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Abstract

Purpose: With recent advancements in personalized med-
icine, biopsies must contain sufficient tumor for histologic
diagnosis andmolecular testing. However, inadvertent biopsy
of tumor-associated fibrosis compromises tumor yield, result-
ing in delayed diagnoses and/or repeat procedures when
additional tumor is needed. The ability to differentiate tumor
from fibrosis intraprocedurally during biopsy could signifi-
cantly increase tumor yield. Polarization-sensitive optical
coherence tomography (PS-OCT) is an imaging modality that
is endoscope- and/or needle-compatible, and provides large
volumetric views of tissuemicrostructure with high resolution
(�10 mm) while simultaneously measuring birefringence of
organized tissues such as collagen. We aim to determine
whether PS-OCT can accurately detect and distinguish
tumor-associated fibrosis from tumor.

Experimental Design: PS-OCT was obtained ex vivo in 64
lung nodule samples. PS-OCT birefringence was measured

and correlated to collagen content in precisely matched his-
tology, quantified on picrosirius red (PSR) staining.

Results: There was a strong positive correlation between
PS-OCT measurement of birefringent fibrosis and total
collagen content by PSR (r ¼ 0.793; P < 0.001). In
addition, PS-OCT was able to accurately classify tumor
regions with >20% fibrosis from those with low fibrosis
(�20%) that would likely yield higher tumor content
(P < 0.0001).

Conclusions: PS-OCT enables accurate fibrosis detec-
tion and can distinguish tumor regions with low fibrosis.
PS-OCT has significant potential for clinical impact, as the
ability to differentiate tumor from fibrosis could be used
to guide intraprocedural tissue sampling in vivo, or for
rapid biopsy adequacy assessment ex vivo, to increase
diagnostic tumor yield essential for patient care and
research.

Introduction
Tissue biopsy is the principal method used to diagnose tumors

in a variety of organ systems. It is essential to maximize tumor
yield in biopsy specimens for both clinical and research purposes.
This is especially imperative in clinical scenarios requiring che-
motherapy and/or radiotherapy, neoadjuvant or otherwise,where
biopsy is the sole source of tumor tissue from a patient. This
is also of significant importance in tumors where adequate tissue

is needed for: (i) diagnosis, requiring hematoxylin and eosin
(H&E) and possibly IHC stains for accurate tumor subtyping,
and (ii) molecular testing to identify patients who may benefit
from mutation-specific targeted therapy, such as in lung
adenocarcinomas (1–6). Most carcinomas contain a mixture of
tumor and other nontumor elements, such as stromal fibrosis,
which is seen prominently in lung, breast, and pancreatic carci-
nomas. Inadvertent sampling of fibrotic tissue contaminates biop-
sies, decreases tumor yield, and can even impede diagnosis (5–7).
Correspondingly, tumor collection for research purposes, such as
biobanking and establishment of patient-derived primary tumor
cell lines, are more likely to be successful when samples contain
maximal tumor tissue (8). Fibrotic stroma is a known, challenging
contaminant in research specimens. This contamination is vexing
due to the abundant resources used to procure and store these
sample collections and the reliance on ample tumor cell collection
for execution of successful research studies.

Because of significant advancements in personalized medicine
in lung carcinomas, there have been major efforts to maximize
tumor yield in lung nodule biopsy (1–6). Guidance techniques,
such as endobronchial ultrasound (EBUS), electromagnetic nav-
igation (EMN), and CT-guided transthoracic biopsy, have been
developed to help guide biopsy tools to the location of a targeted
nodule to improve yield (2, 3, 9–11). However, these techniques
do not provide insight into tumor composition, and therefore,
cannot distinguish regions of tumor from admixed contaminant
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fibrotic stroma. Rapid on-site evaluation (ROSE) of fine-needle
aspiration (FNA) cytology has been implemented to improve
yields in lung nodule biopsy, which has been effective but has
limitations. ROSE is a retrospective assessment of collected FNA
tissues, and as a result, is susceptible to false negative reads due to
biopsy sampling error. ROSE cannot reliably quantify tumor
amount on FNA, and rapid assessment of core biopsy tumor
content is problematic due to consumption of tumor during
frozen section assessment or touch prep (12). When there is
inadequate tumor on initial biopsy, patients often must undergo
repeat biopsy or more invasive procedures, such as video-assisted
thoracoscopic surgical (VATS) wedge resection, to obtain addi-
tional material.

There is a clear need to optimize tumor yield and minimize
contaminant fibrosis in biopsy specimens. Optical coherence
tomography (OCT) is a nondestructive optical imaging modality
that provides rapid, large volume, depth-resolved (�1–2 mm
penetration depth depending on tissue scatter properties), high-
resolution (<10 mm) images of tissue microstructure (13, 14).
OCT has been successfully applied to disease detection in many
organ systems, including the cardiovascular, gastrointestinal,
ocular, and pulmonary systems (15–25). OCT imaging can be
employed for either in vivo or ex vivo microarchitectural tissue
assessment. In the pulmonary tract, both endobronchial and
needle-basedOCT catheters, compatible with standard bronchos-
copy and transbronchial needles, have been developed that could
be used for rapid, intraprocedural imaging of tissues surrounding
the needle immediately prior to sample collection (26–28).
Benchtop OCT systems can also be readily used for rapid ex vivo
assessment of collected tissue specimens, including biopsy sam-
ples and resection specimens (29).

OCT has been shown capable of assessing and distinguishing
lungparenchyma frompulmonary noduleswith>90%sensitivity
and specificity, which has potential to improve diagnostic yield by
providing microscopic guidance for needle biopsy as a comple-
ment to macroscopic guidance techniques such as EBUS and
EMN (23, 24). However, the ability to distinguish tumor from

admixed nondiagnostic fibrosis is crucial to the utility of OCT in
guiding biopsy site selection and increasing tumor yield (25).
Linearly organized tissues, such as collagen in fibrosis, demon-
strate birefringence signatures (30, 31). Polarization-sensitive
OCT (PS-OCT) is a modification to traditional OCT that detects
tissue birefringence while simultaneously generating structural
OCT images, and therefore, provides a means to detect
fibrosis (31–35). Many groups, including ours, have shown that
PS-OCT has potential to distinguish birefringent fibrosis from
other tissue types, including tumors of the skin, larynx, breast, and
lung (25, 36–42), but the majority of these studies have been
qualitative in nature. Nadkarni and colleagues demonstrated that
PS-OCT can be used to accurately quantify collagen in coronary
atherosclerotic plaques to assist in intracoronary plaque assess-
ment (31). Similar quantitative validation studies are founda-
tional to assessing the true clinical potential of PS-OCT in tumor
assessment and biopsy guidance. In this study, we investigate the
ability of PS-OCT to quantify fibrotic stroma and distinguish low
versus high fibrosis content in primary lung tumors.

Materials and Methods
Benchtop PS-OCT imaging was performed in a total of 64

tumor samples from fresh ex vivo lung resection specimens
obtained from 26 patients. The Partners Healthcare Institutional
Review Board (IRB) approved this study (protocol number:
2010-P-002214/1). Studies were conducted in accordance with
the Ethical Principles andGuidelines for the Protection ofHuman
Subjects of Research, known as the Belmont Report. The informed
written consent process was waived due to the use of deidentified
excess tissue in this study, as approved by the Partners IRB. To
ensure accurate registration with histology, regions of interest
were demarcated in tissue samples using two needle marks
(26-gauge) and tissuemarkingdye (Triangle Biomedical Sciences)
visible in both PS-OCT imaging and histology. For each PS-OCT
and histology pair, the region of interest was precisely registered
on the basis of the location of the inked needle marks. The details
of the ink mark registration procedure have previously been
described in detail (43).

PS-OCT imaging, processing, and birefringence calculation
The technical details of the PS-OCT system and methods used

in this study to generate PS-OCT images have been previously
described in detail (14, 22, 32–35, 44–46). Briefly, we used a
custom-built fiber-based swept-source OCT system with a center
wavelength of 1,310 nm, a bandwidth of 110 nm, and an A-line
acquisition rate of 66 kHz. A benchtop microscope, with a tele-
centric lens with a spot size approximately 20 mm, was used to
image the tissue samples. The axial resolution of the OCT system
was approximately 7 mm in tissue. Lateral and transverse scanning
were achieved using galvonometric mirrors.

Conventional structural OCT and PS-OCT images were
obtained simultaneously, and images were generated from the
raw datasets offline. Structural OCT images were processed and
displayed by use of an inverse gray-scale lookup table. Polariza-
tion sensitivity was achieved bymodulating the polarization state
of the source between perpendicular polarization states in suc-
cessive axial depth profiles (A-lines), then combining A-line pairs
by Stokes vector analysis (22, 32–35, 46). PS-OCT images were
processed using a spectral binning method to mitigate polariza-
tion mode dispersion, which has previously been described in

Translational Relevance

Biopsy samples must have sufficient tumor for all required
histologic and molecular diagnostic testing, particularly in
lung carcinomas. However, contamination from tumor-
associated fibrosis can yield inadequate biopsies and necessi-
tate repeat procedures. Research biobanking also suffers from
fibrosis contamination reducing tumor yields. The ability to
detect and distinguish fibrosis from tumor at the time of
collection could significantly improve tumor yield in all these
settings. In this study, we demonstrated that polarization-
sensitive OCT (PS-OCT) can accurately identify and distin-
guish tumor-associated fibrosis from tumor using birefrin-
gence detection. Our results demonstrate a strong correlation
between PS-OCT and matched histology for fibrosis quanti-
fication. We demonstrate that PS-OCT can reliably distinguish
tumor regions with low fibrosis (�20%) from those with
>20% fibrosis. PS-OCT has significant potential for impact
by increasing tumor yield for clinical and research purposes,
either in vivo via needle-based imaging for biopsy guidance
and/or ex vivo for rapid biopsy adequacy assessments.
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detail (46). Differential (local) retardation was calculated from
spectrally binned data using a depth offset of approximately
24 mm (in tissue).

Out-of-frame averaging was performed onOCT images over 30
frames, or approximately 60 mm, to reduce speckle noise. Struc-
tural OCT images were thresholded to remove signal < 30 dB to
remove noise. PS-OCT birefringence was thresholded to remove
signal < 20 degrees/100 mm, based on birefringence values from
previously published data (22). The thresholded structural image
was then used to mask the corresponding thresholded PS-OCT
image to isolate birefringence signal arising from tissue. The
PS-OCT region of interest (ROI) was defined as the distance
between the two registration ink marks (range 2.6–8.8 mm) by
0.25 mm depth. The depth of 0.25 mm was chosen to mitigate
signal roll off within tissue. The percent fibrosis in the PS-OCT
ROI was calculated as the number of pixels with birefringence
measurements� 20 degrees/100 mmdivided by the total number
of pixels in the ROI. All data processing was performed using
Matlab.

Histologic analysis of fibrosis
Following imaging, the tissue specimens were fixed in 10%

formalin and processed using standard histology techniques.
Tissue sections (5-mm thick) were cut cross-sectionally, traversing
the registration ink marks. Sequential sections were stained with
hematoxylin and eosin (H&E) or picrosirius red (PSR), a stain for
collagen (47, 48). Collagen content wasmeasured within the PSR
ROI morphometrically using digitized images of the PSR-stained
sections, obtained with a circularly polarized light microscope
(Olympus BX43, Olympus America). The camera exposure time
was set to prevent saturation and was kept constant for all cases at
60 ms, with zero gain. The PSR ROI was defined as the distance
measured laterally between the ink marks (x-axis) by 0.25 mm in
depth (y-axis) on one PSR slide, corresponding to the PS-OCT
ROI. Collagen fibers in PSR visualized under polarized light
microscopy appear as either orange-red or yellow-green, depend-
ing on fiber thickness. Collagen fibers were identified in PSR
images based on the corresponding hue values, after a saturation
threshold of � 25 was applied to remove noise. Total collagen
content was computed by dividing the number of pixels corre-
sponding to collagen fibers (hue values in red/orange: 1-38,
230-256, or yellow-green: 39-128) by the total number of pixels
in the ROI. This method has been previously described in
detail (31, 47, 48).

Statistical analysis
Linear regression analysis was performed to test the

correlation between PS-OCT birefringence imaging and histo-
logic PSR collagen measurements in matched ROIs. Fisher exact
test was performed to determine the ability of PS-OCT to
distinguish tumor regions with low fibrosis content (�20%)
from tumor regions with > 20% fibrosis. A 20% cutoff was
chosen to determine whether PS-OCT could accurately identify
tumor-rich regions likely to yield high tumor sampling. Bland–
Altman analysis was performed to compare the amount of
measured collagen for the two measuring techniques. The
difference was calculated as the percent collagen measured by
PSR minus the percent collagen detected by PS-OCT in matched
ROIs. For all analyses, a P value of < 0.05 was considered
statistically significant. All statistical analyses were performed
using GraphPad.

Results
Histology

PS-OCT was obtained from 64 tumor samples [31 adenocarci-
nomas, 30 squamous cell carcinomas (SCC), 2 carcinoid tumors,
1 hamartoma] from ex vivo lung resection specimens from 26
patients. Of these, 7 samples from 3 patients were removed from
the analysis due to issues with ink marks prohibiting accurate
PS-OCT:histology matching (n ¼ 3), or technical issues with
PS-OCT data acquisition (n ¼ 4). The remaining 57 samples
from 23 patients were included in the testing dataset (Table 1).

PS-OCT fibrosis detection
Total collagen content measured morphometrically from PSR-

stained sections under polarized light microscopy ranged from
0.2 to 83.9%among the tumor samples. Linear regression analysis
showed a strong positive correlation in total collagen detected in
PS-OCT birefringence imaging and total collagen content mea-
sured by PSR (r ¼ 0.793, P <0.001), as demonstrated in Fig. 1.
Fisher exact test demonstrated that PS-OCT was able to classify
tumor regions with low fibrosis content (�20%) from those with
>20% fibrosis (P <0.0001), as demonstrated in Table 2. The
sensitivity and specificity of PS-OCT for lowfibrosis tumor regions
(�20%)was 0.95 and 0.80, respectively. The overall classification
accuracy was 0.91. Bland–Altman analysis demonstrated an aver-
age bias of 3.898%, indicating that PSR measures more collagen
than does PS-OCT. Bland–Altman analysis on the low fibrosis
group (�20% fibrosis) demonstrated a bias of�0.338% (Fig. 2),
indicating that PS-OCT fibrosis detection is more accurate when
there is low fibrosis content. Additional Fisher exact test analyses
with threshold cutoffs for low fibrosis set at�18.5% and�22.5%
were also performed (Supplementary Tables S1 and S2), which
yielded similar results (P < 0.0001 for both threshold values).

In addition to fibrosis quantification, PS-OCT also provides
information about the microscopic distribution of fibrosis and
tumor within lung nodules. Figure 3A and B shows an illustrative
PS-OCT image of a squamous cell carcinoma (SCC) with regional
dense fibrosis. In the right half of the ROI, there is dense birefrin-
gent collagen visualized with PS-OCT, and confirmed by PSR
staining, indicating the right side is not an ideal site for biopsy.
However, the left side of the image contains little birefringent
fibrosis, which indicates that this region is likely to yield more
tumor in a biopsy sample. Figure 3C and D shows an illustrative

Table 1. Clinical characteristics

Age 71 years (range, 57–84 years)
Sex 14 F/9 M
Diagnosis
Adenocarcinoma 30 samples (14 patients)
SCC 24 samples (6 patients)
Carcinoid 2 samples (2 patients)
Hamartoma 1 sample (1 patient)

Size of lesion 3.1 mm (range, 1.2–6.3 mm)
Stage
pT1a 4 patients
pT1b 5 patients
pT2a 7 patients
pT2b 2 patients
pT3 4 patients

N status
Nx 3 patients
N0 17 patients
N1 1 patient
N2 1 patient
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PS-OCT image of an adenocarcinoma with focal fibrosis, occu-
pying approximately 25% of the total ROI, which could be
avoided during biopsy sampling. Corresponding PSR staining
confirms the focus of fibrosis within the adenocarcinoma in the
same ROI region. These two cases illustrate the ability of PS-OCT
to detect contaminant fibrosis and provide microscopic spatial
mapping of the tumor/fibrosis distribution within a nodule. This
would be useful in guiding biopsy-site sampling locations in vivo
and tumor collection sites for molecular testing and/or biobank-
ing ex vivo.

Figure 4A and B illustrate a noninvasive lepidic adenocarcino-
ma, with minimal fibrosis present within the alveolar walls
throughout the ROI on PSR staining that is typical of this ade-
nocarcinoma subtype histologically. The corresponding PS-OCT
image demonstrates minimal interstitial birefringence through-
out the ROI. Figure 4C and D shows an illustrative example of an
SCC with solid morphology. Essentially, no birefringent collagen
was seen on PS-OCT imaging or PSR staining. These two cases
illustrate the ability of PS-OCT to detect tumor regions with little
to no contaminant fibrosis, indicating adequate biopsy-site loca-
tions, as well as potential to provide some microarchitectural
insights intomorphologic patterns. Supplementary Figures S1–S5
present additional examples of PS-OCT and PSR-matched pairs
from the dataset.

Discussion
Biopsy samples must have adequate tumor yields to satisfy

both histologic and molecular diagnostics, particularly in lung

carcinomas. However, when inadequate tumor sampling occurs,
it is often in large part from inadvertent biopsy of tumor-
associated fibrosis within the lesion. In this study, we demon-
strated that PS-OCT can accurately identify tumor-associated
fibrosis, and distinguish it from tumor, using tissue birefringence
detection. Our results demonstrate a strong correlation between
PS-OCT birefringence and PSR histology measurement of fibrosis
content. This validation study is an essential step in the clinical
translation of the technology, which has significant potential for
impact to increase tumor yield in a variety of clinical and research
settings.

Physicians performing lung biopsies seek to obtain the highest
possible tumor yield in the sample for current andpotential future
individual patient care needs, as well as potential banking/
research purposes (5, 6). In a study examining the compositions
of samples containing � 30% tumor, 87.1% of the samples
contained some amount of fibrosis, and 41.6% had fibrosis as
theirmost abundant nontumor component (7). PS-OCT could be
implemented in vivo for intraprocedural biopsy guidance to avoid
contaminant fibrosis and increase tumor yield. Needle-based
OCT probes have been developed that are compatible with
bronchoscopy and TBNA, which would allow PS-OCT imaging
of tissues around the needle prior to sample collection (26–28).
We have previously shown that structural OCT is capable of
distinguishing lung nodules and lung parenchyma with high
sensitivity and specificity (>90%) and can be utilized to ensure

Figure 1.

Relationship between fibrosis detection in PS-OCT
and PSR staining. A high positive correlation
(r¼ 0.793) is demonstrated between PS-OCT and
PSR for quantifying percent fibrosis within the ROI.
The dotted lines show 95% prediction intervals.

Table 2. Fisher exact contingency table: classifying tumor regions by fibrotic
content with PS-OCT versus PSR

PS-OCT
�20% >20% Total

PSR
�20% 40 2 42
>20% 3 12 15
Total 43 14 57

NOTE: Fisher exact test–demonstrated PS-OCT accurately classified tumor
regions with low fibrosis content (�20%) from those with >20% fibrosis
(P < 0.0001), with few false positive and negative cases. The sensitivity and
specificity of PS-OCT for low fibrosis tumor regions (�20%) was 0.95 and 0.80,
respectively. The overall classification accuracy was 0.91.

Figure 2.

Bland–Altman plot for low fibrosis cases. The dotted lines indicate the upper
and lower 95% confidence intervals, and the red line indicates the bias. In the
analysis of the low fibrosis (�20% fibrosis) cases, there is minimal bias of
�0.338%.
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accurate targeting of a nodule (23). The additional ability to
distinguish tumor from adjacent fibrosis within the nodule has
significant potential to increase tumor yield and reduce the need
for repeat and/ormore invasive procedures to acquiremore tumor
tissue.

In this study, we found that PS-OCT fibrosis detection was
strongly correlated to PSR histology measurement of fibrosis
content. Bland–Altman analysis revealed there was small bias
such that overall, PSR detected more collagen than PS-OCT.
However, within the low fibrosis group, the average difference

Figure 3.

PS-OCT and PSR images of lung carcinomas with fibrosis. A, PS-OCT image of a squamous cell carcinoma (SCC) with dense birefringent fibrosis (F) on the right,
confirmed by corresponding PSR staining (B, F). The left side of the image contains little birefringent fibrosis, indicating this region is likely to yield higher tumor
content in a biopsy sample. C, PS-OCT image of an adenocarcinomawith focal birefringent fibrosis (F), with corresponding PSR staining (D) confirming the focus
of fibrosis (F) in the same ROI region. PS-OCT detects fibrosis and provides microscopic mapping of tumor/fibrosis distribution within a nodule, which would be
useful in guiding biopsy sampling locations. Scale bars, 0.5 mm. PS-OCT images (A and C) display the measured birefringence overlaid on the corresponding
structural OCT image. Birefringence map on left indicates amount of birefringence in PS-OCT in degrees/100 mm (range, 0–65 degrees/100 mm).

Figure 4.

PS-OCT and PSR images of lung carcinomas with minimal to no fibrosis. A, PS-OCT image of a noninvasive lepidic adenocarcinoma, with minimal interstitial
birefringent fibrosis present throughout the ROI. B, PSR staining confirms minimal fibrosis within alveolar walls, which is typical of lepidic adenocarcinoma
pattern histologically. C, PS-OCT image of a squamous cell carcinomawith solid morphology. Essentially, no birefringent collagenwas seen on PS-OCT imaging,
confirmed by PSR staining (D). PS-OCT detects tumor regions with little to no contaminant fibrosis, indicating adequate biopsy-site locations, and can also
provide somemicroarchitectural insights into the morphologic patterns of the carcinoma. Scale bars, 0.5 mm. PS-OCT images (A and C) display the measured
birefringence overlaid on the corresponding structural OCT image. Birefringence map on left indicates amount of birefringence in PS-OCT in degrees/100 mm
(range, 0–65 degrees/100 mm).
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between measurements was negligible (�0.338%), suggesting
that both methods produce nearly identical results when mea-
suring in low fibrosis content regions.

The results of our study are an essential step toward translating
PS-OCT to the in vivo biopsy guidance setting. However, our
findings must be validated in large-scale clinical studies. PS-OCT
could also be implemented for ex vivo tissue assessment using
benchtop imaging stations. Potential ex vivo applications include
using PS-OCT for rapid adequacy assessment of biopsy specimens
without consuming, freezing, or damaging tissue, or for selection
of tissue for clinical purposes, biobanking, primary cell culture, or
other research purposes, from either biopsy or whole lung resec-
tion specimens.

In addition to quantifying fibrosis, PS-OCT also provides the
ability to visualizefibrosis distribution,which adds further benefit
for guiding tumor sampling sites in vivo and ex vivo. This is
exemplified in the illustrative cases in Figs. 3 and 4. In Fig. 3A
and B, although the quantified fibrosis burden was high, PS-OCT
revealed that dense fibrosis occupied predominantly the right half
of the ROI. Tumor collection from the left half of the ROI would
likely yield a successful sample. In Fig. 3C andD, PS-OCT revealed
that the majority of the ROI contained tumor, with only a focal
region abundant in fibrosis that could be avoided during tumor
biopsy/collection. PS-OCT also has the potential to inform on the
underlying pattern of the carcinoma. In Fig. 4A and B, PS-OCT
demonstratedminimal interstitial fibrosis present throughout the
ROI, reflecting the minimal alveolar wall fibrosis of lepidic
adenocarcinoma and indicating that the entire ROI would be
adequate for tumor biopsy/collection. In contrast, Fig. 4C and D
revealed a solid pattern of carcinoma with essentially no fibrosis
within the ROI, providing information both on the suitability of
the biopsy site as well as potential insights in to the tumor pattern
present in the ROI.

For successful translation to clinical use, the data processing
and analysis must be achievable within clinically acceptable
timeframes. In this study, we used Matlab for PS-OCT image
processing, which currently takes approximately 2 seconds/frame.
The use of a more efficient programming language would signif-
icantly speed up image processing times so that processing could
be performed in real time. The PS-OCT fibrosis quantification
process described in this study was nearly fully automated, with
processing rates of approximately 30 frames/second. Thiswas also
performed using Matlab, and could be sped up with another
programming language if necessary. The only portion of the
quantification algorithm that was performedmanually was defin-
ing the lateral aspect (x-axis) of the ROI. This was not automated
in this study because the lateral ROI distancewas different for each
sample (defined by the distance between the ink registration
marks) to compare against the matched PSR ROI. In the clinical
setting, a simple tissue surface identification algorithm would be
sufficient.Our laboratory has already published automatedmeth-
ods for tissue surface identification, which could easily be applied
to this setting (22, 49).

This study focused on assessment of primary lung tumors, due
to the eminent clinical necessity to increase tumor yield to meet
histologic and molecular testing needs in lung carcinomas. How-
ever,fibrosis contamination inbiopsies is known tooccur inmany
other primary malignancy sites, such as breast and pancreatic
carcinoma. Collagen present within tumors at other primary sites
is anticipated to have similar organizational arrangements as seen
in lungprimarymalignancies. Therefore, it is expected thatfibrosis

within other primary tumor sites would exhibit similar birefrin-
gence detectable by PS-OCT. Therefore, the ability to quantify
fibrosis burden is likely to be translatable to other organ sites.
Other groups have conducted pilot studies investigating PS-OCT
for fibrosis detection in breast carcinoma (36–38) and the results
of our study concur with their findings. However, follow-up
studies are needed to confirm the translatability of our findings
in other primary tumor sites. Fibrosis detection by PS-OCT
also has potential to make significant clinical impacts in non-
neoplastic disease entities such as fibrotic interstitial lung diseases
including usual interstitial pneumonitis (21), airway changes in
asthma (22), and skin fibrosis in systemic sclerosis.

Our data showed some trends where PS-OCT seemed to over-
estimate at low collagen levels and underestimate at high collagen
levels. Samples with low collagen levels aremore likely to contain
younger, less organized, and/or less dense collagen, which will
have lower birefringence signals that may be near the noise floor.
It is possible thatminormodifications to the noise floor threshold
may assist in increasing the fibrosis detection accuracy in these
cases. Although the PSR stain is the standard histologic stain for
collagen detection, it has been described in the literature that PSR
is an imperfect method for collagen quantification (50, 51). It is
possible that PSR underestimated collagen in the low fibrosis
cases. Samples with high fibrosis levels may contain storiform
patterns of dense collagen, which may include small regions
where the fibers are oriented parallel to the incident OCT beam
(see Supplementary Fig. S5).When collagen is oriented parallel to
the beam, birefringence will not be detected and therefore, total
collagen content will be underestimated. Registration between
PS-OCT images and histology sections were performed by using
inkmarks to define the ROI, applied to the tissue using a 26-gauge
needle. Therefore, the precision of the registration between PS-
OCT and histology was approximately 500 mm. Patterns of
fibrosis are known to vary within tumor nodules, and lack of
exact precision in PS-OCT and corresponding PSR matches may
have led to differences in the amount of fibrosismeasured by each
modality. Despite these limitations, the correlation between PS-
OCT and PSR fibrosis detection was high.

In this study, we demonstrate that PS-OCT detection of
birefringent collagen allows for accurate distinction of fibrosis
and tumor within tumor nodules, which is an essential step in
translating the technology for clinical use to increase tumor
yield in biopsy specimens. We assessed PS-OCT imaging in ex
vivo lung tumor nodules and compared fibrosis detection
against corresponding histology stained with PSR, demonstrat-
ing high correlation between the two modalities. PS-OCT was
able to reliably identify tumor regions with low fibrosis content
(�20%). We anticipate that these findings will have significant
potential for clinical applications, through in vivo needle-based
PS-OCT imaging performed intraprocedurally to guide biopsy-
site selection and/or ex vivo benchtop PS-OCT imaging for rapid
biopsy adequacy assessment or selection of biobanking/
research tissues.
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