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ANOTACIJA

Darba izstradatas un eksperimentali/kliniski aprobétas divas mérijumu iekartas
pigmentétu adas jaunveidojumu fluorescentai diagnostikai un cetras iekartas auto-
fluorescences (AF) fotoizbalésanas ietekmes pétisanai uz cilvéka adas spektralajiem
parametriem, izmantojot nepartrauktu un impulsveida lazeru ierosmi.

Meérjjumu iekartas ar nepartrauktu 532 nm ierosmi adas pigmentéto jaun-
veidojumu punktveida mérijjumiem un ar 405 nm ierosmi attélosanas mérijumiem
ir kliniski aprobétas uz vairak ka 50 pacientiem. Piedavats jauns diagnostiskais
kritérijs, kas lauj atskirt bazalo $tnu karcinomas jaunveidojumus no citam adas
patologijam.

Adas AF meérijumi 405 nm un 470 nm lazeru pikosekunzu impulsu ierosmeé
veikti ar ~1071% laika izSkirtspéju. AF kinétikas pétijumi apliecina fotoizbalésanas
ietekmi uz adas fluorescences dzisanas laika komponentém - pirma no tam ()
praktiski nemainas, otra (7,) pieaug un tre$d (r3) samazinas. Savukart intra-
dermalajos névusos novérota gan 7,, gan T3 samazinasanas. Analizes rezultata
secinats, ka fotoizbalé$anas procesam vairak paklauti nikotinamida adeninedi-
nukleotida NAD(P)H fluorofori. Atrasta korelacija starp adas un intradermala
névusa AF fotoizbalésanas atrumu un dzives laika 74, T,, 73 komponens$u izmainam,
ko iespéjams pielietot kliniskaja diagnostika.

Diftzas atstaros$anas spektru kontakta un bezkontakta mérijumi apstiprina
adas oksihemoglobina koncentracijas pieaugumu fotoizbalé$anas procesa. Tas
norada uz iespéjamu adas iekaisumu zemas jaudas lazerstarojuma ietekme.

Atslégvardi: autofluorescences fotoizbalésana, fluorescences dzives laiks,
difaza atstaros$ana, ada.



ABSTRACT

Two measuring devices for pigmented skin neoplasms diagnosis by
fluorescence were developed and experimentally/clinically approbated and four
devices for research of an autofluorescence (AF) photobleaching effect on spectral
parameters of human skin using a continuous and pulsed laser excitation.

Measuring devices with continuous excitation of 532 nm for spot measure-
ments of skin pigmented neoplasms, and 405 nm for imaging measurements have
been clinically approbated on more than 50 patients. New diagnostic criterion that
allows distinguishing basal cell carcinomas from other skin neoplasms has been
proposed.

The skin AF measurements at the 405 nm and 470 nm picosecond pulse laser
excitation were performed with time resolution ~1071 (s). AF kinetics studies
confirm the influence of photobleaching on components of the skin auto-
fluorescence decay time, the first of them 7, practically does not change, the second
(t,) increases and the third (z3) decreases. On the other hand, the decrease of both
7, and 73 was observed in intradermal nevi. The results of the analysis show that the
photobleaching process is more susceptible to nicotinamide adenine nucleotide
NAD(P)H fluorophors. The correlation between skin and intradermal nevus in AF
photobleaching speed and changes of lifetime components 74, T,, 73 was found, that
can be used in clinical diagnosis.

Contact and contactless measurements of the diffuse reflectance spectra
confirm the increase of skin oxyhemoglobin concentration during the photo-
bleaching process. This indicates a possible inflammation of the skin due to the low-
power laser radiation.

Keywords: autofluorescence photobleaching, fluorescences lifetime, diffuse
reflectance, skin.



SAISINAJUMI

AF - autofluorescence

BCC - pigmentéta bazalo $tinu karcinoma jeb bazalioma

FAD/FADH, - flavina adenina dinukleotida oksidéta/reducéta forma (flavin
adenine dinucleotide)

NADH/NAD* - nikotinamida adenindinukleotida reducéta/oksidéta forma
(nicotinamide adenine dinucleotide)

NAD(P)H/NAD(P)* - nikotinamida adenindinukleotida fosfata reducéta/oksidéta
forma (nicotinamide adenine dinucleotide phosphate)

N - AF fotoizbalésanas kinétikas parametrs, kur N — norméts parametrs un G —
G (green (zalais)) kanals RGB kamera

Oks - oksidésana

Red - reducésana

Redoks - oksidésanas-reducésanas kimiskas reakcijas

SPCImage - fluorescences kinétikas apstrades programma no Backer&Hickl

T4 — dzives laika 1. komponente / AF fotoizbalésanas kinétikas atra komponente

T, — dzives laika 2. komponente / AF fotoizbalésanas kinétikas 1éna komponente

T3 — dzives laika 3. komponente

TCSPC - laika koreléta atsevisku fotonu skaitisana (time-correlated single photon
counting)

TRES - emisijas spektrs ar laika iz$kirtspéju (time resolved emission spectra)
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IEVADS

Ada ir viens no svarigakajiem cilvéka organiem [1], un adas patologiju savlaicigai
un precizai diagnostikai ir liela nozime veselibas apritipé. Lai dermatologu vizualo, uz
pieredzi balstito patologiju novértéjumu papildinatu ar kvantitativiem un objektivi
izméramiem kritérijiem, tiek attistitas dazadas optiskas diagnostikas metodes, starp
kuram nozimigu vietu ienem adas fluorescenta diagnostika [2]. Metodes pamata ir
adas virskarta eso$o biomolekulu optiska ierosme (pieméram, ar lazeru starojumu),
kuras rezultata §is molekulas - t.s. adas fluorofori — emité tam raksturigo fluorescento
starojumu. Si starojuma spektrala un cita veida analize sniedz papildus informaciju
par adas jaunveidojumu struktiiru un potencialo laundabibu.

Pigmentétais névuss ir izplatitakais adas jaunveidojums, kas var but iedzimts vai
ari veidoties dzives laika. Starp pigmentétiem jaunveidojumiem, kas veidojas dzives
laika, var rasties laundabigie veidojumi - tadi ka melanoma, bazalo $anu karcinoma
un plakansinu karcinoma. Agrina stadija tie izskatas lidzigi labdabigiem
pigmentétiem jaunveidojumiem, un laundabigo veidojumu noteik$anai medicinas
praksé izmanto biopsiju — patologijas parauga izkniebsanu no adas ar sekojosu histo-
logisko analizi, kas ir invaziva un metastazésanas risku palielinosa metode. Tadé] ir
svarigi izstradat neinvazivas diagnostiskas metodes un ierices, kas batu érti un viegli
pielietojamas kliniskaja praksé. Adas optiskaja diagnostika noderigas ir metodes, kas
balstitas uz fluorescences spektralo un intensitates parametru noteiksanu [3-8].

Problému rada tas, ka dzivas adas flurescencei piemit t.s. fotoizbalésanas
ipadiba — emisijas spektru intensitate pie nemainigas ierosmes jaudas pakapeniski
samazinas. S1 paradiba ir pétita vairaku autoru darbos [9-13] un ir noskaidrots, ka
adas autofluorescences (AF) intensitate un fotoizbalésanas atrums dazadiem
jaunveidojumiem atskiras [10]. AF fotoizbalésana ir novérota ka pie stacionaras, ta
ari pie impulsveida optiskas ierosmes [10, 14], bet biezi netiek nemta veéra, kas var
radit kladas mérijumos un pat novest pie neprecizas diagnozes.

AF fotoizbalé$anas mehanisms pagaidam nav pietiekosi izpétits — nav zinams,
kadi adas fluorofori un hromofori piedalas fotoizbalésanas procesa pie dazadiem
ierosmes vilpu garumiem un kapéc dazadiem jaunveidojumiem fotoizbalésanas
atrumi atskiras [4, 10]. Nav pietiekosi labi izpétits, kadus procesus ada izraisa lazara
apstaro$ana un kada ir tas ietekme uz fluoroforiem.Lidz $im nav veikti kompleksi
in-vivo adas AF pétijumi ar laika izskirtspéju gan stacionara, gan impulsu ierosmeé,
kas varétu sniegt plasaku informaciju par autofluorescences fotoizbalésanas ietekmi
gan uz veselu adu, gan uz adas jaunveidojumiem.



Darba merkis — izpétit adas un jaunveidojumu in vivo autofluorescences kinétiku

nepartraukta un impulsveida lazeru ierosmé, lai noskaidrotu kinétisko parametru

izmanto$anas iespé&jas adas diagnostika.

Darba uzdevumi:

1.

Izstradat metodiku un mériekartas adas autofluorescences emisijas un foto-
izbalésanas kinétikas pétisanai.

Noteikt adas un jaunveidojumu autofluorescences kinétiskos parametrus
un to izmainas fotoizbalésanas ietekmé.

Tegit autofluorescences dzives laiku un fotoizbalé$anas atrumu sadalifjuma
attélus no iepriek$ neapstarotiem un apstarotiem cilvéka adas apgabaliem.
Noskaidrot, vai pastav korelacija starp adas autofluorescences dzives laiku un
fotoizbalésanas atrumu.

Izpétit adas diftzas atstaros$anas spektralas izmainas atkariba no lazera
apstarosanas vilnpu garuma un jaudas blivuma.

Sniegt secinajumus par kinétisko parametru izmanto$anas iespé&jam adas
jaunveidojumu diagnostika.

Darba novitate:

Pirmo reizi piedavata AF kinétikas parametru kartéSana pigmentétu
jaunveidojumu diagnostikai, izmantojot RGB viedtalruna kameru ar
izstradato papildierici AF ierosmei.

Pirmo reizi pétita fotoizbalésanas ietekme uz adas un pigmentéta jaun-
veidojuma AF spektraliem parametriem, izmantojot spektroskopiju ar
laika izskirtspé&ju. Atrasta korelacija starp adas un intradermala névusa AF
kinétiskiem parametriem.

Pirmo reizi eksperimentali pieradits, ka AF fotoizbalé$anas procesa pieaug
oksihemoglobina koncentracija ada.

Promocijas darba struktiira

Promocijas darbs sastav no 5 nodalam, kuras ir ieklautas 2 tabulas, 43 attéli un

izmantoti 102 literattiras avoti. Darba kopéjais apjoms ir 135 lappuses, no kuram

pielikums (devinas publikacijas) ir 60 lappuses.

1. nodala aprakstita adas uzbave un optiskas ipasibas.

2. nodala sniegts parskats par adas AF fotoizbalésanas pétijumiem citu valstu

laboratorijas un aprakstitas ierices adas jaunveidojumu diagnostikai ar AF

fotoizbalé$anas metodém.
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3. nodala sniegts parskats par adas fluoroforu pétijumiem citu valstu laboratorijas
un aprakstiti adas autofluorescences dzives laiku pétijumi un AF fotoizbaléSanas
ietekme uz adu.

4. nodala sniegts parskats par adas optisko ipasibu pétjjumiem. Aprakstita lazera
apstaros$anas ietekme uz oksihemoglobina koncentraciju ada. Fotona lidojuma
laiks caur adu un névusu atkariba no vilpa garuma.

5. nodala sniegts rezultatu kopsavilkums, apkopoti secinajumi un formulétas
aizstavamas tézes.
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1. CILVEKA ADAS UZBUVE UN OPTISKAS IPASIBAS

1.1. Adas uzbive

Ada ir kermena daudzfunkcionals aréjais apvalks, kas pasarga dzilak guloSos
audus no argjiem kaitigiem faktoriem. Taja atrodas matu saknes, tauku un sviedru
dziedzeri, ada var deponéties lidz litram asinu. Ada piedalas vielmaina, adens,
vitaminu un salu maina, termoregulacijas procesos. Caur adu kopa ar tideni izdalas
hloridu, pienskabes, slapekli saturosas vielas [1].

Skérsgriezuma ada sastav no trim pamatslaniem (1.1. attéls):

* epidermas (biezums: 0,05-1,50 mm),

e dermas (biezums: 0,5-5,0 mm),

* hipodermas (biezums: 1-6 mm, atkariba no lokacijas vietas).

Sviedru kanals

Arteriovenozie
Sunti

[=}

w

@

15

a

‘ Hipoderma

Zemadas
arteriovenozie
Sunti

Karpinu slanis
Tiklainais slanis

1.1. att. Adas uzbive [15].
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Epiderma galvenas $unas ir keratinociti, kas razo keratina olbaltumvielas.

Epiderma sadalas Cetros slanos (1.2. attéls, [15]):

1)

2)

3)

4)

Raga slanis (stratum corneum) - $unas ir ragvielas (keratins un gaisa
puslisi), tas pastavigi atdalas un nomainas ar jaunam $tnam, kuras nak no
dzilakiem slaniem. Raga slanis ir pédéjais nobrieSanas posms keratino-
citiem. Tas sastav no poligonalam lok$nu $inam bez kodola. Uz pédam un
plaukstam $Gnu karta ir biezaka, salidzinot ar citim kermena vietam. Siinas
kopa satur lipidu lime, kas rodas granulu membranu parklajuma. Raga
slanis ir elastigs un var absorbét tideni tris reizes vairak par savu svaru, bet,
kad izzust, lokaniba un elastiba pazad [1, 15].

Graudainais slanis (stratum granulosum) - $unas klast plakanas, veido 3-
4 $anu kartas. Dotaja slani enzimi izraisa kodola un organoidu degradaciju.
Siinu citoplazma ir bazofilas granulas — keratohialina graudini, kas var
pilnigi parklat kodolu [1, 15].

Dzelonainais slanis (stratum spinosum) — sastav no atdalitam keratinocita
$anam, kuras tur nonak no bazala slana, migréjot uz augséjo slani pa poligo-
nalam $unu kartam, kuras saista desmosomas un notur $tnas 20 nm attaluma.
Langerhansa Stinas, kas ir ciesi saistitas ar iminsistému, parsvara atrodas $aja
slani. Dzelonainaja slani $iinas var mitotiski dalities (augt) 1, 15].

Bazalais slanis (stratum basale) — galvenokart sastav no keratinocitiem, kuri
mitotiski dalas, to pamatfunkcija ir sintezét pretmikrobu peptidus un
nodrosinat pretbaktériju aizsardzibu. Melanocitu $tinas bazalaja slani ir 5-
10%, to pamatfunkcija ir sintezét melaninu; melanina absorbcijas spektrs
paradits 1.12. attéla.

Raga slanis Im

B

Graudainais slanis | Smrae e meen
S o S B
ol -
Dzelonainais slani . * Yo
zelonainais slanis A W
i = ‘o f @
7
3 LT
S = - e oy
Bazalais slanis | B Wid i
. Langerhansa 50nas
Melanociti
Keratinociti

1.2. att. Epidermas uzbave [15].
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Derma sastav no diviem slaniem [1, 15]:
1) Karpinu slanis - irdeni nenoformeéti saistaudi, tajos atrodas daudz $tinu un
kapilaru;
2) Tiklainais slanis — blivi nenoforméti saistaudi, tajos ir kolagéna $kiedras,
matu saknes, sviedru un tauku dziedzeri.
Hipoderma - saistaudos ir daudz tauks$anu, kas ir organisma tauku depo un
nodrosina organisma siltuma regulaciju [1].

1.2. Adas asinsrite

Uz dermas un hipodermas robezas atrodas dzilais adas arterialo asinsvadu tikls.
Ta atzari baro matu folikulus un tauksanas, sviedru un tauku dziedzerus. No $i tikla
artérijas iet caur dermu un uz robezas ar karpinu slani sadalas arteriolas, kas veido
virspuséjo adas arteridlo asinsvadu tiklu. No §i tikla sakas atzarojumi, kas veido
kapilaru tiklu karpinu slani. Péc kapilariem sakas vénulas, ari tas veido dzilo un virs-
puséjo tiklus [1].

1.3. Pigmenteéti adas jaunveidojumi jeb névusi

Dzimumzime (jeb névuss ka mediciniskais nosaukums) ir visbiezak sastopa-
mais labdabigais jaunveidojums. Névusi var bit gan iedzimti, gan veidojusies dzives
laika. Visbiezak sastopamo névusu sastava ir palielinata labdabigo melanocitu $tnu
koncentracija (1.1. tabula). Iemesli névusu attistibai joprojam nav zinami, daudzas
gimenés ta ir iedzimta Ipasiba. Uzskata, ka melanocitu névusi rodas no melanocitu
$tnam, kas migré uz epidermu no nervu cekula embrionalas attistibas laika.
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1.1. tabula. Kliniska névusa klasifikacija [15].

Grupa Nosaukums Apraksts
Paradas uzreiz péc piedzimsanas. Parasti izmérs ir
Iedzimtie lielaks par 10 mm, krdsa mainas no gaii brinas lidz
névusi melnai. Biezak izliekti, ar augos$iem matiem. Pastav
(Congenital) | neliels risks (lidz 5%), ka attistisies laundabiga
melanoma.
Lo Izskatas ka plankumi, izmérs lidz 10 mm, krasa no
Robeznévusi - o1 oo T .
) gaisas lidz tumsi branai. Péc formas ovali vai apali
(Junction) _
(1.3. attéls).
Intradermalie
. Péc izskata izliekti, var bat adas krasa vai pigmentéti
nevust (1.3. attéls)
(Intradermal) o '
Melanocitu Kombinétie o o .
. Biezak péc izméra mazaki par 10 mm, ar gludu
névusi
virsmu un dazadu pigmentaciju (1.3. attéls).
(Compound)
. . Cieti, sarkanbriini noapaloti mezglini. Sakotnéja
Spica névusi | . _ . . <1 . -
(Spitz) izaugsme var but strauja. Histologiski — proliferativas
P névusu $tinas un paplasinatie dermalie kapilari.
Oreola veida névusi. Apkart névusam ir baltas krasas
Halo névusi | oreols, kas izveidojas antimelanocitu autoimina
(Halo) uzbrukuma dél, kura rezultata tiek iznicinatas névusa
S$tnas.
Displastiskie
p_ ) Meédz bat ar nepastavigu formu un krasu.
névusi
Karpveidigie | Pigmentétie, biezi linearie. Parsvara mazi, dazreiz
) . névusi médz bt plasi. Sos névusus izgriez, ja jaunveidojums
Epidermalie _ S -
(Warty atrodas uz galvas, jo tie var parvérties par laundabigo
neavus) jaunveidojumu.
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|

Eobeingvus Eombingts névus  Intradermalais névus

1.3. att. Melanocitu névusu veidi. Vieta, kur izvietojas melanocitu névusa $unas,
nosaka ta veidu: $unas izvietotas uz dermas-epidermas robezas - robeZnévuss;
derma - intradermalais névuss; abos slanos — kombinétais névuss [15].

1.4. Pigmentéto bazalo sinu karcinoma jeb bazalioma (BCC)

Bazalioma ir visizplatitakais laundabigais jaunveidojums. Ta rodas ada no
epidermas bazala slana $Gnam, tam parvietojoties uz dermu un hipodermu
(1.4. attéls). Bazalioma var sakt veidoties:

*  UVB (290-320 nm) starojuma ietekmé, kas rada mutacijas génos.

*  Rentgena un jonizéjosa starojuma ietekme.

*  QGenétiskas iedzimtibas dél (bazala névusa sindroms).

Kliniski bazaliomas iedala: ¢ulojo$a, nodulara, virspuséja, sklerozéjosa un
pigmentéta karcinoma. Bazalioma ir léni augo$s, agresivs, laundabigs jaunvei-
dojums bez metastazém [16-18].

1.5. Plakansanu karcinoma

Plakan$tnu karcinoma ir laundabigs jaunveidojums, kas rodas ada no kerati-
nocitiem, parasti péc saules apdeguma (1.4. attéls). Veido metastazes. Iemesli
plakansanu veidosanai:

*  Hroniski fotokimiski bojajumi, kas rodas saules starojuma ietekmé un

uzkrajas visa dzives garuma.

*  Rentgena un jonizé&josa starojuma ietekme.

*  Termiski apdegumi.

*  Smeékésana (paradas uz lapam).

*  Rupnieciski kancerogénie izmesi.

*  Genetiski mantota patologija [15, 19, 20].
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Bazalo s0nu
karcinoma

Plakansdnu
karcinoma

1.4. att. Bazalo $anu un plakan$anu karcinoma [15].

1.6. Melanoma

Melanoma ir laundabigs jaunveidojums, kas attistas divos virzienos — horizon-
tali un vertikali. Sakuma stadija epiderma izple$as horizontali, parejot derma, sak
augt vertikali un veidot metastazes. Sakuma stadija, kad jaunveidojums attistas tikai
epiderma, tas neveido metastazes (1.5. attéls). Melanomas rasanas iemesli nav
zinami, viens pienémums ir, ka tas rodas islaiciga, bet intensiva UV starojuma
ietekmé. 30% melanomu izmekléSanas gadijumos tika konstatéts, ka ta attistijas
melanocitu névusa vieta.

1.5. att. Melanomas vertikala attistiba [15].
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Melanomas klasifikacijai izmanto Klarka (1.6. attéls) un Breslova (1.7. attéls)
klasifikacijas metodi. Klarka klasifikacijas metode pamatojas uz jaunveidojuma
dzilumu anatomiskajos limenos:

I limenis - jaunveidojums ir sakuma stadija, attistas epiderma;

IT limenis - jaunveidojums iespiezas papillaraja dermas slani;

III limenis - jaunveidojums aiznem visu papillaro dermas slani;

IV limenis - jaunveidojums iespiezas retikularaja dermas slani;

V limenis - jaunveidojums iespiezas zemada.

Rigel et al: Cancer of the Skin © 2005 Elsevier Inc.

1.6. att. Klarka klasifikacija [19].

Breslova klasifikacijas metode pamatojas uz metrisko dzilumu, ko méra no
graudaina epidermas $tinu slana lidz dzilakai melanomas $tnai [15, 19, 20].

Rigel et al: Cancer of the Skin © 2005 Elsevier Inc.

1.7. att. Breslova klasifikacija [19].
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1.7. Optiska starojuma mijiedarbiba ar adu

Lazera starojums, ka ari nekoherenta gaisma var absorbéties, reflektét, izkliedz-
déties un/vai reemitét (audu fluorescence) biologiskaja vidé (1.8. attéls); katrs
process sniedz informaciju par vides mikro- un makrostruktaru, to sastavdalu kus-
tibu un formu. Lazera starojums ar mérenu intensitati rada nespecifisku termisko,
bet ar lielu intensitati — destruktivo (sabruksanas) iedarbibu uz adu loti mazos apjo-
mos (t.sk. Sinas vai pat to dalas) [21].

Fluorescence

Diftiza atstaro$ana

Lazera stars

T
d.‘: .

Ablacija/ -

TieSa atstaroSana

1.8. att. Lazera stara mijiedarbibas veidi ar adu [17].

Redzama un ultravioleta gaisma var ietekmét audus fotobiokimiski. Gaismas
starojums diapazona no ultravioleta (UV) lidz infrasarkanajam (IS) batiski ietekmé
adu salidzinajuma ar Iso rentgena starojumu, y-starojumu un starojumu radio
diapazona, kas saistits ar gaismas un molekulu daudzveidigajiem mijiedarbibas
procesiem (disociaciju, elektronu ierosmi, svarstibu vai rotacijas ierosmi). Fotoni ar
mazu energiju (tals IS un terahercu starojums) var izraisit selektivu iedarbibu uz
dazam biomolekulam un to izveidotajiem savienojumiem ar apkartéjo vidi.
Pieméram, var ierosinat makromolekulas rotacijas limenus, molekulas mehaniskas
svarstibas vai akustiskas svarstibas S$inu membrana. Parsvara iedarbiba ir
nespecifiska un pariet termiskaja energija. Rentgena starojumam un starojumam ar
isaku vilna garumu piemit tik liela energija, ka ar vienadu efektivitati var jonizét
molekulu, kas ietilpst sarezgiti organizéta biologiska matérija, tadé] mijiedarbiba ar
molekulam nav atkariga no molekulas kimiskas dabas.

Procesus, kuri raksturo lazera starojuma mijiedarbibu ar adu, var sadalit tris
grupas. Pirmaja grupa ietilpst procesi, kas neizraisa izmainas bioobjektos, otraja -
fotokimiskie un termiskie procesi, un tre$aja - fotosabruksanas procesi (ablacija,
foto koagulacija).
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Ta ka iedarbiba notiek uz dzivas adas, tad jaievéro ne tikai lazera stara fizikali-
kimisko mijiedarbibu ar audiem, bet ari ta ietekmi uz dzivo audu funkcionésanu, ko
nosaka objekta homeostazes pakape. Homeostazes pakape ir evoliicijas attistibas
funkcija un ir viszemaka biologiskam molekulam un visaugstaka mugurkaulniekiem
(mugurkaulu dzivniekiem). Mazas jaudas (< 200 mW/cm?) starojums neinicié
organisma adaptacijas mehanismu un neietekmé homeostazi. Pie nelielam jaudam
(200 mW/cm? - 10 W/cm?) tiek ierosinata tikai lokala homeostaze, bet ne visos
pétijumos ta tika novérota. Intensitates palielinaSana stimulé adoptacijas un
regulacijas mehanismus dzivaja ada, kas pilniba atjauno $o sistému, ja starojuma
intensitate nav parak liela. Turpinot palielinat intensitati, mehanismi nespéj pilniba
atjaunot biosistému un rodas daléji neatgriezeniski procesi. Lielas intensitates
(> 10 W/cm?) gadijuma destruktivie procesi ir tik nopietni, ka sistému vairs nevar
uzskatit par “dzivu”. Rezultatus neietekmé biosistémas reguléjosie mehanismi, jo ta
nav “dziva”, un tas sastavs un ipasibas ir nemainigas jau kop$ ta briza, kad tas
dzivibas mehanisms tika izbeigts.

Tapéc pie salidzino$i mazam intensitatém ir iespéja ar gaismu pétit procesus
dzivaja ada, saglabajot tas struktaru. Interesi rada loti mazas (<< 200 mW/cm?)
intensitates rajons, kas dod iespéju izmantot jutigas pétljumu metodes, kur
starojuma intensitate neizraisa dzivas matérijas homeostazi pat lokala limeni, kas
var ietekmét rezultatus [21-23].

1.8. Fluorescence

Optiska atomu un molekulu ierosme notiek ar fotonu absorbciju. Ierosinot ar
monohromatisku starojumu, atomu sistémai var nodot noteiktu energijas devu Av,
(4 (6.626-1073* ] -s) - Planka konstante un v - frekvence). Absorbcijas
spektru nosaka molekulas parejas energija starp pamata stavokli un ierosinatiem
stavokliem, bet emisijas spektru — starp relakséto ierosmes stavokli uz pamata
stavokli (1.9. attéls). Dotas sistémas absorbcijas un emisijas spektru raksturo gan ka
spektralo liniju vai joslu kopumu, gan ka intensitates sadalijumu spektra. Emisijas
intensitate ir atkariga no parejas varbitibas un no energijas limena apdzivotibas
(atomux skaita energétiskaja limeni). Ar parejas varbutibu saistits vél viens no
svarigakajiem ierosinatu stavoklu raksturlielumiem - ta dzives laiks (detalizétak
aprakstits 1.12. nodala), kas raksturo staro$anas ilgumu péc ierosmes partraukuma.

Izstarosanu ar Isu (~10° s) emisijas laiku sauc par fluorescenci, ar ilgaku
emisijas laiku > 10°s — par fosforescenci [24].
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1.9. att. Jablonska diagramma, fluorescences spektra formésanas [25].

Adas absorbcijas un emisijas spektrus nosaka galvenie adas hromofori un
fluorofori, kuru absorbcijas un emisijas spektri paraditi 1.10. attéla [26].

(a) Absorbcijas spektrs (b) Emisijas spektrs

Tryptophan I' \

Iryptophan \ ._r Ll | \Pyridoxine
MNADH |

T = T T T T T T T T T 1
200 50 300 350 400 450 500 300 350 400 450 500 550 600 650 FO0O
Vilpa garums, nm Vilpa garums, nm

1.10. att. Endogeno fluoroforu absorbcijas un emisijas spektri [26].
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1.9. Adas fluorofori

NAD(P)H (NADH - nikotinamida adenindinukleotida reducéta forma, un
NADPH - nikotinamida adenindinukleotida fosfata reducéta forma), FADH,
(flavina adenina dinukleotida reducéta forma), skabeklis un adenozina trifosfats
(ATP) ir galvenas biomolekulas oksidativas fosforilésanas vielmainas procesa
(1.11. atteéls) [27, 28].

NADH un NADPH emisijas spektri parklajas, un atskirt tos spektrali nav
iespéjams. So molekulu fluorescenci apzimé ar NAD(P)H.

NADH parnes elektronus caur kompleksu I uz elpoSanas keédi, taja laika
kompleksa II caur FADH, ienak sukcinati. Elektroni celo pa elposanas kédi ar
secigam oksidésanas-reducésanas reakcijam pie kompleksiem I — IV, kas nodrosina
brivas energijas daudzumu ATP sintézei kompleksa V.

NADPH ir vél viena molekula, kas atrodas $tana. Atskiriba no NADH, kas
parnes elektronus, NADPH ir nepieciesama antioksidativajos procesos [26].

Mitohondriju autofluorescence zila spektrala diapazona ir attiecinata uz
NAD(P)H [29-32], savukart dzeltens/zal§ spektralais diapazons ir attiecinats uz
oksidétiem flavoproteiniem (FAD) [30, 33-35], ja ierosinats ar ultravioleta vai
redzama diapazona gaismu. NAD(P)H fluorescé reducéta forma, bet oksidéta forma
ne. Turpretim FAD fluorescé oksidéta forma, bet ne reducéta forma (FADH,). So
iemeslu dé] NAD(P)H un FAD ir plasi izmantots, lai noveértétu vielmainas
oksidativo stavokli $tnas un audos.

afgasigleiebededbadpadie ped g s

N r i Eﬁ Irtrlr"r‘ j

-.J" e

Kompleks I Kompleks II  Kompleks Ill  Kompleks IV Kompleks IV

NADH Sukciondtu Oksidoreduktazes Oksidazes ATP
dehidrogenize dehidrogendze process process sintéze

1.11. att. Oksidativa fosforilésana [36].
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Flavins ir koenzims, kas piedalas visos oksidésanas-reducésanas vielmainas
procesos. Pazistamakas no flaviniem ir divas molekulas: flavina adenina
dinukleotids (FAD) un flavina mononukleotids (FMN), kas ir atvasindgjumi no
riboflavina (vitamina B2). Lielaka dala no flaviniem biologiskajas sistémas ir saistiti
ar olbaltumvielam, kur tie darbojas ka kofaktori un ir zinami ka flavoproteini un
flavoenzimi. FAD, ka elektronu transportéSanas grupa, ir nepiecieSama
oksidoreduktazei [26]. Flavinam absorbcijas maksimums ir pie 450 nm un
fluorescences emisijas maksimums ir pie 520-530 nm, paradits 1.10. attéla.

Lipidi ir visai daudzveidiga bioorganisko vielu grupa. Pie lipidiem pieder:
taukskabes, tauki, ellas, vaski, terpéni, fosfolipidi, steroidi. Lipidi ietilpst ikvienas
$Gnas membranas struktiras sastava. Lielaka dala no lipidiem nefluoresce, ka
fluorescéjosa grupa atziméjami lipopigmenti, kas sastav no diviem ciesi saistitiem
lipidiem: lipofuscins (tumsie tauki) un vaskveidigie neironu lipofuscini (vasks), kas
ar vecumu uzkrajas organisma. Lipidu absorbcijas maksimums ir pie 360-421 nm,
emisijas maksimums ir pie 540-650 nm, ka paradits 1.10. attéla [26].

Lipofuscins — dzeltens / brins autofluorescéjoss pigments, pazistams ka vecuma
pigments, uz adas izpauzas ka vecuma plankumi, sastav no lipidu un péctranslacijas
proteinu modifikacijas sajaukuma. Lipofuscins ir granulviedigs, slikti $kisto$s un
reaktivs. Pigmentéto granulu diametrs var sasniegt 5 um.

Melanins jeb melnais adas pigments nosaka adas, ka ari acu un matu krasu.
Pigments atrodas galvenokart epiderma [1, 15]. Melanins ir dominéjosais endogénais
pigments, kas pasarga kermeni no saules nelabvéligas ietekmes - tas absorbé no
ultravioleta 300 nm lidz tuvajam infrasarkanajam 800 nm starojumam [37]. Melanina
fluorescences dzives laiks cilvéka ada, to ierosinot ar UV/redzamo diapazonu un
noverojot pie 440 nm, 520 nm, 575 nm, var btt 0.2 ns, 1.9 ns, 7.9 ns [26, 38].

Kolagens ir galvenais strukturalais proteins, kas veido dzivnieku un cilvéku
saistaudus (kauli, derma utt.) un nodro$ina to izturibu un elastibu. Tas sastada 25—
35% no kermena kopéja proteinu daudzuma. Kolagéna $kiedras ir saistitas kopa un
stabilizétas ar krustveida kovalentam saitém. Samazinoties kolagéna krustveida
saitém, palielinas otras harmonikas signals un samazinas fluorescences dzives laiks.
Kolagénam absorbcijas maksimums ir pie 325 nm un emisijas maksimums ir pie
400 nm (1.10. attéls). Tam ir relativi ilgs fluorescences dzives laiks no 2 ns skidruma
lidz 8,9 ns pulveri. Ar vienfotonu ierosmi kolagéna absorbcijas un emisijas spektrs
sakrit ar elastina spektru, un tos ir grati atskirt. Lai tos atskirtu, izmanto divfotonu
ierosmi (760 nm) - ar otro harmonikas generaciju kolagéns fluorescé sarkanaja
diapazona (620-750 nm).

Elastins ir strukturalais fluorescéjosais proteins saistaudos, kura galvena
funkcija ir nodro$inat audu elastibu. Absorbcijas maksimums ir pie 325 nm un
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fluorescéjosa emisija — pie 400 nm (1.10. attéls). Izmantojot laika izskirtspéjas
spektroskopiju, var izskirt elastinu no kolagéna, jo elastinam fluorescences dzives
laiks (0,2 - 2,5 ns) ir mazaks neka kolagénam [26].

1.10. Adas absorbenti

Spécigakie absorbenti ada redzamaja spektra dala ir melanins (sk. “Adas
fluorofori”), asinis — hemoglobins [39, 40]. Dermalaja slani asinis aiznem 2-7% tilpu-
ma dalas. Hemoglobina koncentracija ir 143-173 g/L. Hemoglobina absorbciju
nosaka piesaistita skabekla daudzums - atkariba no skabekla daudzuma hemoglobins
tiek iedalits divos tipos — oksihemoglobina un deoksihemoglobina. Adas optiskas
ipasibas nosaka melanina, oksihemoglobina un deoksihemoglobina absorbcija spektrs
intervala 250-800 nm (1.12. attéls). Oksihemoglobina absorbcijas piki ir pie 415 nm,
542 nm un 577 nm, deoksihemoglobina - pie 433 nm un 556 nm [41-45].
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1.12. att. Melanina, oksihemoglobina un deoksihemoglobina molaro ekstinkcijas koeficientu
izmainas spektra intervala 250 - 900 nm [46, 47].

1.11. Autofluorescences fotoizbalésana

Adas fluorescenci var iedalit divas kategorijas:
1. endogéna fluorescence, jeb autofluorescence (AF);
2. eksogeéna fluorescence.
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Endogéna fluorescence — pasu audu fluorescence jeb autofluorescence, to var
izmantot diagnostiskas nolikos.

Eksogéna fluorescence — audos maksligi ievadito vielu fluorescence, ko izmanto
diagnostika vai terapija.

Par AF fotoizbaléSanu sauc procesu, kad ilgstosa, nepartraukta vai impulsu
optiska ierosmé notiek AF intensitates samazinasanas. Ta shematiski paradita
1.12. attéla.

Intensitate (/)

Lazera ierosme

Vilpa garums

1.12. att. Fluorescences fotoizbalésana nepartraukta lazera ierosmé [11].

1.12. Fluorescences dzives laiks

Ar parejas varbutibu ir saistits vél viens svarigs ierosinatu stavoklu
raksturlielums - dzives laiks, kas raksturo starosanas ilgumu péc ierosmes
partraukuma [24]. Dzives laiks ir atkarigs no spontanas izstaro$anas varbutibas 4 ;.

(sp)
Ay = ZINLL (1)

Ay, - pastavigs proporcionalitates koeficients,

Z i(;p) - spontani izstarotu fotonu skaits laika vieniba,

N; — ierosinato dalinu skaits augséja (ierosinataja) limeni.

Laika momenta ¢ = 0 ierosinata energijas limena apdzivotiba E; ir vienada ar N
un turpmaka ierosinasana netiek veikta. N; skaita samazinasanos (dN;)x spontanas
paréjas dél E;> Ex laika vieniba no ¢ lidz ¢ + dt raksturo vienadojums:
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—(dNy)y = Z;Pdt = Ay N;dt. 2)
N; - limena E; apdzivotiba laika momenta ¢

__(@Nyg

Ay = .
ik Nidt

€)

Spontanas parejas varbutiba ir vienada ar ierosinato dalinu skaita relativo
samazina$anos laika vieniba. Vienadojums (3) attiecas uz vienu noteiktu paréju.
Pilna spontanas parejas varbitiba no limena E; uz visiem limeniem Ey, ir vienada ar
visu pareju varbutibu Aj summu .

dN;
Ai= YAy = ~ Nt (4)
No vienadojuma (4) seko:

Atrisinot vienadojumu (5), iegistam likumu, kas raksturo ierosinato dalinu
skaita samazinasanos laika:

Ni = Aioe_Ait. (6)

Dazadam dalinam laiks, ko tas pavada ierosinata stavokli, atskiras, tade]
ierosinata stavokla dzives laiku var izteikt ka vidéjo ilgumu, kad dalinas atrodas
ierosinata stavokli. Dzives laiku var izteikt, izmantojot 4;:

T—l— 1
YA SkAud

(7)

Tadgjadi t ir apgrieztais lielums pilnai spontanas izstarosanas varbutibai. Tas ir
laiks, kura ierosinatu dalinu skaits samazinas e reizes (kad ¢ = 1) [24]:

Ny e 2718

Izolétu atomu limenu dzives laikus nosaka, tos ierosinot ar Isiem optiskiem
impulsiem un sekojot fluorescences intensitates izmainam laika [24]. Lidzigi var
izsekot daudz sarezgitaku atomu un molekulu sistému fluorescences kinétikai,
izmantojot augSminéto dzives laika definiciju. Tomér jasaprot, ka vairaku sarezgitu
biomolekulu sistéma, tai skaita cilvéka ada, fluorescences emisija var piedalities
dazadu molekulu dazadi ierosinatie limeni, lidz ar to fluorescences dzi$ana laika var
notikt vienlaikus ar dazadiem atrumiem. Citiem vardiem, intensitates laika atkariba
$adas situacijas var but multi-eksponenciala, un katrai no $im eksponentém atbilst
sava dzives laika T komponente, kas raksturo attiecigo fluoroforu.
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2. JAUNVEIDOJUMU AUTOFLUORESCENCES
FOTOIZBALESANAS PETIJUMI
NEPARTRAUKTA IEROSME

2.1. Literaturas parskats par agrakiem autofluorescences fotoizbalésanas
pétijumiem

Literatira fotoizbalé$ana aplukota divos aspektos: 1) mérot eksogéno
fluorescenci, fluoroforu autofluorescenci uzskata ka fona troksni un to fotoizbalé
[48-50]. 2) ilgstosaka meérjjuma autofluorescences intensitate samazinas jeb
fotoizbalé [51-56].

AF fotoizbalésana nav neatgriezenisks process, ar laiku bioobjektu emisijas
spéja atjaunojas. Metodi ar nosaukumu FRAP (fluorescence recovery after
photobleaching) jeb fluorescences atjaunosanos péc fotoizbaléSanas izmanto,
pieméram, $iinu/molekulu migracijas pétisana [57-61].

H. Zeng u. c. [9, 14] adas AF un fotoizbalésanu saka pétit 1993. gada, to optiski
ierosinot tuva ultravioleta un redzama spektra diapazona. AF ierosmei spektra
diapazona 200 - 1100 nm izmantoja ksenona lampu. Pétjjumiem tika izveléti
350nm, 370 nm, 380 nm, 390 nm, 430 nm, 470 nm ierosmes vilpa garumi, to
izdaliSanai izmantojot monohromatoru. Mérijjumu gaita tika konstatéts, ka AF
intensitate un tas dziSanas kinétika ir atkariga no ierosmes intensitates (jeb jaudas
blivuma) un ierosinasanas vilna garuma - jo lielaka ierosmes intensitate, jo lielaka
arl AF intensitate un straujak notiek fotoizbalésana, turklat AF intensitate straujak
dziest, ja ta tiek ierosinata ar lielakiem vilpa garumiem. Adas AF intensitate pilnigi
atjaunojas 6 dienu laika. H. Zeng piedavaja AF fotoizbalésanas kinétiku analizét ar
dubult-eksponencialo aproksimaciju (9) (2.1. attéls), pamatojoties uz to, ka pirma
(t1) - atraka - komponente atbilst adas augséja slana fluorescencei un otra (7,) -
lénaka - komponente - dzilako slanu fluorescencei:

_t _t
I(t)=a-e 1+b-e 2+ A. 9)

Parametri a, b, A, 7; un 7, apraksta adas AF intensitates fotoizbalésanas
procesu laika ¢.

A. A. Stratonikovs u. c. 2001. gada [12] pétija adas AF fotoizbalésanas kinétiku
pie 532 nm, 633 nm un 670 nm lazeru ierosmes vilna garumiem. Tika konstatéts, ka
AF piedalas vairaki fluorofori ar dazadiem fotoizbaléSanas atrumiem un AF
intensitate fotoizbalésanas procesa krit vidéji par 30%. Adas jaunveidojumiem AF
fotoizbalésanas laiks izradijas lielaks, neka veselai adai.
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2.1. att. Autofluorescences fotoizbalésanas kinétika:
T, — atrd un T, - 1éna dziSanas faze, A - fona limenis [10, 11].

A. Lihacovs u. c. 2011. gada [13] pétija fotoizbalé$anas kinétiku no pigmen-
tétiem adas jaunveidojumiem, ierosinot autofluorescenci ar 532nm. Veicot
kliniskos mérijumus, tika uzkrata datu baze ar meérijumu rezultatiem. Analizéjot
fotoizbalésanas kinétiku ar dubult-eksponencialo aproksimaciju, tika novérots, ka
fotoizbalésanas atrums pigmentétiem jaunveidojumiem atskiras sava starpa.
Pétijumi tika turpinati, izmantojot citu ierosmes vilna garumu un izstradajot foto-
izbalésanas atrumu kartésanas metodes.

E. K. Borisova [3] pétija in vivo autofluorescenci no normalas adas un jaun-
veidojumiem, ierosinatu ar 405 nm lazera vilpa garumu. Rezultati rada, ka bazalo
$inu karcinomai (BCC) autofluorescence ir vajaka, neka normalai adai, bet
plakansinu karcinomai ir augstaka. Véla stadija bazalo $anu karcinomas
autofluorescencei sarkanaja spektra diapazona paradas maksimums, kas saistits ar
endogéno porfirinu uzkrasanos.

M. E. Darvin u. c. 2017. gada publicéja darbu [62] par adas autofluorescences
fotoizbalésanas pétijumiem pie vairakiem lazeru ierosmes vilpa garumiem (325 nm,
473 nm, 633 nm, 785 nm). Autori konstatéja, ka AF dzi$anas atrums ir atkarigs no
ierosmes vilna garuma: jo Isaks ierosmes vilpa garums, jo procentuali mazak
samazinas autofluorescences intensitate fotoizbaléSanas procesa salidzinajuma ar
lielakiem ierosmes vilpa garumiem. Ierosinot autofluorescenci ar 325 nm vilpa
garumu, autofluorescences intensitate péc 315 sekundém samazinajas par 18-29%,
ar 473 nm — par 39-54%, ar 633 nm - par 36-60%, ar 785 nm - par 50-80%. Tika
secinats, ka AF fotoizbalésanas procesa pie lielakiem ierosmes vilpa garumiem
piedalas mazak adas fluoroforu.
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2.2. Komercialas ierices adas fluorescentai diagnostikai

VELscope — mutes dobuma véza diagnostikas ierice. Autofluorescenci ierosina
ar LED 400-460 nm diapazona (violeti-zilais diapazons) un vizuali novéro 500-
550 nm diapazona (zalais diapazons). Veseliem audiem AF intensitate ir lielaka
salidzindjuma ar audzéju AF intensitati [63].

FotoFinder - veidots bazalo $tnu karcinomas diagnostikai, bet nav derigs
melanomas diagnostikai. Ierice aprikota ar violeto LED gredzenu pirms kameras,
starp kameru un LED gredzenu ievietot filtrs, kas nelaiz cauri LED apgaismojumu.
Meérijumi notiek, uzsméréjot fotosensibilizatoru, kas uzkarajas jaunveidojuma (bazalo
$tnu karcinoma) un fluorescé sarkanaja (620-750 nm) diapazona, ierosinot ar violeto
(380-450 nm) LED. FotoFinder dod iespéju novérot reala laika, ka ari fotografét
jaunveidojumu. Si metode dod iespéju noteikt jaunveidojuma robezas [64].

Wood lamp — UV (365 nm) ierosme. Novéro AF caur palielino$o lécu, kas
parklata ar filtru un nelaiz cauri UV gaismu. Diagnostika balstas uz AF intensitates
vizualu novértésanu [65].

OBSERV - kosmeétiskai adas diagnostikai. Nosaka adas mitrumu, aknes,
rozacijas, kolagéna truakumu, saules apdegumus utt., ierosinot fluorescenci pie
365 nm un novérojot emisiju pie 405 nm. Diagnostika balstas uz AF intensitates
vizualu novértésanu [66].

2.3. Ierice autofluorescences dzisanas kinétikas meérijumiem ar punktveida

metodi

Darba izstradata punktveida mérjjumu prototipa ierice sastav no:

* diozu lazera — DPSS, Huanic DD532-10-3, ar jaudas blivumu 32 mW/cm?

» fotodiodes - PicoLog 1216, OPT101;

» filtriem — Semrock BLP01-532R un Eksma OG570/KG3.

Mérjjumu jerice shematiski attélota 2.2. attéla. AF ierosmei izmantots
nepartraukta starojuma 532 nm zemjaudas diozu lazers (~8.3 mW). Lazers uzstadits
45° lenki pret adas virsmu. Kombinacija no diviem filtriem pirms fotodiodes
paraléli adas virsmai atrodas 3mm attaluma no tas un nodro$ina caurlaidibu
spektralaja diapazona no 550 nm lidz 650 nm. Fotodiode AF registrésanai ar
iebavetu pastiprinataju ir savienota ar datoru. PicoLog programma nodros$ina
mérijumu vadibu un datu saglabasanu. Autofluorescences fotoizbalésana adai un
jaunveidojumiem tiek registréta 30 sekundes. legutie rezultati apstradati ar dubult-
eksponencialo aproksimaciju (9) un analizéti péc AF kinétikas parametriem un
AF intensitates vértibam. Prototipa ierices konstrukcija nodro$ina apkartéjas
gaismas izolaciju mérfjumu laika, samazinot fona troksni.
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Lazers 532 nm, 8,3 mW

Fotodiode

/

PicoLog 1216

Filtrs E

Gaisma slédzis

2.2. att. a) shematiski attélota mérjjumu ierice; b) prototipa ierices izskats.

Meérijumi ar So ierici tika veikti uz 51 adas jaunveidojumu Rigas Lazerplastikas
klinika ar étikas komisijas atlauju, ievérojot lazeru drosibas nosacijumus [67]. AF
fotoizbalésanas kinétika apstradata ar dubult-eksponencialo aproksimaciju (9), tas
rezultati ilustréti 2.3. attéla.

Meérijjumu rezultati rada, ka sakotnéja AF intensitate no adas vienmeér ir lielaka
neka no pigmentétiem jaunveidojumiem un, jo lielaka pigmentacija, jo zemaka AF
intensitate. Savukart 7, (fotoizbalé$anas atruma 1.komponente) vienmér ir lielaka
pigmentétiem jaunveidojumiem.

Attieciba starp sakotnéjo intensitati no adas un no mazak pigmentéta jaun-

. Inormad . ; o N o
veidojuma <M) ir 1,2-1,7, savukart vairak pigmentétam jaunveidojumam
pig.patalogija

attieciba ir 2,3-4,8. Klinisko mérijumu rezultati ir publicéti [IX] zurnala.



30

——Ada
0257 Pigmentets névuss
—— Melanoma
0.20
Q

5] ]
= -

B Ada 0.36 7.234
8 Pigmentets nevuss 0.84 51.63
Q
% 0.10 Melanoma 8.43 8.42
o
wn
% i

= 005 W

000 : : : . ' .
0 10 20 30

Laiks, s

2.3. att. Autofluorescences fotoizbalésanas kinétikas liknes un fotoizbalésanas parametri
T, (t1)un 7,(t2).

2.4. Ierice adas autofluorescences parametriskai kartésanai ar viedtalruni

AF fotoizbalésanas kinétikas parametriskas kartéSanas ierice (2.4. att.) sastav no:

2.4. att. Prototipa ierice adas AF ierosmei un fotoizbalésanas parametra kartésanai ar
viedtalruni: a — uzbtives shéma, b - aréjais izskats komplekta ar viedtalruni.

1. Viedtalruna - uzpem un apstrada attélus, Samsung Galaxy Note 3 ar
integrétu kameru CMOS RGB 13MP;

2. Atbalsta plaksnes ar apalu atveri viedtalruna kamerai — noklata ar lipigu,
nesmeéréjosu virsmu (Grippy Pad), kas nodrosina értu telefona piestiprina-
$anu pie ierices;

3. Distancera — savieno un atbalsta ierices elementus;
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4. Ekrangjosa cilindra - nodrosina fiksétu attalumu lidz pétamai virsmai, lai
uznemtu asus attélus;

5. Silikona gredzena - nodro$ina ciesu kontaktu ar pétamo virsmu;

6. Korpusa - nodrosina vietu baterijam un elektronikas elementiem;

7. Gaismas filtra — absorbé violeto ierosmes starojumu, laiz cauri adas AF
starojumu;

8. 405nm gaismas diozu gredzena — nodro$ina AF ierosmi, 405 nm LED,
Engin LZ1-00UA00-U8

9. Balto LED diozu gredzena - nodrosina balto apgaismojumu, lai nofokusétu
kameru uz jaunveidojuma [68].

AF intensitates registré$anai izmantota viedtalruna RGB kamera. AF ierosinata
ar 405 nm LED (joslas pusplatums 30 nm; jaudas blivums 20 mW/cm?). Labora-
torija tika optimizéta fluorescences ierosmes LED (405 nm) intensitate. Veikta
korpusa modificé$ana un programmatiiras pielagosana értakai lietosanai. LED
intensitate redigéta atbilstosi viedtalruna kameras jutibas diapazonam, ka ari kadru
mainas frekvencém [68]. Attéli ieguti ar uzstadijumiem: ISO-100, balta balanss -
dienas gaisma (daylight), fokuss — manuali, ekspozicijas laiks — 200 ms. Adas un
jaunveidojumu emisijas spektrs atrodas diapazona no 450 nm lidz 700 nm, ar
maksimumu 510 - 530 nm spektra zalaja dala jeb uztvéréja G (green (zala)) kanala.
LEDi izvietoti cilindra radiali apkart kamerai. Attalums starp kameru un adas
virsmu - 6,0 cm, apgaismotais laukums ~12 cm? (jeb aplis 4 cm diametra). Filtrs ar
caurlaidibu no 515 nm (pakapes filtrs) ievietots pirms kameras, lai izvairitos no
izkliedéta LED apgaismojuma. AF intensitates registréSana notiek pirmaja sekundé
un péc nepartrauktas ierosmes divdesmitaja sekundé. Iegttais attélu masivs tika
sadalits pa RGB kanaliem, un G kanala katra pikseli, izmantojot AF intensitates
veértibas, tika aprékinatas parametriskas kartes:

[Ieo— ]

N-. =
G I

) (10)

0

kur N¢- attélo autofluorescences intensitates dzisanas parametru katra pikseli
(vai pikselu grupa), G indekss nozime G (green (zalais)) kanalu. Publikacija [II] $is
parametrs apziméts ka N(C), kur C ir viens no RGB kanaliem;

Iy, - autofluorescences intensitate sakuma momenta;

I, — autofluorescences intensitate beigu momenta (péc 20 sekundém).

Datu apstrade veikta MATLAB' vidé [69].

Viedtalruna ierices prototipa aprobacijai tika veikti kliniskie meérjjumi Latvijas
Onkologijas centra ar Etikas komisijas atlauju, ievérojot drosibas nosacijumus [67].
Meérijjumi veikti 50 pacientiem ar 150 adas jaunveidojumiem. Analizei izvéléti
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13 BCC jaunveidojumi un 1 Ipas$s nehomogéns (trisdaligs) névuss. Desmit no BCC
jaunveidojumiem bija homogéni pigmentéti un tris ¢alojosi.

2.5. attéla paradits BCC jaunveidojuma attéls balta apgaismojuma (a), auto-
fluorescences intensitates attéls (b) un parametriskas kartésanas attéls G-kanala (c). G-
kanala attéla, pateicoties izteiktam kontrastam starp audzéju un adu, ir labi redzamas
audzéja robezas. Analizéjot iegitos datus 10 BCC jaunveidojumiem (diagnoze ap-
stiprinata ar histologiju), tika novérots, ka BCC jaunveidojumu AF intensitate vien-
meér ir zemaka un vienmerigi sadalita, salidzinot ar apkartéjo adu un citiem jaun-
veidojumiem, bet fotoizbalésanas parametra N; vértiba ir lielaka, salidzinot ar adu.

(@ (b) (c)

2.5. att. BCC jaunveidojums. (a) attéls, kass uznemts balta apgaismojuma,
(b) autofluorescences intensitates attéls G-kanala,
(c) parametra N;; sadalijuma karte G-kanalam.

A0 40 60 B0 1000 1200 1400

2.6. attéla ilustréts culojoss BCC jaunveidojums. Autofluorescences intensitate
ir augstaka calojosa audzéja centra, salidzinot ar apkartéjo pigmentéto laukumu.
Pigmenteta laukuma AF ir vienmérigi sadalita. Savukart N; parametra vértiba G-
kanala ir lielaka pigmentétajam laukumam salidzinajuma ar adu un ¢alojoso zonu.

(a)
2.6. att. Cilojosa BCC jaunveidojums. (a) attéls, kas uznemts balta apgaismojuma,
(b) autofluorescences intensitates attéls G-kanala,
(c) parametra N;; sadalijuma karte G-kanalam.
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Klinisko mérijumu gaita tika iegiti attéli no netipiska névusa, kas sakotnéji tika
klasificéts ka melanoma. Parametra N; sadaljjuma karte G-kanala uzradija tris
zonas ar atskirigam parametra vértibam. Vélak histologija apstiprinaja, ka $is névuss
tieSam sastav no trim névusiem: lejasdala — robeznévuss ar lielako N; parametra
vértibu, vidusdala - displastisks névuss un augsdala - intradermals névuss
(2.7. attéls). Vizuali §is tris zonas atskirt nebija iespéjams.

20 0 L 800 1000 1200
(@)

2.7. att. Netipisks névuss, apakséja dala — robeznévuss; vidéja dala - displastisks névuss;

augséja dala - intradermals névuss. (a) attéls, kas uznemts balta apgaismojuma,
(b) autofluorescences intensitates attéls G-kanala,
(c) parametra N;; sadalijuma karte G-kanalam.

2.5. Secindjumi par autofluorescences pétijumiem nepartraukta ierosme

Punktveida AF detektora prototipa (ar 532 nm ierosmi) kliniska aprobacija
sniedza datus par AF intensitates vértibam no pigmentétiem jaunveidojumiem un
adas. Nemot véra iepriek$éjos mérijumus, tika izstradats viedtalruna prototips AF
fotoizbalésanas kinétikas parametra kartéSanai un algoritms pigmentéto jaunveido-
jumu diagnostikai. AF un parametra karté$ana paver jaunas iespéjas adas patalogiju
diagnostikai, kliniski apstiprinot BCC atskiribas no citiem pigmentétiem jaunveido-
jumiem. Rezultati no netipiska trisdaliga névusa apliecina potencialo iespéju bez-
kontakta cela péc AF fotoizbalésanas kinétikas datiem atskirt dazadus pigmentétos
jaunveidojumus. Turpinot darbu S$aja virziena, nepiecieSams uzkrat statistiski
reprezentativu datu bazi ar pigmentéto adas jaunveidojumu AF un fotoizbalésanas
atruma digitaliem attéliem. Klinisko mérijumu rezultati ir publicéti [II].
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3. ADAS UN JAUNVEIDOJUMU AUTOFLUORESCENCES
PETIJUMI IMPULSU IEROSME

Saja sadala tiek apskatiti rezultati, kas iegiiti, izmantojot fluorescences
spektroskopiju ar augstu laika izskirtspéju. Rezultati apkopoti par AF dzives laika
vértibam pirms un péc fotoizbaléSanas. AF kinétika analizéta ar TRES apstrades
metodi, datus norméjot péc fluorescences signalu maksimuma. Sniegti arl iegutie
AF dzives laika x-y sadalijuma attéli, raksturota korelacija starp AF dzives laika un
AF fotoizbalésanas atruma parametriem, salidzinot adu un intradermalo névusu.

3.1. Parskats par adas fluorofori un to pétisanas metodes

Autofluorescenci no audiem un $inam var raksturot ar spektra formu, emisijas
intensitati un izspidésanas laiku. Pétot dazadus fluorescences parametrus, rodas
iespéja iegit vairak informacijas par biologiskiem audiem un fiziologiskam trans-
formacijam tajos [70, 71].

Aizvien vairak pétijumu tiek veikti, lai noskaidrotu korelaciju starp fluores-
cences dzives laikiem vai fluorescences spektriem un biologiskajam patologijam ar
pielietojumu iespéjam diagnostika. Apvienojot fluorescences pétisanas metodes ar
sarezgitu digitalo datu analizi, var ievérojami uzlabot masu zinasanas par dazada
veida izmainam dzivajos audos.

Mausdienu komercialas tehnologijas lauj pétit fluorescenci ar dzives laiku lidz
nanosekunzu desmitdalam. Pieméram, Becker&Hickl un PicoQuant piedava iekar-
tas ar iespéjam pétit fluorescences dzives laiku ar punktveida makro vai mikro
attélosanas metodém vienlaicigi pie dazadiem vilna garumiem redzamaja un tuvaja
infrasarkanaja diapazona [38, 72-74].

Liela uzmaniba pievérsta NAD(P)H (NADH un NADPH reducéta forma) un
FAD (oksidéta forma) endogeno fluoroforu pétijumiem. NADH un FAD fluorofori
iesaistas $tinas metabolisma procesa, nodro$inot oksidésanas-reducé$anas reakcijas
$inu membrana. [75-78]

O.Warburg u. c. [79, 80] 1956. gada publicéja rezultatus par NAD(P)H un FAD
fluoroforiem. NAD(P)H fluorescé reducéta un nefluorescé oksidéta forma, FAD
fluorescé oksidéta un nefluorescé reducétd forma (kad reducéjas lidz FADH,).
Mainoties fluorescences intensitatei no NADH un FAD, mainas redoks stavoklis
audos. Redoks atkaribas koeficients rada oksidéto vai reducéto stavokli audos.
Veselo audu $tnas ir vairak oksidativais metabolisms, bet véza audz&ju $anas -
reducétais metabolisms. NADH un FAD fluorescenci ierosina ar tuvo ultravioleto
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starojumu (350 nm - 375 nm), novéro NAD(P)H fluorescenci zilaja spektra rajona
450 nm - 475nm un FAD - zalaja spektra rajona 530 nm - 550 nm, ka paradits
1.10. attéla. [26, 29, 30].

NAD(P)H fluorescences dzives laiks ir atkarigs no mikrovides, it ipasi no
viskozitates un polaritates. Relativi plasi tika izpétits “brivs” NAD(P)H (free
NAD(P)H) in vitro [81], izmantojot divu eksponentu aproksimaciju fluorescences
dziganas likném. Sodien visparigi atzits, ka iso dzives laiku (0,4 ns) var izmantot ka
indikatoru “brivam” NAD(P)H molekulam $tnas un audos [6, 7, 76, 77].

Vairakus endogenos fluoroforus ada pétijis K. Konig u. c. 2003. gada [38],
izmantojot divfotonu ierosmi. Pétjjumu iekarta apvieno TCSPC sistému ar
multifotonu mikroskopu, ierosme veikta ar 80 MHz impulsu lazeri diapazona no
750 nm lidz 850 nm. Pétijuma rezultata ieguti dati par adas NAD(P)H, flavina,
melanina un lipofuscina AF dzives laiku (3.1.tabula).

3.1. tab. Endogeno fluoroforu ierosmes un emisijas vilpu garumi un

autofluorescences dzives laiki [38].

) Ierosmes vilna o Fluorescences dzives
Fluorofori Emisija (nm) .
garums (nm) laiks (ns)
NAD(P)H 340 450-470 0,3 (saistits ar proteinu: 2)
Flavins 370, 450 530 5,2 (saistits ar proteinu: < 1)
Melanins UV/redzamais 440, 520, 575 0,2/1,9/7,9
Lipofuscins UV/redzamais 570-590 Multi-eksponencials

Apkopota literatira [81] parada, ka dzives laika vértibas T vienam un tam
pasam fluoroforam atskiras atkariba no atrasanas vietas audos, in vivo vai in vitro
mérijumu veida, ka ari no ierosmes un detekté$anas vilna garuma [82-89].

3.2. Fluorescences dzives laika merijumu iekartas shéma un darbibas

princips

AF fotoizbaléSanas ietekme uz adas fluoroforu spektraliem parametriem tika
pétita, izmantojot fluorescences spektroskopiju ar laika izskirtspéju ~10'%
redzamaja spektra diapazona. Mérjjumi tika veikti ar TCSPC (Time-correlated
single photon counting) registrésanas sistému, AF ierosinata ar 405 nm un 470 nm
pikosekunzu lazeriem. AF ierosme veikta 3 minites nepartraukta rezima. Adas
autofluorescences dzives laika mérijumi veikti ar divam metodém: punktveida un
attélosanas metodi. Eksperimentala iekarta shematiski attélota 3.1. attéla.
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Eksperimentala mérijumu iekarta sastav no:

*  TCSPC (Time-correlated single photon counting): SPC - 150, Becker&Hickl;

» optisko $kiedru Y-veida kila, katras optiskas Skiedras serdena diametrs
200 um;

* lazeriem - PicoQuant, LDH-D-C-405 (impulsa pusplatums 59 ps); LDH-
D-C-470 (impulsa pusplatums 73ps);

* detektora - fotoelektronu pavairotaja PMC-100-4, Becker&Hickl;

*  monohromatora.

Optiskas
zondes
skersgriezums

Fotonu @

Detektors

Monohromators

Filtrs Optiska
Lazera Impulsa lazers gkiedra
- Nepartraukta
kontrolieris g
starojuma lazers

3.1. att. Fluorescences dzives laiku mérfjumu iekartas shéma:
a - punktveida metodei ar optiskas skiedras zondi, b - x-y attélo$anai ar spogulu skeneru

TCSPC sistémas darbibas princips balstas uz viena fotona registrésanu perioda
starp lazera impulsiem un laika noteik$anu starp fotona registracijas bridi un
ierosinoso lazera impulsu. Detektors (fotolektronu pavairotajs jeb FEP), uztverot
fotonu, pastiprina to un padod elektronisko impulsu uz diskriminatoru. FEP izejas
elektronisko impulsu amplitida ir mainiga, tapéc sistéma tiek izmantots CFD
(Constant Fraction Discriminator), kas dubulto impulsa signala amplitadu, inverté
to, apgriezot uz negativo pusi pa y asi, aizkavé un tad summe ar sakotnéjo impulsu.
Tegtta impulsa krusto$anas laiku ar x asi pienpem par starta (vai stop) signalu,
padodot talak uz TAC (time-to-amplitude converter). TAC generé elektrisko
spriegumu, kas ir proporcionals laikam starp lazera impulsu un fotona detektésanas
momentu. Pienakot starta signalam, elektriska strava sak uzladét kondensatoru un
partrauc uzladét péc stop impulsa pienaksanas. ADC (Analog-to Digital Converter),
nolasot elektrisko spriegumu no TAC, parvérs to ciparu formata (3.2. attéls). Katrs
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registrétais fotons nonak atminas karté un par “1” palielina skaitli atbilstosaja

“kastite” laika intervalu masiva. Péc daudziem impulsiem, savacot pietiekamu

statistiku, registrétos vienfotonu signalus summeé laika atkarigu, integrétu signalu
forma (3.3. attéls) [90-93].

Range
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3.2. att. TCSPC mériekartas klasiska arhitektara [93].

Detektora
signals
Periods 1
Periods 2
Periods 3
Periods 4
Periods §
Periods 6
Periods 7
Periods 8
Periods 9
Periods 10

Periods N

Rezultits
péc
daudziem
fotoniem

Signala forma

Laiks

3.3. att

. TCSPC registrésanas princips [93].
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3.3. Adas autofluorescences dzives laika punktveida merijumi

Saja dala AF dzives laika mérijumi in vivo no adas virsmas tika veikti
spektralaja diapazona no 440 nm lidz 600 nm ar soli 10 nm, ierosinot ar 405 nm
pikosekunzu impulsu lazeri, un spektralaja diapazona no 510-600 nm ar soli 10 nm,
ierosinot ar 470 nm pikosekunzu impulsu lazeri. Mérijumi no intradermala névusa
veikti tikai ar 405 nm lazera ierosmi spektralaja diapazona 460-610 nm. AF tika
registréta pirms un péc fotoizbalésanas. Fotoizbalésana veikta 3 min, parslédzot
405 nm vai 470 nm lazeri no impulsa uz nepartraukto starojuma rezimu ar jaudas
blivumu 40 mW/cm? (lazera dro$ibas standarts < 200 mW/cm? [70]). Mérijjumu
iekarta shematiski paradita 3.1.(a). attéla. Zondes iekSpusé ir apvienotas septinas
optiskas skiedras, kas nostiprinatas 3 mm attaluma no adas virsmas; se$as $kiedras ir
savienotas ar monohromatoru un viena ar lazeri. Monohromatora izeja ir pieslégts
detektors PMC-100-4 (fotoelektronu pavairotajs), kas savienots ar TCSPC SPC-150
karti sinhronizacijai, datu registrésanai, saglabasanai un apstradei.

Iegutie dati tika analizéti ar triskar$o eksponencialo aproksimaciju, izmantojot
SPCImage programmu no Backer&Hickl iekartas:

f(t) = a;e ™1 + a,e /72 + qzet/Ts, (11)

kur f(t) - multi-eksponenciala funkcija, a — amplitada, ¢ - laiks, 7 - fluorescences
dzives laiks. Programma saglaba fluorescences dzives laika komponentes 74, 75, 73,
to amplitadas a;,a,,a; un AF kinétiku. Datu apstradé tika izmantota triju
eksponentu aproksimacija, jo ta, salidzinot ar divu eksponentu aproksimaciju, deva
labaku sakritibu ar mérijumu rezultatiem [ VI, VII].

Publikacijas [IV, V], ir aprakstiti AF dzives laika kinétikas mérijumi. Kas veikti
ik pa 10 sekundém, nepartraucot fotoizbalésanas procesu (3 minttes). Mérijjumu
laika tika iegtits datu masivs ar dzives laika kinétiku un AF intensitates dil$anu foto-
izbalésanas laika. Apstradei izveléti AF dzives laika kinétikas mérijumi pie fiksétiem
laika intervala masiviem (skat. 3.2. sadalu un 3.3. attélu). Rezultati paradija, ka pie
dazadiem laika intervaliem AF intensitates dil$ana notiek ar at$kirigu atrumu, kas
deva prieksstatu par fluorofora sadalijuma izmainam fotoizbalésanas procesa. Turp-
makam pétijumam tika izveléta TRES metodika fluoroforu sadalijuma noteiksanai.

AF kinetikas dati tika analizéti, izmantojot TRES (time resolved emission spectra)
apstrades metodi. TRES analizes metode péta, ka mainas spektra forma dziSanas laika
péc ierosmes partraukuma jeb péta emisijas spektra evoliciju laika. Atkariba no t3, cik
daudz fluoroforu ar dazadiem dzives laikiem un spektra formam iesaistas procesa,
izmainas spektra forma laika. TRES ieguSanas princips paradits 3.4.attéla, kur uz
abscisu ass atlikts vilna garums (\), uz ordinatu ass — intensitate (I) [94].



39

Saja darba ar TRES iegiitie spektri tika norméti péc intensitates maksimuma un
prezentéti ka normeétie TRES spektri.

Ao~

3.4. att. TRES metodes shéma.

3.4. Adas autofluorescences dzives laika attélosana

Eksperimentala iekarta adas AF dzives laika attéloSanas mérjjumiem shematiski
ilustréta 3.1. (b). attéla, kur optiska $kiedra ir savienota ar x-y skeneri. AF, ierosinata
ar 405nm vai 470 nm impulsu lazeri, tiek registréta pie 550 nm vilpa garuma.
Fotoizbalésana tika nodrosinata, parslédzot lazeru no impulsu uz nepartrauktu
starojuma rezimu ar jaudas blivumu 40 mW/cm?®. Apstarots adas apgabals 2-3 mm
diametra, skenésanas virsma 1 cm?. Attéla apstrade veikta ar SPCImage programmu
no Becker&Hickl [93]. Datu analizei izvéléta triskarsa eksponenciala aproksimacija.

Tika uznemti attéli pirms un péc fotoizbaléSanas no adas un intradermala
névusa. AF ierosinata ar 405 nm impulsa lazeri un registréta pie 550 nm. Mérjjumi
veikti, piestiprinot skeneri noteikta adas vieta. FotoizbaléSanas nodro$inasanai
nepartraukti skenéta virsma lidz 5 minatém ar 405 nm nepartraukta starojuma
lazeri pie jaudas blivuma 40 mW/cm?. Dati tika apstradati SPCImage programma,
un tika saglabata informacija par fluorescences dzives laika komponentém un
fluorescences intensitati katra pikseli (3.5.attéls.) Dati tika analizéti ar triskarso
eksponencialo aproksimaciju (11).
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Fotonu sadalijums
n(xy,t) t

—_—
Pikselis

3.5. att. Fluorescences dzives laika kinétika, katra pikseli [93].

3.5. Autofluorescences dzives laika meérijumi, ierosinot ar 405 nm

pikosekunZu impulsa lazeri pirms un péc fotoizbalésanas

Adas AF dzives laika mérijumi tika veikti spektra diapazona 440-600 nm,
ierosinot ar 405 nm impulsa lazeri, pirms un péc fotoizbaléSanas. Eksperimenta
gaita mérijumu diapazons tika sadalits divas dalas, 440-500 nm un 510-600 nm, un
mérijumi katra spektra dala tika veikti atseviski. Adas AF dzives laiku spektralais sa-
dalfjums ilustréts 3.6. un 3.7. attéla, salidzinot 7 vértibas pirms un péc AF fotoizbalé-
$anas spektra diapazona 440-500 nm 3.6. attéla un 510-600 nm 3.7. attela. Adai
“atras” komponentes 7, vértiba praktiski nemainijas, bet AF dzives laika
komponente 7, palielinajas no 5,0 ns lidz 7,5 ns spektra diapazona 530-570 nm
3.7. attéla. Novérota arl komponentes 73 samazinasanas no 10,5ns lidz 7,5 ns
diapazona 530-600 nm. Nemot véra literattras datus [81], tika pienemts, ka adai
dzives laika komponente 7; (0,3-2,0 ns) atbilst NAD(P)H fluoroforiem, 7,
(~ 5,2 ns) - flavinu grupai un 73 (> 7,0 ns) - lipopigmentiem un/vai melaninam [26,
38, 81]. Diapazona 440-510 nm ievérojamas AF dzives laika komponensu vértibu
izmainas nav novérotas 3.6. attéla.

Meérijumi tika turpinati ari péc publikacijas [III, IV, V, VI, VII] un apstradati ar
uzlabotu algoritmu programma SPCImage, kas deva iesp&ju konstatét autofluores-
cences dzives laika izmainas ne tikai komponentei 73, bet ari komponentei 7,.
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3.6. att. Adas autofluorescences dzives laika 74, 75, 73 komponensu vértibas
pirms un péc adas fotoizbalésanas in vivo mérijumiem diapazona 440-500 nm,
ierosinot ar 405 nm pikosekunzu impulsu lazeri.
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3.7. att. Adas autofluorescences dzives laika 74, T,, 73 komponensu vértibas
pirms un péc adas fotoizbalésanas in vivo mérijumiem diapazona 510-600 nm,
ierosinot ar 405 nm pikosekunzu impulsu lazeri.

Intradermala névusa fluorescences dzives laiki, kas uzpemti diapazona 460-
620 nm, ir ilustréti 3.8. attéla, salidzinot 7 vértibas pirms un péc 3 minasu
autofluorescences fotoizbalésanas. Tika noveérota autofluorescences dzives laika
samazinasanas komponentém 7, un 73 spektrala diapazona 480-620 nm. Lidzigi ka
adai, “atra” dzives laika komponente 7, $aja spektra rajona praktiski nemainijas.
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3.8. att. Intradermala névusa autofluorescences dzives laika 7, 7, T3 komponensu veértibas
pirms un péc fotoizbalésanas spektra diapazona 460-610 nm,
ierosinot ar 405 nm pikosekunzu impulsu lazeri.

TRES apstrades metodei tika atlasiti un péc maksimumiem norméti adas dati
pie 1 ns, 5ns, 10 ns, 15 ns, un 20 ns, spektralaja diapazona 430-510 nm (3.9. attéls)
un 510-600 nm (3.10. attéls), no intradermala névusa - spektralaja diapazona 460-
610 nm (3.11. attéls). Adas fluroforu emisijas spektros (1.10. attels) NAD(P)H
maksimums atrodas pie 460 nm, bet flavinu grupai, lipopigmentiem un melaninam
diapazona 550-600 nm. Varam secinat, ka adai péc fotoizbalésanas notiek emisijas
maksimumu nobide no NAD(P)H uz flavinu un lipopigmentu emisijas maksimuma
pusi laika intervalos, sakot no 5ns (3.9. attéls). Normétie TRES spektri no
intradermala névusa paraditi 3.11. attéla. Ir novérojamas spektra kontara izmainas,
bet izteiktas maksimuma nobides nav novérotas.
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3.9. att. Normeétie TRES spektri no adas diapazona 430-510 nm,
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3.10. att. Normétie TRES spektri no adas diapazona 510-600 nm,
ierosinot ar 405 nm pikosekunzu impulsu lazeri.
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3.11. att. Normétie TRES spektri no intradermala névusa diapazona 460 — 610 nm,
ierosinot ar 405 nm pikosekunzu impulsu lazeri.
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3.6. Autofluorescences dzives laika meérijumi, ierosinot ar 470 nm

pikosekunzu impulsu lazeri pirms un péc fotoizbalésanas

Autofluorescences dzives laika meérijumi ar 470 nm pikosekunzu impulsu
lazera ierosmi tika izmantoti, lai parbauditu dzives laika komponentes 7, izmainas
péc fotoizbalésanas. Nemot véra, ka 7, teorétiski atbilst flavinu grupai, kuru var
ierosinat arl ar 470 nm lazeri, tika atkartots eksperiments dzives laika mérijumiem
diapazond 510-600 nm. Autofluorescences dzives laika komponensu vértibu
spektralas atkaribas grafiski paraditas 3.12. attéla, kur redzama sagaidama tendence
T, pieaugsanai no 3 ns lidz 6 ns spektra diapazona 530-550 nm.
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3.12. att. Adas AF dzives laika 74, T,, 73 komponensu vértibas
pirms un péc fotoizbalé$anas in vivo mérijumos spektra diapazona 510-600 nm,
ierosinot ar 470 nm pikosekunzu impulsu lazeri.

TRES apstrades metodei tika atlasiti un péc maksimumiem normeéti adas dati
pie 1 ns, 5ns, 10 ns, 15 ns, un 20 ns, spektra diapazona 510-600 nm, ierosinot ar
470 pikosekunzu impulsu lazeri (3.13. attéls). Nav novérojamas spektra konttra
izmainas. Spektra maksimums atrodas arpus pétama diapazona, tapéc noveérot ta
nobidi nav iespéjams.
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3.13. att. Normétie TRES spektri no adas diapazona 510-600 nm, ierosinot ar 470 nm
pikosekunzu impulsu lazeri.

3.7. Adas autofluorescences dzives laika komponensu virsmas sadalijuma

attelosana

3.14. un 3.15. attéla paraditi rezultati adas AF dzives laika sadalijuma
attélosanas mérjjumiem ar skeneri, ierosinot ar 405 nm (3.14. attéls) un 470 nm
(3.15. attéls) pikosekunzu impulsu lazeriem, AF registréta pie 550 nm. Vilna garums
AF  registrésanai izvéléts, lai nodro$inatu salidzinajumu ar ieprieksgjiem
mérijumiem, ierosinot AF ar 405 nm un 470 nm. Rezultati apliecina, ka AF dzives
laika komponentes 7, vértiba péc fotoizbalésanas pieaug. 3.14. un 3.15. attéla
pirmaja kolonna ir attélota adas AF dzives laika komponensu vértibu sadalijuma
attéls, otraja kolonna - AF dzives laika komponensu vértibas histogramma pirms
fotoizbalésanas (analizei izvéléts neapstarots adas apgabals), treSaja kolonna — AF
dzives laika komponensu vértibas histogramma péc apstaro$anas (analizei izvéléts
apstarots adas apgabals). Attéla adas apstarotais (fotoizbalétais) apgabals paradas ka
tumsaks laukums. Apstrade tika veikta ar triskar§o eksponencialo aproksimaciju,
katram 74, T,, T3 sadalijumam izveidots atsevisks attéls.
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T2

Adas autofluorescences
dzives laiku parametru
sadalijuma attéli, ierosinot

ar 405 nm un registréjot AF
pie 550 nm

t1=1.0 - 3.0 [ns]

t2=2.0 - 8.0 [ns]

Parametru vértiba

neapstarota laukuma

Parametru vértiba
apstarota laukuma

1.0

15 20 25 3.0][ns]

1.0 15 20 25 3.0][ns]

2.0

40 60 8.0[ns]

6.0  8.0[ns]

£3=6.0 - 15.0 [ns]

10.0

15.0 [ns]

10.0

15.0 [ns]

3.14. attéls. Adas autofluorescences dzives laika 74, T,, T3 komponensu vértibu
sadalijuma attéli (pirma kolonna) un vértibu sadalijjuma izmainas pirms (otra kolonna) un
péc (tresa kolonna) fotoizbaléSanas. AF registréta pie 550 nm,

ierosinot ar 405 nm pikosekunzu impulsu lazeri.
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T;

T3

Adas autofluorescences
dzives laiku parametru
sadalijuma atteli, ierosinot

ar 470 nm un registréjot
AF pie 550 nm

t1=1.0 - 3.0 [ns]

Parametru vértiba
neapstarota laukuma

Parametru vértiba
apstarota laukuma

1.0 15 20 25 3.0[ns]

1.0 1.5 20 25 3.0[ns]

t2=3.5- 7.0 [ns]

50 6.0 7.0[ns]

4.0

50 6.0 7.0[ns]

£3=4.0 - 12.0 [ns]

5.0

10.0 [ns]

5.0

10.0 [ns]

3.15. attéls. Adas autofluorescences dzives laika 74, 75, T3 komponensu vértibu

sadaljjuma attéli (pirma kolonna) un vértibu sadalijuma izmainas pirms (otra kolonna) un
péc (tresa kolonna) fotoizbaléSanas. AF registréta pie 550 nm,
ierosinot ar 470 nm pikosekunzu impulsu lazeri.
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Rezultati paradija sagaidamas AF dzives laiku izmainas péc fotoizbaléSanas:
fluorescences dzives laika komponente 7, pieaug un 73 samazinas pie ierosmes ar
405nm pikosekunzu impulsa lazeri un veicot fotobalésanu ar nepartraukta
starojuma 405 nm lazeri (3.14. attéls). Ierosinot ar 470 nm pikosekunzu impulsu
lazeri un veicot fotobalésanu ar 470 nm nepartraukta starojuma lazeri, 7, pieaug,
registréjot fluorescenci pie 550 nm (3.15. attéls).

Ka jau minéts, autofluorescences dzives laika komponente 7, teorétiski atbilst
flavinu fluoroforu grupai, bet 73 lipopigmentiem un/vai melaninam.

3.8. Korelacija starp dzives laika komponentém un autofluorescences
intensitati no adas un intradermala névusa
3.16. attéla katrs grafiks atbilst vienai AF dzives laika komponentei (74, 75, T3),

kur uz ordinatu ass atlikta komponentes veértibas starpiba pirms un péc
fotoizbaléSanas AT = Tpjrms — Tpec» Uz abscisu ass atlikta autofluorescences

. . I . _ . . Ipirms—Ipe
intensitates procentuala izmaina péc fotoizbalésanas AI(%) = (w) +100% .

pirms

m  Intradermials nevus m  [Intradernials nevus
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3.16. att. Korelacijas grafiki AF dzives laikam un intensitates samazinajumam péc
fotoizbalésanas no adas un intradermala névusa.
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Fotoizbalésanas laika adas AF intensitate samazinas par ~20 %, intradermala
névusa intensitates samazinajums ir diapazona 0 - 40 %. Savukart dzives laika
komponentes izmaina Aty adai svarstas zem 0,5 ns, bet intradermalam névusam
vertibas ir ap 0; A7, adai - lidz 3,0 ns, névusam svarstas ap 0,0 £ 1,0 ns; Aty adai -
sasniedz 5,0 ns, névusam svarstibas ir no 0,0 lidz 2,0 ns. T noteiksanas klada ir
0,5 ns.

3.9. Secinajumi par autofluorescences pétijumiem impulsu ierosme

Eksperimentalie rezultati apliecina fotoizbalésanas ietekmi uz adas un
intradermala névusa AF spektralajiem un kinétiskajiem parametriem. Uz adas 75,
kas atbilst flavinu grupai, novérota AF dzives laika palielinasanas no 5,0 ns lidz
7,5ns spektra diapazona 530 - 570 nm; T3, kas atbilst lipopigmentiem un/vai
melaninam, novérota AF dzives laika samazinasanas no 10,5 nm lidz 7,5 ns spektra
diapazona 530 — 600 nm. FAD AF dzives laika palielinasanas novérota ieplastosam
véza $unam [26, 95].

Normeétie TRES spektri sniedz prieksstatu par adas fluoroforu AF intensitates
izmainam fotoizbalésanas laika. Pirms fotoizbalésanas dominé NAD(P)H
fluoroforu AF intensitate, péc fotoizbalésanas tiek novérota intensitates maksimuma
nobide uz lielaka vilna garuma spektra pusi, tadéjadi var secinat, ka fotoizbalésanas
efekta ietekmé visvairak samazinas NAD(P)H koncentracija adas $ana. NAD(P)H
koncentracijas samazinasanas izraisa oksidativo stresu. Oksidativaja stresa rodas
brivie radikali, kas var izraisit Sinas navi, vai radit véza $anas, ja reguléjosie
mehanismi nepaspéj atjaunot $tinas redoks procesu. NAD(P)H AF samazinasanas
attieciba pret FAD novarota $nas, kas atrodas blakus Jaundabigam veidojumam
[96].

Korelacijas rezultati (3.16 att.) apliecina potencialas iespéjas izmantot doto
metodi adas jaunveidojumu diagnostikai.
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4. ADAS DIFUZAS ATSTAROSANAS MERIJUMI

4.1. Literataras parskats par adas optiskas ipasibas petijumiem

Pétot adas optiskas ipasibas, galvena uzmaniba tiek pievérsta tas spécigakajiem
absorbentiem — hemoglobinu un melaninu. Absorbcijas spektri paraditi 1.12. attéla.

N. Kollias u. ¢. 2001. gada [40] pétija adas izkliedes ipasibas atkariba no mela-
nina koncentracijas. Novérota oksihemoglobina un melanina absorbcija diftizas at-
staro$anas spektra. Pétijuma laika melanina koncentraciju palielinaja ar UVB (280-
315 nm) apstaro$anu un secinaja, ka izkliedes efektivitate ir nedaudz lielaka pie
lielakas melanina koncentracijas.

J. Lesins u. c. 2011. gada [97], pétot adas autofluorescences spektrus péc neilgas
apstaros$anas ar 405 nm lazeri, tajos novéroja oksihemoglobina absorbcijas pikus pie
542 nm un 577 nm. 4.1. attéla fluorescences spektri ir parveidoti attieciba:

_ AT I =0~ ID¢=5min
I1(Iy,A) = N I kur (12)

I, - sakuma fluorescences intensitate,
I - fluorescences intensitate péc apstaro$anas.
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4.1. att. AF intensitate parveidota, izmantojot attiecibu (12), fluorescence ierosinata ar
405 nm, 473 nm, 532 nm vilpa garumu un rezultati salidzinati ar oksihemoglobina
absorbcijas spektru.
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Yu. P. Sini¢kins u. c¢. 2014. gada [98] pétija ada izkliedes un absorbcijas ipasibas
okluzijas laika ar diftzas atstaro$anas metodi diapazona no 500 nm lidz 900 nm.
Tika secinats ka, samazinoties oksihemoglobina koncentracijai, izmainas adas
izkliedes un absorbcijas Ipasibas.

Adai un jaunveidojumiem ir at$kirigs fluoroforu/hromoforu sastavs un to
blivums, kas var ietekmét gaismas iespiesanas dzilumu un difazi atstaroto fotonu
izkliedes celu adas strukturas. Lai to noveértétu, ar iepriek$ aprakstito iekartu tika
veikti adas difaizas atstaroSanas kinétikas (TOF - time of flight) mérijumi pie
fiksétiem vilnu garumiem, lidzigi ka Lundas grupas pétnieku darbos [99, 100].

4.2. Iekartas adas difiizas atstarosanas meérijumiem

Kontakta metodes iekarta sastav no (4.2. attéls):
*  Baltas gaismas avota — halogéna lampas, AvaLight-HAL, Avantes BV, NL;
*  Spektra detektora — divkanalu spektrometra AvaSpec-2048-2, 2048 pikselu
CCD kamera ar spektralo jutibu no 200 nm lidz 1100 nm, izskirtspé&ja
2.1 nm, Avantes BV, NL;
Lazeriem:
* 405 nm, MBL-III-405 nm - 50 mW, CNI, Kina ;
darbibas rezims: nepartraukts;
maksimala izejas jauda: 70 mW.
* 473 nm, MBL-III-473 nm - 30 mW, CNI, Kina;
darbibas rezims: nepartraukts;
maksimala izejas jauda: 70 mW.
*  532nm BremlLas, Series GL-V6, NE 60825 (Vacija);
darbibas rezims: nepartraukts;
maksimala izejas jauda: 60 mW.
Optiskas zondes - tris optiskas skiedras, kas apvienotas viena gala, 3 mm
attaluma no adas virsmas.
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4.2. att. Kontakta metodes eksperimentalas iekartas shéma.

4.2. attéla shematiski paradita kontakta metodes eksperimentala iekarta.
Diftizas atstaroSanas spektrs tika registréts pirms apstarosanas (tas tika izmantots ka
reference) un péc 60 sekunzu apstarosanas. Apstaro$ana tika veikta ar vienu no
nepartraukta starojuma lazeriem (405 nm, 473 nm vai 510 nm) ar jaudas blivumu
no 20 mW/cm? lidz 120 mW/cm?. Katram nakamajam mérijumam izvéléta jauna,
neapstarota adas virsma.

Difazas atstaro$anas intensitates spektri pirms un péc apstarosanas parveidoti
optiska blivuma spektros, izmantojot formulu:

0D = —logy, (Ii) kur (13)

- difazas atstaro$anas intensitate péc apstarosanas,
Iy— intensitate pirms apstarosanas.

Bezkontakta metodes iekarta sastav no (4.3. attéls):

*  baltas gaismas avota — halogéna lampu gredzena;

* spektra detektora - Nuance 2.4 multispektralas kameras, Cambridge
Research & Instrumentation, Inc., USA (1392 X 1040 pikseli), mérjjumu
spektra intervals 450 nm - 950 nm.

Lazeriem:

* 405 nm MBL-III-405 nm - 50 mW, CNI, Kina;

darbibas rezims: nepartraukts;
maksimala izejas jauda: 70 mW.

* 473 nm MBL-III-473 nm - 30 mW, CNI, Kina;

darbibas rezims: nepartraukts;
maksimala izejas jauda: 70 mW.
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4.3. att. Bezkontakta metodes eksperimentalas iekartas shéma.

Diftizas atstaro$anas spektrs tika registréts 20 cm attaluma no adas virsmas ar
attélosanas iekartu, kas paradita 4.3. attéla. Difuzors un polarizators tika izvietoti aiz
halogénas lampasgredzena, polarizéjot gaismu ortogonala virziena attieciba pret
multispektralaja kamera iebaivéto polarizatoru, tadéjadi no virsmas tiesi atstarota
gaisma, kas nemainijja savu polarizacijas plakni, netika detektéta. Kamera ar
iebuvetu skidro kristalu filtru uznem spektralos attélus intervala 450 nm - 750 nm,
ar soli 10 nm, katra attéla izskirtspéja 0.75 X 0.75 mm atbilst vienam pikselim. Viens
spektralo attélu masivs [, ka reference uznemts pirms apstaroSanas un otrs
spektralo attélu masivs I - péc apstaro$anas. Adas apstarosana tika veikta
60 sekundes ar vienu no izvélétiem nepartraukta starojuma lazeriem ar jaudas
blivumu 532 nm starojumam - 120 mW/cm?, 473 nm - 100mW/cm?, 405 nm —
70 mW/cm?. CRi Nuance programma datu apstradei iegtitos attélu masivus parvers
optiska blivuma kartés, izmatojot formulu (13).

Fotona lidojuma laika eksperimentala mérijumu iekarta sastav no (3.1. attéls):

*  TCSPC (Time-correlated single photon counting): SPC - 150, Becker&Hickl;

* Optisko skiedru Y-veida kuala, katras optiskas $kiedras serdena diametrs

200 um;
* Lazeriem - PicoQuant, LDH-D-C-405 (impulsa pusplatums 59 ps); LDH-
D-C-510 (impulsa pusplatums 107 ps);

*  Detektora - fotoelektronu pavairotaja PMC-100-4, Becker&Hickl;

*  Monohromatora.

Pikosekunzu lazeru difaza atstaro$ana no in vivo adas tika registréta caur
monohromatoru, kas uzstadits uz ta pasa vilpa garuma ka lazers (3.1. attéls).
Monohromators tika izmantots ka filtrs. lai izvairitos no audu AF registracijas.
Optiskas $kiedras zonde, kuras gals atradas 3 mm attaluma no adas virsmas, bija
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cie$i nostiprinata perpendikulari ada virsmai. Mérijumi veikti no adas un
pigmentétiem névusiem, iegutie diftizi atstarotie lazera impulsi tika salidzinati péc
impulsa maksimumiem. Apstaro$anai izmantoti 405 nm un 510 nm pikosekunzu
impulsu lazeri, noveértétais vidéjais starojuma iespiesanas dzilumu ada pie 405 nm ir
~ 0.1 mm un ~ 0.4 mm - pie 510 nm [101]. Mérjjuma kladu (~6 ps) nosaka iekartas
uzstadijumi. Meérijumu rezultatu apstradei tika registréti ~ 100000 fotonu, kas
aiznéma laiku no vienas sekundes lidz pat minutei, atkariba no adas un névusa
pigmentacijas pakapes. Lazera jaudas blivums apstaro$anai neparsniedza atlauto
dozu, meérjjumi veikti ar Etikas Komitejas atlauju. Pétijuma piedalijas
10 brivpratigie, vecuma no 22 lidz 30 gadiem, ar II adas tipu [102].

4.3. Difuzas atstarosanas merijumu rezultati

Meérijumi ar kontakta metodi tika veikti laboratorijas apstaklos uz 10 brivpra-
tigiem ar II un III adas tipu [102]. 4.4. attéla sniegtie rezultati parada, ka, parvérsot
difazas atstaroSanas spektrus optiskaja blivuma, péc apstarosanas novérojami piki
pie 540 nm un 570 nm, kas atbilst oksihemoglobina absorbcijas maksimumiem.
Mérfjumi tika veikti pie dazadiem lazera jaudas blivumiem. Viszemakais jaudas
blivums izraisija minimalas izmainas diftizas atstarosanas spektra. Vislielakais
jaudas blivums tika izvéléts 532 nm lazeram, ieklaujoties drosibas standartos atlau-
tajas apstaro$anas devas robezas, 405 nm un 473 nm lazeram maksimalas inten-
sitates izvélétas péc pacienta jutibas pret apstarosanu.

Absorbcijas efektivitate ir atkariga no izvéléta vilpa garuma. Ka redzams
grafikos, péc lazera apstarosanas ar 532 nm absorbcija ir zemaka, neka apstarojot ar
473 nm un 405 nm. Visintensivak ta ir izteikta 405 nm lazera apstarosanas gadi-
juma. Oksihemoglobina absorbciju ietekmé ari lazera apstarosanas jaudas blivums.



56

405 nm 473 nm
0,20+ 0,20~
70 mW/em| —— 100 mW/cm]
0,15 - = = 40 mWiem’ E 0,154 - - 45 mWiem?
E -+ -+ 20 mWJ/em] = -+ -+ 20 mW/em’
= %0,10
= 0,051
5 SO
- - . 000
0042 : et : : : : : :
500 550 600 650 700 750 500 550 600 650 700 750
A, nm A, nm
532 nm
0,20~ .
—— 130 mW/em
L — — 115 mW/em]
0,15
é ’ -~ 90 mW/em’
el
2
%0,10<
9)

A, nm

4.4. att. Kontakta metodes rezultati cilvéka adas optiska blivuma spektra izmainam
péc apstaro$anas ar 405 nm, 473 nm un 532 nm nepartraukta starojuma lazeriem
pie jaudas blivumiem 20-130 mW/cm®.
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4.5. att. Bezkontakta metodes rezultati: cilvéka adas optiska blivuma izmainas péc
apstaro$anas ar 405 nm (a) un 473 nm (b) nepartraukta lazera staru
ar jaudas blivumu 70-130 mW/cm?.

Bezkontakta attélo$anas metode tika izstradata punktveida kontakta metodes
rezultatu parbaudei. Kontakta zondes piespieSana varéja izraisit oklaziju adas kapi-
laros lazera apstaroSanas laika, kas tika izslégts, registracijai izmantojot
multispektralas attéloSanas kameru. 4.5. attéla ir paraditi rezultati péc 405 nm un
473 nm lazera apstaro$anas, pa kreisi ir multispektralas kameras attéls pie vilnu
garumiem 450-750 nm un pa labi — optiska blivuma spektralais sadalijjums nora-
ditaja apstarojuma vieta.

Fotona lidojuma laika meérjjumu rezultatos ir konstatéta laika nobide starp
impulsu pikiem kas atbilst veselai adai un pigmentétam névusam. Pie 405 nm
impulsa lazera starpiba svarstas no 19-58 ps. Izejot cauri veselas adas slaniem,
fotona lidojuma laiks ir lielaks salidzinajuma ar névusu, kas grafiski ir paradits
4.6. attéla. Pie 510 nm ierosmes un atbildes impulsu nobide svarstas no 19-39 ps,
kas atspogulots 4.7. attéla. 4.8. attéla ir paradits laika diapazons, kura atskiras fotona
TOF, izkliedégjoties vesela ada un névusa pie dazadiem vilpa garumiem.
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4.6. att. Diffazi atstaroti 405 nm lazera impulsi no adas un névusa.
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4.7. att. Diffuzi atstaroti 510 nm lazera impulsi no adas un névusa.
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4.8. att. Laika starpiba fotonu lidojumam caur adu un névusu pie 405 nm un 510 nm.
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4.5. Secinajumi par adas difiizas atstarosanas mérijumiem

Meérijjuma rezultati parada, ka péc nepartrauktas lazera in vivo apstarosanas,
adas difazas atstaro$anas spektra paradas oksihemoglobina absorbcijas pazimes.
Bezkontakta metode apstiprina, ka So efektu neietekmé kontakta zondes piespiesana
lazera apstaro$anas laika, kas varéja radit oklaziju no piespie$anas un izraisit asins
piepladumu pétijuma vieta péc zondes atlaisanas. Oksihemoglobina absorbcija ir
atkariga no lazera jaudas blivuma un apstarosanai izvéléta vilpa garuma. Rezultati
liecina, ka ilgsto$a lazera apstaro$ana var ietekmét mérjjuma rezultatus un optiskaja
diagnostika izraisit klidainu diagnozi. Neskatoties uz Eiropas lazeru drosibas
standartiem [67] janem véra apstaro$anas vilna garums un apstaro$anas laiks.
Oksihemoglobina koncentracijas palielindjumam var but dazadi céloni:

» apstaro$anas laika cilvéka imunsistémas procesi izraisa asins piepladumu

apstarotajam adas apgabalam;

» optiska apstaro$ana izraisa termisko efektu, kas paplasina kapilarus un

palielina asins pieplidumu, lai izvairitos no audu parkarsésanas;

» fotoinducéts adas eritémas (iekaisuma) process, lidzigs saules apdegumam.

Eksperimenta iegutie dati liecina par atskirigo fotona lidojuma laiku ada un
névusa, ka ari atskiriba ir novérota pie dazadiem vilpa garumiem. Vidéja vértibu
starpiba, fotonam izejot caur adu un névusu, ir 41 ps pie 405 nm, un 32 ps pie
510nm. Si metode ir viegli pielietojama mérijumu veiksanai, jo aiznem maz laika, no
sekundes lidz mindtei pie loti pigmentétiem jaunveidojumiem. Tados jaunvei-
dojumos ir liela melanina koncentracija, kas absorbé gaismu pie izvelétajiem vilpu
garumiem un fotonu uzkrasana aiznem vairak laiku. Turpinot pielietot TOF
mérijuma metodi, izmantojot citus vilna garumus, var uzkrat datu bazi ne tikai ar
adas jaunveidojumiem, bet arl ar citam patalogijam. Eksperimenta rezultati
publicéti [I] Zurnala.
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5.REZULTATU KOPSAVILKUMS,
SECINAJUMI UN AIZSTAVAMAS TEZES

Promocijas darba apskatiti AF kinétikas pielietojumi diagnostika un pétijumi
fotoizbalésanas ietekmei uz adas fluoroforiem. Izstradatas divas ierices adas
jaunveidojuma in vivo diagnostikai, kas balstas uz fotoizbalésanas efektu, un Cetras
iekartas in vivo pétijumiem AF fotoizbalésanas ietekmei uz adas fluoroforiem.
Meérierices, izejot klinisko aprobaciju, pieradija pielietojumu iespéjas, izmantot AF
intensitates un fotoizbalésanas kinétikas mérfjjumus jaunveidojumu diagnostikai.

=«

Darba gaita ir aprakstita nodala “Adas jaunveidojumu autofluorescences foto-
izbalésanas pétijumi nepartraukta ierosmé” un nozimigakie rezultati péc kliniskas
aprobacijas un datu apkopojuma ir sekojosi:

* Punktveida ierice sniedza datus par AF intensitates vértibam no
pigmentétiem jaunveidojumiem un adas. Jo lieladka pigmentacija, jo
zemaka intensitate.

* Kliniski apstiprinata iespéja at$kirt BCC jaunveidojumus no paréjiem
pigmentétiem jaunveidojumiem, izmantojot N; parametru. Novérots, ka
BCC jaunveidojumiem AF intensitate ir zemak un vienmeérigak sadalita,
neka adai un citiem pigmentétiem jaunveidojumiem (2.5., 2.6. attéls).

* DPieradita iespéja bezkontakta cela konstatét vairakus atskirigus patologiju
veidus viena adas jaunveidojuma (netipiska vizuali viendabiga névusa
gadijums, 2.7. att.).

Meériekartas in vivo AF kinétikas ar laika izskirtspéju pétijumi ir aprakstiti nodala
“Adas un jaunveidojumu autofluorescences pétijumi impulsu ierosmé”. Darba gaita
tika izstradatas un eksperimentali aprobétas 4 metodes pétiSanai un datu analizei:
fluorescences dzives laika mérijumi ar punktveida un attélosanas metodi, iegito datu
analize ar TRES apstrades metodi un dzives laiku - fotoizbaléSanas atruma korelacijas
metodi. Eksperimentali pieradits, ka AF fotoizbalésana ietekmé veselas adas un
intradermala névusa fluorescences dzives laika komponensu veértibas. Péc
maksimuma normétie TRES spektri sniedza prieksstatu par AF fotoizbaléSanas
ietekmi uz adas fluoroforu sadalijumu. Novérota atskiriga korelacija starp AF dzives
laika komponentém un intensitates izmainam péc fotoizbalésanas adai un
intradermalam névusam (3.16. attéls), kas dod potencialu iespé&ju pigmentétu
jaunveidojumu diagnostika. Si pétijuma nozimigakie rezultati:

* Ierosinot veselas adas AF ar 405 nm impulsu lazeri un veicot fotoizbalé-

$anu ar 405 nm nepartraukta starojuma zemjaudas lazeri (40 mW/cm?),
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dzives laika komponentes 7, vértiba pieaug spektra diapazona 530-570 nm
(3.7. atteéls), kas atbilst flavina emisijai (1.10. attéls), savukart dzives laika
komponentes 73 veértiba samazinas spektra diapazona 530-600 nm
(3.7. attéls), kas atbilst lipopigmenta emisijai (1.10. attéls). Analizéjot
intradermalo névusu AF, novérota dzives laika 7, un 73 komponensu
vertibu samazinasanas visa spektra diapazona 460-610 nm (3.8. attéls).

» Terosinot veselas adas AF ar 470 nm impulsu lazeri un veicot fotoizbalésanu
ar 470 nm nepartraukta starojuma zemjaudas lazeri (40 mW/cm?), dzives
laika komponentes 7, vértiba pieaug spektra diapazona 510-550 nm
(3.12. attels), kas atbilst flavina emisijai (1.10. attéls).

* Analizéjot iegitus datus ar TRES apstrades metode un norméjot péc
signalu maksimuma, tika novérots, ka pie 405nm ierosmes vilpu
garumiem adas AF spektra dominé NAD(P)H emisija, bet péc fotoizba-
lésanas notiek §i fluorofora koncentracijas samazinasanas un AF
maksimuma nobide uz flavina/lipopigmentu emisijas pusi.

Balstoties uz pétijumiem citu valstu laboratorijas [26, 38, 81] 7, atbilst flavinu
grupai, kura ietilpst FAD, kas iesaistas Stinas metabolisma. FAD AF dzives laika
palielinasanas novérota metastatiskam $anam [26, 95]. NAD(P)H koncentracijas
samazinasanas, kas novérota TRES analizé, izraisa oksidativo stresu. Oksidativa
stresa rodas brivie radikali, kas var izraisit $Gnas navi, ja reguléjosie mehanismi
nepaspéj atjaunot $unas redoks stavokli. Ka ari NAD(P)H AF samazinasanas
attieciba pret FAD novérota $unas, kas atrodas blakus laundabigam veidojumam
[96]. Apkopojot iegutus rezultatus, var secinat, ka fotoizbaléSana destruktivi ietekmeé
adas Stnas.

Ar divam metodém - kontakta un bezkontakta — konstatéts adas oksihemo-
globina koncentracijas pieaugums péc lazerapstaro$anas ar jaudas blivumiem, kadi
izraisa AF fotoizbalésanu. Noveérots, ka pie ierosmes ar isakiem lazera vilna
garumiem relativa oksihemoglobina absorbcija ir lielaka, ne ka pie ierosmes ar
lielakiem vilpa garumiem. Oksihemoglobina absorbcijas pieaugums ada ir pro-
porcionals apstaro$anas jaudas blivumam. Asins piepladumam lazera apstarotaja
adas vieta var bt kads no Siem iemesliem:

*  Apstarosanas laika tiek fotoinducéti adas audi vai hromofori, tadé] cilveka

imansistéma reagé, izsaucot asins pieplidumu apstarotaja vieta.

e Lazera apstaro$ana izraisa termisko efektu un cilvéka aizsardzibas
mehanisms (imunitates sistéma) atver kapilarus un palielina asins
piepladumu, lai izvairitos no audu parkarsanas.

*  Notiek adas fotoiekaisuma (eritémas) process, lidzigs saules apdegumam.
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Darba ieguti rezultati liecina par fluorescences un fotoizbalésanas kliniskajiem
pielietojumiem - tadiem ka jaunveidojuma diagnostika. Bet vienlaicigi japiever$
uzmaniba apstaro$anas laikam un jaudas blivumam. Ka paradija eksperimentalie
pétijumi ar fotoizbalésanas efektu — apstaro$ana destruktivi ietekmé adas $anas, ka
arl maina difzo atstaro$anas spektru, kas var radit klidas mérijumos un novest pie
neprecizas diagnozes.

Aizstavesanai izvirzitas tezes

1. Darba piedavatais AF fotoizbalésanas atruma parametrs ir izmantojams
pigmentéto jaunveidojumu diagnostika, ko apstiprina iespéja bazaliomas
atskirt no citiem pigmentétiem adas jaunveidojumiem.

2. Fotoizbalésanas process ietekmé adas AF dzives laikus un spektralo
sadalfjumu. Ierosinot ar 405 nm un 470 nm pikosekunzu lazeriem, AF foto-
izbalésanas procesa dzives laika komponente 7, palielinas, bet 73 — samazinas.
Apstradajot datus ar TRES metodi, konstatétas AF spektrala sadalijuma
izmainas. kas liecina par fluoroforu sastava izmainam fotoizbalésanas procesa.

3. Salidzinot adas un intradermald névusa dzives laika komponentes un AF
intensitates dziSanas atrumu fotoizbalé$anas laika, novérota korelacija starp
kinétiskajiem parametriem (AF dzives laika starpibam un AF intensitates
izmainam péc fotoizbalésanas). Tas liecina par AF kinétisko parametru
izmantog$anas iespéjam adas kliniskaja diagnostika.

4. Lazeru drosibas standartiem atbilsto$a zema jaudas blivuma (< 200 mW/cm?2)
apstarosana palielina adas oksihemoglobina koncentraciju apstarotaja vieta. Sis
pieaugums ir proporcionals lazera jaudas blivumam un apgriezti proporcionals
lazeru starojuma vilpa garumam.
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Abstract. The time of flight for photons in human skin was measured using picosecond diode
laser. Two different wavelength lasers were used - 405 nm and 510 nm. A difference for time
of flight in normal skin and in nevus was observed as well as a difference for different
wavelength laser irradiation was observed. For 405 nm laser irradiation the difference was
41 ps while comparison of time of flights skin and nevi using 510 nm irradiation showed a
result of 32 ps. Results allow to conclude that the time photon travels in skin might depend
on the characteristics of the medium and wavelength of the irradiation. This can be related
to known data for light penetration depth in human skin for different wavelengths. © 2016
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1 Introduction

Skin is by far the largest organ for humans and it is also
the one that comes in contact with many threats from
outside world all the time — air pollution can clog pores
and create rash or zits, too much time spent in the sun
can result in sunburns, UV irradiation can be a cause of
diseases. According to statistics, the number of
diagnosed melanomas per year is growing [1].
Therefore optical diagnostics as a fast and relatively
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easy way for diagnosing skin diseases is getting more
popular.

By time of flight one understands the time photon
spends in skin before it is reflected back and exits the
skin. When light enters the skin, part of it is reflected
back from the surface, but part of it continues to
penetrate deeper layers of skin. This light can be
scattered, absorbed or reflected in many different
directions. Time of flight for photon is affected by
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characteristics of the medium it travels in. Information
about photon behaviour under different types of skin
and skin formations is a key element to understanding
many different effects connected to research aimed at
improving and developing new ways for skin disease
diagnostics and other experimental uses. Finding
unusual formations not noticeable to naked eye by
comparing results of the time light spends in patients
skin with data for normal, healthy skin without the need
to use surgical intrusion — this is only one of possible
uses for database with photon times of flight in human
skin and not dangerous formations such as nevi. This
type of database can help revolutionise skin diagnostics
alongside other similar researches on other topics, such
as photobleaching [2], skin autofluorescence lifetime [3]
and others.

Researches about time of flight of photons in
different mediums such as turbid materials [4] and
pharmaceuticals, also highly scattering plastics have
already been carried out [5]. But the usage of photon
time of flight spectroscopy undoubtedly has a place in
medical spectroscopy field for human skin. This kind of
research has already been carried out in with specific
wavelength lasers. For example, a research was done
using 1064 nm laser irradiation and the authors
themselves suggest that measurements using shorter
wavelengths should be carried out for more extensive
conclusions [6].

Investigation for time of flight for photons in human
skin was conducted using picosecond diode laser of
wavelengths 405 nm and 510 nm and results were
acquired, comparing the time of flight for photon in
healthy human skin and in a nevi. For 405 nm
irradiation difference in flight time was found at 41 ps
while for 510 nm laser the difference was found to be
32 ps.

2 Method and equipment

In order to determine the time spent under skin for
photons of different wavelengths and compare data for
normal, healthy skin and nevi, following experimental
setup was created.

I
laser controller  photon counting detector

laser monochromator
computer+module

skin

Fig. 1 Experimental setup scheme for measurements of
photon time-of-flight in human skin.

The single-spot measurement setup scheme is shown
in Fig. 1, it comprised a laser controller and a pico-
second laser (PicoQuant: 405 nm, pulse half-width 59
ps, repetition rate 20 MHz mod. LDH-D-C-405,
PicoQuant: 510 nm, pulse half-width 107 ps, repetition
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rate 20 MHz mod. LDH-D-C-510) with 200 micrometer
silica core optical fibre output via the SMA-connector.
The fibre connected to laser represented one leg of a Y-
shaped optical fibre bundle while other leg contained
additional 6 fibres to deliver the light via a
monochromator to the photon counting detector
(Becker&Hickl, PMC-100-4). Monochromator was set
to allow thought the wavelength equal to the wavelength
of the laser being used. This was done to eliminate
possible fluorescence effects which may lead to extra
emitted photons not ones that reflect inside the skin and
travel through it. The laser controller and photon
counting detector were connected to a PC with a data
processing card (Becker&Hickl, TCSPC, mod. SPC-
150). The fibre-optic probe was tightly fixed in a way
that the skin surface and tip of the Y-shaped fibre
bundle were in contact in such a way that skin surface
and fibre create a ninety degree angle and the laser
impulse goes directly into the skin straight down. That
way the part of light that enters and gets reflected
straight back can be observed and measured. Laser
impulse was measured by using a highly reflective
metal surface and measuring reflected signal to acquire
the form of laser impulse. This impulse was used as a
reference for comparison.

By comparing measured reflected signals to laser
impulse signals from human skin visually, one can
observe a shift in the peak and slight widening of the
impulse. Using a time line connected to all
measurements, and a signal can be properly compared
to acquire peak shift in time units [6]. The error for any
acquired measurement is set by time resolution of the
experimental setup. For this specific case the error could
be approximated as 6 ps.

Laser irradiation that was used was well below the
skin laser safety limit (200 mW/ cm?, exposure time up
to 103 s [7]. The safety and well-being of the human
subjects involved in all clinical measurements was
assured through the supervision of the local ethics
committee that authorized the studies.

Experiments were carried out on 10 volunteers aged
from 22 to 30 with skin phototype II (classified by
Fitzpatrick classification). The main goal was
determining if the results show different tendencies for
length of photon time of flight for healthy skin and nevi.

Data were acquired from volunteers’ upper back and
chest regions. Differentiation between healthy skin and
nevi (or distinguishing nevus from any different type of
skin abnormality) was performed with the help of
volunteers themselves, who had previously on their
personal occasions consulted with medical personnel.

3 Results

A difference in time of flight for healthy skin and nevi
was observed. For 510 nm laser a difference of 19-39 ps
between time of flight in healthy skin and in nevus was
observed, healthy skin having a longer time of flight.
Most of the differences were around the 19 ps mark. For
405 nm laser a difference of 19-58 ps was observed,
mostly falling in the 39-58 ps diapason. With this
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wavelength healthy skin had longer times of flight as
nevi as well. Since the times of flight were measured
from comparable regions of volunteers’ skin, data does
not give any more description for other parts of body at
the moment. More research should be conducted to
compare these results to possibly different ones from
other parts of body.

405 nm

0.8
0.6+

044

Intensity (Rel.u.)

0.2

00 = .
1.0 15 20

Time (ns)
Fig. 2 Comparison of pulse from healthy skin and from
nevus, using 405 nm laser.

510 nm

Intensity (Rel.u.)

T
10 15 20
Time (ns)

Fig. 3 Comparison of pulse from healthy skin and from
nevus, using 510 nm laser.

50 5 = 405 nm

® 510nm
454
404

354

Difference in time of flight, ps

Wavelength, nm

Fig. 4 Difference for time of flight in healthy skin and
nevi for 405 nm and 510 nm lasers.

J of Biomedical Photonics & Eng 2(3)

030301-3

doi: 10.18287/JBPE16.02.030301

Examples for gathered data with 405 nm and 510 nm
lasers are shown in Fig. 2 and Fig. 3. Average time of
flight for both lasers is shown in Fig. 4.

Analysis of gathered data shows a tendency for
length of time — times of flight for 510 nm laser
impulses were longer than for 405 nm laser for healthy
skin.

4 Discussion

As shown in previously mentioned results, it can be
seen that for 510 nm laser times of flight are longer,
compared to 405 nm laser irradiation times of flight.
This can be attributed to penetration depth for different
wavelengths of lasers. Other researches on skin and
laser light interaction show this tendency with
penetration depths for lasers of shorter wavelengths [8].

A constant difference in times of flight for healthy
skin and nevi was observed. This is possibly connected
with different characteristics of the medium the laser
pulse travels in. Shorter times of flight in nevi can be
attributed to higher density in tissue material. Photons
that enter the skin have more points on which they can
scatter - a different scattering coefficient describes nevi,
compared to normal skin. This is backed up by practical
measurements - those done on nevi had to have longer
data acquisition times than healthy skin with no defects.
Time of measurement was chosen basing on count of
registered photons - it had to be the same for healthy
skin and nevus to compare the data. Prolonged
measurements for nevi can also be attributed to higher
absorption coefficient for nevi.

This type of measurement allows to conduct
diagnostics very quickly. One measurement can take
from only one or two seconds up to thirty seconds, only
for very specific cases it would take a minute. The
shortness and specifics of one measurement is a huge
advantage compared to other types of skin diagnostics —
no surgical intrusion, short waiting time (the patient
does not have to sit still for long periods of time, thus
minimising the probability of error from a simple
movement), a chance for creating an interface to acquire
immediate visual and numerical results.

At the moment one of limitations is time resolution.
For this specific set-up, as mentioned before, the error is
close to being comparable with acquired results. This,
though, could be fixed or at least improved by using
lasers with a more suitable frequency.

5 Conclusions

As shown above, the chosen experimental setup can
deliver reproducible data and be used with different
wavelength lasers which allows to carry out the
experiment to comparably easily gather diverse results
in different spectral regions.

Acquired data show a constant difference in time of
flight for healthy skin and nevi. As it can be seen in
acquired results, the difference in photon time of flight
for 405 nm irradiation was found at 41 ps while for 510
nm laser the difference was found to be 32 ps.
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Using this as a guideline, a database for times of
flight in different types of skin can be created. The
database could be used as a reference in diagnostics.
Database should not be limited to only healthy skin and
nevi. By adding a specialist from medical staff,
differentiation between other skin formations could be
made and it would allow to widen the possible database.
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Further research would require a more extensive
data acquisition from a larger group of volunteers using
more wavelengths, optionally, in optical diapason to
create a large database that could be a reference point
for this type of fast, relatively easy and not time
consuming diagnostics. This would not only minimise
the need for surgical intervention, it could in the future
be used as a standard for optical diagnostics.
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Abstract. The feasibility of smartphones for in vivo skin
autofluorescence imaging has been investigated. Filtered
autofluorescence images from the same tissue area were
periodically captured by a smartphone RGB camera with
subsequent detection of fluorescence intensity decreasing
at each image pixel for further imaging the planar distri-
bution of those values. The proposed methodology was
tested clinically with 13 basal cell carcinoma and 1 atypical
nevus. Several clinical cases and potential future applica-
tions of the smartphone-based technique are discussed.
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1 Introduction

Incidences and mortality from skin cancer are still increasing.'
Depending on the melanin concentration, skin tumors are
broadly classified into two types—malignant melanomas (MM)
and nonmelanoma skin cancers (NMSC). MM is the most
aggressive skin cancer modality with death rate ~80% of all
fatal skin cancer cases.' The most common NMSC are basal cell
carcinoma (BCC, about 80% of new cases) and squamous cell
carcinoma (SCC, about 20% of new cases) derived from the
basal and squamous cells of the epidermis, respectively.” BCC
is characterized by very slow growth tendency, low mortality
rate, and high risk of recurrence, while SCC is more aggressive
and associated with the risk of metastasis.’*

Early detection and removal of skin cancers can significantly
increase the survival time. Noninvasive methods in primary
oncological diagnostics of skin tumors are still topical for
dermatologists and oncologists worldwide. One of those is
skin autofluorescence (AF) imaging and spectroscopy, based
on differences of AF specific information (intensity, spectral
shape, and lifetime) in the tumor and surrounding normal
skin,>

*Address all correspondence to: Alexey Lihachev, E-mail: aleksejs.lihacovs @
gmail.com
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The feasibility of AF spectroscopy for BCC diagnostics and
differentiation has been studied extensively over this most recent
decade. AF spectra from BCC lesions excited in UV/blue region
(337 to 450 nm) were broadly characterized by decreased
fluorescence intensity in comparison with surrounding healthy
skin,® most often attributed to the shift in the levels of NADH/
NAD+ (reduced form and oxidized form of nicotinamide
adenine dinucleotide) and reduced elastin and collagen, affected
by malignant process. In some cases, especially in late tumor
growing stages, a weak red fluorescence peak of the endogenous
porphyrins has been observed.®

Tissue AF usually shows the photobleaching effect,” which
may be helpful in biomedical applications.'*"* Under continu-
ous wave (cw) excitation, skin AF intensity mainly drops during
the first 15 to 20 s, followed by a slow decrease. Photobleaching
kinetics can be well described by empirical double-exponential
function with subsequent extraction of time constants 7, and 7,
that characterize the rate of fast and slow phases of the AF
decrease.” Our previous research has demonstrated that each
skin pathology as well as healthy skin has its own specific
AF intensity decrease kinetics depending on excitation, locali-
zation, melanin content, and blood perfusion. Furthermore, the
analysis of AF decrease kinetics during the first 15 to 20 s of cw
laser excitation seems to be most suitable for clinical
implementation.'>'®

Currently available smartphones equipped with high-resolu-
tion RGB cameras in combination with good light sensitivity
and color representation mainly satisfy the required technical
properties for adequate image acquisition.'” This technology
may become a useful diagnostic tool for dermatologists and
oncologists thanks to wide accessibility, convenient use, and
low cost.'®!” However, the ability to switch off the “embedded”
automatized settings such as exposure time, white balance, and
ISO is crucial for the skin parametric imaging. Our latest studies
have shown that smartphones such as Galaxy and Nexus are
suitable for mapping of skin chromophores.'”

So far use of smartphones in skin pathology diagnostics has
been mainly related to dermatoscopy—specifically magnified
image acquisition under white or color illumination with sub-
sequent analysis based on ABCD rules, fractal image analysis
or other algorithms established in dermatoscopy.”’* In this
paper, we present a smartphone-compatible technique for
acquisition and analysis of 405 nm light-emitting diode (LED)
excited skin autofluorescence images.

2 Materials and Methods

2.1 Experimental Setup

For parametric mapping of skin AF intensity decrease rates, a
sequence of AF images under continuous 405 nm LED (model
LED Engin LZ1-00UA00-US, spectral band half-width 30 nm)
excitation for 20 s at a power density of ~20 mW /cm? with a
frame rate 0.5 fr/s was recorded and analyzed. Four battery-
powered violet LEDs were placed within a cylindrical light-
shielding wall that also ensured fixed distance (60 mm) between
the smartphone camera and evenly irradiated a spot (diameter
40 mm) of the examined tissue. A long pass filter (>515 nm)
was placed in front of smartphone camera to prevent detection of
the LED emission. The recorded RGB images were further sep-
arated to exploit R- and G-images for imaging of skin tissue AF

1083-3668/2015/$25.00 © 2015 SPIE
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Fig. 1 Images of ulcerating basal cell carcinoma (BCC). Filtered AF color image (a) at excitation start
moment, (b) the corresponding G-band image, and (c) normalized AF intensity decrease map. The
pseudo color scale represents (b) the G-band intensity range and (c) the normalized AF intensity variation

range.

in the red and green spectral bands, respectively. Due spectral
cutoff by 515-nm long pass filter B band images in further cal-
culations are not used. The Samsung Galaxy Note 3 smartphone
comprising integrated CMOS RGB image sensor with resolu-
tion of 13 MP was used for image acquisition. All images
were taken using the following settings: ISO—100, white bal-
ance—daylight, focus—manual, exposure time—fixed 200 ms.

2.2 Image Processing

In order to visualize the skin AF intensity decrease rates during
the photobleaching, the following image processing expression
was applied:

N(C) = [10(C) = I,(C)]/1,0(C). M

where N(C) represents normalized AF intensity decrease map
for each pixel (or pixel group) during the excitation period,
I,0[C]—AF image at the excitation start moment, /,[C]—AF
image after 20 s of continuous excitation. C—color component
of the RGB image—red (R), green (G), and blue (B), respec-
tively. The values of RGB components were defined from the
image data by a special program developed in MATLAB®.
Overall 50 patients with 150 different skin neoplasms
(or suspicious) were inspected in the clinic. For the detailed

(a) (b)

image analysis 13 BCC and 1 atypical nevus were selected.
This study was approved by the Ethics Committee of the
Institute of Experimental and Clinical Medicine, University of
Latvia. All involved volunteers were informed about the study
and signed required consent.

3 Results and Discussion

A total of 10 solid and 3 ulcerating BCCs were selected for the
study. In all BCC cases (confirmed by cytological examination)
the AF images showed lowered AF intensity in malignant tissue
as compared with the healthy surrounding skin, which may be
attributed to decreased levels of fluorophores and increased
blood perfusion caused by the malignancy process.>>’ AF spec-
tra from in vivo BCC under 405 nm excitation are characterized
by broad (450 to 750 nm) emission spectrum with maximum in
green spectral region (510 to 530 nm). In comparison with sur-
rounding healthy skin, the intensity of AF from malignant tissue
usually are lower, while the shape of the spectrum remains
unchanged. Moreover, the intensity of AF is strictly correlated
with the tumor pigmentation, specifically, the higher the pig-
mentation, the lower is the intensity of fluorescence.>® In all
BCC cases, the G-band (corresponding to the AF maximum)
AF intensity images in comparison with R-band images showed
the more pronounced intensity contrast within the tumor tissue

Fig. 2 Images of solid BCC. Filtered AF color image (a) at excitation start moment, (b) the corresponding
G-band image, and (c) normalized AF intensity decrease map. The pseudo color scale represents (b) the
G-band intensity range and (c) the normalized AF intensity variation range.
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Fig. 3 Color filtered AF image of skin atypical nevus (a) at the excitation start moment, (b) the corre-
sponding G-band image and (c) normalized AF intensity decrease map. The color scale at (b) image
represents G-band intensity range and at (c) image—range of normalized AF intensity variations.

and surrounding healthy skin. Moreover, G-band AF decrease
maps showed more structured compositions at tumor area in
comparison with R-band AF decrease maps. In the cases of
solid BCCs the AF images showed clearly bordered tumor
areas with relatively low AF intensity in comparison with sur-
rounding healthy skin. Whereas the ulcerating BCCs can be
characterized by the high AF intensity in the ulcerating part sur-
rounded by clearly bordered tissue emitting relatively low AF
intensity. Furthermore, in all BCC cases the normalized AF
intensity decrease maps showed high AF intensity decrease
rates at the tumor areas with low AF intensity in comparison
with the surrounding healthy skin and the internal ulcerating
area.

Figure 1 represents images of ulcerating BCC: (a) filtered AF
image at the excitation start moment, AF intensity G-band
image (b), and parametric map of normalized AF intensity
decrease rates in the green band (c). AF intensity image
[Fig. 1(b)] shows high AF intensity in the ulcerating part (path-
ology center), surrounded by clearly bordered tissue emitting
relatively low AF intensity. Furthermore, the AF intensity
decreasing is more intensive at the external tumor area expo-
sures in comparison with the surrounding healthy skin and the
internal ulcerating area [Fig. 1(c)].

Another case of solid BCC is presented in Fig. 2. G-band AF
intensity image [Fig. 2(b)] shows relatively low intensity within
the tumor area with clear margins between tumor and surround-
ing healthy skin. The tumor area also shows higher AF intensity
decrease rate [Fig. 2(c)] in comparison with the surrounding
healthy skin. Besides, the images presented in Fig. 2 reveal a
small area with lowered fluorescence located at “five o’clock”
from the main tumor. The low AF intensity and high AF inten-
sity decrease rate in that skin area similarly indicates to cancer-
ous process, which is probably determined by multicentric
tumor growing process.

In addition, one atypical nevus was selected for the study
(Fig. 3). The nevus before surgical excision was suspected as
melanoma; histological analysis of the removed tissue samples
had confirmed three different types of tissue cells within the
lesion area. Specifically, the upper part of the pathology mostly
prevailed by intradermal nevus, the middle part by dysplastic
nevus, and the lower part by junctional nevus. Normalized AF
decrease distribution map [Fig. 3(c)], on the other hand, showed
the fastest intensity decrease in the lower (junctional nevus) and
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upper side (intradermal nevus), while the middle part (dysplastic
nevus) of lesion photobleached slower. The observed different
AF photobleaching rates most probably are associated with dif-
ferent tissue fluorophore concentration, melanin content, locali-
zation, and metabolic state.

4 Conclusions

Smartphone AF imaging has shown potential for remote pri-
mary evaluation of cancerous or suspicious skin tissues. The
proposed noninvasive technique and method adequately (with
respect to the available literature data) represented planar distri-
bution of AF intensities in malignant and healthy tissues. More-
over, the temporal analysis of AF intensity during the photo-
bleaching showed a potential to be used as an additional indi-
cator for demarcation of suspicious tissues. It may find clinical
implementation, e.g., for primary evaluation of BCC, such as
determination of precise excision margins prior to surgery,
adequate selection of treatment method (in the case of multicen-
tric growing process the nonsurgical methods are more desirable
for the patients), as well as in selective application of immune
response modulators for BCC therapy. The proposed excitation
band around 405 nm covers the absorption maxima of several
porphyrines and may find applications in photodynamic diag-
nostics of superficial nonmelanoma lesions. The most intriguing
result of this research was the fact that AF photobleaching rate
map showed quantitative correlation with the histology tests in
the case of atypical dysplastic nevus. To explain, one can
assume that specific tissue fluorophores might have individual
bleaching kinetics features, which eventually could provide
information on fluorophore concentration and environmental
factors. The increased photobleaching rates in the tumor area
most probably indicate different fluorophore content composi-
tion affected by the tumor growing process, e.g., destruction of
collagen elastin cross-links along with decrease in NADH lev-
els. Undoubtedly, this phenomenon requires additional studies
to clarify the exact mechanism of uneven photobleaching of skin
fluorophores under continuous optical excitation.
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Abstract. The autofluorescence lifetime of healthy human skin was measured using excitation provided by a
picosecond diode laser operating at a wavelength of 405 nm and with fluorescence emission collected at 475
and 560 nm. In addition, spectral and temporal responses of healthy human skin and intradermal nevus in the
spectral range 460 to 610 nm were studied before and after photobleaching. A decrease in the autofluorescen-
ces lifetimes changes was observed after photobleaching of human skin. A three-exponential model was used to
fit the signals, and under this model, the most significant photoinduced changes were observed for the slowest
lifetime component in healthy skin at the spectral range 520 to 610 nm and intradermal nevus at the spectral
range 460 to 610 nm. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.5.051031]
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1 Introduction

The intensity of the photobleaching of skin autofluorescence
decreases during temporally stable irradiation,’ which indicates
photoinduced structural changes in the skin. The mechanism of
this effect has not been explained in detail so far, and only a few
hypotheses have been examined experimentally. One of these
hypotheses suggests that the mechanism involves the irrevers-
ible destruction of a fluorophore in its excited state due to its
interactions with molecular oxygen or other surrounding mole-
cules; the chemically modified fluorophore then returns to the
ground state as a new molecule that no longer absorbs light at
the excitation wavelength.” Skin autofluorescence photobleach-
ing was previously investigated for healthy and pathological
skin under 405-, 473-, and 532-nm laser excitation.>* The spe-
cific distribution of photobleaching parameters in healthy and
pathological skin had been examined earlier.’ Our previous
studies showed that the restoration of autofluorescence intensity
after photobleaching is a long-term process and lasts for hours.*
The influence of continuous wave (cw) laser irradiation on skin
diffuse reflectance in the spectral range 500 to 600 nm was also
demonstrated;® this study confirmed that the low-power cw laser
irradiation increased the skin’s oxy-hemoglobin content.

In this study, a 405-nm picosecond laser was used for fluo-
rescence lifetime measurements, and a cw 405-nm laser initiated
the photobleaching. Radiation with wavelength 405 nm is
absorbed by a number of fluorophores: keratin (absorption
maximum at 380 to 400 nm and 450 to 470 nm, emission maxi-
mum at 500 to 550 nm), reduced nicotinamide adenine dinu-
cleotide (absorption maxima at 290 nm and 350 to 370 nm,
emission maximum at 440 and 460 nm), flavin adenine dinu-
cleotide (FAD) (absorption maximum at 420 to 450 nm, emis-
sion maximum at 520 to 550 nm), phospholipids (absorption
maximum at 430 nm, emission maximum at 500 and
540 nm), and lipofuscin (absorption maximum at 340 to
395 nm, emission maximum at 430 to 460 nm and 540 nm).”®

*Address all correspondence to: Inesa Ferulova, E-mail: inesa.ferulova@gmail
.com
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The influence of photobleaching on autofluorescence life-
times of healthy skin and intradermal nevus is studied in this
work. Autofluorescence decay curves were approximated by
three exponential decay functions, and spectral responses of
fluorescence lifetimes before and after photobleaching were
recorded and displayed on a plot. The three-exponential model
was chosen because it was more informative”'” and achieved a
better fit. This model shows that the fluorophores with emission
in the spectral range from 520 to 610 nm are more sensitive to
photobleaching. Time-resolved emission spectra were plotted as
time-resolved area-normalized emission spectra (TRANES)."!
Changes in lifetimes and peak shifts in TRANES can be related
to photoinduced changes of specific skin fluorophore or
chromophore concentrations.

2 Methods and Materials

The single-spot measurement setup scheme is shown in Fig. 1,
and it comprised a laser controller and a picosecond/cw laser
(PicoQuant: 405 nm, pulse half-width 59 ps, repetition rate
20 MHz, mod. LDH-D-C-405) with 200-xm silica core optical
fiber output via the SMA-connector. The excitation fiber
represented one leg of a Y-shaped optical fiber bundle that
contained an additional six fibers to deliver the fluorescent
light via a monochromator to the photon counting detector
(Becker&Hickl, PMC-100-4). The laser controller and photon
counting detector were connected to a PC with a data process-
ing card (Becker&Hickl, TCSPC, mod. SPC-150). The fiber-
optic probe was tightly fixed such that the distance between the
skin surface and tip of the Y-shaped fiber bundle was 3 mm.
The diameter of the irradiated skin spot was ~3 mm. The same
probe was used for lifetime measurements under pulsed exci-
tation as well as for inducing photobleaching by cw laser
irradiation.

First, the measurements were taken from 10 different spots of
healthy skin on the inner part of the forearm and from 10 differ-
ent spots of the back of the hand of 10 volunteers ranging in age
from 24 to 48 years and having skin types II and III according to

0091-3286/2015/$25.00 © 2015 SPIE
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Fig. 1 Experimental setup for skin autofluorescence lifetime

measurements.

the Fitzpatrick classification.'> Data were collected at 475- and
560-nm emission wavelengths using a monochromator and
interference filters.

Next, measurements of autofluorescence lifetimes of
healthy in vivo skin and intradermal nevus before optical
provocation (photobleaching) and immediately afterward
were taken. Autofluorescence lifetimes were determined
within the spectral range 460 to 610 nm with a step size of
10 nm via the monochromator (Fig. 2). Then, the laser was
switched to cw mode and the same area was irradiated for
3 min at a laser power density of 40 mW /cm?, well below
the skin laser safety limit [200 mW /cm?, exposure time up
to 10° s (Ref. 13)]. Immediately after optical provocation,
the laser was again switched to the pulsed mode and autofluor-
escence lifetime data were collected (which took ~10 s).
The same procedure was applied during measurements of
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the intradermal nevus. The measurements were repeated
three times for healthy skin on the inner part of the forearm
of three volunteers and three times for the intradermal
nevus of one volunteer. The safety and well-being of the
human subjects involved in all clinical measurements were
assured through the supervision of the local ethics committee
that authorized the studies.

The obtained results were automatically processed using the
Becker&Hickl SPCImage program. The results were approxi-
mated by a three-exponential decay function:

I=a,e7 /M 4 aye™ /2 4 age /5,

(€]

where [ is the decaying intensity after pulsed laser excitation,
T is the time, 7; is the lifetime of the i’th component, and
a; is its amplitude (i = 1, 2, or 3).'°

3 Results

The obtained average values of 7, 7,, 73, and X? with standard
deviation (SD) for healthy skin are presented in Table 1. It sum-
marizes the results of 200 autofluorescence lifetime measure-
ments: for each of 10 volunteers, 10 different spots of
healthy skin on the inner part of the forearm and 10 different
spots of the back of the hand. In all cases, the healthy skin auto-
fluorescence lifetimes for all volunteers were similar (within
a range of £20%), which is confirmed by relatively low devia-
tions from the average values. The three-exponential fitting
resulted in the relatively low amplitude of the third component:
73 =7.6% 1.1 ns, a3 = 6.4 +0.4% at 475 nm and 73 = 9.1+
1.0 ns, a3 = 7.8 £2.7% at 560 nm.

The spectral dependencies of the time-resolved emission
intensity before and after photobleaching of healthy skin and
the intradermal nevus are presented in Figs. 2 and 3, plotted

)
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Fig. 2 Time-resolved area-normalized emission spectra (TRANES) of healthy skin before (a) and after

(b) photobleaching.

Table 1 Averaged autofluorescence lifetime components based on in vivo measurements without photobleaching from the skin of 10 volunteers of

second and third phototypes (SD—standard deviation).

Triple-exponential decay

71 = SD (ns) a; £ SD (%) 7, + SD (ns) a, +SD (%) 73+ SD (ns) ag +SD (%) X2 + 8D
475 nm 12+02 741 +£141 4.4+0.6 19.54+0.8 76+1.1 6.4+0.4 1.3+03
560 nm 1.1+0.1 65.4 + 4.1 43+05 26.8+1.6 9.1+1.0 78+27 11401
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Fig. 3 TRANES of intradermal nevus before (a) and after (b) photobleaching.
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Fig. 4 Autofluorescence lifetimes of healthy skin before and after photobleaching. The parameters t1 (a),
2 (b), and t3 (c) are the averaged fluorescence lifetime components with error bars indicating the stan-
dard deviation (SD).
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Fig. 5 Autofluorescence lifetimes of intradermal nevus before and after photobleaching. The parameters
t1 (a), t2 (b), and t3 (c) are the averaged fluorescence lifetime components with error bars indicating the

SD.

as TRANES; Figs. 4 and 5 show the spectral changes of the
three lifetime components as a result of photobleaching. The
typical numbers were: ~300,000 photons at the maximum
and 19,500 photons at the minimum of healthy skin spectra
before photobleaching, and 82,000 photons at the maximum
and 11,000 at the minimum after photobleaching. In the
cases of the intradermal nevus, about 50,000 photons were
recorded at the maximum and 7000 photons at the minimum
before photobleaching, and 30,000 photons at the maximum
and 5000 at the minimum after photobleaching.

The third lifetime component appeared to be spectrally sen-
sitive to photobleaching; it notably decreased in the spectral
range 520 to 610 nm. In the case of the intradermal nevus,
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the third lifetime component decreased over the whole spectral
range. The photobleaching-caused spectral changes were observed
in the area-normalized emission spectra as well (Figs. 2 and 3).
Figure 6 illustrates the spectral variations of the amplitude
values.

4 Discussion

The reported results demonstrate that the three-exponential fit-
ting of the obtained skin autofluorescence decay distribution is
informative, and the third component with a relatively high
lifetime and a low amplitude is spectrally sensitive. This decay
component was observed by several authors under violet
excitation.”!”
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Fig. 6 Autofluorescence lifetime amplitudes of healthy skin and intradermal nevus before and after photo-
bleaching. The parameters a1, a2, and a3 are the averaged fluorescence lifetime amplitude components
with error bars indicating the SD. (a) Healthy skin before photobleaching; (b) healthy skin after photobleach-
ing; (c) intradermal nevus before photobleaching; and (d) intradermal nevus after photobleaching.

Under normal conditions, the lifetime components for
different subjects were similar (within £20%, see Table 1).
The results were obtained from 10 volunteers with second
and third skin phototypes without extraillumination to induce
photobleaching.

However, cw low-power laser irradiation caused notable
changes in the lifetime components (especially 73) as well as
in their spectral distributions (Figs. 4 and 5). The results of
the experiment show a notable decrease of the third lifetime
component in the spectral range 520 to 610 nm after photo-
bleaching. TRANES show the emission intensity changes in
the same spectral range; consequently, the decay becomes faster.
The shift of the emission maxima in TRANES might be the
result of changes in the composition and/or concentration of
fluorophores (Figs. 2 and 3). In all cases, the corresponding
amplitudes were unchanged.

Skin contains a number of different fluorophores, so it is
still difficult to determine exactly which fluorophore(s) are
most involved in the photobleaching phenomenon. The
main fluorophores emitting in this spectral range are FAD, fla-
vins, lipofuscin, and phospholipids. On the other hand, the
405-nm cw irradiation increases the oxy-hemoglobin content
in the skin (perhaps as the result of photoinflammation),®
which results in increased absorption and decreased lifetime.
This phenomenon might be the major factor in our experimen-
tal conditions.

5 Conclusions

To the authors’ knowledge, this investigation was the first attempt
to study how external cw irradiation affects skin autofluorescence
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lifetimes. The observed variations in spectral responses of the
three fluorescence lifetime components after photobleaching
of healthy skin and the intradermal nevus may lead to a better
understanding of the photobleaching mechanism. The results
show the influence of photobleaching on FAD, flavins, and/
or lipid fluorophores. The results point to changes in the com-
position and/or concentration of fluorophores as a result of
photobleaching. Also, different lifetime spectral responses of
healthy skin and the intradermal nevus were observed. The dif-
ferent responses of healthy and pigmented skin may provide
additional information for skin diagnostics. More detailed clini-
cal studies involving a larger number of volunteers of different
ages, skin phototypes, and pathological structures have to be
performed in the future.
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Parallel Measurements of in-vivo Skin Autofluorescence
Lifetimes and Photobleaching Rates
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Abstract— Experimental methodology for parallel meas-
urements of in-vivo skin autofluorescence (AF) lifetimes and
photo-bleaching dynamic has been developed and tested. The
AF lifetime decay distributions were periodically collected
from fixed tissue area with subsequent detection of the fluores-
cence intensity decrease dynamic at different time shifts after
the pulse excitation. Temporal distributions of skin AF life-
times and bleaching dynamic were collected and analyzed by
means of commercial time-correlated single photon counting
system. Details of the equipment and data processing are de-
scribed as well as some measurement results that confirm the
feasibility of the proposed technology.

Keywords— in-vivo skin, autofluorescence, lifetime, photo-
bleaching.

I. INTRODUCTION

Laser induced time-resolved autofluorescence (AF) spec-
troscopy represents a promising adjunctive technique for in-
vivo tissue diagnostics. Biological and biomedical applica-
tions of the autofluorescence spectroscopy have been suc-
cessfully applied in cell biology and clinical diagnostics for
detection of abnormal tissues [1-5]. The most important
endogenous fluorophores are molecules widely distributed
in cells and tissues, like proteins containing aromatic ami-
no-acids, NAD(P)H, flavins and lipo-pigments [6,7]. The
radiative lifetime of each fluorophore is unique, so fluores-
cence lifetime measurements can provide specific infor-
mation on fluorphore content and distribution in the tissue.
Tissue fluorescence lifetime value depends on environmen-
tal factors e.g. experimental setup, fluorophore localization,
skin pH balance, viscosity, temperature etc. [8-10]. Selec-
tive analysis and separation of individual fluorophores un-
derlying multi-exponential decays of in-vivo skin autofluo-
rescence still is challenging problem.

In addition, tissue autoflurescence usually shows the
photo-bleaching effect which is caused by chemical
modification of the fluorochrome due to repeated excita-
tion/emission states [11]. Due to mechanism of photo-
bleaching is unclear, the purposeful use of photo-bleaching
in biomedical applications are used very rarely. However,
some of the authors successfully applied bleaching effect in

© Springer International Publishing Switzerland 2015

Raman spectroscopy for improving the Raman spectra qual-
ity by decreasing of tissue fluorescence background [12, 13].
Temporal decrease of skin autofluorescence (AF) intensity
can be well described by a double exponential function (1).
Under long-term continuous/pulse excitation, the main
decrease of the intensity / occur within the first 10-15 se-
conds, followed by relatively slow decrease which strives to
a constant intensity level 4:

I(t) = ajexp™t™ + ayexp™t/™2 + A (1);

T represents the fast phase of AFPB, Ty, the slow phase; a,
a,, and A are constants, and ¢ is time [13,14]. The tissue AF
photo-bleaching mechanism is still under discussion; how-
ever, one can assume that each tissue fluorophore might
have its own specific AF bleaching rate, and any changes in
the surface fluorophore composition would induce corre-
sponding changes in the AF decay distribution and bleach-
ing rates.

II. MATERIALS AND METHODS

The main focus of this study is to assess the possibility
and potential of a combined time-resolved fluorescence
spectroscopy method including parallel analysis of tissue
autofluorescence lifetimes and photo-bleaching rates. For
this purpose an experimental setup of parallel point meas-
urements of skin AF lifetimes and photo-bleaching rates
was assembled (Fig.1). The setup comprises a pico-second
excitation laser (PicoQuant: pulse half-width 59 ps, 405nm,
mean power density ~2mW/cm?, mod. LDH-D-C-405) laser
controller, monochromator, photon counting detector with
temporal resolution of 180ps (mod. Becker&Hickl, PMC-
100-4), data processing system “time-correlated single pho-
ton counting” with time resolution 6.6 ps, (TCSPC, mod.
Becker&Hickl SPC-150), and a fiber optic probe. AF life-
times of position stabilized healthy skin were measured
during 3 minutes.
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Fig. 1 Experimental setup for parallel point measurements of skin auto-
fluorescence lifetimes and photo-bleaching dynamic.

Skin AF lifetimes were collected every 10 seconds. To-
tally during the 3 minute cycle 18 measurements (Fig.2) of
tissue AF decay distributions were registered. Each meas-
urement contained temporal distribution of AF decay and a
number of registered photons collected during the 10 se-
conds. Due to the AF photo-bleaching process, the number
of collected photons for each subsequent measurement
decreases, thereby giving the opportunity to construct the
AF photo-bleaching curves. Autofluorescence lifetimes
were collected at 480 nm wavelength using Becker&Hickl
software SPCM. For the analysis of AF lifetimes obtained,
the multi-exponential fluorescence decay distribution model
was applied:

f(£) = Zio qexp™/Ti4c (2),

were f(t) is AF intensity at time moment t after the exci-
tation pulse, n is number of decaying species in the expo-
nential sum, and c is a background level of light in each
particular case. The applied model comprises the lifetimes
of the exponential components, t;, and the amplitudes of the
exponential components, a;.

5
&

2
AF decay distribution, ns.

Fig. 2 In-vivo skin autofluorescence lifetime decay distributions during 3
minutes of pulse 405 nm excitation with mean power density 2mW/cm’.
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The program uses a deconvolution technique in conjunc-
tion with the measured instrumental response to function to
obtain corrected autofluorescence decay curve in respect to
instrument response. Thus, the set-up allows measuring the
lifetimes up to 0.5 ns. The measurements were taken from 3
different spots of healthy skin at the inner part of forearm.
For further analysis, the obtained AF decay distributions
were approximated applying three-exponential decay model
(n=3 (2)). Totally 5 volunteers with different skin photo
types were involved into the study.

III. RESULTS

Table 1 represents the measured averaged values of healthy
in-vivo skin AF lifetimes and their relative amplitudes. In
all cases the healthy skin AF lifetimes and their relative
distributions for all volunteers were nearly equal. The
standard deviations (SD) show relatively low deviations
from the average values.

Table 1. The averaged autofluorescence lifetime components T;, and, their
relative amplitudes a; of healthy skin for different volunteers

a T a T a3 T
6926 1,52 22,12 6,02 8,6 8,10
1,03 247 1,68

Average
Standard deviation (SD) 3,40 0,13 1,33
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Each measurement can be also characterized by decreased
number of collected photons during the 3 minute
measurement cycle. Figure 3 demonstrates such decrease at
different time shifts from the exiting pulse. As shown, the
dynamics of collected AF photons in the ranges from 1... 2
ns, 5...6 ns and 8...9 ns are very similar and the mean
photo-bleaching rate can be determined.

1,00 4
0,95
0,90
0,85

0,80

Photon counts, norm.u.

0,75

T T T T T T
20 0 20 40 60 80 100 120 140 160 180
Time, sec.

Fig. 3 Autofluorescence intensity decrease at different time shifts after
pulse excitation with mean power 2 mw/cm?.

However, in the case of ten time’s stronger (20 mw/cm?)
excitation, the bleaching process becomes more intensive,
and less homogeneous. In particular, during the 6 minutes
of excitation the number of collected photons in the time
gate 1...2 ns decreased approximately by 60%, in the time
gate 5...6 ns by~ 55%, and in the time gate 8...9 ns -
by~45% (Fig.4).

104 —=—at1ns
—e—at5ns
—A—at8ns

094

0.8

0,7

0,6

Photon counts, norm.u

0.5

04 T T T T T T T

Time, min.

Fig. 4 Autofluorescence intensity decrease at different time shifts after
pulse excitation with mean power 20 mw/cm’.
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This result shows that the AF lifetime components during
photo-bleaching are changing. The value of T, decreased
from 1.52 £ 0.13 to 1.13 £ 0.11 ns, 1, decreased from 6.02 +
1.0 ns to 4.95 +0.62 ns, and 13 decreased from 8.1 +1.68 ns
t0 5.97 £ 1.03 ns.

IV. DISCUSSION

The main result of this study is demonstration of possi-
bility to take for parallel measurements of tissue fluores-
cence lifetimes and photo-bleaching rates by means of a
commercial system. Healthy in-vivo skin can be better
characterized by two dynamic parameters -autofluorescence
lifetime and photo-bleaching rate. Furthermore, photo-
bleaching efficiency can be estimated at different time shifts
after the pulsed excitation. The observed good agreement
between the photo-bleaching curves related to different time
shifts at the mean excitation power density of 2mW/cm®
(Fig.3) may be associated with dominating contribution in
the resulting distribution by one specific fluorophore. How-
ever, under higher excitation power densities (20 mW/cm?)
the bleaching process becomes inhomogeneous, showing
different photo-bleaching rates at different time shifts — it
apparently indicates to some skin fluorophore content
changes during the photo-bleaching process.

V. CONCLUSIONS

The proposed method demonstrates good perspectives for
selective analysis and separation of individual tissue
fluorophores underlying FLT and bleaching analysis. The
proposed method further can be developed from point
measurements to the imaging mode allowing for parallel
visualization of tissue fluorescence lifetimes and bleaching
rates.
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Simultaneous detection of tissue autofluorescence decay distribution

and time-gated photo-bleaching rates
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ABSTRACT

Experimental methodology for parallel measurements of in-vivo skin autofluorescence (AF) lifetimes and photo-
bleaching dynamic has been developed and tested. The AF lifetime decay distributions were periodically collected from
fixed tissue area with subsequent detection of the fluorescence intensity decrease dynamic at different time gates after
the pulse excitation. Temporal distributions of human in-vivo skin AF lifetimes and bleaching kinetics were collected
and analyzed by means of commercial time-correlated single photon counting system.

Keywords: TCSPC, skin autofluorescence, and photo-bleaching.

1. INTRODUCTION

Laser induced time-resolved autofluorescence (AF) spectroscopy represents a promising adjunctive technique for in-vivo
tissue diagnostics. Biological and biomedical applications of the autofluorescence spectroscopy have been successfully
applied in cell biology and clinical diagnostics for detection of abnormal tissues [1-5]. The most important endogenous
fluorophores are molecules widely distributed in cells and tissues, like proteins containing aromatic amino-acids,
NAD(P)H, flavins and lipo-pigments [6,7]. The radiative lifetime of each fluorophore is unique, so fluorescence lifetime
measurements can provide specific information on fluorophore content and distribution in the tissue. However, in
tissue experiments there are a number of de-excitation processes that decrease the characteristic lifetime. Also,
tissue fluorescence lifetime value depends on environmental factors e.g. experimental setup, fluorophore localization,
skin pH balance, viscosity, temperature etc. [7,8]. Taking into account the aforementioned circumstances, the selective
analysis and separation of individual fluorophores underlying multi-exponential decays of in-vivo skin autofluorescence
still is challenging problem.

Moreover, tissue autoflurescence usually shows the photo-bleaching effect which is caused by chemical modification of
the fluorophore due to repeated excitation/emission states. Temporal behavior of skin autofluorescence photo-bleaching
can be well described by double exponential function [9]. The mechanism of photo-bleaching effect has not been
explained in detail so far; however many studies have focused on purposeful use of photo-bleaching in biomedical
applications. Some of the authors successfully applied bleaching effect in Raman spectroscopy for improving the Raman
spectra quality by decreasing of tissue fluorescence background [10,11]. In photodynamic therapy, photo-bleaching of
exogenous fluorophores was used as tool for tracking the concentration changes of light sensitizing agents and for
individualization of irradiation time during the therapy [12]. In fluorescence microscopy the photo-bleaching widely
used to investigate diffusional mobility of fluorescing proteins in living cells [13]. Also some of authors propose the use
photo-bleaching as a tool to measure the local strain field in fibrous membranes of connective tissues [14].

In spite the fact that the mechanism of photo-bleaching is still unclear one can assume that tissue fluorophore might have
its own specific bleaching kinetic, which can provide information on fluorophore concentration and environmental
factors. Thus, the photo-bleaching at different time gates after the pulse excitation might provide additional information
for selective analysis and separation of individual tissue fluorophores in combination with fluorescence lifetime
spectroscopy.

The correlations between tissue AF lifetimes and photo-bleaching rates are studied in this work. The measurements were
collected from different parts of healthy skin, nail and benign nevus. Autofluorescence decay temporal distributions were
approximated by three exponential decay functions, and AF intensity decrease at different time gates after the pulse
excitation during the repeated excitation were recorded and displayed on a plot.

Photon Counting Applications 2015, edited by Ivan Prochazka, Roman Sobolewski, Ralph B. James,
Proc. of SPIE Vol. 9504, 95040P - © 2015 SPIE - CCC code: 0277-786X/15/$18 - doi: 10.1117/12.2178827

Proc. of SPIE Vol. 9504 95040P-1



2. MATERIALS AND METHODS

The measurement setup scheme for simultaneous detection of tissue AF lifetimes and photo-bleaching rates is shown in
Fig. 1. The measurement setup comprised a pico-second excitation laser (PicoQuant: pulse half-width 59 ps, 405nm,
mean power density ~2mW/cm?, mod. LDH-D-C-405) laser controller, monochromator, photon counting detector with
temporal resolution of 180ps (mod. Becker&Hickl, PMC-100-4), data processing system “time-correlated single photon
counting” with time resolution 6.6 ps, (TCSPC, mod. Becker&Hickl SPC-150), and a fiber optic probe. The fiber optic
probe was tightly fixed such to provide the distance between the skin surface and tip of the Y-shaped fiber bundle was 3
mm. The diameter of the irradiated skin spot was ~3 mm.

Computer

| Photon counting detector |

Fiber-optic

probe
Laser controller

.
Measurement sample

Figure 1. Experimental setup for simultaneous detection of autofluorescence decay distribution and photo-bleaching rates.

Skin AF decay distributions were collected every 10 seconds during 3 minutes. Totally 18 measurements (Fig.2) of
tissue AF decay distributions were registered.

Photon counts

2 EY
Time, ns.

Figure 2. In-vivo human skin AF decay distributions collected during 3 minute cycle. Each distribution was collected at 490
nm wavelength during 10 seconds, power density 2mW/cm®.

Each measurement contained temporal distribution of AF decay and a number of registered photons collected during the
10 seconds. Due to the AF photo-bleaching process, the number of collected photons for each subsequent measurement
decreases, thereby giving the opportunity to construct the AF photo-bleaching kinetics at different time gates after the
pulse excitation. Autofluorescence lifetimes were collected at 490 nm emission wavelength using monochromator and
interference filters. The obtained AF decay distributions were automatically processed using the Becker&Hickl
SPCImage program. The results were approximated by a multi-exponential decay function:
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f)= Z:;O aexp’” +c (1)

were f(t) is AF intensity at time moment t after the excitation pulse, n is number of decaying species in the exponential
sum, and c is a background level of light in each particular case. The applied model comprises the lifetimes of the
exponential components, T;, and the amplitudes of the exponential components, a;.

3. RESULTS

Table 1 represents the AF lifetimes and their relative amplitudes collected form palm skin, forearm inner side skin,
nail and intradermal nevus. The represented AF lifetimes obtained at two different time moments, at the beginning
of the experiment and after 3 minutes of the repeated excitation with pulse 405 nm laser. The AF decay distribution
of skin, nail and intradermal nevus can be characterized by three exponential decay components 1,3 and their
relatives amplitudes a;,;. The vertical arrows have indicated on the direction of changes of obtained decay
components and their amplitudes after 3 minutes of pulse excitation. As shown in Tab.1, AF lifetimes and their
amplitudes after 3 minutes of pulse irradiation have slightly changed.

Table 1. The autofluorescence lifetime components T;, and, their relative amplitudes a; collected from different parts of
healthy skin, nail and intradermal nevus. AF lifetimes were obtained at two different time moments, before photo-bleaching
(t=0 sec.), after 3 min of photo-bleaching (t=3min.).

Localization,

measurement time moment

Ti/ns, a;(%)

To/ns, ax(%)

T3/ns, a3(%)

Palm, t=0 sec.

t=3 min.

1.0 ns, 55.8%
0.8ns |,47.3% |

3.0 ns, 30.6%
2410s[,371% 1

8.9 ns, 13.6%
89ns, 15.5% 1

Forearm inner side, t=0 sec.

t=3 min.

1.0 ns, 54.2%
1.0 ns, 57.5% 1

3.0ns,32.1%
3.1ns,29% |

9.0 ns, 13.6%
9.1ns, 13.5%

Nail, t=0 sec.

t=3 min.

1.0 ns, 57.8%
1.0 ns, 55.9% |

32 ns, 34.4%
3.0ns |, 35.1% 1

8.4 ns, 7.9%
8.1ns1,9% 1

Intradermal nevus, t=0 sec.

t=3 min.

0.9 ns, 60.3%
0.9 ns, 62.7% 1

2.7 ns, 26.6%
2.71ns,26.1% |

8.1ns, 13.1%
87ns1,11.2% |

The more pronounced changes have occurred in the case of the palm skin. The value of t; decreased from 1.0 to 0.8
ns, T, decreased from 3.0 ns to 2.4 ns. At the same time, their amplitudes a; decreased from 55.8% to 47.3%, a,
increased from 30.6% to 37.1% and a; increased from 13.6% to 15.5%. Furthermore, in the case of palm skin the photo-
bleaching kinetics at different time gates have shown different decrease rates (Fig.3). In particular, during the 3 minutes
the number of collected photons in the 6 ns time gate decreased approximately by 30%, in the 11 ns gate by 25%, and in
the 21 ns gate by 20%. This result demonstrates that the fluorophores with higher lifetime bleach slower than
fluorophores with short lifetime. Also, photo-bleaching kinetic at 6 ns gate can be well described by double-exponential
fitting.
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Figure 3. Palm skin AF photo-bleaching kinetics (left) at different time gates during 3 minutes of pulse excitation. Raw data
(right) for the bleaching kinetic at 6 ns gate approximated by mono and double exponential functions.

Fig. 4 represents a photo-bleaching kinetics collected for forearm inner side skin and nail. As shown, in both cases the
kinetics of collected AF photons in the different time gates is very similar, and can be well described by mono-

exponential fitting.
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Figure 4. Forearm inner side skin and nail AF photo-bleaching kinetics at different time gates during 3 minutes of pulse
excitation (left). Raw data (right) for the bleaching kinetic at 6 ns gate approximated by mono exponential function.
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Figure 5. Intradermal nevus AF photo-bleaching kinetics at different time gates during 3 minutes of pulse excitation (left).
Raw data (right) for the bleaching kinetic at 16 ns gate approximated by mono and double exponential functions.

In the case of intradermal nevus (Fig.5) kinetics of time gated photo-bleaching is completely different, showing the
fastest bleaching in higher time gate. In particular, the number of collected photons at 6 ns gate remains virtually
unchanged during the 3 minutes of pulse excitation, while the number of collected photons at 16 ns gate has decreased
approximately by 10%. Moreover, the photo-bleaching kinetics obtained at 16 ns time gate can be better described by
double-exponential fitting in comparison with mono-exponential fitting (Fig.6 right).

4. CONCLUSSIONS

The main result of this study is demonstration of possibility to take for parallel measurements of tissue fluorescence
lifetimes and photo-bleaching rates at different time gates after the pulse excitation by means of a commercial system.
In-vivo tissues can be characterized by AF lifetimes and time gated photo-bleaching rates. In all cases observed
significant decrease in the number of collected photons in the nanosecond time scale range indicates on noticeable
contribution photo-bleaching process during the 3 minutes of pulse excitation by 405 nm laser. The obtained results
demonstrate that in the case of forearm inner side skin and nail (Fig.4) the photo-bleaching at different time gates are
homogenous. In the case of palm skin (Fig.3) and intradermal nevus (Fig.5) observed inhomogeneous photo-bleaching at
different time gates. The homogeneous intensity decreasing at different time gates, most probably associated with
dominating of one specific fluorophore in resulting decay distribution. While, the uneven photo-bleaching at different
time gates presumably indicates on the presence in resulting AF decay distribution at least two different fluorophores,
moreover these fluorophores have own bleaching rate.

The proposed method demonstrates good perspectives for selective analysis and separation of individual tissue
fluorophores underlying FLT and time-gated bleaching analysis.
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Investigation of in-vivo skin autofluorescence lifetimes
under long-term cw optical excitation

A. Lihachev, I. Ferulova, K. Vasiljeva, J. Spigulis

Abstract. The main results obtained during the last five years in the
field of laser-excited in-vivo human skin photobleaching effects are
pr d. The main achiev ts and results obtained, as well as
methods and experimental devices are briefly described. In addition,
the impact of long-term 405-nm cw low-power laser excitation on
the skin autofluorescence lifetime is experimentally investigated.

Keywords: skin autofluorescence, photobleaching, lifetime spectro-
scopy.

1. Introduction

A decrease in the fluorescence intensity as a result of long-
term optical excitation is known as photobleaching. Laser-
excited tissue autofluorescence photobleaching (AFPB) has
been studied extensively over the last few decades. Most of
the authors observed that a decrease in the skin autofluores-
cence (AF) intensity can be well described empirically by a
double exponential function [1-6]. Under cw excitation, the
autofluorescence intensity / mainly decreases during the first
10-15 s, followed by a slow-down. In this case, there is a
residual intensity, which asymptotically strives to a constant
level 4:

I1(1) = aexp(~tlt)) + bexp(~t/ty) + A. (1)

Here, 7, and 7, characterise the fast and slow phase of AFPB,
respectively; a, b and A are the constants; and ¢ is the time.
Our previous research has shown that the photobleaching
effect was evident in all skin types and in some skin patholo-
gies under UV/VIS laser excitation. The photobleaching effect
can be approximated with a double exponential function for
all skin types and most skin pathologies [7,8]. The authors of
[8,9] demonstrated that the temporal analysis of AF photo-
bleaching indices for different areas of the skin may vary, and
the bleaching rates distribution over the skin surface is uneven.
A subsequent study of laser-excited skin photobleaching has
demonstrated that AF intensity recovery (Fig. 1) after 2-min
cw excitation is a long-term process. The measurements of the
recovery kinetics show that even after 125 hours of relaxation,
the AF intensity of the skin recovered to only 80% of its initial
value. And the consequence of the long-term recovery of
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Figure 1. Kinetics of skin AF recovery after 2-min cw excitation by a
532-nm laser with a power density of 85 mW cm™ [10].

intensity, the skin ‘photo-memory’ effect, has been experi-
mentally demonstrated: low-power laser irradiation (below
the standard skin safety limits) leaves traces in skin for several
days [10,11].

Although the cause that gives rise to the photobleaching
phenomenon remains unclear, it has become the focus of
attention for its potential as a clinical diagnostic tool. In our
previous clinical research we have focused on AFPB analysis
of different pigmented, vascular and malignant skin patholo-
gies. The analysis of dermatological pathologies showed that
the most sensitive from the point of view of diagnosis are the
parameters 7; and A. The pronounced difference in the 4
values (Fig. 2) for skin basal cell carcinomas appears to show
the most promise for clinical implementation [12, 13].

In studying experimentally the AFPB of human skin we
have found that under long-term cw irradiation the AF spectra
as well as the diffuse reflectance spectra (Fig. 3) exhibit re-
absorption peaks, which correspond to the absorption bands of
oxy-haemoglobin. Thus, the appearance of the absorption peaks
in the green (540 nm) and yellow (580 nm) regions of the visible
spectrum during the experiment is an indication of a certain
role of oxy-haemoglobin in the photobleaching process [14].

Although the mechanism of skin autofluorescence photo-
bleaching has not been established in detail so far, we can
assume that long-term cw laser irradiation most probably
causes the photochemical process that leads to degradation
of endogenous fluorophores. In turn, the degradation of skin
fluorophores should affect the resulting skin autofluorescence
lifetimes. The skin fluorophores that emit fluorescence under
violet-blue excitation are NADH, flavins, porphyrins, localised
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Figure 2. Average values of the photobleaching parameter 4 for dif-
ferent skin pathologies [12].
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Figure 3. Typical oxy-haemoglobin absorption peaks in post-irradiated
diffuse reflectance spectra of skin [14].

in the epidermis keratin as well as dermal elastin and collagen
[5]. The radiative lifetime characteristics of each fluorophore
are unique and can provide specific information for tissue
identification. The fluorescence lifetimes for these skin fluoro-
phores fall within range from 0.2 to 15 ns. However, in tissue
experiments there are a number of de-excitation processes
that decrease the characteristic lifetime. In addition, tissue
fluorescence lifetime values are dependent on many environ-
mental factors, such as the experimental setup, fluorophore
localisation, skin pH balance, viscosity, temperature, etc.
[15-17]. Taking into account the aforementioned circum-
stances, the selective analysis and separation of individual
fluorophores underlying multi-exponential decays of in-vivo
skin autofluorescence is still a challenging problem.

The goal of the experiment described in this paper is to
investigate in-vivo skin AF lifetimes during long-term cw low-
power laser excitation.

2. Experimental

The main focus of this study was to investigate in-vivo skin
AF lifetimes under long-term optical excitation by a low-

power laser at 405 nm. For this purpose an experimental
setup to carry out parallel point measurements of skin AF
lifetimes and photobleaching rates was assembled (Fig. 4).
The setup comprises a picosecond/cw laser (PicoQuant
LDH-D-C-405: pulse half-width 59 ps, 405nm), a laser con-
troller, a monochromator, a photon counting detector with a
temporal resolution of 180 ps (Becker&Hickl PMC-100-4),
a data processing system for ‘time-correlated single photon
counting’ with time resolution 6.6 ps (TCSPC, model SPC-150,
Becker&Hickl GmbH), a fibre-optic probe, a CCD spectro-
meter (AvaSpec 2048) and a computer. The surface of healthy
skin was excited via optical fibre by a pulsed laser for the
lifetime measurements or by a cw laser for photobleaching
measurements.

E Computer

Yee=x

| Photon counter |

Laser controller I»

Pulsed/cs
laser

Fibre-optic
probe

Skin surface

Figure 4. Experimental setup for parallel measurements of skin AF life-
time and photobleaching rate.

In order to avoid artefacts caused by the movements of
the body, the arm was fixed during the measurements in a
special position-stabilised holder. Autofluorescence was excited
and measured on healthy, previously non-irradiated skin (at
a distance of 6 mm from its surface) in the inner part of the
forearm. Autofluorescence decay was measured on the same
portions of skin prior to irradiation and immediately after
6-min cw excitation with the laser power density of 20 mW cm 2.
In all cases the time required for the collection of the AF life-
time data was 10 s at 480£10 nm. During 6 minutes of con-
tinuous cw excitation an AF intensity decrease was recorded
by a spectrometer in the 450-800 nm spectral range. The
autofluorescence intensity of skin was investigated using
SPCM software (Becker&Hickl) by collecting photon counts
during fixed time intervals. For the analysis of AF lifetimes, a
multi-exponential fluorescence decay distribution model was
applied:

£ =Y aexp(—tlz) +c. @
i=0

where f(7) is the AF intensity at time ¢ after the excitation
pulse, 7 is number of decaying species in the exponential sum
and ¢ is a background level of light in each particular case.
The applied multi-exponential fitting model allowed us to
obtain characteristic lifetimes of the exponential components,
7;, and their amplitudes, ;.

The program uses a deconvolution technique in conjunc-
tion with the measured instrumental response function to obtain
an autofluorescence decay curve corrected for the instrument
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Table 1. Averaged values and standard deviations (in brackets) of autofluorescence lifetime components, 7;, and their relative amplitudes a;.

Two-exponential fitting

Three-exponential fitting

Instant of time

ay (%) 7 /ns a; (%) 7y/ns as (%) 73/ns

ay (%) 7,/ns ay (%) 7,5/ns
Before 72.48 (2.42) 1.63(0.17) 27.52(2.42) 7.15(1.00)
photobleaching
After 3 min of 71.66 (2.56) 1.29 (0.15) 28.34 (2.56) 6.22(1.07)
photobleaching
After 6 min of 70.9 (3.15)  1.13(0.13) 29.1 (3.15) 5.37(0.88)
photobleaching

69.26 (3.40) 1.52/(0.13) 22.12(1.33) 6.02(1.03) 8.6 (2.47) 8.10 (1.68)
72.14 (2.53) 1.31(0.13) 20.94 (3.05) 6.25(0.74) 6.94 (0.66) 6.81 (2.30)

71.32(2.9) 1.13(0.11) 21.22(3.57) 4.95(0.62) 7.46 (0.81) 5.97 (1.03)

response. Thus, the setup allows measurements of lifetime
durations up to 0.5 ns. The measurements were collected from
3 different spots of healthy skin from the inner part of the
forearm. For further analysis, the obtained AF decay time
distributions were approximated with a two- and three expo-
nential decay model. In total, ten volunteers with different
skin photo types were involved in the study.

3. Results

Table 1 represents the averaged values of AF lifetimes and
their relative amplitudes obtained from 10 different volunteers.
Autofluorescence decay distributions were collected at three
different time moments, before photobleaching, after 3 min
of photobleaching and after 6 min of photobleaching. In all
cases the healthy skin AF lifetimes and their contribution for
all volunteers were virtually equal. The standard deviations
(SD) show relatively low deviations from the average values.

The AF decay distribution of previously non-irradiated
skin can be characterised by the parameters 7,5 and a; , or
753 and a, 5 3 (depending on the fitting model). In fitting one
and the same AF decay distribution by two and three-expo-
nential functions we obtain the same values of the parameters
71 and 7, within the standard deviation. However, with respect
to three-exponential fitting an additional decay component
with a relatively high lifetime 73 ~ 8.1 ns and a low amplitude
as ~ 8.6% can be distinguished from the resulting decay distri-
bution.

Figure 5 demonstrates in-vivo skin AF lifetime decay
distributions before and after 6 min of cw excitation. As
shown, AF lifetimes of skin after 6 min pre-irradiation have
changed. Respectively, a significant decrease in 7, and t, values
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Figure 5. Skin AF lifetime decay curves before and immediately after
6 min of 405-nm cw laser irradiation.

is observed. The value of 7, decreased from 1.52+0.13 to
1.13+0.11 ns, 7, decreased from 6.02£1.0 ns to 4.95+0.62 ns
and 73 — from 8.1£1.68 ns to 5.97+1.03 ns. At the same time,
the amplitudes of the decay components demonstrate rela-
tively insignificant changes. We have found that the changes
in the AF decay distribution are a consequence of uneven
bleaching of tissue fluorophores during long-term irradiation.
The photon count at different instants of time after excitation
shows a nonuniform decrease in the number of AF photons.
Thus, the number of collected photons in the time range from
3 ns to 4 ns decreased approximately by 45%, in the range
from 5 to 6 ns by 55% and photons collected in range from
8 ns to 9 ns decreased by 60%. Also after 6 min of cw irradia-
tion, the quantile y? decreased from 1.4+0.2 to 1.1£0.1. At
the same time we have found that the lifetime indices 7, and
73 become equal within the standard deviation after 6 min of
optical excitation.

4. Discussion

The reported results demonstrate that three-exponential fitting
of the obtained skin autofluorescnce decay distribution is more
informative and reveals a third component with a relatively
high lifetime and a low amplitude. This decay component
was observed by several authors under violet excitation, and
probably is associated with collagen cross links formed by
advanced glycation end-products [18,19]. At the same time,
the components, 7, and 7,, represent the averaged lifetimes of
all emitting fluorophores (under 405-nm excitation), such as,
collagen, elastin, keratin, NADH and flavines. The lifetimes
of these fluorophores are characterised by short and long
components. Moreover, the short components of these fluoro-
phores lies in the picosecond range [15]. Thus, the precise
estimation of the short AF decay component is impeded by
system response time and serious contribution of laser excita-
tion (scattering and reflection) [20,21]. However, a significant
decrease in the number of collected photons in the entire
nanosecond time scale range during the bleaching process
indicates a noticeable contribution of tissue fluorescence to
the resulting decay distribution.

The main result of this work is an experimental demon-
stration of a decrease in the skin AF lifetime during the photo-
bleaching process. The lifetime decrease indicates that the
skin fluorophore content changes during the photobleaching
process. This decrease is most probably caused by the equali-
sation of the fluorophore content of skin during this process.
In addition, after photobleaching the tendency to equalisation
of lifetime components 7, 3 suggests that the third component
of the exponential expansion disappears, which may indicate
that a certain fluorophore or group of fluorophores that had
given rise to the parameter 73 has become extinct or changed
concentration. Taking into account the long-term recovery of
the AF intensity after photobleaching [10], a decrease in the
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lifetimes is probably caused by a nonuniform degradation or
photodamage of skin fluorophores after long-term optical
excitation. We also should mention the fact that during the
7th or 8th minute of 15-min excitation the number of photons
collected began to increase after a steady decrease, leading to
a significant increase in the third decay component (z3) from
5.67 ns to 15.0 ns. An increase in the AF intensity and life-
times indicates either heterogenous degradation of skin fluoro-
phores or formation of their new compositions. Undoubtedly,
this phenomenon requires additional study to determine the
exact mechanism of photobleaching and its influence on the
skin physiology.

5. Conclusions

This paper reviews the main achievements of cw laser-excited
skin autofluorescence photobleaching and its potential appli-
cations in clinical diagnostics. In the experimental part of
work we have demonstrated uneven bleaching of skin fluoro-
phores under long-term optical excitation, which leads to a
change in the autofluorescence decay distribution. This effect
of uneven bleaching of autofluorescence requires additional
studies to identify the fluorophores responsible for the change
in the lifetime distribution. In addition, studies should involve
more volunteers of different age with all skin photo types, and
also include a variety of pathological structures.
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Fluorescence lifetime spectroscopy: potential for in-vivo
estimation of skin fluorophores changes after low power laser
treatment
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ABSTRACT

The impact of visible cw laser irradiation on skin autofluorescence lifetimes was investigated in spectral
range from 450 nm to 600 nm. Skin optical provocations were performed during 1 min by 405 nm low power
cw laser with power density up to 20 mW/cm?. Autofluorescence lifetimes were measured before and
immediately after the optical provocation.

Key words: laser-skin interaction, skin, autofluorescence lifetime.

1. INTRODUCTION

Time and spectral dependencies of in-vivo skin autofluorescence and diffuse reflectance under
continuous laser excitation have been studied in our previous works. Particular interest of our studies was
related to the skin autofluorescence photobleaching. Skin autofluorescence photobleaching was investigated
for healthy and pathological skin under 405 nm, 473 nm and 532 nm excitation [1, 2]. Specific distribution of
bleaching parameters in healthy and pathological skin [3] was obtained. It was proved, that increased melanin
content in the skin slows down the photobleaching process [4]. Our previous studies show that restoration of
autofluorescence after photobleaching is a long-term process [2]. Influence of cw laser irradiation on skin
diffuse reflectance in spectral range from 500 nm — 600 nm was also demonstrated [5]. Diffuse reflectance
study showed that low power cw laser irradiation increases the skin oxy-hemoglobin absorption. However, the
mechanism of skin autofluorescence photobleaching is still under discussion. Most probably, the
photobleaching is caused by degradation of the skin fluorophore molecules. The fluorophores that emit under
blue-green excitation are NAD, and keratin coferments (localized in epidermis), as well as the dermal collagen
and elastin [6, 7, 8]. Thus, the degradation of skin fluorophores should affect the skin autofluorescence
lifetime. Therefore, the aim of this study is to investigate the skin autofluorescence lifetimes before and after
low power cw laser pre-irradiation.

2. EQUIPMENT AND METHODOLOGY

The set-up for fluorescence lifetime (FL) measurements presented in Fig.1. It comprises of a pico-
second laser (PicoQuant: pulse half-width 59 ps, 405nm, model LDH-D-C-405), photon counting detector with
temporal resolution of 180ps (mod. Becker&Hickl, PMC-100-4), data processing system “time-correlated
single photon counting” with time resolution 6.6 ps, (TCSPC, mod. SPC-150), Y-shaped fiber-optic probe for
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delivering radiation to the skin surface and c ollecting excited autofluorescence, a monochromator and a
computer. The set-up allows measure the lifetime duration 0.1 ns.

The fiber optic probe was designed to provide the optimal distance of 3 mm between the skin surface
and the optical fiber tip for simultaneous fluorescence excitation and collecting. Skin autofluorescence
lifetimes under 405 nm excitation were collected before and immediately after a 1 minute irradiation by 405
nm cw-laser light with power density of 20 mW/cm?. Skin autofluorescence lifetimes were measured in the
spectral range from 450 nm — 600 nm with 10 nm increment.

Obtained results automatically processed using programs from Becker&Hickl. Skin autofluorescence
lifetime kinetics were approximated with double-exponential:

t t
f) =ae 7 +aze ™ (1),

where 1, are lifetimes and a, , are amplitudes.

PCand SPC-150

Photon counting detector PMC-100-4

Fig.1. Experimental setup for in-vivo skin autoflurescence lifetime measurements.

3. RESULTS

Skin autofluorescence lifetimes before and after 1 minute of 405 nm laser irradiation were investigated in
spectral region from 450 nm to 600 nm with 10 nm increment. In all cases, the number of collected photons
was decreased, however lifetimes remain unchanged. The skin autofluorescence lifetime kinetics before and
after 1 minute irradiation is presented in figure 2. The significant decreasing of collected autofluorescence
photons was occurred. During 1 minute of optical provocation the total amount of collected photons
decreased by 40% as compared to the “fresh” skin.

Proc. of SPIE Vol. 9032 90320B-2
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Fig.2 Skin autofluorescence lifetime kinetics before and after 1 min irradiation. 405 nm excitation, signal collected at 500
nm; IRF - Instrument response function.

Results presented in figure 3 illustrate skin autofluorescence lifetimes before (black line) and after 1 minute

irradiation. As seen, skin autofluorescence lifetimes are nearly equal, respectively, before irradiation - 1.8 and
6.4 ns, after - 1.7 and 6.4 ns. Uncertainties are 0.1 ns.
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Fig.3 Normalized skin autofluorescence lifetime kinetics before and after 1 min irradiation. 405 nm excitation, signal
collected at 500 nm.

4. CONCLUSIONS

Skin autofluorescence lifetime measurements before and after photobleaching show that the photobleaching
process doesn't affect the skin autofluorescence lifetime. The unchanged skin autofluorescence lifetime after
photobleaching most probably indicates on non photo-chemical intensity decreasing processes during long-

Proc. of SPIE Vol. 9032 90320B-3



term optical excitation. Which in turn, can be associated with fluorescence mechanical quenching. However,
the mechanism of skin photobleaching process is still under discussion and requires additional studies to
determine the exact mechanism of this phenomenon.
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ABSTRACT

Influence of low power laser irradiance on healthy skin using diffuse reflectance spectroscopy and multispectral
imaging was studied. Changes of diffuse reflectance spectra in spectral range from 500 to 600 nm were observed after
405 nm, 473 nm and 532 nm laser provocation, leading to conclusion that the content of skin hemoglobin has changed.
Peaks in spectral absorbance (optical density) curves corresponded to well-known oxy-hemoglobin absorbance peaks at
542 and 577 nm.

Key words: multispectral imaging, laser, diffuse reflectance spectra, optical density, normal skin, hemoglobin

1. INTRODUCTION

Laser irradiation is widely used for skin diagnostics and treatment. It is supposed that low power laser irradiation
(<200 mW/cm?, exposition time up to 10° s) is safe for the skin [1]. Higher power densities are used in surgery,
dermatology and cosmetology to structurally change the skin [2].

Long-term impact of low-power laser irradiation on normal skin’s autofluorescence photobleaching has been
observed by means of multispectral imaging camera [3]. The autofluorescence recovery kinetics after preliminary laser
irradiation was studied, and the skin autofluorescence images showed pronounced long-term changes —‘signatures” of
low power laser irradiation [3].

The multi-spectral imaging technique has been used for distant mapping of in-vivo skin chromophores by
analyzing spectral data at each reflected image pixel and constructing 2-D maps of the optical density [4]. Point
measurements of human skin diffuse reflectance spectra (DRS) contain both absorption and scattering characteristics of
tissue and also could be useful for chromophore analysis.

Most probably, photobleaching is caused by degradation of the skin fluorophore molecules. The fluorophores that
emit under blue-green excitation are NAD and keratin coferments (localized in epidermis), as well as the dermal collagen
and elastin. The reconstructed (NAD-N) and bonded (NAD") forms of NAD co-ferments have different fluorescence
spectra (band maximum at 460 nm and 435 nm, respectively), quantum yields (for NAD-N it is considerably higher), and
different times of fluorescence decay (for NAD-N it is lower) However, the mechanism of skin autofluorescence photo-
bleaching is still under study. It is not yet clear how exactly continuous excitation influences endogenous fluorophores of
skin. We can assume that cw irradiation of the skin causes a photochemical process that leads to degradation of
endogenous fluorophores. [1, 5, 6]. Role of hemoglobin in this process has not been studied so far.

2. EQUIPMENT AND METHODOLOGY

Two methods of skin diffuse reflectance spectra recording were used in the study: the single-spot
irradiation/detection by means of fiber optic probe and spectrometer, and the non-contact method by means of multi-
spectral imaging system.

Biophotonics: Photonic Solutions for Better Health Care |ll, edited by Jiirgen Popp,
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2.1 Contact method

The contact DRS set-up included light source (10 W halogen lamp, AvaLight-HAL, Avantes BV, NL), detector
(the dual channel AvaSpec-2048-2 spectrometer with 2048 pixel CCD detector array, spectral range 200 to 1100 nm,
resolution 2.1 nm, Avantes BV, NL), cw low power lasers with wavelengths of 532 nm, 473 nm, 405 nm and fiber optic
contact probe.

The contact probe was designed to provide the optimal distance of 3 mm between the skin surface and the optical
fiber tip for the sample illumination and signal detection. The optical fibers were connected to illuminating halogen
lamp, irradiating laser and detecting spectrometer. DRS of the skin surface was registered as the reference before the
irradiation of laser. During 5 second interval reflected spectrum was recorded at 0.5 second integration time calculating
the average value. Then skin surface was irradiated for 60 second by a selected laser via the same fiber. The optical
density (OD) spectrum of the skin surface was registered immediately after lasers irradiation. Measurements were taken
at different laser power density levels ranging from 20 mW/cm? to 120 mW/cm? each time of another “fresh” skin area.

2.2 Non-contact method

The non-contact method comprised of multi-spectral imaging system Nuance 2.4 (Cambridge Research &
Instrumentation, Inc., USA) for response detection, illumination light source, cw low power lasers and PC. Skin areas of
the forearm were measured for spectral analysis of normal and provoked skin. A 100 W tungsten incandescent lamp
(intensity fluctuations less than +2% during the measurement time) with linear polarization filter was used as
illumination source. The polarizer was oriented orthogonally to the built-in polarizer of the camera, so significantly
reducing the influence of skin specular reflection [4, 7].

The system was adjusted for spatial resolution 0.75x0.75 mm (the pixel size) and spectral resolution 10 nm
(bandwidth of the Nuance 2.4 liquid crystal tunable filter).

The data were collected in an image cube — a stack of intensity images at numerous wavelength bands. Typical
time required for creation of the image cube in spectral interval 450-750 nm was 10 s. The back reflected light intensity
(I) values at each pixel were transformed to the optical density OD as

I
OD = _loglo (I_) (1)5
o
where [ — reflection intensity of the skin before the laser irradiation, / — intensity after laser irradiation.

Multispectral camera and optical fiber for laser beam delivery to skin surface were set stationary. Measurement
lasted about 2 minutes, during this time patient held forearm fixed. Diffuse reflectance spectra were registered before and
after laser irradiation of 60 second period. For irradiation lasers of 405 nm and 473 nm wavelength were used. Laser
power density was about 120 mW/cm? for wavelength of 405 nm and about 100 mW/cm® for wavelength of 473 nm.

3. RESULTS

Results of the contact method measurements are presented in Fig.1 — normal skin relative optical density changed
immediately after laser irradiation at all exploited wavelengths. One can see that the green 532 nm irradiation does not
influence much the DRS signals, but both 473 nm and 405 nm irradiations cause significant signal changes. The most
pronounced spectral changes were observed after 405 nm irradiation.

Temporal behavior of optical density changes demonstrated a fast return to the reference level in about 3 minutes
after 532 nm laser irradiation. The same tendency was observed if 405 nm and 473 nm lasers were used, but the return
time was slightly longer.

Non-contact spectral imaging results of the measurements are presented in Fig.2. The laser irradiated skin areas
have less intense DRS resulting in relative optical density changes, as expected.
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Fig.1. Changes of relative optical density depending on irradiation power density. a) skin was irradiated with cw laser of 532
nm, b) skin was irradiated with cw laser of 473 nm, c) skin was irradiated with cw laser of 405 nm
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Fig.2. Left-side: multi-spectral images. Right-side: changes of relative optical density of selected areas in images. a), b) skin
was irradiated with 405 nm laser; ¢), d) skin was irradiated with 473 nm laser.
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4. DISCUSSION

Impact of low power laser irradiance on healthy skin shows up as dynamic changes of optical properties of tissue.
This study provides insight into reflected optical information after AFPB effect, while our previous studies [3, 8] showed
changes in optical properties of ongoing AFPB process in skin. The obtained results show that laser irradiation can affect
the layers of human skin. Peaks at 542 nm and 577 nm in the relative optical density correspond to absorption of
hemoglobin [9]. The same hemoglobin absorption impact were observed in previous study [8] indicating to some role of
hemoglobin in the skin AFPB process at the 473 nm irradiation, and the 405 nm laser irradiation probably increases this
role while 532 nm laser irradiation shows less significant spectral changes to autofluorescence spectra due to hemoglobin
absorption (all laser output powers were adjusted to be approximately equal during the previous experiments).

Temporal behavior of relative OD shows that DRS absorption is a short-term effect — the DRS recovered to its
initial level in a few minutes. Although the laser power densities per area unit were the same, for shorter laser
wavelength the greater power density per volume unit were present, taking into account wavelength specific optical
penetration depth into tissue. This resulted in longer return of OD values to the reference level after skin irradiation of
473 nm and 405 nm lasers. Our previous study [3] showed that autofluorescence recovery kinetics after laser irradiation
is a long term effect. As relative restored intensity of autofluorescence after photobleaching is much less than fully
restored DRS intensity in few minutes, this indicates to the DRS as a short-term coincidence with skin fluorophore
degradation and as well as modification of skin absorption properties by laser irradiation.

Probably, complicate mechanisms of low power laser irradiation may cause direct skin fluorophore (for instance,
porphyrin) degradation, as well as modification of absorption and quenching properties by both photo- and thermally-
induced biophysical and biochemical processes inside the highly heterogeneous tissue structure. Appearance of
hemoglobin absorption in the skin is caused by local fluorophore degradation during optical excitation, thereby increases
the probability of light to penetrate to the deeper skin layers, where skin capillaries and vessels are located. Also it is
assumed that laser irradiation causes inflammation by local heating and to this place comes more blood in regard to
expanded capillaries, as an innate immune system defense of the organism to injurious stimulus. Increased blood volume
fraction leads to intense optical absorption in oxyhemoglobin, after laser irradiation the skin locally cools down, so the
capillaries narrow to initial size and oxyhemoglobin deoxygenates as the skin proceeds to heal itself.

The average change of the optical density depends on laser irradiation power and excitation laser wavelength. By
contact method the change of the OD using laser with wavelength of 532 nm and power density of 120 mW/cm” is less
than using laser with wavelength of 405 nm, 473 nm and power density of 70 mW/cm?, 100 mW/cm®.

Multispectral imaging camera was less sensitive to changes of OD due to spectral resolution of 10 nm and larger
distance between skin surface and camera. However, non-contact methodology demonstrated the same features as OD
peaks after low power laser-skin interaction compared to acquired results with single point methodology by using higher
laser power densities for imaging than for contact method.

The obtained results coincide with the above postulated hypotheses. Fluorophore degradation might allow the
light to penetrate the deeper layers of the skin as well as photochemical reactions can cause inflammation and locally
increased blood volume as the immune defense.

5. CONCLUSIONS

Skin diffuse reflectance spectra showed increased hemoglobin level after 405nm, 473nm and 532nm cw laser
irradiation at power densities around 100 mW/em® (twice below the laser skin safety limit [3]). This indicates to some
photo-inflammation; mechanism of erythema creation may be similar to that of sun-caused erythema. Accordingly to the
obtained results, visible laser skin safety limits should be lowered at least for an order of magnitude to avoid any photo-
biological effects.

Further studies are required to establish a general relationship between the mechanisms of the complex laser-skin
interaction and the appearance of hemoglobin absorption after irradiation. Combined experiments involving parallel
measurements of skin autofluorescence photo-bleaching and diffuse reflectance spectrometry are planned.
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A new portable non-invasive prototype device for skin autofluorescence photobleaching measurements
under a 532 nm laser excitation has been developed and clinically tested. The details of the equipment are
described along with some measurement results illustrating the potentiality of the technology. Overall, 51 mal-
formations of human skin were investigated by the device.
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2. Introduction

Laser radiation is widely exploited in dermatol-
ogy for diagnostics and treatment of skin diseases,
using a wide range of laser wavelengths and radia-
tion powers [1]. The potential of autofluorescence
photobleaching (AFPB) for skin clinical diagnos-
tics is of particular interest.

The AFPB is a decrease of fluorescent inten-
sity during optical excitation [2, 3]. The AFPB of
human skin has been studied at various pulsed
and cw laser excitation wavelengths: ultraviolet
(337 nm), violet (405 nm), blue (442 nm), green
(532 nm), and red (632 nm) [4]. The temporal be-
haviour of the skin AFPB can be well described
by the double exponential equation (1), where the
parameters 7, and 7, characterise the fast and slow
phases of AFPB, and A is a background level of
intensity I [5, 6]:

I(t) = A + A exp(-t/t) + Aexp(-t/T). (1)
The results of clinical studies showed that param-

eter 7, significantly differs between healthy skin
and skin with pathologies of the same person. Our

previous research proved that the increased con-
tent of melanin in the skin slows down the AFPB
process under the green laser 532 nm excitation [4,
5, 7]. The AFPB might have a promising potential
for skin clinical diagnostics.

In this paper a newly developed prototype de-
vice is described. It comprises a built-in photodi-
ode for the skin autofluorescence (AF) detection
instead of the previously used spectrometry set-up
[4, 7]; such design simplifies detection and would
reduce the costs of production.

2. Method and equipment

A continuous low power laser irradiation is used
for the skin AF excitation at a visible wavelength
of 532 nm. A set-up scheme of the prototype
device is presented in Fig. 1. The skin AF is ex-
cited by a low power DPSS 532 nm laser (Huanic
DD532-10-3) with output power density be-
ing 32 mW/cm?. The intensity of AF is detected
by a silicon photodiode (OPT101) with an am-
plifier registered by a 16-channel voltage data
logger (PicoLog 1216) and saved at a laptop
computer. A combination of 2 long pass filters
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Laser 5320m, 8,3 mW

Photodiode with
amplifier

/

5

PicoLog 1216

Filters

Light switch off/on

Skin surface

Fig. 1. A set-up scheme of the prototype device.

in front of the photodiode, Semrock BLP01-532R
and Eksma OG570/KG3, is ensuring a transmis-
sion window between 550 and 650 nm in order
to record the integral intensity of the laser in-
duced skin AF of this wavelength range. The dis-
tance between the skin surface and the filters is
3 mm. The photodiode is installed orthogonally
to the skin surface, and the exciting laser beam
forms a 45° slope angle to the skin surface. The
AFPB data of skin pathology is recorded for
about 30 s (signal integration time is 1 ms), and
then the AF of healthy skin near pathology is
measured for comparison. The prototype de-
vice provides the ambient light isolation dur-
ing the measurements, reducing the background
noise.

3. Results

Overall, 51 patients in the Riga Laserplastic Clinic
were investigated by means of the portable non-
invasive prototype device (Fig. 2). The safety and
well-being of patients involved in a clinical trial
were provided according to permission of the lo-
cal ethics committee. The initial AF intensity of
healthy skin near pathology was always higher
than AF intensity of pathological skin. The AF in-
tensity of a healthy skin area was equally high in
all cases, but the AF intensity for various patholo-
gies was notably lower according to the degree of
pigmentation. The pathologies were classified into
two groups, of high and of low pigmentation. The
ratio between the initial AF intensity of healthy
skin and the AF intensity of high pigmentation
pathologies was distributed within the interval
of 2.3-4.8, and of low pigmentation pathologies
within the interval of 1.2-1.7.

The recorded AFPB data were analysed and the
parameters of Eq. (1) were calculated by fitting.
For illustration, the AFPB time series taken from
healthy skin, pigmented nevus and melanoma
are presented in Fig. 3, along with photobleach-
ing parameters. The AFPB effect was not observed
on high pigmentation pathologies during 30 s of
measurement. In case of pigmentation pathology
the value of parameter 7, was always relatively
higher than its value for healthy skin of the same
person.

Fig. 2. View of the photodiode based prototype device set-up (left) and the zoomed prototype device (right).
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Fig. 3. AFPB time dependence taken from healthy
skin and pigment nevus, with the corresponding pho-
tobleaching parameters (1, 2 correspond to 7, and 7,)

The results obtained with the prototype device
showed AF intensity bleaching by 8%, while pre-
vious studies with the spectrometry set-up proved
AFPB up to 30% (in 30 seconds). The AFPB de-
pendence on the equipment integration time was
compared (Fig. 4) for the purpose of device testing.
Significantly reducing the integration time of the
spectrometer, the changes of AFPB dynamics were
similar to the results of photodiode based device
measurements.

—1ms
-+ 5ms
- - -50ms
---=- Photodiode 1ms

Integral fluorescences intensity, normalized
1
'

Fig. 4. AFPB at various integration times of the spec-
trometer and photodiode, taken from healthy skin.

4. Conclusions

A prototype device for skin AF recording was pro-
duced and clinically tested. Overall, 51 persons
with pigmented skin pathologies were investigat-
ed by a new prototype device. AF intensity values
and temporal changes of fluorescent intensity can
be recorded by the prototype device, with sub-
sequent calculation of relative changes and pho-
tobleaching parameters (Tl, 7, A). Analysis of the
clinical trial data showed that the device should be
further improved in order to increase the signal-
to-noise ratio and to fully avoid registration of the
scattered laser radiation. Further investigations
will focus on the device integration time adjust-
ment based on changes in representation of AFPB
dynamics.
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Fotodiodinio jtaiso prototipas odos autofluorescencinei fotoisbalinimo diagnostikai
dermatologijoje
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Santrauka 532 nm lazerio Zadinimg. Pateiktas smulkus jrangos

Sukurtas ir klini$kai iSbandytas naujas prototipinis  aprasas ir kai kurie matavimo rezultatai, iliustruojan-
nesiojamas neinvazinis jrenginys, skirtas odos autof-  tys $io budo galimybes. I§ viso $iuo prietaisu istirtas 51
luorescenciniam fotoi$balinimui matuoti, naudojant Zmogaus odos probleminis darinys.



