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SUMMARY

As cancer is pathologically and biologically compleaentifying a variety of
information onits morphology, functionality, molecular composition, and biomechasics
desired for precise and personalized diagnosis and treatvestital ultrasound imaging
is a relatively safe, cosffective modality that pravides a crossectional image of
anatomy in reatime, butit suffers from low contrast andbes not providguantitative
functional informatioron tissudor betterdetecton and assessent ofa suspicious lesion.
To circumvent this limitationsesearchers have introducgltearwave elasticity imaging
which noninvasivelymeasure o un g 6 s mo d ydpactsoscapic phbtoasosistice
imaging, which quantifies chromophores distribution in tissue, ptiagege contrast
agents, which are useful imagingextravascular targets, and supesolution imaging,
which provides unprecedentspatialresolution beyond the diffraction limit for molecular
imaging. Thigesearclkengineershese methods to further improve thespective imaging
capabilities In addition based on the improvements in each imagneghod thisresearch
introducescombined laser, ultrasound, and elasticity (CLUE) imaging thanhiguely
capable of simultaneous and synergistic probing of acoustic, optical, and mechanical

imagingcontrastof tissueto provide comprehensive soft tissue assessment

Xiv



CHAPTER 1. INTRODUCTION

1.1 Cancer and Medical Imaging

Cancer isamajor cause of death in the United States. In 2017, nearly one of every
four Americans are expected to die of cancer, which is surpassed only by heart[djsease
Early diagnosis and timelgnanagement of cancé known to improvesurvival rats.
Researcherbave developed various medical imaging techniques, which have played an
essential role in the detection, diagnosis, and treatment of @hcowever, & cancer
progressesit undergoes complex pathological and biological changésis, precise
diagnosisand personalized treatmesftcancer necessitates a variety of information on its
morphology, functionality, molecular composition, and biomechdBi&3. It is desirable
to gauge all of these various aspects of cancer to improve its detection, staging, treatment,

and managemeig, 6].

However, none of the currently ussthndalone biomedcal imaging modalities
provides tlis broadinformation on cancer, which héd tothe development of hybrid or
multi-modal approachef2, 7, 8]. For example, a combination of positron emission
tomography (PET) and computed tomograp@y) referred to as PET/C3ynergistically
complemeneach otheras PET offers metabolic contradisat can be superimposed on the
superior anatomical visualization of CHowever, nuclear medicindased imaging

techniques are hamstrung by their reliancéheruse of ionizing radioisotopes for contrast

Ultrasound (US) is a safe, noninvasive, +&ae, portable, and cosfffective

imagingmodality. Thus, as a firdine screening toolJS imaginghas been widely used in



the clinic toaid detection of cancers, such as breast, liver, thyroid, prostate cancer and
others[9-13]. However, its sensitivity and specificity tamncerous tumorare relatively

low compared to other imaging modalities the acoustic properties of a tumor and its
surrounding tissue are similg®]. Furthermore, US imaging is often operator dependent
[14]. To address these limitations, various-bk&sed imaging methodscluding shear

wave elasticity imaging (SWEI), spectroscopic photoacoustic (SPA) imaging, anaiston
enhanced US imaginghave beenrigorously investigatedto provide mechanical,
molecular,and functional images ofcancey supplementing th@anatomical information

given by traditionagray-scale Bscanimages[15-19].

1.2 Ultrasound-based Imaging Techniques

This sub-chapter introduces various ultrasotlmased imaging techniques including
SWEI, sPA imagingandUS imaging with contrast agertsatcould berespectivelyseful

in characterizing a tumor in different perspectives.

SWEI can quantify elastic properties of tissue noninvasive$yth®e pathological
condition of cancer is closely related to its stiffn@swany solid lesionsSWEIhas show
great potential in differentiating benign and malignant turf@@s22]. In principle SWEI
relies onshear wavegeneratedby the application o&coustic radiation forcéARF). The
propagation offie shear waves is then observed to estimate their velocity, as-avslear
velocity (SWV) is associated with tisbear modulus of tissuBince SWEI was introduced
by Sarvazyaret al. [23], many related methods have been developed to improve SWEI
[24-28]. Furthermore, SWEI has been applied to several clinical applications, showing

promising capabilities in cancer diagnosis and monitof2@ 29, 30]. In addition, the



mechanical heterogeneity of cancer, which can be visualized by SWEI, is of interest, as it

could indicate the malignancy of the tunjdd].

Photoacoustic (PA) imaging offers optical contrast from endogenous and/or
exogenous absorbers in tissue based on the PA effect, creating acoustic signals in response
to pulsedaser irradiation and subsequent thermal expanp3@4]. For example,
hemoglobin in blood is a strong absorber providing adequate PA signals compared to other
surrounding chromophores; Thus, hemoglobin contrast from PA has been used to identify
the formation of vessels surrounding a tumor, as thectsital complexity of tumor
neovasculature is often an indicator of tumor maligngB&}. Furthermore, the level of
blood oxygen saturation (SPthe ratio of oxygenated to total hemoglobin concentrations
is known to be highly associated with the édigical state of a tumdi86, 37]. Multi-
wavelength (i.e., spectroscopic) PA imaging, also referred to as sPA imegmegstimate
guantitative concentrations of multiple chromophores, and oxygenated and deoxygenated
hemoglobin have unique optical absorption spectra. Thus, sPA imaging has been widely
studied to measure the $@vel in tumors. Malignant tumors and me#dE sentinel
lymph nodes have been shown to have a lower level pt&@pared to normal tiss{ids-

43.

Microbubbles are a clinicalbgpproved contrast agent widely used in the clinic, as
they provwde superior contrast over traditional gisgale US image$44-47]. Pulse
inversionbased methods are typically used to detect the nonlinear response of
microbilbbles to an applied acoustic field. Recently, to further expand the utility of
microbubbles, sulmicrometersized phasehange contrast agents that can form

microbubblesin situ in response to an acoustic or optical trigger (i.e., perfluorocarbon



nanodropéts) have been introducgd8-53]. Because of theirelatively small size, they

have the potential to extravasate from endothelial fenestrations in cancer neovasculature
and are thus capable of imaging extravascular targets. Our group and others have focused
on opticallytriggered perfluorohexane nanodrdple(PFHNDs) that can repeatedly
vaporize and recondense, providing repeatable-tugitrast PA and US signdlS2, 54-

56]. Thee agents have shown great potential in corgakinced imaging and super
resolution imaging for lymph node localization and brain vasculature mapping- High
framerate US imaging is typically required to capture the temporal response of the

PFHNDs becaudheir vaporization and recondensation process is transient and stochastic

[57.

1.3 ResearchGoals

Traditional dtrasound Bmode images can provide rdahe mophological
information oftissuewith excellent spatial resolution at great depths noninvasively, which
helps physicians to identify variousssue abnormalitie$58]. However, because the
contrast of ultrasouninagingis relatively low, accesng anatomical informatioaf the
tissueis notalwaysenoughto detect and characterize matgymplexdiseasessuch as

cancer.

SWEI, sPA imaginggontrastenhancediltrasoundmaging and superesolution
ultrasound imaging are emerging ultrasourdzhsed imaging techniques capable of
guantifying mechanical, functional, and molecular signatwfetissue noninvasively
Thus, heoverallgoak of this researclarel1) to further advance these emergingaging

methodsto improvetheir respective imaging capabilitiesnd 2) to developn imaging



platform and imaging sequenaapable of combiningll of these imaging methodhat

can be potentially used for comprehensive diagnosis of cancer



CHAPTER 2. DUAL -PHASE TRANSMIT FOCUSING FOR

MULTIA NGLE COMPOUND SHEAR-WAVE ELASTICITY

IMAGING

The chapter was reproduced and reprinted with permission from H. Yoon, S. R.

Aglyamov, and S. Y. EmelianofiDualphase transmit focusing for mudtigle compound

shearwave elasticity imagingy IEEE Transactions on Ultrasonics, Ferroelectronics, and

Frequency Control, vol. 64, no. 10, pp. 143819, July, 2017. © 2017 IEEE. The reference
can be found if2§].

Shearwave elasticity imaging (SWEIRan assesthe mechanical properties of
tissuequantitatively and noninvasivelffo obtain he superiorquality of SWEI images
the effective generation of acoustic radiation forceessential Consequentlyyarious
transmit beamforming and putsequencing methodve been investigatethis chapter
introducsa t echni que r efngrl ree & otmp oa N-SWVENSELY) 10
simultaneous mukangular push beams created by epfgse transmit focusirtg further
improve the efficiency of shear wave generation, and therdtomecrease the quality of
SWEI. Dualphase transmit focusing eatesboth main and grating lobes (i.e., multi
angular push beams for pushingattequatelygenerate shear wavesth multiple wave
front angles by applyingwo phaseslternately orarray elements Then, he generated
multi-angular shear waves propagating are separated by -dlivdictional filtering,
enablingthe reconstruction atorrespondingnultiple sheawave velocity(SWV) maps.
To form a single imagwith a full field-of-view (FOV), these maps are combinechile
pushingregions are omitted. Overall, we developed and tested the 48AEI method

usingFieldll beamsimulations angghantomexperimentsvith a programmable ultrasound

( MA



imaging system. Our results suggest that MBWEI with dualphase transmit focusing

may improve theuality and the reliabilityof elasticity maps.

2.1 Introduction

Reducing the number of push beam excitations while maintaining the image quality
would be me of the remaininghallenges IrSWEI For exampleto reconstruct an SWV
mapwith anentireFOV, multiple push beams should be applmtsequentlgt different
laterallocations because the propagation of shear wasgateitne push regionsamotbe
observed[21]. Moreover the push beams applied on the stiff inclusiay result in
overestimatedWVs [59]. However the frame rate of SWV imageés limited with this
multiple push bearbased approa¢twhich may causemotion artifactsresultedfrom
physiological motion such as carotid artery pulsation, respiration, and cardiac §60jity
In addition the repeatedgeneration of long push beams may raise safety concerns for
patients, shorten the ultrasound transducer life time, and require a longer cooling time of

the transducd61, 62]. Therefore fewer push events adesired

This chapteraims toaddress these tradeoffs by introducing simultaneous-multi
angular push beams. Specifically, in a single pushing and tracking event, by creating the
shear waves ofarious waveront angles, which can be separated by rditgctional
filtering [63-65], we simultaneously obtain multiple SWVags corresponding to shear
waves with different orientations and propagating in different directions. Thus, similar to
CUSE method$§27, 66, 67], our method applies multiple push beams simultaneously and
creates multiple SWV maps through nudirectional filtering. Howeverwe use multi
angular push beams instead of parallel push bganadiow us to omit undesired regigns
wherethe push beams are appliegfore combining SWV maps. Furthermore, because of

the angular compounding effect, we achieveittiygroved quality oSWV maps



To effectively create simultaneous mdtigular push beams, we introduce a new
transmit beamforming-phasdénitguaen s miatl | efdo c Ui g
alternatively applies two phases of ultrasound waves on every element of an array
transdicer. Dualphase transmit focusing generates both main and grating tldtesan
be as effective angular pushing beams. An overall imaging method that both uses
simultaneous mukangular push beams created by epl@se transmit focusing and
combines muiple SWV maps after eliminating undesirable SWV in the pushing regions
is referreandgloe aco niprmouul ntdsWEH)WE¢ developdd ICAC
SWEI approachnot only improves the quality of elasticity images because of angular
compoundingbut alsosuppresses overestimated SWV in the pushing regmmatause

MAC-SWEI can removeheseunreliableregions before combining SWV maps.

2.2 Materials and Methods

2.2.1 Dual-phase Transmit Focusing for Mubingular Pushing

Grating lobes, caused by the discrete natfrarray transducers, obstruct the
identification of the exact positions of targets and have been regarded as unwanted artifacts
in ultrasound imaging68]. If the spatial samplingistanceof the arrayelemens is not
short enoughgratinglobes appear in the imaging plaperiodicallyas a function oftte

incidentanglesdn as
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OEF &

¢
Q

ph ¢i8 D
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whereads the wavelength of an ultrasound wadés theinter-element pitch (or spacing)
of the transducer, anoh represents the periodicity of the grating loljé8, 70]. For
example, ifais 385 um (i.e., if the sound speed of 1,540 m/s and the wayaeiney of 4

MHz are assumed), and is 300 um (i.e., typical spacing in clinical linear array



transducers), the grating lobes &emed outside of themaging FOV. Therefore the
ultrasound array transducer, operating wititéntypical frequency ranges idesigned to

avoid the grating lobes. However, if the element spaisimpubledsimilar to the sparse

array techniquesi.e., if d becomes 600 un70], then theincident angle of the first

grating lobegi.e., m = £1) areabout £40° according tBquationl, indicating that the
sparsearray approach can create grating lobes within the FOV. However, the-aparngse
approach suffers from significant loss in acoustic energy because it uses only half the
number of elementsvhentransmitting wavesMore importantly, the relative magnitudes

between grating lobes and a main lobe are not adjustable.

¢, shifted pulse ¢, shifted pulse

Grating lobes

Main lobe

Figure 17 Generation of multi-angular push beams using the duaphase transmit
focusingapproach.

To generate muHlangular push beams adequately and simultaneously, we
introduce an effective way of creating both grating lobes and a main lobe, referred to as
Adupahlase transmit focusing. o0 Unlike econven
phase on timelelayed transmit pulsde all array element®r coherent focusing, dual
phase transmit focusirgjternativelyapplies two phasshifted (byt o andt 1) push pulses

on the transduceasdepicted inFigurel. In other words, in dugdhase transmit focusing,



transmitted pulsesre focused at the same focal point as in conventional focusing
however,the pulses have two different alternating phgses the phase is the same on
every other element and there is a constant phase difference between two adjacent
elements)As a result othis repetitive phase difference between two adjacent elements,
dualphase transmit focusing produces the gratoige$ at the same angles and positions

as the sparsarray technique does. However, unlike the sparssy technique, dugdhase
transmit focusing can adjust the magnitude of grating lobes, because the grating lobes
becomea function of the dugbhase diférence. Thus, dugdhase transmit focusing enables

the adequate generation of both main and grating lobes with equivalent magnitudes. Note
that the phase difference in dyaddase transmit focusing only determines the magnitudes

of the grating and main lobeTheincidentangles of grating lobeslf) are determined by

Equationl and the focus of the grating lobes is determinethbjocus of the main lobe.

Table 17 Parameters used in the Field Il simulation

Parameter Value
Transducer (L#4) Element pitch (mm) 0.298
Element width (mm) 0.250
Element height (mm) 7.0
Elevational focus (mm) 25
1 6dB bandwidth (MHz) 3.5t06.5
Number ofelements 128
Excitation pulse Center frequency (MHz) 4.0
Sampling frequency (MHz) 100
Pulse duration (us) 10
Pushing Focus (mm) 20
f-number 1.4
Apodization Hanning window
Medium Attenuation coefficient (dB/cm/MHz) 0.5
Speed of sound (m/s) 1,540
Parameter Value

1C



According to the phasleitdand rarnginggroncto de f i
180A, a variety of pushing conftiF@ becausei ons ¢
of the same phase applied to the push pulses, this configuration produces only the main
|l obe, as in the convent i on=alB0’ thersihbaral\ganyst r at
amplitude of the main lobe at the focus because of thesltation of two waves with
opposite phases. I nstead, we otbncreasesfromwo st |
0° to 180°, the magnitude of the main lobe decredmsmgeverthe magnitudes of the two
grating lobes increase, indicating that the nitaigies of the grating lobes and the main lobe
can be adjusted b amaskesodughash wansmiafbcusing, wd @
simulated acoustic fields using a Field Il progrgf, 72]. A transducer modeled for the
simulation was the same as the linear array transducer used in experimeht®(iilips
Healthcare, Andowe MA, USA). All relevant simulation parameters are listed atlel.

To evaluate the pushing ability of dyathase transmit focusing, we obtained 181 fields

withv a r y t from 0°qo 180° with 1° increment.

2.2.2 Multi-Angle Compound Shear Wave Elasticity Imaging

Through dualphase transmit focusing, which effectively produces simultaneous
multi-angular push beams, we implemented rrautiile compound SWEI (MAGWEI).
Like other SWEbased methods, MASGWEI also consists of three steps, showrRigure
2: (1) pushing the tissue to generate shear waves, (2) tracking the propagatearo
waves, and (3) reconstructing and compounding SWV maps. The main difference between
MAC-SWEI and other SWHbased techniques is that MARNVEI employs grating and
main lobes created simultaneously by dplahse transmit focusing as pushing sources,
generating the shear waves with various wiawat angles. Multidirectional filtering was
used to separate these angular shear waves, leading to the reconstruction of corresponding
individual SWV mapsSincewe know the exact location of push regions dredfact that

the SWV values in push regions have the potential to be unreliable, our method excludes
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all SWV values in each push region before combining them. Thus, this approach can result

in a reliable SWV mapspanning a full FOV in a single pushingdamnacking event.

A programmable ultrasound research machine (Var2sg€", Verasonics Inc.,

Redmond, WA, USA)equipped with the LA linear array transducer (s€ablel1) was

used in this study. The ultrasound system was used to generate push pulses and to record

postbeamformed IQ data. The acquired data were processed offline using MATLAB (The

MathWorks Inc., Natick, MA, USA). To create the midtigular push beasn(one main

and

Addi ti onal tdys,

generation of shear waves.

(1) Pushing

t wo

(2) Tracking

l eft/ right
owe Ouls eadn dp 180 A
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Figure 21 Overall procedures of multi-angle compound SWEI (MAGSWEI).
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wherefo is the center frequency of a push pulse. For exampldg for 4 MHZz =and
140°, the required time delag was about 97.2 ns. Due to a master clock of 250 MHz in
the Verasonics systertyy applied in the system was 96 ns (i.e., the closest multiple o

ns time resolution), indicating thgt 6 s 138.24° and 178.56/kere used in the system
onbehalfoi dewls o f 14 0espectively 180 A

In experiments, the duratiasf the excitation pulse was 600 us while time Field
Il simulation, we use@ pulse duration of 10 us to decrease the computational time. All
other parameters were the same as listeBalvle 1. After applying thepushpulse,the
generateghear waves were recorded using ultrafast plane wave im@g@BjgThe three
angles of the plane waves, whose center frequency was 4.3 MHz] #7er@°, and 4°.
Their pulserepetition frequency (PRF) was 10 kHz, and thus, the effective PRF was 3.33
kHz.

To visualize the propagation of shear wavesgestimatedaxial particle velocities
from acquired IQ sequences using a-tmensional aut@orrdation approactj74, 75).
The number of ensemldevas three, and the length of the aatwrelation kernel wasa
Then, we applied mukilirectional filtering[64, 65, 76], originally introduced in magnetic
resonance elastograpf§3d], to multi-angular shear waves to separate them in space and
time. To design the multlirectional filter, we calculated the angles of two grating lobes,
+40°, fromEquationl. Although our duaphase configuration generated six shear waves
from three push beams (i.e., one main and two left/right grating lobes), we eliminated two
shear waves that were traveling toward the upper right and upper leérsaf FOV
because of their small propagation distances. Thus, 8] utilized four shear waves:

right-to-left from the left grating lobe (Rdy), right-to-left from the main lob€RLwm.) left-
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to-right from the right grating lobe (L&), and leftto-right from the main lobe (LRL),
depicted inFigure?2.

From the four sheawwave sequenceqRLcL, RLwmL, LRcL, and LRa), four
corresponding SWV maps were reconstructedgiaitwo-dimensional crossorrelation
approach 76, 77]. Here, the distance betwete crosscorrelating shear wave signals in
both lateral and axial directions was 2.1 mimereafterthereconstructed SWV maps were
filtered using a twadimensional median filter (1.0 mm x 1.0 mm). Before combining these
four SWV maps, because we know the positions and the angles of all pushing sources, the
regions excited by push beams were excluded. Mmslefined the binary maps»R(n)
(indicated by black dashed regioims four estimated SWV map# Figure 2), which
determined the SWV maps that will be combinedte;be andy represent the lateral and
axial positions andh denotes the order of the SWV maps used for compounding (
1,2,3,4). Rty,n) = 1 or O represents an SWV value of tite SWV map ak andy thatis
included or excluded, respectively, in the doned SWV map. To produce a combined

single SWV map, a weighted summation of four SWV maps wasassed

.. B 376uufe 2 aufE .
oo

s | 3
376 TR h ©)

where SW\évpnp(X,y) is the compounded SWV map, andndy represent the lateral and

axial positions. SW\K)y,n) contains four SWV maps acquired from their corresponding
angular shear waves. Because the push regions can be eliminated, the combined MAC
SWElbased SWV maps are biaseduced and reliable. Furthermrsprby combining
multiple SWV maps resulting froitine shear waves, oriented differently and propagating

in different directions, MAESWEI improves the quality of an SWV map similar to

angularspatial compounding used in thenibde or strain elastographig].
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In addition to MAGSWEI with the shear waves with four wafrent angles,
created bwyofaplpdOA ngwep real i zed tdévo arfor®A can
180° for comparisonHigure3) . Fi af 8 generatpd only the main lglvesulting in
two SWV mas fromRly.and LRy.. By ¢ o6 of i80°aredted ontpthe two grating
lobes resulting in two SWV maps from RLand LRs.. Wit &= h40°gdour SWV maps
from all three | obesiw@hAe gberetawbedhedhuswa
gratinglobes(RLsL and LRsL) propagate the push regions of each other (i.ez. Rhvels
to the region where LR is created, and vice versa), allowing for the reconstruction of

SWV maps with an entire FOV.

Combined

LR\I]. RLMI L‘R(-L SWV maps

+ -+ N/A =

¥
T

) i
|

N/A + N/A + §=E
o
] 1

Figure 31 Three available pushing configurations by duatphase transmit focusing
and combining of corresponding SWV maps

2.2.3 Phantom Experiments and Assessment Metrics

To assess the performance of MABVEI, we imaged a quality assurance elasticity
phantom (Model 049, CIRS Inc., Norfolk, VA, USA) containing several spherical
inclusions within a homogeneous background. The nominal SWV values of the stiffest
inclusion and tte background are 5.11 m/s and 2.86 m/s (80 kPa and 25 kPa in terms of

Youngbés modul us) , respectivel y. To verify
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of dualphase transmit focusing, the stiffest inclusion and the homogeneous background
wereevalue e d wi ttad& ®°,140% and IB@ , which create one main lobe, three

lobes, and two grating lobes, respectively. In addition, we placed the inclusion at two
locations: the center of the image and +10 mm to the right from the center (i.e., themclusi

was positioned at the same depth, but it was displaced laterally). For quantitative
evaluation, we calculated the mean and the standard deviation (STD) of the SWV values
inaregionof-i nt erest (ROI ) . For thethoOomeegpenrseous |
and the STDs were estimated only inthepon s hi ng r egito=nld0’anh ut wh
180°, all of the SWV regions were uséavo circular ROIs at the same depth covering the
inclusion and the background region were used. We also assessed a blindAxrea (B

explore the amount of unacceptable outliers in the SWV [m@lpHere, we classified an

SWYV value larger than (meanS&T D) or | e s sSTO) hsaan un@coeptableT 3
SWYV value and thesomputed the BA by the number of unreliable pixels in the SWV

map divided by the number of all pixels. Furthermore, we evaluated a coturasise

ratio (CNR)[67] and % error defined as

————" (4)

.8 6 §
P AOOT-8e— p i (5)

wherep, andps, andl andUs in Equation4 indicate the means and the STDs of the SWV
values in the inclusion and background regions, respectively. For %regquation5,

ce andcn represent the estimated and nominal SWV values in the ROI, respectively.

2.2.4 Safety Measurements
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To ensure the clinical applicability of the MASWEI technique, we measured
acoustic parameters, including the mechanical index (Mb, spatial peak temporal
average intensity ¢bta), and the spatial peak pulse average intensitg4l Currently, the
Food and Drug Administration (FDA) limits the MI, therta and the dppato 1.9, 720

mW/cn?, and 190 W/crf respectively. The Mithe kpra and the dppa are defined as
follows [80]:

0 .
- ) Th (6)
) 0)) D2k (7)
) 9%%;m ®)

whereP: geratediS the derated peak rarefactional pressure at the focus of the main and grating
lobes (MPa) and fc is the center frequency (4.0 MHz). Rlkedis the derated pulse
intensity integral (uJ/cR), PRF is the pulseepetition frequencyf the pushing pulsél

Hz was assumgdand PD is the pulse duration (600 us). HE¥eand PII are defined as

., dEDO

v T%:I (9)
. 0 0Qo 19

g

wherev(t) represents the measured voltage. The sensitivity of a hydrophone is denoted by
Mi(fc), wherefc is the center frequency of a pulsed wave. The beginning and end times of
the pulse are denoted hyand ¢, } is the density of water (1,000 kgfyjnandc is the speed

of sound in water (1,484 m/s). To reflect the attenuation of ultrasound in tissderated
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the recorded waveforms with an attenuation coefficient of 0.3 dB/cm/MHz. We used a 0.2
mm needle hydrophone (Precision Acoustics Ltd., Dorchester, Dorset, UK) and a DC
coupler (DCPS233, Precision Acoustics Ltd., Dorchester, Dorset, UK) to acqoustia
pressures, recorded by an oscillosc@ieoScope 3406D, Pico Technology Ltd., St Neots,
Cambridgeshire, UK).

2.3 Results and Discussion

2.3.1 Multi-Angular Acoustic Radiation Force Fields

Ap=0° A=120°

/1N

-20 0 20 -20 0 20 -20 0 20 -20 0 20

(a) (b) ; (c) (d)
Lateral distance (mm)

A$=180°

10

20 20

30

Axial distance (mm)

Figure 4 1 Simulated multi -angular acoustc pressure fields created by duaphase
transmit focusing with g¢ 6 ef (a) 0°, (b) 60°,(c) 120°, and(d) 180°.

Field Il simulation results of normalized acoustic pressure fields created by dual
phase transmit f oc u&g§0nap°,1ed° tatd 1800 are shavainect e d
Figure4. In total, 181 fields (from 0° to 180°) were simulatethd an average execution
time for each field was 165.8 s on a desktop pater with Intel(R) Core(TM) i©6700K
at 4. 0 GH@,dualplase trapsmit focusing created only the main I&lgufe
4(a)). Howév®A, dicineohepemay inthe transmit phases introduced
the grating | obaeamsreased fromlDeto B@ Mhe mAgsitudgs of the
grating lobes increasedghi | e t hat of the main tHoblBE decr e
canceled the main lobe at thecus, only the two strongest grating lobes are observed

(Figure4 (d)).
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Figure5 shows the maximum acoustic pressure of the main and grating lobes as a
funct it.onA@d i mgreaseds thegmagnitude of the main lobe decreased whereas
those of the grating lobes increased. The intersection of the main and grating lobe curves
(aredcircleinFigure5) i ndi cates that t heissaehddd0)of ph.
could generate three push beams of equal magnitirdeefbre, the phase differenge
determines the distribution of the acoustic energy between the main and grating lobes in
dud-phase transmit focusing. These results suggest that the magnitnematfti-angular

push beams can loelicatelycontrolled.
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Figure 57 Normalized acoustic pressure othe main lobe and the grating lobes as a
functiton of o

2.3.2 Shear Waves Created with DeRhase Transmit Focusing

The generation and the propagation of shear waveated by dugbhase transmit
focusing wist { OtAhr eee4 Od, and 180A) in the hec
the phantom as a function of #rare shown irFigure6. Here, we tdapptioed
demonstrate that duphase transmit focusing generates shear waves as expected. Indeed,
@ = 0° generated two shear waves from the main lobe, similar tomdnveo nalt S WE I ;
= 140° created one main and two grating lobes that induced the shear waves of three distinct
angles.As the shear waves induced by the grating lobes traveled a greater distance than

those induced by the main lobe in the FOV, we applied @iaétead of 130°asindicated
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in Figure5) o fwhicp resulted in the slightly stronger grating lobes compared with the
mai n | obe. !Eil80§ lodlyywo gratiogrlobep were produced, and thus,

propagation of two tilted shear waves were obsefrad thethird row imagesn Figure

6.
0.5 ms 1.5 ms 2.5 ms 3.5ms mm/Ss
, 10 10 10 10
e
"%‘ 20 20 20 20 .
<
30 30 30 30 -’
-10 0 10 -10 0 10 -10 0 10 -10 0 10
(a) (b) (c) (d)
e
g 5 10 .
o8 \ A
Il 320 | ‘
<. !
4© '
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mm/s
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O] ) (k) M

Lateral distance (mm)

Figure 6 T Estimated axial velocity sequences in the homogeneous region of the
phantom with mulada atyalioas timd pointe Bmsvs represeqi three
q 6 €°, 140°, and 180°). Columns represent four timgoints (0.5 ms, 1.5 ms, 2.5 ms,
and 3.5 ms) after pushing.

2.3.3 Homogeneous Region
From three sets of sheamave sequenced-igure 6) created by three pushing
configutrtas imins0OA,p 140A, anttefirklscombined SWAe r eco

maps,asshown inFigure7. To obtain the SWV maps igure7, we first applied multi

directional filtering that separates shear waves with several angles, leading to the
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reconstruction of corresponding SWV mapkereafterthese SWV maps were combined,
allowing us to obtain final SWV maps covering a full FGasshown inFigure7. Ftor @
= 0°, none of the two shear waves (Rland LRa.) from a main lobe propagated through

the pushing region, and a final SWV map had a limited FEigufe7 (b)). By contrast,
forl 0 A (= .1led 0, A 480, shear waves covered the pushing regions of
each otheranda final SWV map had a full FOMF{gure7 (c) and (d)). However, because
multi-directional filterirg cannot completely separate different angles of shear waves,
slightly overestimated SWV values were observed in the regions where the two grating
lobes were generated. To reduce these possible artifacts;dimedtional filter masks

should be carefullgesignedaccording to the angle and the bandwidth of the shear waves.

B-scan Ap=0° Ap=140° Ap=180° s
= ‘ SRR ERE 3 B W J
. l
E 10 10 10
< 1 1 1
8 N 1 ‘ ¥
g 159 1 1 1 1
R St |
%: :o: : : 0 0‘
&2 | 25 1 |
S0 R L] 0

<10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5: 10 <10 -5 0 5 10

Lateral distance (mm)

Figure 7 7 Experimental results on the homogeneous region. (a)-&an image and
reconstructed S0WwV onfap(sb)wiOdtA, gc) 140A, and

Table 27 Quantitative assessment resultsy the homogeneous background.

@ =0° @ =140° @ =180°

Mean £ STD (m/s) 2.84+0.15 285%+0.14 2.86+0.16
% error (%) 10.86 10.28 0.07
Blind area (BA) (%) 15.28 0.62 2.26

For thequantitative evaluation, we computed the mean, the STD, the % error, and
the BA of the SWV maps in the homogeneous background regiab&e@) . Here, for
= 0°, the mean and the STD were estimated only in thepushing regions (as indicated

by dotted black boxes iRigure7 ( b)) ) , tb=u t1 4f0cAr = 480° all gf the SWV
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regions were useddowever, for computing the BA, the entire region of the SWV maps

was used. The differences among the means, the STDs, and the % errors obtaitrexl from

t hriedes gvere not noti ceabodf@d0° yi€ldsehe BoStraliabld i c at e
SWV map with the wi ded 0° aEcOrate reconstriatian gife . For
SWV map within the pushing region was not possible due to artifacts, resulting in the

largest BA among the three pushing schemes.

2.3.4 Single Hard $herical Inclusion within Background

B-scan (0 mm) A¢p=0° Ap=140° A¢p=180° m/s
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Figure 87 Experimental results from the region of the phantom containing a single
stiff inclusion at two lateral positions (0 mm and + 10 mm). (aB-scan imagewhere
the inclusion is locatecat 0 mmand the correspondingSWV mapsobtainedw i t o s
of (b) 0°, (c) 140°, and(d) 180°. (e) B-scan imagewhere the inclusion is located at +10
mm and the correspondingSWV mapsobtainedw i t 4o efgff) 0°, (g) 140°, and(h)
180°.

Figure 8 shows the reconstructed SWV maps of a region with a single hard
spherical inclusion at two po$isti®@bs @@&O0MIy
180°).As a resulttheme a s u r e me @°tfailed to relgpbly reconstruct the inclusion
in the pushing regionFgure 8 (b)), but once the push beam was off the inclustbe

inclusion was appropriately reconstructedtie SWV map Figure 8 (f)). However,

22



regardless of the tdsncousliodA| acandicBablA bonh &
reconstructed the SWV mafis both lateral positions & mm and +10 mm. The dotted

black circles (10 mm diameter) ligure8 outline the position antthe size of the inclusion.

Overall, the shape and the size of the inclusion obtabesed orthe SWV map values

show good agreement with the actual characteristics of the inclusion. However, the size of

the inclusion inthe SWV maps appears to be slightmaller than the actual size of the
inclusion. This is partially due to the kernel length of correlation used for estimating SWV

values.

Table 37 Quantitative assessment results the phantom with a stiff spherical target

Inclusionposition @ =0° g =140° ¢ =180°
Mean + Inclusion 6.36£0.64 4.71+£0.19 4.69+£0.13
STD (m/s) Background 2.81 +0.12 2.87 £0.08 2.87 £ 0.04
0 mm Inclusion 24.39 17.87 18.19
0 0
%ermor (%) gackground  11.91 0.33 0.46
CNR 5.44 8.77 13.20
Mean + Inclusion 4.56 +0.15 4.73+0.16 5.09 £0.28
STD (m/s) Background 2.79£0.11 2.82+0.05 2.85+0.06
+10 mm y y Inclusion 110.81 17.35 10.43
bermor () packground  12.33 71.23 70.49
CNR N/A 11.22 7.85

Table 3 summarizes the quantitative assessment of the SWV maps presented in
Figure8 using the mean, the STihe % error, and the CNR. First, for the inclusion located
at the center (0 mmofQ°sufféred fromeoeesstimaionefiSWV wi t h
within the inclusion regdesnof%lddbAomnids 18
relatively stable recomsiction of SWV both within the inclusion region and the
background. Furthermorepstbe CHRAIi mpdot 8 mA

0° were 61.21% and 142.65%, respectively. For the inclusion displaced +10 mm laterally,
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none of the methods suffered franoverestimation of SWV within the inclusion region.

The overall% error results merely show slight underestimation of SWV in the inclusion,
which may be due to a measurement error in the nominal value (x5%) or theapheri
shape of the inclusiof8l]. The CNR values of the ttohree
140° yielded the highest CNR. Overall, at two positions of inclusion, the measurements
wi t thof 140°, compard to the other measurements, showed the most consistent means

and STDs.

2.3.5 Safety Measurements

Table 41 Measured safety parameters with threep 6 90°, 140°, and 18)°).

o MI ISPTA (mW/cm2) ISPPA (W/cm2)
0° 1.73 70.49 117.48
140° 0.77 11.40 19.00
180° 0.72 9.45 15.76
FDA limit 1.9 720 190

The MI, the kpta and thedrprs me as ur ewd sf r0 A, hriededd Ap and

foci of the main and grating lobe$gble4), indicate that the measured safety parameters
were below the FDA regulatory limits. It is important to note that although we induced the
same voltage (80 Vpp) and used the same number ig€ adements (i.e., the same f

number) to generate ultrasound waves for the three pushing configurations, the distribution

and the concentration of acoust.Asdllustatedr gy wi

inFigure5, t he acoustic pressure of the Fegprratgp ng

= 0°, all acoustic energy is concentrated mostly in a main lobe, thus the acoustic outputs

are the highest but within theddFDAf gL4dARI a

180° divided the total acoustic energy into more than one push beam aathrthenay
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further reduce the safety concertiais providing another benefit of dyathase transmit

focusing.

2.3.6 Two PotentialCandidatedor CreatingSimultaneou$/ulti-Angular Push Beams

We can produce simultaneous muatigular push beams in two moreywaOne
approach is to arrange and excite differently steered beams using-tigided apertures
of an ultrasound transducer. This overall concept is similar to C[IJ8E but the
introducedsteering angles of the push beaars different as shown inFigure 9 (a).
However, a typical linear array transducer (e.g-4l-Philips Healthcare, Andover, MA,
USA) has an elememspacing of about 300 pum, which is similar to a wavelength-5f 4
MHz ultrasound, unwanted grating lobes could appear in the FOV once the ultrasound
beams are steered. These undesirable grating lobes cause the loss of acoustic energy and
obscure the appropriate formation of acoustic radiation force fields. In additicsykihe
divided, reduced size of st#pertures broadens the width of each beam and degrades the
pushing efficiency. Another way is to apply the sparse array technique that drives
ultrasound waves usiranly every other element of an array, which deliberabeiygs two
desirable grating lobes into the FOV for angular pushing, is illustrat&gure 9 (b).
However, as only half of the elements are used, half of the ararstrgy is lost
accordingly. Furthermore, not only are we unable to control the magnitudes of the grating
lobes, but their magnitudes are also much weaker than that of the mg@82o@erefore,

this approach may be ineffective in the creation of rariular push beams.
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Ultrasound Transducer

Sub-group | | Sub-group 2 | Sub-group 3

1. Unwanted
grating lobes
T 4

Grating lobes

Main lobe

Steered beams

(a) (b)

Figure 97 Two possible ways of generating simultaneous muéingular push beams:
(a) steering with subdivided apertures and (b) a sparsarray technique.

Field Il simulated acoustic pressure mgp®duced with these two methods (i.e.,
steering with sulapertures and the sparse array technjcare) shown irFigure 10. For
fair comparison, the same parameters listedin Table 1, were used for push pulses
(except their arrangements on the transducer). Firsthéosteering angles of +10°, no
grating lobes appeareBigurel0(a)). However, as the steering angle increased from £10°
to +40°, the grating lobes started to appéarthe steering angles became +40°, which is
desirable to separate the resultant matiular shear waves, the magnitudesthsf
unwanted grating lobes became similar to those of their main |6pe€ 10 (c)). The
sparse array technigque simultaneously created desirable grating lobes and a main lobe
(Figure10 (d)). However, the magnitude of the grating lobes, compar#dttnain lobe,
was considerably weaker and intractable. Bprase transmit focusing, which applies two
phases on every other elemerigre 4), effectively overcame these limitations.
According to the selected phase difference, qiinase transmit focusing distributed the
total acoustic energy to one main and two grating lobes, and unlike the spasse a
technique, the approach did not suffer from energy loss. In additierduatphase
transmit approach uses an entire aperture (noidsutbed apertures) to create mullti
angular push beams, and thus, the width of the push beams, unlike those pbydided

apertures, desnot widen.
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Figure 107 Simulated multiangular acoustic pressure fields created by the subdivided
aperture approach with steering angles of
140°, 0°, +40°, and (Ysparsearray technique.

Table 5 summarizes the results tfie quantitative assessment of angular push
beams based on Field Il simulations. Here, we comparedrttetmds (i.e., steering with
subapertures, the sparse array technique, andpghesde transmit focusing) with push
beams of the same angles (z40°). Forguala s e tr ansmit #taft40°si ng,
First, steering with sulpertures caused energy loss because of undesirable grating lobes
and the reduced size of sdlvided apertures yielded the lowest peak pressure in both the
main lobe andheangular beams. In addition, although the-apkrture approach produced
the longest depth of focus (DOF), the largaumber of suldivided apertures broadened
the lateral beam width, and thus, increased the full width at half maximum (FWHM). The
sparse array technique yieldedarrower FWHM thanhose of the suldivided apertures,
but the peak pressure of the angular beams, compared to that of the main lobe, became less
than half. Overall, dugbhase transmit focusing maintained the lateral beam width while
preserving peak pressures, which couldideal in the simultaneous creation of multi
angular push beams. Nevertheless, further studies on optintE@ggular push beams
are necessary faneclinical translation of this techniquieecause our approach distributes
the given acoustic energy mthree lobes, which lowers the magnitude of shear wave

signals compared to single puishsed SWEI approaches.

Table 57 Quantitative assessment results of push beams created by three methods.
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Main lobe Angular beams

Peak Peak

pressure FWHM DOF pressure FWHM DOF
(@u) (mm) (mm) (@u) (mm) (mm)
Steering
with sub 0.36 2.21 10.82 0.20 3.30 13.54
apertures
Sparse array - 5 0.91 6.41 0.23 1.67 9.61
technique
Dualphase
transmit 0.42 0.91 6.43 0.42 1.65 9.56
focusing

2.3.7 Computational Complexity

Computational complexity of MAGWEI, requiring multidirectional filtering and
reconstruction of four SWV maps, could be one of the concerns fetimeaimaging.
However, many SWEbased methods have already adopted (muliiectional filtering
to remove reflected shear waves from boundaries of inclusions or titgedd, 65, 76].

In addition, unlike singlpush SWEI methods, MAGWEI completes the final
reconstruction of an SWV map within a single puskiagking eventif a PRFof a push
pulse is 1 Hz, then the frame rate of SWV maps created by-BWEI is also 1 Hz.
However, n conventional SWEI methods, the frame rate could be % Hz to ¥4 Hz
(depending on the number of push beam applicatibdgferent locations Thus, although
MAC-SWEI requires foufold more computations to create a final SWV map, it provides
a two to four-fold faster frame rate. Therefore, for the given frame rate of SWV images,
both MACG-SWEI and singlgpush SWEI methods will have similar computational
complexity in terms of the number of estimation of SWV maps. Furthermore,-pinsfte
SWEI methods coulcequire longer overall computation times due to additional progesses

including beamforming and image formatjdor multiple sets ofdata acquired.
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2.4 Conclusion

This chapteimtroduced a new way of creating medingular push beams, referred
to asphMasuemaltransmit focusing. o0 By alternat:i
element, duaphase transmit focusing efficiently and simultaneously creates one main and
two graing lobes as pushing sources, which realizes ranlgie compound SWEI (MAC
SWEI'). We found t h atetetmimes thp énargyealistrcbutibnftoetiresen c e
three | obes. We investigated' 'dhrefe Odkprrse:
180° and quantitatively assessed the performance of MMACEI using an elasticity
phantom with a single stiff inclusion. Our results suggest that N\BXCEI can be used to
visualize SWV maps reliablyand with improved image qualithn additional study is
required to optimize the duphase transmit focusing as the choice of optigraimay
depend on size, shape, or location of a lesSibas, our future work will be focused on the

optimization of duaphase transmit focusing and the clinical translatiothisftechnique.
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CHAPTER 3. IMPACT OF DEPTH-DEPENDENT OPTICAL
ATTENUATION ON WAVELENGTH SELECTION FOR

SPECTROSCOPIC PHOTOACOUSTIC IMAGING

The chapter was reproduced and reprinted with permission from H. Yoon, G. P.
Luke, and S.ImpactofBeptedepenam optical ati@nuation on wavelength
selection for spectroscopic photoacoustic imaging Phot oacousti cs, Oct

reference can be found [i83].

An optical wavelength selection method based on the stability of the absorption
crosssection matrix to improve spectroscopic photoacoustic (SPA) imaging was recently
introduced. However, spatialiyarying chromophore concentrations cause the
wavelength and depthdependent variations of the optical fluence, referred to as spectral
coloring, which degrades the accuracy of quantitative sPA imaging. diapter
introduces a deptbptimized method that determines an optimal wavelength set
minimizing an invers of the multiplication of absorption cressction matrix and fluence
matrix to minimize the errors in concentration estimation. This method assumes that the
optical fluence distribution is knawor can be attained otherwis®e used a Monte Carlo
simulation of light propagation in tissue with various depths and condengatf deoxy
/loxy-hemoglobin. We quantitatively compared thgrevious and current approaches,
indicating that the choice of wavelength is critjeald our approach is effectivepecially

when quantifying deeper imaging targets.

3.1 Introduction
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Blood oxygen saturation (SI) the ratio of oxygenated to total hemoglobin
concentrations in the blood, provides useful functional information on many pathological
conditions including canceiSince oxygen deficiency (hypoxia) in a tumor is strongly
associated with a tumor malignancy, metastasis, and resistance to various therapies, the
norrinvasive estimation of the SQevel is essential for tumor characterization and
treatment planning36, 37, 84]. Naturally, to explore tumor hypoxia, researchers have
investigated various medical imaging asehsing techniques such as needle electrodes,
nearinfrared spectroscopy (NIRS), positron emission tomography (PET), blood oxygen
leveldependent (BOLD) magnetic resonance imaging (MRI), and electron paramagnetic
resonance imaging (EPRB5, 86]. However, none of these techniques offersimeasive
and realtime measurements of S@vith high sensitivity and fine spatial resolution at

clinically relevant depths.

As an effective alternative, photoacoustic (PA) imaging is becoming a promising
biomedical imaging modality since it provides high optical absorption contrast from
endogenous chromophores and exogenous contrast agents with ultrasonic rg8aution
33, 87]. This ability of PA imaging shows substantial potehin the characterization of
tumors, atherosclerotic plaque, and brain functionali83, 8891]. Moreover,
spectroscopic photoacoustic (sPA) imaging can quantify the concentrations of multiple
absorbers. Since each optical absorption spectrum is a unique function of optical
wavelength, multiple tissue chromophores can be separated usirg-avauelength set
of PA imageq92-94]. Thus, because of its ability to unmix concentrations of multiple
absorbers, sPA imaging has been extensively used in many applications including the

measurement of S@nd nanoparticle depositi¢gal, 90, 95-98§].
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To estimate the concentrations of various absorbers, we have to solve optical and
acoustic inverse probleni82, 95]. The solution of optical inverse problem requires a
multi-wavelength or spectroscopic set of PA images. However, sPA imaging extends data
acquisition time and, therefore, degrades temporal resolution and irscresxn
artifacts. In addition, a tunable laser system is lesseftettive in comparison to a small
set of singlewavelength lasers. Thus, the careful choice of wavelengths is imperative. To
select an optimal set of wavelengths, a method of capturengrtique spectral features of
absorbers under a given number of wavelengths was developed preyislisiy this
approach, we used the stability of the absorption e€ses8on matrix under a
pseudoinverse operation asréerion and selected a set of wavelengths whose absorption
crosssection matrix has the largest minimum singular value as the optimal set. The
developed method showed the promising potential in the wavelength selectionifar

imaging[98].

Because chromophores vary spatially, optical fluence is a function of position and
wavelength. Thus, the amount of light fluence reaching the regiorterest (ROI) neds
to be taken into account through analytical or numerical modeling of light transport in
tissue. Thisstudyinvestigates the impact of optical wavelength selection in the presence
of light fluence variations in tissue. Under the assumption that thec8ugistribution in
the tissue is known, we introduce a depftimized wavelength selection method that
accurately estimates the concentrations of absorbers. In practice, the fluence distribution
can be determined by an independent measurefh®@t 101], or accounted for in an
inversion scheme that uses a light transport m@tgl102104]. For verification of our

approach, w use a Monte Carlo (MC) simulation of light propagation in tissue with a
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blood vessel containing various Sévels at multiple depths. For a quantitative evaluation,
we compare the proposed and previous methods by applying the various levels of additive
white Gaussian noise and computing thetmeansquare errors (RMSE) of oxynd

deoxy hemoglobin concentrations.

3.2 Theory of Spectroscopic Photoacoustic (SPA) Imaging

The photoacoustic effect describes the generation of sound waves following light
absorpion and thermoelastic expansion, resulting in a peak local pressum.risere,po
is a function of optical wavelenggand determined by the combination of three quantities

(Gruneisen coefficien (the PA efficiency), optical absorption coefficiert and light

fluenceF) as follows[95]:

h_ ° _B_8 (11

Three wavelengtalependent quantities and the Grineisen coefficieBfjiration
11(i.e.,po, m, GandF) are all also spatially variant, but for the simplicity, their position
vector is not used in thishapter Here,m is generally a linear combination of absorber

concentrations, and thus, can be represented as

‘ - _0h (12

wherel is the number of absorbers of interesis the molar absorption cross section of
the ith absorber, anci is the concentration of theh absorber. We assume that the
Gruneisen coefficient is constant and the light fluence distribution is known. In practice,

modeling of light fluence is challenging because of unknown optical properties of tissue in
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general 95, 102 105109. In addition, although the reconstructiof the acoustic signals
received by an ultrasound transducer, depending on tissue heterogeneity, acoustic
properties, and detector geometry, is not trivial, here we assunm tiaat be accurately
reconstructed109. Then, the local ultrasound pressupe (h Equation 11) can be
converted ta7i.estby assuming that the light fluence distribution over wavelength at every

spatial location is known

‘o — 8 (13

Then, bycombining Ejuation12 and13 and using vector notation, a set of linear

equations is formulated as

HiH 1 oy (14

where myest is the M-by-1 vector with reconstructed absorption coefficierik i§ the
number of wavelengths used in sPA imagireyis the M-by-1 absorption crossection
matrix, andC is thel-by-1 vector of absorber concentratiomsq again the number of
optical absorbers of interest). Then, wihkis equal to or greater théythe concentrations

can be computed by

Ay Hirrih (19

whereCestis the estimates of true concentratio@} &nde* is the pseudoinverse efHere,
to prevent concentration estimates from becoming less than O or larger than 1, further

constraints, including a nemegativity constraint, can be applieddquation15[96, 110,.

3.3 Materials and Methods
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3.3.1 A Depth-OptimizedWavelengthselectionMethod

Although the use of extra wavelengths typically allows us to obtain more precise
estimates of concentrations in the presence of noise (but, in the absence of motion), it is
desirable to keep the number of wavelengths to as few as possible to avoid ntifdicts,a
to improve temporal resolution, and to accelerate image acquisitions. To reduce the
redundancy in the choice of wavelengths while preserving accuracy, this study introduces
an algorithm that finds an optimal set of wavelengths for accurate doatg@mestimation.

Then, with the consideration of the thermal and electronic noise in the system, local
acoustic pressumm, in Equation11 can be redefined by addinghite Gaussian random

noisen:

N o _B_ €8 (16)

Dividing both sides of uation16 by the Gruneisen coefficient and the optical

fluence yields

1= 3 17)

By presenting Buation17 as a simpler vector form, we obtain the following

equation:

nly a9

wheremnis theM-by-1 vector of the reconstructed absorption coefficients,theM-by-

1 noise vector, anBp is theM-by-M diagonal matrix wherE o(j,j) =F (j). Like Equation

35



15, the noisecorrupted estimates of concentratidbs:n can be obtained by taking the

pseudoinverse .

~
i

Pt A ,—A8 (19

From Eguation19, Cest,n become<Cestif and only if the noiseelated second term
becomes 0. Therefore, to remove errors in all concentrations, the following equation needs

to be ninimized:

2l 8 (20)

Then, sincen is a random variable (zermean Gaussian noise)yation20 can be

modified as

A € h (21)

wherelv isanM-by-1 vector containing al/|l 16s. Our
that minimizes the EquatioBl under tle given number of wavelengths). In other

words, a set of wavelengths minimizing Equatdr(i.e., the noiseelated second term in
equation (9)) make€estn as close as t€est (i.e., the noisdree ideal concentration
estimates). In addition, it is clear that thguation21 relies on two quantitieg’ (i.e., the
pseudmverse of absorption crosection matrixand (i.e., the inverse of diagonal
fluence matrix). Given thabsorbers of interest, the absorption cisEgion matrix can be
assumed to be known, but the fluence matrix is generally unknown. Thusgiri@sblve

the Equation21, the fluence matrix should be modeled in practice. In this study, a Monte
Carlo model was used to model the fluence as described bekbe fallowing section

Note that accurate modeling of fluence distribution still remains a concern, which impacts
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the accuracy of our method. In the minimizatiprocess, because the wavelengths
typically used in sPA imaging are finite and discrete (wagthenfrom 680 nm to 970 nm

with a one nm step size are used in this study), every possible set of wavelengths was
applied to find an optimal set of wavelengths where the objective furcgonEquation

21) is globally minimized. Here, note thaty _ in Equation21 can be rewritten ag _o)*
and the terma 0 is maximized in the method to minimize the neigkted error in

solving a spectral unmixing problem. Here, note that after a set of optimal wavelengths is
selected by this approach, any spectral unmixing ndstlvan be applied to obtain the

concentrations of chromophores.

3.3.2 Monte CarloStudyParameters

To investigate our approach under various conditions, the recently introduced MC
program (mcxyz.c)109 was used, which allows us to obtain precise optical fluence maps,
including a blood vessel with variougglevels. Figure 11 shows tissue models that
consist of air, epidermis (60m-thickness), dermis (with a blood volume fraction of 0.2
%), and blood. The blood ve$$800-um-diameter) was placed at three depths (0.4 cm,
1.0 cm, and 1.6 cm) with five S@evels (0.00, 0.25, 0.50, 0.75, and 1.00). Here, the SO
level of blood in dermis is the same as that in the blood vessel. The laser beam applied was
uniform and hadh radius of 0.4 cn-igure 12 shows the absorption coefficients of exy
deoxyhemoglobin, water, and melanin used in our study. Foraxy deoxyhemoglobin,
typical values of the concentration ratio of hemoglobin in blood (150 g/L) and molecular
weight of hemoglobin (64,500 g/mol) were used. The software and the detailed optical
parameters of the tissue model, including anisotropy, absorption, and scattering
coefficients, were obtained from the OMLC website (please refer to makeTissueList.m and

spectralLIB.mat files at https://omlc.org/software/mc/mcxyz/index.html).  Tissue
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parameters for epidermis, dermis, blood, air, and water used in this study were the same as

those listed in the website while S@vels were varied.
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Figure 117 Tissue models with air, epidermis, dermis, and 50Qm-diameter blood
vessels at three depths: (a) 0.4 cm, (b) 1.0 cm, and (c) 1.6 cm.
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Figure 12 i Absorption coefficients of oxy and deoxyhemoglobin, water, and
melanin  (data obtained from the spectralLIB.mat file available at
https://omlc.org/software/mc/mcxyz/index.html).

To collect the light fluence from the program,threedimensional array with
800x640x2 bins, each 25 um was created. The optical wavelengths of light ranged from
680 nm to 970 nm with a one nm step size (thus, 291 wavelengths). Therefore, 291x5x3
light fluence maps corresponding to the number of Veamgths, SQ@ levels, and vessel
positions, respectively were acquired. Each simulation time of the light fluence of an

individual wavelength was 90 minutes (resulting in an average number of photons of
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1.5x1®), so this study required a 291x5x3xhéur smulation. To expedite the
simulation, 15 cores of an Intel Xeon processor (Intel Corp., Santa Clara, CA) were utilized
simultaneously, allowing us to simulate all fluence maps in 291x1.5 hours. Overall, the
MC program was used to acquire various optiagrice maps with multiple wavelengths
(680 nm to 970 nm), five SOevels (0.00, 0.25, 0.50, 0.75, and 1.00), three depths of a

blood vessel (0.4 cm, 1.0 cm, and 1.6 cm), which took approximately 18 days.

3.3.3 DataHandling

After obtaining optical fluence mapthe fluence signals in each blood vessel at
each individual wavelength were first averaged and-cimensional optical fluence
spectra with respect to the wavelength was constructed. Then, the averaged optical fluence
signals were multiplied by the knovabsorption coefficients, which reconstructs the PA
spectrum. To build the noisslded PA spectrum as Eguation16, various amounts of
zero mean white Gaussian randoaise were generated and added to the reconstructed PA
spectrum. In this study, we used the simple noise model by assuming the frequency
response of the transducer is ideally flat as typically adopted in other studies for brevity
[111, 117]. Here, the standard deviations (ST@ noise ranged from 0.0 to 0.1, which
results in a reasonably wide range of the sigoatoise ratio (SNR) in the PA spectrum
(about 10.7 dB to 85.1 dB. SEegyurel?.). In addition, to obtain statistical results, adding
this random noise onto the PA spectrum and estimating concentrations were repeated 10

times.

3.3.4 Assessment

For the quantitative evaluation, this study used the-meednsquared error
(RMSE) of theconcentration estimates (i.e., the concentrations ehexyoglobin (HbQ),

deoxyhemoglobin (Hb)) as follows:
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2-3%B “,,Q 0 Q. (22)

whereCestnrepresents a concentration estimétes a grounetruth concentration set in the

MC simulation, and is the number of noise trials (heTe;10%). Note thatCestnin Equation

22is any element ofest,nin Equation19. The RMSE of two estimates: the concentrations
of HbO» and Hb used to quantify S@t various vessel depths and>3€¥els as a function

of the noiseSTD were computed. To investigate the robustness of our method under the

various amounts of noise, the white Gaussian random noise was repeatedly applied.

In this studyM was set to two (i.e., the minimum number of wavelengths to identify
the distribution of two chromophores). Given this condition, we compared two wavelength
selection methods: the proposed noise minimization approach and the previous minimum
singular valuebased approad®9]. Here, these methods are referred toas andlmin,
respectively. In addition, we applied two methods to reconstruct concentrations: linear least
squares with nomegativity constraints (the Isgnomgianction in MATLAB) and without
any constraints (referred to as CLLS and LLS, respectively). Although two linear least
squares methods were used in tieisearchboth wavelength selection methods are not
restricted to any spectral unmixing method. Inmsuary, two wavelength selection
approachesngin and Oimin) with and without nomegativity constraints (thus, total four
methods) were used to estimate the concentrations of BiDHb at three depths of a
vessel and five S£evels as a function of noidevels. For quantitative comparisons, the

RMSE of the estimates and the average of correspondingy&® computed.

3.4 Results and Discussion

Figure 13, Figure 14, andFigure 15 show the optical fluence maps containing a

blood vessel at three depths: 0.4 cm, 1.0 cm, and 1.6 cm. All the fluence maps (in the unit
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of Jicnt per J delivered or 1/cthare displayed on a logarithmic scale. The rows of each
figure representie fluence maps of three representative optical wavelengths (680 nm, 875
nm, and 970 nm) selected from 291 maps, which range from 680 nm to 970 nm with a 1
nm step size. The columns represent five B®els (0.00, 0.25, 0.50, 0.75, and 1.00) in
blood vessls. Figure 13, Figure 14, andFigure 15 show that the optical fluence varies
according to the optical wavelength and the, &el. These variations in the fluence
indicate that the choice of wavelengths affects the strength of the fluence, which determines
the SNR. Furthermore, bagse of light attenuation, the deeper the vessel is located in
tissue, the more the overall fluence decreases. Therefore, the optical wavelength selection

becomes more challenging and crucial, particularly when imaging deeply located targets.

To investigée the wavelengthand deptkdependent characteristics of optical
fluence, we first averaged the fluence signals of each individual wavelength within each
blood vessel as ordimensional optical fluence functions with respect to wavelengths
(Figure 16). According to optical wavelength, $Cand depth, the fluence signals vary
substantially. As a notable example, the fluence patterns afn®.4nd 1.6cm vessels
clearlydiffer. In contrast to the fluence at the-@#h vessel, the fluence at the-ti vessel
abruptly decreases and becomes negligible as the wavelength increases. This observation
suggests that avoiding using higher wavelengths (> 950 nm) when estimating t8©

far region is desirable.

To construct the noisadded PA spectra ingtation 16 and to investigate the
robustness of our approach, we added various amouwtstef Gaussian random noise to
PA spectra reconstructed from the averageddimensionalfluence signals and the
known absorption coefficients. The standard deviat{&TDs) of noise spanning from O
to 0.1 created the wide range of SNR. We repeategtbiess 1Btimes to find the mean
SNRs of the PA spectriigure1l7 shows the mean SNRs over the noise STD. As the noise

STD increases, the mean SNRs decrease. In addition, three mean SNR functions are plotted
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according to three depths of a vessel. The ddbperessel, the more SNR decreases. After
all, we use these noiselded PA spectra to assess two wavelength selection meth@ads (

andﬁmin).
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Figure 137 Representative optical fluence maps of the tissue model containing a bibo
vessel at a 0.4 cm depth. Rows represent wavelengths of light, 680, 875, and 970 nm,
and columns represent five levels of oxygen saturation in the blood vessel, 0.00, 0.25,

0.50, 0.75, and 1. 00 .?pefhdelivaredortl/ntof f |l uence
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Figure 141 Representative optical fluence maps of the tissue model containing a blood
vessel at a 1.0 cm depth. Rows represent wavelengths of light, 680, 875, and 970 nm,

and columns represent five levels of oxygen saturation in tHdood vessel, 0.00, 0.25,
0.50, 0.75, and 1. 00 .?pefhdelivaredortl/nfof f |l uence

To estimate two concentrations of Hb&hd Hb to quantify S@levels, this study
uses two optical wavelengthM€2, the minimum number of wavelengtles golve the
optical inverse problem.) selected by the proposed and the previous mattoaisd Cmin.
nmin finds two wavelengths that minimize the added noise term whér@afnds two
wavelengths that maximize the minimum singular value of the absorptionsactisn
matrix. Therefore, the former minimizes the neiskated errors, and the latter allows the
selected absorption cressction matrix to have unique spectraltfeas. As a resulfjmin
selects two wavelengths: 680 nm and 970 nm. Here, 8inceelies on only the stability

of absorption crossection matrix, we use the same set of wavelengths, regardless of the
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depth or the concentration of chromophores. Howes®rce nmin exploits the optical
fluence distribution and the optical fluence varies according to the imaging depth or the
concentration of absorbers, our approach adaptively offers optimal sets of wavelengths as

presented imable6.
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Figure 157 Representative optical fluence maps of the tissue model containing a blood
vessel at a 1.6 cm depth. Rows represent wavelengths of light, 680, &rel 970 nm,

and columns represent five levels of oxygen saturation in the blood vessel, 0.00, 0.25,
0.50, 0.75, and 1. 00 .?pefhdelivaredortl/nftof f |l uence

Table6 describes the selected sets of wavelengths via the proposed methpd (
First, where the vessel depth is 0.4 cm, the PA spectrum has relatively high SNR as shown
in Figure17, and the optical fluence hardly fluctuates or decreases over the wavelength as

shown inFigure16. Therefore, most of the sets of wavelengths (first columhaible 6)
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are similar to those (680 nm and 970 nm) choseimby Nevertheless, small shifts in the
wavelengh are observable. As S@ecreases from 1.00 to 0.00, the optical fluence at 680
nm decreases. Henaayin tends to select the wavelength with higher optical fluence to
satisfy theEquation21. As a result, the first wavelength increases from 681 nm to 692 nm
as SQ changes from 1.00 to 0.00. The second wavelengths used for the dssel
mostly remain at around 970 nm, except wheniSQ.00. Since the optical flnee at 970

nm decreases gradually when :S@creases. Thus, when $@& 1.00, the wavelength
moves to 909 nm, which indicates that the gain in the optical fluence starts to outweigh the
loss in spectral distinction. Similarly, as the depth of a vess@aseshmin Selects shorter

wavelengths as the second wavelengths.
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Figure 161 One-dimensional averaged optical fluence signals in three vessel depths
at (a) 0.4 cm, (b) 1.0 cm, and (c) 1.6 cm at 0 cm in the lateral direction agunction
of wavelength.

Figurel8andFigure1l9show the RMSE of estimatdHbQ, and Hb concentrations
under various S®levels and vessel depths. This study uses two wavelength selection
methods fmin and Umin) With two constraints (with and without the noagativity
constraint) (i.e., four methodsimin+LLS, Nmin+CLLS, Umin+LLS, andlmin+CLLS). The

RMSE is negligible in both Hb£and Hb at the 0-4m depth vessel, since as illustrated in



Figurel7, the overall SNR is sufficiently large @4 cm over all wavelengths (> 40 dB).
Furthermore, since the choices of wavelengths by two wavelength selection mathods (
andUmin) are almost identical when the vessel is located at 0.4 cm, the RMSE differences
between the two methods are minor, eptcwhen S@is 1.00. However, the deeper the
vessel is located, the more the overall SNR decreases, and thus, the RMSE becomes larger.
In addition, from the 1-8m vessel, we can observe the largest gap between the RSME of
the two wavelength selection methods, wigaggests that the wavelength choice is critical

in far-depth imaging. Commonly, the nomgativity constraint (CLLS) produces more

precise estimates in terms of RMSE.

100
0.4 cm
= =1.0cm
) o |- 1.6 cm
aa]
) \
% 60;\
wn l"\
g 40 ~ ~ o
g ”' — — —
I
20- lllllllllllllllllll

0 L L I 1
0 0.02 0.04 0.06 0.08 0.1
Noise standard deviation

Figure 177 Mean SNRs of PA spectrum in blood vessels at threepths (0.4 cm, 1.0
cm, and 1.6 cm) as a function of noise STD

In Figure 20, we compute mean SQevels from the concentration estimates of
HbO; an Hb. Here, sincany negative estimate in the concentration of HtsGHb causes
amplified or negative SPvalues, the nomegativity constraint is desirable in the
estimation of S@ However, the nomegativity constraint results in a bias in S&hen
SO is 0.00 or 1.000verall, as the vessel depth increases, the accuracy in meav&l®

degrades, shown in Figure 10. Particularly, when the noise STD is larger than 0.01 at the
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1.6-cm vessel (that is, SNR < 30 dB), tls@ method without the nenegativity constraint
(i.e., Gmin+LLS) fails to reconstruct reliable SQevels. The nomegativity constraint
partially improves accuracy but still yields substantial errors. Howeawgs, stably

measures Sflevels regardless of vessel depths, constraints, and concentrations.

Table 6 1 Two (M=2) selected wavelengths (nm) used for estimating S®y the
proposed approach fimin) at three Vessel depths under five SQevels

Vessel depth

SO
0.4 cm 1.0cm 1.6cm
0.00 692, 970 688, 895 681, 882
0.25 694,969 683, 887 687, 887
0.50 683, 970 684, 909 693, 881
0.75 681, 970 680, 906 684, 878
1.00 681, 909 682, 887 680, 893
502: 0.00 S(}z: 025 - o 802:_0._5(;,‘“‘“_ o S()J_: 0.75 502: 1.00
0.01 P 0.01 0.01} 0.01 0.01 =
g o 2
2 0.005 _/-f“" 0.003 :nuus/ 0.005 1 0.005 g
0 - 0 0 0 0
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 0.1 0 0.05 0.1

(@) (b) () (d) (e)
£ 015 0.15 0.15 0.15 ] 015

0 0.05 010 0.05 0.1 0 0.05 0.1 0 0.05 01 0 0.05 0.1
U} (2) (h) @ i)

1.0 ecm
RMSE of Hb()2 estimates
=
P =)
=] T —
\\
Al
Al
\
A
A
Al
\
(=]
= (=]
= h —
=
(=] o —_
=
= =
(=] i —
=
= =
= o —_—

1.6 em

0.5
0 0 0
0 0.05 oL 0 0.05 010 0.05 010 0.05 01 0 0.05 0.1
(k) U] (m) (1) (U]

Noise standard deviation

Figure 1817 RMSE of estimated HbQ concentrations from four methods:Umin+LLS,
Omin+CLLS, nmin+LLS, and nmin+CLLS with respect to the noise STD. Rows represent
three vessel depths (0.4 cm, 1.0 cm, and 1.6 cm). Columns represent five levels af SO
(0.00, 0.25, 0.50, 0.75, and 1.00).
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Figure 197 RMSE of estimated Hb concentrations fron four methods: Omin+LLS,
Omin+CLLS, nmin+LLS, and nmin+CLLS with respect to the noise STD. Rows represent
three vessel depths (0.4 cm, 1.0 cm, and 1.6 cm). Columns represent five levels af SO
(0.00, 0.25, 0.50, 0.75, and 1.00).
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Figure 207 Estimated mean SQ by four methods: Umin+LLS, Umin+CLLS, Nmin+LLS,
and nmintCLLS with respect to the noise STD. Rows represent three vessel depths
(0.4 cm, 1.0 cm, and 1.6 cm). Columns represent five levels of50.00, 0.25, 0.50,
0.75, and1.00).
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We investigated the effect of the choice of optical wavelengths in the estimation of
SO using sPA imaging in the presence of wavelesagthendent, spatiallyariant fluence
through the simulation. Different amount of additive white random noiseapplied to
demonstrate the changes in desired optical wavelengths, showing that the current method
outperforms the previous method especially when the SNR is low (i.e., the noise STD is
high). In addition, the wavelength choicesTiable 6 indicate that for deeper vessel (i.e.,
the SNR becomes lower), the wavelengths selected with our method are increasingly
different from those estimated using the previous methed]|tireg in improved accuracy
in SG estimation (note that the wavelength setsTable 6 are only optimal in our
simulation settings, not optimal in general). Thas,9PA images with low signal and/or
high noise, our method finds a more optimal set of optical wavelengths. However, the noise
model used in our study does not reflect all noise components present in sSPA imaging.
Thus, a future study should include otimeise sources, such as thermal acoustic noise

from the medium and thermal noise from the transducer, to make the model more realistic

[113.

The results clearly show that the imaging depth and tissue properties play a
significant role in the optimal wavelength selection for sSPA imaging. As researchers seek
to reduce the cost and/or improve the terapresolution of SPA imaging systems, using
only small subset of the optical spectrum is an appealing option. In practice, the specific
choice of imaging wavelengths is nontrivial and applicatlependent. In this work, we
assumed that the optical flumndistribution is known. In this case, our method selects
wavelengths capable of achieving accurate sPA images of hemoglobin relatively deep in
tissue. In practice, because spatiaifiyrying optical properties of tissue are unknown,
successful modeling dhe optical fluence distribution is often challenging and requires
several assumptions, such as the number and a type of absorbers and the scattering

coefficients. Therefore, the selected wavelengths found by our method likely to be
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suboptimal. These relts indicate that extensive analysis of a variety of tissue properties
must be performed prior to selecting a subset of the available wavelengths. One additional
consideration is the maximum safe level of laser expddul4. In the wavelength range

from 680 nm to 970 nm, longer wavelengths allow us to use higher laser energy and achieve

higher SNR, which could result more accurate sPA images.

This study asumed that the acoustic inversion problem to reconstruct the local PA
spectrum from the received PA spectrum can be solved. However, to reconstruct acoustic
pressure generated in local absorbers accurately, we should consider heterogeneous tissue,
bandlinmted ultrasound detectors, and other physical limitatifd@g. In reality, the
heterogenigy of tissue may cause variations in the speed of sound, resulting in phase
aberratior{115. This degrades the image quality as well as the accuracy in concentration
estimation Thus, the accurate modeling of Heomogenous tissue properties should be
considered when reconstructing PA images. In addition, because the received PA signals
are inherently wide band and noisy, the sensitivity of the ultrasound transducer is crucial.
The limited bandwidth and SNR of the PA spectrum affect the resolution and the accuracy
of SO estimation[43]. Furthermore, because of frequemtgpendent atteiation of
acoustic waves, as the imaging depth increases, the center frequency of the acoustic wave
downshifts and its bandwidth becomes narrow, degrading the resolution and the SNR.
Moreover, using data acquired with a linear array transducer, thediviée tomographic
reconstruction leads to the artifacts in the local PA reconstruction. Finally, the
reverberation artifact (or reflection artifact), mainly caused by strong PA signals generated
from superficial optical absorbers, is another issue inislging because it significantly

limits the image contrast and the imaging ddpttq.

3.5 Conclusion
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Through the simulation study, we have shown that the wavelength selection for the
SO estimation in sPA imaging is affected by the corresponding wavelelegibndent
optical fluence distribution. To improve the $6stimation capability, thishapterhas
introduced the depthptimized wavelength selection method, which allows us to obtain
the concentration estimates with higher accuracy. Assuming that the wavelength
dependent, spatiallyariant optical fluence distribution can be reliably obtained, this
approach finds a set of wavelengths, which minimizes the -nelisted errors in the
corcentration estimates. Through the MC simulation of light propagation in tissue, we have
investigated the effect of various imaging parameters, including the depth and the
concentrations of chromophores. The quantitative assessment using RMSE showed that th
proposed approach robustly and accurately estimate@\&D the previous method. This
study indicates that the choice of wavelength in sPA imaging is critical, and our depth

optimized method could be effective, especially when quantifying deeper agents.
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CHAPTER 4. CONTRAST-ENHANCED ULTRASOUND
IMAGING IN VIVO WITH LASER-ACTIVATED

NANODROPLETS

The chapter was reproduced and reprinted with permission from H. Yoon, S. K.
Yarmoska A. S. Hannah, C. Yoon, K. CoAtrast Ha |l | a
enhanced ultragind imaging in vivo with laseactivated nanodropleis, Me di c a | Phy
vol. 44, no. 7, pp. 34438449,July 2017. © 2017American Association of Physicists in

Medicine The reference can be found[b6)].

This chapter introduces a redahe contrasenhanced ultrasound imaging method
with recently developed lasarctivated nanodroplets (LANDs), a new class of phase
change nanometecale contrast agents that provides perceptible, sustaineddngiast
with ultrasound. In response to pulsed laser irradiation, the LAND¢ghich contain liquid
perfluorohexane and optical fugeblink (vaporize and recondense). That is, they change
their state from liquid nanodroplets to gas microbubbles, and then back to liquid
nanodroplets. In their gaseous microbubble state, the LANDs providectigtast
ultrasound, but the microbubbles forméa situ typically recondense in tens of
milliseconds. As a result, LAND visualization by standard-tea ultrasound is limited.
However, the periodic optical triggering of LANDs allows us to observe corresponding
transient, periodic changes in ultrasound stt This study formulates a probability
function that measures how ultrasound temporal signals vary in periodicity. Then, the
estimated probability is mapped onto as@n image to construct a LANDcalized,

contrastenhanced image. We verified our mmdhthrough phantom andh vivo
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experiments using an ultrasound system (Vevo 2100, FUJIFILM VisualSonics, Inc.,
Toronto, ON, Canada) operating with aMi®iz linear array and interfaced with a 10 Hz
Nd:YAG laser (PhocusMobile, Opotek Inc., Carlsbad, CA, U$Aoperating at the
fundamental 1064 nm wavelengtiirrom the phantom study, the results showed
improvements in the contragt-noise ratio of our approach over conventional ultrasound
ranging from 129% to 267%, with corresponding execution times of 0.102® s,
meaning that the developed method is computationally efficient while yielding high
contrast ultrasound. Furthermorie, vivo sentinel lymph node (SLN) imaging results
demonstrated that our technique could accurately identify the SLN. The reslidtten

that our approach enables efficient and robust LAND localization in real time with
substantially improved contrast, which is essential for the successful translation of this

contrast agent platform to clinical settings.

4.1 Introduction

Cancer is theexsond leading cause of death in the United States, and most-cancer
related deaths are highly associated with metadtasis 11§. Therefore, detecting and
assessing the sentinel lymph node (SLN), which is the first lymph node to which cancer
cells drain from a primary tumor, is crucial. To identify the SLN, researchers have explored
numerous biomedical imaging techniquef4l, 98, 119124. Classically,
lymphoscintigraphy with radiocolloid injection has been widely used for preoperative
lymph node imaging, but its imaging resolution is reldyivew [121]. Magnetic resonance
imaging (MRI) has shown promising results for nodagjsrg, but MRI is not cost effective
and imaging lymph nodes during surgery and/or biopsies is challgdgifg In addition,

although positron emission tomography/computed tomography (PET/CT) has shown
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potential in peoperative scanning of lymph nodes, its sensitivity and specificity in
identifying SLN is lower than those of lymphoscintigraphy or NJR25. Ultrasound is a
costeffective and no#invasive imaging modality that is able to guide SLN biopsies in
reattime. Although ultrasound can be used to identify lymph nodes, the contrast between
lymph nodes and the surroundibgckground is limited, and ultrasound alone cannot
visualize which node receives drainage from the tumor. Accordingly, microbubbles have
been used to improve contrast, but their relatively large size (a few microns) impedes their
influx into the lymph nod[126 127]. In addition, their circulation time is relatively short

(a few minutes), limiting the duratiorf mnaging sessiongts].

To addess these limitations of microbubbles, phelsanging nanodroplets that can
be activated either acoustically or optically have been intensively investjg&td®, 128
131]. Because they remain in a stable liquid state until they are triggered, nanodroplets can
circulate relatively longer and remain small enough to extravasate from tumor
neovasculature. Once vaporized in response to an acoustic or optical trigger, nanodroplets
become gaseous microbubbles, providing fughtrast ultrasound similar to conventional
microbubbles. However, because nanodroplets usually consist ebdiing-point
materi al s (e. g., perfl uoropentane (29AC)
recondense back to the original liquid state after activation. More recently, our group and
others have developed lasmtivated nanodroplets (LANDs) containing liquid
perfluorohexane and optical dye. LANDSs repeatedly vaporize and recondense because the
boiling point of perfluorohexane (56°C) is higher than physiological temperature (37°C)
[55, 132 133. This unique, repeatable phagenging property of LANDs has enabl@d

improved many applications, including supesolution imaging, backgrousfcee
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imaging, and photoacoustic imagifih, 132 133. Figure21shows the blinking dynamics

of the LANDs. Before optical triggering, the LANDs remain liquid nanodroplets,
producing very limited ultrasound echoes. However, once activated by pulsed laser
irradiation, the LANDSs rapidly vaporize into gaseous microbublnesitu, generating
hyperechoic ultrasound signals until the LANDs completely recondéases, 129, 133.
However, their gaseous period is relatively transient (several to hundreds of milliseconds),

which limits human perception of LANIDased contrat33.
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Figure 21 7 Vaporization and recondensation of lase@activated nanodroplets
(LANDSs) in response to an optical trigger. When activated, LANDs immediately
produce strong ultrasound signals, which decrease as the LANDs recondense to

native, liquid droplets.

To overcome this limitation and to provide perceptible, snatde LAND-based
contrast in ultrasound, this work has developed an imaging method that effectively
localizes the LANDs with high frame rate ultrasound imaging. In the method, we activate
the LANDs periodically and capture the periodic blinking LANDs itvagound images,

enabling the development of a fast, robust LANDalization algorithm.
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4.2 Materials and Methods

4.2.1 Localization of Perfluorohexane Nanodroplets (PFHNDs)

This study introduces a novel, contrasihanced imaging method that uses high
frame rateultrasound imaging to localize LANDs. This rémhe imaging method is
clinically applicable and provides superior contrast to conventional ultrasound. As
illustrated inFigure22, our approach is based on LAND injection and optical activation,
both of which are essential to the creation of conalianced LAND frames. Before
injecting LANDs and initiating the laser, no localized LANDs are observable in centrast
enhared frames. Without an optical trigger, localized LAND frames produce nearly
imperceptible contrast because the LANDs have not vaporized and thus remain liquid
droplets. However, once the pulsed laser irradiates local tissue containing LANDs, the
vaporizedparticles become hyperechoic, allowing for construction of cortrasinced
LAND images (yellow frames ifrigure 22). The recondensation process, however, is
relatively fast; so to provide sustained contrashanced imaging, this method uniquely
exploits the periodic, repeated blinking in our LANGZalization algorithm. Overall, our
imaging protocol reconstructs contrasthanced LAND image frames from the acquired
ultrasound data at the rate of the pulse repetition frequency (PRF) of the laser. Fortunately,
it does not require any sophisticated synchronization between the laser and the ultrasound
systems, indicating that this approach is not limited in its utlltil several laser pulses
(usually, 3 to 5) activate the LANDs, it is only possible to build incomplete, transient
LAND frames (blue). Yet after triggering several times, fully contesstanced LAND

frames (green) can be achieved.
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Figure 221 An imaging configuration for the localization of LANDs. After both
injecting and triggering LANDs, this algorithm can reconstruct contrastenhanced
LAND image frames at the pulse repetition frequency of a laser system

The crux of the LAND localization method is that if a pixel in an image contains
LANDs and the PRF of the laser pulses is constant, then we can induce repeated, periodic
blinking of LANDs corresponding to this PRF. Thus, the temporal ultrasound signal for
this pixel will cortain regularly spaced peaks if the frame rate of ultrasound is also kept
constant. The localization method assesses the consistency of the resultant peaks in
ultrasound frames after tissue has been irradiated with multiple laser pulses. The PRF of
the lase is defined asM and the frame rate of ultrasound is definedRashus, everyN
frames N=R/M) a single strong signal peak from the optically triggered LANDS is
observed, as this corresponds to the ultrasound frame at which the LANDs are vaporized.
Therefore, when irradiating with laser pulsesl. peaks occur. Thede peaks here are
recorded inL sets ofN ultrasound frames (i.eLA ultrasound frames contaln peaks).

The positions of these peaks can be any integer betweenN, ascevery set consists of
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N frames and one of thedeframes will include the corresponding peak. For every pixel

of interest in the image, the s®tcontainingL positions of peaks, is defindxy

Y {HMBH h (23

wheres;, &, & are positions of peaks createdlbgumber of laser pulses. Each peak
is detected using a simple gradient operation. Then, a cost function with absolute

differences of all twecombinations fron8is defined by

QQ i i h pleFB h lc) (24)

wherej andkar e 1 ,L ar®lj i kéThe cost functiore(i) in Equation24 contains
differences between peak positions from all possible pairs of two. Only image pixels
containing the LANDs can present periodically blinking periodic ultrasound, which results
insmalle(i) 6s because these peaks eatly &herdfere, thist e d
method counts the numberefi) 6 s | es s t H avineredis a tereshokl thatt o

determines the sensitivity of the algorithmcé$ by

ph QQQ Q.

mh € i 0 Qi Q

h (25)

Finally, this method formulates a probability functi¢hano presenting the

positional regularity of these peaks by

58

r



B B &OQ
5—h (26)

C

wherethe denominator igshe number of all twawombinations ot and the numerator is

the number of twaecombinations whose absolute difference is less than or equial bois,

the probability function defined iBquation26 repregnts how regularly peaks occur in the
pixel of interest. In summary, to localize the LANDs for each pixel, this method measures
how mutually close the detectdd peaks are to temporal ultrasound sequences. The
estimated probability ifequation26 is displayed on each pixel of a contrashanced

LAND frame, indicating the localizability of LANDSs.

4.2.2 Experimental Setyp

We synthesized the LANDSs, consisting of an optay® (Epolight 3072, Epolin,
Inc., Newark, NJ, USA), liquid perfluorohexane (FluoroMed, L.P., Round Rock, TX,
USA), an aqueous fluorosurfactant (Zonyl FSO, Sigktdrich, St. Louis, MO, USA), and
deionized water, following detailed procedures from our previvork[133. Briefly, we
first dissolved 1 mg of dye in 250 €L of
for 30 s. Then, we mixed this solution and a mixture of 2.5 mL deionized water and 0.5
mL 1% v/v aqueous fluorosurfactant. We vortexed the solutioi@os and sonicated it
again for 5 minutes in a water bath. Finally, we washed the synthesized LANDs by
centrifuging for 5 minutes at 1,000 relative centrifugal force (rcf) and resuspending in fresh
deionized water. The diameter of the synthesized LANBs 800 nm, as measured by a
dynamic light scattering instrument (Zetasizer Nano ZS, Malvern Instruments, Malvern,

Worcestershire, UK).
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For our phantom and vivoSLN imaging studies, we used a preclinical ultrasound
system (Vevo 2100, FUJIFILM VisualSasi Inc., Toronto, ON, Canada) with a-MMHz
linear array transducer. The frame rate of ultrasound imaging was 288 Hz. To activate the
LANDs, we used a 81z Nd:YAG (neodymiumdoped yttrium aluminium garnet) laser
(Phocus, Opotek Inc., Carlsbad, CA, USA)itat fundamental 1064m wavelength,
without synchronization with the ultrasound system. We acquired ultrasound images for
approximately 2 s, and thus, several tens of laser pulses could be delivered per ultrasound
acquisition. The measured optical flueneas 50 mJ/cH) far below the ANSI limit (100

mJ/cnt) for safety[114).

We fabricated a tissumimicking phantom containing a cylindrical LANRbeled
inclusion and a homogeneous background. The phantom consisted of 21 mL of 40%
pol yacrylamide (Thermo Fisher Scientific,
ammonium persulfate (Sigmal dr i ch, St. Loui s, MO, USA) s
(SigmaAldrich, St. Louis, MO, USA), 0.2% w/w silica particles (U.S. Silica, Hurtsboro,

AL, USA), 0.01% w/w graphite particles (Dixon Ticonderoga, Lake Mary, FL, USA), and

64 mL of deionized water. Detailed procedures can be foufi3@. Only the inclusion
contained 0.1% v/v LANDs. Oun vivo study was performed under protocols approved

by the Institutional Animal Care and Use Committee at The University of Texas at Austin.

A BALB/c nu/nu mouse (Charles River Laboratories, Inc., Wilmington, MA, USA) was
anesthetized and injected submucosally thinaiing tongue with 40 pL of LANDs using a
30-gauge needle. Then, we allowed the LANDSs to drain for 30 minutes and imaged the
cervical |l ymph nodes in the mouseds neck.

mouse.

We collected twadimensional ultrasoud IQ sequences and processed the data with
customwritten codes using MATLAB (The MathWorks, Inc., Natick, MA, USA). When

reconstructing LAND frames, we varied the valuelofi.e., the number of sets of
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ultrasound sequences used) to investigate howhthiee ofL affects the results. For the
guantitative evaluation, we computed the conttastoise ratio (CNR) values from-B
scans alone and LANicalized frames with two regieof-interests (inclusion and
background) in the phantom as a functiorLoiVe estimated 95% confidence intervals
(Cls), where the number of replicates were 13, 11, 9, 7, and &.witB, 5, 7, 9, and 11,
respectively. In addition, to assess the practicality of the method, we evaluated the
execution times in MATLAB by repeating guessing with 100 trials to obtain average

running times and their 95% Cls. The size of image was 1168 by 148 pixels.

4.3 Results and Discussion

The top plot inFigure23 shows a temporal profile of the linear ultrasound intensity
measured on a pixel of the image containing LANDs. A corresponding movie is available
online. The laser began pulsing at 0.4 s, tedpulse repetition interval of the laser was
0.1 s (i.e., 10 Hz). Thus, the repeated blinking behavior of LANDs was observable in the
profile every 0.1 s from 0.4 s onward. In the figure, the algorithm allocated LAND frames
(with L = 3 and 5) and thegorresponding ultrasound frames every 0.1s. Wher8, the
image processing method was able to produce LAND frames at 0.3 s since it used three
sets of ultrasound sequences to localize the LANDs. Equally, whe®, this method
could generate LAND framess soon as five sets of ultrasound sequences were collected
(i.e., the number of ultrasound frames containing five laser pulses). Then, it continued
generating LAND frames every 0.1 s (i.e., every laser pulse). However, note that even if a
LAND image wasconstructed at 0.3 s whénwas three, it yielded no contrast since the
laser pulsing had not commenced. In addition, before three laser pulses were fired, LAND
frames were incomplete, and so the two LAND frames at 0.4 s and 0.5s were incomplete,
transienimages. Finally, from 0.6 s onward, the algorithm was able to create fully centrast
enhanced LAND images. As a result, this method clearly localized the E&ddEaining

inclusion withL6 s o f both three and five.
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Figure 23 i Ultrasound and LAND-localized images acquired in the phantom,
containing a LAND-labeled inclusion as a function time. Laser pulses start activating

the LANDs at 0.4 s. Corresponding two sets of the LANiIbcalized frames are shown
usingL =3 andL =5.

Table 71 Quantitative assessment of LANElocalization results in a phantom

Number Contrastto-noise ratio Processing times
of laser Mean
No. B-scans PFHND improvement No. Mean
pulses ) trials frames P (%) trials  (95% CI) (ms)
0.49 1.12 104.6
3 13 o0mom) 1.0 119 1288 (104.0, 105.2)
0.50 1.45 135.7
S 1 04905) (144,147 1904 (134.8, 136.6)
0.51 1.64 174.4
! 9 (0m,05) (162169 2232 100 (17371750
0.51 1.77 227.4
9 7 (051,053 (175179 261 (226.6, 228.1)
0.51 1.89 291.6
11 > (051,053 (188199 2873 (291.0, 292.3)

62



Table 7 summarizes the CNR values of both unprocessetads and LAND
frames and the averaged processing times of LAND localization with varigis 11).
As L increased, the CNR improvement increased, but increhsimy also cause motien
induced errors. Hence, maintaining as small @s possible is desirable to avoid motion
artifacts. The measured average processing times were all under 0.3 s per LAND frame
without deliberate computational optimization. Depending on the choitetbe frame
rate of LAND-localized images ranged from 3 to 10 Hz, whereas the frame ratsaziB
was not compromised with this method (i.e., consistent at 288 Hz). These irefintte
that our approach is practical and robust, and that it enables thinmealetection of

LANDs necessary for future translational efforts.

Linear ultrasound intensity
Laser pulse

| Time (sl

Figure 241 Ultrasound and LAND-localized images ofin vivo murine SLN as a
function of time. Laser pulses start activating the LANDs at 0.3 s. The LAND
localized frames withL = 5 are presented

In thein vivostudy, we imaged the murine SLN with the same setup usedim the
vitro study, andrigure 24 shows the results. Again, a corresponding movie is available
online. InFigure24, we overlaid Bscanultrasound frames with LANBocalized frames
(L =5). A temporal profile on a selected pixel in the lymph node containing LANDs shows
their blinking dynamics in response to laser activation. As expected, the more laser pulses
used to trigger the LANDs, thbetter the method can localize the LANDs, which

correspond to the location of the SLN. After irradiating the tissue with 5 laser pulses, the
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SLN in Figure24 was identified at 0.7 s with improved contrast over ultrasound alone (i.e.,

unprocessed Bcans obtained from 0.1 s to 0.4 $igure24).

This study has demonstrated the potential of the developed LAbHNzation
method via phantom and vivoresults. However, the study has several limitations. First,
we only showed th&n vivo results obtained from a single mouse. Our continuing studies
wi || i nclude more animals to validate the
translation of this technique, not only should the ability to process the data in real time and
provide high contrast be considered, but also the biocompatibiliANDs should be
examined. For example, the Epolight 3072 dye used in this study has not been FDA
approved, but our previous work has shown that the -&pgroved indocyanine green
(ICG) dye was successfully loaded in perfluorocarbon nanodroplets, indi¢hat the
LAND platform has high translational potentigl33. Lastly, we have not explicitly
investigated the stability of LANDs (i.e., the number of cycles of vaporization and
recondensation that LANDs can endure in response to pulsed laser irradiation). In these
experiments, LANDs were imaged for at least five minutes, which equals to 3,000 cycles
with our 10 Hz laser, suggesting their ability to reliably vaporize and recondense. In
addition, our previous work has demonstrated that the vaporization of the LANDs depends
on selectd laser energy, indicating that the LANDs activated below their vaporization
threshold do not vaporize and remain in the liquid 28 Thus, to utilize the blinking
ability of LANDs, a proper choice of laser energy is required and a laser fluence of 50

mJ/cnt in this study allowedhe LANDSs to vaporize and recondense repeatedly.

4.4 Conclusion

We have introduced a contrasthanced imaging method that relies on LANDs
undergoing sustained and repeatable phase changes. The LANDs vaporize and recondense

in response to pulsed laser irradiation; and given a constant laser PRF, they exhibit periodic
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peaks in the temporal ultrasound signal. Based on this unique blinking phenomenon, we
have built an imaging method that determines how regularly the temporal ultrasound
fluctuates to create a LANIdcalized frame. Through oum vitro study, we quantified a
substantial improvement in CNR over conventional ultrasound achieved with low
computational complexity. Furthermore, we successfully identified a murine SLN,
illustrating the viability of our technique in a small animal model. These results
demonstrate #it our approach effectively and efficiently localized LANDs in real time,

which is necessary for future work to translate this contrast agent platform to the clinic.
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CHAPTER 5. SUPER-RESOLUTION IMAGING WITH
ULTRAFAST ULTRASOUND IMAGING OF OPTICALLY

TRIGGERED PERFLUO ROHEXANE NANODROPLETS

The chapter was reproduced and reprinted with permission from H. Yoon, K. A.
Hal | am, and SSupeiesoluBomienagin@gwitlo utrafasfiultrasound imaging
of optically triggered perfluorohexane nanodropglets | E E E ion§ onalitrasanics,
Ferroelectronics, and Frequency Control, April, 2018. © 2018 IHBE reference can be

found in[57].

Superresolution imaging with mowig microbubbles has shown potential in
identifying fine details of deelying vascular compartments. To image the extravascular
targets, the current study has employed nanorseted, optically triggered
perfluorohexane nanodroplets (PFHNDs). In respdonseulsed laser irradiation, the
PFHNDs repeatedly vaporize and stochastically recondense, resulting in random changes
of ultrasound signals. Our previous study has shown that the stochastic recondensation of
the PFHNDs can be used to isolate individuaH®Bs for superesolution imaging. This
study introduces an improved method for swugesolution imaging with ultrafast
ultrasound imaging of PFHNnDs. The previous method was based on subtraction of two
consecutive ultrasound images to detect signals freoondensed, isolated droplets
whereas our current method compounds respective multipl@mdepostrecondensation
ultrafast ultrasound images prior to subtraction to improve the spatial resolution further.
To evaluatethe axial and lateral resolutions @ur method, we repeatedly imaged a

phantom containing PFHNDs using a programmable ultrasound system synchronized with
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a pulsed laser system. As a result, our mettmpdovedthelateral and axial resolutions by
54% and 68%, respectively, over the previaigerresolution imaging approach,
indicating that it can be used for localizing extravascular molecular targetswpéhnior

accuracy.

5.1 Introduction

Superresolution ultrasound imaging techniques have shown unprecedented
potential in mapping deelging microvasculature, which was virtually unattainable
because of the fundamental tradeoff between spatial resolution and penetration depth in
ultrasound imagin134-13€. In ultrafast ultrasound localization microscopy (one of the
most seminal supeesolution methods), the authors found that ultrafast imaging of gas
microbubbles leads to the transient decorrelation of signals, enabling isolation of individual
microbubblesignals with the clinically relevant concentration of microbubljlE37].
Because the microbubble diameter is much smaller than the ultrasound wavelength, the
signal reflected from each microbubble canvlesved as the point spread function (PSF)
of the imaging system. Thus, the deconvolution of the individual microbubble signal allows
for the detection of exact microbubble positiph3g. These superesolved locations are
accumulated over a few minutegth tens of thousands of images, resulting in the

unsurpassed microvasculature map ofithévo rat brain[135.

Since then, more researchers have investigatedlipreal and technical studies
using superesolution imaging techniqugd439-1464. Lin et al. imagedn vivo tumor
bearing rats to ideify tumor angiogenesis and found that microvascular patterns of

healthy and diseased rats are significantly diffef&8¢. Foiret et al. reported that super
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resolution imaging could successfully map the microvasculature wafo rat kidney in

the presence of physiological matidl4(. Moving tissue, however, is a concanrsuper
resolution imaging because it takes several minutes to collect a stack of images to create
superresolution maps. Thus, Hingot et al. introduced a phase correlsged motion
correction method and assessed the improvement in the quality@fresplution images

[141]. More recently, the nonlocal means (NLM) filter and a grapbed particle tracking
method were utilized for robust tracking of microbubll&42. Optimization of super
resolution imaging has been investigated in several studies, showing the effect of various
sizes andconcentrations of microbubbles on the sensitivity of sugsolution imaging

[143 144. Chridensenrleffries et al. introduced a method that reduces axial localization
errors of microbubbles by comparing various localization metfib&§. In addition, 3D

superresolution imaginghas been investigated using a pair of ultrasowadsducers

[146.

The microbubbldbased superesolution imaging technigs can map
microvasculature with a spatial resolution beyond the wave diffraction limit. However,
because of their relatively large size (a few micrometers), microbubbles rarely extravasate
from the vasculature, limiting the utility of supegsolution imging[50]. As an alternative
approach, supeesolution imaging with submicrometsized, optically triggered droplets
was recently introducefb5]. Perfliorohexane nanodroplets were used in these studies
because of their ability to vaporize and recondense in response to pulsed laser irradiation.
The optically triggered PFHND is one of many perfluorocarbon nanodroplet sp&ies
52,53, 132 133, and not only can they be used for sugsolution imaging, but also for

contrastte nhanced i maging, by relying on the

68



activate[56]. These PFHNnDs can be synthesized atmsidoomeer sizes and are thus
capable of reaching extravascular targets. The PFHnDs consist of a perfluorohexane core,
an optical dye, and a fluorosurfactant sti#B3. In response to pulsed laser irradiation,

the PFHNDs can be vaporized and become gaseous microbubbles that can be used for
contrastenhanced ultrasound images. Furthermore, because the boiling point of
perfluorohexane (56°C) is higher than physiological body temperature, the PFHnDs can
recondense to the native liquid state and can repeatedly undergetnaimsgeons[133.

Luke et al. found that the recondensation process of PFHNDs is stochastic and thus at a
given time during recondensation, a sparse subset of PFHnDs can be obtained, allowing
for isolation and localization of individual PFHN[E5]. In their method, a stack of images

was collected using conventional ultrasound imaging while PFHnDs were recondensing
postlaser irradiation. Then, a signal from e&FHnD was isolated by taking a difference

between consecutive images to detect randomly recondensed PFHNDs.

In this chaptey we propose a method for improving supesolution imaging of
PFHNnDs using ultrafast ultrasound imaging and a temporal compouagigach.
Specifically, before taking a difference of ultrasound sequences to detect a stochastic
recondensation event, we combine multiple frames before and after droplet recondensation
to suppress random background noise thus to improve the accuraggesfesolution
imaging. To demonstrate our approach, a tisauaicking phantom containing PFHNDs

was used.

5.2 Materials and Methods

5.2.1 SuperResolution Process with Opticallyriggered Perfluorohexane Nanodroplets
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Supetresolution imaging with PFHnDs relies the random recondensation of
PFHNDs. The vaporization and recondensation of PFHnDs are likely to be stochastic
because they are a combined function of droplet size, local laser fluence, amount of dye
captured, local temperature, local pressure, and lseoelasticity[55, 79, 147. To
capture their random recondensation, Higimerate ultrasound imaging is required

because PFHnDOgpically recondense within several milliseconds, 147).

Pulsed-laser irradiation

Before laser irradiation After laser irradiation (stochastic recondensation)

U imaes -

1

Differential images

1

Thresholded images

1
Super-resolved targets

1

Accumulated targets
(final super-resolution map)

Time

Figure 25 7 An overall protocol for super-resolution ultrasound imaging with
optically triggered perfluorohexane nanodroplets (PFHNDs). Thresholded images in
the third row are binary images (green for zero and yellow for one) andhe sparse
isolated droplets which do not have any other droplets located closely, asthownwith
white squares.

The overall protocol of supeesolution imaging with PFHNDs is illustrated in
Figure 25. When the laser pulse irradiates the volume, the PFHNnDs are immediately
vaporized, producing high contrast ultrasound signals. Then, they begin stochastically
condensing back to the original liquid state. As illustrateBigure 25, the signals from
vaporized PFHNDs appear in the second ultrasound image right after laser activation, and

then these signals gradually disappear as a function of time because of the random
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recondensation of PFHnDs. To detect a sparse subset of randomly recondensing droplets
in each frame, differential ultrasound images are taken by subtracting adjacent ultrasound
images (note that two terms differentiation and subtraction are used inggrabgnin this
chapte). In other words, podaser ultrasound images are subtracted continuously, as
shown in the seconw images, to produce a series of differential images. Then,
thresholding is applied to reject hiffirequency noise amplified by theifferentiation
process and to detect only the signals from recondensed PFHNDs. The thresholded images
are binarized to find the location of droplet signals. From these binary images (images in
the third row in Figure 25), the sparse isolated droplets, which do not have any other
droplets located closely, are selected as shown with wbiteed boxes irFigure 25.
Subsequently, these PFHND patches are fitted to a Gaussian approximation of the PSF of
the imaging system, allowing for precise localization of PFHNnD positions. Thus, each
differential ultrasound image can produce aipbsupefresolution map of a sparse subset

of PFHNDs recondensed at that time. Finally, all supsolved targets are combined to
create a final supeesolution map. This entire process can be repeated in response to each

pulsedlaser irradiation.

5.2.2 Temporal Compounding Approach

To improve the reliability of supeesolution imaging and thus to further enhance
the spatial resolution, this study uses ultrafast ultrasound imaging and introduces a
temporal compounding approach that respectively averagdsple pre and post
recondensation images before taking a difference between consecutive ultrasound images.
In an example illustrated iigure26, all PFHNDs ira particular region of interest vaporize

immediately in response to laser illumination, but recondense at different times. Given that
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Differential image . ‘

Super-resolved target

Figure 261 A diagram describing the temporal compounding approach. Here, the
small dark blue circles present nanodroplets before activation and the large light blue
circles vaporized microbubbles after activation. Yellow shaded region indicates the
nanodroplets under laser illumination.

the frame rate of ultrafast imaging is much higher thanahadnventional bearby-beam
ultrasound imaging, in principle, several ultrafast frames can remain the same before
recondensation (frames denoted by red outlinEBigure 26). Similarly, several ultrafast

frames can also remain the same after a specific recondensation event (frames denoted by
blue outline). However, ultrasound images contain noise, which is amplified during the
frame differentiation process, and therefdhe Gaussian approximation of the PSF of the
system may not be reliadl#48. Thus, using temporal information obtained from ultrafast
ultrasound imaging, preand postecondensation frames are respectively compounded,
and then the corresponding compounded frames with higher -$tgnaise ratio (SNR)

are subtracted from each other to create a differential image. Here, the number of ultrafast

frames used for compounding is an important parameter that determines the degree of
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improvement. The rest of the supesolution process follows the same protatzdcribed
previously[55]. Briefly, the differential images were thresholdeddetect recondensed
droplets, and Gaussian approximation was used determine the location of the detected

droplets.

Similar to the previous approach, our method first detects recondensation events by
differentiation and thresholding methods. In genathidetected, isolated droplets could
recondense at different, random times and, therefore, would be captured in different
frames. From every detected frame for each dropletrqu@ndensation and pest
recondensation images are compounded, respecti@etprding to our choice of the
number of compounded frames. Two compounded images (i.e., one containing vaporized
PFHND signals and another containing recondensed background signals) are subtracted to
obtain noisereduced differential images as showrfigure26. In some cases, due to the
random nature of droplet recondensation, the number of frames compounded prest
recondensation could be different. A dropletondensing "early(when the number of
desired compounded image&snd the recondensation event occurs prior té'fffeame)
would limit the prerecondensation frame compounding while the "late" recondensing
droplet(when the recondensation eventws within laski 1 frames)would limit post
recondensation compounding. For example, if one droplet is deactivated in the third frame,
then it would have at most only two precondensation images to be compounded. This
would not affect the postcondesation compounding as the originally selected number
of compounded frames {1lI0) for analysis in pogtcondensation would be used. As a
result, a droplet that recondenses midway through acquisition best demonstrates the effect

of temporal compounding taniprove spatial resolution as it allows for the originally
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selected number of compounded frames to be usedape postecondensation. In
addition, the number of frames for compounding would be further limited wherompre
postrecondensation patches feach droplet contain recondensation events from other
closely located droplets, which are rejected by tracking the number of peaks in the patches.
Thus, local peaks in each candidate patch are detected and when more than one occurs, that
patch was not usedhe size of the patch was determined by the ultrasound wavegength

In this study, the dimension of the patch was 3a-(i.e., 0.96 mm x 0.96 mm).

5.2.3 Experimental Setp

(b) PFHnDs
y

Optical \ e
bundles

Figure 277 (a) An experimental setup consisting of a Inear array transducer with
bifurcated optical fiber bundles and a fabricated polyacrylamide gel, and (b) a
diagram representing the phantom containing PFHnDs. The red rectangle in the
cubic phantom indicates an example crossection as an imaging plane

To verify the temporal compounding approach, we fabricated a 4mBuiking
phantom containing PFHNDs mixed in a polyacrylamide Bgufe 27 (a)). It has been
denonstrated that a polyacrylamide phantom has tiikeeacoustic properties such as
density, sound speed, acoustic impedance, and attenuation; from the parameter published
elsewherg¢149, the acoustic attenuation coefficient was calculated to be 2.0 dB/cm at 9.6

MHz (a center frequency used in this study). In addition, a polyacrylamide phantom has
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desired optical properties as it is transparent in thein&ared regionf15Q. Although
not performed in our study, the optical absorption and scattering properties of gel can be

tuned using additives.

PFHNDs were prepared using 3 mL of deionized water, 0.3 mL of perfluorohexane
(FluoroMed, L.P., Round Rock, TXJSA), 1 mL of Zonyl fluorosurfactant (1% vlv,
SigmaAldrich, St. Louis, MO, USA), and 2 mg of near infrared absorbing dye (Epolight
3072, Epolin, Inc., Newark, NJ, USA) with an optical absorption near 1064 nm
wavelength. Droplets were formed by adding matgto a 7 mL scintillation vial, placing
the vial in a water bath, and sonicating the mixture using a probe sonicator (Q500, QSonica
LLC, Newtown, CT, USA) for 60 seconds at an amplitude of ®he.resulting emulsion
was washed in a mugentrifuge (Mni-Spin, Eppendorf, Hamburg, Germany) at 400 rcf
for 2 min. The supernatant was kept and the pellet discarded. Droplets were sized at 464
nm x 129 nm (Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, UK). From stock,

the droplet concentration was €¥nodroplets/mL.

The volume of the phantom was 170 mL and consisted of 42.5 mL of 40%
polyacrylamide solution (Thermo Fisher Scientific, Walthan, MA, USA), 1.7 mL of 10%
ammonium persulfate solution (Sigmddrich, St. Louis, MO, USA), 212.5 pL of
TEMED (SigmaAldrich, St. Louis, MO, USA), and 127 mL of deionized water. The
water, polyacrylamide solution, and ammonium persulfate were addeglitchaer flask
and mixed using stir plate for about 10 minutes. Using a vacuum chamber, the volume was
degassedAfter degassing and prior to adding TEMED to solidify the polyacrylamide gel,

17 uL of PFHNDs (1:10,000 dilution, ~t®anodroplets/mL) from the stock were added

to the solution.
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The approximate concentration of the droplets in the unit volume resulte@l in
nanodroplets/mim (i . e. , one nan d)d@uo ptude tequirese repeale® 0 & m
tracking of individual droplets over multiple blinking events for resolution assessment.
However, considering the wultrasoundywavele
used in the study), the average spacing between nanodroplets would be not far greater than
the resolution, which may not be appropriate in observing individual PFHnDs over the
course of repeated vaporization and recondensation events. However, besalesesitly
of perfluorohexane (1.68 g/ml) is greater than water, many of them could settle down
toward the bottom of the phantom while being solidified. Thus, we have fabricated the
phantom with various concentrations and heuristically determined the ta@ticen(i.e.,

10* nanodroplets/mL) to not only have the reasonable number of PFHND signals, but to

also have the appropriate PFHNDs sparsity for signal localization.

The fabricated phantom was imaged using a mnatrelength photoacoustic and
planewave ultrasound imaging system that combines a waveletgthable nanosecond
pulsed laser (Phocus Mobile, Opotek Inc., Carlsbad, CA, USA) and a programmable
ultrasound imaging system (Vantage 2%6Verasonics Inc., Kirkland, WA, USA)
equipped with a linear ay transducer (L13-%v, Verasonics Inc., Kirkland, WA, USA)
operating at 9.6 MHz center frequeridp]]. In this study, a single optical wavelength of
1064 nm wasised; this wavelength is near the peak optical absorption of thieatyed
PFHND. Using nanosecond laser pulses delivered through the bifurcated optical fiber
bundles placed on both sides of the ultrasound imaging transéigere27 (a)), the area
of phantom underneath of the transducer was irradiated. The laser fluence measured from

the output of the optical bundles was 47.5 mJ/matisfying the ANSI safety lim[114].
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Before and after the laser pulses, the irradiated area was imaged using ultrafast ultrasound
to capture the temporal dynamics of the PFHnBigure 27 (b)). A pulserepetition
frequency (PRF) of ultrafast ultrasound imaging was 9 kHz but, due to angular
compounding of three planeav e angl es ( 7e¥ektive filtiAe ratetd A) |
ultrasound imaging was 3 kHz. For each laser pulse, 90 compounded ultrasound frames
were collected. The Verasonics system beamformed alfoamat data and stored the
resultant 1Q data, which were processedliof for supeiresdution imaging. The PRF of

laser pulses was 10 Hz thus the pulsesgr irradiation and the ultrasound data acquisition

were repeated every 100 ms.

5.2.4 Lateral and Axial Resolution Assessment

Lateral
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SR targets

Axial distance (pm)
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Lateral distance (xm)

Figure 2871 Assessment of lateral and axi resolutions of supefresolution imaging.

To assess the effect of the temporal compounding in sapelution imaging,
lateral and axial resolutions as a function of the number of compounded frames were

guantified using the method described elsewli&tg. Specifically, we irradiated the
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phantom with 50 laser pulses repeatedly and found the isolated droplets that blinked more
than or equal to 30 times. Then, the distribution of at least 30-segu@wved positions from

each droplet was fit to the Gaussian function both laterally and yaxallobtain
corresponding full width at half maximum (FWHM) in both directions as showigure

28. The FWHM in lateral and axial directions are referred to as F\MNd FWHNL,
respectively. For the better statistical analysis, we repeated this process by imaging 7
different crosssections of the phantom. Using the droplets that blinked more than or equal
to 30 times, found in these 7 imaging planes, we evallatédMa: and FWHMix as a

function of the number of temporally compounded frames.

5.3 Results

Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 6 Plane 7

Before Laser
Pulse
i

Pulse

a] EB ‘ ’ a

After Laser

%‘]3 o

Super-resolution  Differential

Figure 291 Super-resolution imaging results with 7 imaging planes selected in the
phantom. Columns represent different imaging planes from fane 1 to plane 7. The
first and second row images represent preand postlaser activation ultrasound
images, respectively. To employ the signals solely generated from the vaporized
PFHNDs, differential images between preand postlaser ultrasound imageswere
taken and presented in the third row. Supeiresolution imaging was performed with
50 laser pulses and the resulting supeesolved targets accumulated over all laser
pulses,are shown in the fourth row images
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We imaged 7 crossections of the ph&aom where each crosection (referred as
Pl ane 1, ,Plana hidrig2e29) was exposed to 50 laser pulses accompanied
with ultrafast ultrasound imaging. €hresults presented iRigure 29 show typical
greyscale ultrasound images before and after laser pulses that led to optical activation of
PFHNDs. In addition, differential ultrasound images for each eston are also shown
in Figure29. Finally, the resultant supeesolved targets were accumulated and displayed
in the superesolution maps shown in the last row kigure 29. Here, 15 locations
highlighted by the blue squares contain at least 30 and up to 56rsspked positions of
the droplet while other supeesolved targets had less than 30 blinking events and were

not used in further analysis.
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Figure 301 Super-resolved positions of droplets (15 locations with droplets exhibiting
at least 30 blinking events) as a function of the number of compounded frames (1, 2,
4, and 8).

Using 15 locations of supeesolved dropletpresented ifrigure29, we evaluated

the effect of the temporal compounding approach and the corresponding resolution
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Table 817 Mean recondersation frames

Location Recondensation frame (mean = STD)
1 2.3+0.8
2 29+0.9
3 2.3+05
4 21+0.2
5 5.8+3.9
6 28+0.7
7 8241
8 50+£2.3
9 23+04
10 22+04
11 125+4.6
12 26 +0.5
13 2.1+05
14 99+20
15 2.2+0.4

enhancement. Specifically, temporal compounding using one frame (i.e., no compounding)
to 10 frames was applied, and the variations in the distribution of the-ragoédved
positions of each target were estimated. The results shofigune 30 indicate that the
superresolved positions tend to converge toward the center as the number of compounded
frames increases. Indeed, temporal compounding reduces the variations iresaped

targets and thus improves the reliability and the localization accuracy inrggpértion
imaging.Table8 lists the mean frame numbers and their standard dewvsst5TD), where

the recondensation events occurred for all corresponding 15 droplets. As previously
explained, the droplets are recondensed at random, and at different times. Therefore, even
if our parameter of the number of compounded frames variesifaniO, the number of

pre- and postrecondensation frames to be compounded cannot be necessarily 1 to 10. For,
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example, for the droplet termed location 8, the mean recondensation frame was 5, meaning

that its prerecondensation images can be up to 4 fsaoneaverage
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Figure 317 FWHM iat and FWHM ax assessment results as a function of the number of
compounding frames. Blue lines represent the means of FWHMand FWHM ax and
black dotted lines represent corresponding 95% confidendatervals.

Furthermore, we quantified FWHMand FWHMyx of the location of these 15
droplets and evaluated their means and 95% confidence intervals. The results are presented
in Figure 31 where blue lines represent the means of FWHAMD FWHMix and black
dotted lines represent their 95% confidence intervals. Here, the number of compounded
frames equal to one correspondstie previously introduced approafdb]. As can be
seen inFigure 31, both FWHMa: and FWHMx decease as the number of compounded

frames used increases. Compared to the previous approach where no compounding was
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used, the temporal compounding improves the lateral and axial resolutions by up to 54%

and 68%, respdively.

5.4 Discussion

Our study revisited supeesolution ultrasound imaging of optically triggered
PFHNDs introduced earlief55]. Using ultrafastultrasound imaging and temporal
compounding, the localization of the targets was improved. Ultrafast ultrasound imaging
captures an order of one to two times more temporal information on the transient, stochastic
recondensation of the PFHNDs. Hence, keefiifferentiating adjacent images to identify
the recondensation event, the temporal compounding approach, which averages multiple
pre and postecondensation images, could be applied to further improve the ability to
localize the PFHNDs. Using the tisseemicking phantom containing PFHNDs, we have
shown that our approach improves both lateral and axial resolutions by about a factor of
two. Because frame averaging reduces electrical background noise, the Gaussian
approximation of the PSF of the imagingsm was more reliable, leading to improved

spatial resolution.

To understand the theoretical limit of spatial resolution improvements in our
approach, we have investigated how the random noise in the ultrasound image affects the
Gaussian fitting procesbrough the simulation. In supegsolution fluorescent imaging, it
has been proven that the uncertainty of the Gaussian fitting (i.e., the position error of each
measurement) is related to the standard deviation (STD) of the imaging system PSF, the
numberof photons, pixelation noise, and background electrical npig€. Because the

STD of the PSF and the pixilation noise would be fixed in the given system and the number
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of photons is not applicable to ultrasound imaging, here we observed the changes in
FWHM of the superesolution imaging as a function tife background noise and as a

function of the number of compounded frames. We modeled signals from pre
recondensation PFHnDs as the PSF of the system and signals frereqoostensation

PFHNDs as background. Then, we have added zero mean white GaussamthaSTDs

ranging from O to 0.25 with a step size of 0.05 to bothamd postrecondensation images,
resulting in the signaio-n oi se ratios (SNRs) ranging from
was measured as a function of the number of compounded frarties subtracted images

after temporal compoundingigure32 shows an exemplary comparison between 1 and 10
compounded frames with the noise STD of 0.1. When the compounded frames were 10,

the subtracted PFHND signal was less noisy, leading to far reduced localization errors.

noise STD: 0.1, #CMPND: 1
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X (pixel)
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noise STD: 0.1, #CMPND: 10

Figure 32 7 Simulation steps to evaluate the proposed approach with various
electrical noise and the number of compounded frames. Here, the modeled PSF is
added with noise with a STD of 0.1 to create noissrrupted images. 1 and 10
compounded frames are compared to nrgsent how they affect the distribution of
localization positions
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The results of the simulaticawre shown irFigure 33. Overall, as the number of
compounded framesncreases, FWHM decreases (i.e., spatial resolution improves)
because the electrical background noise added reduces as the number of compounded
frames increases. | f SNR is B dB (i .e.,
localization error occurck resulting in the FWHM of 0. However, as the SNR decreases,
the FWHM becomes large up to about one pixel. As the number of compounded frames
reaches 10, the improvement in the FWHM was almost five fold for the SNR of 11.2 dB.
Overall results show that pending on the SNR of ultrasound images, the temporal

compounding leads to gradual resolution improvement.

1 — SNR: 0o dB
——SNR: 25.1 dB
%0'8 m—SNR: 19.1 dB| |
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206 SNR: 13.1 dB| |
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=
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1 2 3 4 5 6 7 8 9 10
Number of compounded frames

Figure 337 The estimated FWHM in terms of pixel as a function of the number of
compounded frames with various SNRs

In theory, the noise reduction by averaging signals is proportional to the square root
of the number of the compounded frames. Thus, if we have the very large number of
compounded frames, the effect of the noise should be negligible. However, our approach
relies on the subtraction process between prel postrecondensation images, which

amplifies the noise influence after averaging, limiting the decrease in FWHM.
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Furthermore, as presented Table 8, many droplets recondensed at relatively earlier
frames (2 to 3). Therefore, our experimental result&igure 31 show more limited
improvements in resolution, compared to the simulation resufsgure 33. The droplet
locations for 7, 11, and 14 had relatively larger mean recondensed frames, and thus, they
resulted in the narrower distributions with respect to the number of compounded frames in
Figure30 compared to other droplets. As a result, the fundamental limit of the resolution
improvement is dependent on noise of the system and the random recondensation timing

of each droplet.

Although the frame compounding approach is simple and effective in resolution
enhancement, combining multiple frames can cause physiological motion artifacts, which
are critical in superesolution[141]. However, even if 10 images (i.e., ideally 20 images
for both pre and postrecondensation images) are used for temporal compounding, it only
requires imaging target to be stationary for B.6 (the frame rate of 3 kHz in this study
was used to compute the imaging time, i.e., 0.33 ms x 20 images). Fortunately, as can be
seen irFigure 31, the enhancemenits both lateral and axial resolutions is most noticeable
for small number of frames. In other words, our approach only needs up to five frames to
reach its almost full potential, which takes less than 3.3 ms (0.33 ms x 5 x 2 images).
Furthermore, althougive used the PRF of 9 kHz with three angles of plane waves, the
PRF could be higher if the imaging depth permits (theoretically, for imaging ohan20
depth, the PRF can reach up to 38.5 kHz), which can further alleviate potential concerns in

motion artifacts.

This study has not investigated the effect of the frame rate in-seg@ution

imaging. However, not only could the frame rate affect motion artifacts, but also it can
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determine the overall imaging time or the number of isolatable nanodropl&tserguulse.

As discussed, the recondensation of the PFHnRBstischastic process. Therefore, if two
closelyspaced droplets are recondensed at a slightly different time, then slowerdtame
imaging will identify them as recondensed at the same times not allowing for
localization of each droplet. However, imaging with a faster frame rate should resolve them
as two separable droplets. Thus, as the frame rate increases, an increased number of isolated
droplets could be detected. Consequently, adrigbhncentration of PFHnDs can be used

with higher frame rate imaging, which also will reduce the overall imaging time. Our future
study will include the investigation of the effect of the frame rate in sugsetution

imaging.

The laseractivated PFHnDsecondense randomly and thus at different times,
which is the crucial finding that enables the sugsolution with nanodroplets. However,
in our experiments, many droplets were recondensed in the first few ultrasound frames thus
limiting the applicabiliy of the temporal compounding approach. Thus, a method to make
the recondensation of the droplets more stochastic and less transient should be studied in
the future. If the stochastic behavior of the droplets could be manipulated, more super
resolved targts could be imaged while the imaging session is shortened. For example,
because the boiling point of a gas core affects recondensation dynamics, instead of pure
perfluorohexane (boiling point: 56°C), a mixture of perfluorohexane and perfluoropentane
(boiling point: 29°C) could be used to extend the recondensatior 14 In addition,
to make droplet recondensation more random, a polydisperse distribution of droplets can

be used because the size of droplets also affects the recondensation time.
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The penetration depth ¢ight is typically more limited than that of an acoustic
wave. Therefore, to reach full potential of the optically triggered PFblad2d super
resolution imaging, a thorough investigation of the activated depth of the PFHnDs is
necessary. Our previous wauking perfluoropentane nanodroplets has shown that these
droplets can be vaporized at further thanarBdepth in turbid medib3]. The PFHNDs
may have a slightly shallower imaging depth because they could require higher optical
fluence to be activated duettee higher boiling point. Therefore, clinical applications using
the PFHNDs could be restricted. However, it has been shown that negative pressure of
externally applied acoustic field could be used together with laser pulses to increase the

activation effciency of droplet$152,.

Unlike supesresolution imaging based on micromes&zed contrast agents, we
have used submicrometsized nanodroplets capable of extravasatiogh the vascular
compartment, which may expand the utility of supesolution imaging. Currently
available imaging methods struggle to charactenzevo tumors at the molecular and
cellular level. Understanding the molecular composition of a tunmuEal in treatment
planning and outcome because tumor cells are genetically heterog¢aeblusSuper
resoldion imaging with molecularly targeted PFHNnDs could be a solution in identifying

the tumor microenvironment, enabling the effective personalized treatment.

5.5 Conclusion

We have introduced a method for improving su@solution imaging with
ultrafast ultrasund imaging of optically triggered PFHnDs. The frame compounding

approach was suggested and verified with the phantom containing PFHnDs. Quantitative
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assessment of the method has shown that lateral and axial resolutions can be reduced by
54% and 68%, regatively, over the previous approach, indicating that it can be used for

localizing extravascular molecular targets with improved accuracy.
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CHAPTER 6. COMBINED MULTI -WAVELENGTH
PHOTOACOUSTIC AND PLANE-WAVE ULTRASOUND
IMAGING FOR PROBING DYNAMIC PHASE-CHANGE

CONTRAST AGENTS

The chapter was reproduced and reprinted with permission from H. Yoon, and S.
Y. Emel i anov, -wa®length photeadousticuand plamave ultrasound
imaging for probingdynamic phasehange contrast ageots | EEE Transact

Biomedical Engineering, June, 2018. © 2018 IEEEe reference can be found[ib3.

The purpose of this study was to introduce combined +waltielength
photoacoustic (PAand planevave ultrasound (US) imaging referred to as mwPA/pwUS
imaging capable of probing the rapid dynamic behadioptically activated phasehange
contrast agents. A dedicated mwPA/pwUS imaging sequeasadevelopethased ora
programmable US system synchronized with a tunable faseradiate tissue with laser
pulses at desired optical wavelengths and to aequastlaserpulse PA images followed
by ultrafast planevave US images. To evaluate the mwPA/pwUS imagincallary
filled with optically responsive perfluorohexane nanodroplesHnD9 containing a dye
with thepeak absorption at 760 nwas imaged Wh optical wavelengths ranging fron®0
nm to 940 nmThe differences between pdaser ultrafast US images (i.e., differential US
(pU P were taken to visualize the recondensation dynamics of PFHnDs at each
wavelength. ThePA images of PFHnDs showed h& contrast near 760 nm,
corresponding to the peak absorption of the dye encapsulated in the PFHnDs. Moreover,

the U Signals immediately after 760 nm puldeder irradiation were also high due to

89



the increased US contrast associated with vaporized P&Hhe mwPA/pwUS imaging
allowed for the UShased optical spectroscopic characterization of PFHnDs and their
dynamics.The introduced mwPA/pwUS imaging sequence can be used in various clinical
applications where both spectroscopic PA imaging of endogeaond®r exogenous

chromophores and ultrafast US imaging of phas&nge nanodroplets are desired.

6.1 Introduction

Phasechange ultrasound contrast agents such as perfluorocarbon nanodroplets
have demonstrated promising potential in various diagnostic ultndsand therapeutic
applicationgd48, 51]. Unl i ke traditional mi crobubbl es
change contrast agents can be synthesized ansubmeter sizes, which allows them to
extravasate from the intnaascular spacpt7, 154. In addition, because of their relative
stability, these phasehange contrast agents can circulate longer than microbiydbles
Once administered, they can be vaporized by an acousgerttig undergo a liquitb-gas

phase transition, providing edemand high contrast ultrasoui81, 155.

Optically triggered nanodroplets (nDs) are a new class of gtiesege contrast
agentd49]. These nanodroplets contain optical absorbers (e.g., dyes or nanoparticles) that
can be used twaporizeperfluorocarbon nDs in response to pulaEser irradiatior49,

52, 129 13(. PerfluorohexanenanodropletfPFHNnDs)with the boiling point (56°C)
higher than the physiologic&lody temperature (37°Cyecondenseafter vaporization
Importantly, this vaporizaticeondensation process is repeatabidich offers repeated
high-contrast photoacoustic (PAnd ultrasound (USignals. Here, PA signals are

generated fronboth thevaporizationof PFHNDs andthethermal expansion of dyeithin
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PFHNDs US signals are increabelue toan acoustic backscattering from th@nsient

microbubbles formed right after vaporization of PFHnDs.

The recondensation of PFHNnDs is a function of many factors including core type,
droplet size, photoabsorbgmpe, local optical fluence, local temperature, local acoustic
pressure, and local viscoelastidi§pb, 79, 147]. The droplet reconaesation is, therefore,
transient and stochastin general Previously, the gat®-liquid transition of PFHnDs
captured via ultrasound imaging was demonstrated in several applications includirg super
resolution imaging of the vasculature and contestaced imaging of the mouse lymph
node[55, 56, 133. However, it has been experimentally shown that the recondensation of
the PFHnDstypically takes just a few milliseconds althoughcduld vary from a few
microseconds to tens of milliseconfis, 147. Therefore, higHramerate ultrasound
imaging is required to capture the gaseous state of vaporized PFHnDs prior to

recondensatn.

Previously, PFHnDs were imaged using a preclinical US and PA imaging system
(Vevo 2100, FUJIFILM VisualSonics, Inc., Toronto, ON, Canada), where laser
illumination was not synchronized with US imaging; this was done to achiewdraigke
rate US imaonpg during laser activation of the PFHN[&S, 56, 133. Consequently, no
corresponding PA images were obtained due to technical limitations of the US/PA, system
operating at 20 Hz or slower. Thus, hifyjamerate US imaging synchronized with PA
imaging is desired to fully exploit the benefits of optically triggered contrast agents such

as PFHNDs.
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Introducing a tunable laser to trigger nDs containing photoabsorbers with distinct
optical absorption peaks allows for selective activation of nDs, ewglbfiultiplexed
imaging of molecularly targeted nDs. A previous study has shown that a subset of
perfluoropentane nanodroplets (PFPnDs) can be selectively activated at the wavelength
corresponding to the particular optical dye indtteePFPnDs, whereas tlgther PFPnDs
containing the dye with different peak absorption were not actiya&sl. Due to the low
boiling point of perfluoropentane (29°C), the PFPnDs vaporize but do not recondense.
Therefore, lowframerate US and spectroscopic PA (sPA) imaging were used. However,
to extend this method to image PFHNDs, Higimerate US with sPAmaging is needed.

In addition, SPA imaging not only enables the selective activation and imaging of nDs, but

also allows for the quantification of <chro

The goal of this study was to design, implement, andaiegihaging sequence
capable of acquiring spectroscopic PA (sPA) images followed by ultrafast ultrasound
images. This imaging sequence, referred to as iwakelength PA and plangave US
(mwPA/pwUS) imaging, can capture the dynamic behavior of PFHnDsan be used in
various applications including supegsolution imaging, contraginhanced imaging, and

molecular multiplex imaging.

6.2 Multi -Wavelength PA and PlaneWave US imaging

6.2.1 System Configuration

To implement mWPA/pwUS imaging, a programmable ultrasound system (Vantage
256™, Verasonics Inc., Kirkland, WA, USA) and a tunable pulsed laser (Phocus Mobile,

Opotek Inc., Carlsbad, CA, USA) were interfaced and synchronized with a host controller
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(Figure34). Bifurcated optical fiber bundles placed at two sides of a linear array transducer
were connected to the laser system to irradiate the imaging volume with laser pulses at
1,064 nm (NdYAG primary wavelength) or 690 niin 950 nm (Nd:YAG laser pumped

OPO system)To tune the laser wavelength, the laser was controlled by the host controller
using dedicated dynamlmk libraries. Using the MATLAB (MathWorks, Natick, MA,

USA), customized imging routines were developed to sweep the optical wavelength and

to acquire poslaserpulse PA and ultrafast US images.

(a)
[ !
Q-Switch Flashlamp Trig IN Trig OUT
N | aser OUT |usB| Host |Pcle Ultrasound
(Phocus) controller (Vantage-256)
Nd:YAG Pump OPO
T
g5
Ultrasound
transducer Nl [ /2 —. Bifurcated
L/ optical fiber bundle
Imaging
sample

(b) = I

Laser Ultrasound
(Phocus) . (Vantage-256)

Integrated imaging
probe

Figure 34 1 (a) Block diagram and (b) photograph of the mwPA/pwUS system
containing an ultrasound imager, alaser system, a host controller, and an integrated
imaging probe consisting of an ultrasound transducer and optical fiber bundles.

6.2.2 Imaging Sequence
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(a) Real-time US — Real-time US/PA (b) Multi-wavelength PA and plane-wave US imaging
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Figure 3571 (a) Reattime US and reattime US/PA imaging mode. (b) mwPA/pwUS
imaging mode, where gray lines present ultrafast ultrasound frames acquired as a
function of time, and red, yellow, and green lines present mulivavelength laser
pulses. Light blue lines indicate photoacoustic frames. (c) A detailed view of an
imaging segmenbf the overall mwPA/pwUS imaging

The overall imaging sequence consisted of-tiea¢ US/PA imaging as a default
mode Figure35 (a)) and mwPA/pwUS imaging as ancagsition mode Figure 35 (b)).
The default reatime imaging was used to identify imaging targets before switching to the
acquisitionmode.In the mwPA/pwUS imagindaser pulses with prselected wavelengths
(i .1e2 & é® wereassed for two purposes: to activate PFHnDs, and/or to obtain sPA
images. After irradiating the tissue with a laser pulse at a desired wavelength and obtaining
a corresponding PA imageltnafast US imaging captured the temporal dynamics of

PFHNDs.

The imagingsequence statlwith irradiation ofa lasempulsetuned to a particular
wavelength, followed by PA and US imagir§achsegment of an imaging sequence,

outlined using a blue dottaectangular boXFigure 35 (b) and (c), consiséd of several
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modulesncluding wavelength tuning, - @witch delay, PA image acquisition, ultrafast US

image acquisitin, and dataransfer Figure35 (c)). For Trung, the laser system was tuned

to produce a desired optical wavelength. Then, the ultrasound system waikgdfdor

aiif l ashl amp OUTO trigger signal from the | ¢
periodic, and in the case of our laser system, it was repeated every 0.1 sec (10 Hz). Once
triggered, the ultrasound syst @eerninedQ out
Switch delay Tos_peLay) to irradiate a laser lighffterth e -$iv@i t ch | NOo si gnal
Verasonics system activated laser pulse generation, PA acquisition began immediately and
continued for half of a prdefinedUS pulserepetition inteval (PRI) (i.e.,TprV2). Thus,

the Verasonics system controlléa Q-Switch delay signabetermining the laser fluence

Then, ultrafast US images were acquired based on theleBeed number of plan@ave

angles and frame$€ach imaging segmermger laser pulseoncluded with transfer of

captured datalfransreR).

For mwPA/pwUSimaging the singlewavelength PA and ultrafast imaging was
repeated for each optical wavelvwageathed i . e. |,

(Figure35 (b)).

6.2.3 PFHNnD Synthesis and Phantom Experiments

The PFHNnDs were synthesized by sonicabased methods, described in detail
elsewhere[133. The resulting PFHnDs consisted offlaorosurfactant (ZonylFSO,
SigmaAldrich, St. Louis, MO, USA)shell with aliquid perfluorohexane (FluoroMed,
L.P., Round Rock, TX, USAandan optical dye (Epolight 9151, Epolin Inc., Newark, NJ,

USA). The qtical absorption peatf the dye wasround 760 nm
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Figure 3671 (a) Experimental setup for imaging PFHnDs and (b) an example Bcan
ultrasound image of the crosssection of the tube

To testthe developed systema phantom containing a smahpillary (inner and
outer diameters are 1.6 mm and &®, respectively), filled with PFHnDs and positioned
horizontally in a plastic cuvettavas preparedHgure 36 (a)). The integrated imaging
probe was positioned ab® the tube phantom, and the phantom was imaged such that the

capillary tube was orthogonal to the imaging plafigyre36 (b)).

A linear array transducer (LZ201, BWFILM VisualSonics Inc., Toronto, ON,
Canada) integrated with optical fibers was used. This transducer was connected to the
ultrasound system via an adapter (UTA 360, Verasonics Inc., Kirkland, WA, USA). A
single angle (0°) of a plane wave with a centegfiency of 15.6 MH@.e., thewavelength
was 98.6 um) at a pulse repetition frequency (PRF) of 3 kHz was used for ultt&fast
imaging. Foranimaging depth of 20 mm, the PRF can be up to 38.5 kHz. However, to
avoid reverberation artifacts, a PRF of 3zkitas used in our study. Because angular
compounding was not used, the effective frame rate was the same as the PRF. An optical
wavelength range from 700 nm to 940 nm with anB0stepvas usedAt each wavelength,

a single PA image and 30S images were a@lected and displayed using a logarithmic
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scale with a dynamic range of 40 di.allow for better visualization of thecondensation
of PFHNDs, the static signals were rejected by taking a difference between atj&cent

frames.
6.3 Results and Discussion

700 nm 730 nm 760 nm 790 nm 820 nm 850 nm 880 nm 910 nm 940 nm g "

-40
dB o
-40

Figure 377 Phot oacoustic and differenti al US (g
containing PFHNDs. The images were obtained at different optical wavelengths
ranging from 700 nm to 940 nm. Each @US
difference between first two postaser ultrasound frames

PA and differential US (@pUS) i mages obt
are shown irFigure 37. Becausd®FHnDs had the dye with a peak optical absorption at
760 nm, the PA signals are stronger near 760 nm than those at other wavelengths. Starting
from 790 nm, the magnitude of PA signals decreases as wavelength increases. The
correspondi ng olbd the firsh anesecord S immageserd presented as
a function of wavelengthF{gure 37) . Given that the @US i mage
between consecutive imageght after the laser activation of PFHNnDs, the higher signals
in @US | mages i ndi cate that PFHnDs wer e s
Similar to the PA Iihighade sar opul¥8 Fi6@n alms Wédree

optical wavelengths of 880mm 910 nm, and 940 nm were very weak, indicating that at
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these wavelengths the PFHNDs were not vaporized and recondensed, thus producing no

change in @US i mages.
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Figure 381 Mean i ntensity of PA and auh8ioniolnages
optical wavelength and time after each | as
with US images under no laser irradiation

Mean intensity of PAred lines)a n d  (@ieed to blue linesgignals inside the
tube as a function of both opticahvelength and time is plottedkiigure38. Both PA and
US signals are clearly wavelength depende
was at 760 nm, the PAgsials were strong withia range fron¥00 nm to 820 nm due to
spectral shift and/or broadening of the absorptibthe dyeencapsuladin the droplet
shel | . The PA signals started to decay as
signals at highewavelengths (> 880 nm) do not change significantly over time, which
indicates that if the laser wavelength is far from the peak absorption, no vaporization of

PFHnDs occur s, and, therefore, US signal s
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signals undeno laser irradiation (orange linekigure38) . However, for the
at | ower wavelengths (< 850 nm), the | arg
demonstrates the occurrence of the PFHND vaporization. As the PFHnDs recondensed over

time, the @US signals accordingly reduced.

In the current study, we observed the vaporization and the recondensation of the
PFHNDs repeatedly at the same location. Ingrerious study, we have shown that the
PFHNDs, can repeatedly vaporize and recondense for more than a few thousafiblimes
In the future studies, we will employ the developed imaging sequence to characterize the

dynamics of PFHNnDs quantitatively.

We have demonstrated the feasibility of mwPA/pwUS imaging using PFHNDs.
Althoughanexogenous agent was usadur studyuse of mwPA/pwUS imaging is not
limited to contrasenhanced ultrasound imaging and could be used in various clinical
applications. Br example, our mwPA/pwUS imaging should be able to simultaneously
assess the oxygen saturation level for tumor characterization based on the sPA imaging
mode and visualize the dynamics of PFHNDs for tumor detection based on the ultrafast
imaging modd56, 157]. Thus, our approach can be potentially used for both detection and

characterization of cancer.

6.4 Conclusion

We have introduced combined mwPA/pwUS imaging as a tool to probe dynamic
phasechange contrast agents. The ability of mwPA/pwUS imaging was demonstrated in
the phantom study where a capillary tube containing PFHNnDs was visualized and analyzed.

We have shown that both acoustic and optical features of the PFHnD dynamic behavior
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were captured as a function of time and optical waveledgfuteintialfuture study will

include testing and optimization of the developed imaging methimoviro studees.
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CHAPTER 7. DESIGN AND DEMONSTRATION OF A
CONFIGURABLE IMAGING PLATFORM FOR COMBINE D

LASER, ULTRASOUND, AND ELASTICITY IMAGIN G

This chapter introduces a configurable combined laser, ultrasound, and elasticity
(CLUE) imaging platform. The CLUE platform enablesaigng sequences capable of
uniquely providing quantitative acoustic, optical, and mechanical contrast for
comprehensive diagnosis and monitoring of complex diseases, such as cancer. The CLUE
imaging platform was developed on a Verasonics ultrasound scemegrated with a
pulsed laser, and it was designed to be scalable and modular to allow researchers to create
their own specific imaging sequences efficiently. The CLUE imaging platform and
sequence were demonstrated in a tigaimicking phantom containg a stiff inclusion
labeled with opticallyactivated nanodroplets and in ar vivomouse spleen. We have
shown that CLUE imaging can simultaneously capture rwtttional imaging signals

providing quantitative information on tissue

7.1 Introduction

In the previous chapter, we have introduced combined -walielength
photoacoustic and plareave ultrasound (mwPA/pwUS) imaging that can trigger laser
pulses with multiple optical wavelengths to support sPA imaging and activate the PFHND;
it allows for doservation of transient PFHND dynamics activated at various optical
wavelengths by ultrafast US imaging58. The mwPA/pwUS imaging has shown its

promising ability to capture acoustic and optical contrast of PFHnDs as a function of both
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time and optical wavelength, but it cannot measure the mechanical properties oTtssue
address thisssue, there were a few attempts combining ultrasound, photoacoustic, and
elasticity imagingEmelianovet al.combinedstrain imagingbased elasticity imaging and
singlewavelength photoacoustic imagifith9. However, strain imagingould not offer
guantitative mechanicgropertiesand singlewavelength PA imaging does not quantify

the concentration of chromophorédore recently, Nguyeat al.replaced strain imaging

by quantitative SWEI and added thermal strain imaggquantifying lipidbased tissue
composition160. However, their PA imaging remains qualitative, and their system does

not support mwPA/pwUS imaging.

This chapter introdwes a configurable, moduleased imaging platform, referred
to as the combined laser, ultrasound, and elasticity (CLUE) imaging platform. The CLUE
imaging platform is capable of supporting various imaging sequences for general
researchers in this field taglore a wide array of clinical applications. In the design of the
i maging platform, we define each i maging f
allocate these imaging modules arbitrarily to design their own custom imaging sequences
according toleir specific needs. Currently, we introduce 14 imaging modules including
pulsedlaser excitation, ultrafast US acquisition, and ARF application. These imaging
modules can be freely placed as a series of imaging functions when designing an imaging
sequenceWe have developed the CLUE imaging platform using a specific ultrasound
research scanner and laser system, but our design philosophy can be adapted to other
hardware. Our CLUE imaging platform and relevant graphical user interface (GUI) scripts
are sharé in a script repository in the Verasonics Community

(http://verasonicscommunity.cgm Furthermore, thischapter introduces a combined
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imaging sequence referred to as a CLUE imaging sequence that acquires all ulirasound
based quantitative mechanical anddtional information on tissue using SWEI and PA

and ultrafast US imaging with lasaectivated PFHNnDs. Because the CLUE imaging
sequence can assess multiple quantitative aspects of tissue simultaneously, it potentially
can be used to comprehensively cheedeze the prognosis and treatment response of

diseases, such as cancer.

In thischapterwe first introducesystem configurationonsistingof anultrasound
systemanda laser, and then we explain design details of the developed CLUE imaging
platform. Next, we present a representative CLUE imaging sequence, designed on the
CLUE imaging platform.To demonstrate th imaging sequencen the CLUE imaging
platform experimental methods for phantom &xdvivomouse spleen imaging studies are

described. Sulegjuent imaging results and discussion follow

7.2 Design of Configurable Imaging Platform

7.2.1 A SetUp for Laser and Ultrasound Systems

Our configurable CLUE imaging platform was developed on a programmable
ultrasound research scanner (Vantage™56/erasonics,Inc., Kirkland, WA, USA)
integrated with a tunable pulsed laser (Phocus Mobile; Opotek Inc., Carlsbad, CA, USA)
as illustrated ifrigure39. Note that although the Ptwes Mobile laser was used, other laser
systems are not excluded, as typical laser systems have a similar communication protocol.
In addition, the CLUE imaging platform was designed on the Verasonics scanner, but the

same design approach could be appliesther ultrasound imaging systems.
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Figure 3971 Block diagram of an overall imaging setup with integrated ultrasound
and laser systems

In our setup, the laser and the Verasonics system communicate in the following
order: (1) Aperiodic Flashlamp OUT signal from the laser triggers the Verasonics system
through Trig IN1, and (2) when triggered, the Verasonics system sends a Trig OUT signal
to the laser through a function generator to fire an actual laser pulse afteteagrrened
Q-Switch delay. Here, a-Qwitch delay is a delay time between the Flashlamp OUT signal
and the @Switch IN signal, and it determines the energy of a laser pulse. In general, a
longer QSwitch delay makes the output energy of the laser weaker. Wheerithg the
Trig OUT signal from the Verasonics system to th&wWitch IN of the laser, the function
generator is used to invert the phase and to extend the duration of the Trig OUT signal in
order to satisfy the input requirements of the Phocus lasersdine approach can also be
found from our previous study58. Additionally, a laseenergy mete(Pulsar2; Ophir

OptronicsSolutions, Inc. Jerusalemilsrae) placed inside the laser was used to measure
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and collect the energy of irradiated laser pulses. Lastly, in the case that the time delay
between the Trig OUT signal and the actaakr pulse is not negligible, which may delay

the generation of PA signals, a phaletector can be incorporated to synchronize PA
imaging. The photaletector can output a trigger once it senses puiéss irradiation.

The trigger can also potentiallelused with the second trigger input (Trig IN2) of the

Verasonics system.

7.2.2 Modulebased Configurable Imaging Platform

The overall process of imaging sequence design and execution using our imaging
pl atfor m, referred t o asllustrated inAigré40 Eheildma gi n g
imaging modules listed iable9 are shown o top ofFigure40. The crux of the CLUE
imaging platform is that iallows users todesignany customized imaging sequenbg
flexible, serial allocationo f imajing module® and sel ecti on of r e
parameters according to their specific need, as showigune40. Based on the designed
imaging sequence, the CLUE imagiplatform scalably generates all relevant Verasonics

objects that are required to run the system.

Table 97 Imaging modulesused in the CLUEimaging platform.

Module name Description
UF Ultrafast imaging
UF-PI Ultrafast pulsenversion imaging
UF-INTL Ultrafast interleaved imaging
UF-PI-INTL Ultrafast pulse inversion interleaved imaging
LL Line-by-line imaging
LL-PI Line-by-line pulse inversion imaging
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LL-INTL Line-by-line interleaved imaging

LL-PIINTL Line-by-line pulseinversion interleaved imaging
PA Photoacoustic imaging

ExtLaser Pulsedlaser excitation

IntARF ARF excitation with an imaging transducer
ExtARF ARF excitation with an external transducer
Doppler Color/power Doppler imaging

Idle Idle time delay (n@peration)

The imaging modules consist of 14 fundamental building blocks of the imaging
sequence, as definedTliable9. UF represents ultrafast ultrasound imagwigich acquires
a full two-dimensional image with plangave compounding, and LL liAay-line
ultrasound imaging that sequentially acquires each scanline per traasene event with
a focused beariv3]. The UF and LL modules can be extended with either Pl or INTL or
both. PI supports pulsaversiorbased harmonic imaging and INTL enables multiple
acquisition with different transmit offset times to increase the effective sagnatie for
high-frequency ultrasound imaging. For example, since the maximum sampling rate of the
Verasonics system is 62.5 MHz, two interleaved acquisitions can make the effective
sample rate 125 MHz, supporting an effectively doubled center frequdmey?A module
only receives the signals, and thus, it usually necessitates a preceding ExtLaser module,
which irradiates a laser pulse to generate the photoacoustic signals. Nevertheless, the PA
and ExtLaser modules are designed to be independent likenotiteies. Hence, either
one of them can be used independently according to the study purpose. The IntARF and
ExtARF modules are to apply an ARF to create shear waves for SWEI. Here, for ARF
excitation, the INtARF module uses an imaging transducer conntectbé Verasonics
system, but the ExtARF module triggers an external transducer. The Doppler module

acquires both color and power Doppler images for flow quantification. The Idle module
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creates an idle wait step for a useecified time duration to cowmirthe acquisition timings
between other modules. These fundamental modules can be used to create various imaging
sequences. For example, a simple US/PA imaging sequence can be designed with a series

of the UF (or LL), ExtLaser, and PA modules.

Imaging modules

UF-PI- LL-PI-

Design
an imaging sequence
using ‘imaging modules” | Real-time imaging (default) | Data acquisition (user-designed) .., (right push)
| OFF ON
al aslinsl  OEEnD : DnnELNe0) {ala)_Tme
T
us US/D I
> USIPA < oppler | Pre-laser US PA Post-laser US SWEI (left push)
Imaging module (sequence) | Il T 1 1) ‘on [_I_]|
Generate relevant structure array Iy
Verasonics objects Verasonics obi .
- jects aray | (OB 0
(CLUE imaging platform) (TW, TX, TPC, ..., Event) \— - |

Execute Verasonics script

Figure 4071 Design and execution process of an imaging sequence using the CLUE
imaging platform. All imaging modules here are uniquely colorcoded for better
visualization of them for the rest of this chapter

The CLUE imaging platform offrs three default redime imaging methods: US,
US/PA, and US/Doppler imaging modes. A user can switch to any of these three modes in
a Verasonics GUI. A button was created on the GUI to execute theesigned custom
imaging sequence. Retne imagingwill be paused when the data acquisition is in
process. Once data is acquired and saved for offline processingmeamaging will
resumeln Figure40, a representativienaging sequence is shown. Fissham laser pulse

is placed at the beginning for synchronization of the US system and théBlasause the



timing of pulsedaser irradiation is determined by periodic Flashlamp OUT triggers of the
laser, the shamlaser pulse allowthe sequence to expeant irradiated timing ofhe next

actual laser pulseenabling acquisition of US imagexactly prior tothe actuallaser
excitation Specifically, the pulseepetition frequency (PRF) of the Flashla®pT signal

is constant at 10 Hz in the Phocus laser (i.e., pgetition interval (PRI) of 100 ms).
Thus, the Idle module with an appropriate duration can be inserted right after the irradiation
of the sham laser pulse specified by the ExtLaser mo#oleexample, if préaser US
imaging is to acquire 50 frames at 10 kHz, it will take 5 ms for data acquisition. Thus, 95
ms (= 100 ms (laser PRI)5 ms (prelaser US acquisition)) of the Idle module duration is
needed to enable the geser US acquisibin right before the actual laser pulse. Following

the laser irradiation, corresponding PA and pasér US images are captured in the
imaging sequence. Then, two SWEI processes are executed, where each process consists
of two modules: an IntARF module f&RF application and a subsequent UF module for
shear wave observation. Here, two IntARF modules in two SWEI processes apply the ARF
beams at different lateral positions to cover a complete view of SWEI mapping. The Idle
module between two SWEI acquisit®is to ensure the safety limits on acoustic intensities

outlined by the Food and Drug Administrati@t].

7.2.3 Interface of CLUE Imaging Platform

Verasonics systems are one of the most widely used research ultrasound scanners
in a diverse array of applications: from nondestructive evaluation (NDE) to clinical
diagnosis ljttp://verasonics.com/scientifreferenceg/ A user can design and use their
imaging sequence by defining Verasonics objects in the MATLAB (MathWorks, Natick,

MA) environment. The Verasonics objects are classified in two groups: global system
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objects and sequence objects. The global system objects (Resource, Trans, and PData)
define system specifications, medium properties, and transducer characteristics. The
sequence objects (TW, TX, TPC, Receive, Recon, Reconinfo, Process, Event, and
SeqControl) determine a sequence of imaging, image reconstruction, and image display.
Thus, as show in the left part oFigure4l, a user is required to define all Verasonics
objects to run their script on the system (various example scripts and a detailed wsgr man

are provided with the system).

User
Design an imaging sequence

U

CLUE Imaging Platform

User

Define global system objects

Trans, Resource, PData

Define sequence objects

Transmit (TW, TX, TPC)
Receive, Reconstruction,
Process, Sequence Control, automatically and scalably

1 < WS

Verasonics software and hardware

Generates global system and
sequence objects

Figure 417 A diagram showing the role of the CLUE imaging platform in interfacing
users and Verasonics software and hardware

The CLUE imaging platform is a moddl®sed configurable imaging platform,
providing nonadvanced users a shortcustiphisticatedmaging sequences. As shown in
the right part ofFigure4l, the CLUE imaging platform interfaces Verasonics software and
hardware on behalf of a user, and thus, one only needs to define their imaging sequence by

allocating the imaging modules listed Tiable 9. All objects required in the Verasonics



programming script are generated by our platform automatically. Once the imaging
sequence is defined, relevant parameters per imaging module can béhsesanpt or
through a custoamade GUI. InFigure 42, all imaging modules used in the imaging
sequence appear as cetmded buttons. Each module or button can besemdo adjust
relevant parameters listed in the table on the right panel. Then, the CLUE imaging platform
creates the corresponding Verasonics objects scalably according to the designed imaging

modules with the determined parameters.

Tultrafast, PRI:1000; last PRI: 1000

1 2 3 4
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13 focus 72.24025.
Run VX Load Param

Figure 427 A graphical user interface for setting imaging parameters of all imaging
module.

7.3 Experimental Methods and Materials

7.3.1 Combined Laser, Ultrasound, and Elasticity (CLUE) Imaging

To demonstrate the integrated implementation of various ultnddmased imaging
modules, our CLUE imaging sequence includes ultrafast US imaging, PA imaging, and
SWEI. The combination of the first two are to detect the PFHNnDs, which can be used for
contrastenhanced or supeesolution imaging[5557]. The PFHnDs vaporize and

recondense in response to puléaser irradiation and their transient response requires
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high-framerate US imaging57]. In addition, the vaporization event also provides strong

PA signals. Thus, in the CLUE imaging sequence showhRigare 43, we used two
respective UAmaging modules before and after laser pulses to capture the dynamic
response of the PFHnDs (blue rectangle).
obtained by subtracting prand postaser US images, is used to visualize the vaporized
PFHNDs. In adition, three SWEI sequences with three ARFs applied at different lateral
positions (left/right/middle) follow (red rectangle). The propagation of shear waves was
visualized through a twdimensional autaorrelation approachl6l] and these shear
waves were used to reconstruct the corresponding SWV maps usingdartensional
crosscorrelation approacv6]. Overall, IQ data generated from all imaging modules were

saved immediately after acquisition, and the result images were processed offline.

Imaging modules used in CLUE imaging [ UF | [ PA | (ntarF | [ idle |
Laser Laser Laser Laser Laser Laser Shear-wave elasticity imaging

OFF Ol OFF ON OFF o]

| B 1) +{1] zn.n Nz) (s 2]4] .- sﬂﬂq 1617} —+{2]12][8]} — 3[13 Time

L

Laser pulse Pre-laser US Laserpulse pu Post-laser US Laser pulse
(OFF) (2 frames) (ON) (20 frames) (OFF)
L% Laser PRI (100 ms) A

-

L]
Q-*itch délay Idle duration US PRI (500 ps)
| 'n

Flashlamp OUT Flashlamp OUT Flashlamp OUT

Figure 431 A proposed CLUE imaging sequence including 5 sets pfe-laser US, PA,
and postlaser US imaging as a function of optical fluence and three sets of SWEI
sequences

This study used a linear array ultrasound transducer (CLPhilips Healthcare,

Andover, MA, USA).Table 10 lists all parameters used in the CLUE imaging sequence.
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Laser pulsing was repeatedly disabled and enabled to obtailaspreUS images
immediately prior to the actual laser pulse (for example, URplated before ExtLaser 2

in Figure43). Thus, the Idle module was used to control the acquisition time. The desired
duration of the Idle module was computed by saditng a @QSwitch delay and a pilaser

US acquisition duration from the laser PRI (100 ms). Immediately after irradiating a laser
pulse, PA imaging and subsequent gaser US imaging followed. This study applied 5
actual laser pulses as a function e5@itch delay to demonstrate its ability to adjust the
optical fluence with respect to laser pulse, which allows for evaluation of the optical
vaporization threshold of the PFHnDs. Th&@itch delay decreased with each successive
laser pulse (400, 350, 30@70, 250 us), increasing the irradiated optical fluence

accordingly. The average measured fluence values were 33, 54, 77, 90, and ¥4 mJ/cm

SWEI in the CLUE imaging sequence consisted of three ARF applications and
three ultrafast ultrasound acquisitooto obtain the mechanical properties of tissue. As
listed inTable10, the ARFs were applied at three lateral locations and the propagation of
the shear waves werespectively tracked at a PRF of 10 kHz. Three angles of plane waves
were used for angular compoundif®fl]. For the ARF beams;rfumber of 2.5, a focal
depth of 17.5 mm, a pulsturation of 200 ps, and a center frequency of 6.5 MHz were
used. Between pushing and tracking events, an interval of 500 ms was placed using the Idle

module.
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Table 107 Imaging parameters used in the CLUE imaging sequence.
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7.3.2 Synthesis of Perfluorohexane Nanodroplets (PFHNDSs)

Perfluorohexane nanodroplets were synthesized using a sornibatied protocol.
Briefly, 1 pmolof DSPC and DSPEWPEG2000 in a 1:9 molar ratio were isolated along
with 0.5 mg of neamfraredabsorbing dye (IRL048; SigmaAldrich) from a chloroform
solution using a rotary evaporator. After rotary evaporation produced an even cake of lipid
and dye, e solid isolate was further dried under nitrogen flow in order to evaporator all

residual chloroform.

Next, the solid reagents were hydrated with 1 mL of 7.40 pH PBS and agitated
using a water bath sonicator to produce a solution oflah@ed nanomicedls. This
solution was centrifuged at 300 rcf for 1 minute in order to pellet excesefreaed dye.
Then, 900 pL of the nanomicel®ntaining supernatant was combined with 100 pL of
PBS and 50 pL of perfluorohexane. This solution was then probe sshiis on, 15 s

off, 5 times) on ice in order to produce a stock solution of PFHNnDs.

Prior to their use for imaging, 100 pL of PFHnDs were diluted in 2 mL of PBS and
bath sonicated for 5 minutes. This solution would then be centrifuged at 30f@® &cf
minutes in order to pellet PFHNDs. The supernatant would then be removed and the
PFHNDs would be reconstituted in 100 pL of sterile saline for imaging. This protocol
produces PFHNnDs with an average hydrodynamic diameter of 222 nm measured via
dynamc light scattering (Zetasizer Nano ZS; Malvern Instruments Ltd.) and at a
concentration of approximately YfOPFHNDs/mL as assessed by nanoparticle tracking

analysis (NanoSight NS300; Malvern Panalytical).

7.3.3 TissueMimicking PhantomSynthesisind Imaging
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A tissuemimicking gelatin phantom containing a cylindrical stiff inclusion labeled
with the synthesized PFHnDs was fabricated to demonstrate the CLUE imaging sequence.
The diameter of the inclusion was 7 mm. The concentrations of the gelatin powders in the
inclusion and background were 12% w/v and 6% w/v, respectively. Thus, a SWV ratio of
the inclusion to the background was expected to be two, as the stiffness of a gelatin
phantom is proportional to its gelatin concentration. The v/v ratio of theepsre
PFHNDs solution to the inclusion was 1:1000. For acoustic scattering, 0.5% wi/v silica
particles were included both in the inclusion and in the background. The imaging depth of
the center of the inclusion was approximately 17.5 mm. The CLUE imaging sequas
repeated three times to evaluate means and standard deviations (SDs) ofaber s,

PA,postt aser US, @US, and SWV images over ind:¢

7.3.4 MouseSpleerPreparation forEx Vivolmaging

All animal procedures were performed undee toversight of the Institutional
Animal Care and Use Committee at the Georgia Institute of Technologgx Forospleen
imaging, an 18veekold female athymic nude mouse (NU/J; The Jackson Laboratory) was
placed under general anesthesia with isoflur@% induction, 2.5% maintenance; 0.5
L/min Oy) and injected via the jugular vein with 140 pL of'4®FHNnD/mL particles,
prepared as described in section AB. 0 Af
consciousness and kept in the Animal Resources FyaatliGeorgia Tech for 24 hours.
This time allows for injected particles to be filtered within splenic sinusoids and
endocytosed by resident reticuloendothelial cells. After 24 hours, the mouse was humanely
euthanized by an intraperitoneal lethal inject@nEuthasol (Sodium pentobarbital 390

mg/ml, 150 mg/kg; Henry Schein Medical). Following cessation of the heartbeat,
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euthanasia was confirmed by secondary cervical dislocation. Immediately after secondary
euthanasia, the spleen was dissected and kept sgdxiia 6.80 pkbuffered PBS solution

prior to phantom inclusion.

Within two hours postesection, the mouse spleen was immediately embedded in
a gelatin phantom to fix its movement and improve the acoustic coupling. Then, the mouse

spleen was imaged ugjithe same CLUE imaging sequence as described previously.

7.4 Results and Discussion

7.4.1 CLUE Imaging of a Phantom Containing a Stiff Inclusion

Optical fluence (mJ/cm?)

Pre-laser ey
us

Figure 4471 Processed prdaser US, PA,post aser US, and @US i mage
of optical fluence obtained from the tissuemimicking gelatin phantom.
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The CLUE imaging sequence introducedrigure43 was applied to the gelatin
phantom containing a stiff cylindrical inclusiofigure44 shows the corsponding pre
laser US, PA,podt aser US, and o@pUS i mages as a func
fluence (i.e., 33 mJ/cHhin Figure44 (a) and (p), aimost no PAad @US signal s
detectable, and thus, we conclude that the laser pulse at this fluence level did not activate
the PFHNDs. As optical fluence increased from 33 miton®4 mJ/cri, the number of
triggered PFHNDs increased, resulting in the growing PR ampUS si gnal s. Ho\
pre and posfaser Bscan US images (the first and third row images), no obvious
differences were observable. This is because the signals coming from the vaporized
PFHNnDs were relatively subtle compared to those from other tra@catters in the
phantom.Thus, taking a difference between pend posi as er US i mages (
images) shown in the fourth rowigure44 (p), (q), (r), (s),and (t)) could be useful in

identifying the optical activation of the PFHNnDs for higbntrast imaging.

=——Inclusion
-25
Background

-30

-35

Photoacoustic signal (dB)

-40 |

33 54 77 90 94
Optical fluence (mJ/cmz)

Figure 457 Means and SDs of PA signals obtained inside and outside of the inclusion
as a function of optical fluence



Means and SDs of the PA signals in the stiff inclusion (regfeinterest for the
inclusion is circled with a white dotted line igure44 (a)) and in the backgrodiregion
were computed with three measurements as shofvgume45. The background mean PA
signals did not change significantly with respect to optical fluencenene consistently
negligible (gray dotted line), but the PFHNnDs contained in the inclusion resulted in
increasing mean PA signals (black solid line). As the vaporization process is a combined,
complex function of various factors including droplet sizealdtuence, amount of dye
encapsulated, and local temperati5¢, the PFHnDs vaporize stochastically. Thus, the
vaporization threshold is unique to each fatation. Therefore, the increase in the mean
PA signal resulting from the expansion of the PFHNDs is not completely discrete as shown

in Figure45.
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Figure 467 Combined 5 sets of means of prand postlaser US signals in the inclusion
as a function of US frame

Mean ultrasound signals of all 5 sets from both prel postaser US images are
shown together as a time seriegigure46 as a function of frame. Since we acquired two

prelaser US frames and 20 pdaser US frames per laser pulse, the application of five
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laser pulses produced a total of 13& 22) US frames. Every first two frames in 22 frames

are prelaser US frames indicated with black circles and the other 20 frames atagawst

US images indicated with blue x marks. The first three sets did not obviously show clear
changes betweengrand postaser US signals. The fourth and fifth transitions from pre

to postlaser US signals are clearer, although their differences are still not substantial.
These results indicate that when the PFHND signals are mixed with the endogenous US
signalsfrom acoustic scatters, the PFHNnD vaporization may not be easily detectable with
typical grayscale US images. Pend posflaser US images (first and third row images in

Figure44) are also almost visually identical.
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Figure47iMeans and SDs of @US signals obtained
as a function of optical fluence

US i mages removing background signal s
high contrast (fourth row images kigure44) . Means and SDs of @US

outsideof the inclusion were computed and plottedrigure47. Like the results observed



inFigured5, t he mean @US signals in the backgro

a function of fluence, but those in the inclusion (black solid line) increased as optical

fluence increased, which vaporized more PFHNDs.

On the same targednd at the same time, the CLUE imaging sequence obtained the
SWEI results as shown iRigure 48. We applied three ARF beams at different lateral
l ocati ons (njand Onmm,) and dbsenved the corresponding generation and
propagation of the shear waves. Three rowBigure48 represent three lateral locations
of ARF applicatim. As the shear waves propagate through the stiff region, they became
faster, as observed in the axial velocity sequences at multiple downstream time points (the
second to fifth column images kigure48). The respective SWV maps reconstructed from
each axial velocity sequence are showRigure48 (f), (1), and (r). On the regions where
the push beams were applied, the propagation of the shear waves is not observable.
Therefore, the SWVs on the pushing regions are unreliable. Thittioni typically
requires multiple applications of ARF beams at different lateral locations to span the full
field-of-view while still omitting unwanted regions in the SWV map prior to combining

multiple SWV maps.
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Figure 48 7 Estimated axial velocity sequences visualizing the propagation of the
shear waves generated at three lateral locations in the gelatin phantom and three

corresponding SWV maps
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Figure 491 A combined SWV map overlaid on a Bscan US mage of the gelatin
phantom.

The combined SWV map from the three acquired SWV maps is giegune49.

The inclusion center was placed at 17.5 mm in depth. Welfthat mean SWVs inside
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and outside of the inclusion we422 m/s, and 2.81 m/s, respectively. The ratiecpfare
of them wag2.27, which is close to the ratio of the gelatin concentration of the inclusion to

that of the background (i.e., 12% / 6% = 2).

Overall, we have demonstrated that the CLUE imaging sequence is able to sense
multiple properties of the imaging target simultaneously through our gelatin phantom
study. The stiff PFHnBlabeled inclusion offered both the laseduced contrast by PA
a n dJS mmaging and mechanical contrast by SWEI. A further imaging study on a phantom

containing multiple contrast sources distributed amongst multiple targets is necessary.

7.4.2 CLUE imaging of Ex Vivo Spleen

To further demonstrate the feasibility of CLUE imaging, we imaged a-sextsn
of anex vivomouse spleen embedded in a homogeneous gelatin background as shown in

Figure50.

Axial velocity map
SWV map
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Figure 50 7 Estimated axial velocity sequences visualizing the propagation of the
shear waves generated at three lateral locations in the phantom embedding #evivo
mouse spleen and three corresponding SWV maps
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Similar to the gelatin inclusion study introduced in the previous section, no overt
differences between prand posiaser US images can be observed over increasing optical
fluences. However, we could confirm that the intravenously injected PFHNnDs sudgessful
accumulated in the spleen before extraction. Therefore, similar to the phantom case, the
PA and @US signals inside the spleen incr

PFHNDs as a function of optical fluence.
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Figure 511 A combined SWV map overlaid on a Bscan US image of thex vivomouse
spleen

From the estimated axial velocity sequenceBigure50, it is observed that shear
waves were successfully created and propagated through the spleen. As shigurein
50, the spleen seemed to be stiffer than the gebstakground, which resulted in faster
SWVs propagating through the spleen. Three SWV maps acquired at three lateral positions
were again reconstructed from the corresponding axial velocity sequences, but there is a
noticeable difference in the SWVs in thpleen betweefigure 50 (f) and (). This is
possibly due to the unexpected broadening of shear \ja6&s as the shear wave front

in Figure50 (e) seems to be wad (i.e., more blurred) and unclear than that in Fig. 13 (k).
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A final SWV map of the mouse spleen combined from three SWV maps is presented in

Figure51.

7.4.3 PotentialLimitations and Utilities of CLUE Imaging

CLUE imaging may not be able to always capture all mechanical, optical, acoustic
information in soft tissue. One of the most critical concerns would be a limitation in light
penetration. Because of optical absmmptand scattering, pulsddser light becomes
diffuse in biological tissue. Although neifrared light can reach depths at several
centimeters, PA imaging of deep tissue is still challendgit®d. Furthermore, sPA
imaging of chromophore concentrations gets significantly inaccurate as the imaging target
goes deeper or the PA sigrainoise ratio gets lowdrl64. On the other hand, SWEI
relies on the ARF application to generate and thus to monitor shear waves. However,
because of the attenuation of shear waves, adequate tggnefsshear waves is desired
[24, 27, 28]. In addition, the generation of shear waves is highly dependent on the regional
characteristics of tissue, such as, coupling steesdting from internal organs, boundary
conditions, and viscoelasticif65. Thus, given these physical chathes in PA imaging
and SWEI, CLUE imaging could be partially functional in a region of interest dependent
upon depth and local tissue properties. In other words, a region of interest, where PA

imaging is insensitive, can rely on SWEI and vice versa.

CLUE imaging has promising potential in various clinical applications. Not only
does CLUE imaging help to understand progress, status, and prognosis of disease, but also
it can be a valuable tool for therapeutic guidance. Currently, assessment of a treatment

regponse of cancer is likely delayed, as monitoring the reduction of the tumor size is used
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as a standard meth¢a9]. Thus, it may be beneficial to apply CLUE imaging to monitor
the changes in both mechanical and functional properties of cancer in respqresfio s
therapy, as it can provide immediate and collective information on treatment progress. For
example, sPA imaging and SWEI have shown their respective capabilities in evaluating
various therapeutic approaches, which may be further improved with Ghbidtng|[29,

30, 40, 157]. Monitoring oxygenation of a tumor for effective therapeutic radiation
sensitization and promptly evaluating €sponse to radiation would be feasible using sPA
imaging and SWEI, respectively, which would be simultaneously possible through CLUE

imaging.

7.5 Conclusion

This chapter hasntroduced and designed the CLUE imaging platform and
sequence as a research tool tmmprehensive cancer diagnosis. Furthermore, the
development of the CLUE imaging platform will also support imaging studies for
ultrasound researchers in a wide array of disease applications. In our foodlideirable,
scalable CLUE platform, an arbitsgaimaging sequence can be created by allocating pre
defined imaging modules. To demonstrate the developed CLUE imaging platform in the
tissuemimicking gelatin phantom and thex vivo mouse spleen, we have applied a
representative CLUE imaging sequencejolittan acquire prlaser US, PA, podaser
US, and SWV images. The imaging results collectively showed multiple desired imaging
contrasd acoustic, optical, and mechanigarom both the PFHnBabeled stiff inclusion
and the PFHnBaden spleen, suggestitigat the introduced CLUE imaging platform and

sequence can be potentially used to provide comprehensive soft tissue assessment
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

Medical ultrasound imaging one of most widely usesodalities in clinicas it is
highly portable, reatime, noninvasiveandcosteffective. Howeverraditional gray scale
ultrasoundimaging lacksfunctional, molecular, and mechanical information tssue
limiting its utility asa first-line screeningool. In other words, because comprehensive
diagnostic information on caar and other diseases unattainable with ultrasound

imaging accurate and early diagnosis is challengingitrasound imaging

To alleviate this limitabn and improve the utility of ultrasound imagingarious
ultrasounebased imaging techniques including SWEI, sPA imaging, and imaging of
PFHNDs have been investigat8dhe primary goak of this researclareto engineer and
improve these imaging methods ¢énhance their diagnostic abilitiemnd ultimately, to
combine these imaging techniques in a configur@il&JE imagingplatform to enable

comprehensive diagnosis of cancer with single imaging modality.

Due to the previous studié®m researchers in this fielhdfruitful collaboration
with lab membersthis research could advantteese imaging techniqueSor SWEI, he
effective use of multtangular shear wavestilizing grating lobes was proposed and
verified that it can improvehe quality ofshearwave velocityymagesFor sPA imaging, a
depthoptimized wavelength selection method wastroduced anddemonstrated
numerically It was shown that the proposed method can quantify concentrations of

chromophores accurately for impravélood oxygen saturation estimatioh. method



localizing PFHNDs in redime was introduced tprovide sustained contrashhanced
images toidentify lymph node betterln addition, a temporal averaging approach that
improvesspatial resolution ofuperresolution imagingvith the PFHnDswas suggested
and demonstratedrurthermore, @ utilize the full potential of the PFHnDs, multi
wavelength PA and plangave US imaging was introduceohd showed that it enables
acousticobservation othe PFHnDs as a funion of bothoptical wavelength and time.
Lastly, an imaging platform that is able tmmbire all these imaging methodsferred to

as CLUE imaging platform was introduced and designddhe proposed CLUEnNaging
platform not only supportthe CLUE imagingsequencetself, but also enables various
userspecific arbitrarymaging sequencdsecause the CLUE imaging platform is designed

to be moduleconfigurable and scalable

These technicatontributions angmprovementsn noninvasive ultrasound imaging
in this researctwill help improving comprehensive understanding of carscet other
diseasesit an earér stage with higher accuraciyhope that the CLUE imaging platform
and sequencwill be used to solve various health problemsg thus, willcontribute

advances irhealthcareand make our society webeing.

8.2 Future Directions

8.2.1 In vivo Human Thyroid Study using Multiangular Compound Shi¢ave

Elasticity Imaging MAC-SWEI)

About 95% of thyroid nodules are benign, but most patients undergo additional
imagingstudies or biopsy because their benignity cannot be accurately characterized by

standard ultrasound scannid®6, 167]. Thus,as one of ofgoing studies in our laboratory,
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MAC-SWEI has beerapgdied to human patients with thyroid nodules to assess its ability

in differentiating malignant from benign thyroid nodul®¥ghen using the MACGSWEI,

three pushing configurations createdwigd s of 0 A, Havebeemppliachid 18 0 A
the middle of theransducer and two pushing configurations wgth of 0° have been
applied sequentially in the left and the right sidithe transducd8]. Thus, five pushing

and tracking sequenclave beerapplied to each patient and reedlin four shear wave
velocity (SWV) imaged one from the first three pushing and the other from the last two
pushin@ through offline postprocessing.The specificity and the sensitivity of each
SWV image with the corresponding pathology reswtd be evalated The Emory
institutional review board (IRB) had approved our system and imaging protocol, and
patient scanning has been started from November 2017. The total number of patients

scanned is to be more than 20 patients.

8.2.2 Combined Laser, Ultrasoundnd Elasticity (CLUE) Imaging for InVivo Mouse

Breast Cancer Characterization

The developed and demonstrated CLUE imaging platfmnoh sequencwill be
further evaluatedvith preclinical mouse model of breast candéot only diagnosis of
cancer, but alsmonitoring therapeutic responstcancemill be investigatedTo evaluate
malignancy of a tumor and detect the cancer early, rigorous studies on SWEI, sPA imaging,
and contrasenhanced US imaging have baewvestigated in this research field. However,
these studies have been studied independently, and none of combined comprehensive
imaging studies was approachedrimary and metastatic cancehows different
mechanical and functional properties as it progresses. Depending on its stage, changes in

mechantal and functional properties of cancer can diffdrich can be used to stage and

12¢



characterize the cancer. As the CLUE imaging platfand sequenceniquely provide
guantitative mechanical, functional, andmpositional information on cancer, it can be

used for advanced cancer imaging.

8.2.3 ThreeDimensionalCLUE Imaging using a Twdimensional Matrix Array

The CLUE imaging platformand sequencevere developed on the Verasonics
system usingnedimensionahrraytransducergroviding twadimensional (2D) images
The capability othe CLUE will be greatly improved iit adopts2-D array transduceifer
threedimensional (D) volume imagng as imaginga 2-D crosssection of canceonly
shows part of cancer, limitiqgptentid of thecomprehensiv€ LUE imagingsequencelo
expand the CLUE imagingequencevith a 2D matrix array transducern effective data
acquisition strategy is desired 29 matrix arraytransducer$astypically at leastfour
times moreelementsthan 1D array transducerOur ontgoing research project uses a
1024element matrix array driven by the 2BBannel Verasonics systeusing PClébased
RF data transferDatatransfer rate and channel memory in the Verasonics system
limited, and thus considedecarefully In addition, different clinical applications require
different volume rates. Therefore, data acquisition strasbgyld bedeliberatelystudied
to acquire volume RF data efficiently astdbly, which will beused for 3D CLUE imaging

eventudly.
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