity of signal-void alveolar spaces. How-
ever, evenly dispersed, signal-intense backrefl ections 
are present in uninfl ated lung and can indicate to the 
reader that the tissue consists of collapsed paren-
chyma rather than SPN. 

 All nine false-negative cases displayed signal-poor 
structures that mimicked the appearance of alveoli. 
However, these signal-poor structures were not evenly 
spaced and did not display the characteristic signal-
intense backrefl ections seen at tissue-air interfaces in 
alveoli. It is anticipated that with increased experience, 
the readers will become even more apt at applying 
the OCT interpretation to determine whether a signal-
void space is due to an alveolar space or a luminal 
structure within an SPN. Also, in the case of increased 
tumor vascularity, the addition of Doppler imaging to 
structural OCT could aid in distinguishing vessels 
from other structures.  46,47   

 Imaging of ex vivo lung specimens as a surrogate to 
in vivo imaging presents some limitations. Motion 
artifacts may occur in the in vivo setting that are not 
refl ected in ex vivo imaging. Successful in vivo OCT 
imaging of normal and diseased lung has previously 
been conducted and demonstrated images of compa-
rable quality to ex vivo OCT images,  32-36   with minimal 
motion artifact. Thus, it is not anticipated that motion 
artifact will hinder image quality and/or interpretation. 
However, it is possible that respiratory motion may 
lead to issues with imaging and subsequent rebiopsy 

technique that can provide tissue for diagnosis, but it 
results in variable diagnostic yield (14%-63%) that is 
particularly low in nodules  �  2.0 cm in diameter.  1-4   
OCT provides high-resolution, depth-resolved imag-
ing with rapid acquisition rates and has the potential 
to assess needle placement in real time during TBNA. 
We have developed and described a TB-OCT cath-
eter compatible with transbronchial imaging through 
a standard TBNA needle.  44   Before OCT imaging can 
play any signifi cant role in guiding clinical TBNA, the 
ability of OCT to distinguish lung parenchyma and 
SPN must be assessed. In this study, we developed 
and validated OCT interpretation criteria for SPN 
and lung parenchyma ex vivo with high sensitivity and 
specifi city ( .  95%). These results support the ability 
of OCT to aid in the assessment of needle placement 
during TBNA of SPN, with potential to increase diag-
nostic yield. 

 The blinded readers achieved high sensitivity and 
specifi city ( .  95%) with rapid image-interpretation 
times after a short training with very few training 
images. Readers with little or no prior OCT experi-
ence had slightly lower sensitivity and specifi city rates 
when compared with the near-perfect results of the 
OCT experts. It is expected that with additional expe-
rience and training, these readers will improve their 
ability to interpret images to more closely parallel the 
results of the OCT experts. 

 Specimens included in the blinded assessment 
encompassed a variety of pathologies, including benign 
hamartomas, peripheral carcinoids, and malignant pri-
mary and metastatic neoplasms. Nodules with hemor-
rhagic, necrotic, and fi brotic components were included 
to reproduce the diverse features encountered in SPNs 
in vivo. Similarly, lung parenchyma specimens with 
emphysematous change, hemorrhage, congestion, pneu-
monia, and interstitial fi brosis were also included. 
Given the high sensitivity and specifi city, the inclusion 
of a variety of specimen types and quality, and the 
rapid image-interpretation speed of the blinded readers, 
it is anticipated that pulmonologists performing TBNA 
with OCT guidance would have little diffi culty in 

 Table 4— False-Negative and False-Positive Cases in the Validation Data Set  

Cases No. Likely Cause for Missed Interpretation Features Possibly Improving Interpretation

False  -positive cases 4
 Uninfl ated lung 3 Atelectasis mimicking mass Identify evenly spaced, signal-intense backrefl ections
 Infl ated lung 1 Blood contamination Identify evenly spaced, signal-intense backrefl ections
False-negative cases 9
 Adenocarcinoma 5 Small glands mimicking alveoli Lack of even spacing and signal-intense backrefl ections

Blood contamination Lack of even spacing and signal-intense backrefl ections
 Hamartoma 1 Fat within nodule mimicking alveoli Lack of even spacing and signal-intense backrefl ections
 Mucoepidermoid carcinoma 1 Small cystic spaces mimicking alveoli Lack of even spacing and signal-intense backrefl ections
 Squamous cell carcinoma 1 Very focal, entrapped alveoli within mass Alveoli seen are focal, not diffuse
 Metastatic osteosarcoma 1 Irregular vascular spaces mimicking alveoli Lack of signal-intense backrefl ections
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of the same tissue sample due to gross movements of 
the needle within the target tissue. This will require 
further investigation in future in vivo studies. 

 Blood in the imaging fi eld scatters and attenuates 
light. If blood contamination in vivo from procedural 
hemorrhage becomes a signifi cant issue during imag-
ing, small-volume saline fl ushes can be implemented 
to clear the fi eld of view. This technique has been 
successfully implemented in intravascular imaging 
and should add no additional risk over a BAL. Addi-
tionally, the inclusion of Doppler imaging as a com-
plementary modality to OCT imaging could identify 
vessels during in vivo imaging,  46,47   which may be subse-
quently avoided during tissue acquisition to decrease 
bleeding risks. 

 Surgical lung specimens containing a nodule often 
undergo pathologic frozen-section evaluation, during 
which the pleural surface and parenchyma are cut to 
assess the nodule, precluding specimen infl ation. SPNs 
are frequently fi rm, and are not likely to have any sig-
nifi cant change in OCT imaging features in the infl ated 
vs uninfl ated state. However, the OCT criteria devel-
oped in this ex vivo study for parenchyma and SPN will 
need to be validated in the in vivo setting in future 
studies. 

 In this study, we developed and validated OCT inter-
pretation criteria for SPN and lung parenchyma ex 
vivo, and achieved sensitivity and specifi city of  .  95% 
with rapid image-interpretation times after a short 
training session. These results are encouraging for 
the use of OCT during TBNA for real-time needle 
placement assessments; however, these results will 
need to be further validated in vivo. Future clinical 
studies will aim to validate OCT criteria and assess 
TB-OCT-guided tissue yields in vivo. TB-OCT imag-
ing has signifi cant potential to increase diagnostic yield 
as a complementary imaging modality to assess nee-
dle placement in real time during TBNA. 
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