LUND UNIVERSITY

Novel Diagnostic Tools for Skin and Periorbital Cancer - Exploring Photoacoustic
Imaging and Diffuse Reflectance Spectroscopy

Dahlstrand, UIf

2020

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Dahlstrand, U. (2020). Novel Diagnostic Tools for Skin and Periorbital Cancer - Exploring Photoacoustic Imaging
and Diffuse Reflectance Spectroscopy. [Doctoral Thesis (compilation), Department of Clinical Sciences, Lund].
Lund University, Faculty of Medicine.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/aa7917ec-91a5-4fb6-9ab4-24b57afc2d17

Download date: 19. Dec. 2025



Novel Diaﬁnostic Tools for Skin

and Periorbital Cancer

Exploring Photoacoustic Imaging and Diffuse
Reflectance Spectroscopy

ULF DAHLSTRAND | DEPARTMENT OF CLINICAL SCIENCES, LUND | LUND UNIVERSITY

r—— A




LUN

UNIVERSITY

Ulf Dahlstrand received his medical degree from Lund
University in 2009. He is an ophthalmologist specialized in
oculoplastic and strabismus surgery. This thesis explores
novel non-invasive techniques for diagnosing and delineating
skin and eyelid tumors.

Ulf is a common name in Scandinavia and is derived from
ulfr, the Old Norse word for ‘wolf’.

Ophthalmology
Department of Clinical Sciences Lund

FACULTY OF Lund University, Faculty of Medicine
MEDICINE Doctoral Dissertation Series 2020:31

ISBN 978-91-7619-891-9
ISSN 1652-8220

Printed by Media-Tryck, Lund 2020 % NORDIC SWAN ECOLABEL 3041 0903



Novel Diagnostic Tools for Skin and Periorbital Cancer






Novel Diagnostic Tools for Skin and
Periorbital Cancer

Exploring Photoacoustic Imaging and Diffuse
Reflectance Spectroscopy

Ulf Dahlstrand, MD

LUN

UNIVERSITY

DOCTORAL DISSERTATION
by due permission of the Faculty of Medicine, Lund University, Sweden.
To be defended at 13.00 the 20" of March 2020, in Segerfalksalen at BMC,
Lund.

Faculty opponent
Marcelo Ayala, MD, PhD
Associate professor, Sahlgrenska Academy, University of Gothenburg



Organization Document name
LUND UNIVERSITY DOCTORAL DISSERTATION

Faculty of Medicine
Department of Clinical Sciences Lund
Ophthalmology, Lund, Sweden

Date of issue: 2020-03-20

Author(s): UIf Dahlstrand Sponsoring organization

Title and subtitle
Novel Diagnostic Tools for Skin and Periorbital Cancer. Exploring Photoacoustic Imaging and Diffuse Reflectance
Spectroscopy

Abstract

The eyelids are susceptible to a number of skin cancers which are challenging to excise radically without sacrificing
excessive healthy tissue. The way in which a tumor is delineated preoperatively has not changed significantly over the
past century. The aims of the work presented in this thesis were to investigate two novel non-invasive techniques for
diagnosing and delineating skin tumors.

Extended-wavelength diffuse reflectance spectroscopy (EWDRS) was evaluated to determine its ability to differentiate
between and classify different skin and tissue types in an in vivo pig model, with the aid of machine learning methods.
The recordings were used to train a support vector machine, and it was possible to perform classifications with an
overall accuracy of over 98%. The ability of EWDRS to identify the borders of pigmented skin lesions in an in vivo pig
model was also evaluated. Using a thin probe, it was possible to detect the border with a median discrepancy of 70
um, compared to the border found on histological examination.

Photoacoustic imaging (PAIl), a biomedical imaging modality that combines laser irradiation and ultrasound, was used
to examine basal cell carcinomas (BCCs) and human eyelids ex vivo. Typical photoacoustic spectra were observed
for BCCs as well as for the different layers of the healthy eyelid, and these structures could be visualized in three-
dimensional images. A case was described in which PAI showed that the pentagonal excision of an eyelid BCC was
non-radical, as was later confirmed by histological examination.

In conclusion, both EWDRS and PAI are capable of differentiating between different kinds of tissue and, following
further development and studies, could potentially be used to diagnose and delineate skin and eyelid tumors prior to
surgical excision.

Key words: Skin cancer, periorbital, eyelid, oculoplastic, diffuse reflectance spectroscopy, photoacoustic imaging

Classification system and/or index terms (if any)

Supplementary bibliographical information Language: English
ISSN: 1652-8220 ISBN: 978-91-7619-891-9
Recipient’s notes Number of pages: 67 Price

Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all
reference sources permission to publish and disseminate the abstract of the above-mentioned dissertation.

Signature /w

Date 2020-01-31




Novel Diagnostic Tools for Skin and
Periorbital Cancer

Exploring Photoacoustic Imaging and Diffuse
Reflectance Spectroscopy

Ulf Dahlstrand, MD

UNIVERSITY



Cover photo by Ulf Dahlstrand (front) and Malin Fast (back)
Copyright © pp 1-67 (Ulf Dahlstrand)

Paper 1 © Public Library of Science (authors retain copyright)
Paper 2 © John Wiley & Sons (authors retain copyright)
Paper 3 © by the authors (manuscript unpublished)

Paper 4 © John Wiley & Sons

Paper 5 © John Wiley & Sons

Lund University, Faculty of Medicine,
Doctoral Dissertation Series 2020:31

ISBN: 978-91-7619-891-9
ISSN: 1652-8220

Printed in Sweden by Media-Tryck, Lund University
Lund 2020

oS Ec, Media-Tryck is a Nordic Swan Ecolabel

g°/ <’:‘% certified provider of printed material.
= ///r Read more about our environmental
v”,/ work at www.mediatryck.lu.se

e MADE IN SWEDEN ==



To Viviénne, Vincent, Wilhelm and Eveline






The more you know, the more you know you don't know.

— Aristoteles (384 — 322 BC)

Det kan vdl inte vara sa svart att hitta pa ett eget citat?

— Ulf Dahlstrand (AD 1981 - )



Contents

ADSEIACT ..ttt ettt st sttt 13
Papers included in this thesis .........cccoovviiveiiiciiii e 14
ADDIEVIALIONS ...ttt ettt ettt et e sbee 15
Introduction 17
SKIN TUITIOTS ..ttt ettt ettt st siteeaeesbeesbeeeas 17
EYelid tUMOTS ...coouiiiiieiieiieciieee ettt ettt ettt e ebee e 20
Existing diagnostic teChNIQUES ..........ceceveeriveiieeiieieeeeree e 22
Diffuse reflectance SPECIIOSCOPY ...vvvverrerrieerieereerieesieesieerrerreeseesseesseesseens 24
PhotoacouStic TMAZING .....c.ecvvieriieriieiieiieeie e et eieeeeseeseresreeeseeseesseesenens 25
Machine learning methods for tumor classification............ccceeeeveeveeeneennee. 26
Thesis at @ GIanCe ......covueevieiiieiieeeee e 27
Aims . 29
Methods . 31
BRICS et 31
ANIMal PreParation........c..cccvvieiieeeiieerieeeie et esteesreeeereesbeeseeeesseessseeenens 31
Evaluation of extended-wavelength diffuse reflectance spectroscopy......... 31
Evaluation of photoacoustic iIMaging............cceeevereervereerienreereenieesieenenens 34
Results and Discussion 39
Extended wavelength diffuse reflectance spectroscopy for tissue
classification and margin identification ............cccceeeeeereieirieenciee e 39
Photoacoustic imaging for the characterization and visualization of basal
CEll CATCINOMAS ... ettt ettt st e 43
Photoacoustic imaging for the characterization and visualization of the
human eYelid .........oocviiiiieciie e e 46
CONCIUSIONS .ouveiueiiruiissiissrinseicsancsecssncssensssesssesssiessesssnessssssassssssssssssssssasssasssasssassssses 49
Extended-wavelength diffuse reflectance spectroSCopy.......cccveeveevveevveennenne 49

Photoacoustic IMAGING .......c.eeevvieiiriieiiieeiee e e ereesreeereeereeeeeeesereeereaeenens 49



Challenges and Future Outlook . 51

Populirvetenskaplig sammanfattning .........cceeveeeevercscnnisssercssnnsssarcssnssssssssnssssns 53
Acknowledgements 57

References 63







Abstract

The eyelids are susceptible to a number of skin cancers which are challenging to
excise radically without sacrificing excessive healthy tissue. The way in which a
tumor is delineated preoperatively has not changed significantly over the past
century. The aims of the work presented in this thesis were to investigate two
novel non-invasive techniques for diagnosing and delineating skin tumors.

Extended-wavelength diffuse reflectance spectroscopy (EWDRS) was evaluated to
determine its ability to differentiate between and classify different skin and tissue
types in an in vivo pig model, with the aid of machine learning methods. The
recordings were used to train a support vector machine, and it was possible to
perform classifications with an overall accuracy of over 98%. The ability of
EWDRS to identify the borders of pigmented skin lesions in an in vivo pig model
was also evaluated. Using a thin probe, it was possible to detect the border with a
median discrepancy of 70 pum, compared to the border found on histological
examination.

Photoacoustic imaging (PAI), a biomedical imaging modality that combines laser
irradiation and ultrasound, was used to examine basal cell carcinomas (BCCs) and
human eyelids ex vivo. Typical photoacoustic spectra were observed for BCCs as
well as for the different layers of the healthy eyelid, and these structures could be
visualized in three-dimensional images. A case was described in which PAI
showed that the pentagonal excision of an eyelid BCC was non-radical, as was
later confirmed by histological examination.

In conclusion, both EWDRS and PAI are capable of differentiating between
different kinds of tissue and, following further development and studies, could
potentially be used to diagnose and delineate skin and eyelid tumors prior to
surgical excision.
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Introduction

The primary form of treatment for most skin cancers is surgical excision [1]. Only
after surgery, through microscopic examination of the excised tissue, can it be
determined whether the tumor has been completely removed, or if additional
surgery is needed. In the case of eyelid skin cancer, this information is vital, as
reconstructive surgery is often complex, and should ideally not be undertaken
before complete excision has been confirmed. Although there has been
considerable technological development within the medical field in general, and in
diagnostic imaging in particular during the 20™ and 21% centuries, little has
changed in the clinical approach to skin cancer removal.

The aim of the work described in this thesis was to explore two new techniques,
extended-wavelength diffuse reflectance spectroscopy (EWDRS) and photo-
acoustic imaging (PAI), which it is hoped will change the way in which skin and
eyelid tumors are diagnosed and delineated in the future.

Skin tumors

The normal skin

The skin is one of the largest organs in the human body [2], and is composed of
several layers. It acts as the first line of defense against the outer world, and plays
an important role in heat regulation, sensation, and the synthesis of vitamin D [3].
The outer layer is called the epidermis, and is composed of four sublayers that
represent different stages of maturation of keratinocytes, the main type of cell in
the skin. In the most superficial layer, the stratum corneum, the cells are flattened
and have lost their nuclei. They are arranged in multiple thin layers and provide an
important part of the barrier function. The inner layer of the epidermis, the stratum
basale, is where melanocytes are found. Melanocytes are responsible for the
production of melanin, the dark pigment that gives the skin its color and protects
the tissue from ultraviolet (UV) radiation [4].

Underneath the epidermis is the dermis, which is composed of fibroblasts and
dense connective tissue that provide support and nutrients to the epidermis. It
contains several of the important structures in the skin, such as the hair follicles,
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sweat glands, nerves, lymphatic vessels, and blood vessels. The thickness of the
dermis varies with location on the body, but is mostly between 0.6 and 3 mm, in
contrast to the epidermis, which is about 0.07 to 0.12 mm thick. Underneath the
dermis is the subcutaneous tissue, which varies in thickness from person to person.
It contains adipocytes (fat cells), connective tissue, and some larger blood vessels.
It contributes to the body’s temperature regulation and the ability to absorb
mechanical shock, and acts as an energy reserve [4].

Due to its vulnerable location, the skin is susceptible to a large number of
pathologies, cancer being one of them. The main cause of skin cancer is UV
radiation resulting from exposure to the sun, and the incidence of skin cancer is
increasing worldwide [5]. Skin cancer is commonly divided into two main
categories, malignant melanoma (MM) and non-melanoma skin cancer (NMSC);
the latter including basal cell carcinoma (BCC) and squamous cell carcinoma
(SCC) as the dominant components.

Malignant melanoma

Malignant melanomas only account for a few percent of all skin cancers, but
constitute a very important group due to the associated high rate of mortality [5]. It
is caused mainly by exposure to sunlight, and multiple events of severe sunburn
increase the risk further [6]. The epidermal melanocytes are responsible for this
form of cancer, and it is clinically usually seen as a dark irregularly pigmented
lesion on the skin. Such lesions can arise from an existing benign nevus (mole),
but can also emerge de novo. One of the most important prognostic factors is the
thickness of the tumor at the time of diagnosis. A 4-mm-thick tumor is associated
with a substantially higher risk of death within 5 years, than a tumor that is less
than 1 mm thick. Deaths due to MM are generally caused by spread through
metastases [7].

Non-melanoma skin cancer

Non-melanoma skin cancer is the term used to describe all other kinds of skin
cancer apart from MM. It includes BCC, SCC, and more rare forms of skin cancer,
such as angiosarcomas and Merkel cell carcinoma. The main focus of the work
described in this thesis was on BCC.

Basal cell carcinoma

Basal cell carcinoma is the dominant form among NMSCs, but it is difficult to
estimate the exact proportion [8]. It is caused by the abnormal, uncontrolled
growth of the basal cells. BCC usually presents as a small papular lesion that
enlarges slowly over several months or even years. The appearance differs
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depending on the subtype. Many classifications exist, but BCCs are often divided
into superficial, nodular, and morpheiform subtypes [9]. Nodular BCC is an
elevated pearl-like nodule with telangiectasias on the surface, while superficial
BCC grows as a thin erythematous plaque (Figure 1). These are often considered
less aggressive, but there are also more infiltrative forms. Morpheiform BCC
grows like an infiltrating plaque without clear borders, and can be difficult to
distinguish from scars. BCCs are almost always a non-metastatic form of
malignancy, but if left untreated the tumors can invade locally, causing significant
destruction to the surrounding soft tissues [10].

Figure 1. A superficial BCC on the back of a patient.

Treatment

The first line therapeutic treatment for skin cancer is surgery. The aim is to
completely remove the tumor, so that no tumor cells remain in the tissue, in order
to avoid recurrence. Traditionally, the border of the tumor is identified by visual
inspection by the surgeon, sometimes aided by the use of dermoscopy [1]. An
additional, predetermined, margin is then added, and the area is marked out for
excision. Melanomas are usually excised with an additional margin of 10 or 20
mm, depending on the thickness of the tumor [11]. BCCs are excised with margins
of 3-10 mm beyond the visible tumor border, depending on the size, location, and
local clinical practice [12]. After excision, the lesion is sent for histopathological
analysis, to confirm the diagnosis, and the margins are inspected to ensure that all
the tumor cells have been removed. If tumor cells are found at the edge of the
excision, further surgery is necessary. The rate of incomplete excision has been
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reported to be between 7 and 25% in the literature for BCCs, making it a
significant problem [13]. Non-surgical treatment, such as cryotherapy,
photodynamic therapy, radiotherapy, and topical creams, may be suitable in
specific cases.

Mobhs surgery

An alternative technique for the removal of BCC is Mohs micrographic surgery,
which allows examination of the tumor margins through staged resection and
simultaneous histopathological examination [14]. The procedure is usually
performed under local anesthesia, and the tumor is excised with a small margin.
The lesion is then immediately processed, and thin slices of the peripheral and
deep margins are cut and examined by a pathologist or dermatosurgeon. If cancer
cells are found in any of the sections, their location is communicated to the
surgeon, who removes more tissue from that area. This procedure is repeated until
no further cancer cells are found, and the wound can then be reconstructed, all in
one surgical session [14].

Mohs surgery is considered the most efficient method for the complete removal of
high-risk and complicated BCCs, and provides precise removal of the tumor while
sparing healthy tissue. For this reason, it is often used in areas where tissue
preservation is of the utmost importance, for example, the face, hands, and
genitals. However, the procedure is time-consuming and expensive, and depends
on the experience of the physician [15-17].

Eyelid tumors

The normal eyelid

The eyelids contain several anatomical structures that keep the eye lubricated and
protect it from the outer world. The tarsal plates of the upper and lower eyelids are
stiff collagen-dense structures that provide stability, and are anchored to the orbital
rim by the medial and lateral canthal ligaments. The orbicularis oculi muscle runs
partially over the tarsal plates and plays an important role in lid closure, as well as
in the function of the lacrimal pump, ensuring adequate drainage of tears. There is
no subcutaneous fat in this region, so the orbicularis muscle is covered by only a
thin layer of skin. The inside of the eyelid is lined with the conjunctiva, a thin
mucous membrane, that plays a role in protecting the surface of the eye [18].
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Eyelid skin tumors

As with the rest of the face, the eyelids are often exposed to the sun, and are thus
susceptible to skin cancer. Between 5 and 10 % of all cutaneous tumors occur
periorbitally, of which at least 80% are BCCs. They often affect the lower eyelid
(Figure 2), but can also be found on the upper eyelid. Melanomas are rare in the
periorbital region, accounting for only approximately 1% of malignancies. Other
malignancies of the eyelids are SCC, accounting for 5-10% of the tumors in this
region, sebaceous carcinomas (1-5%) and Merkel cell carcinomas (very rare) [19].

Figure 2. A periorbital nodular BCC in close proximity to the lower eyelid.

Challenges associated with eyelid cancer surgery

The same principles as those used for treatment of skin cancer on the rest of the
body also apply to the eyelids, i.e., surgery is the primary option. The lesion is
visually assessed by the surgeon and a few millimeters of supposedly healthy
tissue are added, before excision and subsequent histopathological analysis. The
main difference between the eyelids and the rest of the body lies in the
reconstructive phase. The eyelids are vital in protecting the eye, and any defect
must be reconstructed so as to maintain the function of the eyelids.

The most common approach in removing a suspected BCC from an eyelid is a
full-thickness pentagonal excision (Figure 3). If the amount of tissue removed is
less than 30% of the total length of the eyelid it is usually possible to perform a
direct closure. If the excised area is larger, then some kind of reconstructive flap or
transplantation is usually needed to repair the defect. This can be more or less
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complex, and does not always produce a satisfactory result from a cosmetic point
of view [20]. Thus, every millimeter of the eyelid that can be spared is important,
and excision should therefore be as precise as possible.

Figure 3. lllustration of the pentagonal excision of a small tumor from the lower eyelid.

Despite the need for precision, the clinical method of preoperative delineation of
eyelid tumors has not changed significantly during the past century. In most cases,
this relies on visual inspection by the surgeon, without the aid of other tools or
techniques.

Existing diagnostic techniques

A number of non-invasive techniques have been investigated, or are being used to
provide information on skin lesions prior to surgery; each with advantages and
disadvantages.

Dermoscopy

Dermoscopy is carried out with a hand-held device that provides magnification
and illumination of the skin, enabling the visualization of microstructures from the
epidermis down to the papillary dermis. The information obtained in this way can
be used to classify cutaneous cancer [15, 21], and significantly better diagnostic
accuracy has been demonstrated with dermoscopy than conventional clinical
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examination [22]. However, it is a subjective modality, and requires a trained,
experienced user to obtain reliable results [23]. Dermoscopy is commonly used in
clinical practice by dermatologists, but is rarely used by ophthalmologists to
examine suspected tumors on the eyelids. It could, however, be of some benefit
[24].

In vivo reflectance confocal microscopy

Reflectance confocal microscopy is a laser-based method that allows examination
down to the depth of the papillary dermis, with a resolution that is close to that of
histological analyses. In a meta-analysis, the pooled sensitivity for the diagnosis of
several skin cancers has been reported to be 93.2%, while the specificity was only
82.8%. The accuracy of the method also seems to be dependent on the experience
of the observer, as the resulting images resemble histological images [25]. Another
drawback is that it cannot be used to assess the depth of the tumor. It is rarely used
in the periorbital area, but there are a few examples of skilled dermatologists and
ophthalmologists working together on eyelid lesions with good results [26] [27].

High-frequency ultrasound

In high-frequency ultrasound, 20 to 100 MHz ultrasound is used to obtain real-
time images of the tumor. As most skin tumors are hypoechogenic, its primary use
is not in providing a reliable diagnosis, but rather in giving a pre-surgical
indication of tumor thickness and its potential infiltrative properties [28]. It was
recently concluded in a Cochrane study that insufficient reliable research has been
performed to allow any conclusions to be drawn on whether high-frequency
ultrasound would be useful in the clinical diagnosis of skin cancers [29].

Optical coherence tomography

Another emerging modality is optical coherence tomography, where reflected light
is used to create a cross-sectional view of the skin. The penetration is usually
about 1-2 mm, which is deeper than reflectance confocal microscopy, but still not
sufficient to image many skin tumors [30]. It can be used to visualize the layered
architecture of the skin and some typical features of skin tumors, but with low
resolution. The resolution has been improved in recent years, but its added value in
diagnosing NMSC is yet to be demonstrated [31]. Some studies have been
performed to investigate the use of the technique on eyelid tumors [32] [30].
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Diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy (DRS) is a technique that records the reflectance
spectrum produced as light interacts with the examined tissue. Illuminating a
tissue leads to various degrees of light absorption and the scattering of photons
that produce the reflectance spectrum. The shape of this spectrum depends on the
wavelengths being used as well as the optical properties and structure of the tissue
being examined. A DRS system thus usually contains a well-defined light source
and a probe that both delivers the light and collects the diffusely reflected light, as
illustrated in Figure 4. The reflected light is analyzed using a spectrometer that
displays the intensity of the reflected light as a function of its wavelength [33].
Commonly used spectrometers capture light in the visible to near-infrared range
(VIS-NIR; 400 to 1000 nm) or in the near-infrared to short-wave infrared range
(NIR-SWIR; 1000 to 1700 nm). A study using light of 455 to 765 nm has shown
that it was possible to detect selected MMs and NMSCs with a sensitivity and
specificity of about 90% [34].

Figure 4. The thin DRS probe used to both deliver the incident light and collect the diffusely reflected light (see Paper II).

The research group at our clinic has recently developed a DRS system that
combines two spectrometers (VIS-NIR and NIR-SWIR) to visualize an extended-
wavelength spectrum between 450 and 1550 nm [35-37]. Melanin and hemoglobin
(both oxygenated and deoxygenated) are the most important chromophores in the
skin, and absorb most of the light in the VIS-NIR region. The strongest absorbers
in the NIR-SWIR region are water and lipids, but collagen also shows prominent
absorption peaks [38]. The combination of these two spectrometers thus covers
many of the important components of human and animal skin. Measurements over
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this extended range of wavelengths provide more information than conventional
DRS, and studies have shown that the ability to correctly quantify the content of
water, lipids, and blood can be significantly improved [38]. It has previously been
shown that this extended-wavelength DRS technique (EWDRS) can be used to
accurately differentiate between healthy and metastatic human liver tissue [39,
40], to evaluate the degree of liver steatosis [41], and to monitor the perfusion in
porcine eyelid flaps [35].

It is hoped that further development of this EWDRS technique will provide a tool
for the non-invasive detection, classification, and delineation of skin cancers, that
would not be dependent on the experience of the user. This was explored in a
porcine model in the present work (Papers I and II).

Photoacoustic imaging

The purely optical imaging modalities in use today are able to provide information
on the optical properties of tissue, but are limited by poor spatial resolution at
greater depths due to strong light scattering. Although ultrasound imaging
provides high spatial resolution in deep-lying tissues, it cannot provide functional
contrast. Therefore, a technique combining optical imaging with ultrasound
imaging would be advantageous.

Photoacoustic imaging is a novel non-invasive biomedical imaging modality that
combines the advantages of optical and ultrasound imaging [42], thus being an
optoacoustic technique. A laser unit emits nanosecond pulses of different
wavelengths in the NIR region into the tissue. The energy of the pulses is absorbed
by the tissue, leading to a slight increase in the temperature, which in turn results
in ultrasonic signals due to thermoelastic expansion. These ultrasonic waves are
collected by an ultrasonic transducer and converted into a multispectral image of
the tissue. This enables high-resolution 3D images to be obtained showing the
molecular composition of the tissue, to depths of a few cm into the tissue, thus
having a clear advantage over purely optical methods [43]. An example of the
images obtained is shown in Figure 5. The spectral PA signal of each pixel in the
image is derived from the absorption of light by endogenous constituents of the
tissue, such as hemoglobin, melanin, fat, and water. Exogenous contrast agents
such as dyes or nanoparticles, have been added in some studies, making it possible
to examine structures not otherwise visible with this technique, such as sentinel
nodes [44].
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Figure 5. An example of 3D images obtained from a PAI examination of human skin in vivo. Left image shows the
ultrasound image and the right shows the photoacoustic image, where the vascular network (red) is visible under the
surface. Scale bar is 1 mm.

So far, PAI has mainly been developed experimentally, and only a few studies
have been carried out on human skin tumors, mostly melanoma [45-54]. No
studies have so far been carried out on eyelids; human or animal.

In the work presented in this thesis, PAI was used to study human BCC ex vivo, as
well as the normal human eyelid ex vivo, and a case of eyelid BCC (Papers III, IV
and V).

Machine learning methods for tumor classification

One of the drawbacks of many imaging techniques is that the data they produce
must be interpreted. Most imaging techniques rely on subjective assessment, and a
skilled examiner will thus obtain more reliable results than an unskilled user [23]
[55]. Automated interpretation of the data obtained from images of skin tumors is
thus desirable, so that the diagnosis would be reliable, regardless of the level of
experience of the examiner. Machine learning methods could be useful in this
context. Machine learning is an application of artificial intelligence in which
software algorithms are designed and trained to learn from existing data, in order
to make predictions based on future unknown data [56]. This is an emerging field
within medicine, in which significant progress has been made at research level in
recent years, providing promising results in several tasks, such as the classification
of images. However, machine learning has not been implemented to any
significant degree in the health care sector [57].
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In the present work, a machine learning algorithm called a support vector machine
(SVM) was assessed together with the EWDRS method (Paper I). SVM is
commonly used within the field of medicine, for example, to classify cancers
based on tumor markers in the blood [58], to interpret electroencephalography
signals [59], to determine subgroups of schizophrenia [60], and to aid in decision-
making in patients with symptoms of acute coronary syndrome [61]

Thesis at a glance

The studies described in this thesis are summarized in the table below.

Study Aim Method Subjects Site

1 To identify the optical EWDRS Pigs Three degrees of skin
fingerprints of different tissue pigmentation, snout, tongue
types

1] To identify the borders of EWDRS Pigs Pigmented skin lesions

pigmented skin lesions

1] To differentiate between BCC PAI Patients Excised BCC lesions
and healthy skin

v To characterize the layers of PAI Patients Resected eyelids
the normal eyelid

v To describe a case in which PAI Patient Eyelid BCC
the BCC tumor margins could
be determined perioperatively
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A1ims

The aim of the work presented in this thesis was to evaluate two techniques for
future non-invasive diagnostics of skin and eyelid tumors. A novel form of DRS
with an extended wavelength range was evaluated in vivo on a porcine model, and
PAI was evaluated ex vivo on human tissues.

The specific aims were:

e to study the ability of EWDRS to obtain optical fingerprints of different
tissue types, and the use of machine learning techniques for automated
tissue classification in pigs,

e to study the ability of EWDRS to identify the borders of pigmented skin
lesions in pigs,

e to study the ability of PAI to differentiate between BCCs and healthy
tissue in patients, and

e to study the ability of PAI to identify and visualize the layers of the
normal eyelid and eyelid BCCs in patients.
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Methods

Ethics

The animals used in the studies described in Papers I and 1II all received humane
care in compliance with the European Convention on Animal Care. The
experimental protocols were approved by the Ethics Committee for Animal
Research at Lund University, Sweden.

All the patients participating in the studies described in Papers III, IV and V were
given information about the study, and were informed of the voluntary nature of
participation. All patients gave their fully informed written consent. The protocol
for these experimental studies was approved by the Ethics Committee at Lund
University, Sweden. The research was conducted in accordance with the
Declaration of Helsinki as amended in 2013.

Animal preparation

Eight domestic pigs were used for the experiments described in Papers I and II.
They were anesthetized and allowed to stabilize before the experiments were
started. The flanks were shaved in order to allow skin measurements to be made.
At the end of the experiments, the pigs were euthanized while still under general
anesthesia. For a more detailed description, see the Methods section in Paper I.

Evaluation of extended-wavelength diffuse reflectance
spectroscopy

EWDRS equipment

Diffuse reflectance spectral signatures were collected using a portable
spectroscopic system comprising a contact fiberoptic probe, a tungsten halogen
lamp providing a broadband spectrum from around 360 nm to 2000 nm, and two
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spectrometers (Figure 6). The two spectrometers resolve light in the VIS-NIR
wavelength range from 350 nm to 1100 nm, and in the NIR-SWIR region from
900 nm to 1700. All raw tissue spectra were background calibrated and intensity
normalized. The overlapping wavelength region of the spectrometers (900 to 1100
nm) was used to combine the two spectra into a single continuous spectrum.

Figure 6. Schematic illustration of the EWDRS setup, with one light source and two spectrometers.

Two types of probe were used. In the study described in Paper I, the probe was a
10-mm-diameter fiber bundle consisting of a 10-fiber signal-collection ring around
a single illuminating fiber with a source—detector separation of 2.5 mm. The final
wavelength range was set to 450 to 1550 nm due to light source limitations, and to
ensure a good signal-to-noise ratio. A finer probe was used in the second study
(Paper II), with a 1.5 mm diameter, with a fiber bundle consisting of a 6-fiber
signal collection ring around a single illuminating fiber, with a source—detector
separation of 245 um. In this case, a wavelength range of 350 to 1550 nm could be
used due to the smaller source—detector distance.

Spectral signatures of different tissues
Five types of tissue were investigated in the study described in Paper I:
e non-pigmented skin on the flank,
e semi-pigmented skin on the flank,
e heavily pigmented skin on the flank,
e the snout, and

e the tongue.
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EWDRS measurements were made at several different locations for each tissue
type on each pig, and three to five consecutive recordings were made at each
location. The average of these three to five measurements was used for further
calculations. If the recordings appeared to differ significantly upon graphical
visualization, they were discarded, as this indicated that the probe had not been
held steadily. Twenty-eight recordings out of a total of 639 were discarded,
resulting in 103 to 135 acceptable recordings for each tissue type.

Classification using machine learning

In order to be able to construct a classification model, the data were reduced using
principal component analysis (PCA) with five principal components. Different
types of machine-learning models were assessed, and a SVM using a quadratic
kernel was found to give the best accuracy, and was therefore selected for further
use. The method was validated using stratified five-fold cross-validation, meaning
that the data were divided into five groups of equal sizes, and four of these were
used to train the model, and the last one to test it. This was repeated for all folds,
and the average test error was used to evaluate the model. The overall estimated
accuracy was calculated, as well as the sensitivity and specificity for each tissue
type in comparison to the others combined.

Identifying the borders of pigmented lesions

The main purpose of the study described in Paper Il was to use EWDRS to identify the
exact borders of pigmented skin lesions on pigs. The results were compared to those of
histopathological analysis. The probe was held against non-pigmented skin and the
signal was normalized to a flat line. The probe was then moved slowly towards the
area of pigmentation by an operator who could not see the EWDRS signal. An
observer who could not see the probe or the area of pigmentation monitored the
EWDRS signal on a laptop. When the signal began to decrease distinctly the operator
was notified, and the probe was pressed against the skin, leaving an impression. A
needle was then inserted at that position (Figure 7). The lesion was excised and sent
for histological examination. The distance between the point at which the needle was
inserted and the histological border of the lesion was measured.

?»ﬂ.»

“ |

Figure 7. Schematic illustration showing how a needle was inserted to mark the border detected using EWDRS.
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Evaluation of photoacoustic imaging

PA equipment

A photoacoustic system called the Vevo LAZR-X multimodal imaging system
(FUJIFILM VisualSonics Inc., Toronto, ON, Canada) was used in the studies
described in Papers III-V. This system allows simultanecous examination using
ultrahigh-frequency ultrasound and PAI. Ultrasound imaging is used as a guide
during PAI, and the ultrasound images are interleaved with the laser pulses. The
system has an ultrasound transducer and a fiberoptic bundle coupled to a tunable
laser. The laser is operated in the wavelength range 680 to 970 nm. Two planar light
beams, located on either side of the ultrasound linear array, illuminate the skin
surface. The photoacoustic waves are detected using an ultrasound linear array
transducer (MX400), with a central frequency of 30 MHz and bandwidth of 22-55
MHz. Three-dimensional hybrid images of ultrasound and photoacoustic waves
were obtained by scanning the transducer with a linear stepper motor, capable of
step sizes between 40 and 500 pwm, while capturing 2D images. The transducer-
stepper motor arrangement is fixed on an adjustable arm to avoid motion artifacts
caused by the examiner. A schematic of the PA setup is shown in Figure 8.

Adjustable arm

W\ Laser fiber
\

Stepper
motor

Ultrasound
probe

Laser

Acoustic wave

. Thermoelastic
~ expansion

Figure 8. Schematic of the PAI setup. The PA probe consists of an ultrasound probe with laser fiberoptic bundles
attached on either side. The tissue is irradiated with pulsed laser light, which causes thermoelastic expansion, which
in turn generates acoustic waves that can be detected by the ultrahigh-frequency ultrasound probe. The PA probe is
attached to an adjustable arm with a linear stepper motor to obtain a series of 2D images for the reconstruction of 3D
images.
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Safety aspects

The laser used in the PA system is a high-energy laser and it is thus very important
to follow the relevant safety regulations. The system was set up in an examination
room where windows and doors were covered according to laser safety
regulations. For eye safety, protective block-out glasses were worn by the staff.
During a PA investigation, both ultrasound and laser energy is used. Thus, if in
vivo examinations were to be carried out, the patient is exposed to the energy from
both the ultrasound probe and the laser. There are no standards or guidelines
taking this combination into account, and those that exist for each of the
modalities cannot be simply translated into guidelines for their combination. They
can, however, be used as a guide, and in parallel with the work presented in this
thesis, a study on the safety of the PA technique when making the clinical
translation from an animal to a human setting has recently been published [62].
This study confirmed that it is safe to perform PA examinations on human skin in
vivo. However, the energy supplied by the two modalities is too high to allow for
examinations on, or in close proximity to, the eye.

Photoacoustic imaging of BCCs

The aim of the study described in Paper Il was to investigate the properties of
BCCs using PAIL Thirty-five patients, with 38 BCC lesions, recruited from the
Department of Dermatology at Skane University Hospital in Lund, were included
for ex vivo investigation of their lesions. Six of the lesions were of the superficial
subtype, 22 nodular and 10 morpheiform. The skin lesions were surgically
removed under local anesthesia, according to standard clinical procedure. The
lesions were then mounted in an acrylic container with an ultrasound-attenuating
material on the bottom, filled with buffered saline solution (Figure 9).

Figure 9. An excised lesion suspended in a saline solution in an acrylic container. An ultrasound-attenuating pad is
placed in the bottom under the lesion.
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Spectral signature of BCCs

Spectral scans were performed on each lesion: both on the lesion, and outside in
healthy tissue, as a reference. A mean photoacoustic signature for all the tumors
was then produced from these scans. This resulted in each ‘pixel” of the ultrasound
image having a PA spectrum dependent on the optical properties of the tissue.

Multiwavelength 3D scanning and spectral unmixing

The whole lesion was then scanned using the stepper motor. This generated a
multiwavelength 3D scan, to which an imaging technique known as spectral
unmixing was applied. Spectral unmixing uses the resulting mean BCC spectral
signal obtained from the multiwavelength PA scans to produce a colored 3D
image that maps the spatial distribution of a selected biological absorber, in this
case, the tumor cells, by means of their distinct optical absorption spectrum. After
ex vivo imaging, the lesion was placed in formalin and sent for histological
analysis.

Photoacoustic imaging of the normal eyelid

Human resected eyelids were examined ex vivo using PAI, in order to characterize
them (Paper IV). Nine patients, with either entropion, ectropion or trichiasis, who
had been deemed suitable for horizontal lid-shortening surgery, were recruited
from the Department of Ophthalmology at Skéne University Hospital in Lund. The
patients underwent surgery under local anesthesia, according to standard clinical
procedures. The Quickert procedure was performed on all the patients with
entropion, where horizontal lid-shortening is combined with a transverse lid split
and everting sutures [63]. Patients with ectropion underwent horizontal lid-
shortening using either a pentagonal full-thickness resection in the area of
maximum laxity, or a lateral margin wedge resection [64]. A total of 12 full-
thickness eyelid resections were carried out. The resected tissue was then mounted
in an acrylic container filled with buffered saline solution, with an ultrasound-
attenuating material on the bottom of the container, as described above.

Spectral signatures of the tissue layers

Spectral 2D scans were made through the central portion of each resected tissue
sample in the sagittal plane, thereby including all the layers of the eyelid. Regions
of interest (ROIs) were defined by hand in the ultrasound image for the skin,
orbicularis muscle, and the tarsal plate, and mean PA spectra of the three
structures were then obtained by combining the signals from all 12 samples
(Figure 10).
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Figure 10. Representative example of a scan of an eyelid that was surgically removed using the Quickert procedure
due to entropion. A) shows the ultrasound image and B) the PA image. ROls were placed on the skin (orange),
orbicularis muscle (red), and the tarsal plate (green).

Multiwavelength 3D scanning and spectral unmixing

A multiwavelength 3D image of each eyelid was acquired using the stepper motor,
as described in Papers III and IV. Spectral unmixing was employed using the
mean spectra for the different layers, resulting in a colored 3D image in which the
eyelid skin, orbicularis muscle, and tarsal plate are visualized.

Photoacoustic imaging of a BCC on an eyelid

Paper V presents the case of an individual with a suspected BCC on an eyelid. An
87-year-old male presented at the Department of Ophthalmology at Skéne
University Hospital in Lund with a suspicious 6 x 6 mm skin-colored lesion
centrally on the left lower eyelid, of at least 6 months’ duration. The tumor was
surgically removed using a pentagonal excision procedure under local anesthesia,
aiming at a surgical margin of 3-4 mm. The lesion was then placed in an acrylic
container and examined using PAI. Both spectral 2D scans and a multiwavelength
3D scan were acquired.

ROIs were defined by hand in the ultrasound image, giving the spectral signal for
the center of the tumor, and for healthy tissue, defined as the tip of the pentagonal
excision. Spectral unmixing was employed using the tumor spectrum as reference,
resulting in a colored 3D image where the tumor cell distribution is displayed.
After PA scanning, the lesion was examined histologically for diagnosis and
determination of the margins using standard hematoxylin and eosin staining. The
tumor cell distribution according to PAI was compared to that obtained through
histopathology.
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Results and Discussion

Extended wavelength diffuse reflectance spectroscopy
for tissue classification and margin identification

Spectral signatures for different tissue types

The results presented in Paper | showed that unique spectral reflectance responses
could be obtained from the examination of five different porcine skin and tissue
types with EWDRS, as shown in Figure 11. This indicates that EWDRS may also
be able to differentiate between healthy skin and pathological skin lesions. When
comparing the average EWDRS spectra for different skin types, it is clear that
increasing pigmentation results in a decrease in signal amplitude in the lower part
of the VIS-NIR region. This coincides with the absorption spectrum for melanin,
the main chromophore responsible for pigmentation, as shown in Figure 12. The
signals from the snout and tongue differ in that the tongue shows generally lower
amplitudes in the VIS-NIR region. This is probably due to the fact that the tongue
is a muscular organ that contains high amounts of myoglobin and blood. The main
chromophore of blood is hemoglobin, which exists in two forms, oxygenated and
deoxygenated, both of which are strong absorbers in this wavelength region.
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Figure 11. The average diffuse reflectance curves for the different porcine tissues investigated: A) non-pigmented
skin, B) semi-pigmented skin, C) heavily pigmented skin, D) snout, and E) tongue. The standard deviation is indicated
by the gray shading.
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Figure 12. The absorption spectra of the dominant intrinsic absorbers in biological tissue in the wavelength range
covered by the EWDRS system. Adapted from [65].

In general, each type of tissue gives rise to a different reflected spectrum
depending on the type and amount of molecules in that tissue. Different
chromophores absorb the incoming light differently, and the size and density of
the molecules affect the scattering of the light. This results in a unique optical
“fingerprint” for each kind of tissue examined. In order to obtain as much
information as possible, the EWDRS device was constructed to collect a very
stable signal from 450 to 1550 nm, using a single probe. Using this device, it was
found that each skin and tissue type studied exhibited a unique spectral signature.
This is in line with previous studies showing that DRS could be used to determine
properties such as the hemoglobin and melanin concentration in skin [66], the
oxygen saturation in skin flaps [67], and to classify breast cancer biopsies [68], by
collecting spectra in the UV-VIS or the VIS-NIR region. Other studies have
focused on the SWIR region, where water, lipids, and collagen are strong
absorbers [69]. This EWDRS device thus shows potential for the detection of
differences in tissue due to pigmentation, as in the case of malignant melanomas,
and other, more subtle differences in tissue composition, as in the case of BCC or
SCC, compared to healthy skin.
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Classification of tissues using machine learning methods

The EWDRS spectra from the five kinds of porcine tissue were transformed using
PCA with five principal components to enable further analysis. This resulted in
every spectrum being transformed into a data point in five dimensions, from which
the first three is displayed in Figure 13. Visualizing the measurements in this way,
it becomes obvious that they appear in clusters with little overlap and that it should
be possible to classify them by some means. For this task, a support vector
machine (SVM) with a quadratic kernel was trained using this set of data.
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Figure 13. The EWDRS measurements at two different angles using the first three principal components after PCA.
The five different tissue types appear as clusters with little overlap.

The setup described in Paper [ had an overall accuracy of 98.2%. The performance
of this classification model, expressed in terms of sensitivity and specificity for
each type of tissue, were all between 96.4 and 99.8%. These results show that
EWDRS together with a machine learning method, SVM, had the capability to
identify the kind of tissue being examined. Tissue identification was completely
automated, and required no user experience. Further development of the software
will hopefully allow identification to be made instantly.

The EWDRS technique thus seems to be a promising tool for the rapid, non-
invasive diagnosis of skin lesions such as skin tumors. However, detailed studies
on tumor tissue and the surrounding healthy tissue are required, followed by
clinical trials. It would be of great value to be able to correctly diagnose and pre-
surgically define the tumor margins of malignant melanomas and non-pigmented
skin lesions such as basal cell carcinomas, squamous cell carcinomas, and actinic
keratosis.
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Identifying the borders of pigmented skin lesions

The same EWDRS setup was evaluated to investigate its ability to delineate
pigmented lesions on porcine skin (Paper II). To obtain as accurate readings as
possible, a finer 1.5-mm-diameter probe was used. A characteristic decrease in the
350-800 nm range was observed when moving the probe from non-pigmented skin
to the pigmented lesion. The distance between the EWDRS-defined border and the
histological border was measured (Figure 14), and the median difference was
found to be -70 um, meaning that the EWDRS-defined border was, on average, 70
pum further into the pigmented area than the histologically defined border (range -
579 to 538 um, n = 13).

Figure 14. Histological cross-section showing the hole where the needle was inserted and the histologically defined
border between pigmented and non-pigmented skin (black arrow).

A difference of this order of magnitude can be considered a good result, compared
with existing practice, in which the surgeon estimates the border by visual
inspection. Even after adding another 3-6 mm of clinically uninvolved margin
before excision, as in the case of BCCs, a significant proportion of excisions show
positive margins, requiring reoperation [70]. Using EWDRS to define the
histological border with the same precision as that reported in Paper II, and adding
a further margin of 4 mm would probably yield a better rate of radical excision.

Malignant melanomas contain large amounts of melanin, and similar changes in
the EWDRS signal when moving from healthy tissue to the tumor, would probably
be seen as when moving from non-pigmented porcine skin to pigmented skin.
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BCCs and SCCs do not usually contain more melanin than the surrounding tissue,
which means that differences in the signals from healthy tissue and the tumor
would have to depend on other differences, such as molecular composition. Skin
tumors are often more highly vascularized [71] and exhibit differences in lipid
profile [72] [73] and collagen composition [74], compared to normal tissue. These
dissimilarities should lead to differences in the signals from such tumors, however,
studies must be performed on human lesions to confirm this.

A limitation in the use of EWDRS to delineate tumors preoperatively, is its small
measuring depth. The penetration depth depends foremost on two factors: the
wavelengths being used and the distance between the emitting and receiving
optical fibers [75]. Light with shorter wavelengths has a shorter penetration depth,
while longer wavelengths penetrate further into the tissue. Similarly, a greater
emitter—receiver fiber distance results in deeper measurements, but at the expense
of resolution. EWDRS is thus not suitable for determining the depth of skin
tumors, and other techniques must be used, such as high-frequency ultrasound or
PAI. Another problem that must be solved before the technique can be used for
tumor margin detection in the clinical setting is that a means must be found of
making some kind of mark on the skin indicating the tumor border. A thinner
probe was used in the second study, not only to obtain more exact location of the
border, but also to allow a small impression to be made on in the skin, indicating
the tumor border. In the future it would be helpful to design a probe with a built-in
system for indicating this exact position with ink, making it possible to map out
the tumor distribution step by step prior to surgery. Furthermore, better software
would allow user-independent, real-time interpretation of the collected signal,
indicating whether the tissue is cancerous or not. The user would require no
specific histological knowledge, as is the case with many of the other modalities
described in the introduction.

Photoacoustic imaging for the characterization and
visualization of basal cell carcinomas

Defining the spectral signature

The study described in Paper 111 was designed to investigate the typical PA signal
of a human BCC ex vivo. A clear difference was found between the mean
spectrum from BCCs and that from healthy tissue, as can be seen in Figure 15.
This difference was analyzed statistically, and was statistically significant (p
<0.05) in the wavelength range 760-945 nm.
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Figure 15. The mean PA spectra obtained from BCCs and the surrounding healthy tissue from ex vivo
measurements. The dispersion (+ one standard deviation) is indicated by the shaded areas. A clear difference can be
seen in the spectral signatures of the BCCs and healthy tissue (p<0.05 for 760 to 945 nm, n=38).

Different kinds of BCCs (superficial, nodular, and morpheiform), were included in
this study, reflecting the pattern commonly seen in the clinical setting. It is
possible that different subtypes of BCC have different spectral signals, but the
material available in the present study was too small to be able to detect such a
difference statistically. This must therefore be explored in a larger study, including
more BCCs of each subtype.

This study is probably the first to examine the PA spectral fingerprint of BCCs. A
few other studies have investigated BCCs, but were mostly concerned with
pigmented BCCs [48, 49], which are uncommon in the Caucasian population [76].
Pigmented BCCs contain melanin and thus have different optical properties from
non-pigmented ones, and should therefore demonstrate similarities to MM or
benign nevi. Other groups have examined non-pigmented BCCs and SCCs [77],
but only measured the PA signal at a specific wavelength. Obtaining spectra over a
range of laser frequencies from 680 to 970 nm, as in the present study, offers a
better opportunity to find and highlight differences between skin tumors, for
instance, and healthy tissue.
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Three-dimensional visualization

Three-dimensional scans were obtained by scanning the excised lesions using the
stepper motor (Paper III). Spectral unmixing was performed using the previously
calculated mean absorption spectrum for BCCs. This gives a 3D map of the
distribution of typical tumor cells. Figure 16 shows a spectrally unmixed 3D
sequence from a tumor examined ex vivo, illustrating how this can be used to
differentiate tumor cells from the surrounding healthy tissue.

Figure 16. Representative example of a spectrally unmixed 3D multiwavelength PA image of a BCC lesion examined
ex vivo. Cancerous cells are shown in pink.

This demonstrates that it is possible to image the 3D distribution of BCC cells. In
this case, the tumor was examined ex vivo, after surgical excision, but preoperative
in vivo scanning should also be feasible. Further development of this technique
may make it possible to scan a tumor before surgery to guide the surgeon in its
excision. As PAI not only provides information of surface structures, but can
penetrate several centimeters into tissue, it would be possible to map out not only
the lateral boundaries, but also the depth of the tumor. As with the EWDRS
technique described in Papers I and II, it would be very useful to integrate an ink
marking system into the probe, to mark out the tumor borders on the skin surface.

Another possibility may be to scan the excised lesion perioperatively, during
surgery, to check whether the margins are free from tumorous cells. If not, further
excision can be performed until PAI shows that the whole tumor has been
removed, similar to the procedure in Mohs surgery.

So far, only a few other research groups have used PAI to study the size of BCCs,
mainly their depth [45, 48, 49, 77]. A research group in Singapore has shown that
PAI can be used to visualize and measure the depth and length of BCCs in vivo in
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a small group of patients [49]. Their 3D reconstructions were made using 10
wavelengths between 700 and 900 nm with an inVision 512-echo optoacoustic
imaging system (iThera Medical, GmbH, Munich, Germany) [45, 49]. The
majority of the patients in their study presented with pigmented BCCs, and the
tumor depth and length were obtained by calculating the distance between the non-
baseline values of the melanin signals after spectral unmixing.

Most clinical in vivo and ex vivo studies using PAI have been performed on
melanoma lesions [46, 47, 52, 54, 78]. Melanoma lesions contain high amounts of
the endogenous chromophore melanin, which has a known absorption spectrum
[79]. The patients included in the study described in Paper III were defined as
Fitzpatrick skin type I or II (i.e. fair-skinned), and none had a pigmented BCC.
The study described in Paper III shows that it is possible to use PAI to identify and
visualize tumors based on bio-optical properties that do not rely on differences in
melanin concentration.

Photoacoustic imaging for the characterization and
visualization of the human eyelid

Defining the spectral signature of the normal layers of the eyelid and
3D visualization

The results presented in Paper IV show that the mean PA signatures for the eyelid
skin, the orbicularis muscle and the tarsal plate could be measured ex vivo. A
significant difference was found between the signals from the tarsal plate and the
orbicularis muscle, and between the skin and the orbicularis muscle. However, no
statistically significant difference was found between the skin and the tarsal plate.
The reason for this could be that the muscle contains a considerable amount of
myoglobin, and is a well-perfused structure with a relatively high amount of
blood, even when excised. Myoglobin, and hemoglobin, in both its oxygenated
and deoxygenated state, are strong absorbers in the wavelength range 680 to 970
nm [80] [81]. The skin and tarsal plate, however, contain less blood, and consist
mainly of connective tissue. The tarsal plate contains collagen fibers, whereas the
skin consists primarily of keratinocytes, which manufacture and store the fibrous
protein keratin, and a mesh of elastin and collagenous fibers [82].

The application of spectral unmixing to the multiwavelength 3D sequence
revealed the overall architecture of the eyelid and the distribution of skin, the
orbicularis muscle, and the tarsal plate (Figure 17). No studies have hitherto been
published on the imaging of eyelids or periorbital tissue in humans or animals
using PAI. This region contains several anatomical structures that interact with
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each other to keep the eye lubricated and protect it from the outer world. It is
important to be able to characterize the structure of the eyelids and the tissue
around them in order to be able to distinguish between healthy and diseased tissue,
so as to spare as much healthy tissue in the eyelids as possible.

Figure 17. A representative example of the 3D ultrasound image obtained from a full-thickness sample from a lower
eyelid resected due to entropion using the Quickert procedure. The ultrasound image shows hardly any structures
within the eyelid, but several structures can be identified when the spectrally unmixed PA signal is overlaid. Orange:
skin, red: orbicularis muscle, green: tarsal plate.

The PA equipment used in the studies described in this thesis includes a high-
energy laser, which makes measurements on, or in the proximity of, the eyes
impossible. It would probably not be safe to use the equipment even when using
light-blocking corneal shields to prevent the laser from entering the cornea and
lens and being focused onto the retina, due to light propagating through the
surrounding tissue into the eye. Future PAI units intended for in vivo use in the
periorbital area, or even on the eye itself, would have to be equipped with a
function that allows the energy of the laser to be reduced.

Surgical margins of basal cell carcinomas on the eyelid

Paper V presents the case of a patient with a BCC on the left eyelid. After
resection, the lesion was scanned ex vivo using PAIL. After performing 3D recon-
struction and spectral unmixing, the tumor was seen not only centrally, as
expected, but tumor cells were also seen all the way out to the medial margin
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(Figure 18A). This indicated that excision had probably not been radical, and
subsequent traditional histopathological examination indeed revealed an
intermediate/infiltrating BCC, and confirmed that excision was not complete in the
medial region (Figure 18B).

Figure 18. A) Spectrally unmixed 3D multiwavelength PA image of the pentagonal excision showing BCC cells as a
purple overlay. B) The hematoxylin- and eosin-stained histological image of the eyelid with the BCC, where the medial
edge of the resection is colored green. The presence of tumor cells in the margin of the sample (blue arrows) shows
that excision was not radical.

If the more remote cancer cells had been identified perioperatively using PAI, it
would have been possible to perform a radical excision before reconstructing the
eyelid defect, sparing the patient further surgery. However, larger human studies
are required to confirm that the sensitivity and specificity of PAI are sufficiently
good to ensure radical, but normal-tissue-sparing excision, before the technique
can be used in the clinic.

The automatic diagnosis and delineation of skin tumors could be based on large
datasets of ex vivo PA measurements on biopsy-verified tumors from thousands of
patients. Datasets covering differential diagnoses, such as BCC, SCC, actinic
keratosis, and sebaceous carcinoma, as well as more benign lesions, could be used.
If successful, automatic PAI could become a useful and reliable alternative to
conventional microscopic histology for use in Mohs surgery. The advantages are
that there would no longer be a need for a skilled pathologist, and the examination
time would be faster, as the tissue could be examined directly after excision,
without any need for histological preparation.
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Conclusions

Extended-wavelength diffuse reflectance spectroscopy

It was shown in this work that EWDRS could be used in vivo to differentiate
between different skin and tissue types in a porcine model with excellent
specificity and sensitivity. This was done by employing a machine learning
technique, SVM, that provided skin and tissue type classification with an overall
accuracy of over 98%. EWDRS could also be used to non-invasively define the
border between pigmented skin lesions and the surrounding non-pigmented with
good accuracy. The examinations were performed with a hand-held probe and
took only a few seconds. Using appropriate software, the signal could be analyzed
in real time to provide a non-observer-dependent diagnosis using machine
learning. Future studies are needed to validate the method on human skin tumors.
Hopefully, further development of this technique will lead to a diagnostic tool for
non-invasive tumor classification and margin delineation.

Photoacoustic imaging

The spectral signals from PAI showed statistically significant differences between
BCCs and healthy tissue in an ex vivo setting. Spectral unmixing allowed the
tumor cell distribution and overall lesion architecture to be visualized in 3D. PAI
could also be used to characterize the PA spectra of the different layers in the
human eyelid ex vivo. The eyelid skin, orbicularis oculi muscle and tarsal plate
could be visualized in 3D using spectral unmixing. PAI was employed in a case
study where an eyelid BCC was examined directly after excision and visualized in
3D. This PA examination indicated that the excision was non-radical, and subse-
quent histopathological examination confirmed this. These results indicate that
PAI could be used to visualize and delineate tumors on the skin, including the
periorbital region. After further development, the technique could hopefully help
in guiding surgical intervention to achieve more precise excision of skin cancer
with better clearance, reducing the need for repeated surgery. Another possible
application of PAI is the rapid examination of freshly excised unfixed tissue
during surgery, to determine whether excision has been radical, or if further
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excision is necessary. This would not only save time compared to conventional
microscopic histology, but also reduce the need for further surgery.
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Challenges and Future Outlook

Both the imaging modalities evaluated in this research showed that there is
potential to improve the diagnosis and delineation of skin cancer compared with
the methods currently employed. However, several obstacles must be overcome
before they can be applied in everyday clinical practice.

Investigations must be performed to establish whether EWDRS can be used to
identify different kinds of human skin tumors through their spectral signatures.
Our group has performed a small pilot study, showing promising results, and
larger studies are planned. While it can sometimes be an advantage to investigate a
skin tumor using a thin probe in order to map out the extent of the tumor point-by-
point, in most cases an instant 2D image of the tumor would be preferable. A
hyperspectral camera will therefore be included in our future studies of skin
tumors. This will make it possible to obtain hyperspectral images of larger areas
that can be analyzed using principles similar to those used in EWDRS. One
drawback of EWDRS and hyperspectral cameras is that they only provide
information on the surface of the examined tissue, and cannot be used to determine
the tumor depth. It is thus necessary to combine EWDRS with another technique
that penetrates deeper into the tissue to obtain information on tumor thickness. PAI
is one such technique.

PAI was used to study BCCs and healthy eyelids ex vivo. Studies by our group on
other kinds of skin cancers, such as SCCs and MM are ongoing, and have been
broaden to include the study of tumors in vivo. Larger ex vivo studies are also
ongoing regarding eyelid tumors (mainly BCC, SCC, and MM). One of the
challenges associated with examining skin tumors in vivo with PAI is that motion
artefacts reduce the quality of the images. Measures have already been taken to
stabilize the patient and the examination area as much as possible, and further
work is being carried out to further reduce motion artifacts using a technique
called motion tracking.

The PAI system used in this work (Papers III-V) can also provide laser energies
between 1200 and 2000 nm, which would allow the visualization of chromophores
other than those visible in the range 680-970 nm. However, this would require
considerable development, as standard ultrasound coupling medium absorbs most
of the energy at these wavelengths, and little radiation would therefore reach the
skin surface. Work has started on investigating whether other, less absorbing,
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substances could be used as ultrasound coupling media. Further improvements are
required in methods of tissue classification, and a means must be found of
reducing the laser output so that PAI could be safely used for in vivo examination

of the eyelids.
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Popularvetenskaplig sammanfattning

Hudcancer &r vildigt vanligt bland befolkningen och beror ofta pa solens UV-
stralar. Den absolut vanligaste formen kallas for basalcellscancer, eller basaliom,
vilken visserligen néstan aldrig sprider sig till andra platser men som didremot kan
forstora vidvnaderna dir den véxer. En annan form &r malignt melanom, som kan
sprida sig ut i kroppen och leda till déden. Standardmetoden for behandling &r
operation och tillvigagangssittet har inte dndrats nimnvért de senaste artiondena.
Ofta gors en visuell uppskattning av tumorens utbredning av kirurgen, som ocksé
lagger till ndgra millimeter for att fa lite extra marginal. Efter operationen skickas
preparatet for mikroskopisk granskning hos patologen. Dér fas den slutgiltiga
diagnosen och ocksa information kring huruvida tuméren verkar vara borttagen i
sin helhet eller om det finns tumdrceller dnda ut till kanten av den bortskurna
vévnadsbiten. Om cellerna stricker sig dnda ut hit dr det troligt att det ocksa finns
celler kvar i1 huden och da ar risken 6verhdngande att tumoren pé nytt kommer att
borja viaxa. Darfor innebér detta att det krdvs ytterligare minst en operation dar
mer vdvnad tas bort pd samma sétt.

Ibland kommer svaret istillet att det som for blotta 6gat sdg ut som cancer i sjilva
verket var frisk vdvnad nér det granskades mikroskopiskt. I detta fall innebér det
att operationen var onddig och att frisk hud opererades bort.

Ogonlocken #r solutsatta och drabbas dirfor ocksd ofta av hudcancer, frimst
basaliom. Hér dr det d4nnu viktigare att hela tumoren tas bort och att frisk vdvnad
inte offras i onddan. Detta eftersom den rekonstruktiva kirurgin, d v s
aterstéllandet av dgonlocket och dess funktion, blir mer avancerad ju mer védvnad
som tas bort. Dessutom blir det allt mer svart att {4 till ett kosmetiskt acceptabelt
slutresultat.

Olika tekniska metoder har testats genom aren for att forsoka forbéttra precisionen
med vilken tumorerna kan kartliggas fore operationen, men ingen har varit
tillrackligt bra for att sl& igenom i den kliniska vardagen.

I denna avhandling testas tva nya tekniker for att diagnostisera och avgrinsa
hudtumorer: diffus reflektansspektroskopi med utdkat vaglangdsspektrum (pa
engelska extended wavelength diffuse reflectance spectroscopy, forkortat
EWDRS) och fotoakustisk avbildning (pd engelska photoacoustic imaging,
forkortat PAI).
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I Studie I och II utvirderades EWDRS 1 en grismodell. Diffus
reflektansspektroskopi ar en vilkédnd metod dér ljus skickas in i vivnaden och det
som kommer tillbaka analyseras och ger ledtradar om vad vdvnaden bestar av. I
vér forskargrupp har vi vidareutvecklat detta genom att bygga ihop ett system som
kan analysera ljus i ett utdkat véaglingdsomrade och dérigenom borde mer
information fran vivnaden kunna fés fram.

Syftet med Studie I var att se om EWDRS kunde se skillnad mellan fem olika
vivnader. Mitningarna gjordes och med hjédlp av maskininldring (en gren av
artificiell intelligens) gick det att med hdg precision lata datorn berétta vilken av
de fem vidvnaderna som ljuset riktades mot. Forhoppningsvis gar det att i
framtiden utveckla tekniken s att det pa samma sitt gar att se skillnad pé frisk hud
och olika typer av hudtumorer.

I Studie II testades EWDRS for att se om tekniken kunde anvindas for att hitta
gransen mellan pigmenterade hudférdndringar och omkringliggande hud. Ljuset
skickades in i vivnaden med hjilp av en tunn prob (Figur 19) och det gick att se
att signalen &ndrades nér proben kom till grdnsen till hudférdndringen. Via
mikroskopisk undersdkning gick det sedan att se att vi med hjélp av EWDRS kom
mycket ndra den faktiska gransen. Detta medfor att vi tror att tekniken skulle
kunna utvecklas for att kartligga grinserna for olika hudtumorer, vilket kan vara
till stor hjélp for kirurgen infor operationen.

Figur 19. Diffus reflektansspektroskopi. Ljuset kommer in via en tunn prob och férs sedan tillbaka via samma prob till
analysutrustningen.

I studie III, IV och V testades PAI pa minsklig vdvnad. PAI &r en ny teknik som
hittills fraimst anvéants experimentellt pa djur. Vid fotoakustiska méatningar skickas
det in starkt laserljus i vdvnaden och detta ljus absorberas av de olika molekylerna
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som finns dér inne. Detta leder till en liten virmedkning som i sin tur gor att
molekylerna vibrerar och det utsondras ett litet ultraljudseko. Ultraljudet som
bildats kan sedan métas med utrustningen och kan dversittas till en tvérsnittsbild
av viavnaden som stricker sig flera centimeter ner pa djupet.

Syftet med Studie III var att géra méatningar pd basaliom. Patienter som skulle
opereras for detta pd hudkliniken pa Skanes Universitetssjukhus i Lund deltog.
Direkt efter att tumdren opererats bort gjordes fotoakustiska maétningar pa
vavnadsbiten. Resultatet visade att tumdren och den friska védvnaden runt omkring
gav olika fotoakustiska signaler. Detta gjorde att det ocksd gick att skapa
tredimensionella bilder av vidvnaden dir tumércellernas utbredning kunde visas i
tydliga farger (Figur 20). Vi hoppas darfor att PAI i framtiden ska kunna anvidndas
till att avbilda tumdrer badde innan operationen, men dven under operationen, for
att se om hela tuméren verkar blivit borttagen.

Figur 20. Tredimensionell fotoakustisk bild dar tumérvavnaden givits rosa farg for att synas mot den omkringliggande
friska vavnaden.

I Studie IV anvéndes PAI for att méta pa och avbilda delar av dgonlock som
opererats bort. Resultatet visade att det gick att identifiera 6gonlockets olika lager
och visa upp dessa i tre dimensioner. I Studie V undersoktes ett preparat dér ett
basaliom belédget pé ett dgonlock opererats bort. Med hjilp av tekniken gick det att
visa att tumoren sannolikt inte var bortopererad i sin helhet, vilket bekriftades av
den sedvanliga mikroskopiska undersdkningen hos patologen.

Sammanfattningsvis verkar bdde EWDRS och PAI lovande men det behdvs
ytterligare forskning innan de kan komma att anvéndas i den kliniska vardagen pa
vara sjukhus.
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