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ANOTACIJA

Bakalaura darba mérkis ir noskaidrot, vai no trihromatiska apgaismojuma uznemta adas
att€la iesp€jams iegit tris hromoforu — melanina, oksi- un deoksi- hemoglobina — sadalfjuma
kartes.

Darba gaita tika izveidots attélu apstrades algoritms un veikti RGB att€lu mérjjumi tris
lazeru apgaismojuma (473, 532 un 659 nm). No att€la datu masiva izdevas izdalit tris
monohromatiskus spektralos att€lus pie katra izmantota vilpa garuma. Tika novertéts
iesp&jamais gaismas cela garums adas audos un piedavats aprékinu modelis tris hromoforu
kart€Sanai, ko izmantojot, tika analiz&ti adas pigment&to un vaskularo patalogiju mérijumi, ka
ar1 okliizijas tests.

legiitie rezultati pierada, ka izveidotais algoritms var tikt sekmigi izmantots atrai adas

hromoforu karté$anai.

Atslégvardi: adas hromoforu kart€Sana, hemoglobins, melanins, trihromatisks

apgaismojums.



ABSTRACT

The aim of the Bachelor theses was to determine if it is possible to obtain three
chromophore — melanin, oxy- and deoxy-hemoglobin - maps from skin image acquired at
trichromatic illumination.

During the work an algorithm for image processing was created and RGB image
measurements were done at three laser illumination (473, 532 and 659 nm). Single RGB
image dataset was separated into three monochromatic spectral images, one for every
wavelength. The possible light path length in skin tissues was evaluated and calculation model
was offered for mapping the chromophores. The algorithm was used to analyse pigmented
and vascular skin malformations and occlusion test.

The obtained results show that the algorithm could be used for fast mapping of skin
chromophores.

Key words: skin chromophore mapping, hemoglobin, melanin, trichromatic

illumination.



SATURS

APZIMEJUMU SARAKSTS ...cccerrereenenenerensssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesens 1
TEVADS coiiniiinicnininnenenissssssssssesssssesssssssssssssssesssssessssssssssssessssssssssssssessssssssssssesasssssssssses 3
1. TEORETISKAIS APRAKSTS ..ccoevrrurunesersrensasesesessssssssssssessssasasasessssasassssssssssasasasassssssass 4
1.1, AdaS ANALOMIJA ..v.vvveiiiiiieii sttt n e 4
0 O = o[ (=T o - W ST T PR P PP TPT PPN 4
1120 DBIMA ..o e s 5
10,30 HIPOOBIMA .ttt bbbt e bbb 6
1.2, Adas HTOMOTOTAS ......vviiiiieiieis sttt s e 6
121, HeEmMOZIODINS. .. .ciiiiiiiiieiieie ettt 6
12,2, MEIANTNS ..oooiiiiiieiiie ettt sttt sttt sttt b e sb e be et e beeenne e 7
1.2.3. MIOZIODINS .. .ciiiiiicie ittt 8
1,24, CHONIOMI....ciiiiiiiiiicei e 9
12,5, BilITUDTNS oottt bbbt 10
1.2.6.  Beta KarotINS ..cc.veeieiiiiieieic e 10
12,7, LAPTAIL teveiieiiieiieeee e 11
1.2.8.  UdCNS .ttt e 12
1.3, Adas OPtiSKAS TPASTDAS ....vvvviiiiiisisisisisi sttt 13
1.3.1.  Gaismas izkliede ada..........ccccooiiiiiiiiiiiiii 13
1.3.2.  GaiSmas abSorbeija da ........coviirieiriiiiiieerere e 15
1.3.3.  Gaismas iespieSanas dzilums ada ..........ccccoviiiiiiiiiiiiii 17
1.3.4.  Diflza atSTArOSANAS .....cciuviiiveeiiieiiiesiee sttt e bbb e e nnnes 17
1.4.  Citu autoru piedavatas adas hromoforu karté€Sanas metodes ...........cccevvvviiiiiniinnne 18
141,  MelanTna nOteIKSANA .......coivieiiiiiiieiee s 18
1.4.2. Adas tiskas novéroSana, izmantojot spektralos attélus redzamaja un tuvaja
INfrasarkanaja GaiSMa.........ccoevuiiiiiiiiiiie s 19
1.4.3.  Adas melanomu noteikSana, izmantojot multispektralo att€lu analizi ............... 20
1.4.4. RGB attelu izmantoSana hemoglobina sadalfjuma kartéSanai ada.................... 21
145, SKIMAQET ...c ittt ettt b e 22
1.5, Lazeru dioZu MOAUIT .....ooveiiiiiiiiiicci e 23
1.5.1.  Pusvaditaju dioZu 1aZer.......cccoviiiiiiiiiiiec e 23
152, DPSS JAZETT . ueiiuiieiiiiiiie ettt bbbt e e nneas 24

1.6, KEASU AU SIS OTT e urrruneeeeeeeeeeeteeeeeeeeeee e eeeseeeeeseeeseeassseeesseennnsnasssseereennnnnnnseseeeeeenes 24



2. METODISKA DALA....cccocoerururusrssssnsnsasasasessssasasssasessssasasasessssssssassssssssasasssassssssssasssasssens 26

2.1, EKsperimentala 18KATTA........cciivuiiiiiiiiiie it ssiie st nine e 26
2.2.  RGB parklasanas (crosstalk) korekcijas aprekini.........ccecvververieieeieeiesieeseesieseeenns 28
2.3.  Hromoforu karSu apréKinaSana..........cccovvuveiiiieiiiie i 31
2.4. Gaismas optiska cela garums ada ........ccocvvveiiiiiiiiiii 33
3. REZULTATI UN ANALIZE .....coceeireeeencenensssssssnenssssssssssssssssssssssssssssssssssssssssssssssens 34
3.1. RGB parklasanas (crosstalk) korekcija, izmantojot eksperimentali noteiktus
KOBTICIENMTUS ... 34
3.1.1.  Eksperimenti ar baltu lapu Ka referenci........ccccocvviiiieiiiiiiiiiiiie i 34
3.1.2.  Eksperimenti ar veselu adu Ka referenci.........ccccevvvevieiieiicicsie s 35

3.2.  Optiska cela garumu NOVEITEJUIMT .....cevuviiieeiiieiiesie et 37
3.2.1. Pigmentgto patalogiju uzn€mumu analiZe..........coocervrerieninieniieiene e 38
3.2.2.  Vaskularo patalogiju uznemumu analize...........ccoocerererieniinieenenene e 41
3.2.3.  Pigmentgto un vaskularo patalogiju rezultatu apKopojums..........cceeeervreerrennnn. 43
3.2.4.  Hromoforu karSu pieméri dazadu adas veidojumu gadijumos...........cccecverunenne 45

3.3, OKITZIJAS tESES .uveiuvieiieieiie sttt ettt e et e e e e en e 49
KOPSAVILKUMS ...uuoiniintiniisinsnensensecssecsssssesssesssssseessessasssessssssssssasssessasssassssssssssassssssasssassas 52
PUBLICITATE......ocooteeeueuerereesenesesesssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssasssens 53
PATEICIBAS .....ucuiteteeeeenerssssessssessssssssssssssssssssssssssssssssssssssssssssssssessssssssssessssssssssssessssssssssens 54
IZMANTOTA LITERATURA UN AVOTI .cucucrurereeencensaseseseessssssssssessssssssssassssssssssssasssens 55
PIELIKUMI ....cuuiiiiiiinniitinicinsensenssnssissessessessssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssasns 59
1. pielikums. RGB parklasanas (crosstalk) korekcijas koeficeintu iegiiSanas programmas
KOOGS .. 59

2. pielikums. Paraugs hromoforu koncentraciju aprékinasanas izteiksmém..................... 64

3. pielikums. Tris hromoforu — oksihemoglobina, deoksihemoglobina un melanina- karsu
iegliSanas programmas KOAS ........ccoiiiiiiiiiiiiii 66

4. pielikums. Apskatitie 513 varianti X, Yy un z kombinacijam, ar kuram tika noteikts
iesp&jamais gaismas optiska cela garums ada..........ccooveiiiiiiiiii 69

5. pielikums. Pigment&tu patalogiju diagnostikai derigas X, y un z vértibu kombinacijas 72
6. pielikums. Vaskularu patalogiju diagnostikai derigas X, y un z vértibu kombinacijas .. 74
7. pielikums. Konferences ,,OSA Optics in Life Sciences” t€Zes ........cccvvvrvverivrrerieriennne. 75

8. pielikums. Stenda referats konferencé ,,.Developments in Optics and Comunications
1 0 T PP OUPPRPUPPPRP 78

9. pielikums. Publikacija: J. Spigulis, I. Oshina, Snapshot RGB mapping of skin melanin
and  hemoglobin, J Biomed Opt. 2015 May  1;20(5):50503.  doi:
10.1117/1.JB0O.20.5.050503. .....ocueiererieieresienieeeie ettt ettt see s 79



APZIMEJUMU SARAKSTS

a(4) — absorbance

Arona — atSkiriba starp izmeérito un sagaidamo spektru

A, — absorbcija

AR1, Ar2, Ars, Ac1, Acz, Acs, As1, As2 Un Ags — korekcijas konstantes

BL — bilirubins

¢ — hromoforu koncentracija

C4, Cy, ..., Cg — normésanas koeficienti, kas ir iegliti, izmantojot balto referenci
CMOS — kameras sensora tips — komplimentari metala-oksida pusvaditaji (complementary
metal-oxide semiconductor)

Cr — relativa hromoforu koncentracija

Ac — hromoforu koncentracijas izmainas

AC,,, — hemoglobina kopiga izmaina

Cyakuuma — galsmas atrums vakuuma

DOH — deoksihemoglobins

DPSS — ar lazerdiodi uzpumpégts cietvielu kristala lazers (diode-pumped solid state)
E; — fotona energija pirmaja energijas l[iment

E, — fotona energija otraja energijas liment

Er — Fermi limena energija

Eg — aizliegtas zonas platums
AE — energijas izmaina starp diviem molekula atlautiem energijas l[imeniem

g — anizotropijas faktors

h — Planka konstante

HB — hemoglobins

| — atstarota stara intensitate

| — cauri audiem izejo$as gaismas intensitate

lo — krTto$as gaismas intensitate

Ir, I, Ig Un l|g — registréta gaismas intensitate

Ire — NO baltas references vai veselas adas atstarotas gaismas intensitate

_____

| — optiska cela garums



L — LED emisijas spektrs

LED — gaismu emitgjosa diode

M — sensoru matricu jutiba

MD — adas melanins

MEL — melanins

n — lauSanas koeficients

OD - optiskais bltvums

OH — oksihemoglobins

RGB — krasu modelis, kur R ir sarkana, G ir zala un B ir zila komponente
Rim — pilna difuza atstaroSanas

S — adas spektralais optiskais blivums

S(B1), S(G1), S(R1), S(B2), S(G2), S(R2), S(B3), S(G3) un S(R3) — kameras spektralas jutibas
vertibas katra RGB kanala

X, Y un z — konstantes

0 — gaismas iespiesanas dzilumu audos

oc, —relativo koncentraciju atSkiriba starp veselu adu un adas veidojumu

00D — optiska bltvuma starpiba

g(1) — ekstinkcijas koeficients
n — troksnis

A — vilpa garums

u, —absorbcijas koeficients

us — izkliedes koeficients

!

us — reducétais izkliedes koeficients

v — elektromagnétiska vilna frekvence



IEVADS

Dermatologija plasi tiek izmantotas dazadas optiskas metodes, lai analizétu konkrétas
patalogijas un noteiktu adas veselibas stavokli. Sadas metodes ir &rtas izmanto$anai,
neinvazivas un sniedz rezultatus salidzinosi 1sa laika perioda.

Gaismas stars, kritot uz adu, tiek tiesi atstarots, vai iespiezas dzilak adas audos, kur tiek
izkliedéts lidz pilnigai absorbcijai, vai art tiek diftizi atstarots arpus adas audiem. Gaismas
cel§ ada ir atkarigs no adas sastava un dazadu vielu koncentracijas, tadg] atstarota gaisma var
sniegt informaciju par adas stavokli un procesiem taja [1].

Bakalaura darba piedavata metode lauj noteikt tris hromoforu koncentraciju adas
parauga, izmantojot trihromatiska apgaismojuma iegiitu momentuznémumu. Sada veida var
izvairities no kustibas artefaktiem, kas rastos gadijuma, ja biitu nepiecieSams uznemt vairak
ka vienu att€lu ar konkréto patalogiju. Apgaismojumam tiek izmantoti tris lazeri ar zinamiem
vilnu garumiem, tada veida nodroSinot rezultatu precizitati.

Saja darba pirmo reizi hromoforu koncentraciju sadalfjuma noteik$anai tiek izmantots
trihromatiska apgaismojuma iegiits adas parauga momentuzp&mums.

Darba mérkis ir noteikt adas melanina, oksihemoglobina un deoksihemoglobina
sadalfjuma kartes, izmantojot viena triju spektralliniju apgaismojuma uznemta RGB attéla
datus.

Darba gaita tika izvirziti vairaki uzdevumi.

1. Izveidot matematisku modeli hromoforu kartéSanai.

2. Atrast adai pieme&rotu spektru parklasanas korekcijas algoritmu.

3. Novertét absorbcijas optisko celu ada pie izmantotajiem vilpu garumiem.

4. Parbaudit algoritmu praks€, izmantojot pigment€tu un vaskularu adas veidojumu

RGB attélus.
Darba apjoms ir 82 lapaspuses, no tam 24 ir pielikumi.

Darba ieklauti 55 attéli, 7 tabulas un 41 literattiras atsauce.



1. TEORETISKAIS APRAKSTS

1.1.  Adas anatomija

Cilveku lielakais organs ir ada. Tas laukums ir 1,5 — 2 m? un masa ir 4 — 10 kg. Adas

pamatfunkcijas ir aizsargfunkcija un termoregulacijas funkcija. Ada sastav no epidermas,

dermas un zemadas jeb hipodermas [2]. Skatit attelu 1.1.

Mata céelejmuskulis

Epiderma —

Derma-——

Hipoderma -

Adas asinsvadu tiklojums
Nervu skiedras

1.1. att. Adas uzbiive [pielagots no 3]

1.1.1. Epiderma

Spiediena un
vibracijas
receptors

Adas aréjais slanis ir epiderma. Tas biezums ir atkarigs no atra$anas vietas uz kermena,

cilvéka vecuma, dzimuma, individualitates. 1.1. tabula ir redzams aptuvens epidermas

biezums konkrétaja kermena dala.

Epidermas vidéja biezuma atkariba no apskatamas kermena dalas [4]

1.1. tabula

Kermena dala Epidermas vidgjais biezums, pm
Plaukstas arpuse 62.5
Kaju ikri 60.5
Argjais apaksdelms 60.3
Ieksgjais apakSdelms 59.4
Muguras augsdala 55.6
Kritis 56.0
Veders 61.3
Acs kakting 56.8
Denini 61.4




Epidermu var nosaciti sadalit 4 slanos (1.2. att.):
e bazalaja slani,

e dzelonainaja slant,

e graudainaja slani,

e raga slani.

epiderma
fagocitoze dzelonainais
slanis
melanosoma
keratinocits
dendrits o
1Y/0), O | @ | bazalais

membranu
= derma
saplusana

1.2. att. Melanocitu novietojums cilvéka ada [pielagots no 5]

Bazalaja slani atrodas keratoblasti un melanociti. Melanocitu funkcija ir raZzot adas
pigmentu melaninu. Atkariba no ta, kads ir melanina graudinu skaits un lielums, un ka tie ir
izvietoti adas $tinas, cilvékiem ir gaiSaka vai tumsaka adas krasa [2].

Bazalaja slani stinas daloties rada dzelonaino slani, kura tas attistas un noveco, zaudgjot
kodolu un citoplazmas aktivas sastavdalas. No tam veidojas graudainais slanis. Kad $tinas
graudainaja slani ir parragojusas tas sak veidot raga slani [2].

Adas papildorgani jeb derivati ir mati, nagi, sviedru un tauku dziedzeri. Mata krasu
nosaka melanociti, kas atrodas mata sakn&. Dazadas kermena vietas matu sastavs var but

atskirigs [2].

1.1.2. Derma
Vidgjais adas slanis ir derma. Taja atrodas asinsvadi, nervi, epidermas derivati,

saistaudu kalisi un amorfa pamatviela [2].



Dermas saistaudi nodrosina adas stipribu un elastibu. Galvenokart derma sastav no
fibroblastiem, histocitiem un tuklajam S$tnam. Fibroblasti nodrosina kalogéno un elastigo
Skiedru sintézi. Histociti ir iesaistiti imunologiskas funkcijas nodro$inasana. Tuklas S$tinas
sintezé vielas, kas ir iesaistitas iekaisuma procesa. Derma izSkir dzilo arterialo pinumu un
virspus€jo arterialo pinumu. Tie ir savstarp€ji savienoti un kopa veido asinsvadu tiklu. Ar
asinsvadu sisteémas palidzibu tiek reguléta kermena temperatiira, apgadata ada ar baribas

vielam un veicinata imlina aizsargsistéma [2].

1.1.3. Hipoderma

Adas slani, kas atrodas starp dermu un saistaudiem un sedz muskulus, sauc par
hipodermu jeb zemadas tauku kartu. Ta sastav no tauku Stnu daivam, saistaudu sieninam,
asinsvadiem un nerviem. Hipodermas pamatfunkcijas ir uzglabat baribas vielas, sargat

kermeni no aukstuma un muskulus — no ievainojumiem [2].

1.2.  Adas hromoforas

Hromoforas jeb pigmenti ir molekulu funkcionalas grupas, kas absorbé uz adu kritoso
gaismu. No hromoforu daudzuma un izplatibas adas audos ir atkariga cilvéka adas un taja
esoSo audu krasa. Hromoforas atSkiras ar dazadiem absorbcijas spektriem. Izplatitakas

hromoforas ada ir hemoglobins, melanins, mioglobins, lipidi, Gidens u.c. [1].

1.2.1. Hemoglobins

Hemoglobins ir olbaltumvielu grupa, kas atrodas sarkanajas asins §iinas jeb eritrocitos.
Ta galvena funkcija ir transportét skabekli no plausam uz audiem. Hemoglobins mijiedarbojas
ari ar tris citam gazém — slapekla oksidu (NO), oglekla monoksidu (CO) un dioksidu (COy)
[6].

Ja hemoglobins piesaista skabekli, tad to sauc par oksihemoglobinu. Savukart, ja pie
hemoglobina molekulas nav piesaistits skabekla atoms, tad to sauc par nepiesatinatu
hemoglobinu jeb deoksihemoglobinu [1].

1.3. att€la redzami oksihemoglobina un deoksihemoglobina absorbcijas spektri. Tie

raksturo hemoglobina gaismas absorbcijas sp&ju atkariba no vilpa garuma. Molaras
m-

. .. . C . cm
ekstinkcijas koeficientu méra jeb .
M mol /I

-1
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1.3. att. Oksihemoglobina un deoksihemoglobina absorbcijas spektri logaritmiska skala

[7]

1.2.2. Melanins

Melanins ir viena no galvenajam hromoforam. Ir vairaki melanina veidi: eumelanins,
feomelanins, neiromelanins un allomelanins [5]. Eumelanins ir sastopams gan eiropeidas, gan
negroidas rases parstavju ada. Savukart, feomelanins parsvara ir tikai eiropeidas rases cilvéku
ada [1]. Eumelanins un feomelanins ir atrodami ada, matos un acis. Tie nodroSina
fotoaizsardzibu, absorbgjot kaitigo ultravioleto un redzamas gaismas radiaciju. Eumelanina
krasa ir no melnas lidz brunai. Feomelanina krasa ir no sarkanas 1idz dzeltenai. Tas ir atbildigs
par sarkano matu krasojumu. Allomelanins atrodas augu seklas, sén€s un augsnée.
Neiromelanins atrodas iegarenajas smadzen&s un iek$gja ausi [5].

Melanociti ir pigmenta $tinas, kas atrodas epidermas bazalaja slani. Aptuveni katra
desmita Stina normala ada Saja slani ir melanocits. Tam ir daudz izaugumu un to citoplazma
atrodas melanosomas, kuras tiek sintezets melanins. Melanosomas no melanocttu dendritiem
tiek nodotas blakus esoSajos keratinocTttos [5].

Cilvéka adas krasu nosaka tas, kads ir melanocitu izmérs, to daudzums un ka tie ir
izvietoti keratinocitos. Cilveékiem ar tumsaku adas krasu ir lielaka melanina granulu izplatiba
un lidz ar to ari vairak melanina [1]. Eumelanina un feomelanina absorbcijas spektri, kas
nosaka cilvéka matu un adas melno un sarkano pigmentaciju, atSkiras salidzino$i loti maz

(1.4. att.).



Melanina absorbcijas spektrs
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1.4, att. Eumelanina un feomelanina absorbcijas spektri logaritmiska skala [8]

1.2.3. Mioglobins

Mioglobins darbojas ka buferis un palidz skabeklim izplatities muskulos. Sartais
mioglobins, tapat ka hemoglobins, ir hemoproteins. Tas ir atrodams skeleta un sirds muskulu

Skiedras [1]. Mioglobina absorbcijas spektrs ir lidzigs hemoglobina absorbcijai (1.5. att.).

0.5}
<«— oksimioglobins

Absorbeija (OD)

«— deoksimioglobins

e
[N

metmioglobins —»

0.1

0 1 1 1 | 1 | ] 1 1
500 520 540 560 580 600 620 640 660 680 700
Vilna garums, nm

1.5. att. Oksi-, deoksi- un metmioglobina absorbcijas spektri. OD — optiskais blivums

[pielagots no 9]



1.2.4. Citohromi

Citohromi ir hemoproteini, kas piedalas elektronu parneses procesos. Tie atrodas ieksgja
mitohondriju membrana. Citohromi aa3, b un c ir iesaistiti skabekla transporté$ana.
Citohroms bs, sasaistits ar eritrocitu, piedalas methemoglobina parveido$ana par funkcionalu
hemoglobinu [1].

Citohromu koncentracija parasti ir laika nemainiga, bet atkariba no ta, vai tiem ir

oksid&ta vai reducéta forma, mainas citohromu absorbcijas spgja (1.6., 1.7. att.).

Oksidéeta citohroma absorbcijas spektrs

. 25.00
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Q2 = Citohroms b
=) 20.00 =
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= E 10.00 - —
Q
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'© 5.00
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1.6. att. Citohromu aa3, b un c oksidé&to formu absorbcijas spektri [10]

Reducéta citohroma absorbcijas spektrs
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1.7. att. Citohromu aa3, b un ¢ reducéto formu absorbcijas spektri [10]



1.2.5. Bilirubins

Sabrukot hemoglobinam, rodas zalas krasas hromofora biliverdins, kas pieskir adai zalu
nokrasu, bet to parasti nevar vizuali noverot, jo biliverdinam ir 1ss dzives laiks. Talak tas
partop par dzeltenigu atlikumu — bilirubinu, kas tiek absorb&ts aknas. Gadijuma, ja aknas
neabsorbé visu bilirubinu, tas ar asinsrites palidzibu nokliist audos un izraisa dzeltena adas
tona veidosanos. To var noverot zidainiem ka dzelti un cilvékiem, kuriem ir aknu traucg&jumi
kadas slimibas laika [1].

Bilirubins ir dzeltens pigments, tad€] redzamas gaismas spektra tas sp€j absorbét tikai
violeto, zilo un nedaudz ari zalo gaismu. 1.8. attéla redzams bilirubina absorbcijas spektrs.

Noverojams izteikts maksimums pie aptuveni 450 nm.

Bilirubina absorbcijas spektrs

60000

50000 A
[

40000 /
30000 /

20000

&\// \_

O T T T T T T T T T
250 300 350 400 450 500 550 600 650 700

Vilna garums, nm

Molaras ekstinkcijas koeficients, cm1/M

1.8. att. Bilirubina absorbcijas spektrs [11]

1.2.6. Beta karotins

Beta karotins ir viens no 600 karotenoidiem. Tas veidojas asinis derma un pieSkir adai
iedzeltenu vai olivu krasas nokrasu. Beta karotins ir sastopams ari epiderma, hlorofilu
saturo$os augos un baktérijas [12,13].

Nonakot cilvéka organisma divas beta karotina molekulas var apvienoties un veidot
retinolu (vitaminu A). Ta parmeériga lietoSana uztura nerada hipervitaminozi, jo A vitamina

veidosanas no beta karotina organisma tiek kontroléta [13].
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Beta karotins darbojas ka imiinsist€émas stimulators un antioksidants. Tas sp&j aizkavéet
dazadu vézu raSanos, nodrosinat aizsardzibu pret paralizi, aterosklerozi un sirds saslim$anam
[13].

Beta karotins stipri absorbé gaismu ultravioletaja un violetaja spektra dala, bet
redzamaja gaisma visvairak no 400 nm Iidz 500 nm (1.9. att.). Izteiktais maksimums spektra

zilaja dala ir pie 450 nm [14].

Beta karotina absorbcijas spektrs

140000
120000 A
100000 - / “‘
80000 /

60000 / /

40000

20000 \
0 . . \\!F--Ihnnnuq-I--h-u

230 330 430 530 630

Molaras ekstinkcijas koeficients, cm1/M

Vilna garums, nm

1.9. att. Beta karotina absorbcijas spektrs [14]

1.2.7. Lipidi
Lipidi ir kermena tauki. Tie korelacija ar Gdeni ir atrodami visa kermeni, piemé&ram,
epikadrialajos taukos un zemadas tauku slani. Taukaudi tiek uzskatiti par gaismu

izklied&josiem audiem, kaut gan tie darbojas ar ka absorbg&josa viela [1] (1.10. att.).
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1.10. att. Tauku absorbcijas koeficients. Klidu nogriezni attélo standarta novirzi divu

temperatiiru gadijuma — pie 37°C un 60°C [pielagots no 15]

1.2.8. Udens

Udens vaji absorbé gaismu redzamaja starojuma, bet ievérojami absorbé gaismu
ultravioletaja un infrasarkanaja starojuma (1.11. att.). Tas ir sastopams visa kermeni gan
starpStinu vidé, gan arpus$inu $kidruma, pieméram, plazma un asinis. Udens koncentracija

vari€ no 11% tauku saturosajos audos lidz aptuveni 92% plazma [1].

10°
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1.11. att. Udens absorbcijas spektrs logaritmiska skala [pielagots no 16]
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1.3.  Adas optiskas Ipasibas

Adas optika apraksta to, ka ada atstaro un uznpem dazadu vilna garuma gaismu. Gaisma,
kas netiek uzreiz atstarota no adas virsmas, iespiezas dzilak audos, kur ta tiek izkliedéta, lidz
vai nu tiek pilniba absorbgta, vai tiek izstarota arpus audiem (1.12. att.). Gaismas stara celu
ada nosaka konkréta adas slana optiskas ipasibas. AtSkiriba starp adas slaniem pamata ir
atkariga no melanina, asins un karotina koncentracijas [1,17].

Raksturigas optiskas 1pasibas konkrétam slanim var tikt aprakstitas, izmantojot vairakus
no izmantota vilpa garuma atkarigus lielumus — optisko dzilumu, vienas izkliedes albedo,
normalizéta tilpuma izkliedes funkciju [17].

Adas slana optiskais dzilums ir vid&jais starojuma iespieSanas dzilums, kad intensitate
nokrit Iidz 1/e limenim. Gaisma var tikt vajinata absorbcijas un gaismas izkliedes dél. Vienas
Normalizéta tilpuma izkliedes funkcija nosaka varbutibu izkliedei notikt kada konkréta

virziena [17].

Kritosais AtstaroSanas
gaismas  Tiesa atstarm
stars no virsmas (5%)

Difuza Difuza
atstarofanas atstaroSanas
no epidermas4 no dermas

Raga slanis (10 pm)

Epiderma (100 pm)—

Derma (3 mm)

1.12. att. Shematiska diagramma gaismas stara celam ada [pielagots no 18]

1.3.1. Gaismas izkliede ada

Gaismas izkliedes rezultata fotons maina savu kustibas virzienu. Tas var but gan
elastigs, gan neelastigs process. Fotona izkliedi var uzskatit ar ka absorbciju, péc kuras uzreiz
seko jauna fotona emisija taja pasa vai cita virziena [1].

Izkliede ir atkariga no gaismas vilna garuma un izkliedgjoSo dalinu izméra. Ja dalina ir

daudz lielaka par gaismas vilpa garumu, tad to sauc par geometrisko izkliedi. Izkliedétas
13



gaismas virzienu dazados adas slanos un audos var aprékinat, izmantojot refrakcijas indeksu
un Snelliusa likumu. Ja dalina ir aptuveni tada pasa izméra, ka gaismas vilna garums, tad ta ir
M1 veida izkliede. Savukart, ja dalinas ir daudz mazakas par vilpa garumu, tad to sauc par
Releja izKkliedi. Ta ir gandriz izotropiska un apgriezti proporcionala vilpa garuma ceturtajai
pakapei. Cilvéka ada nozimigaka ir M1 izkliede [1].

Gaismas izkliede raksturo gaismas stara virziena, fazes, vai polarizacijas izmainas. NO
adas virsmas tiek atstaroti 4% lidz 7% redzamas gaismas neatkarigi no adas krasas. Pargja
gaisma tiek lauzta, kad ta no gaisa iciet ada [19].

Adas dermas slani izkliedes Tpasibas nosaka audu struktiira — kolagéna Skiedru veidotie
saiSki. Gaisma tiek izkliedeta gan konkréta Skiedra, gan izkliedes centra, ko veido vairaku

Skiedru sapinums [20].
Reducgtais izkliedes koeficients tiek definéts ka: #s’ = us(1—g) [em™], kur ugir

izkliedes koeficients un g ir anizotropijas faktors. Anizotropijas faktors apraksta vidgjo

izkliedes lenku kosinusu: ¢ = <COS 9>. Ja Sis koeficients ir tuvs nullei, tad to uzskata par

izotropisku izkliedi, ja tuvs vértiba 1 — uz prieksu vérstu izkliedi un, ja tuvs vértibai -1, tad to
sauc par atpaka] vérstu izkliedi. Adas audos anizotropijas faktora vértiba ir no 0,74)-476nm 11dz

0,995;-66snm- Reducétais izkliedes koeficients apraksta to, ka fotoni tiek izklied&ti, noejot

1/ ug [cm] lielu attalumu, ja katra soli notiek izotropiska izkliede (1.13. att.). To var apskatit
arT ka fotona kustibu, veicot daudzus mazus solus 1/, kur katrs no tiem maina savu

virzienu par lepki 6 [1, 21].

o,
=3
5

o,
&
@

Reducétais izkliedes koeficients, mm?

200 300 400 500 600 700 800 900 1000
Vilpa garums, nm

1.13. att. Reducéta izkliedes koeficienta atkariba no vilna garuma logaritmiska skala,

izmantota aproksimacija a1” [pielagots no 1]
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1.3.2. Gaismas absorbcija ada

Absorbcija notiek tad, kad visa fotona energija pariet molekulu ieksgja energija. Fotons
var tikt pilniba absorbéts tikai tad, ja ta energija pilniba atbilst energijas izmainai starp diviem
molekula atlautiem energijas limeniem. To var izteikt, izmantojot Bora postulatu:

AE=E,-E,=h-v= hc”% Absorbcijas rezultata molekula tiek ierosinata augstaka

energijas stavokli. No $T stavokla lieka energija laika gaita tiek izklied&ta siltuma starojuma
veida, retak ta tiek emitéta ka jauns fotons fluorescences, fosforescences, vai fotokimiskas
reakcijas veida. Atlautie energijas ITmeni dazadam molekulam atSkiras. Tadél absorbcija ir
atkariga no krito$as gaismas vilpa garuma [1].

Absorbcijas aprakstisanai izmanto absorbcijas koeficientu g, (1) [mm™]. Tas nosaka

vidgjo attalumu, kads janoiet fotonam, lidz tas tiek absorb&ts. Absorbcijas aprakstiSanai
izmanto arl molaro absorbciju £(1) [L/(mol'mm)] un absorbanci a(i) [L/(gzmm)]. To
savstarpgja saistiba ir $ada: u,(4) =In(10)-&(4)-c=In(10)-a(1)-c, kur c ir hromoforu
koncentracija [mol/L vai g/L] [1].

1.14. attla att€lota adas reducéta izkliedes koeficienta un absorbcijas koeficenta
attiecibas atkariba no vilpa garuma. Ka redzams, kad A < 450 nm, gaismas absorbcijas
ietekme ir daudz lielaka, neka gaismas izkliedei. Savukart no 450 nm lidz 1750 nm gaismas
izkliede i1zpauZas speécigak, ka absorbcija, lai gan no 450 nm lidz 600 nm melanins un

hemoglobins ievérojami palielina adas absorbcijas sp€jas, tapat ka tidens pie 4 > 1350 nm

[22].

TTTT]
Pl

RN

10°

I | ! | | | | 1 1 |
400 600 800 1000 1200 1400 1600 1800

Vilpa garums, nm

1.14. att. Reducéta izkliedes koeficienta un absorbcijas koeficienta attieciba cilveka ada

logaritmiska skala [pielagots no 22]
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Galvenas hromoforas, kas nosaka gaismas absorbciju redzamaja spektra dala, ir

hemoglobins un melanins (1.15. att.).

Hromoforu absorbcijas spektrs
. 1000000
z
=
D
2
S 100000 -
g = QOksihemoglobins
2]
S, = = Deoksihemoglobins
2 <! 10000
é = e Melanins
= G
)
<
5]
@ 1000 -
o
IS
E
100 T T T T T 1
250 350 450 550 650 750 850
Vilpa garums, nm

1.15. att. Melanina un hemoglobina absorbcijas spektri logaritmiska skala [/, 8]

Lai raksturotu optiska starojuma izplatibu audos, izmanto Lamberta — Béra likumu:
I ' —

—=e, (1.1)

0

Kur lg ir krito$as gaismas intensitate, |’ ir cauri audiem izejosas gaismas intensitate, 4,

ir vidgjais absorbcijas koeficients (to parasti méra cm™) un | ir optiska cela garums audos [23]

(1.16. att.).

Intensitate

Kivete

Gaismas avots

\‘ Detektors

/

.-
»

= ; Noietais cels, cm
Slana biezums 1 >

1.16. att. Lamberta — Béra likums [pielagots no 24]
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1.3.3. Gaismas iespieSanas dzilums ada
Optiska starojuma iespiesanas dzilums ada ir atkarigs no daudz dazadiem faktoriem:
adas vecuma, tas atrasanas vietas uz kermena, temperatiiras, hidratacijas pakapes, veselibas
stavokla utt. [25].
Gaismas vidéjo (1/e Iimeni) iespieSanas dzilumu audos o var aprékinat, izmantojot
formulu:
1

8=
[ r ! 1.2.
3lua (/ua +luS ) ( )

!

kur u, ir absorbcijas koeficients un y ir reducétais izkliedes koeficients [20].

Sarkana gaisma iespiezas adas audos daudz dzilak, neka zila gaisma (1.17. att.).
Vislielakais vidgjais iespieSanas dzilums ada (3,5 mm) tiek novérots pie 1090 nm. Gaismas

diapazonu no 600 nm lidz 1200 nm sauc par optisko jeb terapeitisko logu [20].

4.0 5
3.5 1

3.0 1

, mm

2.5

>

2.0 -

as dzilums

1.5 -

1.0 -

lespiesan

0.5 1

0.0 v T T T T T T T T T T T T T
500 750 1000 1250 1500 1750 2000
Vilna garums, nm

1.17. att. Videja iespiesanas dziluma ada atkariba no vilpa garuma [pielagots no 20]

1.3.4. Difiiza atstaroSanas

VienkarSota modeli difiizo gaismas atstaroSanos var aprakstit ar gaismas staru, kur$ krit

uz homogénu adas virsmu. Adas audus raksturo absorbcijas koeficients £, un reducétas

!

izkliedes koeficients . , ka ari lauSanas koeficients n (adas audiem n: 1,35 — 1,45). Fotonu
izplatiSanas virzienu mainu liela méra nosaka parejas starp apgabaliem ar atSkirigam n
vertibam. Gaisma, nonakot audos, tiek daudzkart izklied&ta, Iidz atkal sasniedz adas virsmu

un tiek difuzi atstarota (1.18. att.) [26].
17



Kritosais Difaza
gaismas atstarosanas

stars
X l X7

z

1.18. att. Gaismas difiiza atstaro$ana [pielagots no 26]

Pilno difuzas atstaroSanas koeficientu var definét ar $adu formulu:
1
14+ kn2 Ha (1.3)

!

M

!

kur k ir empirisks reizinatajs, n lauSanas koeficients, ,absorbcijas koeficients un g

reducétas izkliedes koeficients [26].

1.4.  Citu autoru piedavatas adas hromoforu karteSanas metodes
1.4.1. Melanina noteikSana

R. Amelard et al. darba [27], izmantojot melanina un hemoglobina ekstinkcijas
koeficientus, tika izraudzitas tris dazadu vilpa garuma gaismas diodes (LED) — 530 nm,
660 nm un 850 nm. Tika izm@rita atstarota gaisma. Absorbciju pie noteikta vilpu garuma A

noteica, izmantojot Béra — Lamberta likumu:

A = Iog[ll—j:gllc, 1.4)

kur lp ir krito$a stara intensitate, | ir atstarota stara intensitate, ¢, ir vidgjais ekstinkcijas

koeficients pie vilpa garuma /, | ir fotona cela garums, ¢ ir hromoforu koncentracija [27].
legiitie dati tika modeléti ka lineara kombinacija no vairakam hromoforam un fona

signala:
AlZZ‘%(CjIj)*”’ (15)
j

kur A, ir gaismas absorbcija pie vilpa garuma /4, j ir konkréta hromofora, 7 ir troksnis [27].

Sis vienadojums matricu forma:

A=Ecl". (1.6.)
Hromoforu relativo koncentraciju var izteikt ka:
¢, =((ETE)ET)A. 2.7)
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Eksperimenta tika nemta véra tikai oksihemoglobina un melanina koncentracija. Cetri
atteli tika uzpemti 40 ms laika — pie katra no vilna garumiem un viens ar izslégtam LED
spuldzém [27].

Rezultata, izmantojot So metodi, ir iesp&jams noteikt adas apgabalus ar augstu melanina
koncentraciju. Attela 1.19. redzams, ka dzimumzimei un matiem ir paaugstinata melanina

koncentracija.

a) RGB attéls b) Melanina karte

1.19. att. Eksperimenta iegiitie rezultati. a) RGB attéls, taja ar bultinu atziméta dzimumzime,
b) melanina karte, taja ar bultinpam atziméta dzimumzime un vietas, kur ada tiek

parapgaismota vai par maz apgaismota ar LED spuldzém [27]

1.4.2. Adas tiiskas novéro$ana, izmantojot spektralos attélus redzamaja un tuvaja
infrasarkanaja gaisma

G.N. Stamatas et al. darba [28] tika izmantota spektrala kamera ar 18 Saurjoslu filtriem
intervala no 400 nm 1lidz 970 nm un 3 platjoslu filtriem — sarkanaja, zalaja un zilaja regiona.
Tika iegtta spektralo att€lu s€rija redzamaja un tuvaja infrasarkanaja regiona. Katrs attéls tika
uzpemts aptuveni 5 sekundes. Viena sérija tika ieguti vismaz 6 attéli. Atteli tika izlidzinati,
izmantojot algoritmu, kas balstas uz attaluma samazinaSanu Furjé doména.

Tie vispirms tika parveidoti par optiska blivuma (absorbcijas) kartém, no kuram péc tam
katra pikseli tika izrékinatas hromoforu koncentracijas [28] (1.20. att.).

Absorbcijas spektrs katra attéla pikseli tika rekinats ka negativs logaritms no
interes€josa attéla attieciba pret att€lu pie 850 nm, kur melanina, idens un hemoglobina

absorbcija ir neliela.
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Krasu attels Oksihemoglobins Deoksihemoglobins

Udens Melanins
1.20. Hromoforu kartes redzams hromoforu koncentracijas intensitate un telpiskais

sadalijums adas apsartuma un tiska [28]

1.4.3. Adas melanomu noteik§ana, izmantojot multispektralo attélu analizi
I. Kuzminas et al. darba [29] izmantotas tris halogénas lampas adas apgaismojumam
spektra diapazona no 450 nm [idz 950 nm. FiltréSanas joslas platums ir 15 nm.

Apstradajot iegiitos att€lus, tika sastaditas optiska blivuma kartes (OD):

OD= —Iogl{%], (1.8)

ref
Kur I ir no balta papira atstarotas gaismas intensitate un | ir no adas atstarotas gaismas
intensitate [29].

Tika izmantots 3 hromoforu absorbcijas modelis:

OD = Crgy €04+ Crpon €non + CrmeL Ever + B1onas (1.9)

kur OH — oksihemoglobins, DOH- deoksihemoglobins, MEL — melanins, ¢ — ekstinkcijas
koeficients, ¢, — relativa hromoforu koncentracija un agpna — atSkiriba starp izmérito un
sagaidamo spektru [29].

Tika aprékinata ar1 optiska blivuma starpiba (00D) starp adas veidojumu un apkartéjo
veselo adu:

D =0D

veidojuma

OD,

esela_ada = Cron €on T Crpon €pon T CrmeL EmeL

(1.10.)

kur oc, ir relativo koncentraciju atskiriba starp veselu adu un adas veidojumu [29].
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Izmantojot tris hromoforu absorbcijas modeli, tika aprékinatas oksihemoglobina,

deoksihemoglobina un melanina relativas koncentracijas un sastaditas to kartes (1.21. att.).

110000
- isooo
0

Melanoma Melanins Oksihemoglobins Deoksihemoglobins

1.21. att. Melanomas RGB attels, melanina, oksihemoglobina un deoksihemoglobina kartes

[29]

1.4.4. RGB attélu izmanto$ana hemoglobina sadalijjuma kartéSanai ada
D. Jakovela et al. darba [30] izmantots RGB CMOS sensors un RGB LED gredzenveida
apgaismojums. Sist€ma strada 3 — 10 cm attaluma. Tika izmantots gan foto, gan video reZims.
Izmantojot atstarotas gaismas intensitates veértibas Ig, lg, Ig tika izrékinats optiskais

blivums OD:

AOD = —Iog[ILJ , (1.11)
ref

Kur I ir no veselas adas atstarotas gaismas intensitate [30].

Optiskais blivums ir atkarigs no hromoforu absorbcijas spektriem:
AOD = (o - ACqy + Epon * ACpon +Ene * ACye ) -1, (1.12)
kur OH — oksihemoglobins, DOH — deoksihemoglobins, MEL — melanins, ¢ — ekstinkcijas
koeficients, 4c ir hromoforu koncentracijas izmainas, | ir optiska cela garums, kas ir
proporcionals gaismas iespiesanas dzilumam ada [30].

Iegtito adas un tas veidojuma OD spektru starpibas aproksimé ar mazako kvadratu
metodi. Optiskais blivums tiek izteikts katram krasu kanalam. To var parveidot matricu
forma:

AODR) | | £on (R)-d(R) €004 (R)-d(R) | -
AOD(G) |=| £, (G)-d(G) &p0y (G)-d(G) x[ or } (1.13.)
AOD(B) | |04 (B)-d(B) &p04(B)-d(B)] = ™"

Hemoglobina kopigo izmainu var izteikt ka oksihemoglobina un deoksihemoglobina

koncentraciju izmainu summu:

ACr, =ACq, +ACy,, - (1.14)
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Rezultata tika iegtta pilna hemoglobina, oksihemoglobina un deoksihemoglobina

koncentraciju kartes (1.22. att.).

dc, rel. vien. dc, rel. vien.

dc, rel. vien.

Krasu attéls Hemoglobins Oksihemoglobins Deoksihemoglobins

1.22. att. Krasu attéls un oksi-, deoksi- un kopiga hemoglobina koncentraciju kartes [30]

1.4.5. SKlImager

J.Spigula et al. darba [31] tiek apskatits LU ASI izstradata eksperimentala prototipa
ierice Skimager. Tas pamata tiek lietots CMOS sensors un LED apgaismo$anas sisteéma. Tiek
izmantotas 24 gaismu izstarojosas diodes (LED) — 4 baltas diodes un 4 diodes ar maksimumu
katra no pieciem vilpa garumiem: 365, 450, 540, 660 un 940 nm.

Hromoforu kartes tiek aprékinatas, izmantojot Cetrus spektralos attélus. Tiek aprékinatas

hemoglobina, bilirubina un melanina kartes.

le
Gy
I
BL,, =C, +C, log| —~ |, (1.16.)
Bij
ls
ML, , =C, +C, log i} (1.17))
Ry
Cq
MD, ; =C, log it (1.18)
IR

kur HB — hemoglobins, BL — bilirubins, ML — melanins, MD — adas melanins, Ig, g, Ig un Iir
ir registréta gaismas intensitate attéla i, j pikseli, Cy, Co, ..., Cg Ir norm&Sanas koeficienti, kas
ir iegiiti, izmantojot balto referenci [31].

Registrétais signals pie katra apgaismojuma ir atkarigs no adas spektrala optiska

blivuma S, LED emisijas spektra L un sensoru matricu jitibas M:

4
le, = [ M, (D)Lego(AS(A)A2, (1.19)
A
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. = [Me, (DLe(DS(2)02, (120)
A

IB"- = JZM B; (A)L4se(1)S(2)d4, (1.21)
A

= [ My, (DL, (122)
A

1.5. Lazeru dioZu moduli

Lazeru diozu modulu prieksrociba ir to mazais izmérs, neliela patéréta jauda un ilgais
dzives laiks. Tiem ir plaSs pielietojums gan zinatn€, gan industrija. Lazeru diodes piedava
plasu gaismas vilpa garumu, izejas jaudu un lazera stara formu [32]. Bakalaura darba tika

izmantoti punktveida lazeri.

1.5.1. Pusvaditaju dioZu lazeri

Darba izmantotais sarkanais lazers (659 nm) ir pusvaditaju diozu lazers. Tie ir Joti mazi
p&c izmeriem, efektivi un pateré maz jaudas. Darbibas principa pamata ir elektronu — caurumu
pareja (p-n pareja). Tie sastav no diviem dazadiem materialiem: vienam no tiem ir liela brivu
elektronu koncentracija (n-tipa), bet otram ir elektronu iztrikums — daudz brivi pozitivi
caurumi (p-tipa) [33].

P-tipa pusvaditajos Fermi limenis atrodas valentaja zona, bet n-tipa — vadamibas zona.
Argja elektriska lauka ietekmé Fermi Itmeni abos pusvaditajos tiek savstarpgji nobiditi. Ta
rezultata elektroni no n-tipa pusvaditaja parvietojas uz p-tipa pusvaditaju, savukart pozitivie
caurumi parvietojas pret€ja virziena. Negativi ladétie elektroni pievelk pozitivi ladetos
caurumus un, kad tie satiekas, elektriskais ladins tiek neitralizéts — notiek elektrona-cauruma
rekombinacija. Taja pasa laika tiek izstarots atbilstosas energijas fotons (1.23. att.).

p tipa pusvaditajs

f T DI

W\/‘

£

e Vf

* n tipa pusvaditajs

_ L Caurumi
_\\\ ‘\— NEEEHT T e Dlhinosuaa \& \

\\

(a)

/
%
F
é

\\\\\\\

1.23. att. Energétiska shéma n- un p-tipa pusvaditaju kontakta vieta: a) bez aréja lauka, b)

ar aréjo lauku; Eg — aizliegtas zonas platums, Er — Fermi Iimena energija [pielagots no 34]

23



1.24. attela dota vienkarsa pusvaditaju lazeru diodes shéma.

Léca ) -
\ Kontakta vieta
Lazera stars
Gaisma tiek izstarota +

caur pulgtu virsmu

1.24. att. Pusvaditaju lazeru diodes shéma [pielagots no 35]

1.5.2. DPSS lazeri

Zalais lazers (532 nm) un zilais lazers (473 nm) pieder pie DPSS (diode-pumped solid
state) grupas lazeriem. Starojums rodas ar lazerdiodi uzpumpgjot cietvielu Kkristalu
(piem&ram, Nd:YVO, un KTP) [33].

1.25. attela sniegta vienkarSota DPSS lazera shéma. Zala lazera gadijjuma dioZu lazera
starojums tiek fokuséts uz Nd:YVO, kristalu. Kreisaja pusé redzams spogulis, kas kalpo ka
rezonators. No ta dala starojuma tiek pilniba atstarota (1064 nm), bet dala tiek laista cauri
(808 nm). Labaja pus€ atrodas otrs spogulis, kas laiz cauri 1064 nm un 532 nm vilpu garumu,

bet aiztur 808 nm. 532 nm vilpa garumu generé nelinearais optiskais kristals [33].

Pilniba atstaro 1064 nm  Dalgji
. LaiZ cauri 808 nm  caurspidigs

Diozu :
lazers spogulis

————

— ] ! —

| N ——

- Lazera Nelinears Lazera stars

Lazerdiodes starojumu  kristals optiskais
fokusejosa leca kristals

1.25. att. DPSS lazera shéma [pielagots no 33]

1.6.  Krasu attelu sensori

Krasu attélu sensoru darbibas pamata ir process, kura uz sensora dazadiem virsmas
elementiem (pikseliem) kritosa gaisma tiek parveidota elektronu pliisma. Jo stipraka ir fotonu
plisma, jo vairak elektroni tiek generéti. ST gaismas pliasma tick detektéta, izmantojot

gaismjutigus elementus, kas sakartoti matricas forma. Lai ieglitu krasainu attélu, katram
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gaismjutigajam elementam prieksa tika novietots filtrs. Izmanto trTs veidu filtrus — sarkanu,

zalu un zilu (RGB) (1.26. att.) [36, 37].

0.0 0.0 0.0

Krasu filtru masivs Gaismjitigi elementi ar krasu filtriem

1.26. att. Baijera krasu filtrs [37]

Darba izstradé tika izmantots CMOS (complementary metal-oxide semiconductor)
sensors. CMOS sensoriem ir zems energijas patérin$ un mazi izméri. Tiem ir iesp&ams
atdaliti nolasit R, G un B vertibas katra piksela izeja, ka arT nolasit katru konkréto pikseli
atseviski — tatad var palielinat kadru uznemsanas atrumu kada konkréta sensora apgabala, ja

tiek apskatits tikai $is apgabals [36].
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2. METODISKA DALA

2.1. Eksperimentala iekarta
Eksperimenta tika izmantota Atomfizikas un spektroskopijas institiita izveidota iekarta.

Tas shéma redzama 2.1. att€la, bet prototipa vizualo izskatu var redzet 2.2. attéla.

CMOS kamera
Distancers Difuzors

- 3 lazeri

Divi savstarpéeji
perpendikulari
polarizatori

2.1. att. Eksperimentalas iekartas shema

2.2. att. Eksperimentalas iekartas vizualais izskats

Iekarta tiek izmantoti tris lazeri, ar zinamiem vilpu garumiem: 473 nm, 532 nm un
659 nm. Katra lazera stars tiek ievadits 7 optiskajas Skiedras. Tas visas tiek apkopotas speciali
izveidota Skiedru gredzena, ko izmanto objekta apgaismoSanai. Gredzenam prieksa atrodas
difuzors, lai iegltais apgaismojums biitu péc iesp&jas vienmerigaks. Lai nodrosinatu to, ka
visos eksperimentos attalums no kameras Iidz apskatamajai adai ir vienads, tiek lietots
distancers. Attéls tieck uznemts ar CMOS kameru un nositits uz datoru. Datora tas tiek

apstradats ar Matlab programmatiras palidzibu.
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Lai uzlabotu iegiito att€lu kontrastu un nodze€stu tiesi atstaroto gaismu, tiek izmantoti
divi krusteniski novietoti polarizatori (2.3. att.). Pirmais polarizators tiek novietots péc lazeru
Skiedru gredzena un difuzora. Ta tiek nodroSinats tas, ka visa adu apstarojosa gaisma ir lineari
polariz&ta. Gaismas stars, sasniedzot adu, tiek vai nu tiesi atstarots, vai ari tas iespiezas dzilak
adas audos. Ada tas izkliedgjas 1idz tiek pilniba absorbéts, vai tiek izstarots arpus adas audiem
diftizas atstaroSanas veida. TieSi atstarotd gaisma saglaba savu polarizacijas virzienu, bet
diftizi atstaroto gaismu var uzskatit par nepolariz€tu. Otrs polarizators, kas ir versts
perpendikulara virziena pirmajam, tiek novietots prieksa kamerai. Tada veida tiesi atstarota

gaisma tiek pilniba nodzesta.

Nepolarizeta .
gaisma Polarlz’a'tors
Y d { (
” 1
51 % \\\’ Polarizéta
] gaisma
o ‘-\\‘\
o ” d g g
” .
o Polarizéta
gaisma ]/
Polarizéta Nepqlanzéta
gaisma gaisma

Perpendikulars
polarizators

2.3. att. Divu krustotu polarizatoru darbibas shéma

Izmantotie lazeri ir:
e 659 nm lazers — modelis DB650-12-3, 12mW jauda;
e 532 nm lazers — modelis DD532-10-5, 10mW jauda;
e 473 nm lazers — CNI modelis MBL-I11, 30mW jauda (tika vajinats)
Eksperimenta izmantots CMOS attélu sensors UI-1221LE-C-HQ ar izm&ru 1/3 collas.
Pikselu skaits kadra ir 752 x 480. Kameras matricas relativa jatibas likne attélota 2.4. attéla
[38].
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2.2. RGB parklasanas (crosstalk) korekcijas aprekini

RGB joslu jutibas parklasanas (crosstalk) korekcijas aprékinu pamata tika izmantots
ASI izstradats algoritms [39].

Tika izv€l&ti tris dazada vilpa garuma lazeri — 473 nm, 532 nm, 659 nm. Katram no tiem
tika atrastas kameras spektralas jutibas vértibas katra RGB kanala — S(B1), S(G1), S(R1), S(B>),
S(G2), S(R2), S(B3), S(G3) un S(R3) (2.4. att.), kur 1, 2 un 3 apzZimé izmantotos vilpa garumus:
1 =473 nm, 2 =532 nm, 3 =659 nm, R, G un B apzimé katru no tris uztverSanas kanaliem.
Sis vértibas ir fiksétas, un to savstarpgjas attiecibas ir nemainigas:

TUOSR,)T T SR, SRRy
_S(G) _5(Gy) _S(Gy)

Glz—TGz)a Gl3_TGB)! GB_TG3)’ (2-1)

_S(B) . _S(B) . _S(B,)

Ser2 = oyt ) Sers = w0, Spp =2
B12 S(BZ) B13 S(B3) B23 S(B3)

Tika sastaditas vienadojumu sist€mas katram no uztverosajiem R, G un B kanaliem:
R=R, +R,+R;, G=G, +G, +G,, B=B, +B, +B;, (2.2)

kur Ry, Gy un By ir katra kanala uztvertas vertibas pie vilpa garuma 473 nm, R,, G, un B, — pie

532 nm un R3, G3 un B3 — pie 659 nm vilpa garuma.
S
Ao

0.8

>

0,6

>

0,4

0,2

0

473
400 500 600 700

Vilna garums, nm

L |

32 659

2.4. att. Kameras matricas relativas jiitibas Iiknes ar atzimétiem tris izvélétiem vilna
garumiem (473, 532, 659 nm) un spektralajam jiitibas vértibam katra kanala pie katra vilna

garuma — S(Bl), S(Gl), S(Rl), S(Bg), S(Gz), S(Rz), S(Bg), S(Gg),S(Rg) [pielﬁgots no 38]
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Izmantojot noteiktas spektralas jutibas liknu veértibas, pie katra no vilpu garumiem,

kameras uztvertas signalu vertibas var izteikt §adi:

R R
Rl: 1 1 iRZZ—l’RgzLa
1+ —+— Sppp H1+——— Seis + Sras 1
R12 SRlS R23
G G
G]_ = l 1 ) GZ = ’ Gg :L!
14— 4+ = Sep, +14 Sgiz+ S +1 (2.3)
G12 SGl3 G23
B B
-— % —B-— B 5. 8 _
1+ —+— Sg, +1+—— Seis +Se2s 1
SBlZ SBl3 B23

Talakajos aprékinos izmantotas attiecigi korigétas veértibas R1, Ry, R, G1, G, G3, By, By
un Bs.

Eksperimentos sakuma par referenci tika izmantota balta papira lapa, jo ta atstaro
gandriz visu kritoSo gaismu. Attistot pielietotos algoritmus, par referenci tika piedavats
izmantot veselas adas apgabalus attéla zona. Sada gadijuma nevar izmantot ieprieks
aprakstitos parklasanas (crosstalk) koeficientus. Tadg] tika sastaditi algoritmi, ka aprékinat
nepiecieSamos korekcijas koeficientus.

2.3. vienadojumos saucgji tika apzimeti ar konstantem Agi, Ar2, Ars, Acl, Ac2, Acs, Asl,

Ago Un Ags:
< R g R o R
Axs Ar; Ars
G G G
G=—"6G=—,G=—, (24.)
Acy As, Acs
5.8 5 B g B
Ag; Ag, Ag;

Veselas adas paraugs tika uznemts cetros dazados veidos — apgaismojot to trihromatiski,
kad apgaismojumam izmantoti tris lazeri vienlaicigi, un 3 veidos adu apgaismojot
monohromatiski: atseviski ar zilo, zalo un sarkano lazeri.

No iegtitajiem atteliem tika izdaliti trTs regioni un sastaditas tris vienadojumu sist€émas

katram no kanaliem:
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Ra = ARl 'R1a+AR2
R, = Ars Ry tAg,
Re = Agy 'R+ Ag,
Ga = AGl 'Gla+A62
G, = A GCptAg,

Gc = AGl 'Glc+AGZ
Ba = ABl 'Bla+A32
Bb = ABl 'Blb"'ABz
Bc = ABl 'Blc+A82

'Rza + AR3'
'sz + AR3'
'ch + AR3'

'G2a+AG3'
Gy + Ags -
'GZc+A63'
'Bza+A83'
‘sz +A53'
‘B, + Ags -

(2.5)

(2.6.)

2.7)

Ar indeksiem a, b un c tiek apzimétas iegiitas vertibas katra no tris izdalitajiem adas

regioniem.

No vienadojumu sisttmam tika izteikti nezinamie korekcijas koeficienti

kanaliem (R, G un B):

AR _ R2a 'R3b i R4c - RZa 'R4b 'Rac - R3a i sz 'R4c + R3a 'R4b 'R2c + R4a : sz 'R3c - R4a 'Rab i ch
L=
Ria *Rap * R = Ria *Ryy *Rye =Ry * Ry Ryg + Ry <Ry Ry + Ry - Ry - Rye =Ry, <Ry, - Ry
A —— Rla : R3b : R4c - Rla : R4b : R3c - R3a ’ Rlb 'R4c + R3a ’ R4b : Rlc + R4a ! Rlb : R3c - R4a : R3b : Rlc
R2 —
Ria “Rap *Rae =Ry * Ry Rye =Rya * Ry~ Ry + Ry, Ry - Ryg + Ry - Ry - Rye =Ry Ry, - Ry,
_ Rla : sz : R4c - Rla : R4b ! R2c - Rza : Rlb : R4c + Rza : R4b : Rlc + R4a : Rlb : ch - R4a : sz : Rlc
R3 —
Rla ' RZb : R3C - Rla ' Rsb ’ RZc - RZa ’ Rlb ' R3C + RZa ' R3b ' Rlc + R3a ' Rlb ' RZc - R3a ’ RZb ’ Rlc

Gz 'Gsb 'G4c _GZa 'G4b ’Gsc _Gaa 'sz

a

) G4c + GSa

i G4b i GZc + GAa

'GZb 'Gsc _G4a ’Gsb 'GZc

AG =
' 'GZb 'Gsc _Gla 'Gsb 'GZC _GZa 'Glb

la

' G3c + GZa

Gla 'G3b 'G4c _Gla 'G4b 'GSC _G3a 'Glb 'G4c +G3a 'G4b 'Glc +GAa

'Gsb 'Glc +G3a

'Glb 'GZC _GSa 'sz 'Glc

'Glb 'Gsc _G4a 'Gsb 'Glc

As, =

Gla 'sz 'G3c _Gla 'Gsb 'Gzc _G2a 'Gm 'G3c +G2a 'Gsb 'Glc +GSa 'Glb 'Gzc _G3a 'sz 'Glc

A= G, Gy -G, -G, -G, -G, -G, -Gy, -G, +6G,, -Gy, -Gy +G,, -Gy, -Gy, =G, -Gy -Gy,
3=

Gla 'GZb 'Gsc _Gla 'Gab 'G2c _GZa 'Glb 'Gac +G2a 'Gsb 'Glc +G3a 'Glb 'GZc _Gaa 'GZb 'Glc

A = BZa : BSb ’ B4c - BZa ’ B4b ’ Bsc - B3a : sz : B4c + B3a ’ B4b ’ BZC + B4a : sz : Bsc - B4a : Bsb 'Bzc
Bl —

Bla ’ sz ’ B3c - Bla ’ BSb ’ BZc - BZa ’ Blb ’ Bac + BZa ’ Bab ’ Blc + BSa ’ Blb ’ Bzc - B3a ’ sz ’ Blc

A —— Bla : BSb 'B4c - Bla 'B4b 'Bac - Bsa : Blb ’ B4c + B3a : BAb : Blc + B4a : Blb : Bsc - BAa : BSb 'Blc
B2 —

Bl By - By = Bia "By, By = Byy 1By, - By + By, By, By + By, By By =By, By, By

_ BBy By =B "By, By =By, -By -By + By, By B +B,, By By =B, By, By
B3 —

Bla ’ BZb ’ Bac - Bla ’ B3b ’ BZC - BZa ’ Blb ’ Bac + BZa ’ B3b ’ Blc + Bsa ' Blb ’ BZc - Bsa ’ sz ’ Blc
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Sie koeficienti tiek pielagoti konkrétiem adas paraugiem.

Aprekinos izmantotas programmas kodu skatit 1. pielikuma.

2.3. Hromoforu karsu aprekinasana
Lai noteiktu melanina, oksihemoglobina un deoksihemoglobina koncentraciju ada, tika

izmantots pielagots Béra — Lamberta likums:

I, =1 g, -€XP [_(ﬂaom T Hapony T /UaMELl) 1]
I, =1, 'EXp[_(ﬂaOHz * Hapon2 + layen) 1], (2.11)
Iy =1 s 'eXp[_(:UaOHS * Hapons +1uaMEL3) 15]

kur 11 ir no adas atstarota gaismas intensitate pie A, lre1 ir no balta papira vai veselas adas
atstarotas gaismas intensitate, l; ir vidgjais gaismas iespieSanas dzilums pie A, o,
Hapony UN fue, 1T absorbeijas koeficienti pie A,. Lidzigi ar 4, un A,, kur 4, =473nm,
A, =532nm un A, =659nm. Indeksi OH, DOH un MEL apzimé mekl&tas hromoforas: OH —

oksihemoglobins, DOH — deoksihemoglobins un MEL — melanins.

Absorbcijas koeficienti ( z,,,, un ze,,e, ) Pie A, var tikt izteikti ka:

Hapor

HMaon1 =Con “€on (4)
HMapor = Coon * Eoon (A1), (2.12)
Hanerr = Cvel * EneL (4)

Kur Coy, Cpoy UN Cyg ir attiecigo hromoforu koncentracijas, &, €poy UN Eyg I

ekstinkcijas koeficienti.

Veicam parveidojumus un ieglistam §adu vienadojumu sist€ému:
I
In [Il
refl
Con * €om (ﬂl)+ Coon * €pom (Al)—l— CmeL * EmeL (/11) ==

Con * €on (ﬂ'Z)-I_CDOH " €poH (/12)+CMEL ’gMEL(/lz)—_— (2.13))

Con * €oH (/7‘3)+CDOH “Epon (ﬂ3)+CMEL ‘gMEL(ﬂS):_—
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Tika apskatiti dazadi tuvinajumi optiska cela garumam. Pirmaja tuvinajuma pienemam,
ka optiska cela pilnais garums ir 4l;, kur |; — vidgjais iespieSanas dzilums pie i-ta vilnpu
garuma. Pie 473nm absorbé epidermas melanins (optiska cela 4 l473) un dermas hemoglobins -
optiskais cel§ divreiz mazaks — 2l473. Pie 532nm un 659nm melanina absorbcijas cel$
epiderma ir 4 473, hemoglobinu absorbcijas celi derma attiecigi ir 4 (Iss2 - l473) un 4 (lgso - l473).
(Darba turpinajuma tiks apskatita metode, ka precizak noteikt vid€jo gaismas optiska cela

garumu ada.) legiistam vienadojumu sistému:

I
In[_l] =2 Il(COH “Eon (/11)"' CooH * €poH (/11)"' 2L * e (}“1))

In[ ; J:_4'(|z _Il)(COH "Eon (/12)+CDOH "€ poH (/12))_441 “CyeL 'EMEL(/IZ) (2.14.)

ref3

|n£_3]:_4'(|3 - Il)(COH "EoH (/13)+CDOH "€ poH (/13))_4'|1 “CyveL € e (/13)

_____

. | | | . .
Attiecibas —1—, I 2 un —*- apzimé spektralas vajinasanas koeficientus — no objekta
refl ref 2 ref3

virsmas atstarotas intensitates un no veselas adas atstarotas intensitates attieciba:

| | |
k,=—2, ky=—2, k, =2 (2.15.)

I refl I ref 2 I ref3
Iegiitas hromoforu koncentraciju aprékinasanas izteiksmes skatit 2. pielikuma.
Visas nepiecieSamas konstantes katrai hromoforai pie katra izmantota lazera un vidgjie
gaismas iespieSanas dzilumi ir apkopoti 2.1. tabula.
2.1. tabula

Vidgjais iespiesanas dzilums ada un tris hromoforu ekstinkcijas koeficienti pie katra izmantota

vilpa garuma

. Vidgjais Oksihemoglobina | Deoksihemoglobina Melanina
Vilna L . e -
ArUMS iespieSanas ekstinkcijas ekstinkcijas ekstinkcijas

g am ' | dzilums ada, koeficients, koeficients, koeficients,
um cm/M cm/M cm/M

473 190 30867 15179 1708
532 328 43876 40584 1124
659 655 323 3273 543

Ievietojam zinamos lielumus vienadojumos un iegiistam izteiksmes, ar kuram var
izrekinat oksihemoglobina (OH), deoksihemoglobina (DOH) un melanina (MEL) adas kartes

— hromoforas relativo koncentraciju katra attéla pikseli:
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Coy =0,145- In(l—?’] -0,033- In[l—zl ~0,024- In(l—lJ

ref3 ref 2 refl
I I
Coon =—0128-In| ——|-0,024 - In| —*- [+ 0,057 - In| — (2.16.)
Iref3 IrefZ refl
|3 IZ Il
Cye. =—0,738-In| —— |+0,408- In| —2- [~ 0,806 - In| —
Iref3 Irefz refl

Aprekinos izmantotas programmas kodu skatit 3. pielikuma.

2.4. Gaismas optiska cela garums ada
Lai novertétu optiska cela garumu ada, tika nedaudz parveidots Béra — Lamberta

likums:

1 1
"{—1] =-X- I1[E Con “€on (j“l)—}— ECDOH " €poH (/11)"' CmeL “€meL (/11 )j
refl

(2.17))

|n{ : J:_y'[(lz _Il)(COH “Eon (/12)+CDOH "€ poH (/12 ))_ l; - Cue ‘5MEL(}“2)],

ref 2

In[l—lj =—7- [(l3 - Il)(COH “Eon (/13)4- CpooH * €poH (/13 ))_ l; - Cyer ~ v (/13 )]

kur X, y un z ir konstantes, ar ko japareizina vidgjais iespieSanas dzilums ada, lai korigétu

vidgjo gaismas optiska cela garumu pie katra no vilpu garumiem. lepriek$ aprakstitaja

algoritma x =y=z=4.
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3. REZULTATI UN ANALIZE

3.1. RGB parklasanas (crosstalk) korekcija, izmantojot eksperimentali noteiktus
koeficientus
3.1.1. Eksperimenti ar baltu lapu ka referenci

Parklasanas (crosstalk) korekcijas koeficienti, kas noteikti no izmantotas CMOS

kameras relativas jiitibas liknes:
S, =0,263, Sg,;=0,022, S;,, =0,083,
Se1, =0195, S;,;=0,988, S;,, =5,056, (3.1)
Sg, =3670, Sg; =7,331, Sg,, =1998 .

Tika uznemti Cetri att€li — viens trihromatiska apgaismojuma un tris monohromatiska
apgaismojuma. 3.1. attéla paradits salidzinajums tieSi uznemtajiem att€liem un no
trihromatiska apgaismojuma uznemta attéla izdalitajiem attéliem. Saja pieméra par referenci
tika izmantota balta papira lapa. Ka redzams, iegiitie un tieSi uzpemtie attéli praktiski

neatskiras.

Uznemtie atteli Izdalitie attéli

/2"/1.

cl di c2 d2
3.1. att. Eksperimentali uznemtie attéli un apréekinos izdalitie attéli — izmantojot 3 lazerus
(al, a2) un izmantojot katru lazeri atseviski: 659 nm (b1, b2), 532 nm (cl, ¢2) un 473 nm (d1,

d2), ar bultinam atziméti divi apskatamie apgabali, par referenci nemta balta papira lapa

3.1. tabula ir apkopoti iegiitie rezultati, ja tiek apskatita vidga pikselu veértiba

dzimumzime un vidgja vertiba pikseliem vesela ada. Aprékinos izmantota 2.4. formula.
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3.1. tabula

Divu pikselu vertibu salidzinajums katra no atteliem

Pikselim dzimumzimé (1.) Pikselim vesela ada (2.)
Eksperimenta _N.O . Eksperimenta _N‘O .
. . aprékiniem . aprékiniem | Standart-
Apgaismojums uznemtie . uzpemtie o .
1 noteiktas . noteiktas novirze
atteli o atteli o
veértibas vertibas
R 26,0 24,0 33,0 33,0 2,5
3 lazeri G 16,0 15,0 23,0 23,0 1,8
B 11,0 11,0 18,0 19,0 1,3
R 23,0 23,8 31,0 29,8 2,4
659 nm G 4,0 2,5 6,0 3,2 3,2
B 3,0 1,4 50 1,7 2,9
R 1,0 1,8 2,0 2,6 1,4
532 nm G 10,0 11,7 15,0 15,7 2,8
B 2,0 2,5 3,0 3,6 1,1
R 0,0 0,4 0,0 0,6 0,7
473 nm G 1,0 1,7 2,0 3,1 1,2
B 6,0 7,1 11,0 12,6 2,1

Standartnovirze tika ré€kinata visiem att€la pikseliem, nemot v&ra eksperimentali
uznemto att€lu pikselu vertibas un salidzinot tas ar veértibam, kas iegiitas, izmantojot ieprieks

aprakstitos algoritmus.

3.1.2. Eksperimenti ar veselu adu ka referenci
3.2. attela paradits viens piemérs gadijumam, ja par referenci tiek izmantota vesela ada.
3.2. tabula redzamas vidgjas pikselu vertibas dzimumzimé un blakus esoSaja veselaja ada. Ar1

Sie atteli vizulai izskatas tadi pasi. Saja eksperimenta izmantotas RGB korekcijas konstantes:

A, =-0,706, A, =0,385, A, =1,063
A, =-0764, A,, =0,900, A, = 2,374 (32)
Ay =-0166, A,, =-0,092, A, =6,840
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Uznemtie atteli Izdalitie atteli

/:/1.

al

cl di c2 d2
3.2. att. Eksperimentali uznemtie attéli un aprekinos izdalitie attéli — izmantojot 3 1azerus
(a1, a2) un izmantojot katru lazeri atseviski: 659 nm (b1, b2), 532 nm (cl, c2) un 473 nm

(d1, d2), ar bultinam atziméti divi apskatamie apgabali, par referenci nemta vesela ada

3.2. tabula
Divu pikselu vértibu salidzinajums katra no attéliem
Pikselim dzimumzimée (1.) Pikselim vesela ada (2.)
Eksperimenta _N.o . Eksperimenta _N.o .
Apgaismojums uznemtie aprelg‘lnlfm uznemtie aprelg‘mlftm Stanglart-
atteli no_telktas atteli no_telktas novirze
vertibas vertibas
R 26,0 24,0 33,0 33,0 2,5
3 lazeri G 16,0 15,0 23,0 23,0 1,8
B 11,0 11,0 18,0 19,0 1,3
R 23,0 24,2 31,0 30,2 2,2
659 nm G 4,0 3,5 6,0 4.4 2,0
B 3,0 2,6 50 3,2 1,5
R 1,0 1,4 2,0 2,0 0,9
532 nm G 10,0 10,6 15,0 15,0 1,6
B 2,0 2,4 3,0 3,4 0,9
R 0,0 0,4 0,0 0,7 0,8
473 nm G 1,0 1,9 2,0 3,6 1,6
B 6,0 6,0 11,0 11,3 1,1

Saja gadijuma standartnovirzes tika rékinatas tapat, ka ieprieksgja gadfjuma.
P&c iegiitajiem rezultatiem redzams, ka gan eksperimentali iegiitajiem att€liem, gan

aprekinos izdalitajiem att€liem to pikselu vertibu atskiriba ir neliela. Tatad izmantotais
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algoritms RGB parklasanas (crosstalk) koeficientu aprékinasanai ir piemé&rots un izmantojams
turpmakajiem pétjjumiem.

Tika veikti eksperimenti ar dazadiem adas paraugiem. 3.3. att€la ir paraditi dazi no
iegitajiem rezultatiem. Uz x ass atzim&tas visas korekcijas konstantes, bet uz y ass to veértibas.
Sarkana krasa atzimétas iegtas vertibas, par referenci izmantojot baltu papira lapu. Lai gan
katram adas paraugam tika iegutas atSkirigas korekcijas vertibas, tam ir noveérojamas kopigas
tendences. Pieméram koeficienta Ags vértiba visos eksperimentos ir aptuveni 1. Korekcijas
koeficientu vertibu picaugums zilaja kanala varétu biit skaidrojams ar to, ka CMOS sensora

jutibas likne pie dazadiem vilpa garumiem ir atSkiriga.

I
w
@

=@ Papirs

—0—1. paraugs

=072, paraugs

=@—3. paraugs
=84, paraugs

—o—15. paraugs

Korekcijas koeficientu skaitliskas vértibas

1 2 3 4 5 6 7 8 9
Korekcijas koeficienta numurs

3.3. att. DaZzu adas paraugu korekcijas koeficientu vértibas, korekcijas koeficientu numuru
at§ifréjums: 1=AR1, 2=AR2, 3:AR3, 4:AGly 5=Agz, 6=AGS, 7=A51, 8:A|32, 9=AB3

3.2.  Optiska cela garumu novértéjumi

Sajos eksperimentos tika izmantota iepriek§ aprakstita parveidota Béra — Lamberta
likuma formula (2.17.).

Tika apskatiti 513 varianti X, y un z kombinacijam (4. pielikums): visi iesp&jamie
gadijumi, kad X, y un z vertibas ir no 2 lidz 7, un visi gadijumi, kad tas ir no 5 lidz 15, ja X, y
un z lielumu at8kiriba nav lielaka par 3.

Rezultati tika izvertéti, balstoties uz piepémumu, ka pigmentéta patalogija ir

paaugstinats melanina daudzums, bet oksihemoglobina un deoksihemoglobina koncentracija
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ir aptuveni tada pati ka vesela ada. Tika nemts véra ari tas, ka vaskulara patalogija ir
paaugstinata hemoglobina koncentracija un praktiski nemainiga melanina koncentracija,
salidzinot ar veselu adu. Tika analizétas 39 pigmentétas patalogijas un 15 vaskularas

patalogijas.

3.2.1. Pigmentéto patalogiju uzpémumu analize
Pigmentetu patalogiju gadijuma tika izvertéts hemoglobina limenis salidzinajuma ar
blakus eso$o veselo adu. Turpinajuma sniegts vienas pigment€tas patalogijas (3.4. att.)

analizésanas paraugs.

3.4.att. Adas paraugs ar pigmentétu patalogiju. 1 — pigmentéta patalogija, 2 — veselas adas

apgabals

Izmantojot hromoforu koncentracijas aprékinaSanas vienadojumus, tika atseviski
novertétas relativas oksihemoglobina un deoksihemoglobina koncentracijas pigmentétaja
patalogija un vesela ada. Ja koncentracijas patalogija bija augstakas neka veselaja ada, tad
attiecigas X, y un z kombinacijas netika nemtas vera turpmakaja analiz€. 3.5. attela paradita
oksihemoglobina koncentracija pigmentétaja patalogija un veselaja ada atkariba no izveletas

X, ¥ un z kombinacijas.
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3.5. att. Oksihemoglobina relativa koncentracija pigmentéta patalogija un vesela ada

atkariba no tris izveleto konstansu X, y un z kombinacijas, kas nosaka gaismas optiska cela

garumu ada

Lai vieglak novertétu X, y un z kombinacijas, tas tika sakartotas augosa seciba péc

oksihemoglobina koncentracijas pigmentgtaja patalogija (3.6. att.).

Oksihemoglobina relativa

koncentracija

o
o
w
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3.6. att. Oksihemoglobina relativa koncentracija pigmentéta patalogija un vesela ada

atkariba no tris izvéléto konstansu X, y un z kombinacijas, kas sakartotas péc pigmentétas

patalogijas oksihemoglobina koncentracijas augosa seciba; ar 1 apzimétas tas vértibas, kas

turpmak netiek nemtas vera

Tad tiek aplikota deoksihemoglobina koncentracija vesela ada un pigmentétaja

patalogija.

Lidzigi ka iepriekS vertibas tiek sakartotas augosa seciba atkariba no

deoksihemoglobina koncentracijas patalogija (3.7. att.).
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3.7. att. Deoksihemoglobina relativa koncentracija pigmentéta patalogija un vesela ada
atkariba no tris izveleto konstansu X, y un z kombinacijas, kas sakartotas pec pigmentetas
patalogijas deoksihemoglobina koncentracijas augo$a seciba; ar 2 apzimétas tas vertibas, kas

turpmak netiek nemtas vera

Sada veida tika izvélétas 135 X, y un z kombinacijas, kuras visprecizak apraksta
hemoglobina koncentraciju pigmentéta patalogija. Tas tika izmantotas, lai att€lotu melanina

relativo koncentraciju parauga (3.8. att.).
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0.95 Fd ® pigmentéta

) patalogija
< e vesela 3da

0.75
0.55 o
035 3
0.15 —

0.0 T ———__
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Kartas numurs

Relativa koncentracija

3.8.att. Melanina relativa koncentracija pigmentéta patalogija un vesela ada atkariba no
tris izveleéto konstansu X, y un z kombinacijas, kas sakartotas péc pigmentétas patalogijas
melanina koncentracijas augosa seciba; ar 3 apzimétas tas vértibas, kas turpmak netiek nemtas

véra

Pie visam ieprieks atlasitajam X, y un z kombinacijam var noverot, ka relativa melanina

koncentracija pigment&taja patalogija ir augstaka, ka vesela ada. Tomer, nemot véra faktu, ka
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pigmentéta patalogija melanina koncentracija ir ievérojami augstaka ka vesela ada, tika
atlasitas tas x, y un z kombinacijas, kuras §T atskiriba bija uzskatami redzama.

Lidziga veida tika veikti vél 38 eksperimenti ar pargjam pigmentétajam patalogijam. Ari
Sajos gadijumos tika iegilitas X, y un z kombinacijas, kuras varétu izmantot hromoforu karSu
aprékinasanai. Visas iegiitas kombinacijas tika izvertetas un salidzinatas, 11dz tika atrastas tas
kombinacijas, kuras izmantojot, visu 39 pigmentéto patalogiju gadijumos tika iegiiti ticami

rezultati. Ss vértibas ir apkopotas 5. pielikuma.

3.2.2. Vaskularo patalogiju uznémumu analize

Tika izvertétas arT 15 vaskularas patalogijas. 3.9. attéla redzama viena no tam.

3.9. att. Adas paraugs ar vaskularu patalogiju. 1 — vaskulara patalogija, 2 — veselas adas

apgabals

X, ¥ un z kombinacijas tika izvélétas 1idzigi ka pigment&tu patalogiju gadijuma, bet ka

atlases kritériju izmantojot melanina, nevis hemoglobina relativo koncentraciju (3.10. att.).
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3.10. att. Melanina relativa koncentracija vaskulara patalogija un vesela ada atkariba no
tris izvéléto konstansu X, y un z kombinacijas, kas sakartotas péc vaskularas patalogijas
melanina koncentracijas augosa seciba; ar 1 apzimétas tas vertibas, kas turpmak netiek nemtas

vera
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Parbaudes noliikos tika apskatita hemoglobina koncentracija vaskularaja patalogija
(3.11. att.). Ka redzams, gan oksihemoglobins, gan deoksihemoglobins vaskularaja patalogija

parsvara uzrada ieveérojami lielaku koncentraciju, neka vesela ada.
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3.11. att. Oksihemoglobina un deoksihemoglobina relativa koncentracija vaskulara
patalogija un vesela ada atkariba no tris izvéléto konstansu X, y un z kombinacijas, kas

sakartotas péc vaskularas patalogijas oksihemoglobina koncentracijas augosa seciba

St eksperimenta rezultata tika atlasitas 39 X, y un z kombinacijas. Tas ir apkopotas 3.3.

tabula.
3.3. tabula
X, ¥ un z kombinacijas, kas tika atzitas par izmantojamam konkrétas vaskularas patalogijas
diagnostika
Nrpki| x| y| z|Nrpk | x| y| z|Nrpk | x| y| z|Nrpk | x| y| z
1. 4| 2| 3 11.| 5| 2| 7 21,1 6| 3| 6 31.| 7| 3| 4
2.| 4] 2| 4 12.| 6| 2| 2 2.1 6| 3| 7 32.1 7| 3] 5
3.1 4] 2| 5 13.| 6| 2| 3 23.| 7| 2| 2 3.1 7| 3] 6
4.1 4] 2] 6 4.1 6| 2| 4 24,1 7| 2| 3 4.0 7| 3] 7
51 4| 2| 7 15.| 6| 2| 5 25.| 7| 2| 4 35. | 7| 4] 6
6.| 5] 2| 2 16.| 6| 2| 6 26.| 7| 2] 5 36.| 7| 4] 7
7.1 5] 2| 3 7.1 6| 2| 7 27.1 7| 2| 6 37. 114 |11 | 14
8.1 5| 2| 4 18.| 6| 3| 3 28.| 7| 2| 7 38. 15|12 | 14
9.1 5| 2| 5 19.| 6| 3| 4 29.1 7| 3| 2 39. 0115|1215
10.| 5| 2| 6 20.| 6] 3| 5 30. 7| 3| 3
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Péc $adas analizes principa tika izveértétas vél 14 vaskularas patalogijas. Analizu
rezultata tika iegltas X, Yy un z kombinacijas, kuras var€tu izmantot hromoforu karSu
aprékinasanai vaskularu patalogiju gadijuma. Tas visas tika izvertétas un salidzinatas, lidz tika
atrastas tas kombinacijas, kuras izmantojot, Visu 15 vaskularo patalogiju gadijumos tika iegti

ticami rezultati. STs vértibas ir apkopotas 6. pielikuma.

3.2.3. Pigmentéto un vaskularo patalogiju rezultatu apkopojums
Tika apkopotas iegiitas X, Y un z kombinacijas gan pigmentétu, gan vaskularu patalogiju
gadijuma. Tika atlasitas visas tas kombinacijas, kuras bija atzitas par izmantojamam abu

patalogiju diagnostika. legtitas vertibas redzamas 3.4. tabula.
3.4. tabula

X, ¥ un z kombinacijas, kas tika atzitas par izmantojamam pigmentétu un vaskularu patalogiju

diagnostika
Nr.p.k. y Nrpk | X | y | z [Nrpk | x|y | z [Nrpk | x |y | z
1. 9 | 6 14. 121 9 | 12| 27. 1312 | 11 40. 15 | 12 | 12
2. 10| 7 | 8 15. 12110 9 28. 14 | 11 | 11 41. 15 | 12 | 13
3. 10| 7 | 10 16. 12 110 | 10| 29. 14 | 11 | 12 42. 15 (12 | 14
4. 11| 8 | 8 17. 12 110 | 13| 30. 14 | 11 | 13 43. 15 | 12 | 15
5. 111 8 | 9 18. 13 10| 10| 31 14 | 11 | 14 44, 15 | 13 | 12
6. 11| 8 | 10 19. 1310 | 11| 32 14 | 12 | 11 45, 15 | 13 | 13
7. 11| 8 |11 20. 13110 | 12| 33 14 | 12 | 12 46. 15 | 13 | 14
8. 11| 9 | 10 21. 1310 | 13| 34 14 | 12 | 13 47. 15 | 13 | 15
9. 11 {10 | 8 22. 13111 | 10 35. 14 | 12 | 14 48. 15| 14 | 12
10. 11 110 | 9 23. 13 11|11 ] 36. 14 | 12 | 15 49. 15 | 14 | 13
11. 12| 9 9 24. 13111 |12 37. 14 | 13 | 11 50. 15| 14 | 14
12. 12| 9 | 10 25. 13 11| 13| 38 14 | 13 | 12 51. 15 | 14 | 15
13. 121 9 |11 26. 13111 | 14 39. 14 | 14 | 12 52. 15 | 15 | 12

Attelos no 3.12. Iidz 3.14. att€lota vienas tipiskas pigment€tas un vienas vaskularas
patalogijas hromoforu koncentracijas atkariba no izvélétas x, y un z kombinacijas.
Ka redzams 3.12. att€la, oksihemoglobina koncentracija ir ievérojami lielaka vaskulara

patalogija neka pigmentgta.
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3.12. att. Oksihemoglobina relativa koncentracija pigmentéta un vaskulara patalogija

atkariba no tris izvéléto konstansu X, y un z kombinacijas numura

Deoksihemoglobina koncentracija gan pigmentéetas,

gan vaskularas patalogijas

gadijuma ir tuva nullei, salidzinot ar oksihemoglobina koncentraciju. Pigment&tas patalogijas

gadijuma ta ir lielaka (3.13. att.).
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3.13. att. Deoksihemoglobina relativa koncentracija pigmentéta un vaskulara patalogija

atkariba no tris izvéleto konstansu X, y un z kombinacijas numura
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Melanina koncentracija pigmentéta patalogija ir liclaka neka vaskulara patalogija
(3.14. att.).
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3.14. att. Melanina relativa koncentracija pigmentéta un vaskulara patalogija atkariba no

tris izveléto konstansu X, y un z kombinacijas numura

No visam iegltajam vértibam tika izv€létas 10 X, y un z kombinacijas, kuru sniegtais

rezultats visprecizak atbilda izvirzitajiem modeliem (3.5. tabula).

3.5. tabula

X, ¥ un z kombinacijas, kas visprecizak apraksta izvirzitos pigmentétas un vaskularas patalogijas

modelus

Nr.p.k. y
1. 9 6
2. 10 7 8
3. 10 7 | 10
4. 11 8 8
5. 11 8 9
6. 11 8 | 10
7. 11 8 | 11
8. 12 9 9
9. 12 9 | 10
10. 13 | 10 | 10

3.2.4. Hromoforu karSu pieméri dazadu adas veidojumu gadijumos

Talak paraditi pigmentétas un vaskularas patalogijas hromoforu karSu pieméri,

izmantojot vienu no atlasito X, y un z vértibu variantiem: x=9, y=6 un z=9.
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Tada gadijuma izmantojama vienadojumu sist€éma ir:
I, 1
In| ——|=-9-1, COH €on (/11)+ECDOH "C"DOH(A'I)-I_CMEL"?MEL(ﬂ“l)

ref 1

ref 2

COH €on (’13)*' Coon * €pon (/13)"' Cher " Eme (}“3 ))
ref3

II_] COH Eon (/12 )"‘ Coon * €pon (/12 )"’ CmeL “€meL (/12 )) (3.3)

Tika izveidotas hromoforu kartes pigmentétas un vaskularas patalogijas gadijuma,
izmantojot 3.3 formulu.

3.15. attela redzama pigmentéta patalogija un tris tas hromoforu Kkartes.
Oksihemoglobina un deoksihemoglobina koncentracijas salidzino$i maz atSkiras no blakus

esos$as veselas adas koncentracijas. Savukart, melanina relativa koncentracija ir izteikti

x10 -
[ o gt 1
8 02
£ s Tl 2
. ?
1 + {02
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a 3
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- - o
r s o
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Pigment&ta Oksihemoglobina Deoksihemoglobina
patalogija karte karte
3.15. att. Eksperimentali uznemta pigmentéta patalogija, oksihemoglobina,

paaugstinata pigmentétaja patalogija.

Melanina karte

deoksihemoglobina un melanina karte

Melanina relativa koncentracija tika apskatita ari citu autoru darbos, pieméram, R.
Amelard et al. darba [27]. Melanina koncentracija pigmentétaja patalogija uzradija augstakas
vértibas, neka blakus esosaja veselaja ada. Ar1 B. D'Alessandro et al. darba [40] bija
novérojama lidziga tendence. Saja gadijuma paraugs uzradija ne tikai paaugstinatu melanina
koncentraciju pigmentétaja patalogija, bet ari paaugstinatu deoksihemoglobina koncentraciju.

3.16. attéla paradita vaskulara patalogija. Saja gadfjuma patalogija ir izteikti lielaka
oksihemoglobina koncentracija, ka vesela ada. Bet deoksihemoglobina un melanina

koncentracijas ir aptuveni tadas pasas, ka vesela ada.
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Vaskulara Oksihemoglobina Deoksihemoglobina
patalogija karte karte
3.16. att. Eksperimentali uznemta vaskulara patalogija, oksihemoglobina,

Melanina karte

deoksihemoglobina un melanina karte

Citu autoru veiktos eksperomentos ar vaskularam patalogijam atspogulojas lidzigas
tendences. Pieméram, G.N. Stamatas et al. darba [28] paradita tuskas analize. Tuska
salidzinot ar veselu adu ir uzskatami palielinata oksihemoglobina koncentracija, ne tik izteikti
arT deoksihemoglobina koncentracija. Savukart melanina koncentracija gan tiiska, gan apkart
eso$aja veselaja ada ir tada pati. Nedaudz atskiriga situacija ir D. Jakovela et al. darba [3030].
Taja apskatiti uz vaiga izspieduSies asinsvadi. Oksihemoglobina koncentracija tajos ir
palielinata, bet deoksihemoglobina koncentracija — samazinata.

Talak ir apskatiti dazadi adas veidojumi un no tiem izdalitas tris hromoforu kartes.

3.17. attela redzama nesen iegiita réta. Oksihemoglobina koncentracija taja ir ievérojami
lielaka, ka vesela ada, bet deoksihemoglobina un melanina koncentracijas ir aptuveni tadas

pasas.

Oksihemoglobina Deoksihemoglobina
karte karte
3.17. att. Eksperimentali uznemta nesen iegiita réta, oksihemoglobina, deoksihemoglobina

Réta Melanina karte

un melanina karte

Lipas satur daudz asinis, tatad arT daudz hemoglobina. 3.18. att€la paradits paraugs ar
lipam un tris to hromoforu kartes. Ka tika sagaidits, tajas ir lielaka oksihemoglobina
koncentracija, ka ada. Savukart, deoksihemoglobina un melanina koncentracija ir aptuveni

tada pati ka ada.
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Oksihemoglobina Deoksihemoglobina
karte karte
3.18. att. Eksperimentali uznemts attéls ar lipam, oksihemoglobina, deoksihemoglobina

Lipas Melanina karte

un melanina karte

3.19. attéla redzama sen sadzijusi réta. Var redzet, ka melanina koncentracija taja ir

ievérojami zemaka, ka vesela ada , bet hemoglobina koncentracija ir aptuveni tada pati.

Oksihemoglobina Deoksihemoglobina
karte karte
3.19. att. Eksperimentali uzpemta réta un tas oksihemoglobina, deoksihemoglobina un

Réta Melanina karte

melanina kartes

3.20. attela redzama véna. Ka tika sagaidits, vénas ir lielaka deoksihemoglobina
koncentracija, neka apkartéja ada. Saja gadijuma oksihemoglobina koncentracija ir mazaka

par koncentraciju vesela ada, bet melanina koncentracija visa parauga ir aptuveni vienada.

i
.
-

Oksihemoglobina Deoksihemoglobina
karte karte
3.20. att. Eksperimentali uznemta véna, oksihemoglobina, deoksihemoglobina un melanina

Veéna Melanina karte

karte
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3.3.  OKluzijas tests

Tika veikts okliizijas eksperiments videjam rokas pirkstam. Znaugs uz pirksta tika turéts
6 min. Par referenci tika izmantots pirms eksperimenta uznpemta att€la vidgja pirksta vid&jas

vertibas. Attelos 3.21. lidz 3.24. redzami 3 pirksti horizontala virziena. Vidéjam pirkstam ir

Pirms 1,5 min péc 5,0 min p&c 0,5 min p&c 3 min péc
eksperimenta znauga uzlikSanas  zZnauga uzlikSanas atbrivo$anas atbrivo$anas

uzlikts Znaugs.

3.21. att. Okluzijas eksperimenta laika uznemtie attéli dazados laika briZos

_ = o

!
0.02 BN [ 0% b 4002

] r . -
4 bl bl s .
do 0

-0.06 oy
-0.07 "
.0.08 .

Pirms 1,5 min péc 5,0 min péc 0,5 min péc 3 min péc
eksperimenta znauga uzlikSanas  znauga uzlik§anas atbrivos$anas atbrivosanas

3.22. att. Oksihemoglobina kartes okluzijas eksperimenta laika

<01
{0.08
006
004
0.02
o
-0.02

Pirms 1,5 min péc 5,0 min péc 0,5 min péc 3 min péc
eksperimenta znauga uzlikSanas  znauga uzlikSanas atbrivoSanas atbrivosanas

01

01
- =

006

004

002

3.23. att. Deoksihemoglobina kartes okliizijas eksperimenta laika
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Pirms 1,5 min p&c 5,0 min p&c 0,5 min p&c 3 min péc
eksperimenta znauga uzlikSanas  znauga uzlikSanas atbrivos$anas atbrivoSanas

3.24. att. Melanina Kkartes okliizijas eksperimenta laika

Lai parliecinatos par okliizijas ietekmi uz hemoglobinu ada, tika izveidots grafiks, kura

att€lota oksihemoglobina un deoksihemoglobina relativa koncentracija atkariba no laika

(3.25. att.).

Okliizija *
0.01 ey

0.005 ®

-0.005 - a .. ™o
L d .W ® oksihemoglobins
-0.01
()
o @ deoksihemoglobins

Relativa koncentracija

-0.015 o
)
0.02 ﬁ ‘”-;r
'™
-0.025 »
o
_0-03 T T T T
0 200 400 600 800
Laiks, s

3.25. att. Oksihemoglobina un deoksihemoglobina relativas koncentracijas izmainas okluzijas

eksperimenta laika

Ka redzams, peéc Zpauga wuzlikSanas ieverojami samazinas oksihemoglobina
koncentracija, jo pirksta nepieklust jaunas asinis ar skabekli. Oklizijas laika
deoksihemoglobina koncentracija paliek aptuveni nemainiga. P&c Znauga nonemsanas, strauji

palielinas oksihemoglobina koncentracija, bet deoksihemoglobina koncentracija atri krit.
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Laika gaita gan oksihemoglobina, gan deoksihemoglobina koncentracija klist tada pati ka
eksperimenta sakuma.

Lidzigi eksperimenta rezultati ir aprakstiti D. Jakovela et al. darba [41]. Taja tika veikta
arteriala un venoza okliizija. Arterialas okliizijas laika ievérojami samazinajas
oksihemoglobina Iimenis, savukart deoksihemoglobina Iimenis palielinas. Uzreiz péc Znauga
nonemsanas bija nov€rojams straujSs oksihemoglobina koncentracijas pieaugums un
deoksihemoglobina samazinajums. Laika gaita hemoglobina koncentracija izlidzinajas.
Savukart venozas oklizijas laika oksihemoglobina koncentracija saglabajas aptuveni
nemainiga, bet deoksihemoglobina koncentracija strauji palielinajas. P&c Znauga nonemsanas,
deoksihemoglobina koncentracija samazinas Iidz sasniedz aptuveni tadu pasu koncentraciju,

ka vesela ada.
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KOPSAVILKUMS

Darba gaita tika veikta padzilinat literatiiras izp&te gan par dazadam adas hromoforam,
gan par gaismas optisko celu ada.

Tika uznemti 39 pigmentéto un 15 vaskularo patalogiju, ka ari vairaki citu adas
veidojumu atteli — rétas, lupas un vénas. Eksperimentali noteikti RGB parklasanas korekcijas
koeficienti 8 dazadiem adas paraugiem.

No katra iegiita adas patalogijas momentuznémuma tika izdalitas tris hromoforu kartes
— oksihemoglobina, deoksihemoglobina un melanina. Eksperimentos iegttie rezultati bija
lidzigi dazadas publikacijas aprakstitajiem rezultatiem.

Tika veikts okldizijas tests rokas vid&am pirkstam. Sis eksperiments atspoguloja
sagaidamos rezultatus — okliizijas laika pirksta samazinas oksihemoglobina koncentracija, bet
péc Znauga nonemsSanas ta strauji palielinas. Pret€js efekts notiek deoksihemoglobina
gadijuma.

Galvenie secinajumi peéc darba izstrades:

e izmantojot tris lazeru apgaismojuma iegito adas momentuzpémumu, ir
iespéjams noteikt relativo adas melanina, oksi- un deoksi-hemoglobina
koncentraciju sadalijumu ada;

e ir iespgjams katram adas paraugam noteikt piemérotas RGB S§k&rsrunas
(crosstalk) korekcijas konstantes;

e RGB att€lu merjjumi un algoritma parametru variacijas lauj novertét iespéjamo
optiska cela garumu ada pie katra vilna garuma.

Lai uzlabotu pétijjumu un ta rezultatus, tiek sniegtas ieteicamas rekomendacijas
turpmakajiem pétjjumiem:

e Veikt salidzinaSanu ar citam metodém, lai noteiktu iesp&jamo gaismas cela
garumu ada.

e Japilnveido $1 briza algoritms, lai to var€tu pielietot arT citas fotokameras.
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PUBLICITATE

legiitie rezultati tika prezentéti §adas konferences:
e ,,OSA Optics in Life Sciences”, Vankavera (CA), 12.-15.04.2015. (7. pielikums)
e ,Developments in Optics and Comunications 2015”7, Riga, 8.10.04.2015.
(8. pielikums)
Tie tiks prezentéti:
e _IONS Karlsruhe 2015, Karlsruhe (DE), 26.-29. 06.2015.
Iegiitie rezultati ir apkopoti publikacija:
e J. Spigulis, I. Oshina. Snapshot RGB mapping of skin melanin and
hemoglobin, J,Biomed.Opt., 2015. (9. pielikums)
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PATEICIBAS

Izsaku pateicibu savam darba vaditajam profesoram Janim Spigulim par iesaistiSanu
biofotonikas nozar€, ka ar1 par palidzibu darba tapsanas gaita.

Velos pateikties arT savai masai Kristinei OSinai par noderigajiem padomiem un moralo
atbalstu.

Paldies visiem brivpratigajiem par sniegto palidzibu mérjjumu datu ieglisana.

Bakalaura darbs tika izstradats ar ERAF projekta ,Inovativas adas diagnostiskas
att€losanas tehnologijas” (#2014/0041/2DP/2.1.1.1.0/14/APIA/VIAA/015) atbalstu.

SmERAF

EIROPAS REGIONALAS
ATTISTIBAS FONDS ~ EIROPAS SAVIENTBA

IEGULDIJUMS TAVA NAKOTNE
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PIELIKUMI

1. pielikums. RGB parklasanas (crosstalk) korekcijas koeficeintu iegiisanas

programmas kods

% Ar sarkano lazeri uznemto attélu sadala 3 kanalos - R, G un
B

rr=im2double(r(:,:,1));

rg=im2double(r(:,:,2));

rb=im2double(r(:,:,3));

% Ar zalo lazeri uznemto attélu sadala 3 kanalos - R, G un B
gr=im2double(g(:,:,1));
gg=im2double (g (:,:,2));
gb=im2double(g(:,:,3));

% Ar zilo lazeri uznemto attélu sadala 3 kanalos - R, G un B
br=im2double(b(:,:,1));
bg=im2double(b(:,:,2));
bb=im2double(b(:, :,3));

% Ar visiem tris lazeriem kopa uznemto attélu sadala 3
kanalos - R, G un B

rgbr=im2double (rgb(:,:,1));

rgbg=im2double (rgb(:,:,2));

rgbb=im2double (rgb(:, :,3));

% Fona attélu sadala 3 kanalos - R, G un B

rfons=im2double (fons(:,:,1));

gfons=im2double (fons(:,:,2));

bfons=im2double (fons (:,:,3));
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o\°

Ar katru no lazeriem uznemto attélu un ar viesiem tris
lazeriem kopa uznemto attélu attira no fona troksna katra no
kanaliem

r3=rr-rfons;

g3=rg-gfons;

b3=rb-bfons;

r2=gr-rfons;

g2=gg-gfons;

b2=gb-bfons;

rl=br-rfons;

gl=bg-gfons;

bl=bb-bfons;

r4=rgbr-rfons;

g4=rgbg-gfons;

b4d=rgbb-bfons;

% Ar sarkano lazeri uznemtajam attélam izrékina vidéjo katra
kandla vértibu tris dazZzados izdalitos apgabalos - a, b un c
R2a=mean2 (r2 (115:275,302:489)) ;
G2a=mean2 (g2 (115:275,302:489)) ;
B2a=mean2 (b2 (115:275,302:489)) ;

R2b=mean?2 (r2(49:173,266:412)) ;
G2b=mean2 (g2 (49:173,266:412)) ;
B2b=mean?2 (b2 (49:173,266:412)) ;
R2c=mean?2 (r2 (65:183,392:536) ) ;
G2c=mean2 (g2 (65:183,392:536) ) ;
B2c=mean?2 (b2 (65:183,392:536) ) ;
R2d=mean2 (r2 (189:307,240:381)) ;
G2d=mean?2 (g2 (189:307,240:381)) ;
B2d=mean2 (b2 (189:307,240:381)) ;
R2e=mean2 (r2 (217:338,367:511)) ;
G2e=mean?2 (g2 (217:338,367:511));
B2e=mean2 (b2 (217:338,367:511)) ;
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% Ar zalo lazeri uznemtajam attélam izrékina vidéjo katra
kanala vértibu tris dazados izdalitos apgabalos - a, b un c
R3a=mean2 (r3(115:275,302:489)) ;

G3a=mean2 (g3(115:275,302:489)) ;
B3a=mean2 (b3 (115:275,302:489)) ;

R3b=mean2 (r3(49:173,266:412));

G3b=mean2 (g3(49:173,266:412)) ;

B3b=mean2 (b3(49:173,266:412));

R3c=mean2 (r3(65:183,392:536) ) ;
G3c=mean2 (g3 (65:183,392:536));
B3c=mean2 (b3 (65:183,392:5306) ) ;

R3d=mean2 (r3(189:307,240:381)) ;

G3d=mean2 (g3(189:307,240:381)) ;

B3d=mean2 (b3(189:307,240:381)) ;

R3e=mean2 (r3(217:338,367:511));

G3e=mean2 (g3(217:338,367:511));
B3e=mean2 (b3 (217:338,367:511));

% Ar zilo 1lazeri uznemtajam attélam izrékina vidéjo katra
kanala vértibu tris dazados izdalitos apgabalos - a, b un c
Rla=mean2 (rl1l (115:275,302:489));
Gla=mean2 (gl (115:275,302:489)) ;
Bla=mean2 (bl (115:275,302:489)) ;

Rlb=mean2 (r1(49:173,266:412)) ;
Glb=mean2 (gl (49:173,266:412)) ;
Blb=mean2 (b1 (49:173,266:412)) ;
Rlc=mean2 (rl (65:183,392:536));
Glc=mean2 (gl (65:183,392:536));
Blc=mean2 (bl (65:183,392:536)) ;
Rld=mean2 (rl1l (189:307,240:381)) ;
Gld=mean2 (gl (189:307,240:381)) ;
Bld=mean2 (b1 (189:307,240:381)) ;
Rle=mean2 (rl (217:338,367:511));
Gle=mean2 (gl (217:338,367:511));
Ble=mean2 (bl (217:338,367:511)) ;
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% Ar visiem tris lazeriem kopa uznemtajam attélam izrékina
vidéjo katra kanadla vértibu tris dazZados izdalitos apgabalos
- a, b un c

R4a=mean2 (r4 (115:275,302:489)) ;
G4a=mean2 (g4 (115:275,302:489)) ;
B4da=mean2 (b4 (115:275,302:489)) ;

R4b=mean2 (r4(49:173,266:412) ) ;
G4b=mean?2 (g4 (49:173,266:412)) ;
B4b=mean2 (b4 (49:173,266:412) ) ;
R4c=mean2 (r4 (65:183,392:536) ) ;
G4c=mean?2 (g4 (65:183,392:536));
B4c=mean2 (b4 (65:183,392:536) ) ;

R4d=mean2 (r4(189:307,240:381)) ;
G4d=mean2 (g4 (189:307,240:381)) ;
B4d=mean2 (b4 (189:307,240:381)) ;
R4e=mean2 (r4 (217:338,367:511));
Gd4e=mean2 (g4 (217:338,367:511));
Bde=mean2 (b4 (217:338,367:511));

% Aprékina korekcijas koeficientus katram kanalam
ARl1=(R2a*R3b*R4c-R2a*R4b*R3c-
R3a*R2b*R4c+R3a*R4b*R2c+R4a*R2b*R3c-
R4a*R3b*R2c)/ (Rla*R2b*R3c-Rl1la*R3b*R2c-
R2a*R1b*R3c+R2a*R3b*R1c+R3a*R1b*R2c-R3a*R2b*R1c)
AR2=-(Rla*R3b*R4c-Rla*R4b*R3c-
R3a*R1b*R4c+R3a*R4b*R1c+R4a*R1b*R3c-
R4a*R3b*R1c) / (Rla*R2b*R3c-Rla*R3b*R2c-
R2a*R1b*R3ctR2a*R3b*R1c+R3a*R1b*R2c-R3a*R2b*R1c)
AR3=(R1la*R2b*R4c-Rla*R4b*R2c-
R2a*R1b*R4c+R2a*R4b*R1c+R4a*R1b*R2c-
R4a*R2b*R1c) / (Rla*R2b*R3c-Rla*R3b*R2c-
R2a*R1b*R3c+R2a*R3b*R1c+R3a*R1b*R2c-R3a*R2b*R1c)

AGl=(G2a*G3b*G4c-G2a*G4b*G3c—-
G3a*G2b*G4c+G3a*G4b*G2¢c+G4a*G2b*G3c—-
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G4a*G3b*G2c) / (Gla*G2b*G3¢c-Gla*G3b*G2c-
G2a*Glb*G3c+G2a*G3b*Glc+G3a*Glb*G2c-G3a*G2b*Glc)
AG2=- (Gla*G3b*G4c-Gla*G4b*G3c-
G3a*Glb*G4c+G3a*G4b*Glc+G4a*Glb*G3c-
G4a*G3b*Glc)/ (Gla*G2b*G3c-Gla*G3b*G2c-
G2a*Glb*G3c+G2a*G3b*Glc+G3a*Glb*G2c-G3a*G2b*Glc)
AG3=(Gla*G2b*G4c-Gla*G4b*G2c-
G2a*Glb*G4c+G2a*G4b*Glc+G4a*Glb*G2c-
G4a*G2b*Glc) / (Gla*G2b*G3c-Gla*G3b*G2c-
G2a*Glb*G3c+G2a*G3b*Glc+G3a*Glb*G2c-G3a*G2b*Glc)

ABl=(B2a*B3b*B4c-B2a*B4b*B3c—
B3a*B2b*B4c+B3a*B4b*B2c+B4a*B2b*B3c-
B4a*B3b*B2c)/ (Bla*B2b*B3c-Bla*B3b*B2c-
B2a*Blb*B3c+B2a*B3b*Blc+B3a*Blb*B2c-B3a*B2b*Blc)
ABR2=- (Bla*B3b*B4c-Bla*B4b*B3c-
B3a*Blb*B4c+B3a*B4b*Blc+B4a*Blb*B3c-
B4a*B3b*Blc)/ (Bla*B2b*B3c-Bla*B3b*B2c-
B2a*Blb*B3c+B2a*B3b*Blc+B3a*Blb*B2c-B3a*B2b*Blc)
AB3=(Bla*B2b*B4c-Bla*B4b*B2c-
B2a*Blb*B4c+B2a*B4b*BlctB4a*Blb*B2c-
B4a*B2b*Blc)/ (Bla*B2b*B3c-Bla*B3b*B2c-
B2a*Blb*B3c+B2a*B3b*Blc+B3a*Blb*B2c-B3a*B2b*Blc)
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2. pielikums. Paraugs hromoforu koncentraciju aprékinasanas izteiksmem

Oksihemoglobina koncentracijas aprékinasana:

con = (epon(A1) * eyer(42)

- emer (A1)
“empL (A1)
- emer (A1)
“empL (A1)
* €pon (12)
“&pon(41)
“&pon(41)
* €pon(12)

'll
'll
.lz
.l3

“ly - In(ks) — epon (A1) - empL(A3) -
epon(A2) * empL(43) -
epon(A3) - emer(A2) -
epon(A2) * empL(43) -
epon(A3) - empr(A2) -
*empL(A3) l12 — &on(A1) * €pon(A3) -
“empr(A3) - 112 — 2 &o5(A2) - epon(A3) * Empr (A1) - l12 + eon(43)
“empr(A2) - 112 + 2 g0 (A3) * epon(A2) * empr (A1) - l12 — eon(A)
cempL(A3) Lt + eon(A2) * epon (A1) - empr(A3) 1y - 1 + 2

‘In(ks) — 2 -
‘In(k,) + 2+
‘In(ks) + 2 -
‘In(k,) — 2+

o~

1

o~

1

o~

1

o~

2

o~

3

In(ky) + 2 epon(42)
In(ky) — 2 epou(43)
“In(ky) — 2+ epon(42)
“In(ky) + 2 epon(43)
“In(k1))/(4 - (gon(11)
empL(A2) - l12 — gon(42)

“€on(A2) ~ €pon(A3) “ empL (A1) “ Ly -l — 2+ €0 (A3) - €pon(A2) ~ empL (A1) - Ly
Uy + gon(A1) * epon(A3) * empL(A2) * I+ I3 + 2 €05 (A2) * €pon(A3)

“empL (A1) L v 3 — gon(A3) - epon (A1) “ emprL(A2) - 1y - I3 — 2+ eop(43)
“epon(A2) " empL (A1) by " I3 — 2 - €0p(A2) - epon(A3) “ empr (A1) - 15 - 15 + 2
&on(A3) * €pon(A2)  empr (A1) * 13+ 13))

Deoksihemoglobina koncentracijas aprékinasana:

cpon = —(€on(A1) * empL(A2) * 1y - In(ks) — g0y (A1) * empL(A3) - 1y - In(ky) + 2+ g9y (A7)
empr(A3) * L - In(ky) — 2+ o(13)
emer(A2) - Uy - In(ky) — 2+ g9 (43)
empr(A3) * Iy - In(ky) + 2+ go(13)
empL(A2) 13 - In(ky)) /(4 (g0 (A1)

“empL(Aq) -
“empr (A1)
“empL(Aq) -
“empL(Aq) -
*empL(A3) l12 — eon (A1) " epon(A3) * empL(A2) - l12 — gon(42)
“empL(A3) l12 — 2 eon(A2) * epon(A3) * eypr (A1) - l12 + eon(43)
“emprL(A2) - l12 + 2 e0n(43) “ €pon(A2) * €ypr (A1) - 112 — gon(A1)
empr(A3) byl + €0 (A2) - epo (A1) emp(A3) 1y - L5 + 2

* €pon (12)
* €pon (A1)
“&pon (A1)
“&pon(12)

‘In(ks) — 2 -
‘In(k,) +2-
‘In(ks) + 2 -
‘In(k,) — 2+

gon(12)
gon(A3) -
gon(12)
gon(A3) -

€on(A2) * €pon(A3) * empL (A1) * Ly I — 2+ g0y (A3) - €pon(A2) * empL (A1) - Ly
Uy + eon(A) epon(A3) " empL(A2) Iy " I3 + 2 €05 (A2) * €por (A3)

“empL (A1) Lt I3 — eon(A3) - epon (A1) » empr(A2) “ 1y - I3 — 2+ g0 (43)
“epon(A2) " empL (A1) Ly " I3 — 2 €0 (A2) - epon(A3) " empr (A1) ~ 15 - 15 + 2
gon(A3) * €pon(A2) - empr (A1) * 13 13))
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Melanina koncentracijas aprékinasana:

cmer = —(Eon(A) - epon(42) - 112 “In(k3) — gon(A1) - €pon(43) - 112 “In(k,) — gon(42) -
epon(A1) - l12 ‘In(ks) — 2 oy (A2) * €pon(A3) - 112 In(ky) + g0 (A3) - €pon (A1) -

l12 In(k,) + 2+ oy (A3) * €pon(A2) - 112 “In(kq) — eon(A1) “ €pon(A2) Iy - I - In(ks) +
con(A2) * epon(A1) * by * Iy - In(ks) + 2+ gou(A2) * €pon(A3) * L+ Iy - In(ky) — 2+ 9 (43)
epon(A2) * Iy * Iy - In(ky) + eop (A1) * €pon(A3) * Iy * I3 - In(ky) + 2+ g9 (A2) * €pon(A3) * Iy
l3 - In(kq) — gou(A3) * €pon(A) * 1y - I3 - In(ky) — 2+ 0 (A3) * €pon(A2) * 1y~ I3 - In(ky) —

2 eon(A2)  epon(A3) " Iy * I3 - In(kq) + 2 e9p(A3) * epon(A2) * I+ I3 - In(ky)) /(4

(eon (A1) " €pon(A2) - empL(A3) - 112 — gon(M) " epon(A3) * empL (A2) - l12 — &on(42) -

epon (A1) * empr(A3) - l12 — 2 eou(A2) - epon(A3) * empr (A1) - 112 + con(A3) * epon(Ay) -
emer(A2) - l12 + 2 eou(A3) - epon(A2) * empr (A1) - 112 — &on(A1) ~ epon(A2) * empL(A3) * 1y -
L+ €0 (A2) “ €pon (A1) - emerL(A3) - Ly~ I + 2 €05 (A2) - €pon(A3) ~ empL (A1) - Ly - 1, — 2
con(A3) * €pon(A2)  empL (A1) * L+ I + €0 (A1) * €pon(A3) * emprL(A2) “ 1y - I3 + 2+ o (43)
epor(A3) * empL (A1) - Uy I3 — €0 (A3)  €pon (A1) " EmpL(A2) * Ly - I3 — 2 - g9y (A3)
epor(A2) “ empL (A1) - by - I3 — 2+ e05(A2) - €po(A3) * empL (A1) ~ Ly " I3 + 2 €9 (43) -
epon(A2) - empr (A1) = 13+ 13))
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3. pielikums. Tris hromoforu — oksihemoglobina, deoksihemoglobina un melanina-

karSu iegiSanas programmas kods

% Sadala uznemto attélu 3 kanalos - R, G un B
r=im2double (attels (:,:,1));
g=im2double (attels(:,:,2));
b=im2double (attels (:,:,3));

% Sadala fona attélu 3 kanalos - R,G un B
rfons=im2double (fons(:,:,1));
gfons=im2double (fons(:,:,2));
bfons=im2double (fons (:,:,3));

% Uznemto attélu attira no fona troksdna
rbez=r-rfons;
gbez=g-gfons;
bbez=b-bfons;

% Izdala veselas adas apgabalu un aprékina tas vidéjo vértibu
katra no kanaliem

Rw=mean?2 (rbez (239:261,366:426) ) ;

Gw=mean?2 (gbez (239:261,366:426) ) ;

Bw=mean?2 (bbez (239:261,366:426) ) ;

% Izdala interesé&joso adas apgabalu
Ra=rbez (89:404,283:500) ;

Ga=gbez (89:404,283:506) ;

Ba=bbez (89:404,283:500) ;
Att(:,:,1)=Ra;

Att(:,:,2)=Ga;

Att(:,:,3)=Ba;

% Definé RGB korekcijas konstantes
AR1=-0,706;
AR2=0,385;
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AR3=1.063;

AG1=-0,764;

AG2=0,900;

AG3=2,374;

AB1=-0,166;

AB2=-0,092;

AB3=6,840;

% Pie katra léazera izdalitais kanéals
R1=Rw/AR1;

R2=Rw/AR2;

R3=Rw/AR3;

Gl=Gw/AG1l;

G2=Gw/AG2;

G3=Gw/AG3;

B1=Bw/AB1;

B2=Bw/AB2;

B3=Bw/AB3;

% Spektralo vajinajumu vértibas
kl=(Ba.*G3.*R2-B3.*Ga.*R2-Ba.*G2.*R3+B2.*Ga.*R3+B3.*G2.*Ra-
B2.*G3.*Ra) ./ (B3.*G2.*R1-B2.*G3.*R1-
B3.*Gl.*R2+B1.*G3.*R2+B2.*G1l.*R3-B1.*G2.*R3) ;
k2=(-Ba.*G3.*R1+B3.*Ga.*R1+BRa.*Gl.*R3-Bl.*Ga.*R3-
B3.*Gl.*Ra+Bl.*G3.*Ra) ./ (B3.*G2.*R1-B2.*G3.*R1~-
B3.*Gl.*R2+B1.*G3.*R2+B2.*G1l.*R3-B1.*G2.*R3) ;
k3=(Ba.*G2.*R1-B2.*Ga.*R1-Ba.*Gl.*R2+B1.*Ga.*R2+B2.*Gl.*Ra-
Bl1.*G2.*Ra) ./ (B3.*G2.*R1-B2.*G3.*R1~-
B3.*Gl.*R2+B1.*G3.*R2+B2.*G1l.*R3-B1l.*G2.*R3);

% Izdalitas hromoforu kartes
OH=0.14485421164287130557282264281962*10og (k3) -
0.033209653027317694637634810221767*1og (k2) -
0.02419780292858629744617860076247*1og (k1) ;
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DOH=0.056849896354290599276315538416342*1og (k1) -
0.024315698398547932827630156015363*10og (k2) -
0.12848985959130827709453411742476*1og (k3);
MEL=0.40812949238459436556512641255049*10g (k2) -
0.80554790306961963834863217883171*1og(kl) -
0.73795883256558555360022925864252*10og (k3) ;

% Hromoforu kard3u un izdalita adas parauga attéloSana
imshow (OH, [min (min (OH) ) ,max (max (OH)) 1) ;

imshow (DOH, [min (min (DOH) ), max (max (DOH) ) 1) ;
imshow (MEL, [min (min (MEL) ) ,max (max (MEL)) 1) ;
imshow (Att) ;
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4. pielikums. Apskatitie 513 varianti X, y un z kombinacijam, ar kuram tika

noteikts iespéjamais gaismas optiska cela garums ada
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3x3 Technique for RGB Snapshot Mapping of Skin
Chromophores

Janis Spigulis and Ilze Oshina
Biophatonies Labaratory, Institute of Atomic Physics and Spectroscapy
University of Latvia, Raina Bivd. 19, Riga, LV-1586, Latvia
Author e-mail address: janispialames iv

Abstract: Three monochromatic spectral images have been extracted from a single RGB image
data set at simultancous illumination of skin by 473nm, 532nm and 609nm spectral lines. They
were further transformed into distribution maps of three skin chromophores - melanin, oxy-
hemoglobin and deoxy-hemoglobin, related to pigmented and vascular skin malformations.
Performance and clinical potential of the proposed 3x3 technique is discussed.

OCIS codes: (170.3880) Medical and biological imaging: (170.1870) Dematology: (170.6935) Tissue chamcterization;
(1104234) Multispectral and hyperspectral imaging: (1002000) Digital image processing; (170.0110) Imaging systems:
(170.2945) Hlumination design.

1. Introduction

Fast and reliable imaging of spectral reflectance is an important issue at a range of application areas including
skin chromophore mapping for express-diagnostics, recovery monitoring, forensic evaluation, ete. [1-6]. The shorter
is acquisition time of the spectral image data set, the lower is probability of image motion artefacts to be corrected
afterwards. From the other hand, the narower are the selected spectral bands, the higher is performance and
reliability of spectral imaging and the subsequent parametric mapping. Therefore single snapshot monochromatic
spectral imaging at several fixed wavelengths seems to be a promising technology for fast and reliable parametric
imaging of skin with potentially wide clinical applications.

Snapshot narrowband spectral imaging by means of additional dispersive elements in front of the image sensors
have been reported previously [7.8]. This approach, however, excludes direct use of conventional RGB image
sensors that are widely available in consumer cameras, mobile phones, computers, web cameras, etc. RGB snapshot
chromophore mapping based on skin color analysis without any additional elements was demonstrated in [9]).
Drawback of this approach is complicated processing procedure that involves conversion of the tri-stimulus values
of the CIE XYZ color system into the corresponding RGB values and solution of complicated integral equations
comprising skin chromophore absorption bands. Such processing is time/resource-consuming and very sensitive to
the measurement and calculation errors.

Alternatively, extraction of several spectral images from a single RGB image data set by exploiting the spectral
features of the image sensor and/or spectrally specific illumination of the target have been proposed and discussed
recently [10-14). Snapshot RGB mapping of skin hemoglobin at dual-wavelength laser illumination was first
demonstrated in [10]; performance of this technique can be further improved by the comresponding RGB crosstalk
corrections [12]. As concluded in [14], uniform illumination simultancously at three fixed wavelengths theoretically
allows mapping the spectral reflectance of the target (e.g. skin) at each of these wavelengths by processing of a
single RGB image data set. Solutions of relatively simple linear equations are suitable for image processing in this
case, which is advantageous compared to [9] from the point of accuracy and rational use of time and computing
resources.

This concept (provisionally called “3x3 technique™) was experimentally validated in the presented study for
snapshot mapping of three main skin chromophores - melanin, oxy-hemoglobin and deoxy-hemoglobin.
Monochromatic images at the illumination wavelengths 473nm, 532nm and 609nm were successfully extracted from
single RGB image cubes of color targets and in-vivo skin with pigmented and vascular lesions. The obtained set of
spectral images was further converted into the distribution maps of three above-mentioned skin chromophores.

2. The concept

Basic concept of the proposed technique was described in details earlier [14]. Generally, if the target illumination
spectrum comprises only a limited number of narrow spectral lines with fixed wavelengths, monochromatic spectral
images at these wavelengths can be extracted from a single snapshot RGB image data set by separate registration of
the R, G and B output values from each image pixel. Subsequent mapping of the spectral reflectance at each of the
illumination wavelengths is possible this way, if the following pre-conditions are met:
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(1) the RGB spectral sensitivity curves of the image sensor are known - given by the manufacturer or directly
measured,

(11) they are uniform - the same for all pixels over the whole area of the RGB image sensor,

(111) linear photovoltaic responses at all three detection channels (R, G and B) are ensured,

(1v) the image field comprises a white reference reflector, related to a particular pixel group of the image.

Mapping of spectral reflectance at three chosen wavelengths (473nm, 532nm, 659nm) was the first goal of this
study. Spectral reflectance k; is defined as the ratio I(A)/14(A), where 1(1) is the intensity of radiation reflected from
the target at the specified wavelength A, and 1 (1) - the intensity of radiation, reflected at this wavelength from a
non-absorbing white reference, located at same distance from the photo-detector. If the pre-conditions (1)-(iv) are
met, relatively simple linear equations describe RGB digital output signals of the image sensor [14]. The main
variables influencing the results are ratios of the spectral sensitivities of each detection band (R, G and B) at the
three defined wavelengths and the measured output signals of the R-, G- and B-channel from the pixels located in
the target zone and in the white reference zone. In result, crosstalk-corrected spectral reflectance images at the three
specified wavelengths were constructed.

The second goal was to convert the obtained set of three monochromatic images into distribution maps of skin
melanin, oxy-hemoglobin and deoxy-hemoglobin. Three-chromophore skin model [4,5] based on the Beer-Lambert
law leads to the following system of 3 equations to be applied for each x-y pixel of the three spectral images:

a2 + €38, 00) +e, 2, (2) = 3

o s B) + 6y 5y(A) +e, 2, (2) = =2 .
Co” Ea(‘ﬂ)"' " 55(13) +c,.- 80(113) = _hl_:’
where k; — spectral reflectance at the wavelength A, (L, =473nm, A, = 532nm, A, = 659nm), |, — wavelength-
dependent mean optical path length, &() — extinction coefficient of the specified chromophore (a — oxy-
hemoglobin, b — deoxy-hemoglobin, ¢ - melanin) at the i-wavelength, ¢; — relative concentration of the chromophore
to be mapped (j= a, bor ¢).

Tabulated values of spectrally-dependent extinction coefTicients of melanin and hemoglobin [15.16] at the three
specified wavelengths were used in calculations. As for the absorption path lengths, several options have been tested
with respect to the skin anatomy and different mean light penetration depths 8 in the skin [17]. The 473nm radiation
(8~ 190p) can be absorbed mainly by skin melanin within the epidermal layer of thickness 150-200 p [18], but also
some absorption by the hemoglobin of upper dermal blood vessels has to be taken into account. The two other
exploited wavelengths (532nm, 8 ~ 328u and 609nm, & ~ 655p) are both notably absorbed by epidermal melanin
and dermal hemoglobin. Our analysis showed that reasonable results can be obtained with estimated path length 48
inall cases but for 473nm absorption by hemoglobin, where /=28 appeared to be good approximation.

Solution of the system (1) for each image pixel at the above-mentioned conditions and embedded numerical
data concerning the nine extinction coefTicients [15,16] is:

o= 0.145-Ink; — 0.033 -Ink, — 0.024 - Ink, Q.
¢y = —0.128 - Ink; —0.024 - Ink; +0.057 -Ink, (3).
o= —0.738 -Ink; + 0.408 - Ink, —0.806 - Ink, (4)

Expressions (24 ) were further used for mapping skin oxy-hemoglobin, deoxy-hemoglobin and melanin,
respectively.
3. Measurement setup

To validate the above-proposed model, series of RGB image measurements from a color target and human skin were
taken. The imaging setup comprised an objective-supplied CMOS camera (USB 2 UI-1226LE-C, 1DS with known
RGB sensitivity curves [19]) and three stabilized cw laser modules (473 nm, MBL-111-473; 532 nm, DD532-10- 5;
659 nm, DB650-12-3(5)) with comparable output powers in the range 10...15 mW. Each laser output beam was
launched in a SMA-terminated bundle of 7 fibers with silica core diameter 400 microns; their outputs formed an
illumination ring (composed of 21 randomly distributed emitting fiber ends) around the camera objective. Every
laser module could be independently switched on and off. The target plane was located 50mm from the CMOS
objective lens. Uniformity of target illumination was ensured by a toroidal lens in front of the emitter ring.
Polanzing film was placed behind the lens, and a film with orthogonal polarization direction — in front of the camera
objective. Laser output powers and the exposition time of CMOS sensor were carefully adjusted to provide linearity
of photovoltaic response at all spectral combinations used in the experiments. All automatic features of the CMOS
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image sensor were switched off. Flat paper target composed of four color segments (red, green, blue and white) was
used for primary calibration of the system, like in the previous study [14]. The colors were selected to assure a
unique spectral image pattern at each illumination wavelength that allowed comparing the “true” spectral images
(under illumination of a single laser line) with those extracted from the RGB image data set under simultancous
illumination by three different laser lines. The illumination and recording conditions were optimized with respect to
such comparison. After that, the color target was replaced by healthy or pathological in-vivo skin areas in order to
map the distributions of three skin chromophores.

4. Results

Fig lillustrates the obtained chromophore distribution maps for a pigmented skin nevus. One can see increased
melanin content in the malformation arca and practically unchanged oxy- and deoxy-hemoglobin content. In the
cases of vascular pathologies notable changes in oxy- and deoxy-hemoglobin content were recorded instead.

Fig. 1. Left to night: skin nevus image, oxy-hemoglobin map, deoxy-hemoglobin map and melanin map.

The obtained results demonstrate snapshot mapping of three mayor skin hromophores by conventional RGB
image sensors using the proposed 3x3 technique. They confirm the technical challenge to apply consumer digital
RGB cameras for fast and reliable express-diagnostics of skin by adding an adjusted poly-chromatic illumination
source and appropriate software. Direct use of all registered R, G and/or B pixel output signal values with
subsequent corrections of the spectral RGB inter-channel crosstalk is a fast, cost-efficient and robust way to
compose spectral images in situations when spectrally specific target illumination is available. The proposed
approach may be further extended for parametric mapping of other diagnostic criteria of skin and other bio-tissues.

This work was supported by the European Regional Development Fund project “Innovative technologies for
optical skin diagnostics™ (#2014/0041/2DP/2.1.1.1.0/14/APIA/VIAA/015) and by the Latvian National research
program SOPHIS under the grant agreement # 10-4/VPP-4/11.
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Introduction
Skin  chromophore  distribution provides diagnostic
information in cases of pigmented and vascular

malformations, burns, bruises and other malformations. We
propose a technique for immediate shapshot mapping of skin
melanin, oxy-hemoglobin an deoxy-hemoglobin by means of
RGB camera and illumination by three discrete spectral lines.

Methods

Optical pathways in skin.
When the light reaches skin, part of it is reflected at the
surface. Another part of the light is absorbed by melanin in
the epidermis or scattered by collagen fibers and absorbed by
hemoglobin in the dermis.

diffuser

distancer optical fibers  lasers

polarisers
CMOS camera
The experimental setup

Monochromatic spectral images at the illumination
wavelengths 473nm, 532nm and 659nm were extracted from
single RGB image data set by separate registration of the R, G
and B output values from each image pixel.

First we map spectral reflectance k; at three chosen
wavelengths. Spectral reflectance is the ratio between the
intensity of radiation reflected from the target at the specified
wavelength I()) and the intensity of radiation, reflected at this
wavelength from a non-absorbing white reference I,(i).
Second we convert these three monochromatic images into
distribution maps of skin oxy-hemoglobin, deoxy-hemoglobin
and melanin. To do that we use system of 3 equations based
on the Beer-Lambert law:

A
1
a8 )+ 0y Be) v, 6, () =~
mnk,

c, £, () +e, -5, () +c, - £,(A)=—

I

78

c; - relative concentration of the chromophore

(a - oxy-hemoglobin, b - deoxy-hemoglobin, ¢ - melanin),

&(};) - extinction coefficient of the specified chromophore
(i=a, b, ¢) at j~wavelength (1 =473 nm, 2 =532 nm,

3 =659 nm),

k; - spectral reflectance,

I - wavelength-dependent mean optical path length (= 1, 2, 3).

Results

As a result, vascular pathologies showed notable changes in
oxy- and deoxy-hemoglobin content, but practically
unchanged melanin content. On the other hand, pigmented
malformation area showed increased melanin content and
unchanged oxy- and deoxy-hemoglobin content.

The color scales in images below represent chromophores
concentrations measured 10> mol/L .

Example 1.

6_..
Y 2 vascular
ol

Skin nevus and vascular
pathology image

pigmented
~ skin nevus

Deoxy- hemoglobm map
Example 2

it

Oxy-hemoglobin map

om
(o0r
oo

oo

an

Skin nevus image

Deothemogfobm map Melanin map
Discussions

This method can be used in digital RGB cameras for fast and
reliable express-diagnostics of skin by adding an adjusted
poly-chromatic illumination source and appropriate software.
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Abstract. The concept of snapshot red-green-blue (RGB)
multispectral imaging was applied for skin chromophore
mapping. Three monochromatic spectral images have been
extracted from a single RGB image dataset at simultaneous
illumination of skin by 473-, 532-, and 659-nm laser lines.
The spectral images were further transformed into distribu-
tion maps of skin melanin, oxyhemoglobin, and deoxyhe-
moglobin, related to pigmented and vascular skin
malformations. The performance and clinical potential of
the proposed technique are discussed. @ 2015 Society of Photo-
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1 Introduction

Fast imaging of spectral reflectance is an important issue for a
range of application areas including skin chromophore mapping
for express diagnostics, recovery monitoring, forensic evaluation,
and so on."® The shorter the image acquisition time, the lower is
the probability of motion artifacts to be corrected afterward. The
narrower are the selected spectral bands, the higher is the perfor-
mance and reliability of spectral imaging and the subsequent
parametric mapping. Consequently. single snapshot monochro-
matic spectral imaging at several fixed wavelengths represents
a promising technique for fast and reliable parametric imaging
of skin.

Snapshot narrowband spectral imaging by means of additional
dispersive elements in front of the image sensors has been reported
previously.m This approach. however, is costly and excludes direct
use of conventional red-green-blue (RGB) cameras, e.g.. those
embedded in PCs and smartphones. Recently, colorimetric analy-
sis of human tissues showed promising results.” RGB snapshot
chromophore mapping based on skin color analysis without any
additional hardware was also demonstrated." The complicated
processing procedure (conversion of color coordinates, solution
of integral equations comprising skin chromophore absorption
spectra), being time/resource consuming and very sensitive to
the measurement and calculation errors, is the main drawback
of this approach. Therefore, alternative solutions excluding the
need for colorimetric conversions are of interest for technicians
and clinicians.

*Address all correspondence to: Janis Spigulis, E-mail: janis spigulis@lu v

Joumal of Biomedical Optics

050503-1

80

Extraction of several spectral images from a single RGB
image dataset by exploiting the spectral features of the image
sensor and/or spectrally specific illumination of the target
was proposed and discussed recently." " Snapshot RGB map-
ping of skin hemoglobin at dual-wavelength laser illumination
has been demonstrated;'! performance of this technique can be
further improved by the corresponding RGB band crosstalk cor-
rections.” Uniform illumination simultaneously at three fixed
wavelengths allows extracting three monochromatic spectral
images from a single RGB image dataset." In this case, solu-
tions of relatively simple linear equations may ensure fast image
processing and mapping of three main skin chromophores. An
experimental study aiming to check the viability of this concept
is described below.

2 Methods

2.1 Concept

The presented approach exploits only the spectral features of the
image sensor R, G. and B detection bands, avoiding any trans-
formations to the color systems like L*a*b* or RGB gamut.
Basic principles of the proposed technique were described in
detail earlier.'® Generally. if the target illumination spectrum
comprises only a limited number of narrow spectral lines with
fixed wavelengths, monochromatic spectral images at these
wavelengths can be extracted from a single snapshot RGB
image dataset by separate registration of the R, G. and B output
values from each image pixel or specified pixel group.
Subsequent mapping of the spectral reflectance at each of the
illumination wavelengths is possible this way if the following
preconditions are met: (1) the RGB spectral sensitivity curves
of the image sensor are known--given by the manufacturer
or directly measured. (2) they are uniform-—the same for all pix-
els over the whole area of the RGB image sensor. (3) linear pho-
tovoltaic responses at all three detection channels (R. G. and B)
are ensured, (4) the image field comprises a reference reflector,
related to a particular pixel group of the image.

2.2 Measurement Setup

The measurement setup comprised an objective-supplied CMOS
camera (USB 2 UI-1226 LE-C, IDS with known RGB sensitivity
curves'*'%) and three stabilized continuous wave laser modules
[473 nm, MBL-III-473; 532 nm, DD532-10-5: and 659 nm.
DB650-12-3(5)] with comparable output powers in the range
10 to 15 mW. Each laser output beam was launched into a bun-
dle of seven optical fibers with silica core diameter of 400 um,
mounted within the SMA-standard connector: their outputs
formed an illumination ring, composed of 21 randomly distrib-
uted emitting fiber ends around the camera objective. Each laser
module could be independently switched on and off. The target
plane was located 50 mm from the CMOS objective lens.
Uniformity of target illumination was enhanced by a toroidal
lens in front of the emitter ring. Polarizing film was placed
behind this lens, a film with orthogonal polarization direction
—in front of the camera objective, in order to minimize the
specular reflection from the target. Laser output powers and
the exposition time of the CMOS sensor were carefully adjusted
to provide linearity of the photoresponse at all spectral combi-
nations used in the experiments. All automatic features of the
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CMOS image sensor were switched off. A flat paper target com-
posed of four color segments (red, green, blue, and white) was
used for primary calibration of the system as in the previous
study.'® The colors were selected to ensure a unique spectral
image pattern at each illumination wavelength: that allowed
comparing the “true” spectral images (under illumination of a
single laser line) with those extracted from the RGB image data-
set under simul us illumination by three different laser
lines. The illumination and recording conditions were optimized
with respect to such comparisons. After that, the color target was
replaced by healthy or pathological in vive skin areas in order to
map the distributions of three skin chromophores. Altogether 10
skin malformations (5 pigmented and 5 vascular, all confirmed
by dermatologist) were examined under approval of the local
ethics committee.

2.3 Image Processing

Mapping of skin spectral reflectance at the three chosen wave-
lengths was the first goal of this study. If preconditions (1)+(4)
are met, relatively simple linear equations describe the RGB dig-
ital output signals of the image sensor.'® The main variables
influencing the results are ratios of the spectral sensitivities
of each detection band (R, G, and B) at the three defined wave-
lengths and the measured output signals of the R-, G-, and B-
channel from the pixels located in the target zone and in the
reference zone. Areas of pigmented and vascular skin malforma-
tions were chosen to be the target zones in this study, while the
adjacent skin areas served as reference zones. As a result, RGB
crosstalk-corrected images of relative spectral reflectance at the
three specified wavelengths were constructed.

The second goal was to convert the obtained set of three
monochromatic images into distribution maps of skin melanin.
oxyhemoglobin, and deoxyhemoglobin. The three-chromo-
phore skin model*® based on the Beer-Lambert law leads to
the following system of three equations to be applied for
each x — y pixel of the three spectral images:

Ca - Eald) +cp - 4(d)) +e - (h) = —Bh
Co M)+ cp - ep(Aa) +ep - £ (D) =125

T (n
Ca - €a(A3) + cp - E1(A3) + e - £(A3) =

_
3

where k; is the relative spectral reflectance at the wavelength Z;
(4 =473nm, 4, =532 nm, A; = 659 nm), [; is the mean
optical path length at the particular wavelength. £(4;) is the
extinction coefficient of the specified chromophore (a—oxy-
hemoglobin, h—deoxyhemoglobin, and c—melanin) at the /
wavelength, and ¢; is the relative concentration of the chromo-
phore to be mapped (j = a. b, or ).

Tabulated values of the extinction coefficients of hemoglo-
bin'” and melanin'® at the three specified wavelengths were
used in calculations. As for the absorption path lengths, several
options have been considered with respect to skin anatomy and
different mean light penetration depths & in the skin.'"” The 473-
nm radiation (8 = 190 gm) can be absorbed mainly by skin
melanin _within the epidermal layer of thickness ~150 to
200 gm,”" but also some absorption by the hemoglobin of upper
dermal blood vessels has to be taken into account at this wave-
length. The two other exploited wavelengths penetrated deeper
(532 nm., & = 330 gm and 659 nm, & = 660 gm) and could be
more notably absorbed by dermal hemoglobin. Our analysis
showed that reasonable results can be obtained with an
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estimated path length 44 in all cases except for the 473-nm
absorption by hemoglobin, where [ = 25 appeared to be a
good approximation.

The solution of Eq. (1) for each image pixel at the above-

mentioned conditions and embedded numerical data comprising
1718 3

the nine extinction coefficients is the following:

c,= 0145 -In k3 —0.033 - In k, — 0.024 - In k., 2)
cp,=—0.128 - In k3 —0.024 - In ky; + 0.057 - In k. 3)
¢, =—0738 -In k; + 0.408 - In ky —0.806 - In k;. )

Equations (2) to (4) were further used for mapping skin oxy-
hemoglobin, deoxyhemoglobin, and melanin, respectively.

To summarize, the image processing comprised the follow-
ing steps:

1. Splitting the original color image into its three RGB
channels.

o

. Extracting the background normal skin area and
calculating the mean value for each RGB channel.

. Extracting the region of interest.

. Calculating the mean values of the normal skin at the
three specified wavelengths by using the RGB cross-
talk correction algorithm.'s

. Calculating the values of relative spectral reflectances.

. Calculating the chromophore concentrations in every
pixel of the image using Egs. (2) to (4) to compose the
chromophore maps.

3 Results and Discussion

The obtained chromophore maps for the same malformation
type (pigmented or vascular) showed similar features, therefore,
only one typical set of chromophore maps for each malforma-
tion type is illustrated in Fig. 1. Units of the color bars
are 1072 e mol/L.

The obtained chromophore maps are in qualitative agreement
with the physiologically expected distributions of chromophores
in the regarded skin malformations. In the case of vascular path-
ology (upper row), blood oxyhemoglobin content in the malfor-
mation region has increased (lighter spot) due to additional
supply of arterial blood in the damaged dermal zone, deoxyhe-
moglobin content correspondingly decreased compared with the
adjacent skin (darker spot), and melanin content in the epider-
mal layer r d practically unchanged. In the case of pig-
mented pathology (lower row). a pronounced increase of
epidermal melanin content (lighter spot) is observed without sig-
nificant changes in the oxy- and deoxyhemoglobin contents in
the dermal blood vessels. as one could expect.

The color scales represent the relative increase or decrease of
the chromophore concentrations with respect to their mean val-
ues in the surrounding healthy skin. Eventually, quantitative
estimation of chromophore concentrations may also become
possible after cross-validation with calibrated skin phantoms.
Meanwhile. presentation of chromophore maps in relative units
with respect to healthy skin of the same body region seems to
be better adapted for clinical use (especially for early-stage
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Fig. 1 (a) Skin image at tric ic laser ill
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maps of three skin chromo-

phores for vascular (upper row) and pigmented (lower row) skin malformations. Scale bar on (a) 1 cm.

assessment and recovery monitoring), if compared with approxi-
mate estimation of absolute concentrations of chromophores.
Even if reliable reference phantoms become available, in reality,
the reflectance calibration results may appear mistaken due to
the large variety of skin colors and anatomic features, e.g.. dif-
ferent thicknesses of the melanin-containing epidermis at differ-
ent sites of the body.

The character of chromophore distribution at the surrounding
skin tissue in both cases is rather uneven or grainy. At the current
stage. it is not clear how far it reflects the real distribution of the
particular chromophores and how far itis influenced by the laser
illumination speckles. Nevertheless. the obtained contrast at the
malformation regions was high enough to reliably separate
healthy and pathologic skin areas in the chromophore maps.
To summarize, the proposed noncontact express-technique
adequately reflected skin chromophore distributions and may
find clinical applications for primary diagnostics of skin lesions,
as well as for monitoring of skin recovery processes after sur-
geries. burns, bruises, and other interventions.

4 Conclusions
The obtained results demonstrated adequate mapping of skin
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