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Abstract: Prostate cancer is a significant global health issue. To advance diagnostic and
treatment procedures, such as image-guided needle biopsy, optical imaging methods offering high
spatial resolution have been proposed. Optical coherence tomography (OCT) allows for detailed
visualization of prostate microarchitecture in three dimensions; however, it does not reliably
differentiate tumors from surrounding healthy tissue. In this study, we use wide-field quantitative
micro-elastography (QME) to image the micro-scale mechanical properties of freshly excised
human prostate to provide additional contrast of tumor, which is known to exhibit increased
stiffness. In our approach, we generate volumetric OCT, strain, and elasticity images over a
field-of-view (x X y X z) of 46 x 46 x 1 mm>. We validate the contrast obtained in our images
through co-registration with standard histology images.
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1. Introduction

Globally, prostate cancer is the second most commonly diagnosed cancer in men with approxi-
mately 1.5 million new cases recorded and ~400,000 deaths each year [1]. Early and accurate
diagnosis is critical to reduce both the mortality rate and complications following surgery, such as
infertility, erectile dysfunction, and urinary incontinence [2]. Medical imaging plays an important
role in prostate cancer diagnosis. Currently, a gold standard in clinical practice is transrectal
ultrasound (TRUS), which is used to assess pathological changes in prostate structure and as a
monitoring tool for biopsy guidance. However, the effectiveness of standard TRUS-guided biopsy
is limited by its low spatial resolution (~200 um) and low contrast, with false-negative results
exceeding 30% until recently [3]. Recently, in micro-ultrasonography, using high-frequency
ultrasound waves, resolution as high as 70 yum was achieved, resulting in a significant improvement
in the accuracy of cancer detection in biopsies [4]. Furthermore, higher spatial resolution is
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also essential in guiding focal tumor removal techniques, such as ablation using high-intensity
focused ultrasound (HIFU) [5]. Another imaging modality that has been applied to prostate
cancer is magnetic resonance imaging (MRI), which showed high accuracy in the identification
of cancerous regions [6]. The approach, including multi-parameter MRI fusion with real-time
ultrasonography, is considered one of the most accurate imaging methods for biopsy guidance [7].
In recent years, many new MRI techniques for prostate imaging have been proposed to improve
both cancer detection and therapeutic interventions [8], including hybrid multidimensional MRI
[9], magnetic resonance fingerprinting [10], and restricted spectrum imaging [11]. To address the
problem of insufficient resolution, optical imaging modalities have been also proposed for use in
biopsy guidance, as these techniques have higher spatial resolution and are often compatible with
compact imaging probes. To date, most studies have focused on proof-of-concept experiments,
mainly on ex vivo biopsy cores. These studies have demonstrated the feasibility of differentiating
tumor using techniques including photoacoustic tomography [12], multiphoton microscopy [13],
Raman spectroscopy [14], and light sheet microscopy [15]. However, these techniques either lack
volumetric imaging capabilities, provide limited field-of-view (FOV) or require optical clearing
of the tissue. Optical coherence tomography (OCT) has also shown promise in imaging prostate
tissue based on intrinsic contrast from optical backscattering [16-22]. OCT offers a unique
combination of volumetric imaging capabilities with micrometer—scale resolution to a depth of
~1 mm in scattering tissue at high acquisition speeds that provide real-time tissue visualization
[16]. It does not require staining of the imaged sample as the signal carriers are the photons
backscattered from the imaged volume and thereby uses the object’s intrinsic optical contrast.
Several preliminary studies using time-domain OCT demonstrated the potential of OCT imaging
of the prostate [17,18]. However, the relatively low spatial resolution and sensitivity of these OCT
systems made it difficult to visualize micro-architecture and to differentiate tissue types within
the prostate. Gardecki ef al. demonstrated higher spatial resolution using optical coherence
microscopy (OCM), providing an axial resolution of 1 um and lateral resolution of 2 um. Using
this approach, the potential to provide detailed images of prostate features, including neoplastic
changes, was demonstrated in fresh biopsy specimens [19]. However, this high resolution was
obtained at the cost of a small lateral imaging FOV (1 x 1 mm?) and a relatively low imaging
depth (~300 um), limiting the potential for clinical applications, which often require inspection of
regions deep within the organ. One proposed solution to the limited imaging depth of both OCT
and OCM is the OCT needle probe, where the sample arm of the OCT system is miniaturized
and placed within a standard biopsy needle to allow investigation of prostate tissue to depths of
centimeters [20]. An in vivo feasibility study was performed using an OCT needle probe, where
validation of OCT contrast was obtained through co-registration with histology performed on
corresponding biopsies taken from the regions scanned with the probe [21]. The main challenge
of this approach remains the limited accuracy of co-registration. In an ex vivo study on a benchtop
OCT system, our group recently reported on the capability of OCT to identify various structures
within entire cross-sections of fresh prostatectomies, including nerves, blood vessels, and cancer
at different stages [22]. However, these studies have shown that, in some cases, OCT exhibits
limited contrast between cancer and surrounding benign tissue.

Functional extensions of OCT have the potential to improve the visualization of prostate
cancer. For example, Swaan et al. [23] demonstrated improved contrast using OCT attenuation
imaging, at the expense of relatively low axial resolution. Another possibility is to generate
contrast based on the increased stiffness of prostate cancer. On the macro-scale, modifications
to the mechanical properties of prostate cancer form the basis for digital rectal examination
(DRE), where the clinician utilizes manual palpation to provide an assessment of the prostate
[24]. Despite high subjectivity and access to only the back wall of the prostate, it remains a
main screening examination for the detection of prostate cancer. Given this established link
between tissue stiffness and prostate cancer on the macro-scale and, also, given that ultrasound
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elastography has been demonstrated to identify prostate cancer [25], there is distinct potential
to use optical coherence elastography (OCE) to provide improved contrast in the identification
of prostate cancer on the micro-scale. OCE is a functional extension of OCT that measures
tissue deformation in response to an applied mechanical load [26,27]. Using a mechanical model
based on solid mechanics, a mechanical property of the tissue, most commonly elasticity, is
estimated from the measured deformation. OCE has demonstrated high diagnostic accuracy
(>90%) in the detection of cancer in excised breast specimens [28,29] and has also been proposed
for in vivo imaging of cancer in the breast surgical cavity [30]. In addition, several studies have
demonstrated the potential of OCE to identify prostate cancer. Li et al. [31] presented a study of
120 biopsy-derived prostate specimens using vibrational OCE and showed statistical differences
between healthy tissue and cancerous tissue, providing high sensitivity (98%) and specificity
(91%) in cancer detection. The same group also reported a study in which OCE was correlated
with second-harmonic generation imaging to determine the orientation of collagen fibers as a
proposed biomarker for neoplastic lesions [32]. However, in both studies, prior to imaging the
specimens were fixed in formalin, which is known to increase elasticity by up to 120% [33].
Furthermore, the change in elasticity caused by fixation is dependent on the tissue type. As a
result, the clinical relevance of these previous studies is unclear. In addition, whilst the elasticity
of prostate biopsies was quantified, the capability to map elasticity at a spatial resolution high
enough to distinguish key prostate features was not shown, further limiting the potential for
clinical use.

Our approach applies a compression OCE technique, quantitative micro-elastography (QME)
[34], to image freshly excised prostate tissue. QME provides information on the spatially resolved
values of elasticity of the tissue expressed in kilopascals, i.e., the same as ultrasound elastography,
but with a spatial resolution almost two orders of magnitude higher. As such, it offers an
additional source of contrast that has the potential to provide precise tumor localization, which is
beyond the reach of more established optical imaging methods, such as OCT. High resolution and
high sensitivity provide the potential to distinguish between particular Gleason patterns, and thus
avoid unnecessary surgical interventions, similar to ultrasound elastography. Specifically, QME
has the potential to distinguish between cancer and benign prostatic hyperplasia, which cannot
be reliably made with DRE. Such distinction is challenging using alternative optical methods,
including OCT. An important advantage of QME is also compatibility with imaging probes that
will be required for eventual clinical translation in for example biopsy guidance [30].

In this paper, we performed QME on 18 sections dissected from 11 freshly excised human
prostates. Importantly, instead of focusing on biopsy cores, in this proof-of-principle study,
we characterize the micro-scale elasticity of large regions of the prostate by imaging entire
cross-sections of fresh tissue immediately following prostatectomy. This was achieved by
acquiring multiple, partially overlapped volumes and mosaicking them to extend the lateral FOV
to 46 x 46 mm?, similar to an approach previously used on breast specimens [35]. Using this
approach, we obtained three-dimensional (3-D) images of tissue micro-structure using OCT, as
well as 3-D images of strain and elasticity using OCE. Validation of the contrast obtained in OCT
images and elastograms was provided by co-registering the images with hematoxylin and eosin
(H&E) stained wide-field histology images of the same prostate slice.

Our results indicate that regions of healthy tissue often present with high strain heterogeneity,
largely resulting from the high density of prostate glands surrounded by stroma. Conversely, in
regions of tumor, strain typically presents as more homogeneous, resulting from the high density
of tumor cells, which causes the tissue to deform more uniformly. In elasticity images, tumor
typically presents with higher elasticity than the surrounding healthy tissue. In general, our
results indicate that both strain and elasticity images provide significantly higher contrast within
the prostate and have the potential to identify tumors with greater accuracy than OCT alone.
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2. Methods
2.1. QME imaging setup

The QME system used in this study has been described in detail previously [35]. In brief, it is
based on a Telesto IT OCT system (TEL220C1, Thorlabs, USA). It features a broadband light
source with a 200 nm bandwidth centered at 1300 nm, providing an axial resolution of 5.5 um in
air. The scanning head combines a pair of galvanometric scanners with a scanning lens, providing
a lateral resolution of 13 um. The spectrometer includes a line-scan camera with 2048 pixels,
providing an axial imaging range of 3.5 mm in air. Typically, attenuation of the OCT intensity in
dense tissues, such as the prostate, limits the imaging depth to ~1 mm. The beam is incident
from above the sample through the imaging window (6 mm thickness, fused silica, Edmund
Optics). The telecentricity of the imaging optics enables common-path acquisition with low
signal drop-off at the edges of the lateral FOV. Implementation of a common-path configuration
ensures high phase sensitivity despite the imaging system being mounted on a standard laboratory
bench (Fig. 1(e)). The reference reflection is provided by the interface between the imaging
window and the top surface of the compliant silicone layer (see Fig. 1(g)) placed between the
imaging window and the sample. The displacement sensitivity of the system was 1.44 nm
measured at an OCT signal-to-noise ratio of 40 dB. An additional visible light channel, which
is combined with the OCT path using a dichroic mirror, facilitates sample positioning using a
motorized 3-axis stage. Images obtained in this channel are also useful in co-registration of the
OCE images with histology.
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Fig. 1. (a) A whole fresh prostate after radical prostatectomy. (b) Dissection of the external
part of the peripheral zone including the apex. (c) The dissection of the slice to be imaged in
the axial plane. (d) Prostate slice to be imaged in the macro-cassette. (¢) QME imaging
system on-site at the Oncology Centre. (f) The prostate sample covered with a silicone
layer during scanning. (g) Illustration of the sample arrangement for QME imaging. SOL —
scanning objective lens, PIEZO — ring piezo actuator, GW — glass window, SL — silicone
layer, PS — prostate sample, TS — three-axis translation stage.

The parameters of the scanning protocol were based on a previous study on breast tissue [35].
For a single volume, the QME scanning pattern comprised 808 A-scans acquired along the x-axis
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per B-scan and 2424 B-scan pairs acquired along the y-axis over a lateral FOV of 16 x 16 mm?.
For each location on the y-axis, B-scans were acquired in pairs for two levels of mechanical
compression of the sample. The details of this protocol are described in the QME scanning
subsection. For OCT imaging, B-scans acquired at every three adjacent locations in the y-axis
were averaged to reduce optical noise, resulting in isotropic sampling in both lateral dimensions
(808 x 808 pixels). The spectrometer acquired spectra with an exposure time of 12 us and a line
period of 16 ps. The B-scan rate was ~68.8 Hz. To acquire data over an entire prostate slice in a
wide-field mode, we used a previously established protocol [35], which involved mosaicking
a 3 x 3 grid of volumes with an overlap region of 1 mm. This was achieved by mounting the
specimen on motorized translation stages. Data acquisition was controlled by custom software. A
single volume was acquired in ~70.4 seconds, resulting in a total acquisition time for wide-field
images of ~12 minutes. This procedure resulted in wide-field OCT, strain, and elasticity images
over a FOV of 46 x 46 x 2.6 mm? (x X y x 7). For the purpose of co-registration, we used en face
projections obtained for a particular depth within the sample.

2.2. QME scanning

QME is a compression OCE technique in which the local response of the tissue to applied stress
is measured. In our setup, the stress was applied using a transparent glass window mounted in an
aperture of the ring piezoelectric actuator. The window was placed within the working distance
of the objective lens of an OCT system [34]. The axis of movement of the actuator was aligned
with the optical axis of the scanning objective lens (Fig. 1(g)). Before imaging, the preload
was applied to the sample by squeezing it against the imaging window using the translational
stage in the z-axis (Fig. 1(f)). Thus, applied stress at the level of several kilopascals resulted
in a strain of 15-20%. The actuator working with the stroke of ~10 um enabled the uniform
application of additional micro-scale stress to the surface of the sample. The measurement was
carried out by consecutively acquiring two B-scans at two different levels of compression at each
y-location of the scan pattern. This involved synchronization of the piezo actuator driven by a
rectangular wave-form and B-scan acquisition. After standard OCT processing steps involving
Fourier transformation of the originally acquired intereference spectra, complex B-scans were
obtained. In the next step, the phase difference between the two B-scans within a pair acquired
in each position along the y-axis was calculated. The phase differences obtained for three
adjacent B-scans pairs were averaged to alleviate the deleterious effects of optical noise and
OCT speckle and resulted in uniform sampling in the x- and y-axes. The resulting QME scan
volume comprises 808 x 808 x 1024 (x X y x z) voxels with a voxel size of 20 x 20 x 2.6 um>.
Resultant phase-difference B-scans were used to calculate the local displacement of the tissue in
the axial direction using information about the light spectrum and assuming average refractive
index of the tissue (n = 1.33). Local strain was then estimated from the displacement map using
one-dimensional weighted least-squares linear regression over a fitting range of 100 um in z [36].
Estimation of elasticity requires knowledge of the applied stress, which, in QME, is measured
by first estimating the strain in a compliant transparent silicone layer (made with Elastosil
P7676, Wacker Chemie AG, Germany, hardness: 15 in Shore 00 scale, tensile strength 0.6
N/mm?)(Fig. 1(g)). Using the pre-calibrated stress-strain response of the layer and its thickness
measured with micrometer-scale resolution using OCT (with an average thickness of ~0.5 mm),
the stress at each lateral location at the sample surface was calculated [34]. Assuming that the
stress in tissue is uniform and uniaxial and having the spatially resolved maps of the strain, the
local elasticity, defined as the ratio of stress over strain was calculated. To minimize the influence
of friction at the glass-silicone interface, the layer was lubricated with silicone oil before being
brought into contact with the window [37]. Post-processing of the data using custom-developed
software provides volumetric local strain and elasticity. The wide-field en face strain and elasticity
projections with the lateral FOV of 46 X 46 mm? were obtained by stitching the projections from
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all the volumes at a particular depth in the same way the wide-field OCT en face projections
were generated. For comprehensive visualization, the strain and elasticity images were overlaid
on the OCT image.

2.3. Clinical scanning

All imaging was performed at the Oncology Centre in Bydgoszcz, Poland, and the study received
approval from the Bioethics Committee of Nicolaus Copernicus University. Eighteen specimens
from 11 freshly excised prostates obtained through radical prostatectomy were scanned. The
average age of the patients was 69.9 + 6.3 (mean + standard deviation) years. All the patients
suffered from prostatic lobular adenocarcinoma confirmed by the standard post-prostatectomy
histology procedure with an average Gleason score of 7.7 + 0.9 (mean + standard deviation). In
each case, a slice with a thickness of ~5 mm was taken in the axial plane, approximately 1 cm
below the apex tip, by a qualified pathologist within 30 minutes of excision (see Figs. 1(a)—(d)).
The slice was then immediately transported to the QME imaging system. In cases of prostate
enlargement, where the slice exceeded the maximum scanning area of the wide-field QME
system, the slice was bisected along the sagittal plane, and each section was scanned separately
(N=4). In each case, the sample was irrigated with saline solution, before being covered with
a silicone layer. Following QME acquisition, the sample was removed from the sample stage,
irrigated again, and placed in a macro-cassette. The standard protocol was then used to prepare
hematoxylin and eosin (H&E) stained histology images. In each case, histology images were
generated from the area scanned by QME at a depth of ~100 pm below the tissue surface. The use
of macro-cassettes allowed for histology images as large as 50 x 64 mm?, closely matching the
QME wide-field lateral scanning area. This enabled the acquisition of a single scan of the entire
specimen, greatly facilitating subsequent co-registration with histology. Within the collection of
scanned specimens, Gleason pattern 3 was observed in 10 specimens, Gleason 4 pattern was
found in 12 specimens, and Gleason 5 was identified in 4 specimens. In one specimen, no
neoplastic changes were observed.

2.4. Gleason grading

Throughout this manuscript, we refer to the Gleason grading system. This is the gold-standard
method for describing neoplastic changes in prostate microarchitecture, used for both the
diagnosis and prognosis of prostate cancer [38]. It recognizes five grades of prostate neoplastic
patterns, ranging from 1 to 5 with increasing severity. Each grade is defined by characteristic
features in the prostate micro-architecture assessed by histology. In prostates affected by cancer,
different patterns can be present, covering varying percentages of the sample’s area. In medical
practice, the Gleason score is used as the diagnostic parameter of the advancement of the tumor
development. The Gleason score is defined as the sum of the grades of the dominant pattern and
next-most frequent pattern present in the investigated prostate specimens. Importantly, elevated
stiffness measured with ultrasound elastography shows a correlation with increased Gleason
score [39].

2.5. Co-registration between QME and histology

Co-registration between QME and histology was achieved through a detailed comparative
inspection of the histology image by a qualified pathologist with the corresponding OCT, strain,
elasticity images, and visible light camera images. Characteristic features were identified in
the images, which enabled them to be oriented relative to each other to visually maximize their
similarity. Characteristic structures in the images, such as stromal bands or the location of residual
periprostatic tissue, were identified to assess possible changes in the geometry of the sample that
could occur in the multi-step histology sample preparation process. Annotations provided by
qualified pathologists were used for the interpretation of the OCT, strain, and elasticity images.
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3. Results

In Figs. 2-6, we present wide-field OCT, strain, and elasticity images of slices from the freshly
excised prostate co-registered with histology. In OCT images, the contrast is provided by the
OCT signal intensity presented in a logarithmic scale. In the strain images, the contrast is
provided by the values of strain expressed in dimensionless units (me), whose negative values
depict local compression, and positive values depict tension. The strain values are overlaid on the
OCT images. In the elasticity images, the calculated elasticity values expressed in kilopascals
(kPa) are also overlaid on the OCT images. We note that the standard convention in mechanical
engineering is applied, where both compressive stress and compressive strain are designated as
negative. Analogously, positive stress and positive strain indicate tension. Therefore, according
to the model of tissue deformation used in QME, which assumes that the stress in tissue is
uniform and uniaxial as a response to unidirectional compressive load, both stress and strain are
expected to be negative. This scenario results in positive elasticity. However, in compression
OCE factors such as surface roughness and mechanical coupling of features within the sample
can give rise to unexpected tissue deformation, resulting in positive stress and positive strain,
i.e., stress and strain acting in the direction opposite to the applied load. This effect has been
described in detail in previous publications [40,41]. If stress and strain have opposite signs,
negative elasticity is calculated in QME. As this is not physically meaningful, we remove these
regions from elastograms.

Figure 2 shows images of a prostate slice with extensive adenocarcinoma (Specimen 1). The
figure comprises co-registered wide-field images of histology (Fig. 2(a)), en face OCT (Fig. 2(b)),
strain (Fig. 2(c)), and elasticity (Fig. 2(d)), at a depth of ~140 um below the sample surface.
Figures 2(i)—(1) present a magnified region composed mostly of normal prostate stroma, indicated
by the yellow squares in Figs. 2(a)—(d). In general, this type of connective stroma is comprised
of fibroblasts, myofibroblasts, smooth muscle cells, vascular endothelial cells, nerve cells, and
inflammatory cells [42]. In histology, for example, the region highlighted in Fig. 2(i), presents
as a homogeneous area of mainly benign structures, with the cells forming distinguishable
longitudinal bands marked with white arrows. In Fig. 2(i), singular glands are visible as empty
spaces (indicated with black arrows). Figures 2(e)—(h) present a magnified region containing
a developed tumor indicated by the green squares in Figs. 2(a)-(d). In the histology image
(Fig. 2(a)), the tumor was graded by a pathologist with a Gleason score 8 (4 +4) and presents as
aregion with high nuclei density and cribriform, shrunken, merged glands. In Fig. 2(a), also a
region containing large, uninvolved glands of different shapes and sizes is located in the bottom
right region of the slice.

The OCT image provides visualization of characteristic features of the prostate architecture. For
example, larger glands in Fig. 2(b) appear as darker spots with well-defined borders, contrasting
with the brighter surrounding stroma. In the magnified region in Fig. 2(j), OCT provides clear
differentiation of fibromuscular stroma. Additionally, the narrow, singular glands marked with
black arrows appear as darker spots. A magnified OCT image of a region with Gleason grade 4
is shown in Fig. 2(f). In this case, Gleason grade 4 appears as sheets of poorly formed glands.
These structures are visible in the histology image (Fig. 2(e)), but in the OCT images, they
are visualized as areas of relatively uniform intensity, with only slight variations indicating the
microscale architecture of the cancer. This structure is interlaced with bands of well-contrasted
supporting stroma, which aligns with our findings presented in a previous paper [22]. However,
the contrast between the OCT images of normal stroma and tumor is relatively low (Fig. 2(j) and
Fig. 2(f), respectively), making it challenging to reliably differentiate between the two regions.

In the strain image (Fig. 2(c)), the tumor that covers almost the whole left part of the sample
appears as relatively homogeneous with low absolute strain (~0 me), which corresponds to the
typical response of uniform, stiff tissue to uniaxial stress. The magnification of the chosen region
of the tumor presented in Fig. 2(g) reveals only minor variations in strain due to the tumor being
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Fig. 2. Co-registered images of Specimen 1 with advanced adenocarcinoma with Gleason
score 8 (4+4). (a) Histology image. (b) OCT image. (c) Strain image. (d) Elasticity
image. (e)—(h) Magnified region containing tumor (Gleason score 8 (4 +4)) marked with
green squares in panels (a)—(d). (i)—(1) Magnified region containing mostly normal stroma
marked with yellow squares in panels (a)—(d). T — tumor, G — glands, S — stroma, GL(4 +4)
— Gleason score 8 (4 +4). White arrows — characteristic fibromuscular bands. Black arrows
— singular normal glands. Purple arrows — artifacts caused by the erroneous behavior of the
layer detection algorithm in areas of high surface roughness. OCT, strain, and elasticity
images are taken from a depth of ~140 pm below the tissue surface.
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intermixed with stroma. In contrast, the regions with healthy glands and stroma on the right-hand
side of the image are significantly more heterogeneous, showing both positive and negative strain.
This heterogeneity is observed in more detail in the magnified image in Fig. 2(k) and is most
likely caused by the deformation of compressible glands embedded in the surrounding stroma,
analogously to the previously described case of ducts in breast tissue [40].

In the elasticity image in Fig. 2(d) and the corresponding magnified images presented in
Fig. 2(1) (normal stroma), and in Fig. 2(h) (tumor), regions of tumor present with high elasticity
(>100 kPa, reddish tones on elastogram) compared to relatively low elasticity (<10 kPa, blueish
tones on elastogram) in the non-cancerous region to the right. In these images, there are regions
where no elasticity information is presented. These regions correspond to locations where
positive strain was measured, which, when combined with negative stress, results in negative
elasticity, which is not physically meaningful. This issue is described in more detail in the
Discussion section.

Figure 3 presents an example of a prostate slice (Specimen 2) with regions of advanced Gleason
grade 4 with disseminated discrete tumor. In the histology image in Fig. 3(a), extensive regions
of cancer are present on the left-hand side of the image. A part of the residual periprostatic
tissue adjacent to the prostate, containing adipose tissue, nerves, and blood vessels, is visible
in the upper part of the image. The area of the tumor is interspersed with a well-contrasted
network of connective tissue fibers, particularly visible in the top left part of the image. Regions
of homogeneous, healthy stroma and clusters of healthy glands are located on the right-hand side
of Fig. 3(a). Figure 3(i) shows a magnified image of one of these glandular regions indicated in
Fig. 3(a) with a yellow square. Examples of uninvolved glands are indicated with yellow arrows.

Figure 3(e) presents a magnified region containing a tumor indicated by the green square
in Fig. 3(a). In histopathology, a tumor with a Gleason grade 4 presents various morphologic
patterns. In Fig. 2, fused glands without intervening stroma are visible, creating a highly
homogeneous condensed structure. In contrast, in Fig. 3(a), the discrete regions of the tumor are
separated by stromal bands. These tumor clusters are visible as oval structures and are indicated
by the green arrows in the magnified image in Fig. 3(e). An example of such a cluster is also
presented in the magnified inset in Fig. 3(e).

Inthe OCT image in Fig. 3(b), cancerous tissue is visible as aregion with relatively homogeneous
intensity, with high-intensity bands corresponding to fibromuscular stroma distributed within the
cancerous tissue, analogously to Fig. 2(b). In the uninvolved part of the specimen, large glands
present with high contrast, as shown in the magnified image in Fig. 3(j). The representative glands
are indicated with yellow arrows. The microarchitecture of the glandular tissue is significantly
different from the tumor and the differences are clearly seen in Fig. 3(j) and Fig. 3(f). However, in
Fig. 3(b), analogously to Specimen 1, the region of normal stroma shows relatively homogeneous
characteristics similar to the tumor. It is also noteworthy that the tumor clusters identified in the
histology image (Fig. 3(e)) produce low contrast in the OCT image (Fig. 3(f)), and are difficult to
differentiate.

In Fig. 3(c), the strain image is presented. The magnified region of healthy glands shown in
Fig. 3(k) features much higher strain contrast than in the normal stroma in Specimen 1 (Fig. 2(k)).
This high strain heterogeneity, including positive strain measured in many locations, is attributed
to the complex deformation of compressible glands embedded in the surrounding stroma. In
the area of tissue containing the tumor, the values of strain are relatively low, compared to the
corresponding region in Fig. 2(c). A magnification of the cancerous region is shown in Fig. 3(g).
The region exhibits more heterogeneity than the tumor present in Specimen 1 (Fig. 2(g)). The
strain in Fig. 3(g) is predominantly negative. Discrete regions of the tumor provide a distinct
contrast that likely corresponds to the mechanical heterogeneity between cancer clusters and
surrounding intermingled stroma. The tumor clusters are stiffer than the adjacent stroma and
hence correspond to the locations of low absolute strain (~0 me).
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Fig. 3. Co-registered images of Specimen 2 with discrete tumor clusters. (a) Histology
image. (b) OCT image. (c) Strain image. (d) Elasticity image. (e)-(h) Magnified region
containing tumor (Gleason score 8 (4 +4)) marked with green squares in panels (a)—(d).
(i)—(1) Magnified region containing healthy glands marked with yellow squares in panels
(a)—(d). T — tumor, G — glands, S — stroma, PP — residual periprostatic tissue, GL(4 +4) —
Gleason score 8 (4 +4). White arrows — characteristic fibromuscular bands. Yellow arrows
— examples of healthy glands. Green arrows — tumor clusters. OCT, strain, and elasticity
images are taken from a depth of ~140 pm.
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The corresponding elasticity image is presented in Fig. 3(d). A magnified region of cancerous
tissue indicated by the green square in Fig. 3(d) is presented in Fig. 3(h). A comparison of the
elasticity image in Fig. 3(h) and the strain image in Fig. 3(g) shows the correlation between the
high elasticity (~100 kPa) and low absolute strain (~0 me) corresponding to the tumor clusters.

It is noteworthy, that the co-registration of the histology (Fig. 3(a)) and elasticity (Fig. 3(d))
does not provide an exact correlation of the regions with the tumor. In the histology image,
the tumor covers almost the entire left half of the image, whereas in the elasticity image, high
elasticity (>100 kPa) is found only in the bottom left quadrant of the image. This may result
from the histology image and the elasticity images being from slightly different planes or it could
indicate that in some instances prostate cancer does not result in stiffening of the tissue.This
ambiguity is described in more detail in the Discussion section.

In Fig. 4, results from Specimen 3 with high hyperplasia are presented. Benign prostatic
hyperplasia (BPH) is a process resulting in the expansion of glandular-epithelial and stromal
tissue, as well as muscle tissue leading to an enlarged prostate [43]. In Specimen 3, hyperplastic
changes resulted in the slice being larger than the imaging FOV and was therefore bisected.
Here, we present the left part, where most of the tumor was located. This specimen was further
divided into two sections during histology preparation, as in Fig. 4(a). The left section contains a
central region with an advanced tumor, which can be seen more clearly in the magnified image
in Fig. 4(e). Peripheral zone glandular areas located above and below the region of cancer are
structured in patterns specific to BPH. Along the left edge of this section, residual prostate
capsule and periprostatic tissue are visible. The right-hand side of specimen in Fig. 4(a) features
larger glands characteristic of BPH and an extensive region of stroma. A portion of this area in
the yellow square is magnified in Fig. 4(i).

The OCT image of Specimen 3 is presented in Fig. 4(b). Interestingly, in this case, the
OCT intensity is not uniform and shows high variability with the notably brighter region in
the bottom-left part of this image partially covering the co-registered region of the tumor, as
presented in the magnification in Fig. 4(f). Stromal fibrous structures are also well contrasted
and visible as bands of high intensity. In Fig. 4(j), a magnified OCT image presenting the region
indicated by the yellow square in Fig. 4(b) shows the glands visible in the area of uninvolved
tissue. These glands remain mostly filled with prostate fluid, as confirmed by the histology
image in Fig. 4(i) (yellow arrows). As suggested in [22], this may contribute to the relatively low
contrast visible between glands and surrounding stroma in Fig. 4(j).

In the strain image (Fig. 4(c)), in the left section of the specimen there is a distinctive region of
low, relatively homogeneous absolute strain (~0 me) that spans over the region containing tumor
in the corresponding histology. This region is magnified in Fig. 4(g). Interestingly, the region of
homogeneous strain extends into the region corresponding to no tumor in histology. As with
Specimen 2, it may be caused by differences in the geometry of histology and OCE scans or it
might be because of some non-tumor regions showing similar patterns in OCE images. The right
part of the specimen consists of normal tissue, mostly healthy glands, and is characterized by a
highly variable strain extending from —1 me to 1 me, as shown in Fig. 4(k). In this projection,
particular structures, like the glands indicated by the yellow arrows, can hardly be differentiated.

The elasticity image is shown in Fig. 4(d). Almost the entire left section of the image shows
high elasticity (>100 kPa), particularly in the area containing tumor, magnified in Fig. 4(h). The
left boundary of this section, corresponding to the periprostatic tissue, shows lower elasticity,
comparable to the region of healthy stroma. It is noteworthy that the area of increased elasticity
in the left section is much larger than the area of cancer in the histology image. A possible
explanation for this is an increase in elasticity due to BPH changes in the tissue adjacent to the
tumor. Another explanation could be the imperfect matching of the histology and elasticity
imaging planes. The region of healthy tissue, featuring low average elasticity (~10 kPa) and a
high percentage of gaps with missing elasticity due to positive strain, is presented in Fig. 4(1).
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Fig. 4. Co-registered images of Specimen 3 with cancerous and hyperplastic changes. (a)
Histology image. (b) OCT image. (c) Strain image. (d) Elasticity image. (e)—(h) Magnified
area containing tumor (Gleason score 7 (4 + 3)) marked with the green squares in panels
(a)—(d). (i)—(1) Magnified area containing healthy glands marked with the yellow squares in
panels (a)—(d). T — tumor, G — glands, S — stroma, PP — periprostatic tissue, GL(4 + 3) —
Gleason score 7 (4 + 3). Yellow arrows — enlarged glands filled with residual prostatic fluid.
OCT, strain, and elasticity images are taken from a depth of ~140 pm.
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Here, the locations with bigger glands identified in Fig. 4(j) are marked with yellow arrows and
present as regions of increased elasticity, which is common in case of changes caused by BPH.

Figure 5 shows an example of a sample featuring extensive regions of normal glands with tumor
also present (Specimen 4). The histology image in Fig. 5(a) presents areas with large numbers
and various sizes of glands in the upper and bottom-right regions of the image, characteristic of
a peripheral zone of a prostate. A magnification portion of this area indicated with the yellow
square is shown in Fig. 5(i), revealing complex shapes of the individual glands. The inner wall
exhibits a strongly differentiated structure, characterized by numerous branched protrusions
specific to healthy glands. The lower-left part of the specimen is covered by regions of tumor
(mostly Gleason grade 4). A magnification of the selected region, marked with a green square in
Fig. 5(a), is shown in Fig. 5(e). In this area, except for the very upper part, where normal glands
are present, the tissue exhibits a compact structure formed by poorly formed glands with largely
compressed lumens. It is also well-stained due to the increased density of cell nuclei. Only a
small number of distinguishable glands are visible in the affected area.

Figure 5(b) shows the OCT image obtained at a depth of ~80 um below the tissue surface. The
regions in square boxes correspond to co-registered areas of normal glands and tumor. Magnified
images of these areas are shown in Fig. 5(j) and Fig. 5(f), respectively. The tumor area presents
with lighter bands of OCT intensity, which correspond to fibromuscular structures. In contrast,
the healthy area shows a high degree of differentiation, with both empty and fluid-filled prostate
glands. Both areas exhibit similar OCT intensity levels.

Figures 5(c) and 5(d) show strain and elasticity images, respectively. Enlarged areas marked
with squares are presented in Fig. 5(k) and Fig. 5(1) for the uninvolved tissue and Fig. 5(g) and
Fig. 5(h) for the tumor, respectively. In the case of the tumor, uniform near-zero strain correlated
with elevated elasticity (>100 kPa) is observed. This is particularly evident in the lower-right part
of the images. Figure 5(g) and Fig. 5(h) provide better contrast of the structures that are difficult
to distinguish in the corresponding OCT image (Fig. 5(f)). The upper part of this area shows
greater strain variation and lower elasticity (<10 kPa). This indicates the different mechanical
characteristics between the two parts. The presence of cancerous tissue is confined only to the
lower area with higher elasticity, and the border between the cancerous and normal tissue is
clearly visible. Figure 5(k) shows the healthy area, where the strain image is highly varied due to
the randomized behavior of the glands. A large percentage of the area exhibits positive strain,
resulting in undefined elasticity, as seen in Fig. 5(1). In locations where elasticity can be correctly
calculated, it exhibits low values, as expected.

Figure 6 shows a prostate specimen (Specimen 5) with tumor regions of varying Gleason
grades (from 3 to 5). The dominant lesion can be observed in the histology specimen in Fig. 6(a)
as an extensive, well-stained area on the right-hand side. Within this area, individual structures
can be distinguished, forming characteristic regions with a Gleason grade ranging from 3 to
5. A selected region from this area is marked with a green square, and its magnification is
shown in Fig. 6(e). The upper and lower sections of the slice contain areas of clearly visible and
well-formed healthy glands of dense distribution. The selected upper region is marked with a
yellow square and its magnified projection is presented in Fig. 6(i).

Figure 6(b) shows an OCT image obtained at a depth of ~60 um below the tissue surface.
Figure 6(c) shows the corresponding strain image, and Fig. 6(d) presents the elasticity image.
The parts of the OCT images corresponding to the sections of the healthy glands and tumor areas
are marked with yellow (region of healthy glands) and green (tumor) squares. The magnified
images of these areas are shown in Fig. 6(j) for the normal glands and in Fig. 6(f) for the tumor.
The cancerous region in the OCT image is characterized by a low level of intensity variation.
Only a few empty glands embedded in a homogeneous structure formed by merged glands along
with distinct bands of fibromuscular stroma structures can be identified. In contrast, areas of
healthy glands reveal many glands of varying sizes, with well-contrasted bright boundaries.
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Fig. 5. Co-registered images of Specimen 4 with Gleason score 8 (4 +4) tumor and
extensive regions of normal glands. (a) Histology image. (b) OCT image. (c) Strain image.
(d) Elasticity image. (e)—(h) Magnified area containing tumor (Gleason score 8 (4 +4))
marked with the green squares in panels (a)—(d). (i)—(1) Magnified area containing healthy
glands marked with the yellow squares in panels (a)-(d). T — tumor, G — glands. S — stroma,
GL(4 +4) — Gleason score 8 (4 +4). OCT, strain, and elasticity images are taken from a
depth of ~80 pm.
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Fig. 6. Co-registered images of Specimen 5 with tumor regions of varying Gleason grades
from 3 to 5. (a) Histology image. (b) OCT image. (c) Strain image. (d) Elasticity image.
(e)—(h) Magnified area containing tumor (Gleason score 9 (4 + 5)) marked with the green
squares in panels (a)—(d). ()—(1) Magnified area containing healthy glands marked with the
yellow squares in panels (a)—(d). T — tumor, G — glands, S — stroma, GL(4 + 5) — Gleason
score 9 (4 +5), GL(3 +4) — Gleason score 7 (3 +4). OCT, strain, and elasticity images are
taken from a depth of ~60 um.
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The strain and elasticity images reinforce previously noted characteristics of healthy versus
tumor-affected tissue. The magnified region containing the tumor (Fig. 6(g)) shows large areas
of low strain. Only the top-right corner of this image, where a fragment of healthy tissue is
located, shows increased heterogeneity. Similarly, in Fig. 6(k), which shows a region with
healthy glands, the high variability of strain provides additional contrast of structures, such as
prostate glands. However, due to the largely randomized behavior of glands under stress, it is
often challenging to identify the shapes of individual glands in the strain image. Therefore, the
strain image in Fig. 6(k) should be interpreted holistically as presenting an area of complexity
formed by structures prone to non-uniform deformation. In contrast, the tumor-affected area in
the elasticity image (Fig. 6(h)) is characterized by a smooth gradient in elasticity between the
specific structures. The average elasticity of this region is higher than the corresponding value
for the benign tissue (Fig. 6(1)), as expected.

4. Discussion

Elastography provides an opportunity to diagnose prostate cancer using stiffness as a biomarker.
Previous studies have demonstrated the potential of OCE in identifying prostate cancer in biopsy
samples [31,32]. However, these studies were limited to small, fixed samples of the prostate. In
our approach, we focused on the examination of fresh prostate samples, providing conditions
more closely matched to the clinical scenario. We utilized a mosaicking protocol with a total
lateral FOV of 46 x 46 mm?, providing images of whole prostate cross-sections. Using QME,
we generated OCT, strain, and elasticity images. An important component of our study was the
validation of our results through co-registration with gold-standard histology.

The strain and elasticity images obtained provide a contrast of prostate structures that is
complementary to OCT images. In particular, QME enhances the differentiation of tumor,
which is often stiffer than benign tissue. Whereas tumor (Gleason grade > 4) in OCT images
presents as a relatively uniform structure, interlaced with distinguishable bands of stroma, it often
does not differ from the presentation of benign tissue and, therefore, cannot be differentiated
reliably. On the contrary, in strain images, the dense, compact cancerous tissue often presents
as homogeneous regions of low absolute strain. This corresponds to uniform areas of high
elasticity. On the other hand, the complex structure of normal fibromuscular stroma provides high
heterogeneity in strain images. The features visible in strain images, in some cases, correspond to
particular structures visible in co-registered histology, whereas in others, they show no obvious
correlation with histology images. This can be the effect of non-uniform stress, which can occur,
for example, in the case of a particularly rough sample surface, resulting in inaccurate adhesion of
the compliant silicone layer. In contrast, the non-uniformity of the stress is partially compensated
in the calculation of the local elasticity, where such regions are represented by uniformly low
elasticity, as expected. The key findings of the study are summarized in Fig. 7.

In the descriptions of our results, we referred to increased and decreased elasticity values
relative to the mean value for the specimen. Higher values of elasticity, usually defined as higher
than 100 kPa, according to the co-registration results, correspond to tumor, whereas values lower
than 10 kPa correspond to regions of benign tissue. Therefore, we propose the intermediate value
of 50 kPa as the threshold allowing classification of particular areas as cancerous regions. This
value corresponds well to the findings in ultrasound elastography [44,45]. Ultrasound shear-wave
elastography (USWE) enables the elastic modulus to be obtained by directly measuring the
induced shear-wave velocity and assuming known sample density. The technique was shown to
provide high specificity and sensitivity in clinically significant prostate cancer detection [46].
The threshold for elastic modulus in the prostate measured using USWE is typically determined
to be in the range of 35-85 kPa, and the spread of these results depends on the patient cohort
included in the study and the defined confidence interval [44,45]. Further assignment of the
average elastic modulus ranges of the whole prostate to the Gleason score using USWE has also
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Fig. 7. Summary of the findings in QME imaging of the freshly excised prostate presented
in the manuscript in qualitative terms. The characteristics of the OCT, strain and elasticity
images are illustrated by exemplary images of normal glands, normal stroma and tumor.
Scale bar: 2 mm.
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been proposed [47]. Our approach does not distinguish between Gleason grades 3, 4, and 5 at
this stage. However, the feasibility of such a distinction by a higher resolution OCT system and
statistical and correlation analysis performed on a larger collection of specimens is planned in a
future study.

Our findings in this pilot study demonstrate that QME provides contrast to differentiate tumor
from benign tissue. The next step towards the clinical application of QME in prostate cancer
treatment is a larger ex vivo study to establish the diagnostic accuracy of the method by evaluating
its sensitivity and specificity. Separately, the application of QME in prostate cancer requires in
vivo application, both intraoperatively and for biopsy guidance. As described in the Introduction
section, to overcome the problem of limited penetration depth of OCT/OCE (~1 mm in dense
tissue), the scanning head can be adapted to the form factor of a needle-like endoscope. A related
proof-of-principle OCE needle probe has been demonstrated in breast tissue [48,49]. Extending
this device to perform needle-based QME could provide support in transurethral resection of the
prostate.

The approach applied in our study, despite its potential in detecting tumor, has some limitations
that may influence its accuracy. One issue is the protocol used for co-registration with histology.
The same surface of the sample that was scanned with OCE also served as the slicing interface in
the microdissection step of the histology slide preparation process. Only the interface from a
certain depth below the surface of the specimen that meets the quality requirements undergoes
slide preparation and scanning using the histology slide scanner. The 3-D OCE data allows
for determining the depth in tissue at which the co-registration has the best match. However,
several aspects make this procedure challenging. Firstly, there is a difference in the scale of the
images. In the H&E staining procedure, the specimen can shrink due to dehydration, clearing,
and embedding in paraffin wax up to 20% of the original size of the fresh specimen [50]. In
addition, the lateral extension of the slice and its components in the OCT image is generally
increased by the pre-load stress applied to the sample before scanning. The level of stress required
depends on the sample’s average elasticity and surface roughness. Secondly, the angle of the
cut made by the microtome does not necessarily match the angle of the OCE en face projection.
Consequently, only a limited portion of the two images may show accurate correspondence.
Nevertheless, in most cases, it is possible to proceed with the level of similarity obtained and use
them for the interpretation of OCT images and elastograms. A possible approach to improve the
co-registration could be the use of a more advanced protocol for the manipulation of the 3-D
OCT and QME data, enabling sectioning at any angle to improve matching with histology [51].

Another challenge is the occurrence of positive strain under uniaxial load. As compression
is applied across the entire sample surface, factors such as friction at the sample boundaries,
uneven surface topology, local mechanical heterogeneity, and incompressibility may lead to
inaccuracies in the measured strain. In some cases, positive strain is obtained, which corresponds
to axial elongation of the tissue under compressive stress. This is most likely due to mechanical
interaction with the adjacent tissue. An example of such local regions of mechanical heterogeneity
and uneven tissue surface includes groups of larger glands embedded within the normal stroma
in the prostate. In our results, these regions are represented by segments showing high strain
variability. As elasticity, by definition, is positive, locations with positive strain and negative
stress are removed from the images to avoid confounding the subsequent analysis. To address
this issue, a refined approach based on the measurement of the 3-D displacement vector field
can be used [41]. In this method, the full strain tensor is calculated from the amplitude of the
complex correlation coefficients across multiple digitally shifted images. Access to the strain
tensor components enables the use of a number of measures providing mechanically meaningful
contrast in the locations where uniaxial analysis breaks.
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5. Conclusions

In this study, we demonstrated 3-D imaging of fresh prostate specimens with OCT, strain, and
elasticity. Wide-field scanning mode enabled imaging of the entire prostate cross-sections
improving accuracy of the co-registration of en face projections with histology. The images
provide localized information on the mechanical properties of both benign and cancerous tissue.
We characterized the strain and elasticity images in healthy and cancerous tissue indicating
differences between them enabling, in most cases, differentiation between the two types of tissue.
The results presented provide positive preliminary evidence of the potential of QME to effectively
support oncology procedures such as imaged-guided biopsy by using a needle-like OCE probe
design. The plan for further work provides for the collection of measurement data in sufficient
quantity to enable a reliable quantitative description of the observations made in regard to clinical
accuracy.
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