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Hepiinyn

O xapkivog amotedel por and T1g KOpleg autieg Bavatov oty Evponn kot Tig
Hvopéveg TloMteieg. Zvvemdg, kpivetonl €MTOKTIKN 1 ovaykn vy PeAtioon g
WTPOPAPUOKEVTIKNG TEPiBaAyNg TV acbevav péow eéatopkevuévov Bepareimv mov Ha
HELOGOLY TOPAAANAa TNG avemBOunteg mapevépyetes. Ot 1orrpikol LIEPYOL GE GLVOLAGHO
HE TO OKLLYPOQIKE LIEPNY®V (HKPOQLCOAMOES) Kol TN YOPNYNON QUPUAK®V EXOLV
LEYOAEC TPOOTMTIKEG YO TNV OVIIUETOMION GoPapdv mabnocewv, 0EoL VLIOGYOVIOL
QLENUEVN OMOTEAECUATIKOTNTA TOV QUpUAK®V Kol PeAtioon ¢ mowdtntoag (mng Tov
acBevov. H aAAnieniopaon Tov vaepyov Kol ToV WKPOPLGOAId®Y £XEL TN duvaTdTnTo
VO EVIGYVOEL TNV EVOTOOECT] TOV OPUAKOL GTNV VOGOVCH TEPLOYT SLOUPOPOTOLDVTOS TN
JOmEPATOTNTO TNG KLTTOPIKNG HEUPPAVNG KOl EMTPETOVTIOG TNV TPOGANYN OVCIDOV TOV

VO KavoviKEG cLVONKES 0V Bal E16YWPOVGOV GTO KOPKIVIKA KOTTOPO.

H mietoymoeio tov melpopdtov 6e TponyoOUEVES ONUOCIEVUEVES EPYOCIEC GTOV
TOUEN OVTO €YIVE GE KLTTAPIKEG KOAAEPYeleg N o€ pkpd {da. 'Etol, 1 mapovoa datpipn
Exel @G oTOYO0 Vo TPOMONCEL TNV £PELVO GTOV TOWUED TNV EVIGYLUEVNG YXOPNYNONG
QOPUAK®OV [LE YPNOT LIEPNYOV KOl LIKPOPLGOAIO®MY aVATTOGCOVTOS KOVoUpLo EpYarEia
Kol LeBOdoVG oe Eva TEPIPAALOV e HEYAAT KAVIKT] GUGYETION. ZVYKEKPIUEVA, GE QLT TN
daKTopkn daTpiPn To mEWPhpaTo TPaypotomomdnkay oe xopwd Nmap (GLKAOTL
YoupOoLVVIOD) TO OTolo JATNPEITO G TANPY AELTOVPYiO PECH UNYOVIKAG OUATOONG Kot
powalel pe to avOpmmvo Nrap oe péyeboc, avatopia Kot uoloroyio. H cuvelspopd g
TOPOVCOG EPYONCIOG OTO TEDI0 NG EVIGYLUEVNG XOPNYNONG PUPUAK®OV HECH VTEPNY®V
npoypatoromnonke pe: (o) TNV avantuén evog KAVIKA oyeTi{opevon TepBAAAovVTog yio TV
TPOYUATOTOINGT| TOV TEPAUATOV (TAATPOPLOL UNYOVIKIG OUATMOONG KOl OlTHPNONS TOV
YO1PIVOU VTTOG), (B) ™ HEAETN TOV OKOVGTIKOV TEGIOL TOV EPUPUOLETOL GE BEPATEVTIKEG
EQUPUOYEG VITEPNY®V, (V) TNV avarTLEN UEBOO®V OMEIKOVIONS KOl TOCOTIKOTOINONG TNG
pONG OTN HIKPOKLKAOQOPiDL Yoo TNV mopakoAovOnon g Oepameiog kot TV
AmOTEAECUAT®OV TG KOl (J) TN HEAETNG NG OAANAETIOPOAONG TOV LAEPNYOV KOl TOV

HUIKPOQUGOMO®V GTNV UIKPO-ayYElmoT TOL Y01ptvoD VTUTOG.

Ta yopwvéd Mmata cvAAéyoviav omd TOmKA o@oyeio. kol dtaTnpodviav oTn
TAATEOPUO. UNYOVIKNG opdTmons. Katd m didpkela tTov TEPaidToy, 1 AEITovpytkoT T
TOVG 0E0A0YOVTAY HE PLoyNUKEG LETPNOELS, IGTOAOYIKO EVPNLLATO KOl OTEIKOVIOT] LECH

vrepNy®v. O YUpoKINPIGUOS TOV 0KOLGTIKOD TTediov 6To 0moio ekTifeTal 0 16TOG KOTA TN



SlapKel BEPATELTIKOV EPUPUOYDV LIEPNY®V £YIVE HE PAON YPOUUK®V OKOVGTIKOV

LETPNOEWMV OTO VEPO Kol LETPNOT) TOV GLVTEAESTT ATOGRECTG GTO XOIPVO NTTOP.

2t Swrpin avt £yvav TEWPAPOTE TOGOTIKOTOINGNG TG PONG GTO XOpvd Nmap
v vo otepeuvnfohv ol TPOOTMTIKEG Kol Ol QdLVOUIES oI HETPNOM TNG PONG OTNnV
piKpokvkAopopia oe £va eheyyouevo mepipdiiov. H mocotikomoinon mpotdbnke wg €va
TOAOTIHO €pYaAeio Yo TNV TOPOKOAOVONGT TOV BEPATEVTIKOV EQOUPLOYDV TTOV GTOXEVOVY
10 ayyeloko diktvo v dykwv. Eniong, avantiybnke pia véa pébodog yio tov meplopiopod
TOV KOPECUOV TOV GYLOTOG TPOKEWEVOL Vo BeATibel 11 TocOTIKOTOINGN TG PONG OTN
HUIKpOKLKAOQOpia Kot vo emttpanel 1 akpiPEstepn aEl0AOYNOT TOV OTOTEAEGUATOV TNG

Bepamneiog.

Oleg o1 pébodot kot ta epyoreion OV avamTOYONKAV, YPNCLOTOWONKAY YioL Vol
HEAETNOOVV 01 OAANAETIOPAGELS TOV VIEPNY®V KOl TOV UIKPOPLGOAIO®V OTNV HKPO-
ayyeiwon Tov yo1ptvod VaTog. Ot OKOVGTIKES TOPAUETPOL TOV UTOPOVV VO TPOKAAEGOVY
avYVELGIUES OAAOYEG TNG OUATMOONG OTNV TEPOYN] M omoio eKTifETOL GE LIEPNYOLG

TEPLYPAPOVTOL GTT TALPOVSO SLTPIPN.



Abstract

Cancer is considered to be one of the leading causes of death in Europe and the
Unites States. Thus, the need for improved healthcare where the treatments will take into
account individual patient needs emerges. The therapeutic prospective of ultrasound
combined with microbubbles and drugs has gained increased attention in research and
clinics as the advantages of such localized treatments are associated with increased
medication efficacy and improved life quality of the patients. The physical interaction of
ultrasound and microbubbles has the potential to enhance drug delivery by altering cell’s
membrane permeability, allowing for the uptake of normally impermeable
macromolecules, a process often referred to as sonoporation. As the majority of previously
published works in this field was performed in-vitro in cell cultures or in small animal
models, this thesis aimed to contribute in the area of ultrasound-enhanced drug delivery by
developing new tools and methods that will advance research to a full scale clinically
relevant environment. The present thesis deals with the investigation of ultrasound-
mediated drug delivery approaches in a machine perfused pig liver and specifically
develops the following building blocks: (a) a clinically relevant machine perfused liver
model, (b) methods for in-situ acoustic pressure calculation, (c) imaging and quantification
approaches for closely monitoring therapy and its outcomes, and (d) study of ultrasound
and microbubble mediated extravasation.

An ex-vivo machine perfusion system for pig liver preservation was used as the test
platform for investigations associated with ultrasound therapeutic approaches. The
proposed environment maintains high relevance to human livers with respect to physiology
and anatomy. The functionality and viability of slaughterhouse pig livers sustained in
machine perfusion was evaluated with hemodynamic and biochemical measurements and
histological findings. In addition, dynamic contrast-enhanced ultrasound (DCEUS) was

proposed in order to assess the condition of the organs during machine perfusion.

The characterization of the in-situ acoustic field when tissue is exposed to
ultrasound is of great importance for cavitation-related phenomena. Thus, low amplitude
acoustic measurements in water were collected and were combined with ex-vivo machine
perfused liver tissue attenuation measurements, to enable the estimation of the acoustic

pressure delivered in-vivo during ultrasound therapeutic applications.



DCEUS quantification based on indicator dilution theory was evaluated in the
functioning ex-vivo pig liver model to find the range of accuracy and strength and
weaknesses in measuring flow in the micro-circulation in a highly controlled environment
which mimics in-vivo conditions. The established quantification methods were proposed as
a valuable tool for real-time monitoring of therapeutic applications which target the
vascular network of tumors. A method for limiting signal saturation was also developed, in
order to improve DCEUS quantification approaches and allow for more accurate

evaluation of the therapy results.

Finally, all developed methods and tools were combined to investigate the
interactions of ultrasound-driven microbubbles with the microvasculature of a functioning
machine-perfused pig liver under ultrasound imaging guidance. Ultrasound parameters that
are capable of causing detectable perfusion changes and extravasation in the area exposed

to ultrasound were derived in a test platform that highly resembles in-vivo conditions.

Vi
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1.1 Ultrasound imaging

Ultrasound is widely accepted as a non-invasive, non-ionizing and cost efficient
diagnostic modality [1] which allows real-time imaging of anatomical features (Gray scale
imaging) and blood flow (Doppler imaging) in the body. Although ultrasound imaging is
best known for its use in prenatal care, it is also routinely used in cardiology
(echocardiography), to provide information about cardiac muscles, valves and blood flow

within the heart [2], [3], and in oncology for lesion detection and characterization [4], [5].

Ultrasound imaging utilizes high frequency pulses in the range of 1- 20 MHz and
relies on the pulse-echo principle. These pulses travel through the human body and are
partially reflected from structures (tissues and organs) with different acoustic impedances
along the propagation path. Part of the echoes, return to the ultrasound system which

process them into an image.

Blood flow measurements using the Doppler method are feasible since ultrasound
echoes reflected from a moving target (e.g. red blood cells) face an apparent change in
their transmitted frequency (Doppler shift). The change in frequency is proportional to the
moving target velocity. However, red blood cells are weak reflectors, thus imaging flow in
small vessels with this technique is still challenging. An approach to overcome the
limitations of Doppler in imaging micro-vascular perfusion is to inject acoustic reflectors
into the circulation, to increase backscattering from blood. The increased compressibility
of a gas compared to the surrounding liquid and tissue enables gas-filled microbubbles to

be such efficient scatterers, thus be used as ultrasound contrast agents.

A milestone in ultrasound imaging research was the development of nonlinear
imaging in the early 1990s. Back then, nonlinear imaging was developed to establish a
method for imaging echoes from ultrasound contrast agents (microbubbles) [6], as at that
time it was assumed that there would not be any nonlinear echoes from tissue. Later works
[7]-[9] showed that tissue produces also nonlinear echoes. While microbubbles are
nonlinear scatterers, tissue nonlinearity arises from the distortion of the pulse due to
nonlinear propagation of sound [10]. Various methods have been proposed for nonlinear
imaging (tissue and contrast), like harmonic imaging [11], nonlinear pulsing schemes [12]-
[14], sub-harmonic imaging [15], super-harmonic imaging [16], coded excitation and
frequency modulation techniques [17]-[19] and dual frequency pulses methods [20]-[23],
offering significant advantages in many clinical applications [24], [25].
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Beyond the use of ultrasound as a diagnostic modality, today ultrasonic imaging is
an integral part of therapeutic applications for guiding treatments [26]. The combination of
diagnostic and therapeutic approaches — currently given the term “theranostics” [27] — has
the potential of developing novel and personalized procedures to address specific patient

needs.

1.2 Ultrasound contrast agents

Ultrasound contrast agents (UCAS) are microbubbles containing gas stabilized in
an encapsulating shell made of a flexible, biocompatible material (lipid, polymer or
protein). Microbubbles (MBs) are injected intravenously in the circulation and due to their
size (1-10 um) they have similar kinetics with red blood cells. As they are big enough not
to leak into the interstitial space, they are a true blood-pool agent. Microbubbles no larger
than roughly 5um pass through the alveolar—capillary barrier of the lungs and they spread

all over the cardiovascular system in any region that contains a blood-carrying vessel [28].

Microbubbles behave as resonant scatterers at the frequencies typically used in
ultrasound imaging. Thus, when MBs encounter an ultrasound wave of low acoustic
pressure, they undergo a series of stable oscillations (stable cavitation, Figure 1.1); expand
at negative pressure (rarefaction) and compress at positive pressure (compression).
However, MBs expansion and compression is not symmetrical, resulting in a nonlinear
oscillation [Figure 1.2(b)]. The spectrum of backscattered MBs signals [Figure 1.2(c)] is
filled with harmonics, and these nonlinear components can distinguish MBs from the

surrounding tissue.

High acoustic pressures cause unstable MBs expansion and compression (inertial
cavitation, Figure 1.1), resulting in fragmentation of the shell and microbubble destruction
with diffusive loss of the gas core. The likelihood of bubble destruction is given by the
mechanical index (MI) [29], defined with Eq. (1.1):

MI =P (1.1)

where p. is the peak negative pressure and f is the frequency of the ultrasound pulse.



Chapter 1- Introduction

Compression

Ultrasound
wave

Rarefaction

Stable
Cavitation ® . @ . ® .

Inertial @ . .. .0.'..
Cavitation ,
Implosion

Figure 1.1: Schematic representation of stable and inertial cavitation of a microbubble driven by an ultrasound
wave.

The use of UCAs combined with a variety of available nonlinear detection
techniques [12]-[23], enables real-time visualization of the perfusion at macro- and micro-
vascular level [28], [30], [31]. Dynamic contrast-enhanced ultrasound (DCEUS) imaging is
clinically applied in many different fields including cardiology [2], [3] and oncology [4],

[5] offering great diagnostic advantages.
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Figure 1.2: (a) A typical sinusoidal pulse used in US imaging. (b) The asymmetric, nonlinear signal scattered from
microbubbles (MBs). (c) The frequency spectrum of microbubbles oscillations which is filled with harmonic
components.

1.3 Quantification of dynamic contrast-enhanced ultrasound (DCEUS)

Beyond diagnosis in oncology, DCEUS has gained a foothold in clinics as a
promising therapy monitoring tool by offering quantitative evaluation of macro- and
micro- vascular perfusion. The underlying hypothesis is that local hemodynamic-related

parameters extracted from DCEUS image loops reflect changes in blood flow such as those
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caused by anti-angiogenic therapies [32], [33]. Anti-angiogenic therapies target the new
vessels that are formed during tumor angiogenesis [34], thus tumor local blood supply is

expected to change as therapy progresses.

There are two methods for flow quantification based on indicator dilution theory
[35], which depend on the protocol of contrast agent administration; bolus injection
(impulse input) or constant infusion (step input) [33], [36], [37]. In the present work, only

the first method has been utilized and hence is further discussed here.

The bolus injection protocol involves a rapid injection of the contrast agent and low
MI, real-time imaging. The contrast starts to enter the imaged area [Figure 1.3(b)] until it
reaches a maximum concentration [Figure 1.3(c)]. After maximum is reached,
concentration is reduced and asymptotically goes to zero [Figure 1.3(d, e)]. A region of
interest (ROI) is drawn at a specific area of the image [Figure 1.3 (red circle)], and a time-
intensity curve (TIC) is formed [Figure 1.3 (red dots)] that represents the mean pixel
intensity of the ROI as a function of time.
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Figure 1.3: Formation of a time-intensity-curve (red dots) and curve fit of the data using a local density random
walk (LDRW) model (solid line). Contrast images: (a) before contrast agent arrival, (b) after arrival of the
contrast agent, (c) maximum concentration of contrast at the region of interest (ROI) and (d, e) asymptotic
reduction to zero of the contrast agent. Quantification parameters extracted from LDRW model, such as peak
intensity (lp), time to peak (t;), area under the curve (AUC) and mean transit time (MTT) are also noted at the
figure.
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Time-intensity curves are often noisy and affected by the recirculation of the
microbubbles. Therefore, the data can be fitted to mathematical models (probability
distribution functions) based on indicator dilution theory to limit the noise and isolate the
primary pass of microbubbles [Figure 1.3 (solid line)] [38]. In addition, curve-fitting
allows an analytical determination of important hemodynamic-related parameters such as
the time to peak intensity (tp), the mean transit time (MTT) and the area under the TIC
curve (AUC). The most commonly used indicator dilution models are the lognormal

function, the gamma-variate function, and the local density random walk (LDRW) model.

Bolus injection method is governed by the Stewart-Hamilton relationship [39],
[40]. If the amount of indicator m in a bolus injection is known and the indicator
concentration as a function of time is measured in a ROI, the volumetric blood flow (Q)
and the blood volume (V) can be calculated in terms of AUC and MTT:

Q=m-(AUC)™ (1.2)
V=Q-MTT. (1.3)

Microbubble concentration cannot be measured directly, thus the backscattered
intensity 1(t) is measured instead. Since intensity is linearly proportional to the
concentration [41], [42], one can use Egs. (1.2), (1.3), to calculate Q and V.

A relatively simple way to investigate DCEUS quantification is with flow
phantoms. In the past, several different studies focused on flow measurements using
contrast agents quantification in-vitro [43]-[46]. In 2010, Lampaskis and Averkiou, [42]
used a diagnostic ultrasound scanner and a flow phantom to investigate the relationship
between image intensity and microbubbles concentration (SonoVue) at low MI. They
confirmed a linear relationship between linearized image intensity and contrast agent
concentration for low concentrations (up to 1%o) and a plateau for greater concentrations,
attributed to signal saturation and acoustic shadowing. Signal saturation is often
encountered in diagnostic ultrasound scanners especially when used to image
microbubbles. Signal saturation can negatively influence the quantification of TICs,
especially when the dynamic range of the backscattered signals varies dramatically
depending on bubble concentration [42], [47]-[49].

Later the same authors, [50], presented measurements of relative blood flow rate

using an in-vitro flow phantom setup, demonstrating the range of validity of indicator
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dilution theory for DCEUS quantification. Gauthier et al. [51], used a dialysis cartridge as
a flow phantom to evaluate the impact of ultrasound scanner settings and contrast bolus
volume on TICs. This work is important to ensure the collection of accurate and
reproducible data, and standardize DCEUS quantification technique in each specific organ

of interest.

In-vitro experiments have however very little physiological relevance as they
usually represent a single passage of contrast through a rubber tubing, ignoring the
dispersion of microbubbles through branching vessels; their passage through fast-moving
arteries, a slow micro-circulation and a low-pressure venous system and the different flow
states (laminar or turbulence) along their propagation path. An additional difficulty in
clinical investigations is the chaotic and uncontrolled vasculature that characterizes tumors.
Reports from ex-vivo and preclinical in-vivo investigations confirming the validity of
indicator dilution theory as a therapy monitoring metric are still missing from literature.
The main question that remains unanswered is whether contrast enhanced ultrasound can
become an accurate technique of micro-flow measurement. The need of deeper
understanding of the dependency of quantification parameters with contrast concentration,

flow variations and ultrasound scanner settings is therefore essential.

1.4 Machine perfusion for organ preservation

Machine perfusion (MP) is a method of sustaining an isolated organ alive outside
the body (ex-vivo) by supplying it with oxygen and nutrients acting as natural perfusion. It
originated as an experimental technique to study organ metabolism [52], however
nowadays it has been suggested as a donor organ preservation modality that is superior to
the gold standard of static cold storage currently used in transplantation [53]-[55].
Machine perfusion has also been proposed as an ideal environment for preclinical
diagnostic, imaging and therapeutic investigations [56], [57] because it enables several
hours of controlled and stable experimentation with the organ of interest, while maintains

high physiological relevance lacking from in-vitro experiments.

Recently, l1zamis et al. [56] developed and evaluated a sub-normothermic human-
sized machine perfusion system suitable to preserve slaughterhouse pig livers. They
showed using biochemical and hemodynamic measurements and dynamic contrast-

enhanced ultrasound imaging that the developed model is a simple, cost-effective approach

7



Chapter 1- Introduction

for at least 3 hours of stable, ex-vivo whole organ preservation. The current thesis aims in
advancing ultrasound-enhanced drug delivery research from cell cultures and small animal
models to a full scale clinically relevant environment. Thus, the developed ex-vivo
machine perfusion liver model [56] was used throughout this work as the test platform for

preclinical investigations associated with ultrasound—enhanced drug delivery applications.

1.5 Ultrasound used in therapeutic applications

Through the years, ultrasound has seen development not only as a diagnostic device
but also as a therapeutic modality which may cause either reversible or irreversible
changes on the exposed tissue depending on the applied acoustic pressure levels and the
goal of the treatment. Ultrasound therapies are broadly divided into two categories; “low
intensity” and “high intensity”, while some therapies might also involve the combination
of ultrasound with microbubbles and drugs [58].

Low intensity therapies are currently in widespread practice for physiotherapy, to
treat conditions such as bursitis of the shoulder or tendonitis [59] and to enhance
transdermal delivery — a process called sonophoresis [60], [61]. Today there is also great
research activity and particular interest in thrombolysis [62], [63], drug delivery [26], [64],

[65] and gene therapy [65] using low power ultrasound.

High intensity ultrasound is mainly used for permanent tissue changes and
ablations. Some of the most common therapeutic applications of high intensity ultrasound
include uterine fibroid ablation [66], [67], cardiac [68] and solid tumor ablation [69],
treating essential tremor and Parkinson’s disease [70], and the breakup of renal stones
(lithotripsy) [71]. This kind of interventions is usually extracorporeal and minimally
invasive, especially beneficial for the treated patients. The resulting bioeffects of
therapeutic ultrasound in previously mentioned applications can be attributed in two main

mechanisms: thermal or non-thermal (mechanical) [72].

Thermal mechanisms involve heating and cause a rise in temperature of the
insonified area as a result of the thermoviscous absorption of the ultrasonic energy during
passage in biological tissue. The heating process is strongly related to the intensity and the
duration of the propagated pulse. Depending on the application, the rise in temperature

above normothermic levels may vary from a few degrees to tens of degrees Celsius and the
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effects from the ultrasound exposure can include mild heating, coagulative necrosis, tissue

vaporization or all three.

Mild, homogeneous heating (raising the temperature to 40 — 42 °C) in a large area
can be achieved using unfocused ultrasound sources. In physiotherapy, mild heating is
widely used to warm tendons, muscles and other tissues to improve blood flow and
accelerate healing. Mild heating can also enhance localized drug delivery [73]; a topic that

is further discussed in a following section.

Hyperthermia treatments were developed for the purpose of cancer therapy, aiming
ultrasonic heating of relatively large volumes (tumors). During hyperthermia, tumor cells
are exposed to temperatures 43 — 50 °C for periods up to 1 hour leading to reduction of

tumor growth as cells are unable to divide under these conditions [58].

High intensity focused ultrasound (HIFU) treatments involves rapid increase of
temperature above 56 °C in a very small and controlled area (few mm), using highly
focused transducers. The resultant high temperature gradient leads to instantaneous cell
death, thus HIFU is mainly used for ablations and permanent tissue changes [58].

The main non-thermal mechanism with potential therapeutic benefits is acoustic
cavitation, defined by Apfel [74] as the “formation of a vapor cavity or bubble in response
to an acoustic pressure field”. Acoustic cavitation depends on the rarefactional pressure
amplitude of the transmitted ultrasound waves. In high enough levels (cavitation
threshold), the rarefactional pressure may initiate cavitation activity in a tissue (if
cavitation nuclei are present) or directly induce pulsation of pre-existing gas bodies.
Cavitation threshold strongly depends on the amount and nature of nuclei and gas present
in the exposed tissue [74]. Inertial cavitation characterized by violent expansion and rapid
collapse of bubbles, can introduce bioeffects such as tissue injury, cell death and
hemorrhage of blood vessels facilitating ablations and other ultrasound therapeutic

applications.

Other non-thermal mechanisms responsible for ultrasound-induced bioeffects are
the direct action of the compressional, tensile and shear stresses, the radiation pressure, and

acoustic streaming [75]-[77].

One new research area of therapeutic ultrasound with induced bioeffects attributed

to non-thermal mechanisms and specifically cavitation activity is histotripsy [78].
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Histotripsy is a non-invasive tissue ablation method that depends on the initiation and
maintenance of a cavitation cloud to fractionate soft tissue. This method utilizes high
pressure (>10 MPa peak negative pressures) short pulses (<20 ps) at low duty cycles
(<1%) to produce mechanical tissue fractionation [79]. It was shown that a single pulse
with one high-amplitude negative cycle is enough to form the cavitation cloud, if the
negative pressure amplitude directly exceeds a pressure threshold intrinsic to the medium
[80]. Histotripsy lends itself to real time ultrasound imaging during treatment since the
formed bubble cloud is clearly visible in B-mode image as a hyper echoic region while the

fractionated tissue can also be identified as a dark region on the same image.

Another method which has been recently suggested for controlled tissue
emulsification is boiling histotripsy [81]. In contrast to histotripsy, boiling histotripsy
utilizes millisecond duration HIFU pulses and the induced bioeffects owe to boiling
instead of cavitation. Specifically, the absorption of shock waves formed at the focus of the
HIFU source results in temperatures over 100 °C, thus causes localized boiling in only
several milliseconds. Recently published works, where the experiments performed in gels,
in ex-vivo tissue samples and in an in-vivo porcine liver model, showed that millisecond
boiling is an effective and reliable way to emulsify tissue and advance clinical applications
related to tissue ablation [81], [82].

Other applications that owe to ultrasound mechanical aspect are blood brain barrier
(BBB) opening [83], gene therapies and localized drug delivery [64], [65]. As this thesis
focuses on the development of tools and methods which can advance ultrasound-mediated
drug delivery applications, ultrasound-enhanced drug delivery is further discussed in the

next section.

1.6 Image-guided ultrasound-enhanced drug delivery

Localized drug delivery can potentially increase the therapeutic index of many
anticancer drugs by improving their efficacy, as higher doses manage to reach the diseased
site. In addition, patients benefit from localized drug delivery because systemic toxicity
and undesired site effects are reduced. The combination of ultrasound and microbubbles is
currently of great clinical interest as it is promising in facilitating in-situ drug delivery and
also enables real time monitoring of the process. Ultrasound can be used as external

stimulus (via temperature or pressure increase) to locally release a novel generation of
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drugs that are encapsulated into carriers. At the same time, ultrasound induced bioeffects
can mediate drug and gene transfection into the cells.

1.6.1 Thermal action and activation

The encapsulation of drugs in carriers is currently one of the most common
approaches used in targeted drug delivery applications. Liposomes have been explored as
potential nano-vehicles since they are small enough to extravasate into the interstitial space
and enter leaky tumor vasculature, increasing drug deposition in the diseased site while
reducing toxic exposure to healthy tissue. However, even though drug accumulation in
liposomal form is higher in tumors compared to non-encapsulated drugs, the slow passive
release of the drug limits its effectiveness. A solution to this obstacle is the release of drugs

from the carriers using an external stimulus.

Temperature-sensitive liposomes (TSLs) have been designed to release their
payload once heated at the melting phase transition temperature of the lipid membrane.
Ultrasound can induce hyperthermia in a non-invasive, localized and controlled manner,
thus it has been proposed to be used as an external source of heating in temperature-
triggered drug delivery applications [84]. The combination of ultrasound-triggered
temperature-related drug delivery applications with other imaging modalities such as
magnetic resonance (MR-HIFU) can provide temperature and spatial feedback during

treatment and real-time evaluation of the process.

1.6.2 Mechanical action and activation

Microbubbles are considered to be an integral part of pressure-mediated drug
delivery applications since they can both facilitate local release of therapeutics on the
diseased site and increase local uptake. Microbubbles can act as the vehicles of a targeted
delivery system by loading them with drugs and selectively fragmenting them in the
desired location to release their payload. In this manner, drugs are protected while
travelling in the blood stream and less toxicity is distributed in the rest of the body.
Although there are various drug loading methods, it was shown that some types of MB
drug carriers can retain their high echogenicity and act also as imaging agents [27], [85],

enabling real time monitoring of the treatment.
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Microbubbles cannot only act as drug carriers but they can also be co-administered
with drugs during treatment to enhance local uptake. Several published studies have shown
that the physical interaction of ultrasound and microbubbles has the potential to facilitate
localized drug delivery by altering cell membrane permeability, allowing for the uptake of
normally impermeable molecules into the cells [26], [64]. Stable cavitation, occurring at
lower acoustic pressures and inertial cavitation observed at higher acoustic pressures are
mainly responsible for the introduced bio-effects that lead to enhanced drug deposition in-

situ.

Various aspects and patterns of stable and inertial cavitation (summarized in Figure
1.4) have been hypothesized as mechanisms that contribute towards cell membrane
disruption. Specifically, during the expansion and compression phase of a stably cavitating
microbubble, pushing and pulling of the cell membrane occurs [Figure 1.4(a)]. In addition,
microbubbles are displaced towards the cells driven by the acoustic radiation force [Figure
1.4(b)]. Both interactions of microbubbles with cells can result in cell membrane
disruption. Micro-streaming is also developed in the surrounding fluid by the stable
oscillation of a microbubble [Figure 1.4(c)]. This effect exerts mechanical stress on the cell
membrane and may cause pore formation. When microbubbles are exposed to high
intensity ultrasound, inertial cavitation takes place leading to violent collapse of the
oscillating bubble. Due to microbubbles asymmetrical oscillation and violent destruction,
shock waves [Figure 1.4(d)] and high velocity liquid microjets are created [Figure 1.4(e)]
causing pores formation on the cell membrane [64]. Consequently, two phenomena are
mainly responsible for enhanced drug uptake; the direct pore formation on the cells, a
process termed as sonoporation, and enhanced endocytosis [86] which may occur at the

same time.

Sonoporation has been extensively studied both in-vitro (using multiple types of
cell cultures) [87]-[89] and in-vivo (mainly in small animal models) [90], [91]. It was
reported that small compounds (<1kDa) [92], macromolecules [93], genes [94], [95] and
other therapeutic compounds have successfully been delivered into the cells. Recently a
pilot clinical study on treating pancreatic cancer utilizing the combined effects of
ultrasound, microbubbles and gemcitabine has also been published [96]. However there are
differences among the studied environments and experimental setups, leading to a variety
of published acoustical conditions under which enhanced uptake is observed. The reported
parameters range in acoustic pressures from few kPa to few MPa, while pulse durations
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vary between 10us and 10ms. Therefore, the exact sonoporation mechanism has not yet
been fully exploited.

Figure 1.4: Biophysical effects of stably and inertial cavitating microbubbles.

The translation of the acoustic parameters of in-vitro experiments to the real
clinical application is still a great challenge. This is because at in-vitro studies, tumor cells
are directly exposed to the ultrasound field and microbubbles, thus the induced temporal or
permanent openings increase cell membrane permeability allowing entrance to normally
impermeable molecules. Depending on the applied acoustic pressure, the size of the pores
varies [64]. If the pores are small they will stay open for some time (termed as temporal
window) allowing the passage of therapeutics while if the pores are too large they cannot
reseal leading to cell death. It has been reported in the literature that temporal pores close
within seconds after ultrasound is turned off [97] while there are also reports that cellular

uptake of small particles may last for hours [88], [98].

However, in-vivo applications of ultrasound-enhanced drug delivery are much more
complicated. Since microbubbles and drugs circulate in the vasculature, the first step
towards ultrasound-mediated drug delivery is to increase the permeability of endothelia

cells of the vessel wall. If the endothelia permeability is altered, drugs that would

13



Chapter 1- Introduction

otherwise remain confined within the vasculature are allowed to extravasate into the
interstitial space. It is after entering the interstitial space that drugs have to reach the
diseased site (e.g. tumor cells). Extravasation is achieved as ultrasound and microbubble
interactions (stable and inertial cavitation) can destabilize tight junctions and create
openings between neighboring cells of the endothelial layer [99]. To obtain significant
extravasation, the openings between the endothelia cells should remain open for an
extended period of time. The magnitude of changes in both vascular and endothelia
permeability are related to ultrasound frequency, acoustic pressure and microbubble
parameters [27]. In addition, another factor that is significant at in-vivo applications,
ignored at in-vitro experiments, is the immune system response after ultrasound exposure
[100]. Vessel wall disruption can lead to activation of mechanisms of the human body
responsible to confront inflammatory events, thus changing the local environment of drug
delivery (e.g. inducing vasodilation of arterioles thus vascular flow changes, chemical
reactions, etc.) [101].

1.7 Scope of the thesis

This thesis focuses on the development of tools and methods that can help the
translation of ultrasound-mediated drug delivery applications to clinical studies. A novel
experimental setup, an ex-vivo functioning human-sized liver, is developed allowing for
the investigation of acoustic parameters utilized in drug delivery applications. The
proposed experimental environment aims in advancing research from cell cultures and
small animal models to a full scale clinically relevant ex-vivo model, which is significant in
preclinical research. As the in-depth knowledge of the acoustic parameters is essential
before proceeding to further investigations, in this thesis physical acoustics are employed
to characterize the acoustic field applied in ultrasound therapeutic applications.
Specifically, a simple, reliable, and reproducible method for estimating the acoustic
pressure delivered in tissue exposed to ultrasound is presented and evaluated using both
experiments and simulations. Bubble dynamics are also investigated here and a new
technique for accurate characterization of contrast agents with an ultrasound scanner is
developed. The proposed method can facilitate imaging during therapeutic procedures even
in high Mls and advance DCEUS quantification as signal saturation can be removed from

the collected data. One of the main questions posed in this work is whether DCEUS can
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become an accurate technique of micro-flow measurements. Thus, dynamic contrast-
enhanced ultrasound quantification is investigated in the functioning ex-vivo pig liver
model, where the vasculature remains intact and microbubbles dispersion through
branching vessels resembles reality. Following all above, DCEUS quantification is
proposed as a metric for assessing therapy outcomes and evaluated whether can detect
micro-vascular flow changes induced by ultrasound therapeutic approaches. The
interaction of ultrasound-driven microbubbles with the capillaries under sonoporation
conditions are also investigated in the developed ex-vivo pig liver model and the optimized
ultrasound parameters that will lead to enhanced extravasation are derived under
physiological conditions.

Chapter 2 presents the development of a sub-normothermic ex-vivo machine
perfusion system suitable to preserve human-sized livers for at least 3 hours. The use of
slaughterhouse animals as an alternative source of organs for diagnostic, imaging and
therapeutic investigations is suggested and explored to minimize the regulatory
requirements, operational costs and ethical burden associated with live animal surgery.
Thus, healthy pig livers were procured from a local (food chain) slaughterhouse and
sustained to the developed machine perfusion system. Porcine livers are preferred over
livers from other species since they are more similar to human livers with respect to
physiology and anatomy [102]. The developed model was chosen to serve as the test
platform for the development and study of perfusion quantification methods and
ultrasound-mediated drug delivery applications, as it provides an ideal environment for
preclinical investigations with high physiological relevance not available in in-vitro

experiments.

Chapter 3 focuses on the methods developed for characterization and in-situ
estimation of the applied acoustic field during ultrasound therapeutic applications. A
simple, reliable, and reproducible method for estimating the acoustic pressure delivered in
tissue exposed to ultrasound is presented and evaluated. The proposed method is based (a)
on low amplitude water measurements, that are easily collected and they do not suffer from
nonlinear propagation effects, and (b) the attenuation coefficient of tissue of interest. Ex-
vivo machine perfused pig liver tissue, harvested according to the methods described in
Chapter 2, was used to validate the method for source pressures up to 3.5 MPa. The
method can be used to estimate the delivered pressure in-vivo both in diagnostic and
therapeutic applications of ultrasound.
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Chapter 4 poses the question of microbubble response to increasing acoustic
amplitude while at the same time develops methods to correct for signal saturation in
diagnostic ultrasound scanners. The correction of signal saturation is very important for the
perfusion quantification methods that are developed and described later in this thesis. A
diagnostic ultrasound scanner is used to investigate microbubbles nonlinear response after
being exposed to peak negative pressures between 0.06 MPa and 2.6 MPa. Various
concentrations with clinical relevance are used in this study. The problem of signal
saturation observed when ultrasound scanners are used to record backscattering from
microbubbles is also addressed and a correction method is provided. In short, signal
saturation with increasing pressure and bubble concentration was carefully avoided by
continuously adjusting the scanner’s 2D analog gain and accounting for it in the
quantification software. Now with accurate recording of the backscattering from
microbubbles, the intensity-concentration relationship was measured in detail for both low
and high pressure amplitudes. Contrast-to-tissue ratio as a function of MI, without the
effect of signal saturation, was calculated for a range of concentrations. The results of this
study can be used to better guide drug delivery approaches and develop imaging

techniques for therapeutic procedures.

Chapter 5 deals with the evaluation of therapeutic outcomes after ultrasound-
mediated drug delivery applications. It is hypothesized that microvascular flow changes
(often caused by a therapeutic procedure) can be detected using DCEUS quantification
which is based on indicator dilution. Thus, DCEUS quantification methods are evaluated
in the functioning ex-vivo pig liver model to find the range of accuracy and strength and
weaknesses in measuring flow in the microcirculation in an environment where there is
dispersion of microbubbles through branching vessels like in-vivo condition. The intensity-
concentration relationship was first investigated by changing the amount of microbubble
concentrations for fixed flow rates. Signal saturation was corrected using the method
described in Chapter 4. Then, various flow changes with clinical/physiological relevance
were dialed in the pig liver model and were measured with DCEUS quantification.
Hemodynamic-related parameters (such as the rise time, mean transit time, area under the
curve and peak intensity) extracted from curve fitting models based on indicator dilution
theory were related to the induced flow changes in both macro- and micro- vascular level.

The results here suggest that DCEUS quantification is capable of measuring flow changes
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in the macro- and micro-circulation such as those induced by therapies targeting

angiogenesis.

Finally, Chapter 6 focuses on the investigation of the interaction of ultrasound-
driven microbubbles with the capillaries under sonoporation conditions. Specifically, the
effect of acoustic pressure, number of cycles, and microbubble presence on vessel poration
and extravasation are studied in the developed ex-vivo pig liver model. An experimental
setup was developed that allows real time monitoring of the therapy procedure and
imaging of the cavitation activity. Therapeutic outcomes were evaluated using gross
morphology and lesion size examination, histology and detection of micro- vascular flow
changes using DCEUS quantification based on indicator dilution theory. The optimized

ultrasound parameters that lead to enhanced sonoporation and extravasation are derived.

The overall results from this thesis are further discussed and analyzed in Chapter 7
and conclusions are drawn together with suggestions for future direction for research in

this area.
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2 Dynamic Contrast Enhanced
Ultrasound of Slaughterhouse

Porcine Livers In Machine Perfusion

The aim of this study was to enable investigations into novel imaging and surgical
techniques by developing a readily-accessible, versatile liver machine perfusion system.
Slaughterhouse pig livers were utilized and dynamic contrast enhanced ultrasound
(DCEUS) was introduced to optimize the procurement process and provide real-time
perfusion monitoring. The system comprised a single pump, oxygenator, and bubble trap,
and 2 flow meters for pressure-controlled perfusion of the vessels using an off-the-shelf
perfusate at room temperature. Successful livers demonstrated homogeneous perfusion in
both the portal vein and hepatic artery with DCEUS, which correlated with stable oxygen
uptake, bile production and hepatic resistances, and normal histology at the end of 3 hours
of perfusion. DCEUS identified perfusion abnormalities invisible to the naked eye, thereby
providing context to the otherwise systemic biochemical/hemodynamic measurements and
focal biopsy findings. The model developed here is a simple, cost-effective approach for

stable ex-vivo whole-organ machine perfusion.

Key words: imaging, hepatic, abattoir
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2.1 Introduction

Machine perfusion (MP) functions as an artificial body with a wholly- or partially-
artificial blood supply to sustain an isolated organ ex-vivo. Originally an experimental
technique to study organ metabolism [1], [2], MP has gained a foothold in the clinic where
it is currently being investigated as a donor organ preservation modality that is superior to
the gold standard of static cold storage [3]-[6]. MP also has the potential to operate as a
highly versatile test platform in the medical technology and pharmaceutical industries
since it enables direct access to the organ for targeted diagnostic, imaging, and therapeutic
investigations [7], [8]. Access to MP has generally been limited to laboratories with
veterinary personnel, operating rooms, and housing facilities capable of procuring and

handling large animals as a source of human-sized organs [9]-[12].

The use of slaughterhouse animals as an alternative source of organs would
minimize the regulatory requirements, operational costs and ethical burden associated with
live animal surgery, but very limited data are available regarding such models. In
particular, the viability of the organ is frequently questioned given the obligatory warm
ischemia the organs experience before being isolated from the animals. In 1993, Peter
Neuhaus’ group compared the isolation of hepatocytes from abattoir porcine livers with
livers perfused in-situ [13]. Using cell isolation as a quantitative metric of a liver’s viable
cell content, livers from the abattoir produced cells with significantly higher rates of
damage and lower yields. However, a follow-up paper in 1994 showed a marked
improvement in cell yield when procured livers were exposed to 3 hours of normothermic
(37°C) MP prior to cell isolation [14]. In 2001, the same group published a seminal paper
which demonstrated that unless livers with 60 minutes of warm ischemic damage were
treated with MP they could not be successfully transplanted (a laboratory animal model
was used in this case) [15]. MP therefore has the capacity to perfuse slaughterhouse organs
stably, serving as a platform for whole-organ experimentation.

To increase MP accessibility, we scaled up a recently developed sub-normothermic
(20°C-30°C) rat liver MP system that was as effective at recovering ischemic damage as
normothermic perfusion but simpler to operate [16]-[18]. A major limitation of this
approach however, is an inability to visually inspect perfusion quality. Erythrocytes,
natural but highly variable contrast agents, are unnecessary at subnormothermic conditions

and are excluded from the perfusate, while the decrease in surface area to volume ratio in
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comparing a 10g rat liver to a 15009 porcine liver implies less of the liver is exposed to the
naked eye. To overcome this visual limitation, we introduced dynamic contrast enhanced
ultrasound (DCEUS) to machine perfusion. DCEUS measurements proved to be
indispensable in evaluating an organ’s structural and functional integrity since they
contextualized systemic perfusate and focal biopsy results. Simply by placing a transducer
directly on the organ’s capsule, structural variations could be identified and monitored
while the extent of perfusion in each of the hepatic artery and portal vein was
quantitatively visualized in real time. Here we describe in detail the methodologies of
porcine liver procurement from the slaughterhouse, stable organ perfusion with

asanguineous room temperature MP, and evaluation of perfusion quality with DCEUS.

2.2 Materials and methods
2.2.1 Choice of livers and abattoir

The studies were approved by the Cyprus National Bioethics Committee, the

Cyprus National Veterinary Services, and the state abattoir of Kofinou, Larnaca.

Porcine livers were preferred over other species since they have greater similarities

with human livers regarding physiology and anatomy (Table 2.1) [19].

Human Pigs Goat Sheep
Liver weight (g) 1500-1800 700-1500 600-700 400-700
Total fl t
ot | o _ra \ 0.8 1-1.5 1-5 4-9
(ml/min/g liver)
HA flow rate
. 20-25 10-23 not found 1-21
(% of total hepatic flow) N
M Arterial P
ean Arterial Pressure 100 60-90 95-100 97
(mmHg)
AU P 5 9 not found not found

(mmHg)

Table 2.1: Comparison of livers from humans and commonly available farm species.
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The method described here was developed with n=30 routinely-slaughtered 150-
200 day-old castrated males of a variety of porcine strains. The procured livers weighed
between 1200g and 1800g (adult human livers range between 1500g for females and 1800g
for males) [20]. Porcine livers are reported to receive an average flow rate of 1-1.5
ml/min/g liver with approximately 10-23% of the blood flow being contributed by the
hepatic artery (HA). Porcine liver mean arterial pressure is 122 cmH,O (90mmHg) and
portal pressure is less than 12 cmH,O (9mmHg) [21], [22]. By comparison, human livers
receive approximately 0.8 ml/min/g liver with 25% deriving from the HA [23]. Human
liver mean arterial pressure is 136 cmH,O (100mmHg), with an average portal pressure of
7 cmH,O (5mmHg). Ruminants, such as goats and sheep, were not considered for this
study since they have livers that are not comparable in size to human livers, with different

anatomy and hemodynamics pertaining to the central, middle and left livers [24].

2.2.2  Procuring and flushing an intact liver

The process of liver procurement did not interfere significantly with the normal
abattoir protocol. Briefly, animals were stunned electrically, exsanguinated, cleaned in a
water bath, buffed and momentarily singed to remove bristles. The abdomen and thorax
were exposed by a longitudinal dermal incision. To minimize the risk of damaging the
liver during procurement, we requested that the trachea, lungs, heart, aorta, diaphragm, and
esophagus in the thorax, along with the stomach, duodenum, pancreas, kidneys, and spleen
in the abdomen be removed en bloc. The organs were placed into an awaiting container
and the liver was inspected for disqualifying tears/cuts, particularly at the sites of the
hepatic ligaments. Isolating the liver from the other organs was readily achieved with a few
simple steps. The organs were first arranged ventral side down on a working surface and
the lungs, heart, trachea and aorta removed to reveal the superior surface of the diaphragm.
Beginning on the ventral edge, the diaphragm was reflected, away from the liver, by
bisecting the coronary, left and right triangular ligaments, and the hepatic veins, thereby
exposing the full length of the vena cava. The vena cava was clamped inferiorly and
bisected distally exposing the posterior wall of the hilum containing the portal triad. The
portal vein (PV) could be visually identified and the common hepatic artery (HA) found by
palpation medial to the PV as a hard/rubbery cord. Both vessels were skeletonized with

blunt dissection beginning as distal from the liver as possible, clamped to prevent air
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emboli from entering the liver, and bisected. Dissection of the remainder of the hilum
comprised identifying and bisecting the common bile duct (CBD), and removing the
pancreas and lymph nodes from around the PV and HA, being careful to tie off major
vessels and cauterize minor ones. The liver was then weighed and submerged in an iced
slush solution of Lactated Ringer’s solution (Multi-Pharm Co. Nicosia, Cyprus). Inverting
the liver enabled removal of any air trapped in the hepatic veins. The cystic duct was
ligated. The vessels were unclamped and fitted with plastic tubing connectors (OD ~1-1.5
cm for the PV and ~0.2-0.3 cm for the HA). Six to seven liters of ice-cold Lactated
Ringer’s flush solution spiked with 10001U/L of heparin (LEO Pharmaceutical Products
Ballerup, Denmark) were then delivered from suspended containers with 24G and 16G
tubing (EW-96410-24 and SI-96410-16, Cole Parmer) that attached to the PV and HA
connectors, respectively. Upon completion of flushing, the liver was disconnected from the
tubing and the container sealed for transportation. Time between the start of
exsanguination and the start of cold flush was < 30 minutes. Time of static cold storage

was < 2 hours.

2.2.3 Machine perfusion design

The method used here had been optimized in a rat transplantation model to be both
simple in design and effective in recovering ischemic damage [16], [17]. By operating at
room temperature, stable perfusion can be maintained without using temperature regulators
or oxygen carriers (usually erythrocytes, which are challenging to procure in a
slaughterhouse model) (Fig. 2.1). To accommodate human-sized organs, the perfusate
reservoir comprised a 7L rectangular clear plastic container measuring 23 cm W x 30 cm L
x 10 cm H. The organ was suspended in the perfusate by a soft, permeable nylon
membrane (B004QZ9XKI, Small Parts Inc. Logansport, IN, USA) attached to the
periphery of the chamber. The perfusate was circulated (Masterflex L/S Digital Drive
600rpm, Cole Parmer) out of the organ chamber to an oxygenator (Affinity NT, Medtronic,
Minneapolis, MN, USA) supplied with 95% O,, 5% CO, (Tenaris, Bergamo, Italy) and
then to a 500ml bubble trap (Radnoti, Monrovia, CA, USA) that also served to dampen the
pulsatile flow. The perfusate exiting the bubble trap was split and passed through two flow
meters (EW-32461-44 and EW-32460-40, Cole Parmer) that enabled pressure-regulated

flow to each of the PV and HA respectively. The livers received average arterial flow rates
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of 200-300ml/min resulting in pressures between 100-112 c¢cmH,O. Portal flow rates
averaged 600-900ml/min resulting in pressures less than 10 cmH,0, below the accurate
detection limit of our manometer (Table 2.2). Effluent was then allowed to flow freely
from the vena cava back into the reservoir, closing the circuit. By way of comparison with

the rat model, the same perfusion duration of 3 hours was selected here.

to HA

to PV°

Manometers

to iU22

Perfusate Reservoir

Flow Meters & Organ Chamber Pump

95% O,
5% CO,

o

A
Bubble Trap Oxygenator

Figure 2.1: The perfusion system comprised a single closed circuit in which perfusate was pumped out of the
organ chamber, through an oxygenator, and into a bubble trap prior to being split into two flow meters for each
of the portal vein (PV) and hepatic artery (HA). Flow was pressure-regulated by manometers. Effluent from the
organ collected in the organ chamber prior to being recirculated.

Hepatic Resistance

i Pressure Flow rate .
{rlurrrs (cmH;0) (ml/min/g liver) [CmHZ,(i)\fgS;/ min/g
PV HA PV HA PV* HA
0.5 <10 112+28 0.38+0.2 0.14+0.06 16+4.5 705+244
1.0 <10 111420 0.49+0.21 0.15+0.05 14+5.3 6821273
1.5 <10 112+21 0.5+0.22 0.17+£0.05 14+55 643+259
2.0 <10 106423 0.49+0.22 0.17+0.05 14+6.3 599+222
2.5 <10 102+37 0.51+0.22 0.18+0.06 13+4.5 4814206
3.0 <10 112+43 0.51+0.21 0.19+0.06 13+5.2 518+273

Table 2.2: Hemodynamic measurements. *Portal resistance was calculated as an upper-bound estimate, using a
portal pressure of 10 cmH,O
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2.2.4 Perfusate

Powdered Williams Medium E (10.8g/L W4125, Sigma-Aldrich Corp. St Louis,
MO, USA) was reconstituted to produce 6L of perfusate. To the perfusate we added: 1000
IU/L heparin, 2 U/L insulin (Actrapid® Penfill® Novo Nordisk, Novo Alle, Denmark),
and 0.4 mg/L dexamethasone (Dexamed, Medochemie Ltd, Limassol, Cyprus). We also
added 2.2g/L of sodium bicarbonate (S5761, Sigma-Aldrich Corp. Medisell, Cyprus) or
more as needed within the first hour to correct an initial acidosis and restore a pH of 7.3-
7.4, which was subsequently measured half-hourly with a pH probe (Amarell Electronic,

Kreuzwertheim, Germany) positioned in the perfusate.

2.2.5 Imaging

At the outset of perfusion, livers were evaluated for the presence of any anatomical
abnormalities using B-mode imaging with an L12-5 linear array probe on a Philips iU22
ultrasound scanner (Philips Healthcare, Bothell, WA, USA). Two different DCEUS
measurements were then made during the course of perfusion; a fixed probe (L9-3)
evaluated perfusion through the macro- and microvasculature of a specific region of the
liver, and a free probe (L12-5) provided a qualitative evaluation of the extent of perfusion
(presence of contrast microbubbles) in the entire organ.

We note that despite using a closed system, recirculation of microbubbles was not
an issue in our system. No secondary peaks were observed in the data and the inclusion of
a transducer to destroy microbubbles prior to entering the pump had no effect on the
outcomes. Upon exiting the liver, the microbubbles tended to float such that very few were
taken up by the pump; of the few that were, the majority (>90%) were destroyed by the

time they exited the oxygenator.

2.2.6  Monitoring perfusion through the macro- and micro-vasculature

The L9-3 probe operating at a transmit frequency of 3.1 MHz in the contrast
specific mode and 6.3 MHz in the tissue mode was held in a fixed position on overlapping
lobes 1 & 2 of the liver with a mechanical articulated arm (Fisso, Baitella AG, Zurich,
Switzerland) (Fig.2.2). The imaging frame rate was 12 Hz. Contrast side-by-side mode was

used to simultaneously display the contrast image formed with power modulation (on the
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left of the screen) and the low MI tissue image (on the right). The compression (dynamic
range) was set at the maximum that was available on the scanner (50 dB, which according
to the manufacturer is an overestimated approximate value) to best accommodate a large
range of signals and avoid saturation. The 2D gain was set at 77% such that there was no
noise in the image but also not too far away from the noise floor. The M1 used was 0.05 for
the contrast side and 0.04 for the tissue side, with a focus at 3.5 cm. The MI was slightly
lower than what is used for clinical scanning since there was no skin or other tissues
between the liver and the probe. The persistence was turned off to avoid averaging of the
image data between consecutive frames and to facilitate quantification. Every hour, a 0.2
ml bolus of SonoVue contrast agent (Bracco S.P.A., Milan, Italy) was injected through a
rubber stop in the tubing immediately preceding each of the vessels starting with the portal
vein (PV), and image loops of 40 s (480 frames) were acquired. We then administered a

second bolus and captured a second loop for the HA.

2.2.7 Image quantification

To characterize the flow through the vasculature, time-intensity curves from the
above loops were extracted using commercial quantification software QLAB (version 8.1;
Philips Medical System, Bothell, WA, USA). This software allows for the manual
selection of a region of interest (ROI), measurement of the selected ROI dimensions, and
provision of linear (logarithmic compression removed) data for the time-intensity curves.
ROIs were chosen around the PV, HA, parenchyma (effort was made to place the region in
an area without large vessels), and hepatic veins (HV). The time-intensity curves of the

ROIs were extracted from QLAB and imported into Excel.

2.2.8 Qualitative evaluation of the overall perfusion of the liver over time

After each loop was collected, another linear array probe L12-5 (at a transmit
center frequency of 3.9 MHz in the contrast specific mode and 8.2 MHz in the tissue
mode) was used to qualitatively evaluate the extent of perfusion of the liver by each vessel
(PV and HA) since some contrast from each bolus was retained in the liver until it was
destroyed. The 2D gain was set at 77%. The MI used was 0.05 for the contrast side and

0.04 for the tissue side, with a focus at 3.5 cm. The non-perfused areas and those with
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patchy perfusion were indicated on a schematic of the liver and correlated with a photo of
the gross appearance of the organ (Canon EOS 450D digital SLR). After collecting the
images and video loops for qualitative evaluation, the MI was increased to 1 to eliminate
any microbubbles left using a C5-1 curve-linear array probe which operates at lower
frequencies and is thus more efficient for bubble destruction. The above procedure was
repeated every hour over three hours of perfusion.

-.-1-.-‘--’.

Figure 2.2: The iU22 ultrasound scanner (Philips Healthcare, Bothell, WA, USA) is positioned alongside the organ
and 3 different probes are employed: (i) The L9-3 (shown here) acquires images from a fixed location over time,
(ii) the L12-5 (not shown here) scans the entire organ to gauge percent perfusion over time, and (iii) the C5-1 (not
shown here) is used to destroy bubbles between readings.
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2.2.9 Oxygen Consumption

Oxygen uptake rate (OUR, ml O,/min/100g liver) was measured as the difference
between oxygen delivery (ODR) and exit (OER) rates, Eq. (2.1):

OUR =ODR-OER. (2.1)

Dissolved oxygen in the perfusate was measured as the partial tension of oxygen
(pO,) in mmHg with an oxygen probe (Microelectrodes Inc. Bedford, NH, USA) calibrated
to 21% (ambient air, 156mmHg) and 95% oxygen (oxygen tank, 722mmHg). The probe
was placed in the bubble trap for influx oxygen values delivered to both the PV and HA,
and in the 1\VC for efflux measurements. The oxygen solubility coefficient k (mlO,/ 100ml
blood/ mmHg) is unknown for Williams Medium E at room temperatures, therefore the
product of dissolved oxygen and flow rates for measures of ODR and OER are expressed
as a function of k [(Egs. (2.2), (2.3)]

ODR = (kX pOZ_bubee_trap)X(vpv +VHA) (22)

OER :(kx poz_lvc)x(vpv + V) - (2.3)

2.2.10 Hepatic Resistance

Portal and arterial flow rates were recorded and resistance to flow in each vessel

was estimated as the ratio of pressure to flow.

2.2.11 Bile Production

Since the cystic duct was ligated, the common bile duct was cannulated and used to

collect bile in a separate container; hourly production was noted.

2.2.12 Histology

Histology was conducted on all livers using biopsies procured at the end of
perfusion from the center of each lobe, stored in 10% formaldehyde, processed, and

stained with hematoxylin and eosin. Images were captured using an Olympus BX51

35



Chapter 2 - DCEUS of slaughterhouse porcine livers in machine perfusion

microscope (Tokyo, Japan) and Olympus DP2-Twain compatible software (Adobe
ImageReady ®, Version 8, San Jose, CA, USA).

2.3 Results

In all 30 livers examined with harmonic imaging, no anatomical abnormalities were
detected. A total of 22 livers were used for model development. Cold ischemia of the liver
was a necessary storage condition to transport and prepare the organ for MP. The most
challenging hurdle to overcome therefore, was achieving a flush time within 30 minutes of
the start of warm ischemia to minimize ischemic damage to the liver; a short warm
ischemic time also improved organ flushing. Since receipt of the organ from the
production line typically occurred within 20 minutes of exsanguination, some familiarity
with the process was required to achieve the isolation, cannulation, and flushing the liver
within the remaining 10 minutes. The second largest challenge was developing a protocol
to minimize air embolisms. These occurred most frequently in the portal vasculature when
the portal vein was bisected during procurement and could generally be avoided by if the
entire duodenum was also procured. In our experience, the HA was never bisected,
nevertheless the rigidity of the arterial walls meant the lumens were kept patent allowing
blood to drain readily. Arterial embolisms were avoided by ensuring the aorta was
included in the procurement since this afforded greater resistance to blood flow, and also
by immediately clamping the vena cava to prevent blood drainage. Mastering these
techniques ultimately produced organs that performed stably with homogeneous perfusion

during MP; the results from n=8 such livers are presented here.

To ascertain that homogeneous perfusion had been achieved throughout the liver by
MP, and was sustained for the duration of the experiments, the progress of a bolus of
microbubbles through each of the PV and HA was recorded hourly. The bolus could be
observed entering the primary branches of the PV and HA, then the secondary and tertiary
branches, and finally the parenchymal space before emptying into the HVs, and being
recirculated (Fig. 2.3). In the porcine liver, the HA has primary branches that form a ring
around the circumference of the PV and until the microvasculature of the parenchymal
space is reached, the distinct anatomical space occupied by the HA can be easily

appreciated. Examined separately, the extent of hepatic perfusion by each vessel all the
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way to the edges of the capsule of the liver could be observed, ensuring flow rates
adequately perfused the entire liver, and that air embolisms and thrombi were absent.

Figure 2.3: Perfusion in the vasculature of the liver can be ascertained down to the capillary scale with the
introduction of contrast directly into the portal and arterial vessels. (a-b) The contrast fills the primary branches
of the PV and HA. The artery surrounds the vein and the contrast enters the liver from image-right to left. (c-d)
The contrast disseminates into the branches of the PV and HA prior to (e-f) entering the parenchyma. (g-h) The
contrast collects into the hepatic veins (arrows) and (i-j) is recirculated into the PV and HA (arrows).
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Regions of interest drawn around branches of the PV, HA, HVs and the
parenchyma captured the change in contrast intensity over time as it entered and exited the
region in a way that is characteristic of each of these different structures [Fig. 2.4(a, b)].
Since bolus injections of contrast were directly introduced into either the PV or HA, the
microbubbles entered the vessels rapidly with an almost instantaneous rise time to peak
intensity, demonstrating little dispersion of the bolus [Fig. 2.4(c, d)][25]. Later entry of the
bolus into the parenchyma [Fig. 2.4(e, f)] produced lower intensity curves, as would be
expected in capturing just a segment of the bolus distribution throughout the liver. Wash-
out from the parenchyma tended to be very long, depicting retardation or even some
sticking of microbubbles flowing through the microvasculature. The amount of “trapped,”
possibly larger, microbubbles in the microcirculation is probably very small; however,
since the spatial resolution of the ultrasound scanner is on the order of millimeters, the
“blocked” capillaries may appear larger in volume in the image than they actually are.
Additionally, arterial peak intensities in the parenchyma were always lower than portal
values, reflecting the smaller vascular volume occupied by the artery in any given region
within the liver. The time intensity curves of the hepatic veins showed significant
dispersion of the bolus as a result of the extensive variation in the sinusoidal distances
between portal and arterial inflow and hepatic vein outflow [Fig. 2.4(g, h)]. Entry of the
bolus into the hepatic vein also depicts the time taken to traverse the microcirculation. For
stable livers, the time intensity curves generally did not differ significantly over time, and
the trends between livers were similar. For simplicity, a single representative liver is

therefore depicted in Figs. 2.4 and 2.5.

Frequently, flushing of the organ at the time of procurement was incapable of
removing all blood clots, which could be discerned as dark spots through the liver’s
capsule and as areas of lower contrast intensity when scanning with the L12-5 (Fig. 2.5).
Upon initiating machine perfusion, these clots were gradually washed out resulting in a
homogeneous appearance of the liver. This was confirmed by DCEUS, which showed
reduced contrast intensity in the presence of the thrombi that resolved over time. Perfusion
in the portal and arterial vascular trees was otherwise observed to be generally
homogeneous throughout the duration of perfusion.
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Figure 2.4: Time intensity curves quantitatively describe the progression of contrast through the liver. The curves
depict characteristic differences, and changes over time, in flow between the various structures in the liver that
cannot be appreciated with the naked eye. Contrast injected into the (a) portal and (b) arterial vasculature
provides regions of interest around each of the (c) PV, (d) HA, (e-f) parenchyma, and (g-h) hepatic veins.
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PV HA

Typ=2hr Typ=1hr

Typ=3hr

Figure 2.5: Gross morphology provides limited information regarding internal obstructions to flow; dark patches
of blood suggest remnant thrombi that are gradually washed out by MP. DCEUS confirms a reduction in flow to
the congested areas due to thrombi in both the PV and HA. The regions of lower contrast intensity compared to
neighboring regions are restored as the thrombi are removed.

Flow rates tended to increase during perfusion in keeping portal and arterial
pressures constant (Table 2.2); under these conditions, the HA contributed to 27% of the
total hepatic inflow. This effectively described vasodilatation, expressed as a gradual
decline in hepatic resistance to flow. As a consequence of the minor increases in flow rate
to the liver over time, oxygen delivery to the liver also increased albeit a negligible amount
(Table 2.3). Uptake however, stabilized within an hour of initiating perfusion at
approximately 50% of the total oxygen delivered. Bile production also stabilized within the
first hour, producing 4.2+3.4 ml/hr. The bile produced was thick and dark yellow initially
and gradually became more fluid and lighter yellow as perfusion progressed. By the
second hour, tints of pink were visible as a consequence of phenol red excretion.

Histology conducted on biopsies at the completion of liver procurement (after 30
minutes of warm ischemia) showed signs of congestion and swollen, irregular-appearing
hepatocytes [Fig. 2.6(a, b)]. After 2 hours of static cold storage, the hepatocytes appeared
to have regained their normal shape and size, but the sinusoids appeared edematous and
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filled with neutrophils [Fig. 2.6(c, d)]. After 3 hours of perfusion, the tissue appeared
significantly improved, with normal, intact architecture and clear sinusoids. Hepatocytes
and endothelial cells had well-defined membranes, homogeneously eosinophilic
cytoplasm, and normal-appearing nuclei with occasional evidence of meiotic cells [Fig.
2.6(e, f)]. These histological results were consistent across all livers (n=8). Minor edema
was evident throughout most livers, which was consistent with an average 23%+16%

weight gain post-static cold storage, and a final 25%=18% increase post-perfusion.

T=0.3 hrs
post exsanguination

2.3 hrs
post exsanguination

T=

T=5.3 hrs
post exsanguination

Figure 2.6: Histological evaluation of the lobes with H&E at the time of procurement (T=0.3 hours), after static
cold storage (T=2.3 hours), and at the end of machine perfusion (T=5.3 hours) shows progressively improved
architecture with minor, diffuse edema.
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x k (ml/min/100g liver)

Time HV

(hrs) HA influx PV influx Total influx offlux Uptake
0.5 73147 2431163 320£193 107+60  130+£23
1.0 7343 317+£190 3931213 210157 18060
1.5 77+40 310£193 390+213 223177 163147
2.0 77+40 307+£197 3871217 197+187  187+40
2.5 83+47 310+187 3974207 190+180 20747
3.0 87+53 320£183 407200 220+163 183150

Table 2.3: Oxygen balance across the livers.

2.4 Discussion

Room temperature asanguineous perfusion of slaughterhouse porcine livers
produces a stable functioning organ within the first hour of perfusion, and can be sustained
for at least an additional 2 hours. The model developed here serves as a simple, cost-
effective approach for ex-vivo whole-organ experimentation that is particularly well-suited

for the optimization of surgical and imaging procedures.

2.4.1 Validity of the abattoir model

A concern in using slaughterhouse animals is the viability of the procured organs
[13]. Histologically, we have seen that even by limiting warm ischemia to 30 minutes, the
condition of the organ at the time of initiating cold flush appears questionable. However,
within 2 hours of flushing the organ with cold storage solution, the organ appeared
improved histologically, suggesting even longer transportation times may be feasible,
especially with the use of superior storage solutions such as University of Wisconsin
solution. Further, complete and homogeneous perfusion of the organ was achieved within
an hour of initiating room temperature MP, as demonstrated by DCEUS and within 3 hours
of perfusion, structural integrity appeared restored at the microscopic scale. These
findings, though not able to verify organ viability, when combined with the functional
parameters of sustained oxygen uptake and bile production, suggest a stable method with
which to work that can likely be extended well beyond the 3 hours of perfusion
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investigated here. While the simplicity of this approach will enable an increase in
accessibility to ex-vivo whole organ experimentation, there are nevertheless, important
limitations that must be considered when using abattoir livers. For instance, there is
typically little control over the size, age, strain or nutritional status of the animals, and
though the organs are qualified as “food grade,” procurement is not conducted in a sterile
fashion. Additionally, great care must be taken to avoid the introduction of air into the
livers. This can be done by clamping the vessels and submerging the tissue as described
since the exsanguination and organ removal process necessarily exposes the hepatic veins
to air and can easily cause suction of air through the PV and HA, which significantly
hinders perfusion in the organ (Fig. 2.7).

PV HA

T=1hr

T=2hrs

T=3hrs

Figure 2.7: Perfusion quality declines over time in an organ with major air embolisms in Lobes 1 and 2 of the
portal vein (separated at the arrow). By comparison, the hepatic artery, which has a minor infarct in Lobe 1, has
otherwise stable perfusion as seen at the position of the probe (grey square) situated outside the infarct area.

2.4.2 Choice of machine perfusion design

Room temperature MP dispenses with the need for temperature regulation and
oxygen carriers, resulting in a simple circuit that requires a single pump, two flow meters,
an oxygenator, and a bubble trap for 6L of an off-the-shelf perfusate. In the rat model, we

have shown that room temperature perfusion is capable of recovering livers with 60
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minutes of warm ischemia to a transplantable state within 3 hours of perfusion [16], [17],
[26]. Of the two other publications that describe room temperature machine perfusion in a
pig model, only one of them investigates an ischemic model with different metrics of
perfusion quality than what were used here [27], [28]. The vast majority of publications
describe the use of sanguineous normothermic perfusion systems, which are more
laborious to operate because of the addition of blood components to the perfusate [15],
[18]. Using such a system, Grosse-Siestrup et. al. published a series of papers that
demonstrated the feasibility of using abattoir-derived porcine livers for research,
particularly to explore the impact of various drugs on the liver [8], [29], [30]. The group
later compared the model’s performance with organs procured intraoperatively from
laboratory animals [31]. Livers from the abattoir were treated somewhat similarly to ours,
with 15+£0.6 minutes of warm ischemic time and 3 hours of static cold storage time,
followed by 3.5 hours of machine perfusion. Livers procured intraoperatively experienced
only 6.3+2.8 minutes of warm ischemia and 1 hour of static cold storage time, followed by
3 hours of perfusion that showed good accordance with results from other publications
[32]-[35]. The abattoir livers did not function as well as the intraoperative livers. This was
seen through significantly higher portal resistance, edema, and liver enzyme release.
Abattoir livers also consumed oxygen at an average rate of 0.3 ml/min/100g or 16% of the
consumption rate of intraoperative livers, and produced 3.1+1.1 ml/min/100g of bile, or
56% of intraoperative production rates. By way of comparison, when we assumed k=0.003
(the oxygen solubility coefficient of plasma at 37°C, an underestimate of the true value of
k for Williams Medium E at room temperature) the system used here resulted in hepatic
oxygen uptake rates twice that of the normothermic system. The values were 30% of
intraoperative liver values, which is what is expected given the lower metabolic rates of
room temperature-perfused livers [26], [36]. Bile production was 30% higher than the
normothermic system and 80% of intraoperative liver values. Also, the majority of edema
observed here occurred during static cold storage with perfusion contributing a negligible
additional amount, while hepatic resistance gradually declined over time, enabling
physiological flow rates and pressures. These findings, together with the simplicity of our
system, suggest that our approach markedly improves upon existing abattoir models.
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2.4.3 The role of DCEUS in machine perfusion

Dynamic contrast-enhanced ultrasound provides highly complementary qualitative
and quantitative data regarding the liver’s condition, conferring specificity to systemic
hemodynamic and biochemical values, and context to invasive, and therefore sporadically-
performed, focal biopsies. The ease with which DCEUS can be applied to MP - simply
scanning the organ with a probe - while diagnosing the presence of anatomical
abnormalities not visible grossly, and illustrating the quality of perfusion throughout the

entire organ, make it an invaluable tool in whole organ machine perfusion.

Of significant clinical interest is the quantitative analysis of perfusion that is
possible with DCEUS, which has the potential to define novel metrics of organ viability in
machine perfusion. An injection of contrast produces a rapid rise in contrast intensity that
becomes distorted with distance from the injection site, perfusate flow rate, and tortuosity
of the vascular path as the contrast disperses [25]. Characterizing the distortion of contrast
through organs is already the premise of advanced algorithms capable of highly sensitive,
non-invasive, non-ionizing diagnoses of liver masses [37]. Combined with the ability to
localize drug release through microbubble destruction [38], DCEUS represents a myriad of
possibilities in extended isolated organ perfusion. A simple example targeted at ischemic
donor livers such as those that derive from donors after cardiac death (DCD), may be the
assessment of the extent of ischemia-reperfusion injury (IRI) where the “no-reflow”
phenomenon negatively impacts perfusion quality and subsequently graft integrity [39]-
[41]. Since the passage of a bolus of contrast agent through the liver delineates the patency
of the hepatic vasculature, the nature of IR, its prevalence throughout the organ, the points
in the vascular tree at which it begins to impact perfusion quality, and the impact

vasoactive drugs have on its outcome [42] may be uniquely described by DCEUS.

An important consideration in the accurate quantification of organ perfusion
characteristics with DCEUS is the extent to which the contrast agent interacts with the
liver, potentially biasing agent kinetics. When complete microbubble wash-out does not
occur, as is seen here, time intensity curve parameters such as bolus rise time, peak
intensity, and area under the curve in the microvasculature are overestimated. The
persistence of the contrast agent in the microvasculature is likely a function of the choice
of contrast agent. SonoVue, has a wide distribution of microbubble sizes [43], [44], the

larger of which are typically filtered out by the lungs in-vivo prior to entering the liver;
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complete wash-out of the agent from the hepatic microvasculature eventually occurs after
2 minutes [45]. The absence of a filtering mechanism in the present perfusion system
implies that the liver itself is serving this function. We do not believe the microbubbles are
fundamentally disrupting flow, firstly because the amount of microbubbles “stuck” in the
microcirculation likely appears greater in the images than it actually is owing to the fact
that the spatial resolution of ultrasound is on the order of 1 mm so single 10-20 um
diameter microbbubles would show as being much larger. Moreover, we would expect
contrast intensity and vascular resistance to increase over time. In subsequent studies
however, using BR38 (data not included here), which has the smaller median diameter
[46], an appreciable decline in intensity occurs during wash-out, more closely resembling
the in-vivo scenario. Subsequently, these findings support our use of the presence of
microbubbles in the vasculature as a qualitative evaluation of perfusion in isolated organs
during machine perfusion, while small microbubbles or the use of a filtering system are

recommended for quantification studies.

DCEUS proved critical in confirming the robustness of the perfusion design, which
had been previously established in a highly-controlled syngeneic laboratory animal model,
and now also appears effective in wild type animals of different strains, gender, and ages.
DCEUS enabled efficient scaling of the MP system from 10g rat livers to 1500g human-
sized livers, particularly by identifying air and blood embolisms as the primary limiting
parameters to successful perfusion. This knowledge facilitated the efficient procurement of
slaughterhouse livers, reducing the time to cannulate and initiate cold flush to
approximately 10 minutes, for an overall warm ischemic time no longer than 30 minutes.
Clamping the PV and HA minimized further suction of air into the vessels while
submerging the liver enabled removal of air in the HVs. Without DCEUS, livers with
occlusions to flow could not be distinguished macroscopically from organs that were well-
perfused. Since DCEUS can diagnose whether an occlusion is due to an air embolism or
blood clot, in the circumstances of accidental introduction of air or stubborn clots, it can
also direct appropriately targeted treatment strategies. Finally, DCEUS also enabled
dynamic fine-tuning of perfusion conditions, such as minimizing flow rates without

causing hypo-perfusion, which is associated with greater viable cell yields [17].
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2.5 Conclusions

We have developed a simple, stable, highly versatile machine perfusion
methodology for the ex-vivo evaluation of isolated human-sized livers. An efficient
protocol enables rapid isolation of livers from slaughterhouse pigs, enabling a cost-
effective approach to organ procurement. The methodology, validated with hemodynamic
and biochemical parameters, histology, and, for the first time, dynamic contrast enhanced
ultrasound, demonstrates organs are stable for at least 3 hours of experimentation. This
model is especially useful in the study of diseases that characteristically impact perfusion
quality and for interventions that depend on controllable and quantifiable perfusion, such

as the study of vasoactive drugs, drug delivery, and tumor ablation.
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3 A method for estimating the acoustic
pressure in tissues using low

amplitude measurements in water

The aim of this study was to evaluate a simple, reliable, and reproducible method for its
accuracy in estimating the acoustic pressure delivered in tissue exposed to ultrasound.
Such a method would be useful for therapeutic applications of ultrasound with
microbubbles e.g. sonoporation. The method is based (a) on low amplitude water
measurements, that are easily collected and they do not suffer from nonlinear propagation
effects, and (b) the attenuation coefficient of tissue of interest. The range of validity of the
extrapolation method for different attenuation and pressure values was evaluated with a
nonlinear propagation theoretical model. Depending on the specific tissue attenuation, the
method produces good estimates for pressures in excess of 10 MPa. Ex-vivo machine
perfused pig liver tissue was used to validate the method for source pressures up to 3.5
MPa. The method can be used to estimate the delivered pressure in-vivo in diagnostic and

therapeutic applications of ultrasound.

Keywords: liver attenuation, porcine liver, nonlinear distortion, drug delivery, in-situ

pressure, exposimetry, derating

Published as: C. P. Keravnou, M. L. Izamis, and M. A. Averkiou, “Method for Estimating

the Acoustic Pressure in Tissues Using Low-Amplitude Measurements in Water,”
Ultrasound Med. Biol., August 2015.
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3.1 Introduction

Novel therapeutic methods such as sonoporation, sonothrombolysis and other
recent gene and drug delivery techniques make use of the combined effects of ultrasound
and microbubbles [1]-[5]. Therapeutic ultrasound is also utilized in high intensity
applications which cause irreversible tissue changes such as thermal ablation and
mechanical tissue fragmentation (histotripsy) [6], [7]. The accurate knowledge of the
acoustic pressure in the region exposed to ultrasound (in-situ acoustic pressure) is therefore

essential for the applications mentioned above.

As ultrasound pressure employed for both diagnostic and therapeutic purposes
varies a lot (up to 3 orders of magnitude) according to the specific application, nonlinear
propagation effects are often encountered that cause errors to the linear pressure derating
method. In addition to nonlinear propagation, the attenuation of ultrasound in biological
tissues plays an important role in the calculation of the delivered pressure in-situ.
Measurements in water are strongly affected by nonlinear propagation, thus various
published methods propose to account nonlinearity in the pressure derating process, or

measure the acoustic field in dissipative media.

Schafer [8] suggested the use of a wideband derating factor that would apply the
deration of each frequency component of the measured ultrasound pulse. More recently,
Bessanova et al. [9] proposed a method of scaling the source amplitudes used to generate
pulses in tissue and in water so that the propagated pulses yield the same acoustic pressure
at the geometric focus of the source in both media. The derating method was proposed for
therapeutic applications of high intensity focused ultrasound and it was validated with both
simulations and experimental measurements, with good agreement between the derated
method results and numerical simulations in tissues. However this method has very good
results only at the cases where the pressure amplitude at the focus is much higher than the
rest of the propagation path (G=20-50). Other methods propose the use of plastic disk
attenuators in the acoustic path [10], [11], or the substitution of water with attenuative fluid
to create a tissue mimicking environment to perform measurements [12]. Nevertheless, the
use of attenuative fluids such as castor oil or water-glycerin mixtures to create a tissue
mimicking environment for measurements introduces errors and discrepancies such as
variations in properties of the fluids between different laboratories and different

attenuation frequency dependence than tissue.
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Currently, the in-situ pressure delivered from diagnostic ultrasound scanners and
thus the mechanical index (Ml), are estimated using measurements in water that are
derated for the traveled distance according to a known tissue attenuation value at the center
frequency of the propagated pulse. However, for the estimation of the in-situ pressure,
World Federation of Ultrasound in Medicine and Biology, recommended also the use of
low-amplitude hydrophone measurements, linearly scaled based on the source pressure and
the attenuation of tissue [13]. Such a method, avoids experimental errors associated with
hydrophone measurements of sound fields at high output levels and simplifies the

theoretical and computational aspects of the derating problem [14].

Previously published works have dealt with linear derating methods issues. Bacon
[15] established a nonlinear propagation model to predict acoustic levels in tissue. In that
work, linear extrapolation of low amplitude measurements in water was used to calculate
the input data for the simulations and to validate the nonlinear propagation model. The
author compared nonlinear theory results and linear extrapolation pressure values with
measurements after propagation through a tissue-mimicking gel phantom. He concluded
that linear extrapolation from measurements made in water is inadequate for predicting in-
situ exposure to ultrasound as it might have errors up to 80%. However, the author
evaluated the method only under the assumption of the specific properties of the tissue-
mimicking gel phantom rather than using real tissue. Christopher and Carstensen [14] used
a nonlinear propagation model that takes into account the effects of diffraction,
attenuation, nonlinearity and planar (fluid) boundary transmission of axially symmetric
acoustic beams to evaluate the nature of the effects that occur under realistic exposure
conditions encountered in diagnostic procedures. Simulations based on water, liver and fat
tissue properties were compared to linear theory to point out the necessity of counting for
nonlinear propagation when estimating the in-situ pressure. In the review of Duck [16],
detailed description is given to finite-amplitude wave effects associated with nonlinear
propagation, distortion and harmonic component generation which are associated with

ultrasound beams used in therapeutic applications.

If the measurements are performed in a non-dissipative media such as water, the
attenuation values utilized in the derating process are very important. Liver attenuation,
which is used in our work, has been extensively studied in the past using animal liver
samples [17], [18], post mortem specimens of human liver [18], [19] and in-vivo
measurements [20], [21]. The liver attenuation reported at studies above varies between
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0.3dB/cm/MHz (3.45 Np/m) and 1.2 dB/cm/MHz (14 Np/m) for healthy livers (human and
animals), and even more for diseased liver cases (cirrhotic livers and liver with
malignancies). As there are great deviations in the published values, the accurate
knowledge of tissue attenuation in individuals could obviously offer improvements in the
estimation of the pressure in-situ. However there are difficulties in collecting
measurements from each patient. To this end, measurements of attenuation in a well-
functioning machine-perfused liver environment could improve the in-situ pressure

estimation.

In this work, a method for estimating the acoustic pressure delivered in tissue based
on extrapolation of low amplitude water measurements with linear theory was evaluated
for its accuracy. The aim of this study was to test and establish a simple, reliable, and
reproducible tool with known limitations and errors that can be used to quickly predict the
delivered pressure in an area exposed to ultrasound. The acoustic field was measured in
water only under low amplitude conditions, thus linear scaling of the source amplitudes
was adequate to estimate higher source pressures. The method was validated by comparing
the extrapolated values with actual measurements of the acoustic pressure after
propagation through samples taken from ex-vivo machine-perfused porcine livers. The
knowledge of the attenuation coefficient of the tissue was necessary for the extrapolation
method. Thus, to assess the exact acoustic properties of the experimental samples used to
validate the linear extrapolation method, porcine liver attenuation was measured in the
range of 2 — 8 MHz. The range of validity of the extrapolation method for different
pressures and attenuation values was also investigated with a nonlinear propagation

theoretical model.

3.2 Materials and methods
3.2.1 Theory
Linear propagation of ultrasound in an absorptive medium

Linear propagation of ultrasound in an absorptive medium is described with Eq.
(3.2)

p(X,Y,2) =22 p,(x, y,2)e (3.1)

01
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where p; (xy,z) is the spatial distribution of the linear lossless field produced by a
transducer assuming plane wave propagation in the z direction. « is the attenuation
coefficient measured in nepers/m and po; and po; are the source pressures at two
amplitudes (voltages in the case of measurements). Specifically, pos is the source pressure
resulting in the pressure field pi(x,y,z) and po, is the source pressure resulting in the
pressure field p(x,y,z).

The frequency dependence of attenuation, o(f) is different in various media
depending on their material properties. For tissues, attenuation is related to frequency with

a power law,
a(f)=a,f", (3.2)

where oy is the attenuation coefficient at 1 MHz, f is measured in MHz, and the exponent #
is usually between 1 and 2 [22], [23], depending on the composition and biochemical
environment of tissue [24]. The complete spatial distribution of the sound field of a
transducer with source pressure pgz in tissue may be estimated by knowing the spatial
distribution of the linear lossless field at a low source pressure po;.

Nonlinear propagation of ultrasound in an absorptive medium

Nonlinear propagation and dissipation are competing phenomena. Nonlinearity
causes distortion to the wave by generating harmonics, while the thermoviscous absorption
reduces the harmonics resulting from nonlinear effects. To calculate the combined effects
of absorption and nonlinearity in sound beams, the KZK equation [25], [26] was used.
Details regarding the numerical solution of the KZK equation can be found elsewhere [27],

[28]. Briefly, Eqg. (3.3) is a non-dimensional form of the KZK equation,

(3.3)

T 2 2 2
P _L [P 1P ATP NP
oo 4G -\ op~ pop

o072 or

where po is the source pressure and P= p/po; d is the focal length and o= z/d; r is the
transverse direction, a the source radius and p= r/a; and t is the time, ¢, the speed of sound
and = wo( t - z/cp). The first term in the right hand side of Eq. (3) accounts for diffraction,
the second term for thermoviscous absorption, and the third for nonlinear propagation. A

and N are dimensionless parameters that account for absorption and nonlinearity
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respectively, where A=ad and N =d Iz (z is the distance where a shock first forms in

a waveform under plane wave propagation conditions for a given source amplitude) [27].

A single-element circular source with 25.4 mm diameter, 101.6 mm focal length
(d), and frequency of 2 MHz was assumed in the simulations (focusing gain G=6.65). The
values used for attenuation were a = 4, 8, 16 and 32 Np/m, while the dimensionless
nonlinearity parameter was 0<N<1.6, linearly depending on the source pressure, po. The
aim of these simulations was to investigate the effect of attenuation (A) and nonlinearity
(N) on the accuracy of the linear extrapolation method. The attenuation values used here
cover a range of different tissue types while the nonlinearity coefficient represents source
pressures up to 3 MPa. A single-element circular transducer with low focusing gain
(similar to that of diagnostic ultrasound transducers) was chosen for this study because of
its simplicity and ease to model. The results from the nonlinear simulation were compared
with the linear theory approach [Eq.(3.1)] to evaluate the range of validity of the proposed

method.

3.2.2 Experimental Setup

Equipment

A C5-1 curved array of an iU22 diagnostic ultrasound scanner (Phillips Medical
Systems, Bothell, WA, USA) was used to transmit ultrasound pulses. The Color Power
Angio (CPA) imaging mode was selected, which uses pulses with center frequency of f=2
MHz and 8 cycles duration [Fig. 3.2(a, b)]. The scan plane focus was placed at 50 mm.
Through a research interface only the central line of the sector scan was fired. A 0.4 mm
membrane hydrophone (Precision Acoustics Ltd, Dorchester, UK) was used to record the
acoustic pressure. A modified Ultra-Pro Il Needle Guidance System (CIVCO Medical
Solutions, Kalona, 1A, USA) was used to hold C5-1 probe [see Fig. 3.1(b)]. A motorized
micro-positioning system (Newport, Irvine, CA, USA) was used to align the transducer
and the hydrophone and to move the hydrophone to the desired location. A rotation stage
and two goniometers (Newport, Irvine, CA, USA) were also used in the alignment
procedure allowing rotation over x, y and z axes [see Fig. 3.1(c)]. In order to align the
probe with the micro-positioner axes the location of the maximum pressure for two axial

points, one before the focus and one after, was noted and the angle in each axis was
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calculated. Then, the goniometers were used to correct for the calculated angle in each
axis. The liver sample was placed in a 35g x 70 mm cylindrical acrylic container. The sides
of the container had acoustically transparent windows made from a 0.01 mm mylar film.
The transducer, hydrophone, and cylindrical sample container were all submerged in a tank
filled with deionized water [Fig. 3.1(a)]. The measurements were transferred to a Tektronix
DPO 7054 digital oscilloscope (Tektronix, Inc., Beaverton, OR, USA) and captured using

LabVIEW (National Instruments, Austin, Texas, USA) computer software.

Membrane
De-ionized water Hydrophone

Figure 3.1: (a) Schematic representation of the setup used for attenuation measurements. (b) Close-up of the
transducer holding device. (c) The rotation stage and the two goniometers used for alignment. The system allows
rotation over X, y and z axes. (d) B-mode ultrasound image of the pig liver sample in the enclosure.

Sample preparation

Liver tissue samples were collected from a normally functioning ex-vivo machine-
perfused porcine liver. The method employed for porcine liver perfusion has been
described in detail elsewhere [29]. Briefly, healthy porcine livers were procured from the

local slaughterhouse. Livers were flushed with 8L of ice cold Lactated Ringers (Multi-
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Pharm Co. Nicosia, Cyprus) through both the portal vein (PV) and hepatic artery (HA).
The organs were stored on ice and transported to the laboratory where they were connected
to the machine perfusion system. The perfusion was monitored via Dynamic Contrast-
Enhanced Ultrasound (DCEUS) imaging. After 3 hours of perfusion, a sample was
dissected from the organ and placed in the cylindrical container described above. Vessels
were filled with the perfusate and clamped to avoid having any air entering the vasculature.
The placement of the liver sample in the sample container was performed underwater to
further avoid possible air embolisms. B-mode imaging of the liver sample in the enclosure
[Fig. 3.1(d)] was also performed with the C5-1 curved array to secure that no air was
present. The temperature of the liver sample during measurements was maintained at 25°C.
Three different porcine livers were used for attenuation measurements (one measurement

was performed in each sample).

3.2.3 Acoustic pressure and attenuation measurements

Measurement of the linear ultrasound probe field

The linear acoustic field (M1=0.07, where MI =%, and p. is the peak negative

pressure) produced by the C5-1 curved array (CPA mode, central line, f=2 MHz, 8 cycles)
was measured. The alignment procedure described above was used here as well. The
measurements were taken in deionized water using a step of 3 mm in the axial direction
and 1 mm in the transverse direction to create a two dimensional beam profile. The
measured low amplitude 2D beam profile may then be used to calculate a higher pressure
field by taking into consideration the measured attenuation and the proposed method based
on linear theory in Eq. (3.1).

Measurement of liver attenuation

A single, high amplitude pulse (MI=1.3) was transmitted in water and in liver tissue
[Fig. 3.2(c)] to ensure nonlinear propagation and harmonic generation. The different
harmonic components generated in water and in liver tissue [Fig. 3.2(d)] were compared to

extract an attenuation value per frequency,
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AS(f)

, 3.4
8.686z (34)

o (f)=a,(f)+

where AS(f) is the spectral difference in dB for every harmonic component between water
and tissue. Our approach assumes that the differences between the two media coefficient of
nonlinearity (B/A) are small and their effect on the measurements may be neglected. The
porcine liver coefficient of nonlinearity (B/A) is given by Hamilton and Blackstock [30], as
6.7 with uncertainty £1.5 measured by the finite amplitude method, while the water B/A
value is about 5.2. To test the validity of our assumption, nonlinear propagation in these
two media was modeled with a nonlinear theoretical model (KZK equation) for the two
B/A values (B/A =5.2, 6.5) while the absorption coefficient was kept the same. Only small
differences in higher harmonic levels were observed (3" and 4™ harmonics) and they were
less than 4 dB. Thus, we have concluded that the assumption of a negligible influence of
the different nonlinearity values was valid. The spectral analysis of the pulses and the
attenuation calculations were performed using MATLAB (The MathWorks, Inc., Natick,
MA, USA) computer software.
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Figure 3.2: (a, b) Time waveform and frequency spectrum of a low amplitude pulse measured in water. (c, d) Time
waveforms and frequency spectra of a high amplitude pulse after propagation through water (solid line) and pig
liver (dashed line).
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Measurement of acoustic pressure in liver tissue

The validity of the linear theory [Eq. (3.1)] for focal pressures up to 1.8 MPa was
examined by comparing the extrapolated values with actual measurements of the acoustic
pressure after propagation through samples taken from ex-vivo machine-perfused porcine
livers on axis at 50 mm [p1(0, 0, 50)]. After propagation through the liver sample [Fig
3.1(a)], each pulse was received by the membrane hydrophone, transferred to the digital
oscilloscope and transferred to a computer with LabVIEW (National Instruments, Austin,

Texas, USA) computer software.

3.3 Results

The comparison between the estimated pressure using the linear theory (dashed
line) and the KZK equation (solid line) for different nonlinearity coefficients, 0 <N < 1.6,
and for 4 different cases of attenuation (a = 4, 8, 16 and 32 Np/m) is shown in Fig. 3.3.
The first column show the peak positive p. and the peak negative pressure p. as a function
of source pressure while the second column shows the pressure ratio p./p.. As demonstrated
in these plots, increasing po causes more waveform distortion due to nonlinear propagation

and p./p- becomes greater than 1 at a different rate according to the attenuation coefficient.

When the attenuation is low, (¢ = 4 Np/m, [Fig. 3.3(a, b)]), there are more
differences between the linear extrapolation method and the KZK equation. Specifically,
the pressure estimation from the two methods agree within 20% only up to po<0.5 MPa at
which source pressure p./p. <1.5. At higher source pressures, due to the increased
influence of nonlinear propagation on the pulses, the difference between the two methods
is larger. As attenuation increases (o« = 8 Np/m, [Fig. 3.3(c, d)]), dissipation effects start to
be comparable with the nonlinear effects and an agreement within 20% between the two
pressure estimations is observed up to po = 1.5 MPa (p./p-<1.5). Here we note that the two
methods result in almost identical value for p. up to po = 3 MPa_ At even higher attenuation
values (a = 16 Np/m and a = 32 Np/m, [Fig. 3.3 (e, f), (g, h)]), the ratio p+/p-is below 1.5

for the whole range of poand the differences are less than 17% for both p. and p..
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Figure 3.3: Comparison of pressure extrapolated values (dashed lines) and KZK simulations (solid lines) for
different source amplitudes and different attenuation coefficients. (a, b) a =4 Np/m, (¢, d) o =8 Np/m, (e, f) o =16
Np/m, (g, h) a =32 Np/m.
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Figure 3.4(a, b) presents the low amplitude (MI=0.07), two dimensional beam
profiles of the selected CPA imaging setting of the C5-1 probe. In Fig. 3.4(a) the spatial
distribution of the sound field of the scan (azimuthal) plane is shown, while Fig. 3.4(b)
shows the elevation plane. The spatial distribution of the acoustic pressure [pi(X, y, z)] was

measured in the range -10<x<10, -10<y<10 mm in the transverse direction and 15<z<120
mm in the axial direction.
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Figure 3.4: Measurements of low amplitude beam profiles in water of a Color Power Angio (CPA) imaging setting
of C5-1 probe ( f=2 MHz, 8 cycles, M1=0.07); (a) scan plane and (b) elevation plane of focus = 50 mm. The arrows
indicate the point in the acoustic field where the linear extrapolation method was performed. Bottom row:
Deration of the measured low amplitude beam profiles (a, b) using liver tissue attenuation.
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The attenuation in both Np/m and dB/cm as a function of frequency for porcine
liver tissue in the frequency range 2 to 8 MHz is shown in Fig. 3.5. The average of three
measurements is shown in circles (‘0”), while the fit using Eq. (2) is shown in dashed line.
The error bars show the standard error of the mean. An attenuation coefficient (ag) of 9.05
Np/m at 1 MHz and an exponent () of 0.73 was calculated from the fit of attenuation
measurements. The goodness of the fit was R? = 0.99. Attenuation at 2 MHz was found to
be 15 Np/m and this value has been used in the linear extrapolation method throughout this
study (the CPA imaging setting chosen for measurements uses pulses with center

frequency 2 MHz).
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Figure 3.5: The attenuation (Np/m on the left, dB/cm on the right) as a function of frequency (MHz). The average
of the three measurements is shown in circles (©), while the fit is shown in dashed line.

Figure 3.6 shows the estimated pressure (with the linear extrapolation method) at
the focus (50 mm for this case) as a dashed line. The low amplitude water measurement of
Fig. 3.4 was used (as indicated by the arrows) and scaled according to Eq. (3.1). We note
that for the estimated pressure with Eq. (1) p+=p- since the method is based on linear
acoustics. The measured pressure (p+ and p.) for 0.05<py<3.5 MPa after propagation in
porcine liver is shown as a solid line. The source pressure range corresponds to MI values
on the scanner of 0.07 to 2.8 (which assume 0.3 dB/cm/MHz attenuation). Figure 3.6(a)
shows p.+ and p., while Fig. 3.6(b) presents the ratio p./p. as a function of source pressure.

It is observed that the measured value of p; has <25% deviation from the linear
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extrapolation method throughout the range of source pressures used, while the measured
value of p. deviates more from the linear extrapolation calculation than p.. At higher
source pressures for this specific tissue (2 — 3.5 MPa) there are discrepancies >25%
between the measured p. and the estimated values due to the level of nonlinear propagation
as demonstrated by the increase in the p./p. ratio [asymmetric nonlinear distortion, Fig.
3.6(b)]. However the value (p+-p-)/2 (not shown in the plot) is much closer to the linear

estimation since p- is slightly underestimated and p. overestimated.
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Figure 3.6: Comparison of extrapolated (dashed line) and measured (solid line) pressures after propagation
through porcine liver tissue for different source amplitudes. (a) Peak positive (p+) and peak negative pressure (p-)
and (b) the ratio p+/p- as a function of source pressures (p0).

The range of validity of the linear extrapolation method is shown in Fig. 3.7, where
the percent deviation of linear theory from simulations and measurements is plotted as a
function of the Gol’dberg number (7). The Gol’dberg number is the ratio of N/A
(nonlinearity over absorption). Figure 3.7 (a-c) shows the difference between the KZK
simulations and the linear method, while Fig. 3.7(d-f) shows the differences between our
measurements and the linear method. The errors of the linear extrapolation method for the
peak positive pressure, Fig. 3.7(a, d), are <25% through the range of 7" values considered.
For peak negative pressure [Fig. 3.7(b, €)] which plays an important role in microbubble
response, it is observed that the linear method is accurate (with <20% deviations from
actual pressure values) up to /=1 where absorption and nonlinearity effects are
comparable. When 7>1, the deviations increase and reach about 50% for 7'=4. The
maximum error of the linear extrapolation method for the average pressure [(p+-p.)/2] is

about 15% even up to /=4 which we consider as good overall agreement.
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Figure 3.7: Percentage deviation of linear theory from KZK simulations (top row) and measurements through ex-
vivo pig liver tissue (bottom row) as a function of Gol’dberg number. (a, d) peak positive pressure, (b, €) peak
negative pressure and (c, f) (p. - p.)/2.

3.4 Discussion

A method for estimating the in-situ acoustic pressure in tissues based on low
amplitude measurements in water and knowledge of the attenuation at the frequency of
interest has been presented. The method was validated for source pressures up to 3.5 MPa
produced by a C5-1 probe with the Philips-iU22 scanner. For reference, at the maximum
source pressure of 3.5 MPa the scanner MI reading was 2.8 (with 0.3 dB/cm/MHz assumed
attenuation). Special research software allowed for reaching MI’s greater than the FDA
limit in order to evaluate the validity of our method at amplitudes higher than diagnostic.
Detailed two dimensional beam profiles of the C5-1 curved array were measured in water
at low amplitude. What’s important with this work is the fact that the complete field of the

probe can now be easily converted to the estimated resulting acoustic pressure in tissue
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using the extrapolation method presented here [Fig. 3.4(c, d)]. Overall, the comparison of
the estimated acoustic pressures with actual measurements in machine-perfused liver tissue
showed only small differences up to source pressures of 3.5MPa [for (p.-p.)/2 values,

where errors were less than 15%].

An interesting test case for the linear extrapolation method is the estimation of the
M1 at various source pressures and while assuming a tissue attenuation of 0.3 dB/cm/MHz
(the value assumed by diagnostic ultrasound systems). Figure 3.8 shows the MI as a
function of source pressure for the C5-1 curved array of the iU22 for a CPA setting. The
dashed line is the linear extrapolation method from low amplitude water measurements and
=0.3 dB/cm/MHz. The solid line is the MI reading on the iU22 as a function of source
pressure (transmitted voltage is converted to pressure). A good agreement is observed
between the extrapolation method and the actual MI reading. Overall, the MI reading on
the 1U22 is slightly higher. One possible source for the differences is the fact that the
ultrasound system does not indicate the axial distance of the maximum MI whereas in our
calculations we have always used the location of the maximum pressure at low amplitude
in water. Additionally, the ultrasound manufacturers measure the MI in water at all
amplitudes (low and high) and errors are introduced in those measurements due to
nonlinear propagation and pulse distortion. Thus both approaches (manufacturer
measurement and the linear scaling method) despite their agreement in Fig. 3.8 have
possible errors. The correct MI value is what can be calculated from Fig. 3.6 which is the
actual measurement of the peak negative pressure after propagation in liver tissue [shown

in Fig. 3.8 as solid line with square markers (*(17)].

Another interesting observation in Fig. 3.8 is that the source pressures for the CPA
imaging setting used are slightly lower than the delivered acoustic focal pressures. This
suggests that the increase in pressure due to focusing is countered by the tissue attenuation,
thus resulting in a relatively “uniform” pressure field. This result is also confirmed in Fig.
3.4(c, d), where two-dimensional beam profiles are estimated based on linear extrapolation
and liver tissue attenuation. It is observed that the near field pressure values (15 mm from
the source) and the focal area pressure values are similar. It is interesting to note that for
the transducer and medium properties considered here, microbubbles used for either
diagnosis or therapy would experience roughly the same acoustic pressure irrespective of
their image depth.
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Figure 3.8: Comparison of MI values calculated from extrapolated pressures (dashed line) with iU-22 MI
indications (solid line). For the calculated MI an attenuation coefficient of 0.3 dB/cm/MHz was used. The line with
square markers () presents the MI based on the measured peak negative pressure after propagation through
liver tissue, while the line with circles (o) shows the estimated MI based on linear extrapolation method and liver
tissue attenuation.

In this study, pig liver tissue was selected to evaluate the range of validity of the
linear extrapolation method for predicting is-situ acoustic pressure. Since the nonlinearity
and attenuation values vary between different tissues, the range of validity of the linear
extrapolation method is also expected to vary. A nonlinear propagation theoretical model
(KZK equation), was used to test the range of validity of the linear extrapolation method
for tissues with different attenuation and nonlinearity values. As the source pressure
amplitude increases, the ratio of the peak positive to the peak negative pressure becomes
greater than 1 at a different rate depending on the attenuation coefficient. The theoretical
simulations (Fig. 3.3) also revealed that p. is affected more at higher amplitudes in

comparison to p..

As the transducer’s geometry and characteristics are very important for the
produced beam profiles, the KZK equation was also used to investigate the effect of
focusing gain on the accuracy of the linear extrapolation method. Figure 3.9 shows the
comparison of pressure extrapolated values (dashed lines) and KZK simulations (solid
lines) as a function of source pressure amplitude for «=16 Np/m and 3 different focusing
gains: (a) G=6.65, (b) G=13 and (c) G=26. It is observed that deviations from linearity
increase with increasing focusing gain [Fig. 3.9(b, c)]. Nevertheless, for tissue types with
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higher attenuation (such as liver) the linear extrapolation method can estimate in-situ
pressures in excess of 6 MPa with <20% errors when higher gain sources are utilized in

ultrasound applications [G=26, Fig. 3.9(c)].

©
o
2,
o
6t (b
= °|® o,
g 4 ////’
o 2 p.
2
G=13
0
0O 05 1 15 2 25 3
Po [MP3]
20
T ©
g p._—
s 1wof
=
,,,, p.
G=26
0 ‘ ‘
0O 05 1 15 2 25 3
Po [MP2]

Figure 3.9: Comparison of pressure extrapolated values (dashed lines) and KZK simulations (solid lines) as a
function of source pressure amplitude, for =16 Np/m and 3 different focusing gains: (a) G=6.65, (b) G=13 and (c)
G=26.

The main required input for the extrapolation method is the attenuation coefficient
of the tissue of interest. Porcine liver attenuation was measured and the specific power law
for the attenuation—frequency relationship was derived. Here is the first time that samples

taken from a re-perfused organ are being used to measure attenuation. This is of great
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importance since the samples used are harvested from a viable and normal functioning

organ instead of excised tissue samples that were used in the past.

In the present work, the attenuation at 1 MHz, ay was found to be 9.05 Np/m and
the exponent # in the power law was calculated from the data to be 0.73. Zderic et al. [31]
in in-vivo porcine liver measurements calculated an exponent of 0.84 which is similar with
ours. Comparing porcine liver attenuation values with in-vivo human liver measured
values, the latter appear to be slightly higher. The range for exponent » for human liver
attenuation is 1 — 1.14 and the coefficient o varies between 5 and 7 Np/m [32]-[35].
However, our measured porcine liver attenuation values of(f), are within the range of
attenuation values reported previously in literature for human liver from the authors above.
We note here that the differences between attenuation measurements in humans are quite
large and the measurements are also affected by various types of tissue (fatty, cirrhotic
etc.) [20]. For more accurate estimation of in-situ pressure knowledge of the specific tissue

attenuation is of course necessary.

The knowledge of the acoustic pressure and intensity is very important in a variety
of therapeutic ultrasound applications. In ablative ultrasound techniques such as HIFU and
histotripsy, knowledge of the acoustic field helps with treatment planning by accurate
identification of the ablation zone. In ultrasound-mediated drug delivery, the physical
interaction of ultrasound and microbubbles has the potential to facilitate localized drug
enhancement by altering cell membrane permeability and thus allowing for the uptake of
macromolecules [36]. It is suggested that depending on the acoustic pressure, the cell
membrane permeability change may either be reversible or irreversible, thus accurate

knowledge of the delivered pressure is again very essential.

3.5 Conclusions

A method for estimating the delivered acoustic pressure in tissue was validated for
a large range of pressures. The proposed method is quick and easy since it is based on low
amplitude measurements in water and the attenuation value of the tissue of interest. From
measurements and simulations based on the KZK equation it was shown that the proposed
method can predict in-situ pressure for a large range of nonlinearity and attenuation values.
As the attenuation value increases it counters the nonlinear distortion effects and the

proposed method becomes more accurate even at very high acoustic pressures. The
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proposed method can estimate the in-situ peak negative pressure with errors <20% for I”

values up to 1, and the peak positive pressures with errors <20% for /" values up to 4.
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4 Accurate measurement of
microbubble response to ultrasound

with a diagnostic ultrasound scanner

Ultrasound and microbubbles are often used to enhance drug delivery and the suggested
mechanisms are extravasation and sonoporation. Drug delivery schemes with ultrasound and
microbubbles at both low and high acoustic amplitudes have been suggested. A diagnostic
ultrasound scanner may play a double role as both an imaging and a therapy device. It was not
possible to accurately measure microbubble response with an ultrasound scanner for a large range
of acoustic pressures and microbubble concentrations up to now, mainly due to signal saturation
issues. A method for continuously adjusting the receive gain of a scanner and limiting signal
saturation was developed in order to accurately measure backscattered echoes from microbubbles
for Mechanical Index (MI) up to 2.1. The intensity of backscattered echoes from microbubbles
increased quarticly with M1 without reaching any limit. The signal intensity from microbubbles
was found to be linear with concentration at both low and high Mls. However, at very high
concentrations acoustic shadowing occurs which limits the delivered acoustic pressure in deeper
areas. The contrast to tissue ratio was also measured and found to stay constant with MI. These
results can be used to better guide drug delivery approaches and to also develop imaging

techniques for therapy procedures.
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4.1 Introduction

Ultrasound contrast agents (UCAs) are micron-sized gas filled bubbles stabilized
with a lipid or polymeric shell. Delivered intravenously, UCAs are considered a true
blood-pool agent as they are small enough to pass through the alveolar—capillary barrier of
the lungs and large enough to stay within the circulation. The high echogenicity of
microbubbles compared to that of red blood cells is used to enhance image contrast in
diagnostic ultrasound. Today, dynamic contrast enhanced ultrasound (DCEUS) is used in
the clinic to image and quantify the perfusion of organs by depicting the macro- and
microcirculation [1]-[4]. UCAs have been used in various clinical applications including
cardiology [5], oncology [6], [7], and molecular imaging [8]. Recently interest has shifted
towards the use of UCAs in therapeutic applications such as gene and DNA transfection
[9], [10], thrombolysis [11], tissue ablation [12] and targeted drug delivery [13]-[16].

A key characteristic of microbubble behavior is that when interrogated with
ultrasound pulses they undergo nonlinear oscillations and produce nonlinear scattering.
The backscattered ultrasound contains harmonics, sub-harmonics and ultra-harmonics
which are being utilized in nonlinear imaging methods like pulse inversion [17], [18] and
power modulation [19], [20] which detect signals from harmonic frequencies and cancel
out the linear tissue response. As a result, contrast-specific images are formed where only
areas perfused with UCAs appear bright whereas everything else appears black. Since the
image intensity of a given region is proportional to the amount of UCAs present [21],
quantification of the perfusion is possible.

At high acoustic pressures [Mechanical Index (MI) > 0.5], violent destruction of
the microbubbles occurs with even the possibility of inertial cavitation [22]-[24] and the
formation of high velocity micro-jets [25]. These physical phenomena have been linked to
an increased therapeutic effect due to enhanced extravasation and alteration of the cell
membrane permeability, a process referred to as sonoporation [26]-[29].

Diagnostic ultrasound together with UCAs may be used to induce sonoporation.
Several preclinical reports on gene and drug delivery [30]-[32], sonothrombolysis [33],
and blood brain barrier opening [34] with the use of diagnostic ultrasound and
microbubbles have been published. A clinical pilot study for the treatment of pancreatic
cancer combining a commercial ultrasound scanner with UCAs has also been reported
[35].
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Ultrasound scanners have been used in the past as a research tool to investigate
bubble dynamics. Lampaskis et al. [21] investigated the relationship between image
intensity and microbubbles concentration for SonoVue (Bracco, S.P.A., Milan, Italy) at
low MI. They demonstrated a linear relationship between linearized image intensity and
contrast agent concentration. Shoros et al. [36] reported on the backscatter of UCA
suspensions as a function of concentration and pressure using Definity (DuPont
Pharmaceutical, Waltham, MA) and Quantison (Quadrant Healthcare, Nottingham, UK)
contrast agents and Mls <1. Hung et al. [37] quantified the destruction effects of different

MiIs (up to MI=1) in-vivo using SonoVue microbubbles.

When microbubble properties are investigated using a diagnostic ultrasound
scanner, signal saturation can be a problem for quantification of time-intensity curves
(TICs) [21], [37]-[39]. The dynamic range of the backscattered signals varies dramatically
depending on the bubble concentration and the MI used. Typically, to image the small
signals from the microcirculation, high receive gains are used and this results in signal
saturation in areas of larger vessels with higher bubble concentrations. If low receive gains
are used, then the small signals from the microcirculation are not detected. This problem
becomes even worse at higher MI’s which are typically used for therapeutic applications.
If not taken into consideration, signal saturation may lead to erroneous results and false
conclusions [38], [40].

In this work, a diagnostic ultrasound scanner was used to study the backscatter
echoes of BR14 microbubbles (Bracco S.P.A., Milan, Italy) [41] as a function of pressure
and concentration in a tissue flow phantom. The question of microbubble response with
increasing acoustic amplitude is addressed. Signal saturation with increasing pressure and
bubble concentration, often encountered with commercial scanners, was carefully avoided
by continuously adjusting the scanner’s 2D analog gain. The acoustic pressure was varied
from 0.06 MPa up to 2.6 MPa peak negative pressure (above FDA diagnostic limit) while
various concentrations, were considered. The intensity-concentration relationship was
investigated at both low and high pressures. The contrast to tissue ratio (CTR) as a
function of MI and now without the effect of signal saturation was calculated for a range of
concentrations and it was found to be constant for the MI range considered. Knowledge of
accurate bubble response to ultrasound is critical in therapeutic applications such as

sonoporation.
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4.2 Materials and methods
4.2.1 Experimental setup

Imaging of the microbubbles and measurements of their response to ultrasound
were carried out using the flow phantom setup shown in Fig. 4.1. A freshly prepared
microbubble solution was placed in a glass beaker and was continuously mixed with a
magnetic stirrer. A peristaltic pump (Model 7524-45, Masterflex; Cole-Palmer, Vernon
Hills, IL, USA) was used to draw the solution into an 8-mm wall-less tube of a tissue
mimicking flow phantom (Model 523A; ATS Laboratories Inc., Bridgeport, CT, USA)
with a flow rate of 200 ml/min. An iU-22 diagnostic ultrasound scanner (Philips Medical

Systems, Bothell, WA) was used to interrogate and image the microbubbles.

Imaging
transducer

Magnetic Flow phantom Peristaltic pump
stirrer

Figure 4.1: Schematic representation of the flow phantom setup.

4.2.2 Microbubbles

BR14 microbubbles were used throughout this work. The microbubbles were
prepared according to the manufacturer’s specifications. A total of 4 microbubble solutions
were prepared with concentrations 0.01%o, 0.05%o, 0.1%o0, 0.3%0. The concentrations are
given in milliliters of contrast agent per liter of deionized water (e.g. 0.01%. = 0.01 ml
UCA / liter of DI water) and they cover a very wide range of concentrations often used in
clinical cases. It is possible though with these microbubble concentrations to encounter the

nonlinear propagation artifact [42], [43], and acoustic shadowing [44].

The total experiment time was held below one hour following vial reconstitution in
order to limit microbubble deterioration to an absolute minimum. Vial-to-vial
reproducibility was addressed by repeating the experiments 3 times using different vials
and the results are presented as mean + standard error of the mean.
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4.2.3 Ultrasound scanner settings and imaging

Microbubble interrogation and imaging was performed with a C5-1 probe (curve-
linear array) of the Phillips iU-22 diagnostic ultrasound scanner. The penetration setting in
harmonic mode (HPEN) was used where a 3.5 cycle hamming windowed pulse with center
frequency of 1.5 MHz was transmitted (largest duration at lowest frequency available on
B-mode on the C5-1 probe). A single pulse scheme (we avoided pulse inversion) was
chosen to eliminate any effects due to motion or destruction of the microbubbles between
multiple pulses. The receive center frequency was 3 MHz. The MI was varied from 0.05 to
2.1 (see Table 4.1) which corresponds to peak negative pressures of 0.06 MPa to 2.6 MPa.
Research software on the iU22 allowed us to increase the MI beyond the maximum FDA
limit of 1.9. The frame rate was set at 1.0 Hz, to ensure that the tube in the image plane

was refreshed with new bubbles in every frame.

4.2.4 Image quantification and gain adjustment procedure

Video loops of 8 images (taken over 8 s) were captured for each MI. The
quantification software QLAB (Philips Medical Systems, Bothell, WA) was used to
measure backscattered signal intensity by placing a region of interest (ROI) at the top of
the phantom tube (to avoid acoustic shadowing if present) and calculating the average
backscatter intensity from that region. In order to check for the possibility of acoustic
shadowing, a ROI at the bottom of the phantom tube was also placed and the analysis was

repeated.

To avoid signal saturation in quantification, the compression (dynamic range) was
set to the maximum value and a specific 2D gain setting for each M1 was carefully selected
making sure that the image of the microbubbles was not very close to the maximum value
of the color map. In order to accurately select the 2D gain and avoid saturation the
following procedure was followed. Three values for 2D gain that differed by 6 dB were
selected and the image intensity of a fixed ROI placed in the flow phantom tube in the
presence of microbubbles was noted. If the image intensity of each ROI did not differ by 6
dB (due to signal saturation) the high gain was dropped and another 2D gain value 6 dB
less than the previous lowest value was selected. If the image intensity of the ROI differed
by 6 dB for all 2D gain settings then the middle value was selected as the reference gain

for that MI. For example, 3 images were collected at 64, 70 and 76 dB gain and if the ROI
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intensity differed by 6 dB between them, then 70 dB was the selected gain. A list of the 2D
gain settings chosen for each Ml is shown in Table 4.1.

During the analysis of the data an inverse adjustment to a chosen reference 2D gain
value was made so that the results from different gains could be plotted together. If for
example, at MI=0.1 the 2D gain was adjusted from a reference 80 dB to 70 dB to avoid
signal saturation, then during the analysis of the results, the measured intensity data was
increased by 10 dB in order to match the reference value of 80 dB. Similarly, MI=0.3 was
increased by 26 dB, M1 0.5 by 32dB and so on (See Table 4.1).

Ml Gain [dB] Gain [dB]

(C<0. 1%o) (C>0. 1%0)
<0.05 80 77
0.1 70 67
0.3 54 51
0.5 48 45
0.6 44 41
0.8 41 38
1.0 38 35
1.3 34 31
1.6 33 30
2.1 31 28

Table 4.1: Optimal 2D gain per MI to avoid signal saturation for concentrations C<0.1%o and for C>0.1%o.

The gain adjustment method is further explained and demonstrated in Figs. 4.2 and
4.3. In Fig. 4.2(a-c) images of the flow phantom in the absence of microbubbles at Mls 0.6,
1.0 and 2.1 with a fixed 2D gain of 44 dB are shown. Images at Mls 0.8, 1.3, and 1.6 also
captured but not shown here. A region of interest is chosen in the tissue and its average
intensity (AlU: arbitrary intensity units) is measured as a function of Ml as shown by the
solid line with cross-hair markers in Fig. 4.3. The same procedure is followed at a higher
2D gain (56 dB) and the images acquired are shown in Fig. 4.2(d-e). The corresponding
measured intensity-MI relation is shown in Fig. 4.3(solid line with square markers). When
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each intensity point on the 44 dB curve is given an additional 12 dB, the line labeled as
“Gain 56 corrected” (dashed line with circle markers) in Fig. 4.3 is obtained. Good
agreement between the measured and corrected 56 dB 2D gain values is obtained. The
measured intensities can be adjusted to any reference value as long as there is no signal
saturation. For the work presented here, the maximum 2D gain (80 dB) was chosen as the

reference point.

Figure 4.2: Flow phantom images without UCAs. (a-c) 2D Gain set at 44 dB for M1=0.6, 1.0 and 2.1 respectively.
(d-f) 2D Gain set at 56 dB for M1=0.6, 1.0 and 2.1 respectively.

800 T
—>— 2D Gain 44 dB measured 2
—H&— 2D Gain 56 dB measured
600 | ]
----6---- 2D Gain 56 dB corrected ’
)
= 400 | .
200 - B
0 . 2
0.4 0.7 1.0 1.3 1.6 1.9 2.2

Mi

Figure 4.3: Backscatter tissue signal intensity (AlU: arbitrary intensity units) as a function of MI measured at two
different 2D Gains (56 and 44 dB) and intensity collected at 44 dB and adjusted to 56 dB.
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4.3 Results

In Fig. 4.4 images of the phantom vessel filled with microbubbles are shown for
multiple gain settings. In Fig. 4.4(a-c) images of microbubbles acquired with Mlis 0.1, 1.0
and 2.1 respectively are shown. The concentration was 0.1%0 and the 2D gain was held
fixed at the default value of 70 dB. While the image in Fig. 4.4(a) offers a clean signal with
a high CTR, the bubble backscatter signal in (b) and (c) is saturated (very close to being all
white) and the CTR is significantly reduced (the vessel is not easily separated from the
tissue). Images of the same microbubble solution under the same pressures are shown in
Fig. 4.4(d-f) with the 2D gain adjusted accordingly. For M1 0.1 the gain was kept at 70 dB,
but was reduced to 38 dB for MI 1.0 and 31 dB for MI 2.1 thus limiting saturation and
increasing the CTR.

Figure 4.4: Flow phantom images at M1 (a) 0.1, (b) 1.0, and (c) 2.1 at constant 2D Gain (70 dB). The images in (d),
(e), and (f) are taken at their optimal gain (70, 38, and 31 dB respectively) to avoid saturation. The microbubble
concentration is 0.1%o.

A comparison of the microbubble backscatter intensity as a function of M1 with and
without the gain adjustment method is made in Fig. 4.5. The measured intensity with the
2D gain fixed at 80 dB is shown with the solid line, while the dashed line presents the
results after the gain adjustment method was applied. A logarithmic scale was used in this
plot in order to better accommodate the large dynamic range of the intensities obtained.

With a fixed 2D gain of 80 dB, signal saturation begins as early as Ml 0.3 and the signal
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becomes completely saturated at M1>0.5 where further increase in pressure does not result
in any increase in backscatter intensity. When the proposed 2D gain adjustment method is
applied however, saturation is eliminated and the true microbubble response to increasing

amplitude can be obtained.

10°,

Log [AIU]

Measured

_______ Corrected

100 1 | | Il
0 05 1.0 15 2.0 25

Figure 4.5: Contrast microbubble intensity as a function of MI. Measurements with 2D Gain fixed at 80 dB (solid
line) compared to corrected values using the 2D Gain adjustment method (dashed line) for microbubble
concentration of 0.1%o.

Figure 4.6(a) shows the backscattered intensity as a function of Ml for microbubble
concentrations 0.1%o, 0.05%o0, and 0.01%o.. The intensity values shown are with reference to
80 dB. Figure 4.6(b) displays the backscattered intensity in log-log scale as a function of
M1 for the same microbubble concentrations as Fig. 4.6(a). Since we were measuring
second harmonic amplitude of the backscattered intensity, a fourth order polynomial
equation was fit to the data and a quartic increase (fourth order) of backscattered signal

intensity with M1 is observed.
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Figure 4.6: (a) Bubble backscattered signal intensity as a function of M1 for 3 different concentrations. A fourth
order polynomial equation was fit to the data with R? >0.99 for all cases. A quartic increase of intensity with
acoustic pressure increase is being observed. (b) Bubble backscattered intensity plotted in log-log scale as a
function of MI for the same microbubble concentrations as (a). Slope was found to be =3.6 for all lines. All values
are adjusted to a reference 2D Gain of 80 dB.

The backscattered intensity as a function of concentration for three different Mls
(0.1, 1.0 and 2.1) is shown in Fig. 4.7. At MI=0.1, an almost linear relationship is
observed, confirming previously published results [21]. There is some deviation from
linearity at higher concentrations (not shown here). As the pressure increases however
[Fig. 4.7(b, )], the deviation from linearity occurs at a lower concentrations.
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Figure 4.7: Intensity as a function of microbubble concentration for 3 different Mls. (a) M1=0.1, (b) M1=1.0 and
(c) MI1=2.1, adjusted to a reference 2D Gain of 80 dB.

To be able to demonstrate the effect of acoustic shadowing, the analysis of the
signal from the vessel was repeated by placing two ROIs one at the top and one at the
bottom of the tube as seen in Fig. 4.8(a-d). The backscattered intensity in logarithmic scale
as a function of MI for the two ROIs is shown in Fig. 4.8(e-h) for microbubble
concentrations 0.01%o, 0.05%o, 0.1%0, and 0.3%o respectively. The solid lines represent the
top ROIs and the dashed lines the bottom ROIs. At low MIs we observe that the signal
intensities from the two regions are very similar. As the pressure increases the backscatter
intensity from the top region becomes significantly greater than the backscatter intensity

from the bottom region. This difference is greater as the concentration increases and it is
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observed at a lower MI. At concentration 0.3%o, the deviation is observed as low as MI
0.15 while for concentration 0.01%o there is no difference and two lines coincide though

the entire M1 range.
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Figure 4.8: Images taken at M1=2.1 of the flow tube (a-d) and bubble backscattered signal intensity in logarithmic
scale as a function of mechanical index (e-h) from 2 ROIs; one at the top and one at the bottom of the flow tube.
All intensity plots are adjusted to a reference 2D Gain of 80 dB.
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A comparison between tissue nonlinear echoes resulting from nonlinear
propagation and microbubble backscattered nonlinear signal as a function of Ml is shown
in Fig. 4.9. The ROIs which were used to extract the signal for this plot (one in tissue and
one in the phantom vessel) were placed at the same image depth. The dashed line shows
the tissue and the solid line the microbubble signal intensity. Both the tissue and bubble
signals increase with the same rate with MI. The CTR, which is the difference between the
bubble and tissue signals (in dB), is shown in dashed line. Surprisingly, constant (a small
increase of only 3 dB) CTRs are observed with increasing MI. The same trend for CTR

was also observed for all microbubble concentrations used in this work.
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Figure 4.9: Tissue (dotted line) and contrast microbubbles (solid line) backscattered signal intensity at the second
harmonic as a function of MI. The reference 2D Gain is 54 dB and the concentration 0.05%.. Contrast to tissue
ratio (CTR), calculated as the difference in dB between microbubbles and tissue intensity is shown in dashed line.

4.4 Discussion

In this work, a diagnostic ultrasound scanner was used to accurately measure
microbubble backscattering produced with large range of Mls (0.05-2.1). Despite the fact
that this is a relatively simple task, it has not been addressed in the past and one of the
main obstacles was signal saturation often present in diagnostic ultrasound scanners. The
question of how the microbubbles behave as the M1 is increased (even above the FDA
imaging limit) was addressed. It was observed that up to acoustic pressures of 2.6 MPa,

the intensity backscattered signals from microbubbles increased quarticly in agreement
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with previously published results [45]. Specifically, in the work of Shi and Forsberg [45],
the measured (with a single element transducer setup) second harmonic of the
backscattered signal as a function of acoustic pressure plotted in a log-log scale could be
fitted to curves with slopes of 1.8-1.9 and our results of Fig.4.6(b) show a slope of 3.6 (for
intensity). Those results were in good agreement with theoretical predictions [46], [47]
showing that the second harmonic bubble response amplitude is proportional to the square
of the acoustic amplitude. Sboros et al. [48] reported a linear increase in backscattered

intensity with increasing acoustic pressure.

A key factor in being able to accurately record backscattered signals at very high
pressures was the 2D gain adjustment procedure. Knowledge of bubble response to a range
of acoustic pressures is important when studying therapeutic applications of microbubbles
and ultrasound such as sonoporation, sonothrombolysis, and gene transfection. Being able
to image microbubbles in response to high excitation amplitudes might be beneficial when
considering the various sonoporation hypothesis relying on phenomena such as microjet
formation and cell membrane disruption [49]. Additionally, with a variety of drug loaded
microbubbles in development, accurate measurements of backscattered echoes will be
important in both evaluating and differentiating them. Another important utility of imaging
in therapeutic applications is the control of the destruction process and its balance with

microbubble supply (e.g., estimating the specific rate for continuous infusion).

Figure 4.7(a) shows a linear dependence of backscattered intensity as a function of
bubble concentration at low MI which is in agreement with previously published results
[21]. However at higher MIs [MI=1 in Fig. 4.7(b) and MI=2.1 in Fig. 4.7(c)] there is a
deviation from linearity in the intensity—concentration relationship. Since signal saturation
was limited with the method of continuously adjusting the analog gain and accounting for
it in the quantification software, the only other possible cause of deviation from linearity in
the intensity—concentration relationship is acoustic shadowing. It was confirmed from the
results of Fig. 4.8 that acoustic shadowing was indeed present, as the signal from the top
ROI increased quarticly with MI while the signal from the bottom ROI plateaued at a
certain value. As expected, acoustic shadowing increased with concentration and so did the
difference in backscattered intensity between the top and bottom ROI [Fig. 4.8 (e)-(h)].
Additionally, according to the results of Fig. 4.8, shadowing also increases with increasing

MI. It was observed that the differences between the top and bottom ROI for a given
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concentration were increased with MI. This result is in agreement with previously

published results [50], [51] that show a linear increase of attenuation as pressure increases.

Nonlinear propagation in tissue takes place as the transmitted pressure increases
[52], [53]. The tissue harmonics are mixed with the microbubble harmonics at the higher
Mls. The careful and accurate measurement of CTR has revealed that there is not an
optimal MI at which microbubbles may be imaged, contrary to previous perception [15].
The low Ml is chosen today in order to avoid bubble destruction, but microbubbles may be
imaged equally well at larger Mls with triggered imaging. Real-time low MI imaging has
become the method of choice for clinical ultrasound contrast imaging, due to its ease of
use (real time scanning) and specificity (displays only bubble signals while eliminating
tissue). However, low MI imaging is often penetration (and signal) limited, for example in
liver cirrhosis patients. High MI triggered imaging on the other hand, is very specific due
to the fact that it displays the bubble destruction signal and is less penetration limited due
to the higher MI’s utilized. However it is also harder to use due to the need to image only
intermittently (microbubbles are destroyed within a few frames in an imaging plane and
then we must wait for microbubble replenishment of that plane). According to the results
in Fig. 4.9, the general trend is that CTR is constant and very slightly (only 3 dB in the
whole MI range) increasing with MI even at higher than diagnostic imaging Mls. For
example, in drug delivery applications at MIs that cause bubble destruction, good triggered
images (in order to allow for microbubble replenishment in the imaging plane) with
nonlinear techniques (e.g. harmonic imaging) may be formed by simply thresholding the
tissue signals due to nonlinear propagation. Based on these results, the only benefit of
using a low Ml is for enabling real-time imaging but it does not offer any increased CTR

compared to using high MI.

An interesting outcome of our results is that both tissue and microbubble nonlinear
signals continue to increase at the same rate in the range of MIs considered. The tissue
nonlinear signal from Fig. 4.9 is compared with a theoretical prediction (performed at each
MI), based on the KZK equation [54], [55] in Fig. 4.10. The nonlinear propagation in a
tissue-like medium of a sound beam from a circular focused source was simulated. The
excellent agreement of the measurement with theoretical predictions suggests once more
that our method of adjusting the 2D gain to avoid signal saturation enables the true

representation of the tissue response.
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Nonlinear propagation can affect microbubble excitation pulses since at high
pressures the propagated pulse gets distorted and also contains harmonic components in
addition to the fundamental frequency. A change of the excitation pulse to include
harmonic components has an impact on the microbubble response and has been briefly
addressed before [56], [57], but it must be revisited again now when large amplitude pulses

are used in therapeutic applications of ultrasound and microbubbles.
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Figure 4.10: Theoretical prediction (dashed line) and measurements (solid line) of second harmonic echoes from
tissue as a function of increasing amplitude.

4.5 Conclusions

A method for accurately and continuously adjusting the receive gain of ultrasound
scanners and accounting for it in the quantification software in order to effectively limit
signal saturation was developed. A quartic (fourth power) relationship of backscattered
intensity with acoustic excitation pressures for up to M1=2.1 for BR14 was measured in a
flow phantom. Contrast microbubbles produced higher responses with higher pressures
without reaching any plateau. The intensity of the microbubbles echoes increased with
concentration both at low MI, as previously measured, but also at high Mls. The contrast to
tissue ratio was measured and found to slightly increase with M1 (~3 dB) for all the range
of Mls considered, thus allowing for imaging approaches in therapeutic procedures that use
MiIs above the bubble destruction threshold.
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5 Evaluation of perfusion
guantification methods with
ultrasound contrast agents in a

machine-perfused pig liver

Objective: To evaluate dynamic contrast enhanced ultrasound (DCEUS) as a tool for
measuring blood flow in the macro- and micro-circulation of an ex-vivo machine-perfused
pig liver. Confirm the ability of DCUES to accurately detect induced flow rate changes so

that it could be then used as a clinical tool for monitoring flow changes in liver tumors.

Materials and Methods: Three fully functioning, machine-perfused pig livers were used
in the present study. Flow changes were induced by the pump of the machine perfusion
system and they naturally propagated to the liver macro- and micro-vasculature. The
induced flow changes were of clinical relevance (150-400 ml/min for the hepatic artery
and 400-1400 ml/min for the portal vein) and similar to those taking place during tumor
growth or during therapeutic procedures targeting tumor angiogenesis. From DCEUS
image loops after bolus injections in either the hepatic artery or the portal vein, time-
intensity curves were formed and the Local Density Random Walk indicator dilution
model was fitted on the data. From the fitted model various quantification parameters [rise
time (RT), mean transit time (MTT), area under the curve (AUC) and peak intensity (PI)]
were extracted in order to evaluate whether the induced flow changes were reflected in
these parameters. The quantification parameters are related to flow with known indicator

dilution relationships.

Results: A linear relationship between the image intensity and the microbubble
concentration was confirmed first (R°=0.8-0.93 for PV injections and R°=0.72-0.93 for HA

injections), while time parameters (RT, MTT) were found to be independent of
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concentration. This result enables the use of indicator dilution methods for measuring flow
in the liver vasculature. The induced flow changes which propagated from the larger
vessels to the parenchyma and the hepatic vein tree were successfully reflected in the
quantification parameters extracted from the indicator dilution model. Specifically, RT,
MTT and area AUC correlated with flow rate changes (curve fits with 0.81<R?<0.93 for
HA and PV main vessels, R?*=0.91 for HV, and R?=0.66 for parenchyma) while the PI
stayed constant. The above results are in agreement with the indicator dilution

relationships.

Conclusion: Ex-vivo machine perfused pig liver is an excellent test-bed for DCEUS
quantification approaches for measuring flow changes in the macro- and micro-circulation
and it allows for the study of the hepatic vascular networks. Since the measured intensity-
bubble concentration relationship was found to be linear, indicator dilution methods maybe
used to measure relative flow changes. Bubble concentration does not affect time
quantification parameters and thus variations in the amount of injected microbubbles in the
clinic will not affect the quantification results. DCEUS quantification parameters (RT,
MTT, and AUC) can measure relative flow changes of about 20% and above in the liver
vasculature. DCEUS quantification is a promising tool for real-time monitoring of

therapeutic applications which target the vascular network of tumors.

Keywords: DCEUS quantification, ex-vivo pig liver, machine perfusion, liver flow rate,
therapy monitoring.

A shorter version of the present chapter has been submitted for review to Ultraschall by:
C.P. Keravnou, M.L. Izamis, E. Leen and M.A. Averkiou
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5.1 Introduction

Ultrasound contrast agents (UCAS) are a true blood-pool agent since their size (1-
10 um) allows them to pass through the alveolar—capillary barrier of the lungs but
maintains them in the vasculature. Thus, the use of UCAs combined with a variety of
available nonlinear imaging techniques enables real-time visualization of blood flow in the
macro- and micro-circulation [1]-[3]. Today, dynamic contrast-enhanced ultrasound
(DCEUS) is clinically utilized in cardiology [4], [5] and oncology [6], [7] as it has minimal
adverse effects, it is safe and low cost, and available at bedside [1]-[3]. The use of DCEUS
for diagnosis has offered improvements in the detection and characterization of tumors and

opened the way for the evaluation of tumor angiogenesis [8].

Beyond qualitative assessment and diagnosis in oncology, recently DCEUS has
gained a foothold in the clinic as an important disease staging and therapy monitoring tool
by offering quantitative evaluation of tissue, organ, and tumor perfusion [8]-[11]. Time-
intensity curves (TICs) obtained by placing a region of interest (ROI) on a contrast image,
display the mean pixel intensity of the ROI as a function of time. Depending on the
protocol of contrast agent administration (bolus or constant infusion [8], [9]), different
mathematical models [12], [13] derived from the indicator dilution theory [14] can be
fitted to TICs to limit the noise and isolate the primary pass of microbubbles [13]. In
addition, curve-fitting allows an analytical determination of important DCEUS
quantification parameters such as the rise time (RT), the mean transit time (MTT), peak
intensity (PI) and the area under the TIC curve (AUC). The underlying hypothesis is that
these quantification parameters are sensitive to changes in blood flow caused by both
tumor growth and novel anti-angiogenic therapies [9]-[11]. Since anti-angiogenic
therapies target the new vessels that are formed during tumor angiogenesis [15], tumor
local blood supply is expected to change during the course of therapy.

A relatively simple way to study DCEUS quantification is in-vitro using flow tissue
phantoms, typically constructed from tubing of various sizes to facilitate flow [16]-[20].
Lampaskis and Averkiou [21] used a diagnostic ultrasound scanner and a flow phantom to
investigate the relationship between image intensity and microbubbles concentration
(SonoVue) at low Mechanical Index (MI). They proved a linear relationship between
linearized image intensity and contrast agent concentration (up to 1%o). A plateau observed

at greater concentrations (>2%0) may be attributed to signal saturation and acoustic
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shadowing. Gauthier et al. [22] used a kidney dialysis cartridge as a microvascular flow
phantom to evaluate the impact of ultrasound scanner settings and contrast bolus volume
on TICs in terms of accuracy and reproducibility. In-vitro experiments have however
limited physiological relevance since they represent a single passage of contrast through
simple tubing, ignoring the dispersion of microbubbles through branching vessels, variable

flow resistance, and variable flow states.

Clinical trials have also been performed in order to assess DCEUS quantification
ability to predict patient response to drugs targeting angiogenesis. The extracted
quantification parameters were correlated with the response evaluation criteria in solid
tumors (RECIST method) [23] and overall survival (OS), both currently used in clinics as
the approved metrics for therapy evaluation [8], [9], [24]-[27]. However, in addition to the
difficulty in measuring flow in the tumors due to their complex vasculature, many
problems exist: low reproducibility, conflicting views as to which quantification
parameters best correlate with flow changes, and variations in machine settings between
sessions. Due to the above limitations DCEUS quantification has not reached yet wide

clinical utility and acceptance.

Recently, 1zamis et al. [28] developed and evaluated a sub-normothermic human-
sized machine perfusion system suitable to preserve slaughterhouse pig livers. They
showed using biochemical and hemodynamic measurements and DCEUS imaging that the
developed model is a simple, cost-effective approach for at least 3 hours of stable, ex-vivo
whole organ preservation. To overcome the limitations of DCEUS quantification listed
above, avoid costly and complex in-vivo animal experiments, and ethical issues in clinical
trials we propose the use of the machine perfused pig liver model as perfusion

quantification development and validation test bed.

In the present work, slaughterhouse pig livers were sustained for up to 4 hours
connected to a machine perfusion system allowing the investigation of bolus kinetics of
contrast microbubbles in a highly controlled environment which closely resembles in-vivo
conditions. The effect of bubble concentration on the bolus kinetics parameters was
examined first. The underlying assumption of using the indicator dilution models in
DCEUS quantification is the proportionality of image intensity with concentration, as
established in the past but only in-vitro [21]. This relationship was confirmed in a normal

functioning human-sized liver and while correcting for signal saturation [29]. Then,
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various flow changes with clinical/physiological relevance were induced in the machine
perfused liver and were measured in the liver vasculature with DCEUS quantification. The
quantification parameters (RT, MTT, PI, AUC) extracted from curve fitting of the local
density random walk (LDRW) model based on indicator dilution theory were evaluated for
their ability to detect the induced flow changes in the liver vasculature. The accuracy and
resolution as well as the limitations of DCEUS flow quantification of machine perfused
livers were investigated in an effort to decide whether this technique may be used
clinically for real-time monitoring of therapeutic applications which target the vascular

network of tumors.

5.2 Materials and methods
5.2.1 Indicator dilution theory

The wash-in and washout of contrast microbubbles in a ROl may be modeled by
the indicator dilution theory [14]. According to the Stewart-Hamilton relationships [30],
[31], if the amount of indicator m in a bolus injection is known and the indicator
concentration as a function of time c(t) is measured in a ROI, the volumetric blood flow
(Q) and the blood volume (V) can be calculated in terms of AUC and MTT:

Q=m-(AUC)™ (5.1)
V=0Q-MTT, (5.2)

where,

AUC = :c(t)dt (5.3)

[re(t)dt

MTT ==2—"—. (54)
[ c(t)dt
Microbubble concentration cannot be measured directly, thus the backscattered
intensity 1(t) is measured instead. Since intensity is linearly proportional to the
concentration [21], [29], Egs. (5.1) & (5.2) can be used to calculate Q and V from AUC and
MTT. Here we also note that the rise time (RT), is linearly related with MTT (see Eq. (10)

in the work of Strouthos et al. [13]) and hence flow rate.
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5.2.2 Ex-vivo liver machine perfusion model

The studies were approved by the Cyprus National Bioethics Committee and the
Cyprus National Veterinary Services. Three healthy porcine livers were procured from a
local abattoir. Details on liver procurement can be found elsewhere [28]. Briefly,
immediately after animal death, livers were isolated from the rest of the thoracic and
abdominal organs and flushed with 8L of Lactated Ringers (6L room temperature and 2L
ice cold) through the portal vein (PV) and hepatic artery (HA). The organs were then
stored on ice and transported to the laboratory (time of static cold storage was < 1 hour),
where they were connected to the machine perfusion system [Fig. 5.1(a)] and sustained for
up to 4 hours.

The perfusion system comprised a 6L perfusate reservoir (Powdered Williams
Medium E (10.8g/L W4125, Sigma-Aldrich Corp. St Louis, MO, USA) with addition of
2.2g/L of sodium bicarbonate (S5761, Sigma-Aldrich Corp. Medisell, Cyprus), 1000 1U/L
heparin, 2 U/L insulin (Actrapid® Penfill® Novo Nordisk, Novo Alle, Denmark), and 0.4
mg/L dexamethasone (Dexamed, Medochemie Ltd, Limassol, Cyprus), in which the organ
was suspended. A pump (Masterflex L/S Digital Drive 600rpm, Cole Parmer) circulated
the perfusate through an oxygenator (Affinity NT, Medtronic, Minneapolis, MN, USA)
supplied with 95% O,, 5% CO, (Tenaris, Bergamo, Italy) before being split and passed
through two flow meters (EW-32461-44 and EW-32460-40, Cole Parmer) that enable
pressure-regulated flow to each of the PV and HA respectively. Effluent was then allowed
to flow freely from the liver’s vena cava back into the reservoir, closing the circuit. Flow
rate was typically set to 800 ml/min for the PV and 400 ml/min for the HA. The selected
flow rates ensured that PV pressure was <10 cmH,0 and HA pressure was between 60 and
100 cmH,0. Hepatic stability was ascertained with half-hour interval measurements of bile
production, oxygen consumption, and sustained vascular perfusion. The perfusion was
monitored via DCEUS imaging (Fig. 5.2). The circuit provided individual syringe port
access to each of the hepatic vessels so that contrast could be administered to either the PV
or HA. Typical images of a bolus injection administered to PV (in this case) are shown in
Fig. 5.2. As soon as the contrast microbubbles enter the imaged area, the primary branches
of the PV are filled first [Fig. 5.2(a)]. Contrast microbubbles then enter venules and the
smallest capillaries and fill the parenchyma (Pa) [Fig. 5.2(b, c¢)]. During wash-out,
microbubbles drain in the hepatic vein (HV), as indicated by the white arrows in Fig.
5.2(d).
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Figure 5.1: (a) The ex-vivo machine perfusion system consists of an organ chamber in which the liver is suspended,
a single pump and oxygenator, and two flow meters/regulators connected to the hepatic artery and portal vein. (b)
Picture of the pig liver connected to the machine perfusion system and the L9-3 imaging probe fixed on a specific
location.

Figure 5.2: Images of microbubbles in the liver vasculature in a dual imaging mode where the left is the contrast
image and the right is the tissue image. Flow in the vasculature of the liver can be depicted with administration of
a contrast agent bolus directly into the portal vein (PV) or the hepatic artery (HA). A PV injection is used in this
example. (a) First the primary branches are filled. (b, ¢ ) Contrast microbubbles enter the smallest capillaries and
fill the parenchyma. (d) The contrast microbubbles appear in the hepatic vein (white arrows).
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5.2.3 Imaging

An L12-5 and L9-3 linear array probes of an iU22 diagnostic ultrasound scanner
(Phillips Medical Systems, Bothell, WA, USA) were used to image the livers. As soon as
the livers were connected to the machine perfusion system, they were evaluated for the
presence of any anatomical abnormalities and air using the L12-5 linear array and B-mode
imaging. The L12-5 probe was also used after contrast bolus injection in a “contrast side—
by-side” setting to scan the whole liver to ensure uniform perfusion as time was

progressing.

The L9-3 probe was held fixed in a position using a mechanical arm (Fisso, Baitella
AG, Zurich, Switzerland) [Fig. 5.1(b)] to monitor the perfusion of that specific region and
record contrast image loops (Fig. 5.2). The L9-3 probe was set in a “contrast side-by-side”
setting with the following parameters: power modulation, frequency=3.1 MHz, MI=0.05,
focus of 3.5 cm, frame rate=12 Hz. The persistence was turned off to avoid averaging of
the image data between consecutive frames necessary for quantification. The compression
was set at the maximum that was available on the scanner (50 dB) to best accommodate a
large range of signals and avoid saturation. The 2D gain was continuously adjusted and
recorded when intensity-concentration relationship was under investigation, to avoid signal
saturation which would result in inaccuracies in the quantification parameters [29]. To
select the fixed location of the probe, a preliminary bolus of contrast first to the PV and
then to the HA was administrated and the liver was scanned. The image plane was chosen
such that it contained a cross-sectional view of each input vessel (PV and HA), a branch of
the HV, and well-perfused parenchyma [Fig. 5.3(a-c)].

5.2.4 Experiment design/procedure
Two specific tasks were studied in each of the 3 livers:

1. The effect of bubble concentration on quantification parameters (RT, MTT,
AUC, PI) under constant flow (Table 5.1).

2. The effect of flow changes in the HA and PV on bolus quantification
parameters measured on the macro-circulation, the micro-circulation in the parenchyma,

and the HV vascular tree.
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In task (2), 3 different flow changes were considered as outlined in Table 5.2. Flow
changes A allowed for changes in both the HA and the PV while the overall total flow
remained constant. In flow changes B the PV was held constant while the HA was varied
and thus the overall total flow was varied. Similarly in flow changes C the HA was held
constant while the PV was varied and thus the overall total flow was varied. The

measurements of the tasks above were repeated on 3 different livers on different days.

For the study of the effect of bolus concentration on DCEUS quantification
parameters, a total of 8 microbubble solutions were prepared with concentrations shown in
Table 5.1. The concentrations are given in milliliters of contrast agent per liter of deionized
water (e.g. 0.004%o = 0.004 ml UCA / liter of deionized water) and they cover a very wide
range of physiologically and clinically relevant concentrations. The measurement
acquisition time was kept below 1 hour to avoid bubble deterioration. The bolus volume
was 1 ml and it was injected through a rubber stop in either the PV and the HA. One
minute video loops were collected for every injection. Between injections, a C5-1 curve
linear array probe (Phillips Medical Systems, Bothell, WA, USA) operating at low
frequency (<2 MHz), high MI (>1.0) was used to destroy any remaining microbubbles in

the system.

In order to study the ability of DCEUS quantification to detect flow changes in the
macro- and micro-circulation, flow changes either at the PV, the HA or both were induced
via the flow regulators. These flow changes (Table 5.2) are clinically relevant and mimic
in a simplified and controlled manner flow changes that might be caused during the course
of progression or regression of tumor angiogenesis. A waiting time of 2 minutes between
flow rate changes was allowed for the flow to reach its new equilibrium in the liver
vasculature. Bolus injections of 1 ml and contrast concentration of c=0.1%. were used. One
minute loops were collected for every bolus injection. A new vial of contrast agent was
used for the whole set of flow variation measurements and the total acquisition time was

kept below 1 hour.

104



Chapter 5 - Perfusion quantification methods in a machine-perfused pig liver

Table 5.1: Contrast agent concentrations used in the plots of Figs. 5.4 and 5.5.

Flow Changes A

PV

800
850
900
950
1000
1050

(ml/min)

HA

400
350
300
250
200
150

Total
flow

1200
1200
1200
1200
1200
1200

Contrast Agent Concentration

(%)

0.1665
0.0908
0.0196
0.0099
0.0040
0.0020
0.0010
0.0005

Flow Changes B

PV

1000
1000
1000
1000
1000
1000

(ml/min)

HA

400
350
300
250
200
150

Total
flow

1400
1350
1300
1250
1200
1150

Flow Changes C

PV

1400
1200
1000
800
600
400

(ml/min)

HA

200
200
200
200
200
200

Total
flow

1600
1400
1200
1000
800
600

Table 5.2: List of flow variations induced in the perfusion system. Three different cases were studied. Flow
Changes A: the total flow rate was kept constant while both the PV and the HA flow rate were changing to
maintain the total flow rate at 1200 ml/min. Flow Changes B: PV flow rate was kept constant while the HA flow
rate was changing. Flow Changes C: HA flow rate was kept constant while the PV flow rate was changing.
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5.2.5 Contrast agent

Custom made microbubbles (Department of Pharmaceutics, University of Ghent,
Ghent, Belgium), very similar to Definity clinical ultrasound contrast agents were used
throughout this work. The composition of the microbubbles was DPPC/DSPE-PEG in 95:5
molar ratio. The microbubbles contained Perfluorobutane gas (PFB, CsFip), and were
stabilized with a PEGylated lipid shell. The average size of the microbubbles was 2.5 pm
and the concentration of the microbubbles was 3- 8 x10® microbubbles/mL. These custom
microbubbles were selected to avoid incomplete washout in the parenchyma which was
previously observed when other microbubbles were used in machine perfused livers [28],
and it is believed to be specific for pig livers only.

5.2.6 Image quantification and curve fitting

QLAB software (Philips Medical Systems, Bothell, WA) was used to form TICs
from the DICOM files by placing a ROI on the image. Three ROIs were placed on each
DICOM image [Fig. 5.3(a-c)]: one around the input vessel (PV or HA depending on the
bolus injection site), one around the HV and one in a well perfused area in the

parenchyma.

TICs of both input vessels (PV or HA), the output vessel (HV) and the parenchyma
(Pa) were extracted from QLAB [Fig. 5.3(d), solid lines)] and were fitted to an LDRW
model using purpose created MATLAB (The MathWorks, Inc., Natick, MA, USA) code
[Fig. 5.3(d), dashed lines)]. DCEUS quantification parameters, RT, MTT, AUC and PI,
were measured from the fitted model. The DCEUS quantification parameters were also
measured after fitting the TICs to a Log-normal model in order to compare which of the

two models is the most appropriate for machine perfusion liver use.

5.2.7 Statistics

The experiments were repeated in a total of 3 livers and results are shown as the
mean * standard deviation. In order to be able to combine parameters from different livers,
which also meant different ROIs and different vasculature, the extracted quantification
parameters were normalized with respect to the maximum value of each parameter in every

liver.
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8 10 12 14 16 18
Time [sec]

Figure 5.3: (a-c) Images of the liver after bolus injection in the PV (a),(c), and the HA(b). (a) and (c) are from the
same image loop but at different times. Three ROIs were placed on each image: one around the input vessels [the
portal vein (PV) or the hepatic artery (HA)], one around the output vessel [hepatic vein (HV)] and one in an area
of well perfused parenchyma (Pa). (d) Typical time-intensity curves (TICs) for portal vein, hepatic vein and
parenchyma. The formed TICs are shown in solid lines and the LDRW maodel fit is shown in dashed lines.

5.3 Results

After fitting both the LDRW and the Log-Normal models to the extracted TICs, the
LDRW model had significantly higher coefficient of determination (R?). Thus, only the
DCEUS quantification parameters calculated analytically from the fitted LDRW model are

shown here.

The effect of bubble concentration on quantification parameters under constant
flow are shown in Figs. 5.4, 5.5 for injections at the PV and HA, respectively. In both
figures, the top row shows RT and the bottom row shows Pl as a function of the
concentration in a semi-log scale. Logarithmic scale was chosen for the horizontal axis to
better accommodate the large range of concentrations used (Table 5.1). Here, only 6 out of

8 concentrations are displayed since the higher concentrations were affected by increased
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acoustic shadowing [29]. It is observed that RT remains constant with increasing
concentration both in macro- (larger vessels of the PV, HA and HV) and micro-circulation
(Pa) [Fig. 5.4(a-c) and Fig. 5.5(a-c)]. This result was expected as flow rate was kept
constant during these measurements [see Eq. (5.2)]. However, it is observed that Pl is
increasing linearly with increasing concentration [Fig. 5.4(d-f) and Fig. 5.5(d-f)], which is
both expected and in agreement with previously published results [21], [29]. A straight line
(y=a for RT and y=ax for PI, where a is a constant) was fitted in the data to make it easier
for the reader to appreciate the linear relationship between the parameters in a semi-log
scale. We note that in both figures (5.4 and 5.5) the quality of fit is excellent with
0.72<R?<0.96. The deviations of Pl from the linear fit are attributed to the increased

acoustic shadowing (higher attenuation at higher microbubbles concentrations) [29].

(O]
£ 1.0 . o _ 1.0
©
(0]
2 05 0.5
<
S @ — RT-PV ) — RT-HV © — RT-Pa
o ) --- Linear fit --- Linear fit (© --- Linear fit
Z 00 3 > 0.0 = > 0.0 3 2
10 10 10 10 10 10
2
g 1.0 (d) — PI-PV l’l 1.0 (e) — PI-HV ’ 1.0 (f) — PI|-Pa ‘
Q ' --- Linear fit, R2 = 0.80 --- Linear fit, R = 0.98 ' --- Linear fit, R2 = 0.96
c
e)
8 os 0.5
©
£
S |-
0.0= 0.0=
< 10° 10? 10° 10° 10° 10°
Log [Concentration %] Log [Concentration %] Log [Concentration %]

Figure 5.4: (a-c) Normalized rise time (top row) and normalized peak intensity (bottom row) as a function bubble
concentration in semi-log scale after a PV bolus injection. (a),(d) ROI on a PV main vessel, (b), (¢) ROl on an HV
main vessel, (c), (f) ROI on the parenchyma. A straight line (y=constant for RT and y=ax for PI) was fitted in the
data and it is shown in dashed lines.
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Figure 5.5: (a-c) Normalized rise time (top row) and normalized peak intensity (bottom row) as a function bubble
concentration in semi-log scale after an HA bolus injection. (a), (d) ROI on an HA main vessel, (b), (¢) ROI on an
HV main vessel, (c), (f) ROI on the parenchyma. A straight line (y=constant for RT and y=ax for PI) was fitted in
the data and it is shown in dashed lines.

Figure 5.6 shows the normalized RT as a function of flow rate for the case where
the total flow rate of the machine perfusion system was kept constant at 1200 ml/min
(Table 5.2, Flow Changes A). The top row presents RT for HA bolus injections, while the
bottom row shows RT for PV bolus injections. It is observed that the normalized RT
decreases when flow rate increases in both large vessels, the HA [Fig. 5.6(a)] and the PV
[Fig. 5.6(d)]. However, the RT change in HA is more pronounced than in the PV. This
difference is because the induced flow rate change in the HA was greater (from 150 to 400
ml/min, 2.7 times) than in the PV (from 800 to 1050 ml/min, 1.3 times). The
measurements in Fig. 5.6 (a) and (d) are fitted with curve 1/Q and shown as a dashed line,
with R?=0.93 and R®=0.90, respectively. In the HV [Fig. 5.6(b, €)] it is observed that RT
does not follow a specific trend with increasing flow rate in both arterial and venous
injections. This result is attributed to the fact that the HV reflects the summation of PV and
HA flows, which is kept constant at 1200 ml/min in this case. In the parenchyma after
injection in the HA [Fig. 5.6(c)], despite the induced 2.7x HA flow rate change, still the RT
stays constant. Since the microcirculation is the place where the HA and PV flows
converge, the overall flow change is zero for this case. The same applies for the RT of the
parenchyma after PV injection [Fig. 5.6 (f)] and it does not change with increasing flow

rate.
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Figure 5.6: Flow Changes A. Normalized rise time (RT) as a function of flow rate. Top row: bolus injections in the
hepatic artery; bottom row: bolus injections in the portal vein. The total flow rate was kept constant at 1200
ml/min while both the portal vein and the hepatic artery flow rate were changing. A 1/x curve (y=ax™) was fitted
in the data and it is shown in dashed lines.

The case where flow rate changes were induced only in the HA tree while the flow
rate of the PV vasculature was maintained constant, (Table 5.2, Flow Changes B), is
shown in Fig. 5.7(a-c). It is observed that the induced flow rate changes are easily
measured in the input vessel as RT decreases with increasing flow rate [Fig. 5.7(a)]. With a
dashed line, 1/Q curve fit is shown with R?=0.93. However flow rate changes cannot be
detected in the HV vessel, Fig. 5.7(b), or the microcirculation in the parenchyma, Fig.
5.7(c), as no clear trends or significant changes of RT with increasing flow rate are
observed. Figures 5.7(d-f) show RT for the case where flow rate changes were induced in
the PV while the HA flow rate was kept constant (Table 5.2, Flow Changes C). It is
observed that RT decreases with increasing flow and the induced flow rate changes are
reflected in the RT of both in the input [Fig. 5.7(d)] and the outflow vessel [Fig. 5.7(e)] and
also can be detected in the micro-vasculature [Fig. 5.7(f)]. With dashed lines, 1/Q curve
fits are shown in Figs. 5.7(d)-(f). As mentioned earlier the outflow vessel (HV) reflects the
summation of PV and HA flows. Taking into account that approximately 75% of the total
flow is supplied by the PV, the outflow is only minimally affected by the changes in the

arterial vascular tree when PV flow is kept constant [Fig. 5.7(b)]. Thus, the changes
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induced in the HA (Table 5.2, Flow Changes B) cannot be measured from the

quantification parameters extracted from the TICs.
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Figure 5.7: Normalized rise time (RT) as a function of flow rate. Top row: bolus injections in the hepatic artery.
Portal vein flow was kept constant at 1000 ml/min while the hepatic artery flow was changing between 150 - 400
ml/min (Table 5.2, Flow Changes B). Bottom row: bolus injections in the portal vein. Hepatic artery flow was kept
constant at 200 ml/min while portal venous flow was changing between 400 - 1400 ml/min (Table 5.2, Flow
Changes C). A 1/x curve (y=ax™) was fitted in the data and it is shown in dashed lines.

Figure 5.8 shows AUC as a function of flow rate for the cases of Flow Changes B
[Fig. 5.8 (a-c)] and Flow Changes C [Fig. 5.8 (d-f)], (Table 5.2). In these figures AUC
calculated after fitting of TIC image loops of a single liver are shown. The trends in Fig.
5.8 are similar with those of Fig. 5.7, where RT is measured for the same flow changes.
Specifically, in Fig. 5.8(a-c) where flow rate changes were induced only in the HA, the
flow changes could be easily detected only in the input vessel [Fig. 5.8(a)]. AUC decreases
with increasing flow rate as expected according to Eq. (5.2). In Fig. 5.8(d-f) where flow
rate changes were induced only in the PV, it is observed that AUC decreases with
increasing flow both in the input [Fig. 5.8(d)] and the outflow vessel [Fig. 5.8(¢)], as well
as the parenchyma [Fig. 5.8(f)]. With dashed lines, 1/Q curve fits are also shown.
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Figure 5.8: Normalized area under the curve (AUC) as a function of flow rate. Top row: bolus injections in the
hepatic artery. Portal vein flow was kept constant at 1000 ml/min while the hepatic artery flow was changing
between 150 - 400 ml/min (Table 5.2, Flow Changes B). Bottom row: bolus injections in the portal vein. Hepatic
artery flow was kept constant at 200 ml/min while portal venous flow was changing between 400 - 1400 mil/min
(Table 5.2, Flow Changes C). A 1/x curve (y=ax) was fitted in the data and it is shown in dashed lines.

The average time parameters (RT and MTT) of each of the 3 different livers and for
a total of 9 measurements per liver (8 measurements from Table 5.1 plus one from Table
5.2 Flow Changes A) before normalization, and when HA flow rate was 400 ml/min and
PV flow rate was 800 ml/min are shown in Table 5.3. For these flow rates, RT in the input
vessels (PV and HA) was significantly smaller than RT for the HV and the Pa and thus
suggesting that the flow rate was lower there, as expected. The small RT of the input
vessels are due to the fact that the injected bolus did not travel a very long path before
arriving in the ROI and thus did not have the chance to spread in space. However, the
passage to the parenchyma and eventually to the HV introduced a considerable spreading
of the bolus and thus the RT and MTT were considerably larger. From this table we also
observe that these parameters vary between the 3 livers for 2 reasons: (a) due to differences
between the selected ROIS, and (b) due to physiological differences between the livers.
The values of MTT for liver 3 are somewhat large, possibly due to some larger

microbubble “sticking” in the microcirculation due to the absence of lungs.
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Liver 1 (sReI) '22;3-;- Liver 2 (sReI) xg
HA 0.68+0.11 2.00+0.83 HA 0.89+0.07  1.61+0.30
PV 0.62+0.05 1.32+0.24 PV 101+01  1.84+0.27

HV (HA) 9.35+3.85 13.52+3.88 (ﬂX) 363:0.92  11.69+2.52
HV (PV) 833+189  13.55+3.04 (';\\;) 5774229  12.89+1.65
Pa (HA) 248+145  216247.09 Pa(HA) 251+076  47.21426.05
Pa (PV) 237+066 26724872  Pa(PV)  169+025  44.72424.77
Liver 3 (sRe-I(;) I}g;l:)l’
HA 084020  2.03+0.75
PV 1126014 2.11+0.44

HV (HA)  3.130.64 6.15+1.69

HV (PV)  3.66+0.38 6.94+0.64

Pa(HA)  1.53:0.76  89.00+31.42

Pa(PV)  2.39+0.54  85.18+55.19

Table 5.3: Average rise time (RT) and mean transit time (MTT) when physiological flow rates were used during
machine perfusion. Hepatic artery flow rate was 400 ml/min and portal vein flow rate was 800 ml/min.
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Finally, Fig. 5.9(a) and (b) show PI as a function of flow rate for the cases of Flow
Changes B (Table 5.2) and Flow Changes C (Table 5.2), respectively. It is observed that Pl
is relatively constant with flow rate changes for both the input vessels [HA, Fig. 5.9(a) and
PV Fig. 5.9(b)]. PI is expected to change when the vascular density changes which of
course for the healthy livers studied here did not change. It is also noted that PI is more
prone to signal saturation and acoustic shadowing errors and differences in machine

settings from session to session.
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Figure 5.9: Normalized peak intensity (Pl) as a function of flow rate. (a) Bolus injection in the hepatic artery.
Portal vein flow was kept constant at 1000 ml/min while the hepatic artery flow was changing between 150 - 400
ml/min (Table 5.2, Flow Changes B). (b) Bolus injection in the portal vein. Hepatic artery flow was kept constant
at 200 ml/min while portal venous flow was changing between 400 - 1400 ml/min (Table 5.2, Flow Changes C).

5.4 Discussion

DCEUS has the potential to measure relative flow changes in the microcirculation
and this opens the possibility to use it as an imaging biomarker of tumor response to
therapy. Despite its existence for over 10 years and a number of published works, there are
still some basic questions and issues. Some of those are the relationship of the bolus
dynamics quantification parameters with flow, its accuracy and resolution, reproducibility,
and its limitations. When applying DCEUS for therapy monitoring of metastatic liver
disease, the above issues are further amplified and outcomes from such studies are even
harder to interpret due to the dual supply nature of the liver (HA and PV). In trying to
investigate DCEUS as an imaging biomarker and address some of the issues above,
machine perfusion of pig liver presents itself as the ideal test bed as it is almost identical to
the clinical in-vivo case. One small drawback is the fact that there are no tumor models for
such a system, but in-depth understanding of the DCEUS ability to measure the flow in the

microcirculation in a normal functioning liver is of great importance.
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One problem we have encountered is that certain microbubbles may be sticking in
the pig liver microvasculature [28] and those must be avoided when trying to quantify flow
in the microcirculation. In addition to the experimental microbubbles that we used,
Sonovue (Bracco S.P.A., Milan, Italy) [32] was also used (results not shown here) and very
similar trends were observed with the exception that some sticking to the microcirculation
was observed. The microbubbles currently in clinical use do not have any similar
“sticking” issues reported in humans. In machine perfusion models like ours, the absence
of lungs to filter larger microbubbles also presents a small problem as larger microbubbles
that would normally be removed by the lungs are now circulating in the liver. However,
according to the principles of indicator dilution, the size of the indicator (microbubbles in

our case) is not directly affecting the flow measurements.

The intensity-bubble concentration relationship under low M1 conditions and with a
nonlinear pulsing scheme was studied for first time in a machine perfused liver which is
very close to the in-vivo case. A linear relationship was confirmed for up to a certain
concentration at which point acoustic shadowing begins. All errors from signal saturation
in the ultrasound scanner were removed by the previously published method [29] of
continuous gain adjustment in both the scanner and the quantification software. A linear
relationship between image intensity and bubble concentration is the underlying
assumption for being able to use quantification methods based on indicator dilution. RT
and MTT are not affected by bubble concentration changes. This is an important result for
clinical studies as measurements of flow rates in-vivo from RT and MTT will not be
affected by variation in the concentrations between injections. Our results demonstrated
that effort must be placed in carefully controlling the bubble concentration and avoiding

any related artifacts for reliable and accurate quantification of flow.

We have induced a variety of flow changes by virtue of adjusting the pump
controlling the flow in both the HA and the PV of the perfused livers and tried to measure
the induced changes in the larger vessels of those vascular trees, the HV, and the liver
parenchyma. One advantage of the ex-vivo machine perfusion model is that injections to
either the HA or the PV are administered and thus those specific vascular networks are
studied independently. From our results, we can conclude that with DCEUS quantification
we can measure induced flow changes in all three family of vessels: input (HA or PV),

output (HV) and parenchyma.
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In the first set of flow changes (Table 5.2, Flow Changes A) where the overall flow
rate was held constant while the HA and the PV were changing proportionally, the change
on the specific input vessel (HA or PV) was clearly reflected in terms of RT changes.
Similar trends were observed with the MTT (not shown here) which according to Eq. (5.2)
is proportional to the flow rate. We remind the reader that RT is also linearly related with
the MTT. However, flow changes in either the HA and the PV while the overall flow
(HA+PV) was held constant should not amount to any flow changes in the HV or the
parenchyma which is in agreement with our measurements [Fig. 5.6 (b)-(c), (e)-(P].
Perhaps it is more obvious why the HV where both HA and PV vascular networks drain
should not change since the overall flow was kept constant. For the parenchyma, the same
observation is made because it is where both networks combine right before continuing
onto to the HV network. We also note here that this flow changes scenario is perhaps the
closest to what happens in-vivo with liver tumors. It is suggested from our findings that the
tumoral flow changes will best be recorded in the larger arterial vessels and not the

parenchyma.

When the total liver flow was allowed to change by changing either the HA flow
while keeping the PV constant and vice versa (Table 5.2, Flow Changes B and C), we were
able to easily measure these changes in the input vessels (HA or PV) [Fig. 5.7(a), (d)]. In
the outflow vessel (HV) and the parenchyma only when the PV flow rate was changed we
could detect changes in the RT [Fig. 5.7(e), (f)]. By considering the overall percent
changes in each case we can deduce some information about the flow resolution of our
method. When the HA was changing (Table 5.2, Flow Changes B), the overall flow change
was 4% to 18% (50/1200 to 250/1400). It is observed that DCEUS quantification may not
detect changes in this range in the parenchyma and this may be the lower bound. When
the PV was changing (Table 5.2, Flow Changes C), the overall flow change was 25% to
63% (200/800 to 1000/1600). In this range of flow changes DCEUS quantification can
detect those changes down to the microvascular level (parenchyma). From these two sets
of measurements, we can deduce that DCEUS can effectively measure flow changes when

they are about 20% and above.

Both RT and AUC are inversely proportional to the flow rate according to Egs.

(5.2) and (5.3) and that was confirmed with our results (Figs. 5.7-5.8). In the literature,
some confusion exists as to which parameter to use and different investigators suggested
using either time (RT and MTT) or AUC for extracting flow information. Their choice was
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often based on the ability of the ultrasound scanner to accurately measure them or on the
statistical correlation of those parameters with other established markers in their
experiments. Specifically, single-center studies in patients with metastatic renal carcinoma
[33], hepatocellular carcinoma [34] and gastrointestinal stromal tumor [35], showed that
AUC was consistently correlated with RECIST criteria [33]. A multi-center study
performed in patients with different types of solid tumors [26] enhanced previous results
and showed that AUC had the most significant association among other quantification
parameters with overall survival. In another clinical trial, a correlation of RT with early
tumor response to therapy in patients undergoing a combination of antiangiogenic and
cytotoxic treatment for colorectal metastasis in the liver was demonstrated [10]. Williams
et al. [27] suggested DCEUS with both bolus injection and infusion protocols for
predicting response of renal cell carcinoma. They reported that they detected tumor
fractional blood volume changes from the quantification parameters but with poor
reproducibility. Our work here shows that RT, MTT and AUC are all related to flow.
However measurements performed in clinics may suffer from different sources of error
[36]. Generally, intensity parameters (AUC and PI) are more error prone due to signal
saturation, nonlinear propagation artifact [37], [38] acoustic shadowing and bubble
destruction.

In the present work, we have used both the HA and the PV vascular trees of
machine perfused healthy pig livers to test the ability of DCEUS to measure flow changes.
However, when studying tumors where the majority of the blood supply is arterial with
almost no PV supply, according to our findings DCEUS quantification would be able to
measure those HA microvascular changes when they are more than about 20%. It is also
noted that during chemotherapy often dramatic changes in both the size and the
microvascular flow of tumors are taking place, it becomes even more challenging to
accurately measure those changes with 2D ultrasound due to the inhomogeneous nature of
the tumor vasculature. However, our work here shows that it is possible to use DCEUS
quantification to monitor those changes and once 3D ultrasound technology (imaging and

quantification) is clinically available quantification will easily be adapted.

One area where DCEUS quantification can play a very important role is monitoring
ultrasound-mediated drug delivery approaches like sonoporation [39]. The safety, bedside
availability, and relatively low cost of ultrasound, combined with the ability to measure
flow in the microcirculation make DCEUS quantification a valuable tool for real-time
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monitoring of therapeutic applications which target the vascular network of tumors.
Finally, machine perfusion of human-sized livers combined with DCEUS quantification
may play a pivotal role in the study of tumor ablative techniques such as radio frequency
and microwave ablation, cryoablation, and irreversible electroporation where not only the
lesion formation may be closely monitored but also the changes in the microcirculation in

an area around the ablation zone (penumbra).

In tumor perfusion monitoring where vascular changes are happening either as a
result of tumor growth or as a response to chemotherapy, the arterial input to the tumor is
changing and thus making it more difficult to accurately apply the techniques described.
To this effect, also changes due to the cardiac output of the patient as a result of the
possible cardiotoxicity of chemotherapy are added, which also further influence the arterial
input function. Thus, we have refrained from trying to estimate absolute blood flow rates
and instead noted relative changes. In addition, estimation of PI relating to the vascular
volume and vascular density, in combination with time parameters related to flow, would
be important in those cases despite the fact that amplitude parameters (Pl and AUC) are

more prone to signal saturation and acoustic shadowing errors.

5.5 Conclusions

Ex-vivo machine perfused pig liver is an excellent test-bed for DCEUS
quantification approaches for measuring flow in the macro- and micro-vasculature. It
allows for careful control of flow rate changes and the study of the HA and PV vascular
networks. The intensity-bubble concentration relationship was found to be linear, which is
the underlying assumption for using indicator dilution to measure flow. Rise time and
mean transit time are not affected by bubble concentration changes. Induced flow changes
in the livers were detected in the larger vessel of either the HA or PV, depending where the
injection was administered, and also in the HV and the parenchyma. DCEUS
quantification can detect relative flow changes of about 20% and more everywhere in the
liver vasculature, i.e., in the larger vessels (arteries and portal veins), the parenchyma and

the HV vessels.
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6 Extravasation and vascular perfusion
changes induced by ultrasound and
microbubbles in a machine-perfused

pig liver model

Drug delivery and uptake may be improved with the application of ultrasound and
microbubbles and some of the possible mechanisms suggested are sonoporation and
extravasation. Ex-vivo machine perfusion of human-sized organs is a new technique that
provides an ideal environment for preclinical investigations with high physiological
relevance not available in in-vitro experiments. In this work, ex-vivo machine-perfused pig
livers combined with an image-guided therapy system were used to investigate
extravasation and the induced microvascular changes. The interaction of ultrasound driven
microbubbles with the capillaries were qualitatively and quantitatively assessed and the
acoustic parameters that are capable of causing extravasation and detectable perfusion
changes in the treated area were derived. Areas that were exposed to acoustic pressure
above 3 MPa showed a detectable perfusion change. Complete mechanical damage was
present at much larger acoustic pressures (~10 MPa). Shorter acoustic pulses (20 cycles)
produced less perfusion changes than longer pulses (1000 cycles) under the same acoustic

amplitude exposure.

Keywords: sonoporation, extravasation, machine perfusion, machine-perfused pig liver,

drug delivery
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6.1 Introduction

Currently, microbubbles are considered to be an integral part of ultrasound-
mediated drug delivery applications since they can facilitate local release of therapeutics at
the diseased site while also increase local uptake. Several published studies have reported
that the physical interaction of ultrasound and microbubbles has the potential to enhance
drug delivery by altering cell membrane permeability, a process referred to as

sonoporation, allowing for the uptake of normally impermeable molecules into the cells
[1], [2].

One of the main mechanisms of sonoporation is acoustic cavitation. When acoustic
pressures above the cavitation threshold of a medium are used, the rarefactional portion of
the propagated ultrasound wave may initiate cavitation activity (if cavitation nuclei are
present). Alternatively, ultrasound will also induce cavitation by the pulsation of pre-
existing gas bodies (such as microbubbles). Stable oscillations of microbubbles are
observed under low acoustic pressure exposure (MI< 0.2). In contrast, when microbubbles
are exposed to higher acoustic pressure, inertial cavitation takes place, leading to violent
collapse of the oscillating bubbles. It is stated in literature that various effects which occur
during stable and inertial cavitation (such as microstreaming, microjets and shock wave
formation) contribute towards cell membrane disruption and mediate drug uptake either by

direct pore formation (a process called sonoporation) or by enhancing endocytosis [1], [3].

Sonoporation has been extensively studied both in-vitro (using multiple types of
cell cultures) [4]-[6] and in-vivo (mainly in small animal models) [7], [8]. It was reported
that compounds <1kDa [9], macromolecules [10] and genes [11], [12] have successfully
been delivered into the cells. Recently a small pilot clinical study on treating pancreatic
cancer utilizing the combined effects of ultrasound, microbubbles and gemcitabine has also
been published [13].

However, the translation of the acoustic parameters studied in-vitro to clinical
application is still a great challenge. This is because at in-vitro studies, tumor cells are
directly exposed to the ultrasound field and microbubbles, while in in-vivo applications of
ultrasound-enhanced drug delivery, the interactions between microbubbles and cells are
much more complex. After intravenously injected, microbubbles and drugs are present in
the systemic circulation for a period of time. Thus, the first step towards ultrasound-

mediated drug delivery is to alter the permeability of endothelial cells of the vessel wall.
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With increased endothelial permeability, drugs that would otherwise remain confined
within the vasculature are allowed to extravasate into the interstitial space and reach the
targeted cells (e.g. tumor cells). The need of investigating basic drug delivery mechanisms
in an environment that closely resembles the in-vivo conditions is therefore essential prior

to clinical studies.

Machine perfusion (MP) is a method of sustaining an isolated organ alive outside
the body (ex-vivo) by supplying it with oxygen and nutrients. Recently, I1zamis et al. (2014)
developed and evaluated a sub-normothermic human-sized machine perfusion system
suitable to preserve slaughterhouse pig livers. They showed using biochemical and
hemodynamic measurements and dynamic contrast-enhanced ultrasound (DCEUS) that the
developed model is a simple, cost-effective approach for at least 3 hours of stable, ex-vivo
whole organ preservation. Since MP enables several hours of controlled and stable
experimentation with the organ of interest, while maintains high physiological relevance
lacking from in-vitro experiments, it is an ideal environment for preclinical diagnostic,

imaging and therapeutic investigations.

The objective of this work was to identify the ultrasound parameters that are
capable of causing detectable perfusion changes and extravasation in the area exposed to
ultrasound in a test platform that closely resembles in-vivo conditions. Thus, the
interactions of ultrasound-driven microbubbles with the capillaries were investigated in a
functioning ex-vivo machine perfused pig liver model. An experimental setup was
developed that allowed real-time monitoring of the therapy procedure and imaging of the
cavitation activity. The effect of acoustic pressure, number of cycles, and microbubble
presence on the induced bioeffects in tissue was evaluated with qualitative and quantitative
DCEUS and histology. Microvascular flow changes were measured and used as a metric of

the degree of extravasation.

6.2 Materials and methods
6.2.1 Ex-vivo machine perfusion of porcine livers

The studies were approved by the Cyprus National Bioethics Committee and the
Cyprus National Veterinary Services. Healthy porcine livers were procured from a local

abattoir. Details on liver procurement can be found elsewhere [14]. Briefly, immediately
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after the animal death, the livers were isolated from the rest of the thoracic and abdominal
organs at the slaughterhouse and they were flushed with 8L of Lactated Ringers (6L room

temperature and 2L ice cold) through the portal vein (PV) and the hepatic artery (HA).

The organs were then stored on ice and transported to the laboratory (time of static
cold storage was < 1 hour), where they were connected to the machine perfusion system
[Fig. 6.1(a)] and sustained for up to 6 hours. The perfusion system comprised a 6L
perfusate reservoir (Powdered Williams Medium E (10.8g/L W4125, Sigma-Aldrich Corp.
St Louis, MO, USA) with addition of 2.2g/L of sodium bicarbonate (S5761, Sigma-
Aldrich Corp. Medisell, Cyprus), 1000 IU/L heparin, 2 U/L insulin (Actrapid® Penfill®
Novo Nordisk, Novo Alle, Denmark), and 0.4 mg/L dexamethasone (Dexamed,
Medochemie Ltd, Limassol, Cyprus), in which the organ was suspended. A pump
(Masterflex L/S Digital Drive 600rpm, Cole Parmer) circulated the perfusate through an
oxygenator (Affinity NT, Medtronic, Minneapolis, MN, USA) supplied with 95% O,, 5%
CO; (Tenaris, Bergamo, Italy) before being split and passed through two flow meters (EW-
32461-44 and EW-32460-40, Cole Parmer) that enable pressure-regulated flow to each of
the PV and HA, respectively. Effluent was then allowed to flow freely from the liver’s
vena cava back into the reservoir, closing the circuit. Flow rate was set to 800 ml/min for
the PV and 400 ml/min for the HA. The selected flow rates ensured that PV pressure was
<10 cmH,0 and HA pressure was between 60 and 100 cmH,O. Hepatic stability was
ascertained with one-hour interval measurements of bile production, oxygen consumption,
and sustained vascular perfusion as described in [14]. The perfusion was monitored via
DCEUS imaging [Fig. 6.1(b, c)]. The circuit provided individual syringe port access to
each of the hepatic vessels so that ultrasound contrast agents could be administered to
either the PV or HA.
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Figure 6.1: (a) The machine perfusion system consists of an organ chamber in which the liver is suspended, a
single pump and oxygenator, and two flow meters/regulators connected to the hepatic artery (HA) and the portal
vein (PV). Dynamic contrast-enhanced ultrasound images taken at 10 sec (b) and at 20 sec (c) after a PV bolus
injection.

6.2.2 Experimental setup

The complete experimental setup is shown in Fig 6.2(a). Briefly, the experimental
setup consisted of two diagnostic ultrasound scanners, the ex-vivo machine perfusion
system and a focused, single element circular transducer. The focused, single element
circular transducer (diameter diam.=60 mm, focal distance 4 = 75 mm, frequency f =1
MHz) was used to treat a specific target area of the machine-perfused pig liver [Fig 6.2(b)].
In front of the transducer, a 50mm x 100@ mm custom made acrylic cylinder filled with de-
ionized water was placed, to ensure that the focus of the transducer (area of treatment)
would be roughly in the middle of the chosen liver lobe (approximate size of a liver lobe
50 mm) [Fig. 6.3(a)]. The bottom side of the cylinder had an acoustically transparent
window made of a 0.01 mm mylar membrane. The therapy transducer was held fixed with
it’s focus placed in a well-perfused liver area using a mechanical articulated arm (Fisso,
Baitella AG, Zurich, Switzerland). To monitor the perfusion of the treated area and record
contrast loops, a C5-1 curved array probe of a Philips iU22 diagnostic ultrasound scanner
(Phillips Medical Systems, Bothell, WA, USA) was placed under the perfusate container
using a mechanical arm as shown in Fig 6.2(c). The alignment of the therapy transducer
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with the C5-1 image probe was achieved using a micro-positioning system (Newport,
Irvine, CA). The therapy transducer spatial extend was accurately overlaid in the
ultrasound images of the C5-1 probe by a novel technique where the Radio Frequency
(RF) noise of the power amplifier was transmitted through the therapy transducer and
detected by the diagnostic ultrasound probe as shown in Fig. 6.2(d). The perfusion of an
area located at a different lobe [Fig 6.2(b, c)] was also monitored using an L9-3 linear

probe of a second iU22 diagnostic ultrasound scanner to be used as control (untreated site).

Figure 6.2: (a) Experimental setup of the ex-vivo machine perfused pig liver combined 2 ultrasound scanners and
a therapy transducer. (b) Close-up of the control area (A) and the treated area (B) located at two different lobes of
the liver. (c) The perfusion of the treated area was monitored with a C5-1 imaging probe and the perfusion of the
control area was monitored with an L9-3 imaging probe. (d) Therapy transducer RF interference signal picked by
the imaging probe.

6.2.3 Ultrasound transducer characterization

The linear acoustic field of the single element circular transducer which was used
to treat the livers was measured using a 0.4 mm membrane hydrophone (Precision
acoustics Ltd., Dorchester, UK). A motorized micro-positing system (Newport, Irvine,
CA) was used to align the transducer and the hydrophone and to move the hydrophone to

the desired location.
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The measurements were taken in deionized water using a step of 2.5 mm in the
axial direction and 0.5 mm in the transverse direction to create a two dimensional beam
profile. The measured low amplitude 2D beam profile was then used to calculate a higher
pressure field up to 10 MPa, [Fig. 6.3(b)] — by taking into consideration liver attenuation
(& =9.05 Np/m at 1 MHz) and linear extrapolation [15].
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Figure 6.3: (a) Schematic representation of the experimental setup. The sound beam first goes through a water
column before reaching the therapy site in the liver. (b) Estimated beam profile of the therapy transducer in liver
tissue, calculated from low amplitude water measurements and liver tissue attenuation.

6.2.4 Therapy protocol

In order to investigate the interaction of ultrasound driven microbubbles with the
capillaries and study the effect of ultrasound parameters relevant for extravasation, 15 liver
experiments were divided in 5 groups (n=3 in each group). The ultrasound frequency was 1
MHz and the duty cycle (DC) was <8% in all liver groups to avoid heating during
ultrasound exposure. More details on the acoustic parameters used in the 5 liver groups are

given below:

a. The first liver group was exposed to the highest acoustic pressure and number of
cycles (10 MPa, 1000 cycles), while microbubbles were sequentially administrated
in the PV and HA during treatment.

b. The second liver group was also exposed to the highest acoustic pressure and

number of cycles (10 MPa, 1000 cycles) however microbubbles were not

130



Chapter 6 - Extravasation and perfusion changes in a machine perfused pig liver

administrated during treatment, to be able to compare with case (a) and investigate
the effect of microbubble absence or presence in vascular disruption.

c. The third liver group was exposed to the highest acoustic pressure (10 MPa) and
short pulses (20 cycles) in the absence of microbubble administration during
treatment. This group may be compared with group (b) in order to investigate the
effect of number of cycles in the absence of microbubbles in vascular disruption.

d. The forth liver group was exposed to 6 MPa while 1000 cycles were used during
treatment. In this liver group microbubbles were sequentially administrated in the
PV and HA during treatment. This group is similar to group (a) except the pressure
now is lower.

e. The fifth liver group was exposed to 3 MPa while 1000 cycles were used during
treatment. In this liver group microbubbles were sequentially administrated in the
PV and HA during treatment. Groups (a), (d), and (e) only differ in acoustic
pressure. Acoustic pressure in groups (d) and (e) was decreased to investigate the

threshold of vascular disruption and mechanical ablation of tissue.

Tone bursts were generated using a Tektronix AFG 3102 Function Generator
(Tektronix, Inc., Beaverton, OR) amplified by a 150A100B RF Amplifier (Amplifier
Research, Souderton, PA) and transmitted via the focused transducer. The transmission
protocol was 5 seconds on and 5 seconds off for 15 minutes. After 15 minutes of treatment
the transducer was moved 4 mm and the protocol was repeated for total treatment time of 1

hour.

6.2.5 Microbubbles preparation

Custom made microbubbles (Department of Pharmaceutics, University of Ghent,
Ghent, Belgium), very similar to Definity clinical ultrasound contrast agents were used
throughout this work. The composition of the microbubbles was DPPC/DSPE-PEG in 95:5
molar ratio. Microbubbles were made of Perfluorobutane gas (PFB, C4F10), while at the
shell a PEGylated lipid was added to enhance stability. The average size of the
microbubbles was 2.5 pm and the concentration of the microbubbles was 3-8x10°
microbubbles/mL. Microbubbles were diluted to a concentration of 0.04%. (0.04 ml to 1

litter of de-ionized water) prior to bolus injections.
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6.2.6 Imaging protocol and microbubbles administration

Contrast side-by-side mode was selected in both ultrasound probes (C5-1 and L9-3)
to monitor macro- and micro- vascular flow (contrast image left side), and liver’s
anatomical features (tissue image right side). The imaging frame rate was 9 and 12 Hz for
C5-1 and L9-3 respectively. The compression (dynamic range) was set at the maximum
that was available on the scanner (50 dB) and persistence was turned off to avoid temporal
averaging between consecutive frames and to facilitate quantification. Imaging depth and
MI were 10 cm and 0.06 for C5-1, and 5 cm and 0.06 for L9-3.

Prior to US treatment and every 15 minutes (for a total of 1 hour), a 2 ml bolus of
microbubbles was injected in the syringe port connected to the PV. Image loops of 60
seconds were captured using both imaging probes (C5-1 and L9-3) and the procedure was
repeated for the HA. At the end of the 1 hour treatment and before collecting image loops
to quantify the effects of the ultrasound treatment, a fresh vial of microbubbles was opened
and used for the bolus injections to the PV and the HA. The reason for the fresh vial was to
make sure that any vascular changes were due to the treatment and not due to bubble

deterioration due to the length of the treatment.

6.2.7 Quantification and data analysis

QLAB software (Philips Medical Systems, Bothell, WA) was used to form time-
intensity curves (TICs) from the DICOM files by placing a region of interest (ROI) on the
image. The ROI was placed on each image in a well perfused parenchyma area avoiding
large vessels [Fig. 6.4(a, b)]. The ROI at the liver treated site was placed near the focus of

the therapy transducer.

Time-intensity curves were extracted [Fig. 6.4(c, d)] from QLAB and fitted to an
LDRW model [16] using purpose created MATLAB (The MathWorks, Inc., Natick, MA,
USA) code. Quantification parameters [17] such as rise time (RT), mean transit time
(MTT), area under the curve (AUC) and peak intensity (PI) were recorded after the fit and
plotted as a function of treatment time. In order to be able to compare parameters between
different livers and different ROIs, the extracted quantification parameters were

normalized with respect to the maximum value of each parameter per studied liver.
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Analysis was also performed using a Log-normal model [16] (not shown here) but the
LDRW model had significantly higher coefficient of determination (R?).
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Figure 6.4: Dynamic contrast-enhanced ultrasound quantification was used to detect microvascular perfusion
changes after ultrasound treatment. An example of time-intensity curves formed from regions of interest taken at
the control (a) and the treated area (b) is shown in (c) and (d) respectively. Regions of interest at the control area
were placed so that large vessels were avoided.

6.2.8 Histology

Histology was conducted on all livers using biopsies procured at the end of
perfusion. For each liver, one biopsy was collected from the center of a lobe that was not
treated with ultrasound (control) and one from the treated lobe after examining the gross
morphology of the treated area. All samples were stored in 4% formaldehyde, processed
and stained with hematoxylin and eosin (H&E). Images were captured using an Olympus
BX51 microscope (Tokyo, Japan) and Olympus DP2-Twain compatible software
(ImageReady, Version 8, Adobe, San Jose, CA, USA).
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6.3 Results

Figure 6.5 shows B-mode images of cavitation activity taking place during the
therapeutic procedure. These images were obtained from group (a) of the therapy protocol
(p=10 MPa, 1000 cycles, plus microbubbles). It is observed that cavitation activity begins
almost immediately after the therapeutic transducer is turned on [Fig. 6.5(a)], while the
phenomenon continues and enhances with time [Fig. 6.5(b, c)]. As a side note, the
observation of the cavitation activity confirms that the imaging and therapy planes

coincide.

After 5'sec After 15 min End of treatment

Figure 6.5: Imaging of the cavitation activity in tissue during ultrasound exposure. (a) 5 sec after ultrasound
exposure, (b) after 15 minutes of treatment, (c) at the end of the treatment (1 hour). These images were obtained
when 10 MPa and 1000 cycles were applied to the treated site while microbubbles were also injected.

Visual evaluation of the imaged treated site and overall gross morphology
inspection was performed at the end of the therapeutic procedure. Examples of gross
morphology of the liver tissue at the end of the experiments for different liver groups are
shown in Fig. 6.6. It is observed that the size and extent of the created lesion highly
correlates with the applied acoustic pressure. In addition, great correlation between B-
mode images and gross morphology was observed in all cases, suggesting that ultrasound
imaging is an accurate way to monitor such therapeutic approaches.
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Figure 6.6: Observations (gross morphology and B-mode images) after 1 hour of ultrasound treatment for
different acoustic pressure amplitudes. Good correlation between gross morphology and B-mode imaging was
obtained and lesion size depends on the applied acoustic pressure.

Qualitative evaluation of the perfusion of the treated area as a function of time was
performed with DCEUS. Figure 6.7 shows contrast and tissue images (side-by-side) of
perfusion after a PV injection (on the left) and HA (on the right) at the beginning of the
treatment, at 15 minutes, and at the end of the treatment (p=10 MPa, plus microbubbles,
1000 cycles). It is observed that lesion formation at tissue exposed to the focal area of the
transducer appears within minutes of ultrasound application, while the lesion spreads to a
larger area by the end of the treatment. Lesion formation highly correlates with cavitation
activity shown in Fig. 6.5. Perfusion changes at the portal venous vascular tree were [white
arrow in Fig. 6.7(e)] were limited in extend. In contrast, almost complete mechanical

damage of the arterial vascular tree was observed [Fig. 6.7(f)].

Quantitative evaluation was also performed using DCEUS image loops and
indicator dilution approach in order to measure flow changes in the treated area most
probably induced by the extravasation. Since the arterial vascular tree suffered severe
perfusion changes after ultrasound exposure, prober curve fitting with the formed TICs
was not possible. However, the normalized intensity with respect to the intensity before
ultrasound was applied was measured and it is shown in Fig. 6.8. The intensity is reduced
by more than 60% at the treated site in group (a) of the therapy protocol (p=10 MPa, plus
microbubbles, 1000 cycles).
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Figure 6.7: Qualitative evaluation of liver perfusion as therapy time progresses. Images obtained after portal vein
(PV) bolus injections are shown on the left [(a), (c), (e)] and images obtained after hepatic artery (HA) bolus
injections are shown on the right [(b), (d), (f)] . 10 MPa and 1000 cycles were applied to the treated site with the
addition of microbubbles during ultrasound exposure. More pronounced changes are observed on the arterial

vasculature.
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Figure 6.8: Intensity as a function of treatment time for the control area (left) and the treated area (right) for
hepatic artery perfusion. The treated site was exposed to 10 MPa and 1000 cycles. Here, microbubbles were also

injected during ultrasound exposure.
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Time-intensity curves after portal vein injections were formed and the LDRW
model was fitted on the data. Figure 6.9 shows the average rise time (normalized with
respect to the maximum value obtained in each liver) for the various liver groups of the
therapy protocol as a function of therapy time. Time-intensity curves for the control area
are shown in the left column and for the treated area in the right. The effect of the acoustic
pressure is observed in Fig. 6.9(a, b), the pulse duration (20 vs 1000 cycles) in Fig. 6.9(c,
d) and the presence or absence of microbubbles during therapy in Fig. 6.9(e, f). No
significant changes in microvascular perfusion (in terms of rise time) of the control area

were observed for the different groups studied here [Fig. 6.9(a, c, €)].
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Figure 6.9: Normalized rise time (RT) extracted from LDRW indicator dilution model as a function of treatment
time for the control (left) and the treated area (right). Portal vein bolus injections were quantified here. Different
liver groups are compared; (a, b) the effect of pressure amplitude when 1000 cycles were applied in the presence
of microbubbiles, (c, d) the effect of pulse length when 10 MPa were applied in the absence of microbubbles and
(e, ) the effect of microbubble presence when 10 MPa and 1000 cycles were applied.
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The effect of the acoustic pressure on perfusion changes during ultrasound
exposure is shown in Fig. 6.9(b). It is observed that RT increases over time at a different
rate for each treatment group (10 MPa, 6 MPa, and 3 MPa). Rise time increase is clearly
seen when higher acoustic pressures are used (10 MPa and 6 MPa). Since RT increase is
related to flow decrease, the results presented here suggest that micro-vascular flow on the
treated area is significantly reduced by the end of the treatment when pressures > 6 MPa
are utilized. Pulse length effect on flow changes during ultrasound exposure (for the same
acoustic pressure, 10 MPa no MBs) is shown in Fig. 6.9(d). Rise time change (thus flow
change) was not detected when short pulses (20 cycles) were utilized in the therapy
protocol. In contrast, when long pulses were used (1000 cycles) RT increased with therapy
time, suggesting that microvascular flow changes were occurring. Finally, the effect of
microbubble use during treatment is shown in Fig. 6.9(f). It is observed that there are no
significant differences in RT among the two groups (MB presence or absence). Both
groups show comparable RT increase as therapy progresses when tissue is exposed to

acoustic pressure p=10 MPa.

Leakage of the perfusate in the interstitial space was detected at the end of the
treatment after microbubble injection and imaging of the area, using an L12-5 probe which
has higher resolution. This observation is an indication of extravasation. As shown in Fig.
6.10, contrast microbubbles were pooling in the treated area while the parenchyma in the
surrounding tissue appeared to wash-out. Pooling of microbubbles around the treated area

was noticed in all liver groups when long pulses (1000 cycles) were used during treatment.

Contrast Image »_ |, B-mode Image

Figure 6.10: Indication of extravasation as a result of vascular alterations after ultrasound exposure. These images
were obtained when 6 MPa and 1000 cycles were applied to the treated site. Microbubbles were also injected
during ultrasound exposure.
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Figure 6.11, shows comparison between histological results of the control and the
treated area in the presence or absence of microbubbles when exposed to acoustic pressure
of 10 MPa and 1000 cycles. The architecture of the liver tissue samples is shown in Fig.
6.11 (top row), while the morphology of the cells are shown in Fig. 6.11(bottom row). It is
observed that there are not significant architectural differences among the compared liver
tissue samples [Fig. 6.11 (top row)] concluding that tissue damage is highly controlled in
the focal zone of the transducer and taking into account that these samples are from
different machine perfused livers. However, more cell damage is observed in the case

where liver tissue was exposed to 10 MPa combined with microbubbles [Fig. 6.11 (e)].

10 MPa, 1000 cycles 10 MPa, 1000 cycles no
+MBs MBs

Control

Figure 6.11: Comparison of histological results (H&E staining) between the control (a, d) and the treated areas
exposed to acoustic pressure of 10 MPa and 1000 cycles in the presence (b, €) or absence (c, f) of contrast
microbubbles. The top row shows the architecture of the liver tissue samples (4x magnification) while the bottom
row shows the morphology of the cells (20x magnification).
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6.4 Discussion

The interaction of ultrasound-driven resonant microbubbles with the
microvasculature was investigated in a functioning ex-vivo pig liver model. The size of the
microbubbles that were used in the experiments was 2.5um, and thus they were very close
to resonance when exposed to 1 MHz frequency. In addition, the proposed microbubbles
did not interact with the environment of the pig liver and a satisfactory wash-out was
observed in the parenchyma, despite the luck of lungs or filtering, thus making possible
perfusion quantification. The proposed machine-perfused slaughterhouse liver model
offers an experimental environment which highly resembles in-vivo conditions while it is
easily accessible and minimizes the regulatory requirements, operational costs and ethical
burden associated with live animal surgery. As the perfused livers are fully functioning and
maintain intact their micro-vasculature, microbubbles interacted with endothelium cells of
the vessel walls in order to extravasate into the interstitial space before reaching the
hepatocytes. This is a significant difference compared to the environment of in-vitro cell
culture experiments where tumor cells are directly exposed to ultrasound and the

sonoporation process forces drugs to enter cells immediately after membrane disruption.

In the present work, we have not used any drugs in order to observe and quantify
any increased drug uptake. However, this work is still important as it focused (a) on
establishing an experimental setup which resembles in-vivo conditions, (b) on studying the
acoustic parameters which can then be utilized in drug delivery applications, and (c)
developing the microbubble handling, dosage, administration, and activation method. The
alignment of the therapy transducer with the imaging probe (with the RF artifact that
shows in the imaging plane once the therapy and imaging planes overlap) allowed accurate
control and close monitoring of the procedure, and also helped locating the relatively small
treated area (the focal beam width was 1-2 mm) at the end of the treatment.

Both qualitative observations and quantitative methods were used to evaluate the
effect of different ultrasound parameters necessary to induce extravasation. It was shown
that acoustic pressures >3 MPa combined with microbubbles are capable of inducing
mechanical changes to the vasculature and the surrounding tissue. The extent of the
vascular damage and thus extravasation was highly dependent on the applied acoustic
pressure and the pulse length. It was shown that long pulses (~1000 cycles) were necessary

in order to induce detectable perfusion changes at the pressures considered here, while
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shorter acoustic pulses (20 cycles) could not induce detectable perfusion changes in the
area exposed to ultrasound.

Dynamic contrast-enhanced ultrasound quantification, previously used to measure
microvascular flow in therapy monitoring of tumors [18], is also an excellent tool for
detecting ultrasound induced microvascular alterations during extravasation. Although the
proposed ex-vivo liver model maintains high physiological relevance compared to in-vitro
experiments, the lack of the immune system is a difference that must be taken into
consideration in future investigations. In a living organism, the processes of extravasation
and sonoporation would normally induce increased local microvascular flow at first as a
response to the induced inflammation in the area. With higher acoustic pressures and
inertial cavitation mechanical tissue and vascular damages are induced which would then
present as a decrease in the local microvascular flow. In our experiments with an ex-vivo
organ (outside a living body) only the mechanical “damages” and the reduction in

microvascular flow was detected.

The hepatic artery vasculature suffered severe changes (damage) in an extended area
when livers were exposed to higher acoustic pressures (6 MPa and 10 MPa). In contrast,
the portal venous vasculature suffered a much milder damage which was strictly confined
in a small region around the focal area. The different extent of vascular changes of PV and
HA under the same ultrasound exposure conditions might be attributed to the different
morphology of veins and arteries. Three distinct layers are found in vessel walls structure:
intima, media and adventitia which are mainly composed of elastin, collagen and smooth
muscle. The proportions of these three components differ among arteries and veins. Thus,
the mechanical properties of arteries and veins and their resistance to mechanical stress are
different and this may be an explanation in the observed differences in the damage
patterns. In addition, often the arterial tumor vasculature contains leaky vessels due to the
increased endothelial spaces, arterial-venous shunts and generally more abnormal
structure, which would be more prone to the mechanical changes by the ultrasound-
induced microbubble oscillations. We would expect that the tumor HA vasculature would
possibly experience even more changes than those observed in normal HA vasculature
with the present therapy protocol.

The quantification results of Fig. 6.9(e, f) suggest that the presence of microbubbles

would not make any significant difference in vascular disruption and consequently
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perfusion during ultrasound therapeutic applications when the pressures are high (~10
MPa). However, the microbubble effect on extravasation was studied only when 10 MPa
and long pulses were used, thus ultrasound cavitation in tissue due to pre-existing
cavitation nuclei or possible air emboli was present even when microbubbles were not

injected.

6.5 Conclusions

Ultrasound-mediated extravasation was investigated in an ex-vivo machine
perfused pig liver model which closely resembles in-vivo conditions. The application of
MHz-ultrasound in the presence of microbubbles is capable of inducing extravasation and
perfusion changes detectable by diagnostic ultrasound at lower acoustic pressures (~3
MPa), and complete devascularization at high acoustic pressures (~10 MPa). Shorter
acoustic pulses (20 cycles) produced less perfusion changes than longer pulses (1000
cycles) under the same acoustic amplitude exposure. DCEUS quantification methods were
used to monitor and accurately measure microvascular changes induced by the
extravasation process. Histology indicated that vascular and tissue disruption was highly
focused in the area exposed to ultrasound. The findings of the present work imply that a
variable level of controlled extravasation is possible which in turn may have positive

implications on drug delivery of macromolecules.
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“The voyage of discovery is not in seeking new landscapes but in having new

eyes.”
Marcel Proust [1]
7.1 Summary

Cancer is considered to be one of the leading causes of death in Europe and the
Unites States. Thus, the need for improved healthcare where the treatments will take into
account individual patient needs emerges, especially in the fields of oncology and
cardiology. The therapeutic prospective of ultrasound combined with microbubbles and
drugs has gained increased attention in research and clinics as the advantages of such
localized treatments are associated with increased medication efficacy and improved life
quality of the patients [2]. This thesis aimed to contribute in the field of ultrasound-
mediated drug delivery by developing new tools and methods that will advance research
from in-vitro experiments and small animal models to a full scale clinically relevant

environment.

Chapter 2 described the development of a machine perfusion system and the
methodology for ex-vivo preservation and evaluation of isolated human-sized livers. The
ex-vivo machine perfusion system for human-sized liver preservation was used throughout
this thesis as the test platform for investigations associated with ultrasound therapeutic
approaches. Pig livers were preferred over livers from other species as they are more
similar to human livers with respect to physiology and anatomy [3]. The functionality and
viability of slaughterhouse pig livers sustained in machine perfusion was evaluated with
hemodynamic and biochemical measurements and histological findings. In addition,
dynamic contrast-enhanced ultrasound (DCEUS) was specifically optimized to become a

valuable tool in the assessment of the condition of machine-perfused organs.

The introduction of DCEUS is an invaluable tool in whole-organ machine
perfusion preservation as it offers both qualitative and quantitative control of livers
condition in a non-invasive and easy manner. Gross morphology examination could not
detect the presence of anatomic abnormalities and illustrate the perfusion throughout the
entire organ, which is now possible with DCEUS. Dynamic contrast-enhanced ultrasound
has the potential to define novel metrics of organ viability while sustained in machine

perfusion, evaluate the perfusion quality in either the portal venous, the arterial vascular
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tree or both and recognize obstacles in physiological flow such as thrombi or air

embolisms.

It was shown that porcine livers preserved in the developed machine perfusion
system are viable and well-functioning organs which are stable for at least 3 hours of
experimentation. The developed model can be used as a versatile test platform for the
study of diseases that characteristically affect perfusion quality and for interventions that
depend on controllable and quantifiable perfusion, such as the study of vasoactive drugs,

drug delivery and tumor ablation.

According to Apfel [4], three golden rules are necessary to be considered when
studying cavitation related phenomena; “know thy sound field”, “know thy liquid” and
“know when something happens”. Thus, prior to any investigations related to ultrasound
therapeutic applications in this thesis, Chapter 3 focused on the estimation of the in-situ
acoustic field when tissue is exposed to ultrasound. A simple, reliable, and reproducible
method based on low amplitude measurements in water and knowledge of the attenuation
of the tissue of interest was evaluated for its accuracy in estimating the acoustic pressure
delivered in the exposed area. Such a method has small experimental errors when
compared with hydrophone measurements of sound fields at high output levels and
simplifies the theoretical and computational aspects of the acoustic pressure derating

problem.

Both simulations and experiments were contacted for validation of the linear
extrapolation method. A well-established nonlinear model, the KZK equation [5], was used
in simulations and a wide parameter space (attenuation and nonlinearity values) was
considered to cover a range of different tissue types and source pressure amplitudes. In
experiments, pressure values measured after propagation through ex-vivo machine-
perfused liver tissue samples were compared to the estimated pressure values calculated
using linear extrapolation. From measurements and simulations it was shown that the
proposed method can predict in-situ pressure for a large range of nonlinearity and
attenuation values. As the attenuation value increases it counters the nonlinear distortion
effects and the proposed method becomes more accurate even at very high acoustic
pressures. The proposed method can estimate the in-situ peak negative pressure with errors
<20% for I" values up to 1, and the peak positive pressures with errors <20% for /" values

up to 4.
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The main required input for the extrapolation method studied in Chapter 3 is the
attenuation coefficient of the tissue of interest. Thus, to assess the exact acoustic properties
of the experimental samples used to validate the linear extrapolation method, pig liver
attenuation was measured in the range of 2 — 8 MHz and the attenuation—frequency
relationship was derived. It is the first time that samples taken from a re-perfused organ are
being used to measure liver tissue attenuation. This is of great importance since the
samples used were harvested from a viable and normal functioning organ instead of

excised tissue samples that were used in the past.

Microbubbles combined with ultrasound may be one of the most promising
theranostic tools [2]. Thus, in Chapter 4 of this thesis a diagnostic ultrasound scanner was
considered as both an imaging and therapy device and was used to measure microbubble
response to increasing acoustic amplitude. A wide range of acoustic pressure was
considered (0.06 — 2.6 MPa) that might be utilized in ultrasound therapeutic applications.
At the same time, the problem of signal saturation observed when ultrasound scanners are
used to record backscattering from microbubbles was addressed and a correction method

was provided.

Without the effect of signal saturation, it was observed that up to acoustic pressures
of 2.6 MPa, the intensity of backscattered signals from microbubbles increased quarticly in
agreement with the relevant theory and previously published results [6]. Additionally,
signal saturation reduction enabled for the first time accurate measurements of CTR, which
was found to be constant with MI contrary to previous perception [7]. These results
suggest that microbubbles may be imaged equally well even above bubble destruction
threshold which is very important for imaging approaches in therapeutic procedures that
use high Mls. For example, in drug delivery applications at MIs that cause bubble
destruction, good triggered images (in order to allow for microbubble replenishment in the
imaging plane) with nonlinear techniques (e.g. harmonic imaging) may be formed by
simply thresholding the tissue signals due to nonlinear propagation. Bubble response
measurements in a wide range of MIs may also advance investigations of therapeutic
applications that combine microbubbles and ultrasound such as sonoporation,
sonothrombolysis, and gene transfection. The potential of imaging microbubbles in
response to high excitation amplitudes might be beneficial when considering the various
sonoporation and extravasations hypothesis relying on phenomena such as micro-jet
formation and cell membrane disruption [8].
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The correction of signal saturation is also very important for the DCEUS
quantification methods that were developed and described in Chapter 5 of this thesis.
Errors in the calculated quantification parameters related to signal intensity were carefully

avoided with our new approach.

In Chapter 5, contrast-enhanced ultrasound quantification approaches were studied
in order to develop an accurate technique of micro-flow measurements. DCEUS
quantification based on indicator dilution theory has been proposed to be used for
monitoring the outcomes of therapies targeting tumor angiogenesis under the hypothesis
that bolus quantification parameters are sensitive to flow changes caused by antiangiogenic
treatments received by the patients. Clinical studies are found in the literature that support
the hypothesis above [9]-[12], however preclinical investigations that quantify the
possibilities and limitations of the method are scarce. Thus, in this thesis, DCEUS
quantification methods were evaluated in the functioning ex-vivo pig liver model to find
the range of accuracy and strength and weaknesses in measuring flow in the
microcirculation in a highly controlled environment which closely resembles in-vivo

conditions.

Two tasks were studied for the first time in a machine-perfused liver; (1) the effect
of bubble concentration on quantification parameters under constant flow rate and (2) the
effect of flow rate changes on the extracted quantification parameters using constant
contrast concentration. One advantage of the ex-vivo machine perfusion model is that
injections can be administered to either the hepatic artery (HA) or the portal vein (PV) and
consequently those specific vascular networks can be studied independently. An important
aspect of this work was that during data collection the gain correction method (avoiding
signal saturation) developed in Chapter 4 was used to avoid errors associated with the

calculation of the quantification parameters after curve fitting of the time-intensity curves.

The intensity-concentration relationship was found to be linear in agreement with
theoretical predictions and previously published in-vitro results [13], [14]. This is
important as the linear relationship between image intensity and bubble concentration is
the underlying assumption for being able to use quantification methods based on indicator
dilution theory. In contrast, time quantification parameters were not affected by bubble

concentration changes, which is also important for clinical studies and suggest that small
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variations in the amount of contrast agents being administered are not affecting the

accuracy of flow measurement.

This study also showed that DCEUS quantification is capable of measuring flow
changes in both macro- and micro-circulation for a bolus injection [15], [16] as the rise
time (RT), the mean transit time (MTT) and the area under the curve (AUC) were all found
to be inversely proportional to flow rate (as predicted by the Stewart-Hamilton
relationships). When flow changes were induced in the HA, they were detected only in the
large branches of the input vessel and they could not be measured in the outflow vessel
(hepatic vein, HV) nor the parenchyma. This is attributed to the fact that HA is only the
25% of the liver blood supply thus the flow changes that reached outflow (which is the
summation of PV and HA flows) and the parenchyma [where both (PV+HA) networks
combine right before continuing onto to the HV network] were small. However, when flow
changes were induced in the PV vasculature, which is typically the 75% of the liver blood
supply, they were easily detected also in the micro-vasculature (parenchyma) and the
outflow (HV). Nevertheless this will not be an issue when trying to monitor tumor

response to therapy as tumor blood supply is mostly arterial.

DCEUS can be a valuable tool in predicting patient response to drugs targeting
angiogenesis. However in the present thesis it was also proposed as a metric for evaluation
of ultrasound therapeutic applications, such as sonoporation. Ultrasound-mediated drug
delivery aims in advancing therapeutics deposition on the diseased site after alterations of
the tumor vasculature (extravasation or cell membrane disruption) due to microbubble-
induced bioeffects. Thus, DCEUS quantification can be used to measure flow changes

caused by microbubble interactions with the vessels.

Chapter 6 focused on the study of the interactions of ultrasound-driven
microbubbles with the microvasculature of a functioning ex-vivo pig liver under image
guidance. Specifically, the objective was to identify the ultrasound parameters that are
capable of causing detectable perfusion changes and extravasation in the area exposed to
ultrasound in a test platform that highly resembles in-vivo conditions. The effect of
acoustic pressure, number of cycles, and microbubble presence on vessel poration and
extravasation were evaluated using gross morphology by lesion size examination and
histology. In addition, micro-vascular flow changes caused during therapeutic ultrasound

exposure were detected using DCEUS quantification based on indicator dilution
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approaches. The developed experimental setup allowed real time monitoring of the therapy
procedure and imaging of the cavitation activity.

DCEUS quantification was able to detect flow changes induced due to
extravasation. The magnitude of flow changes was dependent on acoustic pressure and
pulse length. It was shown that the application of MHz-ultrasound in the presence of
resonant microbubbles was capable of inducing extravasation and perfusion changes
detectable by diagnostic ultrasound at lower acoustic pressures (~3 MPa); complete
devascularization was observed at high acoustic pressures (~10 MPa). Shorter acoustic
pulses (20 cycles) produced less perfusion changes than longer pulses (1000 cycles) under

the same acoustic amplitude exposure.

Histology showed that the applied acoustic field caused highly localized damage in
the liver even when applying the higher acoustic pressure (10 MPa). Liver tissue samples

did not show significant differences between the control and the treated area.

Last, it was observed that HA vasculature suffered severe damage in an extended
area when livers were exposed to high acoustic pressures (6 MPa and 10 MPa). In contrast,
PV vasculature suffered a much milder damage which was strictly confined in a smaller
area around the focus of the therapy source. The different extent of vascular damage of PV
and HA under the same ultrasound exposure conditions might be attributed to the different
morphology of veins and arteries. It is further believed that the tumoral HA network would
be even more prone to extravasation and perfusion changes by ultrasound driver

microbubbles.
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7.2 List of Original Contributions

This thesis offered the following contributions in the field of ultrasound-mediated image-

guided drug delivery approaches:

> Developed a fully functioning, human-sized organ (ex-vivo machine-perfused pig
liver) as a versatile test platform for DCEUS quantification and ultrasound-
mediated drug delivery investigations. This environment offers several hours of
controlled experimentation while maintains highly relevance to in-vivo conditions

in respect to physiology and anatomy.

> Established the use of DCEUS for monitoring and evaluating perfusion quality in
ex-vivo machine perfusion whole organ preservation. Gross morphology inspection
could not detect the presence of anatomic abnormalities and illustrate the perfusion
throughout the entire organ, which is now possible with DCEUS.

» Evaluated the limitations and accuracy of a simple method based on low amplitude
measurements in water and knowledge of the attenuation of the tissue of interest in
estimating the acoustic pressure delivered in the area exposed to ultrasound (in-
situ) using both simulations and measurements. The knowledge of the in-situ
acoustic field is important for cavitation-related phenomena found in ultrasound-
mediated drug delivery. A variety of different tissue types and acoustic pressures

were considered.

» Performed measurements of attenuation in tissue samples harvested from ex-vivo
machine-perfused livers. As attenuation differs according to organs or tissue state,
these measurements highly resemble attenuation values of physiological
functioning in-vivo organs and are important for pressure derating methods in

diagnostic and therapeutic applications.

> Developed a method that eliminates signal saturation in diagnostic ultrasound
scanners for microbubbles-related investigations. This allowed accurate
measurements of contrast to tissue ratio with increasing M1, which was not done in

the past. Signal saturation removal also further improved DCEUS quantification.
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> Proved that the tissue nonlinearity dependence with acoustic pressure is very
similar to that of microbubbles (contrary to the current understanding) and thus the
contrast to tissue ratio is constant across all acoustic pressures. This finding enabled
the development of equally effective imaging approaches in high Mls therapeutic

applications as low non-destructive Mls.

» Studied for the first time the intensity-concentration relationship in a functioning
machine-perfused pig liver without the effect of signal saturation. This finding is
important as the linear relationship between image intensity and bubble
concentration is the underlying assumption for being able to use quantification

methods based on indicator dilution theory.

» Studied the strengths and weaknesses of flow measurements using DCEUS
quantification based on indicator dilution theory in a machine-perfused pig liver. It
was proved that DCEUS quantification is capable of measuring flow changes both
in the macro- and micro- circulation using parameters such as RT, MTT and AUC
according to Stewart-Hamilton relationships for a bolus injection. This finding can
establish DCEUS quantification as a valuable tool for monitoring therapies that

target tumor vascularity.

> Investigated the interactions of ultrasound-driven resonant microbubbles with the
microvasculature of a machine-perfused pig liver for different acoustic pressures,
pulse length and microbubble presence or absence. The developed experimental

setup allowed real time imaging of the cavitation activity during therapy.

» Showed that extravasation and perfusion changes correlate with the acoustic
pressure. Shorter acoustic pulses (20 cycles) produced less perfusion changes than

longer pulses (1000 cycles) under the same acoustic amplitude exposure.
» Showed that the arterial vasculature is more sensitive to acoustic pressure exposure
than the portal venous vasculature which can be an important finding in ultrasound-

mediated drug delivery as tumors blood supply is mostly arterial.
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7.3 Conclusion

Marcel Proust in his novel “La Prisonniere” wrote that “The voyage of discovery is
not in seeking new landscapes but in having new eyes.” The studies in this thesis were
performed in a new, clinically relevant environment and the developed tools and methods
can advance ultrasound-mediated image-guided drug delivery which is a promising
approach in the fight against cancer. Research is an endless voyage with unlimited
potentials. Here, a stepping stone has been set; plethora of future ultrasound therapeutic
investigations can be performed in the proposed machine-perfused liver that will further
advance the state of the art in ultrasound-mediated drug delivery and help its establishment

in the clinics.

7.4 Future directions

We envision further development of the proposed experimental setup, accompanied
by the administration of drugs in this clinically relevant test platform (ex-vivo machine-
perfused liver). Measurements of drug uptake facilitated by ultrasound and microbubbles
in an environment that mimics in-vivo conditions would be invaluable for the better

understanding of the mechanisms of ultrasound-mediated drug delivery.

Another interesting future direction is that human organs (or part of organs)
surgically removed from patients with cancer might be preserved in a similar machine
perfusion system. Thus, ultrasound-mediated drug delivery can be studied in a real tumor
model prior to clinical trials.
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