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Abstract:Theincidenceandmortalityofcardiovasculardiseasesandgastrointestinalcancerhavegraduallyin-
creasedinrecentyears,andthesediseaseshavebecomemajorsocialandpublic-healthconcerns.Newrequirements
havebeenproposedfortheclinicaldiagnosisofthesediseasesinthehopethat,byaccessingaccuratestructuralin-
formation,tofurthergraspthefunctionalinformationwhichcloselyrelatedtothedevelopmentofthediseases.
Photoacousticimagingisanewimagingmethodinwhichultrasonicsignalsaregeneratedfrombiologicalsamples
bylaser-pulseirradiation.Ithastheadvantagesofhighopticalcontrast,largeultrasoundpenetrationdepth,and
highresolution.Additionally,itcanacquirespectralinformation.Theintegrationofaphotoacousticimagingsys-
temintoatinyimagingcathetercanrealizeinterventionalimagingbasedonphotoacousticprinciples.Thecombina-
tionofstructuralimagingofcardiovascularandgastrointestinallesionregionswithphotoacousticspectroscopyto
identifyandquantifytissuecomponentscanrealizehighlysensitivefunctionalimaging.Aftersurveyingtherecent

progressinthedevelopmentofthephotoacousticimagingmethodforinterventionalapplication,withaparticular
emphasisonintravascularphotoacousticimaging,photoacousticendoscopy,andphotoacousticspectroscopy,we
summarizeandidentifyfutureresearchdirectionsforinterventionalphotoacousticimaging.
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0 Introduction
Inrecentyears,theincidenceandmortality

ofcardiovasculardiseasesandcancerin China
havegraduallyincreased,anditaccountsforthe
highestproportionsofdeathsduetovariousdis-
eases[1-2].Dataassessmentshowsthat,in2015,
thenumberofpatientswithcardiovasculardisea-
sesinChinawasapproximately290million.Car-
diovasculardiseasesaccountedfor45.01% and
42.61%ofthedeathsduetomajordiseasesinru-
ralandurbanareas,respectively[1].Inthesame
year,there wereapproximately4.292 million
newcancercasesand2.814milliondeathsattrib-
utedtocancerinChina.Amongthenewcases,
gastrointestinalcancers (including esophagus,

stomach,andcolorectalcancer)accountedfor
35.7%,andtheirmortalityratewasashighas
37.8%[2].Cardiovascularand gastrointestinal
diseaseshavebecome majorpublic-healthcon-
cerns.Theearlydetectionandimprovementof
clinicaldiagnosisofthesediseasesareurgently
neededforimprovinghealthcareinChinaandfor
thesustainabledevelopmentofthesociety.

Apreviousstudyfoundthat70% ofacute
cardiovasculareventsarecausedbytheruptureof
vulnerableplaquesofthecoronaryartery[3],and
theearlydiagnosisofvulnerableplaquesisoneof
thekeymeasurestoreducethemortalityofcardi-
ovasculardiseases.Lipidsareoneofthemostim-
portantfeaturesofvulnerableplaque,andtheir



distributionisassociatedwithvascularremode-
lingandinflammationinatherosclerosis[4].Fur-
thermore,accurateimagingtoidentifycompo-
nentsandthedistributionoflipiddepositsinath-
eroscleroticvesselscontributestopathologicaldi-
agnosisandunderstanding.Therefore,thereisan
urgentneedinclinicsforhigh-sensitivityimaging
oflipidsandthequantitativeanalysisoflipidcon-
centrationand concentration distribution.For
gastrointestinalcancers,earlytumorgrowthis
accompaniedbynourishingangiogenesistopro-
videadequatenutrientsfortumorgrowth,resul-
tinginanincreasedlocaltotalhemoglobincon-
centration,andthehightumormetabolism will
causeadecreasedoxygensaturation (SO2)[5].
Therefore,thequantitativemonitoringofphysio-
logicalinformationsuchashemoglobinconcentra-
tionandoxygensaturationwhileperformingthe
structuralimagingofthesuspectedlesionareais
ofgreatsignificanceinthetimelydetectionof
tumordiseases.

Inthecaseofluminaltissuessuchasblood
vesselsandthegastrointestinaltract,interven-
tionalimaging,comparedwithin-vitroimaging,

canprovideimageswithahighersignal-to-noise
ratiothatdisplay more preciselocaldetails.
Therefore,interventionalimagingis advanta-
geousfortheclinicalscreeninganddiagnosisand
canprovidesurgicalguidance.Existingclinical
interventionalimagingtechniquesincludeintra-
vascularultrasound(IVUS)andintravascularop-
ticalcoherencetomography(IVOCT),whichare
appliedtothevascularsystem,andwhitelight
endoscopy,endoscopicultrasound,andconfocal
endoscopy,whichareappliedtothedigestive
tract.Thedetection methods mentionedabove
havetheirowncharacteristicsyetsomelimita-
tions.Amongvascularimagingtechniques,IVO-
CTimagestissuebyusingtheinterferenceprinci-
ple.Thetechniqueyieldsahighresolution(20—

30μm),enablingittoprovidefinerstructuralin-
formation(suchasthinfibrouscapsofvulnerable
plaque)[6].However,itsimagingdepthisonly
approximately1mm,greatlylimitingthescope
ofapplication.Forimaging,IVUSmainlyutilizes

theacousticimpedanceofdifferentpartsoftis-
sueswithdifferentreflectivitiestoultrasound.It
hasalargeimagingdepth(8—12mm)andallows
theimagingofthevesselwallandplaquemor-
phology,butwitharelativelylowresolution[7-8].
Inaddition,boththeseintravascularimaging
techniquesonlyrevealstructuralinformation.
Theyfailtoimagelipidsandinflammation,which
arestronglyassociatedwithplaquevulnerability,

andtoobtainfunctionalinformationsuchaslipid
compositionandconcentrationprofile.Amongdi-
gestive-tractimagingtechniques,whitelighten-
doscopyisbasedonthedifferentlightreflectivi-
tiesofdifferentpartsoftissues[9].Itiscapableof
high-resolutionimagingoftissue,buttheimage
depthislimitedtosuperficiallocations.Endo-
scopicultrasoundissimilartoIVUSintermsof
technicalcharacteristics.Itprovidesstructuralin-
formationondeeptissue,butwithlimitedspeci-
ficityandresolution[10].However,theearlyle-
sionsofgastrointestinaldiseaseshavenoobvious
symptoms,andendoscopicultrasoundcannotdif-
ferentiatelesionsatthisstagefromthesurround-
ingnormaltissue,hamperingearlyclinicaldiag-
nosisandtreatment.Confocalendoscopyalsou-
sesanopticalmethodtoimagetissueandhasan
enhancedimagingresolutionrelativetothatof
whitelightendoscopy,however,itspenetration
depthisverylimited[11].Theexistingclinicalen-
doscopictechniquesaregenerallyusedforthe
structuralimagingoftissues,theycanneitherre-
alizefunctionalimagingnorobtainthecompo-
nents,concentrations,andcorrespondingdistri-
butionsoflesionsitesandimportantphysiological
informationsuchasbloodoxygenconcentrations.

Theabovediscussionclarifiesthat,forthe
diagnosisanddetectionofcardiovascularandgas-
trointestinaldiseases,theexistingclinicaltech-
niquescanonlyobtainmorphologicalstructurein-
formationandcannotacquirefunctionalinforma-
tion,especiallythequantitativefunctionaldata,

whichisurgentlyneededinclinicalapplications.
Therefore,thedevelopmentofamedicalinter-
ventionalimagingtechniquethatcombineshigh-
contraststructuralimagingwithhighlysensitive
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andquantitativefunctionalimagingnotonlyisan
urgentneedforpublichealthbutalsowouldbea
revolutionarybreakthroughin medicalimaging.
Photoacousticimaging,whichwasdevelopedin
recentyears,hasshowngreatpotentialinthisre-
gard.

1 PhotoacousticImagingandClassi-
fications

  Photoacousticimagingisabiomedicalima-
gingmodalitybasedonthephotoacousticeffect.
Whenanobjectisilluminatedbylaserpulsesand
absorbslightenergy,apartoftheenergywillbe
convertedintothermalenergy,whichinturncau-
sestheexpansionoftheirradiatedpartsandsub-
sequenthigh-frequencyvibration.Thehigh-fre-
quencysoundwave,theoscillationfrequencyof
whichisusuallyintheultrasonicwaverange,is
thephotoacousticsignal[12].Thephotoacoustic
imagingofbiologicaltissueisusuallyperformed
throughtheprocessoflightabsorption—excita-
tionphotoacousticsignal—ultrasounddetection—
imagereconstruction,asshowninFig.1.When
theexcitationwavelength,energydensity,and
otherparametersareconstant,theintensityofa
photoacousticsignaliscloselyrelatedtooptical
propertiessuchasthelightabsorptionofabio-
some.Sincethelight-absorbingpropertiesofdif-
ferenttissues in varying organisms are di-
verse[13-16],asshowninFig.2,thehigh-contrast
structuralimagingofaspecifictissuecomponent
canbeperformedwithaspecificexcitationlight
wavelength.Onthis basis,by photoacoustic
spectroscopy,i.e.,byobtainingphotoacoustic
signalsoftissuesatmultiplewavelengths,com-
binedwithspectralanalysistechniques,impor-
tantfunctionalinformationsuchasthecomposi-
tionandconcentrationoftissuescanbeextracted
(forexample,hemoglobinconcentration,SO2,

oxygenmetabolicrate,andotherphysiologicalin-
formation),andfunctionalimagesoftheirdistri-
butioncanbeobtained[12,17].

Comparedwiththeexistingclinicalinterven-
tionalimagingtechniquesmentionedabove,pho-
toacousticimaginghastheadvantagesofbothul-

Fig.1 Schematicofphotoacousticimaging

Fig.2 Absorptioncoefficientsofcommonabsorbents
inbiologicaltissues

trasoundimagingandopticalimaging,withthe
characteristicsofalargeimagingdepth,highres-
olution,andhighcontrast;therefore,ithasgreat
potentialforclinicalapplication.Inviewofthis
technicalfeature,differentphotoacousticimaging
methodscanbeadoptedfordifferentapplication
backgroundstoachieveaflexiblecombinationofa
largeimagingdepthandhighresolutionforobtai-
ningtherequiredimageinformation.Currently,

mainlythree types of photoacousticimaging
methods exist[12]: photoacoustic microscopy
(PAM),photoacousticcomputedtomography
(PACT),andinterventionalphotoacousticima-
ging.Thispaperfocusesoninterventionalphoto-
acousticimaging,whichwillbediscussedinde-
tailbelow.

Accordingtotheresolution,PAMisfurther
classified into optical-resolution PAM (OR-
PAM)[18-20]andacoustic-resolutionPAM (AR-
PAM)[21-22].OR-PAM realizessub-cellularor
cell-scalelateralresolutionfromafewhundred
nanometerstoafewmicrons.Ifsucharesolution
istobeachievedacoustically,thecenterfrequen-
cyoftheacousticsignalshouldbeontheorderof
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atleasthundredsofmegahertz.Atsuchhighfre-
quencies,theattenuationoftheultrasoundinthe
tissuewillbesogreatthatthepenetrationdepth
canonlybemaintainedatafewhundredmicrons.
However,opticalfocusingcaneasilyachievea
highlateralresolutionofphotoacousticexcitation
whilemaintainingtheactualimagedepth.There-
fore,inOR-PAM,theopticalfocusislessthan
theacousticfocus,anditslateralresolutionde-
pendsonthe magnitudeoftheopticalfocus.
Fig.3(a)showstheunmarkedfunctionalimaging
ofhemoglobinoxygensaturationofamouseear
achievedwithOR-PAM[19],whichclearlydistin-
guishesthemicrovasculaturenetworkandeven
thesingle-capillarydistributionofthemouseear.
However,OR-PAMislimitedbytheopticaldif-
fractionlimit,anditsimagingdepthislimitedto
approximately1 mm.Onexceedingtheoptical
diffusionlimitandreachinganimagingdepthof
tensofmillimeters,OR-PAMisaffectedbytis-
sueopticalscattering,thustheexcitationlight
cannotbeeffectivelyfocusedatsuchdeeptissues.
However,byreducingtheacousticsignalfre-
quency,focusatthetissuedepthcanbeeasilya-
chieved.Therefore,inAR-PAM,theopticalfo-
cusisgreaterthantheacousticfocus,andthe
horizontalresolutiondependsonthemagnitudeof
theacousticfocus.Fig.3(b)showsthedistribu-
tionofhemoglobinfromtheepidermistodermis
ofhumanskin,obtainedbyusingAR-PAM[22]

withahorizontalresolutionof45μmandimaging
depthof3 mm.Inaddition,byincreasingthe
pulsedlaserenergyanddecreasingthepulserepe-
titionfrequency,centimeter-leveldeepmacroim-
agingcanbeachieved.

InPAM,thephotoacousticsignalisdetected
using single-element ultrasonic transducers,

whichcanonlydetectthephotoacousticsignalat
onepositionatatime;consequently,theimaging
isrelativelyslow.Toexpeditethesignalacquisi-
tion,ultrasonicarraydetectorsareappliedto
photoacousticimaging,which in combination
withimagereconstructionresultinPACT[23].
Accordingtotheformofultrasoundarrayused
forimaging,PACTcanbedividedintolinear-ar-

rayPACTandcircular-arrayPACT.Fig.3(c)

showsahandheldlinear-arrayPACT.Multimode
fiberbundlesaresplitonbothsidesofthehand-
heldultrasoundarrayfordark-fieldopticalillumi-
nation.Linear-arrayPACTiscurrently widely
usedinthediagnosisofhuman breastcanc-
er[24-25].Circular-arrayPACTisgenerallyused
fortheimagingofcircularobjectssuchasthe
brain,peripheraljoints,andeventhewholebody
ofsmallanimals[26-28].Unlikethelocalviewing-
angledetectioninlinear-arrayPACT (i.e.,the
imagingangleoftheultrasonicdetectorwithre-
specttothesubjectislessthan360°),circular-ar-
rayPACTcanacquirefull-angle,high-qualityim-

Fig.3 Majortypesandapplicationsofphotoacousticimaging
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ageswithoutmissingboundaries[29].Asshownin
Fig.3(d),theunilateralbeardstimulationofce-
rebrovascularresponseimagingbycircular-array
PACTthroughtheintactscalpandskullofadult
rats[30].

Theflexibleimagingmethods,excellentim-
agingcapabilities,andhighbiosafetyofphotoa-
cousticimagingmakeitincreasinglyattractiveto
researchersintheareaofbiomedicalimaging.
Photoacousticimaginghasshownpotentialsin
manybiomedicalimagingfields,suchastumor
angiogenicimaging[31],hemoglobinandoxygen
concentrationimaging[32],cardiovascularandce-
rebrovascularvulnerableplaqueimaging[33],and
breastcancerdiagnosis[34].Interventionalphotoa-
cousticimagingforcardiovascularandgastroin-
testinaldiseasesisalsoevolving.

2 StatusQueofInterventionalPho-
toacousticImaging

  Integratingaphotoacousticimagingsystem
intoatinyimagingcathetercanrealizeimaging
basedonphotoacousticprinciples,whichisex-
pectedtoovercometheincapabilityoftheabove-
mentionedclinicalinterventionalimagingtech-
niquestosimultaneouslyrealizestructuralima-
gingandfunctionalinformationacquisitionata
largedepthwithahighresolutionandhighcon-
trast.Atpresent,domesticandforeignscholars
studyingtheinterventionalphotoacoustictech-
niquemainlyfocusonthediagnosisandmonito-
ringofdiseasessuchascardiovasculardiseases
andgastrointestinaltumors.

2.1 Intravascularphotoacousticimaging

  Intravascularphotoacousticimaging(IVPA)
isanewintravascularimagingmethodfordetec-
tingvulnerableplaques.Similartointravascular
ultrasoundandintravascularopticalcoherence
tomography,aninterventionalimagingcatheteris
usedtopenetrateandimagelesions,asshownin
Fig.4.

DuringtheearlystagesofstudiesonIVPA,

Sethuramanetal.fromtheDepartmentofBio-
medicalEngineering,theUniversityofTexasat

Fig.4 SchematicofIVPAimaging

Austin,mademuchprogress.In2007,theteam
experimentallystudiedthevascularphotoacoustic
imagingofarabbitaortaexvivoforthefirst
time[35].Intheexperimentalsetup,shownin
Fig.5,anexcitationlaserisusedforexternalir-
radiationofthebloodvessel,andanultrasonic
detectioncatheterisusedtoreceivethephoto-
acousticsignalinthebloodvessel.Additionally,

thecatheterhasthefunctionofultrasonicimaging
andcanobtaintheendovascularultrasoundimage
synchronously.Thisworkvalidatedthecomple-
mentarityofintravascularultrasoundandphotoa-
cousticimagingandprovidedatheoreticaland
practicalfoundationforthesubsequentstudyof
intravascularultrasound / photoacoustic dual-
modeimaging,although it did not actually
achieveintravascularphotoacousticimagingatthe
systemlevel.Inthefollowingtwotothreeyears,

theteamconductedaseriesofstudiesonintravas-
cularstentsand atherosclerosisinthis man-
ner[36-37],demonstratingtheadvantagesandpo-
tentialofIVPAinthediagnosisanddetectionof
lipidplaques.

Fig.5 SchematicofearlyIVPAimagingsystem

829 TransactionsofNanjingUniversityofAeronauticsandAstronautics Vol.35



Based on substantial previous studies,
Wang’steamperformedthelipidimagingofath-
eroscleroticplaquesin2012inthepresenceoflu-
minalblood[38].Theyfoundthat,inthepresence
ofluminalblood,theimagequalityatanexcita-
tionwavelengthof1720nmwasbetterthanthat
at1210nm,demonstratingthepossibilityof
usingasinglewavelengthforlipidimagingwith-
outremovingblood.Thisresearchhasimportant
guidingsignificanceforIVPAin vivoexperi-
ments.Inthesameyear,basedontheprevious
work,theteamachievedtheIVPAoflivingrab-
bitsinvivoforthefirsttime[39].Apulsedlaser
withawavelengthof1720nmwasusedforthe
photoacoustic imaging of intravascular lipid
plaques,andgoodexperimentalresultswereob-
tained.Fig.6(a)showstheresultofphotoacous-
ticimagingoflipidat1720nm,andthehigh-
lightedareaintheimageisthelipid-enrichedare-
a.Fig.6(b)showsanultrasonicstructuredia-
gramoftheblood-vesselwall.Fig.6(c)wasob-
tainedbyspatiallyfusingthephotoacousticand
ultrasoundimagessothatlipiddepositscanbe
discernedprimarilyintheintimaofthearteries.
Theresultsofthisstudydemonstratetheability
ofIVPAtodetectvulnerableplaquesandprovide
animportantbasisforitsclinicalapplication.

Fig.6 IVPA/IVUSimagingofrabbitinvivo

Afterthefeasibilityofclinicalapplicationof
IVPAwasverified,manyresearchteamsgradual-
lyfocusedonthedevelopmentofhigh-speedand
multi-modeIVPA,whichfurthersatisfiedclinical
needs.Meanwhile,multipleimagingtechnologies
werecombinedwithIVPAtoobtainmoresuitable
imageeffectsandrealizemoreextensiveapplica-
tiontypes.

In2014,Baietal.fromtheShenzhenInsti-
tuteofAdvancedTechnology,ChineseAcademy

ofSciences,developedanintravascularphotoa-
coustic/ultrasound dual-modeimaging catheter
withadiameterof1.1mm[33],asshownin
Fig.7(a).Atthattime,itwasthesmallestintra-
vascularimagingcatheterintheworldandwas
capableofachievingoptical-resolutionimaging
withalateralresolutionof19.6μm,whichwas
10timesbetterthanthatofconventionalintravas-
cularphotoacousticandultrasonicimaging,as

Fig.7 Photoacoustic/ultrasonicdual-modeIVPA
system

929No.6 ZhangJianhui,etal.AdvancesinPhotoacousticImagingforInterventionalApplication



showninFig.7(b).Theresultshavehadawide
internationalimpact,whichgreatlypromotedthe
useofIVPAinclinicalapplications.

Subsequently,basedonthisresearch,Li’s
teamdevelopedahigh-speedintravascularima-
gingsystemin2015anddesignedamatchedpho-
toacoustic/ultrasounddual-modeimagingcatheter
withanouterdiameterof0.9mm[40],whichis
lessthanthecriticaldimensionforclinicalvascu-
larintervention(1mm).Byimagingasampleof
anisolatedrabbitbloodvesselimplantedintoa
heartstent,asshowninFig.8,thesystemcana-
chieveimagingspeedsupto1000Alines/s.Since
eachBscanconsistsof200Alines,Bscanimages
canbeacquiredat5framespersecond.

Fig.8 Imagingofastentdeployedinahealthyrabbit
vessel

However,forinvivoimaging,animaging
speedof5framespersecondisnotsufficientto
eliminatethe motionartifactscausedbyheart
beating,resultinginthequantitativedeviationof
themorphologyoftheimageandlipiddeposition
andeventhemisinterpretationoftheplaquetype.
Inviewofthis,high-speedIVPAstudieshave
emerged,andtheimagingspeedhasdramatically
increasedto20[41]andeven30framespersec-
ond[42].In2017,Huietal.fromPurdueUniver-
sity developed a portable photoacoustic/ultra-
sounddual-modeIVPAsystem[43],whichenabled
imaginginrealtimeat25framespersecond.
Basedonhuman-coronary-arteryimagingexperi-
mentswithlipidplaques,theteamconcludedthat
animagingspeedof16framespersecondissuffi-

cienttosuppresstheeffectsofmotionartifacts
causedbyheartbeating.Theresultofthiswork
isaphasedguidelineintheseriesofstudieson
IVPA,whichtosomeextentdefinesthemini-
mumimagingspeedforclinicalapplicationsof
IVPA.

InthedevelopmentofIVPAandphotoacous-
ticimaging technology, multi-modalimaging
technologyhasalwaysbeenahottopic.Thecom-
binedadvantagesofmultipleimagingmodalities
allowforacompletecharacterizationofthebio-
logicaltissuetoenableprecisediagnosisofdisea-
ses.Althoughitispossibletoobtainamulti-mo-
dalityimagebyseparatelyperformingimagingin
eachindividualimagingmode,itisextremelyin-
efficient,anddifficulttoavoidthespatialcorre-
spondenceofdifferentmodeimagesinthefusion
and,moreimportantly,toprovidethereal-time
dynamicorganizationofphysiologicalprocesses.
Therefore,theresearchon multi-modalIVPA
generallyfocusesonavarietyofimagingmodes
andintegratesthemintothesameplatform.Since
photoacousticimagingisacombinationofoptics
andacoustics,aphotoacousticsignaldetection
devicecanessentiallyserveasatransmitterand
receiverforultrasonicsignals.Therefore,the
mostcommonmulti-modeIVPAsystemisapho-
toacoustic/ultrasonicdual-modeIVPAsystem.In
2017,Daietal.fromtheUniversityofFlorida
attemptedtointegrateopticalcoherencetomo-
graphy(OCT)intoIVPAforPA/US/OCTtri-
modalimagingstudies[44].Theteamdevelopeda
1-mm-diametertri-modalimagingcatheterand
performed plaque-based human-coronary-artery
imagingexperiments,asshownin Fig.9.In
Figs.9(a),(b),(c)showthephotoacoustic,ul-
trasound,andOCTimagingresults,respective-
ly.Fig.9(d)isthemulti-modalimagefusionu-
singpseudo-color,andFig.9(e)showstissue
stainingsections.Theresultsofthisstudyshow
thefeasibilityoftri-modalIVPAimaging.How-
ever,sinceitsimagingcathetercannotrotate,its
imagingfieldandapplicationrangearelimited.
Currently,itisstillinthestageoftheoreticalre-
search.
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Fig.9 Resultsofphotoacoustic/ultrasound/OCTtri-
modalimaging

2.2 Photoacousticendoscopy

  Photoacousticendoscopy(PAE)issimilarto
IVPAintermsofsystemarchitecture,butitsde-
signisverydifferentfromthatofIVPAbecause
ofitsdifferentimagingrange,resolution,work-
ingwavelength,andenvironment.

Giventhattheinternaldiameterofthelumen
ofthedigestivetractismuchlargerthanthatof
thevessel,thedesigndimensionsfortheinter-
ventionalimagingcatheterofPAEhavearela-
tivelyhightolerance.Therefore,inthefieldof
PAEresearch,domesticandforeignresearch
groupshavefocusedonimprovingtheimaging
catheterdesigntoimprovetheimagingspeedor
obtainhigh-resolution,high-qualityimages.In
recentyears,theapplicationofmicroelectrome-
chanicalsystems(MEMS)tosensorsandactua-
torshasmadeitpossibletouseavarietyofmova-
bleandtunablescanmirrors,lenses,filters,and
otheropticalstructures[45],promptingtheuseof
MEMSin optical-fiber-based endoscopictech-
niquessuchasopticalcoherencetomography[46],

confocal microscopy[47],multiphoton microsco-
py[48-49],and photoacoustic imaging[50-51].In
2010,Xietal.fromtheUniversityofFloridaap-
pliedMEMSscanningmirrorstoaPAEimaging
systemforthefirsttime.Thesystemusedahol-
lowannularultrasonictransducerforphotoacous-
ticsignaldetection,andanopticalscanningmir-

Fig.10 StructureoftheMEMS-basedPAEcatheter

rorperformedscanningimagingthroughthehol-
lowportionofthetransducer[50].An MEMS-
basedimagingcatheterisshowninFig.10.This
researchprovidesareferenceforthedesignofa
fastphotoacousticendoscopysystem.However,

theinnerdiameterofthetransducerinthecathe-
teriscloseto6mm,whichresultsinacertain
phasedifferenceinthedetectionofultrasoundand
seriouslyaffectsthesignal-to-noiseratioandima-
gingresolutionofthesystem.AlthoughGuoet
al.fromtheUniversityofElectronicScienceand
TechnologyofChinalaterachievedcorresponding
improvementstoensuretheintegrityoftheultra-
sonictransducer,itsoverallstructurewastoo
largeforclinicalapplications[51].Atpresent,the
designsofMEMS-basedPAEarestillinthetheo-
reticalstage.Issuessuchasthescanrange,pow-
errequirement,scanspeed,andstructuresize
willposesomechallengestotheMEMScompo-
nents,whichmayresultinimageartifactsordis-
tortions.

OtherstudiesonimprovingthespeedofPAE
imaging,suchasthestudiesbyXing’steam.
from South China NormalUniversity[52-53]and
Chenetal.fromtheUniversityofElectronicSci-
enceandTechnologyofChina[54],wereallfo-
cusedontheuseofarrayultrasonictransducers
insteadofsingle-elementtransducers,suchasa
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circulararray[52],lineararray[53],and2×2ar-
ray[54].However,thismethodessentiallyincrea-
sesthenumberoftransducers,whichwillinevi-
tablyleadtoanincreaseinthesizeofthesystem;

suchlarge-volumesystemscannotbeusedfor
clinicalapplications.

ThemostrepresentativePAEstudieswere
thosebyLihongV.Wang’steamfrom Washing-
tonUniversityinSt.Louis[55-59].In2009,Yang
fromthisteamdevelopedaphotoacousticendo-
scopeandpioneeredthetechniqueforimagingin
theabdominaltissueofrats[55].Subsequently,

thesystemachievedphotoacoustic/ultrasounddu-
al-modeimagingoftheupperandlowergastroin-
testinaltractinvivo (rabbitesophagusandrat
rectum)forthefirsttimein2012[56].Fig.11
showstheresultsofphotoacoustic/ultrasound
imagingoftherabbitesophagus.Figs.11(a)—
(c)showthree-dimensionalimagingresultsof
photoacousticimaging,ultrasonicimaging,and
thefusionofthetwo,respectively.Fig.11(d)—
(f)showthecorrespondingcross-sectionalimages
ofFigs.11(a)—(c).Figs.11(g)—(h)show
cross-sectional views at another position of
Figs.11(a)—(b),respectively.Fig.11(i)shows
thetissuesectionforstaining.Theresultsofthis
studydemonstratePAE’sabilitytoimagetheup-
perandlowergastrointestinaltract.However,

owingtothedesignoftheimagingcatheter,the

Fig.11 Photoacoustic/ultrasoundimaging results
fromarabbitesophagusinvivo

outerdiameter(approximately4.2mm)andthe
rigidfrontportion (approximately50 mm)are
bothtoolargetobesuitableforclinicalpractice.
Inaddition,itisnotdifficulttoseefromFig.11
thattheimagingview angleisapproximately
270°,andapproximately25%ofthefield-of-view
ismissing,whichmayleadtomissingorincom-
pletelesionsintheimage.Althoughtheteamlat-
erchangedthecatheterdesignandreplacedthe
built-inmicromotorwithatorsioncoiltosolve
theproblemoftheexcessivelylargerigidfront
partofthecatheter,theproblemofthemissing
imagingfield-of-viewremained[57].

Afterfullvalidationofthein-vivocapabilities
ofPAEimaging,theteamturneditsfocusto
high-resolutionimaging[58-59].In2015,Yanget
al.[58]successfullydesignedandimplementeda
photoacousticendoscopycatheterhavinganopti-
calresolutionwithalateralresolutionof10μm
andachievedthemicroscopicimagingofaratrec-
tumin-vivo,asshowninFig.12.Fig.12(a)

showsathree-dimensionalreconstructionofthe
ratrectum,andFig.12(b)showstheradialmaxi-
mum-amplitude-projection (MAP)image.The
imagingcanclearlydistinguishtherectal-wallmi-
crovascularnetwork,providingapracticalbasis
fortheearlydiagnosisofgastrointestinaltumors.
However,theimagingcatheterstillfailstoa-
chievethefullfield-of-view[58].

Fig.12 Optical-resolutionmicroscopicimagingofrat
rectuminvivo
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AtanSPIEconference,Linetal.[60]repor-
tedtheirlatestresearchresultstorealizefull-
field-of-viewPAEimaging.OnthebasisofIV-
PA,aphotoacoustic/ultrasoundendoscopewas
developed,withtheimagingcatheterredesigned
forspecificimagingsubjectsandimagingranges.
Thecatheterwascompatiblewithclinicalendo-
scopicbiopsychannels(2.5-mm OD).Byusing
thiscatheter,theyrealizedthephotoacoustic/ul-
trasounddual-modalimagingofsmallanimalsin-
vivoatthesameregionforthefirsttimeinChina
(Fig.13)[60].Thetechniquecannotonlyimage
superficiallesionsofthegastrointestinalvascular
structure,butalsodetectthedepthoftumorin-
vasionandobtainmulti-parameterandmulti-scale
informationunderdifferent modalities.Inthe
nextstudy,theywillattempttointegratethe
system withexistinggastrointestinalendoscopy
techniquesandgraduallyimprovethesystemres-
olutionandimagingspeedtoestablishamulti-
modaldiagnosticsystemandstandardforearly
gastrointestinalcancerdiagnosisbasedonphotoa-
cousticendoscopy.Thissystemisexpectedto
findgastrointestinaltumorsearlierandfaster
thanpreviousonescan,therebyprovidingmeth-
odologicalinnovationfortheclinicaldiagnosisof
digestive-tracttumors.

Fig.13 Photoacoustic/ultrasounddual-modeimaging
ofratrectumin-vivo

Ingeneral,thestudiesofWang’steam[55-59]

aremuchclosertoclinicalapplicationthanother
studiesinPAEresearch.Theyachievedalarge
depthand high-resolution microscopicimaging
throughdifferentcatheterdesigns,makingthe
imageeffectsuitablefordifferentclinicalapplica-
tions.However,thecatheterstilldoesnotallow
full-field-of-viewimaging.Consideringtheabove
issues,thestudyresultsofLinetal.[60],may

taketheleadintheimplementationofgastroin-
testinalPAEinclinicalapplications.

2.3 Summaryofinterventionalphotoacousticim-
aging

  Interventionalphotoacousticimagingmainly
includestheapplicationsofIVPAandPAE.Most
earlystudiesfocusedonthedevelopmentandde-
signofnewimagingsystemsandimagingcathe-
tersforstableandreliableinterventionalima-
ging.Thusfar,multi-scaleandhigh-resolution
structuralimaginghasbeenachieved.Tofurther
adapttoharshandcomplicatedclinicalapplica-
tions,researchershavebeenfocusingonimpro-
vingtheimagingspeedofthesystemandgradual-
lybreakingthroughthesinglephotoacousticima-
gingmode,andtheyhavebeenattemptingtoin-
tegrateimagingtechnologies,suchasultrasound,

OCT,andevenfluorescence,intointerventional
photoacousticimagingtodevelopmulti-modality
imagingtechnologythatenrichesinformationac-
quisition.

3 PhotoacousticSpectroscopy

  Photoacousticspectroscopy,anewtechnique
thatstudiestheabsorptionpropertiesofabsorbers
byphotoacousticprinciples,hasbecomeanim-
portantbranchofmolecularspectroscopy[61].The
coreideaistoincreasetheinformationinthe
wavelengthdimensiontoachievetheseparationof
componentsofdifferentsubstancesandthequan-
titativeacquisitionofthecorrespondingconcen-
trationinformationforsimultaneouslycompleting
structuralandfunctionalimaging.

Ingeneral,foragreaternumberofwave-
lengthsusedinphotoacousticspectroscopyanda
smallerwavelengthinterval,thespectralproper-
tiesofabsorbersaremorefinelyreflected.How-
ever,anincreaseinthenumberofwavelengths
inevitablyresultsinanincreaseindataacquisition
timeandtheamountofdataprocessing,thereby
reducingtheimagingefficiency.Meanwhile,in
spectroscopicphotoacousticanalysis,themulti-
wavelengthspectralinformation strictly origi-
natesfromthesamespacepoint,whichisapre-
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requisitetoensurethecorrectspectrum.Howev-
er,alargenumberofwavelengthswillbringnew
challengestotherepeatedpositioningaccuracy
whenscanningaspectrum.Todate,manyteams
havestudiedthefunctionalphotoacousticimaging
systemandthecorrespondinganalyticalphotoa-
cousticspectroscopyalgorithmstoaddressthe
aboveproblems.Theresearchmainlyfocuseson
thequantitativemeasurementofSO2aswellas
thequantitativeanalysisofintravascularlipid
componentsandtheirconcentrationdistributions
inbloodvessels.

3.1 Externalquantitativephotoacousticspectro-
scopicimaging

  In2007,theleast-squaresfittingalgorithmis
appliedtotheanalysisofSO2[62-63]andusedan
AR-PAMsystemforphantomsandex-vivoblood
experiments.The1%errorforphantomsand4%
errorforex-vivobloodexperimentsdemonstrate
thereliabilityofleast-squaresfittingalgorithmin
theanalysisofSO2.Onthisbasis,theysubse-
quentlyperformednoninvasivethree-dimensional
SO2imagingofarat’sdorsalvascularnetworkat
wavelengthsof570,580,590,and600nmand
accuratelydistinguisheditsarteriesandveins.
Simultaneously,changesintheSO2levelsofspe-
cificbloodvesselswereobtainedunderhypoxia,

normoxia,andperoxidation[62].Fig.14(a)shows
thestructuralMAPimage,whichreflectstheto-
talhemoglobinconcentrationdistribution.Fig.14
(b)showstheSO2undernormoxiainthepart
shownbythesquareinFig.14(a),wherearteries
andveinsarepseudocoloredredandblue,respec-
tively.Fig.14(c)andFig.14(d)showthediffer-
entialMAPimagesoftheSO2changesfromnor-
moxiatohypoxiaandfromnormoxiatohyperoxia
insinglevessels,respectively.Furthermore,typ-
icalimagedvaluesofSO2invenousandarterial
bloodvesselsunderallthreephysiologicalstates
areshowninFig.14(e)forcomparison.There-
sultsabovecanaccuratelyquantifyarterialand
venousSO2changeswiththeoxygenconcentra-
tionchanges,providinganewideaforthequanti-

tativestudyofphotoacousticSO2andlayingthe
foundationforthesubsequentseriesofresearch
work.However,generally,inthismulti-wave-
lengthfunctionalimagingbasedonasinglelaser
source,asingle-wavelengthscanningoftheentire
imagingsectionisfirstperformed,following
whichthescanreturnstothestartingposition,

switchestothenextwavelength,andrepeatedly
scansthecrosssectionuntilthephotoacoustic
spectrumscanningofallwavelengthsiscomple-
ted.Thismethodreducesthelaser-wavelength
switchingtime,butowingtothelargernumber
ofspectralsweeps,itisstillnotconducivetothe
rapidreal-timedynamicdetectionoftheoxygen
saturationdistributionanditschanges.

Fig.14 DistributionofSO2inthedorsalsubcutaneous

bloodvesselsofrats

SO2reflectstheconcentrationratioofdeoxy-
hemoglobin(HbR)andoxyhemoglobin(HbO2),

whicharetwounknownsinthequantitativesolu-
tion.Theleast-squaresfittingisessentiallyalin-
earalgorithm.Theoretically,twounknownpa-
rameterscanbecalculatedbyusingtheequations
fortwoexcitation-lightwavelengths.Theuseof
multi-wavelengthfittingcaneliminatetheerrorin
data measurement,which makestheanalysis
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moreaccurate.Hemoglobinisthemainabsorber
inblood,anditslightabsorptioncoefficientinthe
visiblebandissignificantlyhigherthanthoseof
waterandotherbiologicalcomponents[15].There-
fore,undertheconditionofdual-wavelengthima-
gingandbyincreasingthesignal-to-noiseratioof
thedata,theinfluenceofphotoacousticsignalsof
othercomponentscanbegreatlyreducedtoobtain
idealanalyticalresults.Onthisbasis,around
2011,Wang’steamuseddual-wavelengthOR-
PAMtoimagetheSO2ofthebrainandearof
miceforstudiesofischemicstroke[64]anddiabe-
tes[65].Theabovetwogroupsofstudies,asbe-
fore,werebasedonasinglelasersource,andthe
overallimagingspeedwasincreasedbecauseof
thereductionofthenumberofwavelengths.Sub-
sequently,tofurtherimproveimagingspeedand
achievethecontinuousreal-time monitoringof
SO2,theteamusedduallasersourcesforimaging
andappliedtheOR-PAMsystemforrelatedap-
plications[66-67],asshowninFig.15,whereL1and
L2representlaser1andlaser2,respectively.The
twolaserpulseshadthesamepulserepetitionfre-
quencyandalternatelyemittedpulsedexcitation
lighttorealize wavelength-switching-freedual-
wavelengthphotoacousticspectroscopyscanning.
Withthelaserpulserepetitionratedetermined,

theimagingspeedwasmaximized.

Fig.15 OR-PAMphotoacousticspectroscopysystem

basedonduallasersources

3.2 Interventional quantitative photoacoustic
spectroscopicimaging

  Intermsofinterventionalimaging,photoa-
cousticspectroscopyismainlybasedonthequan-
titativeanalysisofgastrointestinalSO2andvul-

nerableintravascularplaquecomponents(mainly
lipid)aswellastheirconcentration.Themost
representativestudiesongastrointestinalSO2im-
agingarebyWang’steam,whotransplantedthe
dual-sourceOR-PAMphotoacousticspectroscopy
describedaboveintogastrointestinalSO2ima-
ging[56]andachievedgoodimagingresults.How-
ever,themissinginformationduetotheincom-
pleteimagingfieldwillresultinmanyadditional
problems.In the photoacoustic spectroscopy
studyofintravascularvulnerableplaques,the
photoacousticsignalsexcitedbyasinglewave-
lengthandtwo wavelengthscannotdistinguish
thelipidcomponentsbecauseofthecomplicated
tissuecomponents.In general,several wave-
lengthsareusedtoconductphotoacousticsignal
excitationandacquisitionsequentiallyinaregion
ofinterest.Thegradientchangeofthephotoa-
cousticsignalundertherelativeenergy(theener-
gyofallthewavelengthsisconsistent),thatis,
thechangeofslopeofthewavelength-signalin-
tensitycurve,isobtainedbyintegratingthepho-
toacousticsignals.Tissuecompositionsaredeter-
minedbycomparisonwiththeopticalproperties
oftheknowncomponents (Fig.2).Thisap-
proachisafirst-ordergradientalgorithmcom-
monlyusedinphotoacousticspectroscopy.
In2008,theUniversityofTexasatAustin

reportedtheresultsofusingphotoacousticspec-
troscopy to separate intravascular vulnerable
plaquecomponents[68].Theteam selectednine
wavelengths (680,700,720,740,760,780,
800,850,and900nm)inthe680—900nmband
fortheexcitationlighttoperform multi-spectral
IVPAimagingofex-vivosamplesofatheroscle-
roticandnormalrabbitaorta,asshowninFigs.
16(a),(b).Regions1and3inFig.16(a)corre-
spondtoapositiveandanegativeslope,respec-
tively,whilethereisnoobviousslopechangebe-
tweenRegion2inFig.16(a)andRegions4,5in
Fig.16(b).Thisisbecausetheabsorptionoflip-
idsinthe680—900nmbandshowsanoverallup-
wardtrend,whereasthetypeIcollagenfiberde-
positsintheplaquesshowanegativeslopetrend
andthetypeIIIcollagenfibrilsshowalmostno
slopechange.Consequently,theatherosclerotic
intravascularlipidcompositionandthecomposi-
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tionanddistributioninformationofvariousde-
positsaredetermined.

Fig.16 Photoacousticspectroscopyimagingmethod
(first-ordergradient)todetectthechemical
compositionsofatheroscleroticplaque

Becauseoftheintensescatteringofthelaser
intheblood,theinfluenceofbloodhastobe
takenintoaccountwhenstudyingintravascular
plaquesinvivo.Inaddition,ascanbeseenfrom
Fig.2,althoughthelipidhasasignificantabsorp-
tionpeaknear950nm,itsabsorptionvalueis
muchsmallerthanthatofblood,whichisunfa-
vorableforphotoacousticspectroscopyimaging
studies.Therefore,studiesonthephotoacoustic
imagingofvascularplaqueshavegraduallyshifted
fromthenear-infraredbandtothefar-infrared
bandat1210nmoreven1720nm[69-71].

In2012,Wangetal.fromtheEmelianov
teamreportedthat,giventhehighopticalabsorp-
tionoflipidsatawavelengthof1720nm,anath-
eroscleroticrabbitaortawasimagedatthiswave-
lengthex-vivobyusinganintegratedIVUSand
IVPAimagingcatheterinthepresenceofluminal
blood[70],asshowninFig.17.Experimentswere
conductedusingfivewavelengthsof1700,1710,

1720,1730,and1740nm.InFig.17,thepho-
toacousticsignalreachesthemaximumvalueat1
720 nm,and the photoacoustic spectroscopy
curveandthecholesterolabsorptionspectrumare
normalized,confirmingthesimilarabsorption
characteristicsbetweenthetwo.Thisworkpro-
videsabasisforwavelengthselectionforsubse-
quentintravascularphotoacousticimaging and
photoacousticspectroscopy,butitsanalysisof
lipidcomponentsislimitedtoaqualitativedis-
criminationandnofurtherquantitativestudies
havebeenconducted.

Jansenetal.fromUniversityMedicalCenter

Fig.17 Photoacousticspectroscopyimagingforlipid
inthefar-infraredwavelengthrange

Rotterdam,Netherlands,conductedastudyin
2014tofurtherquantifythedifferencesbetween
thetwolipidabsorptionbandsat1200and1700
nm[71].Theyusedvascularmodelsandisolated
coronaryatherosclerosisofthehumancoronary
arteriesforphotoacousticspectroscopyimaging,

asshowninFig.18.Fig.18(a)isalipidmap
basedon6-wavelengthcorrelationwithcholester-
ol,andFig.18(b)istheperi-adventitialreference
spectrum inthe1 200-nm wavelength range
(1185,1195,1205,1215,1225,and1235
nm).Fig.18(c)isalipidmapbasedonthe6-
wavelength correlation with cholesterol,and
Fig.18(d)istheperi-adventitialreferencespec-
truminthe1700-nmwavelengthrange(1680,

1710,1718,1726,1734,and1751nm).Fur-
thermore,Fig.18(e)showsnormalizedphotoa-
cousticspectraofthefourlipidinclusionsinthe
1200-nm wavelengthrange,and Fig.18(f)

showsthoseinthe1700-nm wavelengthrange.
Theexperimentalresultsshowthattherequired
pulseenergyat1700nmislowerthanthatat1
200nm(0.4mJvs.1.2mJ)inthephotoacoustic
spectroscopydetectionofatheroscleroticlesions.
Alowpulseenergyhastheadvantagesofare-
ducedlaserpowerdissipatedinthebodyandre-
ducedartifactsinIVPAimagingcausedbylaser
absorptioninthecatheter.Inaddition,asignifi-
cantdifferencebetweentheplaqueandadventitial
lipidwasachievedonlyat1200nm.Thiswork
clearlyrevealsthedirectionandbasisofthewave-
lengthselectionandwavelengthdeterminationof
intravascularphotoacousticspectroscopy.
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Fig.18 Photoacousticspectroscopyimagingforidenti-
fyingplaquelipidandperipheralvascularfat

3.3 Summaryofphotoacousticspectroscopy

  Interventionalphotoacousticspectroscopyfo-
cusesonthedesignofthespectrum scanning
methodandthespectralanalysisalgorithm.The
spectrumscanningmethodneedstoimprovethe
imagingspeedandefficiencywhileensuringthat
thecorrespondingspectraldatastrictlyoriginate
fromthesamespatialpoint.Forspectralextrac-
tion,ananalyticalalgorithmthatissuperiorto
thefirst-ordergradientandtheleast-squaresfit-
tingshouldbedevelopedforclinicalapplications.
Thefirst-ordergradientalgorithmissimpleand
easytoimplement.However,inpracticalappli-

cations,theaccuracyofthealgorithm willbe
greatlyreducedifthegradientofthespectrum
changesinacomplicatedmannerorifthenumber
ofcomponentsistoolargeandthespectralshapes
areclosetoeachother.Theclassicalleast-squares
fittingalgorithmhastheadvantagesofsimpleand
fastcalculation.However,inactualcalculation,

itisnecessarytoknowapriorithenumberofspe-
ciesinthesampleaswellastheexactspectralda-
taofeachcomponent.Therefore,theabovetwo
algorithmsarenotsuitableforapplicationssuch
asthequantitativeanalysisofclinicalvascular

plaqueofcomplexcomponents.

4 Conclusions

  Photoacousticimaging,agroundbreakingbi-
omedicalimagingtechnologythatcombinesthe
benefitsofopticalandultrasoundimaging,has
sufficientopticalsensitivitytodiagnoselesions
earlyaswellasthecharacteristicsofultrasound,

withtheabilitytoimagebiologicaltissueswithin
adepthofafewcentimetersatahighresolution.
Itisofgreatsignificancefortheearlydetection
anddiagnosisofmajordiseasessuchascancer,

cardiovasculardiseases,andcerebrovasculardis-
eases.

Interventionalphotoacousticimagingisbe-
comingincreasinglymature,anditsapplications
toIVPA and PAE haveachieved multi-scale,

high-resolutionstructuralimaging.Furthermore,

itismovingtowardshigh-speed,multi-modeim-
aging,attemptingtointegrateimagingtechniques
suchasultrasound,OCT,andevenfluorescence
intointerventionalphotoacousticimagingtoen-
richtheacquiredinformation.

Theintegrationofphotoacousticspectrosco-
pyintoaninterventionalimagingsystem can
showspecifictissuesbyusingthewavelength-se-
lectivecontrastofdifferenttissues,andutilizethe
lightabsorptionspectrumofthetissuetoperform
spectralanalysisonthetissueandrealizefunc-
tionalimaging.Thishasanimportantapplication
valueinaspectssuchasrichclinicaltestingmeth-
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ods.TheapplicationofOR-PAMbasedonadual
lasersourceinoxygensaturationimagingpro-
videsanextremelyvaluableguideandreference
fortheresearchoninterventionalphotoacoustic
imaging.

TheanalysisofSO2,neededtobefastandin
realtime,requiresasmallnumberof wave-
lengths.Buttheseparationoflipidcomponents
andquantitativeanalysis,notneededtobeinreal
time,requiresalargenumberofwavelengths.
Researchonquantitativespectroscopicphotoa-
cousticimagingsystemsandthecorresponding
matching analyticalalgorithmsthat considers
thesefactswillhaveagreateconomicvalueand
socialsignificanceforfurtheringtheclinicalappli-
cationandindustrializationofphotoacousticima-
ging.
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