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1.

Kopsavilkums

Perioda no 1.7.2014. — 31.10.2014. projekta InBiT aktivitates "P&tijumi" ietvaros veikti §adi darbi:

1.

10.

11.

Sagatavots iesniegSanai zinatnisks raksts ar metodi melanomu atSkirSanai no dzimumzimeém,
balstoties uz adas veidojumu attéliem neliela skaita (3 vai pat 2) spektra joslas. Izveidots
sliek$nu tipa klasifikators, kura [émumkartula tiek parbauditas adas veidojumu pikselu optiska
blivuma vidgjas vertibas un standartnovirzes izvélétajas spektralajas joslas. Raksta pamatota
meérktieciga spektra joslu un veidojumu atskirSanai izmantoto sliek$nu izvéle. Metodes parbaude
attieciba pret pieejamo adas veidojumu att€lu kopu (32 melanomu un 94 dzimumzimju atteli)
paradijusi, ka labakaja piedavataja realizacijas varianta iesp&jams sasniegt loti augstu
klasifikatora kvalitati (iegtta tikai viena klasifikacijas kliida) (aktivitate 2.2).

Turpinati eksperimenti ar pelém $iinu apvalka elektroporozes un sonoporozes efektivitates

izpetei zalu ievadiSanai. legiitie rezultati prezentéti 8. starptautiskaja konferencé "Advanced
Optical Materials and Devices" (25.-27.augusts, Riga) (aktivitate 2.1).

Turpinata védera dobuma 3D datortomografijas att€lu apstrades programmas izstrade,
fokusgjoties uz objektu tilpuma noteikSanas algoritmu, ko var apmacit, izmantojot manuali
atzimétas objektu robezas (aktivitate 2.2).

Pabeigta multispektrala attéla registracijas algoritma izstrade un realizacija MATLAB vidé
(aktivitate 2.2).

Algoritmi adas veidojumu multispektralo att€lu automatiskai registracijai un adas veidojumu
segmentacijai parrakstiti C++ valoda, izmantojot OpenCV biblioteku. Tas nepiecieSams
atrdarbibas palielinasanai un programmatiiras realizacijai dazadas vidés (aktivitate 2.2).

Veikti eksperimentali petijumi adas mitruma noteikSanai, izmantojot Ocean Optics NIR
spektrometru diapazona 900-1700 nm (aktivitate 2.2).

Turpinati pétijumi bilirubina satura noteikSanai ada sasitumu vecuma noteikSanai. Uzlabots
hromoforu kartéSanas algoritms bilirubina koncentracijas noteikSanai (aktivitate 2.2).

Turpinati p&tijumi lazerspeklu izmantosana asins pliismas novértesanai ada. Rezultati prezent&ti
konferencé "Advanced Optical Materials and Devices" (aktivitate 2.4).
Sagatavoti public€Sanai 2 raksti "SPIE Proceedings" (aktivitate 2.4):

a. D. Jakovels, I. Saknite, G.Krievina, J. Zaharans, J. Spigulis, "Mobile phone based laser
speckle contrast imager for assessment of skin blood flow,"

b. M. Tamosiunas, D. Jakovels, A. LihaCovs, A. Kilikevicius, J. Baltusnikas, R. Kadikis, S.
Satkauskas, "Application of fluorescence spectroscopy and multispectral imaging for non-
invasive estimation of GFP transfection efficiency."

Publiceti 2 raksti "SPIE Proceedings" (aktivitate 2.4):

a. Dainis Jakovels, Inga Saknite, Janis Spigulis, "Implementation of laser speckle contrast
analysis as connection kit for mobile phone for assessment of skin blood flow," Proceedings
of SPIE 9129 (2014).

b. Inga Saknite, Dainis Jakovels, Janis Spigulis, "Diffuse reflectance and fluorescence
multispectral imaging system for assessment of skin," Proceedings of SPIE 9129 (2014).

Projekta petnieciska darbiba apspriesta 3 zinatnisko dalibnieku seminaros.

Projekta zinatniskais vaditajs A.Lorencs



2. levads

Sis parskats veltits projekta ceturta posma laika veiktajiem pétfjumiem. Saja laika tika turpinati
uzsaktie petijumi, par iegiitajiem rezultatiem zinots zinatniska konferenc€ un gatavotas zinatniskas
publikacijas.

Adas veidojumu klasifikacijas metode (melanomu atskirSanai no dzimumzimeém) attistita, panakot
klasifikatora augstu kvalitati. Izpétita spektra joslu informativitate §1 uzdevuma risinasanai un
pamatota mérktieciga izmantojamo spektra joslu izvéle, kas nem véra to savstarp&jo korelaciju.
Izveidots klasifikators, kas izmanto adas veidojumu optiska blivuma att€lus tikai 3 spektralajas
joslas un tai pasa laika nodro$ina Joti mazu kludiSanas varbitibu. Izmantojot izstradato metodi,
pieejamas adas veidojumu att€lu kopas (32 melanomu un 94 dzimumzimju attéli) ietvaros ieguta
tikai viena klasifikacijas kluda.

Perioda laika turpinata att€lu registracijas un segmentacijas algoritmu izstrade. Pabeigta
multispektrala attéla registracijas algoritma izstrade un realizacija MATLAB vidé. Algoritmi adas
veidojumu multispektralo att€lu automatiskai registracijai un adas veidojumu segmentacijai
parrakstiti C valoda, izmantojot OpenCV biblioteku.

ASI tika uzsakti eksperimenti adas mitruma novertéSanai, izmantojot Ocean Optics NIR
spektrometru diapazona 900-1700 nm, ka ar1 turpinati pétjjumi bilirubina satura noteikSanai ada
sasitumu vecuma noteikSanai. Uzlabots hromoforu kartéSanas algoritms bilirubina koncentracijas
noteikSanai.

Parskata perioda turpinati darbi, kas saistiti ar elektroforézes un sonoforézes efektivitates izpeti zalu
ievadiSanai Stinas. Piedavati §ts efektivitates novertéSanai izmantojamie parametri, kas ir aprékinami
no in vivo un in vitro iegtitiem fluorescences attéliem. Rezultati prezentéti konferencé "Advanced
Optical Materials and Devices" un publicéti SPIE Proceedings raksta.

Perioda laika projekta rezultati prezentéti starptautiska konferencé "Advanced Optical Materials and
Devices". Perioda laika tika publicéti 2 un sagatavoti publicé$anai 2 zinatniski raksti izdevumiem
"SPIE Proceedings".



3. Adas veidojumu multispektralo attélu registracijas un
segmentacijas algoritmu izstrade un realizacija

Ieprieksgjos parskata periodos tika pétitas divas automatiskas multispektralo attélu registracijas
metodes — savstarpgji atbilstoSo raksturigo punktu atrasana registréjamos attélos; ka ari registréjamo
att€lu bidiSana vienam pret otru, mekl&jot nobidito att€lu pikseliem atbilstoSo skaitlisko veértibu
absoluito starpibu summas minimumu, kas izklasta Tsuma dé| turpmak teksta tiks saukts par pikselu
starpibas minimumu. Saja perioda tika pétitas iesp&jas padarit minétas metodes efektivakas attieciba
pret nepiecieSamajam skaitloSanas jaudam, lai gala lietotajam nebiitu ilgi jagaida rezultats. Lai to
panaktu, izpétitas metodes tika istenotas C++ koda; raksturigo punktu aprakstiSanas metode SURF
tika aizstata ar ORB metodi; att€lu bidiSanas metode tika modificeta, 1stenojot to ka nelielu att€lu
apgabalu bidiSanu. Raksturigo punktu metode tika apvienota ar att€lu bidiSanas metodi, lai
palielinatu registracijas precizitati. Papildus esoSo metozu uzlabojumiem, tika izstradata jauna
registracijas metode, kas, 1idzigi att€lu bidisanas metodei, lauj kompensét tikai att€lu savstarpgjo
nobidi (nespg€j kompenset rotaciju vai izm@ra mainu), tomér ir butiski atraka par ieprieks
istenotajam registracijas metodeém.

3.1. Registracija ar attelu apgabalu bidisanu

Attelu bidiSana vienam pret otru un to pikselu starpibas minimuma mekl€Sana ir Ieéna, ka arT ne
vienmér $adi atrastais minimums norada uz patieso nobidi starp att€liem. Parskata perioda Sis
algoritms tika uzlabots - bidot nevis veselus att€lus vienam pret otru, bet gan bidot vairakus pirma
att€la apgabalus attieciba pret otru att€lu. Eksperimentali veiksmigas apgabalu formas izradijas
Sauri taisnstiiri un krusti.

Att. 3.1. BidiSanas apgabali jau registréta attéla, ka ari to ticamaka atraSanas vieta registréjamaja
attela.

Attela 3.1. paraditi linijveida un krustveida apgabali, kas p&c nejausibas principa tiek izgriezti no
jau registréta ieejas att€la. Sakot no apgabalu sakotngji definétajam koordinatém, katrs no Siem
apgabaliem tiek "alkatigi" bidits attieciba pret att€la 3.1. labaja pusé att€loto registréjamo attelu,



atrodot apgabala un attéla pikselu atSkiribas minimumu. Sarkanie skaitli pie katra no apgabaliem
parada mekI¢tas attélu nobides rezultatu (labako X un y koordinates nobidi) konkrétajam apgabalam.

Lai noteiktu kop€jo att€la nobidi, visas apgabalu noteiktas nobides tiek sagrup&tas péc to vertibu
lidzibas. Ja divu apgabalu nobides [x Y] izpilda nosactjumus:

lac; —a,] =4
|}’1 _}’zl <4 ,

tiek pienemts 1émums, ka abiem apgabaliem atrasta vienada labaka nobide. Salidzinot visas atrastas
nobides, tiek iegita ticamaka kopé&ja nobide, par kuru liecina vislielakais atsevisko apgabalu skaits
ar vienadu nobidi. Starp $adu apgabalu kopas R nobizu vértibam var biit nelielas atskiribas, tade]
gal@jie nobides x un y lielumi tiek aprékinati ka modas no kopas R apgabalu x un y nobidém. Dalot
kopa R ieklauto apgabalu skaitu pret kopgjo apgabalu skaitu, tiek ieglts nobides gala rezultata
ticamibas koeficients, kura maksimala iesp&jama veértiba ir 1. Tatad, jo vairak apgabalu liecina par
konkr&tu nobidi, jo ticamaka ta ir. Ja vairakam ticamakajam nobidém ir vienada ticamiba, par gala
rezultatu tiek izveleta viena no nobidém péc nejausibas principa — §ads rezultats var biit nepareizs,
bet loti iesp&jams, ka arT ta ticamibas koeficients biis mazs.

3.2. Registracijas algoritmu isteno$ana C++ valoda

Parnesot algoritmus uz C++ kodu, tika lietota datora redzes biblioteka OpenCV. Saja biblioteka,
lidztekus attéla ievades un izvades funkcijam, iestradatas vairakas registracijai noderigas
prieksapstrades funkcijas. Pieméram, pirms raksturigo punktu mekléSanas attéliem | tika veikta
histogrammas izlidzinasana ar funkcijas equalizeHist(l) palidzibu. OpenCV iestradatas ari
raksturigo punktu atklasanas un aprakstiSanas metodes SURF, ORB, BRIEF u.c.

ORB metode attéla raksturigo punktu atra$anai un aprakstiSanai tiek piedavata raksta [1]. Autori
eksperimentali parada, ka metode ir butiski atraka par joma popularajam SIFT un SURF metodém,
bet liela dala gadijumu raksturigo punktu atraSanas un atbilstoso punktu paru atrasanas rezultats ir
lidzvertigs. Papildus prieksrociba ORB metodei salidzinajuma ar SIFT un SURF ir iesp&ja to brivi
lietot bez licencu pirkSanas ar1 arpus p&tniecibas.

OpenCV lauj modificét vairakus parametrus ORB metode. Lai uzlabotu registracijas veik$anas
atrumu, sakotngjais aprakstamo raksturigo punktu skaits ORB metodg€ tiek uzstadits neliels - 250.
Pirmaja multispektrala masiva attéla atrastie punkti P1 un to deskriptori tiek saglabati salidzinaSanai
ar nakamo att€lu punktiem P2. Salidzinasana tiek noteikts, kuri no pirma attéla punktiem tika atrasti
ar1 otraja att€la. OpenCV piedava iebuvétas klases deskriptoru salidzinasanai - BFMatcher klase
veic salidzinasanu ar pilnu parlasi, kamér FlannBasedMatcher klasg tiek pielictota FLANN (Fast
Approximate Nearest Neighbor Search Library) salidzinasanas metode, kas daudzu punktu
gadijuma var but atraka par pilnu parlasi.

Ne visi punktu pari ar Iidzigiem deskriptoriem ir viens un tas pats punkts dazados att€los. Pienemot,
ka nobide starp péc vilna garuma tuviem att€liem nav liela, tiek atmesti punktu pari, kas norada uz
pretéjo. Palikusie punkti tiek izmantoti, lai atrastu geometrisko projekciju, kas otra attéla punktus
P2 parvietotu uz to atbilstoSajam koordinatém Pl pirmaja atteéla. 3 x 3 izm@ra transformacijas
matricas ieguve notiek ar OpenCV funkcijas findHomography(P1, P2, CV_RANSAC) palidzibu.
P&dgjais funkcijas arguments norada, ka homografijas aprékina tiek izmantota RANSAC metode,
kas atsija ticamakajai transformacijai neiederigos punktu parus.



Analizgjot iegiito transformacijas matricu, dazkart var noteikt nepareiza rezultata iegiiSanu. Ja
matricas elementi, kas atbilst par rotaciju vai mérogosanu, ir lieli, ieglita transformacijas matrica
visticamak nav pareiza, jo attélu iegfiSanas laika lielas un asas pacientu kustibas nav gaidamas. Sada
gadijuma registrétaja attéla raksturigie punkti tiek mekl&ti no jauna, par 500 palielinot aprakstamo
punktu skaitu. Punktu saparoSana notiek tapat ka ieprieks. Punktu skaits var v&l tikt vairakas reizes
palielinats, pirms tiek pienemts lémums, ka konkrétais att€ls ar raksturigo punktu metodi netiks
registréts.

Ja tiek iegiita deriga transformacijas matrica, attéls tiek registréts, un, transforméta attéla raksturigie
punkti tiek pievienoti pirma attla punktu vektoram P1. Punktu vektora P1 un atbilsto$a deskriptoru
vektora garums palielinas ar katru noregistréto att€lu, lidz vektors sasniedz noteiktu izméru.
Turpmak vektora tiek dzesti vecakie elementi, atbrivojot vietu nakamo attélu punktiem. Sada veida
nakamais att€ls tiek registréts, balstoties uz vairakiem ieprieksgjiem atteliem.

Ja péc visu att€lu apstrades ir palikusi nepieregistréti attéli, tiem tiek pielietota apgabalu bidisanas
metode. ST registracijas metode tiek pielietota atrak, ja ar raksturigo punktu analizes palidzibu nav
izdevies pieregistrét devinus att€lus péc kartas. Bidisanas metodg tiek lietoti 20 taisnstiira un krusta
formas apgabali, ka tas paradits attéla 3.1. Metodes pielietoSana konkrétam att€lam tiek pienemta
par izdevusos, ja iegiitas att€lu nobides ticamibas koeficients ir lielaks vai vienads ar 0.2. Pretgja
gadijuma apgabalu bidisana tiek veikta arT pret spektra talakiem veiksmigi registrétiem att€liem, jo
iesp&jamais sliktais ticamibas koeficients var liecinat par to, ka tuvakais registrétais att€ls ir
izpludis. Lai Tstenotu apgabalu bidisanas metodi C++ koda, tika izveidota apgabalu klase Patch. Ta
lauj definét apgabala izmé&rus, formu un koordinates, ka ari icklauj funkciju match(), kas atrod
apgabala nobidi starp diviem atteliem.

3.3.  Attelu registracija ar lokalo ekstremu atbilstibas
atrasanu

Parskata perioda tika izstradata arT jauna registracijas metode, kas ir atraka par C++ koda istenoto,
ieprieks€ja nodala aprakstito metodi. Jaunaja metod€ tiek noteikti un salidzinati raksturigi punkti
starp att€liem, bet atSkirtba no ORB, SURF un lidzigajam metodém, Sie punkti ir att€la lokalie
minimumi un maksimumi, ka ari $aja metode netiek veikta punktu paru mekl€Sana ar punktu
deskriptoru palidzibu.

3.3.1. Efektiva lokalo ekstremu atrasana

Lokalo ekstrému atrasanai sakotngji tika izmantots "alkatigas" meklésanas algoritms. Saja gadijuma
attela tiek patvaligi izvietoti mekl€Sanas punkti, kas iterativi parvietojas, Iidz nonak att€la lokalaja
ekstréma. Miisu gadijuma ieejas attéla ekstréma mekleSanas punkti tiek izvietoti ar konstantu soli
(att. 3.2.a). Gadijuma, kad tieck mekléti att€la lokalie maksimumi, ap katru mekl€Sanas punktu
noteikta apgabala tiek meklets pikselis ar lielako intensitates veértibu. Nakamaja iteracija maksimala
vertiba tiek mekleta ap iepriekS atrasto punktu. Ja ap punkta §1 briza koordinat€m netiek atrasta
neviena par §1 punkta intensitati lielaka vertiba, tiek pienemts 1@émums, ka konkrétais punkts ir
lokalais maksimums. Attéla 3.2.b paradits lokalo maksimumu mekl€Sanas rezultats. DaZi sakotngjie
punkti no attéla 3.2.a var nonakt viena un taja pasa lokalaja maksimuma. Lidziga veida tiek atrasti
ar1 lokalie minimumi.



a) b)
Att. 3.2. Lokalo maksimumu mekl&Sana: a) mekl€Sanas punktu sakotngja izvietoSana; b) atrastie
lokalie maksimumi (mekl&$anas punktu atraSanas vietas péc "alkatigas" maksimumu mekl&sanas).

Veidojot programmas MATLAB vidg, tas biezi iesp&jams padarit atrakas, aizvietojot programmu
iterativos ciklus (for, while) ar matri¢u darbibam. Sadi tika izveidots alternativs un atraks veids
lokalo ekstrému atrasanai. Otraja metode ieejas attéls tiek sadalits mazos apgabalos, ka paradits
att€la 3.3.a. Katra apgabala maksimums vai minimums tiek atrasts ar efekttivam MATLAB
funkcijam min() un max(). Ja apgabala minimums vai maksimums atrodas uz apgabala robezas, tiek
pienemts 1&émums, ka $aja apgabala attieciga ekstréma nav. Pret§ja gadijuma apgabala minimums
vai maksimums ir arT att€la lokalais ekstréms. Att€la 3.3.b paraditi ar So metodi atrastie lokalie
ekstrémi.

b)
Att. 3.3. Efektiva lokalo ekstrému meklésana: a) att€la sadalisana apgabalos; b) atrastie lokalie
maksimumi (sarkani) un minimumi (zali).

Lidz ar lokalajiem ekstrémiem var tikt atrasti un talak registracijas algoritma pielietoti ari citi
raksturigi att€la punkti. Sakotngja algoritma versija raksturigie punkti tika papildinati ar stiira
punktiem, kas atrasti ar Harisa stiru atklasanas metodi. Tomér, testéjot algoritmu ar adas
multispektralajiem att€liem, tika secinats, ka stiru punktu mekléSana bitiski palénina algoritmu,
taja pas$a laika nepalielinot iesp€ju attélus veiksmigi registrét.



3.3.2. Attelu nobides atklasana, salidzinot So attelu
ekstremu punktus

Att€lu savstarpgjas nobides noteikSana balstas uz pienémumu, ka biitiska noteikto ekstrému dala
abos attélos atbilst kop&jam punktam uz adas. Sada gadijuma, ja iegiist nobides starp visiem pirma
attela raksturigajiem punktiem P1 un visiem otra att€la punktiem P2, biitiskai dalai So nobizu jabiit
ar vienadam vértibam. ST biezaka nobide visticamak atbilst ari attelu kopigajai nobidei, un
piedavataja metod€ to var atrast atseviSski nemekl&jot, kuri lokalie punkti no pirma att€la atbilst
lokalajiem punktiem otraja.

Lai nobides atraSanas algoritms biitu atrs, p&c iesp&jas vairaki ta soli tiek Tstenoti ka matricu
darbibas. Pirma att€la lokalie minimumi un maksimumi tiek apvienoti viena 2 x m izm&ra matrica
P1, kur matricas kolonnas atbilst punkta x un y koordinatém, bet m ir att¢la atrasto ekstrému skaits.
Otra attéla ekstrémi glabajas matrica P2 ar izm@ru 2 X n. Visam matricas P2 kolonnam (punkta (X,
y) koordinatém) tiek izveidotas 2 x m matricas Ri, kuru pirmas rindas visi elementi ir X, un, otras
rindas elementi ir y. Katra Ri matrica tiek atnemta no pirma att€éla punktu matricas P1. legtas
starpibu matricas tiek sastik@tas kop€ja matrica N ar izm@ru 2 X (m - n), kas ir visu iesp&amo
nobizu matrica.

Parak lielas nobides (virs 200 pikseliem X vai y virziena) matrica N tiek ignorétas, pienemot, ka
$adas nobides ir maz ticamas. Visi pargjie N punkti tiek lietoti, lai izveidotu jaunu att€lu (att. 3.4).
Sakotngji jaunaja attéla visiem pikseliem ir nulles vértibas. Katra N punkta x un y koordinates tiek
lietotas, lai attieciga piksela vertibu jaunaja att€la palielinatu par konkrétu lielumu. Lidz ar to, ja
vairakas nobides N ir vienadas, jaunaja att€la pikselim ar Sai nobidei atbilsto§am koordinatém biis
lielaka vértiba. Ta ka nobides pa X un y asi var biit arT negativas, tad patiesiba jauna atteéla punktu
koordinates ir nobiditas par 200 pikseliem pa X un Yy asi (jauna att€la pikselis (1, 1) atbilst nobidei N
matrica (-200, -200)). Jauna att€la asis atbilst iespgjamam nobid€m pa X un y asi, savukart pikselu
intensitate norada uz konkrétas nobides ticamibu. Pikselis ar lielako vértibu, visticamak, norada uz
mekl&to nobidi. ST piksela atrasanas vietu var efektivi atrast ar funkciju max().

Att. 3.4. lesp€jamo nobizu att€ls, kur piksela intensitate norada uz konkrétas nobides biezumu starp
pirma un otra ieejas att€la raksturigajiem punktiem.

Vairakas nobides matrica N var biit loti tuvas, tomeér atskirigas viena no otras trok$nu un dazadu
kameras kustibu dg]. Attéla 3.4 var novérot, ka pastav divas tuvas un Joti ticamas iesp&jamas
labakas nobides. Lai vidgjotu $adu tuvu nobizu ietekmi att€la 3.4 veidosana, tika pienemts, ka viena
piksela vieta katrs N punkts ietekmé liclaku apgabalu iesp&jamo nobizu telpa. Sis ietekmes
imité$anai izmantots Gausa formas elements. Tas nozimé, ka katra N punkta balss papildina nobizu
attelu ar 3.5.a attela paradita Gausa formas elementa veértibam konkréta punkta apkartng, nevis ar
vienu pikse]a balsi ka ieprieks. Sada veida iegiitais rezultats paradits att. 3.5.b, kura tad tiek meklats
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globalais maksimums. Konkrétaja pieméra mekléta nobide starp ieejas atteliem ir 227-200 = 27
pikseli pa X asi un 196-200 = -4 pikseli pa Y asi.

180

05

a) ‘ 2 5 2 225 b)

Att. 3.5. (a) Gausa formas elements, ko lietojam viena piksela vieta, b) nobizu attéls, kas iegiits,
lietojot Gausa formas elementu.

3.3.3. Jauna registracijas algoritma lietoSana

Lai MATLAB vid¢ lietotu jauno registréSanas algoritmu, nepiecieSami projekta izstradatie koda
faili: pcmRegistration.m; findLocalMinMax2.m; findPoints.m; matchPoints.m; loadDirlmages.m.
Tad to var izsaukt dazados veidos, izmantojot sekojoSas komandas:

>> pcmRegistration( pathOrlmages )

- Ka ieejas parametru pathOrlmages var padot mapi, kur atrodas attéli, pieméram, pathOrlmages =
'C:\Atteli\3-1\". Sada gadijuma registrétie atteli tiks automatiski saglabati jauna mape 'C:\Atteli\3-1
reg\'. Parametrs pathOrimages var bit ar1 cell tipa mainigais, kur katra $tna ir attéls. V&l ieejas
parametrs var biit mat tipa mainigais, kura ir visu vilpa garumu attéli no konkréta meérjjuma. Ja ieeja
ir $ada veida padoti attéli nevis mapes adrese, tad registrétie attéli netiek saglabati uz cieta diska.

>> imagesReg = pcmRegistration( pathOrimages )
- Saja gadijuma programma izvada cell tipa mainigo imagesReg ar registrétajiem attéliem.

>> imagesReg = pcmRegistration( pathOrlmages, showResult )
- Ja papildus ieejas mainigais ShowResult == true, tad p&c algoritma izpildes MATLAB video veida
att€lo registracijas rezultatu.

>> imagesReg = pcmRegistration( pathOrImages, showResult, outputPath )

- TreSais neobligatais parametrs outputPath ir mape, kura var konkréti noradit rezultatu
saglabaSanas adresi. Ja pirmais ieejas parametrs bija ieejas att€lu atrasanas vieta, tad ar treSo ieejas
parametru var mainit rezultatu saglabasanas vietu. Ja pathOrlmages ir attéli, nevis mape, tad
rezultatu saglabasanu failos var nodro$inat, tikai lietojot ieejas parametru outputPath.
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4. Augstas kvalitates klasifikacijas metodes izstrade,
izmantojot informaciju no neliela skaita spektra joslam

Iepriekséja posma parskata [4] aprakstita klasifikatora izstrade melanomu atSkirSanai no
dzimumzimém, izmantojot 3 spektra joslu datus. Parskata posma pétijumi papildinati ar joslu
informativitates un savstarpgjas korelacijas analizi, kas lauj meérktiecigi izv€l€ties izmantojamas
spektra joslas. Veikta klasifikatora kvalitates analize, ka ari iegiti eksperimentali rezultati,
izmantojot tikai 2 spektra joslu datus.

4.1. Izmantojamo spektra joslu atlases principi

Ka jau aprakstits iepriek$€ja posma parskata, melanomu-névusu klasifikators tika veidots ka
sliekSna tipa klasifikators. Ta ka miisu riciba ir m melanomu att€li, sanumuréeti seciba no 1 lidz m,
un n névusu attéli - no 1 Iidz n, apzim&jam p-tas melanomas pikselu optisko blivumu vid€jo vértibu
J-taja spektra josla ar y;(p), bet ar vj(q) — g-ta névusa pikselu optisko blivumu vid&jo vertibu j-taja
josla. Talak ar sj(p) apzim&am p-tas melanomas pikselu optisko blivumu sadalfjuma
standartnovirzes vertibu j-taja josla, bet ar oj(q) — g-ta névusa pikselu optisko blivumu sadalfjuma
standartnovirzes vértibu j-taja josla. Defingjam

a;= n;Ln Il'lj(p)’ ajzzqrﬂ%x Vj(q)’ bj1: min Sj(p)’ bj2: max O_j(q) (1)

p=1,m p=1,m g=1,n

Ka jau tas bija sagaidams, izradijas, ka visiem j=151 aj < ap un bjy < bj. Projektejama
klasifikatora slieksni tika mekléti péc $ada principa: par j-tas joslas slieksni 4, tika izveléts reals
skaitlis 4, aj; < 4 < ajp, kas deva mazako vertibu kopu Uj1(4) un Uja(4) apjomu summai, t.i., |Uji(4)|
+ |Uj2(4)], kur U (4) = {ei(p) | (p) < 4%}, Uja(4) = {vj(a) | vj(q) > 4}. Analogi tika definéti slieksni
4" spektralo joslu standartnovirz€m. Realo skaitli A} izvelgjamies par slicksni j-tas joslas
standartnovirzém, ja bj; < 4’ < bjz un |Vji(4')] + |Vj2(4")| vertiba ir minimala salidzinajuma ar citam
iespgjamam A’ vertibam, kur Vji(4") = {sj(p) | sj(p)<4}, Vj2(4)= {0i(q) | 0j(0)>4"}.

Ja melanomu un névusu detektéSanas pamata liktu tikai vienas spektra joslas sniegto informaciju,
tad par informativitates raditaju konkretai joslai j, 1 < < 51, varétu kalpot skait]u paris (g;, h;), kur

gj = Ujn(4y)! + Uja(45)! (2
un
hj = IVju (4! + Vja(45)! . (3)

Protams, So raditaju vertibas nav kaut kas absolits, jo skaitlu g; un h; aprékinu pamata ir miisu
riciba esosie 32 melanomu un 94 névusu attéli. Aprékinatie joslu informativitates raditaji prezenteti
1.tabula. Pilnigu sakartojumu $aja datu kopa var€tu panakt ar nosacijumu, ka paris (gk, hx) seko aiz
para (gj, h;), ja h>hjvai he =hjun g > g;. Pie So nosacijumu izpildes vargtu rakstit: (gj, h;) < (g,
hy). Tatad augstaka informativitate tiks piedévéta joslam, kuras atradisies §1 sakartojuma sakuma.

1.tabula. Joslu informativitates raditaji un klasifikatoros izmantotie slieksni.

Josla g h A1 Ay
1 12 8 9322 852
2 12 8 9866 746
3 14 6 10164 823
4 13 6 10042 847
5 13 4 10234 958
6 12 4 10666 994
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7 13 4 10317 1139
8 13 4 10272 1154
9 13 4 9948 1163
10 12 4 10214 1083
11 12 4 10044 1098
12 12 4 9868 1106
13 11 4 9947 1105
14 11 4 9613 1212
15 11 4 8779 1270
16 10 5 8257 1096
17 11 5 7629 1137
18 11 4 7533 1243
19 11 4 7282 1215
20 11 4 6533 1181
21 11 4 6421 1140
22 11 4 6045 1044
23 11 3 5630 1061
24 10 3 5533 1028
25 10 4 5300 878
26 10 4 5077 840
27 10 4 4670 860
28 9 4 4720 903
29 9 4 4574 879
30 9 4 4432 843
31 10 4 4186 810
32 9 5 4323 676
33 9 5 4158 641
34 9 5 4026 604
35 10 5 3891 572
36 11 5 3822 549
37 12 6 3705 495
38 12 6 3635 501
39 13 6 3476 487
40 14 7 3341 453
41 14 8 3412 414
42 14 9 3359 400
43 13 10 3461 390
44 15 10 3387 391
45 17 11 3423 371
46 17 11 3534 362
47 18 11 3586 333
43 19 12 3744 322
49 20 13 3794 309
50 22 14 3664 315
51 24 13 3799 344

1.tabulas dati rada, ka miisu izvél€tais spektralo joslu trijnieks satur divas joslas, kuras atrodas tuvu
sada sakartojuma sakumam. Tas ir 10. un 20. josla, kuras prezenté skaitlu pari gi10= 12, hio =4, g2
= ll, h20 =4,
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Interesanti atzimét, ka §1s divas joslas (10. un 20.) gandriz precizi atbilst tam divam joslam, kuras
sava pétljuma ka informativas izvirzitas darba [2]. Ta ka 40. joslas raksturliclumu paris gs0 = 14, hgo
= 7, tad §ts joslas ieklausana komplekta klast diskutabla. Tacu janem véra, ka komplekta
ieklautajam joslam jabit ar savstarp&ji papildinoSu informaciju. Ja divu joslu korelacija ir pozitiva
un tuvu 1, to abu ieklausana viena komplekta javerté ka slikti motiveéta pat taja gadijuma, kad to
individuala informativitate ir augsta.

4.2.  Spektra joslu korelétibas novértésana

Kvantitativs $§adas korelétibas novert€jums tomer saistits ar zinamam problémam. Pats primitivakais
J-tas un k-tas joslas korelétibas raditajs corr(j, k) aprékinams péc formulas

corr(j,k)=|ji—k|. (3)

Jau krietni saturigaks corr(j, k) baitu aprékinams péc formulas

S (m-1)"(u,(p)- 7,) (1, (p)- 2,

corr , (j k) == ; 4)
S-S,
kur
_ inm _ 1 nm
== u(p); me ==X u(p),
m p-1 m p=1

1 m _ 1 m _
sp=——% (u,(p)- iz, ) s sf = =2 (u,(p)- &, ).
m-1,1 m-—1p2

Analogisku corr(j, K) varam izskait]ot attieciba uz névusu kopu, t.i., izskaitlot corr(j, k) péc
formulas

S (-1, (@)-7,)- v, (@)-7,)
corr , (j k)= . : (5)

No atseviskajiem joslu j un k korel&tibas novértéjumiem varam veidot vienotu corr(j, K) péc
formulas

corr (k) = m-corr ,, (j,k)+n-corr  (j,k)

(6)

m+n

Iesp&jamais joslu paru skaits miisu gadijuma ir Csi® = 1275. No visa paru skaita corr(j, k) tika
aprekinats Sadiem pariem: (10, 11), (10, 12), ..., (10, 30) un (20, 21), (20, 22), ..., (20, 40).
Aprekinu rezultati prezentéti 2.tabula.

2.tabula. Spektra joslu korelacijas koeficienti.

Korelacijas koeficienti melanomam corry,

j/k 11 12 13 14 15 16 17 18 19 20
10| 1,00 00| 099| 097 09| 093| 091| 089| 087 ] 0,86
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21 22 23 24 25 26 27 28 29 30
10| 0,84 083 08| 08| 081| 080 079 077] 077| 0,76

ik 21 22 23 24 25 26 27 28 29 30
20| 1,00 100 099 099| 099| 097| 09 | 09 | 095]| 0,95
31 32 33 34 35 36 37 38 39 40
20| 094 093] 093] 092| 09 | 08 087 084) 081]| 0,78

Korelacijas koeficienti piepaceltiem nevusiem COrry
jik 11 12 13 14 15 16 17 18 19 20
100,999 | 0,997 | 0,994 | 0,990 | 0,983 | 0,967 | 0,953 | 0,944 | 0,939 | 0,933
21 22 23 24 25 26 27 28 29 30
10| 0,927 | 0,924 | 0,919 | 0,913 | 0,909 | 0,905 | 0,902 | 0,899 | 0,892 | 0,887

jlk 21 22 23 24 25 26 27 28 29 30
2010999 | 0,998 | 0,997 | 0,994 | 0,991 | 0,987 | 0,982 | 0,976 | 0,969 | 0,962
31 32 33 34 35 36 37 38 39 40
2010952 | 0941 ] 0,925 | 0,903 | 0,878 | 0,846 | 0,817 | 0,783 | 0,745 | 0,705

Koreldcijas koeficienti plakaniem nevusiem corry
jlk 11 12 13 14 15 16 17 18 19 20
10| 0,999 | 0,998 | 0,996 | 0,993 | 0,986 | 0,972 | 0,958 | 0,952 | 0,948 | 0,943

21 22 23 24 25 26 27 28 29 30
10| 0,938 | 0,933 | 0,927 | 0,923 | 0,919 | 0,917 | 0,912 | 0,908 | 0,901 | 0,898

ik 21 22 23 24 25 26 27 28 29 30
20| 1,000 | 0,999 | 0,997 | 0,995 | 0,992 | 0,989 | 0,985 | 0,982 | 0,977 | 0,972
31 32 33 34 35 36 37 38 39 40
20| 0,967 | 0961 | 0,955 | 0,946 | 0,937 | 0,926 | 0,917 | 0,906 | 0,894 | 0,880

Ta ka corry(10, 20) = 0,86, tad varam uzskatit, ka joslu 10 un 20 informacijas viena otru nedaudz
papildina. Jau nopietnaku savstarp&jo papildinajumu sniedz joslu paris (10, 30), jo corry(10, 30) =
0,76. Par attaisnojumu ieklaut 40. joslu tripleta (10, 20, 40) var kalpot corry(20, 40) = 0,78,
corrn(20, 40) <0.88 Acimredzot savstarp&ju informacijas papildinajumu sniedz arT joslu triplets (10,
20, 30). Sadam risinajumam par labu runa arf fakts, ka corry(20, 30)<0.98.

Parskata perioda tika uzlabota klasifikatora izmantoto sliek$nu noteikSanas metode un slieksni tika
precizeéti (to vertibas noraditas 1.tabula). Izmantojot §is sliekSnu veértibas un joslu tripletu (10, 20,
30) bez joslu paplasinasanas, izveidotais klasifikators pareizi noteica visas melanomas, bet kludaini
pieskaitija melanomam ari 4 névusus. Gadijuma, kad joslas tika paplaSinatas lidzigi ka darba [4,
sadala 4.1] apvienojot pamatjoslas ar blakus esoSajam joslam un nosvarojot tas ar koeficientiem
0,25; 0,5; 0,25, iegutais klasifikators lava pareizi noteikt visas melanomas un k]tadaini pieskaitija
melanomam tikai 1 névusu. Tas uzskatams par klasifikatora labas kvalitates apliecinajumu, lai gan
iegiits, izmantojot vienus un tos pasus att€lus klasifikatora konstrukcijai un parbaudei.
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4.3. Klasifikacijas kvalitates jautajumi

Melanomu un névusu diskriminacijas procediru iesp&jams veidot ne tikai ka sliekSnu tipa
klasifikatoru, bet arf ka SVM dizainu. So variantu sava pétijuma izmantojusi publikacijas [3] autori.
Lai gan vingu iegitais rezultats (diskriminators, kas balstits uz 9 spektra joslam), sasniedz véra
nemamu sensitivitates un specificitates verte¢jumu (sensitivitate 1 un specificitate 0,72), tas tomér
nav uzskatams par p&d&jo vardu Saja problematika — diskriminatoru veidoSana, kas balstitos uz
nedaudzu spektralo joslu sniegto informaciju. Musu pétijuma spektra joslu skaits samazinats tris
reizes un tatad sastav no tikai 3 spektra joslam. Svara koeficienti, kuri pierakstiti raksturlielumu
(vidgjo vertibu un standartnovirzu) indikacijam, noteikti uz sekojosa postulata pamata:
standartnovirzu informativitate visuma ir augstaka par vidgjo vertibu informativitati.

Diskutablais jautajums par dizaina un testa kopu sakritibu vai atSkiritbu miisu gadijuma atrisinams
atkariba no izvéleta skatupunkta. Ja klasifikatora spektra joslu komplekts un sliekSpu 4; un A’
vertibas noteiktas, izejot no misu riciba esosam melanomu un névusu att€lu kopam A un B, bet pec
tam Sis klasifikators testéts uz A un B bazes, tad dizaina un testa kopas sakrit. Ja turpreti spektra
joslu komplekts un klasifikatora sliekSni 4; un 4’ izveleti neatkarigi no A un B datiem, bet konkréta
klasifikatora kvalitate tiek testta, izmantojot A un B datus, tad A un B veido tikai testa kopu pari,
un iegiitie klasifikacijas rezultati kalpo par pamatu konkréta klasifikatora kvalitates veértejumam. Par
kvalitativako atzisim to, kuram sensitivitates un specificitates noveértejumi bis augstaki.

Lai klasifikatoru pielietojumu eksperimenta iegiitos rezultatus var€tu izmantot sensitivitates un
specificitates statistiskos punktveida novértéjumos, mums japienem $ads realo situaciju idealiz&joss
postulats: konkréta klasifikatora pielietojums katrai melanomai (resp., katram névusam) raksturojas
ar vienu un to paSu kludiSanas varbutibu py (resp., gy ). Tada gadijuma sensitivitates (resp.,
specificitates) statistiskais noveértgjums dotajam klasifikatoram bis aprékinams p&c maksimalas
paticamibas principa. Ja, piem., klasifikators no 32 melanomam nepareizi klasificeé vienu, tad

sensitivitates novertgjums §, bis vienads ar 1 —1/32 = 0,9687, bet ja tas no 94 névusiem nepareizi
klasificgja piecus, specificitates novertéjums péc maksimalas paticamibas principa $p,, =1 —5/94
=0.9468.

Gadijuma, ja visas 32 melanomas klasificétas pareizi, Uz eksperimentu rezultatu pamata
klasifikatora sensitivitate nav novért€jama pe&c maksimalas paticamibas principa/metodes, jo
funkcijas p*, kas defingta segmenta [0.1] neeksisté maksimuma punkts. Vienlaikus atzim@sim, ka
sads klasifikacijas rezultats ar pietickami lielu varbiitibu realizésies ar1 tad, ja Tsta sensitivitate bis
0.99. Sada notikuma varbiitiba ir lielaka vai vienada ar 0.7249. Bet ista sensitivitate nevar biit
mazaka par 0,85, jo $ada notikuma varbiitiba mazaka par 0,0055

Lai gan dazi autori [3] runa par vinu izveidoto klasifikatoru sensitivitates vertibu 1, Sada
apgalvojuma pamatojums nav iegiistams no konkréta eksperimenta rezultatiem. Ta, pieméram, ja
klasifikators 7 melanomas eksperimenta klasificé ka melanomas, tad sensitivitates noveértgjums § =
1 uzskatams par loti apSaubamu sensitivitates novert§jumu, jo $adu eksperimenta rezultatu ar
pietiekami augstu varbiitibu iespgjams iegit ari tad, ja Istais sensitivitates raditajs batu 0,96. S

raditajs nopamatots teorétiski, balstoties uz noteiktiem fizikaliem parametriem.

4.4, Klasifikacija no divu spektra joslu datiem

Nemot vera, ka korelacijas koeficients joslu parim (10,30) attieciba uz melanomam ir 0,76, interesi
izraisa klasifikators, kura pamata biitu tikai $is divas joslas. So joslu sliekSnpu vertibas Aj un A’
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atrodamas 1.tabula (joslu informativitates tabula). Formulgjam klasifikacijas kartulu ar nosacijumu,
ka attéls tiek klasificets ka melanoma tad un tikai tad, ja

Y (0.241(a,)+0.261(8,))>0.48, 7)

je{10,30}

kur a;, j piederigs pie {10, 30}, ir apskatamas melanomas vai névusa pikselu optiska blivuma
vidgja vertiba j-taja josla, bet £, j piederigs pie {10, 30}, ir standartnovirzes vertiba j-taja josla, bet
I(), 1(B;) — izteikumu a1g > A1, azo > Az, P10 > A'10, P30 > A'3 vertibas (=1, ja izteikums ir patiess,
=0, ja aplams). Apzim&sim So klasifikatoru ar simbolu W,. Ja lidzigi ka darba [4, sadala 4.1]

apvienojam pamatjoslas ar blakus esoSajam joslam, nosvarojot tas ar koeficientiem 0,25; 0,5; 0,25,
tad iegiistam klasifikatoru W, . So klasifikatoru pielietojumi mis riciba esoajiem melanomu un

névusu att€liem pie manualas segmentacijas deva $adus rezultatus: abi klasifikatori visas
melanomas klasificgja pareizi, klasifikators W, nepareizi klasificgja 10 n&vusus, bet Kklasifikators

W, nepareizi klasificgja 6 névusus. Jasecina, ka divu spektralo joslu izmantoSana klasifikacijas

kvalitati tomér samazina. Jaievéro, ka specificitates punktveida novert€§jums $aja gadijuma bis ne
mazaks par 0,89.

4.5. Metodes izmantosSana vairaku attélu iegtiSanas
tehnologiju datu kopigai izmantosanai

Jaatzime, ka izstradata klasifikacijas metode lauj kopigi izmantot att€lus, kas ieghti, izmantojot
dazadas tehnologijas. Ta ka adas veidojumu statistiskie raksturlielumi tiek iegiiti neatkarigi katram
konkrétas spektra joslas att€lam, netiek ieviesti ierobeZojumi attieciba pret atsevisku att€lu
iegiiSanas veidu. Pieméram, klasifikacijai var izmantot ar pétamo objektu fluorescences attélus. Lai
klasifikacija izmantotu $o att€lu sniegto informaciju, tajos jasegmente tie paSi p&tamie objekti,
janosaka objektu pikselu vidgas vertibas un standartnovirzes un jaaprékina klasifikatora
izmantojamas sliekSnu vértibas, izmantojot apmacibai pieejamos att€lus. Ja tas paveikts, var
izveidot klasifikatoru, kura lémuma kartula tiek nemtas véra attiecigo izteikumu vértibas. Papildus
tam, katra klasifikacijai izmantota attéla iztetkumu vertibam var piemérot svara koeficientus, ar
kuru palidzibu var nemt veéra $i att€la informativitati, kas saistita ar ta iegiSanas tehnologijas
Tpatnibam. Sada pieeja ir vispariga un to var izmantot dazadu klasifikacijas uzdevumu risinasanai
gan biomedicina, gan arf citas pielietojumu jomas.

5. Elektroforézes un sonoforézes efektivitates novertésana,
izmantojot fluorescences multispektralos attélus

Elektroforéze un ultraskanas ierosinata sonoforéze var tikt izmantota DNS plazmidu ievadiSanai
S$tinas, kas paver jaunas iesp€jas génu terapija un véza arstéSana. Tomer minétas metodes joprojam
ir izpetes stadija — ir nepiecieSams vairak eksperimentalo datu, lai izskaidrotu DNS ievadiSanas
mehanismu, ka arT novertétu efektivitati. Projekta ietvaros tika pé€titas vienkarSas un I€tas
biomediciniskas att€loSanas tehnologijas, kas lauj neinvazivi novértét proteinu ievadiSanu $iinas
reala laika, tad€jadi samazinot izmantojamo dzivnieku skaitu laboratorijas pétijumos. Izveidota
multimodala maketierice tika izmantota fluorescences att€loSanas rezima, lai noveértétu zala
fluorescgjosa proteina (GFP ) ievadiSanas efektivitati peles tibialis cranialis muskula $iinas.
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Fluorescences spektrala att€losana un arT punkta merfjumi tika izmantoti in vivo GFP fluorescences
intensitates noveértésanai. Spektralo atteélu apstrades rezultata tika iegiiti GFP ievadiSanas efektivitati
raksturojos$i parametri — GFP fluorescences intensitate, fluorescgjosas virsmas laukums. Tika
novérota pozitiva korelacija starp fluorescences intensitati in vivo un in vitro, ka ari fluorescgjoso
muskula Skiedru skaitu (terapijas pozitivo rezultatu), kas demonstrja fluorescences spektralas
att€loSanas izmantojamibu terapijas efekta uzticamai un neinvazivai noveértéSanai. Tadgjadi ir
iesp&jams monitorét GFP fluorescences kinétiku intereSu objektos visa to dzives garuma.

Tika demonstréta ar1 vienkarsa un l&ta fluorescences att€loSanas maketierice, kuras pamata ir krasu
kamera, lazers un optiskie filtri, tad€jadi aizvietojot dargos komercialos risinajumus, pieméram,
CSB Xenogen IVIS Imaging System 100, CRI Maestro system, Leica FCM 1000.

Ming&tajos petijumos tika demonstréts, ka elektroforéze un sonoforéze ir efektivas terapijas metodes
zalu/génu ievadiSanai Stnas. Tika nove@rots, ka labaku terapijas rezultatu (intensivaku GFP
fluorescences signalu, tatad arT labaku proteina ievadiSanu §0inda) var nove@rot, izmantojot
elektroforézi, jo Tpasi vienu augsta sprieguma elektrisko impulsu (800 V/cm, 0.1 ms).

Vairak informacijas par min€to p&tijumu var rast zinatniska publikacija (kopija atrodama ari 1.
pielikuma):

M. Tamositnas; D. Jakovels; A. Lihacovs; A. Kilikevicius; J. Baltusnikas, et al. "Application of
fluorescence spectroscopy and multispectral imaging for non-invasive estimation of GFP
transfection efficiency"”, Proc. SPIE 9421, Eighth International Conference on Advanced Optical
Materials and Devices (AOMD-8), 94210M (October 22, 2014); doi:10.1117/12.2083895;
http://dx.doi.org/10.1117/12.2083895

6. Lazerspeklu atteloSanas ierice uz mobila telefona bazes

Asins pliismas, perfuzijas noveért€Sana ir svarigs parametrs adas stavokla noveért€§jumam, ka ari
sniedz informaciju par kop€jo asinsrites stavokli. Lazera Doplera perfuzijas att€loSana (Laser
Doppler perfusion imaging — LDPI) un lazerspeklu kontrasta att€loSana (Laser speckle contrast
imaging — LASCI) ir optikas tehnologijas adas perfuzijas novért€Sanai, kas Tistenotas arl
komercialos produktos. Tomeér pieejamas LDPI un LASCI ierices ir dargas un saméra lielas
izméros, lai biitu plasi pieejamas. Min&to tehnologiju steno$anai uz mobila telefona bazes biitu
potencials primaraja diagnostika.

Projekta ietvaros tika izstradata un demonstréta vienkarSa un I&ta LASCI sisteéma, kas kalpo ka
adapteris mobilajam telefonam. Izveidota maketierice tika testéta laboratorijas apstaklos, noverojot
pecokliizijas hiperémiju un termalo hiperémiju, ka ari salidzinata ar komerciali pieejamu LDPI
sistemu.

Izveidotas LASCI ierices pamata ir 650 nm lazera modulis. Mérjjumu rezultati demonstrg, ka ta var
tikt izmantota primaram adas stavokla monitoringam. Sadas ierices var arf tikt lietotas izglitosanas
nolikam, pieméram, laboratorijas darbos medicinas vai medicinas fizikas studentiem.
SalidzinoSajos mérjjumos ar LDPI ierici tika noverots, vienkarsa LASCI ierice var kalpot ka
alternativa pecokliizijas hiperémijas monitoringam. Siltuma testa bija novérojamas atskiribas starp
abam perfiizijas novertéSanas pieejam, kas demonstré, ka LASCI sniedz informaciju par asins
plismu adas kapilaros, bet LDPI ar no dzilakiem slaniem.

LASCI ierice var ari tikt izmantota asins pulsaciju noverosanai. LU ASI iepriek$€jos pétijumos
demonstréts, kas pulsa amplittida var tikt izmantota lokalas anestézijas iedarbibas noteikSanai.


http://dx.doi.org/10.1117/12.2083895
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Tomér LASCI tehnologijai ir arT savi trikumi — ta ir jutiga pret kustibam, pétamas virsmas
izlieckumiem un kameras iestatijumiem. P&tamajam objektam jabiit miera stavokli. Vienmériga
lazera apgaismojuma nodroSinaSana joprojam ir izaicinajums, kas ierobezo atteéloSanas iespéjas.
Mobila telefona kameras pasSregulacija var radit nepatiesu rezultatu, tapéc nakamais solis ierices
attistiba biitu mobila telefona programmas izveide kameras vadibai un datu apstradei.

Vairak informacijas par min€to pétijumu var rast zinatniska publikacija (kopija atrodama 2.
pielikuma):

Dainis Jakovels; Inga Saknite; Gita Krievina; Janis Zaharans and Janis Spigulis, "Mobile phone
based laser speckle contrast imager for assessment of skin blood flow ", Proc. SPIE 9421,
Eighth International Conference on Advanced Optical Materials and Devices (AOMD-8),
94210J (October 22, 2014); doi:10.1117/12.2084681; http://dx.doi.org/10.1117/12.2084681.



http://dx.doi.org/10.1117/12.2084681
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7. Adas mitruma noteik8ana, izmantojot tidens absorbciju tuva
infrasarkana spektra apgabala

Parskata perioda tika veikti mérjjumi adas mitruma noteikSanai, izmantojot tuvo infrasarkano
spektra apgabalu. Tuvais infrasarkanais spektra apgabals diapazona no ~1-2 mikrometriem ir ar
izteiktiem ar tdens absorbciju saistitiem maksimumiem un minimumiem. Galvenie absorbcijas
maksimumi ir pie 1200 nm, 1450 nm un 1900 nm. Tas nozimé, ka Sis spektra apgabals varétu
potenciali but izmantojams adas mitruma noteikSana, jo adas absorbcijas spektram vajadzeétu
mainities atkariba no ta, cik daudz @idens ir adas virs€jos slanos. Tadgjadi salidzinot, piemeram,
adas absorbcijas spektru 1450 nm apkartné, kur nov€rojams izteikts ar fidens absorbciju saistits
maksimums, un 1300 nm apkartn€, kur noveérojams ar iidens absorbciju saistits minimums,
vajadzétu spét novertét relativu adas mitruma parametru. ST pétfjuma mérkis ir atrast tos tuva
infrasarkana spektra vilpa garumu diapazonus, kurus biitu vislabak izmantot adas mitruma
novertésanai.

Adas mitruma neinvazivai novértésanai ir liela praktiska nozime. Pieméram, kosmétikas industrija
Sobrid nav nekadu iesp&ju neinvaziva veida novértét dazadu mitrinoSu adas krému iedarbibu.
Kosmétikas kompanijas ir ieinteres€tas $adas metodes izmantoSana, jo tas lautu tam novertet dazadu
krému efektivitati un tos salidzinat.

7.1. Literatira atrodamas udens ekstinkcijas koeficientu
vertibas

UDENS ABSORBCIJAS SPEKTRS
0,9 - 1,7 MIKRONU SPEKTRA APGABALA

30 1453 nm
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UDENS ABSORBCIJAS SPEKTRS
0,9 - 1,7 MIKRONU SPEKTRA APGABALA

2,0
|_
Z
w
v} 1196 nm
w15
o]
b4
(73]
<
210
Z
&
2 976 nm
w
205
o=
-4
-
2

0,0

900 1000 1100 1200 1300 1400 1500 1600 1700
VILNA GARUMS, NM

Salidzinajumam — Gidens un tauku absorbcijas spektri 900 — 1100 nm diapazona.
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7.2. Dazadu optisko Skiedru caurlaidibas salidzinajums

Ta ka adas mitruma mérijumi notiek tuvaja infrasarkanaja spektra diapazona un tajos ir jaizmanto
optiskas Skiedras, tad sakotngji tika parbaudita dazadu laboratorija pieejamo Skiedru caurlaidiba Saja
spektra diapazona.

Meérijjumiem tika izmantots Ocean Optics NirQuest512 spektrometrs ar detektéSanas spé&ju
diapazona 900 — 1700 nm. Tika izm&ginatas dazadas Skiedras; no pieejamajam §im diapazonam der
tikai 3, kuras ir t.s. WF skiedras (Water Free). Tas ir silicija $kiedras, kuru izstradé izmantota ipasa
tehnologija, lai Skiedra pasa nebiitu Gidens absorbcija tuvaja infrasarkanaja spektra diapazona.
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7.3. Atstarotas gaismas meérijumi ar caurspidigu Petri
traucinu

Tika izmantota Y veida WF skiedra un halogéna lampu gredzena gaismas avots. Petri traucins tika
novietots uz balta papira lapam. Skiedras gals — apméram 2 cm attaluma no Petri trauka apaksas.
Sakuma tika izme@rita atstarotas gaismas intensitate I, tukSam Petri traucinam, p&c tam — atstarotas

gaismas intensitate I, kad traucipa ir ieliets tidens ~1 mm slani. Grafikos paraditi gan iegitie

. . - . . RV A
atstarotas gaismas intensitasu spektri, gan absorbcijas parametrs, kas aprekinats sadi: 4 = .
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ATSTAROTAS GAISMAS INTENSITATE, REL. VIEN.
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NORMETAS ABSORBCIJAS PARAMETRA A = lo/I UN UDENS
MOLARA EKSTINKCIJAS KOEFICIENTA VERTIBAS
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ABSORBCIU RAKSTUROJOSS PARAMETRS, NORM.

Tika veikti m&rijumi, lai salidzinatu absorbcijas parametra izmainas, mainot tidens daudzumu Petri
traucina, kur 1 — aptuveni 1 mm biezs Gidens slanitis, 2 — aptuveni 2mm, utt.

ABSORBCIJAS PARAMETRS PIE DAZADIEM UDENS SLANA
BIEZUMIEM
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[}

1500 1600 1700

900 1000 1100 1200 1300 1400 1500 1600 1700

VILNA GARUMS, NM

Redzams, ka pie 976 nm un 1196 nm udens absorbcijas maksimumiem absorbcijas parametra
vertiba pieaug, pieaugot tidens slana biezumam (izpemot pirmos 2 mérfjumus), savukart pie
1453 nm maksimuma tas nav redzams, jo atstarotds gaismas intensitates spektra nebija redzams
maksimums pie §1 vilna garuma, kas norada uz to, ka starojums tika absorbéts un netika atstarots
atpakal tik liela méra, lai redzetu izteiktu maksimumu tiesi pie 1453 nm.
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7.4. Udens absorbcijas mérijumi adai, izmantojot mitru
salveti

Tika izmantota Y veida WF $kiedra. Tika veikti divi eksperimenti: 1) ka gaismas avotu izmantojot
halogéna gaismas avotu, kura ievietots viens Y Skiedras atzars; 2) ka gaismas avotu izmantojot
halogéna lampu gredzenu — $aja gadijuma gaismas avota starojums netika vadits caur Skiedru, tikai
uztverts caur Skiedru.

Skiedras gals tika novietots ~2 cm attaluma no rokas apak$delma. Ka references (gaismas avota)
spektrs tika izmantots atstarotas gaismas spektrs no balta kartona references, kas tika novietota uz
rokas. P&c tam tika uzpemts sausas adas atstarotas gaismas spektrs. P&c tam ada tika noklata ar
mitru salveti, salveti péc tam nonemot un uzreiz uznemot atstarotas gaismas spektru no mitras adas.
Tika uznemts atstarotas gaismas spektrs arT no adas, kad uz tas uzklata mitra, plana salvete.

1) Halogéna gaismas avots

ATSTAROTAS GAISMAS SPEKTRS GAISMAS AVOTAM, SAUSAI ADAI
UN BALTAI REFERENCEI (NORMETAS VIENIBAS)

= (Gaismas
avots

u,6 —C5usa 3da

= Balta

ATSTAROTAS GAISMAS INTENSITATE, REL. VIEN.
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Redzams, ka ar1 sausas adas atstarotas gaismas spektra paradas 1450 nm minimums.
e . e e ] -
Absorbcijas izmainam sausai un mitrai adai tika izmantota formula: 4 == , kur I, — atstarotas

1
gaismas spektrs no balta papira.
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ABSORBCIJAS PARAMETRS A, REL. VIEN.
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Tika izm&ginata arT attieciba mitrai pret sausu adu, par referenci izmantojot sausu adu: 4, = I/I,

kur I; - atstarotas gaismas spektrs sausai adai, I — atstarotas gaismas spektrs mitrai adai vai mitrai

adai ar salveti.

ABSORBCIJAS PARAMETRS A2, REL. VIEN.
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2) Halogéna lampu gredzens. Skiedra novietota ~45° lenkT attieciba pret adas virsmu.

Absorbcijas parametrs A: A =1,/I, kur I, — balta papira reference, uzlikta uz adas.

ABSORBCIJAS PARAMETRS A
SAUSAI UN MITRAI ADAI

9
g
=
E 7 —— L eference
< [ Sausa
£ ° ada
=
w
=5
% e R efe rence
o . -
0 [ Mitra ada
<
g3
o
(=]
a 2
=L
1
900 1000 1100 1200 1300 1400 1500 1600 1700
VILNA GARUMS, NM
Absorbcijas parametrs A;: A2 = I,/1 | Kur I, — sausas adas atstarotas gaismas spektrs.
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3) Haloggna lampu gredzens. Skiedra novietota perpendikulari attieciba pret adas virsmu.

Absorbcijas parametrs A: A = I;/I , kur I, — balta papira reference, uzlikta uz adas.

ABSORBCIJAS PARAMETRS A
SAUSAI UN MITRAI ADAI
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Absorbcijas parametrs A2: A2 = I, /I, kur I, — sausas adas atstarotas gaismas spektrs.
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Salidzinajums absorbcijas koeficienta A2 = I;/I , kur I, — sausas adas atstarotas gaismas spektrs,
vertibam gadijuma, kad Skiedra tika novietota slipi attieciba pret adas virsmu un perpendikulari
attieciba pret adas virsmu, ka arT ar Gdens ekstinkcijas koeficientu veérttbam (tidens absorbcijas
spektru).
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ST briza eksperimentalie rezultati parada to, ka ir iesp&jams spektrali atskirt sausu adu no mitras
adas, tomér trokSpa Itmenis pagaidam ir parak liels, lai spétu noveértét adas mitruma izmainu
atkaribu no dazada veida krému iedarbibas. Turpmakos meérijumos tiks apskatita polarizatoru
ietekme uz mérjjumu kvalitati, dazadu gaismas avotu pielietojumi, ka arT cita veida uzlabojumi.
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8. Bilirubina kartéSanas algoritma pilnveide

Tika stradats pie hromoforas bilirubina kartéSanas algoritma pilnveides. Bilirubins ir hromofora, kas
atrodas asinis. Kimiski ta ir hemoglobina sabruksanas produkts. Normali ta ada esoSajos asinsvados
ir pavisam neliela koncentracija, tomér dazu patalogiju gadijumos bilirubina koncentracija médz bt
palielinata (piem&ram, jaundzimusSo dzelte, aknu darbibas problémas, adas sasitumos, u.c.). Lidz ar
to bilirubina kart€Sana ada ar neinvazivam metod@m ir butiska.

Bilirubina koncentracija ada izteikti mainas adas sasitumos (zilumos). Zilums rodas, kad ada tiek
satraumeéta, ka rezultata saplist mazie kapilari adas virskarta (smagos sasitumos ari dzilakos adas
slanos). Sakuma stadija verojams tikai adas apsartums, kas saistits ar hemoglobina koncentracijas
palielinasanos virs€ja adas slani. Péc tam kimisku procesu rezultata rodas dazadi hemoglobina
sabruksanas blakusprodukti, ka pieméram, biliverdins (zalgana nokrasa) un bilirubins (dzeltena
nokrasa). Ziluma krasu izmainas var redz€t ar aci, jo Stm hromoforam ir izteikti absorbcijas spektri
tieSi redzamaja spektra diapazona. Tomer butiski butu atrast labu metodi hromoforas izmainu
kvantitativam noveértéjumam, ko varetu potenciali izmantot, pieméram, ziluma vecuma noteikSanai
tiesu medicinas ekspertize.
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Tika uznemtas 2 zilumu s@rijas: konkr&ta ziluma attistiba laika (vairakas dienas), izmantojot
multispektralas att€losanas kameru CRi Nuance, halogéna lampas gaismas avotu, ka ari dazi attéli
tika uznemti ar mobila telefona RGB krasu kameru. Tika izmantots spektra diapazons 450-950 nm
ar soli 10 nm.
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Piemers: zilums 5., 8. un 11. diena péc td iegiisanas (RGB attéli)

Attelu sakotngja apstrade ietver sevi sekojoSus solus: att€la apgrieSana, multispektralo att€lu masiva
registréSana, tadgjadi savietojot multispektralos att€lus, lai iespgjami mazinatu kustibu artefaktus
attelu uznemsanas laika.

Multispektralo attélu datu masivs tika apstradats, izmantojot mazako kvadratu metodes Matlab
programma iebtivéto funkciju Isqnonneg : OD=¢-C

kur OD — optiska blivuma vértibas, & - molara ekstinkcijas koeficienta vértibas un C — relativa
hromoforas koncentracija. & vértibas tika npemtas S$adas: normala ada, oksihemoglobins,

deoksihemoglobins, bilirubins, biliverdins, melanins. Tika izm&ginati arT citi varianti, kur kada no
ieprieks min&tajam hromoforam netika ieklauta mazako kvadratu metodes pielietojuma.

Rezultata tika iegltas attiecigo hromoforu koncentraciju sadalfjuma kartes. Piem&rs bilirubina
koncentraciju sadalijumam, zilumam attistoties no 5. lidz 11. dienai, redzams zemak esos$aja attéla.
Ka redzams, bilirubina koncentracija ziluma p&c 5. dienas pakapeniski samazinas (samazinas
apgabals, kura algoritms atrod kaut kada Iimena bilirubina koncentraciju).

funon

9 10 11

Tika mekléts veids, ka vislabak kvantitativi aprakstit bilirubina koncentracijas un sadalijuma
izmainas laika, lai to butu iesp&jams attélot ar noteiktu skaitli — parametru. Tika izm&ginats
parametrs, ko aprékina $adi: pikselu skaits bilirubina sadalfjuma karté, kuru bilirubina relativas
koncentracijas vertiba parsniedz noteiktu sliekSna vertibu (pieméram, vidgjo aritm&tisko vertibu,
aprekinatu no visiem pikseliem). Tomér Sobrid vél sads labs parametrs nav atrasts.
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9. Secinajumi

Parskata perioda veikta darba rezultata izdariti $adi secinajumi, kas ietekme nakosSo periodu darba
saturu:

Melanomas-dzimumzimes atSkirSanas metodes izpétes Iimenis uzskatams par pietickamu, lai
uzsaktu tas aparatiiras realizaciju. NepiecieSamas diskusijas ar potencialiem lietotajiem
(medikiem), lai noskaidrotu $ada aparata praktiskas pielietoSanas aspektus un tos nemtu véra
gan aparatiiras konstrukcija, gan arf realiz&jamo funkciju specifikacija. Sadu diskusiju jaieklauj
projekta realizacijai veltita atklata seminara dienas kartiba.

NepiecieSams izstradat projektéjamas melanomas noteikSanas aparatiiras struktiiru un patent&t
to.

Projektéjamas aparatiiras struktira japaredz attelu apstrades modulis, kas ir sp€jigs lietotajam
pienemama laika intervala veikt nepiecieSamo att€la priekSapstradi un veidojumu klasifikaciju,
balstoties uz 3 spektra joslu optiska blivuma att€lu izmantosanu.

Projektéjamajai aparattrai janodroSina kvalitativu attélu iegSana spektra joslas, kas péc
iesp&jas tuvas klasifikatora izstrade lietotajam (vilpu garumi 540 nm, 640 nm, 740 nm). P&c
aparatiira izmantoto elektronisko komponensu izvéles ar matematiskas modelé$anas palidzibu
japarbauda tada klasifikatora kvalitate, kur§ izmantotu attelus, kas ieglstami ar konkréto
komponensu palidzibu.

Jaturpina darbs pie adas mitruma novértéSanas, izmantojot tdens absorbcijas spektra izmainas
tuva infrasarkana spektra apgabala. NepiecieSams piedavat metodi, kuras praktiska realizacija
nodros$ina ne tikai mitras adas atSkirSanu no sausas, bet arT lauj novertét adas mitruma pakapi.

Jaturpina darbs pie hromoforu kart€Sanas algoritma uzlaboSanas bilirubina koncentracijas
noteikSanai. Japéta iesp€jas piedavat parametru, kur$ biitu praksé izmantojams bilirubina vidgjas
koncentracijas kvantitativai raksturoSanai adas apgabala.
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ABSTRACT

Electroporation and ultrasound induced sonoporation has been showed to induce plasmid DNA transfection to the
mice tibialis cranialis muscle. It offers new prospects for gene therapy and cancer treatment. However, numerous
experimental data are still needed to deliver the plausible explanation of the mechanisms governing DNA electro- or
sono-transfection, as well as to provide the updates on transfection protocols for transfection efficiency increase. In
this study we aimed to apply non-invasive optical diagnostic methods for the real time evaluation of GFP
transfection levels at the reduced costs for experimental apparatus and animal consumption. Our experimental set-up
allowed monitoring of GFP levels in live mice tibialis cranialis muscle and provided the parameters for DNA
transfection efficiency determination.

Keywords: fluorescence; spectroscopy; multispectral imaging; green fluorescent protein; DNA transfection;
electroporation; sonoporation; muscle tibialis cranialis;

1. INTRODUCTION

Gene therapy refers to introducing the foreign DNA into genome for replacement of faulty or missing genetic
material. Viral vectors represent the most efficient but at the same time the most insecure way of introducing foreign
DNA into cells: the side effects of increased immune and inflammatory response, toxicity, tumor formation and even
patient death have been reported '2. As an alternative, the use of non-viral vectors for gene therapy becomes
significant. Plasmid DNA has a number of advantages over viral vectors, including good safety record, production at
a great extent, possibility of repeated administration, no limitation on DNA insert size.

Two methods, electroporation (EP) and sonoporation (SP) have been investigated for susceptibility of gene therapy
34 Electric field induces transmembrane potential above the critical value, which leads to the structural changes of
lipid bilayer, allowing temporal formation of several nanometer size hydrophilic pores °. The key mechanism of
sonoporation is the contrast agent microbubble (MB) cavitation induced by ultrasound (US) °. However, so far the
low efficiency of the gene transfection using EP or SP remains the main drawback for the application of those
methods for gene therapy.

In this study, a considerable interest is on plasmid DNA transfection into skeletal muscles. A muscle tissue possesses
specific cellular, anatomical and physiological properties that made it a highly ambitious target for gene therapy,
especially for the production of proteins as systemic therapeutic agents *'°. Other possible targets of muscle gene
therapy are vaccination and treatment of congenital muscular diseases ''.

The objective of this study is to apply non-invasive optical diagnostic methods for the evaluation of GFP
transfection efficiency in vivo, facilitating the transfer with various combinations of high voltage (HV) and low
voltage (LV) electric pulses and sonoporation.

To reach these goals following tasks have been raised:

* s.satkauskas@gmf.vdu.lt
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1) to detect the fluorescence intensity from the surface of the skin;

ii) to estimate a correlation of the detected fluorescence intensity to muscle surface fluorescence intensity and GFP
concentration;

iii) to determine the particular parameters allowing to compare the efficiency of GFP transfection for different
experimental conditions;

iv) according to those parameters, to compare the efficiency of GFP transfer after electroporation and after
sonoporation.

Generally, our study aims at development of non-invasive diagnostics method for real time evaluation of green
fluorescent protein (GFP) coding plasmid transfection efficiency.

2. MATERIALS AND METHODS

2.1 Experimental procedure

2.1.1. Animals. In all experiments we used 4-20-week-old C57BL/6 female or male line mice purchased from
Biochemistry Institute (Vilnius University, Lithuania). All animals were kept in the same room at 12/12-h light/dark
cycle, 20-22°C temperature and 55+10% humidity. Mice were housed in standard mouse cages, one to three mice
per cage. Animals were fed standard chow diet and received tap water ad libitum. All experiments were approved by
the Lithuanian Republic Alimentary and Veterinary Public Office (Nr.0236). Before DNA transfection animals were
anesthetized by intraperitoneal injection of the anesthetics: ketamine (100 mg/kg; Richter Pharma AG, Wels,
Austria) and xylazine (10 mg/kg; Eurovet Animal Health B.V., Bladel, Netherlands). The animals woke up within
1 h and appeared normally active.

2.1.2. Plasmid. EGFP (pEGFP-Nuc Vector) coding plasmid was used in all experiments. 10 ug of EGFP coding
plasmid was diluted in 50 pl of 0.9% NaCl prior to injection (50 pl; 0.2 mg/ml EGFP). Mice undergoing
sonoporation and electrosonoporation received 10 pg of EGFP mixed with Sonovue (Bracco, Switzerland)
microbubbles at~ 10* MB/50 ul of 0.9% NaCl (50 pl; 0.2 mg/ml EGFP).

2.1.3. DNA injection. Hind limbs legs fell were removed by depilatory cream. EGFP plasmid was injected into the
mice tibialis cranialis muscle of both mice legs using insulin syringe from the distal to proximal direction.

2.1.4. DNA electrotransfer. Prior to electroporation, shaved hind limb legs were smeared with conductive gel
(Comed, Strasbourg, France) to ensure good contact between electrodes and skin. Two stainless steel electrodes
were applied on both sides of tibialis cranialis muscle, above the skin and 4.5 mm apart. Electropulsator delivered
either one square-wave HV (high voltage) pulse, with a length of 100 ps and a amplitude of 800 V/cm or 4 square-
wave LV (low voltage) pulses, with a length of 100 ms and a amplitude of 80 V/cm at 1 Hz frequency.

2.1.5. DNA sonotransfer. For muscle sonoporation, 1 MHz US at intensity of 2 W/cm?, at 20% or 100% duty cycle
was delivered for 5 min through 6 mm transducer, using Sonitron 2000 (Artison Corp. OK, USA) sonoporator. To
ensure a good contact between the transduced and the treated muscle a conductive gel was used.

2.1.6. Experimental groups (comprising 3 mice or 6 transfected leg muscles per group):

Three different methods of GFP transfection were applied: GFP alone (1% gr.), electroporation (2™, 3™, 4™ gr.) and
sonoporation (5™ gr.) assisted GFP delivery.

1 gr. Control mice (GFP);

2" gr. GFP +EP (1 HV: 800 V/cm; 100 ps);

3" or. GFP+ EP (1HV)+EP(4LV: 80 V/cm; 100 ms);

4™ or. GFP+ EP (4LV);

5" gr. GFP + SP (1 MHz, 2W/cm?; 20% DC; 5 min).

2.1.7. Protein extraction. Tibialis cranialis muscles were dissected from both hind limb legs, weighted (Kern, ABS
80-4, Germany) and immediately frozen in 2-methylbutan, which was cooled in liquid nitrogen. Muscles were
placed in tubes and for 10 mg of muscle 100 puL ice cold homogenization buffer (Tris-HCI 50 mM, EDTA 1mM,
EGTA 1mM, Triton X-100 1%, with 2% protease inhibitor cocktail) was added. Muscle homogenization was
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executed in ice cold homogenization buffer by small scissors for 2 min at comfortable rate. Samples were shaken for
60 min in 4 °C. Thereafter samples were centrifuged at 13000 g in in 4 °C for 10 minutes. Supernatant was taken for
fluorescence point measurements.

2.2 Evaluation of GFP transfection efficiency

2.2.1. Fluorescence point measurements. Fluorescence spectra of biological tissues were measured with a fiber
optics CCD spectrofluorimeter (AvaSpec ULS2048L, Avantes, The Netherlands) which was equipped with a Y-
shaped fiber bundle (FC-UV400-2-SR, Avantes, The Netherlands). The central fiber of the fiber bundle was used to
conduct the excitation light to the tissue, and the 6 circularly arranged fibers were used to collect tissue
autofluorescence (Fig.1a). DPSS 473 nm laser (5-473-DPSS-0.1, CW, max. output 100 mW, Altechna, Lithuania)
was used for skin and muscle fluorescence excitation, and a long pass filter (Ts;5=80 %) was inserted into the
detection light path, to cut off the scattered laser excitation light. Six spectra were measured at the random sites of
mice skin surface or muscle using 300 ms integration time.

A
SPECTROMETER

LIGHT —> SMA | AvaSpec-2048,

SOURCE Avantes

(DPSS

laser

473 nm

excitation)

Fiber bundle
PC
Fiber tip

B Nuance EX camera

LP filter
T(500 nm)=50%

Anesthesed mouse

Figure 1. (a) Experimental set-up for fluorescence point measurements. (b) Experimental setup for fluorescence multispectral
imaging.

Proc. of SPIE Vol. 9421 94210M-3

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/05/2014 Terms of Use: http://spiedl.or g/terms



2.2.2. Hyperspectral imaging. To visualize the distribution of GFP fluorescence in mice muscle and skin above the
muscle, we used the imaging system depicted in Figure 1b. The system consisted of a hyperspectral imaging camera
Nuance EX (model: N-MSI-EX, CRi, USA), a fiber-optic cable for delivering laser excitation (473 nm) to the skin
surface and LP filter to block the reflected laser light. The images were acquired over the whole mouse leg in the
wavelength range 450 to 950 nm with the scanning step of 10 nm. The subsequent processing of the images was
performed using CRi Nuance software.

2.3 Analysis of multispectral images

Acquired in vivo multispectral images of mice were processed and analyzed using Matlab software.

Some of multispectral images of single leg of a mouse were not precisely aligned because of small movements of
mouse. In such cases the image registration is needed (example shown in Fig 2 a). In registration process all images
were aligned in respect to the image of lowest wavelength, 450nm. SURF feature detector '* is used to find, describe
and compare key points between images of adjacent wavelengths.

Corresponding points are matched to acquire transformation matrix that would allow registering image of higher
wavelength to adjacent image of lower wavelength. Rarely manual registration of some images is required if not
enough corresponding points are found between images. Result of Fig. 2a image registration is shown in Fig. 2b.

Figure 2. RGB image of mouse leg with tibialis cranialis muscle, a) depicts unalignment between components of different
wavelengths; b) RGB image after registration

To acquire parameters of in vivo images, manual segmentation of muscle region was carried out. Image in Fig. 3a
shows graphical user interface made in Matlab. Interface allows user to select points in the RGB image depicting
border of muscle. Program calculates area of selected muscle region by counting pixels inside specified border.
Using segmented image (Fig. 3b) and blob analysis functions of Matlab Image Processing Toolbox a minor axis
length of muscle blob is found. This length approximately corresponds to diameter of

muscle.
Figure 2 = =
File Edit View Insert Tools Desktop  Window Help ~
al= BA- |2 OE s

Figure 3. a) Manual selection of muscle region; b) Muscle blob for parameter acquisition.
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Goal of next processing step is to find a fluorescent region in the muscle. Initial segmentation is accomplished by
thresholding muscle region of an image of 510 nm wavelength. This wavelength corresponds to the green light;
therefore green fluorescent regions are most likely to be more intensive in this band of spectrum than non-
fluorescent regions. Automatic threshold for the region of muscle is found by using Otsu’s method . In this
iterative method pixels are divided by threshold so that sum of spread of foreground and background pixels is at its
minimum. Result of automatic segmentation is shown in Fig. 4a. Red border depicts fluorescent region.

Figure 4. a) Automatic segmentation of fluorescent and non-fluorescent regions; b) Unsatisfactory result of automatic
segmentation.

Automatic segmentation does not always returns satisfactory results as shown in Fig. 4b. If user is not satisfied with
the result, he is asked to help segmentation manually. In this step user defines two points (P) in the image — one
corresponds to fluorescent region (Pg), other to non-fluorescent region (Pnp). A 3x3 pixel regions around defined
points are used to find mean spectrums (S), Sk, Syr of both points. Similarly, spectrums are acquired for each current
pixel of muscle region (Sc). Spectrum of current pixel is compared with spectrums of fluorescent point and non-
fluorescent point acquiring distances d(Sc,Sr) and d(Sc, Snr):

d(Sc,S) = Xia|Sc, — Sr,] (1)
d(Sc,Snr) = Xiea |Scl- - SNFl-Ia )

where n is number of spectral bands. Then distances are normalized:

_ 4(Sc,Sp)— d(Sc,SNF) 3)
a(Sc,Sp)+ d(Sc,Snr)’

Parameter R approaches value -1, if spectrum of currently analyzed pixel is similar to spectrum of fluorescent region
and different from spectrum of non-fluorescent region. If point is more similar to non-fluorescent region, than R
approaches value of +1.

Program combines parameter R and result from previous automatic segmentation for final segmentation of muscle:

T = Wo + WR! (4)

where Wy is weigh of pixel from Otsu’s segmentation and Wy is weight of pixel from spectral analysis. If pixel was
segmented as fluorescent in automatic segmentation, then Wy has the value of 1, if it was segmented as non-
fluorescent pixel Wo = 0. Wy of pixel is dependent on value of R. If R <0 and R >= -0.75, than W =0.5. If R < -
0.75, than Wg = 1.5. Otherwise Wx = 0. The final decision of pixel segmentation is this: if T >= 1.5, than pixel is
segmented as fluorescent pixel. Therefore a pixel can be segmented as fluorescent either if its spectrum is a lot more
similar to fluorescent region than non-fluorescent region, or if it is slightly more similar to fluorescent region and it
also was segmented as fluorescent pixel in the automatic segmentation step.
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3. RESULTS

Tibialis cranialis muscle has been revealed as a perfect model for the monitoring of GFP transfection level using
fluorescence spectroscopy point measurements and hyperspectral imaging technique in a live animal. The skin,
which covers the muscle from above, reduces the muscle GFP fluorescence intensity, however it does not

accumulate GFP itself (Fig. 5).
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Figure 5. Comparison of GFP transfected muscle fluorescence spectra and the mice skin fluorescence located above.
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Figure 6. Comparison between GFP fluorescence distribution measured from the skin covering muscle(a, ¢) and muscle surface
(b,d) supporting fluorescence point measurements data. Correlation between GFP fluorescence measured from the surface of skin

(e) or in muscle homogenate (f) and GFP fluorescence at the surface of muscle.
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Multispectral imaging in vivo

EP (1HV)

“N-

-
e '
-

Figure 7 (in vivo). Non-invasive imaging of GFP fluorescence at the skin surface above the muscle, 1 year after GFP transfection
protocols applied. Blue line denotes manually selected area of tibialis cranialis muscle and the red line denotes the calculated
area of GFP fluorescence.

Multispectral imaging ex vivo

Control (GFP) SP (100% DC)

EP (1HV)

Figure 7 (ex vivo). Representative images of GFP fluorescence at the muscle surface for the same mice.

This allows presuming a successful application of non-invasive optical diagnostic methods for the real time
evaluation of GFP transfection efficiency for tibialis cranialis muscle. At the first step we tested the correlation of
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GFP fluorescence intensity between spectral data in vivo (the fiber is on the skin covering GFP transfected muscle)
and ex vivo, when the fiber is at the same place above the muscle, but the skin is removed.

Together with the support of fluorescence imaging data (Fig.6 a-d) we revealed strong correlation between GFP
fluorescence measured from the surface of skin and that at the surface of muscle (R’=0.8), Fig. 6e. As the absolute
control, the homogenates the GFP transfected muscles were made and fluorescence of GFP in muscle homogenate
was compared to the average GFP fluorescence intensity measured at the same surface of the muscle. Data show
correlation (R=0.8) of GFP fluorescence intensity measured at tibialis cranialis muscle surface and in homogenate
(Fig. of).

Multispectral imaging data revealed that plasmid injection into muscle without any following treatment did not
result in any fluorescence signal increase when measuring at the muscle surface or at the skin surface (Fig 7,
Control). Low or no fluorescence was obtained following plasmid injection, when the muscle was subjected to
sonoporation (Fig. 7, SP). On the contrary, the highest fluorescence signal of GFP was obtained in electroporation
groups using HV pulses (Fig. 7, EP). However, addition of LV pulses had no beneficial effect to GFP fluorescence
intensity or transfection area increase.

We applied the experiment protocol for electroporation and sonoporation, partially adapted from revealing
that the GFP transfection efficiency of sonoporation-assisted DNA delivery was lower compared to HV
electroporation assisted methods. As shown in Fig.7, this result could be already prognosticated from the non-
invasive GFP fluorescence measurements in vivo.

Fig. 8a depicts a detailed example of the segmentation result after spectrum analysis for each pixel in muscle area
(same input image as in Fig 4b). Two points are selected in Fig. 8a, and the spectrums of these points are displayed
in Fig. 8b. Red line spectrum corresponds to fluorescent region, and blue to non-fluorescent region. When muscle is
segmented, the parameters of fluorescent regions are acquired. Program calculates: 1) area of fluorescent region; 2)
mean intensity and 3) sum intensity of pixel values of fluorescent region in the green spectral band image (510 nm).
Program saves the acquired parameters which are presented in Table 1, respectively as AREA; MEAN; SUM.

3,7,14,15,16,

0 I I
450 500 550 600 650 700 750 800
wavelength, nm

Figure 8. a) Segmentation using user input and spectrum analysis; b) Spectrums of fluorescent and non-fluorescent points that
were defined by user.

Table 1. Results of multispectral image analysis. The distribution of data values is represented by standard

deviation.
Parameter, AREA MEAN SUM x(10%)
I.U.
Group in vivo ex vivo in vivo ex vivo in vivo ex vivo
GFP — ~597 — ~35 — ~39
GFP+SP 485+326 187441656 322+ 61 563+ 98 166+135 9744748
GFP+EP 1544+668 1820+ 685 651+326 1341+737 1160+892 21344718
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According to Table 1 data, the clear tendency of increasing efficiency of plasmid gene transfer in skeletal muscle by
application of electroporation vs sonoporation can be revealed. The area, the mean value and the integral intensity of
GFP fluorescence in muscle was higher in electroporation group. However, we observed a very high inter-individual
variability of the level of GFP expression in both, electroporation and sonoporation groups. The origin of this lack of
GFP transfection reproducibility is not fully understood.

4. DISCUSSION

By using hyperspectral imaging and fluorescence point measurements techniques, we monitored and compared GFP
fluorescence intensities in live mice tibialis cranialis muscle, which is close to the mouse skin surface. Further
analysis of obtained images revealed the key parameters allowing quantify/compare the efficiency of GFP
transfection, area of GFP positive fibers for electroporated and sonoporated groups.

Such experimental model has proved its suitability for non-invasive estimation of GFP transfection efficiency,
possibly offering us the updates on GFP transfection protocols for transfection efficiency increase. By applying
fluorescence spectroscopy point measurements, we have been able to monitor the GFP fluorescence kinetics in
tibialis cranialis muscle during the whole life period of mice (2 years, data not shown).

Also we test the potential of reducing costs for imaging apparatus, replacing the Nuance EX multispectral imaging
camera with less expensive industrial IDS UI-1241-LE-C camera '’ (IDS Imaging Development Systems GmbH,
Germany). Up to date, the commercial live mouse imaging systems are more expensive and sophisticated (e.g. CSB
Xenogen IVIS Imaging System 100; CRI Maestro system; Leica FCM 1000).

Our study showed that both electroporation and sonoporation methods are feasible for mice muscle transfection.
However, evaluation of GFP fluorescence intensity revealed that in comparison with sonoporation, electroporation
(with the single HV electric pulse) resulted in more intense GFP signal during the long term period of GFP
expression.

In conclusion, our study leads to the new strategies for GFP transfection efficiency quantification in vivo. Using the
GFP coding plasmid, we demonstrate the suitability of fluorescence spectroscopy and hyperspectral imaging for
non-invasive quantification of GFP transfection efficiency.
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ABSTRACT

Assessment of skin blood flow is of interest for evaluation of skin viability as well as for reflection of the overall
condition of the circulatory system. Laser Doppler perfusion imaging (LDPI) and laser speckle contrast imaging
(LASCI) are optical techniques used for assessment of skin perfusion. However, these systems are still too expensive
and bulky to be widely available. Implementation of such techniques as connection kits for mobile phones have a
potential for primary diagnostics.

In this work we demonstrate simple and low cost LASCI connection kit for mobile phone and its comparison to laser
Doppler perfusion imager. Post-occlusive hyperemia and local thermal hyperemia tests are used to compare both
techniques and to demonstrate the potential of LASCI device.

Keywords: Mobile phone, laser speckle contrast imaging, LASCI, speckle contrast, skin blood flow

1. INTRODUCTION

Assessment of skin blood flow is of interest for evaluation of skin viability as well as reflection of the overall condition
of the circulatory system. Laser speckle contrast imaging (LASCI) offers a noncontact, full-field, and real-time mapping
of capillary blood flow and can be considered as an alternative method to Laser Doppler perfusion imaging (LDPI) [1-4].
LDPI is clinically recognized and commercially available technique, but it works in scanning mode taking up to several
minutes for acquisition of full perfusion map. LASCI system is simpler and cheaper compared to the LDPI technique,
and could be used for full-field monitoring of skin perfusion [5-7]. LASCI can be used for monitoring of port wine stain
treatment [8], assessment of burn injuries [9] and diabetic foot ulcers [10], quantification of the Allen test [11], label free
in vivo imaging of blood and lymph vessels [12] as well as skin roughness measurements [13].

LASCI technique has been implemented in several commercial instruments e.g. Laser Speckle Imager from Moor
Instruments Ltd [14] and PeriCam PSI System from Perimed AB [15]. However, these systems are still too expensive and
bulky to be widely available.

Low-cost LASCI solutions have been tested using a webcam [16] and mobile phone camera [17, 18]. LASCI could be
also applied in combination with RGB reflectometry for simultaneous imaging of blood flow and hemoglobin
oxygenation [19].

Several techniques have found new implementations as connection kits for smartphones, e.g. the digital dermoscope
HandyScope from FotoFinder Systems [20]. Smartphones could be used for assessment of skin blood pulsations [21],
screening of skin tumors [22, 23] or development of a more complex health monitoring system [24].

In our previous studies [17, 18] we demonstrated simple implementation of LASCI technology based on 650 nm laser
module and CMOS camera or smartphone. In this work we demonstrate simple and low cost LASCI connection kit for
mobile phone and its comparison to laser Doppler perfusion imager. Well known tests (post-occlusive hyperemia and
local thermal hyperemia tests) are used to compare both techniques and demonstrate the potential of LASCI device.
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2. MATERIALS AND METHODS

The laser speckle contrast imaging (LASCI) device was implemented as connection kit for mobile phone (iPhone 4S5),
and consisted of widely available 650 nm laser diode module mounted on the phone case, see Figure 1a. The output
power of the laser was 5 mW, and the beam was expanded by removing the lens to illuminate the surface of the skin. The
laser was equipped with a stabilized autonomous 3V power supply. The phone case and laser holder were fabricated by a
3-D printer. The estimated cost of such LASCI connection kit for mobile phone was below 10 euros.
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Figure 1. Mobile phone based LASCI (a), measurement set-up (b), and comparison of LASCI and LDPI laser wavelengths in frame of
absorption of hemoglobin (c).

An iPhone 4S5 back camera (8 megapixel) and a default app were used for acquisition of videos (2MP — 1920x1080 px,
24...30 fps). The distance between the device and skin surface was held constant (~15 ¢cm) during the measurements, see
Figure 1b. Video files were further uploaded to PC for processing in MatLab, but it could be also performed in
smartphone, thanks to the simplicity of LASCI algorithm.

The speckle contrast SC is defined as the ratio of the standard deviation Std to the mean intensity /.., [1] and can be
calculated from the region of interest within the image as

std
SC =—-. 1
7 (1

Speckle contrast SC varies between 0 and 1, and is inversely proportional to the blood flow BF:

1
BF ~ —. 2
SC 2

The monitoring of blood flow changes in time was performed choosing the region of interest (100x100 pixels or more)
and calculating the parameters at each video frame; mapping of blood flow was performed within the scanning window
of 10x10 pixels.

Fast implementation of LASCI algorithm that allows simultaneous processing of all color image channels (R, G and B)
and also nearly real time video processing was described in our previous study [18]. We recommend using G or B
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channel instead of R channel to avoid intensity signal saturation. Recommended intensity signal range for 8-bit image is
50...200 digital units for further speckle contrast calculations.

The LDPI system (moorLDI2 from Moor Instruments, UK) was used as a reference. It is the closest alternative to LASCi
technique, and was available for comparison measurements at Institute of Experimental and Clinical Medicine,
University of Latvia. The LDPI system was set to single point measurement mode with 40 Hz acquisition rate.
Experimental measurement set-up for simultaneous LASCI and LDPI measurements is shown in Figure 1b. We could
not take simultaneous measurements exactly at the same point due to high sensitivity of mobile phone camera to LDPI
lasers, especially the 633 nm pointer (beam marker). The measurements were taken from the dorsal side of the palm, and
the region of interest for LASCI was chosen as close as possible to the LDPI measurement point. The LDPI system’s 780
nm laser radiation penetrates deeper into the skin, in comparison to the LASCI device with a 650 nm laser that samples
information more superficially (up to 300 um [14]) and has ~10 times lower molar extinction coefficient for
oxyhemoglobin than for deoxyhemoglobin [25], see Figure 1c. Laser Doppler technique samples deeper in the skin — up
to 1 mm [14].

The measurements were performed in dark room to avoid influence of ambient light. Well known and standardized tests
(post-occlusive hyperemia and local thermal hyperemia) were used to test LASCI device and to compare both
techniques. Vacuum pillow was used for fixation of the hand.

An arterial occlusion of forearm allows observation of post-occlusive reactive hyperemia (PORH) [26]. A cuff (180—
200 mmHg) was applied to the upper arm, but measurements were taken from the dorsal side of the palm: ~60 s for
baseline recording, 1 min. during occlusion, and 1 min. for post-occlusion period. Parameters were calculated as the
mean values over the region of interest (Rol). It was expected to see a decrease in blood flow/perfusion parameters
during occlusion (Biological zero) and a slight overshoot (Peak post-occlusive hyperemia) after cuff release.

The local thermal hyperemia test was performed to cause local vasodilatation of blood vessels. Laser Doppler probe with
heating capability (SHO2 from Moor Instruments, UK) was fixed to the dorsal side of the palm with a double-sided tape.
The local heating temperature was 44 °C over the measurement time (7 min.). Two main phases of thermal hyperemic
response were expected: the initial peak and the plateau.

3. RESULTS AND DISCUSSION

Speckle color image of the dorsal side of the palm is shown in Figure 2a. B-channel intensity values in the range
50...200 units were used for further calculations of speckle contrast in order to avoid signal saturation. An example of
corresponding inverse speckle contrast //SC map (representing blood flow) overlaid on the color image is shown in
Figure 2b.

a) b) 1/5C[a.u.]
50

Rol

Figure 2. Speckle color image of the dorsal side of the palm (a) and the corresponding inverse speckle contrast //SC map (b). Region
of interest (Rol) is the monitoring site for arterial occlusion.

Post-occlusive hyperemia test was performed on the dorsal side of the palm (29 years old healthy male volunteer, skin
type 1), 1/SC parameter values were calculated from the region of interest (100x100 pixels), see Figure 2. The results of
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LDPI and LASCI comparative measurements are shown in Figure 3. Reduced perfusion/blood flow parameter values
were observed during arterial occlusion as well as the PORH peak (overshoot) after cuff release. //SC parameter values
did not drop to zero during arterial occlusion due to the offset in speckle contrast. LASCI was more sensitive to different
movements resulting in false parameter maxima — //SC curve artifacts near 90 and 110 s in Figure 3. The mean intensity
values of LASCI changed inversely to deoxyhemoglobin concentration due to ~10 times higher absorption coefficient
for deoxyhemoglobin at 650 nm (see Figure 1c) in comparison to oxyhemoglobin. The standard deviation increased
during provocation and decreased after cuff release as expected (due to decreased and restored blood flow). Both
techniques LDPI and LASCI could be used for further extraction of the PORH parameters — resting and maximum flux,
time to maximum flux and recovery [26].
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Figure 3. Results of the post-occlusive hyperemia test: perfusion measured with LDPI (blue), //SC calculated from LASCI data
(red) and corresponding LASCI signal sub-products (black).

The alternating signal component (AC) can be extracted form perfusion (LDPI) and //SC (LASCI) signals by subtracting
the direct signal component (DC). DC signal was calculated as smoothed signal over | s time frame; the resulting AC
signal can be seen in Figure 4. LDPI perfusion signal was scaled to LASCI 1/SC amplitude and corresponded well. The
heart rate pulsations (~1Hz) were clearly visible in zoomed signal windows before arterial occlusion and during PORH
reaction. Much higher noise was observed in LASCI signal during arterial occlusion where AC signal fluctuations were
not expected.
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Figure 5. The local thermal hyperemia test: perfusion measured with LDPI (blue), //SC calculated from LASCI data (red) and the
corresponding AC signal amplitudes.
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The local thermal hyperemia test (25 years old healthy female volunteer, skin type II) results are shown in Figure 5. The
expected LDPI perfusion increase up to 150% was observed after 3 min. of provocation of the dorsal side of the hand, as
well as the following normalization (decrease) of perfusion. A different reaction was observed in LASCI //SC results —
an already increased blood flow and a following normalization. The difference in observations could be explained by
different sampling depth of techniques: LASCI could be characterized as superficial, but LDPI samples from deeper
layers of skin. Immediate reaction of superficial blood flow could be caused by contact probe. Similar difference can be
observed in AC signal amplitude, demonstrating that an increased direct perfusion/blood flow also results in an increased
alteration component — blood pulse amplitude. The result shows that LDPI and LASCI measurements can be compared
with caution due to different sampling depth as well as the signal origin.

It should also be noted that single-point perfusion/blood flow measurements show large variability in recordings due to
the small sampling volume [14] and the assumed large spatial heterogeneity in capillary density in forearm skin [27].
The reproducibility of the data might be improved by evaluating and averaging parameter responses over larger areas
[28].

4. CONCLUSIONS

Simple laser module (650 nm) speckle contrast imaging (LASCI) device was implemented as a connection kit for mobile
phone (iPhone 4S) with the cost below 10 euros. The results showed that it can be used for primary fast monitoring of
speckle contrast that can be further related to the skin blood flow. The device could also beused for educational purposes,
e.g. laboratory works for students on laser speckles/interference.

Comparison measurements of mobile phone based LASCI and commercially available LDPI showed that LASCI device
could provide satisfactory results in case of post-occlusive hyperemia and can be used for further extraction of the PORH
parameters. The heat test demonstrated difference between both techniques - LASCI could be characterized as superficial
while LDPI data relate to deeper sampling depths. Additional test measurements should be performed to average the
perfusion/blood flow values over larger areas to avoid spatial heterogeneity in capillary density.

LASCI device could also be used for observation and analysis of alternating signal component of blood flow that is
related to heart rate. Monitoring of pulse amplitude could be of interest for control of local anesthesia [29].

LASCI is sensitive to movements, surface curvature and also settings of the camera: auto adjustment of the camera can
cause artifacts resulting in floating signal or jumps in signal values. Uniform laser illumination would allow
implementation of parameter mapping. Next steps would be development of mobile phone app to test full control of the
LASCI device and also processing of the data.
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