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1.

Kopsavilkums

Parskata perioda projekta InBiT aktivitates "P&tijumi" ietvaros veikti $adi darbi:

1.

10.

11.

12.

13.

Izstradata metode melanomu atskirSanai no dzimumzimém, balstoties uz adas veidojumu

att€liem 3 spektra joslas. Metode realizéta MATLAB videé un parbaudita attieciba pret pieejamo

adas veidojumu attelu kopu (32 melanomas, 59 plakanas dzimumzimes, 35 piepaceltas

dzimumzimes), ieglistot 1 sensitivitates un 2 specificitates klidas (aktivitate 2.2).

Veikti eksperimenti ar peléem Stnu apvalka elektroforézes un sonoforézes efektivitates izpétei

zalu ievadiSanai. Secinats, ka labakos rezultatus var iegit, izmantojot elektroforézi ar isiem

(0,1 ms) augsta sprieguma (1200V/cm) impulsiem. Iegtti in vivo un in vitro att€lu pari, starp

kuriem tiks mekléti korelacijas raksturlielumi ar mérki nodrosinat elektroforézes efektivitates

noveértésanu in vivo (aktivitate 2.1).

Turpinata védera dobuma 3D datortomografijas attelu apstrades programmas izstrade. Ta ka nav

izdevies definét mekl&jamo nieru tauku objektu robezu pazimes, tiek izstradats objektu tilpuma

noteikSanas algoritms, ko var apmacit, izmantojot manuali atzim&tas objektu robezas (aktivitate

2.2).

Izstradati un MATLAB vidé realizéti algoritmi adas veidojumu multispektralo attélu

automatiskai registracijai un adas veidojumu segmentacijai (aktivitate 2.2).

Dainis Jakovels sekmigi aizstavéjis promocijas darbu par temu "Adas parametru izpéte un

karteSana ar optiskam metodém" un ieguvis fizikas zinatnu doktora gradu (aktivitate 2.1).

ASI turpinati att€lu iegiSanas aparatiiras maketierices laboratorijas petijumi. Kopuma jau ieguti

adas veidojumu att€li no 75 pétijuma dalibniekiem (aktivitate 2.1).

Dainis Jakovels un Inga Saknite nolasijusi 2 referatus konferencé "Developments in Optics and

Communications 2014", kas notika 9.-12.aprili Riga (aktivitate 2.4).

Dainis Jakovels un Inga Saknite piedalijusies SPIE Photonics Europe 2014 ar 2 stenda

referatiem (aktivitate 2.4).

Sagatavoti 2 raksti publicéSanai "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)

Inga Saknite ar stenda referatu Inga Saknite, Arita Silapetere, Janis Spigulis - "Phantoms used

for mapping of skin chromophores by multi-spectral imaging” piedalijusies konferencé

"Biomedical Optics 2014", kas notika no 26. - 30. aprilim Maiami, Florida, ASV (aktivitate

2.4).

Konferencei "Electronics 2014" iesniegtas un pienemtas tézes par multispektralo attélu

fragmentu klasifikacijas metodi. Juris Sinica-Sinavskis ar referétu piedalijas Saja konferencg,

Raksts par multispektralo att€lu fragmentu klasifikacijas metodi public€ts zurnala "Electronics

and Electrical Engineering™ (aktivitate 2.4).

a. Aivars Lorencs, Ints Mednieks and Juris Sinica-Sinavskis, "Simplified Classification of
Multispectral Image Fragments".

Projekta pétnieciska darbiba apspriesta 4 zinatnisko dalibnieku seminaros (aktivitate 2).

Atskaites materialus gatavoja visi projekta zinatniskie dalibnieki, tos apkopoja un redigéja

projekta zinatniskais vaditajs A.Lorencs



2. levads

Sis parskats veltits projekta tre§da posma laika veiktajiem pétijumiem. Saja laika tika turpinati
uzsaktie pétijumi, par iegltajiem rezultatiem zinots zinatniskas konference€s un gatavotas
zinatniskas publikacijas. IpaSa vériba tika veltita adas veidojumu klasifikacijas uzdevuma
risinasanai, izstradajot algoritmu, kuru varétu realizet relativi vienkarsa un 1&ta aparatiira.

Attistot idejas, uz kuram balstas ieprieks€ja perioda piedavata multispektralo attelu fragmentu
klasifikacijas metode, tika izstradata jauna metode adas veidojumu klasifikacijai no neliela skaita
spektra joslu datiem. Metode realizéta MATLAB vidé un parbaudita, izmantojot pieejamo adas
veidojumu att€lu kopu, par kuriem ir zinama arsta diagnoze. Parbaudes rezultata secinats, ka $1
metode lauj nodrosSinat augstu klasifikacijas precizitati un to var rekomendgt realizacijai specializéta
iekarta. Sis metodes pielietosana iespgjama bez sarezgitas un dargas multispektralo attélu iegfisanas
aparatiiras izmantoSanas. Lai to realizetu, jaizmanto vadams gaismas avots, kas sastav no diodém,
kuras izstaro gaismu izvéletajas spektra joslas. No adas atstaroto gaismu var uztvert ar krasu att€lu
sensoru. Iegiitos adas veidojumu attelus vares nosutit uz datoru vai mobilo telefonu, kuros tiks
darbinata pielagota att€lu apstrades programma. Programmas izpildes rezultata lietotajs tiktu
inform&ts par to, vai ir aizdomas, ka analiz€tais adas veidojums varétu but laundabigs un jagriezas
pie arsta-dermatologa. Uzsakta $adas aparatiras specifikacijas izstrade.

ASI tika turpinati izstradata aparatiras maketa laboratorijas izm&ginajumi multimodalu attélu
ieglisanai. legtie atteli tiek uzkrati projekta ieksgja vietneé EDI un izmantoti att€lu registracijas un
adas veidojumu segmentacijas metozu un algoritmu parbaudei.

Perioda laika tika iesniegtas un pienemtas tézes dalibai starptautiskas konferencés “"Developments
in Optics and Communications 2014", "SPIE Photonics Europe 2014", "Biomedical Optics 2014"
un "Electronics 2014". Projekta dalibnieki piedaljjas attiecigo konferencu darba ar referatiem,
tadejadi aprobg&jot projekta ietvaros attistitas idejas. Par So referatu t€mam perioda laika tika
sagatavoti arT 3 zinatniski raksti izdevumiem "SPIE Proceedings" un "Electronics and Electrical
Engineering", kuri pienemti publicéSanai.

Perioda laika sekmigi aizstavéts pirmais no ieplanotajiem promocijas darbiem un ta autors Dainis
Jakovels kluvis par fizikas zinatnu doktoru. AizstaveéSanai tiek gatavoti Ingas Saknites un Gitas
Krievinas promocijas darbi.

Parskata perioda turpinati darbi, kas saistiti ar elektroforézes un sonoforézes efektivitates izpéti zalu
ievadiSanai $tinas. Veikti eksperimenti ar pelém un iegtti in vivo un in vitro fluorescences attélu
pari, kas raksturo So procediiru rezultatus. Ieplanoti talaki petijumi, kuros tiks novertéti korelacijas
raksturlielumi starp Siem att€lu pariem. P&tijumu merkis ir nodroSinat nepiecieSamas informacijas
ieglisanu par procediiru efektivitati tikai no in vivo att€liem, tadejadi laujot izmantot izm&ginajumu
peles atkartoti.

Perioda laika turpinata attélu registracijas un segmentacijas algoritmu izstrade, 3D objektu
izdaliSanas uzdevuma risinasana datortomografijas att€los, ka ar1 veikti citi darbi, kuru rezultati
atainoti parskata.



3. Adas veidojumu multispektralo attélu priek$apstrade

Iepriekséja parskata perioda Matlab vidé tika izstradata programma, kas isteno metodi
multispektralo optiska blivuma att€lu registracijai. Test€jot metodi ar jauniegiitajiem datiem, tika
secinats, ka ir gadijjumi, kad algoritms nenostrada pietiekami labi. Visbiezak att€ls netiek pareizi
registréts, ja tas ir izpludis pacienta vai kameras kustibu dél. Piemérs paradits attéla 3.1.b.
IzpluduSos att€los biezi netiek atrasti atbilstoSie raksturigie punkti. Iesp&ams risindjums Sai
problémai ir atkartota att€lu uznemsana. Tomér, ta ka att€lu uznemsana ar multispektralas kameras
Nuance EX palidzibu ir laikietilpigs process, tas nav v€lamais risinajums. Tadel, Saja parskata
perioda tika mekl&ti panémieni, kas lautu uzlabot attélu registraciju.

a) b)
Att. 3.1. Divu dazadu frekvencu attéli, kurus jaregistré vienu pret otru. Attéls b ir izpludis pacienta
vai kameras izkustéSanas dél.

3.1.  Attéelu registracija ar attélu bidiSanu un salidzinasanu

Viens no alternativiem registracijas variantiem raksturigo punktu atrasanai ir viena attéla bidisana
attiectba pret otru, meklgjot att€lu pikselu optisko blivumu starpibu absol@ito vertibu summas
minimumu. Bidot att€lu 3.1.a gan horizontala gan vertikala virziena pa pikselim pret att€lu 3.1.b un
aprekinot parklajusos pikselu optisko blivumu starpibu absoltto vértibu summu, pie katras att€lu
nobides tiek iegits lielums, kas raksturo att€lu Iidzibu pie konkrétas nobides. Attela 3.2.a paraditas
ieglitas summas att€la forma, kur gaiSakie apgabali atbilst lielakajam pikselu optisko bltvumu
starpibu absoliito vertibu summam, tumsakie — mazakajam. Attéla 3.2.b 1 pati funkcija paradita 3D
telpa, kur skaidrak paradas, ka konkrétaja gadijuma eksisté globals minimums, pie kura nobiditie
atteli ir vislidzigakie viens otram péc pikselu veértibam. Ar bultu attéla 3.2.a, ka piemérs, paradita
registréjama attéla sakotngja atraSanas vieta, uz kuru javeic translacijas transformacija, lai attélu
registrétu attieciba pret jau registrétu blakus joslas att€lu. Atskiriba no ieprieksgja parskata perioda
apskatita registracijas panémiena ar raksturigajiem punktiem, Seit apskatitais lauj veikt tikai att€la
parvietoSanas transformaciju, izpaliekot rotacijas un izmeéra mainiSanas transformacijam. Tade] Sis
algoritms tiek pielietots tikai atseviskajiem gadijumiem, ja kads no registrétajiem attéliem ir
izpladis. Pargjie att€li joprojam tiek registréti ar raksturigo punktu salidzinasanas metodi.
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a) b)
Att. 3.2. Divu registréjamo att€lu salidzinasana bidot vienu pret otru un iegtistot parklajoSos pikselu
optisko blivumu Starpibu absoliito vertibu summas.

Pec aprakstitds metodes TstenoSanas Matlab vidé tika secinats, ka metodes trikums ir lielas
skaitloSanas jaudas nepiecieSamiba, jo parbidot att€lus ik pa pikselim, katra soli ir javeic daudz
darbibu, salidzinot lielako dalu abu att€lu pikselu. Tadel metode tika modific&ta atrakai darbibai.

Uzlabotaja metod€ pirma attélu salidzinasana, tapat ka ieprieks, notiek nemainot registréjama attéla
koordinates attieciba pret otru. Ja sakotn&jas registréjama att€la centra koordinates ir (i, j), tad tiek
iegiitas pikselu optisko blivumu starpibas gan pie $ada att€la novietojuma, gan ari parbidot
registréjamo attéla centru uz astonam apkart esosam koordinatem (i-1, j-1), (i, j-1), (i+1, j-1), (i-1,
), (i+1, ), (I-1, j+1), (i, j+1), (i+1, j+1). Atte€la 3.3. paradits piemers, kura apkart koordinatém (i, j)
ir atrastas un pierakstitas iegiitas pikselu optisko blivumu starpibu absolito vértibu summas pie
attiecigajam registréjama attéla parbidem. No atrastajam summam tiek noteikta mazaka, kas
pieméra ir 50 un iegtta centra koordinateém (i-1, j+1). Turpmaka att€la parbidiSana notiek, par
centru izmantojot jaunas koordinates (i-1, j+1), un ta apkartné mekl&jot vél mazaku summas
vértibu. Sadi pa soliem tiek turpinata attéla parbidisana, lidz centra apkartné netiek atrasta neviena
mazaka pikse]u optisko blivumu starpibu absoldto vértibu summa. Sads algoritms biitiski samazina
apskatito parbidisanu skaitu un uzlabo atrdarbibu. Pastav gan iespéja, ka atrasta gala koordinate biis
nevis globals, bet lokals minimums, kas var novest pie klidainas registréjama attéla
transformacijas. Tomér visbiezak péc vilpu garumiem tuvu spektra joslu attéli nav nobiditi talu
viens no otra, tadel, sakot salidzinasanu ar neparbiditiem att€liem, ir liela varbtiba, ka tuvakais
lokalais minimums ir arT mekl&tais globalais minimums. Sada gadijuma piemérs paradits attela 3.2.,
kur globalais minimums ir tuvu summu attéla centram, un, registréjamais attéls péc transformacijas
tiek parbidits neliela attaluma pa kreisi un uz augsu.

(i-2,

j-2)
110 | 100 | 50 4=
170 | (ij) | 56
300 | 200 | 70

(i+2,

j-2)

Att. 3.3. Uzlabota algoritma iteracijas ilustracija: registréjama attéla parbidisanas virziena
noteikSana.



3.2. Interaktiva attélu registracija

Matlab vidé izstradataja registréSanas programma attéli tiek registréti péc raksturigajiem punktiem.
Ja kada no salidzinamajiem att€liem netiek atrasti raksturigie punkti, vai ari, ja iegita
transformacijas matrica uzrada parak lielas un maz ticamas nepiecie$amas izmainas registréjamaja
attela, tad registracijai tiek pielietota augstak aprakstita att€lu bidiSanas un salidzina$anas metode.
Ja att€lu tomér neizdodas registrét ari ar So metodi, tad tiek liigta lietotaja palidziba att€lu
registracijai.

Matlab vidé tika izveidota programma, kas izvada uz ekrana jau registrétu un registréjamo att€lus
(att. 3.4.). Lietotajs atzime Cetrus punktus pirmaja attela, tad tos pasus punktus otraja attela, kas tiek
registréts. Atliekot punktus, uz grafiska izvada paradas gan atzimétie punkti, gan to atziméS$anas
kartiba, lai lietotajs to var€tu atkartot abos attélos vienadi. Tiek atziméti 4 punkti, jo tas ir
minimalais nepiecieSamais atbilstoSo punktu skaits projekcijas transformacijai. No atzimétajiem
punktiem programma tiek sagatavota transformacijas matrica, kas tiek pielietota attéla registracijai.
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Att. 3.4. Att€lu registracija ar lietotaja atzimétiem punktiem.

Aprakstita metode Jauj veikt pilnu projekcijas transformaciju att€lam, korig€jot gan registréjama
att€la centra koordinates, gan rotaciju, gan izméru. Tomér, praktiski test€jot piedavato metodi,
secinats, ka punktu ievadiSana nav &rta, jo lietotdjam nav viegli izlemt, kur precizi atzimét abos
att€los atbilstoSos punktus. Tadel tika izstradata cita metode, kas lauj realizét att€lu interaktivu
registraciju sarezgitos gadijumos.

Alternativaja metodé registréjamie attéli tiek attéloti kopigi, uzklajot tos vienu virsi otram un
augsgjo att€lu padarot dalgji caurspidigu. Piemérs paradits att€la 3.5.a, kur puscaurspidigs attéls 1 ir
iekrasots zala, bet attéls 2 violeta krasa. 3.5.a ir noverojams, ka violetie apgabali nesakrit precizi ar
zalajiem, tas norada, ka attéli nav pareizi registréti viens attieciba pret otru. Lietotajam tiek dota
iespeja bidit vienu att€lu attieciba pret otru, Iidz objekti att€los precizi parklajas. Lietotajs var
izveleties bidiSanas soli pikselos, tad ar taustiniem ‘w’, ‘d’, ‘s’ un ‘a’ tiek izv€léts bidiSanas
virziens. Pie katras virziena pogas nospiesanas, tick modificéts transformacijas matricas T elements
(3,1) vai (3,2), kas atbild par translacijas operaciju. Bidamajam att€lam tiek pielietota ieguta
transformacija, un saskarnes loga lietotajam tiek paradits rezultats, kas ir par uzdoto pikselu skaitu



un uzdoto virzienu nobidits att€ls. Ja rezultats nav apmierinoss, bidiSanu turpina, 1idz iegiist att€lu,
kas lidzigs 3.5.b paraditajam. Lidziga veida programma lauj ari rotét vienu attélu pret otru. Saja
gadijuma lietotajs maina rotacijas lenka lielumu, tad ar pogam ‘z’ un ‘c’ veic rotaciju pret, vai
pulkstenraditaja virziena. Sis komandas maina par rotaciju atbildigos matricas T elementus (1,2) un
(2,1). Izmantojot S0 metodi, registréjama att€la izméra maina nav iesp&jama.

press w, d, s, a to move | z, q to rotate press w, d, s, a to move | z, q to rotate
press + or - or number to change step press + or - or number to change step
current step (pixels):1 current step (pixels):1

press q when done press q when done

' w" ¢ -ﬁ“

a) b)

Att. 3.5. Att€lu registracija ar manualu bidisanu un rotéSanu.

3.3. Attelu segmentésana

Parskata perioda tika risinats ar attélu segmentéSanas uzdevums, kura janoskir pétamajam adas
veidojumam piedero$us pikselus no apkart esosajiem adas pikseliem.

Pie mazakajiem vilpu garumiem pétamie veidojumi optiska blivuma attéla visbiezak ir gaisaki par
adu, tade] segment&Sanai var lietot pikselu optisko blivumu atkiribas. Saja gadijuma gan janem
vera, ka arl izmantotie markieri ir gaiSi, ka arl problémas var radit nevienmeérigs attéla
apgaismojums, ka pieméram, attéla 3.6.a labais augigjais stiris. So iemeslu d&] lietotajam tiek lagts
manuali samazinat segmentéSanas apgabalu, aptuveni apvelkot interes€joSo veidojumu, ka paradits
att€la 3.6.a. Atzim&tais apgabals tiek izgriezts no 520 nm ieejas att€la, un, taja tiek atrasts Otsu
slieksnis, kuru pielietojot, attéla pikseli tieck segmentéti divas klas€s atkariba no to intensitates.
Attela 3.6b paradita segmentacijas rezultata iegita robeza, kas atdala veidojumam piederosos
pikselus no adas pikseliem.




Att. 3.6. Att€la segmenteSana, samazinot petamo attéla apgabalu.

Veicot testus, secinats, ka piedavata segmentéSanas metode ne visos gadijumos dod vélamo
rezultatu. leglitajam segment€Sanas rezultatam var biit divu veidu klidas: vai nu adas apgabala
pikseli tiek segmenteti ka veidojuma pikseli (att. 3.7.a); vai ar1 tikai dala no veidojuma pikseliem
tiek segmentéti ka veidojumam piederigi (att. 3.7.b).

Att. 3.7. Segment&Sanas kludas.

Otra probléma tiek atklata un risinata sekojoSi. Ap segmentto robezu (att. 3.7.b), izmantojot
morfologiskas paplasinasanas operacijas, tiek izdalits apgabals ap robezu (baltais apgabals attéla
3.8.a). Pikselu optisko blivumu vidgja veértiba uz §is robezas tiek salidzinata ar vid&jo vertibu
apgabala, kas tika segmentéts ka veidojums. Ja §is veértibas ir tuvas, tas liecina, ka apgabals ap
pienemto veidojumu ir lidzigs pasam veidojumam, un, tiek pienemts Iémums, ka segmentacija nav
tikusi veikta pareizi. Saja gadijuma segmentacija ar automatisko sliek$na atrasanu tiek veikta no
jauna. Soreiz tiek izmantots cita vilpu garuma attéls, kura veidojums nav tik oti atskirigs no fona
péc intensitates, ka tas ir 520 nm attela. 3.8.b paradita veiksmiga 3.7.b att€la segmenteSana pie 460
nm.

a)

Att. 3.8. SegmenteSanas uzlabosana un rezultats pie 460 nm.
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4. Adas veidojumu klasifikacija, izmantojot informaciju no
neliela skaita spektra joslam

Pétijuma mérkis bija izveidot névusu (dzimumzimju) Un melanomu klasifikacijas algoritmu, kas
izmantotu multispektralos att€lus un atskirtu melanomas no dzimumzimém. Misu riciba bija 32
melanomu un 94 névusu (59 plakani, 35 piepacelti) multispektralie optiska blivuma (absorbcijas)
att€li 51 spektrala josla. Attelos redzamo adas veidojumu iedalijums melanomas un n&vusos
balstijas uz specialista — dermatologa atzinumiem. Starojuma diapazons — 450 Iidz 950 nm. Katras
joslas platums — 10 nm.

Izvirzita mérka sasniegSanai uzmaniba bija centréta uz klasifikatora izveidi, kurs:

. klasifikacijas kartulu balstitu uz informaciju no neliela spektralo joslu skaita;
. bitu relativi stabils pret nelielam joslu platumu svarstibam;

. balstitos uz relativi vienkarSu raksturlielumu skaitlojumu;

. raksturotos ar augstu sensitivitates un specificitates raditaju.

Klasifikatora bazes joslu izvele primari tika balstita uz apskatama pigmenteta adas veidojuma attela
pikselu optisko blivumu vid€jo veértibu sadalijumu pa spektralajam joslam, ka ari uz apskatama
pigmentéta adas veidojuma attéla pikselu optisko blivumu sadalfjuma standartnovirzu veértibam
spektralajas joslas.

So liknu analize uzskatami paradija, ka $o raksturlielumu diapazoni parklajas, un melanomam $o
raksturlielumu vertibas visuma ir lielakas par névusu attiecigajam raksturlielumu vértibam. Tap&c
klasifikatora konstrué$ana uzmaniba tika pievérsta tam spektra joslam, kuras melanomu attiecigo
raksturlielumu minimalas veértibas bija tuvak névusu attiecigo raksturlielumu maksimalajam
vertibam. No visam spektra joslam tika izvél&ts spektra joslu trijnieks, proti, 10., 20. un 40. josla,
kas raksturojas ar vilnpu garumiem 439 = 540 nm, Z20 = 640 nm un A4 = 840 nm.

Klasifikators tika veidots ka sliek$na tipa klasifikators. Pienemot, ka misu riciba ir m melanomu
atteli, sanumuréti seciba no 1 lidz m, un n névusu attéli- no 1 Iidz n, apzimésim p-tas melanomas
pikselu optisko blivumu vid&jo vertibu j-taja spektra josla ar x;(p), bet ar vj(q) — g-ta névusa pikselu
optisko blivumu vid&jo vertibu j-taja josla. Talak ar sj(p) apzimésim p-tds melanomas pikselu
optisko blivumu sadalijuma standartnovirzes vertibu j-taja josla, bet ar ¢j(q) — ¢-ta névusa pikselu
optisko blivumu sadalijuma standartnovirzes vértibu j-taja josla. Defingjam

aj1:mmﬂ'(p)1 aj2=ijVj(q), bjlzginsj(p)v bjzzm—axaj(q)- (4.1)

p=tm ! g=Ln p=lm g=1,n
Ka jau tas bija sagaidams, izradijas, ka visiem j:m aj1 < a2 un bj; < bj. Projektgjama
klasifikatora sliek$ni tika mekléti péc $ada principa: par j-tas joslas slieksni tika izvEléts reals
skaitlis 4, aj1 < 4; < ajp, kas deva mazako vértibu kopu Uj; un Ujp apjomu summai, t.i., |Uji| + |Ujo],
kur Ujz = {(p) | 1i(p) < 4}, Upz = {v(@) [ vi(@) = 43}

Analogi definésim sliekSnus 4’ spektralo joslu standartnovirzém. Realo skaitli 4’ uzskatisim par
slieksni j-tas joslas standartnovirzém, ja bjy < 45 < bp un |Vji| + |Vjo| vertiba ir minimala
salidzinajuma ar citam iespg&jamam A'j vertibam, kur Vj1 = {sj(p) | sj(p)<4'i}, Vj2 = {7;(q) | gj(0)=>4;}.

Saskana ar aprakstito slieks$nu izv€les procediiru ieguvam Sadas sliek$nu vertibas miisu spektra joslu
trijniekam: Ap = 10000, Ay = 6500, Aso = 3500, A0 = 1200, A% = 1200, Ay = 450.
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Actmredzot, katru apskatamo adas veidojuma multispektralo attelu musu klasifikatora vajadzibam
reprezenté skaitlu vektors (aio, a0, aao, fro, P20, Pao), Kur g, j piederigs pie {10, 20, 40}, ir
melanomas vai névusa pikselu optiska blivuma vidgja vertiba j-taja josla, bet f;, j piederigs pie {10,
20, 40}, ir standartnovirzes vértiba j-taja josla. Tatad par katru analiz€jamo attélu varam formul&t
seSus izteikumus: a1g > A1, 020 > Az0, 0o > Aso, Pro = A0, Pao = A'x0, Pao > A'so. Ja konkrétais
izteikums ir patiess, tam pierakstam vertibu 1, ja tas ir aplams, pierakstam vertibu 0. Ar I(a;), resp.,
I(B;)) apzim&sim attiecigd izteikuma patiesuma vertibu. Tad varam formul@t klasifikacijas kartulu:
apskatama adas veidojuma attéls klasificéjams ka melanoma tad un tikai tad, ja

3 4 _
Je{lt%:o,zto}[z | (aj )+E_ ! (ﬁ’ )J >05; (4-2)

pretgja gadijuma attels klasific€jams ka névuss.

Lai Kklasifikatoru pielietotu multispektraliem att€liem, javeic melanomu un névusu attélu
segmentacijas procediira, kuras rezultata tiek atrasti attiecigajiem adas veidojumiem piederigie
pikseli. Ta paveicama manuali vai ar specifiskas programmatiiras palidzibu. Klasifikatora
aprobacija tika veikta gan ar manualas segmentacijas rezultatiem, gan ar 3.nodala aprakstitas
segmentacijas programmas palidzibu. Eksperimenta rezultati atspoguloti l.tabula, kur pareizi
klasifikacijas rezultati atziméti ar "0,", bet klidas atzimé&tas ar "1" attiecigajas ailés. Piepaceltas
dzimumzimes atzimétas ar NI, plakanas dzimumzimes- ar NP, melanomas — ar M.

1.tabula. Klasifikacijas rezultati, izmantojot veidojumu pikselu vidgjas veértibas un standartnovirzes
10., 20. un 40. spektra joslas.

Manuala segm. Automatiska segm.

Kliadu

skaits 1 1 4 1 3 4

Melanomu M NI att. NI NP att. NP M NI NP

att. klasif. klasif. klasif. klasif. klasif. klasif.

1 m_1 1 ni_21 1 np_3 0 1 0 0
2 m_6 0 ni_24 0 np_4 0 0 0 0
3 m_12 0 ni_27 0 np_5 0 0 0 0
4 m_16 0 ni_34 0 np_7 0 0 0 1
5 m_20 0 ni_35 0 np_12 0 0 0 0
6 m_24 0 ni_36 0 np_14 0 0 0 0
7 m_39 0 ni_37 0 np_15 0 0 0 0
8 m_40/1 0 ni_38 0 np_16 0 0 0 0
9 m_40/2 0 ni_44 0 np_17 0 0 0
10 m_45 0 ni_50 0 np_18 0 0 1 0
11 m_46 0 ni_51 0 np_19 0 0 1 0
12 m_52 0 ni_53 0 np_20 0 0 0 0
13 m_54 0 ni_56 0 np_21 0 0 1 0
14 m_58 0 ni_57 0 np_24 0 0 0 0
15 m_60 0 ni_67 0 np_28 1 0 0 1
16 m_63 0 ni_70 0 np_30 0 0 0 1
17 m_65 0 ni_74 0 np_33 0 0 0 0
18 m_80 0 ni_75 0 np_34 0 0 0 0
19 m_81 0 ni_80 0 np_39 0 0 0 0
20 m_85 0 ni_84 0 np_42 0 0 0 0
21 m_96 0 ni_86 0 np_43 0 0 0 0
22 m_97 0 ni_88 0 np_44 0 0 0 0
23 m_98 0 ni_106 0 np_45 0 0 0 0
24 m_99 0 ni_111 0 np_48 0 0 0 0
25 m_100 0 ni_112 0 np_49 0 1 0 0
26 m_104 0 ni_113 0 np_54 0 0 0 0
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27 m_107 0 ni_116 0 np_55 0 0 0 0
28 m_111 0 ni_119 0 np_60 0 0 0 0
29 m_112 0 ni_122 0 np_62 0 0 0 1
30 m_113 0 ni_123 0 np_66 0 0 0 0
31 m_114 0 ni_125 0 np_67 0 0 0 0
32 m_115 0 ni_141 0 np_69 0 0 0 0
33 ni_142 0 np_71 0 0 0
34 ni_144 0 np_73 0 0 0
35 ni_361 0 np_74 0 0 0
36 np_80 0 0
37 np_82 0 0
38 np_83 0 0
39 np_86 0 0
40 np_87 0 0
41 np_90 0 0
42 np_105 0 0
43 np_108 0 0
44 np_109 0 0
45 np_110 0 0
46 np_114 1 0
47 np_115 0 0
48 np_116 0 0
49 np_117 0 0
50 np_119 0 0
51 np_120 0 0
52 np_126 0 0
53 np_127 0 0
54 np_129 0 0
55 np_130 1 0
56 np_134 1 0
57 np_139 0 0
58 np_140 0 0
59 np_142 0 0

Jaatzimg, ka segmentacijas programmas pasreizgjo variantu vél nepiecieSams uzlabot, jo 10 névusi
tika segment€ti neatbilstosi to 1stajam robezam. Saprotams, ka klasifikatora pielietojums Sadam
segmentacijas variantam izradijas kliidains, tacu ka rada tabula Nr.1, klasifikatora pielauto kludu
skaits kopuma izradijas ne seviski liels. V&l nepiecieSams atzimét, ka melanoma, kura pie manualas
segmentacijas tika klasificeta ka névuss, vizuali tikai ar gritibam biitu klasificgjama ka melanoma,
lietojot ABCD kartulu. Miisu riciba nav informacijas, ka Sis launveidojums turpmakaja izmekleSana
biitu akceptets ka melanoma. Nav izslégts, ka sakotn&jais dermatologa vertéjums bijis kludains.

4.1. Klasifikatora stabilitate

Analizgjot iesp€jas radit vienkarSotu aparatiiru, kura izmantotu §adu klasifikatoru, rodas jautajums:
vai klasifikatora precizitates raditaji butiski nemainisies, ja izvéletas spektra joslas (10, 20, 40) tiks
paplasSinatas, piem., j-ta josla ar platumu 10 nm parvértisies par j-to joslu ar platumu 30 nm? Lai
kaut vai dal&ji atbildétu uz So jautajumu, klasifikatora sakotn€ja kartula tika izmainita. Apskatamas
melanomas (teiksim, p-tas) j-tas spektra joslas raksturlielumu g;(p) un sj(p) vieta stajas

(p) = 0,25451(p) + 0.54i(p) + 0,254:01(p), 43)

S}(p)=%\/(%(sj_l(p))2 +(5j(p))2 +%(Sj+1(p))2\J+COVm(j -1 j)+%COVm(j -1 J +l)+COVm(j, J +1) ' (44)
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kur covm(j-1, j) apzZimé kovariaciju starp melanomu pikselu optiskajiem blivumiem (j-1)-aja un j-
taja josla; analogiska nozime ir simboliem COVp(j-1, j+1) un covy(j, j+1).

Ja apskatamo adas regionu reprezenté (-ta névusa attéls, tad klasifikatora tiek izmantoti sekojosi
raksturlielumi:

v(9) = 0,25v3.1(q) + 0,5v(q) +0,25v+1(a), (4.5)

o3(6)=2 [ oy 0F +loy @F 2oy @F 0001 -L D+ Zoova1-2 41 roovy 11 +1) - (46)

kur covy(j-1, j) apzZimé kovariaciju starp névusu pikselu optiskajiem blivumiem (j-1)-aja un j-taja
josla; analogiska nozime ir simboliem covy(j-1, j+1) un covn(j, j+1).

Eksperimenta tika saglabatas sakotngjas sliekSnu vértibas 4; un 4'; segmentacija — manuala. Sada
klasifikatora lietoSanas eksperimentalie rezultati atspoguloti 2.tabula.

2.tabula. Klasifikacijas rezultati, izmantojot veidojumu pikselu vid€jas vertibas un standartnovirzes
9.-11.,19.-21. un 39.-41. spektra joslas.

Manuala segmentacija
Kliidu skaits 1 | | 1 | | 1
Melanomu att. M Kilasif. NI att. NI Klasif. NP att. NP Klasif.

1 m_1 1 ni_21 1 np_3 0
2 m_6 0 ni_24 0 np_4 0
3 m_12 0 ni_27 0 np_5 0
4 m_16 0 ni_34 0 np_7 0
5 m_20 0 ni_35 0 np_12 0
6 m_24 0 ni_36 0 np_14 0
7 m_39 0 ni_37 0 np_15 0
8 m_40/1 0 ni_38 0 np_16 0
9 m_40/2 0 ni_44 0 np_17 0
10 m_45 0 ni_50 0 np_18 0
11 m_46 0 ni_51 0 np_19 0
12 m_52 0 ni_53 0 np_20 0
13 m_54 0 ni_56 0 np_21 0
14 m_58 0 ni_57 0 np_24 0
15 m_60 0 ni_67 0 np_28 1
16 m_63 0 ni_70 0 np_30 0
17 m_65 0 ni_74 0 np_33 0
18 m_80 0 ni_75 0 np_34 0
19 m_81 0 ni_80 0 np_39 0
20 m_85 0 ni_84 0 np_42 0
21 m_96 0 ni_86 0 np_43 0
22 m_97 0 ni_88 0 np_44 0
23 m_98 0 ni_106 0 np_45 0
24 m_99 0 ni_111 0 np_48 0
25 m_100 0 ni_112 0 np_49 0
26 m_104 0 ni_113 0 np_54 0
27 m_107 0 ni_116 0 np_55 0
28 m_111 0 ni_119 0 np_60 0
29 m_112 0 ni_122 0 np_62 0
30 m_113 0 ni_123 0 np_66 0
31 m_114 0 ni_125 0 np_67 0
32 m_115 0 ni_141 0 np_69 0
33 ni_142 0 np_71 0
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34 ni_144 0 np_73 0
35 ni_361 0 np_74 0
36 np_80 0
37 np_82 0
38 np_83 0
39 np_86 0
40 np_87 0
41 np_90 0
42 np_105 0
43 np_108 0
44 np_109 0
45 np_110 0
46 np_114 0
47 np_115 0
48 np_116 0
49 np_117 0
50 np_119 0
51 np_120 0
52 np_126 0
53 np_127 0
54 np_129 0
55 np_130 0
56 np_134 0
57 np_139 0
58 np_140 0
59 np_142 0

Secinajums: prezentetais klasifikators uzrada veéra nemamu stabilitati, jo nav konstateta
klasifikacijas rezultatu pasliktinaSanas.

4.2.

Spektralo joslu tripleta modifikacija

Ta ka sakotngji izveleta joslu tripleta 40. josla p&c vilpu garuma iesniedzas tuvaja infrasarkanaja
zona, tad aparatiiras realizacija §1 komponente var radit zinamas problémas. Sakara ar to tika
mekl&ts joslu triplets, kura 40. joslas vieta biitu josla ar mazaku vilpu garumu, bet atbilstosais
slieksna tipa klasifikators raksturotos ar augstu precizitati, t.i., ar niecigu kliidu procentu. No 40.
joslas potencialajiem aizstajéjiem piemérotaka izradijas 30. josla. Saja gadijuma tika mainitas
slieksnu vertibas. Eksperimenta, kas tika veikts ar So klasifikatoru, iegiitie rezultati uzraditi 3.tabula.

3.tabula. Klasifikacijas rezultati, izmantojot veidojumu pikselu vid€jas vertibas un standartnovirzes
9.-11.,19.-21. un 29.-31. spektra joslas.

Manuala segmentacija

Kladu
skaits 1 3 1
Melanomu M Klasif. NI att. NI Klasif. NP att. NP klasif.
att.

1 m_1 1 ni_21 1 np_3 0
2 m_6 0 ni_24 0 np_4 0
3 m_12 0 ni_27 0 np_5 0
4 m_16 0 ni_34 0 np_7 0
5 m_20 0 ni_35 0 np_12 0
6 m_24 0 ni_36 0 np_14 0
7 m_39 0 ni_37 0 np_15 0
8 m_40/1 0 ni_38 0 np_16 0
9 m_40/2 0 ni_44 0 np_17 0
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10 m_45 0 ni_50 0 np_18 0
11 m_46 0 ni_51 0 np_19 0
12 m_52 0 ni_53 0 np_20 0
13 m_54 0 ni_56 0 np_21 0
14 m_58 0 ni_57 0 np_24 0
15 m_60 0 ni_67 0 np_28 1
16 m_63 0 ni_70 0 np_30 0
17 m_65 0 ni_74 0 np_33 0
18 m_80 0 ni_75 0 np_34 0
19 m_81 0 ni_80 0 np_39 0
20 m_85 0 ni_84 0 np_42 0
21 m_96 0 ni_86 0 np_43 0
22 m_97 0 ni_88 0 np_44 0
23 m_98 0 ni_106 0 np_45 0
24 m_99 0 ni_111 0 np_48 0
25 m_100 0 ni_112 0 np_49 0
26 m_104 0 ni_113 0 np_54 0
27 m_107 0 ni_116 1 np_55 0
28 m_111 0 ni_119 0 np_60 0
29 m_112 0 ni_122 0 np_62 0
30 m_113 0 ni_123 0 np_66 0
31 m_114 0 ni_125 0 np_67 0
32 m_115 0 ni_141 0 np_69 0
33 ni_142 1 np_71 0
34 ni_144 0 np_73 0
35 ni_361 0 np_74 0
36 np_80 0
37 np_82 0
38 np_83 0
39 np_86 0
40 np_87 0
41 np_90 0
42 np_105 0
43 np_108 0
44 np_109 0
45 np_110 0
46 np_114 0
47 np_115 0
48 np_116 0
49 np_117 0
50 np_119 0
51 np_120 0
52 np_126 0
53 np_127 0
54 np_129 0
55 np_130 0
56 np_134 0
57 np_139 0
58 np_140 0
59 np_142 0

5. Elektroforézes un sonoforéezes rezultatu attélu iegisana un

analize

Elektroforéze un sonoforéze ir metodes zalu un génu kontrolétai ievadiSanai $§tnas, abas minétas
metodes paslaik tiek kliniski test€tas. S projekta ietvaros tika p€tita mingto terapijas metozu
efektivitates novertésanas iesp&ja, izmantojot fluorescences spektroskopiju un spektralo att€losanu.
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Par pétamiem objektiem tika izvéleti dzivnieku modeli, precizak pelu tibialis cranialis muskuli,
kuriem tika injicCts zalais fluoresc&josais proteins (green fluorescence protein - GFP), ta ievadiSana
Stnas tika stimuléta ar elektro- un sonoforézes palidzibu. P&tijuma tika apskatita dazadu elektrisko
impulsu (augsta un zema sprieguma) pievadiSana, ka ar1 kombinacija ar sonoforézi — kopuma
septinas dazadas stimulacijas metodes, ka arT kontroles grupas mérfjumi. Rezultata noveértésanai tika
izmantota fluorescences spektroskopijas, fluorescences spektralas attéloSanas (abi in vivo) un
fluorescences mikroskopijas metodes (in vitro muskula $kérsgriezumam). legitie rezultati tika
salidzinati ar zala fluorescg€josas proteina izdaliSanas mérjjumiem laboratorijas apstak]os.

legiitajos rezultatos novérota laba korelacija starp fluorescences intensitates maksimuma pie 517
nm mérfjumiem in Vivo ar un bez adas klatbitnes, ka ari in vitro mérijumiem. GFP koncentracijas
novertéSanai piedavats izmantot attiecibas indeksu starp fluorescences intensitates mérijjumiem pie
517 nm (GFP fluorescences maksimums pie 473 nm ierosmes) un 590 nm (minimala GFP
fluorescences ietekme), tadgjadi labak izcelot proteinu saturoSos apgabalus. Piedavata metode ir
vienkarSa un I&ta pieeja elektroforézes un sonoforézes efektivitates novertéSanai. Petijuma tika
konstatets, ka labaka proteina uzpemsana §linas noverojama, izmantojot elektroforézi ar augsta
sprieguma impulsiem.

Turpmakaja pétijuma gaita tiks stradats pie ieglito rezultatu talakas apstrades, izveidojot metodiku
kvantitativai minéto terapijas metozu efektivitates noverteésanai. Sikaks esoSo rezultatu apraksts, ka
ar terapijas metozu teorétiskais izklasts atrodams 1. pielikuma (anglu valoda). Uz min&to rezultatu
pamata ir sagatavots un pieteikts referats “Application of fluorescence spectroscopy and
multispectral imaging for non-invasive estimation of GFP transfection efficiency” konferencei
“Advanced Optical Materials and Devices”, kas notiks 25.-27. augusta Riga.

6. Publikacijas SPIE Proceedings

SPIE Photonics Europe 2014 konferencé tika prezenteti divi referati, uz kuru pamata tika
sagatavotas ari divas publikacijas konferences rakstu krajumam Proceedings of SPIE:

e Dainis Jakovels, Inga Saknite and Janis Spigulis, "Implementation of laser speckle

contrast analysis as connection kit for mobile phone for assessment of skin blood
flow", Proc. SPIE 9129, 912931 (2014)
Lazera speklu kontrasta analize (Laser speckle contrast analysis — LASCA) nodroSina
bezkontakta asins pliismas kartéSanu adas kapilaros reala laika, un var tikt uzskatita par
alternativu metodi lazera Doplera perfuzijas att€loSanai (Laser Doppler perfusion imaging —
LDPI). Tomér komerciali pieejamas LASCA un LDPI meérierices ir dargas, ka arT masivas,
kas ierobezo to pieejamibu ikdienas lietoSanai klinikas. Jauna tendence diagnostikas
tehnologiju pieejamibas nodro§inasanai ir to isteno$ana uz mobilo telefonu bazes, tadejadi
iegilistot I&tas un miniatiiras ierices primarai diagnostikai.

Saja darba ir demonstréta vienkarsa pieeja LASCA tehnologijas Tsteno$anai savienojuma ar
mobilo telefonu, kas var€tu tikt izmantota primarai adas asins pliismas noveérté€Sanai.
Bihromatisks divu stabilizétu lazeru (650 un 532 nm) apgaismojums tika lietots, lai testetu
hemoglobina koncentracijas un skabekla limena noveért€Sanas iesp€jas papildus asins
plismas novértéSanai. Minéta pieeja tika testéta ar arterialas okliizijas un siltuma testiem,
demonstrgjot parametru izmainu dinamiku.

Tika noveérots, ka asins pliismas novértéSanai piemé&rotaks ir sarkanas gaismas (650 nm)
lazers. Lietojot abus lazerus vienlaicigi, sarkana (650 nm) lazera starojums tiek uztverts R
kanala, bet zala (532 nm) lazera — G kanala. Lai ari RGB kanaliem ir raksturiga jutibas
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spektrala parklasanas, tomer ar1 abu lazeru lietoSanas gadijuma vargja iegiit laba kontrasta
signalu R kanala asins pliismas novertésanai.

Lazera intensitates signala vértibas R un G kanalos var tikt parrékinatas optiska blivuma
(AOD) vértibas, par referenci nemot signalu no normalas/neierosinatas adas. Sada gadijuma
AOD(R) labi korele ar deoksihemoglobina koncentracijas izmainam, jo 650 nm
deoksihemoglobina absorbcija ir 10 reizes specigaka, neka oksihemoglobina. AOD(G) un
AOD(R) lielumu starpiba reprezenté oksihemoglobina koncentracijas izmainas, tadejadi
sniedzot novertg§jumu skabekla ITmena izmainam asinis.

Tomeér jaatzist, ka LASCA pieeja ir jutiga pret kustibam, p&tamas virsmas izlickumiem, ka
arT kameras iestatfjumiem. Kameras auto-iestatijumiem jabiit izsl€gtiem, ka ar1 ekspozicijas
laitkam jabiuit iestatitam tuvu rekomend&jamai 5 ms vertibai. Vienmérigs lazera
apgaismojums un pilniga kontrole par mobila telefona kameru joprojam ir izaicinajums, lai
ieglitu uzticamu ierici adas asins plismas kart€Sanai. Mgerierices validacijai bitu
nepiecieSami salidzinoSie merijjumi ar komerciali pieejamam LDPI vai LASCA iericém.

Raksta pilna kopija anglu valoda pievienota §1 parskata beigas.

Inga Saknite, Dainis Jakovels and Janis Spigulis, "'Diffuse reflectance and fluorescence
multispectral imaging system for assessment of skin**, Proc. SPIE 9129, 91293H (2014)

Difuizi atstarotas gaismas multispektrala att€losana tiek izmantota in vivo adas hromoforu
(hemoglobina un melanina) karté€Sanai. Fluorescences spektrala att€loSana daudz retak tiek
izmantota adas novért€sana, datu ievakSanas un apstrades/interpretacijas process ir
sarezgitaks, tomer to biezi vien min ka papildino$u spektralas attéloSanas tehniku diftizi
atstarotas gaismas mérfjumiem, sniedzot papildus informaciju par fluoroforu klatbiitni un
sadalijumu. Abas minétas tehnologijas iesp&jams apvienot viena multimodala pieeja.

LU ASI Biofotonikas laboratorija eso$a multispektrala att€loSanas kamera Nuance, kuras
darbibas pamata ir $kidro kristalu vadamie filtri, tika pielagota adas in vivo difuzi atstarotas
gaismas un autofluorescences spektraliem merjjumiem. Vienme@riga apgaismojuma
nodrosinasanai tika izveidots un izmantots LED gredzenveida gaismas avots. Cetru LED
kombinacija (baltas gaismas, 770 nm, 830 nm, 890 nm) tika izmantota, lai nodroSinatu
gaismas avota spektralo parklajumu 450-950 nm diapazona diflizas atstaroSanas
mérfjumiem. 405 nm LED tika izmantotas adas autofluorescences ierosmei, papildus filtri
nebija nepiecieSami, jo spektralas kameras jutiba sakas no 450 nm. Multispektrala kamera
ievaca spektralos atteélus 450-950 nm spektra diapazona ar 10 nm soli un 15 nm joslas
platumu. Vidgjais redzes lauks mérijjumos bija ~50x35 mm, nodroS$inot telpisko izskirtsp&ju
0,05 mm vienam atte€la pikselim. Kameras dinamiskas izSkirtsp&€jas maksimali efektivai
izmantoSanai spektralie atteli tika ievakti ar dazadiem ekspozicijas laikiem, kas varija starp
7...500 ms.

Minéta multimodala pieeja tika test€ta dazadiem adas veidojumiem, piem., labdabigs
névuss, hemangioma, bazalioma, halo névuss. Veidojumu spektralie att€lu masivi tika
ievakti un talak analizeti/interpretéti, lai novertétu to diagnostikas potencialu. Galvenas
atSkiribas dazadu veidojumu spektros tika interpretétas ar dazadu galveno adas hromoforu
(melanina un hemoglobina) koncentraciju.

Raksta pilna kopija anglu valoda pievienota §1 parskata beigas.
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7. Daina Jakovela promocijas darbs

Dainis Jakovels promocijas darbu aizstavéja un ieguva doktora zinatnu gradu fizikas nozarg,
mediciniskas fizikas apakSnozaré 2014. gada 23. aprili. Promocijas darba t€ma ir tiesi saistita ar $1
projekta t€mu un Daina Jakovela uzdevumiem taja, ko var uzskatit par promocijas darba
turpinajumu.

Promocijas darba ir attistitas un eksperimentali/kliniski aprob&tas vairakas jaunas pieejas in vivo
adas parametru neinvazivai kartéSanai. Piedavata multispektralas att€loSanas metode adas
hromoforu koncentraciju sadalfjuma kart€Sanai, kas realizéta gan ar komercialu multispektralas
atte€losanas ierici Nuance, gan izmantojot pastaisitu kompaktu mérierici ar RGB att€lu sensoru un
vairaku krasu gaismas diozu apgaismojumu. Veikta multispektralas att€loSanas metodes kltniska
aprobacija, demonstréjot adas hromoforu (hemoglobina, melanina) koncentraciju korelaciju
izmantoSanu adas veidojumu klasifikacija. Piedavata alternativa pieeja adas melanomas izskirSana,
kuras pamata ir galveno komponentu analize. Pilnveidota RGB att€loSanas metodika adas erit€émas
indeksa kart€Sanai un veikta tas kliniska aprobacija adas asinsvadu veidojumu fototerapijas
efektivitates novértéSana, piedavajot jaunu parametru (erit€mas indeksa kontrastu) adas
viendabiguma novérté$anai. Istenota lazerspeklu RGB attélosanas metode adas asins pliismas
noveértésanai. Pilnveidota RGB metodika adas autofluorescences fotoizbal€Sanas att€loSanai.
IepriekSminétas metodes iesp&jams apvienot multimodala pieeja pilnveértigakam adas stavokla
novertejumam.

Multispektralas attélosanas metodikas kliniskas aprobacijas noluikos veikti 221 adas veidojumu
mérijumi, no kuriem 31 bija melanoma, 158 citi pigmentéti veidojumi, 32 asinsvadu veidojumi.
RGB atteloSanas metodikas kliniskas aprobacijas noliikos veikti 45 vaskularu adas veidojumu
fototerapijas monitoringa mérijumi.

Galvenie darba rezultati prezentéti 16 referatos starptautiskas konferencés un publicéti 17 rakstos
(no tiem 6 starptautiski citétos Zurnalos un 15 atrodami Scopus datubazg), ka ar7 sanemts 1 Latvijas
patents ar starptautisku (WO) prioritati.

Promocijas darbs ir pieejams Latvijas Nacionalaja biblioteka un tas filiales, ka ar1 Latvijas
Universitates biblioteka.
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8. Multimodalas biomedicinisku attélu iegiSsanas maketierices
laboratorijas parbaudes

Laika perioda no 2014. gada 1. marta lidz 30. jinijam tika izsludinatas vairakas akcijas, kuru laika
brivpratigie tika aicinati piedalities projekta ietvaros izstradatas maketierices pétijumos, kas
apvienoti ar viziti pie dermatologa, lai izmeklétu adas veidojumus. Ipasa uzmaniba tika pieversta
atipiskam dzimumzimem, aicinot p&tijjuma piedalities dalibniekus, kuri atbilst $adam prasibam:

1. Vecums no 30 gadiem;

2. Nav gritniecibas vai baroSanas ar kriiti;

3. Uz kermena sastopamas dzimumzimes. Ipasi gaidisim Jus gadijumos, ja:

. Dzimumzime ir asimetriska — novelciet iedomatu
@ liniju pa vidu dzimumzimei un paverojiet, vai ta
izvietojas simetriski abas pusgs Iinijai

' I l l Dzimumzimes robeZlinija ir nelidzena

. Dzimumzimes pigmentacija (krasa) nav vienmeriga

‘ . Dzimumzimes izmérs ir virs 5 mm

Dzimumzime laika gaita mainas — klast lielaka,

“ maina krasu, rada nepatikamas sajiitas utt.

8.1. attels — Atipisku dzimumzimju raksturojums

Saja perioda pétijuma piedalijas kopa 27 brivpratigie. Tika uzpemti 34 veidojumu difiizas
atstaroSanas rezima, ka ar1 fluorescences un lazera speklu attéli. Tadgjadi kopuma pétijuma ietvaros
ir piedalijusies jau 75 brivpratigie.

Pirmo 48 brivpratigo dalibnieku uznemtie veidojumu diflizas atstaroSanas un fluorescences attélu
masivi tika apstradati, un pirmie rezultati publicéti konferencés ,,.Developments in Optics and
Communications”, ka ar1 ,,Photonics Europe”. Ar multispektralas att€loSanas iekartas Nuance
uznemto att€lu apstrade notika sekojosos solos:

1. leguta diftizas atstaroSanas/fluorescences att€lu masiva analize, izgriezot (Crop) attéla
dalu, kura atrodas interes€josais veidojums un neliels normalas, ap to esoSas adas
apgabals;

2. Samazinata att€lu masiva attélu registracija (Image Registration), lai konkréta veidojuma
visus att€lus (kopa 51 att€lu) pie dazadiem vilpa garumiem (450nm — 950nm ar soli
10nm) novietotu ,,vienu virs otra”, tad¢jadi iesp&jami mazinatu kustibu artefaktus, kas
parasti rodas att€lu masiva uznemsanas laika cilvéka kustibu (parsvara elposanas) dél;

3. Adas veidojuma un normalas adas segmenté$ana, nosakot konkréta veidojuma attélu
masiva (gan difuizas atstaroSanas, gan fluorescences) gan veidojuma, gan normalas adas
pikselu apgabalu;
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4. Gan veidojuma, gan normalas adas vid€ja spektra aprékins (gan difuzas atstaroSanas,
gan fluorescences att€lu masiviem).

8.3. attéls — Piemérs konkréta adas veidojuma att€la samazinajumam, izgriezot (Crop) tikai
veidojuma apgabalu, ka arT segment&Sanai, atskirt veidojumu (balta krasa) no normalas adas (melna

A

CRi Nuance
multispectral
imaging
camera

Camera lens

Diffuser

krasa)

LED ring light source

¥ |

W0 20 M &£ S € 70 0 WD W0 10

o
o
0

PC with Nuance
software

4.tabula apkopoti pirmo 48 brivpratigo dalibnieku uznemto veidojumu analize (lokacijas vieta un
diagnoze), 1pasi izcelot interesantakus veidojumus, kuri neklasific€jas ka vienkarsa (tipiska) vai
atipiska dzimumzime. Skaidrojumu atSifréjums:

e Diagnozes apzim&jumi: 1 - tipiska dzimumzime; 2 - atipiska dzimumzime;

e Lokalizacijas vietas apzZim&jumi: 1 - galva; 2 - augsstilbs; 3 - apaksstilbs; 4 — augsdelms; 5 -
apakSdelms; 6 - véders/kriisu dala; 7 mugura.

4.tabula.
Nr.k.p. Pacienta Nr. Veidojuma Nr. Diagnoze Lokalizacija
1 1 1 1 5
2 1 2 1 5
3 2 1 1 3
4 3 1 2 7
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8.4. attéels — Tipiskas dzimumzimes spektrala analize gan difiizas atstaroSanas, gan fluorescences
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8.6. attels — Atipiskas dzimumzimes (Halo nevus) spektrala analize gan difuizas atstaroSanas, gan
fluorescences reZima.



9. Secinajumi

Parskata perioda veikta darba rezultata izdariti $adi secinajumi, kas ietekmé nakoSo periodu darba
saturu:

24

o Izstradata adas veidojumu klasifikacijas metode, kas balstas uz informaciju par gaismas
absorbciju neliela skaita (2 vai 3) spektralajas joslas, uzskatama par pietiekami perspektivu, lai
to rekomendétu realizacijai aparatura. Turpmakajos projekta periodos jaizstrada Sadas

aparatiiras tehniska specifikacija, javeic $adas aparatiiras maketa konstru€$ana un izveide. Lai

to

paveiktu, japastiprina pétniecku grupas sastavs ar dalibnicku, kam ir elektroniskas aparattras

izstrades pieredze.

e Turpmakajos pétijumos adas veidojumu attélu apstrades joma jafokus€jas uz izstradato metozu

praktiskas pielietoSanas aspektiem.

e Jaturpina adas veidojumu att€lu priekSapstrades (registracijas un segmentacijas) algoritmu
uzlabosana, lai tos vartu pamata pielietot automatiska rezima, ar iesp&jam manuali korigét

rezultatus. So algoritmu realizacija jaorient€ uz izmantoSanu jaunradamaja aparatiira.

e Jaturpina pétfjumi zalu un génu kontrolétai ievadiSanai $uinas, izmantojot elektroforézi un
sonoforézi. Jamégina izstradat metodiku kvantitativai elektroforézes efektivitates novertésanai,

balstoties uz attelu apstradi, kuri iegiiti ar fluorescences spektroskopijas palidzibu.

e Jaaktiviz€ grupas darbs iegiito teoretisko un eksperimentalo rezultatu publiceéSana, lai sasniegtu

projekta mérkus Saja zina.

e Sakara ar birokratiskiem Sk&rSliem jaatmet ideja par izstradatas aparatiiras parbaudém klinikas
apstaklos, jo to parvarésanai tiek neefektivi izSkiests laiks. Jaturpina Sie petijumi ASI iekartotas
telpas, jamégina tajos iesaistit vairak dalibnieku ar atipiskiem adas veidojumiem, Kuri rada

aizdomas par melanomas attistibu.
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1.pielikums. Application of fluorescence spectroscopy and
multispectral imaging for non-invasive estimation of GFP
transfection efficiency induced by electro- and sonoporation

1. Cell membrane permeabilization to exogenous molecules

Gene therapy refers to introducing the foreign DNA into genome for replacement of faulty or
missing genetic material. Gene therapy related research and developments grow numerously,
however unfortunately, none of those human gene therapy products have been approved for sale by
neither by U.S. Food and Drug Administration (FDA) nor other where. 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. 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 for gene therapy, leading to the first clinical trials of interleukin gene therapy.
Both methods produce permeabilization of cellular plasma membrane, however the mechanisms
governing permeabilization are different. 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. And 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 part of report we will overview the basics of both electroporation
and sonoporation and discuss the results of our experimentation on electroporation and
sonoporation assisted delivery of plasmid DNA into mice tibialis cranialis muscle, generally
aiming at development of non-invasive diagnostics methods for real time evaluation of green
fluorescent protein (GFP) coding plasmid transfection efficiency.

The objective:

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:

1. To evaluate the percentage of GFP positive tibialis cranialis muscle fibers in dependence of HV
and LV electric pulse and SP parameters.

2. To evaluate GFP fluorescence intensity and distribution in tibialis cranialis muscle fibers and
correlate it with the results of optical non-invasive fluorescence spectroscopy and multispectral
imaging measurements of GFP fluorescence.

Scientific novelty

The combination of HV and long duration LV electric pulses is the novel protocol, used in latest
commercially available electroporation devices — cliniporators. The effect of HV and LV
combinations for DNA electrotransfection efficiency into the cells, both in vitro and in vivo, is
discussed in continuous research.

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. The delivery
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of various types electric pulses (HV or LV) in combination with SP have been applied for the first
time in vivo. Taking into account that both electroporation and sonoporation induce pores in the
plasma membrane it is naturally to assume that used in combination these methods can result in an
increased efficiency of plasmid DNA delivery. This effect has been only investigated in vitro
[Escofre et al. 2010] demonstrating synergism of GFP transfection by electrosonoporation.

1.1. Electroporation

Exposure of the cells in vitro or in tissues to short and intense electric fields results in a transient
and reversible alteration of cell membrane permeability. This phenomenon, termed cell
electroporation, is associated with the modification of cell transmembrane voltage, 4@y, by the
externally applied electric field, E [Weaver JC et al 1996].

A%, =15 E R cos8 (1)
R is the radius of cell and 4 is the angle between the particular site of membrane and the direction of
E (Figure 1).

Figure 1. Cell in an electric field. The induced threshold transmembrane potential for successful cell electroporation is
in the range of 0.2 — 1 V [Teissie et al. 1993], and in accordance to eg. (1) it is maximal at the poles of the cell.

Cell membrane conductivity is lower by several orders of magnitude in comparison to conductivity
of intracellular and extracellular media. Therefore applying external E, the most of the electric field
within the cell is concentrated on the membrane [Kotnik et al. 2000]. Thus the electric potential
variation occurs only in the membrane, leading to the cell electroporation when Ady, exceeds the
threshold value. Despite the attempts to visualize the changes in the membrane structure caused by
electric pulse application [Chang et al. 1990], which are believed to be hydrophilic and cylinder
resembling transient defects of cell membrane (pores) [Chernomordik et al. 1987], the only up to
date evidence of membrane poration phenomena are provided by indirect observations, e.g. from
the molecular transport through the cell membrane. Indeed, it has been shown that small and large
molecules such as various dyes, drugs, proteins, RNA, and DNA can be successfully transferred to
various cells [Prausnitz MR et al 1995; Gehl 2003; Prud‘homme et al. 2006; Pucihar et al 2008].
The efficiency of delivery strongly depends on the parameters of electrical pulses, such as pulse
shape, pulse strength, pulse duration, pulse number and frequency.

The initial phase of pore formation in the cellular plasma membrane is succeeded with the pore size
expansion phase, lasting throughout the duration of applied E [Hibino et al. 1993], and pore
resealing phase, lasting in the range of minutes [Neumann et al. 1998]. Depending on applied pulses
parameters, electroporation can be either irreversible, leading to the increase in pore size and/or
rupture of cell membrane or reversible, leading to the cell membrane resealing. Irreversible
electroporation had been used primarily for ablation of microorganisms and cells in vitro [Davalos
et al. 2005] and is often considered only as a warning of upper limit of electrical parameters, used to
achieve reversible tissue electroporation. Irreversible electroporation had been also successfully
used for the minimally invasive treatment of aggressive cutaneous tumors [Al Shakere et al. 2007].

The most advanced medical application of reversible electroporation is antitumor
electrochemotherapy (ECT) that currently is transferred into clinics [Mir et al 2006].
Electroporation of tumours allow the permeation of poorly permeable chemotherapeutic drugs, such
as bleomycin or cisplatin into the tumour cells, leading to the drug cytotoxicity increase by orders
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of magnitude [Mir et al. 1998]. Electric pulse parameters of 8 square waves with amplitude of 1000-
1300 V/cm, duration of 100 us, and pulse frequency of kHz range are usually applied in vivo [Mir
et al 2006]. An advantage of ECT is that it requires much lower doses of the cytotoxic drug for
tumour treatment than those used systemically.

The most recently developed application of electric field induced membrane permeabilization is
plasmid DNA (pDNA) electrotransfer into the cells and tissues. It has been proved as a simple,
cheap, non-toxic and safe gene delivery method with only minor side effects, in comparison to viral
and chemical gene transfection vectors. Enrolled into phase | clinical trial stage, electroporation
assisted IL-12 gene transfection brings the promising perspectives for gene therapy of human
metastatic melanoma lesions [Daud et al 2008]. Studies in animal models reviewed by [Mir et al.
2004; Satkauskas et al. 2012] demonstrated the feasibility of pDNA electrotransfer into almost all
biological tissues, including muscles, skin, liver spleen, lungs, testis, heart arteries, nervous tissues
and tumours. In this project, considerable interest is given to pDNA electrotransfer 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 [Mir et al. 1999; Martinenghi S et al. 2002, Lu et al. 2003; Wang et al.
2003]. Other possible targets of muscle gene therapy are vaccination and treatment of congenital
muscular diseases [Gollins at al. 2003].

The entry of small molecules, such as bleomycin or cisplatin had been characterized as the simple
diffusion through electroporated membranes, however the mechanisms and realization of large
sized pDNA electrotransfer is different and more complicated. In comparison to the convenient
application of HV pulses alone, combination of short—duration, high voltage and long—duration, low
voltage (LV) pulses is the advanced setup of electropulsation to increase gene transfection
efficiency [Satkauskas et al. 2002; Cepurniené¢ et al. 2010]. Indeed, pDNA electrotransfection
across the membrane can be represented as a process of several steps, consisting of cell
electroporation, pDNA electrophoresis towards electroporated membrane, pDNA-membrane
interaction/ adsorbtion on electroporated membrane, formation of pDNA aggregates in the
membrane and pDNA translocation into the cytoplasm during the post-pulse phase [Sucharev et al.
1992: Golzio et al. 2002; Satkauskas et al. 2005; Escofre et al. 201 1]. However, the mechanism and
the optimal conditions for the effective gene electrotransfection are still not revealed in detail.

0.1ms

1200 V/em
80V/em

. 100ms /
P Yt Ly L L

Figure 2. High voltage (1200V/cm) and long—duration low voltage (80V/cm) pulse setup for efficient pPDNA
electrotransfection.

1

1.2. Sonoporation

Cell sonoporation occurs as a response of cell exposure to ultrasound. Sonoporation process is
associated with MB cavitation phenomenon [Hallow et al., 2006]. Cavitation is a step-by-step
process, which includes the formation of a gas bubble, its growth in size, bubble oscillation and
collapse. MB formation and oscillation around a constant diameter is called stable cavitation. The
oscilating microbubble grows in diameter and finally undergoes the inertial cavitation which is
characterized as a microbubble collapse producing shock waves, liquid microjets, reactive oxygen
species, free radicals and local thermal effects which contribute to the cell membrane
permeabilization [Lentacker et al. 2014].
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There are two hypothesis of the molecular transfer mechanism at the membrane level: pore
formation hypothesis (or even direct piercing of lipid bilayer) [Mehier-Humbert et al. 2005; Zhao
YZ et al 2008] and endocytosis hypothesis [Meijering et al. 2009].

Variety of signal molecules has observed entering cell cytoplasm through the pores, either visible or
“assumed to be”. Park J et al.( 2012) discovered simultaneously occurring propidium iodide influx,
intracellular calcium transients and dye fura-2 outflux, indicating concentration gradient driven and
bidirectional transport characteristic of pores created by the sonoporation. Schlicher et al. (2006)
delivered dextrans of different size and photographed cells with wounds at about 1 um size.

As the ultrasound induces physical disruption of the cell membrane at a large scale, this will lead to
the elevated intracellular Ca®* levels due to a concentration driven passive diffusion. Ca** influx has
also been shown to play a key-role in membrane repair processes, as it triggers exocytosis, directing
the intracellular vesicles such as lysosomes to the site of membrane injury for the membrane repair
processes [Miyake et al. 1995; Reddy et al. 2001].

However, smaller membrane pores can be physically removed via endocytosis [Draeger et al.
2011]. It has been demonstrated that mechanical forces induce cell plasma membrane deformation
and cytoskeletal rearrangements, and these changes can stimulate the endocytoic uptake of fluid-
phase markers in endothelial cells [Davies et al. 1984]. The influx of Ca®" is also related with
ultrasound enhanced endocytotic activity leading to the pore removal from the cellular plasma
membrane [Hassan et al. 2010].

It has been clarified that the uptake mechanisms of exogenous molecules are dependent on molecule
size. According [Meijering et al. 2009] the smaller dextran molecules (4.4 and 70 KDa) were
homogenously distributed throughout the cytosol after the cell sonication, thus supporting the pore
formation mechanism. Whereas the larger dextran molecules (155 and 500 kDa) were mainly
localized in vesicle-like structures, indicating that endocytosis was involved in the uptake of the
larger dextrans. Considering the transfection of plasmid DNA, Paula et al. (2011) attributed it to the
clathrin-dependent mechanism of endocytosis. Endocytosis hypothesis states molecular entry within
membrane vesicles, which after degradation liberate the cargo in the cytoplasm. However, there are
also evidence of direct deposition of the gene complexes into the cytoplasm, revealed by the use of
endocytotic inhibitors and confocal microscopy images [Lentacker et al. 2007; Lentacker et al.
2009; Geers et al 2011].

In comparison to widely accepted transfection methods, sonoporation has a considerable number of
advantages — it is safe, noninvasive and local molecular delivery technique, allowing ultrasound
triggered and spatiotemporally controlled therapeutic agent release.

1.3. Combination of electroporation ans sonoporation (electrosonoporation)

Two methods, electroporation and sonoporation are similar in a way that both induce pores in the
cellular plasma membrane, however the mechanisms of pore creation are different. Probably the
most attractive idea of combining EP and SP modalities is to increase the effectiveness of drug and
gene delivery into tumors performing either non-invasive or minimum-invasive procedure of
treatment. The studies incorporating electroporation and sonoporation are still fragment, however
the most important tendency of the combination is already revealed: the combination of
electroporation and sonoporation induces synergistic increase of drug and gene delivery. Our recent
study revealed the ability of electrosonoporation to enhance the cell membrane reversible
permeability for the antitumour agent bleomicyn [Tamosiinas et al., in press 2014]. The percentage
of reversibly permeabilized CHO cells induced by electrosonoporation was 2-5-fold higher in
comparison to EP using LV or HV pulses, and 2-4 fold higher in comparison to SP at 500 kPa PNP,
100% DC, 1MHz. CHO cells that were treated using combination of electroporation and
sonoporation - electrosonoporation (ESP) gained a four-fold increase in transfection level (amount
of GFP produced) and a six-fold increase in the percentage of transfected cells in comparison to
those cells that were treated either with EP or SP alone. [Escofre et al. 2010]. As indicated in Figure
3, the proposed model of synergism is based on experimental findings that electroporation induced
the formation of plasmid DNA aggregates at the level of plasma membrane, and then they were
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propelled directly into cell cytoplasm as a result of US exposure [Escofre et al. 2010]. Yamashita et
al. (2002) investigated the effectiveness of electrosonoporation for mouse interleukin-12 gene
transfer into the skeletal muscle of mice in vivo. Mice that had undergone ESP showed eight-fold
and 1.6-fold higher gene expression level compared with those mice that underwent electroporation
alone and sonoporation alone. The authors related the enhanced gene expression level induced by
ESP with the reduction of tissue damage [Yamashita et al., 2004]. Therefore whether combination
of electroporation and sonoporation can result in additive or synergic effect and can be beneficial
for enhanced drug delivery remain elusive.
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Figure 3. Mechanism of gene transfer by electro-sonoporation proposed by Escofre et al. (2010).

2. Methods

Animals

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). In all experiments we
used 4-20-week-old C57BL/6 female or male line mice. 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).

Plasmid

EGFP (pEGFP-Nuc Vector) coding plasmid was used in all experiments. 10 pg 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 pug of EGFP mixed with Sonovue
(Bracco, Switzerland) microbubbles at~ 10* MB/50 pl of 0.9% NaCl (50 pl; 0.2 mg/ml EGFP).

DNA injection

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

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 TA muscle, above the skin and 4.5 mm apart.
Electropulsator delivered either one square-wave HV (high voltage) pulse, with a length of 100 us
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.

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

Four different methods of GFP transfection were applied: GFP alone (1% gr.), electroporation (2™
3": 8™ gr.), sonoporation (4" gr.) and electrosonoporation (5™ 6™; 7"gr.) assisted GFP delivery.
1 gr. Control mice (GFP);

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

3 gr. GFP+ EP (1HV)+EP(4LV: 80 VV/cm; 100 ms);

4™ gr. GFP + SP (2W/cm?; 20% DC; 5 min);

5" gr. GFP + EP (1HV) + SP;

6" gr. GFP+ SP+EP(1HV);

7" gr. GFP+SP+EP(4LV);

8" gr. GFP+ EP (4LV).

Protein extraction

TA 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 pL 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 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.

Preparation of muscle histological sections

Animals were killed by cervical dislocation. Immediately after the muscle fluorescence imaging
(lasting up to 5 min after sacrificing the mice), the whole tibialis cranialis muscle was removed and
shock-frozen in liquefied 2-methylbutan (-190 °C). After freezing, the muscle was placed into the
plastic container and stored approx. for 12 hr. on dry ice. Muscle cryosections were prepared from
unfixed muscle samples using Leica CM 1850 cryostat (NuB3loch, Germany). The muscle was cut in
20 um thickness, exactly at the middle part of muscle and perpendicularly to the fiber lining, at -24
°C. EGFP coding plasmid is highly soluble, therefore the formalin fixation of the muscle
cryosections was required. The formalin vapor fixation method was used as decribed by Jockush et
al (2003). Muscle cryosections were put on adhesive microscope slides (Menzel-Glaser;
Braunschweig, Germany), dried for about 5 min, then put in a tightly closed plastic dish with filter
paper soaked with 37% formaldehyde solution (Sigma, Germany) and exposed to the formaldehyde
vapor for 2 hr.

Evaluation of GFP transfection efficiency

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 4. The system consisted of a hyperspectral imaging
camera (Nuance EX), LP filter to block thereflected laser light (2), and fiberoptic cable for
delivering laser radiation to the skin surface. Spectral image cube of 31 grayscale images was
acquired is 500-800 nm spectral range with step 10 nm and band width 10 nm. RGB composite
image was constructed from separate spectral bands with parameters — center wavelengths 450 (B),
550 (G), 650 (R) nm and band width 100 nm.
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Nuance EX camera

LP filter
T(500 nm)=50%

Anesthesed mouse
Fig.4. Experimental setup of hyperspectral fluorescence imaging.

Fluorescence point measurements

The spectral registration setup comprised 473 nm, 50 mW DPSS laser (Altechna, Lithuania) with
focusing output SMA-connector, Y-shaped optical fiber bundle FC-UV400-2-SR (Avantes, The
Netherlands) for light delivering to the skin surface and fluorescence registration, long pass filter
(Ts00 nm=50%) to block the reflected laser light and fiber optics spectrofluorimeter Avaspec ULS
2048L (Avantes) connected to PC (Figure 5). During the fluorescence measurements, the tip of
fiber bundle, comprising 1 emitting and 6 detecting fibers, was in contact with the skin surface or
muscle.

SPECTROMETER

LIGHT > SMA | AvaSpec-2048,
SOURCE Avantes
(DPSS

laser
473 nm
excitation)

Fiber bundle

PC

Fiber tip

Fig. 5. Experimental setup for fluorescence point measurements.

Fluorescence microscopy

Muscle histological sections were analysed using Leica DM 3000 fluorescence microscope (Leica,
Wetzler,Germany) equipped with Leica 10x/0.30 HC PL Fluoritar 5065050bjective and Leica DFC
490 CCD camera. Excitation light was modified by UV filter (BP340-380 nm; 400dichroic and
425- LP) and N2 intensity filter (50%); 13 filter cube (BP450-490 nm; 510dichroic and 515— LP)
was used to reveal GFP fluorescence. Images were captured at 2s integration time.
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Tibialis cranialis muscle has been tested as a model system for monitoring of GFP transfection
levels using fluorescence spectroscopy point measurements and hyperspectral imaging technique in
a live animal. Skin reduces the fluorescence intensity of muscle GFP, however it does not
accumulate GFP itself (Fig. 6). Therefore this allowed us to obtain the correlation data of GFP
fluorescence intensity between in vivo (the fiber is on the skin covering GFP transfected muscle)
and ex vivo, when the fiber is at the same place of muscle, but the skin is removed, Fig. 7e.
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Figure 6. Mice leg muscle as a model system for non-invasive estimation of GFP transfection efficiency.

Afterwards we made the homogenates of those GFP transfected muscles and compared the GFP
fluorescence of muscle homogenates (y axis) and that measured from the surface of muscle at the
moment of skin removal (x axis), Figure 8. We obtained data correlation.
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Figure 7. 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 and that at the surface of muscle (e).
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Figure 8. Correlation of GFP fluorescence intensity measured at tibialis cranialis muscle surface and in homogenate of
the same muscle.

By applying fluorescence spectroscopy point measurements, we monitored GFP fluorescence
kinetics in muscle (Figure 9 A). Since intensity of autofluorescence spectra significantly varied in
the control group we performed spectra normalization at the wavelength of 590 nm (Figure 9 B).
Spectral normalization allowed to compare GFP fluorescence, expressed as the 517 nm/590 nm
ratio, thus allowing to remove the variations of autofluorescence intensity background.

Our data show that plasmid injection into muscle without any following treatment did not result in
any fluorescence signal (Figure 9). Low or no fluorescence was obtained when muscle, following
plasmid injection, when the muscle was subjected to sonoporation at 20% or 100% duty cycle.
Contrary to that a clear fluorescence signal of GFP was obtained in EP (HV) groups for the short
and long time GFP expression.
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Figure9. Non invasive estimation of GFP accumulation kinetics in tibialis cranialis muscle (A). Fluorescence ratio
517/590 nm calculation for spectral artifacts removal (B).

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. Also it allowed reducing costs for experimental apparatus and/or animal consumption. Up
to date the live mouse imaging equipment is expensive and sophisticated (e.g. CSB Xenogen IVIS
Imaging System 100; CRI Maestro system; Leica FCM 1000).
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Further in this study we compared the characteristics of GFP plasmid transfection achieved in vivo
by local application of electroporation and/or sonoporation. First we tested various electric field
parameters facilitating the transfection of GFP. 1HV pulse has been proved to be optimal to achieve
excellent levels of muscle permeabilization. However, again from the hyperspectral imaging data
we observed a very high interindividual variability of the level of GFP expression (Figure 7 a-d).
The origin of this lack of GFP transfection reproducibility is not fully understood. Compared to
electroporation, the efficiency of plasmid gene transfer in skeletal muscle was significantly reduced
by the application of sonoporation to the muscle following the injection of plasmid DNA (Figure
10). However, GFP fluorescence in sonoporation groups was still higher in comparison to the
control group.

Autofluorescence Autofluorescence

EP (1 HV) EP (1 HV)+4LV <

Most efficient transfection
Figure 10. Comparisson between GFP transfection efficiency using EP(HV), EP(HV+LV) and SP.

From the further image analysis, we expect to reveal information for:

- the number of transfected fibers;
(For any gene therapy outcome, the number of transfected fibres within a muscle is of the most
importance ).

- variation in muscle fluorescence intensity to compare the GFP expression levels (or GFP
concentration) in particular muscle;
(To test the relation between GFP fluorescence levels and actual GFP concentration we made the
homogenates of non GFP transfected muscles and added the exogenous GFP which
concentration we known (Figure 11). Then we measured the GFP fluorescence in the muscle
homogenate. We obtained the calibration curve allowing to relate GFP fluorescence in e.g.
muscle homogenate to actual GFP concentration).

- area of GFP fluorescence in tibialis cranialis muscle for each experimental setup (EP, SP,
EP+SP);

- mean fluorescence intensity of GFP, maximal values;

- density of GFP positive fibers;
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As the absolute control, the percentage and distribution of GFP positive muscle fibers as well as
GFP fluorescence intensity was evaluated in muscle histological sections using the method of
fluorescence microscopy (Figure 12). Data revealed that the efficiency of sonoporation-assisted
DNA transfection is still low compared to HV electroporation assisted methods, however this could
be already prognosticated from the results of non-invasive GFP fluorescence measurements in vivo.

surface

interior

EP (1HV) EP (1HV)+4LV Sp

Most efficient transfection

Figure 12. Comparisson between GFP transfection efficiency using EP(HV), EP(LV) and SP in tibialis cranialis muscle
histological sections.

Fluorescence microscopy data gives insights on spatial distribution of GFP fluorescence.

Further analysis of transverse muscle sections should reveal:

- the exact number (area; percentage) of GFP positive tibialis cranialis muscle fibers in
dependence of HV and LV electric pulse and SP parameters.

- average GFP fluorescence intensity and distribution in tibialis cranialis muscle fibers

That should be compared with 2D imaging data obtained in vivo (skins surface) and ex vivo (muscle

surface) challenging to give the insights of the area within the muscle transfected with GFP.

Conclusions

Our study shows the potential of GFP transfection monitoring at the reduced costs for experimental
apparatus and animals consumption. By using hyperspectral imaging and fluorescence point
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measurements techniques, we monitored and compared GFP fluorescence intensities in live mice
tibialis cranialis muscle, which is close to the mouse skin surface.

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 resulted in more intense GFP signal. In addition, long term GFP
expression was most efficient in electroporation groups using HV electric pulses.

Further analysis of obtained images is possible and it is necessary to produce the key parameters
allowing quantify/compare the efficiency of GFP transfection, area of GFP positive fibers for
electroporated, sonoporated and electrosonoporated groups.
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ABSTRACT

Laser speckle contrast analysis (LASCA) offers a non-contact, full-field, and real-time mapping of capillary blood flow
and can be considered as an alternative method to Laser Doppler perfusion imaging. LASCA technique has been
implemented in several commercial instruments. However, these systems are still too expensive and bulky to be widely
available. Several optical techniques have found new implementations as connection kits for mobile phones thus
offering low cost screening devices.

In this work we demonstrate simple implementation of LASCA imaging technique as connection kit for mobile phone
for primary low-cost assessment of skin blood flow. Stabilized 650 nm and 532 nm laser diode modules were used for
LASCA illumination. Dual wavelength illumination could provide additional information about skin hemoglobin and
oxygenation level.

The proposed approach was tested for arterial occlusion and heat test. Besides, blood flow maps of injured and
provoked skin were demonstrated.

Keywords: Laser speckle contrast analysis, LASCA, blood flow, skin, mobile phone

INTRODUCTION

Laser speckle contrast analysis (LASCA) 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]. LASCA system is
simpler and cheaper compared with LDPI technique, and could be used for full-field monitoring of skin perfusion [5-7].
LASCA can be used for monitoring of port wine stain treatment [8], assessment of burn injuries [9] and quantification
the Allen test [10].

LASCA technigue has been implemented in several commercial instruments e.g. Laser Speckle Imager from Moor
Instruments Ltd [11] and PeriCam PSI System from Perimed AB [12]. However, these systems are still too expensive
and bulky to be widely available.

Low-cost LASCA solutions have been tested using a webcam [13] and mobile phone camera [14]. LASCA could be
also used in combination with RGB reflectometry for simultaneous imaging of blood flow and hemoglobin oxygenation
[15].

Several techniques have found new implementations as connection kits for smartphones e.g. digital dermoscope
HandyScope from FotoFinder Systems [16]. Smartphones could be used for assessment of skin blood pulsations [17],
screening of skin tumors [18, 19] or development of more complex health monitoring system [20].

In our previous study [14] we demonstrated simple implementation of LASCA technology based on 650 m laser module
and CMOS camera or smartphone. In this work we demonstrate simple implementation of LASCA imaging technique
as connection kit for mobile phone for primary low-cost assessment of skin blood flow. Besides, dual (650 and 532 nm)
laser illumination is used to provide additional information about oxy- and deoxyhemoglobin content. The proposed
approach was tested for arterial occlusion and heat test. Blood flow maps of injured and provoked skin were
demonstrated.

MATERIALS AND METHODS

The LASCA device consists of mobile phone (iPhone 4S) and two laser modules (650 nm and 532 nm with output
power 10-15 mW). The laser beam was expanded through the lens to illuminate the surface of the skin. The intensities
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of bi-chromatic (650 and 532 nm) laser illumination were adapted using neutral density filters. 8 megapixel back
camera and default app of iPhone 4S was used for acquisition of images (8 MP — 3264x2448 px) and videos (2MP —
1920x1080 px, 24 fps). The device was positioned 15 cm from the surface of the skin. 3x3 cm (500x500 px) region of
interest (Rol) was used for further processing. Videos and images were uploaded to PC for processing in MatLab, but it
could be performed in smartphone due to simplicity of LASCA algorithm.

The speckle contrast SC could be defined as the ratio of the standard deviation Std to the mean intensity le., [1] and
vary between 0 and 1:

sC =ISLd. )

mean

The blood flow BF is inversely proportional to the speckle contrast SC and can be expressed:

_1
sC

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

BF )

Processing of 500x500 px monochrome image in MatLab using for loop takes up to 30 s by scanning every pixel. It is
possible to reduce the processing time to 100 times (up to 300 ms for 500x500 px image) by scanning every 10" pixel
as the spatial resolution is still reduced in proportion to the number of pixels of the scan window. Processing time can
be reduced another 10 times (up to 25 ms for 500x500 px image) by avoiding for loops. Therefore LASCA algorithm
based on built-in MatLab image processing functions was constructed (see Figure 1). Pre-processing consists of reading
of data and extraction of channels (Step 1). Calculation of mean intensity .., map (Step 2) and standard deviation Std
(Step 3) map is performed using imresize, sqrt functions and arithmetic operations. The blood flow BF map is
calculated by matrix (Iynean and Std) division. Such LASCA algorithm allows processing of all image R, G, B channels
simultaneously, and also near real time video processing.

Step 3:
Step.1: Calculate Std map
Extract R channel 505 = (R-Im).A2;
R = single(RGB(:,;1)); Std =sqrt(imresize(imresize(SoS, 0.1), [size(S0S,1) size(S0S,2)]));

Step 2: Step 4:
Calculate Imean map Calculate BF map
im = imresize(imresize(R, 0.1), BF = Im./Std;

[size(R,1) size(R,2)]);

Figure 1. LASCA algorithm for mapping of blood flow in MatLab.

Dual wavelength illumination could provide additional information about skin hemoglobin and oxygenation level.
Absorption of deoxyhemoglobin at 650 nm (red light) is ten times higher compared to oxyhemoglobin [21] therefore
intensity signal in R channel is much more sensitive to deoxyhemoglobin changes than oxyhemoglobin. A different
effect can be observed at 532 nm (green light) where oxyhemoglobin absorption is 8% stronger than deoxyhemoglobin.
The red light has ~10 lower absorption of hemoglobin compared with green light, but it penetrates more deeply into the
skin covering the deeper blood vessels. The green light penetrates more superficially, but provides better contrast
between the blood and other tissues. Spectral LASCA is implemented by illuminating skin with red (650 nm) and green
(532 nm) laser and acquiring both spectral LASCA images simultaneously in different spectral channels (R and G).
Therefore the intensity signal values can be used for assessment of oxy- and deoxyhemoglobin calculating optical
density difference 40D values from Beer-Lambert law:

|
AOD = Iog( rlef j ©)

where | is intensity of reflected light at pixel or region of interest, I, is reference value — mean intensity of reflected
light at normal or unprovoked area of the skin. It was assumed that 40D signal at R channel should correspond well
with deoxyhemoglobin concentration changes, 40D difference between G and R channels should represent
oxyhemoglobin changes.
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An arterial occlusion of forearm and also finger was used to test LASCA device. A cuff (180-200 mmHg) was applied
to the upper arm, but measurements were taken from the dorsal side of the hand: 20 s for reference signal from
unprovoked skin, 1 min. during occlusion, and 1 min. for post-occlusive reaction observation. Parameters were
calculated as mean values over the region of interest (Rol). It was expected to see decrease in blood flow and
oxyhemoglobin concentration during occlusion and slight overshoot after cuff release. The opposite reaction was
expected in the case of deoxyhemoglobin. The occlusion of the finger was performed by rubber band to observe the
contrast in two skin areas.

The heat test was performed to cause local vasodilatation of blood vessels. The dorsal side of the hand was in contact
with warm (40-50 °C) metal object for 5 s. The reaction was observed for 30 s, and blood flow and oxygenation level
increase were expected.

Mapping of blood flow was demonstrated on the region of skin with scar. Decreased blood flow parameter values
within the scar were expected.

RESULTS AND DISCUSSION

The region of interest for test measurement of arterial occlusion and also mapping of blood flow is shown in Figure 2.
The scar is clearly visible on the dorsal side of the hand using white light illumination. Uniform laser illumination over
all field of view still remains a challenge therefore smaller region of interest (~3x3 c¢cm, 500x500 px) was used for
further processing.

White light illumination Two laser illumination

Region of
interest

Figure 2. The region of interest with a scar: white light illumination (left) and dual laser illumination (right).

Avrterial occlusion test was performed at tree illumination modes: only 650 nm laser, only 532 nm laser and both (650
nm and 532 nm) lasers are switched on. The video was captured at 24 fps, and the parameters were calculated as the
mean values within the region of interest in each frame. The result of arterial occlusion test measurement using only
650 nm laser is shown in Figure 3. The parameter values were calculated from the data of R channel as it is the most
sensitive to 650 nm laser. The profiles of parameters’ curves correspond well with expectations. The mean intensity
values change inversely to deoxyhemoglobin concentration. The standard deviation increases during provocation and
decreases after cuff release due to decreased and restored blood flow. The blood flow parameter values drops for ~12%
during occlusion comparing to unprovoked skin and increases for ~14% after cuff release resulting in slight overshoot.
Blood flow doesn’t drop to zero as speckle contrast values vary between 0 and 1. The contrast in blood flow changes is
sufficient for further temporal analysis of the circulatory response to arterial occlusion.

The result of 532 nm laser illumination calculated from the data of G channel is shown in Figure 4. It was observed that
the camera tends to use auto settings to adjust the intensity that appears as the signal jumps of mean intensity curve. The
profile of mean intensity curve differs from the one obtained at 650 nm due to different sensitivity to oxy- and
deoxyhemoglobin, also penetration depth. However the standard deviation curve is similar to the one obtained at 650
nm as they both are based on the same laser speckle principles of formation. The blood flow curve is affected by auto
settings caused artefacts, and doesn’t show a good signal contrast as it was achieved for 650 nm laser illumination.
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Figure 3. 650 nm laser illumination: monitoring of mean intensity, standard deviation and blood flow changes during arterial
occlusion.
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Figure 4. 532 nm laser illumination: monitoring of mean intensity, standard deviation and blood flow changes during arterial
occlusion.

Dual laser illumination arterial occlusion measurement was performed detecting simultaneously 650 nm in R channel
and 532 nm in G channel, the result is shown in Figure 5. The blood flow was calculated from the data of R channel and
corresponds well with expectations and observations when only 650 nm laser was used — influence of 532 nm laser is
negligible. 40D signal profiles corresponded well with expected hemoglobin changes. AOD(R) represents
deoxyhemoglobin changes, but A0D(G)-40D(R) corresponds to oxyhemoglobin profile changes. Fluctuations in signal
after cuff release (between 90 and 120 s) are caused by auto adaption settings of phone camera, but still clear overshoot
in blood flow and oxyhemoglobin (410D(G)-40D(R)) can be observed and further used for analysis of blood flow
recovery after occlusion.



43

Arterial occlusion

10 T [
|

Blood flow [a.u.]
| )

I
60 50 100 150
0.1 T T
0.05- R il .
)
8 o i
[Ze]
-0.05+- A
G-R
_01 [ [
0 50 Time [s] 100 150

Figure 5. Dual (650 and 532 nm) laser illumination: monitoring of blood flow and 4OD changes during arterial occlusion.

Heat test results are shown in Figure 6. Expected blood flow parameter increase up to 10% was observed after short (5
s) heat provocation of the dorsal side of the hand. 40D profiles show that irritation of the skin can be characterized as
oxyhemoglobin (410D(G)-A0D(R)) concentration increase, no increase in deoxyhemoglobin (40D(R)) was observed.
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Figure 6. Heat test: monitoring of blood flow and AOD changes using dual (650 and 532 nm) laser illumination.

The scar intensity image and calculated parameter maps are presented in Figure 7. Intensity image shows that uniform
laser illumination remains a challenge. Scar is not (or poorly) visible in the mean intensity image of R channel, but has
good contrast in G channel. The scar is highlighted well in standard deviation maps — laser speckles are more
pronounced due to absence of the blood vessels. Pseudo color RGB map of standard deviation is constructed to show
that standard deviation values in different spectral channels are similar — similar values appear in gray colors. Blood
flow maps indicate the scar as poorly perfused region — lower blood flow values. Pseudo color RGB map of blood flow
shows that each color channel (R and G) present different blood blow parameter values due to non-uniform laser
illumination, but the scar still appears as dark region with lower parameter values. Uniformity of laser illumination
should be improved for more accurate and credible representation of blood flow.
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Figure 7. Mapping of the scar: intensity, standard deviation and blood flow maps represented as RGB images and values at separate
R and G channels.

Imaging of finger occlusion demonstrates good contrast between occluded (Rol;) and non-occluded (Rol,) areas of the
skin (see Figure 8). Two regions of interest (Rol) were chosen to monitor two points in time simultaneously. Blood flow
values decreases during occlusion in Rol; while normal blood flow values remains in non-occluded region Rol,.
Significant parameter overshoot up to 40% was observed in Rol; after cuff release and also slight parameter increase in
Rol,. 40D changes show decrease in oxyhemoglobin (40D(G)-40D(R)) and increase in deoxyhemoglobin (410D(R))
concentration during occlusion in Roly, also significant overshoot in oxyhemoglobin after cuff release. It was observed
that oxyhemoglobin overshoot is shifted in time for 5...10 s comparing to blood flow overshoot. AOD remains around
zero values in Rol, indicating normal hemoglobin concentration. Blood flow maps of three significant points (before,
during and after occlusion) are presented in Figure 8, spatial decrease in parameter values and also overshoot can be
observed.
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Figure 8. Finger occlusion: monitoring of blood blow and AOD changes in two regions of interest (Rol; and Rol,), and blood flow
maps of three significant points (before, during and after occlusion).

CONCLUSIONS

Simple dual (650 and 532 nm) wavelength LASCA device based on mobile phone camera was build and tested by
arterial occlusion and heat test. The results showed that it can be used for primary fast monitoring and mapping of skin
blood flow and implemented as connection kit for smartphone.

Blood flow values can be calculated from intensity signal in red (R) channel where 650 nm laser is detected. Green (G)
channel can be used to provide more information about hemoglobin content. AOD signal in R channel corresponds well
with deoxyhemoglobin concentration changes, but AOD difference between G and R channels represents
oxyhemoglobin changes.

LASCA technique is sensitive to movements, surface curvature and also settings of the camera. Auto adjustment of the
camera causes artefacts resulting in floating signal or jumps in signal values. Auto correction settings should be
switched off and exposure time should be set close to recommended value 5 ms. Uniform laser illumination and full
control over camera setting still remains a challenge to provide more accurate and credible representation of blood flow.
Developed LASCA device should be tested and calibrated using commercially available LDPI or LASCA device.
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Diffuse reflectance and fluorescence multispectral imaging system for
assessment of skin
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ABSTRACT

The diffuse reflectance multispectral imaging technique has been used for distant mapping of in vivo skin chromophores
(hemoglobin and melanin). The fluorescence multispectral imaging is not so common for skin applications due to
complicity of data acquisition and processing, but could provide additional information about skin fluorophores. Both
techniques are compatible, and could be combined into a multimodal solution.

The multispectral imaging system Nuance based on liquid crystal tunable filters was adapted for diffuse reflectance and
fluorescence spectral imaging of in vivo skin. Uniform illumination was achieved by LED ring light. Combination of
four LEDs (warm white, 770 nm, 830 nm and 890 nm) was used to support diffuse reflectance mode in spectral range
450-950 nm. 405 nm LEDs were used for excitation of skin autofluorescence. Multispectral imaging system was
adapted for spectral working range of 450-950 nm with scanning step of 10 nm and spectral resolution of 15 nm. An
average field of view was 50x35 mm in size with spatial resolution 0,05 mm (the pixel size). Due to spectrally different
illumination intensity and system sensitivity, various exposure times (from 7...500 ms) were used for each image
acquisition.

The proposed approach was tested for different skin lesions: benign nevus, hemangioma, basalioma and halo nevus.
Spectral image cubes of different skin lesions were acquired and analyzed to test its diagnostic potential.

Keywords: Keywords: Multispectral imaging, diffuse reflectance, autofluorescence, skin.

INTRODUCTION

Multispectral imaging is a non-contact method that can be used for noninvasive mapping of skin chromophores, e.g.
hemoglobin and melanin [1,2]. Fluorescence imaging gives information about skin fluorophores [3,4]. The
characteristic absorption and emission spectra of skin fluorophores are shown in Figure 1. Diffuse reflectance and
fluorescence multispectral imaging can be combined in a multimodal solution for analysis of skin lesions.

Multispectral imaging system based on liquid crystal tunable filters in combination with a light source of different
LEDs in the visible and near-infrared spectral range can be adapted for acquisition of multispectral image cubes. These
multispectral images can be later analyzed to acquire chromophore concentration maps and skin autofluorescence
spectra.

Goal of this study was to test the developed system that combines diffuse reflectance and fluorescence multispectral
imaging techniques by acquiring multispectral image cubes of different pigmented skin lesions. The drawback of this
multimodal solution is time-consuming data acquisition and processing, as well as motion artefacts.

*inga.saknite@Iu.lv; phone 00 371 29162679
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Figure 1. The characteristic absorption (to the left) and emission (to the right) spectra of skin fluorophores [3].

EXPERIMENTAL
Experimental setup

Multispectral imaging setup consisting of multispectral imaging system CRi's Nuance, light source of LED ring light,
diffuser in front of the light source, as well as a computer with Nuance software was used for image acquisition in the
spectral range of 450-950 nm.

Light source was developed as a ring light consisting of LEDs to cover the spectral range of 450-950 nm for diffuse
reflectance mode: warm white, 770 nm, 830 nm and 890 nm. Spectra of used LEDs are show in Figure 2. Diffuser in
front of the light source was used to achieve a uniform illumination of the skin area of interest.

Light source consisted of an inner circle of ultraviolet (405 nm) illumination LEDs for skin autofluorescence imaging.
No diffuser was used in front of ultraviolet LEDs.
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Figure 2. Spectra of illumination LEDs for diffuse reflectance mode at different exposure times.

Data acquisition and processing

For diffuse reflectance imaging mode, various exposure times (from 7...500 ms) were used for each wavelength in the
spectral range of 450-950 nm due to spectrally different illumination intensity and system sensitivity. Images were
acquired with a spectral step of 10 nm at wavelengths in the spectral range of 450-950 nm. Maximum pixel resolution
was used.

For fluorescence mode, a constant exposure time of 200 ms was used to acquire images in the spectral range of 450-950
nm with a spectral step of 10 nm. Reduced pixel resolution was used by combining 4 pixels in 1 pixel.
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As image acquisition process takes approximately 30-40 seconds for diffuse reflectance mode and 20-30 seconds for
fluorescence mode, motion artefacts are unavoidable. Thus, image registration was performed for each image cube.
Simple stickers were applied to the skin area around the lesion in order to improve the image registration performance.
Image segmentation was used to distinguish the lesion from normal skin (Figure 3).

For diffuse reflectance imaging mode, optical density (OD) images were obtained:

oD = —Eugi @)

where I are reference intensity values acquired by using a white reference reflector before the measurement of skin
area of interest, and I are intensity values acquired of skin area of interest.

10 20 30 40 5 €0 70 8 9 100 110 10 20 30 40 5 & 70 8 9 100 110

Figure 3. Example of diffuse reflectance data of a lesion: RGB image (to the left), optical density color map at 580 nm (in
the middle), segmented lesion (to the right).

Average spectrum of segmented area of the lesion and segmented area of normal skin around the lesion was calculated
by analyzing each image pixel of skin area of the lesion and skin area of normal skin for both modalities: diffuse
reflectance and fluorescence imaging.

RESULTS

Pilot study was performed on 30 volunteers by acquiring diffuse reflectance and fluorescence images of 40 skin lesions:
23 benign nevi, 14 atypical nevi, and 3 other interesting lesions: hemangioma, basalioma and halo nevus. Dermatologist
examined all volunteers to classify the lesions. In this study, 3 interesting lesions were further analyzed and compared
to benign nevi (Figures 4-7). For diffuse reflectance imaging mode, a map of Optical density values at 580 nm is shown,
as well as comparison of the average diffuse reflectance spectra of skin areas of interest (area of the lesion and area of
normal skin around the lesion). For fluorescence imaging mode, a map of fluorescence intensity values at 580 nm is
shown, as well as comparison of the average skin autofluorescence spectra of skin areas of interest. Also, an RGB
image of the lesion and surrounding tissue is shown for each example.
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DISCUSSION

Diffuse reflectance spectra of different skin lesions give information about the main chromophores that absorb light in
the spectral range of 450-950 nm: hemoglobin and melanin. For benign nevi and halo nevus (Figures 4-6), reflectance
spectra has the characteristics of melanin absorption spectrum — the average reflectance spectrum is steeper in the area
of a pigmented lesion than in the area of normal skin, as there is an increased concentration of melanin in pigmented
skin lesions like nevi. When looking at diffuse reflectance spectra of hemangioma and benign nevus (Figure 6), it is
easy to see that the average spectrum of hemangioma shows the characteristic absorption maxima of hemoglobin at
around 540 nm and 580 nm, comparing to the average reflectance spectrum of benign nevus and normal skin. Also,
diffuse reflectance spectra of different parts of basilioma (Figure 7) show interesting results — both, the middle and side
part of basilioma show an increased hemoglobin absorption, comparing to normal skin.

Characteristic absorption and emission data of skin fluorophores (Figure 1) suggest that when illuminating skin with
405 nm LEDs as was done in this study, main absorbing fluorophores would be Lipo-Pigments, Porphyrins and Flavins.
Emission spectra of these fluorophores show that Lipo-Pigments emit light in the spectral range of 450-700 nm (with a
maximum at 570 nm), Porphyrins emit light in the spectral range of 600-700 nm (with maxima at 630 nm and 670 nm),
and Flavins emit light in the spectral range of 500-600 nm (with a maximum at 550 hm).

Results of this study show different skin autofluorescence spectra of different skin lesions that were analyzed. The
average fluorescence spectra of the area of normal skin show similar patterns in all four analyzed cases: light is emitted
in the spectral range of 450-700 nm that could be the autofluorescence of skin fluorophores Lipo-Pigments and Flavins.
There is a decrease of detected fluorescence intensity in the regions of pigmented lesions, as expected. However, when
looking at skin lesions with an increased hemoglobin concentration (hemangioma and basalioma, Figure 6-7), there is a
significant decrease of fluorescence intensity in the spectral range of 500-600 nm, comparing the areas of pigmented
lesion and normal skin. This is probably due to the increased hemoglobin absorption in this spectral range.

CONCLUSIONS

In this study, diffuse reflectance imaging and fluorescence imaging were combined in a multimodal solution and 4
different skin lesions were analyzed: benign nevus, halo nevus, hemangioma and basalioma. Diffuse reflectance and
skin autofluorescence spectra of pigmented lesions and normal skin around the lesions were acquired and compared.

Results show differences in diffuse reflectance and fluorescence spectra due to different hemoglobin and melanin
concentrations.
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