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SUMMARY

The vascular system is essential for oxy:q
whil e removing metAmbolgi v awa sd ratrg@rnied lweodrnka nd v
t hh@ crovascul ature act as <cruci al connectors
and veins. Their regul atory functions and

physiologidhlcrprasessas. dysfunction often s
di seases. Visualizing and monitoring microveé
changes are vital for eaeVvygl wWatdiesmms\vee d, atghe sd
of subcutaneous microvesséOD@&n,amh gexsi Striomy t e
i maging techni qutes pmrhewilkedd | ywéd comtampadtlgd noni n

| abelee functional imeacgionwge sesfelssubcut aneous

Photoa¢cPAwmaigec ng (PAIl) technology combi ne:
absorption with the deep penetration depth o
i maging. Compared with otFAdhrasv aisnd wjluaer aidmaagitr

demonstrates great potent i aas cfuolmaghiomg .n vHew e/ \E

exi sPMAmngr ovascul ar i maging has the | imitatioc
speed for <clinical applicaeconisc sardrecdumdeene]
i 'l umi nati on opfh oetxocaimtioautrsia @ rc olmiy g I AIME c ul ar | me

smadni mal s . Thidt hdhensesd aitdrtentrdagane n s3 P n a l (

mi crovascul ar i maging i n clinical and prec
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mi crovascular i maging tecbntgoesvaasaduéeapl bma

Key r ecsoenateeont si nnovations include:

(1) The ufsreeopudeanmnhridgthneystem and I mage ptr
significantly |1 mpr oveBAUtSH e-anlsaleietdn gainmdg ,r eesnod hul
rapid visualization and functional I magi ng
PA array systems typi caldmy oac hgreevaet er e s olliuni
effecti venaesscsu Imayg imigc.r oA/ t hough PAM systems o
i maging duration is prolongeddudsskpendisrug fclcien
Ssiggnaemovalptdcdaence compensati on-falegqareintclymaJS

| fanrer r ay systemy eeolabt i ag WD gWPA/ US visual.i

guantitative I magi ng of human subcutaneous
resol utemont &nfewa®WWenlgelnegt h i magi ng ti me i s wunde
ar.ea Moreover, vascul ar 0 d cvlausscirud haa teexdp e di e &

comprehensively demonstrati ngr o3cDe diicsr ovaseal
underscores the clad-esoadalutsbgniBDi cabcetahebuc

promising early diagnosis and prognostic eva

(2) A wide bandwidth traf3pdhesrtd n®lwt raas o
mat ching | ayer mater i avla apnrdo ptohsideds nt édvs o tedaeh ® izgers
mi cr ovascuwliahrh gihmaagxiinagdDu e tetse | aug @ pune tr @rdo @ @ rotniae ¢

piezodlSecansdibessdo,mpl ex system desig@qhignd t|
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suitabl e for ibtomei mgn pfraocreesrsiecginvdrmvb hd lg hc an
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surpapevng@us TUT banddpwibdtitlidmeed e pFourttehde ramor e,
PAM system utilizing this TUTemaamide wleesmoan sh irg
higlbntmiagesol uti on PA i maging of subcutaneo
This research contributes advancements in d

processersesfolruthiiogrh subcut andawsseTddibDenr ovascul a

B) AcoomaaditeendwiSdehsing techmomauddaneens ed o
Zehnder i n(tMzZif)dewaeseoped, uponPhaby cthalmu inlotn.

Nomontact US/PA holds significant wvalwue for

trauma, i ntraoper athrvai nbrnii anrma \gasbym enkgh)y ammodv i fne
ani mal s. However, previous bkaséeri ewdiobprpoineettye rr
with | imited bandwidt hs unThussitdagbxl ped afu®r cl i

detecti on mehtohnoodd yonbes e ie p 8 taethiemgr wi de bandwi dt
1-8. 54 (MHgBa mar ked i mpr oMZlmaend d oA/dedr it teireopnoarltleyd
phase correction method was propoPhadtom ad

experifmenthert reolbiudsat @ dna g ionfg tpheer fsoyrsmaennc e
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Chapter 1 Introduction

Thei cr ovasculpatauyrse as yesvteearh | F omet abhol i sm an:¢
acti WMitcrevadook amandytsifeusnanie drliIny isodvtacsrcul ar
rel atedCudisemtseangi ogr dphmny ttashid s giuwezag hRy e
Owi ng atdov atnhhtea griersv aos i voen i nza m g ardagdemmatgiionng mod al i
with strong absor pt i onne atnof rhalrbeedd gphalveee & ¢ v u sti ib¢
( PA)mag(imAgls) reedqgarane of the most rmirocormavad saqu lt ae
i maging.this chapter, the background of mi c
angiography techniqueecanef s A o daupdpel tdygaTltdi@dnn,

on bl oodmagasiseg Irsevi ewed and di scussed.

11Thdaraucture and function of mi crovascul atur

The human body encompasses an extensive &
rangi nbaragrai @s wéion arstveerniuchlmabg wn t o msiccarlcemet e
capikbkadsari |l | usl rMrtteedr iiens Rirgansport oxygenated
arterioles and then t o -wahye ecxacphia nlgaer ileet, wefeanc
ti ssuweins, on the other hand, gatherldeoxyg:
Mi crovasculature is comprised of arterioles
rangi ngmftraemilia0The microcircul atory system pl

oxygen and essenti al nutrients to cells and



them, thereby contributing to oviglBakl desef aktk
aterioles, the branch of arteries, composi

having the distinction of contributing most

Artery Arteriole Capillary Venule Vein

Microvasculature

0, Relative Concentration CO,
FigalISystemic bl(Chedatwas svaltsh.)Bi oRender. com

Dysfunction or damage to the microvascul at
and disorders.diComat ¢, emes Ip/asstcclad] sag dif seaes e s
flap transqli aret &teiadg m,s dp creta saen,d ccarnicteirc,als tlrionkb
can significantly i mpact t he structure an
complications in bl olddd Miocwoamdcul asudi peast.
invol ve microvessel semwi tSreveiremdacsed | aoodnd i i
i ndmcerovasculartidalsleyasbsef orFe utreipsrseusee nd yas fi wrec
dseases and roles of micrFoowrastiamatthe ecase ah
di s etalsmi cr ov asocfutleant ud mp @Rl a e o infarct wound

oxygenati on hdmper e ih Mmi@onEcrey g y d e mopnastthroaltoeg i c a



angiogenesi s, enriched simigai 6 veasne!l r plen me a boir

di abneetlelgnitarsgvamagleabns@patl ¢ ar y pmecrynieea bdirl o pt oyu

andapil |l adywtdhiompautr ed microvascular fl ow pat
capillary constriction, and .Jdagirlelfary, fivowu
t hneor phol ogi cal and functional information o

t he ear |l y di argenloastiesd odfi sveaassceusl.ar

Condition Roles of Microvasculature
= ﬁ ﬁ
Disease @
1 2
‘i ! i. P
Impaired Angiogenesis Pulmonary Hypertension Tissue Hypoxia
Cancer
2
Pathologic Angiogenesis Capillary Hyperpermeability Metastasis Route
Diabetes
Mellltus
3 Ny
Capillary Hyperpermeability Pericyte Loss Capillary Dropout
Stroke
) % -y *
(/
N Tissue Hypoxia Capillary Constriction Capillary Flow Dropout
Fi gulkt2eFat di seaxdat hr ee hi glhindgmead al rol es
mi crovascul ature plays with [&itiation, main

12Current angiography techniqgues

Conventrieopnraels eamtga toigwea p hyi ntcd XHldeyagsueedksgi t al
subtraction D&®MY i aqrda pchoymput ed tomography anc

resonance ang, wlgtrraggshoyda@dmiAa) i ng taenadhpntii qcuad s



i magi ng. met hods

DSA is considered as the f%mldd wstdah darudde
di agnosing and treatingsprirtemriviehhta mdiahe @ a@uddg
proceduSAsmagasgener ated util i ziurcch c@anytiroadsitn e
subt r dwnceomg raadftr oiommasgueb s equent i mages after t
introduced Amtex amplte uaft otargd ensgunyw aB LA lias s h o wi
Fil. Howeveran iitnviassi ve itmagt nign v elcvhens quadi at i
carri sesicitiosndksy agd miagiesntr ati on and potenti al «
complicati b%Co mprarpat iteontDSA, CTA is | ess inv:
insertion of catheters intediblecadd neasged s a
commonly used to di aglntBauits CWTads al sraa ye aipnhaogyi srag:
and contrast materials to enRAYnwtri chhehas sria
ionizing radiationagemdd amh&egy tt cmmot orsturi & satb

popul ations such as pregnant women and i nf an

Fi g3BEexampl e of D5%A Hdaidaagrnases| ature WiSAual i z:
andbAyti facts caused by patient motion.



MRAcompr isees od techniques based on magnet
vi sual ionidn gAals seexlasmpl e of brain 1 mddgilmngi BBy aMF
noinnvasive I magingioackhningue adi ahowtn,tlaed t1I

needed in MRA and | ess toxic compared to CTH/

o

hal |l emmpeagsnedbic compati®illiimiyedegpiat ¢ méntrses

exami natainan htiigrhe cost .

3.0 Tesla 3D-TOF MRA; MIP

Fi guldeT hr-es| aTOED MRA i s useful for screeni
asympt omat iveldluAamesal mum i nt ensbt i ap sejdé cstoiuarc e
i made depicting a posterior cerebral artery

(arrows) .

Doppul ¢r asouwmbdUrSe ma gi ndgo papn de t o e fmfe @ sdupreee dt, h e
amountd,i remcdi on td pilveadididadbll ew i nf or mati on f or

arteries, bl bicAl pdwers daawde sedrht ginnoa gde snhoodwunl e s

n 1Milgt. | si nav arsa-ivoenimnzoend bedsi de e anpagddishtiet ool s
dr awbtahcaeet sensitive tdwoes mal kshiled v ofdlew inrsig | se

sti |l | Theoxuigshto.ret s havei rpremvep atstde itwi ty sin sm

o

et eld®itohrea p a btiol i & gfquunicrtei on al s u onhfbol acswadtyigaem

satucsdatiémdiinms t ed.
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Fi gab(eaThe pl aneanowleaves oBlogram andpoWwer cdoppbker
i madéwi t houtowiatnd mot i olmM7lcorrecti on

U tradowcwmdi zati on miscramscemer iUbdM) i magi ng
enabl ersesalpetri oS i magnpgagsdnf fr actriacdn tUiSomiatl at
i maging by exploiting the | ocalerzsatwiotgh ionf tuils
|t rmade significamtcrpvagcebaes emagi®hlglecade
representative brain microvascular i maging r
i's displ ®WHeodveitmrnSi gle.chni que requires exogen

its dlmpriecreelnt at i on

Velocity (mm s™)
-14-10 -5 0 5 10 14

FigaéwULM of the rat brain throbgbughthhaned
sk Uil B)uULM performed throughbrantahi seetli hul Br
mm, providing amrleem® hudiepn hofandol ater al dir e
(b)pllane velocity maps from parts of the ves



Sevearnagli ogmeatphloy@l se d pomealed bicas on bdwpdar fic
vasciumagOpygi cal coherence t(OQJAY & a mitoyny aasnigv eo g |
techmiageae on t he | dgarhelrifsgahcte roetifblinemaitdlanngoeer e
depict bllotdd cwapdpsteH eésd) kisro Imu tcir@mwvw ascul agyuase | ma
suchreads na andanadhikgkdiindpl| DY At hemagi ng resul ts
wound 24 -houpusge@rostdoppl er @EleDRlnsi dm siema gipreg
contrast imaging are two commonly employed t
perfusi@bhDPImaigmagi ng rfeisnggrdas p iodrnt @RhHgy e \d & 1x

t he bcdhgaglelsenge ofreptdéalmidetdec magummr?3dept h

Fi gur®CTA of a scald woboopdrtghdeo hdoourrssu mp cosft t h
wril%s*8cale bar represents 1 mm.

before directly after after 3 mins after 10 mins

Laser Doppler Perfusion

low I high

Fi ga82561 256 DPdereflusi on i magessadfitreerc,t lan da fltOe 1
after the i mmersion of tH#&*l iTrhabeexs efki ncgoelrori ns
repr esreenltathigweliygh ti ssue perfusion is displa



Il n conclusion, current angiography technic
achieving subcutaneous | mibdarieomvaagsi enogh & h@ it end @gis n ¢
spati al resenl utni osnubafut wd @ divoenti rze gnigmerdsadni at i o

provide functiminarlov and ®@u immtt g mematolfy desired

13Principles of photoacoustic imaging

PhotoactcBAamagcng (PAI') is a new hybrid bio
onPAef fect. This effect was first i nthwoduced
di scovdrhdd tdhastks composed of wvwhre no uesx psousbesdt at
rapdiadlterrupted [Pébaunre otfo stuhnel ilgedhdak ofsaappropr
senssdudwedt ecti onsttiedciRedesf dheaxwa d e plriotgfricces gne ar |
80 yeianistdsi s cyoHoewe ver , it wa9 snathaan tRiAIl  tthee |
experiencedimapidmepdo pwaseagfitel dadvancement s
and computer pico reastrel.digkesyv edrearionPsAef aeetd tanat |

effectively applied in opticallyl?2$cattheremy

opening new avenues for its application in b
most significant components in the field of
Il n PAIl, boitmt @emad dsdeldaotaehddwmaivedi e ct r omagneti c r

can be util PaveadléloAgrarosa¢e @ond pwlmpddi weals er
irradiate the object, cawdiircd istubseqgabsasbt

partiall Vhe nhe@atheiags . f ul Bphreers scus (erv ewfabvee® A d Nt 0



wage t hrough ther mod$&daedteicdkd oaxsp anmsi ro.sithened
receilWmavbeand appropriate algorithms are th
ofoptical wab#omb&ifeT?Hoeb jdeicatlpe agmenwér ati on of P
shown 18.hn Ftt lige siad | experiments empl oy nanosec
the visi-bhfersapreecdi @eame . Therefore, the excite

specifically refers to shiorftr arudds eldi d hats errasn g

| Ultrasound

@ detector
|

‘Light in ” Sound out‘A

Fi gult9eDi agram il lustrating the Cgeateadat iwvant h
Bi oRender. com

131Gener atpirpog a atanfdAva v e s

Upon | aser excitation, Qdwec afnr abcet i eoxnparl e svsoel d

foll owi nlfg®lequati on
Qw . .
- Ihnt W PP

wherdaeas the isotherimad tclhenptrresrsmali |lcddaegffici en



nandware small changes i n prreessspuercet i(vPeal)y.and t

Duringput beader heattiwmbge mpoo aés scomfdii € 8 menrst
genesatkeidg fais deBEq(ril.adl.V@h)emhpul sewodt hasser
mu c h esthto&ih er mal retrax ahtehaein f ft casmbe® n ne gTleec t e d .

excitation is caindinemeati csfondti h e omal

Q .
|—h pg

wherei s t he characteristic di mensidrmeoft hehae
di f f us? sWhtetnhpéurh sewi dt h sholraséer ebhanmedlaxati ol

t hwea vperpa g a tairboen ncegl ect ed. The excitation i s

c ond,atsihoonvn :bel ow

¢

[o})

c‘| o)

whemei s t he s pienedt iosfanmesinidsylpib5cal |1y bleecsasu steh an
t her mal di ffusion iIs wusual | wa we roplagtiteirolny. s
both conditdonshar b aabet nrgefgiaernidee dc d €8 a%%bned t a
the fractional volumé&hexpldonseeelHqtehbmbenneghe
gener at erdi aptep ensigcamee har acaseri zed

N 8 0&

| nbi ol ogi chli saatpips dxeéymaptied$ [ i approxitmat el y
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pm U .For i ntstcaarcehet hcaal ciBe snped at wmd wrdiuscee cldn
kPd o @alesisrucreeasempnactYi se RBelner al K wHiecshs t h
Showst heempt | d la Apea = s stuyrei siesy é iya l magnictludce clad we
di agruddtriascounss uf ge lo uMRleIElk @ € @ drsilesreeas b ¢ dh e

exci il acianh breekpressed as
n i ——01 h pPd

wheraelenotes the maksgs/) 0edesnatyes( ~t1l0eDO0speci fic
constantoivoeomeadsohbed opiistcaliTh®meaemei sen

parameter (di mensionless) is defined as:
e 3" PH

whemedenotes the specifipa eseaitrsecappbiytsy caatl c
that varies . Womd dtempice at meeempue alsaedheon |
the relationsdhanpd wietnp eR A tsuirlgg&*dSlosmei nt er
reseairmches BAdgeattedcdb ¢ awmii zeda pul sebasgktdrani ¢
Gruneisen r éd’AxadridomgefitheEthoeddube, rise ¢

expressed as

n i 301 8 P
Thabsoopteeloadgygt ri o yptrlioa nl coto gpdtfa b a b rcpoteifofn ci ent

antdhe | ocal @©b% i@Bwndlsdtil utpintcree Egod,iltt7dant be
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expressed as
n i 3 1 70i h PRy
wheiOe sc mampp lrexxsi cal quaadtettlyent osi torauhcetisutreeo nagn d

opticalegspdédibalolby gi cpaols itnigs scuheasltlheen ggesd nt i t at i

Af ter abber mmfeg gxci t,anhdgeme diants ePdhparl e ssur e

propagsatRAsTiv@@dewave generati on aand npilicama ga tmie

belescribed as t hi¢g®lgeneral PA equation
pT L T am
vie M FTr e P&
I n the ®©ghateipornessehédtuincagliedn nede asher mal en

convaearnt epdoisand ombywyexcitati onvbheme pefmThanit t
ri gplatnd si de of the eqwlhaitdtome g fsi rtshte dseoruirvcaet i
indi ¢dtaitn@ mimp otr laei nvtaerni saittiyonof heating source
This elucidates why continuous | BAseirgsnadanno
|l nsteaplyl shdbritasennsdudratiedt emuitti wuous | aser s

to generate PA signal s.

The general PA equlatowgh ctaime b6r s®PTviesdnct i «

sol utFRAomproefpesiicamn d¢c mee ber es5kd as

. Pl

. Py . 9 18 .
niho 5

ot e ANt o ——h PP T

whemei s the i nddriiave dprfdriosnd sEgl oihr0di tclaate st he PA
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wave ptreespaga spherical wistale r b dc@aanidefed deat te d

spati ali tlhorccaugdenas sholwn in Figl.

PA source ~

N

<\ \
Detector \\ \\ \\
\ Voo \
\ | |
— vt I l |
| l /
/ / /

/ / /

/ /

Figuit@he PA waves detected by a «woimet fdemec
sourocveessr a spherical shell centeredyqat the d

1.3.2Mg oPrAil mpl ement ati ons

PAlhas two maj or, i immpdpehnmbtinotaactoiuosntsi ¢ comput e
( PACaiInplhot oacoustic .Mher oane®@RACWHPBBAaAsed on
wdefde l i ght i IPLAu nsi imgafbaitoent exnd on at ,mbhleni pl e
applying inverse reconstruct @Tiewvel opmant, i
acoustic detection at multiple |W®dteimemd wds
sl ow [é5Tded approach is UPamdap!|l gt ecepdrascednd
ar 8841 ciarcedhd®arnd hemi spHedteo 2iDhn arrgasye t he i m;
SoméSdet ect ors WU&Ssseendsionng mew hods still rely

opticall®¥etPnc teoxrasmpl e of PACT system based or
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inFi g2(.cl , i n which two optical fiber bundl es

array detector to provide illuminati on.
An universal Il mage reconstruction algorit
spherical, planar and!&ylindrical, can be ex
P .. GOT R ATO
i — i ho : —— QY8
n m cn T o 3§ 1s PP p

I n the ¥gepriecepasniongi pgkemeatspet i alf posi ti
el ements Iin arepyedemtgceéeobet ween the nor mal
detector receiving plane and the vector fror
t he tobywkeioslkedi s di ¢bdekiretetncom | magi eagdlebeetcitaent

el enmfThechematicrecags@amgoisbbBmown in Figl. 11

Fi gt Bchemat i c rdeicaognrsatini’Bacfit i mgp measuuéemenstpna
poidedt eat opo®iotni omuﬂfraecceeives PA signals emit
- B . During i magequeaeoacotnsiyruoueltiabted &0 t he meec
P projlkadisward via acemhermeadalatsurface
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Figatr®di fferent PAI [fipla®hmdDRsgsitems and oxyhel
satur at)i onequwlOt s of a-PAduseg seam anl) ndAR mal

hemogl obin concentration, [ hemogl obi n], I n
l i near array detector and normalized Met hyl
sentinel ' ymp8Tnodlet ( ¢ Nynd transducer.

Due to the widefiegsdallyumanaticbnevPAdAEEep

seveeal i.mehhear ®ls oloPtAICdn mai nly deptedsf opaeaqtuhbac

bandwilWdet ekhidlaet er al al sleiodsutamnmoe es ¢ @dmnisma
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el enenteandashangement pif tfedirresneyne dhentdet hoc an

be influenced by the sMagy eétondsdhawwieod ea
enhiamghe qmuead o ltaytaicacruofcyeconst rTuhcetsieo ni nicmaugdees
devel opmentrecbnstaruadti®manddmesbodsyg ilsismietse d el
receviie®® gsound of s paeneodd gnfiifsemaetncth t f%%s *&lnado mp «
i magi ng!’Alr aiwthd otha|l | significantly imié uence
reconstPrACdt isyrs.t e msa phpalviea anoiindgenlsyadyeft el dhe de
penetration depth and fast | magi nap pslpieceadt.i oFn
i ncldaetscti on and evald3at/itotffyofd iy ékhsntxrer anc
canldtlnd sFororbmaghomparsadatudywev®A&h and MRI on h
br &/ihaisnvestoing at epda thieenm tt r whRokrc tpormeyc | i ni cal st
ani mal sb owryestd ilenPe | was achi evalduathof ep mheotrii @ @

preclinilcd8l i maging

The second | m@pPlAMme mthatcihoncoiud d further be
resolphdtomacoust i(cORAM@EmMasccooups s ocl ppitatomacoust i
microé6ABRAMYascedi fferent approaches t oé67’%detern
PAM is generally based on the mechanical or
di stribution along depth at each scanning
algorithm. nByi aeqsigmnalg at -so0@ansic@mageé ngapobhaea

by scanning the detector along one di mensi on
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acquired bycamanmammggt Bpl e | ines. The amplitu
absorption distributi on aixnrasepltht ipamo fafl ePAaM
determi neddby qtureencoyemtnd bWhdwi dhéd excdeaercbn
i s sufficiently shoPA) gintaed mgramcbdbes cohsgarerea

Thaxir&ls ol WPtAiMoyns todm can bfé¢l expressed as
Y C)8
T@%Q PP ¢

Il n this'Yerqaupartdsoennt s t he axYGls rtehseo Ibuatdid®wri dafh
detectors.axeaboaulyponthe directly proportio
det elcheorref or e, using a det ecarmd wiaddadmieadnhh ghe

achievaxiriedigldrut i on.

Il n -ORM, the excitation | aser is precisely
higlkesoluti dam RAle. rPweasi rement of | ight beam
ORPAM system is typically within ballistic r
The | ater al resolution is determinedORby t he

PAMWI th the combi naStians dialair gfnoeedu seepdt i c al ar
system can achieve PA signhk déetestrabni owntob
refl OBRAMesystem i s2(saha@awn tihn nFii gnet.glamngs ns asnsp lve
ORPAM system can also be wutilized by configu

on two ippdosi he. sampl es
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| n -RARM, the excitation | aser i s not f ocuse

a fot@sreadinsducer is wutilized to acquire abso
i n FA(gl.,1 the excitation |ight beam is weak|l
composed with a conical l ens and cob&enser
transducer. T hgeu i fdreedle mepg ehooa Iciaghhtal so be rep

bundles for bDbetltf®rTe sit@etmerfdlexridsdliutyi on i s
focused acoustic AMmN, TFbei penst-PAaMiied mbBH h
deeper -RAMNnwiORh sacri ficingPANMesy satteem ails r grse
repl acee alsyedarPRAg gt em, pri mearoinlsyumd g trast ke

duration and compl ex mecPAMiI cal scanning req

l4PArasciumags yngt e ms

Inbi ol agiscsadedyi, f feommoanent s can be used as
agent swi t h t heofadvanhtadasing no pei ssulkat i
microenviromomeaxi caintdy Filgdd’ ®Asnhoonygn ailn  t he end
contraséexcagpetntfsor mel anin in the skin, hemo
domi nates the absorption due to its high co
t he mo st used endo dAesn owwyt ghelnmg g t (oHb)@a n dP A |
deoxygtebdemogl(dih)anve di fferent absorption beha

l evel i n ¢aboeoal odmelsatadfstaivel ength PA signal s.
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0 500 1000 1500 2000
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Fi gui@&bsorption spectra of maj or endogenou

ti d88de@xegymogl obin, red |l inehemb@l obLninbblueod
g/ L in blood); Lipid, brown | ine (20% by vo
volume in tissue); DNA, magenta |ine (1 g/L
cll nucl ei ) ; Mel ani n, black Iine (14.3 g/ L i

(720 mg/L in blood).

Thus, PAI ememygasi-iven irmamgni maging techniq
absorption contrast, uni quely combining hi ¢
ultrasound. I't can be a promising i maging t
met abolic information about tot agleqifa¢ moagl olint

(20 and bl ood oxygen mEhedbdel pamamét eni Sravese

early detection, diagnosi s, peaosgehsoslils eval ua

Il n the past®tondeecpardeeviocorussa,esearch has been
and internationally on periphemrrdAICTVvaRAcd lear 3

for PACT, snyasntyenmsst udi es have been reported t
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vascul ature using various P¥ET csysctddtas®hirma

and hemisphle®ilc 2D arrays

141PA vascullasednagn nRAM syst ems

PAM has emerged as a epowarfiwin t onalgi hgr oh
of fering valuabl e i nsibgphtosmainmdt ca madnadl sslHare sdy |
Aheét.delvel opecsal it g o n, hi gh -BAMegynsotslgprd ¢ terdo s
from a commpePAdMa l( Opitglc hoM, Optitcbovi Replubtiec
quantify physiol3Dmicalovpasametnernsvdob®8 sThien ht
configus@t MBRPAMf system based on MEMS scanne

mi cr ov ersasiellfsoloch and fingers before amdtl after

(@) (b)

532 nm Y
V\ RC
559 nm
f<“
oM
FC

MAP image

v 4
z Fiber ¢
P stage
»
oL :: MEMS scanner —
CRL Nl
ur N £ ¢ O
ouc | A
v ACL ' MIN MAX
z I

0 05

FiguddHi gshpeedPAR system and microvia$fa) ar i
Configurati-epee®d ADMRes yhsitgehm. The red box show:
two | asers as the MEMSBI ®ddnammietro rmonwge saof (lbl)o dree
in a finger during br acThhiealc ucfuff fwiansg raen de aasfetde
the cuff is released, the vessel density i nc
Al scal e emar MARBrema@Dmum ampMrietpurdedavepirttosj e c t i
and w/ o mMeipreesent s

20



The | ateral and axAM siyssgammatiche 3 & eosfp & diti isv «
By combi nriensgo | bWt g bn I maging capabilities w
researchers were able to monitor oxeyrgeanl s a
pul sat i otni mien me alvi di ng a comprehensi ve un.
procelshxee-BOMRM t ecalnagilogjuoewed f or the visuali zati
and atslse ss mevnatr ioaft isoOn s . However, due to the r

|l ight beam ont o tPRAeM bslysd e nv eeasngde Isg riom gOR i gh't

tissues, imaging dept labiouti hmm. wor k is only
To satisfy application requirements whi ch
coupling |l i ke wound heal ing and burn diagr

interferometric PA remote steon saonbhgi emni ec Fnoosncocogry
PAM of in vivo supertfhei ahomheabivasecaul GAMY e

chicken asmmb rmed sa n oTmae tinmtrer § .ePrARMBetchinge que ut i |

el aspgtoi cal refractive PAddx imdd yplreaetsihaine @i et d uaom
higlkesolution i maging Sogfstkimolscedgiugali st isshsouvens
coherence | ength interrogqdteirdrmrr benanmeraissurds sd

i ntensity oasnctielnltaitoincansl yaned i mo snait lel afeinadnostuig\hi
high SNR noncont act i n vivioneiarhadndged ywd roe raclt

tempor al profile of PA signals along the aco
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1310 nm

PBS Amplifier

X
PARS results of CAM
of chicken embryos

SME Digital reconstruction

532 nm Motor stage

Figutit&Experi menamd BAMupesults of CAMPARS chi
mi croscopymwekhbhi pa2inonni aneégtaBC,onbdaemamsombi n
GM, galvanome,t elrems;rr@Lk,, objective |l ens; PBS
photodiode; QWP, quarter wave plate; SMF, si

I n the fiel dgaoiertdesglmarteadi digazned ASRADM sy st em
wi aht i caurlihmotreidnowvralsa weekeiesual i zati onhefal bhgod kv
angdkin pathol ofii’lelse | s khee negt@ rdadafiesPA®f sy st em
and skin blood vessels l@aRgsagrckeksustdemoers:
potenti#®#lroatibahtdraptoacoustic mesoscopy to
| oops and der mal vasculature in psoriatic
valuable insights iomphy dii slemagiec aslevehrange a.ndT
ulvor@ad ultrasound -I8@gMEn) yersplelcd rtuon (ilDu al
structure from superficial | ayer to deeper |
em and emM8mpexstivel y. Thi s approach not onl vy

i nfl ammati on and ot her bi omar ker s associ at e
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potenti al for l ongi tudi nal moni tdes migt eof i td

promising capabilities, this technique has
penetration depth | n -cdoenespuemri ntgi srsauset elra ysecrasn na
The i mages in this work onlI582r enaat hdd uani cheap ti

scan time of 80 s foaom $c@&nmmngAht basgbhpahsij

for -immefaarared | ight could bd yf br tmmer tihmp rpaVv sk
rate -omf neamaed excitation | aser typically fal
Hz employed in this study with a 532 nm wa\
requiring even | owmwlemre rsachalnenitng matmeomnar t i f a

body movement .

Figat& a) Schemati c «fl thrrrecea dblpaenrshctamoséd@dust i c
me s o sld.blp Pth)ot ograph of the scanning head an
Photograph of the sdc¢agifeni Hlge heParddil gmalps sart e ofni.

in two frequency bands and reconstructed in
representing | ow, hi gh spdgtfi)alT hfern e q ceomdbii ene.d
(d) andt@M®Maxi mum intensity projections in
epider mi s, showing the indentations of the ¢

dermi d 1l (is)c.alAmbars, 500
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1l42PAascul arsyisma&gnsndased on | inear arrays

The handhelsd alrienetayrpiararldy based on US i ma
bundl es added on the sides -wobodtahetlyi menamgi argr
This conhagumratiramcted considerable attentio
i mpl ementation and its dual i magiChgi capalaill
presd@RAUSdu-mmbdal mags ynggt em v ie8 Dpaelriizphi ecrraolvessel s
bones aom hheeka lntshy ifreeityi dawsalssh®d®wer PA/ S gilmdgi
system wutilized in this study is a customi z
syst eOWB(EE 12R, Al pSywstoemamsMedamdala tunabl e pul
el ement l' i near aitlrzay AU i nEypms dMumslg rc ahhld3 a | i n
fiber bundl e. The tot al scannin@l binge 126 g wmim

scan range withi ®7d2%omm gueaeptstaeive metri

tot al hemogl obin xxomesstefltatdieos t meaandOmean
and instep areas of 10 healthyheolrestuéd eérss vwce
the reliability of the system, showing poter

stages of di seaBets d¢ &tehrdbiisrod) aitttoi © nf @ett .er mi na
this thetteemalaxi al 79e¥83dmu tain ai8dn®,drrees pEéti vel

which is stildl not enough to disem.ngui sh mioc
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D PA vessel (MAP)

C US vessel (MIP)

A US foot (depth) B US bone (MIP)

V. 0eeN |
Tunable ! 4 \
OPO laser

E USbone F US B-mode
+ US/PA vessel + US bone G US vessel (depth) H PA vessel (depth)

+ US/PA vessel

™

4 B 7 \
20 50 Min [ BoneintensiVSOUIN Max min [ESIvesSel

Figund&a) System conf 8 Dirmadaln/ USF itha¥bIng sy
Mul tistmowatcomalr ast PA/ US I magesyembtdai malde i r
voluntear &as fo@atr bitrary units, max = maxi mur

Also foclusreell amhedHUWasR ad®lmp ar RAl ftehettulhmeisr and
corr ewiatth ofnroot c obnldovoeds s mplakt eveewiehlesro ni ¢ aed ul ce
heal t hy bvyo | eunmpt|eoeysienagn as ydsutaelm t h adto rcsaanl iammadg ep | bz
sides of the I[f*Sfohte seixnpuelrti ameenctuaslt gsne tsuypB Aoefm tahne

i maging results of a patile@fheiitmplemahntcati

duakcan design allows for a reduction in i macg
enabling a more comprehensive evaluation of
essenti al parameterc|l ucilrad edes velbl oshhar perssze |

and density are used to assess tisosuatpértus

PAleval uating perfusion and guiding treat men
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(a) (b)

BS Light illumination

FB 14
Trigger T
12 E
. - £
1 =
L R 110 2
(<)
AB| 1.00 ABI 1.10 P
DAQ T810.48 10 mmQ 18) 0.51 10 mm l; 2
&

\ TR 6

o >4 1
FB Light illumination

Figut &) Schematic drawings of thel*floph)and b
vivo results from the patient wi t h@dini ul cer
Phot ogsodph he subjreicdg ota nfdéadett ut cetr which i s |
dor sal side, of et p.adgiti pVhed yRPA-¢dhemtdied MAP i mag
the dorsal siamddhef rti lgda(t)iTdhfeto PfAcedhtec mtdle MAP | ma
of the plantarastdhde rnifghthef d@etf t Tlho®ti magi ng
is | abeled witMAR, bnrauainmpuenct adgl proj ecti on.

Another studyi segawarlt.ed obmpi ned US i magi ng,
using a |inear array with a central frequeil
i madfilge syppeamrmdmaegi ng results of al.Blman h
The system wutilized in this study is based
FUJI FI LM Medi cal Coc.ol ortedd ,a clJoawsatni)c. |Ae mwdh i weas
transducer array to reflect themahtbtidesastel B¢
slow flow velocity, -rwéhsdleutPRAdn ciomd gdi nogf flea s el
absorption. Two of the i magi ntgh emo dfaolri tcioemrsp raerf

vascul ar assessment . Despite its advantages
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signals bring background noise for visuali ze

unable to differentiate between arteries and

lllumination Optical &electrical cable
optics

Ultrasgund // Probe
unit

connector -
Ultrasound transducer array

Linear-staQe
controller box

(b)

(ii) (iii) (iv)

Figat®A system and tté&l ai)maApipresm rraemsiel tof t he
the PA sysmbgms ©b) 3rd finger and palm acqui.l
i) MaxtHmum-psojigctidn nignearge iogpf. US Doppl er anc
in red and gray scal e, ()esspheocvibiovwsehayped iar)t erl
in fing)lerMaxwmurme-psofgction PA i imagRh ootfo gtrhaep hy
and i maged area of the 3rd finger and pal m.

l43PA/ascul arsyismagnsrcd a saertlraaoyns

Due PAosysbasealdi mematrr am satyc e f acchea It lbeknigneist e d
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recevvgwging arrays amd ehdeniesipdipperd hteaa r ap$ v e
probTlken.st udy ir eepto ratl @ av @brgemsidaimi snad-b avdhy | iemagi ng
technmnisgueg-i snpuglse panoramic photoac®AL€T)c co
basedf wlnlng array uloBMDNne €n tt maam&fduaegunegn c y
radifilsas s ho2vhh Tdni sseiegalb.lneosnntvasi vely i mage bl
from daratienx and i nt-eema)] prganding detail ed
vasculature in vammidiixsdmasat oppeaki n8giodbnusi o
cust omi-aremPAy sp®f eeemnhaiig hsacndatw | madginciga on

provide structure information

Ti-Sa laser 1,064 nm laser
o @ a2
BC ;
Mirror w Eeism

Diffuser

Photoacoustic amplitude

1,064 nm Computer

720 nm

Bt g o sttt s e e e e e e 't St g g S ot s Ao <t a5

FiguReSchemati cs-PACT t ©es tBdbie raenedPSCP of- s mal |
ani mal-seatoisenal i mages ofl*he upper thoracic

Tar gdtuimage neixtiWreasyt deelv.e lao preedw| ys yBAI@Tnld zi ng

fulilng wanrmhaya centr al frequeoniciyew f( ROW)5 oMHz2 .
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enabling the imaging of angiographd®thestr ucH
experi mehoalshamagamd PtAhrmagi ngofr elhsaundatr depi ct
Filgl. Tlhye temld achieve dee€ep 8penmetirmatmucsrnc ud eapt
spati al oR&doTue iiomagi ng trheasiel tde vel gpegdt sy st e
val uabdkeeetdobrng vascul ar di sealdewewasdt mbhooadr
vessdeelpsi ched he resul ts wat Bprudevi gdn f ovrensast el | osn,
mi cr ovdeuses etlos t he | owtdhenarmmadgahsdqaency of

(a) Latitudinal Mode

1064-nm light
Ultrasonic transducer array

Engineered diffuser

‘—I Data acquisition circuits

1064-nm light Pre-amplifier circuits
mmm Ultrasonic transducer array

mmm Signal connector

PA amplitude
Imaging depth

Figu2#a Per speacwarywwewsudf the PACT system usi
i Il umil f%d)tpilomages of the volunteero6s ri)jght ha
Maxi mum ampl it wde t psaoghPeacitsi oamlxargg Q@Ehleorz encod
depth i mage of the hand.
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Besi degsdg nfultlr anssdmtcien g aarmr gy dauscaerrel sor 8 used
visuali zingChhetmoal vepseposwmpar it mhe malgebl ood v
anovel PAl sypemdmglasadid®mhe schematics il 1l us
PAl system and 3D PA imaging results of the

|l eg are d®own in Fig

(CYR— (b) @

Scanning Motor

Bifurcated Fiber Bundle

| s

Optical Fiber Bundle e A7\~
& | 8 ) |
§ 2 ‘ I |
£ 8 | E
g HE - ! RS N H

i, |‘ ';":\_ s - o W s &

>} PAsignal 7/~ —— _ _ |
SignalGen "Sger > y T T ____________
Trigger Board-line
Trigger Semi-ring Transducer
DAQ and workstation fiber bundle '
J ¥

Fi gure@Semnmii ng saPrATaysystem and [4°lapgiSmdremasiut s
il lustration of the dedicated PAT system of
i mage ooft itchael and acoustic coupling bpo®WDl e i :
rendering of the vascular network from the |
) The imaging area of size 15 cm 1li)i4Tken i s
screenshotemd¢odéd edseopliomed 3D renderieidi W asw ul
of the vascul ar net wioy KA f-ereoars st chrea || aitrea gad vgii tc
bl ood vessel s.

The -semg transducer (Doppler Electronic
experiments features a central frequency of
el ements. The system can achieve approxi mat e
200m espati al resolution, with a FOV of 15 c
Advantages-rohgtheragmi-ctiompaneday® ifuc¢lude |

greater flexibility for i ntegration waintdh ot
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fluorescence 1imaging ofinlge avaagnt Praebacl
artifacts during reconstruction due to | imit

insufficient resolution for imaging microves

l44PA ascul arsyismagnsmdeams spphenaysal

The most itHealreeseigmpher agcalasarntrmhays can
PA signals from all angles along their propa
of originaTdPAMMimriesshswiirresag laorfhii EAadstisgnal s, s o0 me
are expl ori nghetnhies puhteirlaigzaal tfioorn ionfalju ek ibd lo.o d
evaluated the useful nelssneoki PABRI f omagésanbhi
vesaa@alds surroundi ng vVvenwlseys twa st ehdhawind @acell o p e d
ar k%Y The sseytsutpemand i maging results of the | ¢
Filgs. Tsheemiphere array wutilized in this syst

frequency of 3.34 MHz. The system could ach

mm | 18&0smmanni ng!%*] @empadBesd the i mamgimagr eaes:
fluorescence i magi ng, PAMi meomnud ido ncaflf emre pa e d e
l ymphatic vessel s, thus enabling an enhance

surrounding venul es.
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(@)

Holding tray

BN S \ Stcannmg 270% 180mm (max)
Hemispherical detector array 1% }r Separate film| Stage ¢ - 1
P
|

e lastic mesh : ™
Laser light | \H“ﬂ&\ " [
| :

"

b oY '

. |

z —\ Data

== acqtuisition
¢ = system
y J ' =)= Y

Fi guli2e8( aCr osescti onal vhieenw s pli e rtdluea rnrg@ gt h e

measurleemMdpotMaxi mum area ca®tbursegd)t wlinmhaig(a h eo fP At
|l ower | i-mbaoimd ao3an who had a history of gyn
hysterectomy, | ymph node [88ls(sieic)t i loynmp haantd cc h
| mages obt ai-inrefdr awrig ch fnlemar escence i maging, P
obtained with PAI shows relationship between

Combined with-cdteae | fbhledapano pnogsectbde ar-enn nagn c e d
mul t i padymaevirlducmet r i ¢ MAGTe da popnr oaz ahthe nai wshp hcehr
onl y r ecquuisrteesr eath u mabeas OB tr amsodnpcaeorn ewi e nhe |
conventional multi pdTlhsehemat iPAC diskysyEse b ms
i magi ng ar ehseuallttshiys fvpd lum t eeree 1 AiZshpel eyedandt aiprh BB g
t r ans(duacpearn Pr obempllcyed iJmgptami)st emslzemme i 24

array with 2.02 MHz centThads oftrsgogoui ecrad yof &rsa | €
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t he siysstaernbammd oh&0 al f od4afnadlpla-ive eswv iamag €OV

is 12.8 mm I 12.8 mm | IThe®mmmati omgofx, dgep
wi dhnamic WAICEAmbBancess pieneadgiwigt h redwuced KHat a
for t headalll IHzvifeow t, hevhdll westmari ntmiaewmi ng | mage
a ceofsftecti ve hatdwarme miseop il o we aéhre,a rcruasyt so mi z «

hemi spherisysglere®Aal | y neeidse shiigrhe dc oesxtc |aunsdi v e |

wi t hodte grroautiinngel y used US functionality

(a) (OB  Fu |  Cluster |  Sparse |
Target Hemispherical
[ US transducer
Laser array

illumination

: 3
X
Solid angle: 1.17n Solid angle: 0.31n Solid angle: 1.17n
Imaging speed: 5 Hz Imaging speed: 20 Hz Imaging speed: 5 Hz
Size: 140x140x125 mm?|| Size: 90x90x60 mm3 Size: 140x140x125 mm?

[ ® Active element © Inactive element MIN [BAlamp. (a.u)]MAX |

YII'N PA a@m MAX
©) I T

"

FiguRdynamic vol umetsrtieem RAQT ilm&l@)Bobemasiut t s
di agram ePfACtTharsDing a hemi spher{({paCodpartirams
of @rhreangements of the transducer elDement s:
|l ear-anmgnced static PA iimagvingo of a human pa
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15Moti vat PAm s rfoorra sawli an g

Appl ying PAI to blood vessels imaging has
recents deeadeal representative systems and t
i mpl emehtaatistuameman inz ¢ ch s.t Tsheecstel osnt udi es per fo
volunteers and patients show great promise f
to help with diagnosi s andr etlhaetreadr eduitsieexh srgogn |

di abet-wisne potrai ns, free flarmpal rwaasqulaarnt sdiand

Howevxer PASIYystems have their | imitatdions ol
PAM syst emeohugshn pvehkygbktree sadlodt imo c rdoovwens s el s
1&m,t he penetrationmppepXxilmbasvdl gemnlwdt abl e f o
i magmingr oviesgeés! i anicminlds malt fi ci al mgocmr ovess
human Angsmes$ ex syisstfetne nd erspiggenc ¢ & d liogpnn a o d |
acoust iWhibleeRAMR systems can achiever deeperofi
raster scanning is often time consuming, ma
caused by bodRBAGsoywseamenrst .bafscerd on circul ar arr
these customized systemarasdasi gnecedxdli gdi
| aictkghe <clinical routinely wused US functions
systems based on handheld | inear arrays ar e
clinical studies, wnotdlal i hg ®BBvambggeg achpdb

aligning weldc!l wint lt ap h yp&srisecviti aotues Hr aelpiotrst.ed wor k
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handhel d imaging systems predominantly targ
detail ed i ndgwbaoatnimcerooavdecsswste | s wi eEnm iampTph eozxel .ma t
spat itad mpgomdad i ng resol ution and i maging dept
assessenewmiltt s ofEsmeaioalelsyseil s.t-hadooatdeper oph
vascduilsserases, | iterature assessments indicat

closely relatedsiaedhadnh@dsdaive smedespimh of ove
for observiimagi ableroad ce osvyéhs .addiori ccre,rt ain cl
applications where phydiecalkoeahmatdddratsec 8 s uns
transducbébe mbVy.dhebmnammteact US sensing met hods
transducers ar e of ten amp lgrecesativioyn edne s1it sed A
mi crovascul ar PAI , a wide detection bandwid
cansiomul tlynachs-ewvael enuilmagi ng (mainly due to

optoacoustic mesoscopyVatse dhnsi gNsttez ibkie vhie hi espt eods 61
opticaParFatbryensor RHawl! €pe @ elplpagvlier .si gni fi ¢z
i mproved the detecti-snabandmadthg meksngl eul
wor k based ons @mwssicymsgtteanc tf oS PACT I maging al
transducer s hbared wlied vaéri choenhey itmo watbiovmes meft htohl e

tihehepsriossposedespppdotaggdlesse t hehéabl Enpwesg

(1Hor human subcut aneo,uscrmarctr oiviaa ghua \per mo dna

| itmiti ondl ood veandBAtesemaghngfforts predomin
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maj or arteries, |l eaving a gap in (The scemudegh
proposame hi evreeshoilgubguant PAatainde -h8dafuathgti onal
i maging of ehamasupewnuit phe ow st hmigdrreogvieesmcanyi ealt di r e

| i neerarragbaeadve hemadwgreanimionc ovessel s

(2o preclinicanmi csmaldlemawglnaamal st he tradit
ultrasound transducers could hinder the tra
perfor maRPCAMs st e m, and the bandwidth of cur
ul trasonic tramsedwreaearldhy (sTWshsa)ploysed t o empl o)
matching | ayer material with bonditm@atrfedglyr i c ¢

hi gher acoustic Iimpedance to | mipraclkedTs.he ban

( 3For certain claindi cparl & ca @ gnihikegaactoiugpn si ng me ¢
commouwntliylfiored m adiUdgi onmmayyli ng and PAIl tiampeisres |
i mpl emesuathi camns i maging patients with skin
mi crovamaeglag and the complexity of the exp
ani mahe pi edasle8®8ict r asamrsedhut cd aobnoevde ar e not suit a
appli Catrimomdb nt act PAGDIiscywdtamed ewthilaeesl svi tdh dn
2.5 MHzar ewhinchsfaftirsieyntnetl ¢y e 8 mi ma&giuag ement s
Thi s psrtoysdys ebui | dn ;o osneth&cieth isw e ¢ B ¢th -cnoonnt &CcTt P A

sysbamed on hodmelyder Miamwietrhf ewiodree thearnd wi dt h
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16The outlines of the thesis

In t he f itrhset r o b &f putnecrtanmoanr oovf a s ctdhl @ tmurteat i ons
current angi ogmseaupnma rti & & hoiisqtuaeerpyr | ncainpdh ¢ ® 1
i mpl e me o fPaAthircen s r oadusteevde replr e s PAb g s tfeoars bl ood
vessel sarremagiBwg@dnal pdvagtabges andudiRsAdtdvant

system®titvkaei ons and maarper espnéprtds of the ¢t

Thfeol | © Wirceh@ pitrnetrrsodueestmiadiines of t heThehesi s,
mairne seadgmrmthent s afrehdwn tiMelsiFsghie 2 sechamgd c harg
resolutmomph®Dogfiecmadct iadBal i mRdgfi n & upearni pher al
S U b c utninceroouvsa & caecl hai teeuvreeedh e mo dy n a mi dssnoafiedmircr ov
The | magsngmr aoedafaxrpeesr i mefnitrsstaroddmad etthen PA
i mages reconsttrhoxettias i Rl giogmalhsn, r e;opuviircal al
fl uence c onppeendstarnaela n maentoh oxd sncga ITeheod r ph ol ogi ca
functional PA/ amsd i mamgocdhygnnagieeissei t ¢ $a ® ¢ ulaa human

hamdsehoain .| ast

In tthechdapter, t he banddhegern cumrde vefl opUThsgy st at L
first. And then the detailed transducer desi
devel opAMNM ORst em based on the designed TUT i
and optical pPrTopeetmeassofedhand eivmlsumaatioeld. T

ani mdlogac ciunhaagri ng experiments further demonst

37



t he

In tf mesa it ehpptreervn weuosn USce n g iercd nairgea e 56 £ we 8 t

devepopedtype

and

t hsey sta@aphr i n @iftphl ee sp rnoopnosndlitbs ¢ n smendgaatkent r aduced

Then t-choen tnaoont
contr ol and
t he

resolafi drhe asgsimedéser ed.siuthpplse odnds

experi ments

In tihrea If

acqui sition

| f nuar gt i hnegr

chapter,

PAKETe sgiicd @dna rzee.co00ssi ng

outl ooki mpr buiememlwescussed.

progr am,

pvear| fnodam aen ae ¢ g PAEMS .

Technical development of PA microvascular imaging

]

P, 0 i

For clinical study: High-
resolution microvascular PAI

For preclinical study: High-
resolution microvascular OR-

For clinical and preclinical
study: Explore non-contact US
sensing method where

High-resolution 3D quantitative
PA/US dual modality functional
imaging of human subcutaneous
microvasculature in extremities

Broadband TUTs with
polymethyl methacrylate as
matching layer for in vivo
photoacoustic microscopy

on human PAM on small animals : o i
physical contact is infeasible
¥ ¥ v
Study 1 Study 2 Study 3

Non-contact ultrasound
sensing based on Mach-
Zehnder homodyne
interferometer for PAI

v

v

v

A Achieve High-resolution high
speed quantitative functional
PAI on microvessels with skin
removal and fluence
compensation algorithms

A Monitoring hemodynamics of

microvessels

>

Simplify and build compact
OR-PAM system by TUTs

The bandwidth of TUTs are
improved to be over 50%
Propose a universal thickness
design for matching layer with
bonding manufacturing

>

Achieve non-contact US
sensing and non-contact
PACT imaging

The bandwidth of system are
improved to be 1-8.54 MHz at
-6 dB

A Phase correction method

b=

Fi ga2®Mairneseaonchent s

of t
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Chapter 2 High-resolution 3D PA/US functional imaging of human

subcutaneous microvasculature

Visualizing and monitoring morphol ogical é
mi crovasculature plays an i mportant rol e in
angi ogreaxphmsg xqhuiebsi t constraints i n Brbesveirovuisnlgy

reported handheld PA/US system mainly focus:
detailed information ogm tlcSaolma crreosveeasrscel esr sd oen
applhyey st em of FUJIFI LM Medi cadl $#®ac.uicthaugpagf or
but the 3D microvessel structure has relati)\
and functi onsadc hi ndwasmatoito npm ov h d e di.cshtaupdtye r ,

investigated t he vi suali zation of 3D subec
hemodynamics of mi/d Sdaivadbsdsad li st yusinmgiangPA yst e
frequency -rpersoobeu.t ibinghsubcut aneous superficia
with an advanced skin sigmalarwvanowvwalaral goali u
was conducted troelsaitneud adties evaassecsu.l aMul t i pl e pa
PA amplitudes wunder two i sfeelr wrt ewavel emngtd
guantitative assessmenmi corfovtleesnsioed gsn a mr mak hpe
vascul ar occlusi on, and the reperfusion pro
results revealed an increaseaiccoampamaged bRA a

i n2as@Based on the initial fintilregeentdJdm3 bBbeRA
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du-ambdal ity imaging demonstrates potential f ¢

of varseludtaed di seases.

21 PA/ Utagiing experi ments

2111l maging system asnd i maging procedure

Al'l the human exwperemappeattyvpghesdedwrnteonal F
(I RB) of Georgia Mmethieghbeudf odeotd®mA &K oyd vianta g
were acquired wutilizing the Vevo 2100/ LAZR
Toront o, Canada) with a LZ250 | ineaJyHzarr ay
bandwi d2t4h MRNBt ogr UBH PAImodiad i t s yismvasgnh o @ n
i n 2FE.iTche detail ed speci f incoadtailont yofi malgi $1g USA
di splayedThe U&Sbltw@&@nsdmpesed of 256 el ement s
channel numberwao f 6dUE aFp b a wipmeegpueisr edoni®A f or m
i magi ngphsoéugout the i maging procedure, a he
wat erwiteamkyring full submersion of both the
il lTustr 2( aBr.e ve dFiimg@ .t he 1 magi ngt ipormcarsd ,r eamd
of any potential air bubbles beneath the tra

regi on owWa impdsirteisdAeodc adt poheat cof both the

specifically at an imaging depth of approxi
human peripheral mi crovessels betpaeamevtinihc o
oscillators (OPO) pulsed | aser (Vevo LAZR, VI
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was adjusted to a single wavelength of 860 1
Thee66O0Omwmavel anagtlcthosen because of the deeper
achievedi witareaealki grhetl,antiaigshewen ¢® Rglsa ¢ éhret e t h
wavel.dhgtbptical fluence appl iteodalpenr d iematke In
7.5 mJ/ cm] , we l | bel ow the safety I imits se
( ANSI1 ) ,wawhciaclhcul at ed t o bléT2aDc Puintled cInp WS/ B
modal ity i mages, rtohwedhea rpmehbeationsstbageal dng
sequence of 2D images was stacked together t
the maxi mum amplitude projhbey tdalnc uIMAtPi)n g otul &

val ue al ong each ,deapst hd epprid¢ftig¢lde iinn F3iDg 2d.at a

PAI system
Vevo LAZR/Vevo 2100 imaging system
(FujiFilm VisualSonics Inc, Toronto, Canada)

j

Fi g@tRhot ogrveplh &@f100/ UBZ®RoBAI magi ng system.
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Tab2l hgpecificattbboRA-obuwalhety i maging

Speci ficatiVal ue

US/ PA -ndoudaal

| maging sy

Vevo 2100/ LAZR,

Fuji Film Visual
i maging sy
Channel s n 64
Mo d el LZ250
Center fre20 MHz
Bandwi dt h 124 MHz

Transducer

Wi dth of t
El ement nu
El ement si
Scanning s

Focal l eng

23. 04 mm

256

9 Gm

0.152 mm

10 mm

Laser

Tunabl e | a

Pul se repe
Wavel ength

Pul se dur a

FIl ashl amp -spwintp
Nd: YAG | aser

20 Hz
68D7Mm

213

@ Fiper
bundles
X

Fi gad2(ea)
sequence

The
of

p hiomagir mgp hewidtelr i tmeent Ve v o

2&&d RA SIDi o eadc wWinav Al d
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During the i maghmndgef éepemni menttse,s of héruman
dor soum hanadnfdi mmgetre i maged h@8wBorn ntmieg ginige of
dor sum aonmalttdends canni ng range for a single vc
axis with a 0.152 mm step asxiizse,wianhd 2236. 0etl
corresponding to the i magi nigmagidnd toif mé hfeoUS

197FTrames was a®Bproxi mately

Fig@BPhot ograph of a healthy volunteer s ha
including the dorsumveod d$hlaomwn inmitt handed i mae

To acquire functional information of bl ood
830 nm were switched badchAlamd fheratth htyo vipe rufne
toal es®atFor the i maging of fingers, the scart
mm al ongxitdhewixt h a 0.152 mm step si ze. The
frames one waZ&flemgt ko wae & |i evagvtethsgwnagsyy ha b o u t

1 second for 1 fr ame.

| n ctonnepar ati ve i maging @xfpelrli ymyeapgsclofomat i §
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mi cro@MdEPmPELeimar osysGemmasnyempl oyed in conju
mi croscopy digital camera (DCC1240M, Thor |

structure of the microvessels at the nail f ol

212Vascul ar occlsausion experi ment

To further demonstrate the systembs capabi
bl ood microvessels and si mulP¥Di vasgpal ol @gicc
experiments weahe apéerhfyorvnod dundareer . t lBeefaolrteh yt h e
voluna®ekeww to rest for a duration of 5 min
heart rate and blood flow. Two wavelengths c
functi emalt hRAIldor el mo ptf i dhaln de x pvss uweel 1o nb etlhoew
maxi mum permi ssible exposure 2fevel75Dommal I3¢
mJ/2dmr 830 nm, *@od 8990 9nhmeJ /sccrmanni ng par amet e
vol ume were set as 10.21 mm with 67 slides

mai nt ai ned at 0.152 mm.

The vascular occlusion experi mentnsr maln ma
perfusion, vascular occlusion, and reperfusi
under nor mal perfusion for 150 s, roughly al
3D volume using two wavelebhgthé€anulwasqeenmpt
i nduce occlusion of blood flow in the veins

both PA and US i mages wer emadoynnta miucosu silny miearc
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for 450 s. After occlusion, the elastic rubb
wavelengths and US i mages were recorded to

mi cr ofeosrs BIRV process of vascwadars pd @agdEwlgi on ¢

Normal
perfusion

Scanning
direction

e IR

Occlusion

Scanning
direction

=
o
0
=

=
=
[}
[o%
(5}
o

Figeda®chematic dhwagscaud aoof occl upsriocrels@®Sper i me
transducer was scanni ng oalnman g poé¢nleS Qdsivmenrcuil amn
occl ygis@®@nand r e(p3e0r 0O ussCosataatgeeds .wi t h )Bi oRender.

To quantitatively analyze hemodynamics pro
vascul ar occlusion experiment was conducted.
fixed at a specific position on aohgabhky \
di mensi on, enabling tdemntimnuaoushlayn g mo noift ol
amplitudes under ntowomawa vpea refnugidas. d eTch ef or 1 2 (

occlusion period |l,asared rappe rofxe snal @ wWe BStdo0 F2
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t he wdwevl ength confveasmeomaspeeaevdh s abouat 1 se
PA/ US i mage undeButonco nwaavreelde ntgdt h3D occl usi o
experi maptl dooanme muchv amoiraet ialderd @adiul rrev@leno d y na mi ¢ s

vascular occlusion experi ments.

221 magesonstruction and processing

221Data exPAmperssmdnstruction algorithm

Tdbhe alprecttes PAFUS ihcaegoulRA atanebpeorted fro
Vevo i maging isswhsa an e & QleadamBRAWod anadl @ or ma't
data was generated BRpdgoaé&rnd&ktyeesdwyamraplIsi,ngvho
most unpr oc e sRs/AAM dwhaitaat He@rvwmadeo processed dat
which was extended by addinhgghfeirl|l éi st rdeagttdr i
compar edo t707.ReWwi Wavovwemi otdi nbafge processing to
signal t 0 noainsde croanttirca st S do&AYNriti ha gceese,s ol ut i on
reconsRA uvuicm&gerse | Q data can better preserve
without any additional i mabe psedes »i nvg,suiat
detail ed i nfor matfThem mp & mries arrtolsvee e sue edl
resolutiimag®d 1 PAmMm | magnEeqpuddgptt by wiwoe f or ma
dastaparwetrdeilsypli ay2é.dbtpe relsauwttsrhead ont dRe& uicnaegde s
have | ateralembaseldutomo tl @hlil&d &8 on Raew pdeactta v €

| d e mo n stt hrtaditee PA | mages recoaBstpucvtviedéamemal Qi
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resol uti on | makFguerst htehrafma rReayuafgdbbett maneftongér sict e
frdnQ data amweerRmowndaitra Fieg2 ué vylaeghe aatigght he
resoluthenPMAfi mages rlex odsutahurestegerdu cftruam o f
mi wressel di stainnigne ilsthedladtnasrt e sulch eesdet fharseo,pt edy

to ult@ldaReda ifroarge reconstruction.

@ 1.0, ®) 1.0
S 0.1 S 0.8
& 8
5 061 2 0.6
2 —| |(«—160em 2
S 0.4 S 0.4
S S
(3] @©
< 0.21 < 0.2
o o
0.0+ = £ 0.0+
000 036 072 1.08 1.44 00 04 08 12 16
Relative lateral position (mm) Relative lateral position (mm)
Fi gas@Gomparriessoont he measured | ater al resol uti c

by a)Q daant@bRaw Datra&spé&hbhei PAlymages reconstruc
shows the | ateramThe sPA uamagmesdhsgRabd@E@@ @ s hows
t hleat e e ablaust idoilnd

Fi g@6e6@o mparHAstoens offt f#uman fingers by (a) 1 Q d
respechhesePMa.gesonstructed fhbobghéiQ das @l wsthiom
Raw dXcal.e bars, 2 mm.
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To rec®Asiapmadgithgdgu) dvatsamt er pol ated to incre
ratgpically bWeatfatbepobavad dmullQ idpaltiaed by a
exponenti al to réaon ht swuesittedprh e ft MRdgq Wemtnay.b eo f
shifted back to the cewheicdh MHEgnu etnhciyb €osft uldSy
delaamglum beamdlogonm intghpm | W & $ireefcoorni sotmfPUAC ti mage s .

Beamf orQneddat a can thesflhé¢l wwi hgemeqasati on

Y ofw o0 ofufio Q h P

whetYe ¢fiv i s the beamfor medw an @@ i satt hpeo srietcieoin
| Q sign@lh afr atnhsed u c e . T etkdidrse mtn dast ftoirme he del a
is the propagation ti mefwotfo a@hhel §triacswWwavcerge
Qi s the center fredqwedtgcsot hSfregqunedoegensel
during | Q si ghhesdc hdeemhaotadigicl aarh i cofn .s i @fn ad Ibieraand ro r a

transwasho®wm Fi g2.

| n deensluyn beamf or mi ng aprreagessiitdiga! ifzieoseé | y h
beamformed data and i nt &emedtd dlgagovperr o c ®swsi raMm
columns corresponding to differemdhi dedapcyhh s an
el ement in the da atnisda ckeal ay rtaoy talpe lrieecei ved
relative to th8othhsirrsed afnaxradi ngeobdwsiléay sd t h

depth and posiFoomnt ofyt htehel Rfheshat a was sumn
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form the beamfFor mdJlS irmea@ens.gr tboei doreamf or mi n

performed on hardware, the reconstructed US
i mages were spatially aligned and could be s
) N elements
Transducer

elements

ilIIIIIIIIIIII’!IIIIIIIIIIIII

/ i-th element
/

/

/

//Distance
/ Ti*C
// Reconstruction
/ "area
|
S(xy)

Reconstructed point

Figkv7i8cheméitagram of signal iddamsftelaaierdg ntshha |
bet ween the beaméoomedos wiyeantdhaet recei ved si
“th transducer element. Theedosspronueatbetawe dr
calculated by multipoynagspeédywWt mesangs d ys
el emsenrepresent t he tarnadn sbdl uucee ra reelae nsetnatnsd s f o
area.

222Ski miRMmMal s removal al gorithm

As mel anin in the dermis | ayer of skin den
ot her endogenous absorbers in biological ti
68980 [fens shown3riens UFlitgilngl in the generati on
surface of skin, particularly noticeabl e in
visualize the PA sisgbhalusmlem@camismgd we ©hne It ihte

crucebaf etedliiveilnypat e the PA signal originating
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To tackle this challenge, a strwasegy dgtdaucreem
|l everaging bot AsPApdnd i 3l ipmaoges.s of skin PA

wd& shown in Fig2. 8.

Remove background signals

A 4

Compare the amplitudes of skifh
and blood vessels PA signals

v

Set a threshold as half of the mf
value along each depth column

v

Recognize the second coordinafe
corresponding to the threshold

y

Smooth the skin contouls

A 4

Set all the data before thje
skin contours as 0

A 4

Remove skin PA signalls

Fi g@8Rer ocoefs sPRsiingsm @ moa/lagor.i t hm

FirshkeysiszddBoma®as recitzleed same diozeeafc hPA
slide.Themmegder a f il tering anwerbg mlaive &St i onagalbkg
recognize the positThe Dfl skr chameydpgemsgcant b
par amen er he memdguang wihiomthp I d yneed me d iodan cvearltuae n
numbemeioghbaoarrhoouondds t he correspondiMN@xtp,i xtethe i
coordimnae eskioi surifapgePAioimthiglers ewduleen td mp!l i t ud

of PA signals above these identified contour
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signals, which may be generated from dust p:
surface. Mor eoweerree t bahte el Ad sfiigmead sdept h benea
effectively eliminating strong reflection si

bonElet r aatnedgyr esul ts of removing the2Backgrolt

Min -mplitude (a.u.) [Max

Max

Min -itude (a.u.) '

Fi g@9Tehe str at egoyf arnedmboaveikngg ot und (RA sUSg n arasg.e
a human finger.a (hh)maRA fiimegegwe vdied oback.gr ound

The white lines show the beuw«md armezneoold esdkei n s u
artifag¢t A i mage of a human fingerAlaf tseral ree
bar s, 2 mm.

Secondly, the difference bestwdenhhtehél ampgl
si gswasnaliymzeBdi g2 . TlhOe&rcay mai na ss csehnoavdi Goikn Fi ¢
1) the amplitudies orhudhh estsrka mg esrisgtnhlgshma29) he hilel .

amplitude ofsi $heompanalbl gmrsad shh&) bt bedampkit
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the blood svesseélr®ngiegn&hadn) tthhee sakmpml istsugdea l o f

and bl ood sag s e@lod hs iwera«l.

(a)
Max
(b)
1 1=
Sl .
30.8 g 0.8f
g S
5O06] 306} X
2 »S g #B
204 %_0 4t 1
£ g
P 0.2f 1 <
o " ,,_J“L _—— R wa
0 0 :
0 3.66 7.32 10.98 14.64 0 3.66 7.32 10.08 14.64
Distance (mm) Distance (mm)
1 s 11—
~ |G ~ | @)
S X =] L
30.8 30.8
B06¢ B06f
= 2
204 s B 204
E =
< NIl <
< 0.2 < 0.2
o o
0 : 0 : : -
0 3.66 7.32 10.98 14.64 0 3.66 7.32 10.98 14.64
Distance (mm) Distance (mm)

Fi g2t @ aNhhe iRlMagpds a heal thy Vdliurteecreerndtsi 6 h 8 lyie
bet wteleen ampl i tude of the skin.®Bi grmal s&knda tsha
is much stronger than)ithbebbk&od gsegsal sisig
bl ood vesis)eilThse gmladagd (vessel signaliM sThset r on
skin signal and bl ood vetstSedlammdsiBgmelprarsenbo
signal and t he,rbelsopoedc tvievsesleyl si gnal
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As the amplitude of the skin signals is g
along most off it hiehPddept gnalr spahepgostmadt ed e
t@avoid the eff eTheanhada patuirvre swheordetbsss sh al f of t
maxi mum ampl i tasadeo nogf etahcen sdiegpntahl @il falh e, as
second depth coordinate at which thwathrest
identified as the positidamnaflast heh di¢we)rn bBiug
To address other scenari os meag mpheyeadabovect
the coordinate along the skin surf@hcier,dlnyi,ni |

the PA signals of the skin were effectively

identified skin | ower boundary as zero.

1200
(a) Original data (b) 250

1000 | Smoothed data | { .

~ S S 200t

S 800 ol \‘_“,200

® S

2 %97 First || _Second % 1507

5 400 position™\!| position ] £

& Threshold < 100

200 | | ] & ‘

OWM%WA 50 : :

0 1.85 3.7 5.55 7.4 0 4.5 9 13.5

x (mm) x (mm)

Fi g2t Bhe recognition of the | ower boundary ¢
to recognize the Ipowerni boumdartyh.e (sbk)i n®moot h
boundary to minimize the iIimpact of outlier s
An alternative method to eliminate the PA
specific depth of PA signal along thwasnor mal
determined from corresponding US i mages, as
|l ocali zed region. However  eltimisnaagprsomaneh sma)
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smal | bl ood vwensgsaerl st hleo ceaptiedde r ma | |l ayer and i
| arge changesAinepkesemnthatctkwnwessomparative sk

of human finger based on this method and the

Figert&ompare the resul remobakween PAasednahs
i mages and only based on US images. (a) A re
The skin PA signals segmented based on both
section. (c) The skin PA sbgnaksngegmensé&dn
from US T hmeaagsehsdidtoev a | boxes show the PA sign
removed completely or were removed excessive

From the compgédgselaitn vVRA reisquddabsh $ ed moh &dBot h P
i mages canunrwamotveed tshkei n PA signals compl et el
of small bl ood vesselsskinne aRA tshieg nsaklisn .r eHmooweavl
only USstinmaippevsed some PA signat st loéd mimdadlIll e bo f
andid not PAmevy@nmhleset ekeyseshtdéiTheg eress.abhns
contribute t o Fitrwsothteyaii cnk nreesass onfs t h ea csrkoi sns waal sl
areasSectomad | &i, sdhampe di ffers fr owntthh eds dcoumsvuem
sur fDacree.ctly subtracting a specific depth <co

the middle part of the finger while inadequa

Thus, the srkeimmonweatl hsacbsgerEAl/oshS | ma gseusi tiashrineo r e
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t hcei rcumst amesdk iwvih ePPAe si gnal s are styroagdrt haéaa
skin PA si gnmedlhsadrednoovrma!l US | magtesshea sbhmomre s u

Situaenononmnerd g2. 10.

223Ti spueafclmuence comepbodati on

Il n most biological ti ssue, l i ght has stror
transport in biological tissue can!bB®heodel |
i mportant paramabsospt hoRTEo®hEé mide'p,tcaored f i c
transport sca‘tweiichmgicoekehiadtipdatioi omeof phot
does not have an accurate solution, but i1t <c
Carl o stimulati on or ot her computational
approxi mati on. The fluenhbe pltane waveaifféuouear

approxi mately expressed as:

O_fO 0_0Q hss ]
wher@is waveéépagdant incident? Opti cdehbegifdagen
dept h. o ‘ : i n whi ch transport pscatter

Q° an®@i shaeni sotropy coefficient

To better quantitatively analyze the PA si
was compensated along the depth’®hdhmabiodiogt
ti ssue was segmented into the skin | ayer a

empl oying separate parameters for optical fI
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the nor mal di rTehcet isocnh eoanfattitte ds kaigm.am of i magi
skin tissue, subcutaneous tissue and gener at
Fi X .¢)f), separative. The optical properties

ti ssue wer er eofbetlrdélmaesd cf r bm@ i n Tabl e2.

Taba2dhe absooeftfidosd engduced scattering coeff
Ssubcut aneesudh fsapler andishsebbcut aneeus

Wavel engl Absorptionfcmo Reduced scat taemi

i QQEtTd Y C i QQEp @
750 _ _
[ 6w &0 i owpEUY
i Qs T X i QQEp @ @
850 ) )
i 6w T @ ‘i owpa@o
The optical fl uemkandompdrudtain@emo usf ttilses ue
O_fi O_Q h s s h s ep 3
wher®i s wavec¢pamgddeant i nci dent? joptsi ctanle fdliusetnas

bet ween skin surface anids tthhee | doicsattai nochne ibne tswke

antdhe |l ocation of i nt er esatn di n as @b d tea neefofuesc
attenuation coefficient i n skrienspledyeéewnvelayd
g o, i n whaibcsh rdpa ¢i ffof i nddir emts por t s c aatrteer i ng

wavel ength angdetpienmdieentpropertie

The series of PA signals after opi3{igal fl u
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To enha$NMR dfhet he PA | mages, background noi
reduced by i mplementing a threshold on the F

on a noise |level valuesidgemalved from each derpg

amplitude (a.u.)

Max
litude (a.u.)
Figar&chematic diagram of 1 mage processing f
ti ssues-moda®) add Bb) PA i mages of the dorsum
skin tissue and (d) subcutaneous tissue. (e

| ayey . Dépth map of tissue. (gAlThseesRAay.i gnal .

2240xygen sat ur adnwbans ccud lacru lsaetginbennt at i on

With the foundation of PA signals foll owin
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wavelengths, more Fpresalilde ocaolud dl sbtdi lec Harfeavsa@

t hmreol ar concentratioheof obalychoenecoegnitlorbabtnino n

o e CC S .
U Y = e
‘ 0O owga o oo 6

wherhe andd are the molar concentration of oxy

respect ixyelaheniontde t he sspeetpiaalatcedor di nat e

Af t er nor mal i zing tdhief fememdy pfull setsuaatnidonc
di fference of OPO | aser under different wave

to cePAuvy@l LBeé

- . - _ - _ 0 o
U= - " 0 oh C®
n_ - - - _ 0

wheme ang_ are the PA amphiormdéi afaiteonf anmdnc
wavel engndh respec-ti velay.d _ are the mol ar e X
coefficDe@hasdObrfespecRdryedngleil elngmihxi megg PA

ampl samde mol ar extinodebtwiene e ke échagnt hisenli ya d d e d

i ncreasing t he hreunadnp)isotfi 2r.lo vesom Ir K isThAd st @leu e

By applyingntveese@shadoibotaf si des of t he
Substituting the corresponding molar exti nci

equation, the rel ataln@al cdaisaépvtrati on matri X
6 0 0 0 0Oh CH
whenmeis the transpddenmetbmri s Ooftcan Bg2dobt ai ne
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Assome backgr ouainn tPrAo dsu cgen lam @air snatl @ delswd t s
thisismpudymented two threshoRidr tvteH yuyeaslOd eirb enloa
ti mehseaxi mum value oWwait hen wibfoihed saamdg eggetal tso

Secondd @v,a Istulee oowa b0o wweee rlee g aa sl ealb n o ramadl t fveatl u e

Tobetvtiessrual i zer etshlet ©2D 3sD0 dat by, the depth ¢
obtained from tMAR esadlictud adfi o5 D FfnmhRA dat a, v
coordinates usiend 2tDp. rSeepcroensdelnyt, wst @hed rutedp tt hh ec 030D
sedat a aonrde 2ebh nodbteeadi However2Did1®sul niwasalvery
making it difficult to discern the morphol og
s@cal cul ation. Thwaredrpy,o werdamegnt fh |Incdpeernienegs s e | <
abi nalrgod vesselMAMarsekd UfI8tDN nihrePARrdaga. fil ter
key par ameter s need nt buamegigSarkdiadamepd al e Rat

Frangi BBentla @n g i Bleh ea Trweaanridiu mogntst lod se par amet er s

1. Frangi Sc@hiefRapged matessrof hes crad mogsetarucd iuz eds
t hat Friamgyut fiinlttoercsahocvwsl athatn. the filter

struofudesferent sized within this range

2. Frangi ScTahliesRaptairoa met er represents the rat
hi gher ratio would mean a | arger gap bet

1 indicates that the scales are evenly s
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3. Frangi BEhiaOnpar ameter influences-thke sen

structures. A |l ower value makes the filteée

4. Frangi BEhagwparameter 1is related to the
structures. A higher value increases the
vessels in medical i magi ng.

Through adpuwugtaimedg et Bs e bytdi mghar actoér iPAt i ¢ s
i magetshe bl ood ves.Salbsegarnhé yse g meandvieldtusa liinz
2D wvadd e atchilreeed by multiplying the badood v

obtained in the second step.

23Resul t s

231The | ater al amdasauioafineMAe sol uti on

To evaluate the | ateral and axial resoluti
with a diamevtaesr eonfpl by ed as al hpeo inmeta ssuoruerdc e efsc
the | ater al andlwaexiea la prpe D&m urtannt derl y@efs PRAC t | v el
the optimal i maging déapet sreaft $1lon nPA fi omra gtelse ofd
wire and the nmeetaslud emintiretebsptd lnrt2-tolagdA ddai)t i onal |y
the | ateral and axeiaarl trhees oolputtiiroanla laidroat gh\era dd @wdpdt |
as showt i(nb)Fiaghkhe (cg@sol ution curves were plc

Gaussian function. gdihnec rleaatseer sad ia lokdetsidobkent h p nwh &
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may mainly contribute from the reconstruct.
el ements for recomeernueds powdic d @ ame mige ra fowiFt h
dept h. The axi al resolution results remain

mai deyer mined by the center frequency and ba

()
o
\'\’\\ \\h\\\
(b) \e\N\\\) 175 8 mm (C) ?\NY%Q’%)\ 8 mm
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Figarf€alhhe resul t smeoads ureessd ugematnibigsten wire
mm | magi nTheb)g pltant ec)alaxamd (resol uti onPAlneasur e
adi ffemaging depth

2323 D hriegshol S oinma&P@i ng of microvessel s

Imagiwager f cardtmdd ereemheshtuman hand, i ncludin
hand, fingerhhRhel USandASfiamgermerged i maging s

a human hand are sho#m in the | eft col umn of
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Big vessel

Big vessel

e —

US/PA merged

Min ‘mplitude (a.u.) Max Min -tude (a.u.) Max

Figet8S/ PA mor pshloil bggiizmaalgi3rDg mesuvbvesdél s on
dor surmuanfdomanidhe comparative PA MAP results be
remodearmonshirgal® £o lmitciroonvnascul ar i maging after
Wand w/ o iwdppehefive ntitboaes pect icvad ley2mail | s

I n USt éslkigesolsut uemis kesru,bcuttainevwes i ncl udi

Subcutfaahteese s a, col | agenmdoanreds eaénadetpiorc bfeidb @ s d ¢
The UBodBe result primarily depicts big vessel
i mages. I n contrast, the PA slice provides

demonstrating high SNR and enhaselesd icronhotals
and PA i magksgraee svehtit eal pyedbmenBAtil magevea

| ower boundaries of these vessels. This phen
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Firstly, the US transducer used features a F

bandwi@4h MH23, making it mainly responsive t

of 6m2t.05 e€ml5 Secondly, the | inear array US tra
maki ng it particularly sensitive to PA sig
transducer, a sr edfoedrtiednednet etdh ei nPAt 'sé gnal s emana
vessels may not be well recei ved.

The comparison results of MAP before and e
show a significant i mprovement 1in the visua
skisn gnal s removal. Before t he removal of
predominantly exhibit strong mel ani Bombsorpt
artifacts canPAMAPODswhuilmehd ei rat ttthoehbeu tuend nt ent i
body movement .Moreogems,caani3ig v olesmeattreidc i MA
seccwod wmn A5 gdffers a comprehensive represer
network in three dimensions. While the i magi
opti mal PA i maging depth for the human hand
reflneacatti athies shuoeneboundary and relatively | ow
the 3D vWwSremaetericomg I maging results depict t

contours and twooltamaegpohtbnd vesPAlismages

I n addition to ththido exipumdiyhictd diiengh asdep e

encompass the fingernails and fingers of h
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positioned closer to the extremities of the
context of diseases suchléast bdPBBcmagi ngbr am

of human afrgerneggsea mtaa d

w skin signal w/o skin signal

'Proximal
nailfold

Min -amplitude (a.u.) Max Min -itude (a.u.) Max

Figet @S/ PA mor pshloilbg ii@maadgi3rDg resul PA MAP fing
results without skin signals reveal the mici
wi t h da sshheodwlslei e oaiiinda hd w/ o iiwd peheidva rt thoo u t
respecticvad ley2man! | S

The US imaging results offer a ¢c¢clear dep
fingernailltesudintgd het P& PA signal originating
the finger becomes apparent aftetrhndahé froéd Mo v a

one of wi hdbtwbstariwa oci.fMltalmitdromvessel s in the
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a distinctive pattern of growth towards the
results obtainedntthe Uifhh eni ragd Dsletopyof nail fo
stereo naincdr otshceo ppehn ot odiosplraywegd fitfmgihgarkal i d
i magi ngThe3eDAwPlotl su.nreet srpidcd $nod e ¢ o mpu necheernssti avred i n g
subcutm@mineroawens sredisl s .AaADUSI ngnetrgssm@g psct f i nge

mor pholhodayeglm!l uti on

Figeid@he resul tmmi ofoved@udilodestt ebhyeoa m{ cedbsfop:t
and pohfottohe ring finger (right)

Furtherhoe8riemagi ng and spectral PA imaging

nm and werOe npmrear orumean fingers, andl8 héeAr esu

i mages reveal ed a wealth of detail ed info
Specifically, i mages captured at 750 nm off
shall ower tissue | ayers, while thaoséehebtaknpe

|l ayers of tissue.
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| w skin signal

I
I
I
I
I
I
e

Min -amplitude (a.u.) Max Min -itude (a.u.) Max

Fi guul8UuS/ PA morphol ogi cal i magi ngndreersut we
wavelengths 750 nm aAldt 8836 2mam, respectively

%0

Binary vessel mask

9%00T) °C

%00T

-Eplitude (a.u.)

-tude (a.u.) ’

Min Max Min Max

FigeieaS/ PA functiaoamali3niagaggongt s of f@aman fi
Bi nani yvreos sel s snemdk .cr(olv)esps@dBnagi ng results o
fingers. (d) 3D mAciIH onafrsashel2amsul t s of
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| mpl ementing fluence compensation for bo
spectrum unmi Xing al gorfiftehrme,d tfhuemct eenoalt s i
mi crovascuyl ars méatownr. k ht Fig2nd9ewb)ythy that
bl ood vessels situated on t hleevseildse colfo steh et o
aligning with the anatomical posiatsi oh | aufs t tr la ¢
in Fig2.1l8o0¢(cekspondd(dy, ar theer iBdBsmagien g i suwctea oam

3D PA imaging resuwlitsu apafewitidosr rovwod susmeltg.i C

233Quanti tlati hem®Aynamics in vascular occl us

For the quantitative assessment of 3D funi

from PA I mages, f lavecalecsle@dbhecd é parameters i1
PA intensity at two distinct wayebhebdges®s, t1F
The evalwuation is conducted wunder three di v«
(150 s), venous occlusion (450 s)220 &@®d rep

comparative analysis of MAPRcrudsaul tosc dsl ruesii coant, ¢
nbakl evati on in the average PA intensity acr
|l evel s of boatrhe thbilssaohdedp @enomenon can be att

occl usi on, which hindebatlkebhbeshkbbhobod fndmcri

oftfenous bl ood. While the arteries can stil!l
resul t, an accul turation of bl ood in the ti s
PA si gewelr.t hHIl es s, a slhilghieel dbsermasd duar itrhe
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occlusi on, |l i kely attributed to an increasec
accumul ati on.r elfharofulgshioant ewrbdkcse sesx,pes@® enced a
i ncrease, followed by a return to close to
This effect can be associated with the abru

potentially | iemlleidlat o reactive hyp

0 min

1 min

Normal
perfusion
(150 s)

2min —
3min —
4 min —]
5min —
6 min —
7 min —
8 min —

9min —

10 min—
11 min —
12 min—|

13 min—|

Reperfusion
(300s)

14 min—|

. y y 4 . | P, ) " P . i i ]
15 min—! / 4 s oy oy 8 A ALYy
tude (a.u.) -@(a.u.)] !mplitude g -E(a.u.)l (100%!

Min Max Min Max Min Max Min Max 0% 100%

Figerz2@AP ofhe&@bynamic change of five paramet e
intensity under 750 nm and; 838AdnumOwagv eloe mat
perfusion, venous occl uSdalng taerd alelpremhfeu siinoan

The quantitative results of the dynamic <c
aforementioned findings and provide more de

resolution, a@31lpresented in Fig
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(a) (b) = Data
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Figg2zBuantitative 2D dynamic chdmh=0 r(dg,ul t s
850 (arb ( dHbO2ad( fs)@dur inmg ma | perfusion, Venous

reperfusion process. The Left and right gr ec
of occlusion(,e)r eTshpeecrt @ prred yyent ati ve vein and
ut i Itioz ecd Hbaurd tb© Scal e bar: 2 mm.

The trend of the curves ali gnas oadrcarniussti eomt |
experiment. To observel evledmsgessiigmadb eaatidwy a
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performed on a major vein andf raornm 2Rigg)2tAh at e
PA amplitudes at 7502dnetmo n8&5 0 artre,d HhO,gnarfd ckh
the venous oclcéewsli oasndasdragesed Odar i ogedebypus
ri ser @losdsred subsequently returned to the ba:
During reperfusion, the PA amplitudemasy i ght|
beattributed to the necsesenty hahdmgestarei i@

subtly i mpeding the blood fl ow process.

24Di scussion and concl usi on

Il n thi shcsapheedyed the @Ds whadshalawt omnovolk b
peripheral Ssubcutaneous microvemycwmloan nvatswao
and -cnoomnt r asti 08§/ PA-masal aligmeags mnwgt e mhiw§hkegaency
handheld probe. Additionally, guantitative
wagextreabtedgh spectral PA imaging. Due to th
of arterioles and venules in human tissues
noticeable tissue dysfunction, such as. PVD,
Studying microvessels hacl ithiec plotiemgii ght ¢ of @
of di seases and monitoring efeltaherda pde usteiacs eis
venous occlusion experiment, hemodynamic cha
including averaded &®Aabdmwhveleéeasgt band ITEe | s

evident di fference observed before an&® after
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potential to distinguish between nor mal and
may provide <cruci al information for det er mi

hemodynamic changes ralriegn swiech r as&® py3%( NI R

standard method for tissue oximetry, and fi
resldr.t &8l
Hi glresol uti on o ded$/i PA dwalphol ogi cal and

i nformati on o fdemiaciisenbeltsiltsdestdsd ywa sHowever, sever
still exist, and some i mprovements <could b
i ntroduce i mage misaligtnimeents aaadniang,i fmparttsi «
wavelengths PA speemralni magiahdgeviltedpbgblr
movement correction al gorithms or drygtenmp!l o
conversion speed and higher pulse repetitiol
system requires four | aser pulses to form a
i mproved by i ncr ¥®8ascignugi stihtei omu ncbhearn ncefl s . Il n &
number of volumetric PA results can be acqui

i maging speed could al 3Dbdehteligd st cof b entetmordyma
process. Secondl vy, t he iematgliyn gc adnefpitrhe do ft ot haep
mm in tissues. This limitation could potent
hi gher energy density while satisfying | aser

i maging depth. wWwWoaiedobyl yepepefommaetdson human
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conditions | i ke PVD and diabetic foot ul cer
i mprovements would extend the scope to incl.
at | ower extremities for a moreiddmpmprosmnlcemsir:
on conducting a comparative analysis of t he
bet ween healthy volunteers and patients witHh

to further validate the dfifciaddamoywsaf our met h
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Chapter 3 Photoacoustic microscopy imaging of small animal

microvessels based on broadband TUT

Prrecl s maatnhil ma | studies play a cruPratlroie
ani mal ptdwewalngabl e amd ou mibepirsitbvare é e Aat ielsit i ng
i n humans and h,;amam ngl itroi cvaall itdraitel st he saf e
technol ogi ed namd dtelm éemipdpesvfacsrcnml ar 1 magi ng o
t hdei f f eorSetrcuec tsuirade oadribde s ween humans naenedd ss ntaol |Ib e
considee etdo t he | ar gerbokdlc ®me avsesddrdilordadidjiselrsu ma |
PA/ d8-mab d ail m& gsiynsgt e ms wi tihn tl i 01ddh@e doefr timegns e
rel atively ,Iwhrigreaypintocth psriokvatdeep adn adghr esol ut
ef f ecdiisvteilnyg unaggle asmdbrhil c ramv anshdnis laadtolumano rh,as an
aversakied thicKAWBiIsIl ®of mRugmen only has an aver a
The skiiimi ckhemed dtoldei ght beams ttoohsehbctibanseds
mi cr ov@RPAdM ss one of the maj oirt ianpn eprenu iad @ omi
resolutisaveamwayn ftocusi ng ,t makd mghof behesmost

techniqgues for small amnmpPmlal subcutaneous mic

Il nradit iPAMRY s tORNpsi, e ztoleld aescetdr i WS fr en udwad rl 3y
opaglthee conventional opaque US transducers m
Il ight and const rORPMstylse epresr.f drnmarecse omfse, TUT

el ements and indium tin oxide (1 TO) electro
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direct light transmission through the transd
the compactness and simplicity of the syste

typically I imited due to theeapsepeetorsmatc

Il n ¢hapgthedrs pstoopadpged the use of pol ymet hyl
mat ching | ayer materi alNbbhesednfhé&diee The béahdeu
mat ching | ayer on the performance of TUTs
optimization of t hteh e® MiveAw érsait e&thh anrgc d da ygerraenat | y
addition, the imaging performance ofORt he de"
PMsystem. The efficacy of the system wasvode:!
smal | anngnae x p effdigne nwaesr. k i nvoTkhkeanucfoddtabroir ad
TUTs was ccocopl atheo dantdpsr setr @&t dySme d n sadcuocuesrt i ¢  an.

opt peaf or mance -RAM tiimagg ianngdb eOsigenel riitme nt s

31Background

Due to the opagueness of conventional US t
to i ldtuhmei msaatmpl e from the sides of the trans
to align | aser and acoustic beams, laena di ng
attempt to address this issue, -séhapreadp ooge chodc
US transducer, allowing the*®¥labBewebemam the p
orifice in the transducer may have adverse

enelflypotentially Il eading t°%] andegredatiyemr
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significant pr ogr eospst ihcaasl bleSe ndlefPdédcet hienn cpmert eh @

remains i n ef ftihcppseeneé | gptaisc@lmbdemgpor s i nt o a
parall el acquisition. This I|Iimitation subst a

The alternative solution is to develop tra
| aser beam pass through them and il l uminate

nature and high electromechaniempl| cywadl fi nrg
devel opment obagsedi EdDel Eoitsi §UT featured s
el ectrodes, serving as a subst ilt®®tli HBowéwover co
the high sheet resngtanmatohi hgOl agdrtkeheme
and bandwidth of TUTs. Various methods have
TUTs, such as employing a | arger aperture
mat clitP gnaki ng usef oduseddd e $Uthihleinzsi ng sil ver
el ect¥%ldeersd using nopcelled rlasmasd amagetadAiQuimt an @
(PMRT) single crystla%%5 Nawe ratnh ed cetsisv,e tlhaoyseer T
narrow bandwi dt h. Addpol ed®&PIMateot @l ENpansd
acoustic i mpedance (>30 MRayl ), posing chal
bi ol ogi cal tissue (f1l.cieMRawla) | dbel toy tdfe
suitable for use ascomatedhi pgl yaiyreylsi. devhe |l @i f
much | ower acoustic i mpedance, emerges as a

receivind!%letnlsée tsubsyantial challenge |ies
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constant. This characteristic | eads to a | ar
rendering it unsuitabl@e%% ©Om ¢ dhmp odthePANM ampp
small aperture size of PVDF would rléS%ult®lin
As a resul t, endeavors have been undertaken

based TUTs.

The traditional met hod of casting matchi ni
and epoxy, presents challenges in simultane
appropriate acoustic impedances du@ntow att h & ei
transparent matching | ayer design, composed
with tunable acoustic I mpedance. However, t
scattering, whichr dsoluwntdeosni rR/bM leappmt hleiag Hders
involved thewasel efigithh qkhagtass and Paryl ene
|l ayer s. However, this configur-ateqgonemneguimbd
characterized by a narr ow rbeagnudewicdyt ha nadt diitssp e
at additi o83 Whesendncess possible to opti mi
adjusting the thicknesses of the two matchi
applicabl e, particularly when the transducer
valilél Furthermore, in certain instances of
deviated significantlfFylhfer acre nttree dirmuwluetned rac

sever al representativeThbeiefare, paebeprtvedgi b
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based on the reported acoustic matching met

context of PAIl apglrieqatinerys TS Ui ri20g MiHizg h

Tab3ldhe center frequemeypyoanedbdtwdwi dt h of

Matching | a Center Freque Bandwi dt
Parylléte cC 36.9 33.9
EPOEK -210%%! 10 16. 46
Paryllélde C 13 36

15% vol ume fr:

11. 93 22. 43
beads/¥Poxy

Acoustlto! | erx 34 18

Despite the widespread use of transparent
for-bbBNed TUTSs, its acoustic i mpedance (2.7
theoretical value required for adopti’hhst he
a widely wused transparent pol ymer materi al
i mpedance (3.2 MRAWI| )()Whndh!|l ow déosieryto the

LNbased TUT with a single matchilIlngad aefefre catn.d

in this study, the viability of adeiswgan PMMA
expl.ase@&a thick | ayer attached to-ftrheegqutemarys c
phenomefotiRils adtswdyi nvesti gated into the eff

PMMA on the performance of TUT. iRursgtnheebrimor e

ani mal model s were perf or mebda steod eTvlAT uwaitteh tthhee

mat ching | ayer.
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32Tr ans dexieg rfa barnidc at i on

A dosebbe polishedt3 &N mwatsatpaid chased from

Opti ckki mendMechanics. Transparent epoxy (Epot
served both as a backing | ayer and a bonding
PMMA | ayer, including | ongitudinal sawrnd ve
measured. Al mat eri al 3parameters are detail

Tab32®roperties of active and passive materi e

Souved ocit' Densit¥ Acouismpiedance

LN 7340 3300 34.0
Epo3&HK 2650 1132 3.0
PMMA 2750 1175 3.2

| TO was deposited using DC sputtering fro
Kurt JCompaker USA) onto one side of the LN.
at a power of 45 W with an Argon flow of 30
Explorer 14 system from Denton Vacuumg USA.
desired square shape and affixed to a gl as:
Foll owing the placement -oifameéteerL Nbrwadserhaow g il
cabl e was connected to the bottom alidéwtemrode (
(Bolder 3022, Von Roll | sAGarl Bd.hpeuty®8A3 ed Af
transparent epoxy backihnoguslia$gelrs evcawse ritill y,e dt h

was detached from the glass slide after <cur
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deposited on the transducer surface through
establish a ground connection. The PMMA | ay
thickness before being bonded to thheepoawsd
External pressure was applied to mi3nlm{ap t
and (b) depi ct t hhsee cpthiootnoaglr agodfh ednmtadt | adre ovse de avp e

prototye@epectively

(@) (b)

@ Piczoelectric layer
Coaxial cabld e Electrode
Backing layer
@ Bonding agent

@ Matching layer
Copper housing

Fi gB8X¥(ea) Phot ogr aphcand n(abl) sccrhoesnsat i ¢ view of

A 2MHz center frequency TUT was fabricated
technoédd?bgmpl oysmaaghia k13N with an aperture si
investigate the I mpact of acoustic matching
thicknessesmi@thuthi agre@sd lwere affixed as mat
t hTeUT. The optimized matching | aywHz dielsTi gm w

further validate the proposed scheme.

33Tr ans dhuareact eri zati ons

To measur-echberespseserse, the fabricated TU-
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submerged in distilled waterecdihwee rT UTDBW50 0
Ultrasonics, USA) elwiatnhd aan peunlesreg yr eopfe tli2t.idon f
echo signal was acquired by a data adoquiiseirt

transform (FFT) to as® eim@daB nb atnhdewicdetnht ears ffroelc

QN —h oP

0w ——nh og

whefieandare | ower6adaBdf uepeercip&E@sei T&MTY was th
connected to an i mpedance analyzer (Agil en
el ectrical Il mpedance analysis, alQamwdngntihe
resonant (.)eTfGlenefyfective electr e dvaasni cal

calcul ated using the formul a:
Q p =8 (019)

Twaovay i nselrlt iwas Imsassyred using a function
of clycl e sine wave -twpéedk aansgplejcti updeda ép(p @ & k
amplitude ofw) hwea s cahooqg wiirgexdalu i ng cac odui pgliitnag . ¢

|l was calcul ated as

‘O0 ¢ W £-€B8 o8
W
The optical transmission efficiency of TUT
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Ocean optics I nc.). The transmission efficie

intensity before and after passing through t
B340RPAMYstbbamed on TUT

To demonstrate the -MAE dAppl wecathi drheofopt h @
mat ching | amede -PARTf esg/tsiteem was customi zed é
evaluating the performance ofi nT WTowdwina si. malrdgi
mechani cal sc-BAMIi sgstbhbamenhai ORI y i ncludes harc

control and acquisition program, and i mage ¢
341Hardware design

Fi gluk2e shows the schdRAMt isy sdieang rbaeam eadf o@R t

TUTs, mahiinchhg | udes the following component s:

\/Iirror

532nm laser BS L1 L2 \Mirror
Mirr(x
L3

Pre-amplifier '

Water— =

el £

Two-axis

TUT z

Computer

Sample

FigB2®8chemat i-RAMfsyssR em based on the TUTs. B
photodiode; L1, L2, and L3: pl anmemcdmmpPex | en
and 30 mm, respectively.
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()Laser source:

A Laser Di ode-s(olsht)h tpeu-oapceoshiosatiplc hed @EAODsed |
S532hangchun New I ndustries Opt &€pwiiebat2r onnm c s
wavel,dnagtsh pul aeptduduahbalte opmul se r epetnidtkibb@n r at
was employed to excite PA signal. The | aser

1 krHgpetr atmeotmhe experi ments.

(2 Li ght pat h:

The output | ight beam from the excitation
adjust the height and direction of the | aser
to reflect a small portion of t hleabls&)Sé&tro be a
synchroni ze signal acqui sition. Then the | a
system comprising two convex | enses before

l ength of 30 mm. The focused TWUdamngulwaeqwamn !
onto the target sample. The gap between the

drop of distilled water, serving as an ul tr a

3Scanning system:

The i maging sampl e -ywapsl asncea nanseids ganaotniogw ot threa nx
stage200MS Applied Sci,en)SA iTh-pl ésg ighu mant ataina

stage can achieve resolutions of 22 nm al oncg
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sampl e was moving with the motor stage by r a8

@Prampl:i fier

The acquired PA si gnaradwarslooasygpnp If 8 feide rb y( Ga

40dB, BandwiHdt,h:No3SeV( &yelT:-hampriefier was d
connected to the TUT without the use of any

PA signal during |l ong cable transmission.

b)Dat a acquisition card:

After signal amplification, t hDeAQaapti fi e
(CompuScope 142wW0t hGagsam@amnagesy atesodfut2 @® N

bitThe data wasdeavmeanths. t xt f or mat

B6)Ani mal bed:

lwas composed of an ani mal mask with a gas
aboafrodr animals to Iie flat on, and aTheati nc
height and angle of theaecaomnmaietyed deme mige a

ORPAM magi ng.

342Synchronous control and acquisition progr

The synchronous c¢ontPrAdM sfylsdve ng rbaaphe do fo nt dee v

shown 3i3n. Filmpe photodiode receives small part
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|l aser to synchronously trigger the DAQ. Afte

DAQ begins data acquisition upon receiving I

ti me, aftemandattiadgi ztoei dmmsi c parameters a

transl ation stage initiates movement once it

Laboratory Virtual | nst(rAIBielnEWENQo Inegr o iga Wo
Photodiode

Hardware synchronous trigger

Data acquisition card

: Initialization === Basic parameters setting == Data acquisition == Save |

—
I Motor translation stage |

| Initialization (=== Basic parameters setting == Scan path setting [=#{ Move |

Fi g83&ynchronous contr ol-PAM oswy sgtreanp hb aosfe d hoen G
TUT.

The synchronous contr ol parnadg réeanteach abogluli sd t |
LABVI EW software. The operation inte3fiace of

which mainly includes:
(1))Par ameters setting:

Set the basic parameters of DAQ and motor

trigger del ay, sampling points, n u nhbee rv 1 oSfA c |
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resour ctehenammei,ti al

scanning distance in x axis (line Il ength),
in y axis (line step) and scannisn@ggoi nt s
The i1nitial position of the transl atio
i nterest, | oc-heétdl avornére wfottbom entir
adjust ment (ADJ) and scanning (ACQ)erdfi ctahe
toggle hewstahnimg speed along the axi s
of excitation | aser, which is calculated

of t he

deter mi ned

Hcons =
hcquisition | Chamnels | Trigesr S=m|

X

Jzso (wmijps  un MOVE
spesd of X spesd of T
Hln.os nn/s Ho.os nnfs
gy lage mm

number of

by

points num line step
1 1000 i s
Status 2
Ready STOP tart -)
Fot 0 A |
0.002-
0.001 -
B
3
=]
2
£

0.000 -

~0.001 - ' ] ] i i o
0.000 0.200 0.400 0.600 0.800 1.000  1.275

Time (s}

Fi gB4Contr ol

position,

scanni

ng
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the multiply of | ne step
Acquisition program
Bam Swedstast e L erdat et 0B dets |
Boscan  ME |po'1nt5 500 lines |10 . 1
I n tPePArM ascyes toefm bRased on TUT

c

speed

N

as

pointshandcahei ryqg lakkea nsg tahse

and

by
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(2)Osci Il Il oscope:

Thel Ane sidgrs®l awaesl in real time on the osc
such as signal di splay time range and ampl i
absorption intensity of the sampl e.

31 mage display modul e:

The scanning points (points) and | ine numl
observe the scannsognpreselsts was dehawh . i B t!
diagram after finishing the-sesamawnwd nsggawdd eas h
format documenMARt ne awldubted oseh,o wnheon t he MAP
scanning-scbhneaphoBi ding brief information al

extra image processing |ike noise filtering.

4Transl|l acioonhr®t age

The transl ation stage completes trlast®cann
scanmlengcannisngdipsapti3a.bbd sBnigsAm@gmigor med al ong
ax.ean whaixcilshfeast aakstslsal & wyFa xisdxlay,i ssthioahan
set l engIhi e ,dlituemgntegh )wh i cihmu lhtea nDeAoQu s. Ayt eno |l | e
each s cani ettuiren etdh e o0 raingdi mtalb @ rpa mendv b B fthheins
axidalhraeadyba®e®hW ugettdi ng xt e i o aaintdi @wm mepfar i ng

poiShetcondl y, sthtehsegt axe@gigs @ alshset eDpAdQotd recor d a
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data duri nlgi it &l w, rsdcgaedlalixe & xursdti | stadpgd tde | i ne

finished scanning

Starting End
point point
> = —> e e B 4

l—»)’

Yy ¥y YyvYvY vYYyYYyYyy v X

Fi g8B5Rasseamanni md woatalkes transl ation stage.

B)Ot her s
Mot or seri al port selection, the status of
selection, etc.

35Acoustic and optiscal properties of TUT

351Si mul ation study

PiezoCAD software (Sonic Concepts, WA, USA

Matt haei ( KL M) model , was utilized to si mul
simul ations i nvboalsveedd TnoTdse Iwiint gh enmNatnhdi caknn easpse rot
sze of 9 mm I 9 mnechoo epvearl fuoart nea nt chee wpiutlhs er e s p e

| ayer confi g6s astwhmerssi rhidlgaithed reslposeses of TI
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mat chi ng | a|atdhri <,k Wiatr b /it4hn ec,k &PriVIMA  a s mat c hi
respectivel y. I n comparison with the TUT u
employing the PMMA matching | ayer exhibited
Thessiemul ated results suggest that PMMA as t h

the performance of the TUT compared to Paryl

(@) Frequency (MHz) (b) Frequency (MHz) (c) Frequency (MHz)
< 0 15 20 25 30 < 210 15 20 25 3% < 210 15 20 25 3%
T T T —_ T T i ron) T T T
S o> oS )
E ZE 6 o € Y )
S 16 o 1. = 1.
[0} ] T o (3}
= 23 23 o E
2 == T 2 p=
= 12 55 -12 o= -12°c
g T £ S = -1 S
< =< =g =
2 ——t -18 -2 PR — -18 2 e -18
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 02 0.3 04 05 0.6 0.7 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
Time (s) Time (7s) Time (s)

Fi gB86S mul atedhpufrespdbrased dfUTISN(a) without
(b) aMitthh ck Paryl ene maatdthiong PMMAr madaocti og) |

352Thi ckderss gocoansdi asorfesifJanse

Thickness design of matclTiheg glcdhge rp eirsf ovremayr
ofTUTs with difwesenmultanttekndAassd shemwvelirgd. 7,
experimental andsetviemall artiepnekeas st sw®ei gype de
Fi3g(a) displays the expercihmme mteaslpome=ulotfs ao f°
aperturemmi kmren® odnd9 without a matbamidnvg fdlt &y er
approximatel ytgagadk amaec ai ped ky Tbtjadge idfl uckG.tgd aux
measur eedc hpou Irsees ponsesm(O¥4 )T BMs avimd-thld iBcdk P MMA

matching | aydhe, veespeuantmVde/bpdesanes the nurm
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of signal that can be generated as a return

As depi St(@@) ,i nt Fe gTUT wé tthh itchke R MMA rneatticcha I n
demonstrated the most s-eghobofiseast ti mpt gv e men
thicknesses of the PMMA | ayer. However, an
suggestinhget TUOB/tMhitchk trhaet chi ng | afyree q wepnecrya t
transducer. The phenomendmamdayfbhecat torfi litee
as reportedl%%%. t%let H b gt wtthigtethe | ower freque
71. 4%,andhwitdtthhe designed center frequency wa
wi t h temehi2dk PMMA mat 8h({ a)g) blaartydeves idG i §i cant |
expanded to 50.4% witMHa, cevhi ¢e theqgsemscy to
remai ned al most unchanged compared to that
Considering the similar acoustic i mpedances
the matching and bondiimg It ayrdaotscniairareg | 1i &kyeédry.
reduocnt of t he PM&MA trheiscukinteesds i(nl137oadvey cempat &
to the TUTemwihtilt kt PMMA4 | a yearndwabddsthheughl t fepe
that of the TUT without a matching | ayer. Co
t httheora&/ftdhdalk matching | ayer and the optim

considered because of the thickness of t he b
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(@) Frequency (MHz) (b) | Frequency (MHz)
5 10 15 20 25 30 5 10 15 20 25 30
0.6 , , : : 0 0.6 : : : : 0
N a — | o)
?/ ls T a 0.4 | %
m N—r
() O 0.2
S T 3 3
= 122 2 0.0 12 3
o = = =
E - g 02 %
- -18
= < o4l =
0.6 ; ; ; ; -24 0.6 . : : . -24
220 222 224 226 228 230 220 222 224 226 228 230
Time (s) Time (7s)
(c) Frequency (MHz) (d) Frequency (MHz)
5 10 15 20 25 30 5 10 15 20 25 30
0.6 : , : , 0 0.6 : : : : 0
< 04 m < 04 )
2 ° s 2 )
2 02 1-6 o L 02 1-6 @
2 00 3 2 oo 3
= = = =
£ 02 125 g 02 125
< © < S
0.4 = 0.4 =
-0.6 : ; ; ; - -0.6 . : : : -18
220 222 224 226 228 230 220 222 224 226 228 230
Time (s) Time (s)
(e) Frequency (MHz) () Frequency (MHz)
10 15 20 25 30 15 20 25 30
S 4 , , , 0 . S 4 . . 0
~
> % S m
£ 2 = E 2 2
N N
16 © 1-6 ©
) o] ) o)
T 04 > T 0 S
= = = =
= 12 £ = {12 €
Q. 24 D Q. 2] o
S c £ a
< = g =
-4 T T T T T T -18 - . . . . . . _18
00 01 02 03 04 05 06 0.7 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
Time (7s) Time (s)

Fi g@8fMeasuredcpol sesp-blHz ef.U®B&E) 2Wi t hout mat chi
and witRB4&mh@4d)d)) €4 andentdhi dkk PMMA mat ching
respectived ypadhkeurl sodfp-bPH0g e TUT( &) emB 44 A n d

( 2Y2m-t hiPcMKMA mat chi.ng | ayers

Fi3g(e) and (f) dep-echothespiomekeamnednd Ul ew
emt hi ck PMMA matching | ayers, respecdm.vel y,

The simulation results iemdihecatke PMMAL | ayer TH
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optimized performance in terms of3d7mdt)h kaand:
additional peak was observed at 15 MHz in th
34mehick PMMA | ayer, resulting in | ower sen
vi brations at twohei §feepat €Heehuereci asFig3.
the existence of the thickness of the adhesi
manufacturing process.s Tthel mahd sce&kf frmead tc,h i anlgt d re
di stribution within the system and affecting
resulting in the occurrencé€al®Bsutmmmardaeb]| &t

measured results.

Tab33&coustic peTWdrwiatnlc ediofff erent t hi cknesse
|l ayer

Aperduzre ppyva f(MHzy Bandwi Echo
(mm T m th i c k(ane): ( %) amp |l itV
9. 09.10 34 12. 75/ 71. 4] : 1.04
9. 09.10 24 20. 8 50. 2 0.80
9. 09.10 17 20. 4 27 . 2 0.614
6.18. 3 13 27 . 8 56. 1 0.55

To explore the pot dmtyieal tdfi ¢hkMMA M attecyhe dnogp
of TUTs, t he study was extended to TUTs w
investigat i-MHz ToUTst het h20 di ff er encee-tdhinc kt hi ¢
mat ching | ayer and the optimizked PMMAkmastshbD

bonding | ayer . enctohniscekq uRrRMIMA yma tac hli3ng -Mldy er wa
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LNbased BU®Ba) Fagd (b) il | usetcrhaot er etshpadiHmBecass uorfe

TUTs without and with the PMMA matching | aye

(@ Frequency (MHz) (b) Frequency (MHz)
" 20 25 30 35 40 15 20 25 30 35 4%

:
o
.

'
o

Magnitude (dB)

Amplitude (V)

Magnitude (dB)

Amplitude (V)
o

[y
o

: - - : : 1
17.2 17.4 17.6 178 17.2 17.4 176 17.8
Time (s) Time (vs)

FigB8Measuread@cpol sesp-MhizgeJ Uddi t3nOout matching
and (b) wmthitkePMBMA matching | ayer.

Foll owing the asmitdnd lerhe PtMMAD d tadywnifd tXhthlee TUT
substantially increased from 21.4% to 56. 1%
from 31.8 MHz ta@an2wni d@htiNHzed Téher emar kabl e i n¢
approximately a 65% increment bawemofdhiinghc om
frequency TUTs with a singl el!bltThteisreg rleasywdrt s
t hat t he profpotsleidc ksmcensesnededi gl i d even for
TUTs with highermhebhtédesebgaegeéenat egoyamfbenat c
an effective, st r amegthht of dour switare gd  tahmeal t loudnni dvepdr Is a y

pressmatnouf acture TUTSs.

353El ectri cal properties

Figar(e) and (b) display the el ebMHEei THT i mg
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wi th dmatehi2cdk PMMA mat ching -MdyeTUBnwicth-ln otsiee o
thick PMMA matchinBotthhpesducespeekhveéliyed &
resonance withouTh e neyl escpturrii coauls immopdeed ances of
approximated the optimizedt vahee cofr appo i
frequencies, underscoring theMor edve®, etnheiem

were reasonably high, calculated as 0.60 and

Frequency (MHz) Frequency (MHz)

() (b)
5 10 15 20 25 30 15 20 25 30 35 40 45
£ : : , , 0 A : : ; : : 0
6 100- %\ 6 1001 ’;8\
20 2 20 2
= o >~ 80] e
L 80 <, Q o
e 408, S o0 408
@®© ) © ] b}
© 60- ;) e I
[¢b] -60 @© @ 404 60 ©
Q. c Q =
£ o £ o
— 40, 80 201 80
5 10 15 20 25 30 15 20 25 30 35 40 45
Frequency (MHz) Frequency (MHz)

FigB8eMeasured i mpedanceEaap hRdbsze TslpTe cwirtam otfhe 2
thick matching -MHzy eTTUT awmidtmit btf hcek BBt chi ng | ay

Thlebf t-MHz 20Tt h dmateni2cdk PMMA maas hmegs g e
as 18. 4 dB. The acoustic receiving sensitiyv
2MHz US transSiuc & ymmg87NDT I ncegei der vebhOoD§
Ol ympus) to generantekh et hsei gancad u swaisc dweatveec,t ed b
was approxi mately 30 dB without averaging,

calcul ated to be approximately 66 Pa at 20 N
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3540pti cal property and bandwidth determinat

To test the opt-Mdal T pReamethiPMMAT mtalh e ha2hg | a
the optical transmissi onr3dee¥d | o stehnhahyee swaasl ume
exceeded 70% in the -9WavednmngWhilrenghke o6 pthi0
efficiency at 532 nm decreased to approxi ma
PMMA | ayer, the | aser beam could stil!3lreach
Furthermore, the peak transmittance approact

which i s opti madpgpgloirc alteiepgng i ssue PAI
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o 0~ 0~
o o o

Transmission (%)

D
o

(&)
(4]
T

50 : ‘ ‘ ' ' :
400 500 600 700 800 900 1000

Wavelength (nm)

FigBr®Measured optical t rtamleJnili. ssi on ef ficienc

To assess the PAasidgumfaltthhee speonesleo mendd TUT,
signal was generated by wutilizing a short pu
on a thick glass block. The use of a thick g

t he gl as $b efl oredd tsheger bl s of bl ack o©hTeUTmar ker
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Fi3gll( a) i Il ustrat eso mah en dPéAt escitgendal t iwnet hout

corresponding frequency spectrum after nor ma
a center frequency of 20.8 MHz and a bandw
smul at evhyomecei ve response@&lloif b)heATUMosbbwnhrF
wor k also achieved a similar PA bandwidth wi
|l ayer consisting of epoxy [dh®dthleads&dThwats (4
mat chaeygr possesses higher optical transmis
ORPAM requires tight | ight focusing to achie

| ayer i s mORBPABUuUI mapplegdcadtri on.

@) Frequency(MHz) (b) Frequency (MHz)
5 10 15 20 25 3% 169 15 20 25 30,
‘ ‘ ‘ ‘ <
— 0.3 a % 1.0 a
& 02 S S 05 =)
(D] \ 16 ~— > . 1.6
S o1 3 o L
"3 . 3 'g 0.04 B
2 00 'c £ .05 =
£ -12 g o 12
-0.14 10l
< = E10 =
-0.29 -1.5]
T T _18 T T T T '18
1.5 2.0 25 00 02 04 06 08 1.0
Ti me(€es) Time (s)

FigBXr®a) -domain response of TUT to PA -signal
domain respevHsze TdIT avemtbhi 24 PMMA matching |
Si mul atweady omreecei ve response of the TUT

355Ax i al and | ater al resolution measurements

Fig@raBows the results after per fdomiainng t h

response of the TUT to the broad bandwidth P
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determi nedemt oolbteailmneld-wif d tommalxd lefu fnu I( IF WH M) of
envel ope curve multiplying acoustic speed.
calcul ated fromabhtdwewi dvihh mbh!| alePedH @& s on the ba
the acou9tlt3d Tepemdabured axial resolution i s
em) . The broadband TUT resulted in i mproved

based wor ks, evensoaheernattehde ate phoirglheédr! TcueTnt er

0.4

0.3r

o
[N

Amplitude (V)
o

o

1
<
—_—

o
N}

1.8 2 22 24
Time (us)

FigB8rAxi al resol PAMoOBsysft eaan wORNh TUT, where t
ti e masiingaald, the red dashed I ine is the Hilb

The | ateral resolution of the systsdmrwas n
razor bl ade with aesmsc AR g maee fi ztehe fbl0ad
in3F3I(xw), which was averaged over 10 times. T
in 3Fi(b), and the |l ine spread function (LSF)
ESF. The | ater al resol uti owsm olfastende osny stt heem R

t he wWwhSikcsh det er mined bgdthegbkizepof. the focu:
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(b) 2

* Exp

—
T

0.2

’;; 0.8

)
015 8 06

E

= 04

(=9
0.1 £

< 0.2

0.05

(=)

S
[\)

0 25 50 75
Distance (um)

Figet&a) PA MAP i mage of a sharp razo+ bl ad:e
PAM system with TUT, where blue dots are th
fitted ESF, and a red |ine is the derived LS

36 ORPAM i maging results with TUT

The -FORM ngai ng per f or AveHec el Uolf wtidindh hZ2Gh & P HMMA
matching | ayer was ewabBmabédawni &ap hmodednga a

of perf oRAM g @R € WeJpTed s sMBawMm i n Fig

FigBt4&hphotograph of -PA&Ir fwo rdrei viiedt Bo(biRe d

97



36lPhantom experi ments

To image a cross emfi hat he, xaehsteptBengaaildr
was used to perform a 2 mm I 3 mmnsmcanhbsed ¢
| aser was 1 kHz, and the samplingS3daspl aystl
the reconstructed MAP PA i mage Wiutmbautr awer a

shown clearl yst @aoniethageat hekiehltetmnwadh auwmtt iolmi, z

in both the x and y directions.

Fi g3 ®RPMi magi nge dfumamo ghled miso m
ENLATRA
"

A

Figgrt@g Light field micriop®RBMe malgo tngg rodp it han
stained | eaf skeleton phant om.
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Even with a more c AM magrietsgod ditenskt ea,i ntetde
|l eaf skeleton corresponded well with the pho

as depi c3t.eld iamdFi®Bot h phantom studies exhib

resolution capabilities of the system empl oy
362l n g mabl ani mal experiments
For itrhevmaging experiment, a BALB/ c¢c nude

Fi3ga( a) aAldl (bhgsearch conducted in the | abor.
by the Institutional Ani mal Carehe nmo Wsse Wans
first anesthetized via inhalation of isoflur
st algheem andenmill at wayg to® emenmo v eh afhreo stk @ e

genfThg distance IiseteweerenandheT WUhlousaes appr oxi me
drop of distil | 8% owatldarngs entewdiinugn.a sl hteh A si gt
a stepemiize the 1x axemsi di tbet ybarkasgdwnehtic
data averaging performed 10 times. The scann
incident on the surface of the mosals,e selairg hstkli
exceeding the maxi mum recommehnd# &l eanks uen fbrya rAe
l amp was wutilized to maintain the boldlye t empe
heal th ctomaimowxne owas monitored allhle tPMe MAIPme
i mage of the mousle (&fefhowsadepgcaedompr Ehgnsi

of gshkercut mne@ass ubét umoau Ne mermaous capillaries
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visual atedgsi de the promiaegé¢ ac eaagampasyeich gatn

veiThe. | mage defsfpetcatgievdenltyr i cat e net wor k of mic
clarity, enhanci ng tnhieowram esutbrauiveityulrsemalt hzamioos
— Max
— Min

Figdt®hotographs of (a) thei et mpgiong mouesa.
ORPAMAP i mage wdfovbaos cul ar networ ks in the are
in (dReconstructksdl dept 1 i des at the | ocatio
' ine of (c).
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