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Abbreviations (in alphabetical order)
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3D

Three dimensional

A-scan

Amplitude scan, this is reflected signal along a single axis

B-scan

Brightness scan, cross sectional image, existing of two axes in which
the amplitude is depicted in grey-values.

CLE

Confocal laser endomicroscopy

ePLND

Extended pelvic lymph node dissection

IV

Intravascular

IV catheter

Intravenous catheter

mpMRI

Multi-parametric Magnetic Resonance Imaging

MRI

Magnetic Resonance Imaging

NLLS

Non-linear least squares

NPV

Negative predictive value

OCT

Optical coherence tomography

PCa

Prostate cancer

PI-RADS

Prostate imaging reporting and data system

PPV

Positive predictive value

PSA

Prostate specific antigen

RALP

Robot-assisted laparoscopic prostatectomy

ROC

Receiver operating characteristic

ROI(s)

Region(s) of interest

SRR

Squared relative residuals

TRUS

Transrectal ultrasound

TTMB

Transperineal template guided mapping biopsy

US

Ultrasound
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General introduction and aims of the thesis
Prostate cancer
The prostate is the gland located around the urethra beneath the bladder that produces most
of the sperm fluid (figure 1). Prostate cancer (PCa) accounted for almost 1 in 5 new cancer
diagnoses in males in the USA in 2017, and 1 in 8 men will develop invasive cancer in the
prostate in their lifetime [1]. Prostate cancer is the second most common cancer in men (after
skin cancer) and the second most common cause of cancer-related death (after lung cancer).
Advances in screening, diagnosis, and treatment have led to an overall survival increase from
69% in 1991-1995 to 89% in 2011-2015 [2]. This improvement is impressive, but it leads to
more patients having active surveillance, focal treatment, surgery and follow-up after surgery.
The number of new cases of prostate cancer is expected to increase with 40% in the period
2015-2040 [3]. Histopathology has an essential role in prostate cancer diagnosis, preplanning
of treatment, during and after treatment.
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Figure 1: the prostate is located beneath the bladder, in front of the rectum and surrounds the urethra.
The prostate produces liquid that transports and protect sperm cells.

Grading prostatic cancers
Pathologists grade the cellular aggressiveness of prostate cancer by using the Gleason pattern
system scoring tissue from 1 to 5; the Gleason score sums the most dominant Gleason pattern
with the highest non-dominant Gleason pattern. Prostatic tissue, if malignant, has a Gleason
score ranging from 6 to 10. The correspondence of these scores with risk group and the new
International Society of Urological Pathologists (ISUP) Grade Group is shown in table 1. [4]
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Table
ISUP
Grade
groupgroup
and Gleason
score with
its corresponding
risk group. [4] risk group. [4]
Table1: 1:
ISUP
Grade
and Gleason
score
with its corresponding

Risk Group

Gleason Score

ISUP Grade Group

Low

Gleason Score ≤ 6

Grade Group 1

Intermediate Favorable

Gleason Score 7 (3 + 4)

Grade Group 2

Intermediate Unfavorable

Gleason Score 7 (4 + 3)

Grade Group 3

High

Gleason Score 8

Grade Group 4

High

Gleason Score 9-10

Grade Group 5

Grading during and after prostatectomy
Grading during and after prostatectomy

After and sometimes during a prostatectomy, histology is performed to check for the p
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After and sometimes during a prostatectomy, histology is performed to check for the presence
cancer on the resection margins. Again, prostatectomy specimens are analyzed by the
of cancer on the resection margins. Again, prostatectomy specimens are analyzed by the
pathologist
the Gleason
or ISUP
Grade
Groupssystems.
systems. When
there
is any
followingfollowing
the Gleason
scorescore
or ISUP
Grade
Groups
When
there
is any doubt a
doubt about the surgical resection margins during surgery, a frozen section is taken. The surgeon
then
must wait
for the pathologist’s
diagnosis
before the
procedure
can continue.
Analysis
of the then
surgical
resection
margins during
surgery,
a frozen
section
is taken.
The surgeon
prostatectomy specimen after surgery is a time consuming but essential procedure to double
check
the pre-surgerydiagnosis
conclusion on
the grade
the possible
the cancer.
the pathologist’s
before
the and
procedure
caninvasiveness
continue.ofAnalysis
of For
the prostat
this purpose, the prostate is cut in slices of approximately 5 mm, and the top ~10 micrometer of
specimen
surgerycutiswith
a time
consuming
procedure
to double
such
a slice isafter
subsequently
a microtome
to be but
usedessential
for histopathological
analysis
under check t
a microscope. This standard analysis grossly under-samples the whole prostate. Moreover,
conclusion on analysis
the grade
and
the possible
invasiveness
of thebecancer.
this purpose,
histopathological
during
surgery
is time-consuming
and it would
helpful toFor
have
a fast analysis in the operation room on fresh resected tissue. To tackle the under-sampling of
cut in slices of approximately 5 mm, and the top ~10 micrometer of such a slice is sub
the prostatectomy specimen it would be useful to have a 3D imaging technique of sufficient
resolution
for a more accurately
histopathological
analysis. analysis under a microscope. This s
with a microtome
to be used
for histopathological

Diagnostic
pathway
analysis grossly
under-samples the whole prostate. Moreover, histopathological analy

The classical method to diagnose prostatic cancer is histopathology of prostatic tissue harvested
surgery is time-consuming and it would be helpful to have a fast analysis in the operat
via 10-16 systematic transrectal ultrasound (TRUS) - guided biopsies using a biopsy gun (figure
2).
[5] Based
on the
diagnosis
the pathologist,
the treatment isofthen
per patient. specimen it
fresh
resected
tissue.
To of
tackle
the under-sampling
thetailored
prostatectomy
The urologist receives the results of the biopsies after ~5 working days, such that at the next
appointment
the urologist
can inform
the patient.of sufficient resolution for a more accurately
useful to have
a 3D imaging
technique
Unfortunately,
the TRUS-guided
histopathological
analysis.biopsy procedure has a known risk of missing PCa lesions and
is time-consuming. The subsequent histopathology therefore underestimates PCa aggressiveness
and can over-diagnose insignificant lesions [6,7].

Diagnostic pathway

The classical method to diagnose prostatic cancer is histopathology of prostatic tissue

10-16 systematic transrectal ultrasound (TRUS) - guided biopsies using a biopsy gun (f

Based on the diagnosis of the pathologist, the treatment is then tailored per patient. T
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These drawbacks of systematic TRUS biopsy procedure have a number of reasons:
1. Heterogeneous nature of PCa;
2. Under sampling; the small sample volume of histology (~15mm³);
3. Lack of real-time image guidance to the tumor, and low resolution of ultrasound (pixel sizes
of ~0.2 mm × 0.2 mm); [8]
4. Inter-observer variability of pathologists. [9,10]
Drawback 1 cannot be changed since it is the nature of prostate cancer. Drawback 2 can
be changed by using biopsy-guns that are able to take longer cores [11] or by taking more
biopsies (e.g. transperineal template guided mapping biopsy, TTMB), which is an even more
invasive procedure since more tissue is taken out of the prostate. To tackle drawback 3, the
diagnostic pathway for PCa has moved more and more into imaging-based targeted biopsies
using multi-parametric Magnetic Resonance Imaging (mpMRI) with voxel sizes of ~1 mm³
[12] instead of random or systematic biopsies. MpMRI targeted biopsies of suspicious ‘Prostate
Imaging Reporting and Data System’ (PI-RADS) lesions are increasingly being used as studies
demonstrate improved detection rates for significant PCa and reduced detection of insignificant
cancers. [13,14] Still, the biopsies taken via TRUS or mpMRI guidance must be evaluated by of
the pathologist.
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Figure 2: A biopsy gun used for prostate biopsies. The enlarged section displays two states of the biopsy gun:
A. Tip is closed, before and after harvesting tissue; B. Tip is open so tissue can enter and leave the plateau
area. (Images adapted from Bard Medical)
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Active surveillance and focal therapy planning
Besides for first diagnosis, biopsies are also taken during active surveillance and for focal
therapy planning. Active surveillance following the PRIAS protocol [15] uses 4 series of biopsies
over a period of 10 years. Prior to focal therapy, such as cryoablation, high intensity focused
ultrasound, irreversible electroporation, photodynamic therapy, or focal brachytherapy, the
location(s) of the lesion(s) can be determined using TTMB, using more than 20 biopsies. [16]
All treatment options use the judgment of the pathologists on histopathology as the “gold”
standard, supported by medical imaging. However, pathologists face a substantially increased
workload since the amount of people with detected prostate cancer is rising, and a high number
of biopsies and prostatectomy specimens must be evaluated, while most of the specimens will be
benign.

Optical biopsies or optical imaging
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Reliable real-time imaging with a high resolution could improve diagnosis, monitoring, and
treatment of focal treatment for intermediate-risk localized PCa by guiding and real time
feedback of the treatment. [12,17–19] Optical imaging technologies offer real-time imaging
with excellent spatial and temporal resolution and are easily integrated into the operating
procedure. In conjunction with mpMRI/TRUS-fusion targeted biopsy, integrating these realtime technologies in a needle-based form could provide valuable real-time information for
tissue characteristics and reduce the currently existing and rising workload of histopathological
analysis. Thin fiber-based probes (~0.9 mm) can be used for in vivo optical biopsies. Similarly,
fresh or fixated tissue can be analyzed in a positioning setup like a regular microscope, without
the need of cutting thin histopathology slices. A promising optical technique that can provide
real-time information in 3D is optical coherence tomography as discussed below.

Optical Coherence Tomography
Optical coherence tomography (OCT), the optical analogue of ultrasound, is a real-time highresolution depth-sensitive imaging method in which contrast is based on differences between
light-scattering of tissue structures. [20] OCT creates images with resolutions of 5 to 10 μm
and an imaging depth of ~ 1.5 mm and has become a standard of care tool in ophthalmology
to scan the retina [21], and in cardiology to detect plaques in coronary arteries and provide
quality assurance of stent placement [22,23]. OCT can, either non- or minimally invasively, be
applied in vivo, using scan heads or probes in conjunction with balloons [24], catheters [25], or
needles [26]. Next to structural information, quantitative parameters can be obtained from the
OCT signal. These parameters, such as the attenuation coefficient [27], backscatter coefficient
[28], speckle statistics [29], or texture analysis metrics [30], can be used to detect tissue
structures and organization, which are not readily visible in standard OCT images. This massive
amount of new information present in OCT data has led to many pre-clinical and clinical studies
in several fields, e.g., in dermatology [31,32], gastroenterology [33], surgery [34], cardiology
[35], urology [36], pulmonology [37] and ophthalmology [38].
OCT can potentially be used for various purposes: ex vivo it can be implemented to analyze
prostatectomy specimens in real time to assist pathologists and provide 3D pathology, whereas
in vivo it can be integrated in the guidance procedure for biopsies (figure 3), for guidance of
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focal therapy and for analysis of prostatic tissue in vivo (e.g., for assessment of resection margins
during surgery). Optical imaging can visualize tissue real time without harvesting tissue. Because
of these benefits, optical imaging has the potential to make the diagnostic procedure less
invasive, speed up the pathway, and reduce the workload of histopathological analysis. In order
to use OCT in one of these purposes, quantitative OCT parameters should be known per specific
tissue type. In order to discover the characteristics of prostatic tissues shown on OCT data or
images, prostatic tissue should be analyzed histopathologically and precisely matched with the
corresponding OCT data.

Aim of this thesis
The overall aim of this thesis is to developed methods to differentiate malignant from benign
prostatic tissue using OCT. To achieve this aim, comparison of ex vivo and in vivo OCT
measurements with histopathology is essential.

Thesis outline
Precise registration between OCT and histopathology, as gold standard, requires cutting the
prostate for histology precisely through the OCT measurement trajectory. An in-house developed
tool does exactly that and is demonstrated in chapter two. Just as with histology, features
(qualitative and quantitative) must be identified to recognize different prostatic tissue types, in
this case, OCT-specific features. In chapter three, 20 fresh prostatectomy specimens are
used to identify probe-based OCT features that are registered to a specific prostatic tissue type.
These 20 prostatectomy specimens were also scanned, after fixation, with an en-face OCT setup
using a scan head, which resulted in ~500 times larger scanned volume. To register this en-face
OCT data to the histology, a different registration technique had to be developed. Also, the
quantitative analysis software had to be semi-automated in order to process all the OCT data. In
chapter four, this new registration technique and automated quantitative analysis software are
described and tested on one prostate. To research if quantitative OCT parameters could be used
to separate malignant from benign tissue automatically, more data is needed. In chapter five,
54 slices were scanned and registered to histology proven tissue types in order to investigate the
potential of automated quantitative OCT.
To bring our OCT experience from ex vivo to in vivo is a giant leap. Validating new techniques
in vivo is challenging. Multiple steps to register in vivo OCT measurements cause uncertainties
in the registration with histology. The aim of chapter six is to design a protocol to test OCT in
vivo and make accurate registrations with histology. Chapter seven describes the first in vivo
registration step of probe-based in vivo OCT measurements with histology.
Finally, in chapter eight, the bright future of (prostate) cancer recognition using OCT is
described.
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Abstract
Objective
To design and demonstrate a customized tool to generate histologic sections of the prostate that
directly correlate with needle-based optical coherence tomography pullback measurements.

Materials and Methods
A customized tool was created to hold the prostatectomy specimens during optical coherence
tomography measurements and formalin fixation. Using the tool, the prostate could be sliced
into slices of 4 mm thickness through the optical coherence tomography measurement trajectory.
In this way, whole-mount pathology slides were produced in exactly the same location
as the optical coherence tomography measurements were performed. Full 3-dimensional
optical coherence tomography pullbacks were fused with the histopathology slides using the
3-dimensional imaging software AMIRA, and images were compared.

Results
A radical prostatectomy was performed in a patient (age: 68 years, prostate-specific antigen:
6.0 ng/mL) with Gleason score 3 + 4 = 7 in 2/5 biopsy cores on the left side (15%) and
Gleason score 3 + 4 = 7 in 1/5 biopsy cores on the right side (5%). Histopathology after
radical prostatectomy showed an anterior located pT2cNx adenocarcinoma (Gleason score 3
+ 4 = 7). Histopathological prostate slides were produced using the customized tool for optical
coherence tomography measurements, fixation, and slicing of the prostate specimens. These
slides correlated exactly with the optical coherence tomography images. Various structures,
for example, Gleason 3 + 4 prostate cancer, stroma, healthy glands, and cystic atrophy with
septae, could be identified both on optical coherence tomography and on the histopathological
prostate slides.

Conclusion
We successfully designed and applied a customized tool to process radical prostatectomy
specimens to improve the coregistration of whole mount histology sections to fresh tissue optical
coherence tomography pullback measurements. This technique will be crucial in validating
the results of optical coherence tomography imaging studies with histology and can easily be
applied in other solid tissues as well, for example, lung, kidney, breast, and liver. This will help
improve the efficacy of optical coherence tomography in cancer detection and staging in solid
organs.
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Introduction
Prostate cancer is the second most common cancer in men (after skin cancer) and the second
most common cause of cancer-related death (after lung cancer). In 2014, it was estimated that
233 000 new cases developed, and approximately 29 480 deaths occurred in the United
States [1]. During the past 2 decades, a steady increase in the detection of prostate cancer has
occurred largely due to the increased use of prostate-specific antigen (PSA) screening. This has
led to an increased use of systematic transrectal ultrasound (US)-guided biopsy in which the
prostate is sampled in a standardized stereotypical fashion, regardless of the tumor location,
which results in a high rate of false-negative findings [2]. Advanced imaging modalities have the
potential to address this issue by allowing more accurate tumor localization, which would in turn
enable image-guided targeted biopsies [3,4] and facilitate optimal treatment planning. These
advanced imaging modalities will prove especially useful with the emergence of novel and
potentially less morbid targeted therapies [5].
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Optical coherence tomography (OCT) produces high-resolution images of tissue. The principle
of this optical technology is analogous to B-mode ultrasonography, except that light is being
used instead of sound. Huang et al described the first application of OCT (in the retina and
the coronary artery) in 1991 [6]. The contrast in the OCT images is based on differences in
the back-scattering properties of the tissue, which are projected by gray-scale levels. With
resolutions of 5 to 10 μm and a imaging depth of around 2 mm, depending on the light source
used [7,8], images comparable to histopathology can be created. In the prostate, OCT has
been used for a variety of purposes. During laparoscopic radical prostatectomy, OCT has
proven to be successful in identifying the neurovascular bundles, which could enhance surgical
precision during nerve-sparing surgery [9]. Furthermore, Doppler OCT, a technology to assess
blood flow in microvasculature, was proven to be effective in the rat prostate for real-time
microvascular monitoring during photodynamic therapy for prostate cancer [10]. Optical
coherence tomography was also used for the assessment of surgical margins of the specimens
after robotic radical prostatectomy. Sensitivity, specificity, positive predictive value, and negative
predictive value were 70%, 84%, 33%, and 96%, respectively [11]. D’Amico et al also showed
differentiation of different structures in the prostate on OCT [12].
Recent technological developments have led to needle-based OCT imaging of tissue [13]. Thin
fiber optic helical scanning OCT probes are built into needles, which allow the introduction of
the OCT probe into solid tissue such as the prostate [14]. The resulting images can be analyzed
on visible qualitative tissue structures [15] or more quantitatively on light scattering parameters
[16] and/or measured size of visible structures [17], which can be compared to histopathology
of tissue [18]. The detection of prostate cancer with OCT would enable a digital biopsy of the
prostate with instant results, resulting in the possibility of cancer diagnosis and treatment in the
same session. In the prostate, OCT was successfully used in rats by Rais-Bahrami et al [19] and
Aron et al [9] during laparoscopic radical prostatectomy to identify the cavernous nerves. Yet,
one-to-one correlation of OCT images with gold-standard histopathology images is essential for
validation of the technology and requires very precise colocalization [18].
The correlation between imaging modalities and histopathology is challenging. Several studies
reported on a similar challenge in validation of multiparametric magnetic resonance imaging
(MRI) for prostate cancer[20-22]. Especially in studies evaluating OCT images, one-to-one
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histology correlation is extra important because of the high resolution at micrometer level. This
proof-of-concept study demonstrates the feasibility and use of a customized device to generate
histological sections of the prostate that directly correlate with OCT pullback measurements on
a millimeter level. Exemplary coregistration results between OCT and histopathology of the
prostate are given.

Materials and Methods
The OCT system used in the study is the commercially available C7-XR intravascular imaging
system interfaced to a C7 Dragonfly intravascular imaging probe (St Jude Medical, St Paul,
Minnesota). The system is originally designed for intravascular (IV) OCT and operates a probe
with a diameter of only 0.9 mm, which fits through a small 17-G needle. It is therefore possible
to perform OCT measurements in solid tissue as the prostate. The C7-XR Intravascular Imaging
System takes 5.4 seconds to acquire a 3-dimensional (3D)-OCT helical motorized pullback
image of 540 B-scans over a trajectory of 54 mm (length) with a pullback speed of 10 mm/s
(Figure 1). The radius or imaging depth is limited by scattering to approximately 2 mm.
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Figure 1: St Jude C7-XR intravascular optical coherence tomography (OCT) system. A, Schematic detail of the
probe tip. The OCT imaging probe (on 3-dimensional [3D] schematic illustration and as a cross section of the
tip of the probe) was 0.9 mm in diameter and fitted through an intravenous catheter. The probe functions as a
lighthouse, it shines light sideways, and makes pullbacks of 54 mm in 5.4 seconds. B, By the imaging console,
the OCT pullback was controlled. C, C7 Dragonfly intravascular imaging probe, which was compatible to
the C7-XR intravascular imaging console depicted in B. D, Detail of the C7 Dragonfly probe tip.

Chapter 2

Directly after radical prostatectomy, a silicon tube was passed through the urethra for orientation
purposes. Base (left) and apex (right) as well as ventral and dorsal side were identified. The
prostate was measured, weighed, and inked ventral right side (red), ventral left side (yellow),
dorsal right side (green), and dorsal left side (blue). After inking, the fresh prostate was anchored
in a grid-based customized tool with 4 anchoring needles in the center of the grid (Figure 2).
Six IV catheters (Intranule, 105 × 1.3 × 1.7 mm, 16 G; Vygon, Ecouen, France) were introduced
from the left side to the right side of the prostate. The grid-based customized mold was used to
ensure a parallel IV catheter position (Figure 2). The inner needles were removed from the IV
catheters, and the OCT imaging probe was introduced into the IV catheter while flushing with
water (to prevent the formation of air bubbles). The IV catheters were transparent, therefore,
the OCT pullback measurements could be performed while the IV catheters were still in place.
After the OCT measurements were finished, long needles were placed through the measurement
trajectories in order to keep the IV catheters parallel while the prostate was fixed in formalin.
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Figure 2: Customized grid for optical coherence tomography (OCT) measurements and fixation in formalin.
A, Fresh prostate stained for orientation (℗) and fixed in a grid (□) on both sides for parallel OCT
measurements. Ventral right side (red), ventral left side (yellow), dorsal right side (green), dorsal left side
(blue). A silicon tube was inserted through the urethra for orientation purposes. B, Transparent intravenous (IV)
catheters were inserted from left to right, parallel to each other, with the help of the grids on either side of the
prostate (same coordinate in as out). C, The OCT imaging probe (OCT) was inserted through the transparent
IV catheters. Pullback measurements were made from the right to the left side. D, Enlargement of the positioning
grid on either side of the prostate. The prostate was fixed in the grid with 4 fixation needles located in the
center indicated by Δ. After the OCT measurements, the prostate was fixed in formalin for 48 hours in the grid.
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Subsequently, the prostate was fixed in formalin for 48 hours. After fixation, the prostate was
sliced of exactly 4 mm thickness using our in-house-developed customized tool for pathology
validation. One of the sides from our grid-based measurement and fixation tool was detached,
and the grid was fitted in a guided cutting tool. Small rails ensured that the knife was positioned
exactly in front of the IV catheters (measurement trajectories). Knife guiders that fold around
the knife were introduced through the other side of the grid and inserted in the IV catheters
to guide the knife exactly through the measurement trajectories (Figure 3). Slices that did not
contain measurement trajectories were cut without guidance. After slicing, a high-resolution
overview picture was made according to protocol (Figure 4). From the slices with measurement
trajectories, whole-mount histology slides were made in order to see the entire measurement
trajectory (Figure 4).
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Figure 3: Customized cutting tool for the exact correlation with histopathology. A, First, one of the sides was
removed from the grid, and the grid was placed in the customized cutting tool. The inner needles were
removed from the first 2 intravenous (IV) catheters. Underneath the grid, there are rails that position the
measurement trajectories in front of the knife (◊). From the other side, knife guiders were introduced in the
grid (•) that fold around the knife and enter the IV catheter. They were locked in their position by turning the
locking bar (*). The prostate is indicated by ℗. Ventral right side (red), ventral left side (yellow), dorsal right
side (green), dorsal left side (blue). B, The prostate was sliced by pushing the whole grid toward the locking
bar, forcing the knife to slice through the measurement trajectories. C, After slicing, it was clearly visible that the
measurement trajectories are exactly sliced through the center. The forceps hold one side of the IV catheter,
which is sliced exactly in 2 halves.
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The histopathology slides were evaluated by a single urogenital pathologist with 10 years of
experience (L.R.) who was blinded to the OCT measurements. Alongside the measurement
trajectories, the structures were described and correlated with the OCT measurements.
Using the imaging software AMIRA (version 5.5; FEI Visualization Sciences Group, Mérignac
Cédex, France), we determined which part of the OCT measurement trajectories passed through
the prostate. Subsequently, we fused the OCT data with the histopathology in a 3D computer
environment. In this way, we were able to exactly correlate the OCT B-scan with the location on
histopathology.
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Figure 4: Histopathology matching. A, The prostate was stained and imaged when it was still fresh. B, After
fixation in formalin, the prostate was sliced using the customized cutting tool. Slices with the trajectories in them
were used for whole-mount slides, in this prostate, those were slice 2 (trajectories on the back) and slice 5. C,
Enlargement of slice 5. The measurement trajectories can be clearly seen. D, Microscopy slide of slice 5. The
measurement trajectories can be clearly followed.
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Results
A radical prostatectomy was performed in a patient (age: 68 years, PSA: 6.0 ng/mL) with
Gleason score 3 + 4 = 7 in 2/5 biopsy cores on the left side (15%) and 3 + 4 = 7 in 1/5
biopsy cores on the right side (5%). Histopathology after radical prostatectomy showed an
anterior located pT2cNx adenocarcinoma Gleason 3 + 4 = 7.
Using 3D imaging software AMIRA, the 3D-OCT measurement volumes were fused with the
histopathology slice (Figure 5).
Subsequently, we defined the number of B-scans that went through prostate tissue and divided
that through the number of millimeters trajectory on histopathology. In this way, we could
calculate the number of B-scans per millimeter and exactly locate the measurement site with an
accuracy of 0.1 mm. We could identify various structures in the histopathology, which we also
observed in the OCT measurements, which confirmed an accurate matching. Some examples
are depicted in Figure 6. Alongside the measurement trajectory, the following structures were
recognizable: (1) prostate cancer Gleason 3 + 4. In the OCT image, no structural information
could be obtained (homogeneous aspect of tissue). However, it was clear that the light did not
penetrate as far into the tissue as in other measurement locations (higher attenuation of light). The
increased scattering is presumably due to the high nuclear density in that area, combined with
the lowered amount of cytoplasm in these cells (lower nucleus–cytoplasm ratio), as observed in
histopathology. (2) Some cystic atrophy with septae was seen alongside the OCT measurement
trajectory. On the OCT B-scans, structures are clearly recognizable (Figure 6B, arrows), and
light penetration is relatively deep (low attenuation). (3) Stroma was visible in the OCT B-scan
as a homogeneous scattering medium in which light penetrates relatively deep (low attenuation).
This is presumably because of the low nuclear density in the stroma, which could also be seen
on histopathology. (4) Healthy glands were also located alongside the OCT imaging trajectory.
In the OCT B-scans, the glands were recognizable (Figure 6D, arrows) and the light penetrates
more deeply into the tissue (lower attenuation). (5) Cystic atrophy with large cysts was clearly
seen on the OCT B-scans. They perfectly align with the shape of the cysts seen in the same area
on histopathology (Figure 6E, arrows). As can be seen in Figure 6, the structures seen on OCT
correlate well with the structures on histopathology. The imaging trajectories on OCT measured
41.5 and 39.5 mm, whereas they measured 39.5 and 41.0 mm, respectively, in the whole-mount
histopathology slides.
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Figure 5: Three-dimensional (3D) fusing of optical coherence tomography (OCT) volume with histopathology
slide (slice 5, Figure 4). Using 3D imaging software AMIRA, entire 3D OCT volumes were fused with the
histopathology slide. For each measurement, one plane (slice of 3D volume) in the X–Z direction was
visualized as well as 5 B-scans (X–Y direction). The letters correspond to the B-Scans in Figure 6.

Figure 6: Five B-scans from the fused histopathology slide. A, Area of Gleason 4 prostate cancer. In the
optical coherence tomography (OCT) B-scan, this is seen as a homogenous tissue with low penetration
depth. In the histopathology slides, nuclear density is seen. B, Cystic atrophy with septae. The cysts are clearly
seen on the OCT images (arrows), the septae can be seen on both OCT images and histopathology (#).
C, Stroma. In the OCT B-scan, this is seen as a homogenous area with high penetration depth. D, Healthy
glands. The glands can be seen on the OCT B-scans as a heterogeneous area (indicated by the arrows). E,
Cystic atrophy without septae. The arrows indicate some of the cysts. It is well seen that the cysts have the same
shape as the areas on histopathology. NB: The letters of the B-scans correspond to the letters in Figure 5.
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Discussion
Matching of data obtained from a high-resolution imaging techniques as OCT to histopathology
is prone to fail because of slight misalignments and misorientations between the images. In order
to improve the coregistration of whole-mount histology sections to fresh tissue OCT pullback
measurements, we successfully designed and applied a customized tool to process radical
prostatectomy specimens. A major limitation of conventional needle biopsies is that the tissue
is only visualized in 2 dimensions, whereas important structures for determining cancer and
invasiveness of the disease are more clearly seen in 3 dimensions. What is true in radiology is
expected in pathology: 3D imaging will give an immense increase in the information content,
which is expected to increase sensitivity and specificity of early cancer diagnostic technologies
[23]. Standard pathology protocols, however, are insufficiently accurate for the validation of a
micrometer resolution needle-based technology as OCT.
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For the validation of other novel diagnostic modalities, one-to-one histopathology matching is
essential but presents itself with a challenge. Turkbey et al designed a custom-made 3D printed
mold for the validation of multiparametric MRI for prostate cancer diagnosis. These molds, based
on the 3D MRI images, allowed cutting the specimens in exactly the same plane as the MRI
scans [22,24,25]. This method can be used for deeply penetrating imaging technologies (as
MRI and US) but are less suitable for superficial (less deeply penetrating) imaging technologies
as OCT. Hariri et al designed a method to compare OCT images with histopathology in the ex
vivo setting to validate OCT in bronchial tissue [26]. The method worked in the ex vivo setting
by cutting the bronchi open and placing ink markers on the tissue where in between the OCT
measurements were performed. A similar technique had been used in cardiology [27,28] for
the visualization of high-risk plaques. Wagstaff et al used an approach where they acquired a
core biopsy of in vivo renal tissue over the same trajectory as a biopsy was harvested [29], an
approach that is challenged by the high percentage of nondiagnostic specimens that occurs in
renal biopsy protocols [30].
The customized tool for OCT measurements and histopathology matching does have some
limitations we have to address. There is a small difference in the length of trajectory between
the OCT measurements and the histopathology slide, which can be explained by the formalin
fixation-related shrinkage of the prostate. A study by Jonmarker et al described an average
linear shrinkage of 4.5%, corresponding to a volume correction factor of 1.15 [31]. Another
study found a linear shrinkage of 4.3% and a net volumetric shrinkage of 12.4%, resulting in a
correction factor for tissue shrinkage of 1.14 [32]. In our sample, we found a linear shrinkage
of 4.8% and 5.3%. Moreover, in large prostates, when fixed in formalin for 48 hours, the
differences in fixation can be present between the outer and inner parts of the tissue block,
which may cause nonuniform shrinkage and therefore minor (<1 mm) mismatch in images and
histopathology.
The axial rotation of the imaging probe in the tissue is estimated based on the location of
the urethra (if visible) and steepness of the borders of the prostate. Although this method is
reasonably accurate, an inaccuracy of approximately 10° in probe rotation may exist. In future
studies, a marker can ensure axial probe rotation in tissue before measurements.
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One of the main advantages of OCT over conventional diagnostic technologies, next to the fact
that the technology provides instant real-time diagnosis, is that it is objective, by quantitative
analysis of the data. Current methods of histopathology are time consuming and sensitive to
subjectivity of the pathologist. By performing quantitative analysis of OCT data, we expect to
avoid these diagnostic boundaries as there are in conventional pathology, as delay in diagnosis
and subjectivity. We believe that OCT is not a technology to find a lesion but rather to get local
information about the tissue. Therefore, we propose to integrate OCT in other technologies as
MRI or contrast-enhanced US. When OCT has been validated as a reliable artificial biopsy.
Diagnosis and treatment of prostate cancer can be performed on the same day, in a minimally
invasive manner.
To our knowledge, we are the first to describe a one-to-one method for full specimen
histopathology matching with needle-based OCT in solid tissue. By demonstrating examples
of B-scans and identifying structures on OCT that could also be seen on histopathology, we
showed that matching is nearly perfect. Besides prostates, the technology can also be applied
in other solid tissues, for example, lung, kidney, breast, and liver. The technology presented is an
important step in order to validate a high-resolution imaging technique as OCT. When OCT has
proven to be valid in the ex vivo setting, the next step will be to validate the technology in vivo.

Conclusion
We successfully designed and applied a customized tool to process radical prostatectomy
specimens to improve the coregistration of whole-mount histology sections to fresh tissue OCT
pullback measurements. This technique is crucial in validating the results of OCT imaging studies
with histology and can easily be applied in other solid tissues as well, for example, lung, kidney,
breast, and liver. This method will help improve the efficacy of OCT in cancer detection and
staging in solid organs. Future work will focus on a technique to validate OCT in the prostate
using this method in a larger group of patients.
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Abstract
Objectives
To define diagnostic accuracy of needle-based OCT for prostate cancer detection by visual and
quantitative analysis.

Materials and Methods
106 3D OCT data sets were acquired in twenty prostates after radical prostatectomy and
precisely matched with pathology. OCT images were grouped per histological category.
Two reviewers performed blind assessments of the OCT images. Sensitivity and specificity for
malignancy detection were calculated. Quantitative analyses by automated optical attenuation
coefficient calculation were performed.

Results
OCT can reliably differentiate between fat, cystic- and regular atrophy and benign glands. The
overall sensitivity and specificity for malignancy detection was 79% and 88% for reviewer 1
and 88% and 81% for reviewer 2, respectively. Quantitative analysis for differentiation between
stroma and malignancy showed a significant difference (4.6 mm-¹ vs. 5.0 mm-¹ Mann-Whitney
U test p<0.0001). A Krushkal-Wallis test showed a significant difference in median attenuation
coefficient between stroma, inflammation, Gleason 3 and Gleason 4 (4.6 mm-¹, 4.1 mm-¹,
5.9 mm-¹, 5.0 mm-¹ respectively). However, attenuation coefficient varied per patient and a
related-samples Wilcoxon signed rank test showed no significant difference per patient (p=0.
17).

Conclusion
This study confirmed the one to one correlation of histopathology and OCT. Precise matching
showed that most histological tissues categories in the prostate could be distinguished by their
unique pattern in OCT images. In addition, the optical attenuation coefficient can play a role in
the differentiation between stroma and malignancy, however a per patient analysis of the optical
attenuation coefficient did not show a significant difference.
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Introduction
Prostate cancer consisted 26% of the new cancer diagnoses in 2015, and it was the second
most common cause of cancer related death in the USA [1]. PSA screening led to an increase
in the diagnosis of low- and intermediate risk prostate cancer [2]. Focal therapy is emerging
as an attractive treatment option for these patients, since it only treats the cancerous part of the
prostate, while leaving the remaining part unharmed. Focal therapy has significantly less side
effects when compared to radical treatment [3-9]. However, accurate imaging on a microscopic
level is crucial for case selection and the application of focal therapy.
Imaging technologies that are currently investigated for prostate cancer include multiparametric
MRI (mpMRI) and transrectal ultrasound (TRUS) [10]. These technologies provide information
on a macroscopic level with voxel sizes of ~1mm³ on MRI and pixel sizes of ~ 0.2mm x 0.2mm
on TRUS. Standard histopathology provides diagnostic information on prostate cancer on a
microscopic level. This process however, is time consuming, is moderately reproducible between
observers and it produces artefacts on subsequent radiological images [11, 12]. An imaging
modality that provides reproducible instant information on a microscopic level and that can be
used intra-operatively and in the outpatient department would make the process of diagnosis,
treatment and monitoring faster (automated image processing) and more accurate (less open for
interpretation error).
40

OCT is a high-resolution imaging method in which contrast is based on differences between
light scattering of tissue structures [13]. Although the imaging depth is limited to approximately
2mm, OCT has an important advantage over standard histopathology, because OCT can, either
non or minimally invasively, be applied in vivo, using scan heads or probes in conjunction with
balloons, catheters or needles. Recent developments in needle-based OCT enable minimally
invasive puncturing of tissue and therefore in-tissue imaging [14, 15]. Furthermore, the OCT
signal can be quantitatively analyzed, thereby providing tissue specific parameters such as
the optical attenuation coefficient [14, 16]. The optical attenuation coefficient can function as
a measure for tissue density. In previous studies, one to one matching of the OCT images with
histology remained challenging [14, 16], while precise histopathology correlation is essential
to draw well-founded conclusions from the measured OCT data and to understand which
tissue types in the prostate can be distinguished by OCT. Therefore, a customized prostate
measurement and slicing device was developed which facilitates the necessary one to one
correlation of OCT images of fresh prostate tissue with histology. It has been demonstrated that
OCT is able to characterize tissue structures as seen on histopathology [17-19]. Additionally, the
tissue density is expected to translate into a different attenuation coefficient when compared with
benign tissue. The objectives of the present study are to identify unique structural characteristics
in needle-based OCT images, which by pathology are proven benign or malignant prostatic
tissues, based on visual parameters and/or quantitative analyses by means of the optical
attenuation coefficients. We hypothesize that the obtained structural characteristics and
quantitative parameters can be translated into a diagnostic accuracy that approaches biopsy
levels. The study is performed according to the IDEAL guidelines for the validation of medical
devices [20], and according to the STARD criteria for diagnostic studies [21].
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Methods
A prospective observational ex vivo study was performed in 20 prostates immediately after
radical prostatectomy. The hospital’s ethical board waived the need for evaluation.

Participants
Patients at least 18 years of age, diagnosed with prostate cancer and scheduled for radical
prostatectomy were eligible for inclusion in this study. Potentially eligible patients were identified
at the outpatient clinic of the urology department at the VU University Medical Center in
Amsterdam between August and November 2014. Inclusion was on a consecutive basis.

Test methods
Optical coherence tomography measurements were recorded using a commercially available
C7-XRtm Imaging System interfaced to a C7 Dragonflytm Imaging Probe (St. Jude Medical, St.
Paul, Minnesota, USA) (figure 1). The system uses a wavelength of 1300 nm with a bandwidth
of 55 nm, with a scanrate of 100 frames/sec (500 A-lines/frame) [22, 23]. The Imaging
probe was inserted into a transparent intravascular (IV)-needle catheter (Terumo Surflo© 18G x
2½) allowing tissue puncturing. A detailed description of the device, its adaption for prostate
imaging, and the measurement protocol were provided in a previous paper [14]. Briefly, the
rotating fiber-optic probe with an outer diameter of 2.7 Fr (0.9mm) produces cross-sectional
images with an axial resolution of 10 - 15 µm and lateral resolution of 20 – 40 µm [24]. A 360
degree probe rotation provides 504 A-scans of ~5 mm. The 504 A-scans were converted into
one cross-sectional image or B-scan. In the cylindrical configuration, the B-scan is thus presented
with a diameter of 10mm in diameter. The automatic pullback system scans over a trajectory of
54mm in ~5,4 s, producing a 540-frame/B-scan dataset, resulting in a cylindrical scan of the
prostate tissue of 54 mm x 10 mm, with an imaging depth of 2 mm limited by scattering [14].
Ex vivo OCT measurements were performed in fresh tissue at the pathology department directly
following radical resection. Four (in a small prostate) or six (in a large prostate) intravascular
(IV)-catheters were placed in the prostate using the customized tool as described in previous
work [25]. After removal of the insertion needle the C7 Dragonflytm OCT probe was inserted into
the in-situ transparent IV catheter and OCT measurements of the prostate tissue were acquired.
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Figure 1: The St. Jude OCT system. A) C7-XRtm OCT console. B) The C7 Dragonfly OCT imaging probe
connected to the OCT driver containing the optical fiber and focusing optics and electronic components for
measurements. C) Schematic detail of the OCT probe: the light is deflected perpendicular to the probe’s axis
into the tissue while the probe rotates and is pulled back, resulting in a cylindrically scanned OCT volume of
the tissue surrounding the probe.

Histopathological evaluation
The prostate was sliced after 48 hours formaldehyde fixation. For slicing, the knife was guided
through the OCT imaging trajectory (figure 2) [25]. Whole mount histopathological slides were
produced and stained with hematoxylin and eosin according to the standard VUMC pathology
protocol. The histological diagnosis was made by an expert uro-pathologist who was informed
about biopsy and clinically relevant findings but blinded for the OCT results. Afterwards, all
whole mount slides were digitized. The pathologist performed the marking and annotation of
histological structures in the digitized whole mount slides using annotation software designed
by our department. Nine histopathological tissue categories were annotated: cystic atrophy,
regular atrophy, benign glands, stroma, inflammation, fat and malignancy Gleason pattern 3,
Gleason pattern 4 and Gleason pattern 5.
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Figure 2: Customized prostate measurement and slicing tool A) First, the prostate is fixed between two grids,
ensuring parallel IV catheter insertion for measurements. 4 stabilizing needles in the middle ensure that the
prostate does not move during slicing (red arrow in B) B) OCT measurements are performed. Afterwards,
the prostate is fixated for 48h in formalin. C) The prostate is placed in the slicing device, with knife guiders
surrounding the knife, ensuring that the prostate is sliced perfectly through the OCT imaging trajectory (D and
E). The procedure is extensively described in earlier work [25].
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Data analysis
Measurement of the histopathological OCT trajectory length was performed using the pathology
annotation software after digital scale calibration to correct for prostate shrinkage after fixation.
A starting point was defined at the border of the prostate. Total trajectory length and all
distances from the beginning of the trajectory to marked histological structures were measured.
This procedure was performed for the histological structures on both sides of the trajectory
(ventral (painted red and yellow) and dorsal (painted blue and green)). The OCT scan creates
a 360-degree view of the tissue. Histopathology was 2D and thus contained only information
in one plane. Rotational matching was ensured by overlapping identical structures seen in
histopathology and OCT, as is indicated by the arrows in figure 3. The urethra and outer shape
of the prostate provided a rough estimation of orientation. Cysts were used for final precise
orientation.
The B-scan locations were matched to the distances measured in the histological slides. Based
on this information, a virtual overlay of the OCT scan over the histology was made. In this way,
the histological classification of every single B-scan was deduced.

Qualitative data analysis
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For each of the nine histological categories, locations were selected where opposing sites
(ventral and dorsal to the imaging trajectory) were classified in the same category; we refer
to these regions as the regions of interest (ROIs). On these locations, we assume that all tissue
surrounding the catheter channel has the same histological characteristics. The corresponding
OCT B-scans were saved to a database. Subsequently, 110 B-scans across the histological
categories were selected by RK, randomized, and offered to two reviewers (BM and AS)
blinded for the biopsy histology assessment and further clinical information. Prior to analysis,
the two reviewers received a short training based on example images and a short qualitative
description of the OCT images. Both reviewers independently assigned the B-scans to one of the
nine histological categories for comparison to the histological classification.
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Figure 3: Correlation of histology and OCT. A) Digitized H&E stained whole mount slide of the prostate. The
two (horizontal) trajectories from the OCT measurements are clearly visible. The pathologist annotates the
tissue types in different colors. The black arrow indicates an atrophic cyst. B) An OCT B-scan at the level of the
atrophic cyst from figure A. The blue arrow shows the same atrophic cyst. The blue-yellow line corresponds
with the longitudinal cross-section of the cylindrical dataset depicted in figure C. C) A longitudinal crosssection of the OCT scan, also used for final rotational correlation with histology. The blue arrow indicates the
atrophic cyst, seen in A and B. D) 3D visualization of OCT images matched one-to-one with histopathology.
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Quantitative data analysis
Quantification of the optical attenuation coefficient was performed using custom-written
code (Matlab 7.11.0 R2010b, The Mathworks Inc., Natick, MA, USA). The optical attenuation
coefficients from the ROIs were obtained by processing the data according to steps described
in Flowdiagram 1. The region of interest (ROI), is divided into fit regions (FR) with the following
dimensions: (31*6 A-lines). Each separate A-line in a FR was laterally averaged, and
attenuation coefficient (µOCT) was fitted according to the method in appendix 1 yielding 1 µOCT
per fit region, which correspond to a specific location in the histopathology. These values were
used for analysis. The process is described in detail in Appendix 1 and illustrated in figure 4. We
used our experience from previous work to design the program [14, 16, 26].
In order to improve the data quality, a margin of error was included for the OCT–histopathology
correlation process. Five B-scans, covering 0.5 mm in scan length, at the beginning and end
of each ROI were deleted. The remaining ROIs had to contain at least six B-scans for final
inclusion. The attenuation coefficients of these regions were stored in a database based on the
histologic classification. The determined values for stroma, inflammation, and all malignancy
categories were grouped per patient. In case of missing data of whole mount slides or OCT
scans, the specific OCT scan/histology combination was excluded from the analysis.
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Flowdiagram 1: Automated Quantitative analysis. The process is described in detail in appendix.
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Figure 4: (A) First, tissue types were assigned by the pathologist, (B) Regions were selected with the same
histopathology on both sides of the imaging trajectory, 5 B-scans on both sides of the ROI were taken as a
safety margin and not included in the analysis. The B-scans in this region (dotted yellow line and example
in (C) were further analyzed as described in the appendix (D). The fit starts 20 pixels after reaching tissue
surface, the fitlength is 226 pixels. An average of the final 100 pixels was used as a measurement of the noise.

Statistics
The results of the visually reviewed OCT B-scan were compared to the whole mount
histopathology slides. Additionally, answers were grouped based on similar histological
classification. Finally, all scores were grouped for benign and malignant histology. Sensitivity,
specificity, false negative and false positive calculations were performed manually using a 2x2
table. The inter-observer agreement expressed in kappa was calculated for every category.
Kappa (k) < 0 was defined as ‘poor agreement’, 0 to 0.20 ‘slight agreement’, 0.21 to 0.4 ‘fair
agreement’, 0.41 to 0.60 ‘moderate agreement’, 0.61 to 0.8 ‘substantial agreement’, and above
0.81 ‘almost perfect agreement’.
Optical attenuation coefficients of malignancy Gleason patterns 3, 4 and 5 were grouped. With
a Kolmogorov-Smirnov test, that data was tested for a normal distribution. A Mann-Whitney
U test was performed for comparison of the attenuation coefficient of stroma and malignancy,
using MedCalc v 15.8. A Kruskal Wallis test was performed to compare attenuation coefficients
of stroma, inflammation, Gleason 3 and Gleason 4 individually. A p-value of ≤0.05 stated
significance. Additionally, receiver operating characteristic (ROC) curve analyses were
performed. The area under the curve (AUC) was calculated to determine test accuracy.
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Results
Patient characteristics
Patient characteristics are described in table 1: Twenty consecutive patients were included.
On these 20 prostates, 106 3D-OCT measurements were performed. The mean age was 65
years with a mean PSA of 11.5 ng/ml at the time of surgery. All patients except one underwent
prostate biopsies with Gleason scores ranging from 3+3 to 4+4. One patient was included
based on benign prostate hyperplasia trans-urethral resection results. Histologic specimen
examination provided Gleason scores ranging from 3+4 to 4+5 and one benign specimen.
Seminal vesicle invasion, extracapsular invasion, pelvic lymph node involvement and positive
resection margins were present in two, six, one and five patients, respectively.

OCT and histology correlation
A total number of 52 whole mount histopathological slides were available. The OCT trajectories
were visible in 50 slides. Malignancy was visible in 19 histology slides in 13 prostates. Twentyone slides were damaged during production, resulting in areas with data loss. Matching of
OCT scans with histology was achieved with high precision in 36 slides. The urethra and outer
boundaries of the prostate contributed to the first rotational orientation. Mainly cysts but also
other landmarks such as the urethra provided data for precise rotational orientation as can be
seen in Fig. 3. Rotational inaccuracy was estimated at 10 deg.
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Qualitative description of B-scans
The earlier selected representative OCT B-scans that were grouped per histopathological tissue
type were reviewed for identification of unique marks on OCT. Figure 5 shows a representative
B-scan per category. Review of the B-scans showed that part of the histopathology was well
identifiable by OCT based on unique characteristics. Cystic atrophy (figure 5.1) was visually
identified by cavities (>0.5mm), divided by septae. The content of the cavities appears opaque
due to back-scattered light. Regular atrophy (figure 5.2) has smaller (0.1 – 0.3mm), dark,
more grouped cavities than those found in cystic atrophy. Benign glands (figure 5.3) have even
smaller, mostly grouped cavities (≤0.1mm). The cavities could be dark or opaque. Fat (figure
5.4) had a honeycomb structure, consisting of a unique pattern of bright stripes, alternated by
dark dots.
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Table 1: Patient characteristics, *)2.9 under Combodart, **) one patient underwent a radical prostatectomy
Table 1:onPatient
characteristics,Gleason
*)2.9 under
Combodart,
one patientresection
underwent
a radical
prostatectomy
based
a histopathological
score
4+4 after**)
transurethral
of the
prostate
based on a histopathological Gleason score 4+4 after transurethral resection of the prostate

Patients

n=20

Age at operation (years)

mean: 64.5 (range: 55 - 76)

PSA at operation (ng/ml)

mean: 11.5 (range: 2.9 -36)*

Biopsies (Gleason)

3+3

n=5

3+4

n=11

4+3

n=2

4+4

n=1

Total number of cores

mean: 9.6 (range: 6 - 15)

Number of cores positive

mean: 4 (range: 1 - 7)**

Specimen (Gleason)

0+0

n=1

3+4

n=7

4+3

n=11

4+5

n=1

Seminal vesicle invasion

n=2

Extracapsular invasion

n=6

Pelvic lymph node dissection

n=7

Lymph node involvement

n=1

Resection margins positive

n=5
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Figure 5: Histological tissue characteristics seen in OCT. The inner part of the OCT probe and the IV catheter
in the middle are made black.
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Qualitative blind assessment of B-Scans
Blind assessment of OCT B-scans was done by two reviewers (see table 2). The percentages
represent the number of B-scans correctly scored by the reviewer. Grouping scores for
categories with similar histology and intended treatment improved the results. Combining
benign glands, cystic atrophy and regular atrophy resulted in scores of 100% and 88.9%.
Combination of stroma and inflammation resulted in scores of 56% and 59%. Malignancy
Gleason patterns 3, 4 and 5 resulted in correct scores of 79% and 88%. In particular, stroma
and inflammation were most often misidentified, totaling n=17 and n=17 out of 41 for reviewer
1 and 2, respectively. Grouping malignant and benign scores gave an overall sensitivity and
specificity for malignancy detection of 79% and 88% for reviewer 1 and 88% and 81% for
reviewer 2, respectively. Negative predictive values were high (94% and 96% for reviewer 1
and 2 respectively). Positive predictive values were relatively low (66% and 57% for reviewer 1
and 2 respectively).
The inter-observer agreement on OCT images was calculated and resulted in moderate
agreement between observers (weighted kappa of 0.50 for overall test values).
When test results were combined into similar groups with similar histology and intended
treatment, benign cystic structures (benign/cystic and regular glands), benign stromal structures
(stroma/inflammation), and malignant structures (Gleason pattern 3/4/5), there was
substantial agreement between observers (Kappa of 0.64). When the results were grouped in
two groups: benign structures (Stroma and Inflammation) and malignant structures (Gleason
pattern 3/4/5), there was moderate agreement between observers (kappa of 0.57).
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Table 2: Results of visual OCT B-scan scoring.
Table 2: Results of visual OCT B-scan scoring.
Reviewer 1

Reviewer 2

Scores:

Exact

Percentage

Exact

Percentage

Benign glands

15/16

94 %

11/16

69 %

Cystic atrophy

8/9

89 %

7/9

78 %

Regular atrophy

8/11

72 %

4/11

36 %

Stroma

16/31

52 %

13/31

42 %

Gleason pattern 3

2/5

40 %

3/5

60 %

Gleason pattern 4

9/19

47 %

6/19

32 %

Inflammation

1/10

10 %

4/10

40 %

Fat

9/9

100 %

9/9

100 %

Benign, cystic, regular

36/36

100 %

32/36

89 %

Stroma, inflammation

23/41

56 %

24/41

59 %

Malignancy 3,4,5

19/24

79 %

21/24

88 %

Grouped scores:

Malignancy detection (Gl 3/4/5):
Sensitivity

79 %

88 %

Specificity

88 %

81 %

NPV

93 %

96 %

PPV

65 %

57 %

The inter-observer agreement
on OCT
images was calculated
and resulted in moderate agreement
Quantitative
analysis
–attenuation
coefficient
between observers (weighted kappa of 0.50 for overall test values).

Automated attenuation coefficient calculations were performed for additional differentiation
between
andwere
malignancy.
patients
were
included;
eight patients
could not
be
When stroma
test results
combinedTwelve
into similar
groups
with
similar histology
and intended
treatment,
included in the analysis, as the tumor or inflammation was not scanned by OCT.
benign cystic structures (benign/cystic and regular glands), benign stromal structures

We(stroma/inflammation),
noticed that the attenuation
coefficient
(malignant
and benign)
differedthere
per patient.
and malignant
structures
(Gleason
pattern 3/4/5),
was substantial
observers
(Kappaforofmalignancy
0.64). Whenthan
the results
were(5.0
grouped
in versus
two groups:
Theagreement
attenuationbetween
coefficient
was higher
for stroma
mm-1
4.6
mm-1).
This
yields
for
most
patients
except
four
(table
3,
figure
8).
Data
was
tested
for
a
benign structures (Stroma and Inflammation) and malignant structures (Gleason pattern 3/4/5),
normal distribution with a Kolmogorov-Smirnov test and normality was rejected in both benign
was moderate
agreement between
observersU
(kappa
of 0.57).a significant difference
andthere
malignant
data (p<0.0001).
A Mann-Whitney
test showed
in attenuation coefficient (p< 0.0001 ). Additional analyses with an ROC curve as accuracy
Quantitative
analysis
–attenuation
coefficient
measurement
of the
attenuation
coefficient
in discrimination of malignancy and stroma showed
an area
under
the
curve
of
0.62.
For
a
threshold
valueperformed
of 4.6 mm-¹,
the test has
a sensitivity of
Automated attenuation coefficient calculations were
for additional
differentiation
68% and a specificity of 49% (figure 6).
between stroma and malignancy. Twelve patients were included; eight patients could not be
included in the analysis, as the tumor or inflammation was not scanned by OCT.
We noticed that the attenuation coefficient (malignant and benign) differed per patient.
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Figure 6: Mean attenuation coefficients for stroma and malignancy (left) with 1 SD error bars. ROC analysis
(right).
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Figure 7: Bar graph median attenuation coefficients for Gleason 3, Gleason 4, Stroma and Inflammation with
95% confidence intervals for medians.
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Figure 8: Per patient analysis of optical attenuation coefficients of histological categories per patient, means
with 1SD error bars.
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Figure 9: Dot and line diagram of optical attenuation coefficient analyzed per patient. A Wilcoxon signed
rank test did not show a significant difference between optical attenuation coefficients per patient p=0.17
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Separate categories were analyzed with a Kruskal Wallis test (figure 7), which showed a significant

Separate
analyzed
with a Kruskal
testinflammation,
(figure 7), which
showed
differencecategories
in median were
attuenuation
coeffient
betweenWallis
stroma,
Gleason
3 andaGleason
significant -1difference-1 in median
attuenuation
coeffient
between
stroma,
inflammation,
Gleason
4 (4.6 mm , 4.1 mm , 5.9 mm-1, 5.0 mm-1 respectively) (p<0.05). Since attenuation coefficient
3 and Gleason 4 (4.6 mm-¹, 4.1 mm-¹, 5.9 mm-¹, 5.0 mm-¹ respectively) (p<0.05). Since
strongly differed
per patient,
wediffered
also decided
to perform
a paired
samples
Wilcoxon
signed rank
attenuation
coefficient
strongly
per patient,
we also
decided
to perform
a paired
samples Wilcoxon signed rank test. The dot-and-line diagram is shown in figure 9. The paired
test. The dot-and-line diagram is shown in figure 9. The paired samples T-test does not show a
samples T-test does not show a significant difference in optical attenuation coefficient between
significant
opticalinattenuation
between
benign
and malignant tissues in the
benign
anddifference
malignantintissues
the prostatecoefficient
per individual
patient
p=0.17.
prostate per individual patient p=0.17.
Table 3: Overview of the mean attenuation (mm-1)
coefficient per histological category per patient. Only
Table 3:with
Overview
of the
mean
attenuation
(mm-1in
) coefficient
per(standard
histological
category
per patient.
Only
patients
malignant
OCT
data
were included
the analysis.
deviation)
[number
of b-scan
patients
with
malignant
OCT
data
were
included
in
the
analysis.
(standard
deviation)
[number
of
b-scan
excluded/total number of b-scans (percentage of b-scans excluded)]
excluded/total number of b-scans (percentage of b-scans excluded)]
1
2
3
4
5
6
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7
8
9
10
11
12
13
14
15
16
17
18
19
20
Mean

AC stroma (mm-1)
4.9 (1.0)
[30/95 (32%)]
4.5 (0.8)
[256/672 (38%)]
5.00 (0.9)
[307/672 (46%)]
4.6 (1.5)
[57/128 (45%)]
4.6 (0.9)
[78/208 (38%)]
4.5 (0.9)
[256/672 (38%)]
4.8 (0.8)
[98/400 (25%)]
4.8 (1.1)
[55/96 (57%)]
4.3 (0.8)
[93/144 (65%)]
4.6 (0.7)
[48/112 (43%)]
6.4 (2.1)
[61/128 (48%)]
4.4 (0.8)
[39/80 (49%)]
4.4 (0.9)

AC inflammation (mm-1)
4.5 (0.8)
[26/80 (33%)]
4.8 (0.6)
[13/32 (41%)]
-

AC Gleason 3 (mm-1)
4.8 (0.8)
[35/80 (44%)]
-

-

-

4.5 (1.4)
[8/16 (50%)]
-

-

-

-

-

6.1 (0.7)
[1/48 (2%)]
-

-

-

-

-

4.7 (1.0)

5.5 (1.0)

-

AC Gleason 4 (mm-1)
6.5 (1.1)
[1/32 (3%)]
4.9 (0.7)
[184/1136 (16%)]
6.1 (1.4)
[2/48 (4%)]
4.6 (0.6)
[89/384 (23%)]
5.6 (1.0)
[2/16 (13%)]
4.6 (0.6)
[15/48 (31%)]
5.2 (0.8)
[37/128 (29%)]
6.1 (0.4)
[4/16 (25%)]
4.9 (0.9)
[182/640 (28%)]
5.4 (1.0)
[688/2240) (31%)]
4.3 (0.8)
[25/48 (52%)]
5.1 (0.9)
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Discussion
This study demonstrates that needle-based OCT can identify unique tissue patterns in benign
and malignant prostatic tissue and is even able to distinguish benign tissue from malignant
prostate (p<0.05). Visually, all types of prostatic tissue were identifiable on OCT, although
malignancy, stroma and inflammation present as similar patterns and therefore it was more
challenging to differentiate between those categories. Additional computed OCT analysis by
means of the attenuation coefficient did contribute to discrimination of benign from malignant
tissue in the prostate. However, when analyzed on a per patient basis, there was no significant
difference in optical attenuation coefficient. The unique aspect of this study is the one to one
correlation of OCT and histopathology in prostate cancer. In previous work, the correlation of
histopathology and OCT scans was a serious drawback [10, 14]. For this reason, a customized
tool for OCT measurement and prostate slicing was developed. The feasibility of precise
correlation of histopathology and OCT of the device was described in earlier work [25]. Using
this method, we performed a single blind qualitative and quantitative accuracy study of OCT in
a larger cohort of 20 patients ex vivo.

Limitations on data matching
The correlation of 3D OCT scans and 2D histopathology was based on two assumptions.
First, OCT probe rotation in the prostate tissue was approximated by corresponding structures
seen in OCT and histology. The estimated rotational inaccuracy is 10 degrees, which we
consider a small inaccuracy. Second, when both sides of the trajectory contained identical
histological structures, it was assumed that all tissue surrounding the OCT probe was from the
same histological category. Although this seems plausible, histopathology showed a large
heterogeneity in prostatic tissue, therefore it might be possible that some areas contain tissue
from another category. In order to minimize measurement errors, we identified five B-scans on
both sides of the ROIs as the margin of error and excluded them from data analysis.
Because the OCT-probe only samples part of the tissue, we missed the tumor in 8 patients. For
this reason, we did not include this OCT data in the visual assessment and we were not able to
analyze the attenuation coefficient on malignancy in these patients.

Limitations in visual assessment
For visual assessment, the observers were affiliated with OCT but were not formally trained
for detection of prostate cancer. Therefore, it is plausible that their assessment scores can be
improved by OCT assessment training. This training could consist of an explanation of the
unique tissue characteristics followed by an extended test of prostatic B-scans. This method has
been successfully executed before in other imaging studies, e.g. using MRI to visualize prostate
cancer, training significantly increased diagnostic accuracy [27, 28].

Limitations in quantitative assessment using the optical
attenuation coefficient
It was remarkable that the optical attenuation coefficient for one category (for example
Gleason 4) could differ within a patient with µOCT values ranging 1-2 mm-¹. This intra-patient
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variation might be because prostate tissue is heterogonous and is therefore challenging for the
pathologist to delineate an area as benign or malignant. Moreover, the pathologist analyzes
the whole mount prostatic histology slide using a 40 X microscope and delineates this using
software on a digital lower resolution image of the same slide, a process prone to errors. We
partially corrected for this by removing 5 B scans from each side of each ROI as described
earlier. Yet, it is also known from histological studies that healthy prostate tissue differs between
patients and therefore tumor tissue might differ between patients as well [29]. Furthermore, a
fair amount of fits (approximately 30%) was excluded from the analysis because the calculated
fit did not exactly match the measured data. Most likely, these specific regions of the prostate
are too heterogeneous for a correct fit, e.g. cysts, but they might still have a clinical significance.
Technology such as automated texture analysis and pattern recognition, could contribute to
solve this problem and could increase the performance of OCT for prostate cancer detection
[30]. Furthermore, when more data is available, convolutional neural networks could be trained
to perform the analyses on the OCT data, as it now starting in conventional histopathology [31].

Perspective to other work in the field
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Ex vivo application of OCT on the human prostate was first described in the year 2000. 2D
cross sectional OCT scans were generated of specimens after radical prostatectomy [32]. It
was claimed that OCT could distinguish malignant from benign prostate tissue on the basis
of architectural differences in the tissue. OCT has also been described for prostatic nerve
identification in order to spare them during radical prostatectomy experiments [33, 34]. In 2009
Dangle et al. evaluated surgical margins, seminal vesicle invasion and capsular invasion with
OCT ex vivo in prostates after radical prostatectomy. They found that OCT overestimated the
amount of margin involvement, but the NPV was high. For surgical margins on OCT sensitivity,
specificity, PPV and NPV was 70%, 84%, 33%, and 96%, respectively [35]. Recently, a study
by Lopater et al described the initial application of Full Field OCT for the detection of prostate
cancer in prostate biopsies. This ex vivo OCT imaging method approaches the resolution of
traditional histological slides with a resolution of about one micrometer. The images were
scored solely by architectural structures and solely in the 2D setting, sensitivity, specificity, PPV
and NPV values were 63%, 74%, 55.5% and 80% respectively [36]. In our study, sensitivity
(79% and 88%) and specificity (88% and 81%) for malignancy detection were higher than
in these previous studies. PPVs (66% and 57%) and NPVs (94% and 96%) were higher or
comparable to these previous studies. Although PPVs were higher than previous studies, they
were still considerably lower than the NPVs. This indicates that OCT, as it is investigated here,
can be a good test to exclude disease in the prostate. The advantage of the St Jude C7-XRtm
Intravascular Imaging System is that it is commercially available and applicable in a sterile
environment. Consequently, the application of this OCT system in the outpatient clinic or even in
a surgery setting is relatively easy. The small probe diameter even allows for in vivo insertion in
the prostate. Images are acquired in 3D, which increases the amount of information substantially
when compared to 2D histopathology. Needle based OCT lacks the spatial resolution to
function as a stand-alone diagnostic modality in prostate cancer. However, it can make the
process of conventional histopathology faster and possibly more accurate. Since OCT results are
quantifiable, it can reduce interrater variability, which is high for conventional histopathology
[37].

Needle-based optical coherence tomography for the detection of prostate cancer:
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Conclusion
This study validates one to one correlation of histopathology and OCT by using the uniquely
designed prostate slicing device in a cohort of 20 patients. Correlation showed that most
histological tissues have a unique pattern and therefore could be visually identified on OCT,
such as cysts, lines, view in depth or signal intensity. The abilities of OCT for prostate cancer
identification were explored and qualitative visual analysis confirmed the hypothesized high
cell density of malignant tissue. In addition, the optical attenuation coefficient contributes to the
differentiation between stroma and malignancy, although a per-patient analysis did not show a
significant difference. These findings may serve as a basis for an in vivo study combining OCT
and prostate biopsy histopathology; allowing comparison of both tests and exploring the clinical
potential of OCT in digital pathology of the prostate.
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Appendix: Fitting the optical attenuation coefficient
Quantification of the optical attenuation coefficient was performed using custom-written code
(Matlab 7.11.0 R2010b, The Mathworks Inc., Natick, MA, USA). Methods were derived from our
previous work [14, 16, 26]. First, OCT amplitude data was loaded into the software. Isolation of
tissue-related data from the original data set was achieved by a succession of image processing
steps applied to all B-Scans. First, low SNR regions were excluded by applying a pixel value
threshold on the amplitude data. Next, to remove the catheter from the B-Scans, an algorithm
utilizing region connectivity as well as a priori knowledge about the catheter-tissue geometry
was implemented. Following this, a 5 x 5 Gaussian low pass filter was applied to the catheterfree images; this step served to improve performance of the ensuing edge detection using the
Sobel method. The thus detected tissue edge was then smoothed further by carrying out local
regression using weighted linear least-squares (assigning lower weight to outliers and zero
weight to data outside six mean absolute deviations) and a 2nd degree polynomial model. OCT
amplitude data of the prostate tissue was isolated from the original B-Scan by selecting all data
below this smoothed edge. Finally, this data was straightened and then divided into fit regions
(FRs)with the following dimensions: 31 x 6 x 226 pixels in the fast axis, slow axis and depth
(located 20 pixels below the tissue edge), respectively. These individual FRs were then laterally
averaged, yielding a single average A-line for each FR. Subsequently, a FR-specific attenuation
coefficient (μOCT) was determined by non-linear least squares fitting the following formula to this
average A-line:

.
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is the averaged OCT amplitude in depth, z is the position in depth, z0 is the position
of the tissue boundary, A and μOCT are free running parameters (amplitude and attenuation
coefficient, respectively). The fit always starts 20 pixels below the tissue surface to ensure the
absence of tissue edge reflection. The noise is defined as the average of the last 100 pixels of
the data. The system dependent parameter t(z) (describing the confocal point spread function) is
defined as:
, where zf is the position of the focus in depth, ZR0 is the Rayleigh length,
and n is the refractive index of the medium. The sensitivity roll-off h(z) is defined as:
.
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Here, zmax is the maximal imaging depth of the OCT system and s is the ratio between the
spectral resolution to the sampling interval. The contribution of the confocal point spread function
and the sensitivity roll-off were determined by fitting the equation for
to the OCT amplitude of a sample with a low concentration of Intralipid (0.003%) using 4
different catheters, for which negligible scattering is assumed, and ZR0 and s were the free
running parameters [38, 39]. The median values for ZR0 and s are 0.73 mm and 1.4 respectively
which corresponds to reported values [40, 41]. After fitting, all fits were judged by an
experienced observer and non-matching fits (e.g. because of a cyst in the data) were excluded
from the analysis. In this way, only accurate representations of the optical attenuation coefficient
were included in the analysis. Finally, all obtained attenuation coefficient values were multiplied
by 1.4 (refractive index for tissue) yielding values per mm [42].

Needle-based optical coherence tomography for the detection of prostate cancer:
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One-to-one registration of en-face optical coherence tomography attenuation coefficients
with histology of a prostatectomy specimen

Abstract
Optical coherence tomography (OCT), enables high-resolution 3D imaging of the morphology
of light scattering tissues. From the OCT signal, parameters can be extracted and related to
tissue structures. One of the quantitative parameters is the attenuation coefficient; the rate at
which the intensity of detected light decays in depth. To couple the quantitative parameters with
the histology one-to-one registration is needed.
The primary aim of this study is to validate a registration method of quantitative OCT parameters
to histological tissue outcome through one-to-one registration of OCT with histology.
We matched OCT images of unstained fixated prostate tissue slices with corresponding
histology slides, wherein different histologic types were demarcated. Attenuation coefficients
were determined by a supervised automated exponential fit (corrected for point spread function
and sensitivity roll-off related signal losses) over a depth of 0.32 mm starting from 0.10 mm
below the automatically detected tissue edge. Finally, the attenuation coefficients corresponding
to the different tissue types of the prostate were compared. From the attenuation coefficients, we
produced the squared relative residue and goodness-of-fit metric R².
This article explains the method to perform supervised automated quantitative analysis of OCT
data, and the one-to-one registration of OCT extracted quantitative data with histopathological
outcomes.
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Optical coherence tomography (OCT), the optical analog of ultrasound imaging, enables highresolution imaging of the morphology of scattering tissues up to approximately 2 mm in depth.
In OCT the axial resolution (typically ~5-15 μm) is determined by the bandwidth of the light
source, while the transversal resolution (~10-30 μm) is determined by the confocal properties
of the sample arm optics. The contrast in OCT images is based on the differences in (back)
scattering properties of the tissue. Currently, OCT can provide, non-invasive and non-contact,
in vivo and ex vivo images of tissue structures; thereby facilitating the opportunity to detect
small lesions [1–5]. By comparison with histology, the gold standard, different tissue layers and
structures can be identified [3]. Because of this in vivo layer and structure analysis, OCT has
become a standard of care tool in ophthalmology [6]. Next, to structural information, additional
quantitative parameters can be obtained from the OCT signal. These parameters, such as the
attenuation coefficient [7], backscatter coefficient, speckle statistics [8] or texture analysis
metrics [9], can be used to detect transformed tissue structures and its organization. Which are
not readily visible in standard OCT images. This massive amount of new information present
in OCT data led to many pre-clinical and clinical studies in several fields, e.g., dermatology
[10,11], gastroenterology [12], surgery [13], cardiology [14], urology [15], pulmonology [3]
and ophthalmology [16]. A large amount of OCT data is only useful if it is validated, in other
words: OCT data must be correlated to histology for validation purposes. In organs with high
tissue heterogeneity, such as the prostate, one-to-one registration with the histological specimen
is required. Previous work has shown the possibility to acquire needle-based OCT data in
human prostate and relate this to benign or malignant tissue, qualitatively and quantitatively
[5,17]. Prostate tissue, however, cannot only be categorized as benign or malignant but contains
many different tissue types, and therefore analysis of whole-mount data is required. In this study,
the primary aim is to develop a method to precisely register a 3D en-face OCT data set with
histology. For brevity we will demonstrate the method on two prostate slices. This registration is
performed by combining multiple steps in one roadmap: prostate preparation, mosaic OCT data
acquisition, OCT data analysis and one-to-one registration of the OCT data with the histology.
This type of analysis has not been demonstrated before. In addition, we take uncertainties in the
registration process into account and investigate what margin on the histological delineation is
necessary to avoid mis-interpretation.

Methods
This study was performed on a prostate obtained after radical prostatectomy from a patient
diagnosed with prostate cancer. The patient was identified at the outpatient clinic of the urology
department at the VU University Medical Center in Amsterdam in 2014. The hospital’s ethical
board waived the need for evaluation. The analysis of the prostatectomy specimen was carried
out in 8 steps according to the flowchart in Figure 1.

One-to-one registration of en-face optical coherence tomography attenuation coefficients
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Figure 1: Flowchart of OCT analyzing and comparison with histology. The attenuation coefficients generated
at step 6 are automatically checked on outliers and bad fits (R² < 0.9) removed to improve the quality of the
data. Masking the pathology regions at step 7 prevent wrong sorting of the quantitative data per tissue type,
taking into account possible misalignment of the histology registration on the OCT mosaic at step 5.

1) Prostate preparation
After prostatectomy, the prostate was painted for orientation following the standard procedure
and was fixated for 48 hours in formaldehyde. During the fixation, a plastic tube was placed
in the urethra for orientation purposes. Subsequently, the prostate was cut into slices of ~1 cm
thickness of which two were scanned by OCT.

2) OCT data acquisition
The basis of the setup for data acquisition was a tabletop OCT system (Santec OCT system
IVS-2000, Santec USA Corporation, Hackensack) operating at a center wavelength of 1310
nm at 50 kHz and a maximum ranging depth of 8.32 mm in air. The lateral field of view of the
scanning probe head was 1.2 x 1.2 cm². The axial and lateral resolutions were 12 µm and 50
µm, respectively (beam waist 25 µm). The prostate slice was placed on a plateau, which was
placed on an articulating platform and on an XY-stage. The XY-stage was used to facilitate
imaging of the whole slice of the prostate (~5 cm x 4 cm). The articulating platform was used
to create a ~8 degrees angle between the scanning probe head lateral image plane and the
prostate slice to remove specular reflection in the OCT images. Figure 2 shows a diagram of the
setup. The 1.2 x 1.2 cm² OCT acquisitions, which forms one OCT tile, include a 0.2 cm overlap
with the adjoining acquisition for stitching Figure 2E. The optical depth of imaging was set to 7
mm. Each OCT acquisition consisted of 400x400x400 pixels (length x width x depth).
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Figure 2: Scanning the fixated prostate slice with the en-face OCT system. At the top, the head (a) of the
OCT system is visible which contains the scanning mirrors. The prostate is placed on the plateau (b) which is
placed on an articulating platform (c) to avoid reflections. By moving the XY-stage (d) the whole prostate can
be imaged in multiple steps by using a scanning grid (red, e). Scan protocol of multiple 1.2 x 1.2 cm² OCT
acquisitions and 7 mm optical depth. Every acquisition consists of 400x400x400 pixels and has an overlap
of 0.2 cm overlap with the adjoining OCT acquisition. The yellow arrows in (e) are 1.2 cm.

3) Histological evaluation
Histological evaluation started by cutting the prostate in whole mount slides followed by the
standard hematoxylin and eosin staining. After the standard examination by a uropathologist,
the histology slides were digitized to images of 1926 by 1695 pixels (each pixel representing
29 by 29 micron). On this image, the uro-pathologist demarcated different tissue types using inhouse developed outlining software. Nine different tissue types (cystic atrophy, regular atrophy,
benign glands, fat, Gleason pattern 3/4/5, stroma, and inflammation) were annotated as well
as artifacts. Note that this can result in areas of certain tissue types embedded in larger areas of
another tissue type, e.g. benign gland in a larger area of stroma.

One-to-one registration of en-face optical coherence tomography attenuation coefficients
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4) Stitching tiles to OCT mosaic
For one-to-one registration of the OCT data with the histology slide and the tissue demarcations,
the OCT tiles were stitched into one OCT mosaic. Since one OCT tile was 0.5 gigabyte and
the whole prostate slice contained 22 OCT tiles, the original OCT tiles were downsampled
to 200x200x200 pixels to reduce the size for stitching only. Stitching of the OCT data was
performed in Worldmatch [18] in which the OCT data was precisely patched into a threedimensional OCT mosaic by using the overlay for position recognition. From the overlapping
parts of the tiles, only the original OCT data of the upper part (last scanned) was used for further
analysis.

5) One-to-one registration
To categorize the results of the quantitative analysis per tissue type, one-to-one registration of
the OCT mosaic and the histology image was performed by hand. The edges and landmarks
visible on both the OCT mosaic and the histology image were used as registration landmarks.
The histological demarcations were subsequently transferred onto the OCT mosaic. Because
of the shrinkage during the preparation of the histology slide, we used affine transformation on
the histology image to match with the OCT mosaic. The histology is sampled to the resolution
used for the attenuation blocks (see step 6: Quantitative analysis) and saved in histology maps.
Because the affine registration was optimized for the whole slice, not all landmarks will perfectly
overlap. In order to obtain the accuracy and precision of the one-to-one registration, the
mean of the distance between anatomical landmarks visible on transformed histology and the
standard deviation of the distance between anatomical landmarks visible on OCT images were
calculated for 5 anatomical landmarks per slice.

6) Quantitative analysis
Quantification of the optical attenuation coefficients was performed using a custom-written code
in Matlab (Matlab 7.11.0 R2010b, The Mathworks Inc., Natick, MA, USA). First, OCT dB data
was loaded into the software. Isolation of tissue-related data from the original data set was
achieved by a succession of image processing steps applied to all B-Scans. Second, all data
was converted to a linear scale. Then, to detect the air-tissue boundary, simple edge detection
was carried out by locating the maximum signal in every A-line. OCT data of the prostate tissue
was isolated by selecting all data deeper than this edge. Next, a systemic offset was corrected
by subtracting the measurement-specific, average noise floor from every A-line. Finally, this data
was straightened and then divided into blocks of 21 x 21 x 51 pixels in the fast axis, slow axis
and depth (located 10 pixels below the tissue edge), respectively, corresponding to 0.63 mm
x 0.63 mm x 0.32 mm in tissue. The individual A-scans within each block were then laterally
averaged, yielding a single average A-line for each block. Subsequently, a block-specific
attenuation coefficient (μOCT) was determined by non-linear least squares fitting the average
A-line with
, the theoretical expected average OCT amplitude in depth:
, with z the optical depth, z0 the position of the
tissue boundary, and A and μOCT (amplitude and attenuation coefficient, respectively) as the free
running parameters. The system dependent parameter t(z) (describing the point spread function)
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was defined as:

, with zf the position of the focus, ZR0 the Rayleigh length in

air, and n the refractive index of the medium. The sensitivity roll-off h(z) was defined as:
, with zmax the maximal optical imaging depth
of the OCT system and s the ratio between the spectral resolution to the sampling interval.
The contribution of the point spread function and the sensitivity roll-off were determined
independently by fitting the equation for
to the OCT amplitude of a sample with a low
concentration of Intralipid (0.003%), for which negligible attenuation by scattering was
assumed, with ZR0 and s as the free running parameters. Furthermore, two goodness-of-fit
parameters were calculated for all fits: the coefficient of determination R² as well as the squared
relative residue. The latter was defined as follows:
(for brevity this is called residue for the remaining of the paper). Here, the yi denote the
measured OCT signal values (i.e. i(zi) ) used in the non-linear least squares (NLLS) fit, while
the denote
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the resulting model, values of the best fit (i.e.

). Output (µOCT, R², residue)

of the data tiles was saved with matching dimensions as the histological tissue types tiles.

7) Masking and sorting
To combine the attenuation coefficient, R2 and residue (Step 6) with the corresponding histology
category (Step 5), a custom written Labview program was used (LabVIEW 2017, National
Instruments, Austin, TX, USA). All determined attenuation coefficients were corrected for tissue
refractive index (by multiplying with 1.4) and were sorted into the respective categories, after
which mean, median, standard deviation, and percentiles were calculated. Only attenuation
coefficients between 0.014 and 14 mm-1 were included and fits with R2 > 0.9.
Due to small potential misalignments between OCT mosaic and histology, an uncertainty
will exist on the demarcation of tissue types. This uncertainty could lead to misregistration of
OCT data with histological tissue type. To avoid potential misinterpretation at these edges, we
generated binary erosion masks that determined whether specific blocks are included in the
analysis. Two types of erosion masks were generated: “cross”-masks allowed only blocks where
adjoining horizontal and vertical blocks had the same histology classification; and “surround”
masks required all 8 surrounding blocks to be of the same category. “Cross”-masks resulted in
a minimal separation between histology regions of 0.6 mm; “surround”-masks yielded larger
minimal separations of 1.41 mm. Masking thus included fewer blocks in the analysis, with
“surround” masking leading to the smallest number of blocks.

8) Results per tissue type
Mean results were visualized with corresponding standard deviations for both prostate slices
(apex and basis).

One-to-one registration of en-face optical coherence tomography attenuation coefficients
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Results
1) Prostate preparation
The prostate of the patient (68 years, PSA: 6.0 ng/mL) was removed after biopsy had
indicated Gleason score 3 + 4 = 7 in 2/5 cores at the left side, and Gleason score 3 + 4 =
7 in 1/5 cores at the right side. The removed prostate was, after coloring and fixation, cut to
get a flat surface as seen in Figure 3. Hollow structures like the urethra are clearly visible in
the middle of the prostate. Please note that the knife guiding needles, needed for stabilization,
induced indentations in the surface. [9] After the cutting, the prostate was ready for OCT data
acquisition.

2) OCT data acquisition
In Figure 4 an en-face image of the whole prostate slice is visible with a cross-section made
at the corresponding orange line. At the en-face image, several structures are visible, and the
urethra is depicted as a round hole in the middle of the image.

3) Histological evaluation
Histopathology after radical prostatectomy showed an anterior located pT2cNx
adenocarcinoma Gleason 3 + 4 = 7. The tissue types found on the histology slides (Figure 5A
and 5B) were benign glands, cystic atrophy, inflammation, stroma, Gleason 3, Gleason 4 and
fat. Artifacts (urethra and cutting artifacts) and missing data were also annotated but were not
analyzed.

4) Stitching tiles to OCT mosaic
The software (Worldmatch) was used to stitch the 22 downsized OCT tiles into one OCT mosaic.
The left top and right bottom of Figure 6 show the result of the OCT mosaic, boundaries between
the different OCT tiles are hardly recognizable and visible structures continue between OCT
tiles.

5) One-to-one registration
Both the stitched OCT mosaic and the histology slide for one-to-one registration were loaded
into Woldmatch. The histology slide was moved and stretched by hand to fit the OCT mosaic.
The two images could be aligned with reasonable accuracy (see below) on edges and tissue
landmarks.
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Figure 3: A fixated prostate setup for cutting into slices: a) the knife, b) colors for orientation, c) needles for
prostate fixation, d) indentations resulting from knife-guiding needles, e) urethra, f) seminal vesicles. This setup
produces cut surfaces that are flat which makes them ideal for en-face OCT measurements.

Figure 4: a) En-face visualization of all (5x4) OCT image acquisitions. The orange line corresponds with b)
the cross-section. The cross-section consists of four OCT acquisitions, and each A-line is straightened by the
maximum intensity for this visualization; the OCT signal scans tissue until a depth of ~2mm. This downsized
scan contains ~300 million voxels.

Figure 5: High-resolution picture of the histology slide with the different tissue types demarcated by the
uropathologist, a) apex b) basis. The images demonstrate the inhomogeneity of the prostatic tissues.

One-to-one registration of en-face optical coherence tomography attenuation coefficients
with histology of a prostatectomy specimen
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Figure 6: Result of matching the OCT mosaic and the histology slide in Worldmatch. Matching was done
by hand based on the edges, and the tissue landmarks and the histology image was deformed using affine
transformation. The left top and right bottom are part of the OCT mosaic, and the right top and left bottom are
the histology slide.

For 5 landmarks, the distances between the location in the transformed histology and OCT
image were measured. The registration accuracy and precision were 0.76 mm and 0.78 mm,
respectively, for the apex slice and 0.32 mm and 0.26 mm, respectively, for the basis slice. An
example of distance measurement is shown in figure 7.

One-to-one registration of en-face optical coherence tomography attenuation coefficients
with histology of a prostatectomy specimen

Figure 7: An example of the small mismatch between landmarks in the apex slice. The purple is the OCT
image; the green is the transformed histology image. The yellow arrow indicates the distance between the
edges of the urethra, due to deformation of the histological slide.

6) Quantitative analysis
The quantification of the optical attenuation coefficient provided tiles of attenuation coefficients,
residues, and R². These tiles correspond with the tiles containing the histological tissue types
produced by the Worldmatch program in step 5. Figure 8A and D show the µOCT maps. In the
same resolution, also a map is shown of the R² and the residue. Over the whole OCT slide no
discontinuities are visible between the OCT tiles. The R² map shows large areas of red and
green, and smaller patches blue and white, which means that most corresponding attenuation
coefficients fit our criteria of R² < 0.9. However, fit quality deteriorated at the prostate edges
and around the two (horizontal) needle indentions, as can be seen from lower R² values and
high residues.
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Figure 8: Example result of the fitting procedure. A/B/C show the prostate apex, while D/E/F show the prostate basis. A/D) attenuation map, B/E) residue
map, C/F) R² map. All the submaps seamlessly fit into one whole image, which indicates that the patching of OCT mosaic data was accurate.

Chapter 4

Figure 9: Example of the histology data. A/B/C show the prostate apex, while D/E/F show the prostate basis. A/D) histology map, B/E) corresponding
histology map after erosion with the “cross” mask, C/F) corresponding histology map after erosion of the “surrounding” mask. The masking process results into
some loss of data, especially in inhomogeneous tissue.
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7) Masking and sorting
The histology maps corresponding with the maps from Step 6 where generated and are shown
in figure 9A and 9D. Figure 9B and 9E show the result of the erosion with the “cross”-mask
and figure 9C and 9F show the result of the erosion with the “surround”-mask. The “cross”mask removed less data compared to the “surround”-mask. In figure 9A and 9B, white regions
appeared where tissue was expected, in our current implementation those areas that were
classified as more than tissue types were discarded. For example, benign glands embedded in
stroma get assigned both tissue types and therefore discarded. The apex slice consists of 2482
attenuation coefficients before erosion. After “cross”-mask erosion 1205 attenuation coefficients
are left, and after “surround”-mask erosion 927 are left. The basis slice started with 1679
attenuation coefficients, after “cross”-mask erosion 427, and after “surround”-mask erosion 233
are left.

8) Results per tissue type
8) Results per tissue type

prostate basis is more inhomogeneous than the apex, which results in less data after masking. For
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The final result, median, 25% and 75% of the attenuation coefficients per tissue type is visualized
in figure 10 and figure 11. The masking process in the apex slide (figure 10) did not have a big
effect on the median of the attenuation coefficients or residue. For example, “surround” masking,
which left only 47% of the data, reduced the median attenuation coefficient of benign glands
only by 0.2 mm-¹. The masking had a bigger effect on the attenuation coefficient of fat, but this
was due to the radical effect of “cross” masking which only kept 13% of the data.
In the inhomogeneous tissue of the basis slide (figure 11), the masking removes a large amount
of data, but the median of the attenuation coefficient and its residue stay almost the same for
benign glands and stroma.
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Figure 10: Median and 25- and 75-percentile (box) of the attenuation coefficients (mm-¹) and residue per
tissue types for apex slice. Whiskers indicate the 10- and 90-percentile values for measured blocks of 21* 21
A-scans with R²>0.9 and attenuation coefficients between 0.014 and 14 mm-¹.
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Figure 11: Median and 25- and 75-percentile of the attenuation coefficients (mm-¹) and residue (-) per tissue
types for basis slice. Whiskers indicate the 10- and 90-percentile values for measured blocks of 21* 21
A-scans with R²>0.9 and attenuation coefficients between 0.014 and 14 mm-¹.
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Discussion
For correct interpretation of OCT data, an accurate registration with histology is a prerequisite.
In this study, we demonstrated a one-to-one registration method to match large 3D en-face
OCT datasets with histology outcomes in prostatic tissue. Histological processing of these large
samples, the so-called whole mount slides, is prone to various artifacts. Our affine one-to-one
registration method corrects for the well-known shrinkage induced by fixation, in case the latter
is isotropic. The cutting and stretching of the slide, however, may induce other errors such as
folds, loosening or losing of parts of the slide. In figure 5A, large voids are visible, which were
not present during the OCT images. In figure 7, a shift in the histology is observed. Clearly,
the affine transformation cannot entirely correct for these histological processing artifacts.
Non-affine transformations, or by applying the affine transformations on parts of the slides
could circumvent these problems if a large number of clear landmarks are present. These more
complex transformation methods were not necessary for our data, as shown by our evaluation
of the registration accuracy. In our study, by comparing the position of landmarks, the accuracy
of the registration was evaluated to be within one mm.
In order to avoid false classification of tissue, the effect of the artifacts on the registration
accuracy has to be accounted for. We, therefore, applied erosion to the histology maps that
resulted in a reduction of the edges with similar thickness (0.63 mm for the cross mask and 1.41
mm for the surround mask) as the accuracy of the registration.
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The disadvantage of the erosion method is a large reduction in the number of data-points. This
reduction was already substantial for the whole apex slice, leaving 52% and 41% of the data
points after the cross and surround masks, respectively. For the basis slice, the areas per tissue
type were smaller, resulting in even larger reductions, leaving only 24% and 12% of the data
points after the cross and surround masking, respectively. Although it resulted in large reduction
data points, the registration of the datapoints is likely to be improved. The registration errors
(0.76 mm and 0.32mm) that were measured were better than the 2.5 mm registration error
between pathology and MRI as described by Groenendaal et al. [19]
We used a calibrated method to calculate the attenuation coefficient and goodness-of-fit
parameters: R² and residue. In the prostate slices, 2% of the calculated attenuation coefficients
were excluded by applying the (arbitrary) selection criteria of an R² higher than 0.9 and a
µOCT between 0.014 and 14 mm-1. A higher R² cutoff value would reduce the number of the
available datapoints. The lower µOCT cutoff value was imposed to discard fits with negative
or near zero attenuation; these could occur when the automatic ROI selection fail. The higher
µOCT cutoff value eliminates accidental fits on tissue boundaries or edges. This low number of
exclusions shows that 98 % of the analyzed regions of interest are seemingly processed correctly
(i.e., edge detection, straightening) and that the signal within the ROI is sufficiently homogeneous
to use our fit model. Figure 10 and 11 show that fat has a higher attenuation coefficient than
the other tissue types. To guide the interpretation of the determined attenuation coefficient, we
estimated the quality of the non-linear least squares (NLLS) curve fitting from the coefficient
of determination, R², and the sum of squared relative residuals (SRR). R² is interpreted as the
proportion of variance in the data that is predicted by variance in the model. SRR is essentially
a normalized measure of the squared residue quantity that is minimized in the NLLS algorithm
and therefore indicates how close the best fit comes to the experimental data. Note that R² and
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SRR should not be used to judge the suitability of the fit model as a fit with physically unrealistic
parameter values can still yield high R² and low SRR. From theory, we can determine a minimum
value for SRR if we assume a signal consisting of fully developed speckle at each depth. Speckle
contrast, the ratio of standard deviation and mean of the OCT signal at each depth, is 0.52
in that case 8, so that the average SRRspeckle at a single depth is 0.27. Averaging a number M
(21x21) A-lines reduces the speckle contrast with √M and thus SRR with a factor M. In our
definition, the values for all N (51) datapoints in depth are added so that the final estimation
for our measurements is SRRmin = 0.27(N/M) ≈ 0.03. As clearly evidenced in Figure 12 and 13
the experimental values (far) exceed this estimation. We attribute this difference to the signal in
the ROI deviating from the ideal, homogeneous case that would yield fully developed speckle
at each depth, and thus interpret SRR as a measure of inhomogeneity within the analysis ROI.
Gleason 3 and 4 tissues have a lower SRR compared to other tissue types, i.e., these tissues
seem to be more isotropic in terms of attenuation, but the amount of data is limited, especially
after masking.
The µOCT and the residue of fixated prostate tissue differentiate fat from the other tissues but
does not differentiate malignancy from benign tissue. Part of this finding may be due to using
of fixated tissue, however, also in fresh tissue, the µOCT and the residue does not differentiate
malignancy from the all benign prostate tissues, as Muller et al. [20] showed. The effect of the
attenuation coefficient measured in vivo, fresh tissue, and fixated tissue is not known. We do
know that blood influences the scattering property of 1310nm light[21] and that the prostate has
a high blood circulation, which is even higher in the carcinomas. So probably, the attenuation
coefficients measured in vivo will differ from the attenuation coefficients measured in fresh or
fixated tissue. In vivo OCT measurements with one-to-one correlation with histology will provide
useful information to distinguish the different prostatic tissue types for diagnosis or watchful
waiting. Analyzing prostatectomy specimens still is an important and time-consuming job with
high interobserver variabilities, en-face OCT could support this analyzing process by saving
time and reduce the interobserver variabilities.
Further research on applying for this one-to-one registration and quantitative analysis of more
prostate samples are needed to investigate if parameters as the attenuation coefficient can
be used to classify tissue types. Note that due to the fixation process, all the blood is removed
from the tissue, which changes the attenuation coefficient per tissue type. We expect that when
measured in vivo, the attenuation coefficient measurements will differ from current results due
to the absorption and scattering of light by blood and tumor detection may be augmented by
differences in blood vessel distribution.
Besides the attenuation coefficient of the OCT signal, sub-resolution structural properties of
the prostate tissue could be analyzed in future studies, by additional OCT signal analysis. The
speckle distribution of OCT signal is Rayleigh distributed when obtained from homogeneous
tissue volumes [8]. Deviations from this Rayleigh distribution can be used as an additional
classifier, Sugita et al. demonstrated that the speckle distribution in visualizes fine structural
changes in rat brain and liver tissue [22]. Information on the tissue type can also be resolved
by texture analyses, as shown by Lindenmaier et al. [23]. They demonstrated that differentiating
normal from tumor tissue is possible in an in vivo mouse model. Van der Sommen utilized a
Computer-Aided Detection to detect early Barrett’s cancer in the esophagus with high sensitivity
and specificity, even higher than the expert reviewers [24]. It is to be expected that methods
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based on artificial intelligence can be applied as well on OCT data in order to better classify
the tissue types. Moreover, other optical methods may be used for further tissue classification.
Van Leeuwen-van Zaane et al. have used multidiameter single fiber reflectance spectroscopy
on four different tissue types [25]. Single fiber reflectance spectroscopy has shown the field
cancerization in the buccal mucosa of esophageal squamous cell carcinoma [26]. Combination
of hyperspectral imaging with OCT can be applied using double clad fibers as presented by
Guay-Lord et al. [27]. Pahlevaninezhad et al. have used fluorescence combined with OCT on
fingers, airways, and oral cavity, and showed biochemical and tissue structural information
[28]. OCT combined with Raman spectroscopy was demonstrated by Patil et al., demonstrating
that the difference in chemical properties could be matched with the morphological information
obtained by OCT [29]. Combining OCT with photoacoustic imaging provides more information
on the blood vessels present in the tissue under study [30].
In this study, we demonstrate an accurate method, applied to a prostate, for one-to-one
registration of 3D en-face OCT data with histology while minimizing the risk on misclassification.
As a result of this approach the loss of data has to be accepted. However, for studies that
require registration of results of optical methods with histology outcomes, one-to-one registration
is indispensable. Especially when the tissue is heterogeneous, errors in registration and thus
classification can have a detrimental effect on the outcome of the analysis.
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Abstract
The increase of histopathological evaluation by the rising numbers of prostatectomies, upsurges
the workload on pathologists. Especially so when pathological evaluation required during
surgery. Automated histopathology systems, preferably working directly on unstained specimens,
would have a significant impact on the pace of the pathology workflow. In this study, we
investigate the potential of quantitative analysis of high-resolution 3D Optical Coherence
Tomography (OCT) data sets to separate benign from malignant prostate tissue automatically.
Therefore, twenty fixated prostates were cut into slices, from which 54 slices were scanned
by en-face OCT. The following quantitative metrics were derived by fitting a model for the
OCT signal to the acquired data: the attenuation coefficient, the squared relative residue of
the fit, and goodness-of-fit metric R². This quantitative data was compared for different tissue
types, annotated by a pathologist on the corresponding histology slides. To avoid histological
misclassification, the poor-quality slides were excluded. Data from within ~1mm from the edges
of annotated tissue type regions was also discarded.
Accurate registration of OCT data with histology assigned tissue type was achieved in 31
slices after excluding, heavily morphed, or damaged histology slides that were unregistrable.
After removing outliers in fitted parameters and ‘cross’ masking, 56% of the OCT data was
available for comparison with the annotated histopathology regions. Analysis of the attenuation
coefficient, R², and residue could not differentiate the different tissue types or malignant from
benign tissue in fixated prostatic tissue. Logistic regression resulted in malign tissue detection with
a sensitivity of 0.80 and a specificity of 0.34. Given the achieved sensitivity and specificity, this
technique should be further improved before it is suitable for clinical use.

Introduction
Prostate cancer accounted for almost 1 in 5 new cancer diagnoses in males in the USA in
2017, and 1 in 8 men will develop invasive cancer in the prostate [1]. Due to the screening for
prostate-specific antigen (PSA), the incidence of low- and intermediate-risk prostate cancer
diagnosis has increased [2]. For the intermediate-risk patients, radical prostatectomy is one of
the most common treatment options, comprising approximately 1330 radical prostatectomies
per million men, 45 years and older, annually in the US in the period 2010 to 2011. [3] After
removal of the prostate, the resected prostate is analyzed macroscopically and microscopically
by a pathologist to assess disease stage, Gleason grade, and surgical margins. Since the
definition of clinically significant prostate cancer is a tumor size larger than 0.5 cm [4], the
prostatectomy specimen is cut into slices with approximately 0.5 cm thickness. Of these slices,
only the surface is microscopically assessed. In general, approximately ten slices (depending on
the size of the prostate), will be microscopically studied. It is essential for an accurate diagnosis
that the pathologist can detect the presence of microscopic cancer within the whole slice with
high sensitivity. [5] The pathologic analysis of one prostate is a time-consuming procedure. This is
amplified by an increasing number of radical prostatectomies per year. [6]
An automated method to aid the pathologist during this examination would facilitate this
process and the prediction of microscopic cancer. Optical Coherence Tomography (OCT) is a
non-contact real-time high-resolution imaging technique that images ex vivo and in vivo tissue
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specimens of up to approximately 1.5 mm in depth, with 15 µm resolution without the need for
staining. OCT can detect small cancer lesions in several organs in vivo and ex vivo, based on
morphological features and/or quantitative parameters as the measured attenuation coefficient
[7–11]. Two OCT attenuation coefficient goodness-of-fit parameters, R² and the squared relative
residue (residue), also describe the heterogeneity of the tissue [12,13].
Whereas OCT quantitative parameters have been proven to differentiate malignant from
benign tissues in multiple organs [14–18], the OCT quantitative parameters have never been
applied to distinguish different tissue types in the prostate automatically. Therefore, our goal is to
evaluate the potential of quantitative OCT to distinguish benign from malignant prostate tissue
automatically. One-to-one registration is challenging in heterogeneous tissue like prostatic tissue.
In our previous study, we demonstrated our accurate method for one-to-one registration of 3D
en-face OCT data with histology [13]. Our aim in our current work is to extend this study, to the
next IDEAL fase (2b) [19], to evaluate the procedure for all tissue types and in more patients,
and to improve classification statistics. For this purpose, we delineated tissue types on 54 fixated
histology slides of 20 prostatectomy specimens and registered these with OCT of these same
slices following the procedure described in our earlier work [20].

Methods
Participants
94

Twenty patients, which were diagnosed with prostate cancer and selected for radical
prostatectomy, were included at an outpatient clinic of the urology department at the Amsterdam
UMC location VUmc in 2014. The ethical board of the medical center waived the need for
evaluation.

Figure 1: Flowchart of OCT analyzing and comparison with histology, adapted from [20]. The extra steps
compared to the original flowchart are overlapping region check at step 3 and overlay & histology rating at
step 5 (both italicized).
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Data analysis
The analysis of the prostatectomy specimens, as depicted in the flowchart in Fig. 1, was carried
out following eight previously described steps. [13] These steps are summarized as follows:
Step 1. First, all resected prostates were fixated, painted for orientation, and cut into multiple
slices of approximately 5 mm thickness.
Step 2. For practical reasons (limitations of data-processing and the workload of the
pathologist), depending on the volume of the prostate, 2 or 3 slices were analyzed with en-face
OCT, i.e., one in three of the original slices. A tabletop OCT system (Santec OCT system IVS2000, Santec USA Corporation, Hackensack) with a center wavelength of 1310 nm operating
at 50 kHz was used to scan each prostate slice which was positioned on an articulating
platform set at ~8 degrees from horizontal, and on an XY-stage. The following settings were
used: OCT acquisition 400x400x400 pixels; scanning area of 1.2 x 1.2 cm², with an optical
ranging depth set at 7mm, axial resolution 12 µm in tissue, the lateral resolution of 50 µm, and
beam waist 25 µm. Because the OCT scanning area was smaller than the area of the prostate
slice, multiple OCT acquisitions (‘tiles’) were taken with 0.2 cm overlap and later stitched
together (step 4).
Step 3. The uro-pathologist identified and demarcated the following tissue types on the histology
slides: benign glands, cystic atrophy, inflammation, stroma, Gleason 3, Gleason 4, Gleason 5,
fat, and regular atrophy. The outlines were filled using a flood fill algorithm using a custom made
Matlab script (Matlab R2017b, The MathWorks, Inc, USA) creating regions of homogeneous
tissue type. [13] Importantly, for locations where tissue types overlap, the tissue type with the
smallest region was kept.
Step 4. The OCT tiles were stitched in roof tile formation into one OCT mosaic using
Worldmatch. [20,21]
Step 5. The OCT mosaics and the histology images were registered visually allowing affine
transformations. During this step, the quality of each histology slide (noticeable artifacts, folded
areas, or missing pieces) and the quality of its registration with the OCT mosaics was visually
rated (by author AS). The histology slides and the registrations were categorized in good,
medium, and bad according to the criteria in Table 1. Only good quality histology slides (rated
by author AS) were accepted, all of which also had a good or medium quality of registration
with the OCT mosaic.
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according to the criteria in Table 1. Only good quality histology slides (rated by author AS) were
accepted, all of which also had a good or medium quality of registration with the OCT mosaic.

Table 1: The criteria for rating the quality of the histology slide and the registration of the histology slide with the
Table 2: The criteria for rating the quality of the histology slide and the registration of the histology slide with
OCT
mosaic.
the OCT
mosaic.

Histology

Good

Medium

Bad

Complete full mount

Small damages or small

Multiple area’s missing

histology slide

missing, most of the slide is

and/or broken parts

undamaged
Registration
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Mismatch of <1 mm

Mismatch of 1-2 mm error

>2 mm error between

between histology and

between histology and OCT

histology and OCT mosaic

OCT mosaic

mosaic

Step 6. For each 3D OCT dataset, the optical attenuation coefficients (μOCT), residue and R² of
Stepfit6.were
For each
3D OCT dataset,
the optical
attenuation
coefficientscode
(μOCT),inresidue
and
R2 of the7.1
fit1.0
the
automatically
determined
using
a custom-written
Matlab
(Matlab
R2010b,
The Mathworks
Inc.,using
Natick,
MA, USA) [13].
AllMatlab
data was
automatically
straightened
were automatically
determined
a custom-written
code in
(Matlab
7.11.0 R2010b,
The
to
flatten
the
tissue
edge.
Next,
the
data
was
divided
into
blocks
of
21
x
21
x
51
pixels
and
Mathworks Inc., Natick, MA, USA) [13]. All data was automatically straightened to flatten the tissue
corrected for point spread function and sensitivity roll-off related signal losses. The attenuation
edge. Next, was
the data
divided into
blocks
of 21 xof
210.32
x 51 pixels
and corrected
point
coefficient
thenwas
determined
over
a depth
mm, starting
from for
0.10
mmspread
below the
automatically
detectedroll-off
tissuerelated
edge signal
usinglosses.
a supervised
automated
exponential
fit. The attenuation
function and sensitivity
The attenuation
coefficient
was then
coefficients
were multiplied with 1.4 to correct for the assumed refractive index of tissue. Finally,
determined over a depth of 0.32 mm, starting from 0.10 mm below the automatically detected
all μOCT, residue, and R² values were reconstructed into en-face maps for visualization.
tissue edge using a supervised automated exponential fit. The attenuation coefficients were

Step 7. To combine the histology (step 5) and the quantitative outcomes (step 6), a Labview
80
program was written (LabVIEW 2017, National
Instruments, Austin, TX, USA). Only the
attenuation coefficient fits with R² > 0.9, and attenuation coefficient values between 0.014
and 14 mm-¹ were included. Small potential misalignments between the histology and the
OCT mosaic could lead to misregistration of OCT data with histological tissue type. To
prevent misregistration at the edges of tissue type, areas were eroded using a “cross”-mask
[allowing only blocks where adjoining horizontal and vertical blocks had the same histology
classification].
Step 8. Based on previous results [13], only the data after “cross” erosion of the masks will be
used for statistical analysis. A Kruskal Wallis test was performed (using MedCalc Software 15.8,
Belgium) to compare the attenuation coefficients of all tissue types, a p-value of ≤0.05 stated
significantly. The μOCT, residue, and R² of the selected slices were grouped and visualized per
tissue type. Also, the “benign tissues” are combined (benign Glands, regular atrophy, cystic
atrophy, and inflammation) in “group A” and will be compared to all malignant tissue combined
(Gleason 3, Gleason 4 and Gleason 5) in “group B.” Fat is only located outside the prostate
and is not included in the group A nor group B.
We performed multivariate analysis for binary classification to leverage the information content
of the parameter sets and . We used a Logistic Regression (LR). All analyses were implemented
in LabVIEW 2017 (National Instruments, Austin, TX, USA) based on the LabVIEW Analytics
and Machine Learning toolkit to classify measurement sets into “group A” = “benign tissues” or
“group B” = “malignant” categories. Half of the dataset was used for training, and the other half
was used for validation. The reported numbers are for the validation set.
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Logistic regression finds the optimal linear combination of parameters where is an offset and
the sum runs over the available parameters. The model output is the probability of belonging
to the malignant group given input by passing to a sigmoid function, . The parameters
are optimized during training. Half of the dataset is evaluated using the fixed (optimized)
parameters. A ‘confusion matrix’ is returned from which sensitivity and specificity are calculated.
To estimate the statistical uncertainty of the obtained sensitivity and specificity, we applied a
bootstrapping procedure where the training and validation cycle was repeated 100 times, each
time with a randomized input set (thus, the samples in training and validation set varied for each
iteration). Metrics are reported as mean ±standard deviation.

Results

Results

Patient characteristics
Patient characteristics
Twenty patients were included; their characteristics are stated in Table 1. Nineteen patients

Twenty patients were included; their characteristics are stated in Table 1. Nineteen patients
underwent prostate biopsies, and one patient was included based on benign prostate hyperplasia
underwent prostate
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Table 3: Patient characteristics
Table 2: Patient characteristics

Patients

20

Age at time of operation (years)

Mean: 64.5 (range 55 to 76)

PSA prior to operation (ng/ml)

Mean 11.5 (range: 2.9 to 36)a

Biopsies (Gleason) 3+3

5

3+4

11

4+3

2

4+4

1

Total number of cores

Mean 9.6 (range 6 to 15)

Number of positive cores

Mean 4 (range 1 to 7)b

Specimen (Gleason) 0+0

1

3+4

7

4+3

11

4+5

1

Extracapsular invasion

6

Seminal vesicle invasion

2

Pelvic lymph node dissection

7

Lymph node involvement

1

Resection margins positive

5

a) The patient with PSA 2.9 received Combodart (medication for the treatment of
symptomatic benign prostatic hyperplasia)
b) One patient underwent a radical prostatectomy based on a histopathological
Gleason score 4 + 4 after transurethral resection of the prostate.
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Histology processing
In total, 54 pathology slides were digitized and annotated. An example of the annotated slide
can be seen in Figure 2A. The filled version can be seen in Figure 2B. These colored histology
datasets are later used to sort and mask the OCT reading. The brown areas on the histology
slide are artifacts that are mostly the result of cutting the whole mount histology slides (Fig. 2 and
Fig. 3B, at yellow star). The histologic evaluation provided one benign specimen and Gleason
scores in the other prostates ranging from 3+4 to 4+5. Extracapsular invasion, pelvic lymph
node involvement, seminal vesicle invasion, and positive resection margins were present in six,
one, two, and five patients, respectively.
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Figure 2: Figure A shows the whole mount histology slide with the delineated areas, performed by an uropathologist. The black dots indicate cysts. Figure B shows the areas colored by the custom made Matlab
program. The missing data (brown) is probably the results of the cutting. Cutting the slices is the most
challenging preparation step of the whole mount histology slide.

One-to-one registration of OCT and histology
In total, 54 slices were digitized into OCT mosaics following our OCT data acquisition protocol.
These 54 OCT mosaics are a combination of 1350 OCT scans of 400x400x400 pixels. All
OCT tiles of the slices were successfully stitched together: interfaces between different tiles
are hardly visible, see Figure 3A & B. One tile was missing off one mosaic (Figure 3B), the
corresponding histology slide was later excluded because of artifacts. Sometimes distortion
of the histology slice caused problems during the one-to-one registration. In figure 3B, the
encircled area’s show misalignments between the histology slide and the OCT mosaic, which
could not be solved by an affine transformation. A total of 31 histology slices were deemed of
good quality and had a good or medium registration; these were accepted for further analysis
(figure 4).
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Figure 3: Two examples of the one-to-one registration of the OCT mosaic (grey image) and the H&E stained
histology slide. Image A shows proper registration of OCT with a histology slide with limited artifacts. Image B
shows the best possible registration of the OCT mosaic with a profoundly damaged and deformed histology
slide. Cutting artifacts are visible around the yellow star; missing histology areas are indicated as “x” and
obvious misalignments are encircled in yellow. The yellow square OCT tile, this only happened once, in this
slice. The example in image A was included for further analysis (good histology and good registration); the
example in image B was excluded for further analysis (bad histology and bad registration).

Figure 4: 20 prostates were fixated and sliced. Fifty-four slides were scanned using en-face OCT. Thirty-one
of the corresponding histology slides were scored as good quality. All of those has a good or reasonable
registration with the OCT mosaic and were therefore accepted for further analysis.
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Quantitative analysis
All μOCT, residue, and R² were determined successfully per block of 21x21x51 pixels (~1 x 1 x 1
mm3). Figure 5A shows an example of a μOCT-map. Some outliers (mainly located outside of the
prostate or at its edge) are shown in yellow with μOCT>14. Please note that cutting artifacts (*) in
the histology slice (Fig. 3B) are not present in the attenuation coefficient map (Fig. 5A).

Figure 5: Example of measured attenuation coefficients and masking procedure (same sample as Figure 2).
A: Attenuation coefficient map; each pixel is one attenuation coefficient block with values ranging from 1 to
14. Lower values are white; higher values are red; outliers are yellow. B: Histological classification per block
based on the histology slide in Figure 2B. Every block of attenuation coefficient calculation visualized in A
corresponds to a histological classification block in B. C: Histological classification blocks after masking using
the “cross” mask for accounting for registration errors.
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The blocks of the histology (Fig. 5B) and the erosion map (Fig. 5C) correspond with the μOCT,
residue, and R² maps (for example the μOCT in Fig. 5A). The quantitative data from the selected
31 slices were sorted per tissue type for “cross”-mask erosion. In total 63136 blocks were
analyzed, from which 59013 blocks met our requirements of R² > 0.9, and μOCT-values between
0.014 and 14 mm-1. The “cross”-mask erosion effect reduced the total number to 31779 blocks
(53.9%). The number of slices with the tissue type present after “cross” masking reduced as
follows: Gleason 3 (13 to 11 slices), Gleason 4 (20 to 17 slices), Gleason 5 (3 to 1 slice),
inflammation (13 to 7 slices), cystous atrophy (17 to 16 slices), regular atrophy (6 to 4 slices)
and fat (22 to 18 slices). The resulting attenuation coefficients, residues, and R² after “cross”
mask erosion are presented in figure 6 per tissue type in boxplots. Figure 7 shows the boxplots
of the attenuation coefficients of stroma versus benign tissue (cystous atrophy, regular atrophy,
inflammation, benign glands, and stroma) versus malignant tissue (Gleason 3, Gleason 4 and
Gleason 5).
Classification between the benign and malignant tissue based on the μOCT alone provided a
sensitivity of 63% and a specificity of 54% with an area under the curve of 0.62. The multivariate analysis for binary classification using the information content of the parameter sets
provided a sensitivity of 72% and a specificity of 43%. Using the parameter
set

resulted in a sensitivity of 80% and a specificity of 34%.
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Figure 6: the attenuation coefficient, residue, and R² per tissue type after “cross” mask erosion. Boxplots
represent medians and interquartile ranges. The means are indicated by the square in the middle of each
boxplot.
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Figure 7: Boxplots of the attenuation coefficients of stroma versus benign tissue (cystous atrophy, regular
atrophy, inflammation, benign glands, and stroma) versus malignant tissue (Gleason 3, Gleason 4 and
Gleason 5). Fat is located outside of the prostate and therefore not included as benign tissue. Visible is a big
overlap between all three boxplots. Boxplots represent medians and interquartile ranges. The means are
indicated by the square in the middle of each boxplot.

Discussion
In this study, we evaluated the potential of quantitative OCT to distinguish benign from
malignant prostate tissue applying an automated data-analysis pipeline in order to aid the
pathologist during the examination of the prostatectomy specimen. We scanned 54 slices of 20
fixated prostatectomy specimens with OCT and registered the quantitative parameters to the
histopathology proven tissue types using a demonstrated one-to-one registration method [13].
By selecting the slices with good quality histology and medium/good registration, the number of
slices reduced to 31. The automatic quantitative OCT analysis, which is essential during research
and clinical use, was capable of processing all data where the histology had sufficient quality.
In order to prevent artifacts due to incorrect edge detection or multiple layers of different tissue
types, the use of cut-off values for the attenuation coefficients and R² were needed. These cut-off
values reduced the number of blocks available for analysis by approximately 7%. In order to
have high certainty in the classification of the OCT data with histology, we used cross-masking,
which reduced the available data by another 46%. Still, a large number, 31779, blocks were
available for the final analysis [see appendix]. Our analysis showed a large spread and overlap
among the attenuation coefficients, residues, and the R² of the different tissue types. This spread
and overlap hampers classification of a tissue type or malignant from benign tissue using the
studied OCT quantitative parameters on fixated prostatic tissue. Combining all quantitative
parameters – attenuation coefficient, residue, and R² – with logistic regression resulted in
a malignant tissue detection with a sensitivity of 0.80 and a specificity of 0.34. Given the
achieved sensitivity and specificity, this technique should be further improved before it is suitable
for clinical use.
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Muller et al. showed the possibilities of high accuracy registration of histology with OCT
images obtained by 106 pullbacks with a needle-based rotating side-firing probe OCT in fresh
prostatic tissue [7,22,23]. With the rotating side-firing probe, the sampling volume was limited.
In our study, we, therefore, imaged en-face the whole cross-section of the same 20 prostates.
Although in our study, the tissue was fixated, still, the values for the measured attenuation
coefficients were very similar [7]. The mean attenuation coefficient of stroma for fixated tissue
we found is just above 5 mm-1 and while Muller et al. found a mean attenuation coefficient
of just under 5 mm-1 for fresh tissue. The spreads of the attenuation coefficients for stroma and
malignant tissue were substantial, and both categories overlap in both studies, with slightly
higher attenuation coefficients in malignant tissue compared to stroma. Because we both
corrected for the point spread function and sensitivity roll-off, quantitative comparison of results
is possible. Consequently, the mean attenuation coefficients for fixated and the fresh prostatic
tissue seem to be similar.
Ex vivo OCT measurements can be registered to histology with very high precision, but the ex
vivo tissue lacks perfusion and in our case was fixated for cutting purposes. Clearly, in vivo OCT
measurements are a better representative for future in vivo usage for tissue classification. Indeed,
multiple in vivo studies showed the use of OCT quantitative parameters to discriminate malignant
from benign tissues, e.g., in the skin [14], vulva [15], urinary tract [9,16], kidneys [24], and brain
[18]. Future studies, in which OCT pull-back data obtained in vivo in the prostate are registered
with the histopathology, are needed. First, proof-of-principle measurement in two patients
showed the feasibility of OCT in the prostate [25].
This study does have a number of limitations. First, in this study, one uropathologist annotated
the slides, for a more accurate annotation a consensus between multiple uropathologists has
to be achieved. Next, we carefully registered the OCT data to a tissue type by overlaying the
annotated histology slide. We opted for a rigid registration instead of a deformable registration
because we did not a priori know what landmarks would be visible in both modalities, which
is a requirement for deformable registration. However, miscorrelations could occur due to
deformation during histology slide preparation or incorrect interpretation. By reducing the
area of the annotated area at the edges, referred in the article as masking, we reduced
the probability of miscorrelated OCT data providing quantitative values that belong to the
right tissue type [13]. The downside of masking is the reduction of the number of quantified
blocks. Despite the careful registration process, this study showed that quantitative OCT data,
attenuation coefficient, residue, or the R², will not support the pathologist in tissue classification.
Our results show that it is not possible to distinguish malignant from benign tissue on fixed
prostate tissue with our tested OCT quantitative parameters. Other steps must be taken to make
OCT a successful addition to prostate cancer care. The extensive OCT database that is now
annotated by tissue type makes it ideal also to try other possibilities to differentiate prostate
cancer from benign tissue types automatically. One option could be image recognition by
finding comparable visual characteristics by texture analysis [26–29]. Another possibility is
to use tissue recognition using similar deep learning algorithms now used in histology [30].
These options could be enhanced by using an algorithm to turn several OCT sets with a subspot-spacing shift into a OCT superresolution image [31]. Besides more advance software
techniques, new OCT techniques can be used as OCT with a higher resolution [32], stimulated
Raman scattering–spectroscopic optical coherence tomography [33] or polarization sensitive
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OCT [29,34], allowing more subtle differences to be detected A combination of optical
techniques could also be beneficial for tissue characterization. OCT imaging may be combined
with quantitative molecular information obtained from Raman spectroscopy combined with OCT
[35], and fluorescence with OCT through one fiber [36]. Alternatively, using a shorter center
wavelength for OCT could allow for higher sensitivity to scattering properties and absorption
properties related to blood content. [37] The advances of double-clad fiber couplers offer the
possibility to combine the single-mode technique OCT (imaging) with multimode techniques
like spectroscopy or hyper-spectral imaging (for the extraction of spectrally resolved optical
parameters), which may improve the distinction between tissue types. [38–40] The elegance
of using a double-clad fiber is the colocalization of the measurement volumes for the different
techniques.
If en-face OCT can detect tumors, it could be used during prostatectomy. After the prostate
has been removed, it can be immediately scanned to establish whether the edges are tumorfree. Frozen histology coupes are now used for this purpose, but in theory en-face, OCT can
visualize and analyze a more substantial area on fresh tissue in less time. OCT analysis would
further help the pathologists by pointing out points of interests, just like the CAD systems support
radiologists with mammograms. An alternative method to assess the prostatectomy specimen for
free cutting edges would MRI – dedicated point-of-care MRI systems exist [41]. However, the
question is whether the MRI resolution is high enough, and the lack of blood flow makes the MRI
assessment possible.
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Conclusions
In this study, we linked, for the first time, en-face OCT data with all histologically defined
prostatic tissue types. The OCT quantitative parameters attenuation coefficient, R², and residue
could, however, not distinguish the different tissue types, or malignant from benign tissue in
fixated prostatic tissue. By using OCT data of 31 out of 54 slices, the quantitative OCT data was
accurately matched to a histology proven tissue type. The remaining 23 slices were excluded
because of heavy deformations or damage in the full mount histology slides. In the 31 slices, all
prostatic tissue types were present which provided one-to-one matched histology with OCT data
for all prostatic tissue types. Attenuation coefficients of stroma and malignant tissue are similar to
data previous quantitative OCT study of fresh ex vivo prostatic tissue.

Appendix
“Cross masking” affects the number of quantitative blocks. The total number is reduced from
59013 to 31779 blocks. Because of the nature of the prostate, the different tissue types are not
evenly distributed and come in other shapes and quantities. As a result, the effect of masking is
also different per tissue type. In figure 8, the masking effect is illustrated by the reduction of the
mean and changes of the median number of quantitative blocks per slice.

En-face optical coherence tomography for the detection of cancer in prostatectomy specimens:
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Figure 8. The figures show the effect of “cross masking” on the mean quantitative blocks per slice per tissue
type (left, orange and green) and the median quantitative blocks per slice per tissue type (right, yellow and
blue). The figure left shows the mean of the quantitative blocks always reduces after “cross masking.” The
median also reduces after “cross masking,” with an exception for Gleason 5 and inflammation.
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Abstract
Background
Focal therapy for prostate cancer (PCa) has been proposed as an alternative treatment to
whole-gland therapies in selected men to diminish side effects in localized prostate cancer.
Since existing PCa imaging cannot offer complete PCa disease characterization, multi-core
systematic biopsies are recommended (transrectal or transperineal). Optical imaging techniques
such as confocal laser endomicroscopy (CLE) and optical coherence tomography (OCT) allow
in vivo, high-resolution imaging, and can provide real-time visualization and analysis of tissue
and have the potential to offer additive diagnostic information.

Objective
This study has 2 seperate primary objectives. The first is to assess the technical feasibility
and safety of in vivo focal imaging with CLE and OCT. The second is to identify and define
characteristics of PCa and normal prostate tissue in CLE and OCT imaging by comparing these
images with the corresponding histopathology.

Methods
In this prospective, in vivo feasibility study, needle-based confocal laser endomicroscopy
and optical coherence tomography imaging will be performed before transperineal template
mapping biopsy or radical prostatectomy. First, confocal laser endomicroscopy and optical
coherence tomography will be performed in 4 patients (2 for each imaging modality)
undergoing transperineal template mapping biopsy to assess the feasibility and safety of
confocal laser endomicroscopy and optical coherence tomography. If proven to be safe and
feasible, confocal laser endomicroscopy and optical coherence tomography will be performed
in 10 patients (5 for each imaging modality) undergoing radical prostatectomy. Confocal laser
endomicroscopy and optical coherence tomography images will be analyzed by independent,
blinded observers. Confocal laser endomicroscopy– and optical coherence tomography–
based qualitative and quantitative characteristics and histopathology will be compared. The
study complies with the IDEAL (Idea, Development, Exploration, Assessment, Long-term study)
stage 2a recommendations.

Results
At present the study is enrolling patients, results and outcomes are expected at the end of 2018.

Discussion
Confocal laser endomicroscopy and optical coherence tomography are promising optical
imaging techniques that can visualize and analyze tissue structure, possible tumor grade, and
architecture in real time. They can potentially provide real-time, high-resolution microscopic
imaging and tissue haracteristics of prostate cancer in conjunction with magnetic resonance
imaging or transrectal ultrasound fusion-guided biopsy procedures. This study will provide insight
into the feasibility and tissue-specific characteristics of confocal laser endomicroscopy and
optical coherence tomography for real-time optical analysis of prostate cancer.
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Trial registration
ClinicalTrials.gov NCT03253458; https://clinicaltrials.gov/ct2/show/NCT03253458
(Archived by WebCite at http://www.webcitation.org/6z9owM66B)
Registered Report Identifier: RR1-10.2196/9813

Introduction
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Prostate cancer (PCa) is the leading non-cutaneous cancer in men and the third most cause of
cancer-related death [1]. To date, patients with a clinical suspicion of PCa, based on elevated
serum prostate-specific antigen (PSA) and/or suspicious digital rectal examination (DRE), are
recommended to undergo transrectal ultrasound (TRUS) (+/- mpMRI) -guided systematic biopsy
to diagnose PCa [2]. This work-up for PCa diagnosis carries some important drawbacks. Due
to the heterogeneous nature of PCa, this procedure has a known risk of missing PCa lesions
or underestimating PCa aggressiveness, besides overdiagnosis of insignificant lesions [3,4].
Over the last decade, the diagnostic pathway for PCa has, therefore, moved more and more
into imaging-based targeted biopsies instead of random systematic biopsies. Reliable prostate
imaging is key for the reduction of insignificant PCa detection, increasing detection of significant
PCa, reducing the number of cores and to facilitate monitoring during active surveillance.
Moreover, reliable imaging would play a pivotal role in treatment planning, and monitoring of
focal treatment for low- to intermediate-risk localized PCa [5–8]. Especially, multiparametric
magnetic resonance imaging (mpMRI) of the prostate has evolved as an increasingly appealing
tool in the PCa diagnostic armamentarium and is recommended in men with a suspicion of PCa
following a negative initial biopsy and currently proposed to select patients for biopsies [2,9].
However, for focal therapy, in which the aim is to target significant disease with minimal toxicity,
accurate disease identification, localization, demarcation, and grading of a lesion are essential.
MpMRI, although promising, cannot provide for all these requirements and as a consequence
focal therapy treatment selection and monitoring are also still depending on systematic prostate
biopsies [2,10,11]. These transperineal template mapping biopsies (TTMB) are able to sample
the prostate at every 5 mm and coordinates are correlated to the tumor location. Limitations of
this procedure are the large numbers of cores needed per prostate, the rate of urinary retentions,
and the operating room time with its accompanying hospital admission [12,13]. Moreover,
pathologists face a substantially increased workload, since a high number of biopsies needs to
be evaluated; while the majority of these biopsies are benign.
Optical imaging technologies offer real-time imaging with excellent spatial and temporal
resolution and are easily integrated into the operating room. In conjunction with mpMRI/
TRUS-fusion image targeted biopsy, these real-time technologies in a needle-based form could
provide valuable information for focal tissue characteristics. Adding real-time, in vivo diagnostic
information of prostate tissue structure and architecture to already known information could
improve PCa disease characterization. Optical imaging has the potential to make the diagnostic
procedure less invasive, speed up the pathway and reduce the currently existing workload of
histopathological analysis.

Confocal laser endomicroscopy and optical coherence tomography for the diagnosis of prostate cancer:
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Two optical imaging techniques currently used for needle-based optical biopsies are confocal
laser endomicroscopy (CLE) and optical coherence tomography (OCT) [14–17]. CLE and OCT
differ in background technology and image geometry and, therefore, show different images of
the scanned tissue, see figure 1 and 2.

Figure 1: Two examples of CLE images with Cellvizio AQ-flex 19 probe of ex vivo prostate tissue soaked in
fluorescein solution for 2 min.

Figure 2: One b-scan of fixated ex vivo
prostate tissue visualized with OCT with
C7-XRtm Imaging System interfaced to
a C7 Dragonflytm Imaging Probe (St.
Jude Medical, St. Paul, Minnesota,
USA).
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CLE uses low power laser bundles in a fiber optic probe, which can be inserted into the
lumen of a needle to obtain real-time microscopic images of the tissue that is investigated.
Backscattered light, from one specific tissue plane, is focused through a pinhole, whereas the
backscattered light from surrounding tissue is eliminated. This leads to high-resolution imaging
of one specific plane of tissue in focus. The fluorescent light originates from the fluorescent dye
nested in the extracellular matrix after topical or intravenous application. The most commonly
used fluorescent dye is fluorescein. CLE is under investigation for gastrointestinal, urothelial and
pulmonary diseases, while for PCa so far, only one study on CLE is reported [14,18–20]. Lopez
et al. performed CLE during robot-assisted laparoscopic prostatectomy (RALP) in 21 patients
to investigate the ability of CLE to assess surgical margins and nerve tissue with promising CLE
based characteristics of prostatic and periprostatic tissue [20]. Additionally, no adverse events
were reported related to the CLE procedure. However, these authors did not assess the ability to
differentiate malignant from benign prostate cells.
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OCT is the optical equivalent of ultrasound imaging, based on the backscattering of nearinfrared light. Flexible OCT probes, which can be inserted into needle lumens, enable side
looking real-time imaging with an axial resolution up to 10 μm and an effective penetration
depth around 2-3 mm [21]. Cross-sectional images are generated using an automated pullback
system while the probe is rotating a small laser light bundle over the tissue. Within urology,
OCT has been applied in evaluating malignancy of the bladder, upper urinary tract, kidney,
testes, and prostate [22]. In PCa, OCT has been applied for intraoperative identification of
neurovascular bundles, surgical margins and extracapsular extension with the goal to preserve
patient’s functional and oncological outcomes [23–26]. A limited number of studies has looked
at OCT’s diagnostic role in differentiating benign and malignant microscopic tissue of the
prostate gland. Muller et al. demonstrated with the use of a histopathological validation tool that
ex vivo needle-based OCT measurements of radical prostatectomy specimens can differentiate
between cancer and healthy prostate tissue [27–29]. The quantitative analysis of OCT signal
by means of the attenuation coefficient was significantly higher in malignant compared to
benign tissue with an area under the curve ranging from 0.64 – 0.89 depending on the
histopathological analysis used [29].
The development of CLE and OCT towards real-time optical biopsies of prostate carcinoma
may lead to advances in diagnosis and (focal therapy) treatment. Following phase 2a of the
IDEAL criteria [30], we have separated the study protocol into two sequential aims with different
procedures.
Procedure 1 aims to evaluate the technical feasibility of needle-based in vivo imaging with CLE
and OCT in the prostate.
Procedure 2 aims to describe characteristics to be used for PCa detection, which allows us to
create an atlas of CLE and OCT characteristics of normal and malignant prostate tissue based
on a one-to-one comparison with histology.

Confocal laser endomicroscopy and optical coherence tomography for the diagnosis of prostate cancer:
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Methods/design
Study objectives
Objective procedure 1:
• To assess the technical feasibility and safety of in vivo focal imaging with CLE and OCT

Objective procedure 2:
Primary Objective:
• To identify and define characteristics of PCa on CLE and OCT.

Secondary Objective(s):
• Correlate CLE and OCT images with histopathology
• To develop the first steps towards an in vivo CLE and OCT image atlas of the prostate
(benign glands, cystous atrophy, regular atrophy, stroma, malignant tissue using the
Gleason score, inflammation, fat)
• To assess procedure-related adverse events of in vivo focal imaging by use of Common
Terminology Criteria for Adverse Events
• To detect lymph node metastasis (ex vivo) with CLE following extended pelvic lymph 		
node dissection (ePLND)

Study design
This study is an investigator-initiated, multicenter, prospective in vivo feasibility study, using in
vivo needle-based imaging methods with CLE and OCT. Approval of the local IRB has been
obtained for the study protocol under registry number: NL57326.018.17 on July 7th, 2017, and
the study was registered on the clinicaltrials.gov database (NCT03253458) on August 18th,
2017. The study design consists of two sequential procedures. CLE images are recorded with the
AG-Flex 19 fiber optic mini probe-based system (Cellvizio Systemtm, Mauna Kea Technologies,
Paris, France) with an outer diameter of 0.9 mm, a field of view of 325 µm and a resolution of
3.5 µm, respectively. OCT images are recorded with a small rotating C7 Dragonfly Imaging
Probe using the Light Lab OCT system (St. Jude Medicaltm, St. Paul, Minnesota, USA). Both
devices and probes are illustrated in figure 3.
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Figure 3: A: Cellvizio CLE system, B: Cellvizio confocal Miniprobe (AG-Flex 19) through the 17-gauge
introducer needle, C: St. Jude Lightlab OCT system, D: St. Jude OCT probe with a 0.9mm diameter.

For CLE imaging, a fluorescent contrast agent is needed to stain the extracellular matrix.
Fluorescein (fluorescein sodium, Fresenius Kabi, Zeist, the Netherlands), a non-toxic and
commonly used fluorescent dye, will be administered intravenously through an intravenous
cannula [31]. Two times a bolus of 2.5mL 10% sodium fluorescein will be administered, one
bolus per CLE measurement. The probes are transperineally introduced through a 17 G needle.
CLE images are recorded at a scan rate of 12 frames per second during a push and scan
technique after placing the probe in direct contact with prostate tissue.
OCT images are recorded using a trocar needle. The probe will be placed with a trocar needle
in the prostate tissue. After removal of the trocar needle the inner part of the probe, the laser
lens-system, is automatically pulled back while it is rotating which creates a 3D-image of the
tissue.
In procedure 1, patients scheduled for TTMB will undergo in vivo CLE or OCT imaging, prior to
biopsy for standard histopathological assessment.
If it was shown in procedure 1 that in vivo CLE and OCT imaging are technically feasible and
safe to perform, procedure 2 will be initiated. In procedure 2, patients scheduled for RALP will
undergo in vivo CLE or OCT imaging during surgery, prior to prostate removal. In general,
two recordings of each 90 seconds will be made for the per-patient chosen modality. In highrisk or high-,intermediate-risk patients receiving an ePLND, ex vivo CLE measurements will be
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performed on the lymph nodes. Recorded CLE and OCT imaging will be analyzed, at a later
stage, by blinded independent observers and compared to the corresponding histopathologic
prostatectomy specimen. Histopathological analysis is performed according to the standard
clinical protocol and will be performed by a uro-pathologist, blinded for OCT and CLE imaging
results. The uro-pathologist will, next to the standard examination procedure, perform a detailed
reporting method; prostate tissue will be analyzed and annotated for various structures (benign
glands, cystoid atrophy, regular atrophy, stroma, malignant tissue using the Gleason score,
inflammation, fat) on the whole mount histology slice or biopsies specimens. Histopathology is
correlated with CLE and OCT data in a 3D computer environment. Adverse events are registered
with a follow-up of 30 days.

Population
Patients (age ≥18 years) that are indicated for a TTMB will be included for study procedure 1.
All patients will be recruited in the AMC Hospital (Amsterdam, The Netherlands) and all study
procedures will be performed in this institution. A total of 14 patients will be included in this study
(figure 4).
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Figure 4: Study design, procedure two will only start after a positive outcome of procedure one.

Four patients will be included for procedure 1; 2 patients for optical imaging with CLE and 2
with OCT. For procedure 2, 10 patients scheduled for RALP will be included, 5 of these patients
will be imaged by CLE, 5 patients by OCT. Patients will be recruited in the AMC Hospital, and
VU Medical Center (Amsterdam, The Netherlands) and study procedures will be performed in
both institutions. To increase the focal targeting of a PCa lesion, patients included in procedure
2 should have prostate mpMRI data available prior to the RALP with a visible (>5mm) and
suspect (PIRADS v2: ≥3) region of interest. The other inclusion and exclusion criteria are listed
in Textbox 1. These sample sizes are based on prior publications and comply with the IDEAL 2a
recommendation: low number of selected patients [29,30,32].
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Inclusion criteria
In order to be eligible to participate in this study, a subject must meet all of the
following criteria:
• age ≥ 18 years
• signed informed consent
• mpMRI data are available (only for procedure 2)
• visible (≥5mm diameter) and suspect (PIRADS v2: ≥4) region of interest (only for
procedure 2)

Exclusion criteria
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A potential subject who meets any of the following criteria will be excluded from
participation in this study:
• Patients with a known allergic reaction to fluorescein
• Documented acute prostatitis or untreated urinary tract infections
• No ability to stop anticoagulant or antiplatelet therapy
• Medical history of a bleeding disorder or if available platelet count <140/uL,
prothrombin time >14.5 sec., partial thromboplastin time >34 sec.
• Major concurrent debilitating illness or American Society of Anesthesiologists
(ASA) Physical Status Classification System ≥4
• Chemotherapy for PCa
• Hormonal therapy within last six months
• Has any medical condition or other circumstances which would significantly
decrease the chances of obtaining reliable data, achieving study objectives, or
completing the study
• Is incapable of understanding the language in which the information for the
patient is given
Textbox 1: Selection criteria.

Confocal laser endomicroscopy and optical coherence tomography for the diagnosis of prostate cancer:
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Study procedures
Procedure 1: Transperineal template mapping biopsy (4 patients; 2 CLE
imaging and 2 OCT imaging)
The standard TTMB protocol is performed using general anesthesia, and patients are positioned
in the lithotomy position. Hereafter, the biopsy stepper is placed using a stabilizer and table
mount. A clinical ultrasound scanner (HI VISION Preirustm, Hitachi Medical Systems, Japan)
with the biplanar probe (EUP-U533, Hitachi Medical Systems, Japan) and endocavity balloon
is used. After transrectal probe placement, dimensions and prostate volume are measured
including checking of the pubic arch interference. The perineum is cleaned for surgery and
sterilely draped. A sterile, disposable (brachy)template grid, consisting of rows and columns with
holes spaced 5mm apart, is used to guide the focal imaging probe/biopsy needle. The optical
imaging acquisition is then started. As the CLE measurement technique differs from the OCT
measurements technique; both techniques are described separately below. The measurement
trajectories will be mapped with the ultrasound console. A corresponding biopsy will be taken
following the same trajectory as the focal imaging technique (CLE or OCT). When the CLE or
OCT measurements are performed, the remaining biopsy cores will be taken, and the procedure
is finished. Flowchart of procedure 1 is displayed in figure 5.

CLE measurement technique
For the CLE measurement, the fluorescein is intravenously injected for contrast, 0.5 mL of
fluorescein (2.5% fluorescein diluted in saline). The CLE probe is inserted using a17-gauge
trocar needle. When the CLE is in contact with prostate tissue the measurement begins,
while recording the probe and needle are pushed from apex to base. During this “push &
measurement” the probe stays in contact with the tissue.

OCT measurement technique
The OCT probe is inserted with a 17-gauge trocar needle. The needle is placed until the end of
the measurement trajectory. Then, the trocar needle is pulled back, so the probe is in contact with
the surrounding tissue. When the probe is in contact, an OCT measurement will be made. The
measurement is performed from base to apex.

Procedure 2: Robot-assisted laparoscopic prostatectomy (10 patients, 5 CLE
imaging – 5 OCT imaging)
In the operating theatre, before the RALP, the CLE or OCT measurements will be obtained in
the same fashion as with procedure 1. Dimensions of the prostate will be measured on the
ultrasound console. Following marked regions from the mpMRI, the CLE or OCT measurements
will be made following the technique as described earlier. After measurement a plastic cannula
will be left in the specific trajectory as a localization marker. This marker shows the measurement
location necessary for analysis if the prostate is removed. After the cannula placement,
the TRUS-probe and stepper will be removed, and the standard RALP can start. The plastic
cannulas will remain in place during the removal of the prostate. Figure 5 shows the flowchart of
procedure 2.
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Figure 5: Flowchart procedure 1; TTMB flow chart study design, Flowchart procedure 2; Robot-assisted
Laparoscopic Prostatectomy flow chart study design.
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Extended pelvic lymph node dissection (vePLND)
If available, ex vivo CLE measurements will be carried out in palpable lymph nodes, and these
will be marked with numbered stitches for pathology/imaging correlation. Fluorescein will
be administered topically before CLE contact measurements. The CLE probe will be held on
the ex vivo lymph node during imaging. Lymph nodes will be examined by the pathologist on
metastatic infiltration and reported following the numbering on the stitches.

Multi-parametric MR imaging (mpMRI)
MpMRI is a combination of T2-weighted MR imaging, diffusion-weighted MR imaging, and
dynamic contrast-enhanced MR imaging. MpMRI of the prostate enables detection of the
prostate tumor with reasonable sensitivity and specificity values [33]. MpMRI will be evaluated
by an uro-radiologist for evidence of PCa localization according to the PIRADSv2 criteria [34].

Data analysis
Demographic and disease-specific characteristics of the study populations (e.g., age, PSA,
DRE, biopsy localization, tumor location on imaging and pathology, tumor size, Gleason score)
will be collected. First, CLE and OCT data will be evaluated in a qualitative way. The data will
be compared with histopathology and characteristics of the different tissues in the prostate will
be described; benign glands, cystoid atrophy, regular atrophy, stroma, malignant tissue using
the Gleason score, inflammation and fat. The data will be obtained and analyzed by nonblinded investigators, and subsequently, investigators blinded to the results will interpret all
individual measurements for diagnostic evaluation. An independent uro-pathologist, blinded for
the CLE and OCT results will perform the histopathology. Second, OCT data will be analyzed
quantitatively. We will determine and report the attenuation coefficient, the decay of light in
tissue, per tissue type in the prostate [35,36].

Safety
The investigators will monitor patient safety. They can withdraw a patient from the study
for medical reasons. In accordance to section 10, subsection 4, of the “Wet MedischWetenschappelijk Onderzoek met Mensen” (medical research involving human subjects act
in The Netherlands), the investigators will suspend the study if there is sufficient ground that
continuation of the study will jeopardize patient health or safety. The investigators will notify
the accredited Institutional Review Board (IRB) if this is the case. In case of an adverse event or
serious adverse event, the responsible authorities will be informed.

Benefits and risks
Since the patients included in this study are already scheduled for a radical prostatectomy
or TTMB, no direct benefit exists. The results of this study may be relevant for patients in the
future for PCa grading and staging. CLE and OCT are promising imaging techniques that in
conjunction with the TRUS/mpMRI fusion guided biopsy procedure can provide real-time, highresolution three-dimensional microscopic imaging and tissue characteristics of PCa.
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Previous in vivo studies using CLE or OCT did not report any adverse events, and these
modalities are performed by needle guidance with the same diameter or smaller as the standard
biopsy needles. In total 2 plastic cannulas will be placed using an IV needle. The plastic
cannulas will stay in the prostate during the entire surgery and could, therefore, harbor an
increased risk for infection, positive surgical margin rate or other complicaion during surgery.
Antibiotic prophylaxis (ciprofloxacin) will be administered 2 hours prior to surgery to reduce the
risk of infection. Needle placement might cause peri-operative bleeding. However, bleeding
is believed to be limited since only 2 needles will be placed. Fluorescein is a commonly
used fluorescent dye that will be administered intravenously through an intravenous cannula.
Previous reports have proven that is it safe and easy to administer [37–39]. Possible side effects
include nausea, vomiting, abnormal taste sensations, thrombocytopenia and allergic reactions.
Patients with a known allergic reaction to fluorescein are excluded from participation in this
study. Standard care and pathological evaluation as stated by the internal protocols will not
be affected in this study. In conclusion, we believe that the burden and risk associated with
participation in this study are limited.

Discussion
This protocol describes the first in vivo study for needle-based optical biopsies using CLE
and OCT in the prostate. Both techniques may enable real-time pathological information by
showing cellular characteristics on CLE images and microarchitecture on OCT images. The study
comprises of two parts: feasibility of the technology and comparison with histology.
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This first part contains multiple similarities with the protocol of Wagstaff et al. using needle-based
OCT in the kidney [16]. Under ultrasound guidance, a trocar needle was placed to guide the
OCT needle and subsequently the standard biopsy needle, both sampling the same location.
Instead of using a trocar needle, in this protocol, a transperineal grid will be used as a guidance
tool. This transperineal grid will allow targeting of the suspected lesion based on cognitive fusion
with prostate mpMRI, which has shown to be as good as automatic fusion [40]. The expected
burden for the patients is thought to be minimal by using only two extra needles, by target
placement of the two needles the possibility of sampling the lesion is as high as possible.
The second part of the protocol enables one to one comparison of in vivo data with histology
for both CLE and OCT. Our approach is similar to the approach of Muller et al. [28], which
compared ex vivo needle-based OCT measurements of radical prostatectomy specimens with
histology very precisely by cutting through the measurement trajectories. In our measurements
data will be obtained from in vivo tissue, in which red blood cells will absorb and scatter light
different from regular cells. Due to the perfusion of prostate tissue, the acquired data will most
probably differ from the ex vivo measurements [29,41]. Nonetheless, this study will enable us to
understand the in vivo OCT and CLE images and challenges in co-localization of acquired in
vivo data with ex vivo histology; shrinkage of the prostate tissue (44,45), histology comparison
with forward-looking CLE data or OCT data and exact location determination.
Several studies have provided in vivo images of CLE, but do not show a comparison with
histology or an in-depth interpretation of the prostate images [42]. Based on histopathology, it
is expected that benign prostate tissue differs in extracellular structure compared to malignant
prostate tissue. By giving contrast with fluorescein to the extracellular matrix, benign prostate
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tissue could be discriminated from the malignant prostate tissue. The described protocol will
compare histology and CLE to provide knowledge of visual characteristics on CLE images.
Locating and recording the position of the in vivo measurements is difficult and will be less
precise than an ex vivo measuring environment. The in vivo measurement locations will be
mapped by ultrasound, and the measurement trajectory will be marked for ex vivo histology
comparison. Regardless this precise measurement mapping, the size, and shape of the prostate
will change after removal and formaldehyde fixation and could cause a potential correlation
error [43]. These changes in dimensions will be recorded by measuring the size of the in vivo
prostate by ultrasound and when fixated, to be able to correct for prostate shrinkage. During the
comparison of in vivo measurements and ex vivo histopathology, the measurement trajectory will
be scaled. The length of the measurement trajectory will be scaled following the shrinkage of the
prostate. Shrinkage of tissue over the trajectory is not uniform, but this is in our opinion the best
available option to correct for the shrinkage.
This study is an essential first step for the clinical evaluation of optical imaging in PCa diagnosis.
In the clinic, a tool for optical histology could potentially guide a biopsy needle with instant
feedback for a less invasive and reliable diagnosis and treatment of PCa.
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Abstract
Objectives
To demonstrate the safety and feasibility of clinical in vivo needle-based Optical Coherence
Tomography (OCT) imaging of the prostate.

Methods
Two patients with prostate cancer underwent each two percutaneous in vivo needle-based
OCT measurements before transperineal template mapping biopsy. The OCT probe was
introduced via a needle and positioned under ultrasound guidance. To test the safety, adverse
events were recorded during and after the procedure. To test the feasibility, OCT and US
images were studied during and after the procedure. Corresponding regions for OCT and
biopsy were determined. A uro-pathologist evaluated and annotated the histopathology. Three
experts assessed all the corresponding OCT images. The OCT and biopsy conclusions for
corresponding regions were compared.

Results
No adverse events during and following the in total four in vivo needle-based OCT
measurements were reported. The OCT measurements showed images of prostatic tissue with a
penetration depth of ~1.5 mm. The histological-proven tissue types which were also found in the
overlapping OCT images were: benign glands, stroma, glandular atrophy and adenocarcinoma
(Gleason pattern 3).

Conclusions
Clinical in vivo needle-based OCT of the prostate is feasible with no adverse events during
measurements. OCT images displayed detailed prostatic tissue with a imaging depth up to ~1.5
mm. We could co-register four histological proven tissue types with OCT images. The feasibility
of in vivo OCT in the prostate opens the pathway to the next phase of needle-based OCT
studies in the prostate.

Background
Transrectal ultrasound (TRUS)-guided prostate biopsy has been the gold standard in prostate
cancer diagnosis for decades. In this procedure, the prostate is sampled with 10-12 biopsies
systematically [1]. Ultrasound is used to visualize the prostate during the biopsy procedure,
but the ultrasound images cannot accurately visualize prostate cancer (PCa) [2]. Despite the
application of systematic multiple core biopsy schemes, clinically significant prostate cancer is
often missed or under graded with this method. [3] Also, indolent PCa is frequently diagnosed.
Multiparametric magnetic resonance imaging (mpMRI) and targeted biopsy of suspicious
‘Prostate Imaging Reporting and Data System’ (PI-RADS) lesions are, therefore, being used
increasingly as studies demonstrate improved detection rates for significant PCa and reduced
detection of insignificant cancer. [4,5] The currently used PI-RADS v2 assessment uses a 5-point
scale with a score of 1 representing the lowest suspicion and a score of 5 representing the
highest suspicion of significant PCa.
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As a consequence, mpMRI is currently recommended in men with suspicion of PCa. [6–8]
Although mpMRI and mpMRI/TRUS-fusion image targeted biopsy demonstrate good results
in experienced hands, a substantial proportion of PI-RADS lesions is false positive, and men
with a negative mpMRI cannot be spared systematic biopsy. [9] Definitive diagnosis of PCa
is, therefore, still based on the histopathology of prostate biopsy needle cores, often obtained
systematically and targeted, instead of imaging only. Biopsies are rated using the Gleason
pattern system from 1 to 5; the Gleason score sums the most dominant Gleason pattern with the
non-dominant Gleason pattern and biopsies if malignant have a Gleason score ranging from 6
to 10.
Real-time imaging with information on tissue structure and architecture during prostate biopsy
could improve PCa disease characterization and provide a more efficient way of tissue
sampling. [10] Optical imaging technologies offer real-time imaging with excellent spatial
and temporal resolution and are easily integrated into the operating room. In conjunction with
mpMRI/TRUS-fusion targeted biopsy, these real-time technologies in a needle-based form
could provide valuable real-time information for tissue characteristics and reduce the currently
existing workload of histopathological analysis.
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Optical coherence tomography (OCT), the light-based equivalent of ultrasound, is capable
of visualizing tissue up to ~1.5 mm depth with an axial resolution of 15 µm. Contrast is based
on the differences in optical reflectance properties within the tissue. Recent developments have
enabled needle integration of OCT that allows for percutaneous access to regions of interest
[11]. Recently, an ex vivo OCT image atlas has been developed for the prostate based on
a near-perfect registration with histology. [12] Based on these results, a protocol has been
developed to test needle-based OCT in vivo in the prostate. [13]
In this study, we demonstrate, for the first time to our knowledge, the safety and feasibility of in
vivo needle-based OCT imaging of the prostate. The results of 4 OCT imaging pullbacks in two
patients show images with an imaging depth up to ~1.5 mm. Characteristic features, proven by
a previous ex vivo study, could be identified in the OCT images. These tissues were afterwards
confirmed by the histopathological outcome of the 3D ultrasound-correlated biopsies. These
results are the basis for larger studies in which real-time OCT imaging is performed in a clinical
in vivo needle-based setting.

Methods
Study design
This study is an investigator-initiated, prospective in vivo feasibility study, approved by the local
institutional review board (IRB) under registry number: NL57326.018.17. The study is registered
on clinicaltrails.gov as Focal Prostate Imaging with CLE and OCT (FPI) (NCT03253458) on
August 18, 2017, and the full trial protocol has been previously published [13].

Study population
Participants were recruited in the Amsterdam UMC, location AMC and were eligible for
enrollment if they were planned for a transperineal template mapping biopsy (TTMB) of the
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prostate. TTMB was performed in two patients undergoing confirmatory biopsy for focal therapy
treatment selection. Both patients gave written informed consent.

Study procedure
Optical Coherence Tomography was performed during a template mapping biopsy procedure
(Fig. 1) using an Ilumien Optis OCT Intravascular Imaging System combined with a Dragonflytm
OPTIStm imaging catheter (St. Jude Medical, St. Paul, Minnesota). Two measurement locations
per patient were chosen, one aimed at the PCa suspected lesion if visible on mpMRI and one
aimed at a lesion free area. This imaging catheter has a rotating inner part and a 0.9 mm outer
diameter, a pullback length of 54 mm, scanning helically at ~90° angle, ~1.5 mm imaging
depth, and an axial resolution of 15 µm. The data, which is obtained in 5.4 seconds, is real-time
visible as 540 cross-sectional images, 1 image per 0.1 mm. The data can be exported as 540
images and as raw OCT-data for quantitative analysis.

Figure 1: Flowchart of needle-based OCT measurements during the TTMB procedure.
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The Dragonfly probe was interfaced with a trocar needle to enable percutaneous access to the
prostate. (Fig. 2) The trocar needle was a 17 G co-axial introducer needle that has a length of
16.8 cm (Argon Medical Devices, Athens, USA) and an outer diameter of 1.47 mm.
If available, lesions on mpMRI (Fig. 3 a) were used for targeting using cognitive guidance with
the real-time ultrasound images. Patients were positioned in the lithotomy position. A clinical
ultrasound scanner (VISION Preirus, Hitachi Medical Systems, Japan) with the biplanar probe
(EUP-U533, Hitachi Medical Systems, Japan) and an endocavity balloon was used for biopsy
and OCT guidance. The stepper and grid were placed using a stabilizer mounted on the table.
To insert the 0.9 mm OCT probe a 17 G trocar needle was used. The tip of the needle was
placed at the far end of the measurement trajectory, the inner part of the trocar needle was
removed, and the OCT probe was introduced. The outer part of the trocar needle was retracted
while the OCT probe stayed at the same position. (Fig. 2 b & c) At this point, while the OCT
probe was in contact with the surrounding tissue, the pullback imaging procedure was started.
(Fig. 2 d) Images were exported in a dataset of 540 B-scans, one B-scan per 0.1mm. After the
measurement, a standard biopsy was taken from the same location by combining the same grid
coordinates and the ultrasound image. The OCT pullback and the biopsy location were both
registered by the 3D ultrasound registration software (3DBiopsy, Inc, Aurora, CO, USA) [14].
Hereafter, the regular TTMB procedure was performed, using a 18 G biopsy needle with an
outer diameter of 1.27 mm.
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Safety and feasibility
Safety was tested by observing the patients on adverse events during the procedure and on
immediate follow-up. Feasibility was described by scoring OCT device malfunction, procedural
failures, and OCT data quality.
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Figure 2: a: The OCT measurement with the biplane ultrasound probe and the grid on a stepper. Through the
grid, the needle is placed in the prostate, and the OCT probe is slid through the needle. b: The drawing shows
the procedure. c: The biplane ultrasound probe images the needle and the OCT probe. The flexible OCT
probe sticking out of the needle is visible. d: Schematic representation of the OCT measurement. The inner part
of the probe rotates, and by making a pullback, a helical measurement of the surrounding prostate tissue can
be obtained.

Histological evaluation
Histological evaluation was performed and reported by a uro-pathologist (CS-H) using digitally
scanned images of the pathology slides. After regular diagnosis during clinical routine, the
uro-pathologist annotated regions containing different tissue types on the high-resolution scans
of the histology slides, which corresponded with the OCT pullbacks, using an in-house build
annotation software. The nine different tissue types (cystic glandular atrophy, regular glandular
atrophy, benign glands, fat-tissue, adenocarcinoma (Gleason pattern 3/4/5), fibromuscular
stroma, and inflammation) were annotated if present.

Matching and comparing OCT with histology
The biopsy needle and the OCT probe (Fig. 2 c), which were clearly visible on the ultrasound
during the procedure, were manually registered with the 3Dbiopsy software (Fig. 3 b). Both, the
biopsy and the OCT, were taken from the same location. Within the resulting overlapping region
(Fig. 3 c & f), the pathological findings were compared with the co-localized OCT images.
All OCT images were categorized by three trained experts (BM, RvK, AS) in one of the
following tissue types: cystic atrophy, regular atrophy, benign glands, fat, Gleason pattern 3, 4
or 5, stroma, and inflammation. OCT images with unrecognizable or multiple tissue types were
discarded. After the individual categorization, a consensus was reached. If no consensus was
reached, the OCT data was excluded from further analysis.
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Figure 3: The prostate in 3D, based on annotations in the transverse mpMRI (a) and TRUS images (b). The
transverse T2-weighted mpMRI images were used to annotate the tumor region (red), which resulted in a
3D volume (red) in the 3D prostate image (d). The transverse (b) and longitudinal (c & f) TRUS images were
used to annotate the prostate (boundary depicted by the orange line) and to register the OCT measurement
(c) and biopsy locations (f). The mpMRI based 3D tumor volume is overlaid on the 3D TRUS image (e, red
volume) combined with the 3D registration of the OCT (green) and biopsy locations (pink). The overlapping
region depicted in c and f is used for the co-registration of the OCT images with the biopsy.

Comparing in vivo OCT with atlas
Typical in vivo OCT examples, resulting from the histology matched OCT images, were
compared with the previously published ex vivo atlas images of Muller et al. [12] In vivo OCT
features of the different tissue types were described and compared with the ex vivo OCT
features.

Results
Patient characteristics
From May to June 2018, two patients were recruited for the study and underwent OCT imaging
during TTMB. Both patients had biopsy-proven prostate cancer diagnosed elsewhere and
referred to our center for confirmatory biopsy to determine treatment eligibility for focal therapy
(irreversible electroporation) of the prostate.
The first patient had a mpMRI of the prostate that demonstrated a PI-RADS 4 lesion of 13 mm in
length in the dorsolateral side of the peripheral zone in the left apex with no signs of capsular
invasion or seminal vesicle invasion (Fig. 3). The previous biopsy showed a prostate cancer
Gleason 3 + 4 = 7 in 1 out of 8 biopsies. In the second patient, the mpMRI of the prostate was
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scored as PI-RADS 2, and no tumor focus was recognizable. However, motion artifacts and
blood residue could have diminished reading. The previous biopsy showed a prostate cancer
Gleason 3 + 4 = 7 in 1 out of 11 biopsies.

Safety and Feasibility
Two locations in the prostate were measured by OCT. To be certain a second measurement at
both locations was performed without repositioning the probe.
No adverse events were reported during and following the procedure. Introducing one OCT
needle in our current research setting took about 3 minutes, including cognitive fusion of the MRI
with the US. While each OCT measurement only took 5.4 seconds, the overall extra time for
OCT procedure time was 17 minutes for patient 1, and 16 minutes for patient 2.
No device malfunctions were reported while acquiring OCT measurements. OCT measurements
were evaluated for significant artifacts during the procedure. No procedural failures were
reported during the procedure. All acquired datasets were visualized during the procedure
and contained high-quality data over the full pullback. Subsequent off-line evaluation of the
measurements showed some minor artifacts in the flushing canal around the inner part of the
probe.

Histological evaluation
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Patient 1: Based on the prostate volume of 34 mL, on ultrasound, a 20 core transperineal
template mapping biopsy was performed. Two out of the 20 biopsy cores were positive for
adenocarcinoma. One core contained a Gleason score 3+4=7 adenocarcinoma of the prostate
(the transition zone posterior of left apex), while the other core contained a Gleason score
3+3=6 adenocarcinoma of the prostate (the dorsolateral peripheral zone of the left apex). In
both biopsy cores, tumor percentage was approximated as occupying more than 50% of the
biopsy volume.
Patient 2: Based on the prostate volume of 61 mL, based on ultrasound, a 30-core transperineal
template mapping biopsy was performed. One out of 30 biopsy cores was tumor positive. This
core of the dorsolateral peripheral zone of the left apex contained a Gleason score 3+4=7
adenocarcinoma of the prostate with a tumor core infiltration of more than 50% of the biopsy
volume.

Matching and comparing OCT with histology
After an individual evaluation of the 4 OCT measurements by the OCT experts, based on their
ex vivo OCT knowledge, seven different tissue types were found: benign glands, cystic atrophy,
regular atrophy, Gleason 3, Gleason 4, stroma and inflammation. These seven tissue types were
also identified in the histopathology slides. However, after identification of the overlapping
region between OCT measurements and histopathology slides, only parts of the OCT datasets
could be used: 58 % for OCT 1, 76% for OCT 2, 87% for OCT 3 and 35% for OCT 4. As
a result, Gleason 4 was identified by OCT outside the overlapping region. Furthermore,
inflammation and cystic atrophy could not be matched between the OCT measurements and the
histopathology findings of the corresponding overlapping region (Table 1). Thus, only 4 tissue
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types were present in OCT images and corresponding histopathology slides of these regions:
regular atrophy, benign glands, Gleason 3 and stroma. Vice versa, cystic atrophy, regular
atrophy and inflammation were identified in the OCT measurements of the overlapping region,
but not in the corresponding the histopathology slices. Please note, that perfect matches were not
to be expected: OCT images containing multiple tissue types were omitted in the analysis and
histopathology slices only represent a small part of the biopsy. As an example, in figure 4C and
4D two cross-sectional OCT images are displayed from the overlapping region in figure 4B. On
figure 4C the imaging depth is measured. Tissue structures are visible at 10 to 2 o’clock within
the line-dot circle, which is drawn at 1.5 mm in depth.
Table 1: Correspondence between the histopathological and OCT findings in the overlapping regions. “No
PCa” indicates that no prostate cancer was found in the histologic biopsy specimen. Please note that OCT
images containing multiple tissue types were omitted. Yes / Yes indicates that the tissue was present in the
OCT
data and in the biopsy data. Yes / No indicates that the tissue was present in the OCT data but not in
Table 1: Correspondence between the histopathological and OCT findings in the overlapping regions. “No PCa”
the
biopsy
data.
No / Yes
indicates
that
the histologic
tissue was
not specimen.
present inPlease
the OCT
dataOCT
butimages
was present in the
indicates
that
no prostate
cancer
was found
in the
biopsy
note that
biopsy
data.
No /tissue
Notypes
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that the Yes
tissue
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the OCT
data and
containing
multiple
were omitted.
/ Yes
indicates
that theintissue
was present
in thenot
OCTpresent
data in the biopsy
and in the biopsy data. Yes / No indicates that the tissue was present in the OCT data but not in the biopsy
data.
data. No / Yes indicates that the tissue was not present in the OCT data but was present in the biopsy data. No
/ No indicates that the tissue was not present in the OCT data and not present in the biopsy data.
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Comparing in vivo OCT with previously published atlas data
Features of the four different tissue types, which were identified on OCT and matched with
histology, were compared with the images from the ex vivo study [12]. The ex vivo and in vivo
images are combined in Fig 5, demonstrating the similarities and differences in the characteristic
features (Table 2). OCT images containing multiple tissue types were omitted. Please note that
because of the measurement setup, the ex vivo images have an extra tube around the probe, which
resulted in an extended distance between the center of the probe and the tissue.
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Figure 4: The overlapping region of the corresponding regions. Left (A) the OCT measurement and biopsy
position based on the longitudinal ultrasound image of the prostate (orange), captured with the 3Dbiopsy
software. Based on this measurement the overlapping region of the OCT measurement and the biopsy can be
defined.
On the right (B), the overlapping region of the OCT measurement and the biopsy are placed next to each
other. The biopsy needle length is 20 mm, the biopsy itself is in this example 15 mm. The location of the biopsy
should be somewhere inside the red box. The findings of the pathologist were, in this case, benign glands and
stroma on the left and Gleason 3 + 4 on the right. Corresponding OCT B-scan of benign glands (C) and
Gleason 3 (D), evaluated by the trained OCT reviewers, are displayed below. Please note that structures in
image C are still visible at a depth of 1.5 mm (line-dot circle) from the probe. However, this imaging depth is
dependent on the tissue scattering properties.
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Comparing in vivo OCT with previously published atlas data
Features of the four different tissue types, which were identified on OCT and matched with
histology, were compared with the images from the ex vivo study [12]. The ex vivo and in vivo
images are combined in Fig 5, demonstrating the similarities and differences in the characteristic
features (Table 2). OCT images containing multiple tissue types were omitted. Please note that
because of the measurement setup, the ex vivo images have an extra tube around the probe,
which resulted in an extended distance between the center of the probe and the tissue.
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Figure 5: in vivo and ex vivo atlas OCT atlas of typical examples of the different tissues, ex vivo images are in
the yellow boxes. The in vivo OCT images visible in this atlas are located in overlapping regions Fig. 4 of one
of the four OCT pullbacks. The arrows with the number identify the features given in table 2.
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Table 2: Description of ex vivo and in vivo features found in the different tissue types, 2nd column is modified
TableMuller
2: Description
of ex vivo
in vivo features
in the different
tissue
2nd column
is modified
from
et al. 2018
[12].and
Numbers
identifyfound
the arrows
in figure
5 attypes,
the different
visual
OCT features.
from Muller et al. 2018 [12]. Numbers identify the arrows in figure 5 at the different visual OCT features.
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Homogeneous tissue with an increased signal

Similar to ex vivo, deeper light penetration.

depth (≥1mm). Unique: parallel ellipsoidal-

The unique parallel ellipsoidal shaped lines

shaped lines (4) on both sides of the probe

(4) are visible, yet less visible compared to
ex vivo.
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volume of the biopsy with a 1 mm diameter over the same length. The following calculations
result in a significant advantage over regular biopsies; the maximum volume of visualized tissue with
were used to measure the OCT and biopsy volumes, taking into account the volume of the OCT
probe: volume OCT = (π·1.952 - π·0.452)125
· length = ~11.30 mm² · length, volume biopsy =
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π·0.52 · length = ~0.79 mm² · length. An additional advantage is that the long OCT pullback
can visualize the peripheral and anterior zone within one measurement.
In vivo OCT images will always be more difficult to correlate with histology than studies with ex
vivo OCT images.[15–17] Not all the OCT images could be correlated one-to-one to histology,
which can have attributed to the discrepancies in volume between the OCT and biopsy, the
unknown orientation of the biopsy, and the co-localization mismatches. The histology from
OCT pullback # 1 contained five different tissue types, of which benign glands and Gleason
3 pattern adenocarcinoma were independently identified in both OCT and histology. Regular
atrophy, Gleason pattern 4 adenocarcinoma and stroma were probably not found because of
exclusion of B-scans containing multiple tissue types and similarities between Gleason 3 and
Gleason 4 patterns on OCT. OCT pullback #2 was found to be matched with three tissue types
with the corresponding biopsy. Cystic atrophy and inflammation were identified in the biopsy,
not in the OCT. In the histology corresponding to OCT pullback #3, benign glands, regular
atrophy, Gleason 3 and Gleason 4 pattern were diagnosed. However, on OCT pullback #3
we did not recognize the small islands of Gleason 4 pattern (red spots in Fig. 4). The visual
difference between Gleason 3 and Gleason 4 is small, which makes it difficult to differentiate
these tissues on OCT. [12] By comparing OCT pullback #4 with the corresponding histology
slide, we were able to identify the benign glands and stroma but could not determine regular
atrophy.
Mismatches are probably due to the heterogeneity of the prostatic tissue. Sometimes multiple
tissue types were recognized on one B-scan, which were subsequently excluded for correlation.
Also, the OCT images were rated by three reviewers that all had an ex vivo prostatic OCT
images training set.
The lack of perfusion can change the tissue characteristics, which is also suggested by Dangle
et al. in the postprostatectomy ex vivo study to spot positive margins [15]. This variation of tissue
characteristics impedes the identification of in vivo tissue characteristics, which were identified
and learned using ex vivo images. To rate in vivo OCT images a training set of ex vivo OCT
images is not ideal. Also, we do not know the learning curve of classifying in vivo OCT images.
These learning curves have to be determined in a similar setup as was done for classifying
prostate cancer on mpMRI [18,19].
A large inter-observer variance exists for the classification of prostatic tissue. Consequently,
OCT images can be mismatched. In our study, the histological evaluation and delineation
were performed by one experienced uro-pathologist only. Future studies should include more
pathologists with a final consensus in the diagnosis and delineation to reduce the disparity within
the histological tissue. [20]
Previously, utilization of non-needle-based ex vivo OCT of prostatic biopsies has been
described in several studies. Jain et al. [21] reported four different tissue types in an ex vivo
rodent prostate using full field OCT (ffOCT). Although two reported tissue types showed
similar features as in our results, it’s difficult to visually compare the images due the differences
in acquisition methods. Beuvon et al. [22] in a pilot study and Lopater et al.[23] in a more
extended study reported on a ffOCT visualization of human prostate biopsy specimens which
was correlated to histology. For the latter study, a promising average accuracy for cancer
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detection of high Gleason score (>3 + 3) of 72 % was reported. Nonetheless both studies only
describe the detection of cancer versus healthy tissue and do not describe OCT specific features
for tissue classification. Previously published results on prostate OCT imaging by Dangle et al.
[15] showed the visualization of surgical margins in 100 prostatectomy specimens compared
to histopathology. The probe-based time domain OCT system was primarily developed for the
detection of bladder cancer. In this study it was demonstrated that the negatives predictive value
of OCT for the detection of surgical margins was 96 %, showing the potential of in vivo OCT for
the detection of cancer.

Comparing in vivo OCT with previously published atlas
The in vivo images contain comparable features as the ex vivo OCT images from the previous
study. [12] Differences of in vivo and ex vivo images were found in regular atrophy where the
lumens appeared to be smaller. Benign glands showed its characteristic cavities with a few thin
shadows. The differentiation between regular atrophy and benign glands seems to be more
challenging in in vivo tissue than in ex vivo tissue. Probably, compared to the ex vivo obtained
OCT images, during the in vivo measurements, the perfusion of the prostate and the induced
pressure result in smaller cavities in regular atrophy.
Different from our previous ex vivo studies [12,24,25], the light seems to penetrate deeper in
vivo for stroma compared to the Gleason patterns. This difference in penetration depth should be
exploited in future studies by determining the optical attenuation coefficient.[12,24,25]
144

The possibility of collecting good quality images of the prostate with needle-based OCT
measurements is now the first successful step towards a larger cohort study that aims to correlate
OCT with histology to set up in vivo discriminative parameters [13]. By using two highly selected
patients with prostate cancer prior to this proposed correlation study, we follow the IDEAL
recommendations [26]. Distinguishing some tissue types with OCT is possible. If needle-based
OCT can differentiate tumor tissue from the other prostate tissues, it would have an impact on
prostate cancer diagnosis in the clinic. First, the large ‘sampling’ volume of the OCT scan needs
fewer punctures than using the traditional biopsy. Secondly, the diagnosis can be given realtime, i.e., the urologist or uro-pathologist can see the OCT images while the probe is still in the
patient. This real-time diagnosis could enable same-day minimal invasive treatment and might
reduce patient burden.
The layers of the OCT images can also be analyzed by deep learning algorithms, as is
performed in the retina by De Fauw et al. [27]. Besides layers analysis, quantitative analysis in
combination with deep learning algorithms could speed up and enhance the accuracy of tissue
classification. The volume of the diagnostic images is increasing rapidly. With these instant,
accurate results, we might be able to deliver immediate treatment of the suspected lesions, by for
example laser therapy through the same fiber. [28]

Conclusions
We demonstrated the first in vivo needle-based OCT of the prostate in these two patients to be
safe and feasible. OCT images showed detailed images with an imaging depth of ~1.5 mm.
The correlation of the OCT images with the biopsy is possible via 3D ultrasound registration
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and demonstrated different prostate tissue types such as regular atrophy, benign glands,
adenocarcinoma Gleason 3 and stroma. This study opens the pathway towards in vivo needlebased OCT studies focusing on clinical relevance.
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Conclusion
In this thesis we investigated the feasibility of OCT to image and identify benign and malignant
prostate tissue types. To this effect, we compared histology with probe-based and en-face OCT
measurements of prostate tissue – ex vivo, fresh (chapters 2 and 3), ex vivo fixated (chapters
4 and 5), and in vivo (chapter 7). The one-to-one comparison of probe-based OCT images
with histology facilitated the identification of characteristic features for cystic atrophy, regular
atrophy, benign glands, fat, stroma, inflammation and tumor tissue (Gleason 3 and 4). The
differentiation between benign and cancerous tissue based on quantitative OCT data – both
probe-based and en-face- however, remained difficult.
Our customized tool made it possible to improve the registration of fresh tissue, probe-based
OCT measurements with whole-mount histology sections. This registration allowed direct
comparison of histological tissue categories with an unique pattern on OCT images. Visual
scoring of OCT B-scans provided a high negative predictive value (between 93% and 96%)
for malignancy detection. Quantitative analysis, using the attenuation coefficient, could not
differentiate between benign and malignancy per patient.
Registration of en-face OCT images of unstained fixated prostate tissue slices with corresponding
demarcated histology slides was also achieved. This method permitted linking supervised
automated quantitative analysis data – particularly the attenuation coefficient, the squared
relative residue, and goodness-of-fit metric R² – with specific tissue types. We concluded, based
on data of 20 prostates, that differentiation based on quantitative en-face OCT data of tissue
types or malignant from benign tissue in fixated prostatic tissue was unfortunately not possible.
Finally, we demonstrated that clinical in vivo needle‐based OCT of the prostate using a
commercial OCT probe was feasible, with no adverse events during measurements. This study
opens the pathway towards in vivo needle‐based OCT studies focusing on clinical relevance.

Future perspectives
The diagnosis and treatment of prostate cancer remain highly relevant to modern medicine.
New technological developments provide more possibilities to tailor diagnosis and treatment to
the needs and wishes of the patients and physicians. Examples of such developing techniques
include the mpMRI protocols for prostate cancer detection [1,2], biopsy guidance using
mpMRI–ultrasound fusion [3,4], real-time magnetic resonance guidance for radio therapy
[5], Artificial Intelligence (A.I.) methods for differentiating Gleason grades [6], and new focal
therapy options [7,8]. Real-time optical diagnostic and treatment tools will add new possibilities
to improve patient care.

Optical biopsies in prostate cancer
Optical biopsies, of which needle-based OCT is one example, could have a significant impact
on the diagnosis of prostate cancer. At this stage, we are at the start of the optical biopsy
learning curve. Hopefully, optical biopsies will quickly be equal to or outperform the traditional
biopsies. Replacing conventional biopsies with the optical kind may reduce the waiting time for
diagnosis from ~7 days to mere minutes or even seconds. For immediate analysis, a computer
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algorithm has to analyze the optical data, e.g. to recognize the features used for visual OCT
inspection in this thesis.
Besides the diagnostic pathway, (focal) treatment of prostatic cancer could also benefit from
real-time optical analysis. For example, an optical biopsy could guide the placement of
radioactive seeds, and the effects of focal treatments could be analyzed in real-time using
optical biopsies taken at essential landmarks.
More conservatively, it is likely OCT will first be used as a guidance tool for traditional biopsies.
Given the high negative predictive value of OCT, an OCT guided biopsy needle can skip
tissues classified as benign. This guidance can, therefore, reduce the total number of biopsies
and reduce the analysis workload for pathologists. For guidance purposes, an OCT probe
can be integrated into a biopsy gun, as demonstrated by Iftimia et al. [9]. Future designs will
likely increase the ease of use as well as add other optical techniques for enhanced sensing
capabilities. A next version could be like our in-house designed biopsy gun, depicted in figure
1. First, tissue analysis is performed using OCT, as visible in figure 2. If OCT cannot identify the
tissue as benign, the tissue can then be harvested using the biopsy gun for histopathological
analysis. More advanced integration of OCT lenses and fibers into biopsy needles could make
the biopsy gun smaller in diameter and improve the field of view.
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Figure 1: Customized 18 G biopsy gun with an integrated OCT probe (0.9 mm), see enlargement for details
of the OCT probe. First, the tissue can be analyzed using OCT. If OCT cannot identify the tissue as benign, the
OCT probe retracts, and tissue falls into the opening. When the tissue is in the opening, it can be collected for
histopathological analysis.

Figure 2: OCT image of porcine kidney tissue, taken with the biopsy gun shown in figure 1. The tissue imaged
with OCT is illustrated in yellow and red. The biopsy needle is visualized in silver.
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Continuation of in vivo OCT measurements
This thesis resulted in the first in vivo OCT measurements in the prostate. Understanding in vivo
OCT measurements (with blood flow present), qualitatively and quantitatively, is critical for in
vivo use. The second part described in the protocol paper [10] is the one-to-one correlation
of in vivo measurements with histology slides from the prostatectomy specimen. By marking
the measurement trajectory after the in vivo measurement, in vivo OCT measurements can also
be correlated to histology. As described in our protocol [10], CLE measurements will also be
investigated as an optical biopsy. Because the visualization technique of a CLE probe is a
different from OCT, integrating both into a single needle could add differentiation capabilities.
To assist the pathologist in a faster and more precisive decision making, deep learning
algorithms should be investigated. The 54 OCT slices which are correlated to 54 marked
histology slides could be used as learning and test set. Lucas et al. showed deep learning for
automatic Gleason score classification on histology slides [6], in a similar fashion this method
could be applied to the labeled OCT data.

Multiple imaging modalities in one probe
Until now, OCT cannot distinguish benign from malignant prostatic tissues using our quantitative
analysis. Instead of using different data analysis methods, another option is to add another
imaging modality. A tabletop setup of the combination of OCT and Raman spectroscopy was
demonstrated by Patel et al. [11], while Sherlock et al. [12] demonstrated the feasibility of
combining OCT and fluorescence lifetime imaging in one probe using a double-clad fiber. In
a rotating probe setting, single-fiber reflectance spectroscopy could be an ideal modality to
combine with OCT (figure 3) since reflectance spectroscopy uses a multimode fiber and OCT a
single-mode fiber. Compared to a traditional OCT system (Ninepoint medical or St. Jude), the
optical setup should be changed using a double-clad fiber probe, a double-clad fiber rotary
joint and two double-clad fiber couplers (figure 4).

Figure 3: Artistic impression by the author of a retracting rotating catheter probe in prostatic tissue. The doubleclad fiber transports in the core - single mode - the OCT light (red) and in the first cladding – multimode - the
spectroscopy light (yellow).
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Figure 4: Proposed setup up for using single-fiber spectroscopy and OCT in a rotating catheter probe with a
double-clad fiber. DCFC: double-clad fiber coupler. BD: beam dump. RJ: rotary joint. SM: single mode. MM:
multimode. DCF: double-clad fiber. (drawing by Xavier Attendu and the author)

Optical marking and treatment
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If diagnosis can be performed in real-time using an optical biopsy, marking the lesion can
also be carried out. Beaudette et al. demonstrated this approach in a table top setup which
performed OCT-guided tissue coagulation [13]. This precise OCT image guided coagulation
could also be used for precise ex vivo and in vivo registration of OCT and histopathology,
because the coagulated tissue marks could be identified both by OCT and histopathology.
Marking could also be used for inspection or biopsy taking later in hollow organs. In a next
step, the laser light delivered through the fiber could also be used to treat the tumor, for instance
using photodynamic therapy. Clearly, in such a see-and-treat modality the accurate detection of
cancerous tissue by OCT, CLE or any other imaging method is of upmost importance.

Conclusions & future perspectives

References
1.

Weinreb JC, Barentsz JO, Choyke PL, Cornud F, Haider MA, Macura KJ, Margolis D, Schnall MD, Shtern
F, Tempany CM, Thoeny HC, Verma S. PI-RADS Prostate Imaging - Reporting and Data System: 2015,
Version 2. Eur Urol. 2016 Jan;69(1):16-40. doi: 10.1016/j.eururo.2015.08.052. Epub 2015 Oct 1. PMID:
26427566; PMCID: PMC6467207.

2.

Monti S, Brancato V, Di Costanzo G, Basso L, Puglia M, Ragozzino A, Salvatore M, Cavaliere C.
Multiparametric MRI for Prostate Cancer Detection: New Insights into the Combined Use of a Radiomic
Approach with Advanced Acquisition Protocol. Cancers (Basel). 2020 Feb 7;12(2):390. doi: 10.3390/
cancers12020390. PMID: 32046196; PMCID: PMC7072162.

3.

Roethke MC, Kuru TH, Schultze S, Tichy D, Kopp-Schneider A, Fenchel M, Schlemmer HP, Hadaschik BA.
Evaluation of the ESUR PI-RADS scoring system for multiparametric MRI of the prostate with targeted MR/
TRUS fusion-guided biopsy at 3.0 Tesla. Eur Radiol. 2014 Feb;24(2):344-52. doi: 10.1007/s00330-0133017-5. Epub 2013 Oct 3. Erratum in: Eur Radiol. 2014 Apr;24(4):967. PMID: 24196383.

4.

Kongnyuy M, George AK, Rastinehad AR, Pinto PA. Magnetic Resonance Imaging-Ultrasound Fusion-Guided
Prostate Biopsy: Review of Technology, Techniques, and Outcomes. Curr Urol Rep. 2016 Apr;17(4):32. doi:
10.1007/s11934-016-0589-z. PMID: 26902626; PMCID: PMC4928379.

5.

Pathmanathan AU, van As NJ, Kerkmeijer LGW, Christodouleas J, Lawton CAF, Vesprini D, van der Heide
UA, Frank SJ, Nill S, Oelfke U, van Herk M, Li XA, Mittauer K, Ritter M, Choudhury A, Tree AC. Magnetic
Resonance Imaging-Guided Adaptive Radiation Therapy: A "Game Changer" for Prostate Treatment? Int J
Radiat Oncol Biol Phys. 2018 Feb 1;100(2):361-373. doi: 10.1016/j.ijrobp.2017.10.020. Epub 2017 Oct 26.
PMID: 29353654.

6.

Lucas M, Jansen I, Savci-Heijink CD, Meijer SL, de Boer OJ, van Leeuwen TG, de Bruin DM, Marquering
HA. Deep learning for automatic Gleason pattern classification for grade group determination of prostate
biopsies. Virchows Arch. 2019 Jul;475(1):77-83. doi: 10.1007/s00428-019-02577-x. Epub 2019 May 16.
PMID: 31098801; PMCID: PMC6611751.

7.

Ahdoot M, Lebastchi AH, Turkbey B, Wood B, Pinto PA. Contemporary treatments in prostate
cancer focal therapy. Version 2. Curr Opin Oncol. 2019 May;31(3):200-206. doi: 10.1097/
CCO.0000000000000515. PMID: 30865133; PMCID: PMC6465079.

8.

Wagstaff PG, Buijs M, van den Bos W, de Bruin DM, Zondervan PJ, de la Rosette JJ, Laguna Pes MP.
Irreversible electroporation: state of the art. Onco Targets Ther. 2016 Apr 22;9:2437-46. doi: 10.2147/OTT.
S88086. PMID: 27217767; PMCID: PMC4853139.

9.

Iftimia N, Park J, Maguluri G, Krishnamurthy S, McWatters A, Sabir SH. Investigation of tissue cellularity
at the tip of the core biopsy needle with optical coherence tomography. Biomed Opt Express. 2018 Jan
18;9(2):694-704. doi: 10.1364/BOE.9.000694. PMID: 29552405; PMCID: PMC5854071.

10.

Swaan A, Mannaerts CK, Scheltema MJ, Nieuwenhuijzen JA, Savci-Heijink CD, de la Rosette JJ, van
Moorselaar RJA, van Leeuwen TG, de Reijke TM, de Bruin DM. Confocal Laser Endomicroscopy and
Optical Coherence Tomography for the Diagnosis of Prostate Cancer: A Needle-Based, In Vivo Feasibility
Study Protocol (IDEAL Phase 2A). JMIR Res Protoc. 2018 May 21;7(5):e132. doi: 10.2196/resprot.9813.
PMID: 29784633; PMCID: PMC5987046.

11.

Patil CA, Bosschaart N, Keller MD, van Leeuwen TG, Mahadevan-Jansen A. Combined Raman spectroscopy
and optical coherence tomography device for tissue characterization. Opt Lett. 2008 May 15;33(10):11357. doi: 10.1364/ol.33.001135. PMID: 18483537; PMCID: PMC2713918.

12.

Sherlock BE, Phipps JE, Bec J, Marcu L. Simultaneous, label-free, multispectral fluorescence lifetime imaging
and optical coherence tomography using a double-clad fiber. Opt Lett. 2017 Oct 1;42(19):3753-3756. doi:
10.1364/OL.42.003753. PMID: 28957119.

157

Chapter 8

13.

158

Beaudette K, Baac HW, Madore WJ, Villiger M, Godbout N, Bouma BE, Boudoux C. Laser tissue
coagulation and concurrent optical coherence tomography through a double-clad fiber coupler. Biomed
Opt Express. 2015 Mar 16;6(4):1293-303. doi: 10.1364/BOE.6.001293. PMID: 25909013; PMCID:
PMC4399668.

Conclusions & future perspectives

159

Summary:
The analysis of prostate tissue by
optical coherence tomography

Chapter 9

Chapter 9 – Summary:
The analysis of prostate tissue by optical coherence
tomography

162

Summary:
The analysis of prostate tissue by optical coherence tomography

Summary
Prostate cancer accounts for 20% of the new cancer diagnoses in men, and 1 in 8 men will
develop invasive prostate cancer. New prostatic cancer cases are expected to increase with
40% in the next 20 years. In the meantime, focal therapy is gaining more popularity versus a
prostatectomy. Histopathology, (i.e., microscopic) examination of diseases, has a crucial position
in the planning of (focal) therapy and in prostate cancer diagnosis, during and after treatment.
Unfortunately, the inter-observer variability in histological prostate cancer classification is high,
while the preparation plus analysis requires ~7 days, and the workload on pathologists is ever
increasing. If an imaging technique could objectively detect or exclude prostate cancer in vivo
or on unstained prostatic tissue, it could decrease the variability in cancer classification, speed
up the patient workflow, and reduce the workload of pathologists. One of the potential methods
to do this is the use of optical biopsies.
An example of such an optical biopsy is Optical Coherence Tomography (OCT), the light-based
equivalent of ultrasound. OCT can visualize tissue ~1.5 mm in depth with a high resolution in
the order of tens of micrometers and can detect malignancy via quantitative analysis in multiple
organs. OCT is available in sterile thin fiber-based OCT probes and en-face OCT scan heads,
with a similar footprint as a traditional microscope. Just like every imaging method, it is essential
– and our aim – to develop methods to discriminate malignant from benign prostatic tissue. For
this purpose, OCT images and quantitative data have been correlated to the “gold” standard
histopathology. This thesis describes methods to correlate probe-based, and en-face OCT
images made from ex vivo (fresh & fixated) and in vivo prostatic tissues with histopathology
proved prostatic tissue types. The OCT images of prostatic tissue were judged using visually and
quantitative OCT parameters.
Precise registration of probe-based OCT images and histology requires cutting histology slides
precisely through the OCT measurement trajectory. In chapter two, we demonstrate an inhouse developed tool made for one to one correlation of histopathology and OCT. In chapter
three, we describe scans of 20 fresh prostatectomy specimens with probe-based OCT and use
the in-house developed tool to register the OCT images to histopathological outcomes. For each
tissue type, visual features are described, and quantitative data are calculated. Analysis of visual
features results in a high negative predicting value of malignant tissue. The quantitative analysis
could, however, not differentiate malignant tissues from the stroma tissue.
To aid the pathologist in analyzing tissue taken during the rising numbers of prostatectomies,
en-face OCT could be used. For this purpose, OCT data of fixated prostatic tissue should be
registered to histological proven tissue types. In chapter four, we aimed to develop and
validate a registration method to link histological tissue classification with quantitative OCT
parameters through one-to-one registration of OCT with histology images. In chapter five,
we use 54 slices of twenty fixated prostates in order to investigate the potential of quantitative
en-face OCT data analysis for the separation of benign from malignant prostate tissue
automatically. Because some slices were heavily deformed or damaged only 31 slices could
be used for analysis. The semi-automated analysis of the attenuation coefficient, R², and residue
could however not differentiate the different tissue types or malignant from benign tissue. Given
the achieved sensitivity and specificity, this technique should be further improved before it is
suitable for clinical use.
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To evaluate if optical biopsies can guide or replace traditional biopsies, we also had to register
in vivo optical biopsy techniques with histological proven tissue types. We designed a protocol,
described in chapter six, for registering in vivo OCT and Confocal Laser Endomicroscopy
(CLE) images with histology. Chapter seven shows the successfully first registration of in vivo
probe-based OCT images with histological biopsies results using 3D ultrasound registration.
Finally, chapter eight discusses the future of OCT as guidance and diagnostic tool for
traditional biopsies or (focal) therapy. OCT can also be combined with other optical diagnostic
methods using double-clad fibers or be integrated with treatment or marking options using a
laser powerful enough for tissue coagulation.
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Nederlandse samenvatting
Twintig procent van de nieuwe kankerdiagnoses bij mannen is prostaatkanker. Daarvan zal
1 op de 8 mannen invasieve prostaatkanker ontwikkelen. Er wordt verwacht dat nieuwe
gevallen van prostaatkanker de komende 20 jaar met 40% zullen toenemen. Ook wint focale
therapie aan populariteit ten opzichte van de prostatectomie – de operatieve verwijdering van
de prostaat. Histopathologie – (microscopisch) onderzoek van ziektes – speelt een cruciale
rol in de planning van (focale) therapie en voor diagnose, tijdens en na de behandeling van
prostaatkanker. Helaas kent de histopathologische classificatie van prostaatkanker een hoge
interobserver variabiliteit en is het resultaat pas na 7 dagen beschikbaar voor de uroloog.
Daarnaast neemt de werklast voor pathologen toe door het groeiende aantal prostaatkanker
patiënten. Een beeldvormende techniek die objectief prostaatkanker zou kunnen detecteren of
uitsluiten, vermindert de variabiliteit in de classificatie, versnelt de diagnose van de patiënt en
verlaagt de werklast van pathologen. Een van de mogelijkheden hiervoor is het gebruik van
optische biopten.
Een voorbeeld is Optische Coherentie Tomografie (OCT), een op licht gebaseerde equivalent
van echografie. OCT kan weefsel met een resolutie van enkele tientallen micrometers, tot ~1.5
mm diep visualiseren. Deze techniek is in staat om in meerdere organen kanker te detecteren
via kwantitatieve analyse van het gereflecteerde licht. OCT probes zijn verkrijgbaar in de
vorm van een dunne steriele probe met ingebouwde lichtfiber en in de vorm van een camera
met een scanmechanisme die een plat (‘en-face’) oppervlak kan scannen. Net als bij andere
beeldvormingsmethoden voor prostaatkanker is het ook bij OCT essentieel om methoden te
ontwikkelen om kwaadaardig van goedaardig prostaatweefsel te onderscheiden. Hiervoor zijn
OCT-beelden en kwantitatieve data gecorreleerd met de “gouden standaard” histopathologie.
Dit proefschrift beschrijft methoden om probe en en-face OCT-beelden van ex vivo (vers en
gefixeerd) en in vivo prostaatweefsel te koppelen aan histopathologisch gediagnostiseerd
prostaatweefsel. De OCT-beelden van prostaatweefsel worden visueel en met behulp van
kwantitatieve OCT-parameters geanalyseerd.
Nauwkeurige registratie van probe OCT-beelden en histologie kan alleen als de coupe
precies door het OCT-meettraject is gesneden. In hoofdstuk twee demonstreren we een zelf
ontwikkelde snijmachine gemaakt voor een-op-een correlatie van histopathologie en OCT.
Vervolgens hebben we 20 vers verwijderde prostaten gescand met een OCT probe en deze zelf
ontwikkelde snijmachine gebruikt om de OCT-beelden te registreren met de histopathologische
resultaten; dit is beschreven in hoofdstuk drie. Voor elk weefseltype worden visuele
kenmerken beschreven en kwantitatieve data berekend. Het gebruik van visuele kenmerken voor
het categoriseren van de OCT-beelden resulteert in een hoge negatieve voorspellende waarde
van kwaadaardig weefsel. De kwantitatieve analyse kon kwaadaardige weefsels echter niet
onderscheiden van het stroma-weefsel.
Om de patholoog te helpen bij het analyseren van het groeiende aantal prostatectomieën,
zou en-face OCT kunnen helpen bij de histopathologische analyse. Hiervoor moeten OCTgegevens van gefixeerd prostaatweefsel worden vergeleken met verschillende weefseltypen.
In hoofdstuk vier hebben we een registratiemethode ontwikkeld en gevalideerd voor éénop-één registratie van OCT met histologie. We hebben OCT-afbeeldingen van niet-gekleurde
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gefixeerde weefselplakken van één prostaat vergeleken met de overeenkomstige histologische
coupe, waarin de patholoog de verschillende histologische weefseltypen heeft gearceerd. In
hoofdstuk vijf zijn 54 plakken van 20 gefixeerde prostaten gebruikt om de potentie te testen
van kwantitatieve en-face OCT-analyse om goedaardig van kwaadaardig prostaatweefsel
te onderscheiden. Omdat een aantal coupes zwaar vervormd of beschadigd bleken,
konden 31 coupes gebruikt worden voor de analyse. De semi-geautomatiseerde analyse
van de verzwakkingscoëfficiënt, R² en residu kon echter geen onderscheid maken tussen de
verschillende weefselsoorten en kwaadaardig weefsel niet onderscheiden van goedaardig
weefsel in gefixeerd prostaatweefsel. De behaalde gevoeligheid en specificiteit van de analyse
zijn op dit moment dus onvoldoende. Voordat de analyse van OCT gebruikt kan worden in de
kliniek moet deze worden verbeterd.
Om de traditionele biopsie te begeleiden of te vervangen, is het noodzakelijk om in vivo
optische biopten te registreren met histopathologisch gediagnostiseerd prostaatweefsel. Dit
heeft geleid tot een nieuw protocol, beschreven in hoofdstuk zes, voor het registreren van
in vivo beelden afkomstig van OCT en Confocale Laser Endomicroscopie (CLE) met histologie.
Hoofdstuk zeven toont de eerste succesvolle registratie van in vivo beelden gemaakt met een
OCT-probe met histologie, afkomstig van een biopt op dezelfde plaats verkregen met behulp
van 3D-echografie registratie.
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Hoofdstuk acht beschrijft de toekomst van OCT als een leidend en diagnostisch
hulpmiddel voor traditionele biopten of (focale) therapie. Ook laten we zien dat OCT kan
worden gecombineerd met andere optische diagnostische methoden door gebruik te maken
van dubbel gelaagde optische fibers. Door een laser te gebruiken die krachtig genoeg
is voor weefselcoagulatie kan dezelfde probe ook gebruikt worden voor behandeling of
weefselmarkering.
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Specific courses

• Summer school Biophotonics, Sweden

Seminars, workshops and master classes

• Intellectual Property & Corporate law (Rijksdienst voor
Ondernemend Nederland & New Venture)
• Startup Financing (ABN AMRO & New Venture)
• Tijdbesparend vergaderen
• MRI Fusion (EMUC16)
• Medical Business Masterclass
• Doctor meets director (Medical Business Education)
• Toekomstbestendige zorg voor de regio (Bernhoven)

Year

Workload
(ECTS)

2014
2014
2014
2014
2014
2014
2014
2015
2016
2017

0.5
0.8
1.5
0.5
0.3
1.5
0.7
0.6
1
0.4

2015

2

2014
2014
2015
2016
2017
2017
2018

0.3
0.3
0.5
0.3
8
1.2
1.5
0.3
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Presentations
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Presentation BIOS
Poster SPIE photonics west
Presentation SPIE photonics west
Presentation SPIE photonics west
Poster at Nemo (naam event)
Poster at PhotonicsNL
Poster at summerschool Biophotonics, Sweden
Pitch at delft (naam event)
Presentation focal therapy and imaging in prostate & kidney
cancer
Presentation SMIT Delft Design of Medical Devices
Poster EMUC16
Presentation SPIE photonics west
Pontes Medical Expertmeeting
Smart Surgery Masterclass en Congres (Nederlandse
Vereniging voor Endoscopische Chirurgie)
Envision the Future (Nederlandse Vereniging voor Technische
Geneeskunde)
Workshop MMV

(Inter)national conferences
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

“Sexy science; the more the merrier?” (Aprove)
Pushing the Limits (Aprove)
Science to succes (Aprove)
Design of Medical devices
Zelf aan het Roer - VvAA-congres
Taakherschikking in de Nederlandse gezondheidszorg: De
experimenteerfase voorbij
Cancer Center Amsterdam Conference
SEOHS
Institue Quantivision Conference
(Don’t) Believe the hype (Aprove)
Smart Surgery (NVEC)
De volmaakte mens (Jong AMC/Jong VUmc)
Chirurgendagen (Nederlandse Vereniging voor Heelkunde)
MMV – “Opleiden is netwerken”
Career Event – Make your career Great (Again) (Aprove)
Amsterdam science & innovation awards
Seeing the Future in Healthcare Innovation (TNO / UT)

Other

• Review article for “International Journal of Computer Assisted
Radiology and Surgery”

2014
2015
2015
2016
2015
2015
2015
2015
2015
2016
2016
2017
2017
2017
2016
2018

2014
2015
2016
2016
2017
2017
2017
2017
2017
2017
2017
2017
2018
2018
2018
2018
2018

2016
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2. Teaching

Lecturing

• Medical Imaging
• Applications of OCT in Kidney and Prostate, École Polytechnique
• Minimal invasive surgery & 3D printing in medicine
Now and the future, Medical Orientation on Specialisms
Summerschool

Supervising
•
•
•
•
•
•
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Nienke Feirabend
Diederik Suurd MSc
Arash Mahmoodi
Kevin Semmelink MSc
Jasper Drost BSc
Jeroen Mol MSc

Workshops

• Technologische innovatie in de opleiding – de Jonge Specialist
(3x)

Year

Workload
(Hours/
ECTS)

2015
2016
2016

0.6 ECTS
0.3 ECTS
0.3 ECTS

2014
2016
2017
2017
2017
2018

1 ECTS
2 ECTS
1 ECTS
2 ECTS
2 ECTS
2 ECTS

20182019

0.3 ECTS

Ph.D. Portfolio

3. Parameters of Esteem
Year

Grants

• STW iMIT

Organization

• Member of board “Nederlandse Vereniging voor Technische
Geneeskunde”, professional organisation of 300 technical
physicians
• Organizing multi-disciplinary meeting “From true cut biopsies
towards optical biopsies” (Urology/BMEP) 60+ persons (Vu,
NKI, AMC, TU Delft, University Twente)
• Chair and organizer of Workshop III: Bright with Light: Novel
optical diagnostics and surgical imaging at Focal Therapy and
Imaging
• De Jonge Specialist (DJS)
• Werkgroep TIME technical innovations in medical education
(DJS)

Awards and Prizes

• Winner 1st round Start-up competition “New Venture” with
SpineGuide
• Finalist Start-up competition “New Venture” with SpineGuide
• Pitch and Poster at Design of Medical Devices, TU Delft
• Posterprice PhotonicsNL conference
• Posterprice Summerschool Biophotonics
• Pitchaward, Center for medical imaging / Holland innovative
• Best presentation for technological innovation, Smart Surgery,
Nederlandse Vereniging voor Endoscopische Chirurgie (NVEC)

2014

2014-2017
2014
2015
2016-2018
2016-2018
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2015
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Dankwoord
Dit proefschrift en de mooie momenten tijdens mijn PhD-traject waren er niet geweest zonder
collega’s, vrienden en familie om me heen. Velen in de rol van directe collega of begeleider,
anderen als adviesorgaan en/of vriend. Allemaal hartelijk dank! Een klein aantal in het
bijzonder:
Allereerst de patiënten; jullie toestemming en vertrouwen om mee te werken om nieuwe
technieken te testen in een voor jullie onzekere tijd is bijzonder. De onderzoeken leverden voor
jullie niks op, jullie deden mee opdat toekomstige patiënten beter behandeld kunnen worden.
Dit bewonder ik zeer!
Geachte prof. van Leeuwen, beste Ton, een afdeling runnen met zoveel uiteenlopende
vakgebieden en karakters is echt een kunst. Hoe jij medische technologie blijft innoveren en
verbeteren is heel knap. Dank voor begeleiding. Daarnaast vond ik het fantastisch dat je samen
met de BMEP-er mee ging om de Alpe d’Huez meerdere malen te bestormen.
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Geachte prof. van Herk, beste Marcel, van kamergenoot tot promotor, wat een mooi traject.
Elke maandag opgewekt de week starten in het AMC en met een open blik mensen advies
geven tijden de Monday-morning-meetings. Zo raakte je ook bij dit project betrokken. Zonder
jou waren de stapels OCT-data niet gelinkt aan de histologie. Ik heb erg veel bewondering voor
jouw drive om met prachtige technologie kanker uit de wereld te helpen. Ook de manier hoe
jij samen met Els ons (Berrend, Leah en mij) hebt ontvangen in Manchester straalt warmte uit.
Zowel op professioneel als persoonlijk vlak ben ik jou heel erg dankbaar.
Geachte dr. Faber, beste Dirk, dank voor jouw theoretische kennis en lessen over OCT. Het
kwantitatief maken van de OCT-data is een heel belangrijk onderdeel in dit onderzoek.
Geachte dr. de Bruin, beste Martijn, nieuwe technologie toepasbaar maken in de kliniek is jouw
drive. Voornamelijk als het gaat om technologie met licht bij de urologie. Een van de resultaten
is dit onderzoek, dank.
Leden van de promotiecommissie, dank voor jullie bereidheid mijn proefschrift te beoordelen
en zitting te nemen in de promotiecommissie. In het bijzonder Prof. Dankelman, dank voor het
initiëren en leiden van het iMIT programma.
Geachte dr. de Reijke, beste Theo, ik ben je dankbaar voor het ondersteunen van de klinische
onderzoeken nadat de klinische professoren het toneel verlieten. De kritische blik van een
ervaren innovatieve uroloog was hard nodig om dit klinische onderzoek af te ronden.
De collega’s van de Biomedical Engineering and Physics afdeling: Sanne, Alan, Edwin, Renan,
Merel, Carla, Jetty, Bea, Lorena, Teresa, Judith, Angela, Monique, Daphne en alle anderen
dank voor jullie hulp, koffies en discussies. Mijn kamergenoten: Anne, Xavier, Anouk, Xu, Liliana,
Marcel & Gustav! Dank voor alle discussies, grappen, koffie en muziek op onze kamer.
Paul, dank voor de mooie ray-tracing sessies op vrijdagochtend met de hippe (luide) tunes.
Nicolas, thanks for the OCT explanations and the discussions/jokes/hate-to-scooters while
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cycling together! Marit, dank voor het patho-stuk in het laatste artikel en het delen van de vele
Skyr-foto’s. Leah en Mitra, Lele en Mimi! Data-analyse van OCT kon niet beter of met meer
fun dan met jullie twee. Behalve hard werken, durven jullie je ook uit te spreken, iets wat ik erg
waardeer. Ilaria, dank voor jouw geniale grappen tijdens het fietsen door de Bijlmer en op de
kronkelwegen van Mallorca.
Gustav, we zijn precies dezelfde dag begonnen in het AMC en werden kamergenoten. Dank
voor de vele gesprekken in de ochtend met advies en humor voordat de anderen BMEP-ers
de dag begonnen. Xavier, we met at SPIE and together we arranged your stay at the AMC.
Doing research with you is fun and I value the energy that you brought to the double clad probe
project.
De urologie afdeling: Guido, Patrica, Alexandre, Mathias, Joyce, Andreas, Martine, Laura,
Sonja, Alice, Natasha, dank voor jullie hulp en interesse.
De uro-onderzoekers: Peter, Rob, Jaap, Arnoud, Mieke, Matthijs, Willemien, Mara, dank voor
jullie input, koffies op het Voetenplein en de (wetenschappelijke) discussies tot laat in Lissabon,
Milaan en Noordwijk.
Paul Fockens, dank dat je met jouw enthousiasme het urologie-peloton weer de goede kant op
navigeerde. Christophe, wat goed dat jij bent aangehaakt bij het in-vivo OCT/CLE-project.
Jouw kennis van en visie op de behandeling van prostaatkanker is indrukwekkend. Daarnaast is
het super om met jou samen te werken, dank! (Voor de oudere mannelijke lezers: vraag naar Dr.
Mannaerts)
Wim Schreurs dank voor het mogelijk maken van nieuwe creaties om OCT te kunnen
valideerden en de verhalen over jouw DS. En de andere citrofiel Niels, dank voor de 3D
geprinte tools, uitbreidingen van onze medische karren en verhalen over HY-bussen.
I want to thank everybody who was involved in the double clad fiber setup to combine OCT
and spectroscopy in one probe: Eman Namati and Tsung-Han Tsai from Ninepoint Medical,
Caroline Boudoux from Castor Optics and Polytechnique Montréal, Kathy Beaudette from
Castor Optics and Harvard/Polytechnique Montréal, Michael Groosman from Asahi Intec,
Walter Boyles from Go!Foton, Brett Bouma from Harvard/MIT. Xavier promised me to make
sure the project will continue!
Also, I want to thank everybody who was involved in the iMIT projects. It was special to follow
all your research projects. Steven, wat heb ik met jou gelachen tijdens de iMIT meetings en de
congressen!
De andere onderzoek collega’s/vrienden die ik heb ontmoet tijdens congressen, experimenten,
(nooit uitgevoerde) studieonderzoeken of samenwerkingen: Noor (LUMC), Goos, Sjors, Emma
en Eva, dank voor al jullie inzet en theorieën voor een betere gezondheidszorg.
Frida, dank voor het meedenken met de financiering van onze nieuwe beroepsgroep en jouw
visies op leiderschap.
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Heleen, er zijn maar weinigen die hun visie op de gezondheidszorg zo succesvol kunnen
omzetten naar een nieuwe BIG geregistreerde beroepsgroep. Dank voor de inspiratie en jouw
doorzettingsvermogen.
Jarich, van samen crossen in een 205 tussen de Friese weilanden naar onze eerste TGstageplek tot toeren in een Mustang door Napa valley na het SPIE-congres. Prachtig om dat
allemaal samen mee te maken.
Fietsmaten: Lizzy, Julia, Bart, Wessel, Brett en Jan-Erik, wat een mooie fiets-trips hebben wij
gemaakt. Dat er nog vele mogen volgen! (Hopelijk zit ik dan niet in de bezemwagen). Ook
de crew van Alpe DuZes, Mt. Ventoux, Marcel Levi challenge en natuurlijk Mallorca wil ik erg
bedanken!
Alle bestuursleden en actieve leden van de Nederlandse Vereniging voor Technische
Geneeskunde (NVvTG), bedankt. Jullie zorgen ervoor dat een jonge innovatieve beroepsgroep
volwassen wordt. Annemijn en co, blijf zo doorgaan!
Leden van De Jonge Specialist, dank voor de vooruitziende blik en open houding tegenover
Technisch Geneeskundigen en de toekomst. In het bijzonder de werkgroep om technologische
innovatie in de vervolgopleidingen te krijgen: Irma, Julia, Juliette (poke), Sandra, Bram, Hein,
Laura en Auk.
184

Moyo, dank voor de introductie tot het echte onderzoek en het vertrouwen dat je mij gaf vanaf
de eerste dag bij de orthopedie in het UMCU. Ook mooi dat we het project SpineGuide zover
hebben doorontwikkeld. Fantastisch dat we tot klinische testen en implementatie zijn gekomen
samen met Diederik, Lisette (Holland Innovative) en de studenten.
AFC-maten, capi’s, linksbakka’s, wat geniet ik elke keer als we woensdag en zaterdag tegen die
bal aan trappen. Als ik met jullie op het veld sta, is de wereld even niet groter dan de grasmat.
Het draait dan alleen nog maar om de bal, winnen en de enkels van de tegenstander. Ik hoop
dat ik nog lang met jullie mee kan/mag voetballen! +1
Arlo, altijd overzicht over het veld en het leven. Ton, jij zorgt voor een warm thuis in Enschede.
Rieky: vrolijkheid op terrasjes. Ernst: meubels, stijl & party-bags. Martijn Schouten, de
overgekwalificeerde huisarts. Charlotte, van de Morra tot koffies bij het Rijks; eigenzinnig en
gedreven. Frank-Jan, Ruard en Leon, mooi dat wij nog steeds zulk goed contact hebben sinds
het begin van onze studententijd. Juan, naast dat je zoveel positieve energie overbrengt en in
bent voor mooie roadtrips, sta je ook altijd klaar als het lastig is. Dank daarvoor!
Martijn en Martijn, wat mooi dat onze samenwerking tijdens het bestuur van de
beroepsvereniging is uitgegroeid tot deze hechte vriendschap! Van jullie nieuwsgierige kijk op
het leven en de gezondheidszorg geniet ik elke keer.
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Familie Marinussen, dank voor de lieve ontvangst in de familie, prachtige zeil/fiets/helivakanties en jullie mooie dochter/zus! Familie de Jonge en familie Hekscher, dank voor jullie
gezelligheid, de hardloopwedstrijden en de prachtige gedichten. De families Vos en Ruers,
dank voor jullie vriendschap en liefde vanaf mijn geboorte. In het bijzonder mijn bonusmoeder Hanneke voor al haar advies en topmaatje Tycho voor jouw humor en het zijn van mijn
klankbord.
Mijn paranimfen: Lieve Julia, dank voor jouw aanstekelijke enthousiasme en vrolijkheid tijdens
het onderzoek, feestjes, fietstripjes en etentjes.
Thijs, dank voor de jarenlange vriendschap, de crossmotorlessen in Cambodja, al jouw advies
en de af en toe zweverige blik op de wereld.
Berrend, een serieuze harde werker als het moet, daarnaast altijd grappen uithalen. Zonder jou
was de PhD een stuk minder leuk geweest en was dit boekje er nooit gekomen. Thanks!
Lieve mama, zusje, Mike & Isa. Wat hebben we deze jaren veel hoogte- en dieptepunten
gehad. Ik ben heel blij en dankbaar dat jullie er altijd waren voor steun, om gekke en mooie
dingen te doen. Mama, dank voor alle liefde, vertrouwen en motivatie die jij, samen met papa,
altijd hebt gegeven. Hannah en Mike, prachtig om te zien dat jullie Isa grootbrengen met zoveel
vrolijkheid en rust. Zij heeft zoveel mazzel om jullie als ouders te hebben.
Anne, m'n lief. Ik vond het leven al een groot avontuur, maar met jou is dat een nog veel groter
en leuker avontuur geworden. Van zonder problemen fietsen door een wildpark in Kenia tot
noodgedwongen met een heli over de Alpen vliegen. Ik heb er zin in om er nog vele met jou te
beleven!
Alex, mocht je dit ooit lezen: wij zijn heel blij met jou!
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