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Chapter 1

Introduction and aim of the work

Presentation of the working centres, the ideas behthe project, the aim of
the project, steps of the project and structuretioé dissertation

1.1 Presentation of the working centres
The work presented in this dissertation origindtesn a collaboration between the
Pediatric Surgery Department of the Hospital farkkSThildren Burlo Garofolo of Trieste and

the Department of Materials and Natural ResourtéseoUniversity of Trieste.

1.2 The ideas behind the project

The idea behind the project was to bring togethedioal and basic sciences
knowledge in order to apply a technology such asational spectroscopy, which has mainly
served for analytical chemistry and condensed mpltgsics, to an area of clinical relevance.
Pediatric surgery’s main concern is the respedhefgrowing organism in every situation
where a surgical pathology requires an excisioma a@brporeal segment, therefore “sparing
surgery” is the gold standard for every pediatugeon. This implies that a correct, complete
and highly detailed diagnosis and localizationhs tlisease is the premise to keep surgical
resections to the minimum, avoiding unnecessaryilatiohs. Nowadays, imaging studies
such as Ultrasound (US) scans, computed tomogréphy scans and Magnetic Resonance

Imaging (MRI) are used to identify and localizeedise, however none of these diagnostic



tools are able to yield fine chemical informatiom the pathology to be studied. Histology,
with its conventional and immunohistochemical digsble to characterize disease, but of
course it requires excision and preparation of $esppeing widely unsuitable for in vivo
studies. The interest toward Raman spectroscopichwik based on inelastic scattering of
photons, arises from the fact that this spectrasctgrhnique can provide details of the
chemical composition and molecular structures d6 @nd tissues. In principle, disease and
other pathological alterations lead to chemical simdctural changes on the molecular level
thus modifying also the vibrational spectra, whi@tome a phenotypic marker of the disease.
As these spectral changes are very specific amguanthey are also called fingerprint. The
advantages of the method include that it is norirdetive and does not require extrinsic
contrast-enhancing agents, therefore making itablgt for in vivo applications. When
combined with the possibility of collecting multgptpectra over different points on a sample
(motorized stages, optical fibers), this techniqoéers the option of joining spatial and
chemical information, therefore opening wide pecsipes on its use in the clinical asset and
even in the operatory theater, where precise retogrof resection margins in real time is

the trouble of every surgeon.

1.3 Aim of the project

The aim of the work presented in this dissertati®rto verify the feasibility of
application of Raman vibrational spectroscopy fa $tudy of human tissue, focusing on the
chemical characterization of tissues affected bwgeoital malformations, in particular
colonic and pulmonary malformations. As will be alissed later on in this dissertation,
although many scientists are applying Raman spssipy for the study of neoplastic
pathology, our group is the only one dealing wialaation of congenital pathologies. The

interest toward this kind of diseases is a pedtyiaf our group since diagnostic workout,



therapeutic management and long term follow upooienital malformations is everyday job

for the pediatric surgical members of the studyugro

1.4 Steps of the project and structure of the dissgon

The project started with an initial phase of opaation of the spectroscopic
equipment of the Department of Materials and Nateesources at the University of Trieste,
switching from an inorganic samples laboratory getto an asset suitable for biological
samples spectroscopic study. These changes hanalbee according to a review of the most
recent literature on the use of Raman spectrosaogyomedical science and will not be
thoroughly reported in this dissertation: our fieaperimental set up will be presented in the
“Experimental” section.

A review of the applications of Raman spectrogoeps done and will be reported in
the “Background” section of this thesis, togetheithwan insight of the congenital
malformations studied, i.e. Hirschsprung's disefdB), Congenital Cystic Adenomatoid
Malformation (CCAM) of the lung and Bronchopulmoyn&equestration (BS). An overview
of Raman spectroscopy fundamentals will be alsegurein the same chapter.

The second phase of the study focused on the dberation of samples of normal
lung and colon tissues, whose chemical maps anth@eespectra will be presented and
discussed in the “Results” section of the dissematThe latter section will also report the
results of the third phase of the study, duringohtsamples from patients affected by CCAM
and BS underwent Raman spectroscopic imaging. Mappi samples of patients affected by
HD is not yet completely worked out and only themal colonic structure will be discussed.
A dedicated chapter will deal with the comparis@ween Raman and Infrared imaging of
colon and lung samples, as Infrared data have kewly collected and granted by Prof.

Christoph Krafft at Dresden Institute for Analyticzhemistry.



The last section will provide our conclusions otlez feasibility and limits of Raman

spectroscopy for the study of human congenital onadtions.



Chapter 2

Background

Raman fundamentals, Hirschsprung’s disease, CondahCystic
Adenomatoid Malformations of the lung, Bronchopulmary Sequestrations,

state of the art of Raman spectroscopy in biometigraence

2.1What is Raman spectroscopy?

Raman spectroscopy is a spectroscopic technique inseondensed matter physics
and chemistry to study vibrational, rotational, ander low-frequency modes in a system. It
relies on inelastic scattering, called Raman scage of monochromatic light after its

interaction with matter.

2.2. Historical recalls

Before addressing the scientific background of technique, a brief historical recall
seems appropriate.

Although the inelastic scattering of light was poteld by Smekal in 1923, it was not
until 1928 that it was observed in practice. ThenRa effect was named after one of its
discoverers, the Indian scientist Sir Chandrasekhr&aman who observed the effect by
means of sunlight in 1928, together with K. S. Knan and independently by Grigory
Landsberg and Leonid MandelstdmRaman awarded the Nobel Prize in Physics in 1880 f
this discovery accomplished using sunlight, a nartmand photographic filter to create

monochromatic light and a "crossed" filter to bldbks monochromatic light. He found that



light of changed frequency passed through the Sedbsfilter. Gradually, improvements in
the various components of Raman instrumentatiok pdace. Early research was focused on
implementation of excitation sources and afterigrigith helium, lead, zinc lamps, in the
1930’s the mercury arc (the Toronto arc) becamepthreeipal light source. From 1962 laser
lights were introduced for Raman spectroscopy. Ealy, the Argon ion (351.1-514.5 nm)
and the Krypton ion (337.4-676.4nm) lasers becavadable and more recently the Nd-YAG
laser (1064 nm) has been used for Raman spectypsbepelopments in the optical train of
Raman instrumentation started with the use of glsimonochromator, proceeding with the
use of double monochromators and triple monochroreatin 1968 holographic gratings
appeared, adding efficiency in collection of Ransmattering to the commercial Raman
instruments. Progress occurred in the detectiotesys for Raman measurements, starting
with photographic detection and then moving forwdngé development of photoelectric
Raman instrumentation after World War 11. In 1983photomultiplier tube, which converts
the entering photons into an electric signal wasduced and in recent years, charge-coupled
devices (CCDs) have been used increasingly in Rapactroscopy as detectors. Nowadays

Raman spectra can be obtained also by Fourierftramsd spectroscop§y.

2.3 Basic Raman theory

When a laser is used to probe a sample, light iggsrupon a molecule and interacts
with the electron cloud of the bonds of that molecMWhen light is scattered from a molecule
most photons are elastically scattered (Rayleigites), meaning that the scattered photons
have the same energy (frequency) and, thereforeglemgth, as the incident photons and no
change in the molecular status of the moleculdseo/ed. However, a small fraction of light
(approximately 1 in 10photons) is scattered at optical frequencies miffefrom, and usually

lower than, the frequency of the incident photdrige process leading to this inelastic scatter



is the termed the Raman effedh quantum mechanics the scattering is descrilsedna
excitation to a virtual state lower in energy tharmreal electronic transition with nearly
coincident de-excitation and a change in vibrati@mergy. The scattering event occurs in 10
14 seconds or leshe difference in the energy level between thetegcand ground level are
shown in fig.1. At room temperature the thermal ydapon of vibrational excited states is
low, although not zero. Therefore, the initial stat the ground state, and the scattered photon
will have lower energy (longer wavelength) than #eiting photon. Since more photons

undergo Stokes scatter, this Stokes shift is whasually observed in Raman spectroscopy.

Fig.1
Virtual energy state
A
A
Rayleigh Stokes Anti-Stokes
scatter scatter scatter
Excitation
energy
4 ) .
Vibrational
3 energy
2 states
v 1
\ 4 O

According to the law of conservation of energy, thange in energy between the incident
photon (hy) and the scattered photon (heorresponds to the energy change of the molecule,
which refers to the transition between two vibmasibstates, the initial (fivand the final

excited state (hyaccording to the equation:
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hv, —hv,=hv, —hy, (1)
where h is the constant of Planck and v is theukegy of the electromagnetic wave.

Therefore the change in the vibrational statuhiefrholecule AE +;) can be expressed as:
AEf -i = h(Vo _Vs) (2)

If in (2) we substitute the definition of frequenayth the number of waves in the distance
light travels in one second, where c is the vejooit light andi is the wavelenght of the

radiation, we find that

-y _C
AE-.—%;O A;} €))

and since c is constant and h is constant, thegeham the difference of energy can be
expressed in terms of theciprocal of the wavelenghtvhose dimension is ¢ and it is
denominated thevavenumber This is the normal unit used both in Raman arfdatad
spectroscopy.

If we want to study the Raman scatteringAiclassical terms, the interaction between
the electromagnetic radiation and the sample carvieeed as a perturbation of the
molecule’s electric field. A simple classical elechagnetic field description of Raman
spectroscopy can be used to explain many of theoritapt features of Raman band
intensities. The dipole moment, P, induced in aetuale by an external electric field, E, is

proportional to the field as shown in equation 4.

P=qE (4)
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The proportionality constané is the polarizability of the molecule. The polafidity
measures the ease with which the electron cloudhara molecule can be distorted.

If we substitute the equation which describes tbemal fluctuation with time (t) of the
electromagnetic field of the electromagnetic wavee (laser beam), wheregHs the
vibrational amplitude andys the frequency of the laser , we obtain

P = gE = aE.cos27mit (5)

When a diatomic molecule vibrates at a frequengyagsuming a simple harmonic motion, its

internuclear distance (q) can be written in thenfor
g = Qo COS27Wit (6)

where @ is the amplitude of vibration. The polarizabilityhich in this case is a scalar

guantity, can be expanded as a Taylor seriesiasa ffunction of g
azao+(d—aJoqo+... (7
dq

whereay is the polarizability at the equilibrium positiond( do/dq), is the rate of change of

a with respect to the change in q. Combining (5) @)dnd (7), we obtain

P = aEocos27 ot

= aoEocoS27w ot + (zijoqu COS27Wot
q

12



= aoEoCcOS27v0 + [z—ajoqo Eocos27w ot cos2rwmt
q

= aoEoCOoS27ot + %(Z—Zjoquo{cos[Zn(Vo +vnt |+ cod2r{vo-vm) | } (8)

The first term of equation (8) represents an asaily dipole that radiates light of frequency
Vo (Rayleigh scatter), that is the same of the indidi@ser, while the second term correspond
to the Raman scattering of frequency-w, (anti-Stokes) and gwn, (Stokes), as shown in
Fig.1. It is important to note that the second tefrthe equation contains the fac{de/dq)o,
which, if zero, yields no Raman scattering. Thenefdhe selection rule for a molecule to be
Raman active is that the rate of change in polbiiibawith vibration must non be zero. If a
vibration does not greatly change the polarizabitit the molecule, then the polarizability
derivative will be near zero, and the intensitytltd Raman band will be low. The vibrations
of a highly polar moiety, such as the O-H bond, @wseally weak. An external electric field
can not induce a large change in the dipole moraedtstretching or bending the bond does
not change this. For this reason, water is onlyklyeRaman active and therefore does not
interfere with Raman spectroscopy of biological pkas.

Typical strong Raman scatterers are moieties wétnibluted electron clouds, such as carbon-
carbon double bonds. The pi-electron cloud of tbebte bond is easily distorted in an
external electric field. Bending or stretching thend changes the distribution of electron

density substantially, and causes a large chanigelirced dipole momeft?.

2.4 Raman instrumentation: major components
Commercially available Raman spectrometers consfdtsur major components:
1. Excitation source, usually a laser
2. Sample illumination and collection system

3. Wavelength selectors

13



4. Detection and computer control system.
Lasers became the excitation source in Raman msttation set-ups after the 1960s. The
main advantages of using lasers are that their beaenhighly monochromatic, usually with a
small diameter that can be further reduced by uking systems and thus focused on small
samples (J1 mn?), which in case of Raman microscopy can be regisnsmall as 2 um in
diameter. Different kinds of lasers are availalgias lasers such as AKr*, He-Ne or solid
state lasers such as Neodymiun -YAG, the latteinigaits primary lasing wavelength at
1064nm which is especially suitable for FT-Ramasteay operating in the infrared region.
Diode lasers can be obtained at specific waveleimgthe blue or the infrared regions. Other
devices such as dye lasers, excimer and nitrogear lhave been used for Raman
spectroscopy.
Since Raman scattering is weak, the laser beam lmeystoperly focused onto the sample and
the scatter radiation collected efficiently. In mmiple, excitation and collection from the
sample can be accomplished in any geometry. Megpgntly, the 90° or the 180° (the back
scattered) configuration are used, the latter bé&megone depicted in Fig.2 and used in our

instrument.

A A

A\ 4
4
i
Pa—

Sample
Fig.2

Wavelenght selectors can be classified in diffetegories, the simplest one being
the dichroitic filter. Prisms, grating monochromat and spectrographs have been used in
Raman instrumentation. Coupling of two or three omwbmomators put in series was

developed to reduce stray or extraneous lightdaatoverlap the weak Raman light. Recently

14



holographic notch filters (filters that pass akduencies except those in a stop band centred
on a selected frequency) have been used to suppitesRayleigh light, before grating
diffraction.

Early on, detection of Raman light was done witbtpgraphic films, using long time
exposures. Subsequently, in Raman spectrometeppaiiwith monochromators, the light
exiting through the slits was focused onto a phaitiplier tube, which converts photons into
an electrical signal. In the former Raman spectterse the detection of the Raman signal
was done for each frequency, but this time consgnsimgle-channel technique was
substituted by multiple channel detection and regdny Charge-Coupled Devices (CCDs)
which are silicon-based semiconductors arrangethasray of photosensitive elements, each
one generating photoelectrons and storing thenm adegtrical charge. Charges are stored on
each individual pixel as a function of the numbgpleotons striking that pixel and then read
by an analogue-to-digital converter.

A schematic representation of a modern Raman gpeeter is shown in Fig.3 and

can be assimilated to the instrumentation usediidaboratory settinff.
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Fig. 3

2.5 What is Hirschsprung’s disease (HD)?

This disease is named for Harald Hirschsprutigg Danish physician who first
reported the disease in 1886, describing two isfarito had died with swollen bellies.

HD results from the absence of parasympathetiglgan cells in the myenteric and
submucosal plexus of the rectum and/or colon. Gamgtells, which are derived from the
neural crest, migrate caudally with the vagal nditvees along the intestine. These ganglion
cells arrive in the proximal colon by 8 weeks o$tgdional age and in the rectum by 12 weeks
of gestational age. Arrest in migration, or a falun survival of the neural cells leads to an
aganglionic segment. This results in clinical Hyafglionosis therefore begins at the anus,
which is always involved, and continues proximdtly a variable distance. Normal colonic
motility is primarily under the control of intrinsineurons. Bowel function remains adequate,

despite a loss of extrinsic innervation. These Gargpntrol both contraction and relaxation
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of smooth muscle, with relaxation predominatingtriesic control is mainly through the
cholinergic and adrenergic fibres. The cholinefgices cause contraction, and the adrenergic
fibres mainly cause inhibition. In patients affettey HD, the absence of ganglion cells leads
to a marked increase in extrinsic intestinal inadpon. The innervation of both the
cholinergic and adrenergic systems is 2-3 times dhanormal innervation. The adrenergic
(excitatory) system is thought to predominate dkiercholinergic (inhibitory) system, leading
to an increase in smooth muscle tone. With the ddgke intrinsic enteric inhibitory nerves,
the increased tone is unopposed and leads to aaldamd® of smooth muscle contractility,
uncoordinated peristalsis, and a functional obsito®. Other cellular elements, the
interstitial cells of Cajal, which are pacemakeefiscgenerating slow waves and facilitating
active propagation of electrical events and nearsmission through the intestinal wall, are
less represented and have an altered distributioHD ©. Fig.4 shows a schema of the
normal anatomy of colonic wall, with its submucoaatl myenteric plexi, named respectively
Meissner’s plexus and Auerbach’ plexus

Serosa

Longitudinal
muscle

Myenteric
plexus

Circular
muscle

Submucosa

Submucosal
plexus

Muscularis
mucosae

Mucosa

Mesentery

Fig. 4: Scheme of the multi-layers structure obogbicture from www.lib.mcg.edu)

Histological appearance of the plexi are shownigns~
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Fig. 5 : Immunohistochemical staining for NSE (Neuron 8jme&Enolase). Red spots
evidence gangliar structures in the submucosal gsteer's )plexus (a) and in the myenteric

(Auerbach’s) plexus (b)picture from the archives of University of Trieststitute of Pathology).

Estimated incidence of the pathology is 1:5000 rew$€. Diagnosis is based on
clinical findings, plain abdominal X-ray and corgr&nema, showing a narrowed distal colon
with proximal dilation of the non affected boweloWever, findings in neonates (i.e. babies
aged <1 month) are difficult to interpret and wgiil to demonstrate this transition zone
approximately 25% of the time. Anorectal manometetects the relaxation reflex of the
internal sphincter after distension of the reatahén. This normal inhibitory reflex is thought
to be absent in patients with HD. However, the gsldndard for the diagnosis is the
histological diagnosis on rectal suction biopsiekere hypertrophy of cholinergic nervous
fibres throughout the lamina propria and musculprigria is demonstrated with the use of
acetylcholinesterase staining, as shown in Fights Tistological finding, associated with the
absence of ganglia in the myenteric and submugiezi on full thickness biopsies, confirms

the diagnosis of HLY.
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Fig. 6 Achetylcholinesterase staining. A: normal colompwimg thin threads network in the
muscularis mucosae and no hypertrophy of nerve llesnd the lamina propria. B: Increased
acetylcholinesterase stained nerve twigs in mussulaucosae and lamina propria in HD

patient®

As Moore and Johnson pointed out, a peculiar featdirHD is that a particular isoform of
Acetylcholinesterase is over expressed, the G4 KEAGH). This isoform consists of a
tetramer (four catalytic units) linked to a hydropict protein and seems to be expressed in
the embryo especially during migration of neuraistrcells”.

The goals of surgical treatment of HD are to remtive aganglionic bowel and
reconstruct the intestinal tract by bringing themally innervated intestine to the anus, while
preserving sphincter function. Reliable intraopeetbiopsies to evaluate aganglionosis
extension are crucial for good surgical resultaceaione of the causes of persistence of
obstructive symptoms after a pull-through operai®metention of an aganglionic segment,
due to imprecise pathological evaluation. This wdbuire the child to undergo a second

surgical resectioff®.

2.6 What are Bronchopulmonary Sequestrations (BSidaCongenital Cystic Adenomatoid

Malformations (CCAM)?

19



A broad spectrum of bronchopulmonary malformatiomsyy arise during the
development of the lungs. As their presentation rbaylife threatening and may require
urgent surgical intervention, their clinical recdgm is of crucial importance.

Lungs start their development in the third weelgestation as a ventral out pouching of the
primitive gut. From 26th days to 6th weeks of gista 2 lung buds give rise to 5 lobar
bronchi that develop associate with their arteaied veins. From the 6th to the 16th weeks,
development of the conducting airways begins, wthike acini, the basic structure of gas
exchanges, form from the 16th to the 28th week. dis&al air spaces continue to multiply
until birth, while the alveolar differentiation ke going on after birth until two years of age:
after this period lung growth occurs more in temfissolume and alveolar size, rather than
formation of new gas exchanging units, continuipgtal 8 years. The final surface area for
ventilation increases from 3-4%in the neonate, to 75nin the adult. Multiple publications
suggest a common embryological pathogenesis of gndny malformations, since different
types of lesion may coexist in the same paffént

Bronchopulmonary Sequestrations

They are defined as a portion of the lung isoldtedn the rest of the lung, non
functioning, without any continuity with the uppéracheo-bronchial tree and with an
independent vascularisation arising directly frdva &orta rather than a pulmonary artery. BS
are further divided into Extralobar sequestrati(BsS) and Intralobar sequestrations (ILS)
® ELS is an isolated mass of pulmonary tissue \ithown pleural investment, separate
from the normal lung. Its common location is ther#tic cavity, usually below the normally
formed lung, more frequently in the left hemithqgraxt it can be found anywhere from the
neck to below the diaphragm and they often receiascularisation from the thoracic
descending aortd. It is supposed that this develops when independeitections of cells

with respiratory potential arise from the primitif@egut caudal to the normal bud lung. ELS
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usually show parenchymal maldevelopment, with abdwalf having microcystic
maldevelopment as in small cystic Stocker type 2AMICas will be later on explained in this
chapter®. ILS differ from ELS in that they rest within able of normal parenchyma, usually
the lower lobes, and that they have not their olennal investment. The arterial supply arises
from systemic circulation but, unlike the ELS whidhain 80% of the times toward the

azygous or hemiazygous system, the venous draisaggformly via the pulmonary veirf8.

Fig.7: Doppler Ultra Sound (US) of an ELS. The rdnsverse image represents the

aberrant vessel arising from the aolficture from www.emedicine.com)

Congenital Cystic Adenomatoid Malformations

They are usually considered as hamartomatous kesibrthe bronchial tree. It is
hypothesised that they are due to a derangemeheddlveolar phase of lung development,
when an abnormal signalling between the developengninal bronchioles and the alveolar
mesenchyma results in an uncontrolled overgrowtieterminal bronchioles. Because some
types are not cystic and only one type has the@detoid appearance, the term “Congenital
Pulmonary Airway Malformations” (CPAM) has beenratduced®®. In 1977, these lesions
have been classified into 3 forms by Stocker, véterlon added two other rarer classes. Type
0, or acinar dysplasia, is an extremely rare formntompatible with life. Type 1 (or
macrocystic type) is the commonest form and is amseg of cyst that range in size from 1 to

10 cm. Type 2 (microcystic type) lesions consigtmaltiple small cysts, usually less than 1
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cm in diameter which microscopically appear astédabronchioles separated by normal
alveoli. This type of lesions may be present inawp0% of ELS. Type 3 (solid type) lesions
are rare (8-10%) and have a bulky appearance, tmithwalled cysts of few millimetres.
They are airless masses of bronchiolar elememisg Iby patchy ciliated cuboidal epithelium
mixed with alveolar elements. Some describe Typad\a large cystic lesion in the periphery
of the lung, believed to be of acinar origin. Othafo not describe this subtype and
incorporate it into the others. These cysts amdliby flattened pneumocyt€y. CCAMs are
usually unilateral and involve only one lobe of thag. They are detected in chest and CT
scan images as abnormal air, air/fluid-filled cysis fluid-filled/solid-appearing cysts, and
large masses may cause mediastinal shift.

In recent years, both BS and CCAM are more fredyeliignosed by routine prenatal
ultrasound examination. Usually, fetuses with lumglformations are closely monitored
during pregnancy because of variable fetal coufdbese entities. This is true in particular
for cystic lesions which can enlarge until fetatllgps may develop or they can shrink toward
the end of the pregnandy”?. All prenatally detected congenitally lung malf@tions
require clinical and radiological evaluation. Sopaients may present at birth with severe
respiratory distress and mediastinal shift, so tiigent lobectomy or atypical lung resection
can be required. Asymptomatic cases can be stiiedT scans in the first few months of
life 9. Controversies in literature are still going oneovthe management of these
asymptomatic cases: surgical removal is generatljommended even in absence of
respiratory symptoms to avoid future infective edmss and possible development of
neoplastic pathologies such as pneumoblastdiid® In the light of the already described
phases of lung development, early surgical reseetithin the first year of age can maximize

compensatory growth of the residual pulmonary pargma“®*?*®) One of the problems of
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early surgery is that macroscopic gross recognitibthe lesions, especially in the case of

CCAMs, may be difficult and sparing surgery caralghallenging surgical issue.

2.7 The state of the art of Raman spectroscopy imntedical sciencewith a focus on lung
and colon investigations

Although the Raman effect was first observed in8,.92was not until the early 1990s
that Raman spectroscopy was applied in the suademsdlysis of living cells and tissues. In
recent years there has been a remarkable increasigeiapplication of this vibrational
spectroscopy to the field of medicine. As diseasad$ to changes in the molecular
composition of affected tissues, these changeddalheureflected in the spectra. Furthermore,
if the spectral changes are specific enough fartqular disease state, they can, in principle,
be used as phenotypic markers of the dis€&s@here are several key advantages of Raman
spectroscopy over other analytical techniques tiadysng living systems: it is non invasive
and non destructive (no fixation or no probe-cantay antibodies are required), spectra can
be collected in few minutes and automated chenaicalysis can be performed. Moreover, in
Raman spectroscopy, water does not affect theaetearea of the spectrum, allowing living
cells and tissues to be analyzed in near-physicébgionditions'®. This potential for in vivo
application and its ability to therefore direct Irgme therapeutic intervention give Raman
spectroscopy its great appeal for basic and climesearch. In vivo diagnostic tools are much
needed in many fields of medicine to take the some=t unavoidable guesswork out of
current clinical procedures, to avoid long delagsised by ex vivo evaluation of patient
material, or to simply replace current invasive moels by noninvasive or less invasive
techniques™®. An early obstacle encountered in the biomedigaplieation of Raman
spectroscopy was tissue fluorescence and the laebmropriate, sensitive instrumentation.

The problem of fluorescence, which overwhelms thenBn signal of most natural biological
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samples including tissue upon excitation in theblésregion, has been largely overcome by
the availability of instruments working in the NHBgion of the spectrufi**®. Early reports

in the literature regarding the utility of Ramaresposcopy to biomedical problems were
based on macroscopic acquisition of spectra atlesipgints which required an a priori
knowledge of the location or a pre-selection of phegbed position. Since the inhomogeneous
nature of tissue were not considered in these stuljies, an accurate correlation between the
histopathology of the sampled area and the correpg spectra was not possible. In the past
ten years high throughput and more sensitive ingnis became available for Raman
microspectroscopic imaging. They enable to micrpsmily collect larger number of spectra
from larger sample populations in less time impngvistatistical significance and spatial
specificity. Simultaneously, fiber-optical probesvie been developed for in vivo applications
18 The two main problems in applying fiber opticsRaman spectroscopy were the large
signal background due to the Raman signal generatéite fiber materials itself and poor
signal collection efficiency. To resolve these peots, filtering of the laser light and
scattered light was made in the probe tip. Thussehprobes consisted of one central
excitation fiber, six surrounding collection fibensternal “in-the-tip” filters and beveled fiber
ends for optimized light collecting efficiency. Wmfunately, the production of these probes
has stopped. Other filtered probes are commercalbilable (InPhotonics Inc. Norwood,
MA) but their dimensions are too large for manyidal applications, particularly endoscopy.
To overcome the problem of the optical system’s Rarsignal interference with the tissue
Raman signal, Koljenovic et al. proposed in 20084e miniaturized unfiltered probes and to
collect spectra in the high wavenumber region (28800 cni), where there is almost no
contribution of the optical system and where tisspectra yield as much information as they
would in the conventional 600-2000 ¢rfingerprint region(”). Few paper report the use of

dedicated fiber optics to collect in vivo Ramancipe of tissues of the gastrointestinal tract
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through the working channel of an endoscope ortspeé the wall of blood vessefs 2. For
the purpose of this dissertation, only the mos¢métiterature concerning studies on intestinal
and pulmonary tissues will be reviewed.
2.7.1 Colon

The most studied pathologies of the colon are rasbigl diseases: the benign
adenomas and malignant adenocarcinomas. Ramarragoey is not the only suggested
technique to realize an optical biopsy device,adé to be use in vivo during endoscopical
procedures in the gastrointestinal tract: fluoraseeendoscopy, optical coherent tomography,
confocal microendoscopy, light-scattering speciwpg¢ IR spectroscopy have all been tested
@D Thin sections of normal and malignant colon tissbave been mapped by IR
microspectroscopy, without the use of fiber optievides *?, however no microscopic
mapping of normal colon has been done by Ramantrsgeopy but in our present
dissertation. Normal colon has been studied by Atelrand coworkers in 2007 but only 144
single point spectra were acquired and submittestdtistical evaluation, without mapping
@3 The feasibility of fiber-optic coupled Raman spescopy for disease classification was
demonstrated during in vivo clinical gastrointeatiendoscopy by Shim in 2008". The
fiber-optic probe was passed through the endosawgieument channel, placed in contact
with the tissue surface and spectra could be oddaim 5 sec. The same group also
differentiated adenomatous from hyperplastic polypthe colon using the same fiber-optic
Raman system three years lat&¥. Stone reported in 2004 a 92% sensitivity and 93%
specificity for single random-sampled Raman specwfiected from ex vivo colorectal
biopsies to distinguish between normal and maligtiasue'?®.
2.7.2 Lung

Huang studied 28 specimens of non fixed bronchipécsnens by Raman

spectroscopy in 2003 using a spectrometer with M&5excitation coupled to a fiber-optic
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probe which was developed earlier for skin studikenan spectra were collected with 5 sec
exposure time and the spectral differences betweemal and tumor tissues were analyzed.
They found that malignancies seemed to be assdowth an increased percentage amount
of protein and a decreased percentage amount cfppbbpids over the total amount of
Raman active componentd”. In the same year, Yamazaki collected 210 speftta
cancerous and non cancerous lung tissue with a Rapectrometer emitting at 1064 nm and
was able to predict malignancy with a sensitivifya1% and a specificity of 97%%.
Koljenovic studied frozen sections of normal braathissue by Raman imaging: subsequent
comparison of Raman images with histological ev@dmaof stained sections enabled to
identify the spectral features of bronchial muasthelium, fibrocollagenous stroma, smooth
muscle, glandular tissue and cartildg® However, neither mapping of the normal lung
parenchyma can be found up to now in literaturer emperimental work on lung

malformations has been ever tried before this shesi
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Chapter 3
Methods

Collection of samples and their preparation, thestnumentation, acquisition

of spectra and maps, data processing

3.1 Collection of samples

Specimens were collected during surgical intefeanin the operating rooms at the
Surgical Department of Burlo Garofolo’s Childrendpdal. Prior to operations, parents were
informed on our study and their permission to resesome of the resected tissue for
spectroscopic studies was obtained. The remairfdiiedissue was sent as usual for normal
histopathological examination.

Sample of normal colon was collected during clesoir a colostomy from normally
appearing and functioning descending colon in aofths old boy operated on for anorectal
malformation. Previous samples used to optimizetspmeter's performances on biological
sample were collected from appendectomies perfomneidg correction of malrotations and
therefore without inflammatory changes.

As far as lung samples are concerned, the singldtlty sample which will be
presented and separately discussed in the firsbpéne lung results, was collected from a 4
days old child who was urgently operated on fopirasory distress due to extended CCAM
of the upper and middle right lobe and the specineresent a small fragment of the healthy
lower lobe. The specimens discussed in the CCAMiseof the results, came from the
macroscopically healthy and macroscopically affeécheng parenchyma removed during
lobectomies of two infants affected by CCAM. Bot@AM specimens were of the solid type

3 malformation. Samples were obtained from othero twatients affected by
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bronchopulmonary sequestrations. In the first ¢hsegatient was a 1 year old infant affected
by an Intralobar Sequestration and we obtainedrgpkafrom the resection margin which was

macroscopically free from disease and a sample fhenhesion. The second patient was an 11
years old boy, affected by an Intralobar Sequestravhich involved the whole right lower

lobe and it was not possible to obtain a healtlecspen for comparison.

3.2 Sample preparation

Samples of about 0.5-1 émvere collected and snap frozen in liquid nitroger
stored at -80° until further use. No fixation waed. The reminder of the tissue was fixed in
formalin for conventional histopathology. There discussions in literature concerning the
best handling of ex vivo samples. Formalin fixatgmeserves tissue by preventing autolysis
and stabilizing tissue structure but, on the otiard, fresh ex vivo tissues are ideal as they
are the best way for simulating in vivo conditiortdowever, this often causes major
constraints in sample harvesting and handling tsecat paucity and rapid decay of samples,
while formalin-fixed and formalin-fixed-paraffin-dmedded specimens are abundant and
more stable with time. In 2005 Krishna evaluatethgas of ovarian tissue submitted to
formalin fixation, formalin fixation + paraffin engolding, formalin fixation + paraffin
embedding + deparaffinization and found that th& bample for discrimination of malignant
and normal ovarian tissue were the formalin fixees)*®. However, no fresh samples were
analyzed as controls in the study. The same groanfirmed the suitability of formalin fixed
sample to discriminate between malignant and nomealix tissue, but, again, non-fixed
control samples were not evaluatél. However, when Huang compared formalin fixed
versus fresh malignant and benign bronchial tistiee pbserved several formalin Raman
peaks or shoulders at 907, 1041 and 1492' émthe fixed but not in the fresh tissue.

Moreover, tissue Raman intensities in the 1500-1680 region as well as intensities in the

28



protein and lipid bands at 1302, 1335, 1445 and 185" were reduced in the fixed samples
spectra: this finding suggests that any diagnaatgorithm in these regions could not be
applicable for in vivo diagnosf€?. Since we were particularly interested in the estibn of
bronchopulmonary tissue in this thesis and we belithat the ultimate goal of Raman
spectroscopic diagnostic potential should be itgliegtion in vivo, we decided not to use
formalin-fixed samples. For the sake of uniform lea#ions, also colon samples were not
fixed.

At the time programmed for Raman spectroscopy psesnwere slowly acclimatized
to the optimum cutting temperature for our cryotowldch was around -14 °C and 20 um
thick sections of tissue were cut and transferredlmes, where the samples passively dried
and no further preparation was performed. Using m&faared (NIR) light at 785 nm for
excitation, Cak or BaF, slides have a particular low background and théywaalso IR
spectroscopy'®. The choice of these supports for Raman samplésatsRaman signal of
glass in standard quality is so intense that iecewompletely the fingerprint region of tissue.
Fig.8A and 8B show the spectra from a glass sl @ Cak slide compared to the normal

spectra of the muscular layer of colon.

zzzzzz

a0

Fig. 8A Fig. 8E
Fig 8A: The Raman spectrum from a normal glassestidows broad bands in the fingerprint
region (600-1800 cil) that cover the normal spectrum from a tissue danffig. 8B: The

spectrum from a CaFslide has an intense, sharp band around 320" ¢mt it does not
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interfere with the tissue signal in the fingerpragion.

3.3 Instrumentation

The Raman spectrometer we used is a Ranishaw ansystem (Renishaw pic,
Wotton-under-Edge, UK) which is coupled with a laei®MLM microscope (Leica
Microsystems Gmbh, Wetzlar, Germany). The microsc equipped with objectives of
low-magnification (1.6x/NA 0.05) or higher-magnditon (20x/N.A. 0.5) and a digital
camera accessory, which was used to take pictlirgsstained native sections. The excitation
source is a 785 nm emitting diode laser, which veasised on samples with an average
power of 25 mW using different objectives: usudi§x/N.A.0.75 or 100x/N.A.0.85. The
different experimental settings will be explainedlividually for each sample in the results
section. A holographic notch filter rejects the R#&gh scattering; a single-grating
spectrograph with a 1200 lines/mm grating is useddispersing the useful radiation and a
Renishaw RenCam thermoelectrically cooled chargeled device (CCD) camera is used

for the final photons/electrons conversion.

3.4 Acquisition of spectra and maps

For acquisition of Raman maps, samples were mdayed ProScalt'll motorized
stage (Prior Ltd., Cambridge, UK) coupled to thecnmscope in order to sequentially
illuminate with the laser a grid of points and sedpgently collect a Raman spectrum for each
point. The step size of the grid was varied forheagap acquisition, according to the
dimensions of the studied sample and the objecibeel.

Spectra were collected in the reflection mode,hw# 180° back scattering
configuration. We usually collected the spectrdha fingerprint region, that is from 600 to

1800 cmt, using the synchro mode of the instrument softW#iI@E™ 2.0 (Renishaw). In the

30



synchro mode, the grating with 1200 lines per mroastinuously moved to obtain Raman
spectra of extended spectral regions at a spewsalution of 4 cil. Collection of each

spectrum took on an average of 36 seconds. Acapritinthe dimensions of the sample
studied, entire map collection took 10-16 hoursfoBe acquisition, the instrumentation was

calibrated using the well documented Raman bandsaaketamidophenol.

3.5 Data processing

The data sets of the acquired spectra and mapes iwgaorted for processing in the
software package Cytosp&? or in a in-house developed program, built undéviatlab
platform (The Mathworks Inc., USA). The Cytospeftware, written in 2000 as a specialized
software package for Fourier transform infrared -(R] spectroscopic imaging, was
subsequently developed to be applied on the whele af vibrational spectroscopic (IR- and
Raman) imaging. It differs from other software prots available from instrument
manufacturers in that it is designed and writteioperate on entire spectral data sets, rather
than individual spectra: it permits to perform ttandard spectral manipulations found in
single spectra analysis software, such as exparsimoothing, scaling, normalization, etc on
the whole data set, thus all operations carriedoouthe data affect every spectrum, with the
number of spectra in the data set limited by thailallle memory. Due to the fact that data
sets often contain hundreds or thousands of spectmamber of statistical approaches to the
data are built in the software. These can be dladsas uni- and multivariate statistical
methods. Univariate methods of analysis, includetthé software, consist of various mapping
displays of hyperspectral data. In these, the usay select band intensities, integrated
intensities, intensity ratios, etc., to constrasé colour maps of the spectral data, which may
be considered to be slices through the hyperspeatdta cube. The multivariate methods of

data analysis create spectral correlations and rbgpsicluding not just one intensity or
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frequency point of a spectrum, but by utilizing #rire spectral information. These methods
include Principal Component Analysis (PCA), andfedént methods of Cluster Analysis
(hierarchical cluster analysis, fuzzy c-means eluahalysis and k-means cluster analysis).
The Cytospec software was used to import and figirpee process data, while the in-house
MathLab developed routines were mainly used forgeting preprocessing and multivariate
analysis application.

Spectral variances due to elastic light scattewege reduced by subtracting a multi-
point baseline from each spectrum, with minima tsoset at 600, 1020, 1190, 1720 and 1800
cm™.

Cosmic spikes, which are high and narrow bandermgeed by high energy particles
hitting accidentally the CCD detector, were detécie the data set and corrected by an
average value of three preceding data points. Asnao spikes are generally narrow, the
correction procedure changed the spectral infoonabinly marginally. This correction was

done either using a in house made MathLab submutina cosmic ray correction procedure

available in Cytospec as well.
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Fig. 9: A spectrum taken from the data set of aocwoRaman map, shows the typical

appearance of a cosmic ray artifact (on the lefifilahe same spectrum after the cosmic ray
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removal (on the right).

After cosmic ray removal, a Raman spectrum of thekground was subtracted from
each spectrum in order to compensate interferigugads originating from the optical elements
in the laser light delivery pathway. Subsequergpectra with maximum intensities below a
threshold were removed from the data set: thosetrspeorresponded to areas of the sample
without tissue. It is important to follow the cocteorder of the preprocessing procedures.
Otherwise, the threshold criterion would be digtdrby the background or cosmic spikes.
Since the heterogeneity of solid samples in terinthickness or sample surface generates
variations of the optical path length that may hesumultiplicative light scattering effects
masking the spectral variations due to the diffeesnbetween chemical composition within
the sample, before initiation of a multivariate lgses, a Multiplicative Signal Correction was
applied to the data set, in order to separate peetal variances due to real chemical

differences from spectral variances due to physffakts such as thickness of samples.

Multiplicative Signal Correction (MSC)

In the basic form of an extended MSC every spectaf is a function of the
wavenumberv which can be expressed as a linear combinatioa bfseline shifa, a
multiplicative effectb times a reference spectrum(v), linear and quadratic wavenumber
dependent effectv ande v, respectively:
z0)=a+b-m@) +dv+er’+ &)

The termg(v) contains the unmodeled residues. The referenagrapem(v) is calculated by
taking the sample mean of the data set. In thelsifopm of MSC, only the baseline shift and
the multiplicative effect are considered. The patarsa andb can be estimated by ordinary

least squares, and finally the spectra can beaedeccording to
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Zeon(v) = (z-a) / b.

The strength of MSC lies in the fact that the madedefined around a reference spectrum.
This makes MSC modelling very stable even in theecahere there are strong spectral
changes arising from differences in sample thickfés>,

After preprocessing, a multivariate analysis wagliad to the data set: we used the k-
means cluster analysis. Lasch in 2004 already si®zlithe use of different unsupervised
multivariate imaging approaches (hierarchical @tsty, k-means cluster analysis and fuzzy-
c-means cluster analysis) for the creation of pseoldr microspectroscopic Infrared images
of colorectal adenocacinoma and the same princgdesbe transferred to Raman mapping
38 Lasch concluded that the clustering method whiehls color maps better resembling the
histological tissue appearance is the hierarchotaster analysis, but the computational
memory requirements are very high. This could Ipeadlem particularly in our case, where
up to four data sets of around 2000 spectra eazlam@alyzed together. k-means clustering
offers the advantage of dealing with large datavs#i lower computational and memory

requirements and this is the major reason for whtmse this method.

Cluster analysis and k-means cluster analysis

Clustering is the classification of objects iniffetent groups, or more precisely, the
partitioning of a data set into subsets (clustaxg)that the data in each subset (ideally) share
some common trait - often proximity according tangodefined distance measure. Data
clustering is a common technique for statisticahdanalysis, which is used in many fields,
including machine learning, data mining, patterncogmition, image analysis and
bioinformatics. Data clustering algorithms can hkerdrchical or partitional. Hierarchical
algorithms find successive clusters using previpestablished clusters, whereas patrtitional

algorithms determine all clusters at once. An intguar step in any clustering is to select a
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distance measure, which will determine how the sty of two elements is calculated.
Euclidean distanceis probably the most commonly chosen type of distalt simply is the

geometric distance in the multidimensional spatcs.domputed as:

distance(x,y) = ¥ (xi - y)? }*

Other distances that can be chosen are: the Manhdigtance (also called taxicab norm or 1-
norm), the maximum norm, the Mahalanobis distames torrects data for different scales
and correlations in the variables, the Hammingadis¢ (sometimes edit distance) that

measures the minimum number of substitutions reduim change one member into another.

k-mean clustering (KMC)is a partitional clustering method, which obtamshard”
(crisp) class membership for each statistical urgt,the class membership of an individual
statistical unit can take only the values of O orsfiarting from a predefined number of
clusters. In general, themeans method will produce exackydifferent clusters of greatest
possible distinction. If we apply this to our spaatlata set, the KMC firstly divides the data
set in a predefined number k of clusters and ktspere initially randomly chosen to be the
centers of each cluster. Then the Euclidean mdtstance for each spectruxmfrom these
centres is calculated for each wavenumband sums up according to the expression of the

Euclidean distance

[ (xi-centep®]'?

The spectrum x is assigned to the nearest clustdrec on the basis of a minimal distance

value. Next, according to the Mc Queen algoritheyrtentres of the so formed clusters are
calculated and distance values between the cemticeeach of the spectra are recalculated. If
the closest centre is not associated with the ealust which the spectrum currently belongs,

the spectrum will switch its cluster membershipthie cluster with the closest centre. The
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centre positions are recalculated every time a corapt has changed its cluster membership.
This process continues until none of the spectsatieen reassigneif*” After all these
procedures, clustered pseudo-color maps are prddand average spectra from all the

clusters are imported to the program GRAMS (TheFisber, USA) for analysis.
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Chapter 4

Results and discussion

4.1 Normal colon*
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Fig. 10 : unstained normal colon tissue, with 5x mégaiion objective.

Fig. 10 shows a 4x41.8 mm section of unfixed, unstained normal colssue, collected
during closure of a colostomy from normally appe@rand functioning descending colon in a
4 months old boy operated on for anorectal malféiona The gross architectural division

into the main compartments is visible: mucosa, swdwsa, circular muscle, longitudinal

! Results and pictures of normal colon Raman mappéinvg been accepted for publication in The Jowhal
BiophotonicsRaman and FTIR microscopic imaging of colon tissueomparative studyKrafft C, Codrich D,
Pelizzo G, Sergo \WWOI:10.1002/jbio.200710005
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muscle and serosa. Since the tissue has not beed, fihe least compact tissue such as
mucosa and submucosa show a fragmented appeafdecenucosa is the innermost, highly
specialized layer of the gastrointestinal tractalihis responsible for absorption and secretion.
The submucosa consists of an irregular layer oheotive tissue. Nerves and ganglia are the
neurons of the enteric nervous system that continelgastrointestinal tract. Ganglia are often
connected with each other to form a complex sydteown as plexus. The myenteric plexus
(or Auerbach’s plexus) exists between the longitabliand circular muscle layers and
coordinates contractions of these layers. Fromalsscondary plexus, the submucosal plexus
or Meissner’s plexus, is derived and is formed bgnbhes which perforates the circular
muscle fibers: because of fragmentation of tissis, plexus is scarcely visible. Three areas
of interest were selected for Raman analyses erassiy the transitions between
compartments. Area (1) corresponds to the tramsftiom submucosa to circular muscle. A
Raman image of 388 spectra was recorded. Area (2) representsdhsition from circular
muscle to longitudinal muscle. A ganglion cell hetcenter belongs to the myenteric plexus
(4). A Raman image of 552 spectra was recorded. Area (3) correspondsetdrémsition
from submucosa to mucosa. Lamina propria, a thjerlaf connective tissue, and muscularis
mucosae, a thin layer of smooth muscle, are loda¢ddeen these compartments. Epithelium
is found within the mucosa and mucus as gland@eresion products above the mucosa. A
Raman image of 3&1 spectra was recorded. Two Raman microscopicemag ganglions
consisted of 59x59 spectra (4) and 85x49 specjraltte vibrational spectroscopic images
were segmented by unsupervised k-means clusteyssmiaRaman spectra with intensities
below 500 relative units in the interval 1440-1486" were removed from the data sets and
these removals correspond to the white area o1 FiB; the interval used for clustering is the

750-1750 crit, since bands outside this wavenumbers are weakadideéd no further
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information for spectra discrimination; when otlodustering intervals are used, it is stated

throughout the text.

4.1.1 Pseudo-color Raman maps

38x38 spectra,step 10 micron

Fig. 11 A: unstained native tissue, magnificatiooni area 1. B: pseudo-color Raman image
of 38x38 spectra, collected with 50x magnificatidnjective and a step size of . Yellow
color is assigned to the circular muscular layerown, red and orange are assigned to

fibrous septa and connective tissue.
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53x52 spectra, step size 10 micron
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Fig. 12 A: native unstained photomicrograph of agmification of area 2. B: pseudo-color

Raman map from the same area, collected using ar&@nification objective and a step size
of 10 um. Yellow cluster represents the circulasoular layer, the blue cluster represents
the longitudinal muscular layer and the grey clustpresents a ganglion from the myenteric

plexus. Orange cluster is assigned to connectivedis tissue.

Two consecutive cluster analyses were performednfap of Fig. 12. The first analysis, that
took into account the region between 750 and 1786, cecognized the ganglion (grey), the
fibrous septa (orange) and the muscular layersethere subsequently separated by a further
clustering in the interval 1190-1500 @rinto the circular (yellow) and the longitudinabgry)

muscular layer.

19
3971 spectra, step size 10 micron

Fig. 13 A: native unstained photomicrograph of agmfication of area 3. B: pseudo-color

Raman map from the same area, collected using ar&@nification objective and a step size
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of 10 um. Blue and cyan clusters correspond tohepdl tissue; glandular crypts are
depicted in black. Pink, magenta and violet clustesrrespond to mucus; green cluster can

be assigned to muscularis mucosa and red clustassigned to submucosa.

As for Fig. 12, also for the pseudo-color Raman mohpig. 13 two cluster analyses were
applied: the first clustering in the interval 75050 cm' separated the clusters of mucus
(pink, magenta and violet) and submucosa (red) fepithelial tissue. A second cluster
analysis in the interval 750-1020 ¢niractioned the epithelial area into three clustesan,

blue, black) and a fourth cluster (olive green) vediserved and assigned to muscularis

mucaosae.

09x5Y spectra, step size 2.5 micron

Fig. 14 A: native unstained photomicrograph of aaglfon in area 4. B: pseudo-color Raman
map of the same area, collected with a 100x magatifin objective and a step size of prB.
Red and orange clusters represent fibrous septlowecluster is assigned to circular
muscular layer; black, magenta, blue and cyan elisstrepresent sub-cellular features of

ganglion. Green cluster is assigned to a transdicarea.
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A higher lateral resolution was used to collecs tlmap to resolve sub-cellular features. Two
subsequent cluster analyses were applied to othi@irmap. The first clustering using the
interval 1190-1750 crhresolved five clusters (yellow, orange, red, greed the ganglion
cluster). A second cluster analysis in the inter§80-815 crit, segmented the ganglion

cluster into black, magenta, cyan and blue clusters

85x49 spectra, step size 2.5 micron

Fig. 15 A: native unstained photomicrograph of afeaB: pseudo-color Raman map of the
same area, collected with a 100x magnification clbje and a step size of 2. Cluster

colors have been maintained as in Fig.14.

As can be seen from the pseudo-color map, the thabton the left half of the unstained

picture could be interpreted as a ganglion, is eaddeharacterized only by red and orange

clusters, which represent collagen-rich tissuehouit the typical ganglion clusters.

4.1.2 Raman spectra
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Fig. 16. Raman spectra from 600 to 1800™caf clusters of connective tissue. Solid black
trace represents brown cluster, dashed trace regrtssthe red cluster and solid gray trace
represents orange cluster. Difference cluster (sblack minus solid grey) is displayed at the

same scale.

Maximum intensity is seen in the spectrum of braluster, with decreasing intensities in red
and orange spectra. The difference spectrum, autdinom the subtraction of spectrum of red
cluster from the spectrum of brown cluster, is elterized by differences correlated to the
coiled triple helix secondary structure and theswal amino acid composition of collagen.
The amino acid composition and secondary struactdireollagen differ significantly from
standard proteins. The rich content in glycine,lipeo and hydroxyproline restricts the
conformational freedom of the backbone. The fibrguetein collagen adopts the three
stranded coiled helical secondary structure. Tipesperties distinguish collagen from other
proteins and enables its identification by thedweihg bands: positive peaks assigned to

Amide | vibrations at 1682-1633 ¢mto Amide Il at 1244 ci and to CH/CH; deformation
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vibrations of proteins at 1453 émCollagen high content of amino acids such asimedb

showed by the positive band at 854 ¢m

1451

Raman Intensity

700 90 1100 1300 1500 1700
Raman Shift (cm')
Fig. 17 Raman spectrum from 600 to 1800*amh muscle layers. Solid trace represents the

blue cluster (longitudinal muscular layer) and dadtrace the yellow one (circular muscular

layer). Difference spectrum (solid minus dashedisplayed at two-fold magnified scale.

The difference spectrum is qualitatively similar ttee difference spectrum for connective
tissue (Fig. 16). It indicates higher collagen eotin longitudinal muscle than in circular

muscle. Due to the lower quantity of the variandhs, difference spectrum is displayed at
magnified scale. Because the collagen content ischauissue was lower than in connective
tissues as evident from the less intense collagenc#éated bands, spectral contributions of
other proteins, of lipids (721 ¢t and of cholesterol (700 ¢th were better resolved. In

particular, numerous Raman bands are assigneateadic amino acids phenylalanine (621,

1004, 1031, 1209, 1585 &y tyrosine (643, 827, 854, 1605 rand tryptophan (759, 1554

cm?).
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Fig. 18 Raman spectrum from 600 to 1800"caf epithelial tissue representing the cyan
(solid black), blue (dashed) and black (solid gralgsters. Difference spectrum (solid black

minus solid gray) is displayed at two-fold magnifgeale.

Before calculating the Raman difference spectrima,spectra of the cyan and black clusters
were scaled in order to minimize differences nbarmost intense protein bands (1004, 1451,
1659 cnt). Positive difference bands are assigned to ntides (thymine: 669, 747, 1368,
1680 cni', guanine: 680, 1482, 1575 diradenine: 726, 1303, 1336 ¢ntytosine: 781, 1253
cm™) and to the backbone (1094, 1420 9mof DNA. Negative difference bands (833, 875
cm™) are associated with the production of mucus @ands. The spectra of the blue clusters
were similar to the spectra of the cyan clusteosydver with lower spectral contributions of
DNA. The intensity of the DNA bands can be cormtiatvith the grade of divisional activity.
The mucosal epithelium of the gastrointestinalttantains epithelial cells which undergo a
continual turnover and renewal and which have drigroliferation rate than other colonic

cells. Beside the elevated levels of DNA and muspgctral contributions of collagen are
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further reduced in the spectra of epithelial tisgbg. 18) compared with the spectra of

connective tissue (Fig. 16) and muscle tissue (Fi}.

Raman Intensity

70 @00 1100 1300 1500 1700

Raman Shift (cm'')
Fig. 19. Raman spectra from 600 to 1800caf secretion products representing the pink
(solid grey), magenta (dashed) and violet (solachl) clusters in Fig. 13. A Raman spectrum

of PEG 4000 is included at the bottom.

The Raman spectra indicate that the intensitiggratein bands (e.g. 1004, 1450, 1660%¥m
decrease and the bands of the carbohydrate mdietyicus increase in the order pink (gray
trace) > magenta (dashed trace) > violet clustdexK trace). Since the spectra contained few
bands that were difficult to assign and which wexd reported as mucus-peculiar in
literature, we thought about contamination by otbempounds. It is common practice in
abdominal surgery to flush the intestinal tractobefoperation and in our department, a
solution called Isocolan [Bracco, ltaly] is used fmwel preparation. Comparison with a
Raman spectrum of polyethyleneglycol (PEG) 4000irincanstituent of Isocolan) revealed

that the spectral contributions at 844, 860, 10825, 1141, 1232, 1278, 1396 and 1480'cm
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which have maximum intensities in the spectrumhef tiolet cluster can be assigned to this

compound.
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Fig. 20(a): Raman spectra from 600 to 1800 cm-1 of the ganglirace 1, solid black), the

transition (trace 2, dashed) and fibrous septa ¢&e8, solid gray)(b): Raman difference
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spectra: trace 4= black cluster minus trace 1; ®a6 = magenta cluster minus trace 1 and

trace 6= cyan cluster minus trace 1.

The mean spectra of fibrous septa (orange cludiee),inner ring (green cluster) and the
ganglion are overlaid in Fig. 20a. The spectra @mposed of contributions of proteins,
nucleic acids and lipids which are indicated by ldeeled bands. The Raman spectrum of
fibrous septa is characterized by intense colldggerds at 853, 936 and 1246 tmwvhich is
typical for connective tissue. In the Raman spectand the ganglion lipid bands at 1064,
1127, 1297, 1449 and 1657 ¢nand nucleic acid bands at 783 and 1100 @re more
intense. However, some of the differences requirmagnification of the spectra to be
resolved. The properties of the Raman spectrunmefiriner ring lie between the spectra of
the fibrous septa and the ganglion. Spectral doumions of lipids and nucleic acids are less
intense and spectral contributions of collagen ramge intense than in the ganglion. For
inspection of the small spectral changes betweerstibcellular clusters, difference spectra
were calculated between the black, magenta andayaters minus the mean spectrum of the
ganglion (Fig. 20b). Positive bands in the differerspectrum (black minus ganglion) agree
with difference bands in Fig. 18 which were assijte nucleotides and the backbone of
DNA. Positive bands in the difference spectrum (emtg minus ganglion) were assigned to
RNA because of the A-form backbone marker band@d @tand 1102 cthand the absence of
thymine bands at 748, 1374 and 1664'c@ther nucleotide bands due to adenine, guanine
and cytosine are shifted as a consequence of fiieeedit sugar pucker conformation. Positive
bands at 1062, 1128, 1296 and 1437'dmthe difference spectrum (cyan minus ganglion)
are assigned to fatty acid side chains of lipids.the Raman spectrum representing the blue
cluster is very similar to the mean spectrum of gheglion, the difference spectrum is not

shown. Negative difference bands were not discudsscthuse they solely reflect the
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complementary information of the positive bandghis case. Based on the Raman spectra,
the black cluster is associated with the nuclehespagenta cluster with high RNA content in
the cytoplasm, the cyan cluster with high lipid o in the cytoplasm and the blue cluster
with the normal cytoplasm of ganglion. Altogethd#re Raman images point to several cell
nuclei which are consistent that ganglions are &ty coalescence of multiple neural cells.

Higher lateral resolutions are required to identifgre details.
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4.2 Normal lung?

These results describe a Raman image of normal tisege of an infant patient that was
collected and examined, before studying the bioect@nthanges that accompany pediatric
lung pathologies and malformations. Lung tissue wlained from a newborn male, four
days old patient submitted to upper right and néddbectomy because of respiratory distress
due to extended congenital cystic adenomatoid mmaHtion. The specimen which was
studied here represents the healthy, lower righ¢.ldA Raman image of 3420 spectra was
recorded from a 5.6 mm by 5.9 mm tissue sectiomapping mode using 785 nm excitation

laser and a step size of 100 micrometer.

4.2.1 Pseudo-color Raman maps

Fig. 21: Chemical map at 1576 &n{a), photograph (b) and color coded segmentatign b
cluster analysis (c) of a 57x60 Raman image ob@ifiem a 5.6x5.9 mflung tissue
section, with a step size of 1. Color code in (c): Lung tissue of high (orangagdium

(blue) and low (cyan) content of red blood cellsl ®ood vessels (yellow). Bar = 1 mm.

2 Results and pictures of normal lung Raman mappéing been published in Vibrational Spectrosc&gman
and FTIR imaging of lung tissue: methodology fantcol samplesC Krafft, D Codrich, G Pelizzo,V Sergd6
(2008) 141-149
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Vibrational spectroscopic images can be construstea univariate mode where chemical
maps (also called functional group maps) basedeak ptensities, peak areas or peak ratios
are generated (Fig. 21(a)). While these methodsigeanformation on the distribution and
relative concentration of a particular functionedgp and hence a specific major biomolecule,
they are not very useful in terms of classifyingatmmical and histopathological features
within tissue sections with strongly overlappingespal contribution from various
biomolecules. To utilize a larger extent of spddiméormation, which is usually distributed
over a broad spectral region, multivariate imagemstruction is required (Fig. 21(c)).

After preprocessing including removal of spectrahwintensities near 1450 ¢hbelow a
threshold of 1 relative units, KMC segmented thenBa spectra into four groups using the
interval 1190-1750 cth The results did not change significantly usinhgeotspectral ranges.
Clusters were present in different amount withi@ thap: the orange constituted 32% of the
total pixels, blue 37%, cyan 27% and yellow 4%. @anson of Figs. 21(a) and (c) reveals

that the orange cluster represents the most infeasen spectra.

4.2.2 Raman spectra
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Fig. 22 (a): Average Raman spectrum from 600 to018®" of cluster orange in Fig. 21(c)
(trace 1). (b): Average Raman spectrum from 602860 crit of cluster blue in Fig. 21(c)
(trace 2). (c): Average Raman spectrum from 60Q860 cni of cluster cyan in Fig. 21(c)
(trace 3). (d): Average Raman spectrum from 600800 cnit of cluster yellow in Fig. 21(c)
(trace 4). (e): Spectrum (5) represents spectralticbutions of red blood cells in lung tissue.
Spectrum (6) represents lung tissue without theritrtions of red blood cells. Difference
spectra between average Raman cluster spectra dim@a combination of (5) and (6) were

calculated and shown.
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The averaged Raman spectra of the orange, blue,anayellow clusters are shown in traces
(1), (2), (3) and (4) of Fig. 22. The different l=saindicate that the intensities decrease in the
order (1)>(2)>(3)>(4). In particular, the spectiffed in the interval 1500-1700 ch The
typical amide | band of proteins near 1660 ‘ceirongly overlaps with intense bands near
1561, 1576 and 1620 cmwhich are assigned to hemoglobin in red bloodscgf.
Contributions of hemoglobin are enhanced in Ranp&ctsa upon excitation at 785 nm due to
the presence of the heme group. Difference sp€tl+é2), (1)-(3) and (2)-(3) reveal that the
spectral changes are qualitatively similar. Therage of these difference spectra is included
in trace (5) of Fig. 22. According to the litera#®, all bands in (5) are associated with red
blood cells which are, however, in an aggregatedatired state as evident from the band at
1250 cmt. Spectrum (5) was subtracted from spectra (1)a(®) (3) in order to obtain the
Raman signature of lung tissue without red bloods.c€riterion for the subtraction factor
was the compensation of hemoglobin bands in thervat 1500-1550 where most biological
macromolecules such as proteins, lipids and nuelgds show no intense bands. The average
of the subtraction procedure is included in tra&eof Fig. 22. Protein bands dominate in (6)
which are assigned according to the literatd?té® to aromatic amino acid side groups of
phenylalanine (621, 1003, 1585 ¢ntyrosine (644, 829, 855, 1606 ¢ntryptophan (763,
878, 1585 cnl), to aliphatic amino acid side groups (1127, 132249 cnt) and to the
peptide backbone (949, 1259, 1657 %nfurther bands of lipids (699, 717, 1064, 1297'km
and nucleic acids (668, 778 djnare also resolved in (6). The absence of sigmifibands in
difference spectra in Figs. 22(a), (b) and (c) destrate that Raman spectra (1), (2) and (3)
can be reasonably reconstructed by linear combinsitiof traces (5) and (6). The fit
coefficients confirm that variations of the hemdmio component (5) constitute the main
difference, whereas the remaining components (@)canstant. Raman spectrum (4) is an

exception in that the hemoglobin component (5) dasinimum value of 0.59 and positive
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difference bands in Fig. 22(d) indicate an increafsthe protein content. The arrows in (4)
point to the tendency that bands near 855, 9406 224l 1680 cf increase which belong to
typical bands of collagen in smooth muscle of bluessel$*.,

On the macroscopic scale, the main Raman specpiasegariations in lung tissue
were assigned to the red blood cells content. hiqodar, the Raman spectra in Fig. 22
showed that other components such as proteinsipigd bre homogenously distributed in
lung tissue. The Raman spectra of lung tissue glyodiffered from Raman spectra of
bronchial tissue which have been presented prelyidi® Since a high blood perfusion rate
is a typical property of lung tissue and the hemoaig of hemoglobin gives enhanced Raman
bands due to a resonance effé®tat 675, 747, 965, 1003, 1124, 1250, 1324, 1376115
1576 and 1620 cthupon 785 nm excitation, changes in the blood pésfuor in the red
blood cells content can be easily detected by Raspactroscopy. Because red blood cells
absorb near infrared radiation which is utilizednamerous applications of near infrared
spectroscopy (NIRSY?*® laser intensity must be kept below the damagestioid during
Raman data acquisition.

Beyond red blood cells, in the respiratory tradteottissue components are present
such as smooth muscles, which exist in blood vess®all bronchioles. Spectral contributions
of collagen were detected in the protein compomérihe yellow cluster by Raman bands
near 855, 940, 1245 and 1680 trfFig. 22). Due to their low intensities relative the
protein bands of lung tissue, these bands coulg balidentified after subtraction of the

hemoglobin component (Fig. 22(d)).
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4.3Lung malformations: CCAM

The biochemical composition of CCAM has not beerigd in detail in literature so
far. Therefore, the scope of this part of the mbj@as to investigate the changes in the
biochemical composition between normal lung tissneé CCAM. The methods and results of
the preliminary study on normal lung tissue of mect4.2 are transferred to collect and
analyze macroscopic images with lateral resolutioh400 um. Furthermore, microscopic
images with lateral resolutions near 10 um aregmtesl in order to identify more details.
Lung tissue specimens were obtained from two inpatients undergoing lobectomy because
of respiratory distress due to extended solid-@@AM. The excised lobes contained also a
fraction of normal tissue which served as controls.

4.3.1.i Pseudo color Raman maps of macroscopidiess

39x48 spectra, step size 100 micron

® Results and pictures of CCAM mapping have beetlighésl in The AnalystRaman mapping and FTIR
imaging of lung tissue: congenital cystic adenonhioalformation Krafft C, Codrich D, Pelizzo G, Sergo V.
(2008) 133: 361-371

55



Fig. 23 (a), (cx Photographs of lung tissue obtained from the roacopically normal
parenchyma of patient 1 (a) and of patient 2 (c)JacB boxes show the area of
microspectroscopic analyses presented later drign 25 (b), (d) Raman maps of the same

areas. The color code represent segmentation hmeetgroups based on cluster analysis of

spectra.

49%x4% spectra, step size 100 micron

47x51 spectra. step size 100 micron

1mm

Fig. 24 (a),(c) Photographs of lung tissue obtained from the raacopically affected lobe of
patient 1 (a) and of patient 2 (dplack boxes show the area of microspectroscopidyara
presented later on in Fig. 28b), (df Raman maps of the same areas. The color code

represent segmentation into three groups baseduster analysis of spectra.

After pooling the four Raman maps (Fig. 23 b,d &ig. 24 b,d) a cluster analysis was

performed in the spectral interval 1190-1750%rn Fig. 23(b) and (d) most spectra were
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assigned to the red cluster (85% and 81%, resgdg)ifollowed by the green cluster (12%
and 17%) and the blue cluster (3% and 2%). In Efb) and (d) spectra of the red cluster
(38% and 31%) are mainly located near the outaomsgand spectra of the blue cluster (38%

and 43%) and of the green cluster (24% and 25%fpared in the core regions.

4.3.1.ii Pseudo-color Raman maps of microscopictteas of CCAM

49x49 spectra 63x63 spectra 80x80 spectra 55xh5 spectra

step size 10 micron

Fig. 25(a, b, c, d) photographs of unstained lung tissue from boxesved in Figs. 23-24.
(e, f, g, h) Pseudo color Raman maps of the same areas. &mdtsecond columns show
unaffected lung parenchyma of patients 1 and Zyee$vely. Third and fourth columns show

CCAM of patients 1 and 2, respectively.

A cluster analysis of the combined Raman dataa®itaining 15795 spectra was performed
in the wavenumber interval 1190-1750 tnCompared with Figs. 23-24, the number of
clusters was increased by three and the additidoaters were colored by yellow, olive and
black. The cluster memberships which coincide i clusters in Figs. 23-24 are coded in

the same colors as before.
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In normal lung tissue of patient 1 (first colummdaof patient 2 (second column), most
spectra were assigned to the red clusters (74%-6fMgwed by the green clusters (25%-
34%) and the blue clusters (1%-1%). In CCAM of @attil (third column) and of patient 2

(forth column), most spectra were assigned to the lelusters (56%-71%). Additional

clusters form the second largest groups (28%-1.2#d, only few spectra were assigned to
the green (13.4%-16%) and red (2.6%-11.3%) clust&fsereas the red, green and blue
clusters were already identified in FTIR images &aiman maps in Figs. 23-24, additional

clusters were assigned to new features in micrasao@ges of CCAM.

4.3.2.i Raman spectra from macroscopic maps of CCAM
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Fig. 26 (a): Average Raman spectrum from 600 to018®" from the red cluster (trace 1).
(b): Average Raman spectrum from 600 to 1800 éram the green cluster (trace 2). (c):

Average Raman spectrum from 600 to 1800 &érmom the blue cluster (trace 3). (d): Spectral
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contribution of red blood cells (trace 4) and ohtutissue without red blood cells (trace 5)
were calculated from the red and green clusters.
Difference spectra between Raman spectra and lirmanbination of (4) and (5) are

displayed at the bottom of Figs. 25 (a), (b), (c).

Spectral variations are observed in particular lie interval 1500-1700 cf Spectral
contributions in this interval are assigned to hgloloin which is a major constituent of red
blood cells®® *Y) Upon excitation of Raman spectra with 785 nm atoln, bands of red
blood cells were enhanced and partly masked the&eveaands of other proteins, lipids,
carbohydrates and nucleic acids. Therefore, theesprocedure used in section 4.2 was
applied to CCAM to separate the spectral contrangiof red blood cells from the remaining
components. Spectrum (4) was calculated from tHierdnces between the spectra of the red
and the green clusters in Raman maps of Fig. 28émd Fig. 24(b,d). Spectrum (5) was
obtained by subtracting spectrum (4) from the gpeof the red and the green clusters in
Raman maps of Fig. 23(b,d) and Fig. 24(b,d). Alhdmin spectrum (4) are assigned to
hemoglobin in an aggregated, denatured <t Bands in spectrum (5) are assigned to
proteins (621, 643, 852, 941, 1002, 1209, 1252213340, 1447, 1586, 1606 and 1656 cm
Y, lipids (698, 717, 1063, 1126 and 1296 %rand nucleic acids (665, 779 and 1098%m
The absence of significant bands in difference tspeaaf Figs. 25(a) and (b) indicates that
linear combinations of spectra (4) and (5) closgiproximate spectra (1) and (2). Whereas
the coefficients for spectrum (4) decrease fron22.ih spectrum (1) to 1.165 in spectrum (2),
the fit coefficients for spectrum (5) are closé.td his result confirms that the main variations
are differences in the red blood cells content. flitt@efficients in Fig. 25(c) decrease to 0.58
for spectrum (4) and increase to 1.1 for spectrGm The difference spectrum shows broad

positive and negative bands which coincide withghsitions of hemoglobin bands, e.g. near
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1250 and 1600 cth No difference bands can clearly be assigned atejs, lipids or other
constituents. The Raman data show that the hemogéamntent is lower in CCAM than in
normal lung tissue because the red and green dustech are represented by traces (1) and
(2) are more abundant in normal lung tissue andlhe cluster which is represented by trace

(3) is more abundant in CCAM.

4.3.2.ii Raman spectra from microscopic maps
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Fig. 27(a): Average Raman spectra from 600 to 1800"¢rom yellow cluster (trace 1jb):

Average Raman spectra from 600 to 1800 éram black cluster (trace 3) of maps in Fig. 25

(g, h). Trace 2 represents a linear combinationred blood cells’ spectrum and of the

remaining components’ spectrum. Difference speatid spectra of reference compounds are

included for comparison. PC= phosphatidylcholine

The Raman spectra of normal lung tissue and of CG#Nth represent the red, green and
blue clusters in Raman microscopic maps in Figc@atain the same spectral properties as
the Raman spectra in Figs. 23-24. Therefore, theyat displayed. The Raman spectrum of
the yellow cluster (trace 1) is overlaid with tlireelar combinatio®.4 H + 0.55 R(trace 2) of
the spectral contributions of hemoglobithand of the remaining componers(Fig. 27a).
The spectrad andR were similar as spectra (4) and (5) in Fig. 26{djey were calculated
from Raman spectra of the red, green and blue eskugif Fig. 25(g) because the yellow
cluster is only present here. The difference betwsgeectra (1) and (2) was included in Fig.

27(a). The absence of negative difference bandsranidnal positive difference bands in the

61



intervals 650-750 cthand 1500-1600 cthindicate that spectral contributions of lipids, AN
and hemoglobin are well compensated. The remaipnotein bands closely resemble the
spectral signature of collagen (Fig. 27a), whicbharacterized by marker bands at 814, 854,
873, 920, 937, 1244, 1638 and 1667'¢H

The Raman spectrum of the black cluster (traces 3)verlaid with the same linear
combination0.4 H + 0.55 R(trace 2) of the spectral contributions of hembgidd and the
remaining componen® (Fig. 27b). The difference spectrum between spd®y and (2) also
contains no significant negative bands. The absehpesitive differences near the prominent
protein, hemoglobin and DNA bands indicate thaséheomponents did not change in spectra
(3) and (2). The high similarity of the differenepectrum with a Raman spectrum of
phosphatidylcholine (PC) in Fig. 27(b) suggests the lipid constitutes the main difference.
The choline head group is characterized by band&l@tand 875 crhand the fatty acid
chains by bands at 1065, 1130, 1298 and 1440. gthe side chains of the synthetic PC
(purchased from Sigma Aldrich, Germany) were defifrem palmitic or hexadecanoic acid
which are 16 residues long. Further difference baal608 and 700 chare assigned to
cholesterol and difference bands at 1270 and 1660 ¢ unsaturated fatty acids.
Phosphatidycholine, cholesterol and other phospiusli spectra have been previously
described by Krafft et af**.

These aggregates of lipids, which are inhomogegodstributed throughout the
tissue sections, seem to be a peculiar featureC#NC Normal lung tissue did not show their
presence even at microscopic imaging. The biocherméormation obtained by Raman can
be utilized by magnetic resonance (MR) spectroscdjys modality has previously been
used to detect increased contents of lipids andhofine in brain tumor$®™ and choline-
containing compounds in fetuses in vi#®. Based on the current results, MR spectroscopy

might also detect these chemical changes in CCAM.
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4.4. Lung malformations: Bronchopulmonary sequestians’

Tissue specimens were obtained from two patienth witralobar BPS. Whereas a BPS
sample and an additional tissue sample from the BRSroscopically unaffected margin

were obtained from patient 1 (12 months old), dBS tissue was available for patient 2 (11
years old) because the whole lobe was affectedeandveden bloc

Raman spectra were collected at 785 nm laser éwcifaby moving the sample with a

motorized stage at a step size of 66, 75 or 100 um.

4.4.1. Pseudo-color Raman maps

: f
e B
63x35 spectra, step size 100 micron 52x46 spectra, step size 66 micron 58x36 spectra, step size 75 micron

Fig. 28 (a, b, c) Photographs of native unstained lung tissue fitbi resection margin of
patient 1 (a); from BPS of patient 1 (b); from B&Satient 2 (c). Black boxes indicate areas
of microscopic analyses presented later on in B®.(d, e, f) Pseudo-color Raman maps of

the same areas.

* Results and pictures of Raman mapping of BPS baea submitted to the Journal of Biomedical Opsicd
are currently under revisiorRaman and FTIR Imaging of lung tissue: bronchopulamg sequestratian
Christoph Krafft, Daniela Codrich, Gloria Pelizagglter Sergo
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The step size was varied in order to obtain simmlambers of spectra per data sets (2205,
2392 and 2088) in spite of different sample arédier pooling the three Raman images, a
cluster analysis was performed in the spectrahiatel 190-1750 cf. In the Raman image of
the marginal tissue sample (Fig. 28d), 64% of spewatere assigned to the cyan cluster,
followed by the green cluster (22%) and the magehister (14%). In the Raman images of
BPS, most spectra were assigned to magenta clyg&¥sin Fig. 28e and 91% in Fig. 28f),
followed by green (24% and 8%) and the cyan (3%12%dl clusters.

In summary, cluster analyses of Raman images gaderece for two main classes of spectra

which represent BPS (magenta) and tissue from B&§im(cyan cluster).

4.4.2. Average Raman spectra
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Fig. 29 (a): Average Raman spectra of BPS and marginal tisepeesenting the magenta
(trace 1) and cyan (trace 2) clusters in Fig. 28 €df).(b): Trace 3 was calculated from the
differences of magenta, green and cyan clusterstage spectra and represent hemoglobin.

(c): Difference spectra calculated as follows: (trabe (1)-(3); (trace 5)= (2)-(3).

The Raman spectra in Fig. 29a which were averaged the magenta and the cyan
clusters in Figs. 28 (d, e, f) represent BPS (trhcblack) and the marginal tissue sample

(trace 2, gray), respectively. After normalizatimnequal intensities at 1449 ¢mnumerous
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bands at 675, 718, 745, 968, 1125, 1250, 1341, 1562, 1579 and 1621 chwere more
intense for BPS. These spectral contributions asggaed to hemoglobin which is a major
constituent of red blood cell§®*Y). It was described in sections 4.2 and 4.3, how a
hemoglobin spectrum can be calculated from theatiaris of the hemoglobin content within
a Raman image. Such a hemoglobin spectrum wasdedlin Fig. 29b. This spectrum was
subtracted from the Raman spectra in Fig. 29a iteroto compensate the spectral
contributions of hemoglobin. The resulting speetra displayed for BPS (trace 4, black) and
the marginal tissue sample (trace 5, gray). Monmedbaare resolved in Fig. 30c which are
assigned to lipids (700, 718, 1063, 1127, 1299)¢mucleic acids (663, 781, 1099 &rand
proteins. The spectral contributions of proteins lba divided into bands due to phenylalanine
(621, 1003, 1032, 1208, 1586 ¢ntyrosine (642, 828, 853, 1607 ¢ tryptophan (758,
876, 1550 cr), aliphatic amino acids (1318, 1340, 1448™¢rand the peptide backbone
(937, 1265, 1659 cif). After normalization to equal intensities at 14&&* more intense
bands at 853, 937 and 1250 tmoint to higher collagen content in the margiriabue
sample. Other intensity differences between thetspén Fig. 29¢ were small and could not

be assigned to a component yet.

4.5 Comparison of average Raman spectra from norm@CAM, BPS and marginal lung
tissue

After obtaining average spectra from the most regm&ative clusters of unaffected (red
cluster in Figs. 23 (b, d)), CCAM (blue clusterFigs.24 (b,d)), BPS (magenta cluster in Figs
28 (e, f)) and marginal tissue (cyan cluster in. 28 (d)), we decided to compare them to

verify if any similarity existed.
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Fig. 30. The four average Raman spectra from 6001800 cri from normal lung
parenchyma (green trace), sequestration (blackefja€CCAM (blue trace) and marginal
tissue (red trace) are shown overlaid after normatfion at the 1460 cmband for

comparison.

According to the Raman spectra in Fig. 30, normailgl tissue (green trace) is
characterized by intense spectral contributionkeshoglobin and low spectral contributions
of other biomolecules such as lipids. The chemicahpositions change in BPS and CCAM
which is indicated by the Raman spectroscopic fipget. The most prominent changes in
the Raman spectrum of BPS (black trace) are lessnse spectral contributions of
hemoglobin. The change in fingerprint seems to deiqular successful in case of CCAM

(blue trace) because the spectral changes are maxouompared with normal lung tissue and
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the spectra also differ from the spectra of BPSclése inspection, band assigned to lipids at
1062, 1301 1442 cthare evidenced in blue trace of CCAM and in rexinfrthe marginal
tissue. These bands, in particular the 1062 an@ hé&e been already described as peculiar
of the choline aggregates found in the microscaemialysis of CCAM in section 4.3. Also
hemoglobin contribution is much lower in the rgee&trum than in the normal unaffected
lung tissue of green trace. These findings haweedaihe idea that maybe the tissue from the
resection margin was not completely free of dised&S@mulated by our request, the
pathologist reviewed the histological sectionshad sample and concluded that indeed BPS
coexisted with microcystic CCAM and what we callgdarginal tissue” was actually a
CCAM type 2 area. This possible coexistence of CCaM BPS has already been reported

in section 2.6.
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Chapter 5

Comparison of Raman and FTIR data on colon and lutigsue

Theory of Infrared spectroscopy, instrumentation @wlata acquisition, data

processing, results and discussion

The same samples areas that have been submittBdn@n analysis, have been
investigated with Fourier Transformed Infra Red I)'spectroscopy, in order to compare
the results obtained with two different vibratiosglectroscopies. FTIR data have been kindly
collected and granted by Prof. Christoph Krafftregtitute for Analytical Chemistry. Since it
is not the purpose of the thesis a wide insight disdussion over the applications of FTIR
spectroscopy, the introductory part of this chaptédr be limited to a brief survey on the
theory of IR and only details on instrumentationd data acquisition/processing used in our
experiments will be given. IR data will be discubsse comparison with the Raman data for

some of the maps presented in chapter 4.

5.1 Basic theory Infra Red (IR) spectroscopy

Infrared (IR) spectroscopy is one of the most commpectroscopic techniques used
by organic and inorganic chemists. Simply, it ie #ibsorption measurement of different IR
frequencies by a sample positioned in the path roflRn beam. The main goal of IR
spectroscopic analysis is to determine the cherfucational groups in the sample.

Infrared radiation spans a section of the electgmatic spectrum having
wavenumbers from roughly 13,000 to 10 ¢mor wavelengths from 0.70 to 10@@n. It is
bound by the red end of the visible region at Higlgquencies and the microwave region at
low frequencies. Photon energies associated wehrtfiared region of the electromagnetic

spectrum are not large enough to excite electrbusmay induce vibrational excitation of
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covalently bonded atoms and groups. At temperatbve absolute zero, all the atoms in
molecules are in continuous vibration with respgeceach other. When the frequency of a
specific vibration is equal to the frequency of tReradiation directed on the molecule, the
molecule absorbs the radiation. IR absorption méttion is generally presented in the form
of a spectrum with wavenumbers at the x-axis ardatisorption intensity or % transmittance
as the y-axis. Transmittance, T, is the ratio ofaat power transmitted by the sample (I) to
the radiant power incident on the samplg. (Absorbance (A) is the logarithm to the base 10

of the reciprocal of the transmittance (T).

A= Iogl{%j =-logo(T) = —Iogl({%j (1)

A molecule absorbs only those frequencies of IRtliat match vibrations that cause
a change in the dipole moment of the molecule. Bandsymmetric M and H molecules do
not absorb IR because stretching does not chargeliiole moment, and bending cannot
occur with only 2 atoms in the molecule. Any indival bond in an organic molecule with
symmetric structures and identical groups at eacha$ the bond will not absorb in the IR
range. In a complicated molecule many fundamentabtions are possible, but not all are
observed. Some motions do not change the dipole anbifor the molecule; some are so
much alike that they coalesce into one band (setose2.3 for comparison with Raman
selection rules). Examination of the transmitteghtireveals how much energy was absorbed
at each wavelength. This can be done with a mowoathtic beam, which changes in
wavelength over time, or by using a Fourier tramsfinstrument to measure all wavelengths
at once. In Fourier transform infrared (FTIR) spestopy the IR light is guided through an
interferometer. After passing the sample the meaksignal is the interferogram. Performing
a mathematical Fourier transformation on this digeaults in a spectrum identical to that

from conventional (dispersive) infrared spectrogcddeasurement of a single spectrum is
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faster for the FTIR technique because the inforomatat all frequencies is collected
simultaneously. This allows multiple samples tocb#ected and averaged together resulting
in an improvement in sensitivity. Because of itsimas advantages, virtually all modern

infrared spectrometers are FTIR instruméhts,

5.2 Samples, instrumentation and data acquisition

The same samples were used for Raman and Inframatysas, therefore their
preparation has already been discussed in sect®or-8r colon samples, FTIR images were
recorded using a Bruker FTIR spectrometer Vertex@@led to the microscope Hyperion
3000 which was equipped with a mercury cadmiunutiele (MCT) based focal plane array
(FPA) detector of 64x64 pixels (Bruker Optik, Genya The field of view was 170x170 pm
per image at 15x magnification and each pixel gmoeded to an area of 2.6x2.6 um. Images
of 4096 IR spectra in the wavenumber range 900-880bat 4 cni spectral resolution were
acquired by coadding 25 interferograms using the&J®Roftware, version 6.0 (Bruker).
Mosaics of multiple images were recorded by movirggsampling stage in increments of 170
pum. Acquisition of each image took 70 seconds.

For lung samples , FTIR images were recorded uaimdyuker FTIR spectrometer
IFS66/S equipped with a mercury cadmium tellurifiCT) focal plane array (FPA) detector
of 64x64 pixels (Bruker Optik, Germany). Couplirgthe macro chamber IMAC (Bruker)
gave a field of view of 4x4 mfrand each pixel corresponded to an area of 63x63 lsing
the microscope Hyperion with 15x magnification, fleéd of view was reduced to 270270
unt and each pixel corresponded to an area of 4.2xdf2 Images of 4096 IR spectra in the
wavenumber range 950-3900 ¢rat 4 cni spectral resolution were acquired by coadding 11

interferograms. Acquisition of each image took appnately 3 minutes.

5.3 Data processing
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As for Raman data sets, FTIR data were importetthénMatlab platform to undergo
some preprocessing steps and in Cytospec for fughalyses. Preprocessing of the FTIR
image involved three steps. First, a multipointeéin baseline was subtracted from each
spectrum with baseline points set at minima neér 2880, 1480, 1750, 3700 and 3900%cm
The baseline segments were obtained by linearpol&ion between the selected points.
Second, a scaled IR spectrum of water vapor wasasibd from each spectrum to correct
spectral contributions of water vapor. Third, specvith maximum intensities below a
threshold were removed from the data sets. Befoitglization of the cluster analysis
algorithm, the selected spectral range was noredlizy the function “multiplicative signal
correction” (MSC) in order to separate the chemio&rmation from physical effects, as
explained in section 3.5. The preprocessed imaga® wegmented by a k-means cluster
analysis (KMC) with a Euclidean distance metriceveraged spectrum of each cluster was
calculated and imported to the program GRAMS (TheeFisher, USA) for analysis.

5.4 Results and discussion
5.4.1 Colon

5.4.1.i Pseudo-color FTIR images

170 micren _ . b
L] - "~ £ ~

® Results and pictures of normal colon FTIR imadiage been accepted for publication in The Jourhal o
BiophotonicsRaman and FTIR microscopic imaging of colon tissueomparative studyKrafft C, Codrich D,
Pelizzo G, Sergo \DOI:10.1002/jbio.200710005
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Fig. 31: 2x2 mosaic pseudo-color FTIR image (a) ahdtograph of native tissue (b) of area

(1) of Fig. 10. Arrow points to a green cluster thiaas not been evidenced in the

corresponding Raman map (see Fig. 11)

Fig. 32: 2x4 mosaic pseudo-color FTIR image (a) ahdtograph of native tissue (b) of area
(3) of Fig. 10. Arrow points to a cluster that wast evidenced in the corresponding Raman

map (see Fig. 11)

Cluster analyses of FTIR images were performedéninterval 1000-1480 cm The
FTIR image of area (1) was segmented into fivetehss(Fig. 31a). Three clusters (brown,
red, orange) were assigned to connective tissugneofsubmucosa, one cluster to circular
muscle (yellow) and one cluster to the transiti@ween smooth muscle and connective
tissue (green). The FTIR image of area (3) was setmd by two consecutive cluster
analyses (Fig. 32a). The first cluster analysialbfR spectra separated the clusters of mucus

at the top (pink, magenta, violet) and of submudosd) and muscularis mucosae (olive) at
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the bottom from the epithelial tissues. The seadusdter analysis segmented the IR spectra of
the epithelial fraction into the following four dters: three clusters of the inner part (cyan,
blue, black) and one cluster at the bottom (oramgagh is tentatively assigned to lamina
propria.

Neither the green cluster in Fig. 31a nor the oeaimgFig. 32a have a counterpart in
the Raman maps. This can be explained by the hattall spectroscopy experiments have a
diffraction limited lateral resolutioff®’ . The diffraction limit was between 15 and 10 pon f
the FTIR system using a Cassegrain objective witlsON4 and analyzing the wavenumber
range 1000 to 1480 chf. Although each pixel in the FTIR image represemtsarea of just
2.6x2.6 um, the pixel contains spectral contributior@mf neighboring pixels which is a
consequence of the diffraction limited lateral tagon. This effect might explain the artifact
that additional, continuous clusters were assigneBTIR images at the transition of two
tissue types. The width of these clusters was apiadely 10 um (see arrows in Figs. 2a, d).
Such clusters were not evident in the Raman imadpsh were recorded with a step size of
10 um and in which the diffraction limit using a5/8m excitation laser and an objective with
NA=0.85 was 0.6 pum.

5.4.1.ii IR spectra

Infrared Absorbance

. . . T . Y .
1000 1200 1400 1600 1800
Wavenumber (cm)

® The diffraction limit can be calculated accordtngAbbe’s equation as the quotient 0.812NA with the
wavelength\ and the numerical aperture NA.
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Fig.33: IR spectra from 900 to 1800 ¢mof connective tissue representing the brown (solid
black), red (dashed) and orange (solid gray) cltssia Fig. 31a. Difference spectra = (solid

black) minus (solid gray), displayed at a two foldgnification scale.

IR spectra were offset corrected and normalizeedoal intensities of the amide |
band at 1658 crhfor display. Overlay of the IR spectra revealedt tthe intensities in the
interval 1000-1480 cthdecrease in the order brown>red>orange clusteer@ds the IR and
Raman spectra (see Fig. 16) significantly différe difference spectra share a number of
similarities which are correlated with the coiletgple helix secondary structure and the
unusual amino acid composition of collagen. Posibands were identified in the Raman and
IR difference spectra at the high (1671'tand the low (1629 ct) wavenumber shoulder of
the amide | band, at the amide 1l band (1239cemd CH deformation vibrations (1456 ¢m
Y. The amide Il band and its difference band (166t) exist only in the IR spectrum. The
C-C, band and its difference band (938 Ynare only Raman active. As the spectral range
below 900 crit could not be registered in the IR spectrum, thedband its difference bands

of proline and hydroxyproline (815, 854 ¢jrwere only found in the Raman spectrum.
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Fig. 34: Average IR spectra from 900 to 18007c(h) of epithelial tissue representing the
cyan (solid black), blue (dashed) and black (sa@my) clusters in Fig. 32a. Difference
spectra = (solid black) minus (solid gray). Thefelience spectrum is displayed at twofold

magnified scale.

Overlay of the normalized IR spectra revealed maxmintensities in the interval
1000-1480 cnf in the black cluster. Negative difference bands assigned to C-O groups
(1041, 1072, 1117 cM), C=0 groups (1740 cM) and peptide groups (1527, 1632 Ym
These functional groups are consistent with polygbylated peptides in mucus which is
typically produced by epithelial glands. Bands iatilar positions (1044, 1079, 1121, 1373
and 1740 c) were also identified in crypts, which are tubulgainds in colorectal mucosa
@2 |n analogy to the Raman difference spectrum m EB, positive difference bands are
expected to indicate higher DNA content in the cyduster. They were found for C=0
groups of nucleotides (1700 & but not for phosphate groups of the backbone meas
and 1240 cnl, which overlap with spectral contributions of sion products.

Since biomolecules are mainly composed of C, HN@nd P atoms, IR bands of the
main functional groups are broad and most of theen lacated in a relative small
wavenumber interval, the IR spectra of tissue ¢tutsta complex overlap of numerous
spectral contributions which are difficult to regmland complicate to analyze. In order to
subtract the constant portion of the spectrum,edkfice spectra were calculated which
enabled inspecting spectral changes more accuratBlgvertheless, although the
morphological features in epithelial tissue werdl nesolved in the FTIR image (Fig. 32), it
was problematic to recognize the simultaneous dseref the DNA content and the increase
of the polyglycosylated peptide in the underlyirigy $pectra. (Fig. 34). Raman bands are

usually narrower and they overlap less, in paréicuh the wavenumber range from 600 to
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1000 cm'. As much as 28 bands were resolved in the Ranestrapof epithelial tissue itself,
and further bands were identified in the differespectrum. Therefore, it was possible to
recognize the simultaneous decrease of the DNA eobneand the increase of the

polyglycosilated peptides in the Raman spectra. (F8(
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5.4.2 Normal lund

5.4.2.i Pseudo-color IR maps

fa) oML | | 1.4

1 mm

Fig. 35: Chemical map at 1657 &nfa), photograph(b) and color coded segmentation by
cluster analysigc) of a 64x64 FTIR image obtained from a 4x4 fniung tissue section.

Color code in (c): Lung tissue of high (orange),dmen (blue) and low (cyan) content of red
blood cells, lung tissue with mucus (black), maagilung tissue with mucus (brown) and
blood vessels (yellow). White regions correspondspgectra which were removed before

cluster analysis.

KMC segmented the FTIR image into five groups afikr IR spectra. White regions
represent IR spectra which were removed before Kdd€ause their intensities were below
the threshold of 0.15 absorbance units. The mgjofitspectra were assigned to the orange
(21%), blue (34%) and cyan (30%) clusters. The pBctra (4) of the yellow cluster (4%)
mainly correspond to features in the upper left pathe tissue section. The IR spectra (5) of
the brown cluster (11%) are found mainly at theuesmargins.

5.4.2.ii IR spectra

" Results and pictures of normal lung FTIR mappiagehbeen published in Vibrational Spectroscétaman
and FTIR imaging of lung tissue:methodology fortooinrsamplesC Krafft, D Codrich, G Pelizzo,V Sergé6
(2008) 141-149
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Fig. 36 (a) : IR spectra from 3900 to 950 &mepresenting the average of the orange (1),

blue (2), cyan (3), clusters of Fig. 35(c). Diffiece spectra were calculated for comparison

(b).

Fig. 36(a) compares IR spectra (1), (2) and (3kiftotal intensities decrease in the order
1>2>3. This is consistent with the intensity disition in Fig. 35(a) because the orange
cluster (=spectra (1)) in Fig. 35(c) roughly mathiee red and yellow regions in Fig. 35(a),
whereas the blue and cyan clusters (=spectra (@)(8)) correspond to green and cyan
regions. Bands can be assigned according to thatitre“® to phosphate groups (1082, 1240
cm?), to peptide groups (amide Il at 1303, amidetllL842, amide | at 1656, amide B at
3062, amide A at 3298 ¢thh and to aliphatic C-bl/ C-Hs groups (1453, 2873, 2958 ¢in
with overlapping contributions form the various miolecules proteins, lipids, nucleic acids
and carbohydrates. Most band positions agree withimi*. The difference spectra in Fig.
3(b) permit an accurate determination of the specthanges. Before calculating the
difference spectrum, the spectra were normalizesbitaal amide | intensities near 1656 tm

It is remarkable that the normalization factors h@&for both difference spectra showing that
the Euclidian distances between the cluster avdrapectra (1), (2) and (3) are equally

distributed. As already reported earlier in FTIRages of primary and secondary brain
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tumors“Y, positive difference bands near 1304 and 1555 omdifference spectra (1)-(2)
and (2)-(3) indicate an increase of hemorrhageabiood cells. Negative difference bands at
1043, 1740, 2851 and 2920 ¢nindicate a new tissue component whose concentratio
increase in the order 1<2<3. The new componerdritatively assigned to muctf® which
typically contains bands of C-O groups near 1040,c8FO groups near 1740 €mand C-

H, groups near 2851 and 2920 tuiue to highly glycosilated peptides of its maimstituent
mucin.In contrast to mucus, spectral contributiohsed blood cells were more intense in
Raman spectra than in IR spectra due to a resordfem®®. This shows that the combined
application of Raman and FTIR imaging is particdylanseful to study the molecular

composition of lung tissue because both methodgptament each other.
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5.4.3. CCAM

5.4.3.i Pseudo-color IR maps

b ! W
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Fig. 37 FTIR imagega-d), photographge-h) of lung tissue sections. Data of the first (a, e)
and second (b, f) columns were obtained from norsehples of patient 1 and 2,
respectively. Data of the third (c, g) and forth (g columns were obtained from CCAM of

patient 1 and 2, respectively.

A cluster analysis of the combined FTIR images wadormed in the interval 950-
1480 cm'. The color code in Figs. 37(a-d) represents thygnsatation into four classes or
clusters. Regions appear white where spectra veeneved before at positions without tissue.
In Figs. 37 (a) and (b) most spectra were assigoethe red cluster (49% and 46%,
respectively), followed by the green cluster (2486l 84%), the blue cluster (19% and 12%)
and the brown cluster (7% and 7%). Spectra of tieavb cluster are mainly located at the

margins. Figs. 1(c) and (d) are dominated by the ldluster (70% and 74%, respectively).

® Results and pictures of CCAM FTIR imaging haverbgeblished in The AnalysRaman mapping and FTIR
imaging of lung tissue: congenital cystic adenonhioalformation Krafft C, Codrich D, Pelizzo G, Sergo V.
(2008) 133: 361-371.
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IR Absorbance

Here, spectra of the red clusters (17% and 15%loaeted mainly near the dried liquid film.
Spectra of the green clusters (8% and 8%) are fatiticle transition between the red and the
blue clusters. The percentages of the spectraeititbwn cluster are reduced to 5% and 3%.
In the Raman maps, the brown cluster was not ifiedtisee Figs.23 (b, d) and 24 (b, d)).

5.4.3.ii IR spectra

1
1
1308
1388
1738
=
(3
as0
a3z0

O]

1656
=
1654

IR Absorbance
IR Absorbance

Wvenumber (om”)

Fig.38: IR spectra from 950 to 3700 ¢raveraged from the red (trace 1), green (trace 2),
blue (trace 3) and brown (trace 4) clusters of fREIR image in Fig. 37(c). Difference
spectra were calculated for comparison. Spectraewsseline corrected and normalized for

display.

As biomolecules are mainly composed of similar fiomal groups with C, H, O, N and P
atoms and most IR absorption bands are broad, strepgly overlap and it is difficult to
resolve each individual band. However, insteadaeténining the composition or structure of
tissues by IR spectra, it is usually sufficient doalyze the spectral changes in most
applications. In order to assess the small diffegsrbetween traces (1) and (2), a difference
spectrum was calculated and included in Fig. 38(@)two times amplified scale. All positive
difference bands at 1050 (vibration of C-O), 108@ 4234 (symmetric and antisymmetric

stretch vibrations of P£), 1738 (vibration of C=0), 2850 and 2922 trtsymmetric and
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antisymmetric stretch vibrations of GHare assigned to lipids, in particular phosphdspi
All negative difference bands at 1305, 1388, 158576 and 3320 cthare assigned to
proteins. In particular, the bands at 1305 and &% reported to correlate with hemoglobin
(41.50The IR spectra of the green (trace 2) and the tlusters (trace 3) are overlaid in Fig.
38(b). The band positions largely agree with Fig(a3. The difference spectrum between
traces (3) and (2) contains the same bands agyin3B(a), however, with slightly different
relative intensities. This observation of qualitatsimilar difference spectra indicates that the
lipid content successively increases in the ordaret (1)<(2)<(3), whereas the hemoglobin
content successively decreases in the order tBe€2)>(3). As the red and green clusters
which are represented by traces (1) and (2) are mioundant in FTIR images of normal lung
tissue and the blue cluster which is representetldmg (3) is more abundant in FTIR images
of CCAM, the total lipid content is higher in CCAhereas the total hemoglobin content is
higher in normal lung tissue.

The IR spectra of the blue (trace 3) and the br(ivate 4) clusters are overlaid in Fig.
38(c). The difference band near 1030 cim assigned to the carbohydrate moiety of mucus
®9 The absence of differences near lipid and henbagldands indicates that these
constituents did not change between traces (34nd-TIR imaging was more sensitive to
detect lipids and mucus in macroscopic images cAKCather than Raman imaging. These
components are characterized by a high contenblair ©C-O, O-H and C-H groups which
show usually stronger IR bands than Raman bandsaR&pectroscopy was more sensitive
to detect hemoglobin (see section 4.3.2) becausswRa@pectral contributions of hemoglobin
are enhanced by a resonance effect. However, thease in sensitivity is connected with a
decrease in specificity because the enhanced hebingbands partly masked the Raman

bands of the other, non-enhanced constituents.
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5.4.4 BPS

5.4.4.1. Pseudo-color IR maps

Fig. 39 FTIR imagega, b, c)and photographgd, e, f)of lung tissue. (a, d) were obtained
from the resection margin of the BPS sample ofepati; (b, d) correspond to the BPS of
patient 1; (c, f) represent the BPS of patientI2e Tolor code reflects the segmentation into 4

groups after cluster analysis.

The FTIR image in Fig. 39(a) was composed of twaiviilual images because the width of
the tissue section exceeded thel 4nm field of view of the FPA detector. FTIR imagas
Figs. 39 (b, c) could be assessed by one image A#tehn pooling the four images, a cluster
analysis of the combined data set was performetthéninterval 950-1480 cth The color
code represents the segmentation into four clasisekisters. Regions appear white where

spectra were removed at positions without tissue¢hé FTIR image of marginal tissue (Fig.

%Results and pictures of Raman mapping of BPS baea submitted to the Journal of Biomedical Opsicd
are currently under revisiorRaman and FTIR Imaging of lung tissue: bronchopulamg sequestratian
Christoph Krafft, Daniela Codrich, Gloria Pelizagglter Sergo
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39a), 71% of the spectra were assigned to the cyater. Magenta (15%), green (12%) and
brown clusters (2%) were found mainly near the nmatgFTIR images of BPS were
dominated by magenta clusters (85% in Fig. 39b, &6% in Fig. 39c). Fewer spectra were
assigned to cyan (11 and 8%) and green clusteand4%), and a brown cluster could not be
identified. The brown cluster could not be ideetifineither in the Raman maps of marginal
tissue, nor in the ones of BPS (see Figs. 28 [@).e,

5.4.4.2 IR spectra

1656

IR Absorbance

1000 1400 1800 2000 2600 3000 3400
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Fig. 40: Average IR spectra of marginal and BPSues representing the cyan (trace 1) and
magenta (trace 2) clusters in Figs. 39 (a, b, ¢)e Difference spectrum (trace 1 minus trace

2) is displayed at a threefold magnified scale.

The IR spectra were normalized to the amide | bainproteins at 1656 cth Other amide
bands are identified at 1235 (amide IIl), 1544 @enll), 3065 (amide B) and 3296 ¢m
(amide A). The amide bands are due to vibrationhefpeptide groups which are present in
all proteins. Because the geometry of the peptidegs depends on the secondary structure,
these bands are considered as markers for prdtectges. Bands at 1394 (COO) and 1452
cm’ (CHs) are assigned to amino acids side chains. Bantid5& (CC and CO), 1082 (RO

1235 (PQ), 2852 (CH) and 2923 cil (CH,) belong to other biomolecules such as lipids and
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carbohydrates. Bands were assigned according tditénature *®. The overlay of spectra
indicates that some bands are more intense forinargssue than for BPS. The difference
spectrum at a threefold magnified scale enabledetermine the changes more accurately.
Whereas the positive difference bands at 1233, 4601563 cm point to an increase of
collagen, the positive difference bands at 1083312851 and 2920 cfrpoint to an increase
of phospholipids in marginal tissue.

5.4.4.2.i Comparison of IR spectra of normal, CCARPS and marginal tissue.

(a) (b)
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Fig. 41(a) Average IR spectra of normal lung tissue (traceBBS (trace 2), CCAM (trace 3)
and marginal tissue (trace 4(b): IR difference spectra for BPS minus normal tis<C€AM

minus normal tissue and the marginal tissue mirarsnal tissue.

The IR difference spectrum between trace 2 andFign41b reveals mainly positive and few
negative difference bands after normalization toaé@mide 1 intensities. The key marker
bands of fatty acids in lipids at 2852 and 2922'@re almost unchanged. Positive difference
bands near 1040, 1710 and 3400"gpoint to constituents with CC, CO and OH functiona
groups such as carbohydrates. However, the exact &ssignment is not important in order
to develop supervised, spectroscopy-based clastsifit models. It is more important that the

vibrational spectroscopic fingerprints define thgedfic tissue classes. This seems to be
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particular successful in case of CCAM (traces 3yygrbecause the spectral changes are
maximum compared with normal lung tissue and thectsp also differ from the spectra of
BPS. The lipid associated bands have highest iiensn the IR spectrum which are
indicated by arrows and by positive bands in thfeince spectrum. As already noted with
the Raman spectra, IR and IR difference spectrineimarginal tissue sample share many
similarities with the CCAM spectra: on these basesprompted a new histopathological

evaluation of the sample (see section 4.5).
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Chapter 6

Conclusions

Our project has led to a new set-up of the laboyatewitching from inorganic
material study, to biological samples, startingeavmesearch field in the Department. Raman
has proven to be a valuable tool in analysing hutissae.

Procedures for samples preservation and manageha@ been reviewed from
literature and optimized during the studies. Alsdadprocessing have been standardized.
Raman signals of biological samples are inheremtdak without utilizing enhancement
effects. Single Raman spectra which were recorael@nthe applied experimental conditions
had typical signal to noise ratios (SNR) of 34 agetined from the band near 1450 cand
the baseline corrected standard deviation from 132800 crit. Multiple Raman spectra of
a Raman image were averaged in order to improve @N&® 850. Before averaging, Raman
spectra with similar signatures were identifiedkgneans cluster analysis combined with a
multiplicative signal correction procedure whichsaable to segment even spectra with low
SNR. Even though hierarchical clustering has shawnliterature to yield the best
segmentatior’?, k-means clustering has less computational reméinés and better suited
our large data sets.

The colon tissue has been a good model for sadtdisanalyses because it is a
stratified tissue and our analysis was able totilemuscular layers, submucosal, epithelial
components and neural elements such as ganglidafteewere analyzed up to a subcellular
level, which is a prerequisite for the study ofdginsprung’s disease. Even though a complete

and precise assignment of bands to a particulaeent@dr group is not always possible, the
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most important feature of the vibrational spectopses discussed in this thesis is that they
define the specific tissue classes by spectraefipgnts.

Also more homogeneous tissues such as lung tissuebe investigated by Raman
spectroscopy. Our results permitted to recogniz# differentiate normal lung and tissue
affected by malformations such as CCAM and BPS. @mearkable result was that our
analyses permitted to re-classify a specimen whiak considered macroscopically normal
(the marginal tissue) as a pathological area of MC¥pe 2. This is an example of the
advantage of knowing the molecular composition ofissue, besides its morphological
appearance: these information are not dependem fitee eye and experience of the
pathologists. However, in this study almost onlyrarsample spectral variance has been
investigated, validation of inter-samples varian@ognition requires more samples.

As far as comparison between Raman and FTIR secipy is concerned, FTIR
images have the advantage of shorter acquisitinasti data acquisition by FTIR imaging is
more rapid and yields spectra with higher signaseatios because the tissue sections are
globally illuminated and the spectra are registéregarallel by a multichannel detector. In
contrast, the laser is focused onto a small spoRaman mapping and the spectra are
sequentially registered, which is a more time-camsag procedure. Total acquisition time in
Raman mapping is determined by the product of tinaber of spectra and the time per
spectrum. However, lateral and spectral resolutanSTIR are inferior to Raman. Water is
also very IR-active and this could be a problemexamining fresh (and not dried) tissue.
Some moieties are better recognized by IR (lipra mucus and other components which are
characterized by a high content of polar C-O, Ofd &-H groups that show stronger IR
bands than Raman bands) and other are better eedldry Raman, i.e. hemoglobin, DNA,
the phosphate groups in phospholipids. In the lgagtion, we suggested a method to

compensate the enhanced Raman signal of hemogldidah masks other molecular groups.
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Altogether, Raman and FTIR spectroscopies seemetoomplementary techniques rather
than alternatives. We also demonstrated that vdmal spectroscopies are able to distinguish
not only neoplastic and normal tissue, but alsonaband malformed tissue.

Although our study, as the majority of studies thre application of Raman
spectroscopy for the investigation of tissues aq@agatory in nature, the clear message is
that clinical diagnostic tools might be succesgfutleveloped from the spectroscopic
fingerprint of tissues. However, before a clinicdlagnostic application of Raman
spectroscopy can be imagined, a comprehensiverapdatabase containing Raman spectra
of tissue that are labeled by histology (still ted standard up to now) must be created. If
the aim is to distinguish for example between Iwalissue and grades of disease, the
database should represent the variance in the olatecomposition of tissue within each
classification group. The database can then be usedombination with multivariate
statistical analyses and/or artificial neural nekwanalyses to construct automated pattern
recognition algorithms for the non subjective disgnation of the different tissue types.

Another issue for future applications of Ramancspscopy to clinical in vivo
diagnostic problem is the development of approerifiber optic devices. Koljenod
suggested the use of an unfiltered fiber-optidoprand collection of spectral information in
the high-wavenumber region from 2400 to 3800'cmbecause the core material low OH
silica shows only low spectral contributions intthegion, but recently this approach has been
guestioned in another paper, in which for the firste a Raman map from brain tissue was
collected using a filtered fiber-optic probe by tmponics] connected to a spectroghraph.
Quite encouraging results have been obtained itattex paper.

Therefore, other steps must be taken before Rapeaciroscopy can be proposed to

clinicians. An important requisite for successhattit should be doctor and patient friendly
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and yield answers (yes/no) instead of spectra. @meaechnology will be in place, clinical

trials will be required to explore the potentialtbé technique.
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Appendix

MAJOR ASSIGNMENTS OF RAMAN BANDS ©?

Peak position/ci

Assignment

621 C-C twisting mode of Phenylalanine

643 C-C twisting mode of Thyrosine

669 C-S stretching mode of Cystine

679 Guanine ring breathing

700 Cholesterol

717-719 Phospholipids head/adenine

747 Haemoglobin

755 Symmetric breathing of Tryptophan

759 Tryptophan

781 Cytosine/uracile ring breathing

786 DNA: O-P-O, cytosine, uracile, thimine

826 DNA: O-P-O stretch

853 Ring breathing mode of thyrosine and C-C dlref proline
ring/collagen

859 Thyrosine/collagen

869 Proline

876 Hydroxyproline, collagene

920 C-C stretch of proline

935 C-C stretch of proline and valine;helix conformation of protein
backbone

938 C-C stretch of protein backbone

1001-1004 Symmetric ring breathing mode of pheaylale

1031 C-H in-plane bending mode of phenylalanine

1062-1064 Skeletal C-C stretch lipids

1078 C-C or C-O stretch (lipids), C-C or PSretch 8nucleic acids)

1083 C-N stretching mode of proteins (and lipidd@oo lesser degree)

1087-1090 C-C stretch, O-P-O stretch

1117-1119 C-C stretch

1123 C-C stretching mode of lipids/proteins, C-N&th/ glucose

1155 C-C (& C-N) stretching of proteins

1170 C-H in-plane bending mode of tyrosine

1180-1184 Cytosine, guanine, adenine

1206 Hydroxyproline, tyrosine

1209 Trypthophan and phenylalanine

1220-1221 Amide llI: B-sheet

1243 Amide llI: collagene (CHwag, C-N stretch)

1258 Amide Ill/ adenine/cytosine

1260 Amide Il

1264 -C-H in-plane bending (lipid)

1240-1265 Amide Il ( C-N stretching mode of proteins, indicey mainlya-helix
conformation)

1279 Amide llI: a-helix

1299-1300 CHdeformation ( lipids)

1302-1304 CHdeformation ( lipids-phospholipids)/ adenine, cyte

98




CONTINUED

1313 CHCH, twisting mode of collagene/lipids
1335-1345 CHCH,wagging mode of collagene
1336 Polynucleotide chain (DNA-purine bases)
1369 Guanine, porphyrins (haemoglobin), lipids
1386 CH bend
1437 CH deformation ( lipids), cholesterol
1443 CH deformation ( lipids and proteins)
1446 CH bending mode of proteins
1485 Nucleic acids purine bases ( guanine and a€egni
1520-1538 -C-C- carotenoid
1548 Tryptophan
1560 Hemoglobin
1573 Guanine, adenine
1577-1579 Pyrimiine ring (nucleic acids) and hermagins (haemoglobin)
1603 C-C in plane bending mode of phenylalaninetgrakine
1616 C-C stretching mode of tyrosine and tryptophan
1638 Intermolecular bending mode of water
1645 Amide [: a-helix
1652-1653 Lipid (C-C stretch)
1654-1655 Amide | ( C-O stretching mode of proteirshelix conformation)/ C-C
lipid stretch
1738-1746 C-O stretch (lipids)
MAJOR ASSIGNMENTS OF INFRARED BANDS “*~°
Peak/ crit Assignment
969 Phosphatidylcholine
1026 glycogen
1030 mucus
1060 Glycolipids (stretching mode C-O-C), cholestter
1080 O-P-0 stretching mode, phospholipids, glycogen
1153 glycogen
1234 O-P-0O stretching mode, phospholipids, collagen
1303 Amide IllI: proteins
1391 O-C-0 stretching mode, proteins, cholesterol
1453 CH deformation, proteins, collagen
1467 CH deformation, lipids
1543 Amide II: proteins
1656 Amide [ proteins
1738 C=0 stretching mode, lipids
2850 CH stretching, lipid
2872 CH stretching, proteins
2922 CH stretching, lipid
2959 CH stretching, proteins
3296 Amide A, proteins
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