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For the rest my of my life, I will reflect on what light is.
~ Albert Einstein (1879-1955) ~
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Preface
What is light? Philosophers and scientists have considered this question since the
earliest of times. Some believed that light is a stream of particles while others were
certain it is composed of waves. No single answer to the question “what is light?”
satisfies the many contexts in which light is experienced, explored, and exploited.
Throughout human history people have always sensed the importance of light. We
see expressions of that in many religions, ancient stories and modern literature. Even
before a clear understanding of the nature of light itself emerged in recent centuries,
mankind put light to work to create fire, to communicate, and to understand the motion
of stars and planets.
The relentless curiosity of generations of scientists has led to an increasingly
intricate understanding of the nature and propagation of light. For most of history,
visible light was the only known part of the electromagnetic spectrum. The ancient
Greeks recognized that light traveled in straight lines and studied some of its properties,
including reflection and refraction. The study of light continued, and during the 16th
and 17th centuries conflicting theories regarded light as either a wave or a particle.
We now know that light in its many forms spans the entire electromagnetic spectrum,
ranging from high-energy gamma and x-rays – for example used in radiotherapy and
medical diagnostics - to low-energy microwaves and radio waves used to heat food
and to communicate over large distances. The light that we see with our eyes is actually
only one type of light- visible light. What differentiates radio waves from visible light
though is just the frequency or wavelength of their wave.
Human history is marked by a desire to continually push the boundaries of our
abilities. Many of our discoveries have involved extending our biological capabilities.
From the earliest of times the development of tools greatly expanded people’s range
of physical abilities, and therefore, their chance of survival. More recently, humans
have created and used technology to enhance their vision. Currently, though many
forms of light are invisible to us, we are surrounded by inventions that take advantage
of the extension of our visual capabilities. Optical technologies developed for sensing
purposes have proven to be essential in many applications, ranging from aerospace,
food industry and archeology to security, as well as new tools for doctors and surgeons.
Light applications - specifically lasers - have been used in medical diagnosis due to
their non-invasive properties. Routine diagnostics such as tissue oxygenation and early
detection of tumors by fluorescence are based on the interaction between light and
tissue. Advances in fiber-optic technology have facilitated the use of spectroscopic
approaches for a large range of biomedical applications. For instance, fiber-optic
based spectroscopic techniques have evolved and are currently being evaluated for in
vivo tissue characterization (spectral tissue sensing) through fine needles, catheters,
and surgical instruments. In this work we will explore the benefits of adding spectral
tissue sensing functionality to existing clinical devices.
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General introduction
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INTRODUCTION
The emergence of minimally invasive diagnostic and interventional procedures has
increased the demand for real time guidance for a variety of oncological applications
that rely on accurate instrument positioning and procedural feedback. Needle-based
interventional procedures are usually guided by ultrasound (US), computed tomography
(CT) with or without fluoroscopy, or magnetic resonance (MR) imaging. Each of these
systems has advantages and disadvantages. Ultrasound is relatively inexpensive,
flexible, and provides real time visualization with high image quality. However, US image
contrast may be too limited for accurate and safe needle insertion, especially when
dealing with complex 3D anatomy. CT and MRI guidance are typically not real time,
but offer superior soft tissue contrast with a high spatial resolution. CT fluoroscopy
on the other hand, allows for more active feedback on interventions, but generally
provides limited anatomical detail due to lower radiation dose per acquisition. Thus,
image-guided procedures are frequently limited by spatial resolution or temporal
resolution. In order to position a biopsy needle or interventional instrument under
image guidance more accurately in or near the target tissue, tissue characterization at
the tip of the device would be of significant value.
Besides interventional guidance, imaging has played an increasingly crucial role in
the preparation towards oncological surgery. Preoperative imaging visualizes important
anatomical structures and helps the surgeon to plan procedures before carrying them
out. Important anatomical structures, involvement of surrounding organs, proximity
of major nerves and blood vessels at the resection plane and the possible extent of
the surgical resection may all be assessed by imaging prior to surgery. During cancer
surgery, when tissues are constantly moving, these static images can only partly
be utilized by surgeons. This means that during surgery the surgeon has to rely on
his or her own visual and tactile feedback. For example in rectal cancer, it is often
challenging to identify the exact tumor borders, especially in patients with a response
to neo-adjuvant chemo-radiotherapy. This is an important problem, since a negative
resection margin is a critical prognostic factor for local disease control and overall
survival.1,2
Incomplete tumor removal, detected by post-operative histopathological analysis,
often requires a second surgical procedure or additional adjuvant therapy, which
results in additional costs and significant discomfort to the patient. Therefore, it would
be desirable to have a rapid and reliable margin assessment tool in the operating
room that can help the surgeon to find the optimal resection plane and to improve the
surgical outcome.
In summary, there is a strong need to develop a clinical tool that can perform rapid
in situ tissue assessment at the tip of smart clinical instruments. To this aim, several
biomedical research groups investigated optical spectroscopy to provide real time
tissue characterization during a procedure for more accurate tissue diagnosis or more
effective treatment.
SPECTRAL TISSUE SENSING
Optical spectroscopy or spectral tissue sensing (STS) through a fiber-optic probe
can be applied to perform non-invasive or minimally-invasive, real time assessment
10
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of tissue pathology in situ. The onset of carcinogenesis in tissue results in structural,
physiological, and biochemical changes, which alter the spectroscopic properties
of tissue. By measuring the interaction of light in biological tissue with one of the
various types of optical spectroscopy it is possible to obtain an “optical fingerprint”
of the tissue. The use of light is clinically appealing as it can detect physiological
and biological changes whereas most medical imaging modalities only provide
morphological information.
STS can be performed in several different ways, depending on what is being
studied. For the purpose of cancer detection and diagnosis and, more recently,
to assess therapeutic efficacy, various fiber-optic based approaches have been
studied. Common fiber-based approaches are based on induced auto-fluorescence
spectroscopy (FS) 3-5 or diffuse reflectance spectroscopy (DRS).6-12 Several other
technologies have also been investigated, including Raman spectroscopy,13,14 optical
coherence tomography,15-17 and light scattering spectroscopy.18,19 In this thesis we
focus on the use of DRS and FS acquired at the distal end of fiber-optic needles.

1

DIFFUSE REFLECTANCE SPECTROSCOPY
DRS is an optical spectroscopy technique in which most commonly a broad-band
white light source is used to illuminate the tissue by making use of an optical fiber.
The reflected light is collected with another or the same fiber after being subject to
scattering and absorption in the tissue. Various approaches have been developed by
different research groups to translate the acquired spectral information into clinically
relevant parameters. One approach is to directly correlate differences contained in the
raw measured spectra with a difference in tissue composition. For this type of spectral
analysis, techniques such as derivative spectroscopy, principal component analysis,
neuronal networks, and partial least squares discriminant analysis are used. These
methods do generally not require prior knowledge of complex light-tissue interaction.
Another, more commonly used approach is to apply an analytical model based on
the diffusion theory to estimate various absorption and scattering coefficients of the
examined tissue. 20,21 Estimation of biologically relevant tissue chromophores can be
extracted using known absorption spectra of these components. The major benefit of
this method is that it uses a priori knowledge of light-tissue interaction and can help
to understand the underlying biological composition and physiological processes that
determine spectral shape. Over the years, the differences in composition between
malignant and normal tissues have been extensively investigated using this approach.
The main chromophores in biological tissue dominating the absorption in the visible
spectrum (400–750 nm) are oxygenated and deoxygenated hemoglobin, bile and
ß-carotene. Water and fat dominate in the near infrared range (>800 nm). Regarding
light scattering, the terms Rayleigh scattering and Mie scattering are commonly used
in the field of biomedical optics, with Rayleigh scattering referring to scattering by
particles much smaller than the wavelength of light (e.g., macromolecular aggregates
such as collagen fibrils), and Mie scattering referring to scattering by particles
comparable to or larger than the wavelength of light, such as biologic cells and cellular
components. Several models have been described in the literature to extract biological
11
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Figure 1.1. | Schematic overview of two optical spectroscopy techniques. (A) DRS: light from a broadband light source is sent into the tissue and the spectrum of the reflected light is dependent on the
absorption and scattering interactions within the probed tissue. (B) FS: a narrow spectral band of
incident light is used to excite tissue fluorophores. A part of the fluorescent light is collected after
undergoing various scattering events. DRS: Diffuse Reflectance Spectroscopy; FS: Fluorescence
Spectroscopy. Image courtesy of D.J. Evers (Future Oncology. 2012; 8(3):307-20).

information from diffuse reflectance spectra. 22-24 In this thesis we have used a widely
accepted analytical model based on diffusion theory. The model was first described
by Farrell et al. 22 and recently implemented by Nachabé et al. 20,21 The validation of
the model, including spectral calibration procedures, and its application in various
preclinical studies are described in detail elsewhere.11,20,21,25,26
FLUORESCENCE SPECTROSCOPY
Fluorescent spectroscopy (FS) analyzes autofluorescence produced by several
endogenous fluorophores after the excitation by narrowband light (obtained via
filtering a broad-band source or from a narrowband laser). These fluorophores include
components from tissue matrix and intracellular molecules like collagen, elastin,
NADH, FAD, and protoporphyrines.
The presence of disease changes the concentration of the fluorophores, which
makes fluorescence spectroscopy sensitive to tissue alterations. Since fluorescent light
has to travel a certain distance through tissue before it is collected by the detector
fiber, the detected spectrum does not only contain biochemical information due to
fluorescence, but it also contains absorption and scattering features due to diffuse
reflectance within the probed tissue volume. This complicates the extraction of the
biochemical information from the measurements. In this thesis, intrinsic fluorescence
from tissue was calculated by correcting the acquired fluorescence spectra for
absorption and scattering. For this, an additional diffuse reflectance measurement was
acquired with the same (FS) fiber geometry. A modified photon migration method 27
was used on the basis of the work by Müller et al. 28 and Zhang et al. 29 The corrected
12
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spectra were spectrally fitted using the fluorescence spectra (excitation at 377 nm) of
various endogenous tissue fluorophores as a priori knowledge. Thus, STS can be used
to measure biochemical information based on differences in tissue optical properties.
Providing such diagnostic information in real time in a minimally invasive manner
may help clinicians to more accurately diagnose and treat patients. Understanding
the potential role of STS in oncological interventions requires a distinction between
procedural guidance and procedural monitoring.

1

PROCEDURAL GUIDANCE
The use of imaging for interventional guidance includes its use by radiologists during
manipulation of needles or electrodes and its application by surgeons for guiding
instruments. As spectral measurements can be conducted through needles as thin
as 28G (0.36 mm) 30, there is a strong rationale to perform optical spectroscopy
measurements at the tip of a biopsy needle for rapid tissue characterization. This could
aid in more selective tissue acquisition, increasing the diagnostic yield and biopsy
quality for molecular analysis. Tissue characterization at the tip of the biopsy needle
may not only enable reliable positioning of the needle in a lesion, but also avoid
sampling of necrotic, non-diagnostic parts of the tumor. The latter may be of particular
interest for identification and specific sampling of vital tumor tissue, for example for
genetic profiling for tailored individual treatment (personalized medicine).
Moreover, STS could help the surgeon to find the optimal resection plane and ensure
completeness of tumor removal, as the recognition of the tumor tissue during surgery
is often challenging. In general margin assessment is performed in the pathology
department to ensure completeness of tumor removal. However, this method requires
time and an adequate determination can only be made post-operative. Incomplete
tumor removal, when detected after surgery, generally requires additional therapy.
This often results in additional cost and significant extra discomfort to the patient.
Therefore, it would be desirable to have a rapid and reliable margin assessment tool
that can be used during surgery to help the surgeon to find the optimal resection
plane, thereby improving the surgical outcome.
PROCEDURAL MONITORING
There are various applications in which the information provided by STS can be used
to visualize the physiological effect of an intervention or treatment. The development
of advanced needles for needle-based thermal therapies such as radiofrequency and
microwave ablation in the liver has offered minimally invasive therapies to patients
that were previously untreatable. The success of thermal ablation treatment is highly
dependent on the accurate placement of the ablation needles. Moreover, determining
whether a complete tumor ablation has been achieved is difficult as there is no method
to accurately assess the extent of the ablation zone. Immediate visualization of the
effect of thermal ablation may improve the procedure outcome and disease-free
survival.
STS has also been suggested to be used for early and objective monitoring and
prediction of cancer therapy efficacy on the basis of individual patient response. 31-36
For patients who are not eligible for local treatment, systemic treatment (i.e. cytotoxic
13
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chemotherapy) is still one of the most important methods of cancer treatment.
To reduce side effects and unnecessary costs of ineffective therapy, it is important
to precisely assess the response to cytotoxic therapy early after the start of the
treatment. The actual response to systemic therapy is generally evaluated after two to
three months by CT imaging using standardized RECIST (response evaluation criteria
in solid tumors) criteria. 37 However, the response in patients receiving new targeted
drugs that lack direct intrinsic cytotoxic activity, challenges the concept of tumor size
alone (and thus RECIST-criteria) as a good indicator for response. 38 A modality that
predicts response based on functional contrast rather than on anatomic features alone
may improve response assessment early after start of therapy. Experimental studies
show that FDG-PET could be of use for early outcome prediction in patients undergoing
systemic therapy for metastatic colorectal cancer, although results are conflicting. 39-41
An alternative modality that can provide rapid and quantitative functional information
for early-response monitoring and outcome prediction would be of considerable value
for evaluating responses to systemic therapy.
THIS THESIS
Our biomedical research group previously developed a dual-modality DRS-FS system
for characterization of human tissues. The setup is able to measure in the infrared
wavelength range up to 1600 nm where fat and water absorption bands exist. This
enables reliable estimation of these substances. 20,21 Validation of the method and
the mathematical model to derive parameters relevant to the clinician was performed
by means of phantoms studies and benchmarking with other existing techniques for
biological substances concentration estimation. 20,21,27 In multiple preclinical studies
the system was tested on a variety of tissue types, including lung 9, breast 11,42, and
liver 26,43. Ex vivo measurements were performed on tissue obtained through surgical
resections, followed by cross-validation of the spectroscopy data with histological
assessment of the measurements sites. DRS yielded promising overall discriminative
accuracies of >80% when comparing tumor tissue with surrounding healthy tissue.
The first in vivo experiments that were performed in animals with primary liver tumors
showed the feasibility of real time tissue characterization during percutaneous needle
interventions.10
The goal of this thesis is to investigate the potential of spectral tissue sensing
at the tip of fiber-optic tools for a variety of oncological applications. The thesis is
divided in five parts; in the first part we provide a personal overview of challenges
found in literature and encountered by our group in the quest to translate optical
technologies into useful clinical tools. In the second part STS functionality is added to
a core biopsy needle and the device is tested in a clinical setting. In the third part we
investigate whether DRS used during RF ablation of liver tumors could aid in monitoring
the degree of heat-induced tissue damage, and in the fourth part we explore the
feasibility of dual-modality DRS-FS spectral tissue sensing for intraoperative margin
assessment and to monitor the effects of chemotherapy. The fifth part ends with a
general discussion and an outlook.
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SUMMARY
The development of advanced fiber-optic clinical tools could make a significant
contribution to diagnosis and treatment monitoring of cancer. The goal of this thesis,
as stated in chapter 1, is to present the potential of spectral tissue sensing at the tip of
fiber-optic tools for a variety of oncological applications.

2

Part I: From technological innovations towards oncological applications
Over the past two decades spectroscopic research has generated a rich body of
insights and technical improvements. Yet, the number of successful oncological
applications continues to lag behind the claimed potential. In chapter 3 we describe
the challenges faced by translational researchers in their attempt to bridge the gap
between technological advances and clinical practice. We furthermore attempt to
provide some insight in how we think this research field should proceed.
Part II: Guided biopsies by spectral tissue sensing
In the second part of this thesis (chapter 4 through 6) we investigate whether spectral
tissue sensing at the tip of a biopsy needle with integrated optical fibers may be used
for lung biopsy guidance, thereby reducing the percentage of false-negative biopsies.
As a first step, diffuse reflectance spectroscopy (DRS) and fluorescence spectroscopy
(FS) were performed ex vivo on 13 tissue specimen obtained from patients undergoing
partial lung resection (chapter 4). DRS allowed for accurate diagnosis of malignant lung
lesions, whereas FS enabled identification of necrotic tissue. As lung tissue properties
can change very quickly after excision, further clinical evidence was obtained from
spectra acquired in vivo. Tissues from 21 patients undergoing lung cancer surgery
were measured intraoperatively using DRS (chapter 5). A key finding was that
extending the measured wavelength range up to 1600 nm allowed reliable estimation
of two diagnostically useful parameters (i.e. water content and scattering amplitude),
regardless of the amount of blood that was encountered. This is important for future
clinical application, as inserting a biopsy needle inevitably leads to the presence of a
certain amount of blood at the needle tip.
In the second part of chapter 5 we present the initial results from an ongoing
clinical study. In this study we investigated the feasibility of spectral tissue sensing
during routine fluoroscopy-guided diagnostic lung biopsy procedures. For this, we
used a biopsy needle with integrated optical fibers, thereby linking DRS spectral tissue
sensing and biopsy functionality in a single instrument. We extracted the information
provided by the fiber-optic biopsy needle along each needle path and used the
healthy tissue of each patient as an internal reference by calculating an optical contrast
index, which is a measure for relative difference in the water-to-scattering ratio. Tissue
diagnosis derived from DRS was diagnostically discriminant for each of the 11 clinical
cases. In chapter 6 the clinical performance of the fiber-optic biopsy needle was
investigated in a larger cohort of patients (n= 22). A comparison was made between the
pooled analysis and individual patient data. Both analyses showed an increase in water
content and a decrease in scattering amplitude and oxygenation when comparing
tumor tissue with lung tissue. The tissue diagnosis based on OCI values matched with
pathology reports in 19 out of 21 cases that could be used for analysis. The importance
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of adequate reference measurements and the need for real time diagnostic feedback
was discussed based on clinical cases. The outlined approach may be used to optimize
the diagnostic performance and the quality of biopsy procedures in clinical practice.
Part III: Monitoring of radio frequency ablation
In the third part of this thesis (chapter 7 and 8) we demonstrate that real time procedural
monitoring by spectral tissue sensing may help to optimize liver radiofrequency
ablation (RF) procedures in clinical practice. In chapter 7 we start with investigating
which heat-induced spectral changes may serve as a spectral marker for irreversible
tissue damage due to RF ablation. We performed DRS measurements during heating
of human blood samples and during RF ablation of both ex vivo and in vivo human liver
tissue. Thermal coagulation caused significant changes in the spectral slopes, which was
thought to be caused by the formation of methemoglobin and protein denaturation.
The time course of these changes was dependent on the heating temperature. This
was further investigated in a clinical setting by performing in vivo DRS during eight
open RF procedures in patients with unresectable colorectal liver metastases (chapter
8). Changes in DRS spectral characteristics during ablation correlated with progressive
degrees of thermal damage in hepatic and tumor tissue. The method allowed evaluation
of the degree of thermal damage during RF ablation with more than 95% accuracy.
Spectral ablation monitoring as investigated in the current work could be modified to
provide real time feedback during open or percutaneous RF ablation. Such a system
may ultimately help decrease local lesion recurrence after RF ablation.
Part IV: Surgical guidance and therapy response monitoring
Currently, surgeons do not have adequate intra-operative assessment tools to ensure
that the cancer has been completely removed at the time of first surgery. Dual-modality
DRS-FS measurements were performed on resected tissue specimens from 21 patients
with colorectal cancer (chapter 9). Colon tumors could be distinguished from the
surrounding healthy tissue based on water content, fat content, mie-to-total scattering
ratio, and tumor-specific fluorescence. In a clinical study that has recently been started
in our hospital it will be evaluated whether novel developed smart surgical instruments
with spectral tissue sensing functionality may help to assess tumors margins in cancer
surgery.
In chapter 10 we demonstrate the capability of dual-modality DRS-FS to monitor
the effects of systemic treatment in a mouse model for hereditary breast cancer in
an early stage. Changes in the tumor physiology and morphology were measured for
a period of one week through a thin fiber-optic needle using dual-modality DRS-FS.
The longitudinal spectral changes were consistent with changes observed in the
histopathological analysis, such as vital tumor content and formation of fibrosis. In
a clinical pilot study in our hospital we currently investigate whether percutaneous
spectral tissue sensing can serve as a novel tool for tumor response evaluation in
patients with unresectable colorectal liver metastases receiving first line systemic
therapy.

24

20151019_thesis.indd 24

19-10-2015 16:01:40

SAMENVATTING
De ontwikkeling van geavanceerde fiber-optische klinische instrumenten biedt de
mogelijkheid om sneller een goede diagnose te stellen en tumorweefsel effectiever te
kunnen verwijderen of te vernietigen. De doelstelling van dit promotieonderzoek was
om te evalueren in hoeverre spectrale weefsel analyse functionaliteit – geïntegreerd in
bestaande klinische instrumenten - van meerwaarde zou kunnen zijn voor verschillende
oncologische toepassingen.

2

Deel I: van technologische innovaties naar oncologische toepassingen
Wereldwijd wordt er al ruim twintig jaar onderzoek gedaan naar weefselanalyse met
behulp van optische spectroscopie. Alhoewel dit veel technologische innovaties en
inzichten heeft opgeleverd, heeft dit nog niet geleid tot een succesvolle klinische
toepassing binnen de oncologie. In hoofdstuk 3 beschrijven we deze schijnbare
tegenspraak nader. Tevens wordt een uitgebreide uiteenzetting gegeven over welke
fundamentele uitdagingen biomedische onderzoekers doorgaans tegenkomen tijdens
klinische translatie en hoe wij denken dat men hiermee om zou moeten.
Deel II: Optische biopsie naald ter ondersteuning van diagnostiek
In het tweede gedeelte van het proefschrift (hoofdstuk 4 t/m 6) onderzoeken we of
optische technologie toegepast zou kunnen worden om pulmonaire laesies van gezond
omliggend weefsel te onderscheiden om zodoende het percentage vals-negatieve
biopsies te verlagen. Een eerste stap was het verrichten van diffuse reflectie
spectroscopie (DRS) en fluorescentie spectroscopie (FS) metingen op tumorweefsel
en omliggend longweefsel (hoofdstuk 4). De 13 weefselpreparaten die we hiervoor
gebruikten waren verkregen tijdens operaties van patiënten met longkanker of een naar
de long uitgezaaide ziekte. De metingen werden uitgevoerd op de afdeling pathologie
en een ervaren patholoog onderzocht het weefsel dat was gemeten. Met behulp van
DRS kon tumorweefsel nauwkeurig van normaal longweefsel worden onderscheiden.
FS leek geschikt voor het herkennen van necrotisch tumorweefsel. Echter, dergelijke
ex vivo metingen zijn niet per definitie representatief voor weefsel dat zich nog in
het lichaam bevindt. Logischerwijs zijn daarom vervolgens soortgelijke metingen in
vivo verricht. Bij 21 proefpersonen die chirurgie ondergingen voor longkanker werden
DRS metingen gedaan tijdens de operatie (hoofdstuk 5). Tussen tumor en normaal
longweefsel zagen we onder meer een groot contrast in het water gehalte en de mate
van verstrooiing. Het brede golflengtebereik (tot 1600 nm) van ons systeem stelde
ons in staat om deze en andere parameters nauwkeurig te bepalen, ongeacht de
hoeveelheid bloed die we tegen kwamen. Voor toekomstige toepassingen van deze
techniek is dit een belangrijke bevinding, want het inbrengen van een (biopt)naald zal
altijd gepaard gaan met het ontstaan van (kleine) bloedingen.
In het tweede gedeelte van hoofdstuk 5 en in hoofdstuk 6 onderzoeken we de
toegevoegde waarde van spectrale weefsel analyse op de afdeling radiologie bij de
afname van beeldgeleide diagnostische longbiopten. We gebruikten hiervoor een
speciaal voor dit onderzoek ontwikkelde optische bioptnaald waarmee DRS metingen
konden worden verricht én een biopt kon worden genomen van het laatst gemeten
weefsel. We waren benieuwd of deze optische bioptnaald ons per patiënt kon vertellen
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of de radioloog daadwerkelijk tumorweefsel had gebiopteerd. Hiervoor werd de
spectrale informatie vertaald naar een ratio tussen het water gehalte en de verstrooïing
(optische contrast index). Om te corrigeren voor inter-patiënt variatie gebruikten we
voor iedere patiënt metingen in normaal longweefsel als interne referentie. In het
eerste gedeelte van de serie (n= 11 patiënten; tweede gedeelte hoofdstuk 5) laten we
zien dat de optische contrast index in alle gevallen overeenkomt met de histologische
uitslag van het bijbehorende weefselmonster. In hoofdstuk 6, werden de resultaten van
de volledige serie (n= 22 patiënten) gepresenteerd. De optische contrast index bleek
een correcte diagnose te geven in 19 van de 21 gevallen die bruikbaar waren voor
analyse. Aan de hand van een aantal klinische casussen werd het belang aangetoond
van adequate referentiemetingen en het geven van “real time” terugkoppeling op
basis van de spectrale weefsel analyse. Wij concluderen dat spectrale weefselanalyse
in de toekomst zou kunnen worden ingezet voor het betrouwbaar verkrijgen van
representatieve longbiopten.
Deel III: radiofrequentie ablatie monitoring
In hoofdstuk 7 en 8 werd onderzocht of spectrale weefselanalyse kan worden ingezet
om de effectiviteit van radiofrequentie (RF) ablatie te volgen en na RF ablatie de
ablatieranden te beoordelen. In hoofdstuk 7 bekeken we eerst welke verandering in
DRS spectra gebruikt zouden kunnen worden voor het kwantificeren van onomkeerbare
weefselschade. Hiervoor werden DRS metingen verricht tijdens het verhitten van
bloedmonsters en gedurende RF ablatie van leverweefsel, zowel ex vivo als in vivo. De
DRS metingen veranderden karakteristiek van vorm gedurende thermale coagulatie,
waarbij de mate van verandering afhankelijk was van de verhittingstemperatuur. De
spectrale veranderingen werden gerelateerd aan het ontstaan van methemoglobine
en denaturatie van eiwitten. In hoofdstuk 8 werd dezelfde techniek toegepast in de
operatiekamer. Bij acht patiënten met irresectabele colorectale levermetastasen die
een open RF ablatie procedure ondergingen, werden in en rondom de tumor DRS
metingen verricht voor, tijdens en na de ablatie. Onomkeerbare weefselschade kon
met 95% nauwkeurigheid worden vastgesteld met behulp van de spectrale verschillen.
DRS lijkt daarom zeer geschikt voor het “real time” volgen van het ablatieproces
gedurende open of percutane RF procedures om zodoende het percentage lokaalrecidieven te reduceren.
Deel IV: Chirurgische ondersteuning en chemotherapie respons evaluatie
Ondanks vele beschikbare preoperatieve beeldvormende technieken, is de chirurg
tijdens de operatie voornamelijk aangewezen op zicht en tastzin om te bepalen welk
weefsel verwijderd moet worden. In hoofdstuk 9 werden resectiepreparaten van 21
patiënten met een coloncarcinoom onderzocht met DRS en FS. Met behulp van beide
technieken kon nauwkeurig onderscheid worden gemaakt tussen tumorweefsel van
omliggend weefsel op basis van water en vet gehalte, de “mie-to-total scattering
ratio” en tumor-specifieke fluorescentie. In een reeds gestart vervolgonderzoek zal
verder worden onderzocht of deze techniek kan worden gebruikt voor de ontwikkeling
van slimme chirurgische instrumenten, die tijdens de operatie in staat zijn normaal
weefsel van tumorweefsel te onderscheiden. In hoofdstuk 10 werd aan de hand van
een muismodel onderzocht of een combinatie van DRS en FS gebruikt kan worden om
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de effecten van chemotherapie in een vroeg stadium te kwantificeren. Gedurende een
week werden veranderingen in tumorfysiologie en -morfologie gemeten met behulp
van DRS en FS via een dunne fiber-optische naald. Spectrale veranderingen bleken
te corresponderen met veranderingen in weefselstructuur, zoals de afname van vitaal
tumorweefsel en de vorming van fibrotisch weefsel. Op basis van deze resultaten is er
binnen ons instituut een vervolgstudie van start gegaan. Binnen deze klinische studie
wordt onderzocht of percutane spectrale weefselanalyse bij patiënten met inoperabele
leveruitzaaiingen kan helpen bij respons evaluatie.

2
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ABSTRACT
In the field of oncology, spectral tissue sensing by means of optical spectroscopy
is considered to have major potential for improving diagnostics and optimizing
treatment outcome. The concept has been discussed for more than two decades
and yet spectral tissue sensing is not commonly employed in medical practice. It is
therefore important to understand what is needed to translate technological advances
and insights generated through basic scientific research into clinical practice. The
aim of this personal overview is not to provide a comprehensive review of all work
published over the last decades but rather to highlight some of the challenges found in
literature and encountered by our group in the quest to translate optical technologies
into useful clinical tools.
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INTRODUCTION
The interaction of light within tissue to recognize disease has been widely researched
since the mid-19th century when Joseph von Fraunhover developed diffraction grating.
A large number of scientists has brought spectroscopy forward and enabled it to
become a precise and quantitative scientific technology. In recent years, improvements
made to spectrometers, software and overall design, greatly affected instrument
characteristics such as speed, sensitivity, size and price. These technological advances
combined with increased awareness of the potential of optical spectroscopy have led
to the development of optical systems which were usable for clinical research purposes
and allowed further exploration of the potential applications. In the medical field the
technology has gained interest for numerous biomedical applications for its advantages
over existing conventional techniques. Spectroscopy at infrared and visible wavelengths
avoids the use of ionizing radiation, is non-destructive, utilizes relatively inexpensive
equipment, and can be performed in near real time without the use of contrast agents.
Several spectroscopic techniques have been developed for tissue characterization,
including diffuse reflectance spectroscopy (DRS), autofluorescence spectroscopy (FS),
elastic light scattering spectroscopy (ESS), and Raman Spectroscopy (RS). All of these
methods rely on the same underlying principle: tissue characterization is performed by
measuring the spectral response after the tissue is illuminated with a selected spectral
band of light. This spectral response contains specific quantitative morphologic,
biochemical, and functional information about the probed tissue, thereby enabling
tissue discrimination. Especially in the field of oncology, characterization of human
tissues by optical spectroscopy (spectral tissue sensing; STS) is considered to have
major potential.

3

FIBER-OPTIC SPECTROSCOPY FOR ONCOLOGICAL APPLICATIONS
STS is often mediated by fiber-optics to establish contact between the tissue and
the spectrometer. Fiber-optic set-ups can be used for evaluation of tissue sites that
are directly accessible, such as oral cavity,1,2 cervix, 3-6 skin7. Furthermore, fiberoptics are flexible and can therefore be integrated into familiar clinical instruments
(e.g. endoscopes, catheters, needles, surgical tools) to perform assessment of tissue
pathology in situ at difficult-to-reach tissue sites. For instance, endoscopes equipped
with optical technology allow spectral tissue sensing in the upper 8,9 or lower gastrointestinal tract 10-12, the pulmonary tract 13,14, and the urinary tract 15. Furthermore, as
spectral measurement can be conducted through very thin needles, there is a strong
rationale to use STS for tissue characterization at the tip of a needle. This can for
instance be used to assess the adequacy of needle placement during percutaneous
needle biopsies or to monitor local thermal therapies. Moreover, the application of
spectral tissue sensing for intraoperative margin assessment has received considerable
attention.16-20 Such a margin assessment tool could help surgeons to find the optimal
resection plane and improve the surgical outcome.
Various STS methods already have been used for tissue assessment in several
organs for years with promising results.6,7,13,21-27 Over the past two decades this have
led to a fast growth in terms of referenced scientific publications and granted patents.
More recently, there is also a modest increase in the amount of registered clinical trials
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Figure 3.1. | Cumulative numbers of publications (red), patents (green) and clinical trials (blue) between
1990 and 2015 illustrating the increasing interest and advances in optical technology for oncological
applications. The data shown was extracted from PubMed, Google Patents and Clinicaltrial.gov using
combinations of keywords (e.g. optical spectroscopy, fiber-optic, cancer).

for oncological applications (Figure 3.1). However, the number of commercial systems
lags behind the claimed potential. Some papers have reported on the experimental
use of clinical-grade systems during routine oncological procedures,11,28-30 but by our
best knowledge, these devices are not commonly employed in medical practice.
This paradox illustrates the complexity of the challenges faced by translational
researchers in their attempt to bridge the gap between technological advances and
clinical practice. The aim of this work is not to provide a comprehensive overview of all
work published over the last decades, but rather to highlight some of the challenges
found in literature and encountered in our group in the quest to translate optical
technology into useful clinical tools. In the first part we link research with clinical
practice and argue which changes to the clinical research infrastructure may help to
overcome existing non-technical barriers. In the second part we describe some of the
remaining practical challenges using five themes, including study design, co-registration with histology, inter-patient and intra-patient variation, spectral analysis
and classification methods, and impacting clinical decision making. In addition, we
contemplate how spectral tissue sensing can be brought to the next level of scientific
support and implementation
LINKING RESEARCH WITH CLINICAL PRACTICE
The gap between original research and final clinical implementation is not specific for
spectral tissue sensing, but is considered to be one of the key aspects of translation
research in general. It has been stated that it takes more than one or two decades
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before the findings of original research become part of routine clinical practice. 31,32
The difficulties faced by translational researchers are not limited to scientific challenges
alone, but may also comprise structural limitations in conducting and funding
translational research. 33 Therefore, establishing a robust infrastructure to support
clinical research is of utmost importance. 34-36
Research is often not focused solely on potential application or relevance.
Many transformative discoveries leading to inventions that are now used in daily
clinical practice did not originate from application-directed research.37 However,
technologically we have reached a point where spectral tissue sensing is ready to
enter the clinical arena. As the technology has become mature and because translating
novel technologies into clinical application is very time-consuming and expensive,
clinical relevance of the technology should be the dominating force in this process.
Furthermore, the success of an intended application will partly depend on the extent
of additional improvements in detection sensitivity and specificity and on instrument
cost. Expensive techniques that are just slightly better compared to well-established
methods will be more difficult to implement in the hospital. It can be highly rewarding
to perform a cost-benefit analysis and understand the preferences and the values of
various stakeholders (e.g. patients, health insurances, health care providers, regulatory
bodies).
Like clinical relevance also clinical workflow is an important factor determining the
feasibility of a new method. Techniques that are not compatible with the existing clinical
routines are likely to experience more resistance by physicians during implementation
than those which can easily be added to the accustomed process. On the other hand,
when a new method significantly improves procedure outcome or shortens procedure
time, disrupting the existing clinical workflow is likely to be a smaller obstacle. This is
an important trade-off that researchers should be aware of in early stage of clinical
research.
Besides these clinical aspects, it should be noted that optical spectroscopy is a
very broad concept including many settings and configurations. The range of different
optical technologies and available hardware choices leads to a complicated process
of convergence upon the optimal system for each specific clinical need. For example,
for reflectance spectroscopy, distance between source and detection fibers to a large
extend defines the probing depth and spatial resolution, and therefore the clinical
applicability. Since challenges in the biomedical field are versatile, developing a
universal solution applicable to each clinical need will be hardly possible. As a
consequence, clinical success of optical spectroscopy in general is highly dependent on
finding the best modality with appropriate optical geometry for a specific application.
Seeking in-depth collaboration with physicians may help basic scientists to acquire
greater understanding of the clinical problem and design a solution appropriate for
the specific application.
The process of clinical translation begins with preclinical development and
continues through increasingly complex and demanding phases of clinical testing.
Invariably, besides expertise, a robust research infrastructure and significant funds
are needed to demonstrate adequate evidence of clinical utility. Therefore, close
collaboration and continuous communication between basic researchers, clinicians,

3
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and industry professionals is required, even if individuals’ needs, motivations, and
research questions may differ. 34 Collaboration between scientists, healthcare
professionals, and industry experts will help to conduct well-designed research to
generate high-value clinical data that may ultimately lead to a medical device. We
anticipate that such strong collaboration between talented clinical and basic scientists
is crucial to move from the proof-of-concept stage through the translational stage
towards clinical implementation.
After taking into account these non-technical barriers and establishing an optimal
environment for translational research the next step is to set up solid clinical studies.
Conducting research in a medical environment brings some typical challenges and
potential pitfalls that are likely to be universal across the biomedical optical research
field. To our knowledge, few investigators have undertaken the task of describing
these key challenges. In the following sections we attempt to provide an overview of
the practical challenges that our group has encountered during several years of clinical
testing and evaluation.
THEME 1 – STUDY DESIGN
Clinical validation is being challenged in different ways, depending on the application,
clinical study design, and how data is collected. Preclinical studies on animals or ex
vivo on human specimens may serve as a surrogate for in vivo measurements and
usually provide useful information in the first phase of development. However, when
it comes to human disease applicability, they do not necessarily reflect the in vivo
status of human tissue. 38 For example, given the differences between in vivo and ex
vivo tissues, validating a database from ex vivo data and applying it to in vivo data
may not work as various tissue parameters (e.g. blood content, oxygenation) might
change once the tissue has been removed from the patient’s body. In the same way, in
vivo studies gathering spectral tissue data in a well-controlled setting can be limited
because this data might not be representative for real-world situation. For instance,
estimates for blood content and associated oxygenation levels might show promising
differences when measured in vivo during surgery. However, once measured during a
percutaneous biopsy procedure, these parameters do not necessarily reflect the true
physiological composition of the measured tissue due to pooling of blood around the
needle tip. Similarly, blood present on top of the surface of a resection margin may be
major obstacle for resection margin assessment by STS. 39
Much of the research reported to date has been based on observational studies,
and a large portion of the scientific knowledge in this field comes from retrospective
studies. Data from such studies may help to prove clinical feasibility and develop
new trials by determining sample size requirements and optimal design, but may be
confounded by algorithm training and retrospective validation. Once early-phase
human studies have been conducted, research efforts generally move to the larger
clinical trials. Such studies and subsequent clinical implementation require that the
equipment and analytical algorithms have been optimized and fitted to be used in
the clinical routine. Especially in this stage of clinical validation it is important that
the basic principles and potential pitfalls of diagnostic test development are well
understood. For instance, as clearly elaborated by M. Fitzmaurice 40, unintentional bias
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in selecting patients for study groups may lead to the conclusion that a new optical
technique is a better or worse diagnostic tool than it really is. Furthermore, measures
of test performance, such as sensitivity and specificity are not only influenced by where
the diagnostic threshold is set and how positive and negative results are defined.
They are also influenced by disease prevalence. For instance, if a new diagnostic tool
is tested in a high prevalence setting, it is more likely that persons who test positive
truly have disease than if the test is performed in a population with low prevalence.
Thus, researchers have to concede the restrictive nature of testing in a preclinical and
in well-controlled clinical settings when it comes to real-world applicability. Eventually,
performing well-designed randomized-controlled clinical trials will help to gain trust in
the actual performance of new optical technologies.

3

THEME 2 – CO-REGISTRATION WITH HISTOLOGY
Histology remains the gold-standard for diagnosis and staging in oncology, making it
in essence a ground truth for new technologies attempting to measure and quantify
these pathologies. Once registered, histopathology provides valuable information
regarding the structure and composition of tissues and is often used to understand
the physiological mechanisms behind spectral contrasts. Consequently, registration of
histology serves as an important and necessary validation step for novel spectroscopy
based diagnostic techniques. However, the use of histopathology as benchmark does
suffer from a number of critical limitations.
Co-registration of separate optical and physical biopsies is subject to imperfect
spatial correlation of the optical reading and the tissue sample removed for histopathological analysis.40,41 Several methods have been employed to achieve sufficient
accurate co-registration. To facilitate registration, usually a tissue sample is removed
from the measurement spot after spectral measurements are completed or a marker
is left behind, such as a dye or suture. These methods are susceptible to location
mismatch that can be particularly challenging in the case of micro-environmental
heterogeneity. Even more difficulties in co-registration arise when the organ site being
investigated is not directly accessible to the operator. When in vivo measurements are
obtained through the working channel of an endoscope or through a hollow needle at
deeper-sited tissue. In these cases the tissue sample for histopathological evaluation
is generally obtained by a second needle after retracting the fiber-optic probe used
for spectral measurements. Linking spectral data with such a “best estimate” of the
spectral measurement spot leads to inherent registration inaccuracies. An approach to
address discrepancies between spectral data and histology is to integrate fiber-optics
into standard tissue-sampling tools, such as a core biopsy needle or endoscopic
biopsy forceps11,28,41, thereby linking spectral tissue sensing and biopsy functionality
in a single instrument. A few examples are shown in Figure 3.2.
These integrated fiber-optic instruments represent a major step forward for clinical
evaluation of new spectral tissue sensing techniques by greatly increasing the spatial
correlation of physical biopsies with spectral measurement spots and simplifying
study procedures. Beyond validation studies, the developed integrated fiber-optic
tools could be clinically useful for increasing the pre-biopsy probability of obtaining
representative tissue samples in diagnostic biopsy procedures. Still, even with perfect
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Figure 3.2. | Integrated fiber-optics in clinical biopsy tools allow 1:1 correlation between spectral data
and biopsy sample. (A) The WavSTAT biopsy forceps for optical diagnosis based on laser-induced
autofluorescence spectroscopy. Image courtesy of SpectraScience Inc., San Diego, California, USA.
(B) Elastic scattering spectroscopy through an integrated endoscopic tool for use in a range of
applications suitable to the upper gastrointestinal (GI) tract and the colon. Image courtesy of I.J. Bigio,
Boston University. (C) Added quantitative spectral functionality during routine percutaneous biopsy
procedures using a fiber-optic core biopsy needle (Philips Research, Eindhoven, the Netherlands).

co-registration between the optical and physical biopsy, histopathological analysis is
fundamentally limited in accuracy. Generally fiber-optic probes interrogate a volume
of tissue approximately 1 mm 3 whereas a conventional biopsy samples are larger than
this. For instance, formalin fixation and paraffin embedding induce variable tissue
shrinkage.42 Deformation of tissue and shredding artifacts are also common.43 Finding
and orienting a representative a two-dimensional histological section in a three-dimensional ex vivo tissue volume can therefore be challenging. To make the problem
even more complex, histopathological tissue diagnosis by pathologists is subject to
significant inter- and intra-observer variability.40 This is a particularly difficult problem
in the diagnosis and grading of dysplasia, a premalignant lesion seen in patients at
high risk for development of carcinoma. Thus, the apparent diagnostic performance of
a new technology will therefore depend not only on its ability to detect abnormalities,
but also on the (in)accuracy of the gold standard. Even if a novel technology is 100%
sensitive and 100% specific, it may appear inaccurate when using an imperfect
gold standard without fully comprehending its limitations and biases can lead to
erroneous classification. Therefore, careful attention should be paid to adequacy of
tissue samples, correlation with measured tissue sites, and consistency of pathology
reporting terminology.
THEME 3 – INTER-PATIENT AND INTRA-PATIENT VARIATION
Characterizing and differentiating between various tissues by an optical spectroscopy
system relies on measurement of the absolute or relative differences in intensity or
spectral contrasts between the tissue types of interest. However, sources of variation
such as inter- and intra-patient variability may outweigh the difference between the
tissue types of interest leading to hampered diagnostic performance. Tumors are
well known for their heterogeneity,44 but also in healthy tissues non-uniformity is a
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common phenomenon.45,46 In particular breast tissue is a well-known example of inter
and intra-patient variation.17,47 The optical contrast between healthy and tumorous
tissue is manipulated by other sources of contrast which are related to other biological
processes such as menopausal status and the phase of the menstrual cycle.48
These potentially large variations in physiologic tissue properties seen in breast tissue
imply that it is not appropriate to use absolute values of spectroscopy parameters.
Including patient demographics to the databases with reference measurements can
circumvent the unwanted blurring of optical contrast by sources not related to the
difference between normal and tumor tissue.17 However this might also require further
extending the database with a comprehensive amount of reference measurements to
comprise the influence of all patient characteristics. Another approach is to use the
patient as his/ her own reference and observe relative changes instead of measuring
absolute values. Taroni et al.49 and Laughney et al. 50 found that region averaged
spectral information could be used to account for the tissue- and patient heterogeneity.
This implies that using an internal reference is effective in reducing the influence of
inter-patient variation and suggests it might be useful in a clinical setting for other
heterogeneous tissues as well. For biopsy procedures these measurements can also
be performed in a continuous mode. Opposed to single points of the different tissue
types this has the advantage of providing a full overview of the tissue characterization
along the needle path. Recently, Nachabe et al. 51 demonstrated the potential of real
time tissue characterization by diffuse optical spectroscopy measurements at the tip
of a needle during percutaneous interventions. Such continuous measurements may
be of great relevance during percutaneous procedures, because they enable detection
of the transition from healthy tissue to tumor based on the clinical parameters derived
from optical spectroscopy.
Thus, several investigators have shown the benefit of deriving relative diagnostic
criteria by calculating differential spectral tissue parameters between the tumor and
a reference tissue. The use of relative tissue parameters may help to define more
effective detection criteria that are less sensitive to inter-patient variations and tissue
heterogeneities.

3

THEME 4 – SPECTRAL ANALYSIS AND CLASSIFICATION METHODS
The goal of pre-processing of raw spectral data is to remove unwanted spectral features
and improve the quality of the data without overpowering it. After preprocessing, the
data can be interpreted by performing further analysis on the spectral data which
ultimately enables classification of the spectral data.
One method for tissue classification is to use pattern recognition by supervised
machine learning methods. This method correlates spectral features directly to tissue
type labels, thereby enabling identification of unknown tissue based on the measured
spectra without the need for extensive data processing. Various approaches of spectral
analysis have been developed, including multivariate statistical data analysis, partially
least squares discriminant analysis, support vector machines and statistical learning,
k-nearest neighbor classification, as well as neural network methods. Due to the nature
of the supervised machine-learning approaches, the diagnostic performance is usually
compromised when the number of classes increases. Theoretically, discriminating tumor
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from surrounding healthy tissue is a two-class problem (healthy versus malignant).
However, in practice tumor tissue is surrounded by many tissue types, both healthy
and diseased, and this demands identification of a wider variety of tissue pathologies,
including histological tumor subtypes, inflammation, and fibrosis. Having to deal
with this tissue heterogeneity poses a true challenge in the development of machine
learning approaches.52,53 To overcome this difficulty a comprehensive high-quality
spectral database is required containing any healthy or diseased tissue type that is
likely to be encountered during a clinical procedure.54
Several investigators have analyzed the spectral information in a different manner
by applying mathematical models based on the diffusion approximation of light
propagation in tissue to determine the scattering and absorption properties within
the tissue. Each measured spectra is in fact a combination of the spectral signatures of
various tissue chromophores present in the probed volume. Meaningful estimation of
these components can be extracted by using the known absorption spectra of these
biologically relevant chromophores. The main benefit of this method is that it uses a
priori knowledge of light-tissue interaction that can help to understand the underlying
biological composition and physiological processes that determine spectral shape.
Over the years, the differences in composition between malignant and normal tissues
have been extensively researched by this approach. Understanding which biological
substances could potentially play a role in identification of abnormal tissue may be very
useful. For instance, bile showed to be a biological chromophore that is significantly
higher in healthy liver as opposed to colorectal liver metastases. 25,55 In the same
way breast tumor has shown to contain far less fat and more water compared to
surrounding healthy tissue.56 The diffusion theory has proven to be sufficiently realistic
to describe many different human tissues when optical properties of the tissue are
either homogeneous or close to homogeneous and sufficient source-detector distance
is maintained. Care should be taken when basic assumptions of the theory are violated.
Highly inhomogeneous tissue (layered tissue; anisotropic scattering) or tissue with
high absorption and low scattering (for example when a substantial amount of blood is
present) may result in unrealistic estimations of the tissue composition.
Over the years, a variety of advanced computational methods has been developed
to improve the quantitative and qualitative diagnostic capability of spectral tissue
sensing. The occurrence and co-occurrence of specific spectral signatures depend on
the underlying physical, morphological, and biochemical tissue composition. Whatever
method is used for interpretation of the spectral data, expert knowledge should be
employed throughout the various stages of clinical research such that robust tissue
discrimination algorithms can be developed.
THEME 5 - IMPACTING CLINICAL DECISION MAKING
The objective of each new technology is to help clinicians in reaching a decision
regarding diagnosis or treatment of a disease which can fundamentally improve
patient care. In order to help in the process of decision making it is important to
consider at which point in the workflow the technology can play a central role, based
on its strengths and weaknesses. The main strength of optical spectroscopy is the
possibility to perform real-time tissue characterization in a non-destructive manner.
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As mentioned previously, spectral tissue sensing technologies have been researched
for several oncological applications. The question is which application at which point
in the oncological care cycle has the greatest potential to contribute substantially to
clinical decision making. An application that will be used during screening will affect
the entire treatment course of a patient. This might be attractive as early detection
of cancer may provide better prognosis for the patient because at the moment of
diagnosis curative treatment is still possible. However, implementation of early
detection methods is most challenging since it demands extended alteration of the
existing clinical pathways as a result of the information provided by this new technology.
On the other hand, introducing an end-of-line application in a clinical setting will likely
change the procedure of cancer management less radically. By minimally impacting
the existing clinical workflow the much needed acceptance can be acquired faster.
Another important consideration when preparing a tool for clinical use is the
trade-off between sensitivity and specificity. Depending on the intended application
a higher sensitivity or specificity is desired. Furthermore, in order to optimize the
diagnostic performance, it may be necessary to adjust the decision threshold, based on
the patient population studied. The same diagnostic tool may need different decision
thresholds when used in high-risk patients (high disease prevalence) than when used
as a screening test in the general population (low disease prevalence).40 Furthermore,
the practical implications related to the implementation of optical techniques should
be assessed as well. Who are the intended users and who is going to take responsibility
of the device? Is the information easily interpretable by untrained personnel or does it
require additional education?
Ultimately, cost effectiveness and the impact on procedure outcome are major
important considerations for successful clinical application. It is crucial to view the
expected added clinical value of a new clinical method in the context of the evolving
landscape of medical practice (need for increased productivity and improved patient
outcomes) and the macroeconomic health care environment (cost constraints).
Therefore, from a clinical application perspective, it makes sense to start with the
development of applications that can be used as adjunct tools to other established
imaging modalities in oncology. Because STS can be integrated into familiar clinical
instruments, it could be easily adopted as an “add-on” to the existing protocols with
minimal impact on procedure flow. For instance, in case of biopsy guidance, STS
can be used in conjunction with conventional imaging modalities thereby exploiting
the complementary strengths of each method. We anticipate that STS will also find
its way to clinical settings where no good tools exist today, especially in situations
where undertreatment has a significant negative impact. For example, in case of
guided surgery, STS has the potential to influence “on-table” decision-making during
treatment.

3

OUTLOOK
Spectral tissue sensing research holds tremendous promise for the development of
novel diagnostic and therapeutic tools for many oncological applications. After a
quarter century of rapid advances, spectroscopic research has generated a rich body
of ideas, insights and discoveries and necessary technical improvements. As in all areas
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of medicine, the maturation of an experimental, early-phase technological concept
into useful clinical tools is a long and complex process usually involving many years
of rigorous preclinical and clinical testing and many setbacks and failures. In order to
realize the potential of spectral tissue sensing, there are still hurdles to overcome to
bridge the gap between technological advances and clinical practice. These issues
are clearly surmountable. Without any claim of completeness, we highlighted various
challenges faced by translational researchers as they move from the proof-of-concept
stage through the translational stage and into the clinical setting. We believe that a
broad-based, multidisciplinary effort and in-depth collaboration between biomedical
researchers and clinicians as well as involvement of industrial partners can help to
address these key challenges.
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ABSTRACT
A significant number of transthoracic diagnostic biopsy procedures for lung
lesions show indeterminate results. Such failures are potentially due to inadequate
recognition of vital tumor tissue. The objective of this study was to evaluate whether
optical spectroscopy at the tip of a biopsy needle device can improve the accuracy
of transthoracic lung biopsies. Ex vivo optical measurements were performed on lung
tissue from 13 patients who underwent either lobectomy or segmental resection for
primary non-small cell lung cancer or pulmonary metastases from various origins.
From diffuse reflectance spectroscopy (DRS) and fluorescence spectroscopy (FS)
measurements, different parameters were derived such as tissue composition as well
as physiological and metabolic characteristics. Subsequently, a classification and
regression trees (CART) algorithm was used to classify the type of tissue based on the
derived parameters. Histology analysis was used as gold standard to report sensitivity
and specificity of the tissue classification based on the present optical method.
Collective analysis of all DRS measurements showed an overall discrimination between
lung parenchyma and tumor tissue with a sensitivity and specificity of 98% and 86%,
respectively. When the data were analyzed per individual patient, eliminating interpatient variation, 100% sensitivity and specificity was achieved. Furthermore, based
on FS parameters, necrotic and non-necrotic tumor tissue could be distinguished with
91% sensitivity and specificity. This study demonstrates that DRS provides accurate
diagnosis of malignant lung lesions, whereas FS enables identification of necrotic tissue.
When both optical techniques are combined within a biopsy device, the diagnostic
performance and the quality of transthoracic biopsies could significantly be enhanced.
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INTRODUCTION
Although major advances are made in cancer imaging, tissue biopsies are still crucial
for accurate diagnosis and treatment planning in lung cancer. Centrally located, easy
accessible lung lesions are generally sampled by bronchoscopy, whereas peripheral
lesions are often biopsied by a transthoracic procedure under CT guidance. However,
a major drawback of transthoracic needle biopsies is that the area of interest may be
either missed or undersampled. Moreover, even when a biopsy needle is correctly
localized in the target lesion, it may be non-diagnostic because only necrotic tissue is
sampled.
The overall diagnostic accuracy of transthoracic lung biopsies is influenced by tumor
size, location, respiratory motion and number of biopsy samples taken from the tumor.
Despite the fact that positioning of the biopsy needle can be guided by CT imaging,
visualization of relevant structures is often limited due to thresholds in contrast and
image resolution.1 Recent studies have reported failure rates for transthoracic biopsies
up to 23%. 2-5
Optical spectroscopy techniques such as diffuse reflectance spectroscopy (DRS)
may address these shortcomings allowing real time monitoring of tissue characteristics
at the tip of a biopsy needle. The spectral response of tissue to broad-band light is
measured and subsequently analyzed to derive characteristics of light scattering and
absorption. These properties enable the discrimination between benign and malignant
tissues making DRS a promising technique for lung cancer diagnosis. In various studies,
DRS has been combined with fluorescence spectroscopy (FS) to improve identification
of cancerous lesions in various organs.6-16 FS adds the possibility to detect intrinsic
fluorophores in the measured tissue, such as collagen, elastin, FAD, NADH and
porphyrins. Collagen and elastin are structural proteins and associated with cross-links
and tissue structure, whereas NADH and FAD levels are indicative for cellular energy
metabolism of tumor tissue.17 Porphyrins are organic compounds. A specific porphyrin
is protoporphyrin IX (PpIX) that combines with ferrous iron to form the heme group.
Some cancers such as colorectal tumors and its metastases accumulate diagnostic
levels of endogenous PpIX as a result of tumor-specific metabolic alterations.18 In
addition, in a preclinical model a correlation was observed between PpIX and necrotic
areas within tumor tissue.19 FS might be sensitive to these alterations in fluorophore
concentrations.
The potential of combining both reflectance spectroscopy and FS to detect
(pre)cancerous lung lesions has already been investigated during endobronchial
procedures. Fawzy et al. found that adding reflectance spectroscopy to FS improves
the specificity for endobronchial cancer detection compared to FS alone. 20 Moreover,
Bard et al. demonstrated that the combined use of DRS, FS and differential path
length spectroscopy performed better than each technique separately.16 Most studies
addressing lung cancer diagnosis with optical spectroscopy are focused on the use of
this technique when incorporated in bronchoscopy tools.15,16,20,21 In previous work,
we demonstrated the feasibility of DRS measurements at the tip of a biopsy needle and
demonstrated its potential to enhance diagnostic accuracy of transthoracic biopsies.
When all tissue measurements and patients were analyzed collectively, DRS yielded an
overall accuracy for the identification of tumor tissue and lung tissue of 84%. 22 The

4
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objective of the present study was to evaluate the additional value of FS as well as the
potential of the combined system to predict tissue diagnosis in individual patients. To
further optimize any biopsy location, the ability of DRS and FS to discriminate necrotic
tumor tissue from vital tumor tissue was also investigated.
MATERIALS AND METHODS
Ex vivo lung sample collection
The study was conducted at The Netherlands Cancer Institute - Antoni van Leeuwenhoek
hospital (NKI-AVL), under approval of the protocol and ethics review board. Lung tissue
was obtained from 13 patients undergoing lobectomy or segmental lung resection for
primary non-small cell lung cancer (NSCLC) or lung metastases from colorectal or renal
origin.
Instrumentation and spectral calibration
Ex vivo diffuse reflectance spectra were acquired using a portable spectroscopic
system that has been described earlier. 22-24 In the present study, the possibility to
perform FS was added to the system, which consists of two light sources and two
spectrometers (Figure 4.1). For DRS measurements, a Tungsten halogen broad-band
light source with an embedded shutter was used. For FS the system was equipped with
a semiconductor laser (λ= 377 nm) to induce autofluorescence. Two spectrometers
were included, one which resolves the light from the visible wavelength range, i.e.
400 - 1050 nm (DU420A-BRDD, Andor Technology, Belfast, United Kingdom) and one
which resolves near infrared light from 900 to 1700 nm (DU492A-1.7, Andor Technology,
Belfast, United Kingdom). The calibration procedure has been described elaborately
by Nachabé et al. 24 A 13G optical probe was used which contained four optical fibers,

Figure 4.1. | Schematic overview of the combined DRS and FS optical setup.
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connected to the optical setup. Two fibers were connected to the broad-band light
source and laser, while two other fibers were connected to the spectrometers to
capture light from the tissue. For DRS and FS the distance between the exit facets of
the emitting and collecting fibers at the distal end was 1.90 and 0.32 mm, respectively.
The complete optical unit was controlled by custom-made LabVIEW software (National
Instruments, Austin, Texas) to acquire and save the data.
Optical measurements
Within two hours after surgical resection, the freshly excised tissue was grossly
inspected by a pathologist and sliced to allow optical measurements of macroscopic
tumor tissue and lung parenchyma. In each tissue specimen optical measurements
were performed at multiple locations in lung parenchyma and in tumor tissue. Only
areas with a pink appearance were used for the lung parenchyma measurements.
This selection was made since earlier experiments by Evers et al. 22 showed that areas
characterized by a darker appearance proved to be collapsed, making any comparison
to an in vivo setting with air filled alveoli difficult. In total 75 DRS and FS measurements
were performed in lung parenchyma. A total of 179 DRS and FS measurements were
acquired in malignant lung lesions.

4

Pathological evaluation
After the optical measurements, tissue samples were taken from the measurement
locations. These were formalin-fixed and processed according to routine histopathology.
Samples were stained with standard hematoxylin and eosin (H&E) staining and examined
by an experienced pathologist who was blinded for the spectroscopic analysis. Apart
from tissue differentiation, slides were scored for the percentage of tissue necrosis.
Optical measurements were compared to histopathological analysis, as gold standard.
Spectral data analysis
DRS analytical model
In this study a widely accepted analytical model, introduced by Farrell et al. 25, was
used to estimate the various DRS chromophore volume fractions and scattering
coefficients. The main absorbing constituent (chromophores) in normal tissue
dominating the absorption in the visible range (400-800 nm) is hemoglobin (oxygenated
and deoxygenated), whereas water, fat and collagen are the main absorbers in the
wavelength range 900-1600 nm. 23 The main scattering parameters are the reduced
scattering at 800 nm and the Mie-to-total scattering fraction, in which the total
scattering of tissue is assumed to be defined by Mie and Rayleigh scattering. Mie
scattering occurs when light meets objects whose size is similar to the wavelength
(e.g. biological cells and cellular components), whereas Rayleigh scattering is elastic
scattering of light by particles which are much smaller than the wavelength of light
(e.g. macromolecular aggregates, collagen fibrils). The validation of the DRS analytic
method has been described previously. 24,26 The input arguments for the model are the
absorption coefficient µ a(λ), the reduced scattering coefficient µ s(λ), and the distance
between the exit facets of the emitting and collecting fibers at the tip of the probe.
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Figure 4.2. | Examples of H&E stained pathology slides of lung parenchyma (A) and primary lung cancer
(B) with corresponding spectral measurements. (C) and (D) show typical DRS measurements (blue
lines) with corresponding fit (red lines) from lung parenchyma and primary lung cancer, respectively.
(E) and (F) show FS measurements (blue lines) with corresponding fitted intrinsic fluorescence (red
lines) from the lung parenchyma and primary lung cancer, respectively.

FS analytical model
Intrinsic fluorescence was calculated by correcting the acquired fluorescence
spectra for absorption and scattering. For the latter, a modified photon migration
method was used 27, based on work by Müller, Zhang et al. 28,29 In this theory the
light propagation in a turbid medium is described in terms of photons traveling in
paths with discrete photon-tissue interaction events where absorption, scattering
or induction of fluorescence can occur. The corrected spectra were fitted using the
intrinsic fluorescence spectra (excitation at 377 nm) of collagen, elastin, NADH and
FAD as a priori knowledge. 30 The optical oxidation-reduction (redox) ratio, which
is a measure of cellular metabolic state, is defined as the ratio between NADH and
FAD. 31,32 In this work the optical redox ratio is expressed as NADH/(NADH+FAD). An
example of spectral measurements on a lung parenchyma sample and a tumor sample
with the corresponding fitting curves are shown in Figure 4.2.
Porphyrin quantification
As shown by Moesta et al.18, cancer tissue may accumulate diagnostic levels of
endogenous porphyrins. Quantification of porphyrins using our standard fit procedure,
however, was not feasible since the exact wavelength of the fluorescence bands of
porphyrins are dependent on the surrounding where it is measured. 33 To still quantify
the fluorescence of porphyrins, the area underneath the porphyrin peaks was calculated
after removing the background. This was done by connecting the minima on each side
of the porphyrin peaks and subtracting the area beneath this line from the total area
under the peaks.
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Classification and statistics
A Classification and Regression Tree (CART) algorithm was used to evaluate the
performance of discriminating the different tissue types on either DRS or FS parameters
or both. The CART algorithm is a recursive partitioning method that creates a
classification tree from the values derived from a training set of spectral data and
subsequently assigns a novel spectrum to a preselected tissue class using the generated
classification tree. 34 A leave-one-out (LOO) cross validation scheme was used based on
the estimated parameters from the fit model. Each spectrum was separately classified
as either lung parenchyma or tumor tissue based on the calculated thresholds in
the decision tree and was subsequently compared to the histopathological analysis.
Outcome was presented in terms of sensitivity and specificity. For each patient multiple
optical measurements were performed at separate locations. These measurements
allow individual patient analysis which eliminates bias from inter-patient variation.
To investigate the performance of DRS in individual patients, the LOO classification
was performed for all measurements on individual patients. Arbitrary, when at least
80% of the measured DRS spectra at a specific measurement site corresponded
to histopathological diagnosis of that site, the measurements were considered as
being correctly classified. Otherwise, the measurements were considered uncertain.
The estimated DRS and FS tissue parameters could not be described by a Gaussian
distribution. Therefore, a non-parametric Kruskal-Wallis 35 test was applied to evaluate
significant differences in optical parameters between lung parenchyma and tumor
tissue for a significance level of 1% (i.e., p < 0.01). Both the quantified DRS and FS
parameters were displayed in boxplots.

4

RESULTS
Patient and tumor characteristics
Thirteen patients were included, median age was 60 years (range 49 - 70 years). Ten
participants were men, all patients were smokers. Six patients had primary lung cancer,
six patients had lung metastases from colorectal cancer, and one patient had lung
metastasis from renal cell cancer. Optical measurements of one patient were not
further used, since the site of measurement showed only mucus at histopathological
analysis. The median tumor size was 24 mm (8 - 50 mm).
Optical parameter quantification and classification
In Figure 4.3 boxplots of relevant DRS and FS parameters are shown. Regarding DRS,
lung parenchyma and tumor tissue differed significant with regard to total hemoglobin,
hemoglobin oxygenation, water, collagen, reduced scattering at 800 nm and Mie-tototal reduced scattering fraction. Neither in lung parenchyma nor in tumor noteworthy
amounts of fat were encountered. For FS measurements, significant differences
between lung parenchyma and tumor tissue were observed for: NADH, FAD, and the
optical redox ratio.
The DRS and FS parameters were used by the CART algorithm to generate a
decision tree and calculate overall diagnostic accuracy. In Table 4.1, the sensitivity
and specificity for discrimination of lung tumor tissue vs. lung parenchyma are listed
when all data were analyzed collectively according to the CART algorithm. When only
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Figure 4.3. | Boxplots of relevant tissue parameters; n= 254 optical measurements. H2O, water
volume fraction; collagen, collagen volume fraction; µs’(λ = 800 nm), reduced scattering coefficient
at 800 nm.

Table 4.1. Sensitivity and specificity of tissue classification.
LOO-classification

DRS only (sens/spec)

FS only (sens/spec)

DRS+FS (sens/spec)

Tumor vs. lung
parenchyma

98%/ 86%

90%/ 75%

98%/ 86%

Tumor: necrotic vs.
vital

88%/ 80%

91%/ 91%

90%/ 95%

Note: Performance of discriminating the different tissue types based on DRS and FS. Upper:
discrimination of lung tumor tissue (n= 179 measurements) vs. lung parenchyma (n= 75 measurements).
Lower: discrimination of necrotic (n= 123 measurements) vs. vital (n= 56 measurements) tumor.

DRS was used for discrimination between lung parenchyma and lung tumor tissue, a
sensitivity and specificity was achieved of 98% and 86%, respectively. FS alone or a
combination of DRS and FS did not improve the results. Next, the ratio of correctly
classified DRS tissue measurements in each individual patient was determined for
both lung parenchyma and tumor tissue (Table 4.2). Based on pathology analysis, four
patients could not be used for the individual patient analysis. In these patients no
lung parenchyma measurements were available. For all patients used, DRS results were
identical to histopathology analysis, leading to an accuracy of DRS to characterize lung
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Table 4.2. Diagnostic accuracy by per-patient analysis.
Patient Nr.

Ratio of correctly
classified DRS
measurements in lung
parenchyma

Clinical diagnosis

Ratio of correctly
classified DRS
measurements in
lung tumor

Clinical
diagnosis

Patient 1

Lung parenchyma (9/10)

Lung parenchyma

Tumor (10/10)

Tumor

Patient 2

Lung parenchyma (5/5)

Lung parenchyma

Tumor (10/10)

Tumor

Patient 3

ung parenchyma (5/5)

Lung parenchyma

Tumor (10/10)

Tumor

Patient 4

Lung parenchyma (5/5)

Lung parenchyma

Tumor (10/10)

Tumor

Patient 7

Lung parenchyma (5/5)

Lung parenchyma

Tumor (9/9)

Tumor

Patient 8

Lung parenchyma (15/15)

Lung parenchyma

Tumor (14/14)

Tumor

Patient 12

Lung parenchyma (15/15)

Lung parenchyma

Tumor (10/10)

Tumor

Patient 13

Lung parenchyma (15/15)

Lung parenchyma

Tumor (20/20)

Tumor

4

Note: Per-patient discrimination for lung parenchyma versus tumor tissue, based on DRS parameters.
Between brackets: the first number indicates the number of correctly classified measurements, the
second number represents the total number of measurements taken. The clinical diagnosis was based
on histopathological analysis.

parenchyma or tumor tissue within one patient of 100%. To further evaluate whether
DRS and FS could differentiate vital tumor tissue from tumor necrosis, measurements
were compared to histopathological data on tissue necrosis. In Table 4.1 it is shown
that FS is able to discriminate necrotic and vital tumor areas with a sensitivity and
specificity of both 91%. DRS alone appears to be less specific for tumor necrosis.
The classification tree based on FS measurements showed that the porphyrin peak
near 625 nm was the main factor determining the high specificity of FS to distinguish
necrotic from vital tumor tissue (Figure 4.4). Therefore the calculated area under the
porphyrin peak near 625 nm was compared to the amount of necrosis scored by the
pathologist, as shown in Figure 4.5. The presence of the porphyrin peaks showed a
correlation with the amount of necrosis, although considerable variation in porphyrin
peak intensity was present. A second observation is that necrosis occurs mainly in
secondary tumors rather than in primary tumors.
DISCUSSION
In this study, both DRS and FS measurements were performed within fresh pulmonary
specimens with tumor areas. Several DRS parameters showed significant differences
between lung parenchyma and tumor tissue. These discriminating parameters were total
hemoglobin, hemoglobin oxygenation, water, collagen, scattering at 800 nm and the
Mie-to-total scattering ratio. In the present study, only optical reference measurements
of pink colored lung parenchyma were used, since these were expected to be the most
representative for the situation in vivo. The overall discriminative accuracy between
lung parenchyma and malignant tissue was higher (92%) than observed in a study by
Evers et al. 22 who included measurements at parenchyma sites with collapsed alveoli.
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Figure 4.4. | Difference in fluorescence spectra between vital and necrotic tumor tissue. Histology
slides of vital (A) and necrotic (B) tissue of two different lung metastases from colorectal cancer with
corresponding fluorescence spectra (C) and (D). The blue lines in (C) and (D) are the fluorescence
measurements, whereas the red lines are the results of the model-based fitting procedure. (E)
illustrates the quantification method of the additional fluorescence peaks at 600 -750 nm.

Comparison to non-collapsed parenchyma allowed for optimal identification of tumor
lesions in individual patient specimens. This suggests that using optical spectroscopy
should be feasible for in vivo identification of tumor, for example during transthoracic
biopsy.
The differences in optical characteristics, such as in water content, collagen content
and scattering parameters can be attributed to the fact that lung parenchyma consists
of alveoli which are filled up with air, whereas tumor tissue has a more solid structure.
Our setup is able to measure in the infra-red wavelengths range up to 1600 nm where
fat and water absorption bands exist. This enables accurate fraction estimation of these
substances. 24 Although water content proved to be a good discriminator between
lung parenchyma and tumor, no significant amounts of fat were measured in either of
the tissues. This is in accordance with the pathology results of the measured samples.
The combined parameters used for analysis contained sufficient information to
allow discrimination between lung parenchyma and tumor tissue with a sensitivity and
specificity of 98% and 86%, respectively. Individual parameters showed considerable
overlap in lung tissue and tumor tissue in the pooled analysis of the patient group (Figure
4.3). This may partly be due to variations from patient-to-patient. When inter-patient
variation was eliminated using lung parenchyma measurements as internal reference
for each individual patient, classification of tumor spectra reached a sensitivity and
specificity of 100% for all included patients.
Lung cancers frequently occur in patients with chronic obstructive pulmonary
diseases. The relationship between these diseases is instead one based upon
mutual risk factors, namely smoking. 36,37 In chronic obstructive pulmonary diseases
like emphysema normal lung tissue architecture is affected, accompanied by the
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Figure 4.5. | Variation in porphyrins related to necrosis and tumor type. In patient 13 multiple locations
were measured.

destruction of alveolar walls. Additional research is needed for evaluating effects of
obstructive pulmonary diseases on optical parameters.
FS was performed to determine the intrinsic fluorescence of lung parenchyma and
tumor. Lower concentrations of NADH and higher concentrations of FAD were observed
in tumor tissue compared lung parenchyma, which means a decreased optical redox
ratio in tumor. For epithelial cancer it has been found that this ratio increases for tumor
cells 32,38 as well as for primary human mammary epithelial cell lines. 31 In this ex vivo
study we found a decrease in optical redox ratio. After resection, the metabolism of
tissue may change drastically which could explain the difference in results between our
ex vivo results and the measurements in cell lines or living tissue.
A particular interesting is that additional fluorescence peaks at 625 and 690
nm were detected in several tumors, especially when necrotic tissue was present.
Although adding FS as additional modality does not improve the potential to detect
tumor lesions, it is useful for identification of necrotic tumor parts. This feature could
enhance the selection of tumor biopsy sites. For example, this would be important for
specific sampling of vital tumor tissue when needed such as for genetic profiling for
tailored individual treatment. 39,40
Earlier research has shown that some cancers such as colorectal tumors and its
metastases accumulate diagnostic levels of endogenous protoporphyrin IX (PpIX)
and other metabolic products of porphyrin as a result of tumor-specific metabolic
alterations.18 Croce et al. investigated the presence of naturally-occurring porphyrins
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in a spontaneous-mammary tumor bearing mouse model.19 In the tumor-bearing mice
elevated levels of PpIX were observed in blood plasma, liver, spleen and in tumor
mass. Remarkably high levels of PpIX were detected in necrotic parts of the tumor
compared to the viable tumor areas. They explained that both a failure to complete
heme synthesis by the cells still alive and undergoing necrosis, and a reversal of the
ferrochelatase activity could account for this finding. This study also showed that the
presence of porphyrin-peaks correlates with the amount of necrosis. Our findings
regarding porphyrins in lung metastasis from colorectal cancer strongly resemble the
ones described in primary colorectal tumors and its metastases in liver and lymph
nodes.18 NSCLC can also contain considerable (spontaneous) necrotic parts. Whether
porphyrin fluorescence is primarily associated with necrosis or with certain tumor
types, is unknown.
CONCLUSION
In summary, DRS allows for accurate real time identification of lung tumors in individual
patients. It has potential to improve transthoracic lung biopsy procedures. The results
presented in this work are promising for further development of “smart” biopsy tools
incorporating optical technology. Furthermore, FS seems able to detect areas of
necrosis. This may either help to identify and biopsy vital tumor during biopsy, or
might be used to evaluate response in patients who received chemo-radiation. Clinical
studies are necessary to confirm these results and to evaluate indications.
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ABSTRACT
This study presents the first in vivo real time tissue characterization during imageguided percutaneous lung biopsies using diffuse reflectance spectroscopy (DRS)
sensing at the tip of a biopsy needle with integrated optical fibers. Tissues from 21
consented patients undergoing lung cancer surgery were measured intraoperatively
using the fiber-optic platform capable of assessing various physical tissue properties
highly correlated to tissue architecture and composition. Additionally, the method
was tested for clinical use by performing DRS tissue sensing during 11 routine biopsy
procedures in patients with suspected lung cancer. We found that water content and
scattering amplitude are the primary discriminators for the transition from healthy lung
tissue to tumor tissue and that the reliability of these parameters is not affected by the
amount of blood at the needle tip. In the 21 patients measured intraoperatively, the
water-to-scattering ratio yielded a 56% to 81% contrast difference between tumor and
surrounding tissue. Analysis of the 11 image-guided lung biopsy procedures showed
that the tissue diagnosis derived from DRS was diagnostically discriminant in each
clinical case. DRS tissue sensing integrated into a biopsy needle may be a powerful
new tool for biopsy guidance that can be readily used in routine diagnostic lung biopsy
procedures. This approach may not only help to increase the successful biopsy yield
for histopathological analysis, but may also allow specific sampling of vital tumor tissue
for genetic profiling.
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INTRODUCTION
Image guided transthoracic needle biopsy (TNB) of the lung is a well-established method
used for the diagnosis of lung cancer. TNB is particularly useful for peripheral pulmonary
lesions that are not readily accessible with bronchoscopy. With the introduction of lung
cancer screening programs1,2 lung cancers will be detected at earlier stages and at
smaller sizes. As sampling a small pulmonary lesion is often technically challenging, 3
the ability to successfully biopsy these lesions depends greatly on the skill of the
physician. During the procedure multiple needle insertions should be avoided to
reduce the possibility of complications, specifically pneumothorax or hemorrhage. To
this end, TNB procedures are generally performed under fluoroscopic or computed
tomographic guidance. Still, the pathologic area is often missed or undersampled,
leading to diagnostic failure rates of TNB in up to 23% 3-6 of the cases. A considerable
number of patients undergoing TNB will subsequently require an additional biopsy
procedure, leading to extra patient discomfort, prolonged psychological burden,
and additional risks or complications. Moreover, due to advances in genetic profiling
and personalized medicine, obtaining representative tissue samples that allow for
both histologic characterization and mutational analysis is becoming increasingly
important.7,8 Therefore, with advances in detection of increasingly smaller pulmonary
lesions and recent developments in molecular profiling, there is a clear call for biopsy
guidance to optimize tissue sample acquisition.
Here we present a unique fiber-optic biopsy needle (FOBN) platform that uses
Diffuse Reflectance Spectroscopy (DRS) in conjunction with a conventional biopsy
needle. DRS is a spectroscopic technique in which tissue is illuminated with a selected
spectral band of light. The light is either scattered or absorbed by the tissue, depending
on the specific composition of the tissue. Subsequent analysis of the tissue’s spectral
response provides specific quantitative morphologic, biochemical, and functional
information, thereby enabling tissue discrimination and potentially improving
diagnostic capability. Several preclinical and clinical studies have demonstrated the
potential use of DRS for cancer detection and diagnosis for a variety of tissue sites.9-18
Despite the proven potential of DRS,19,20 clinical translation involves a variety of major
challenges, many of which are unique to this stage of technology development.
To enable robust data acquisition under specific operating constraints in the
clinic, essential hurdles must be overcome. First, a major obstacle in the successful
implementation of DRS-based needle guidance is the inevitable presence of blood
around the needle tip which absorbs a significant amount of light and in that way
decreases the quality of the signal. This effect should be reduced to obtain reliable
tissue characterization during percutaneous interventions in well-perfused tissue.
Second, real time spectral tissue sensing should be robust and small enough to be
combined with biopsy functionalities in the same clinical-grade instrument. Third, the
developed technology should fit seamlessly in the clinical workflow for obtaining a
TNB. We report on the development of the DRS-FOBN platform and its first application
in patients undergoing transthoracic needle biopsy for suspected lung cancer.
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MATERIALS AND METHODS
Clinical studies
Protocols for the human studies were reviewed and approved by the Medical Review Ethics
Committee of The Netherlands Cancer Institute - Antoni van Leeuwenhoek hospital.
The clinical protocols were registered at the Dutch Trial Register (NTR2557; NTR3651)
and the U.S. National Institutes of Health Clinical Trial Database (NCT01730365). All
patients gave their written informed consent prior to the experimental procedures. All
clinical experiments were conducted in the NKI-AVL hospital.
Portable spectroscopy system
The advantage of our technique relative to those presented in most previous studies is
that the narrow wavelength range commonly used in DRS (typically between 400-900
nm) was extended into the near-infrared region up to 1600 nm21,22 where blood has
no significant absorption features. The main benefit of this feature is that it helps to
overcome the effect of dominant absorption by excessive amounts of hemoglobin in the
visible wavelength region (400-700 nm). 22 Furthermore, it enables the quantification of
water content which is an important measure for lung tissue density. 20-22 To overcome
the effect of dominant absorption by excessive amounts of hemoglobin in the visible
wavelength region (400-700 nm), the narrow wavelength range commonly used in DRS
(typically between 400-900 nm) was extended into the near-infrared region up to 1600
nm where blood has no significant absorption features.
Moreover, the near-infrared region enables the quantification of water content,
which is an important measure for lung tissue density. The general principles of DRS,
the operating features of the spectroscopy system, and the calibration procedure
have been described elaborately by Nachabé et al. 21,22 The system consists of a
Tungsten halogen broad-band light source (360-2500 nm) with an embedded shutter,
a miniaturized optical probe and two spectrometers: one which resolves the light in the
visible wavelength range, i.e. 400 up to 1050 nm (Andor Technology, DU420A-BRDD)
and one which resolves near infrared light from 900 up to 1700 nm (Andor Technology,
DU492A-1.7). The spectroscopy needle was connected to the light source and to both
spectrometers via low-OH optical fibers. The spectrometers are controlled by custom
LabVIEW software (National Instruments, Austin, Texas) to acquire and calibrate the
data.
Needles with sensing capabilities
Needle for intraoperative use
A disposable 15G spectroscopy needle (Invivo Germany, Schwerin, Germany) was
developed for practical use during surgery. The needle contained three fibers, each
with a core diameter of 200 μm. One fiber was connected to the light source, while
the other two fibers were connected to the spectrometers to capture the diffusely
reflected light from the tissue. The center-to-center distance between the emitting
and collecting fibers was 1.70 mm.
Fiber-optic biopsy needle
Adding DRS tissue sensing functionality to an automated biopsy gun is challenging,
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Figure 5.1. | Real time tissue sensing with fiber-optic biopsy needle (FOBN). During transthoracic
biopsy, the loaded FOBN device is inserted at the planned entry point and advanced towards the
lesion (A). Real time spectral characterization of the tissue at the needle tip is performed along the
needle path and at the biopsy site as displayed on the monitor. Specific design of the FOBN and the
subsequent steps in handling (B; steps 1-3). Optical fibers at the tip of the biopsy needle allow spectral
characterization of the tissue directly in front of the needle tip (step 1). After firing the biopsy gun, the
inner stylet rapidly penetrates the target tissue (step 2) and is followed by a split-second automatic
firing of the outer cannula, cutting and capturing tissue in the notch from the site where the final tissue
sensing took place (step 3). The FOBN instrument is handled by a radiologist like a regular biopsy
needle (C).

as fast shooting mechanisms and the presence of a notch set strict constraints for
integrating the optical fibers within the device. For the measurements during TNB
procedures, a sterile single use fully-automated 16G FOBN needle was developed
(Invivo Germany, Schwerin, Germany) to take soft-tissue biopsies under image guidance.
An essential feature of this clinical-grade instrument is that it allows tissue sampling
from the exact location where the final tissue sensing took place without restricting
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the usability of the biopsy gun (Figure 5.1). A 100 μm diameter fiber was used for
light delivery, whereas two 200 μm diameter fibers were used for the collection of the
reflected light. The distance between the emitting and collecting fibers at the needle
tip was 1.36 mm, resulting in a tissue probing depth of approximately 1-2 mm.
Study procedures
Intraoperative data acquisition
The portable DRS system was installed in a general surgery operating room. DRS
measurements were performed in 21 patients undergoing partial lung resection.
DRS measurements were performed after deflation of the lung, but before any tissue
dissection or ligation of major blood vessels. A sterile single use fiber-optic needle was
inserted into the tissue that was planned for resection, using a 14G hollow guidance
cannula (Invivo Germany, Schwerin, Germany). For each patient two sets of 5 to 10
DRS spectra were recorded in healthy lung tissue and tumor tissue. Measurement sites
were marked with twist coil markers (OTM 3.0SA, Biomed. Instrumente & Producte
GmBh, Tuerkenfeld, Germany) that were placed through the guidance cannula. Within
10 minutes after resection, the tissue was measured ex vivo with the same setup to
allow for the comparison of in vivo and ex vivo spectra. The resected was processed
by the pathologist and tissue samples were taken from the measurement locations, as
indicated by the twist markers. The samples underwent detailed histopathological and
findings were compared to the results of the DRS spectral analysis.
Image-guided biopsy with fiber-optic biopsy needle
The FOBN was tested in a computed tomography (CT) intervention room during
11 routine transthoracic needle biopsy procedures for individuals with a suspicious
pulmonary lesion. All patients underwent a free-breathing CT-scan (16-slice Somatom
Sensation Open, Siemens, Erlangen, Germany) as part of the standard procedure
planning. The FOBN was inserted at the planned entry point and DRS measurements
were performed along the needle tract, followed by DRS measurements and biopsy
of the target lesion using the same needle. CT-fluoroscopy imaging was recorded and
co-registered with the DRS spectra. For each patient, sets of 3-5 reflectance spectra
were acquired from healthy lung tissue, tissue at the tumor border, and tumor tissue.
The radiologist was blinded to the DRS system output. Directly after acquisition of
the final DRS data, a tissue sample was taken from the target lesion using the FOBN.
The distal end of the tissue samples was marked with yellow tissue marking dye
(Polysciences Inc., Warrington, United Kingdom) for orientation purposes. The samples
were formalin-fixed and processed according to routine histopathology. Pathology
results were compared with the DRS data at the final measurement position.
Histology processing and analysis
Tissue samples were processed via standard histological procedures. After paraffin
embedding, the samples were sectioned and stained with standard hematoxylin
and eosin (H&E) dye (Merck, Darmstadt, Germany). The resulting tissue slices were
examined with a light microscope by an experienced pathologist who was blinded to
the spectroscopic analysis. The glass slides were digitized by a histologic slide scanner
(ScanScope - Aperio Technologies Inc., Vista, California).
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Spectral data analysis
DRS measurements were spectrally fitted with an analytical model by Farrell et al. 23
that is derived from the diffusion theory using a Levenberg–Marquardt nonlinear
inversion algorithm to determine the absorption coefficient μ a(λ) and the reduced
scattering coefficient μ s‘(λ) expressed in cm−1. The validation of the model, including
spectral calibration procedures, and its application in various preclinical studies were
described in detail elsewhere.12,13,19,20 The model uses prior knowledge of light-tissue
interaction to translate the acquired spectra into estimates of various absorption
and scattering parameters, such as biological volume fractions (e.g. blood, water),
oxygenation level of blood and light scattering related to cell density, cell size, or air.
Confidence intervals of the estimated parameters derived from the covariance
matrix were calculated to investigate the reliability of measurements fits. 22 To verify
the performance of the FOBN per individual, we extracted the information provided
by the FOBN along each needle path and used each patient’s healthy tissue as an
internal reference. This was done by calculating an optical contrast index (OCI). The
OCI was defined as the relative difference in the water-to-scattering ratio between
tumor and lung tissue within the same individual. Similar composite optical parameters
have been applied by other research groups.9,24,25 The OCI was calculated using the
simple formula:

OCI =

[ water µ s' (800)] Tumor
[ water µ s' (800)] Normal

5

(Eq. 5.1)

where [water / μ s‘(800)] Tumor and [water / μ s‘(800)] Normal correspond to the average
water-to-scattering ratio measured in tumor tissue and surrounding normal lung tissue,
respectively.
Statistics
Tissue parameters determined from DRS spectral measurements (blood, stO2, water,
µs’(800)) were compared between tumor tissue and normal tissue using a generalized
estimating equations (GEEs) approach with controlling for repeated measurements
within the same subject. These DRS parameters were assumed to be normally
distributed. Within-patient dependencies were represented by the correlation matrix
where all pairwise correlations were assumed to be equal (equicorrelated). The analyses
were performed using the GEEQBOX toolbox in Matlab 8.4 (MathWorks Inc., Natick,
Massachusetts) and p-values < 0.01 were considered statistically significant.
RESULTS
Robust tissue discrimination in vivo
The tissue sensing performance of the system was investigated in vivo during lung
cancer surgery, where the presence of blood plays a substantial role. Twenty-one
patients were included, median age was 62.8 years (range 38.6–78.8 years). A total of
407 and 341 DRS spectra were acquired in vivo and ex vivo, respectively. Measurements
in tumor tissue and surrounding lung tissue revealed clear differences in absorption

69

20151019_thesis.indd 69

19-10-2015 16:02:06

Figure 5.2. | Intraoperative tissue characterization. Average absorption coefficients (A) and reduced
scattering coefficients (B) acquired in vivo in healthy lung tissue (Normal) and tumor tissue (Tumor)
during surgery (n= 21 patients). Errors bars indicate 95% confidence intervals and are shown every 50
nm. Absolute differences in average absorption coefficient (C) and scattering coefficients (D) indicate
clear intrinsic tissue contrast between healthy lung tissue and tumor.

Figure 5.3. | DRS parameter quantification. Comparison of confidence intervals obtained for blood,
stO2, water and µs’(800) when model fit is applied from 450 to 1100 nm and from 450 to 1600 nm (A).
Note that extending the wavelength range up to 1600 nm narrows the confidence intervals of each
parameter. Bar graphs showing the values for water (B), µs’(800) (c), blood (D), stO2 (E), as measured
during (in vivo; n= 407 spectra) and after (ex vivo; n= 341 spectra) surgery. N: healthy lung tissue; T:
tumor tissue. Values are given as the mean ± standard error, adjusted for repeated measurements.
*p < 0.01.
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(Figure 5.2, A and C) and scattering coefficients (Figure 5.2, B and D), Indicating inherent
differences in tissue structure and composition. The most noticeable differences in the
absorption spectrum were observed for the oxyhemoglobin and deoxyhemoglobin
absorption bands in the 540-580 nm wavelength region and the water absorption peak
near 1450 nm (Figure 5.2C). The spectral fitting model was used to derive various
tissue parameters from each DRS spectrum, including biological volume fractions (e.g.
blood content, water content), oxygenation level of blood (stO 2), and the reduced
scattering coefficient at 800 nm (µ s’(800)).
For each of these parameters, confidence intervals were computed. We found that
extending the wavelength range up to 1600 nm effectively narrowed the confidence
intervals for all four parameters, thereby improving the reliability of the obtained values
(Figure 5.3b). When comparing the data acquired intraoperatively and postoperatively,
our system detected consistent differences (p < 0.01) in water content (Figure 5.3B) and
µ s’(800) (Figure 5.3C) between tumor tissue and surrounding healthy lung tissue. The
average estimated blood content (Figure 5.3D) that was encountered during surgery
(on average >16%) was much higher than typical physiological values for intact alveolar
lung tissue, 26 indicating a considerable blood contamination effect. Consequently,
estimates for blood content and associated oxygenation levels (Figure 5.3E) do not
necessarily reflect the true physiological composition of the measured tissue, thus
rendering them less suitable for tissue discrimination in the current clinical setting.
As stated earlier, the difference in our DRS system and those presented in previous
studies is that it extracts diagnostic information from the near-infrared spectral range,
where blood has no significant absorption features. When comparing the data acquired

5

Figure 5.4. | Robust tissue characterization using water and µs’(800). Confidence intervals for water

(A) and µs’(800) (B) remain stable with increasing blood content. Quantification of the water-toscattering ratio (water/ µs’(800)) showing a significant differences between healthy lung tissue (N) and
tumor tissue (T), both during (in vivo) and after (ex vivo) surgery (C). Values are given as the mean ±
standard error, adjusted for repeated measurements. *p < 0.01.

71

20151019_thesis.indd 71

19-10-2015 16:02:08

during surgery with the data obtained directly after surgery, we note that there are
marked differences in blood content (Figure 5.3D). However, calculated average values
for water content and µ s’(800) are comparable for both data sets (Figure 5.3, B and
C). This supports the notion that estimates for water content and µ s’(800) are not
compromised by blood absorption. Further evidence of the limited influence of blood
contamination comes from the fact that increasing amounts of blood do not lead to
an increase in errors in water content (Figure 5.4A) and µ s’(800) (Figure 5.4B), meaning
that the reliability of these parameters is essentially unaffected by blood content.
The higher water content that was measured in tumor tissue is attributed to the
rather high density of tumor tissue compared to aerated healthy lung tissue. Similarly,
the relatively high µ s’(800) values measured in healthy lung tissue may be the result
of scattering due to the large difference in the refractive index between air and lung
tissue. Having shown that water content and µs’(800) contain diagnostically useful
information, we combined both parameters by calculating the water-to-scattering ratio
(water/ µ s’(800)). This yielded an average 81% and 56% contrast difference between
tumor and surrounding tissue for the ex vivo and in vivo data, respectively (Figure
5.4C).
Clinical performance of fiber-optic biopsy needle
Added real time spectral measurements did not interfere with the standard biopsy
procedure. The median procedure time including spectral measurements and tissue
sampling was less than 5 minutes (range: 1.5-16.4; Table 5.1). Figure 5.5 illustrates how
real time DRS tissue characterization was performed using the FOBN. A total of 134
DRS spectra were acquired during 11 TNB procedures (patient median age: 67.2 years,
range 47.3 - 80.5). Histopathological examination of the targeted tissue revealed a
total of 10 malignancies, of which 9 were classified as non-small cell lung carcinoma
(NSCLC) and one as colorectal metastasis. One tissue sample was non-diagnostic.

Figure 5.5. | Added quantitative spectral functionality during routine lung biopsy. Positioning of
the FOBN based on CT fluoroscopy imaging in lung tissue (A) and near the target lesion (D). Coregistered DRS measurements (blue dotted line) and corresponding fit curves (red lines) (B and E).
Optical contrast index (OCI) values were determined based on the spectroscopically derived values
for water and µs’(800) (C and F). Data for water and µs’(800) represent mean values ± standard error
of the mean. Note that the OCI measured near the target tissue (F) represents the relative water-toscattering ratio, using healthy lung tissue as a reference.
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Figure 5.6. | DRS tissue characterization during TNB procedures in two subjects. Although CT
fluoroscopic imaging in subject 3 (A) suggests that the tissue biopsy was taken from the target nodule,
the tissue sample (B) proved to be non-diagnostic. The sample contained only normal lung tissue,
indicating that the targeted tissue was missed. No substantial change in Optical Contrast Index (OCI)
was seen (C). This example underlines the importance of real time measurements and data analysis
in order to identify the transition of needle placement in a tumor based on the changes in the derived
parameters. In subject 11(D-F) the OCI (F) nearly doubled once the FOBN was inserted into the target
nodule (E). The tumor was histologically diagnosed as a non-small cell lung carcinoma (NSCLC). OCI
data represent mean values ± standard error of the mean.

5

Two observations in particular are important with regards to the clinical relevance of
our approach. First, comparison of the DRS OCI values with the biopsy reports showed
that in 10 out of 11 patients, tumor tissue could be correctly identified based on an
increase in the OCI. Second, one of the subjects (subject 3 in Table 5.1 and Figure 5.6)
underwent a biopsy of an 18 mm lesion located close to the diaphragm. Positioning
of the FOBN was challenging due to respiratory movement, but fluoroscopic imaging
suggested that the tumor was sampled correctly. Pathological analysis of the tissue
biopsy taken at that specific location revealed non-diagnostic material. Subsequent
repeated biopsy demonstrated moderately differentiated adenocarcinoma. When
evaluating the DRS measurements of the first TNB procedure, the OCI suggested that
at the moment of the biopsy the FOBN was not in contact with the tumor tissue. If this
feedback would have been used, a corrective manipulation of the needle could have
increased the chance of an adequate biopsy during the first procedure. These results
show that the OCI matched with final pathology in all 11 clinical cases.
DISCUSSION
The DRS-FOBN is an advancement for several reasons: (i) it adds tissue sensing
functionality to a biopsy needle tip while retaining all biopsy capabilities; (ii) it
operates in real time and provides diagnostic information to the physician, thereby
enabling more accurate needle positioning; (iii) it can be used in conjunction with
conventional imaging modalities, such as (CT) fluoroscopy or ultrasound, exploiting
the complementary strengths of each method; (iv) it can easily be translated into
routine clinical use of biopsy procedures. With these attributes, DRS-FOBN offers
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Table 5.1. Demographics and individual data for patients (n= 11).
Study
no.

Age
(years)

Smoker

Tumor
diameter
(mm)

Procedure
planning
time (min)

Procedure
time (min)

OCI

Histopathology

1

61

Yes

52

13.7

5.7

3.38

Non-small cell lung
carcinoma

2

75

Yes

63

N/A

1.9

1.12

Non-small cell lung
carcinoma

3

71

Yes

18

4.5

6.6

0.72

Non-diagnostic; only
lung parenchyma

4

67

No

47

3.6

4.3

9.65

Metastasis colon
carcinoma

5

69

Yes

17

6.5

4.8

>10

Non-small cell lung
carcinoma

6

76

Yes

17

4.3

3.0

1.37

Non-small cell lung
carcinoma

7

47

Yes

29

4.5

5.0

1.73

Non-small cell lung
carcinoma

8

54

Yes

60

7.0

4.2

3.56

Non-small cell lung
carcinoma

9

80

No

18

5.8

16.6

2.97

Non-small cell lung
carcinoma

10

67

Yes

40

7.6

3.3

1.43

Non-small cell lung
carcinoma

11

65

Yes

27

4.1

6.1

1.95

Non-small cell lung
carcinoma

Note: per-patient discrimination for lung parenchyma versus tumor tissue, based on DRS parameters.
Between brackets: the first number indicates the number of correctly classified measurements, the
second number represents the total number of measurements taken. The clinical diagnosis was based
on histopathological analysis.

an integrated solution for spectroscopic biopsy guidance. Tissue sensing and biopsy
capabilities are conveniently linked in a manner that provides optimal conditions for
both reliable tissue identification (DRS data-acquisition in a wide spectral range) and
adequate tissue sampling (the full volume of the notch is available for securing the
sample).
A key feature of our system is its ability to perform reliable estimation of
diagnostically relevant tissue parameters, regardless of the amount of blood that is
encountered. Our system provides quantitative information that corresponds well
with differences in tissue structure and composition. We found that water content and
scattering are the primary discriminators for the transitioning from healthy lung tissue
to tumor tissue. These findings are consistent with previous preclinical studies.19,20
Using the outlined technology, we demonstrated the clinical feasibility in 11 routine
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lung biopsy procedures. In this limited series, the identified DRS optical contrast, when
matched against histology, could be used to assess needle positioning in each clinical
case.
Primary lung tumors frequently occur in patients with chronic obstructive pulmonary
diseases (COPD). The relationship between these diseases is based upon smoking as
mutual risk factor. In COPD like emphysema normal lung tissue architecture is affected,
accompanied by the destruction of alveolar walls. In the current study 9 out of the
10 patients with a primary lung tumor were smokers. As healthy lung tissue mainly
consists of air-filled alveoli and optical contrast between tumor and surrounding tissue
is basically based on tissue density, we do not anticipate any problems in applying the
method to non-COPD patients. However, additional research is needed for evaluating
effects of (severe) emphysema on optical parameters.
During transthoracic biopsy, breath holding instructions are important, especially
during biopsy of lung lesions closer to diaphragm due to respiratory motion. One
of the main advantages of the proposed methodology lies in its speed of tissue
characterization by spectroscopic analysis. To enable the radiologist to take a tissue
sample at the right moment, based on the changes in the derived DRS parameter,
spectral data acquisition and processing should be performed (near) real time. The
current prototype system and software settings were optimized for acquisition of high
quality DRS research data and spectra were acquired with subsecond acquisition times
(300-700 ms). Simple adjustments to the system configuration would enable almost
immediate feedback on the tissue at the needle tip.
Standard-of-care procedures, even when carefully performed by highly skilled
and experienced radiologists, can miss small pulmonary lesions due to location,
size, and respiratory motion during the biopsy procedure. Accurate real time tissue
identification during biopsy procedures, as described in this study, can shift the
paradigm of diagnostic biopsies by enabling accurate tissue sampling of lesions that
are difficult or impossible to sample by fluoroscopic imaging alone. This may not only
help to increase the biopsy yield for histopathological analysis, but may also allow
specific sampling of vital tumor tissue when needed, such as for genetic profiling for
tailored treatment (personalized medicine).7,8 We anticipate that DRS-based biopsy
guidance, as described in this study, is not limited to lung cancer, but may also be used
for breast 9-12, liver 13, and other cancer types. Larger multicenter studies are needed to
confirm our data and further elucidate the diagnostic value (sensitivity and specificity)
of the reported method for lung cancer and other tumors.
We conclude that real time spectroscopic guidance is an important new step
to optimize the diagnostic performance and the quality of biopsy procedures in
clinical practice. The presented technology creates a basis for the design and clinical
implementation of integrated fiber-optic tools for a variety of minimal invasive
applications.
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ABSTRACT
Difficulties in obtaining a representative tissue sample are a major obstacle in timely
selecting the optimal treatment for patients with lung cancer or other malignancies.
Having a modality to provide needle guidance and confirm exact biopsy site selection
could be of great clinical benefit, especially when small masses are targeted. In the
current study we demonstrate the use of a technology platform that allows spectral
tissue sensing at the tip of a biopsy needle and provides diagnoses in real time,
thereby enabling optimized biopsy acquisition and improving diagnostic capability.
We included a total of 22 patients undergoing a routine computed tomographic
guided transthoracic needle biopsy of a lesion suspected for lung cancer or metastatic
disease. Diffuse reflectance spectroscopy (DRS) measurements were acquired during
needle insertion and clinically relevant parameters were extracted from the spectral
data along the needle paths. DRS allowed robust tissue characterization based on
structural and compositional differences between tumor tissue and surrounding
healthy lung tissue. Analysis of the collective data acquired from all enrolled subjects
showed significant differences (p < 0.01) for blood content, stO 2, water content, and
scattering amplitude. The identified spectral contrast matched the final pathology in
19 out of 21 clinical cases that could be used for analysis, which corresponds with
an overall diagnostic performance of 90%. Three cases underlined the importance of
adequate reference measurements and the need for real time diagnostic feedback.
The presented technology creates a basis for the design and clinical implementation
of integrated fiber-optic tools for a variety of minimal invasive applications.
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INTRODUCTION
Advances in molecular biology are improving the understanding of lung cancer and
directing clinical decision making. Consequently, representative tissue samples
for histologic characterization and mutation analysis are increasingly important.
The modality selected for tissue diagnosis depends on multiple factors, including
size, morphology, and – most important – location of the target lesion. For central
pulmonary lesions the preferred method for tissue sampling is transbronchial needle
aspiration (TBNA) via standard flexible bronchoscopy. TBNA may provide diagnostic
yields as high as 86%,1 but the yield strongly depends on the location and size of the
pulmonary nodule. In case of small (< 2 cm) lesions located in the periphery of the
lung, the diagnostic yield is low (40-46%) 2-4.
Guidance by additional modalities such as endobronchial ultrasound or electromagnetic navigation may increase diagnostic performance, but diagnostic accuracy
remains poor (56%) for small lesions. 5,6 For these peripherally lung nodules that are
difficult to reach by bronchoscopy, percutaneous transthoracic fine needle aspirations
(FNA) or core needle biopsies (CNB) are advocated. Although these procedures are
generally performed under CT or fluoroscopy guidance, positioning the biopsy needle
in or near small nodules remains challenging. As a consequence, the target lesion may
be missed, which results in a false negative diagnosis. Furthermore, biopsies may be
inconclusive because non-diagnostic, necrotic material is obtained. Altogether, the
reported failure rates for percutaneous transthoracic biopsies are up to 23%.4,7-9 In
order to position the biopsy needle under image guidance more accurately, characterization of tissue at the tip of the needle would be of additional value. Current biopsy
needles do not have tissue feedback possibilities.
In recent years, promising achievements have been made in the field of diffuse
reflectance spectroscopy (DRS). Diffuse Reflectance Spectroscopy (DRS) enables
tissue characterization by illuminating the tissue with a selected spectral band of
light collecting diffusely reflected light. The light that is recollected has travelled
through the tissue and contains information about the tissue’s absorption and
scattering properties. Analysis of this spectral signature provides specific quantitative
morphologic, biochemical and functional information. We propose the use of a
simple-to-use fiber-optic probe, which is integrated into biopsy needles that are
commonly used for routine diagnostic purposes. Such a smart biopsy device would
allow near real time measurement of tissue optical properties at the tip of the needle
by DRS. This approach would allow rapid diagnosis in vivo and could therefore be used
to increase the biopsy yield and prevent repeated biopsy procedures.
Our group has previously validated a DRS spectroscopy platform that allows DRS
tissue sensing at the tip of a biopsy needle with integrated optical fibers.10,11 We
demonstrated the value of the system by assessing its preliminary performance in a
small number of patients (chapter 5 of this thesis). In the current study the performance
of our method is investigated in a larger cohort of patients and a link is made between
pooled results of the cohort data and results based on individual patient analysis.
Furthermore possible improvements for future clinical applicability were identified.
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MATERIALS AND METHODS
Patients
The protocols for the clinical study were reviewed and approved by the institutional
review board of The Netherlands Cancer Institute - Antoni van Leeuwenhoek hospital.
The study was registered at the Dutch Trial Register (NTR3651) and the U.S. National
Institutes of Health Clinical Trial Database (NCT01730365). Patients with suspicious
pulmonary lesions who were scheduled for a standard core needle biopsy were
recruited for study participation. The lesions were required to be greater than 1 cm, be
located in the pulmonary parenchyma at least 1 cm away from the pleural surface and
had to be safely accessible by a transthoracic core biopsy needle. Patients at increased
risk of bleeding were excluded. All patients gave written informed consent prior to the
experimental procedures.
Instrumentation
The general principles of DRS, the operating features of the DRS system, the calibration
procedures, and fiber-optic biopsy needle (FOBN) have been described previously.12,13
Briefly, the 16G FOBN (Invivo Germany, Schwerin, Germany) consists of one 100 μm
diameter fiber for light delivery and two identical adjacent fibers with a diameter of
200 μm for the collection of the reflected light. The distance between the emitting and
collecting fibers at the needle tip was 1.36 mm, resulting in a tissue probing depth of
approximately 1-2 mm. The optical fibers from the FOBN were connected to the DRS
system, which consists of a broad-band light source (Tungsten halogen; 360-2500 nm)
and two spectrometers: one which resolves the light in the visible wavelength range,
i.e. 400 up to 1050 nm (Andor Technology, DU420A-BRDD) and one which resolves
near infrared light from 900 up to 1700 nm (Andor Technology, DU492A-1.7). For each
procedure the system was calibrated for system response by measuring reflectance
from a spectrally flat barium sulfate casing around a non-sterile calibration needle.
This permitted correction for spectral variations of the light source, spectrometer, and
fiber transmission. After the calibration, the calibration needle was disconnected and
the sterile-packaged experimental needle was connected.
Study procedures
All patients underwent a free-breathing CT-scan (16-slice Somatom Sensation Open,
Siemens, Erlangen, Germany) as part of the standard procedure planning. The
radiologist was blinded to the DRS system output. The fiber-optic biopsy needle was
inserted at the planned entry point and sets of 3-5 reflectance spectra were acquired
from healthy lung tissue, tissue at the tumor border, and tumor tissue. Directly after
acquisition of the final DRS data, a tissue sample was taken from the target lesion
using the FOBN. By using this biopsy needle with integrated fiber-optics, precise
co-registration of DRS recordings and tissue biopsies was ensured.
Tissue processing
The distal end of the tissue samples was marked with yellow tissue marking dye
(Polysciences Inc., Warrington, United Kingdom) for orientation purposes. The samples
were formalin-fixed and processed according to routine histopathology. Tissue samples
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were processed via standard histological procedures. After paraffin embedding, the
samples were sectioned and stained with standard hematoxylin and eosin (H&E) (Merck,
Darmstadt, Germany). The resulting tissue slices were examined by light microscopy by
an experienced pathologist who was blinded to the spectroscopic findings. The glass
slides were digitized by a histologic slide scanner (ScanScope - Aperio Technologies
Inc., Vista, California). Pathology results were compared with the DRS data at the final
measurement position.
Spectral data analysis
DRS measurements were spectrally fitted with an analytical model by Farrell et al.14
that was derived from the diffusion theory using a Levenberg–Marquardt non-linear
inversion algorithm to determine the absorption coefficient μ a(λ) and the reduced
scattering coefficient μ s‘(λ) expressed in cm−1. The validation of the model, including
spectral calibration procedures, and its application in various preclinical studies were
described in detail elsewhere.10,11,15,16 The model uses prior knowledge of light-tissue
interaction to translate the acquired spectra into estimates of various absorption
and scattering parameters, such as biological volume fractions (e.g. blood, water),
oxygenation level of blood [stO 2] and the reduced scattering coefficient at 800 nm
[µ s’(800)]. These optical measures can be related to cell density, cell size, or air.

6

Outcome measures and statistics
Tissue parameters determined from DRS spectral measurements (e.g. blood, stO2,
water, µ s’(800)) were compared between tumor tissue and normal tissue using a
generalized estimating equations (GEEs) approach with controlling for repeated
measurements within the same subject. These DRS parameters were assumed to be
normally distributed. Within-patient dependencies were represented by the correlation
matrix where all pairwise correlations were assumed to be equal (equicorrelated). The
analyses were performed using the GEEQBOX toolbox in Matlab 8.4 (MathWorks Inc.,
Natick, Massachusetts) and p < 0.01 were considered statistically significant.
To compare the results of the pooled analysis and individual patient data, parameter
values for blood content, stO2, water content, and µ s’(800) were scaled to the average
values measured within each patient. Furthermore, an optical contrast index (OCI) was
calculated. The OCI was defined as the relative difference in the water-to-scattering
ratio between tumor and lung tissue within the same individual. The OCI was calculated
using the simple formula:

OCI =

[ water µ s' (800)] Tumor
[ water µ s' (800)] Normal

(Eq. 6.1)

where [water / μ s‘(800)] Tumor and [water / μ s‘(800)] Normal correspond to the average
water-to-scattering ratio measured in tumor tissue and surrounding normal lung tissue,
respectively.
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Table 6.1. Histopathology findings for the 22 suspicious lung lesions.
Lesion

Clinical diagnosis

n

Malignant tumor (n= 20 )

Non-small-cell lung
carcinoma

17

Metastasis of a colon
carcinoma

1

Metastasis of a
carcinoma of the ovary

1

Metastasis pleiomorf
sarcoma

1

Benign tumor (n= 1 )

Hamartoma

1

Non-diagnostic (n= 1)

Lung parenchyma

1

Total

22

Figure 6.1. | Example of added quantitative spectral functionality during routine lung biopsy. (A)
Positioning of the FOBN based on CT fluoroscopy imaging in lung tissue, near the target lesion
and in the target lesion prior to biopsy. (B) Co-registered DRS measurements (blue dotted line) and
corresponding fit curves (red lines). (C) Data for blood, stO2, water and µs’(800) represent mean values
± standard error of the mean. N: normal lung parenchyma; B: tumor border; T: tumor.

84

20151019_thesis.indd 84

19-10-2015 16:02:13

6
Figure 6.2. | DRS parameter quantification. (A) Bar graphs showing the values for blood, stO2, water,
and µs’(800) as measured in lung parenchyma (Normal), at the tumor border (Border) and in the target
lesion (Tumor). Values are given as the mean ± standard error, adjusted for repeated measurements.
*p < 0.01. NS: not significant. (B) Relative differences in blood, stO2, water, and µs’(800) between lung
parenchyma and tumor for individual needle insertions (n= 22).

RESULTS
A total of 230 DRS spectra were acquired during 22 transthoracic biopsy procedures
(patient median age: 67 years, range 41-80). Histopathological examination of the
targeted tissue revealed a total of 20 malignancies and one hamartoma (Table 6.1).
One tissue sample was non-diagnostic. The median tumor size was 27 mm (range 12–
63 mm). For each patient, DRS measurements were acquired during needle insertion
and clinically relevant parameters were extracted from the optical data along the
needle paths. An example is shown in Figure 6.1. For all patients, DRS parameter
quantification was performed as part of the model-based data analysis. In Figure 6.2
boxplots of relevant DRS parameters are shown. When the collective data acquired
from all enrolled subjects were statistically compared, significant differences (p < 0.01)
between tumor tissue and surrounding healthy lung tissue were noted for stO2, water
content, and µs’(800). On average more blood was encountered during measurements
in healthy lung tissue, but this difference was not statistically significant. Earlier we
found that when performing pooled analysis of all spectra, DRS parameters may show
considerable overlap between various tissue types due to inter-patient variation.
Relative changes in DRS parameters that occur in a particular insertion may be used to
overcome this effect.17 We therefore determined the relative contrast between tumor
and normal tissue based on the spectroscopically derived values for blood content,
stO2, water content, and µs’(800) for each patient individually (Figure 6.2B). For this
parameter values for lung parenchyma and tumor tissue were scaled to the average
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Figure 6.3. | Relative changes in optical contrast index (OCI) determined for n= 22 patients, based
on the spectroscopically derived values for water and µs’(800). The OCI was defined as the water-toscattering ratio in tumor using normal lung tissue as each patient’s internal reference (dotted line;
OCI= 1).

Figure 6.4. | (A) Fluoroscopic imaging of subject 16 confirms that reference measurements were
taken in lung parenchyma. However, these measurements appeared to contain 92% blood. (B) In
subject 19 fluoroscopic imaging suggests that reference measurements were not taken in healthy lung
parenchyma. Both clinical cases underline the importance of adequate reference measurements. N:
normal lung parenchyma; T: tumor.

86

20151019_thesis.indd 86

19-10-2015 16:02:15

value of the parameter measured within each patient. Note that for stO 2, water content,
and µ s’(800) the trends from lung parenchyma to tumor tissue showed the same
tendency for most patients (down for stO2 and µ s’(800); up for water content). In most
patients more blood was encountered in healthy lung parenchyma, but considerable
differences between patients was seen. Whereas water content and µ s’(800) are mainly
linked to tissue structure and composition, the amount of measured blood content is
susceptible to bleeding at the tip of the needle (see chapter 5 of this thesis). To verify
the performance of the FOBN per individual, we extracted the information provided
by the FOBN along each needle path by calculating the optical contrast index (OCI),
which represents the relative difference in the water-to-scattering ratio between tumor
and lung tissue within the same individual.
Comparison of the DRS OCI values with the biopsy reports showed that in 18 out
of 22 patients, tumor tissue could be correctly identified based on an increase in the
OCI. (Figure 6.3). In four cases the OCI did not increase during the biopsy procedure.
One of these cases (subject 3) appeared to be a “true-negative”; the OCI measured
just before biopsy indicated that FOBN was not positioned in or near the lesion.
Histopathological analysis of the biopsy sample confirmed that the targeted lesion
was missed. Thus if this feedback would have been used, a corrective manipulation of
the needle may have increased the chance of an adequate biopsy.
As mentioned previously, the integrated fiber-optic biopsy tool used for the
spectral measurements enables 1:1 correlation between spectral data and the tissue
sample taken at the same location. However, in one patient (subject 18), during the
procedure the fluoroscopic imaging showed that the needle was slightly moved
between the final spectral measurements and the actual tissue biopsy. This resulted
in a mismatch between DRS end points and pathology analysis. This observation
highlights the importance of real time measurements and data processing in order
to allow necessary adjustments of needle positioning based on the changes in the
derived DRS parameters.
Furthermore, we found that in two patients (Figure 6.4: subject 16 and subject 19)
inadequate reference measurements in normal lung parenchyma led to impaired lesion
identification when using the OCI as end point. The fluoroscopic imaging of subject
16 (Figure 6.4A) suggested that DRS reference measurements were taken in healthy
lung parenchyma. However, based on DRS blood content (>90%) these measurements
might have been taken near a small blood vessel or minor bleeding at the needle tip. In
subject 19 (Figure 6.4B) fluoroscopic imaging indicated that reference measurements
were not taken in healthy lung parenchyma, but in consolidated tissue. What is
important to note, is that in both clinical cases either spectral information (measured
blood content) or procedural fluoroscopy imaging could have been used to inform the
operator about the (in)adequacy of the reference measurements.

6

DISCUSSION
In the current study, we sought to assess the potential of DRS as a platform for the real
time lesion identification during routine transthoracic core-needle biopsy procedures.
We believe that feasibility and usability have been demonstrated successfully. Earlier
we reported on the first successful application of our approach in a small number of
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patients undergoing transthoracic needle biopsy for suspicious lung lesions. It was
shown that relative changes in the water content and µ s’(800) that occur in a particular
insertions may be used to overcome the effect of inter-patient variation. Tissue
diagnosis derived from DRS was diagnostically discriminant in each of the 11 clinical
cases. In the current study we performed further clinical testing in a similar clinical
setup and determined improvements for future clinical applicability of our system.
A total of 22 transthoracic lung needle biopsies performed under fluoroscopy
imaging. Tissue water content, stO 2, and µ s’(800) showed statistically significant
differences when the needle tip was guided from normal lung tissue to the target
lesions. These findings are in line with our previous studies.10,11,17 Relative differences
in water-to-scattering ratio matched with final pathology in 19 out of 21 clinical
cases that could be used for analysis. This corresponds with an overall diagnostic
performance of 90%. Two clinical cases underlined that a robust internal reference
measurement is needed for accurate detection of transitional changes along the
needle track. Furthermore, we learned that the diagnostic spectral information should
be presented in real time to minimize discrepancies between DRS measurements and
actual biopsy site due to needle movement.
The key advantage of our system is that is that the narrow wavelength range
commonly used in DRS (typically between 400-900 nm) was extended into the
near-infrared region up to 1600 nm where blood has no significant absorption features.
This feature helps to overcome the effect of dominant absorption by excessive
amounts of hemoglobin in the visible wavelength region (400-700 nm). Furthermore,
it enables the quantification of water content which is an important measure for lung
tissue density. Earlier, we found that the reliability (i.e. confidence intervals) for water
content and µ s’(800) is not affected by the amount of blood at the needle tip (chapter
5 of this thesis). However, in case of excessive pooling of blood at the needle tip, DRS
output parameters might not reflect the tissue’s true physiological composition. Thus,
although the estimates for the DRS parameter values may be valid, the parameter
values may partly reflect the optical properties of blood. Nevertheless, the blood
content -which is accurately quantified- could be provided as feedback to the physician,
thereby allowing necessary adjustments of the needle to reduce the effect of blood
contamination.
From a clinical point of view, a system for spectral tissue sensing should provide
clear contrast between the target tissue (tumor) and surrounding tissue. However, from
the results of this study we learned that spectral tissue feedback should preferable
also include information about the reliability of the spectral measurement and the
certainty of an assigned tissue diagnosis. A strategy using a combination of multiple
DRS parameters (including blood content) and corresponding confidence intervals
may have the potential to improve the overall reliability of a future clinical application.
Because STS is performed from tissues that are close to the needle tip (1-2 mm),
we expect that spectral information will ultimately be used complementary to image
guidance (e.g., fluoroscopic imaging). By providing crucial information just before the
tissue sample is taken STS may help to reduce the number of false-negative biopsies
with minimal impact on routine clinical workflow. The current experimental system was
designed for clinical studies and has proven to be compatible with the existing clinical
workflow of transthoracic lung biopsy procedures. Because of the observational
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nature of this study, the collected data were not shown to the radiologist. Further
clinical validation of the outlined approach in a prospective setting or (subsequent)
clinical implementation would require that the spectral information is translated into
comprehensible and reliable diagnostic information in real time. Precise biopsy needle
placement and positioning will remain the basis of every successful biopsy procedure.
CT-guided core needle biopsy is viewed as a safe procedure of diagnosing pulmonary
nodules, but accuracy decreases with a smaller lesion size, making definitive diagnosis
difficult. Conventional CT-guided needle biopsies of the lung do not allow real time
visualization of the needle tip or the site of the lesion. This lack of real time imaging
capability is one reasons for a decrease in diagnostic accuracy.18 We expect that
once optimized, the combined use of image guidance and real time spectral tissue
characterization may improve the diagnostic performance of transthoracic biopsies
of small peripheral lung lesions to 90-95%. This objective should be challenged in a
larger prospective diagnostic study.
There are various tissue sampling methods available for the evaluation of the
pulmonary lesions. Recently, newer imaging methods that may be used in conjunction
with one or more sampling techniques have gained interest, such as endoscopic
ultrasound (EUS), endobronchial ultrasound (EBUS), and electromagnetic navigational
bronchoscopy (EMB).19 Another emerging technology is bronchoscopic trans-parenchymal nodule access (BTPNA). BTPNA improves the accessibility of peripheral
nodules since it allows access to a lung lesion from the airway through a direct pathway
from the bronchus without relying on the anatomy of the airway to reach the target.
In recent pilot studies BTPNA has shown to be safe and feasible, but the procedure
is more complicated than conventional pulmonary biopsy methods. 20,21 In the future,
BTPNA may have a complimentary role with transthoracic needle biopsy, as the lather
may remain the preferred biopsy method for lesions in certain anatomical locations. In
either way, efforts are focused on optimizing tissue acquisition. Having a modality that
enables real time biopsy site confirmation could help to obtain tissue specimens that
are of sufficient quality as well as quantity for both histological diagnosis and molecular
analysis. We conclude that DRS tissue sensing integrated into a biopsy needle may be
a powerful new tool for biopsy guidance that can be readily used in routine diagnostic
lung biopsy procedures. Given the feasibility of the outlined approach, it is also
conceivable to make integrated tools for other oncological procedures that rely on
accurate instrument positioning.
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ABSTRACT
Despite the widespread use of radiofrequency (RF) ablation, an effective way to assess
thermal tissue damage during and after the procedure is still lacking. We present a
method for monitoring RF ablation efficacy based on thermally induced methemoglobin
(metHb) as a marker for full tissue ablation. Diffuse reflectance spectra were measured
from human blood samples during gradual heating of the samples from 37 to 60,
70, and 85°C. Additionally, reflectance spectra were recorded real time during RF
ablation of human liver tissue ex vivo and in vivo. Specific spectral characteristics
of metHb were extracted from the spectral slopes using a custom optical ablation
ratio. Thermal coagulation of blood caused significant changes in the spectral slopes,
which is thought to be caused by the formation of metHb. The time course of these
changes was clearly dependent on the heating temperature. RF ablation of liver tissue
essentially led to similar spectral alterations. In vivo DRS measurements confirmed that
the method could be used to assess the degree of thermal damage during RF ablation
and long after the tissue cooled.
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INTRODUCTION
Radiofrequency (RF) tumor ablation is a thermal ablation technique using a needle-type
electrode that is inserted into malignant tissue. The technique is widely used for the
treatment of malignant lesions in the liver, kidneys, and lungs. To completely destroy a
tumor, the entire lesion must be heated to cytotoxic temperatures. However, lesion size
and local blood flow often complicate heating of the entire tumor volume, resulting in
heterogeneity of heat deposition throughout a given lesion to be treated. Determining
whether a complete tumor ablation has been achieved is difficult as there is no method
to accurately evaluate the extent of the ablation zone. The local tumor recurrence rates
after liver RF ablation vary significantly between published series, with local tumor
recurrence rates of 3.6%1,2 to 60% 3, where the latter is mainly due to incomplete
ablation of the tumor margin. Real time monitoring could contribute to locally effective
destruction of tumor tissue in combination with a preservation of healthy liver tissue.
Optical spectroscopy techniques, such as diffuse reflectance spectroscopy (DRS)
at the tip of a thin fiber-optic needle, may enable real time monitoring by measuring
specific physiological information from the examined tissue. Unlike temperature
monitoring with use of thermocouples, which measure the temporary effects of
ablation, DRS could be used to detect persistent chemical and structural changes
undergone by tissue during thermal ablation. This may allow real time monitoring of
the progress of ablation and the adequacy well after the ablation has been completed.
Various groups have successfully focused on spectroscopic detection of thermal
damage of liver tissue. It was shown that an increase in reflectance intensity and a
decrease in overall fluorescence intensity correlated with the histological degree of
thermal damage.4-6 However, focusing on absolute spectral intensities as an endpoint
is prone to be affected by needle movement, pooling of (coagulated) blood around the
probe tip, and differences in instrumentation or calibration. Instead of evaluating the
absolute magnitude of the spectrum, we propose to use semiquantitative information
extracted from the spectra that indicates irreversible tissue injury. Such a method
may be more sensitive to subtle heat-induced changes and may provide advanced
characterization of irreversible tissue damage.
Depending on the duration of heating and the tissue susceptibility for thermal
damage, irreversible tissue damage occurs at a threshold temperature of approximately
60°C.7 It is, therefore, important to identify markers that indicate whether or not this
threshold temperature has been reached. When tissue is subjected to increasing heat,
tissue proteins start a denaturation process and undergo irreversible structural changes.
In addition, methemoglobin (metHb) is formed from hemoglobin at temperatures
>60°C, making it a potential marker for irreversible liver tissue damage.8
The group of Tromberg developed a broad-band diffuse optical spectroscopy
(600 to 1000 nm) method to derive tissue concentrations of metHb and four other
chromophores. Chromophore concentrations could accurately be monitored in vivo,
despite significant overlapping spectral features.9 Formation of metHb following heat
exposure has been reported by a few other studies for a variety of clinical applications.
Barton et al. found that changes in the optical properties of hemoglobin in a skin
model do occur during laser irradiation with a 532 nm wavelength based on the
detection of thermally induced metHb.10 More recently, Randeberg et al. showed
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that measurements of the average metHb concentrations in port-wine stains and
telangiectasia veins immediately after laser exposure may be used to verify that the
blood temperature has been sufficiently high to induce thermal damage to the vessel
wall.11 In the same way, high amounts of spectroscopically detected metHb appeared
to be a good indicator of non-viability of thermal wounds.12 The aim of the present
study is to investigate whether DRS could be used to assess the efficacy of RF tumor
ablation.
MATERIALS AND METHODS
Spectroscopic system
Reflectance spectra were acquired using a portable spectroscopic system as illustrated
in Figure 7.1. For illumination of the tissue, a white light halogen broad-band light
source (360 to 2500 nm) with an internal shutter was used. The tissue was probed using
a clinical-grade disposable 15G fiber-embedded needle (Invivo Germany, Schwerin,
Germany). The probe had one fiber (200 μm) connected to the light source and another
fiber (200 μm) connected to a spectrometer (DU420A-BRDD, Andor Technology, Belfast,
United Kingdom), optimized for wavelengths between 400 and 1050 nm with a spectral
resolution of 4 nm. The center-to-center distance between the emitting and collecting
fibers was 0.34 mm. The probe had a polished angle tip of 72° to minimize tissue
damage during insertion, while the fiber ends were cut straight. The spectroscopy
needle was made from materials that are heat resistant in the temperature range that
was investigated. DRS spectra were acquired with a 0.3 to 1.0 sec integration time,
depending on the signal intensity at the start of each experiment. The integration time
was kept constant during each experiment. The system was controlled by a custom
LabVIEW software user interface (National Instruments, Austin, Texas).

Figure 7.1. | Schematic overview of the spectroscopy setup.
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Preparation and heating of blood samples
Human venous blood (hematocrit = 41%) was obtained from a healthy human donor.
The blood was preserved in an ethylenediaminetetraacetic acid (EDTA) tube to prevent
coagulation. In the visible wavelength range, the optical absorption of hemoglobin
in blood is dominant compared to the scattering due to red blood cells. To enhance
diffuse reflectance of the samples, Intralipid ® -20% was added as a highly scattering
medium. Saline was added to obtain a blood concentration representative for liver
tissue.13 The stock solution that was prepared contained 10% blood, 70% saline, and
20% Intralipid®-20%. To evaluate the effect of thermal coagulation, six samples of
the stock solution were placed in 1.5 ml cuvettes and heated from 37 to 60, 70, and
80°C, respectively. For this purpose, a thermostat-controlled dry block heater (DB-2D,
Techne, Staffordshire, United Kingdom) was used. Once the set temperature was
reached (after 3 to 5 min), the temperature was maintained for 15 min. The temperature
of the samples was monitored by placing a digital thermometer in a dummy sample.
Reflectance spectra of the samples were acquired continuously with an interval of 60
sec during the whole procedure.
Ex vivo RF ablation monitoring
Prior to any human tissue experiments, it was confirmed that the obtained temperatures
did not affect the spectral acquisitions in any way. This was done by heating
Intralipid ® -20% to the typical maximum temperatures achieved during RF ablation (60
to 90°C)14. Ex vivo reflectance spectra were acquired during RF ablation on two human
liver resection specimens after partial hepatic resection for colorectal liver metastases.
Within 10 min. after partial hepatic resection, the freshly excised tissue was grossly
inspected by the surgeon and released for the experimental procedure. Under
ultrasound (US) guidance, an RF electrode (Cool-tip™ RF ablation system, Covidien,
Boulder, Colorado) was placed in the tumor such that an ablation zone of 4 cm could
be achieved, including surrounding normal liver parenchyma. Using US imaging, the
spectroscopy needle was inserted into the liver parenchyma directly outside the tumor,
but within the expected zone of ablation. Reflectance spectra were continuously
acquired (interval 30 sec) during the whole ablation procedure and continued for 5 min
after the ablation was terminated in order to investigate any reversible spectroscopic
changes. US was used to confirm that the spectroscopy needle tip was located within
the coagulated tissue.

7

In vivo study procedures
To investigate heat-induced spectral changes in vivo, reflectance measurements
were performed during an open RF procedure (4 to 8 min) during a laparotomy in a
patient with unresectable colorectal liver metastases. This study was performed at The
Netherlands Cancer Institute under approval from the internal review board committee
(Dutch Trial Register NTR2557). Just as in the ex vivo experiments, intraoperative US
imaging was used for accurate positioning of the RF electrode and the spectroscopy
needle. The RF electrode was inserted in the tumor, whereas the spectroscopy needle
was placed just outside the tumor through a standard 14G guidance cannula (Invivo
Germany, Schwerin, Germany) and was not further manipulated. Two sets of 20
reflectance spectra were acquired from exactly the same location before and after
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ablation. After performing the optical measurements, the spectroscopy needle was
retracted and a 16G core needle biopsy from the measurement site was taken through
the same cannula. The sample was stored on-site at −80°C to allow for histopathological
evaluation. Ablation was performed under standard operating procedures (according
to the manufacturer’s guidelines) over a 12-min period, using an internally cooled
tripod RF electrode (Cool-tip™ RF ablation system, Covidien, Boulder, Colorado).
Histological evaluations and thermal damage assessment
At the pathology department, the tissue samples were processed using a marker for
cell metabolism nicotinamide adenine dinucleotide (NADH) diaphorase to determine
the degree of cell death. All slides were reviewed by a single pathologist blinded
to the tissue treatment. Viable tissue (positive staining) was defined by a blue color
on NADH staining. Non-viable tissue remained unstained (negative staining) and was
typically pink or yellow.
Spectral data processing and derivative analysis
The measured reflectance spectra were preprocessed using a Butterworth secondorder low-pass filter to reduce signal noise. To investigate subtle changes in the shape
of the reflectance spectra, a first-order derivative analysis was applied. The following
equation was used to calculate the spectral slope (first-order derivative) from the
filtered spectra:

R (λi +1 ) − R(λi )
λi +1 − λi

R'(λi ) =
									(Eq.
7.1)
where λ i+1 and λ i are the adjacent wavelengths. R(λ i) and R’(λ i) are the original
reflectance measurement and corresponding spectral slope at band λ i, respectively.
The reflectance measurements and corresponding spectral slope were evaluated for
wavelengths ranging from 450 to 800 nm. Previous research has shown that hemoglobin
derivates – such as oxyhemoglobin (oxyHb) and deoxyhemoglobin (deoxyHb) - and
bile are important chromophores in the liver because they significantly absorb in the
visible wavelength range.15-17 Figure 7.2 shows the absorbance spectra for oxyHb,15
deoxyHb,15 metHb,15 and bile,18 and the corresponding spectral slopes over the
range of 450 to 800 nm.
DeoxyHb has an absorption maxima at 556 and 758 nm, whereas oxyHb shows twin
peaks at 546 and 577 nm. When inspecting the reflectance measurements of the RF
ablated liver, it was observed that an additional absorption feature was present between
600 and 650 nm. In the literature, it has been shown that a chemical change occurs in
hemoglobin at a critical temperature creating metHb, an oxidized form of hemoglobin,
which is incapable of exchanging oxygen.10 MetHb absorbs at 633 nm, with a positive
peak that is not affected by other components (Figure 7.2a). This absorption feature
sharply declines between 633 and 700 nm and results in a characteristic peak in the
spectral slope around 645 nm (Figure 7.2b). Examples of a reflectance measurement (R)
of fully coagulated blood (85°C; >10 min) and the corresponding spectral slope (R’) are
shown in Figure 7.3. The reflectance spectrum measured prior to heating has a clear
oxyHb signature, as shown in Figure 7.3a (blue line). The reflectance measured after
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Figure 7.2. | Extinction coefficients (a) and corresponding spectral slope (b) for oxyHb, deoxyHb, bile,
and metHb. Data from Refs. 15 and 18.

7

Figure 7.3. | Examples of reflectance spectra (R) of a human blood sample, measured before
(blue lines) and after (red lines) full coagulation. Intensities are given in arbitrary units. In (b), the
corresponding spectral slopes (R’) are shown. The values of R’ are normalized to the maximal intensity
between 450 and 800 nm. (c) illustrates how peaks in the spectral slopes were used for quantification
of metHb.

full coagulation of the sample was spectrophotometrically identified as metHb. There
is a pronounced increase in absorption between 600 and 700 nm. The latter results
in a small negative peak around 630 nm and a strong positive peak at 675 nm in the
spectral slope, as shown in Figure 7.3b. Since the wavelength of the peak minima and
maxima may shift due to changes in light scattering, automatic peak detection was used
to determine the exact wavelength of these peaks for each individual measurement.
For all reflectance measurements, parameterization (denoted as Y; Figure 7.3c) was
achieved by calculating the difference between both peaks in the spectral slope using
the equation:

Y = R ' (λ 2 ) − R ' (λ1 ),

(Eq. 7.2)
where λ1 and λ 2 indicate the positions of the metHb peaks in the spectral slope.
An optical ablation ratio (OAR) was then calculated using the absolute values of R’(λ1)
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and R(λ 2) to eliminate the effect of variation in amplitude of the original reflectance
curves:
		
RESULTS

OAR =

R ' (λ 2 ) − R ' (λ1 )
| R' (λ 2 ) | + | R' (λ1 ) |

(Eq. 7.3)

							

In vitro heated blood samples
Reflectance spectra obtained from the heated blood samples and corresponding
spectral slopes are shown in Figure 7.4. Within the wavelength range, the spectra of
the non-heated samples (blue lines) were largely dominated by oxyHb (absorption at
546 and 577 nm). Thermal coagulation led to significant changes in the spectral shape.
Heating at temperatures >60°C caused attenuation of oxyHb absorption features and
a decrease in reflectance above 600 nm. This led the spectral slopes to a decrease of
the oxyHb-related features (minima at 525 and 570 nm, maxima at 596 nm) and the
occurrence of an addition peak around 650 to 675 nm. It should be noted that the
maximum in the spectral slopes that initially appeared around 650 nm was red-shifted
throughout the heating process.
The dynamics of the observed spectral changes were evaluated by calculating
the OAR over time for each sample. Results are shown in Figure 7.5. The rate of the
observed alterations was clearly dependent on the set temperature. At 60°C, a small
increase in OAR was observed after 15 min of heating, whereas at temperatures of
70 and 80°C, a much larger change in OAR was seen within a few minutes of heating.
The time course of the OAR could roughly be divided into three stages: a period of
negligible change in the spectral shape, a steep increase in OAR, and a plateau phase.
The third stage was not achieved for the sample heated at a temperature of 60°C for
more than 15 min.

Figure 7.4. | Reflectance and corresponding spectral slopes obtained from blood samples heated
to 60, 70, and 80°C. To facilitate comparison between samples, reflectance spectra were normalized
using the reflectance intensity value at 800 nm. Note the increasing value for the positive peak at 650
to 675 nm in the spectral slopes.
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Figure 7.5. | Longitudinal change in optical ablation ratio for the blood samples heated to 60, 70, and
80°C.

7

Figure 7.6. | Radiofrequency (RF) ablation monitoring ex vivo. Heat-induced spectral changes in
reflectance spectra (a) and spectral slopes (b) during an RF ablation of human liver tissue ex vivo. Only
12 out of 23 spectra are shown (sampled 1:2) to allow better visualization. (c) shows the time course of
optical ablation ratio, as calculated from the spectral slopes.
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Figure 7.7. | Correlation of thermal tissue damage with spectral changes measured in vivo during
open RF ablation. The spectra shown in (a) and (b) were measured in native liver parenchyma prior
to ablation, whereas (d) and (e) show corresponding spectral acquisitions after RF ablation. The blue
color in (c) indicates viable liver parenchyma, whereas non-viable tissue remained unstained (f).

RF ablation monitoring
To investigate spectral changes occurring during RF ablation of liver tissue, reflectance
measurements (n= 23 and n= 29 spectra) were continuously acquired from two human
liver resection specimens during RF ablation. Figure 7.6 shows a typical example of the
time course of the reflectance spectra (Figure 7.6a) and corresponding spectral slopes
(Figure 7.6b), during a representative RF ablation experiment ex vivo. The ablation was
started at t= 0 min and finished after 7.5 min. To facilitate changes in spectral shape,
the reflectance measurements (Figure 7.6a) were normalized using the reflectance
intensity value at 800 nm. The maximal change in the reflectance and spectral slopes
was observed approximately 2 min after the start of the ablation. No obvious changes in
spectral shape occurred during the 5 min after the ablation was terminated, indicating
that irreversible alterations were measured. The time course of the OAR during RF
ablations (Figure 7.6c) showed the same characteristic profile as that observed for
the heated blood samples. The changes in OAR consistently corresponded with the
observed changes in the spectral shape.
To validate the previous findings in a clinical setting, reflectance spectra were
measured in vivo before and after a full ablation of a liver metastasis of colorectal
origin. The initial (i.e., non-ablated) and final (i.e., last recording) reflectance spectra,
spectral slopes, and corresponding histopathology images are shown in Figure 7.7.
Spectral changes were comparable to the ones seen during the ex vivo ablation
experiments. The OAR markedly increased from 0.13 to 0.51. Macroscopic evaluation
and histological analysis confirmed that the spectra acquired after RF ablation were
performed in fully ablated liver parenchyma.
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DISCUSSION
Despite the widespread use of RF ablation, an effective way to assess thermal tissue
damage during and after the procedure is still lacking. To our knowledge, this report
demonstrates the first published results of first-derivative DRS to assess the efficacy
of RF ablation in vivo.
In this study, reflectance measurements were performed during the heating of
human blood samples to various temperatures and during RF ablation of human
liver tissue both ex vivo and in vivo. Thermal coagulation of blood samples caused
significant changes in the spectral shape, which is attributed to the thermal conversion
of hemoglobin to metHb. RF ablation of liver tissue essentially led to similar spectral
alterations. Specific spectral characteristics were extracted from the spectral slopes
using an OAR. For the heated blood samples, the longitudinal changes in OAR were
clearly dependent on the heating temperature and could be divided into three stages.
In the first stage, minimal spectral change was observed. During the heating of the
(oxygenated) blood samples, deoxyHb occurred as a transient intermediate of oxyHb.
We hypothesize that this is due to hemoglobin’s decreased affinity for oxygen with an
increase in temperature, a so-called right shift in the oxygen-hemoglobin dissociation
curve.19 When the threshold heat exposure that is needed for permanent alterations
of hemoglobin had been reached, this resulted in a steep monotone increase in the
OAR (defined as stage 2). In stage 3, a plateau was reached, at which point no further
spectral alterations occurred.
To investigate the thermal tissue damage occurring during RF ablation, a series
of ablations of human liver tissue was performed ex vivo. An important finding in
our experiment was that changes in spectral characteristics achieved during ablation
persisted after ablation was terminated and tissue was allowed to cool. As discussed,
this is mainly attributed to thermally induced metHb formation. No significant chemical
conversion of metHb is expected within a short period (hours) after cooling of the fully
ablated tissue. Due to the coagulation of blood vessels, the ablated tissue has been
isolated from perfusion and all enzymes are expected to be denatured. 20 In this way,
our method would allow evaluation of the ablation margins well after the ablation has
been completed.
The works of Ritz et al. 21 and others10,11,22-26 provide a solid basis for understanding
the changes in the optical properties of biological tissues under the effect of heating
to increasing temperatures. Formation of metHb following heat exposure has been
reported by several authors.8,10,11,27,28 In addition, at temperatures >60°C, there
is rapid tissue coagulation, as proteins denature and undergo irreversible structural
changes.7 The latter leads to an increase in the reduced scattering coefficient and
associated increase in reflectance. 21,26 This is the reason why thermally coagulated
tissue looks paler than normal tissue. This principle was exploited by Anderson et
al., 5 who performed RF ablation on healthy animals and monitored reflectance
measurements through a fiber-optic probe. Empirical methods were used for analysis
of reflectance spectra in which the spectral intensities at certain wavelengths were
correlated with the degree of thermal damage during RF ablation. They found that an
increase in the absolute reflectance intensity correlated with the histological degree of
thermal damage. Similar results were achieved by Hsu et al., who performed spectral
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measurements on both animal and human liver tissue. 29 The time course of spectral
changes observed in Anderson are consistent with the three characteristic stages of
ablation observed in the present study.
In the study by Anderson, spectral changes occurred as the ablation zone progressed
past the spectroscopy probe. During the first stage, spectra showed minimal deviation
from the spectral shape of native liver parenchyma. Stage 2 changes occurred as the
advancing hemorrhagic zone reached and passed the spectroscopic probe, whereas
stage 3 changes occurred only when the liver tissue was fully coagulated. However, the
absolute magnitude of a reflectance spectrum is dependent on a subtle variation in
probe-to-tissue coupling and pressure, making it difficult to obtain reproducible and
reliable reflectance spectra from the measured tissue. 30-31
This study differs from previous studies in various ways. First, using derivative
spectroscopy, we mainly focused on the spectral characteristics of metHb, while
eliminating the magnitude difference and suppressing the background effects
from scattering and other substances (e.g. oxyHb, deoxyHb, and bile). We showed
that calculating the slope of the reflectance spectra can be applied to follow subtle
changes in the shape of spectral bands. Second, by performing spectroscopy in vivo
during open RF ablation, we demonstrated that the identified spectral characteristics
could be used to assess the degree of thermal damage after RF ablation after the
tissue temperature had normalized. The feedback information provided by DRS, as
deployed in a fiber-optic needle, can help the interventionist in multiple ways. When
the tumor being targeted is located near vital structures that might be damaged by
heating (e.g. gall bladder, major blood vessels, bowel), a spectroscopy needle can be
placed at a critical point away from the tumor. Real time monitoring of tissue during an
ablation procedure could then be used to determine when a particular level of tissue
damage has been reached and, therefore, reduce the chance of local recurrence, while
preserving surrounding healthy tissue. Furthermore, DRS could be used directly after
RF ablation to check focal areas of tissue that are suspected for inadequate ablation.
This may improve procedure outcome and disease-free survival. Further research is
needed in which three-dimensional spectroscopic information is acquired at various
distances from the ablation electrode during and after RF ablation.
Although the results of the present study are of specific interest for liver RF ablation,
analogue results were observed in other fields, such as laser photocoagulation of
vascular skin lesions10,11 and assessment of skin burns.12 Interestingly, similar results
were observed in the area of cardiac ablation monitoring, where methmyoglobin
was found in ablated cardiac muscle tissue, as described by Swartling et al. 32 These
results make DRS a promising diagnostic tool to verify irreversible thermal damage for
heat-based therapy in general.
It should be noted that the results presented here are subject to some uncertainties.
Although derivative analysis is insensitive to slow changes in the measured reflectance
curve, alterations in scattering slope may have influenced the calculated values for the
OAR to a certain extent. For example, in the spectral slope shown in Figure 7.6c, it can
be observed that the metHb peak around 660 nm shifted toward higher wavelengths.
This is expected due to an increase in the scattering within the tissue. To minimize
the effect on the exact value for the OAR, automated peak detection was used.
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Furthermore, during the heating of blood samples and tissue, the spectra of various
tissue chromophores, including oxyHb and deoxyHb, may change shape and slightly
shift to red wavelengths (bathochromic shift). The influence of these dynamic optical
property changes on the OAR were not further studied here. Another uncertainty is
the exact temperature and heating time needed to cause irreversible thermal damage.
From a clinical point of view, an ideal marker for RF ablation should provide a
reliable, quantitative prediction as to whether or not tissue has been adequately
ablated. The presence of such a marker should, therefore, be correlated with the extent
of the thermal damage achieved. We have demonstrated that thermal coagulation of
liver tissue can be quantified using specific spectral information, which is expected
to be due to rapid thermal conversion of hemoglobin to metHb. A strategy using a
combination of the reflectance intensity, as mentioned earlier, and features extracted
from the spectral shape may have the potential to improve the overall sensitivity of
a future instrument. Furthermore in humans additional studies to evaluate the exact
relation between the proposed spectral markers and extend of thermal tissue damage
are needed. This will provide a means to directly validate the quantitative physiological
aspects of this technique in a clinical setting and may directly increase the clinical
success rate of RF ablations of tumor lesions in liver, lung, and renal cancer.
CONCLUSION
In summary, this study shows the potential of real time liver ablation monitoring by
reflectance measurements at the tip of a needle. We have presented evidence that the
thermal coagulation of liver tissue involves significant changes in the spectral slope,
which is thought to be due to the thermal formation of metHb. This opens the potential
to dynamically monitor the extent of irreversible thermal tissue damage based on these
spectral features. Currently, a more extensive in vivo human study is being performed
as a next step toward clinical implementation.
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ABSTRACT
The success of radiofrequency (RF) ablation is limited by the inability to assess thermal
tissue damage achieved during or immediately after the procedure. The goal of this
proof-of-principle study was to investigate whether diffuse reflectance (DR) spectroscopy
during and after RF ablation of liver tumours could aid in detecting complete tissue
ablation. DR spectra were acquired in vivo in eight patients undergoing RF ablation
for unresectable colorectal liver metastases, using a disposable spectroscopy needle.
Intraoperative ultrasound imaging was used for accurate positioning of the RF electrode
and the spectroscopy needle. Spectral changes were quantified and correlated to
tissue histopathology and follow-up CT imaging. For the lesions in which ablation was
monitored by DR spectroscopy (n= 8), median tumour size was 1.6 cm (range 0.8-3.3
cm). We found an excellent correlation (97-99%) between thermal damage suggested
by spectral changes and histology. DR spectroscopy allowed discrimination between
non-ablated and ablated tissue, regardless whether the needle was placed in tumour
tissue or in surrounding liver tissue. Additional measurements performed continuously
during ablation confirmed that the magnitude of spectral change correlates with the
histochemical degree of thermal damage. Diffuse reflectance spectroscopy allows
accurate quantification of thermal tissue damage during and after RF ablation. Real
time feedback by DR spectroscopy could improve the accuracy and quality of the RF
procedures by lowering incomplete ablation rates.

112

20151019_thesis.indd 112

19-10-2015 16:02:31

INTRODUCTION
Colorectal cancer (CRC) has the world’s third most frequent cancer incidence and
cancer related death.1,2 Up to 50% of CRC patients will develop metastatic disease,
primarily in the liver. 3 Approximately 25% of these patients are eligible for resection
of the liver metastases. For the rest, radiofrequency (RF) ablation has shown to be
a valuable treatment option when feasible.4 With the appropriate experience, open
RF ablation procedures during surgery can be performed with local recurrence
rates comparable to resection in selected patients.5,6 Nonetheless, during ablation,
there remains a degree of uncertainty on the actual ablated tumour free margin and
treatment effect, as current imaging techniques (US, CT, or MRI) cannot accurately
determine the advancing ablation margin during the RF ablation procedure.7,8 While
open RF ablation procedures during surgery generally report local recurrence rates
below 20%,9,10 local recurrence rates of percutaneous RF ablation vary between 9%
and 40% depending on the number of lesions, size, and location.11-13
Optical techniques, such as diffuse reflectance (DR) spectroscopy at the tip of a
fiber-optic needle (i.e. spectroscopy needle) may enable real time tissue monitoring by
measuring specific physiological information from the examined tissue. By illuminating
the tissue with a selected spectral band of light and subsequently measuring the
reflected light that has been altered by scattering and absorption by the tissue.
Obtaining such an “optical fingerprint” of the tissue may enable real time monitoring
of the progress of ablation as well as determining the extent of the ablated area at
various critical points of interest (e.g. near large vessels) after the procedure has been
completed. In this way DR spectroscopy can determine the adequacy of the ablation,
thereby potentially improving procedure outcome and local recurrence rates. Various
teams have successfully focused on spectroscopic detection of thermal damage
of animal liver tissue. An increase in reflectance intensity and a decrease in overall
fluorescence intensity are correlated with the histological degree of thermal liver
tissue damage.14-17
An ideal marker for RF ablation should provide a reliable measure whether or not
tissue has been adequately ablated. In a recently published preclinical study we have
demonstrated that thermal coagulation of liver tissue can be quantified using specific
spectral information.18 The identified spectral characteristics were used to evaluate
ablation margins during and after ablation. The aim of the current study is to validate
the quantitative aspects of DR spectroscopy and evaluate its clinical utility in a series
of routine in vivo RF ablations for colorectal liver metastases.

8

PATIENTS AND METHODS
This observational study was conducted at The Netherlands Cancer Institute - Antoni
van Leeuwenhoek hospital under approval of the institutional review board (Dutch trial
register NTR2557). Patients with unresectable CRLM scheduled for open intraoperative
RF ablation, whether or not in combination with hepatic resection of additional liver
metastases, were eligible for inclusion. Liver metastases (< 4 cm) that were not eligible
for resection were considered for RF ablation. Written informed consent for study
participation was obtained from each included patient..
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Figure 8.1. | Schematic overview of the spectroscopy setup.

Spectroscopy system
DR spectroscopy measurements were performed using a portable spectroscopic
system as illustrated in Figure 8.1. General principles of DR spectroscopy, operating
features of the spectroscopy system, and calibration procedure have been described
before by Nachabé et al.19,20 The tissue was probed using a sterile disposable
15G spectroscopy needle (Invivo, Best, The Netherlands) containing four identical
fibers with a core diameter of 200 μm. Two fibers were connected to two separate
Tungsten halogen broad-band light sources with integrated shutters (Ocean Optics,
HL-2000-HP), whereas a third fiber was connected to a spectrometer (DU420A-BRDD;
Andor Technology, Belfast, United Kingdom), optimized for wavelengths between 400
and 1050 nm. The remaining fourth fiber was not used. Spectra were acquired for two
distances between the source and detector fiber; a long distance (LD) source-detector
fiber separation at 1.70 mm and a short distance (SD) source-detector fiber separation
at 0.34 mm. The spectroscopy needle was designed to withstand the temperature
changes during the RF ablation. The acquisition time of each measurement was on
average 0.3 seconds. The system was controlled by a LabVIEW software user interface
(National Instruments, Austin, Texas).
Clinical procedures
DR spectroscopy LD and SD measurements were performed in the operating room
before and after complete tumour ablation in eight patients. Intraoperative ultrasound
(US) imaging performed by a radiologist was used for accurate positioning of the RF
electrode. Two sets of baseline measurements were taken by placing the spectroscopy
needle in healthy liver tissue away from the tumour and in the tumour tissue through
a standard 14G hollow guidance cannula (Invivo, Best, The Netherlands). Next, the
spectroscopy needle was retracted leaving the cannula in situ and through this cannula
a 16G core needle biopsy was taken to ensure the biopsy site corresponded with the
measurement site. To prevent tumour seeding, instruments (i.e. guidance cannulas,
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Figure 8.2. | Overview of measurement and biopsy sites. The margin of the ablated tumour site
was measured in four directions with DR spectroscopy and marked with twist coil markers to allow
comparison with follow-up CT-imaging.

spectroscopy needles, and biopsy tools) that had been inserted in the tumour were
discarded. After the ablation was completed, the DR spectroscopy measurements and
biopsy procedures were repeated in four directions (north, east, south and west) just
outside the tumour (ablation zone) and in the ablated tumour core. The measurement
sites were marked with twist coil markers (OTM 3.0SA, BIP GmBh, Türkenfeld, Germany)
in order to correlate the DR spectroscopy measurement sites to the ablation area
visible on follow-up CT-imaging (Figure 8.2). In a subset of three patients, additional
DR spectroscopy LD measurements at the tumour margin were performed during the
RF ablation procedure. LD measurements were performed with a two-minute interval
during ablation. Tissue samples were taken from the measurement site at 4, 8, and
12 minutes during the RF ablation procedure to allow for histochemical evaluation of
tissue vitality. All medical staff members were blinded to the spectroscopy system
output. Ablations were performed under standard operating procedures (according
to the manufacturer’s guidelines) over a 12-minute period, using an internally cooled
tripod RF electrode (Cooltip™ RF ablation system).

8

Histological and histochemical evaluation
Tissue samples obtained before and after full ablation were formalin-fixed and
processed routinely for microscopic examination. These tissue samples were used
to confirm the DR measurement locations (e.g. healthy liver parenchyma, tumour).
Tissue samples of three patients that were obtained during the course of a full
ablation were immediately frozen by liquid nitrogen and stored at −80°C to allow
histochemical (enzymatic) staining with nicotinamide adenine dinucleotide diaphoresis
(NADH). NADH staining is an earlier marker of tissue viability than HE staining, since
it permits evaluation of cell viability based on enzymatic activity rather than cellular
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architecture. 21-24 NADH staining of abdominal muscle samples served as an internal
reference for each individual patient.
Interpretation of spectra
Spectral analysis was performed using Matlab 8.3.0.532 (Mathworks, Natick, MA).
From each SD and LD reflectance spectrum, the spectral slope (first derivative) was
calculated, which represents the change of reflectance intensity with respect to the
change of the wavelength. The spectral slope yields a characteristic profile from
which subtle changes in the reflectance spectrum can more easily be distinguished.
The reflectance measurements and corresponding spectral slope were evaluated
for wavelengths ranging from 450 to 800 nm. Measurements were normalized using
the reflectance intensity value at 800 nm. In previous work, we have described and
validated a method to extract spectral changes due to thermal ablation using the
optical ablation ratio (OAR).18 The OAR represents the relative difference between
two peaks (630 nm; 675 nm) in the spectral slope that have been associated with
heat-induced formation of methemoglobin (MetHb) from hemoglobin. The OAR is
based on the fact that the formation of metHb correlates well with tumour cell death.
Statistics
The OAR was calculated for all reflectance spectra and pooled results were displayed
in boxplots. For each tissue type the OAR values before and after ablation were
compared using the non-parametric Wilcoxon signed-rank test. A p-value smaller
than 0.01 was considered statistically significant. Receiver operating characteristics
(ROC) curves and corresponding area-under-the-curve (AUC) values were calculated
to evaluate diagnostic performance.
RESULTS
A total of eight patients (5 male and 3 female) were included; mean age was 68 years
(range: 47-71 years), median number of liver lesions per patient was 3 (range: 1-7). All
lesions were treated by RF ablation, except in three patients where it was combined
with partial liver resection. Four patients had been treated with neo-adjuvant systemic
treatment; i.e. capecitabine and oxaliplatin ± Bevacizumab for a median of four cycles
(range 2-4). For the lesions in which ablation was monitored by DR spectroscopy,
median tumour size was 1.6 cm (range 0.8-3.3 cm).
RF ablation induced spectral changes
Figure 8.3 illustrates the change in SD reflectance spectra and spectral slope due to
RF ablation in normal liver tissue (331 spectra) as well as in tumour tissue (85 spectra).
In non-ablated normal liver and tumour tissue the average reflectance spectra were
largely dominated by the characteristic features of oxyhemoglobin (546 and 577 nm)
and deoxyhemoglobin (550 nm) (Figure 8.3a). Ablation caused flattening of these
hemoglobin features and an overall decrease in normalised reflectance over the whole
measurement range. Similar spectral changes were seen in LD spectra. These effects
are attributed to a combination of increased scattering due to protein denaturation
and thermal conversion of hemoglobin to metHb, as previously reported.18,25
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Figure 8.3. | a) Average spectra of short distance reflectance spectra (R) and b) corresponding
spectral slopes (R’) versus the wavelength in the range 450 to 800 nm, obtained in non-ablated and
ablated tumour tissue and surrounding liver tissue. Reflectance spectra and spectral slopes were
normalized to the intensity at 800 nm. For both normal and tumour tissue, ablation led to a more
pronounced negative peak around 630 nm (green arrows) and a strong positive peak around 675-690
nm (orange arrows) in the spectral slopes. Intensities are given in arbitrary units.

8

Figure 8.4. | a,b) Examples of spectral slopes (R’) from short distance (SD) and long distance (LD)
reflectance spectra in liver tissue, measured before (blue line) and after (red line) full coagulation.
Spectral slopes were normalized to the intensity at 800 nm. c) Spectral changes were quantified from
the spectral slope by calculating the optical ablation ratio (OAR).
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The latter results in a small negative peak around 630 nm and a strong positive peak
around 675 - 690 nm in the spectral slope (Figure 8.3b). Figure 8.4 depicts how these
changes in the spectral slope (R’) were quantified for SD (Figure 8.4a) and LD (Figure
8.4b) by calculating the relative difference between two peaks (denoted as λ1 and λ 2)
in the spectral slope using the OAR. In this example ablation of healthy liver tissue
caused an increase in OAR from 0.09 to 0.18 and from 0.21 to 0.54 for SD and LD,
respectively.

Figure 8.5. | Boxplots of OAR values derived from the spectral analysis of measurements in liver
parenchyma (a) and tumour tissue (b). Receiver operating characteristics (ROC) curves of discriminating
results based on OAR values for both tissues using SD and LD (c-f). AUC: area under ROC curve.
*p < 0.01.
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Cohort analysis
OAR values were compared between non-ablated and ablated liver and tumour tissue.
This was done for all SD and all LD spectra. The set of boxplots in the top row of
Figure 8.5 show that for both SD and LD the increase in OAR due to ablation is a good
discriminator (p < 0.01) for liver tissue ablation (just outside the tumour border) as well
as tumour tissue (in the tumour core). Corresponding ROC-curves were generated by
successively changing the thresholds for the OAR to determine correct and incorrect
classifications (non-ablated vs. ablated). The results in Figure 8.5 demonstrate the OAR
(ROC-AUC values: 0.967 to 0.989) can accurately discriminate between non-ablated
and ablated tissue, regardless whether the needle is placed in tumour tissue or
surrounding liver tissue.
Continuous DR measurements during RF ablation
To investigate the dynamics of spectral changes during ablation and the relation to
cell death, LD reflectance measurements were acquired continuously during open
RF ablation in three subjects (n= 25, n= 37, n= 35 measurements) and correlated to
enzymatic staining. The added real time spectral monitoring did not interfere with the
standard clinical workflow of an open RF procedure. Figure 8.6 demonstrates a typical
OAR time course graph of a full ablation procedure performed using LD reflectance
spectroscopy monitoring. Biopsies for enzymatic staining were taken before the start
of the procedure, during the procedure (4 and 8 min) and after completion. The change
over time in OAR could roughly be divided into three stages: a period of negligible
change (stage 1), a steep increase in OAR (stage 2), and a plateau phase (stage 3).
Stage 1 represents a period of negligible change in OAR in comparison with that of
native liver tissue. Stage 2 changes are seen when the heat exposure exceeds the
threshold that is needed for permanent tissue alterations. This was confirmed on
pathology slides where the first signs of tissue damage could be seen. Stage 3 plateau
phase corresponds with evidence of complete tissue ablation (no enzymatic activity).
In Table 8.1 an overview is given of the spectroscopy measurements, the pathological
results of the biopsy at the ablation margin and the postoperative CT-scan for marker
(biopsy) location of all patients. Pathologic examination showed that the biopsies
were all taken in normal liver tissue surrounding the tumour, except on one site, which
was taken exactly on the tumour margin and showed both tumour and normal liver
tissue. Postoperative CT scan showed that all markers were located in the ablated area;
therefore we can conclude all spectroscopic measurements were taken in the ablation
margin surrounding the tumour. After a median follow up of 883 days (range 462-1230)
no local recurrences were seen.

8

DISCUSSION
Despite the widespread use of RF ablation, a major drawback in the current management
of liver tumours with RF ablation is the lack of an effective modality to accurately
monitor real time the progress of the ablation zone. In the current study we described
the first in vivo diagnostic evaluation of a spectroscopy-based feedback system to
monitor thermal damage during the procedure. In the first part of the study a series
of liver tumour ablations were performed in eight patients and reflectance spectra
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Figure 8.6. | RF ablation monitoring in vivo. Representative graph illustrating the correlation of
thermal tissue damage with longitudinal changes in OAR (long distance) measured in vivo during
open RF ablation.

Table 8.1. RF ablation margin analysis using the OAR.
Patient

Optical ablation
ratio (OAR) Mean
(range)

Histological
confirmation “liver
parenchyma” %
(N)

CT imaging
confirmation
“marker in ablated
tissue” % (N)

Local recurrence
(N; follow up in
days)

Patient 1

0.60 (0.55-0.70)

100% (4/4)

100% (4/4)

0 (685)

Patient 2

0.51 (0.36-0.80)

100% (4/4)

100% (4/4)

0 (1220)

Patient 3

0.60 (0.43-0.90)

100% (4/4)

100% (4/4)

0 (1182)

Patient 4

0.63 (0.30-0.92)

100% (4/4)

100% (4/4)

0 (1230)

Patient 5

0.58 (0.29-0.80)

100% (4/4)

100% (4/4)

0 (883)

Patient 6

0.56 (0.37-0.80)

100% (4/4)

100% (4/4)

0 (462)

Patient 7

0.65 (0.44-1.0)

100% (4/4)

100% (6/6)

0 (768)

Patient 8

0.44 (0.33-0.64)

100% (4/4)

100% (3/3)

0 (883)

Note: For each patient DR measurements were performed at the ablation margin. OAR values were
cross-validated with histological results of tissue samples taken at the measurements location,
CT-imaging and and follow-up results.
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were acquired from liver tissue and tumour tissue before and after ablation. Ablated
tumour tissue as well as surrounding normal liver tissue could be discriminated from
non-ablated tissue in vivo with more than 96% accuracy using the OAR parameter.
Using core needle biopsies and follow-up CT imaging, we confirmed that these DR
spectroscopy measurements were all performed within the RF ablated zone. In the
second part of the study we showed in a subset of patients that reflectance spectra
can be measured in vivo during the RF ablation procedure and that the observed
spectral changes correlate well with enzymatic markers of tissue damage.
Various studies have successfully focused on spectroscopic detection of thermal
damage of animal liver tissue. Anderson et al.15 and Buttemere et al.16 performed
in vivo animal studies of spectroscopic changes after RF ablation of canine livers.
They showed an increase in reflectance spectra in the near-infrared spectra (600-800
nm) after complete ablation and they correlated these spectral changes to thermal
tissue damage (histology or electron microscopy), concluding DR spectroscopy
could be a useful feedback parameter for thermotherapy for liver tumours. The time
course of spectral changes observed in Anderson et al. are consistent with the three
characteristic stages of ablation observed in the present study. The difference in
our method and those presented in previous studies is that we extract diagnostic
information from the spectral shape rather than looking at absolute differences in
spectral intensity. The latter method is expected to be more susceptible to variation in
probe-to-tissue coupling and pressure, making it difficult to obtain reproducible and
reliable reflectance spectra from the measured tissue. A strategy using a combination
of the reflectance intensity and features extracted from the spectral shape may have
the potential to improve the overall sensitivity of a future instrument.
Various strategies have been investigated as ways to assess tissue thermal damage
more accurately. For example, a study on hepatocellular carcinoma and CRLM patients
showed that perioperative contrast-enhanced ultrasound improves the sensitivity
compared to plain ultrasonography. Patients with an inadequate initial treatment could
be re-treated immediately in the same session. Still, from the re-treated patients 9.8%
had residual disease on follow-up CT imaging, resulting in an 5.9% residual disease
rate overall.11 Also temperature monitoring has been used as feedback mechanism
for RF ablations. However temperature alone is not an accurate measure for thermal
tissue damage as it has been shown that tissues and tumours have variable heat
sensitivity. 26,27
In the present study we have investigated a different approach to determine
permanent tissue damage. Heat-induced tissue damage results in the conversion
of hemoglobin to methemoglobin. This change in tissue characteristics can be
measured by the change in reflectance of the optical spectra and was quantified by
using an optical ablation ratio (i.e. OAR). The observed in vivo increase in the OAR
is consistent with the results of our previous ex vivo studies. In our previous study it
was shown that the slope of the reflectance spectra could be used to follow subtle
changes in the shape of spectral bands. We also demonstrated that the identified
spectral characteristics could be used to assess the degree of thermal damage of
RF ablation after the tissue temperature had normalized. The spectroscopy needle
allowed measurement of reflectance for two source-detector fiber separations (SD
and LD). In general, smaller distance between the emitting and collecting fibers will

8
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result in a lower penetration depth and smaller sampling volume, which may render
it more susceptible for measurement contamination by blood at the needle tip,
especially during in vivo measurements in well-perfused tissue. In order to enhance
the reliability of our method, we therefore chose to use the larger fiber distance (LD)
for the measurements that were performed during the in vivo ablation.
As mentioned before, resection is the treatment of choice for resectable colorectal
liver metastases. Due to its initial high local recurrence rate, RF ablation was being used
as a suboptimal treatment option and mainly reserved for patients unfit for surgery or
with unresectable disease. In recent years, local recurrence rates have improved due to
better imaging and improved RF ablation techniques. Strict patient selection (solitary
lesions, < 3 cm) has resulted in low LR rates 28 after surgical RF ablation procedures,
however the majority of patients do not fit these criteria. Current local recurrence rates
for multiple or larger lesions, or percutaneous RF ablation procedures vary between 9%
and 60%.9-13,28 Feedback information provided by a spectroscopy needle, as used in
the present study, can help the interventionists (surgeons and radiologists) to improve
their results. When the targeted tumour is located near vital structures that might
be damaged by heat (e.g. gall bladder, central bile ducts), or when complete tumour
ablation is impaired (e.g. heat-sink phenomena), a spectroscopic needle can be placed
at a critical point of interest to monitor tissue ablation real time. Also post-procedural
quality control can be used at different sites to determine the level of tissue damage
that has been reached and, therefore reduce the chance on local recurrences, while
preserving surrounding healthy liver tissue. Potentially, it could also be used for not
only for RF ablation procedures, but also for other local thermal ablative techniques,
such as microwave ablations (MWA) and high intensity focused ultrasound (HIFU).
In conclusion, the current feasibility study shows DR spectroscopy allows
discrimination between ablated and non-ablated liver tissue with high accuracy. Larger
studies are needed to confirm our data and further elucidate the clinical benefit. We
believe that real time monitoring and quality control of local ablative techniques
(surgical or percutaneous) by DR spectroscopy has added value for achieving an
adequate and oncological safe ablation margin.
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ABSTRACT
Surgery for colorectal cancer aims for complete tumor resection. Optical-based
techniques can identify tumor and surrounding tissue through the tissue specific
optical properties, absorption and scattering, which are both influenced by the
biochemical and morphological composition of the tissue. To evaluate the feasibility of
dual-modality Diffuse Reflectance Spectroscopy-Fluorescence Spectroscopy (DRS-FS)
for discrimination between healthy and malignant tissue in colorectal surgery. Surgical
specimens from colorectal cancer patients were measured immediately after resection
using a fiber-optic needle capable of dual-modality DRS-FS. Model-based analyses
were used to derive scattering and absorption coefficients and intrinsic fluorescence.
Volume fractions of chromophores were estimated. Furthermore, optical data were
recorded along a trajectory from healthy tissue towards tumor. Spectral characteristics
were identified in 1273 measured spectra from 21 specimens. Combined DRS and FS
discriminated tumor from surrounding tissue with a sensitivity of 95% and a specificity
of 88%. Significant spectral changes were seen along the trajectory from healthy tissue
to tumor. This study demonstrates that dual-modality DRS-FS can identify colorectal
cancer from surrounding healthy tissue. The quantification of comprehensible
parameters allows robust classification and facilitates extrapolation towards the clinical
setting. The technique, here demonstrated in a needle like probe, can be incorporated
into surgical tools for optically guided surgery in the near future.
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INTRODUCTION
The outcome and quality of life after surgery for colorectal cancer is influenced by
multiple factors. The surgical success relies to a great extent on the complete removal
of the primary tumor. According to the Dutch surgical colorectal audit of 2012, resection
was incomplete in 8.5–30% of the patients operated for rectal cancer. An incomplete
surgical resection not only increases the risk for local recurrence but also affects overall
survival. For rectal cancer, an incomplete resection is associated with a hazard ratio of
approximately three for developing local recurrence and distant metastasis.1 Pursuing
wide margins can cause damage to the presacral plexus increasing the risk of urinary
incontinence and erectile impotence. Therefore, timely recognition of an inadequate
resection plane is of utmost importance for surgical outcome. Optical spectroscopy has
been shown to improve the identification of tumors of various origin. 2-5 The technique
enables tissue characterization by measuring the spectral response after the tissue is
illuminated with a selected spectral band of light. Depending on the morphological
composition and biochemical make-up of the tissue, a specific “optical fingerprint” is
acquired. Within optical spectroscopy, several techniques can be distinguished such
as Diffuse Reflectance Spectroscopy (DRS) and Fluorescence Spectroscopy (FS). With
DRS, tissue is illuminated with white light. The reflected light, influenced by tissue
interactions, is analyzed for spectral changes. In this way, different chromophores in the
tissue such as hemoglobin (oxygenated and deoxygenated), β-carotene, water, lipids,
and collagen can be recognized and quantified. In addition, the scattering coefficient
which contains information about the underlying cellular structures is derived. FS
adds the possibility to detect intrinsic fluorophores in the measured tissue, such as
collagen, elastin, FAD, NADH, and porphyrins. Collagen and elastin are structural
proteins and are associated with tissue structure, whereas NADH and FAD levels are
indicative for cellular energy metabolism. For both techniques, reliable identification
of tumor tissue and surrounding normal tissue has been reported for breast, lung,
and liver tumors.6-8 For primary colorectal cancer, optical spectroscopy has mainly
been used during colonoscopy procedures,4,9-11 hence approaching the tumor
from the luminal side. In these studies, tumor could be differentiated from healthy
tissue with a sensitivity and specificity up to 90%. The types of tissue encountered in
colonoscopy are limited to (pre-) malignant tissue and healthy mucosa: the inner lining
of the colon. During colorectal surgery, tumor demarcation is less clear and tumor
tissue must be differentiated from several other surrounding tissue types in order
to find an adequate surgical plane. Optical tissue identification either using a probe
or incorporated into dissection instruments could prevent dissection through tumor
and could help in maintaining an adequate dissection plane. DRS analysis of tissue
types during colorectal surgery are scarce. Basic anatomy of the colon includes the
inner layer (mucosa) which is rich on water, a middle layer rich on muscle and collagen
and the outer layer (serosa). Furthermore, the colon is covered by lipid rich structures
such as appendices epiploica and mesocolon (Figure 9.1). During colorectal surgery,
these tissue structures should be recognized. The aim of this study is to investigate
the potential of DRS and FS for real time tissue sensing during surgery for colorectal
cancer. To this end, spectroscopic measurements were acquired from freshly excised
specimens of patients undergoing surgery for colorectal cancer.
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Figure 9.1. | Basic anatomy of the colon. From the inside of the colon (lumen): mucosa, muscle, and a
thin outer layer called serosa. Vessels within fatty mesocolon supply the colon with blood.

MATERIALS AND METHODS
Study design
This study was performed at The Netherlands Cancer Institute - Antoni van Leeuwenhoek
hospital under approval of the ethics review board. Twenty-one patients with a
colorectal primary tumor were randomly selected. Immediately after removal of the
resection specimen, spectroscopic measurements were performed on macroscopically
defined tumor tissue and normal surrounding tissue types (epiploic fat, mesocolon, and
colon wall) within the resected specimen. Tumor tissue was sampled for histological
analysis.
Spectroscopy system and optical probe
DRS and FS spectra were acquired using a portable spectroscopy system that has been
described earlier.6,8 The system consists of two light sources and two spectrometers
(Figure 9.2). For the DRS measurements, a Tungsten halogen broad-band light source
(360-2500 nm) was used, with 1.5 mW fiber output. For FS, the system was equipped
with a semiconductor laser (377 nm, 0.4 mW) to induce autofluorescence. Two
spectrometers resolve the light from the visible wavelength range (400 up to 1050 nm:
DU420A-BRDD; Andor Technology, Belfast, Northern Ireland), and the near infra-red
light (900 up to 1700 nm: DU492A-1.7 Andor Technology, Belfast, Northern Ireland). A
custom made 13G (1.5 mm) optical probe was used containing four identical fibers with
a core diameter of 200 mm. The tip of the probe was beveled to an angle of 30°. Two
fibers were connected to the broad-band light source and laser, while two other fibers
were connected to the spectrometers to capture light from the tissue. Two different
source-detector distances (SDDs) were used (1.8 and 0.32 mm). The spectra acquired
with the 1.8 mm SDD were used for the DRS data analyses, whereas the DRS spectra
measured with the 0.32 mm SDD were used to correct for absorption and scattering in
the fluorescence spectra.
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Figure 9.2. | Schematic of the measurement setup. The setup contains two light sources, two
detectors, and a fiber-optic probe. The configuration of the fibers in the tip is represented in the lower
right.

DRS data acquisition
Tissue measurements were performed immediately after resection of the specimen.
DRS and FS measurements were done consecutively using the same probe, thus
creating the aspect of a single measurement. Tumor spectra were acquired after
positioning the needle directly onto the macroscopically recognized tumor tissue.
Thereafter, a biopsy was taken from this area. The presence of malignancy was
confirmed by histopathological examination. Tissue measurements were performed
on multiple locations in healthy and malignant tissue. Healthy colon structures
(epiploic fat, mesocolon, and colon wall) were measured after placing the probe on
the selected tissue at least 5 cm from macroscopically visible tumor tissue. In 10
specimens, trajectory measurements were performed during line insertions. During
these measurements, the probe was introduced from macroscopically normal healthy
tissue towards the tumor, with measurements taken consecutively in the epiploical fat,
colon wall, and colon tumor. For correlation with histology, a cylindrical core biopsy
was obtained from the measurement trajectory. Samples were stained with standard
hematoxylin and eosin (H&E) staining and examined by a pathologist who was blinded
to the spectroscopy results.
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Spectral analysis
DRS analytical model
To interpret the acquired DRS spectra a widely accepted analytical model, introduced
by Farrell et al.,12 was used to estimate the various DRS chromophore volume fractions
and scattering parameters. The main absorbing constituent (chromophore) in normal
tissue dominating the absorption in the visible range is hemoglobin (oxygenated and
deoxygenated), whereas water, fat, and collagen are the main absorbers in the near
infra-red range. The main scattering parameters are the reduced scattering at 800
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nm and the Mie-to-total scattering fraction, in which the total scattering of tissue is
assumed to be defined by Mie and Rayleigh scattering. The validation of the DRS
analytic method has been described previously.13,14 The input arguments for the
model are the absorption coefficient µ a’(λ), the reduced scattering coefficient µ s’(λ)
and the center-to-center distance between the emitting and collecting fibers at the tip
of the probe. The implementation of this model to analyze diffuse reflectance spectra
over a wavelength of 400–1600 nm is described by Nachabé.13
FS analytical model
Autofluorescence was calculated by correcting the collected fluorescence spectra
for absorption and scattering using a method described earlier.15,16 The model was
implemented based on a modified photon migrations model described by Müller
et al.17 The corrected spectra were fitted using the intrinsic fluorescence spectra
(excitation at 377 nm) of collagen, elastin, NADH, and FAD as a priori knowledge.
Within colorectal tumors specific fluorescence peaks may occur related to the
accumulation of porphyrins, such as protoporphyrin IX (PpIX).18-20 Quantification of
porphyrins using the standard fit routine is not feasible since the exact wavelength of
their fluorescence bands are dependent on the environment where it is measured. 21
The porphyrin specific fluorescence was quantified by the subtraction of two curves:
The area underneath the recorded spectrum was subtracted from an interpolation
(p-chip method) between the measured values at 615, 650, and 730 nm. At these
wavelengths, the intensity of the porhyrin fluorescence is at a minimum (Figure 9.3).
Classification and Statistics
To evaluate the performance of discriminating the different tissue types, a Classification
And Regression Tree (CART) algorithm was used. The CART algorithm is a recursive
partitioning method that creates a classification tree based on the estimated
parameters from the fit model. 22 A leave-one-out (LOO) cross validation scheme was

Figure 9.3. | Quantification of fluorescence peaks around 630 and 680 nm by p-chip interpolation
between point 610, 660, and 730 nm. The fluorescence is quantified as difference in area under the
curve between measured fluorescence and interpolation.
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Figure 9.4. | DRS (A) and FS (C) spectra with corresponding histology (B). The color of the spectral
lines refers to the measurement position, indicated by the color bar at the center (B).

used. Each measurement location was separately classified as healthy or tumor tissue
using the classification tree. Measurements from a single measurement position were
combined after estimation of the parameters, prior to classification. Three parameters
(total hemoglobin concentration, hemoglobin oxygenation, and optical redox) may
be strongly influenced by the surgical procedure, either because of hemorrhage or
devascularization during surgery. These parameters may differ considerably between
ex vivo measurements (as performed in the present study) and the planned in vivo
application of the technology in the near future. Therefore, these parameters were
excluded from the CART classification. The outcome of the classification was compared
to the tissue type to calculate the sensitivity, specificity, and overall accuracy. Statistical
significance of the differences in estimated DRS and FS parameters were calculated
using the non-parametrical Mann–Whitney U test. p-values smaller than 0.01 were
considered significant.
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RESULTS
Patients
A total number of 21 patients was included, 10 males and 11 females. Mean age was
64 years (± 8.8). Three patients received Capecitabine plus Oxaliplatin as neo-adjuvant
therapy, with at least 28 days (range 28-120 days) between last treatment and surgery.
None of the patients received neo-adjuvant radiation therapy. Three tumors were
located in the right colon, one in the transverse colon and 17 in the left colon including
(recto)sigmoid. Tumor size varied from 1.6 to 9.1 cm (mean: 4.7 ± 2.0 cm). All tumors
were histologically proven adenocarcinomas.
Tissue Spectra
A total of 1273 optical measurements were performed; 603 as separate tissue
measurements on the different tissues (276 on tumor, 122 on colon wall, 130 on epiploic
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fat, and 75 on mesocolon) and 670 measurements as part of line measurements. 17
Measurements (1.3%) were removed due to errors in the measurement (e.g., influenced
by photo camera flashlight or a lack of tissue contact).
Examples of varying DRS and FS spectra between tissues are shown in Figure 9.4.
The measurements in the epiploic fat show a sharp dip in the DRS spectrum around
1200 nm which is not present in the measurements of the normal colon wall and the
tumor tissue. This dip is a result of lipid absorption. Histology confirms the high fat
content in the epiploic fat when compared to normal colon wall and tumor tissue. The
spectrum of normal colon wall and tumor tissue mainly differs in the visible part of the
spectrum (400–750 nm). Figure 9.4C shows the fluorescence spectrum with typical
fluorescence peaks measured in tumor tissue in the wavelength range between 600
and 700 nm.
Tissue Parameter Quantification
Quantification of absorption and scattering parameters was performed for each
measurement location. Boxplots of the most significant parameters are shown in
Figure 9.5. Tissue containing considerable amounts of fat, that is, epiploic fat and
mesocolon, were best distinguished from colon wall and tumor by fat, water, and
betacarotene contents. Compared to epiploic fat, the mesocolon tissue showed a
higher percentage of blood. When comparing tumor tissue with all three healthy tissue
types, considerable differences were found for hemoglobin concentration (p < 0.001)
and the Mie-to-total scattering fraction (p < 0.001).
For FS measurements, significant differences between tumor and normal tissue
were observed for the optical redox ratio and the fluorescence peaks at 630 and
680 nm. Fluorescence peaks around 630 and 680 nm were seen in 64% of the tumor
locations. These peaks were highly predictive for tumor tissue with a positive predictive
value of 97%. No considerable trends were seen for the total fluorescence intensity,
NADH, FAD, collagen, and elastin.
Classification Accuracy
The DRS and FS parameters were used by the CART algorithm to create a classification
tree and calculate overall diagnostic accuracy when compared to histopathology. The
main parameters used in the CART algorithm were Mie-to-total scattering fraction and
water content, with fat content and FS peaks as secondary parameters. The overall
accuracy for discriminating between tumor and all healthy tissue using these DRS and
FS parameters was 91% with a sensitivity of 95% and a specificity of 88%.
Line Measurements
Line measurements were performed by introducing the needle-shaped probe slowly
towards the tumor, passing through (if present) epiploic fat, colon wall, and tumor
(Figure 9.4b). During the line measurements, changes in tissue composition could
clearly be recognized. A typical example of the development in tissue composition
during the trajectory measurements is shown in Figure 9.6. During the propagation
from surface to tumor tissue, the water content increases, while the concentration of
fat and Mie-to-total scattering fraction decreases. Fluorescence peaks (630 and 680
nm) are clearly noticed when the probe reaches the tumor tissue.
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Figure 9.5. | Boxplots of the relevant tissue parameters. The significance levels (p-value) depicted
above each bar indicates the significance of the difference between the tissue in that column and
tumor tissue, based on a Mann–Whitney U test. Asterisks indicate significance levels < 0.01.
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Figure 9.6. | Visualization of a line measurement. The optical probe was introduces in the epiploic fat
and slowly commenced towards the tumor tissue. Parameter values are grouped per measurement
location in a line measurement (A). The error bars represent the standard deviation of the repeated
measurements at this location. Mie scat. Indicates the Mie-to-total scattering ratio.The positions are
correlated to the histological image (H&E stain) from a core biopsy taken just adjacent the optical
probe (B).

DISCUSSION
In the present study, a combination of DRS and FS was used to measure differences in
tissue physiology and morphology in fresh resection specimens from 21 patients with
histologically proven colorectal adenocarcinoma. Automated analysis of the measured
spectra revealed qualitative and quantitative parameters that differentiate tumor from
healthy surrounding tissue. Water content, fat content, Mie-to-total scattering fraction,
and the additional FS peaks at 630 and 680 nm were most discriminating parameters.
Classification of epiploic fat and mesocolon versus colon wall and tumor was
strongly based on water and fat content. General differences between tumor and
colon wall were related to differences in scattering parameters, the redox ratio, and
the presence of additional intrinsic fluorescence peaks. These differences may directly
reflect differences in morphology and metabolism between normal colon wall and
tumor tissue.
The measured fluorescent spectra in colon tumor closely resemble the spectra
of protoporphyrin IX, as described earlier.18,19 Several other studies also showed the
accumulation of PpIX in colon malignancies and their metastases.18,20,23 Moesta et
al. determined the fluorescence spectra of colon tissue using a pulsed solid state
laser together with a CCD-camera. PpIX was biochemically identified in the primary
colon tumor as well as in the lymphatic and liver metastases using reversed phase
liquid chromatography. The reason for selective accumulation of PpIX is still not fully
understood. Porphyrin was also reported as decay product of chlorophyll, present in
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the diet of both human and laboratory animal. 24 This may complicate selective PpIX
recognition.
Multiple authors have investigated the use of optical spectroscopy in the
diagnosis of colon cancer. Elastic scattering spectroscopy in colonoscopy has shown
discrimination between malignant and benign tissue with a sensitivity and specificity
ranging from 75% to 90%.4,9,10 The surgical relevance of these studies is, however,
limited since only tissue in direct contact with the lumen was investigated. Schols et al.
investigated DRS as single technique on surgical specimens. 25 The fiber-optic probe
contained seven fibers for tissue illumination, placed around a central collecting fiber
with an inter-fiber distance < 0.5 mm. Principal component regression (PCR) was used
for automated tissue classification. A cumulative distribution function (CDF, maximum
score 1.0) rather than sensitivity and specificity was used to qualify tissue recognition.
Cancer versus all other tissue yielded a high CDF score of 0.99.
The innovation of the current, here presented, study lies in the use of clinically
comprehensible parameters for tissue identification. Tissue differentiation by
quantitative parameters may give a better insight in the technology and its potential
use during surgery.
Translating DRS-FS technology from ex vivo to in vivo measurements is complex.
Quantitative analysis, as performed in the present study, provides knowledge on the
contribution of specific optical parameters. In vivo and ex vivo measurements may
differ significantly with regard to specific parameters. For example, hemoglobin
concentration, oxygen saturation, and the optical redox ratio may change during
and after resection due to a decreased cellular metabolism and cut-off blood supply.
These differences will influence the measured spectrum indisputably. With an in vivo
application in mind, ex vivo classification of the tissue should therefore preferably not
be based on spectral characteristics or parameters prone to differ between in vivo
and ex vivo. The quantification of individual parameters, as presented in our study,
allows for specific parameters to be selected for classification eliminating possible
shortcomings of the ex vivo measurements. Although, parameter quantification
of hemoglobin concentration, oxygen saturation, and the optical redox ratio were
included in the results (Figure 9.5), they were not used for classification. However,
when applied in vivo, these parameters may be included as they may further contribute
to the classification algorithm. To extend the possibility of independent parameter
quantification, the spectrum was measured over a broad spectral range (400-1600
nm). The influence of hemoglobin in the nearinfrared and short wavelength infrared
is minimal. In this way, parameters with spectral characteristics in the infrared, like
water and fat, can be quantified without the interference of blood. Another benefit of
parameter quantification is the ability to constrain the influence of ink after tattooing
of colon wall during colonoscopy. The ink is quantified as independent parameter and
could either be left out or included in the classification algorithm.
Clinical application of the technique could be targeted to situations with a high risk
of incomplete resection or with a high risk of damaging vital surrounding structures.
Large T4 and low rectal tumors are prone to these risks. When the colorectal tumor
grows into the fat of the mesorectum, a close relation with nerves of the presacral
plexus often challenges the resection. In this case, the differentiation between tumor
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and mesorectum is most important. In the optimal case, tumor is resected enclosed
with a layer of healthy tissue. The DRS technique could be used to further investigate
regions at risk or suspected for incomplete tumor resection. The depth profile of DRS
depends on both tissue properties and parameters of the probe setup. The penetration
depth of an optical probe can be tailored by choosing different distances between the
emitting and collecting fibers. 26 When the distance between the emitting fiber and
the collecting fiber increases, the penetration depth of the signal will increase, while
resolution decreases. Currently, we are developing optical probes that incorporates
multiple optical fibers with various inter fiber distances. These probes allow tissue
measurements at a depth of several millimeters. In addition, they allow measurements
at different fiber distances and in this way may supply information about the distance
of the identified tissue to the optical probe. Recommendations for further research
would include optical measurements in vivo during surgery for colorectal cancer.
Eventually research could also be aimed at detecting small amount of tumor deposits.
In summary, dual-modality DRS-FS is feasible for detecting colorectal cancer.
During line measurements, optical spectra and derived parameters could be correlated
to the simultaneously acquired core biopsy. Group differences in parameter values are
significant and assignable. In addition, classification between different healthy tissue
types is possible. These findings indicate that optical spectroscopy may be a valuable
technology for image-guided surgery in colorectal cancer, especially when small fibers
are integrated into surgical tools for direct and real time tissue feedback.
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ABSTRACT
Anatomic imaging alone is often inadequate for tuning systemic treatment for
individual tumor response. Optically based techniques could potentially contribute to
fast and objective response monitoring in personalized cancer therapy. In the present
study, we evaluated the feasibility of dual-modality diffuse reflectance spectroscopy–
fluorescence spectroscopy (DRS-FS) to monitor the effects of systemic treatment in a
mouse model for hereditary breast cancer. Brca1−/−; p53−/− mammary tumors were
grown in 36 mice, half of which were treated with a single dose of cisplatin. Changes
in the tumor physiology and morphology were measured for a period of 1 week using
dual-modality DRS-FS. Liver and muscle tissues were also measured to distinguish
tumor-specific alterations from systemic changes. Model-based analyses were used
to derive different optical parameters like the scattering and absorption coefficients,
as well as sources of intrinsic fluorescence. Histopathologic analysis was performed
for cross-validation with trends in optically based parameters. Treated tumors showed
a significant decrease in Mie-scattering slope and Mie-to-total scattering fraction
and an increase in both fat volume fraction and tissue oxygenation after 2 days of
follow-up. Additionally, significant tumor-specific changes in the fluorescence spectra
were seen. These longitudinal trends were consistent with changes observed in the
histopathologic analysis, such as vital tumor content and formation of fibrosis. This
study demonstrates that dual-modality DRS-FS provides quantitative functional
information that corresponds well with the degree of pathologic response. DRS-FS, in
conjunction with other imaging modalities, could be used to optimize systemic cancer
treatment on the basis of early individual tumor response.
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INTRODUCTION
Monitoring of the individual tumor response is crucial for optimizing systemic treatment
in patients with cancer, particularly as treatments trend toward individualized patient
care.1-4 Therapy response assessment is generally performed by anatomic imaging
using the standardized Response Evaluation Criteria In Solid Tumors criteria on
the basis of changes in anatomic tumor size.5 However, standard-of-care anatomic
imaging modalities, such as computed tomography, are unable to objectively evaluate
treatment response at the early stages of treatment. In addition, shrinkage of tumors
can be minimal even when treatment is effective. This phenomenon is most obvious in
certain tumor types, like sarcomas or gastrointestinal stromal tumors, 6 as well as with
new targeted drugs that lack direct intrinsic cytotoxic activity, such as bevacizumab.7
A modality that is based on functional contrast rather than on anatomic features
alone may improve response monitoring. An example of functional imaging is positron
emission tomography (PET) using [18 F]fluorodeoxyglucose (18 F-FDG). Nowadays,
18F-FDG PET has been used for early-response monitoring and outcome prediction,
although the accuracy is still dependent on the tumor type and the treatment used. 8-10
In the last decade, optical sensing, by means of diffuse reflectance spectroscopy
(DRS) and fluorescence spectroscopy (FS), has been used to improve the identification
of cancerous lesions in various organs.11-21 Both modalities enable tissue characterization by measuring the spectral response after the tissue is illuminated with a
selected spectral band of light. Depending on the tissue composition and its structure,
a specific “optical fingerprint” is acquired. This optical fingerprint represents specific
quantitative morphologic, biochemical, and functional information from the probed
tissue, making it a promising technique for the detection of chemotherapy-induced
alterations.
Tromberg’s group investigated the changes in optically measured biomarkers
during chemotherapy in breast cancer using diffuse optical spectroscopy (DOS). 22-25
DOS imaging using a handheld probe was used to scan the breasts of patients with
locally advanced breast cancer before, during, and after chemotherapy. The results
of these studies showed that optically derived tissue parameters strongly correlate
with and, in some cases, predict pathologic response. A study by Falou et al. also
suggested that responders and non-responders could be differentiated with DOS. 26
Finally, the biomedical engineering group at Duke University (Durham, NC) showed that
a combination of DRS and FS can be applied to monitor drug concentrations and tumor
physiology in vivo in a preclinical mouse model. 27 Studies thus far have mainly focused
on the non-invasive application of optical sensing by hand-held optical transducers
used to scan tissue surfaces. This approach has a clear advantage for breast tumors
but may limit the applicability of optical sensing for deep-seeded tumors such as in the
lung or kidney. Recently, we described an optical needle probe able to perform optical
measurements in tumor tissue. 21,28,29 Optical measurements conducted through very
fine needles (smaller than 27G) open the potential to assess treatment response of
(solid) tumors at deep-tissue sites. 30 The aim of this study was to investigate whether
dual-modality DRS-FS, incorporated in a small needle probe, was able to monitor the
dynamics of tumor response after treatment with cisplatin using a preclinical mouse
model for BRCA1-mutated breast cancer.
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MATERIALS AND METHODS
Animal study protocol
In this study, Brca1−/−; p53−/− mammary tumors were generated in a mouse model
for hereditary breast cancer previously described by Liu et al. 31 These tumors have
been demonstrated to be sensitive to cisplatin at a maximum tolerated dose (MTD) of
6 mg/kg intravenously injected. 32 Small fragments of tumor (1-2 mm in diameter) were
orthotopically transplanted into the fourth right mammary fat pad of 36 female (FVB/N
HanHSD WT) animals (The Netherlands Cancer Institute, Amsterdam, The Netherlands)
(6-8 weeks of age) as described previously. 32 Starting two weeks after tumor grafting,
the onset of tumor growth was checked at least three times per week.
Tumor size was determined by caliper measurements (length and width in mm
and tumor volume (in cubic mm) was calculated using the following formula: 0.5 ×
length × width2. Once the tumor volume reached 400 to 800 mm 3, the animals were
separated into control and treatment groups. Animals in the treatment group (n= 18)
received cisplatin (1 mg/ml in saline/ mannitol) at a dose of 6 mg/kg (MTD) in a single
intravenous injection into the tail vein. Animals in the control group (n= 18) received
an equivalent amount of saline. DRS and FS tumor measurements were performed in
vivo after inserting the spectroscopy needle percutaneously (through the skin) into the
tumors.
Baseline measurements were performed on day 0, immediately after treatment/
placebo administration, and then on days 1, 2, 4, and 7 afterwards. These time points
were selected from a previous pilot study. To evaluate whether eventual changes in the
optical profile were systemic or tumor specific, eight animals from each group were
randomly chosen for additional in vivo measurements in liver and muscle tissues on
days 2, 4, and 7. After each session of optical measurements, three to five animals from
each group were killed to obtain tumor tissue for histopathologic evaluation. Tumor
samples were dissected into three parts: these were snap frozen in liquid nitrogen,
fixed in 4% formalin, or fixed in acetic acid–formalin ethanol saline. The tumor model
used is known to be very sensitive to the MTD of cisplatin, whereas non-treated tumors
grow rapidly. This could result in control animals being removed from the experiment
on the basis of humane end points (tumor volume >1500 mm3) or in a minimal amount
of measurable tumor tissue in the treated animals before the end of the experiment.
Therefore, animals with slightly higher tumor volumes were included in the treatment
group.
Throughout the course of the experiment, starting 3 weeks before the tumor
grafting, the animals were given a purified diet to eliminate autofluorescence from
chlorophyll. 33 During the optical spectroscopy measurements, the animals were
deeply anesthetized using 1.5% isoflurane mixed with oxygen. All animal procedures
were approved by the Animal Ethics Committee of the Netherlands Cancer Institute.
Optical spectroscopy using a miniaturized optical probe
DRS and FS measurements were performed using a portable spectroscopic system,
which consists of two light sources and two spectrometers (Figure 10.1). For the DRS
measurements, a Tungsten halogen broad-band light source (360-2500 nm) with an
embedded shutter was used. For FS, the system was equipped with a semiconductor
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Figure 10.1. | Schematic overview of the combined DRS and FS optical setup. The system measures
diffuse reflectance (400-1600 nm) and intrinsic fluorescence (400-800 nm) of tissue through the use of
a miniaturized 21 G needle with a retractable inner fiber-optic stylet.

laser (λ = 377 nm) to induce autofluorescence. One spectrometer was used to resolve
light in the visible wavelength range, i.e., 400 until 1050 nm (DU420A-BRDD; Andor
Technology, Belfast, Northern Ireland), the other to resolve near-infrared light from
900 to 1700 nm (DU492A-1.7; Andor Technology). The spectrometers were controlled
by a custom-made LabVIEW software user interface (National Instruments, Austin,
Texas) to acquire and save the data. The calibration procedure has been described
elaborately by Nachabé et al. 34
A custom fiber-optic needle that can probe tissue at the needle tip was developed.
The needle consisted of a 21G (0.82 mm) outer cannula and a 22G adjustable stylet
(Figure 10.1b), containing four identical fibers with a core diameter of 100 μm. To
minimize tissue damage, the optical fibers were retracted during needle insertion.
The optical fibers were protruded after positioning the needle at the right position to
establish optimal tissue contact. Two fibers were connected to the broad-band light
source and laser, whereas the two other fibers were connected to the spectrometers
to capture diffusely scattered light and fluorescence from the tissue. Two different
source-detector separations (SDSs) were used (1.5 and 0.15 mm). The spectra acquired
with the 1.5-mm SDS were used for the DRS data analyses, whereas the DRS spectra
measured with the 0.15-mm SDS were used to correct for absorption and scattering in
the fluorescence spectra.
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Diffuse reflectance spectral analysis
Three to five DRS spectra were collected from each animal on each measurement day,
consecutively. To interpret the acquired DRS spectra, a widely accepted analytical
model, introduced by Farrell et al., 35 was used to estimate the various DRS absorption
and scattering coefficients. The absorption coefficients represent the concentration of
physiologically relevant absorbers in the tissue, such as hemoglobin, water, and fat, as
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well as functional parameters like tissue oxygenation. The main scattering parameters
are the reduced scattering coefficient (at 800 nm), the reduced scattering slope of
the Mie scattering (Mie-scattering slope), and the Mie-to-total scattering fraction.
The Mie-scattering slope is related to the average particle size. 36 In the Mie-to-total
scattering fraction, the total scattering of tissue is assumed to be composed of Mie and
Rayleigh scattering. In tissue, Mie scattering represents scattering caused by biologic
cells and cellular components, whereas Rayleigh scattering is elastic scattering of light
by particles that are much smaller than the wavelength of light (e.g., macromolecular
aggregates such as collagen fibrils). The validation of the DRS analytic method has
been described previously by our group. 34,37
Intrinsic fluorescence modeling and quantification
Intrinsic fluorescence from the tissue was calculated by correcting the acquired
fluorescence spectra for absorption and scattering using the short SDS DRS spectra.
For the latter, a modified photon migration method 38 was used on the basis of the
work by Müller et al. 39 and Zhang et al.40 The corrected spectra were fitted using
the fluorescence spectra (excitation at 377 nm) of endogenous tissue fluorophores
(collagen, elastin, nicotinamide adenine dinucleotide (NADH), and flavin adenine
dinucleotid (FAD)) as a priori knowledge.
The optical oxidation-reduction (redox) ratio, which is linked to the metabolic state
of the tissue, was defined as NADH/(NADH+FAD).41,42 Because collagen and elastin
have almost identical fluorescence spectra, estimated amounts of collagen and elastin
were combined as collagen+elastin. In case the tissue contained diagnostic levels of
endogenous fluorophores other than the ones included in the standard fit model, the
area underneath the fitted curve (known fluorophores) was subtracted from the total
area under the original curve (measured fluorescence).
Histopathologic analyses
Samples were stained with both standard hematoxylin and eosin (Merck, Darmstadt,
Germany) (H&E) and Masson trichrome (MT) (Sigma-Aldrich, St. Louis, MO) dyes. The
H&E-stained sections were used to quantify vital, necrotic, and fibrotic tissue fractions.
The necrotic and fibrotic fractions were calculated as a percentage of the overall tissue
area across each section. For this purpose, at least 10 different fields were investigated
at a 400× magnification.
Immunohistochemical analysis of tumors was performed using anti-γH2AX
[rabbit polyclonal; Cell Signaling Technology (Beverly, MA), No. 2577, 1:50 in 1% BSA
diluted in phosphate saline buffer], anti–cleaved caspase 3 (CC3) [rabbit polyclonal;
Cell Signaling Technology, No. 9661, 1:100 in 1% phosphate-buffered saline with
bovine serum albumin], and anti–Ki-67 probes (Dako (Glostrup, Denmark); 1:100). For
evaluation of the amount of lipids, frozen sections were mounted on glass slides and
stained with Oil Red O (Sigma-Aldrich, St. Louis, MO). All histopathology was evaluated
by an experienced pathologist in a blinded study setting. The pathology findings were
used to cross-validate the longitudinal changes in the optical end-points.
Two-photon excitation microscopy
Intrinsic fluorescence in tumor was imaged using a two-photon confocal microscopy
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setup. These experiments were carried out to relate the differences in fluorescence
spectra obtained with FS to specific structures in the tissue slices. Snap-frozen tumor
pieces were sliced in thick sections (25 μm), kept unstained and unfixed, and mounted
onto glass microscope slides.
The two-photon excitation source was a Ti:Sapphire laser (Tsunami, Spectra
Physics, Santa Clara, CA) tuned to 790 nm. The excitation light (equivalent to a
single-photon excitation wavelength of 395 nm) was delivered to, and the emitted
light was collected from the sample through a Leica Confocal microscope [with a Leica
(Mannheim, Germany) HCX IRAPO 25x water immersion objective with an NA of 0.95]
coupled to a Leica TCS SP5 tandem scan head operating at 500 lines per second. A
photomultiplier served as the detector. For each tumor sample, fluorescence images
were obtained in the wavelength ranges of 400 to 500 nm, 500 to 600 nm, and 600
to 700 nm. This was done to compare the relative intensity of fluorescence at these
spectral ranges between treated and control animals.
Statistical analysis
To examine the trends in optical parameters over time, a linear regression model was
performed in MATLAB 7.13 (MathWorks Inc, Natick, MA). The fixed-effects terms in
the models were treatment (controls vs. cisplatin), time (day), and their interactions. A
slope and intercept were fit for the data of both the treated and control groups using
maximum likelihood estimation. For the significance of fixed effects, a likelihood ratio
test was statistically compared to a χ2 distribution with 1 degree of freedom (for one
coefficient being eliminated). For all tests, statistical significance was set at p < 0.05.
RESULTS
Longitudinal trends in DRS parameters and tumor volume
DRS parameter quantification was performed as part of the model-based data analysis
using a total of 712 DRS spectra. The longitudinal changes for the average tumor
volume and various DRS parameters over time are shown in Figure 10.2. In the control
animals, the tumor volume increased during the entire follow-up period, whereas the
tumors of the cisplatin-treated animals started to shrink 2 days after treatment. For the
DRS parameters, the trends during follow-up were significantly different between the
treated and the control groups for the Mie-scattering slope (p < 0.0001), Mie-to-total
scattering fraction (p < 0.001), tissue oxygenation (p = 0.035), and fat volume fraction
(p < 0.0001).
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Longitudinal trends in FS parameters
The fluorescence spectra and corresponding model fits for two representative animals
(one treated and one control animal) on days 0, 2, 4, and 7 are shown in Figure 10.3.
In the tumor of the treated animal, an increasing deviation between the measurements
and the fitted curves was observed from day 2 onwards, between 500 and 800 nm.
This indicates that fluorophores other than the ones included in the standard fit model
(collagen, elastin, NADH, and FAD) were measured. This additional fluorescence
activity (from now on called fluorescence residual) was seen in all the treated tumors
at days 4 and 7.
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Figure 10.2. | Longitudinal changes in tumor volume and DRS parameters measured for both
groups across time: tumor volume (a), Mie-scattering slope (b), Mie-to-total scattering fraction (c),
total hemoglobin (d), tissue oxygenation (e), reduced scattering (f), fat volume fraction (g), and water
volume fraction (H). The bars represent the means for each parameter computed across all available
animals, at each particular time point, for both the treated (red) and control (blue) groups. The dashed
lines represent the corresponding regression lines. p-values are shown at the top of each plot.

The longitudinal kinetics for each model-fitted FS parameter and the calculated
fluorescence residual across all treated and control animals are shown in Figure 10.4.
The plotted linear trend for the fluorescence residual in tumor was significantly different
between the treated and the control groups (p = 0.018). No significant trends were
observed for the total fluorescence intensity, collagen+elastin, and the optical redox
ratio. Figure 10.5 shows the longitudinal changes of the fluorescence residual in tumor,
liver, and muscle across all animals from both groups. The additional fluorescence is
not present in muscle and liver tissues, indicating a tumor-specific effect.
Two-photon confocal microscopy
In an attempt to better understand the origin of the additional autofluorescent emission
(mainly above 600 nm) seen in the treated animals, two-photon confocal fluorescence
microscopy images recorded in a spectral range of 600 to 700 nm were compared with
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Figure 10.3. | Autofluorescence spectra for a representative animal in the control group and the
treated group during 1 week of follow-up. The blue lines are the fluorescence measurements,
whereas the red lines are the results of the model-based fitting procedure. The green lines illustrate
the residual due to the presence of additional fluorescence, which is specifically seen in the treated
animals after 2 days.
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Figure 10.4. | Longitudinal trends in FS parameters measured for both groups across time: total
fluorescence intensity (a), collagen+elastin (b), optical redox ratio (c), and fluorescence residual (d).
The bars represent the means for each parameter computed across all available animals, at each
particular time point, for both the treated (red) and control (blue) groups. The error bars are SEs. The
dashed lines represent the corresponding regression lines. p-values are shown at the top of each.

153

20151019_thesis.indd 153

19-10-2015 16:02:52

Figure 10.5. | Course of fluorescence residual in tumor (a), liver tissue (b), and muscle tissue (c) over
time. The data of muscle and liver tissues shown here were obtained from 16 (8 per group) of the
animals that were killed at day 2, 4, or 7, whereas A represents the full cohort. The error bars are SEs.

Figure 10.6. | Two-photon confocal microscopy images (600-700 nm) of tumor sections of a
representative control (a) and treated animal (c). Effective excitation was at 395 nm, and the intensity
scale is the same in both of the two-photon images. The samples were collected after 1 week of
follow-up, i.e., when the differences seen in FS signals were maximal. In the treated tumor samples,
numerous fluorescent foci were present within the cells. (b) and (b) show corresponding H&E images.
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adjacent tissue sections that were stained with H&E (Figure 10.6). The samples were
collected after 1 week of follow-up, i.e., when the differences seen in FS signals were
maximal. In the treated tumor samples, numerous fluorescent foci were present. These
foci correlated with cellular structures rather than with collagen deposits or necrotic
areas. It remains to be determined whether this specific fluorescence originated from
stromal or tumor cells. For the two-photon images recorded in the spectral ranges 400
to 500 nm and 500 to 600 nm, no considerable differences were seen when comparing
both groups.
Evaluation of histology and histochemical biomarkers
Evaluation of Histology and Histochemical Biomarkers The evaluation of pathologic
response of tumors to cisplatin using various histologic dyes and immunohistochemical
biomarkers is illustrated in Figure 10.7. A strong increase in nuclear DNA damage was
seen 24 hours after cisplatin administration using γ-H2AX as a marker. From day 2
onwards, a significant decrease in the proliferation marker Ki-67 and an increase in
apoptosis-related cell death (CC3 marker) were observed. Analysis of MT-stained
slides showed increased amounts of fibrotic tissue 4 to 7 days after treatment that
corresponded to the H&E images. An increase in lipids (Oil Red O) was seen over time.
In Figure 10.8a-b, fractions of vital, necrotic, and fibrotic tumor tissues for both groups

10

Figure 10.7. | Tumor pathologic response to an MTD cisplatin. Scale bar, 100 μm. H&E- (a) and MT(b) stained tumor sections show replacement of viable tumor tissue by fibrosis, especially after day
2 onwards. The γ-H2AX (c), Ki-67 (d), and anti-CC3 (e) markers showed a strong increase in DNA
damage, a decrease in proliferation, and an increase in apoptosis-related cell death, respectively. An
increase in the amount of lipids (Oil Red O stain) was seen across time.
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Figure 10.8. | Comparison of histology and optical spectroscopy end points. The upper two figures
show the temporal changes in mean fractions of vital tumor tissue, necrosis, and fibrosis for the control
(a) and treated (b) groups, as assessed by histologic staining using H&E. The lower two figures (c and
d) show temporal changes in the Mie-scattering slope, the Mie-to-total scattering fraction, and the
fluorescence residual for both groups. Error bars indicate SE.

are shown as quantified on the H&E-stained tissue slides. These data indicate that the
pathologic response to cisplatin in this tumor model corresponds with the replacement
of viable tumor tissue by fibrosis, without a considerable increase in necrosis. The
longitudinal changes in these histopathologic end points were compared against
changes in prominent optical parameters as shown in Figure 10.8c-d. In the treated
group, a major shift in both histology and optical end points was seen, whereas minimal
changes were observed across all of these parameters in the control group.
DISCUSSION
In this study, a combination of DRS and FS was used to investigate cisplatin-induced
changes in tumor physiology and morphology across a period of 1 week in a mouse
model for hereditary breast cancer. The changes in optical end points were compared
against the degree of pathologic response. The results showed that various DRS and
FS parameters in the treated animals significantly changed throughout the course of
treatment relative to the untreated animals. These parameters were the Mie-scattering
slope (p < 0.0001), Mie-to-total scattering fraction (p < 0.001), tissue oxygenation
(p = 0.035), fat volume fraction (p < 0.0001), and fluorescence residual (p < 0.018).
Furthermore, the observed changes appeared to be proportional to the degree of vital
tumor tissue and the formation of fibrosis.
Optical scattering characteristics are dependent on the size and density of cell
nuclei and organelles as well as on the composition of the extracellular matrix (e.g.,
macromolecular aggregates and collagen fibers). In the histopathologic evaluation,
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considerable alterations in the extracellular matrix (formation of fibrosis) and in the
size and the density of (sub) cellular structures were observed in the tumors of the
treated animals. These morphologic and structural changes may lead to changes in
tissue-scattering properties that in turn may translate into changes in the Mie-scattering
slope and Mie-to-total scattering fraction. Although significant fibrosis and cellular
disintegration after treatment with cisplatin may explain these specific changes, further
research is needed to provide a better understanding of these relationships.
Tumor tissue oxygenation values of untreated animals remained hypoxic over time,
whereas tumors of treated animals became progressively more oxygenated. This is
consistent with previously reported results where improved oxygenation of tumor
tissue was observed due to tumor regression and altered metabolism after treatment
with doxorubicin. 27,43,44 For example, Vishwanath et al. performed DRS using a surface
probe and showed that mammary-tumor tissue oxygenation in treated mice increased
after doxorubicin administration relative to the untreated controls.
A particularly interesting finding was the additional fluorescence observed in
the treated group. On the basis of two-photon imaging, the extra fluorescence was
specifically found in the cellular components of tumor tissue treated with cisplatin.
Fluorescence was tumor specific and not observed in liver or muscle tissue of the
treated animals. Earlier research has shown that some cancers accumulate diagnostic
levels of endogenous protoporphyrin IX and other metabolic products of porphyrin
as a result of tumor-specific metabolic alterations.45,46 Quantification of porphyrins
using standard fit procedures is challenging, because the exact wavelength of the
fluorescence bands of porphyrins strongly depend on the environment (e.g., pH)
where it is measured.45,46 Whether porphyrin fluorescence is primarily associated with
certain tumor types or with response to systemic therapy is unknown. The exact basis
of the additional autofluorescence emission observed in this study will be investigated
in future studies. The FS spectra were fitted using the intrinsic fluorescence spectra of
collagen, elastin, NADH, and FAD as a priori knowledge. No considerable change over
time was observed in these parameters. This may be due to the presence of significant
amounts of unknown fluorescence that was not taken into account in the FS curve
fitting procedure and hence may have influenced quantification of minor effects of the
other fluorophores such as collagen, elastin, NADH, and FAD.
The use of a broad spectral range in combination with a model-based analysis
allows proper estimation of most individual DRS parameters. Some caution is advised
concerning the total hemoglobin contents within this study. Although a thin 21G optical
needle (0.72 mm) was used, minor bleeding at the tip of the needle may have caused
high values for average total hemoglobin content. However, in a previous clinical
study by Brown et al.47 a 14G coaxial cannula combined with a fiber-optic needle was
successfully used to measure tissue optical properties in human breast tissue during
surgery. This indicates that small bleedings are not necessarily a problem when optical
spectroscopy technology is applied in vivo. It also indicates the feasibility, within
a clinical setting, of monitoring changes in perfusion and blood content of tumors
using a needle-based fiber-optic tool. Both parameters may be of specific interest for
evaluation of tumor responses to anti-angiogenic drugs.
Earlier research suggests that cancer cells show specific alterations in different
aspects of lipid metabolism. For example, the high proliferation of cancer cells
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requires large amounts of lipids as building blocks for biologic membranes,48 whereas
apoptosis-related cell death is associated with an accumulation of cellular lipids.49 Our
setup is able to measure in the infrared wavelength range up to 1600 nm where fat and
water absorption bands exist. This enables reliable estimation of these substances.34
In this study, histopathologic analysis using Oil Red O showed an increase in the amount
of lipids in tumor sections for the treated animals. This is consistent with the increase
in apoptosis-related cell death seen in the anti-CC3 images and the clear increase in
fat volume fraction (p < 0.0001) measured with DRS for the same animals. Regarding
the control group, the high offset of fat percentage at day 0 and the decrease in the
average fat volume fraction during follow-up may be explained by the lower average
“starting” tumor volume in the control animals (compared to the treated animals),
as well as the subsequent progressive growth of these tumors and the associated
decrease in lipid content.
In the current study, we used a tumor model that is known to be very sensitive to
the MTD of cisplatin. Further studies in animal models with drug-resistant tumors are
needed to explore the differences in optical parameters in these settings. Moreover,
it is likely that the changes in tumor tissue vary on the basis of the specific treatment
given. To provide a more complete understanding of the relationship between optical
spectroscopy parameters and pathologic response, the effect of other drugs on
spectroscopy parameters needs to be investigated further.
Conventional anatomic imaging alone lacks the sensitivity for early-response
monitoring or assessing the effect of new targeted therapies that do not necessarily
result in a change in tumor size. For these purposes, functional information, such as that
obtained by 18 F-FDG PET and contrast-enhanced magnetic resonance imaging is more
suitable.7-9,50 Optical spectroscopy is a relatively new functional imaging technique that
may contribute to fast-response evaluation and timely shifting of systemic treatment.
This could be of great clinical benefit, even when it requires (minimal) invasive optical
spectroscopy measurements in the tumor. In a time of personalized medicine, repeated
tumor core biopsy is increasingly used during the course of treatment to generate
a genetic or epigenetic profile allowing selection of the best possible treatment.
Repeated biopsies may, however, be confounded by intra-tumor heterogeneity.51 By
performing optical spectroscopy along the needle path, an “optical tumor profile” can
be recorded covering a relatively large volume of tumor tissue. For example, Nachabé
et al.52 showed that optical spectroscopy measurements at the tip of a needle allowed
real time tissue characterization during percutaneous interventions. As such, optical
spectroscopy offers the potential to measure real time alterations in the optical profile
during systemic treatment. In this way, it may help to personalize cancer treatments
and may improve cost effectiveness of systemic treatment in cancer.
CONCLUSIONS
In summary, this study shows that dual-modality DRS-FS provides quantitative functional
information that corresponds well with the degree of pathologic response of systemic
treatment. This could be of considerable value for the monitoring and prediction of
cancer therapy efficacy on the basis of individual patient response. Further studies
including resistant tumor models and various therapeutic drugs are needed to verify
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GENERAL DISCUSSION
In this thesis we described the results of various preclinical and clinical studies that
were performed to evaluate the potential of diffuse reflectance spectroscopy (DRS)
and fluorescence spectroscopy (FS) for various oncological applications. We also
explored the benefits of incorporation of these technologies into existing medical
devices and corresponding clinical workflow.
Part II
In the second part of this thesis we presented the preclinical validation and clinical
translation of spectral tissue sensing (STS) at the tip of a biopsy needle for guided
lung biopsy procedures. To enable robust data acquisition under specific operating
constraints in the clinic, essential hurdles had to be overcome. First, a major obstacle
in the successful implementation of spectral sensing at a needle tip is the inevitable
presence of blood at the needle tip. The blood absorbs a significant amount of light and
in that way decreases the quality of the signal. This effect had to be reduced to enable
reliable tissue characterization during percutaneous interventions in well-perfused
tissue. Second, tissue sensing and biopsy capabilities needed to be linked in a manner
that provides optimal conditions for both spectral tissue identification and adequate
tissue sampling. Third, the developed technology had to fit seamlessly in the clinical
workflow for obtaining a transthoracic biopsy.
These challenges were all addressed in chapter 4 through 6. The advantage of our
technique relative to those presented in most previous studies is that it can obtain
spectra in a broad spectral range including the near-infrared region up to 1600 nm.
The main benefit of this is that it helps to overcome the effect of dominant absorption
by excessive amounts of hemoglobin in the visible wavelength region (400-700 nm).
Furthermore, it enables the quantification of water content which is an important
measure for lung tissue density.
In chapter 5 we showed that blood content and associated oxygenation levels
are not suitable for spectral biopsy guidance, as both parameters are susceptible for
contamination by blood released during needle insertion. We found that water content
and scattering amplitude are the primary discriminators for the transition from healthy
lung tissue to tumor tissue. The reliability (i.e. the validity of the estimate) of both
parameters was not affected by the amount of blood at the needle tip. However, both
the water content and scattering amplitude will depend to some extend on the amount
of blood encountered, as blood close to the needle tip is part of the probed “tissue”
volume. Moving the needle slightly to improve contact with the tissue typically helps
reducing the blood pooling effect at the needle tip. The measured blood content at
the needle tip – which is accurately quantified - could be provided as feedback to the
physician, thereby allowing necessary adjustments of the needle to reduce the effect
of blood contamination.
During this PhD project an experimental fiber-optic biopsy needle (FOBN) was
developed that allows DRS characterization of the tissue at the needle tip under
the operating constraints of a routine transthoracic biopsy procedure. The device
development and necessary regulatory approval were not part of this thesis. In the
second part of chapter 5 and in chapter 6 we demonstrated the feasibility of real
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time STS using the FOBN during routine fluoroscopy-guided lung transthoracic biopsy
procedures. Discrimination between various tissues by spectral tissue sensing relies on
measurement of the absolute or relative differences in intensity or spectral contrasts
between the tissue types of interest. Sources of variation such as inter-patient variability
may outweigh the difference between the tissue types of interest and lead to hampered
diagnostic performance.1-3 We found that the use of relative tissue parameters may
help to define more effective detection criteria that are less sensitive to inter-patient
variation. Therefore, we extracted the information provided by the FOBN along each
needle path and used each patient’s healthy tissue as an internal reference. This was
done by calculating an optical contrast index (OCI). The OCI was defined as the relative
difference in the water-to-scattering ratio between tumor and lung tissue within the
same individual. Similar composite optical parameters have been applied by other
research groups.4-6 The results of the complete series (n= 22 patients) were presented
in chapter 6. The OCI matched the final pathology in 19 out of 21 clinical cases that
could be used for analysis, which corresponds with an overall diagnostic performance
of 90%. The two misclassified cases underlined the importance of adequate reference
measurements. What is important to note, is that in both cases either procedural
fluoroscopy imaging or spectral information (measured blood content) could have been
used to inform the operator about the (in)adequacy of the reference measurements.
In one patient we noted that the FOBN was slightly moved between the final spectral
measurements and the actual tissue biopsy, resulting in a mismatch between DRS end
points and pathology analysis. This observation highlights the importance of real-time
measurements and data processing in order to allow necessary adjustments of needle
positioning based on the changes in the derived DRS parameters.
We should note that using healthy lung tissue as reference is only applicable to
lesions with sufficient aerated lung parenchyma interposed between the pleura the
lesion. Lesions located close to the pleura or lesions that are obscured by fibrosis or
atelectasis are not amenable for this method. One option is to perform a reference
measurement in subcutaneous fat at the skin entry site prior to further needle insertion
into the thorax. These measurements could then be used to correct for inter-patient
variation. Additional advantages would be the simplification of the biopsy process and
decreased risk of complications, specifically pneumothorax or hemorrhage, as spectral
reference measurements are taken prior to piercing the pleura.
The calibration of the spectroscopy system prior to tissue measurements consisted
of several steps, including calibrating the system with a white reflectance standard
measurement to correct for system response (spectral variations of the light source,
spectrometer, fiber transmission, etc). For the in vivo studies the spectroscopy system
was calibrated for system response by measuring reflectance from a spectrally flat
barium sulfate casing around a non-sterile calibration needle. After the calibration, the
calibration needle was disconnected and the sterile-packaged fiber-optic needle was
connected for the tissue measurements. Although this method allows correcting for
day-to-day variations, it does not take into account differences between the single-use
fiber-optic needles and variations in the coupling between the fiber-optic needles and
the spectroscopy system. It would be interesting to investigate the contribution of this
source of error to the “inter-patient” variation. Moreover, the probed tissue volume is
determined by the tissue’s absorption and scattering properties as well as the distance
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between the emitting and collecting fibers at the needle tip. Production of fiber-optic
needles for single-use will involve some inherent variation in fiber separation. However,
a fixed fiber separation is given as input to the analytical model used in the current
work. Therefore, the reproducibility and accuracy of DRS parameter estimation of a
future clinical instrument will partly depend upon the specified tolerances regarding
fiber-separation.
The current experimental system was designed for clinical studies and proved to
be compatible with the existing clinical workflow of transthoracic biopsy procedures.
Because of the observational nature of the studies, the collected data (raw DRS spectra)
were not shown to the physician during the procedure. Further clinical validation of the
outlined approach in a prospective setting or (subsequent) clinical implementation
would require that the spectral information is translated into comprehensible and
reliable diagnostic information. From a clinical point of view, a clinical system for STS
should provide clear contrast between the target tissue (tumor) and surrounding tissue,
but also indicate when the output parameters are clinically not relevant or not reliable.
A strategy using a combination of multiple DRS parameters (including blood content)
and corresponding confidence intervals may have the potential to improve the overall
reliability of a future instrument. Ultimately, image-guided percutaneous procedures
may be complemented with relevant real time spectral information, thereby exploiting
the complementary strengths (anatomical context vs. real time tissue characterization)
of both modalities.
As mentioned earlier, intra-tumor heterogeneity may hinder personalized-medicine
strategies that depend on results from single tumor-biopsy samples. In potential STS
may not only help to increase the biopsy yield for histopathological analysis, but may
also allow specific sampling of vital tumor tissue when needed, such as for genetic
profiling for tailored treatment. In chapter 4 additional fluorescence peaks associated
with porphyrins were detected in lung malignancies, especially when necrotic tissue
was present. This feature might be used to ensure that the collected specimens
have high tumor content by avoiding non-diagnostic tissue. However, it is not clear
whether porphyrin-like fluorescence is primarily associated with necrotic tissues in
general, with certain tumor types (e.g. colon cancer; see chapter 9), or with response
to systemic therapy (see chapter 10). Due to practical reasons this proposition was not
further investigated in the in vivo studies described in this manuscript. Lung cancer
is very FDG-avid, whereas an area of necrosis within a tumor generally shows little
FDG activity on PET imaging.7 A suggestion for further research is to perform FS
measurements in patients that are likely to have an area of necrosis within the tumor.
We propose to perform FS measurements while the FOBN needle is directed towards
the most FDG-avid portion of the lesion. Recording such tumor profiles in a set of
patients with suspected lung cancer or suspected metastasized disease might help to
better understand the results obtained in chapter 4.
Furthermore, the results presented in chapter 5 and 6 provide a basis for further
development and clinical validation of integrated fiber-optic tools for a variety of
minimal invasive applications. As explained in chapter 3, registration of histology
serves as an important and necessary validation step for novel spectroscopy based
diagnostic techniques. However, the use of histopathology as benchmark does suffer
from a number of critical limitations, such as imperfect spatial correlation between
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the optical reading and the tissue sample. The integrated fiber-optic tool developed
during this project could be of considerable value for further clinical validation of
DRS or other optical spectroscopy technologies. It is designed to provide absolute
co-registration of optical and physical biopsies and it can be used for in human studies.
Part III
In the third part of this thesis we hypothesized that DRS could provide real time data
during the procedure to complement other imaging modalities (e.g. ultrasound)
and ensure that adequate margins of ablation are achieved. In chapters 7 and 8 we
showed that STS allows for procedural feedback during and after RF ablation. We
found that both liver tissue and colorectal liver metastases undergo spectral changes
with ablation. These changes allowed for measurements of the degree and extent of
ablation, even after the tissue had cooled.
Traditional hematoxylin and eosin (H&E) staining is inadequate for establishing cell
viability, because cellular architecture is often preserved after radiofrequency ablation
and therefore not indicative of viability. In the current work we have overcome this
problem by utilizing nicotinamide adenine dinucleotide (NADH) diaphorase staining
to evaluate cellular viability by assaying for the function of that enzyme. Although
the scoring system that we employed is capable of distinguishing non-viability after
thermal ablation, it remains unclear how the time-course of NADH enzyme inactivation
correlates with the degrees of thermal damage before full ablation has been achieved.
One way to validate that the proposed method can reliably determine progressive
thermal damage induced by RF ablation is to perform an animal study in which
ablations are stopped based on real time spectral data, not based on temperature or
time. Subsequent excision of the treated tissue and evaluation of the degree of the
thermal tissue damage may help to accurately link the magnitude of spectral changes
to the various stages of thermal ablation.8
The feedback information provided by DRS, as deployed in a fiber-optic needle,
could help the interventionist in multiple ways when monitoring or evaluating the
ablation treatment. With the use of one or multiple spectral tissue sensing sensors
placed at a critical distance from the ablation probe, real time in vivo monitoring
and treatment feedback may be possible. In cases of ablation of superficial lesions
or intra-operative cases, ablation monitoring by multiple STS sensors would be
quite simple. This could contribute to locally effective destruction of tumor tissue in
combination with a preservation of healthy liver tissue and adjacent vital structures
(e.g., gall bladder, bowel). For deeply situated lesions, the margin of ablation could be
monitored by placing a single spectral sensor at the intended tumor-free safety margin.
This could be of particular value when the tumor being targeted is located near major
vessels that might impair adequate ablation (heat-sink phenomena). Furthermore,
STS could be used directly after RF ablation to check focal areas of tissue that are
suspected for inadequate ablation. This may be interesting when multiple subsequent
ablations are required to treat a large (>4 cm) or irregular shaped target lesion in a
single session.
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Part IV
Currently, surgeons do not have adequate intra-operative assessment tools to ensure
that the cancer has been completely removed at the time of first surgery. Optical
technology incorporated into smart surgical tools could contribute to real time tissue
differentiation during surgery. In chapter 9, we have shown that that DRS and FS can
be used to distinguish colorectal tumors from surrounding healthy tissues with good
accuracy. The results of this study provided a base for a more extensive clinical study
that is currently being conducted in our hospital.
For STS incorporated in a smart surgical tool to be used routinely, a robust and
reliable instrument and probe design is critical. An important consideration is whether
the surgeon is going to use the surgical tool intraoperatively or directly after resection.
An option would be adding STS functionality to a hand-held probe (similar to the
MarginProbe developed by Dune Medical9) to perform margin assessment at critical
tissue sites immediately following the removal of tissue. STS could then be used to
check focal areas of tissue and provide a rapid survey of the tissue composition. On the
other hand, real time surgical margin control would require the direct combination of
a dissection/ cauterization/ suction tool and a tissue identification system. For this, an
instrument has to be developed that functions reliably in complex surgical environment.
If the instrument is expected to alert the surgeon that tumor tissue is detected, the
system must able to identify any healthy or tumor tissue type that could potentially be
encountered by the operator during an intervention under all foreseeable operating
conditions. Furthermore, surgeons often use electro-cauterization to cut through soft
tissue and to seal off blood vessels that are bleeding during surgery. If STS is used
in combination with a cauterization instrument, it will be necessary to understand the
effects of heat-induced tissue alterations, such as tissue ablation, carbonization, water
vaporization, and thermal denaturation of proteins.
The optical fiber geometry will be an important consideration for the design of a
of a future margin assessment tool. For example, probing volume and depth strongly
depend on the tissue’s optical properties and the source-detector fiber separation. As
the source-detector separation increases, the probing depth and volume increases,
which increases the sensitivity of the probe to deeper tissues. However, the ability
to detect small amounts of abnormal tissue decreases with a larger probed volume
(partial volume effect). The challenge will be to develop a system with a sufficient
probing depth and sufficient sensitivity to detect small foci of cancer at the surgical
margin. Thus, decisions about technical details and the algorithms used for extracting
tissue optical properties will be dictated largely by the application needs. An in-depth
discussion of these factors is beyond the scope of this dissertation, but addressing
these challenges will require extensive data collection and validation studies.
One of the most compelling applications for STS has been the ability to track
chemotherapy response in tumors. In chapter 10, we evaluated the feasibility of
dual-modality DRS-FS to monitor the effects of systemic treatment in a mouse model
for hereditary breast cancer. Monitoring and predicting cancer chemotherapy efficacy
based on individual patient response could be of great clinical benefit, even when
it requires (minimally) invasive optical spectroscopy measurements in the tumor.
Studies thus far have mainly focused on the non-invasive application of optical sensing
172

20151019_thesis.indd 172

19-10-2015 16:03:04

by hand-held optical transducers used to scan tissue surfaces. This approach has a
clear advantage for breast tumors but may limit the applicability of optical sensing
for deep-seeded tumors such as in the lung or kidney. We showed that STS sensing
through a fiber-optic probe is well-suited to dynamically and repeatedly monitor
physiological and compositional changes of tissue. As such, STS offers the potential to
measure real time changes in several biomarkers without the need for contrast agents
or ionizing radiation. It has therefore the potential to be used for frequent monitoring
of response dynamics early in the treatment cycle or as a tool for longitudinal drug
screening studies.
As mentioned before, conventional anatomic imaging alone lacks the sensitivity for
early-response monitoring or assessing the effect of new targeted therapies that do not
necessarily result in a change in tumor size. It is therefore crucial to develop functional
modalities to better monitor tumor response to (cytotoxic) chemotherapy. In the treated
animal tumors, we observed that alterations in DRS parameters (i.e. Mie-scattering
slope, Mie-to-total scattering fraction, fat content) correlated well with changes in
tissue structure and composition. Tumor tissue oxygenation values of untreated animals
remained hypoxic over time, whereas tumors of treated animals became progressively
more oxygenated. Additionally, significant tumor-specific changes in the fluorescence
spectra were seen in the treated tumors. These observations are thought to be due to
metabolic alterations within the tumor. Currently an in vivo human study is performed
in our institute. In this pilot study we aim to evaluate whether DRS and FS can be used
for response monitoring of first line systemic therapy in patients with colorectal liver
metastases.
Repeated tumor core biopsy is increasingly used during the course of treatment
to generate a genetic or epigenetic profile allowing selection of the best possible
treatment. Biopsies may, however, not be representative for the entire tumor mass,
which means important disease features might be missed.10 Thus, more sophisticated
tools will be needed to characterize patients’ cancers and guide their treatment. It is
currently unclear what would be the most appropriate technology to assess therapy
response in clinical practice. Continuous spectral measurements may be used to
record a profile along the needle path and yield valuable data on tumor structure and
tumor heterogeneity. Still, spectral response monitoring through a needle provides
only limited sampling points, whereas novel advanced imaging methods allow
visualization of morphologic and functional properties the entire (heterogeneous)
tumor volume. Recently, two different groups engineered devices to improve drug
selection by means of directly injecting drugs into the patient’s tumor and analyzing
therapy response within the living tumors.11,12 Klinghoffer et al.12 developed an array of
needles engineered to introduce multiple candidate drugs percutaneous into discrete
and mapped locations within a growing tumor in a living subject. After injection and
incubation in situ, the tumor tissue was excised, and the effects of drug on the tissue
were measured. One idea would be to develop a similar implantable array of needles
with integrated fiber-optics that allows simultaneous spectral response assessment
of different areas of a single solid tumor. In this way STS may offer a personalized
approach for assessing drug sensitivity in vivo and tailoring therapy accordingly.
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Outlook
In the current work we demonstrated that real time STS may help to optimize diagnostic
and therapeutic procedures in clinical practice. For the investigated tissues and
applications both DRS and FS appeared to have good diagnostics and undoubtedly
this can be further improved with technological refinements. The presented technology
creates a basis for the design and clinical implementation of integrated fiber-optic
tools for a variety of oncological applications.
From a clinical application perspective, it makes sense to start with the
development of applications that can be used as adjunct tools to other established
imaging modalities in oncology. Because STS can be integrated into familiar clinical
instruments, it could be easily adopted as an “add-on” to the existing protocols with
minimal impact on procedure flow. For instance, in case of biopsy guidance, STS
can be used in conjunction with conventional imaging modalities thereby exploiting
the complementary strengths of each method. We anticipate that STS will also find
its way to clinical settings where no good tools exist today, especially in situations
where undertreatment has a significant negative impact. For example, in case of
guided surgery, STS has the potential to influence “on-table” decision-making during
treatment, which may lead to more reliable, reproducible, and safer procedures.
Although further clinical validation is required to determine the clinical viability of
this technology, it is expected that STS will become an integral part of future medical
practice.
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