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Abstract: Prostate cancer is a global health issue that requires new diagnostic methods to
provide accurate and precise visualization of prostate tissue on the micro-scale. Such methods
have the potential to improve nerve-sparing surgery and to provide image guidance during
prostate biopsy. In this feasibility study, we assess the potential of en face three-dimensional
wide-field optical coherence tomography (OCT), covering a volumetric imaging field-of-view
up to 46 x 46 x 1 mm?, to visualize micro-architecture in 18 freshly excised human prostate
specimens. In each case, validation of contrast in OCT images is provided by co-registered
wide-field histology images. Using this co-registration, we demonstrate that OCT can distinguish
between healthy and cancerous glands at different stages, as well as visualize micro-architecture
in the prostate, such as epineurium and perineurium in nerves and the tunica intima and tunica
media in blood vessels.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Prostate cancer is the second most frequently diagnosed cancer in men and represents 7% of
all new cancer cases worldwide [1]. Medical imaging plays a critical role in the treatment of
prostate cancer with the primary aim of detecting cancer early and precisely [2]. For example, a
gold standard in diagnostic imaging of prostate cancer is transrectal ultrasonography (TRUS) [3].
In clinical practice, other methods are also used, particularly computed tomography, magnetic
resonance imaging, and positron emission tomography [4]. However, clinical practice still lacks
intraoperative imaging tools capable of visualizing prostatic structures on the micro-scale. Such
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imaging capabilities are needed in several aspects of prostate cancer treatment. For example,
during biopsy guidance, TRUS is often used to provide image-guided biopsy, however, the
relatively low spatial resolution of TRUS contributes to >30% of TRUS-guided biopsies providing
false negative results [5]. Another challenge in prostate surgery is performing nerve-sparing
surgery accurately. Current radical prostatectomy methods cause erectile dysfunction in >70% of
patients [6]. Nerve-sparing prostatectomies are performed but the challenge of visualizing nerves
and cancer during surgery results in positive margins in up to 30% of cases [7,8]. Therefore,
there is a pressing need to develop intraoperative methods enabling surgeons to better visualize
nerves and to differentiate between benign and malignant tissues. To address this, a range of
optical methods have been proposed for intraoperative prostate imaging, including optoacoustic
techniques [9,10], Raman spectroscopy [11,12], confocal fluorescence microscopy [13,14],
light-sheet microscopy [15,16], and optical coherence tomography (OCT) [17,18]. Of these
methods, OCT holds particular promise, as it can be performed on fresh tissue and provides
a combination of rapid volumetric acquisition (readily covering several millimeters in less
than a second), micro-scale spatial resolution (~5-10 pm), and imaging depths up to 1 mm in
dense tissue. Furthermore, it is straightforward to implement compact OCT imaging probes,
an important consideration for eventual clinical translation. OCT has been proposed both as a
method for the detection of prostate cancer [19] and to improve nerve-sparing surgery [20].

An early study using time domain (TD) OCT on seven fresh biopsy specimens demonstrated a
contrast between different prostate micro-structures, validated by histology [21]. However, the im-
age quality was relatively low compared to modern OCT systems and only two-dimensional (2-D)
images (B-scans) were acquired. Since then, studies have been performed using full-field OCT
on biopsy specimens obtained from eight patients [22] and OCT attenuation imaging on a
single prostate [23]. These studies demonstrated that OCT provides visualization of a range
of prostate micro-structures, including healthy and cancerous glands, fibromuscular stroma,
blood vessels, and nerves. However, these studies were performed on fixed tissue, which is
known to significantly alter OCT image contrast [24], making it difficult to assess its potential as
an intraoperative tool. Another study, conducted on 12 fresh prostate specimens, showed that
HOCT can visualize prostatic structures, such as benign and cancerous prostate glands, as well as
cancer-related crystalloids, and corpora amylacea [25]. While this technique offers high spatial
resolution (1 um), it is limited to imaging transverse fields-of-view only up to ~1.0 mm?, posing
a challenge for its clinical translation [25]. Also, whilst the high spatial resolution demonstrated
in this study improves visualization of the prostate, it is challenging to achieve such resolution in
imaging probes that will eventually be needed for intraoperative use.

Several studies have also focused on the development of needle-based OCT to improve the
accuracy of image-guided biopsy [26,27]. An ex vivo study on 20 prostate specimens demonstrated
the potential to distinguish healthy tissue from malignant tissue [26]. A preliminary in vivo study
has also been performed on two patients, demonstrating safety and clinical feasibility [27].

An early in vivo study on 24 patients, performed using a TD-OCT system, showed the potential
of OCT to detect the neurovascular bundle during laparoscopic radical prostatectomy [20].
Another early ex vivo study conducted on five specimens, also using a TD-OCT system, showed
that OCT can visualize the cavernous nerve [28].

Previous OCT studies on prostate tissue have demonstrated that it has the potential to improve
both the diagnosis and treatment of prostate cancer. However, there remains of paucity of studies
that show the extent to which OCT can be used for 3D assessment of the micro-architecture of the
prostate in fresh tissue, making it challenging to assess the potential of OCT for intraoperative
use. In addition, a more comprehensive study of OCT on freshly excised prostate, validated by
histology, would provide a valuable reference point against which to benchmark image quality
achieved using compact imaging probes, such as needle probes.
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In this feasibility study, we performed wide-field 3-D OCT imaging (46 x 46 x I mm?) on
fresh cross-sections of prostate specimens and validated the image contrast by co-registering
wide-field en face OCT images with wide-field histology. To perform histology, the prostate
cross-section was placed in a macro-cassette. Importantly, the use of macro-cassettes allowed the
entire prostate cross-section to appear in one histology image, rather than over several histology
images, which would be required using standard micro-cassettes. This approach greatly facilitated
accurate co-registration between wide-field en face OCT images and histology. In total, using this
approach, we scanned 18 fresh prostate cross-sections obtained from 11 patients. We demonstrate
the potential of OCT to visualize a range of prostate micro-architectures, including healthy
and cancerous prostate nerves, blood vessels, and glands. Importantly, we also demonstrate
that 3D-OCT can provide contrast of features within these structures, including the epineurium
and perineurium in nerves and the tunica intima and tunica media in blood vessels. We also
demonstrate that OCT has the potential to distinguish between healthy and cancerous glands
and show how OCT image contrast changes at different stages of prostate cancer. Our results
also suggest some limitations of OCT imaging of the prostate. For example, in some instances,
OCT contrast of healthy glands is reduced by prostatic fluid present within the glands, which,
effectively, acts to reduce the refractive index difference between glands and surrounding tissues.
Also, whilst OCT can visualize structures within nerves, the contrast of some structures, such as
fascicles, is quite subtle. As OCT continues to be developed for use in treating prostate cancer,
we believe that our study assists in assessing its clinical potential.

2. Methods

2.1. Experimental setup

The imaging system is a spectral-domain OCT system based on the Telesto II platform (TEL220C1,
Thorlabs) and has been described in detail previously [29]. Briefly, the light source is a
superluminescent diode with a central wavelength of 1300 nm and a bandwidth of 200 nm that
provides a full width at half maximum (FWHM) axial resolution (in air) of 5.5 ym. The scanning
unit comprises a pair of galvanometric scanning mirrors to deflect the beam in both lateral
directions and is combined with a scanning lens (LSMO04, Thorlabs) providing a FWHM lateral
resolution of 13 um. The working distance is 42.3 mm, which provides sufficient space for both a
glass imaging window (6 mm thick, Edmund Optics) between the lens and the sample and to
conveniently access the sample. The imaging window was used for two main reasons. Firstly, the
system comprises an interferometer in a common-path configuration to provide stable operation
in a clinical environment. In this case, the reference beam comes from the same optical path
as the light backscattered from the sample. The interface between the window and the sample
provides this reference reflection. Secondly, as the fresh prostate specimens had a surface with
roughness varying over several millimeters, it was important to flatten the tissue to enable each
region of the tissue to be scanned using OCT. This was achieved by compressing the sample
against the window.

The scanning head is oriented in standard epi-illumination mode with the imaging beam
incident from above the horizontally positioned sample. The imaging system also features a
visible light channel decoupled from the object arm of the interferometer using a dichroic mirror
with a camera providing a live 2-D preview of the field-of-view of the OCT system to facilitate
sample positioning. This task is realized using a motorized 3-axis stage. The spectrometer
comprises a line-scan camera with 2,048 pixels, providing an axial imaging range of 3.5 mm.
Due to the attenuation of OCT intensity in tissue, the effective imaging depth in the prostate was
~1 mm. The interference spectra corresponding to axial depth scans (A-scans) are acquired in an
exposure time of 12 us within a line period of 16 pus. We used the following scanning protocol:
808 A-scans per each B-scan, and 2,424 B-scans per y-axis. In post-processing, every three
B-scan locations are averaged to alleviate the effect of optical noise whilst still achieving isotropic
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sampling in the x and y directions. This protocol was repeated in each position twice: with and
without mechanical loading from a piezoelectric actuator in which the imaging window was
mounted. This was used to enable simultaneous acquisition of optical coherence elastography
(OCE) scans [30], which is required in a parallel project to measure the mechanical properties of
prostate tissue. The data from these two acquisitions was also averaged to further improve image
quality.

The field-of-view of the imaging system is 16 x 16 mm?. To cover the entire surface area of
a prostate slice, we used lateral motorized stages and volumetric acquisition in each locations
of a 3x 3 grid with a 1 mm margin overlap of adjacent volumes, following a protocol used
previously [29]. Each of the 16 X 16 sub-volumes was acquired in 63 seconds, corresponding
to 11 minutes for an entire mosaicked image. Enface OCT images for a given distance from
the sample surface z were obtained by averaging consecutive B-scans within the scanning depth
range from (z-20) um to (z +20) um. Using a mosaicking algorithm, wide-field OCT images of
46 x 46 x 1 mm> were generated (Fig. 1(e)). The corresponding 2-D mosaic from a visible range
camera was also generated (Fig. 1(f)) and is helpful in co-registering OCT images with histology
(Fig. 1(d)). The data acquisition is controlled by custom software.

2.2. Clinical scanning

The samples were prepared by qualified pathologists. In each case, after radical prostatectomy,
the prostate was cut in the cross-sectional plane perpendicular to the apex (Fig. 1(a)), ~1 cm
below the tip of the apex, and was then transported to the OCT imaging system. In some cases,
the slice was larger than the field-of-view of the wide-field OCT image and was bisected in the
lateral plane prior to imaging (N =5). OCT was performed on the surface that was subsequently
prepared for histology. Prior to imaging, the samples were irrigated with 0.9% saline solution
and covered with a silicone layer (Elastosil P7676, Wacker Chemie AG, thickness ~0.5 mm),
used to acquire preliminary OCE scans as part of a parallel project. A motorized z-axis stage
was used to bring the sample into contact with the imaging window (Fig. 1(c)), which flattened
the imaged surface and removed residual air bubbles. After scanning, the sample was placed
in a macro-cassette with the surface imaged with OCT facing downwards, as this is the surface
from which histology images were subsequently generated. An advantage of this approach
is that one histology image could be generated from an entire tissue cross-section covering a
field-of-view of 45 x 60 mm?. This greatly facilitated accurate co-registration, as the use of
standard micro-cassettes would require multiple histology images for each cross-section, making
it more challenging to correspond features between histology and OCT images. The standard
protocol used in the pathology department for the preparation of hematoxylin and eosin (H&E)
stained histology images was performed (Fig. 1(d)). In total, 18 samples from 11 prostates
were scanned. Each of the samples imaged was subsequently subjected to the standard protocol
carried out at the hospital, therefore our ethics did not permit variations to this protocol, so as
not to affect the patient’s treatment process. The project ethics were approved by the Bioethical
Committee of the Oncology Centre in Bydgoszcz.

2.3. Co-registration

OCT image contrast was validated through co-registration with gold standard H&E histology.
Co-registration, in this case, involved imaging the sample in the same plane as closely as possible
with both OCT, on the fresh tissue, and H&E histology, on the fixed sample. This approach
enables close co-registration and provides sufficient accuracy for our research as we can clearly
see the same features between both OCT and histology. Whilst it was outside the scope of our
study, co-registration could be further improved using numerical methods for matching both
images. However, this would require precise consideration of nonlinear geometric distortions
of section that occur during histological processing of the sample and vary for different tissue
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types [31]. In particular, fixation of the tissue in formalin causes it to shrink and warp relative
to the OCT image of the fresh tissue. However, in most cases, it was possible to find a depth
in OCT volumes for which the en face image and corresponding histology image represented
approximately the same plane. This was determined by co-locating features in the two images.
Wide-field images from the visible range camera were also used to assist in identifying the en face
OCT image that provided the best correspondence with histology. The histology images were
then annotated by pathologists, allowing contrast in OCT images to be validated. In the images
presented in Figs. 3—7, our goal was to co-register specific features within the prostate specimens.
In some instances, this resulted in scale bars of different lengths. We believe that this is mainly
caused by the well-known tissue shrinking and warping caused by the histology preparation
process. We found that this effect particularly affects nerves, as is visible in Fig. 3, where the size
of nerves in OCT images can be up to twice that of corresponding nerves in histology images.

(a) (b)

(d)

5mm

Fig. 1. Workflow for OCT acquisition and co-registration with histology. (a) Prostate
immediately after radical prostatectomy. The orange band indicates the cross-sectional
specimen dissected for OCT imaging. (b) ~5 mm thick tissue slice obtained from the
cross-section, ~1 cm below the prostate apex. (c) Schematic diagram of wide-field OCT
scanning using a translation stage at the bottom surface of the slice. (d) wide-field H&E
histology image. (e) Mosaicked wide-field 3D-OCT image obtained by volume stitching.
(f) Mosaicked wide-field 2-D camera image of the sample covered with the silicone layer
and pressed against the imaging window during OCT imaging obtained using the visible
range camera.

3. Results

Figure 2 presents an example of the co-registration achieved between histology (Fig. 2(a)) and
wide-field en face OCT (Fig. 2(b)) for a representative prostate specimen, where the OCT image
in Fig. 2(b) is from a depth of 60 um. En face OCT images obtained for this sample at each
scanning depth are shown in Supplementary Visualization 1. The blue boxes in Fig. 2(a) and
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Fig. 2(b) highlight examples of corresponding regions in both images. Magnified images of these
regions are presented in Figs. 2(c),(d),(h),(d).

As can be seen in Figs. 2(c)-2(d), a main factor that can be used to confirm co-registration
between histology and OCT images is correspondence of the tissue boundaries between both
images. The arrows in Fig. 2(c) and Fig. 2(d) highlight a characteristic tear on the periphery
of the specimen that is visible in both images. Image co-registration can also be demonstrated
by analyzing the morphology of individual image features. In Fig. 2(c) and Fig. 2(d), we can
distinguish three main types of tissue: healthy glands (G), tumor (T), and stroma (S). In the OCT
image, healthy glands appear as regions of high heterogeneity. On the other hand, cancer, in this
case, appears as a region with a relatively homogeneous structure. Stroma presents in the OCT
image as a region of high intensity.

Figures 2(e)-2(g) show B-scans corresponding to the locations marked in Fig. 2(d). In each
case, characteristic features that are visible both in en face OCT images and in B-scans are
marked with appropriate colors and numbers. These B-scans show that comprehensive imaging
of prostate tissue requires the use of 3-D techniques, because the course of individual structures
(e.g. glands, particularly visible in Fig. 2(f)) takes place in a plane oblique to the surface of
the imaged sample, so imaging at one depth may be insufficient for a detailed analysis of the
properties of the examined specimen.

Figures 2(h)-2(i) show another magnified region where co-registration between the histology
and OCT image is observed from correspondence the morphology of both images. An area
of healthy glands (G) is visible in the top half of the histology image. In the OCT image, this
corresponds to a region with clearly visible variations in intensity between the lumen of glands,
the cellular envelope of the glands, and surrounding fibrous tissue. Below the regions containing
glands, a band of high OCT intensity is visible and corresponds to a region of stroma (S) in the
histology image. Adjacent to this region of stroma, a region of periprostatic tissue (P) is visible in
the histology image. This tissue is adjacent to the prostate and is of clinical importance because
the presence of cancer cells in this region increases the likelihood of cancer metastasis to adjacent
organs [32,33]. The presence of periprostatic tissues in the samples scanned in this study depends
on the margin excised during prostatectomy, therefore, this region was visible in a subset of the
specimens scanned (N = 12). The periprostatic tissue is characterized by prominent regions of
adipose tissue (A), which is visible as a honeycomb-like structure in the OCT image, similar to
how it presents in OCT images of other tissues, such as breast [34]. The periprostatic tissue also
contains other well-defined micro-structures that are visible in the OCT image including blood
vessels (V) and nerves (N). In Figs. 3—-6, we provide a more detailed description of prominent
features visible in OCT images. In each case, co-registration with histology is provided for
validation.

Figure 3 presents representative histology and OCT images of nerves within prostate specimens.
In each case, en face OCT images are presented at three depths to highlight the value of 3D-
OCT imaging of the prostate. Importantly, nerves are located within the periprostatic tissues
and their visualization is one of the key factors determining the success of nerve-sparing
prostatectomy [35,36].

The histology image in Fig. 3(a) presents a neurovascular bundle. The entire nerve bundle
is surrounded by the epineurium (green arrow), which is the outer part of the neurovascular
bundle. The nerves are arranged into fascicles surrounded by the perineurium (yellow arrows).
Within the fascicles, axons (blue arrows) and Schwann cells (white arrows) are indicated by
punctuated staining. Several blood vessels (red arrows) are also visible. Figure 3(a) also shows
corresponding en face OCT images obtained at scanning depths of 60 um, 140 ym, and 200 um,
respectively. The neurovascular bundle is visible in the OCT images as an area of heterogeneous
intensity separated from the surrounding adipose tissue by a thin bright envelope that corresponds
to the epineurium (green arrow). The epineurium is visible at each of the presented scanning
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Fig. 2. Example of co-registration of (a) wide-field histology and (b) wide-field en face
OCT of a prostate slice. (c) and (d) present magnified images of the region indicated by
the blue box labeled I in (a) and (b), respectively, (e)-(g) show B-scans that correspond to
the locations on the en face image shown in (d) with characteristic details visible both the
B-scans and en face images highlighted, and (h) and (i) are magnified images of the region
indicated by the blue box labeled Il in (a) and (b), respectively. G = healthy gland, T = tumor,
S = stroma, P = periprostatic tissue, A = adipose tissue, V =blood vessel, N =nerve. The
numbers indicate the corresponding feature in the en face OCT images and B-scans.

depths, but the highest contrast is achieved at depths of 60 um and 140 um, respectively. At a
depth of 140 pm, lighter bands are also subtly visible which likely correspond to the perineurium
separating individual fascicles (yellow arrows). Within the nerve bundle, small, circular structures
with low OCT intensity are visible in different locations at each depth and likely correspond
to axons wrapped in the myelinated structures of Schwann cells (white arrows). Within the
neurovascular bundles, slightly larger, dark structures surrounded by a higher-intensity rim are
also visible (red arrows). From comparison with histology and considering the diameter of these
structures ( ~50 um), it is likely that they correspond to blood vessels. Regardless of depth, single
axons were not distinguishable on OCT images. Additional examples of nerves are presented in
Figs. 3(b)-3(d). In these images, a similar contrast is visible as described for Fig. 3(a).
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Figure 4 presents representative histology and OCT images of blood vessels located within the
periprostatic region of prostate specimens. As in Fig. 3, in each case, en face OCT images are
presented at three depths. Figure 4(a) shows a representative artery with its individual layers
highlighted. In the central region of the blood vessel, the lumen of the artery (L) is visible. The
innermost layer of the artery is the tunica intima (TI), composed of a single layer of endothelial
cells and an elastic lamina. In the histology image, it is visible as a thin, clearly stained layer
defining the diameter of the artery lumen (dark blue arrow). The middle layer is the tunica
media (TM), which comprises muscle and connective tissue, as well as an outer elastic lamina.

(a)

Fig. 3. Four examples of histology and en face OCT images of nerves present in periprostatic
tissue. In each case, the first image presents histology, followed by three co-registered OCT
en face images from three depths. The depth below the tissue top surface of each image
is indicated on the bottom right. The yellow arrows correspond to the perineurium, the
blue arrows correspond to axons, the white arrows correspond to axons wrapped in the
myelinated structures of Schwann cells, the red arrows correspond to blood vessels, and the
green arrows correspond to the epineurium. The numbers indicate the corresponding feature
in the histology and OCT images.
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Histologically, it presents as a darker structure with a visible circular arrangement of smooth
muscle fibers (light blue arrow). The outer layer of the artery is the tunica adventitia (TA),
which comprises connective tissue and is visible in the histological image as a lighter rim
surrounding the whole artery (pink arrows). In the corresponding OCT images in Fig. 4(a),
individual anatomical structures of the artery are visible at different scanning depths. At a depth
of z= 180 um, the outer perimeter of the blood vessel is visible as a region of lower OCT intensity
compared to the surrounding tissue. The internally located artery lumen presents as a region of
high OCT intensity, which is probably caused by high optical backscattering from the residual
blood within the artery lumen. At a depth of 280 um, the inner diameter of the artery can be
clearly distinguished, visible as a dark ring corresponding to the TM (light blue arrows) which
surrounds the bright lumen of the blood vessel. At this depth, the outermost layer of the artery
wall, the TA, is also visible and is characterized by high OCT intensity (pink arrows). It should
be noted, however, that both the TM and TA are not visible around the entire circumference of
the artery at this scanning depth. The TM is most distinguishable along its entire extent as a
low-intensity ring at scanning depth z =360 um. The TI is not visible in the OCT images in
Fig. 4, as the single layer of endothelium cells comprising this layer has a thickness of 0.1 to
10 um [37], which is below the resolution of the OCT system used.

Another example of an artery is presented in Fig. 4(b). As in Fig. 4(a), the layers of the artery
wall, i.e., TI, TM, and TA are labelled in the histology image. Additionally, blood (B) remaining
after histology processing is also visible within the lumen (L). In the corresponding OCT images
in Fig. 4(b), the outer border of the artery with the high OCT intensity TA visible around the
entire circumference is most clearly visible at a depth of z =160 um. The best visualization of
the lumen of the vessel (L) was achieved at a depth of z =220 um, while the low OCT intensity
TM was best distinguished at a depth of z =360 um. At each depth, the blood (B) is visible as a
darker area located centrally within the lumen (L).

Figure 4(c) presents a histology image of an artery with adjacent smaller blood vessels, marked
with red arrows. The corresponding OCT images show significant variation in the shape of the
large artery at different depths. This may be caused by the course of this vessel in the examined
prostate slice deviating significantly from the plane perpendicular to the scanning plane. It seems
that the course of the adjacent smaller blood vessels (marked with red arrows) is also significantly
different from the plane perpendicular to the scanning plane, as they only become visible in the
OCT images at a depth of z =240 pm.

Figure 4(d) presents a histology image containing arteries (marked with red arrows), and two
veins (marked with blue arrows). In the case of veins, distinct from arteries, the TM is a very thin
layer, resulting in the TA typically being the thickest layer within veins. The absence of a thick
muscular layer in veins contributes to their compression by adjacent structures, which may result
in their appearance in histology images as flattened structures with a shape significantly different
from the regular, oval shape of the arteries. In the corresponding OCT images in Fig. 4(d), the
veins appear as dark regions, corresponding to the vessel lumen, surrounded by a high OCT
intensity ring, corresponding to the TA, the boundaries of which are marked with blue lines. The
visibility of the veins in the OCT image, as well as their shape, varies significantly with depth.
At depths of z=160 um and z =400 um, both veins are visible, although their appearance varies.
At a depth of z=500 um, only one vein is visible.

Another histology image of a region containing veins is presented in Fig. 4(e), with the lumen
of two of them, labelled 2 and 3, respectively, almost entirely filled with blood. As shown in the
corresponding OCT images in Fig. 4(e), this blood presents as both high and low OCT intensity
regions, depending on the depth. For example, at a depth of z =200 pm, both blood-filled veins
are visible as regions of high OCT intensity. At a depth of z=300 um, the vein labelled 2 is
characterized by greater OCT intensity, while at a depth of z =340 um, both veins are visible as
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Fig. 4. Five examples of histology and en face OCT images of blood vessels located within
periprostatic tissue. The blue lines mark the boundaries of individual layers in the blood
vessel wall: TI = tunica intima, TM = tunica media, TA = tunica adventitia. L = vessel lumen,
B =Dblood within blood vessels. The red arrows indicate the location of small blood vessels.
The numbers indicate the corresponding feature in the histology and OCT images.

regions of low OCT intensity. Interestingly, the vein labelled 1 is distinguishable only at a depth
of z=200 pm.

Figure 5 provides an overview of the appearance of healthy prostate glands in OCT images.
Figures 5(a) and 5(b) show the most typical anatomy of benign prostate glands. In the histology
image, benign prostate glands comprise a distinguishable lumen and are clearly separated from
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(a)

(c)

(d)

(e)

(f)

Fig. 5. Histology and en face OCT images of various types of healthy prostatic glands:
(a)-(b) most anatomically typical, (c) atrophic, (d) atrophic with the presence of corpora
amylacea, (e)-(f) containing prostatic fluid. E = cellular envelope, L = glands lumen, F = fluid
within the healthy gland.

neighboring glands by interstitial tissue. A characteristic feature of healthy glands in histology
is the presence of two types of cells: radially arranged luminal cells and encapsulating basal
cells, which together constitute the irregular, wavy, well-stained epithelia envelope of glands. In
the corresponding OCT images in Figs. 5(a) and 5(b), the lumen of healthy glands appears as
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a well-defined, dark, irregular area surrounded by a lighter envelope. This high OCT intensity
envelope, marked with the letter E, corresponds to the outer layer of healthy prostatic glands,
however, it is not possible to distinguish between the basal and secretory cells. Figures 5(a) and
5(b) were obtained at the same scanning depth z =140 um. However, it is noticeable that the
OCT intensity of the central lumen of the gland, marked with the letter L, is different, which
may be caused by different volumes of prostatic fluid in both cases. A variation of healthy
prostate tissue is atrophic prostate glands, which result from natural age-related processes or
previous inflammation. They appear in OCT images as lobular-like structures and are clearly
distinguishable from each other, but on the periphery, they take on a more regular, cystic shape
(Fig. 5(c)). A common finding inside benign prostatic glands is corpora amylacea (Fig. 5(d)).
These concentric structures are formed from clusters of aggregated proteins and appear naturally
with age, for example, as a result of inflammation. In the OCT image, the corpora amylacea is
visible as an oval structure inside a healthy gland. The main function of the prostate glands is
to secrete seminal fluid and the presence of this fluid can be also observed within the lumen of
healthy glands, as observed in the histology image in Figs. 5(e) and 5(f). In the corresponding
OCT images, the opaque prostatic fluid can behave as a refractive index-matching medium,
resulting in similar OCT signal intensity between the lumen and adjacent tissue. This effect can
make it challenging to identify individual healthy glands in OCT images.

Figure 6 shows representative images of various stages of prostate cancer present in the
specimens scanned in this study. The following subsections in Fig. 6 present en face images
for different scanning depths, selected individually for each sample in order to obtain the best
possible image contrast. In clinical practice, a 5-grade Gleason scale is used to assess the stage of
cancer, with Gleason Scores 1-2 describing benign tissues and Gleason Scores 3—5 representing
malignant tissues [38]. Pathologists typically determine the stage of cancer by providing the two
most extensive Gleason Scores present in histology images. Tumor tissue is classified as Gleason
Score 3 when single glands are still distinguishable in the histology image, but infiltrating margins
are visible. Gleason Score 4 occurs when adjacent glands overlap, forming clusters in which
individual structures cannot be distinguished. The most advanced form of cancer Gleason Score 5,
corresponds to a situation when the histology image shows a scattered network of cancer cells,
and it is not possible to identify the glandular tissue. In OCT images, cancer-affected regions
of the prostate generally appear as regions with a more uniform OCT intensity than in healthy
regions, with a gradual reduction of OCT intensity heterogeneity with the cancer advancement
stage. This is largely attributed to the reduction in contrast of glands in OCT images as cancer
advances. The histology image in Fig. 6(a) corresponds to a region classified as Gleason Score 3
and presents glands (indicated by blue arrows) affected by cancer with the presence of infiltrating
margins. In the corresponding OCT image, individual glands (marked with blue arrows) are
still distinguishable as dark regions surrounded by areas of higher OCT intensity. However,
the walls of individual glands are blurred, making it difficult to clearly separate specific glands
from adjacent connective tissue. The histology image in Fig. 6(b) presents a region classified as
Gleason Score 3 (on the left part) and Gleason Score 4 (on the right part) separated by a dashed
line. In the OCT image, in the area corresponding to the Gleason Score 3, individual glands
with blurred boundaries (marked with blue arrows) are still distinguishable. The right side of the
OCT image, which corresponds to Gleason Score 4, appears as a region with lower variation in
OCT intensity variability with clearly distinguishable bright bands (marked with yellow arrows)
corresponding to the connective tissue present between the grouped glands affected by the cancer.
Figure 6(c) shows another example of a region of Gleason Score 4, which, also presents as a
relatively uniform low-intensity OCT image with clearly distinguishable bands of high OCT
intensity originating from connective tissue (marked with yellow arrows). Figure 6(d) shows
another manifestation of prostate cancer, classified as Gleason Score 4. The histology image
presents cribriform glandular formation (marked with red arrows), which appears as clusters of
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proliferating glands clearly separated from each other. In the corresponding OCT image, these
formations are also distinguishable and are visible as well-delineated, relatively homogeneous
areas separated by bands of connective tissue, characterized by higher OCT intensity. In turn,
Fig. 6(e) presents a part of the prostate section classified as Gleason Score 4 (in the upper part)
and Gleason Score 5 (in the lower part) separated by a dashed line. In both the histology and
OCT images, the upper part of the figure, corresponding to Gleason Score 4, shows distinct
lighter bands of connective tissue (marked with yellow arrows) present between grouped glands
affected by cancer. The lower part of the sample, classified as Gleason Score 5, appears in the
histology as an area of relatively regular staining, which in turn is visible in the OCT image as a
region of low, uniform intensity. In both images, individual strands of connective tissue (marked
with red arrows) are still visible, but they are fewer in number and less distinguishable from
adjacent tissues than within the region of Gleason Score 4.

Table 1 summarizes the appearance of individual prostate microstructures in OCT images,
including nerves, arteries, veins, healthy glands, and tumors as Gleason Score 3-5. This table was
prepared based on conclusions drawn from the analysis of all n = 18 prostate sections subjected
to OCT imaging.

Table 1. Characteristic features of the appearance of individual prostate
microstructures in OCT images.

Tissue type Characteristic features on OCT images

Nerve The neurovascular bundle is visible as an area of heterogeneous
OCT intensity surrounded by a thin bright envelope (epineurium).
Within the neurovascular bundle, small, circular, structures with low
OCT intensity (axons wrapped in the myelinated structures of
Schwann cells) and less contrasting lighter bands (perineurium) are
visible.

Artery Two layers of the artery wall are visible: characterized by high OCT
intensity in the outermost layer (tunica adventitia) and low OCT
intensity in the deeper layer (tunica media). The lumen of vessels
not filled with blood is visible as a centrally located darker area.

Vein Irregular dark regions (vessel lumen) surrounded by a ring of high
OCT intensity (tunica adventitia).

Healthy gland Well-defined, dark, irregular area (lumen of empty glands)
surrounded by a lighter envelope (gland cells).

Tumor Gleason 3 | Individual glands are still distinguishable as dark regions
surrounded by higher OCT-intensity regions. However, the
boundaries of individual glands are blurred, making it difficult to
clearly define the boundaries between individual glands and the
connective tissue surrounding them.

Tumor Gleason 4 | Area of relatively uniform intensity except for bright bands of
connective tissue or an area with regions alternating high and low
OCT intensity (in case of occurrence cribriform glandular
formation).

Tumor Gleason 5 | Relatively uniform region with low OCT contrast.
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Fig. 6. Histology and en face OCT images of isolated single areas of tumor tissue
classified as (a) Gleason Score 3, (b) Gleason Score 4 (on the right part) and 3 (on the left
part), (c)—(d) Gleason Score 4 + 4, and (e) Gleason Score 4 + 5. The blue arrows indicate
the distinguishable within Gleason Score 3 area glands, the yellow arrows indicate the
characteristic features within classified as a Gleason Score 4 region: bands of connective
tissue and cribriform glandular formations, the red arrows indicate the connective tissue
within Gleason Score 5 area. The numbers indicate the corresponding feature in the histology
and OCT images.
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4. Discussion

Previous studies have shown that OCT can identify micro-architecture in the prostate, such
as healthy and cancerous prostate glands [26], adipose tissue [23], blood vessels [22], and
neurovascular bundles [28]. However, our study represents the first assessment of 3-D wide-field
imaging of the prostate, facilitated by corresponding wide-field histology and, moreover, provides
the first detailed description of OCT contrast of micro-structures, such as nerves, blood vessels,
and glands, in addition to cancer. Also, we believe that this is the first study to describe all these
anatomical micro-structures of the prostate in the same study.

A key feature of our study is the comparison of wide-field en face OCT with wide-field
histology. In the commonly used procedure to perform histology, the prostate tissue is sliced into
43 x 28 mm? lateral sections and each section is placed into its own micro-cassette. Importantly,
a key advantage of the 45 x 45 mm? lateral OCT field of view in this study is that it provides the
ability to image the entire prostate cross-section. Therefore, in developing our co-registration
protocol, rather than comparing multiple histology images that are unnecessarily acquired over
smaller 43 x 28 mm? lateral field of views and then stitched together in post processing, we
performed histology by placing entire prostate section into a micro-cassette. Whilst this process
can introduce an increased risk of sample damage due to tissue tearing and folding, it reduces
geometrical and biomechanical changes from slicing the tissue perpendicular to the scanning
plane at intervals across the lateral field of view [39]. These changes can reduce the ability
to accurately compare prostate microstructures between the two imaging modalities. Despite
a small number (N =5) of samples in our study being excluded from the subsequent analysis
due to poor histology image quality, we believe the co-registration protocol developed here
improves the accuracy of comparing prostate structures between OCT and histology by better
preserving the features of the tissue. It is important to note, as best highlighted in Fig. 2, that it
would be challenging to achieve an exact one-to-one co-registration, as the histology process
introduces geometrical distortions to the tissue. One possibility to improve co-registration
accuracy would be to apply a transformation to the histology image to match the OCT image
in post-processing [40]. This may help to further improve understanding of the appearance of
different prostate structures in the OCT images. Using this approach, it would be necessary to
carefully consider that the process of sample shrinkage during histological imaging is non-linear
and is different for each type of tissues (e.g. adipose, glandular, neoplastic). However, it should be
possible to account for in-plane tissue distortion using non-rigid co-registration methods. Whilst
out-of-plane tissue distortions are harder to account for, previous studies have also demonstrated
that this is possible [41].

The capability of OCT to perform real-time prostate imaging may eventually be translated to
intraoperative tissue characterization. For example, it is often important to distinguish between
healthy and cancer-affected glands intraoperatively. Our results show that generally, healthy
prostate glands appear as well-defined darker areas surrounded by a lighter rim. This envelope
can take on various shapes, from a clearly jagged, irregular pattern to an almost smooth pattern
corresponding to naturally occurring atrophic changes, which is clearly visible in the OCT
images (Fig. 5). On the other hand, the areas affected by cancer appear as more homogeneous
(Fig. 6). Depending on the Gleason grade of prostate cancer determined based on histology
images, brighter fragments corresponding to fibrous tissue are visible between individual cancer
glands. A general trend is that with increasing Gleason score, the area visible on OCT images
becomes more homogeneous (Fig. 6). Whilst this is a preliminary result, this relationship could
potentially be used to distinguish different cancer grades intraoperatively. To achieve this goal,
further studies are needed, including imaging of a larger number of prostate biopsies, in order to
enable quantification of the obtained results. In order to obtain a more detailed differentiation
between healthy and neoplastic glands with different Gleason indices, it may also be valuable
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to obtain additional information on the biomechanical properties of the tissues, which will be
achieved as a result of parallel studies using the OCE technique.

Our study indicates that whilst OCT provides contrast of many micro-structures within the
prostate, in some cases, this contrast is low. For example, nerves can be difficult to distinguish
from surrounding tissues and, also, micro-structures within the nerves, such as fascicles, often
present with relatively subtle variations in OCT intensity compared to surrounding structures.
Also, OCT provides high contrast between glands and surrounding tissues, but in some cases,
we saw evidence that glands filled with prostatic fluid can be difficult to identify, as the fluid
acts to match the refractive index between glands and adjacent tissue. Functional extensions
of OCT, including, OCT attenuation imaging [42], polarization-sensitive OCT [43], Doppler
OCT [44], and OCE [30] have been proposed to enhance contrast in the prostate and warrant
further investigation.

Currently, a key surgical focus is developing methods to improve patient outcomes in nerve-
sparing radical prostatectomy [45,46]. However, there are no techniques available to provide
surgeons with real-time contrast between healthy and cancerous tissues, whilst simultaneously
identifying nerves. In our OCT images, nerves, especially in cross-section, are distinguishable
as a darker area separated by an envelope with greater heterogeneity than the adjacent tissues
that correspond to the epineurium (Fig. 3). The maximum diameter of myelinated human axons
typically does not exceed 10 um [47,48] and is below the 13 um of OCT resolution used in
this study. Consequently, it is challenging to clearly distinguish between axons and Schwann
cell nuclei. However, it seems that visible inhomogeneities may correspond to individual
fascicles [49]. The main goal of nerve-sparing prostatectomy is to preserve the continuity of the
cavernous nerve that regulates erectile function. The average thickness of this nerve is several
hundred micrometers [50] and the diameter of particular periprostatic nerve fibers ranges from
200400 um and, in some cases, the diameter of these nerve fibers is only several micrometers [51].
As such, the resolution of our OCT system is sufficient to see many important features of the
neurovascular bundle, including the epineurium. In addition, we could adapt our method to
improve its suitability for use in nerve-sparing prostatectomy, where the key requirement is the
identification of the outer border of the neurovascular bundle. However, in many cases, several
other important nerve features are below our OCT resolution. Whilst it was outside the scope of
our study, high-resolution OCM could be used to resolve these smaller features, although it may
be challenging to develop OCM for intraoperative use [52].

5. Conclusion

In conclusion, we have presented a feasibility study of 3-D wide-field OCT imaging of fresh,
human prostate tissue. In total, we imaged 18 freshly excised prostate cross-sections and validated
wide-field en face OCT through co-registration with wide-field histology. We demonstrated that
OCT can visualize many of the important micro-structures in the prostate, including nerves,
blood vessels, and glands, and that OCT can identify regions of cancer. In addition, we presented
preliminary evidence that OCT contrast changes as cancer advances. We also identified some
challenges in visualizing micro-architecture in the prostate. For example, nerves often present
subtle contrast to surrounding tissues, and fluid-filled glands can present with low OCT contrast.
We believe that this study can act as a benchmark against which to assess image quality both with
compact imaging probes and functional extensions of OCT.
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