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SUMMARY

Cancer, currently the second leading cause of death in the United States, is expected
to become the first killer in the near future by surpassing heart diseases. Molecular imaging
has become a key tool in the biomedical research and cloliemgthosis By employing
specific imaging probesnolecular imaging tracesgarious biological processes at the
molecular level in living tissues with high resolution and specificity. In this dissertation,
theearly assessment of clinical radiotherapy effects has beeedchy positron emission
tomography(PET) imaging withF-18 labeled A5-fluoropentyl}2-methyl malonic acid
(F-18 ML-10). However, most of the researches on application -d8 FML-10 are

preclinical studies.

Currently, the clinical assessment of radio#py effects is based on the measurement
of tumor size by ragnetic resonancemaging (MRI) 2-4 months post radiotherapy.
However, sever al mont hsd | ate assessment c
tumor to lose the chance of surrogate therapys has caused an impediment for the
management of therapy plan. Therefore, there is a great demand for early assessment of
radiotherapy of cancer in the clinic. As apoptosis of tumor cells is one of the early events
that occurred after radiotherapy, thfere monitoring of apoptotic cells by-18 ML-10
PET imaging can be used for the early assessriemtever, here are many challenges

for its clinical use.

As isproducedhroughF-18 fluoride labelling via nucleophilic substitution reaction
Kryptofix 2.2.2(K2.2.2) is one of the most widely used ph&sasfer reagents for-E8

nucleophilic substitution reactiorbue to the toxicity of K2.2.2its residue inF-18

XiX



radiopharmaceuticals should nexceed 50ng/mL, as required bythe United States
Pharmacpeia 40 However, falseositive or falsenegative results of K2.2.2 detection
affects the safety of-E8 pharmaceuticals. In this dissertation, we have overturned the
hypothesis that amine compounds caused the false positive results. Moreover, we also
proposed and tested the effect of reductive stabilizer and pH value on the false negative

results.

In the investigation on safety assessment of radiotheragmecakclinical casefor
therapeutic assessmentlang canceafter CK treatment has been invgsted. After CK
treatment, there was no significant change in the apoptosis of tumor. However, the
apoptosis in heart tissue andrtéc arch increased significantly, indicating injuries in
adjacentissue by CK treatmemiaused by a rapid apoptotic respaidelate return visit
indicated that the cancer recurred, this is coincident witktb& ML-10imaging results.

This finding was verified by following preclinical studies on rabbits. Thus, this case study
suggested that this method has the potemrahe assessment of subsidiamyury of lung

cancer radiotherapy.

In the investigation on efficacy assessment of radiotherapy, in the clinical applications,
29 dinical casef different types of brain tumor have beanluded and thePETimage
has bee analyzed voluméy-volume in assessment of response of different types of
tumors toCyberKnife (CK)radiotherapy.There are many challenges fquantitative
analysis of therapeutic assessment by uapaptsisimaging As apoptosis is essentially
a trarsient process, it is necessary to standardize the imaging method and time point, and
to make quantitati vebyaohUmseds o toadistinglisho ma § & p

between cell apoptosis and spontaneous apoptosis. Furthermore, correlation detween t

XX



result of this early assessment and subsequent anatomic change in tumor determined by
MRI was also investigated he results show a high correlation betweenRi& ML-10

imaging results and the tumor volume changes evaluated by MRI. This research has
provided a clinical method for the early evaluation of tumor radiotherapy. The applicability

of this method has been discussed by analyses on different brain tumor types.

In addition, two other imaging related projects which | have done during my PhD
period are also included in this dissertatieor the application of spectroscopic molecular
imaging to reatime surgery guidance, the sensitivity of a novel surface enh&eredn
spectroscopy (SERS) haheld spectroscopic device for intraoperative tumor detection
has been investigated. The SERS gold nanopatrticles have been proved to-lighultra
sensitive for in vitro deteain with wide dynamic range, thus couléstingushthe signal
of tumor tissue from that of normal tissue. Furthermore, the differentiation of tumor tissue
from inflammatory tissue has also been investigated by a preclinicalngodality

imaging with multiple probes.

XXi



CHAPTER 1. INTRODUCTION

An estimated 1,88,78 new cases of cancer will be diagnosed in the United States
and600,9D people will die from the diseage 2017, The World Health Organization
(WHO) has published he fAWorl d Cancer Report 20140, ar
current trends of cancer among more than 180 countries and 28 types of carcinoma around
the world. According to this report and data from National Cancer Institute (M@l),
globalnumbe of people living beyond a cancer diagnosis, having reachedillidn in
2012 is prediced that theglobal cancer cases will show a rapid grawths expected to
reach 19 milliorin 20253, The annually globaxpenditures for cancer camaledhigher
than $895 billion. In Chinghe estimated nationwideyear cancer prevaleneeas 7.49

million, and the Syear prevalence proportion was 556/100,500
1.1 Current challenges incancertherapeutics

fiTo cure sometimes, t@lieve often, to comfort alwags i s -kaowrngaotation
from Dr. Edward L Trudeaun nineteentlcentury. Although have many new technologies
been developed in the past century, there is still lack of effective therapeutics for many
diseases especialbancer. The variation in the biologic behavior of tumorris af the
major challenges fotompleteelimination of cancet* 3. To make a progress on cure of
cancer and personalized healthcare, President Obama déauficRr eci si on Me d i
| ni tiati veo Remonalizadheathcygre hel@uli®d medical practiceand

informationin the molecular level will makenedicinemore precise.

1.1.1 Challenges in early diagnosis



With traditional diagnostic methods, canceuld not be diagnosed in a very early
stage. Patients in many cases are not diagnosed until the tumor has been growing to later
stage with significant size or effect to their health. Clinical results show that the
improvement of thefive-year survival rae of cancer patients is mainly due to early
diagnosis followed by proper therapeutics with currently available treatment technology
and methods. Therefore, early diagnosis is an important way to improve the treatment

outcome and reduce medical expense.
1.1.2 Chdlenges in early assessment after treatment

There are mare than 20,000 afiewly diagnosedbrain tumor patients in the United
States each year, of which 70% were maligrglioblastomamultiforme (GBM) 681,
However the average survival period after therapy is only 12 to 15 months. In this situation,
it is needed to maka breakthrouginot only in therapeutic method, but also in assessment
early afer therapeutic. Currently, the most common method to assess therapeutic outcome
is magneticresonancémaging(MRI), by comparison the morphological change of tumor.
However there are limitations of the applicationtbfs methodn terms of earlyvaluation,
since the changes in tumsize usually takes a certaperiodbefore beingeflected and
therefore cannaiccurately reflect thehanges ithe moleculaphysiologyof tumorsat an

early stage

Nowadays, the most common radical cancer tre@isreae surgery, radiotherapy and
chemotherapy. Among them, radiotherapy is an important method for intracranial
treatment that could either be a main regiment, or adjuvant therapy after surgery for

keeping cancer from recurrence. The evaluation of thata@peesponse mainly relies on



the change of tumor size assessed by computed tomography (CT) and MRI images. For
radiotherapy and chemotherapy, however, the anatomical volume change comes later than
the rapid biological change on cellular level, resultinga serious lag effect for the
evaluatiort”. Indeed, the anatomical volume change of intracranial tumor is difficult to be
visualized by CT or MRI till 48 weeks after whole brain radiotheyaf 4. Particularly,

for patients with malignant brain tumor, such as faghde gliomas and metastatic tumors,

etc., the average survival time is short. With the lag effect of conventional assessments, the
early response after radiotherapy is hard to be asdegsich might result in a delay or

loss of chance for an alternative treatmétt?. Moreover, the tumor tissue and radio
necrotic tissue could not be distinguished by CT and MRI images, which might cause
ambiguous or even wrong judgment of therapeutic effect. Therefore, a method which could
offer an early response assessment after radiotherapy for clinical management

improvement is required.

Apoptosisis a basidiological processegulating celdeath and playing an important
role in manydiseasesApoptosis imaging has been widely applied to visualizeotu
hallmark[*>29, Spontaneous apoptosis tumorsis increasedhan in normal tissue, and
apoptosigienerallyreflectstumormolecularphysiological processewhich could be used
as a useful indicator of tumor progress by conmgathe apoptosismaging before and

early after treatment.
1.2 Molecular imaging

1.2.1 Precision medicine



The principle of precision medicinérmerly known as personalized medicine, is
using of specialized treatmefatr particulardiseasdrom a specific patientat a particular
time. However, we still cannot classithosediseases, patients and treatments based on
current research progress of biology or medicielike genomewide associated study
(GWAS), molecular imagingdoes not focusn the mechanism ofumorigenesisTo
achieve precision medicine, molecular imaging provides an approach to visualize

physiological changes in early stage of cancer from the signal of molecular probes.

1.2.2 Molecular imaging

Imaging is a brilliant strategy to genformation without knowing the detailed
activities of biological processe&s shown inFigure 1.1, recent advances of molecular
imaging provide great opportunitiesrfearly diagnosis of cancgéf*2. In the past decade,
researches on drug design, discovery, and delivery have enhanced the performance of
chemotherapy and radiotherapy by improving the selectivity and reducing the t&Xicity
34 thus providing effective therapeutic regimen especially for the treatment of widespread
tumors. Molecular probes are specifically modified molecules those who could visualize
specific physitogical information. Once after being injected in human body, molecular
probes could recognize then combine with certain biomarker such as receptor, enzyme,
nucleic acid, etc. By visualizing the signal from molecular probe fhigh-precision

imaging, we ould obtain moleculamformation of disease progression
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Figure 1.1 7 Development of molecular imaging used in oncology. Reprinted from
Weissleder and Pittet[39 with permission. Copyright © 2008 Nature Publishing
Group.

In clinical trials, the reglar treatment for localized and locally advanced tumor is still
dominated by surgical resection combined with chemo or radiology. Especially, compared
to nonsurgical treatment, surgery could greatly improve the survival of patients, by
accurate tumor sggng and complete removal of lesions. According to statistics, surgery
can prolong survival rate of patients with lung cancer 10 times, thus surgery is still the
preferred option for cancer treatmeburing surgeryhowever, the surgeon stithainly
depemlent on two toolsthe eyes to look suspicious tissaadthe hand to feel abnormal

tissue thusinevitably cauig problems with incomplete excisipthereby leading to tumor



recurrence andhetastasiswhich is the biggest problewf tumor surgerypbecause once

the recurrence and metastasis, then surgery is extremely difficult to occur, which seriously
affected the survival of patient®. According to statisticsthe ratio ofpatients with
postoperativdocal recurrenceof tumor after surgeryeaches40%. Asthe molecular
imaging could accuratelgistinguish cancerousand normal tissuesdetect andocate
cancerous tissyespecialljtumoraccurately determinedge positionswhich will greatly
increase the possibilitgomplete resection dhe tumor the surgicalaccuracycould be
improved significantly. The second specific aim of this project is focused on an
investigation on sensitivity of harteld spectroscopic imaging device for surgery

guidance.

With the completion of Human Genome Project and the progress ofggnencing
of various animals, it has been found that the genes of mice that commonly used in
laboratoy is highly homologous to humaifl. The development dfansgenic technology
has mad it possible to project human diseases to animal models, used to support the
research of related diseases, the development of new drugs, and the evaluation of drug
efficacy!®"39. Due to the differences between individuatsyivo imagings critical to the
diagnosis and treatment of canc8ince the 1980s, the Medical Imagiteghnology has
beendeveloped from the traditi@l singlestructuralimagingtowardsthe stage of muki
modal functioml and Molecular Imaging. The development of genomics and molecular

biology has improved our understanding of diseases into the cellulan@adular level.
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Dr. RalphWeissledeand colleaguefirst proposed the concept of Molecularaging
(MI) in 199941 which means applying the imaging methods to perform qualitative and
quantitative research on biological process in vivo at the cellular and molemgkf3e
43 This methoduses specifibiomarkerin human bodyas thetarget of molecular probes
and noninvasively images the internal physiological or pathological processes at the
molecular level, based on existing medical imaging technoloagedepicted ifrigurel.2
(40 The molealar imaging integratgshysiologicalinformation, which is then detected by
sophisticated imaging technique and processed through a series of imagepessing
techniques, to represent tieattime biological processes in wvat the cellular and

molecular level.



1.2.3 Principles of molecular imaging for early diagnosis

Since it was proposed in 1990s, molecular imaging has become a key tool in the
biomedical research and clinical imagifity*?. Molecular imaging taces the biological
processes at the molecular level in living tissues with high resolution and specificity,
sensing diseases at their very early stdggious molecular imaging methods based on
different mechanisms, such as the radiolabeling and optiedling, have gained
significant progresses over past decdtffdl. The most common imaging modalities are
CT, positron emission tomography (PEE)ngle photon emission computed tomography

(SPECT), MRI, and ultrasound, etc.

However, a living body is aextremelycomplex system, imaging such system using
a single biomarker is generally not enough to understarghitsiology Even a simple
biological process gets involved in many biochemical reactionsaasidglebiomarker
might only partially represent the process. Moreover, different biological processes may
have overlap imoleculamreactionsFor instance, both cancer amflammationcan cause
abnormammetabolicactivities so that tracing the glucose metabolism alomeaseparate
these two distinct diseases. Thus, using multiple biomarkers that could trace different
biological processes in the living animal is of great desire for biomedical research. On the
other hand, the use of different biomarkers vary in deptitilan, chemical property, and
concentration, etc., which require multimodal imaging metff5d3 herefore, multimodal
and multiprobes molecular imaging gain increasing interest and will have great iorpact

the biomedical imagin§®73.



Multi-modality imagingwhichis capable oprovidingnoninvasiveandreattimein
vivo observation®f biomedical processekas been developed for preclinical researches,
such asew pharmacological studiedrug distribution disease diagnosis, especially in
canceresearcl** 43, In genera)imagingmodalities ould be dividednto anatomicabnd
functional imagingAnatomial imaging malalities such aslltrasound imaging;omputed
tomography (CT) and magnetic resonance imagdiNdrl) can provide anatomical
informationwhereaste functional imagingnodalitieq e.g.positron emission tomography
(PET), single photon emission computed tonaphyy (SPECTandfluorescencémaging
(FMI)] excel atdetecting or measuring changes in metabolism, blood flow, regional
chemical composition, and absorptibat very often use tracers or probes to reflect spatial
distribution of them in the bodyHowever, each single molecular imaging metbadnot
answer all biological questions am&l inadequatdo meetever increasing demands of
resolution, sensi t i v isdentficaasaehrcharm idealiinhagimgi t y i |
methodshould be able tofurnish anatomial, physiologi@l, and moleclar information
with high sensitivity specificityand good resolutiolBecause ngingleimaging modality
can provide information on alheseaspectsit is very desirablehata systemcombines
these imagingnodadities to harness the strengths of different imaging methedkowing
thedevelopment of thérst duatmodalityimaging systefi® >4, whichcombined SPECT
and CT, the concept of mulinodalty imaging technologyhas beerwidely recognized
and acceptenh bothpreclinicalandclinical studies Thereforemost of the ralti-modality
imaging combiations have been devoted towarthtegrating one technique froeach
group for examplePET-CT, SPECT-CT, OpticatCT, PEFSPECTFCT and most recently

PET-MR. 14653
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Another important aspe of the multrmodality imaging comes from a surge in
research and technology developments of newelecular probes®. For molecular
imaging research, the rise in muitiodality probes has sparked great desires for new
technologies in research on mutibdality instrumentation development to measure
multiple molecular targets simultaneously orimmediate sequence g the same
session|In this condition, severahulti-modality imagingsystens have been developed

for multi-probe imaging that might offer many advantages for preclinical stfdi#s>®

60, 61, 63]

In these multimodality imaging systems, SPECT, PET, FI modalities use the idea of
tracers to imagehysiologic processesn vivo and the CT modality provide anatomic
information for ceregistration While PET and SPECT generally detecthigh energ
gammaraysemitted from radioactive molecular tracers, bioluminescenfieiarescence
tracers are traditionallynaged withFMT that detects low energy ligltisible or near
infrared light) SPECT permits to usaanytracers and biomarkerghich carimage a lot
of physiologic processesin contrast with SPECTPET has the advantages of high
sensitivity and tempal resolution, but permits small number of isotope tracers and
generally gives metabolic informatioRl has high sensitivity and specificitiput low
spatial resolution and imaging quality that caused by tissue scattering has limited its
applications. These functional imaging modalities hae# respective pros and cons but
can complement and consult each atker instancealthough PET h&high sensitivity in
metabolic information but sometimes difficult to differentiate the inflammatory response
ver sus ¢ an with opficaltrapersand @PEGT, tracersvhich although have low

spatial contrasand low sensitivity respectivelyiowe\er with the fusion imaging that can
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give the complementary informatipmsignificantly improve the speatiity. It can be
harness to more comprehensive information that performing several different molecular
probes to detect the same site in immediate seguduring the same sessicaveral
critical but complementary biomedical informaticangive more accurate understanding

of the processThus, to combingwo or three of these functional imaging modalities

providing complementary information is a worthie goal.

Several articled®® 51 57 67. 75 78 have discussedhe feasibility and potential
opportunitieof combiningthe PET-SPECT and radiologgpticalimagingmodalities and
recommendedo use these kind dftrateges in biomedical researctYet so far none of
such this imaging system that combimadighethree functional imaginghodalityof PET,
SPECT and FI has been developgédnsideringhis, in this paper wproposed a strategy
about tetramodality molecular imaging thatombires PET, SPECTFI, andX-ray CT
modalitiesfor molecular imagingesearchSpecifically, PET, SPECTna FI modalities
provide functional information in different aspects, andr@ddality plays a vital role of

providing anatomical data as structural reference.

The quaemodality imaging system used modular design, PET, CT, SPECT and
fluorescence moledar tomographyFMT) modaliies were designed and manufactured
separatelyA line-type X-ray detectowith ahelical scan modeas usedn the CT module
anda design ofrotary transmission modul®n the same rotating plate with CT, SPECT
system was installed (as seerfrigurel.3), which has two gammaamera antiparallely
opposedo increase the axial figt of view (FOV) of SPECT that can cover tvbole-body
area of most mice. The gamma camera has & 22 cerium doped lutetiuayttrium

oxyorthosilicate (LYSO)scintillator arraycoupled toa HamamatsuH8500 position
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sensitive multianode photomultiplierube (PSPMT) by optical silicone oil It took 10 -

20 minutes to finish one SPECT whdbedy imaging of a typical nude mouse. The next
individual module is ET, which is a fixed ring that contair! silicon photomultiplier
(SiPM) baseddetectors. tl takes30 - 40 minutes to scan a mousthree or four bed
positiong. Onthe end side of the systemnancontact, fultangle and vertically rotang
FMIimaging module was installed. The FMI can carry out not only traditional fluorescence
2D imaging with botheptillumination and trandllumination, but also tomographic 3D
imaging. It took less than 10 seconds and 10 minutes to complete traditional 2D imaging
and tomographic 3D imaging, respectively. addition, a transparent animal bed was
mounted on a higprecisionmotorcontrolledonedimensionaltranslation stageyhich
carried the animal from one modality to another automaticilig. entire imaging system

can benstalledon a900 mm 3 1500 mm optical tabl€Figurel.3b).

The PET, SPECT and CT modulesre set upon one side of thenotorcontrolled
animal bedand the FMI modulevasplacedon the other end because that FMI module
requires strictlylight shielding.The animal bed can be shifteétweenPET/SPECT/CT
imaging and FMI imaging for multtmodality imagng fusion and so that each imaging
module caracquireinformation datgoreciselywith the ceregistered animal position. In
this way, thidesignnot only abieved a compact multimodality system but also facilitated
the shading ofradiation and undesired lightGeometric calibration and image -co
registration was processasding fiducial markersn the animal holdefhe coordinates of
the fiducial markersin images acquiretvere used for the geometrical transformations

leading to the fusion ahulti-modalityimages.

1.2.4 Imagingguided therapy
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In the 2009 World Molecular Imaging Congrefise concepbf molecular imaging
guidedcancer surgery was proposbky Dr. Roger Y. Tsien and a relevant pecénical
researchwas publishedn 201Q showing aguided resection of tumor tissue inamiby
fluorescence microscop$?. Thefirst clinical trial offluorescence imaginguided ovarian
cancemsurgery was conducted by deinUniversity Medical @nterin 201189, Since then,
the molecudr imagng-guided cancer surgery has beconwadbally hot area imprecision

medicine especially cancer resedféfi?.

Figure 1.4 7 A hand-held spectrascopic device for intraoperative tumor detection.
Reprinted from Mohs et al!83 with permission. Copyright © 2010American Chemical
Sociay.

With imaging guided therapy, surgeons could accurately determine and locate the
tumor tissue, especially margin area, thus could significantly increase the possibility of
completely removing the entire tumor. As showrrigurel.4, a haneheld spectrscopic
device for intraoperative tumor detection has been developed by our §fouphe

sensitivity of this reatime imaging is the most iportant factor for guidance during

surgery, since the signal of tumor margin or satellite tumor tissue could be much lower.
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Traditional molecular probes for imaghggiided surgery is indocyanine green (ICG), a

fluorescent dye being injectedtiavenouly prior to surgery.

1.3 Molecular probes

In molecular biology,molecular probe refers to the labeledeoxyribonucleic acid
(DNA) orribonucleic acidRNA) used to detect the complementary nucleic acid sequence
while interms ofmolecular imaging, thenolecularprobe refers to thenoleculessuch as
ligands or antibodes,that can specifically bind witthe target tissues, to form a compound
with moleculeghat can produce imaging signals (such as isotopes, fluorescein, etc.) in a

particular way(as shown irFigurel.5).

Small ligands Active-site binders Site-specific protein tags Environmentally sensitive probes
Metabolic substrates, Bind to proteases, protein kinases FIAsH tag, His tag and I1Q-tag Sense major histocompatibility
labelled drugs and peptides and other enzymes complex molecules, pH and proteases

Supramolecular structures Engineered proteins Inorganic nanoparticles Bionanoparticles
Prosense and polymers Antibody fragments, Magnetic nanoparticles, Magnetic phage and fluorescent phage
diabodies and triabodies sparks and quantum dots

Figure 1.57 Various types of molecular probes. Reprinted from Weissleder and Pittet
(39 with permission. Copyright © 2008Nature Publishing Group.

With the molecular probe, the molecular and genetic informattoorid be indirectly
revealed through the signal change detected by therégghution imaging system, based

on the principles of targeted binding or enzyme activafiity?. The molecular probe
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should be able to bind with a specific molecular tangativo, andprovide signako be
detected. Therefore the following three requirements should bevhest designinga
molecular probe: (1) high specificity and affinity with the target molecule; (2) ability to
pass through physiological barriers wivo and to reach the target cellg3) high

biocompatibility andstability, while participatinghe relative physiological processes in

Vivo [71 73 108132

1.3.1 F-18 ML-10 apoptotic PET imaging

Currently, three types of widely used apoptosis probes are proteirspacific small
molecules and caspase activation. However, the limitations such as poor specificity, slow
bl ood clearance and i mmunogeni ci tiops. Ant c .
ideal apoptosis probe for clinical practice should be specific for apoptotic cells, with rapid
clearance, nontoxic, and high stalBfet®3 134, Tc-99mlabeled annexin V and-E8 labeled
2-(5-fluoropentyl}2-methyl malonic acid (A8 ML-10) are the only two clinically
avdlable radiotracersfor apoptotic imaging, and the latter is the only probe for PET
imaging. ML-10 isderived from the Aposense famifypoptoticbiomarker.F-18 ML-10
(as shown irFigure 1.6), a lowmolecular mass (molecular weight = 206) PET apoptotic
tracer derived from Aposense family, is the first clinically available apoptosis probe for in

vivo imaging.

COOH
18,:/\/\/\‘/

COOH

Figure 1.6 7 F-18-labeled 2(5-fluoropentyl)-2-methyl malonic acid (F-18 ML-10).
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Figure 1.7 17 Mechanism for ML-10 uptake by apoptotic cellsReprinted from Cohen
et al 139 with permission.

Being investigated in multenter preclinical and clinical trials; 8 ML-10 shows
high stability, safety, specificity, and rapid biodistributiéh?3. As a probe to visualize
cell apoptosis in vivo, 8 ML-10 selectively accumulates in apoptotic cells by
recognizing alterations on the surface of apoptotic £&#9, thus the apoptotic cells could
be distinguished from normal cells. Additionally;1B ML-10 could be transported
through cytplasmic membrane in apoptotic cells, whereas there is-h8 ML-10
membrane transportation in necrotic ceiposense compounds are rationally designed to
selectively bind and accumulate in cells manifesting apopsp&sific alterations,

collectively cesignated the apoptotic membrane impwith following stepd®33:

1. Acidification of the external membrane leaflet due exposure of

phosphatidylserinfom apoptotic cells;

2. Permanent membrane depolarizagtion

17



3. Irreversible dss of intracellular pH control;

4. Activation of the phospholipid scrambling mechanism while membrane integrity is

still preserved

The concurence of these apoptotic membrane imprint features marks the commitment
point of a cell to the apoptotic death process, thus distinguishing such a cell from its viable
or necrotic counterparts-18 ML-10 manifested selective binding to apoptotic cells, high

stability, and a favorable biodistribution profile on systemic administration in vivo.

1.3.2 Safety by quality control of-E8 radiopharmaceuticals

Safety is one of the most important aspects for pharmaceuticals to investigate by
preclinical and clinical studsebefore applying to patients. Quality control is an important
method to assure the safety of pharmaceutical® Fadigpgharmaceuticals are commonly
produced by H8 fluoride labelling via nucleophilic substitution reactiéws shown in
Figure 1.8, 4,7,13,16,21,2hexaoxal,10diazabicyclo (8.8.8) hexacosane (Kryptofix
2.2.2,K2.2.2) is one of the most widely used pkesesfer reagents forE8 nucleophilic
substitdion reaction, as well as the main source of chemical impurities-18 F
radiopharmaceuticalsiowever, the toxity of K2.2.2has been revealed by investigation
on rodents*®® 137 As an important quality control requiremeits residue inF-18
fluorodeoxyglucose 8 FDG)injection should notexceed 50rg/mL, required bythe
United State®harmacopeia 40 (USP 488 and Chinese Pharmacopoeia (ChP) 28*#%5
The European Pharmacopoeia (EP)[¥®proposed a maximum permissible level of 2.2

mg/V as patient dosavhich is higher than the threshold set by USP 40 and ChP 2015.
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Figure 1.871 4,7,13,16,21,2hexaoxal,10diazabicyclo (8.8.8) hexacosan@ryptofix
2.2.2.

Currently, a number of methods have been developed to measure the residue of K2.2.2
in F-18 radiopharmaceuticals, such tsn layer chromatography (TLC)***144  gas
chromatography (GCH43, high performanceliquid chromatography (HPLC}!46 147,
liquid chromatographyandem mass spectrometry (LC/MS/M&, spectoscopy etc.

Among them, theodoplatinatestaining spot test omLC, described by Mock BH and
Colleagues®3, has been adopted b@hinese Pharmacop@ 2015 and European
Pharmacopoeia for the detection of K2.2.2 it FDG3% 149, This is a great step in
quality controlof F-18 radiopharmaceuticals in China. In previous version of Chinese
Pharmacopoeia, the proposed method was spectrophotometry. As the minimum volume for
spectrophotometry was 0.3 mL, it was impossible to do the quality control prior to injection.
Therefae, the retrospective quality control was required. In current version of Chinese
Pharmacopoeia, the spot test method has been adopted. With the spot testiloidy 3
required for the detectioimherefore, the quality control can be conducted priorjezion,

which could better assure the safety of radiopharmaceuticals. However, as other tertiary
amine can also react with the iodoplatinate reagents on the silica gel*flatsuch

interference could result in a falpesitive or falsenegative reactioht*3 159, Therefore,

the aminebs interference t otationlofehe appleatidnt h as

of the spot tedt*3 151,
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1.4 Research objective

The goal of this thesis is tovestigateheassessment of radiotherapy of cancer by F
18 ML-10 apoptosis imagindn this dissertation, |ypothesize a method to early assess
thesafety and efficacy of radiotherapy by apoptosis imadmthe safety assessment, this
method monitors subsidiary injury from exposure of irradiation by measurement of
apoptosis change in adjacent tissue outside tumor area. In the efficacy assebsnent, t
method monitors early apoptosis change in tumor area, to predict the tumor shrinkage in

several months.

The apoptotic cells and normal cells have been classified-18/ FAL-10 clinical

imaging,to validatethe following unsolved scientific problems:

1. The interference on K2.2.2 detectionkl8 pharmaceuticalsynthesis via spot

tests remains unclear.

2. With the lag effect of conventional assessments, the early response after
radiotherapy is hard to be assessed which might result in a delay or loss of chance for

alternative treatments

3. It is a challenge to quantitative assessmerdpufpt®is responseof intracranial

tumor early after radiotherapy

4. Although F-18 ML-10 apoptosismaginghas been applied in some case repdrts
19.20.22] ' theapplication of theassessmerior lung canceearly after radiotheraplyas not

been reported.
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In otherrelatedworks included in this dissertation, the tumor tissue and inflammatory
tissue have been distinguished by preclinical gmadality imaging with novel probes,
and the sensitivity of redime intraoperative imaging for surgery guidance to distinguish

the tumortissue and normal tissue has been investigated.

Therefore, | started to investigate the safety and quality contrell8fML-10 in the
synthesis process, to reveal the mechanism of interference in Kz@2&ion in F18

radiopharmaceuticals synthesis via spot tests.
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CHAPTER 2. QUALITY CONTROL OF F -18 ML-10

As an F18 radiopharmaceutical,-E8 ML-10 is commonly produced by -E8
fluoride labelling via nucleophilic substitution reacti®t®.2.2is one of the most waly
used phasé&ransfer reagents forE8 nucleophilic substitution reaction, as well as the main
source of chemical impurities irE8 radiopharmaceutical§he removal and detection of
K2.2.2 residue in A8 ML-10 is important in synthesis and qualitynt@! process.
However, falsepositive or falsenegative results curb the accuracy of K2.2.2 detection.
Although amines have long been considered as the main cause gidsilsee or false
negative results of K2.2.2 detection by spot testsctimptersuggests instead that it is the
pH of the sample solution that produces the faksgative results. It is also shown that such
interference cannot be attributed to the |
interference in the detection of K2.2.2 lpos tests waslsodeterminedn this chapter
Through testing reagents and stabilizers that are commonly utilized in the process of
synthesis of A8 radiopharmaceuticals, ascorbic acid was found to interfere in the spot

test, resulting in a falseegative result.

2.1 Introduction

F-18 radigpharmaceuticals are commonly produced by8Ffluoride labelling via
nucleophilic substitution reactio2.2.2 is one of the most widely used phasansfer
reagents for A8 nucleophilic substitution reaction, as weltl@s main source of chemical

impurities in F18 radiopharmaceuticals.
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Figure 2.17 K2.2.2 as the catalyst in FL8 pharmaceuticals synthesis. Reprinted from
Hamacher et al*>3 with permission.

As shown inFigure2.1, in the process of synthesis 6flB radiopharmaceuticals, the
1,3,4,6tetraO-acetyt2-O-triflate-betaD-mannopyranosevere utilized as a precursor,
and the K2.2.2 was also added as a plrasesfer catalySt®2. Due to the toxicity of K2.2.2
(136,137 jts residue inF-18 fluorodeoxyglucose (E8 FDG)injectionshould noexceed 50
my/mL, required bythe United StatesPharmacopeia 40 (USP 40f8 and Chinese
Pharmacopoeia (ChP) 20#8%. The European Pharmacopoeia (EP)&® proposed a
maximum permissible level of 2.2 mg/V as patient dadech is higher than the threshold

set by USP 40 and ChP 2015

Currenty, a number of methods have been developed to measure the residue of K2.2.2

in F-18 radiopharmaceuticals, such tsn layer chromatography (TLC)*#*144  gas
chromatography (GC*43, high performanceliquid chromatography (HPLC}!46 147,
liquid chromatogaphytandem mass spectrometry (LC/MS/M8, spectroscopyetc.
Among them, theodoplatinatestaining spot test omLC, described by Mock BH and
Colleagues ['*3, has been adopted byhinese Pharmacopta and European
Pharmacopoeia for the detection of K2.2.2ihg§FDG!3 49 However, as other tertiary
amine can also react with the iodoplatinate reagents on the silica gel*flatsuch

interference could result in a falpesitive or falsenegative reactioht*3 159, Therefore,

the aminebds interference to the resul't has
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of the spot test*3 %3, In our experience of qualitysaurance of A8 pharmaceuticals,

however, the presence of amine occasionedysto falsenegative results, but not leading

to falsepositive resultshys pot t est . Here, we investigate
iodoplatinate staining spot tesorf K2.2.2 detection by a semuantitative method.
Furthermore, as the stabilizer has also been reported leading to-aefgédive result>?,

we also investigated the interference from stabiliaedsother reagents commonly used in

the synthesis of #8 FDG.
2.2 Results and discussion

2.2.1 Detection limit of K2.2.2 by iodoplatinagtaining spot test

Figure 2.27 Visualization of K2.2.2 at concentrations of lng/mL (a), 2ng/mL (b), 5
ng/mL (c), 10nmg/mL (d), and 50ng/mL (e). The inner dark bluish circles represent
the visualizationof K2.2.2.

Two concentriccircles can be visualized on the silica gel plate, after applyimg 3
droplet 0fK2.2.2 at certain concentration. As depictedrigure2.2, the autercircle, with
brown color, represents the solvewhereas thalarker onejnnemostbluish circle, is
from K2.2.2. The spot with highest concentration of K2.2.2 is shoviigare 2.2e, and
the dark bluish circle is clearly visible by naked elygyre2.2e). With further dilution,
from 50to 1 ng/mL (Figure 2.2a i e), the intensity of dark bluish circle decreased

accordingly. Finally, the signal of dark bluish circle cannot be detected by digitedra
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at 2 ng/mL (Figure 2.2b). Therefore, the detection limit of K2.2.2 by this method is 5

ng/mL (Figure2.2c).

222 Aminedbs interference on spot test for K

Two concentriccircles can be visualized on the silica gel plate, after applyimg 3
droplet of 50nmg/mL K2.2.2 on it. As depicted iRigure2.3a, the aitercircle, with brown

color, representthe solventwhile thedarker onejnnemostbluish circle, is the signal

from K2.2.2.

With this spot test, the interference froeach amineontaining sample could be
analyzed by comparing the color and intensity of the dark bluish circular signal from spot
B and C. As themotC is from K2.2.2 standard solution, the color and intensity of this dark
bluish circular signal in sp@ could be considered as the reference of K2.2.2 without any
interference. By visually comparingte col or and i ntemspotBy of

withspotCt he aminebés interference to the spot

In the resultfom NBS, iminodiacetic acid, EDTA, DTPA, and choline, the signal in
spot B is with the same color and intensity as spot C, suggestirtpehanine in sample
solution did not interfere the resullowever, as shown ifigure 2.3b, no darkbluish
circle spot coul d be o0bslkercole diinnermasteircldd ME A 6 s
change to yellowish. Besides, as shown kigure2.3c, the intensity othe circular signal
from tetrabutylaminavaslighter thanthereference Asthe colorandintensity of signain

spotB is differentfrom referenceindicating that these amin&s sample solution could
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make interferencen the spot testFurthermore, as the color and intensity is less intense
than reference, there could be a falegative result from DMEA angtrabutylamine

Spot B

|

Spot C DMEA tetrabutylamine

oleje

Figure 2.3 7 K2.2.2 reference signal in spot C (a) and K2.2.2 signal in Spot B from
DMEA (b) and tetrabutylamine (c).

Moreover, since spot A is from sample without mixed with K2.2.2 solution, the
possible interference leading to falsesitive result couldbe determined by the
visualization of dark bluish circle in sample solutions in spot A. By the test on 7 different
kinds of amine solutions in this study, no dark bluish circle could be observed in spot A.
Besides, their intensities of signals from spaov&e not higher than reference in spot C.
Therefore, 1 is suggestedhat the presence o kinds of amines does not lead to false
positive results, bubMEA and tetrabutylaminenay interfere with K2.2.2letectiors by

leading to a fals@egative result.

To elucidate why DMEA andetrabutylaminenterfere with K2.2.2 detection, while
the other five amines do not interfere significantly, the pH of the sample solutions was
measured. The result revealed that the pH of DMEAteimdbutylaminevere higher than
12.0, while the other amine samples are with a neutral pH=(p19). This result indicates
that the pH may contribute to the falsegative resultsTo further investigate the
interference of amines without the contribution of pH, the sample solutions of DMEA and

tetrabutylaminewere neutralized to pH=7.0 hytric acid prior to the spot test. It was
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interesting to find that the color and intensitytleéir spot B were the same as that of the

reference in spot C, like other amines with pH=7.0. Therefore, the results indicate that the

presence of other amines in sample solutions does not contribute to theefgsige result

of K2.2.2 detection, but #i the cause may be the change of pH.

2.2.3 Interference from the pH

To investigate the interference from pH, spot tests onamoime samples with pH
ranging from 1.0 to 11.5 has been performed. The samples an®lL1hydrogen chloride
(HCI, pH=1.0), 0.Imol/L trisodium phosphate (TSP, pH=7.5), bl/L NaHCQG

(pH=8.2), and 0.Iol/L trisodium citrate (pH=11.5).

As the result from spot A, no dark bluish circle was observed in trasglss,

suggesting that the change of pH does not lead to-falsiéive reslts. However, the

results from spot B were not consistent:

as K2.2.2 reference in spot C, while that signal fidatHCQ; waslighter than reference,
even no signal was observed in spot B from trisodium eitras a result, HCI (pH=1.0)
and TSP (pH=7.5) do not interfere with the spot test, but NaH{D=8.2) and trisodium
citrate (pH=11.5) cause the falsegative result. Taking the result from amine test into
consideration, it is confirmed that the alkali p&lises the interference, and a falsgative

result can be generated when the pH in sample solution is greater than 8.0.

2.2.4 Interference fronstabilizers commonly used in18 FDG synthesis

As widely used radiolytic stabilizers, ethanol and ascorbic aeidismallyadded in

the process of synthesis of-18 FDG to reduce the salecomposition of
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radiopharmaceutical$®>*%9, In this study, the interference from these common ryiifiol
stabilizers has been investigated by testing Gefi%anol and 1éng/mL ascorbic acid with
neutral pH via spot testhe results of spot A and B from 0.1% ethanol did not show any
significant change in color or intensity, suggesting that the presérathamol does not
interfere with the spot test. As for test onri@/mL ascorbic acid, however, the color of
spot A changed to yellowish, as shownFigure 2.4a. Moreover, the dark bluish circle
could not be observed in spot B. By pH measurement, the sample solution is neutral
(pH=7.0). Therefore, the presence of ascorbic acid is most likely to be related to the false
negative result.

Spot A

10 mg/mL 5mg/mL 25mg/mL 1 mg/mL

e

Spot C

Spot B
Figure 2.47 The interference from different concentrations of ascorbic acid.

Furthermore, the ascorbic acid sample solution has been dilutégd 2cb, and
1.25mg/mL to investigate the relationship between the interference and thent@tion
of ascorbic acid in the solution. As depictedrigure 2.4, the intensity of the yellowish
color is reduced with t he odwlhleteesignal ofddrk as c o

bluish circle grows more intense in spot B. As showfigure2.4d, the intensity and color
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of dark bluish circle in spot B becomes tlane as reference when the concentration of
ascorbic acid is 1.28mg/mL. Therefore, the ascorbic a¢idsample solution could also
lead to a falseegative result. Such interference could be neglected when the concentration

of ascorbic acid is as low a®2b.mg/mL.

As ascorbic acid is a reductant, the staining reagent may be discolored by its
reducibility. To testify this hypothesighe interference from another reductant SnB&»
also been tested via spot test. Same results were found as shiégure.5. The dark
bluish circle cannot be observed in spot B from samples of saturate BnBi%o HSO;,
and SnS®in water. Therefore, it is confirmed that the ascodugicl, as a commonly used
radiolytic stabilizer, could generate falsegative results of iodoplatinate staining spot test,
and the reducibility of ascorbic acid is the reason of the discolor of spot on iodoplatinate
silica gel plate.

Spot A

r 1

50 mg/mL 50 mg/mL 10 mg/mL
10% H,SO4  SnSO,in SnSO4in  SnSO,in
10% H,SO, H,O H,O

Spot B Spot C

Figure 251 The interference from different concentrations of SnS@ The dark
bluish circle cannot be observed in spot B from samples of saturate Sng@ 10%
H2S0Q4, and SnSQ in water.
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2.2.5 Interference from reagenter F-18 FDG synthesis

Sodium citrate buffersolution pH=6.0 and1,3,4,6tetraO-acetyt2-O-triflate-beta
D-mannopyranosia acetonitrileare main reagents used in th&&FDG synthesis. By the
interference test, no dark bluish circle was observegah &, and the signal in spot B
from each sample is the same with K2.2.2 referencspot C, suggesting that these

reagents do not make interference to the spot test.

Besides, samples of liquids from-K, Al.O3z, C-18 separation column, and from
Dowex50 resins in empty column were also collected and tested by interference

experiments. Similarly, no interference has been observed from the results.

2.2.6 System suitability of iodoplatinate staining spot test

To investigate the system suitability of lodoplatin&®ining Spot Test, silica gel
plates from different companies (Macheifdgger and Whatman) were used and compared
for K2.2.2 detection at three concentrations (50, 10, amg/faL). As a result, silica gel
plates from both companies can perform accurateation of K2.2.2. Meanwhile, the
K2.2.2 obtained from ABX andéHuayi Technology Co., Ltdhas also been compared,
resulting in a consistent detection outcome. Furthermore, we compared the detection of
K2.2.2 in F18 FDG produced by three different syntbebutes that uses K2.2.2. The
residue of K2.2.2 in A8 FDGsynthested by HCI hydrolysi$'®®, liquid phasealkaline
hydrolysis*®?, andalkaline hydrolysis on solid phase suppé#'®? is 5i 50 ng/mL, <5
nmg/mL, and < 5hg/mL, respectively. These results have been confirmed with that resulted

from iodinevapor TLC stain method.
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2.2.7 Detection of K2.2.2 imtree batches of #8 radiopharmaceuticals

Samples ofliree batches d¥-18 FDG were also spotted on silica gel plates. For the
result from spot A, no dark bluish circle was observecammes with batch 20150111,
#20150114and #£0150105BYy the interference test, the signal in spot B from each sample
is consistent with K2.2.2 refence in spot C, suggesting that the result of spot A would be
accurate. This indicates the concentration of K2.2.2 in these three batch&8 DI is

lower than 5mg/mL. These results have been verified by TLC stain méttfod

K2.2.2 is the most commonly used phase transfer catalyst-1& riticleophilic
substitution reactionand there is usually certain residue in thiEBRadiopharmaceuticals.
Thus, the detection of K2.2.2 residue is an essential analysis for quality control.'The 36
version of US Pharmacop€i# adopts iodinesapor TLC stain method for K2.2.2
detection. With this method, the sample is separatel®bgloping agentherefore getting
rid of the interference reagents. A high spedyiaould be achieved by this method.
However, the procedure of this method is complicated and time consuming, and large
sample size (0.1 mL for spotting) need&H UV-Vis spectrophotometry is also usked
K2.2.2 detection, but it takes long time and large amount of sample (0.5 mL for spotting).
(169 More importantly, it was reported with poor specificity for K2.2.2 detection because
of the interferene from reagents®¥ The European Pharmacopoeia 9.0siar!*4? and
the Chinese Pharmacopoeia 2015 verSitthadopt lodoplatinate Staining Spot Test for
K2.2.2 detection, and there are also limitations for the application of this dndétB®.2
can react with tertiary amini&9, thus leading to a falgeositive or falsenegative result.

If the intensity of K2.2.2 signaxceeds the threshgldwould be necessary to validate the
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result by iodinevapor TLC stain method. Therefore, it is importentestthe specificity

of lodoplatinate Staining Spot Tegtjor toapply to routinequality control

Results in this study suggest thagagentsor fluids from separation columns
commonly used inA8 FDG synthesis do not make interference to the detection of K2.2.2
by lodoplatinate Staining Spot Test. The results also indicate that lodoplatinate Staining
Spot Test is superior to UVis spectrophaimetry for K2.2.2 detection as quality control
in the procedure of #8 FDG production. Among the amine samples we tested in the
interfering study, the presence DMEA and tetrabutylamine significantly interfere with
K2.2.2detectiors, leading to a falspositive result. However, the presence of-+aomne
in alkaline condition (i.e., pH>8.0) also led to the fghesitive result. The result of pH
measurement shows that the pH of DMEA &etdabutylamineare greater than 12.0. As a
result, the interferends not likely due to the presence of amine, but relative with the pH
condition. Therefore, the specificity of lodoplatinate Staining Spot Test is high when

pH<8.0.

Additionally, the sensitivity of lodoplatinate Staining Spot Test has also been
investigatedn this study. The actual detection limit of K2.2.2 by this methodng/BL,
which is slightly |l ess sensitimme)'. Buwm Mock
difference in detection limit may come from the difference concentratiéPtCl and
Kl used for pretreatment of the silica gel plate. This sensitivigdegquatdor K2.2.2
detection, as thenaximum permissible levealf K2.2.2 residue i$0 ng/mL, required by

the Pharmacopoel&®149,
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The system suitability of lodoplatinate Staining Spot Test has been investigated by
comparisons of different silica gel plates, K2.2.2 reagents di@HDG synthetic methods.
Confirmed with iodir-vapor stain TLC method, the results of this lodoplatinate Staining

Spot Test are reliable and reproducible.

Based on the results of this study, a rapid K2.2.2 detection protocol is suggested as
follows. First, measure the pH of thelB FDG injection. Wkn the pH<8.0, apply BL
of the injectionon iodoplatinatepretreated silica gel plate by micropipette, and observe
from the spot. If there is no dark bluish circle, the residue of K2.2.2 does not exceed 5
ng/mL; while if a dark bluish circle can be founfdirther comparison with reference is
needed. When the pH>8.0, neutralize the alkaline in the injection prior to applying K2.2.2

detection.

2.3 Summary

In this chapter, | demonstrate that the interference from reagents commonly used in
F-18 pharmaceutical pduction to spot test of K2.2.2. No falpesitive resulbf spot test
for detection of K2.2.2as been observed with the presence of seven different amines or
other reagents commonly utilized irlB radiopharmaceutical synthesis. The interference
test deronstrated that the falsegativeresults are not due to the presence of amines or
other chemical impurities. However, it was shown that the pH and the presence of ascorbic

acid could lead to falseegative results.

The specificity ofiodoplatinate staimg spot test for K2.2.2 detection has been
investigated in this study. The detection of K2.2.2 is not interfered by other chemical

impurities. However, the pH should be lower than &@nake an accurate detection. The

33



lower limit of the detection is By/mL by this method, which is applicable for the test of
K2.2.2 residue in A8 FDG injection produced by routes of synthesis that uses K2.2.2.
Therefore, thaodoplatinate staining spot tesst rapid and easy to operate, and sample

saving (3L versus 0.ImL) for routine quality control.

2.4 Experimental

2.4.1 Reagents and apparatus

K2.2.2, AR was purchased from ABXGmbH (Radeberg Germany and Huayi
Technology Co., Ltd(Jiangsu, ChinaN, N-dimethylethanolamine (DMEA), cholinand
tetrabutylammonium(TBA) agueoussolution (1 mol/L) were purchased frorAldrich
ChemicalCo. (Milwaukee, W] U.S.A). N-bromosuccinimidg¢NBS), iminodiaceticacid
(IDA), ethylenediaminetetraacetiecid (EDTA), trisodium phosphat€TSP) sodium
citrate, and sodium bicarbonatgvere obtaine from Beijing Chemical Works (Beijing,
China). Dethylenetriaminepentaacetic acid (DTP#as acquired from Shanghai Reagent
First Factory (Shanghai, Chifja Ascorbic acid was obtained from McGuff
Pharmaceuticals, Inc (Santa Ana, CA, U.S.SERPAK C-18 columnand SERPAK
Al>0s columnwere acquired from Waters CorMi(ford, MA, U.S.A.). IGH column was
obtained from Grace AlltechCplumbia, MD, U.S.A.). Dowex-50 resinswere acquired
from Bio-Rad LaboratoryHercules, CAU.S.A.).1,3,4,6tetraO-acetyt2-O-triflate-beta
D-mannopyranoseas obtained frorhluayi Technology Co., LtdJiangsu, ChinapnSQ
was purchased from Xiya Reagent (Chengdu, ChiRajassium hexachloroplatinate
(K2PtChk) and mtassium iodidéKI) were acquired from JK Chemical (Be&ig, China).

0.2 mmPolygran® polyester sheefSIL G were obtained fromMachery-Nager(Dueren
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Germany). Flexible plates for TLC, PE Sil G/UV,were obtained fromWhatman
(Buckinghamshire UK). Canon EOS 40D wittan EF 100mm /2.8 USM lenswas

acquired from Canon (Tokyo, Japan)

2.4.2 Gel platepreparation

lodoplatinatestainingsilica gel platevasprepaed in accordance with the guidance
from ChineséPharmacopoei&®¥: 3 mL of 100g/L K2PtCk solution was diluted i87 mL
of water, then mixed with 10@L of 60g/L Kl solution. Silica G plates werenmerséd in
this KoPtCl and KI mixed solution for 51 10 seconds, thedehydratedn dark place in

room temperaturor morethan 12hours.

2.4.3 TLC analysis

Stock standard sofion of 100mg/mL K2.2.2 was prepared in water for injection
(WFI). 3L of the following solutions were spotted on tbdoplatinatepretreated silica

gel plate by micropipette:

Spot A sample solutions alone;

Spot Bsample solutions mixed witki2.2.2standard solutioim a relation of 1:1 (v/v);

Spot C50ng/mL K2.2.2 solution: 100g/mL K2.2.2 standard solution mixed with

water for injection (WFI) in a relation of 1:1 (v/v).

The plates were then photographed by @aon EOS 400ramera 10nin after

spotting for visual analysis.
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2.4.4 Threebatches of FL8 FDG synthesis

Threebatches of A8 FDG were synthesizdny slid phaseextraction methodwe
reported in previous wotk8. In short, F18 ion in cyclotron was captured by QMA
column, then washed with sodium carbonatatgmn containing K2.2.2 andehydratd in
tube. The 1,3,4,6tetraO-acetyt2-O-triflate-betaD-mannopyranosevas dissolved in
acetonitrile then added to the tube, an intermediate could be produced afterwards. After
adsorbed by €8 column, the intermedmtashydrolyzedby sodium hydroxide (NaOH)
solution. After purification by IeH column, ALO; column C-18 column, andsterile

membrane, the-E8 FDG injection was produced.

2.4.5 Sample solutions

Sample #1' #4 are liquid collected from separation colurSample #5 and #6 are
reagnts commonly used in the synthesisFei8 FDG as shown irError! Reference

source not found.

Sample #71 #13 are different types of amine solution as shown in

Table 2.2. Among them, NBS, IDA, and EDTA are divalent amines; DTPA and

DMEA are trivalent amines; choline and TBA are tetravalent amines.
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Sample #14 #17 are noramine solutiorwith different pH as shown itable 2.3,

with pH ranging from 1.0 to 11.5.

Sample #18 #22 are radiolytic stabilizer solutios shown inTable2.4. Ethanol
and ascorbic acid are commonly used stabilizer when synthesizWi@ F

radiopharmaceuticals.

Table 2.1 17 Sample #1i #6: reagents commonly used in the synthesis ofE8 FDG
and liquid collected from separation column

Sample ID Volume  Sample information

Wash the ICH column with2 mL of WFI, then collect the
Sample #1 2 mL
washing fluids.

Wash the AlOs column with10 mL of WFI, then collect the
Sample #2 10 mL
washing fluids.

Wash the €18 column with10 mL of WFI, then collect the
Sample #3 10 mL
washing fluids.

Install 1.5 g of Dowe50 resins into emptycolumn, then
Sample #4 10 mL
wash with 10 mL WFI and collect the washing fluid.

Sample #5 10 mL 10 mL of 0.5 mol/L sodium citrate buffer at pH=6.0.
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Sample #6 10 mL

Dissolve 20 mg ot,3,4,6tetraO-acetyt2-O-triflate-betaD-
mannopyranose with 2 mL of Acetonitrile, thdilute in 8

mL of water.

Table 2.27 Sample #7i #13: different types of amine solution

Sample ID Concentration Sample information

Sample #7 1 mg/mL

Sample#8 1 mg/mL

Sample #9 1 mg/mL

Sample #10 1 mg/mL

Sample #11 1 mg/mL

Sample #12 1 mg/mL

N-bromosuccinimide (NBS) agueous solution

Iminodiacetic acidIDA) aqueous solution

Ethylenediaminetetraacetic acid (EDTA) aqueous solu

Diethylenetriaminepentaacetic acid (DTPA) aque

solution

N, N-dimethylethanolaminé€DMEA) aqueous solution

Choline aqueous solution
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Sample #13 0.1 mol/L

tetrabutylammoniunTBA) aqueous solution

Table 2.37 Sample #14 #17: non-amine solution at different pH conditions

Sample ID  Concentration Sample information

Sample #14 0.1 mol/L Hydrochloric acidHCI), pH=1.0
Sample #15 0.1 mol/L Trisodium phosphate (TSP), pH=7.t
Sample #16 0.5 mol/L NaHCGs, pH=8.2

Sample #17 0.1 mol/L Trisodium citrate, pH=11.5

Table 247 Sample #18 #22: radiolytic stabilizer solutions with different pH.

SamplelD

Concentration Sampleinformation

Sample #8

Sample #9

Sample 20

Sample 21

Sample 22

0.1% Ethanol
10 mg/mL Ascorbic acid
5 mg/mL Ascorbic acid

2.5 mg/mL Ascorbic acid

1.25 mg/mL Ascorbic acid
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CHAPTER 3. F-18 ML-10 IMAGING F OR SAFETY
ASSESSMENT OFRADIOTHERAPY

The safety assessment early after treatmemhportantfor disease management,
especially for patients with malignant tumonr.last chapterthe application of A8 ML-
10 in assessment of radiotherapy of brain tumor has been investigated. However, there is
no report of applying A8 ML-10 to assess the ratherapy of lung cancer. In this chapter,
a pecial caséor therapeutic assessmentlong cancers reported. By this case study, the
early safety assessment of radiation by tHEBAML-10 apoptosis imaging has been first
applied to lung cancer, and thesult of this assessment is consistent with that of traditional
evaluation. Furthermore, the side effect of CyberKnife (CK) radiotherapy has also been
discussed. However, the apoptosis in heart tissue @id ach increased significantly,
indicating a @mage on heart tissue and smooth muscle in aortic arch by CK treatment. By
animal studies, the subsidiary injury in heart tissue after radiation was observed by
apoptosis imaging. Therefore, the CK treatment in this case could cause sulsjdigry
of heart tissue, due to a rapid apoptotic response from heart tissue after radiotherapy, and
the F18 ML-10 apoptosis imaging shows the potential to assess and guide the radiotherapy

early after therapy and between fractions.

3.1 Introduction

For radiotherapy andhemotherapy, there is always a serious lag effect for the
evaluation the therapeutic dudack of the assessment based on rapid biological response,

resulting in a delay or loss of chance for an alternative treatiétts
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Molecular imaging visualizes retime biological process in cellular amablecular
level by molecular probes. The development of molecular imaging makes early therapeutic
assessment of radiotherapgasible. As one of molecular imaging methods, apoptotic
imaging could evaluate the early therapeutic response by providing dyapoptotic
information after radiation, because radiotherapy cures cancer mainly by inducing
apoptosig?> 2163 F.18 ML-10, is the first clinically available apoptosis probe for in vivo
imaging [**9. The F18 ML-10 can be transported through cytoplasmic membrane in
apoptotic cells, whereas there is ra&ML-10 membrane transportation in necrotic cells,
providing an imaging tool to distinguish apogis from necrosig€”. Although having been
used to asess the outcome of radiotherapy for brain tumor for couple of §e'drg> 22,
the F18 ML-10 has hardly ever been applied to therapeutic assessment for tumor on other

sites.

In this chapter, apecial @sefor therapeutic assessmentlang canceis reported.
By this case study, the application e¢flB ML-10 on lung cancer has been investigated.

Furthermore, the side effect of CyHénife (CK) radiotherapy has also been discussed.

3.2 Results and discussio

3.2.1 Subject and image registration

The subject included in this study wasy&ars old male with lung cancer, scheduled
to undergo CK stereotactic radiotherapyl&ML-10 PET/CT images has been obtained
before and 48 hours after the CK radiotherapy. Aspttet i ent 6 s positi on

changed and the lack of feature points in CT, the registration by MIM software gave a poor

accuracy.
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As a result shown ifigure3.1, in the subtraction result, the reddish area represents
the higher apoptosis, whereas the bluish area represents the lower apoptosis. However, the
contour of the body showed reddish, while noisy heterogeneous signal was observed in the
lung. Therefore, othremethod should be used to make a precise registration. In this study,
two methods have been used for registration of the imagesalyze the change of

apoptosis before and after the radiotherapy.

Current CT

Previous CT

Fus_Link

Fus_PT

Figure 3.17 Registration and analysis by MIM 6.6.5 software.

As the PET/CT scanning gives registered PET and CT images for once scanning, we
can achieve the registration of PET images by registering their CT images before and after

CK radiotherapy. As shown figure3.2, the CT images in each slide has been registered
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between the baseline (before CK radiotherapy) and the early therapy assessment (48 hours

after CK radiothenay).

a

CT images
before CK
radiotherapy D

b

CT images
48 hrs after CK
radiotherapy

A

Figure 3.2 7 Registration of CT images in each slide before and 48 hours after CK
radiotherapy.

Figure 3.3 i Registration of CT images before (a) and48 hours after (b) CK
radiotherapy with detail features as indicated by cyan stars.

The advantage of this method is that the CT image could give a more accurate

registration by detail features (deigure3.3), while the PET images cannot reach this high
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resolution. However, by this registration method, we need to perform three times
registrationto get two registered PET images. In specific, the CT images befordtand a

CK should be registered as introduced before, then the PET images would be registered
with their own CT images. Finally, the PET images could be registered with the location
markers from previous registration. In these processes, the error couldubednn the
registrations. At this situation, we also adopted another method for the direct registration

of PET images.

Figure 3.4 7 Direct registration of PET images before (a) and 48 hours after (b) CK
radiotherapy.

Although the features in PET images are limited comparing with that in CT images,
it is sufficient for the registration of PET images, and the accuracy is even higher than the

indirect registration we proposed in last paragraph. Thereferdjréct registration of PET
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images of different slides has been adopted for the registration of this-oasermore,

thePETimageshave been normalized based on the radioactive dosages.

3.2.2 High apoptosis in heart tissue

X:273 Y: 180
Index: 1.862e+04
RGB: 0.922, 0.922, 0.922

X: 245 Y: 201
Index: 5775
RGB:0.918,0918,0918

Figure 3.5 17 The change in radioactivity from heart tissue before and after CK
radiotherapy: (a) CT image before CK; (b) PET image before CK; (c) CT image after
CK; (d) PET image after CK; and (e) subtraction of PET images.
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By the analysi®f the registere®ET images before and early after CK radiotherapy,
the change of apoptosis activity in the region of interest (ROI) was visualized by the change

of radioactivity in the image.

As shown inFigure 3.5, the registration of PET image has been confirmed with the
CT image for each slide (séegure 3.5a andFigure 3.5b). Interestingly, the change in
radioactivity from heart tissue overwhelms that friomor area, as indicated KFigure
3.5¢c andFigure3.5d. With the calculatio of radioactivity, the apoptotic activity changed
to 3.279 times higher after CK therapy, as shown in cyan color afEgure3.5e. It is
indicated that the heatissue was damaged by the radiotherapy, while the apoptosis of

tumor tissue does nohangesignificant.

3.2.3 Recurrence of lung tumor

By the analysis of apoptosis imaging, the apoptosis of tumor tissue was not
significantly changed, indicating that there may be a rapid response of the tumor after
the CK radiotherapy. According to the return visit of the patient one year after the CK
radiotherapy, the result showed a recurrence of the tumor in the same site. Therefore, the
result of early assessment of thediotherapy by A8 ML-10 apoptosis imaging is

consistent with the therapeutic assessment one year afterwards.

As shown in the CK treatment planfiigure3.6, thoughit was focused on the tumor
in left lung, the heart tissue and aortic arch also received dosage from this therapy. As the
aortic arch and heart are usually treated
the F18 ML-10 in blood stream. In thistudy, the PET/CT imaging was scanned 90

minutes after the injection, which is longer than tHEBAVIL-10 clearance ratio. Therefore,
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the influence of FL8 ML-10 in blood could be eliminated in this study, and the signal are
likely from the high uptake dhe tissues accordingly.o verify this hypothesis from the
results in this case study, an animal study was designed to investigate the suiogichiary

of heart tissue induced by radiation.

Figure 3.6 1 Plan of CK radiotherapy.

3.2.4 Evaluation of subsidiarnjury of lung cancer radiotherapy

To evaluate theubsidiaryinjury induced by lung cancer radiotherapy, a rabbit model
has been developed according to @yberKnife plan shown irFigure3.6. As the detall
plan shown irFigure3.7, the total dose was 50 Gy, and the total frastiare 5, and the
bioequivalent dosage was 100 Gy. In the radiotherapy of tumor in lung tissue or adjacent
to heart, the heart tissue could receive radiation with dosage higher than 20 Gy in many

cases.

47



Plan Infomation

TPS Version: MultiPlan 4.0.2 [4048)
Plan Status: Deliverable

Dose Calculation Technique: 3D dose calculation
Dose Calculation Method: Ray-Tracing

Contour Correction OFF
Auto Generated Results: Not Applicable
inate Inf j

Origin (mm) X = -286.000 Y =-100.000 Z=64.000
Spacing (mm): X =0.976563 Y = 0.976563 Z = 1.500000
Size (voxel): X=512 Y =512 Z=227
Fiducial Information:
Total Number:
Coordinate 1 (mm) X= 3568 Y =101.95 Z = 304.00
Coordinate 2 (mm) X= 1883 Y = 108.98 Z = 302.50

nt Inf
Total Fractions: 5
Anatomical Region body
Path Sets 1path_body
Tracking Method Synchrony
Treatment CT Center (mm) X= 2725 Y = 10547 Z=303.25
InTempo Imaging not in use

Treatment Dose Infomation
Total MU 30342.037

Prescription Dose (cGy) 5000.000000
Prescription Isodose line (%): 70
Max Dose (cGy) 7142857

Figure 3.7 1 Plan information of CK radiotherapy. Prescription dose was 50 Gy, with
5 fractions.

In this rabbit model, the heart tissue received radiation with different dosage-then F
18 ML-10 imaging was obtained 24 hours after the radiation. Registratiosaof tissue
has been scanned by CT prior to the radiation, and the setup of the radiation for rabbit is

shown inFigure3.8.
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Figure 3.9 1T F-18 ML-10 PET/CT imaging of control rabbit (i.e., without
radiotherapy). The average SUV in ROl is 0.25.
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Theresult of F18 ML-10 PET/CT imaging of control rabbit is shownFRigure 3.9.
In this PET imaging, the-E8 ML-10 signal from heart tissue has been circled as the ROI
The mean SUV measured in ROl is 0.25. In the control group, the average SUV of five

rabbits in control group is 0.22.

WW:350.0 WL 400
WL:0.0 WU:26525 0

Figure 3.107 F-18 ML-10 PET/CT imaging of rabbit 24 hours after radiotherapy
with 20 Gy radiation. The average SUV in ROl is 1.30.

In one of the experimental groups, the rabbits received 20 Gy radiation, and then

scanned 24 hours after radiotherapy. As the result sholigumne3.10, the mean SUV in
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ROl is 1.30, and the average of two rabbits in this experimental group is 1.24. Comparing
with the control group, a very significant increase (p < 0.01) of the apoptosisduasd
by the radiation of 20 Gy, and such radiation may induce subsidiary of heart by lung

cancer therapy by a rapid apoptosis response.

{Sice. 111/ Total Sices: 200 WL:0.0 WU'256065.0

Figure 3.117 F-18 ML-10 PET/CT imaging of rabbit 24 hoursafter radiotherapy
with 10 Gy radiation. The average SUV in ROl is 0.37.

Moreover, in another experimental group, we decreased the dosage of radiation to 10

Gy, to visualize the change in apoptosis early after the radiation with lower dosage. As
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shown inFigure3.11, the mean SUV in ROl is 0.37 from one of the rabbits 24 hours after
10 Gy radiation, and the average of three rabbits in this experimental group is 0.35. By
comparing with the control group, the average apoptosis is higher after the radiation, but

no staistically significant difference could Heund, p = 0.10.

By statistical analysis on the apoptotic change-&8ML-10 PET imaging, the result
of quantification of the apoptotic change in SUV is showRigure3.12. The signal in
ROI from the group of rabbits received 20 Gy radiation became significantly higher than
the control group, suggesting that the rapid apoptosis response could be induced in
radiotherapy wheithe dose of heart is as high as 20 Gy. The PET results from rabbits
received 10 Gy radiation indicate that 10 Gy radiation on heart tissue may not induce rapid

apoptosis in this study.

1.4
1.2

0.8

SUvV

0.6
0.4

0'2 -
0

0 10 20
Radiation dosage (Gy)

Figure 3.127 Comparison on SUV of F18 ML-10 PET imaging after 10 and 20 Gy
radiation.
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Therefore, the animal study provides more evidence to visualize the subsigliayy
of lung cancer therapy by ML-10 PET imaging. Furthermore, thelB ML-10 shows
its potential to gide the radiotherapy between fractions, by evaluating the apoptosis

response and the subsidiamury of heart induced by radiation.

3.3 Summary

In this chapterthe early assessment of therapeutic response by-ft& ML-10
apoptosis imaging has been fiagiplied to lung cancer, and the result of this assessment is
consistent with that of traditional evaluation. After CK treatment, there was no significant
change in the apoptosis of tumor. However, the apoptosis in heart tissuerimdreh
increased sigificantly, indicating a damage on heart tissue and smooth muscle in aortic
arch by CyberKnife treatment. An animal study provides more evidence to the subsidiary
injury of lung cancer therapy by visualization of apoptosis response #b8ML-10 PET
imagng. Therefore, this study suggests that CK treatment could cause subisigiarpf
heart tissue, by inducing a rapid apoptosis of heart tissue after radiotherapy. Therefore, it

is suggested to protect the heart tissue from the radiation due todtapapiotic response.

3.4 Experimental

3.4.1 Informed conserdnd statement of human rights

Informed consent was obtained from all participafligorotocol of this clinical study

has been approved lrystitutional Review Board of Chinese PLA General Hospital

3.4.2 PETI/CT acquisition protocol
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PET/CT imaging were performed before and 48 hours after CK therapy with AMIC
Ray-Scan 64 PET/CT system (AMIC, Beijing, China), 90 minutes af&8 ML-10 tracer
injection with 0.12 mCi/kg b. w. The-E8 ML-10 tracer was produced tiie Department
of Nuclear Medicine at PLAGH PET Facilit}*3 with PET-MF-2V-IT-I Fluorine
multifunctional synthesis module (PETKJ, Beijing, China), and the radiochemical purity

is of >98% by HPLC.

PETimages weracquired by threglimensional brain mode, with 2rBm slice width,
512 x 512 reconstruction matrix. CT images were acquired with-anb@ield of view
(FOV), 75cm diameter of gantry, 2-s,m of slice width, 15&m maximum positioning

length, 175cm axial noving range of patient bed, and 512 x512 of reconstruction matrix.

3.4.3 CT acquisition protocol

CT images for localization of tumor were acquired on Brilliance TM (Philips
healthcare, Amsterdam, Netherland), with arcB0maximum field of view (FOV), 60
cmacual FOV, 85cm diameter of gantry, 1-m,m of slice thickness, 15€m maximum
positioning length, 19@m axial range of patient bed, and 1024 x 1024 of maximum

reconstruction matrix.

3.4.4 Radiotherapy protocol

CyberKnife which enables stereotactic radiosurgetivdry applied in this study was
manufactured by Accuray (Accuray Inc., Sunnyvale, CA, USAn-Nocentric treatment
plan was implemented through acceleratmuntedon the robotic arnwith continuous

reattime imageguided technology.
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Theblood, urineas well ashiochemical examinatiomectrocardiograph{ECG) and
chest Xray was acquired beforéifter enrolmentpatientunderwent head CT and MRI
scanning forlocation of tumor The acquired CT images was-@ygistered with MRI
images by MIM software @rsion number: 6.5.4), which was imported into CyberKnife
Robotic Radiosurgery System (Multiplan 4.0.2) for target and organs at risk delineation.
With the information provided bthe fusedmagesthetarget area of CK treatmemas
optimizedand thegross tumor volume (GTV) was recorded tagdiologists and physicians.

Patientaunderwent CK stereotactiadiosurgeryvith 6Dkskull tracking,and the treatment

scheme was wittiO Gy in 5 fractionsaccording tahetumorsize and position.

3.4.5 In vivo animal studis

We performed studies aeven2.81 3.0 ky malerabbits. Two rabbits underwent 20
Gy radiation by Elekta Syner§y S linear acceleratorthree rabbits underwent 10 Gy
radiation by the same system, while five rabbits are in control group. 3 mEi&ML-
10 was injected via auricular vein 24 hours after the radiation. PET/CT scanning was
performed 60 minutes after injection oflB ML-10. The protocol of animal study has

been approved bipstitutional Review Board of Chinese PLA General Hospital

3.4.6 Statistical analysis

For statistical analysis, twb a i | p ai r-ests were appliechtd analyzetthe
change in radioactivity lbere and after treatment, and p < 0.05 was considered as

statistically significant.
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CHAPTER 4. F-18 ML-10 IMAGING F OR EFFICACY
ASSESSMENT OF APOPTGBIS RESPONSE OF INTRACRANIAL
TUMOR EARLY AFTER RA DIOTHERAPY

As discussed in last chapter, the removal and detecti®{? @.2 in the synthesis
process of A8 ML-10 has been demonstrated. In this chapter, | demonstraténicel
use of F18 ML-10 to assess thapoptsis response of intracranial tumor early after
CyberKnife (CK) treatment. As-E8 ML-10 is a novel apopsis molecular probe, limited
clinical studies has been investigated eh8-ML-10. In the clinical usehere are many
challenges foguantitative analysis of therapeutic assessment by apojgtotic imaging
As apoptosis is essentially a transient precésis necessary to standardize the imaging
met hod and time point, and to mhyweo!| gmaemot it

of the imageto distinguish between cell ap@sis and spontaneous apoptosis.

In this chapter, a pilot study on 29 humanjsats diagnosed with intracranial tumors
were included in this studyClinical data of different types of brain tumor have been
collected, and the PET image has been analyzed vdbymelume in assessment of
response of different types of tumors to raddesapy. Furthermore, correlation between the
result of this early assessment and subsequent anatomic change in tumor determined by

MRI was also investigated for the further sgfehd effectiveness assessment.

A positive correlation was observed betweendhange in A8 ML-10 uptake in the
tumor measured during early treatment and the subsequent change in tumor volume
measured after the completion of CK treatment. Malignant tumors tend to be more sensitive
to CK treatment, but the treatment outcome isatfetcted by preCK apoptotic status of

tumor cells, F18 ML-10 PET imaging could be taken as an assessmentittoh 48
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hours after CK treatment. By analyses on the application of this method on different
patients, the result indicates that thel§ ML-10 early assessment may give a more

accurate evaluation early after radiotherapy.
4.1 Introduction

Intracranial and central nervous system (CNS) tumors are of high incidence in
adolescents (@9 years). In the U.S., the average-adgisted incidence is annlyab.57
per 100,000 population from 2008 to 2012, and nearly 700,000 people live with intracranial
and CNS tumor&7. In the past decades, the overall diagnostic rate of intracranial tumor
has been raised by the development of diagnostic imaging technologies, sughyas X
computed tomography (CT) and magnetic resonance imaging (MRI). Nowadays, the most
common radical ancer treatments are surgery, radiotherapy and chemotherapy. And
radiotherapy is an important method for intracranial treatment that could either be a main
regiment, or adjuvant therapy after surgery for keeping cancer from recurrence. The
evaluation of terapeutic response mainly relies on the change of tumor size assessed by
CT and MRI images. For radiotherapy and chemotherapy, however, the anatomical volume
change comes later than the rapid biological change on cellular level, resulting in a serious
lag effect for the evaluatiol. Indeed, the anatomical volume change of intracranial tumor
is difficult to be visualized by CT or MRI till-8 weeks after whole brain radiotherdfy
. Particularly, for patients with malignantaim tumor, such as higirade gliomas and
metastatic tumors, etc., the average survival time is short. With the lag effect of
conventional assessments, the early response after radiotherapy is hard to be assessed
which might result in a delay or loss ofatite for an alternative treatmehtd4. Moreover,

the tumor tissue and radiecrotic tissue could not be distinguished by CT and MRI
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images, which might cause ambiguous or even wrong judgment of therapeutic effect.
Therefore, a method which could offer an early response assessment after radiotherapy for

clinical management improvement is required.

Molecular imaging visualizes retime biological process in cellular and molecular
level by molecular probes. The development of molecular imaging makes early therapeutic
assessment of radiotherapfgasible. As ae of molecular imaging methods, apoptotic
imaging could evaluate the early therapeutic response by providing dynamic apoptotic
information after radiation, because radiotherapy cures cancer mainly by inducing
apoptosid?® 2% 162 |n the past decade, molecular imaging modalitieh sas PET/CT,

MRI, magnetic resonance spectroscopy (MRS), WBtrasound and diffuse optical
tomography (DOT), etc. have been developed and widely used. Among these modalities,
only PET/CT could accurately provide quantitative information of apoptosispnaier

apoptosis probe at molecular level.

Currently, three types of widely used apoptosis probes are proteirspacific small
molecules and caspase activation. However, the limitations such as poor specificity, slow
blood clearance and immunogenicéyt c . i mpede these probesbd
ideal apoptosis probe for clinical practice should be specific for apoptotic cells, with rapid
clearance, nontoxic, and high stalfe!®3 134, F18 labeled A5-fluoropentyl}2-methyl
malonic acid (FL8 ML-10), a lowmolecularmass (molecular weight = 206) PET apoptotic
tracer derived from Aposense family, is the first clinically available apoptosis probe for in
vivo imaging. Being investigated in multenter preclinical and clinical trials; 8 ML-

10 shows high stability, &ety, specificity, and rapid biodistributidf? ?3. As a probe to

visualize cell apoptosis in vivo-E8 ML-10 selectively accumulates in apoptotic cells by
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recognizing alterations on the surface of apoptotic £&#9, thus the apoptotic cells could
be distinguished from normal cells. Additionally;1B ML-10 could be transported
through cytoplasmic membrane in apoptotic cells, whereas there is180 MAL-10
membrane transportation in necrotic celleefiefore, we are able to distinguish apoptosis

from necrosi&?.

In this study, we investigated the performance of early response after CyberKnife (CK)
stereotactic treatment on 29 patiemntgh intracranial tumors, through-EF8 ML-10
PET/CT imaging with voxeby-voxel analysis. Furthermore, the correlationnmin the
result of this early assessment and subsequent anatomic change in tumor determined by

MRI was also investigated for the further safety and effectiveness assessment.
4.2 Results and discussion
4.2.1 Subjects and lesions information

In this trial, 33 patientaged from 22 to 69 years old, with 34 lesions were included.
29 patients with 30 lesions completed the trial. Among the 30 lesions, there are 12
metastatic neoplasms (in 11 subjects), 6 meningiomas, 3 cavernous hemangiomas, 3 germ
cell tumors, 2 hemangiepicytomas, 2 adenoid cystic carcinomas, 1 chordoma, and 1
hypophysomaThe 29 patients who completed the trial were with no radiagtated

complication occurred.
4.2.2 Visualization and analysis of apoptotic imaging of intracranial tumor

The result of FL8 ML-10 PET/CT apoptosis imagingigure4.1) shows a high PET

signal from spontaneous apoptosis in the lesion area, while the signal in surrounding
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normal brain tissuesirelatively low. Thus, the location and extent of the tumor could be

identified in PET/CT images.

Figure 4.11 Representative PET/CT F18 ML-10image of a male patient, 48 years
old, diagnosed with kidneycancer brain metastases, p+CK.

Figure 4.27 Pre-CK PET/CT image (a) and postCK PET/CT image (b) of a female
patient, 61 years old, diagnosed with lung cancer brain metastases, showing an
obvious anduniform increase of 18 ML-10 uptake

The change inA8 ML-10 uptake between p@K (Figure4.2a) and posCK (Figure
4.2b) is analyzed by a voxa&ise method. As shown iRigure4.2a andFigure4.2b, the
postCK uptake of ML:10 tracer is clearly higher than p8K uptake. In other cases,

however, there is obscure difference ef&ML-10 uptake between pfeK (Figure4.3a)
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and posiCK (Figure4.3b). As clear change in-E8 ML-10 uptake cannot be visualized by

the PET/CT images, he subt r aCK ® iop-C & dFigfieg.8c)id processed

by MIM software, with a reference of GTV information as the red contour of tumor. With
this subtradbn analysis shown ifigure4.3c, a greater change in thelB ML-10 was

found in the central area of the tumor, rather than the edge, suggesting that there are more
apoptotic cells at the center while less apoptotic cells at the edge after CK treatment. In this
case, an intuitive and clear change in the apoptotic tumor cells could be visualized by the
change in FL8 ML-10 uptake with subtraction of PET images. Moexpthe area with

high PET signal correspoadwell with the lesions determined by GTV and MRI fused

image Figure4.3d).

The analysis based on subtraction enablegutigement of whether there is more or
less apoptosis happening in ROI after CK treatment feasible. However, the heterogeneous
and tweway overall changes of tracer uptake cannot be revealed by subtraction analysis.
As shown inFigure 4.4, some portion of the tumor becomes more apoptotic, while the
other becomes less apoptotiand there is unchanged portion remains. Therefore,
guantitative analysis of the voxkBhsedsubtraction is needed to further investigate cases

with heterogeneous and tweay changes.
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Figure 4.31 Pre-CK PET/CT image (a), postCK PET/CT image (b), subtraction (c)

of PET image, and fused PET/MRIlimages (d) of a female patient, 54 years old,
diagnosed with Cavernous hemangioma in cavernous sinus. Red line indicates the
contour of tumor. The color bar shown in (d) corresponds to radioactivity changing
ratio.

4.2.3 Quantitative analysis for accuraseibtraction

With the registration and fusion of p@K and postCK PET images, the change in
F-18 ML-10 uptake in radioactivity after CK treatment of each voxel in ROI could be
extracted and sorted into one of the following three categories: (1) voxklénaieased
F-18 ML-10 uptake, defined as a positive change in radioactivity of more than 12.5% from
pre-CK, representing cells in early apoptosis; (2) voxels with decrea$8dvit-10 uptake,
defined as a negative change in radioactivity of more than%dZrom preCK,

representing vascular occlusion and/or clearance of apoptotic cells; (3) voxels without
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change in FL8 ML-10 uptake, defined as a change in radioactivity of less than 12.5%.

Wherein, the threshold of 12.5% is set in accordance with refer@riéa.

Figure 4.47 Pre-CK PET/CT image (a), postCK PET/CT image (b), subtraction (c)
of PET image, and fused PET/MRI imagesd) of a male patient, 21 years old,
diagnosed with germ cell tumor. Color bar shown in (d) corresponds to radioactivity
changing ratio. The change in tracer uptake from preCK (a) to postCK (b) is
visualized by the subtraction of PET images (c) and PEMRI images (d).

As the change in apoptosis could not be accurately quantified by average change in
radioactivity due to the heterogeneity of tumor tissue, the signal change in each voxel in
ROl is plotted into scatter grapkigure4.5), with preCKo6s r adi oacaxis,vi ty
andthepos€CK o6 s r adi o a caxis. Voxdsyithanoreasell gignat are shown in
red, representing increased apoptotic activitieselowith decreased signal are shown in

blue, while voxels with unchanged (change less than £12.5%) signal are shown in green.
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Figure 457 Voxel-based subtraction scatterplots showing the effect of Ckeatment

in a subject with positive apoptotic response (a) and a subject without significantly
apoptotic response (b). The Xaxes represent the preCK radioactivity, while the Y -
axes represent posCK radioactivity. Voxels with increased signal are showrin red,
representing increased apoptotic activities. Voxels with decreased signal are shown in
blue, and voxels with unchanged (change less than $12.5%) signal are shown in green.
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The response of radiotherapy could be classified into different types, eby th
comparison of different subjectsd Figuregnal
4.5a andFigure 4.5b).The change in tumor size for all 30 lesions from 29 subjects was
obtained by MRI 2 to 4 months after CK treatment completion, and the mean percentage
of volume change was 30.96921.73% (95% CI 22.85% 39.08%) reduceth tumor
size. In the meanwhile, the mean change per voxel was 32.08%40% (95% CI 25.16%

i 38.90%). As correlation analysis shown Rigure 4.6, a significant coelation was
observed between the change #a&ML-10 uptake (X) and subsequent change in tumor
volume (Y) with a Pearson correlation coefficient R = 0.8620®5. The linear regression
equation is: Y = 1.018 * X 0.016. Ftest result of the regressiopefficient is: t = 9.010,

p <0.05, and ANOVA result of the regression coefficient is: F = 81.175, p < 0.05.

1.004

¥=1.018*X-0.016

Percentage change in tumor volume

T T T T T
00 20 40 &0 50

Percentage of voxels changed in radioactivity

Figure 4.6 1 Correlation between the change in F18 ML-10 uptake (X) and
subsequent change inumor volume (Y). The Pearson correlation coefficient is R =
0.862, p< 0.05.
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4.2.4 Comparison of the therapeutic respomselifferent cancer type
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Figure 4.77 The comparison of therapeutic response in benign andalignant tumors.
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A significant difference of the radioactivity change (a) between malignant and benign
tumor has been observed, p = 0.0258. Furthermore, this difference is confirmed by
subsequent volume change (b) with statistical significance, p = 0.@26

red spots overwhelms that of decreased and unchanged signal, showing tha¢ positi

As shown inFigure4.5a, the number of voxels with increased apoptosis indicated by

apoptosis has been increased in tumor area by SRS, thus suggests an effective radiotherapy.

However, for the other case showrFigure4.5b, no significant changa apoptotic signal

could be defined as an increase or decrease by the scatterplot result. Therefore, the

individual response early after radiotherapy could be revealed by quantitative scatterplot

of apoptotic change, especially for heterogeneous chitageover, Moffat et al assessed

the effectiveness by correlating the early apoptotic change and the subsequent change in

tumor volume1%4,

n

accordance

wi t h

2016

Wo r |

d

He al

t h

tumors, 30 lesiong this study could be classified into 2 grouf8:malignant and 12

Org

benign tumors. The changes in radioactivity and subsequent tumor volume of each lesion

have been analyzed, and the comparison in different cancer type are stiogured.7.
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As depicted inFigure4.7a, a significant difference of the radioactivity change between
malignant ad benign tumohas been observed, p = 0.0258. Furthermore, this difference
is confirmed by subsequent volume change with statistical significancEi(gee4.7b),

p = 0.0262. Therefore, malignant tumors could be considered to be more sensitive to CK

treatmenin comparison wittbenign tumors.
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Percentages of voxel changed in radioactivity
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Figure 4.87 The comparison of the F18 ML-10 assessment in patients with nignant
(blue) and benign (red) tumor. The F18 ML-10 assessment on patients with
malignant shows a better linear correlation between tumor volume change and
changes in radioactivity early after radiotherapy.

Furthermore, the analysis on thel§ ML-10 asessment in patients with malignant
(blue) and benign (red) tumor has been conducted. As shokigure4.8, the F18 ML-
10 assessment on patients with malignant steotetter linear correlation between tumor

volume change and changes in radioactivity early after radiotherapy. The R squd& of F
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ML-10 assessment on malignant tumors is 0.9561, whereas it is 0.4201 for assessment on
benign tumors. Therefore, this sugte that malignant tumors are more sensitive to
radiotherapy by inducing more apoptosis in the tumor area, anditB&ME-10 assessment

may give a more accurate evaluation on radiotherapy of patients with malignant tumors.

a Volume change b Radioactivity change
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%

0% 0%

High pre-CK Low pre-CK High pre-CK Low pre-CK

Figure 4.9 17 The comparison of therapeutic response in high pr€K radioactivity
and low pre-CK radioactivity tumors. No significant difference in radioactivity
change (a, p = 0.5640), or subsequent volume change (b, p = 0.7226) wasdoun
between these two groups.

Among all lesionsincludedin this study, there are 16 lesions with high-@i€
radioactivity value, while 14 lesions with lower radioactivity before CK treatment, with
the threshold of 10,000 Bg/mL. The comparison of therapeesgiponse between high pre
CK and low preCK groups was conducted. As showririgure4.9a andrigure4.9b, there
is no significant difference in radioactivity change (p = 0.5640), or subsequent volume
change (p = 0.7226) between these two groups after CK treatment. Furthermof&8the F
ML-10 assessment betwettresetwo subgrops of patients has been compared as shown
in Figure4.10. Therefore, this suggests that the-@i€ radioactivity does not influence the

applicability of F18 ML-10 asessment method in this study.
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Figure 4.107 The comparison of the F18 ML-10 assessment in patients with pr€K
radioactivity higher than 10,000 Bg/mL (blue) and lower than 10,000 Bg/mL (red).
The F-18 ML -10 assessment on this two groups of patients does not show significant
difference in the linear correlation between tumor volume change and changes in
radioactivity early after radiotherapy.

4.2.5 Evaluation on applicabilityof the F-18 ML-10 therapeutic respnseby different

subgroups of patients

In order to further analyze the applicability oflB ML-10 early assessment of
therapeutic response for different patients, the distribution of change in radioactivity and
volume has been shown kigure4.11 a and b, respectively. By this result, no correlation

of the therapeutic response could be found in this distribution figure.

Moreover, the patients have been divided into two subgroups>d&gedndCs0, as
shown inFigure4.12a and b, respectively. By this analysis, no significant difference could

be found between these two subgroups, suggesting étdirapeutic response of patients
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is not related to the age in this study. However, by further analysis on the compérison
the F18 ML-10 assessment in patients aged >50Gk@] as shown ifFigure4.13, the F

18 ML-10 assessment on patients elder than 50 years old shows a better linear correlation
between tumor volume change and changes in radioactivity early after radiotinettapy

study (R square 0.9778 vers@s8108) This indicates that the-E8 ML-10 early

assessment may give a more accurate evaluation early after radiotherapy.
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Figure 4.1171 The change in radioactivity (a) and volume (b) from patients at diffeent
ages.
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Besides, the patients have also been divided into two subgroups by densleown
in Figure 4.14, no significant difference could be found between these subgroups,

suggesting that the therapeutic response of patients is not related to the gender in this study.

a Radioactivity change b Volume change
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%

0% 0%

Age >50 Age <50 Age >50 Age <50

Figure 4.121 The comparison of therapeutic response in patients aged >50 aQ#0.
No significant difference in radioactivity change (a, p = 00.5730), or subsequent
volume change (b, p = 0.6430) was found between these two subgroups of patients.

Moreover, as shown ifrigure 4.15, the result of comparison of thel8 ML-10
assessment in female (blue) and male (red) patients does not show any significant
difference in the linear correlation between tumor volume change and changes in
radioactivity early after adiotherapy, suggesting that the applicability e1t&ML-10

assessment is not influenced by gender in this study.
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Figure 4.137 The comparison of the F18 ML-10 assessment in patients aged >50
(blue) and G60 (red). The F18 ML-10 assessment on patients elder than 50 years old
shows a better linear correlation between tumor volume change and changes in
radioactivity early after radiotherapy.
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Figure 4.147 The comparison of therapeutic response in female and male patients.
No significant difference in radioactivity change (a, p = 0.3888), or subsequent volume
change (b, p = 0.9718) was found between these two subgroups of patients.
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Figure 4.1517 The comparison of the F18 ML-10 assessment in female (blue) and male
(red) patients. The F18 ML-10 assessment on this two groups of patients does not
show significant difference in the linear correlation between tumor glume change
and changes in radioactivity early after radiotherapy.

4.2.6 Discussion on the clinical application ofEF8 ML-10

Before the clinical use of-E8 ML-10 apoptosis imaging,-E8 FDG PET imaging
has been used for the radiotherapy assessment in inigd¢tanor in some studiés- 163,
However, the increased I8 FDG uptake caused by radiotheramtated inflammation
could lead to a false positive result in PET images. In addition, the FI§ADG uptake
in normal tissue reduces the sighahoise ratio. Therefore,-E8 FDG imaging is not an
ideal method for the assessment of intracranial turadiotherapy due to the limited
accuracy. Lorberboym et &f investigated apoptosis imaging of intracranial tumor by Tc

99m AnnexinV SPECT imaging, which could achieve better accuracy. However, it was
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limited by the high molecular weight, slow blood clearance, immunogenicity, and poor

specificity of Te99m AnnexinV 24,

Early quantitative assessment of radiotherapy viaineasive imaging is important
to evaluate the treatment and themiove clinical management. In this studyl®& ML-
10 has been used to visualize the change of apoptosis in tumor area as an early assessment
of CK treatment for intracranial tumor. With voxslse analysis as well as correlation
analysis, the feasibility fothe assessment method was demonstrated. The safety and
efficacy of F18 ML-10 has been investigated in preclinical stufi®sand multicenter

clinical trialsf?3, suggesting good stability, safety, specificity, and rapid biodistribution.

The concept of apoptosis was first proposed by Kerr ét&l A study on the
difference between apoptotic cells and necrotic cells suggested that apoptosis is a
programmed death press, the inhibition of which is highly related to the occurrence and
development of tumdt®?. In addition, as Rell ymphoma 2 (BeR) gene is identified as
a regulator of apoptosis, it is considered to be @ntiptotic thus classified as an oncogene.
Therefore, it is misunderstood that the apoptosis in tunsudiss less active than normal
tissue. In fact, more apoptosis was found in tumor tissue than normal tissue in most cases.
In this study, a significantly higher-E8 ML-10 uptake in tumor cells was observed in

PET/CT images.

Cancer is treated with radiottagy mainly by apoptosis inductidf® 2® 163, In the
early stage of an effective treatment, complex pathophysiological changes occur in the
tumor, including apoptosis onset in vascular endothelial cells, vascular occlusion and

consequent removal of necrotic cells, etc. Especidé/tumor vascular occlusion and the

74



removal of necrotic cells result in reduced tracer uptake visualized by apoptosis imaging,
thus attenuates the overall apoptosis change in tumor fsdnehis study, heterogeneous

and tweway change of A8 ML-10 uptake was observed in some subjects, as shown in
Figure4.4. Therefore, it may not be accurate to evauhe efficacy of the treatment using

the overall change of tracer uptake in ROI after treatment. Considering the spatial
heterogeneity of tumor tissue, a vokelsed analysis method proposed by Moffat!/&tal

was used in this studyhe PET signal of the whole tumor tissue was divided into voxels

T the smallest unit of threéimensional imaging. The change in radioactivity in each voxel
was then calculated and classified into three categories (increase, decrease, and unchanged)
with the threshold of 12.5%. For the quantitative analysis of the woisel change, the
voxels with both increased and decreased tracer uptake (red and blue points shown in
Figure4.5) were put together as tissue with apoptosis change induced by radiotherapy, to
take the heterogeneously internal changes from the tumor tissue into consideration.
Positive correlation was observed between the changd\WL-10 uptake (X) ad the
subsequent change in tumor volume (Y) with a linear regression equation: Y = 1.018 * X
T 0.016. Additionally, the difference of voxels with increased and decreased tracer uptake

may provide potential reference to distinguish the apoptosis and rseortismor tissue.

Twenty-nine subjects with multiple types of intracranial tumor have been investigated
in this study, 30 lesions in 29 patients were classified into malignant and benign, according
to 2016 WHO CNS tumors classification. A significantlifelient response in radioactivity,
as well as subsequent tumor volume change, has been observed, suggesting that malignant
tumors tend to be more sensitive to CK treatmahit30 lesions have also been divided

into two groups by prEK radioactivity, butno significant difference was found in
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radioactivity change, or subsequent volume change, indicating that the therapeutic

response of CK treatment is not correlated with the apoptosis before CK treatment.

Although clinical trials of small molecule probesnclucted worldwide is limited, its
potential for early assessment of radiotherapy has been proved to be effective and reliable,
as shown in this study and previous preclinical and clinical stifdié&?9. The study is
limited to the small samples size, and further studies are needed with large sample clinical

data.
4.3 Summary

In this chapter, | demonstrate thal8 ML-10 PET/CT apoptosis imaging to be a safe
and effective clinical method for the assessment of early response of radiotherap. In F
ML-10 PET/CT apoptosis imaging, the tracer uptake in normal brain tissueeistttam
that in tumor tissue, thus the anatomic positioning of tumor tissue and surrounding edema
area could be accurately identified and visualized. More importanil, FAL-10 PET/CT
apoptosis imaging can be used for early prediction of the effectveh€K radiotherapy.
A significant correlation between the rate of change-it8AML-10 uptake in the tumor
and the rate of subsequent change in tumor volume was observed. In comparison to the
therapeutic response in different cancer types, a rapid esponadioactivity, as well as
subsequent tumor volume change, has been observed in malignant tumors, which tends to
be more sensitive to CK treatment. Another comparison indicates that the therapeutic
response of CK treatment is not significantly cotedlavith the apoptosis level before CK
treatment by the study. By analyses on the application of this method on different patients,

the result indicates that the18 ML-10 early assessment may give a more accurate
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evaluation early after radiotherapy. Gimdy has also shown the accuracy of AMIC Ray
Scan 64 PET/CT and safety of CK stereotactic radiosurgery treatment of intracranial

tumors in PLAGH.

4.4 Experimental

4.4.1 Subjects

From January 2014 to December 2015, 29 human subjects (30 lesions) with
intracranial tunors in our institution scheduled to undergo CK stereotactic radiotherapy,
were enrolled in the study. These patients were strictly selected according to the integration

and elimination standards and their informed consents have been acquired.

The inclusia criteria were as follows: 1, the patient voluntarily subjects to this study,
and the patient or legal representative signs the informed consents; 2, the patient is between
18 to 75 years old; 3, the patient has been diagnosed as intracranial tumoretnthene
criteria for CK treatment; 4, there are no

and biochemical examination, electrocardiogram (ECG) and chest. X

4.4.2 Informed conserdnd statement of human rights

Informed consent was obtained frafhparticipantsAll protocol of this clinical study

has been approved lrystitutional Review Board of Chinese PLA General Hospital

4.4.3 Imaging protocol

4.4.3.1 PET/CT acquisition protocol
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PET/CT imaging were performed before and 48 hours after CK therapy with AMIC
Ray-Scan 64 PET/CT system (AMIC, Beijing, China), 90 minutes af&8 ML-10 tracer
injection with 0.12 mCi/kg b. w. The-E8 ML-10 tracer was produced at the Department
of Nuclear Medicine at PLAGH PET Facility¥ with PET-MF-2V-IT-I Fluorine
multifunctional synthesis module (PETKJ, Beijing, China), and the radiochemical purity

is of >98% by HPLC.

PETimages were acquired by thrdemensional brain mode, with 2rBm slice width,
512 x 512 reconstruction matrix. CT ages were acquired with a-66n field of view
(FOV), 75cm diameter of gantry, 2-s,m of slice width, 15&m maximum positioning

length, 175cm axial moving range of patient bed, and 512 x512 of reconstruction matrix.

4.4.3.2 MRI acquisition protocol

MRI and CT sanning were used for location of tumor and anatomic assessment of
the tumor response 2 to 4 months after radiothersp¥IRI images were acquired on the
1.5 Tesla (1.5 T) MRI scanner (Siemens Espree, Siemen, Erlangen, Germany). Axial T1
weighted imagig (T1WI) was acquired, with slice width of 0.7 mm, repetition time (TR)
= 1650 echo time (TE) = 3 ms; F2aveighted imaging (T2WI) was acquired, with slice
width of 1.0 mm, TR = 5500, TE = 93 ms. 0.2 mmol/kg b.w. of Gadolinium
diethylenetriamine pentaaceticid (GADTPA) was injected intravenously prior to 3D

T1WI enhanced imaging with above parameters.

4.4.3.3 CT acquisition protocol
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CT images for localization of tumor were acquired on Brilliance TM (Philips
healthcare, Amsterdam, Netherland), with arcB0Omaximum field of view (FOV), 60
cm actual FOV, 8&cm diameter of gantry, 1-mm of slice thickness, 15€m maximum
positioning length, 19@m axial range of patient bed, and 1024 x 1024 of maximum

reconstruction matrix.

4.4.4 Radiotherapy protocol

CyberKnife which enlles stereotactic radiosurgery delivery applied in this study was
manufactured by Accuray (Accuray Inc., Sunnyvale, CA, USAy+Nocentric treatment
plan was implemented through acceleratmuntedon the robotic armwith continuous

reattime imageguided technology.

The blood, urineas well asbiochemical examination, ECG armthest Xray was
acquired beforeAfter enrolment,patientsunderwent head CT and MRI scanning for
location of tumorFor each patient, the acquired CT images wagegastered witiMRI
images by MIM software (version number: 6.5.4), which was imported into CyberKnife
Robotic Radiosurgery System (Multiplan 4.0.2) for target and organs at risk delineation.
With the information provided bthe fusedmagesthetarget area of CK treatmewas
optimizedand thegross tumor volume (GTV) was recordedrhgliologists and physicians.

Patientaunderwent CK stereotactiadiosurgeryvith 6Dkskull tracking,and the treatment

scheme was witth4-24 Gy in 13 fractions depending on tiemorsizeand position.

4.4.5 Imaging analysis
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Voxel-based analysis on PET/CT image was used in the apoptosis imaging visual
analysis, which performs voxbly-voxel subtraction of the change PET/CT before{pre
CK) and early after CK treatment (pegSK). The PET/CT datafgre-CK and posiCK,
along with CT, MRI and GTV data, were delivered to the MIM image processing software
after acquisition. The CT data with GTV information were registered with data from
PET/CT imaging. With the imported GTV information as referenagoreof interest (ROI)
was plotted in MIM software. Each voxel value in PET / CT images was represented by
radioactivity (Bg/ml) or standardized uptake value (SUV). The images of MRI, CT and
PET/CT were registered and the voxel size and slice width frdfareht imaging
modalitieswere normalized. The values of radioactivity for each voxel in the ROI were
collected separately on baseline PET scan and the folowhe percentage change in
each voxel was calculated. Voxghsed subtraction PET images wacquired using MIM
software for visual analysis to observe the changes of cell apoptosis before and after CK

treatment.

4.4.6 Statistical analysis

For statistical analysis, twb a i | pai r-wegs wsre appliednwith6S$SSt19.0
to analyze the change indiaactivity before and after treatment. Correlation between
change ratio of radioactivity and lesion volume was analyzed with linear regression

analysis. And p < 0.05 was considered as statistically significant.
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CHAPTER 5. OTHER RELATED WORKS

In previous chapters, | demonstrated how molecular imaging meets the clinical needs
for early assessment byl8 ML-10 apoptosis imaging. Furthermore, molecular imaging
could also play important role in early diagnosis and intraoperative tumor detection by
distinguishing cancer tissue from normal or other tissues. In this chapter, | demonstrate the
analysis ofthe sensitivity otthree molecular probder handheld spectroscopic device.

The fluorescence and Raman spectroscopy has been normalized andalyzedamhe
surface enhanced Raman scatteriB§RS gold nanoparticles have been proved to be
ultrachigh sensitive for in vitro detection, with wide dynamic range, thus could achieve
distinguishing of signal of tumor tissue from that of normal tissuethEumnore, the
differentiation of tumor tissue from inflammatory tissue has also been investigated by a

preclinical quaemodality imaging with applying multiple probes.

5.1 Sensitivity of hand-held spectroscopic imaging for surgery guidance

5.1.1 Introduction

As disaussed in previous chapters, the use of nowvdl8 Fpharmaceuticals for
assessment of cancer therapy has been investigated by distinguishing of the apoptotic cells
from viable cells. Such early assessment provides opportunity to early management of
cancer tlerapeutics. Furthermore, it is also important to distinguish the subtle metastases
while surgery operation. In this chapter, | further demonstrate the sensitivity of novel

molecular probe in redalme guidance for cancer surgery.
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Dr. ShumingNie and collegues from our group iEmory Universityfirst developed
spectroscopic @vice configured with handheld laser probes, and showed that the device
has a high detection sensitivity for ICG, can effectively distinguish and label the tumor
tissue/lymph and the normal tissi@. With this spectroscopic device, the SERS signal
could be detected agell. Molecular probes based on nanoparticles that produce signal
from SERS have been investigated widéf#'’3. Research and clinical trials for the
device has been conductedtie Emory UniversityHospitaland the Affiliated Hospital of
Pennsylvaniagfor imagingguidedbreast, lung, colon and pancreatic carstegery About
200 cases of surgical results haupported the effectiveness of the deviéé® 179, The

advantagesfdhis device are shown as following:

(1) Ultra high detection sensitivity that can achieve single cell detection level at
laboratory and is able to observe subtle metastases while surgery operation, superior to

similar devices either domestic or abroad.

(2) No requirement for the isitu injection of ICG, thus largely reduces the background
noise, and helps to exactly locate the tumor before surgery and judge whether there is

residual cut edge after the surgery.

(3) Direct detection and retime observatin of tumors while surgery operation.

(4) Applicable for multiple types of cancer.

(5) High speed imaging and data processing system, enabling thieneabservation

during surgery operation.

5.1.2 Results and discussion
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5.1.2.1 Detectionsystem and photstability analysis of three molecular probes

As introduced previously, the SpectroPen could allow sensitive detection by
collecting characteristic emission from reagents those who are excited by a laser. The laser
utilized by the SpectroPen spreads in a form of thesSian beam, so the excitation
intensity would be different with the change of distance between the Pen and the sample
solutions. The maximal intensity of the laser could be reached when the sample would be
located at around the focus of the laser (ite2 ,waist of the laser beam). According to the

calculation:

N — —— pT A pRG,

Theradius of the laser sp@ttheoretically 1 cm, so that the highest energy of the laser
beam should be around the area of 1 cm away from the sampling head. With the higher
excitation, more electrons in reagent solutions would be excited, resulting in a higher

intensity of the ensision signal received via the SpectroPen.

As shown inFigure5.1, distance dependence was investigated by an experiment of
varying thedistancebetween the Pen andettsamples. The reagent for this distance
dependence experiment is SERS nanoparticles with the concentration of 50 p.
the signals collected by detector under certain distance have been integrated to indicate the
total intensity of the emission, wdfi is proportional to the excitation energy. As depicted
in Figureb.2a, the detector could receive the highest signal intensity when the sampling

headis located a8 mm away from the top of the sample solution.
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5.1.2.2 Limits of measurement comparison among QD, IR dye and SERS gold

nanoparticle

Figure 5.17 Setup for detection system (a) and for the distance dependence (b).

84



Intensity (%)

100

80

60

40

20

0.0

I
4x10® |

3x10°

2x10° |

Integrated intensity

1x10°

=]

o

1T T 1
SERS-tag nanoparticles

=

4 8 12

16 20 24 28

Distance (mm)

32 36 40

[ —— Background

| —=— SERS particles

+— Qdot 800
IRDye 800

1 1 1 1 1

0.4 0.8

1.2 16
Time (s)

2.0 2.4

2.8

Figure 5.2 1 (a) The signal from SERStag nanoparticles at concentration of 50 pM
collected by detector at detection distances ranging from 4 mm to 40 mm. (b)
Photostability test of 5 nM of Qdot 800 (blue he), 5 nM of IRDye (cyan line), 0.75
pM of SERStag nanoparticles (red line), and background (black line).

To investigate whether the SER&) nanoparticlesemain photosensitive when

shined under the focused laser beam, we studied the photobleachingR&ftegE
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nanoparticles and compared with IRDye 800 and Qdot 800. As shdwigure5.2b, the

results suggest that there was no noticeable photobleaching for the tiatespaver the
average detection period for SpectroPen, while decreases in fluorescence intensity were
observed for other two reagents with the same setup. The signal of Qdot 800 decreases 30%
of the original fluorescence intensity within the first 0.8l excitation, but the emission
intensity remains 61.8% after 2.8 second shining under laser. The reagent IRDye 800,
however, suffers from the severe photobleachitigere is only 21.8% remaining intensity

after the reagent exploded under laser fors2@nd.

As shownin Figure 5.3a, the original spectra of three reagents were detected by
SpectroPen with considerable sigt@hoise ratio. In the SERS spectrum, the

wavenumber was converted to wavelengtior to compamg the limit of measurement

In this study, the limit of measurement has also been determintgtk asinimal
spectrally resolvable concentratioks depicted inFigure5.3b, taking the quantum dots
(QD) 800 as an example, as the spectrum of OnB2%D 800 is theminimal spectrally
resolvable concentratipthis would be considered as the limit of measureme@o800
by this SpectroPeff.o betteranalye the linearity and dynamic range of fluorescent signal,
all the data poinin the same range of wavelength (i.e., 797.831.20nm, or 200' 2000

cm?) has been integrated.

As the analysis of SERS spectrummual 'y based on the Afinge
rather than the overall integration, the method of integration for SERS signal has been
compared as shown Kigure5.4. As shown irFigure5.4a, we integratedll the data from

2007 2000 cm! without any further data processing. The R square value is 0.99847.
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However,for SERS signal, there is a high background caused by the SERS signal itself.
Therefore, partially integration tiie data after subtracting the basehas been analyzed,
where he baselinavasdefined as the lowest value of the data in the range fi@nta!

1700 reciprocal centimeter. The R square value is slightly higher, which is 0.99862.
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Figure 5.371 (a) Original spectra of QD, IRDye, and SERS gold nanoparticles detected
by SpectroPen; (b) determinaton of limit of measurement with different
concentration of QD solution.

As the peak at 1507 ctnis one of the characteristic peaks of this SERS agts
peak heighhas also been used for the analyBie linearity ofthe lastmethod is the best
of all three methodswhere theR square value is 0.99915. The last analytical method
provides the most accurate relationship between signal weakness and concentration of
SERS agentsTherefore, we use this peak height method to arallje SERS signal.
However for the comparison of three reagents, the integrated method is adogéspto

the comparison consistent.
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In this study the reagentwerefirstly diluted in waterHowever the signal, especially
for low concentration, are various under the same conddiomto adhesion of the particles
to the surface of tubes. As th®vine serum albumiBSA) is usually be supplied to
preventthis adhesionTherefore, we applied% BSA in the solvent to prevent reagents
absorbing to the wall of wellRilutedin BSA solution, the reagent provides a more stable
signal atlow concentrationand the comparison of BSA solution and aqueous solution is

shown inFigure5.5.
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Figure 5.5 17 Comparison of solvent: 1% BSA solution (red) and aqueous solution
(blue).

To measure thdimits of detection of IRDye 800, th solution was diluted to
concentrations ranging from 0.01 to 0.5 nhbhe spectra are shown kigure 5.6a, the
minimal spectrally resolvable concentration of SERSwage5x101* M (i.e., 0.05 nM),

with the detectiomlistance of one centinest

The Quantum ots were also diluted to concentrations ranging from 0.01 to 0.5 nM.
The minimal spectrally resolvable concentration of Quardots is 25x10** M (i.e., 25
pM), under onecentimeterdetection. To measure thdimits of detection of SERS
nangarticles, the solution was diluted to concentrations ranging from 0.1 pM to 5 fM.

According to the peak height analytical method, the spectra after subtdaatkground
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is shown in thd=igure5.6¢c. As depicted in this figure, the minimal spectrally resolvable

concentration of SERS agent5gl0*! M (i.e.,5 fM), underone-centimetedetection.
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Figure 5.6 i Limit of measurement of IRDye 800 (a), Qdot 800 (b), and SERS gold
nanoparticles (c).
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By further investigation on the limit of measurement of SERS gaftparticlesthe
detection under &m for as long as 30 second integration has been set. As shbigarie
5.7, the resulisuggestshat the spectrum of 1 fM SERS agents canealdtected. But the
signatto-noise ratio at concentrations of 10 fM, 5 fM, and 2.5 fM is acceptable. So that the

SERS particles have an uksansitivity, that is, 2.5x18° M, for SpectroPen detection.
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Figure 5.7 7 Limit of measurement of SERS gold nanoparticles with 30 second
acquisition under focus distance.

As the laseof SpectroPen spreads like a Gaussian bdserdepth of focus is defined
by the radius of the laser spot, which could be calculatdddo. The beam could be
treated as a cylindehown inFigure5.8a. The exact volume of solution under laser shining
could be calculated, resulting in 0.0628 midealin 300 microliter samplegccording to

the calculation:

chlinder =" Wg L

= 3.14%(50em)* x8mm= 0.0628nn7

Thereforethe particles number could be calculated tee@86ording to the calculation:
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Number=n N,=cV N,
=2.5x10"mol/ Lx6.28x10°L x6.022x10°*mol * = 95

It is suggested thahe minimum of the gold nanoparticles number for SpectroPen

detection is around 95 particles.

laser beam

(=dnn

1
N

Figure 5.8 17 Schematic of Gaussian beam (a) and the laser beam travel through the
detection system (b).

5.1.2.3 Dynamicrange of detectionf three molecular probes by SpectroPen

To investigate the dynamic range of the detection, the molecular probes have been
diluted into a wide range of concentratidxs those fluorescent agents cannot tolerate a
long integration time, owing to the photo bleachiting; one second acquisition was taken
for the normalization. ASERS particles are phestable, they can be used to acquire
signal with longer timeThereforetheacquisitiontime for IR800 and QD800 were limited
to no longer thannesecond, while for SERS particles, gjuisitiontime could be longer

than 10 second.
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Figure 5.9 1 Dynamic range of IRDye 800 (a),Qdot 800 (b), and SERS gold
nanoparticles (c).

As shown inFigure5.9, the dynamic range of IRDye 800 (a), Qdot 800 (b), and SERS

gold nanoparticles (c) are 1, 1, and 4 orders of magnitude, respedfittlya much wider
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dynamic range, SERS particles could éareat poteidl to accurately discover tumo
margin, where the signal woultk much lower than central tumtissue. Although the
SERS signal saturates the detector of SpectroPen at the concentration of 75 pM, the signal

intensity could reach a high ldwgith the increase ahe concentration to nM level.

Therefore, for the same concentration of reagents, SERS particles wouldnhave a
overwhelming high intensity of signal, resulting in a potentially more accurate but less
expensive diagnostic approach. @me other hand, focused on the application of
SpectroPen, SERS particles could provide a considerable high signal at a low concentration,
which would help with reducing the toxicity and side effect of the agent itself. Thanks to
its ultimate photo stabtly, SERS particles may have potential to achieve a higher

sensitivity with intense stimulation.

5.1.3 Summary

In this chapter, | demonstrate the sensitivity investigation of widely used optical
probes for SpectroPen rdahe guidance for tumor removal surgerfhe limit of
measurement @ERS particles is 10 thousand times lower than QD800, even 20 thousand
times lower than IR80@-urthermorethe dynamic range of SERS nanopatrticles is more

than300-fold higher than other 2 imaging probes.

These parameters ammportantfor the application of SpectroPen. The Limits of
Detection, on one hand, determines the minimal quantity of the injection of contrast agents,
which could help with reducing side effect and toxict®n the other hand, weak tumo

margin signals thitaare50-60-fold lower than the central tumsignals. The wider dynamic
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range provides opportunity for simultaneous measurement without adjusting the data

acquisitionparameters.

5.1.4 Experimental

5.1.4.1 Detection sensitivity and dynamic range measurement:

The reagets were diluted in 1% BSA iRhosphate buffered sali(leBS)solution as
well asin water,to a concentration .0 x10*°7 1.0 x10® M for SpectroPen detection
300 €L of these reagent solutions and pu
different wells in a 96 well cell culture plates (polystyrene). As previously described, the
SpectroPeff2 combines a peshaped sampling head and a Raman spectrometer via a FC
connector, with a Raman shift range of 20000 cmt. Emitting at 785 nm, the excitation
is provided by 200 mW near infrared diode laser. The setup of SpectroPen is shown in
Figure5.10a andFigure5.10b. The sampling head was fixed above the center of each well
of the plate. The distance between detector and the sample was measured by a ruler. The

integration time of collection waselected properly from Otb 10 s

5.1.4.2 Tissue penetration measurement

To determine the penetration depth of the SpectroPen detetticker breadissues
were utilized to mimicry the human tissue. As shownFigure5.10c andFigure5.10d,
droplets ofSERStag nanoparticles wittlifferent concentration and different volumvere
held by (underja Parafilm. On the top of the film, different thickness of the meat was put

between SER$ag nanoparticles sampded the SpectroPeihe fluorescence or Raman
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spectra were collecteflom 005 to 30 s depending on the signtd-noise ratio ofthe

spectraThese tissues wepgitto the thickness ranging fromt@ 10 mm, step by 1 mm.

a to spectrometer b

Spcctrorcn

96 well
cellculture
P|atc

rcagcntsamplcs rubbcrpad
c to spectrometer d
Spcctrorcn
-
# -
ParaFilm . k‘f"
tissue
96 well
cellculture
droplct Platc

water (induce moisture) rubbcrpad

Figure 5.10 i Experimental setup. (a) Sketch and (b) photograph for SpectroPen
detection of IR dye, Quantum Dotsand SERStag nanoparticles in a 9éwell plate. (c)
Sketch and (d) photograph for tissue penetration depth studies.

5.2 Preclinical Application on a small animal quad-modality imaging systemto

distinguish tumor tissue and inflammatory tissue

5.2.1 Introduction
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Molecular imaging plays a key role in biomedical research. Recent developments in
both imaging techniques and novel molecular probes have sparked great desires for the

development of mukmodality and multiprobes molecular imaging instruments.

Up to now, tee major molecular imaging modalities have been mostly used, which
are PET, SPECT, and fluorescence imagiPagitron emission tomography?ET) and
single photon emission computed tomogra@BRECT) rely on radiolabeling, which are
already clinically usecs powerful imaging techniqueBluorescence imagingelieson
opticallabeling such as Gredtuorescencerotein(GFP), which is favored by researchers
due to itsversatilityand ease of make and uSeveral articles have discusskdfeasibility
andpotentialopportunitiesof combiningthe PET-SPECTand radiologyoptical imaging
modalities and recommenddo usethese kinds of strategi@sbiomedical researcli\s a
guadmodality molecular imaging system has been developed by our group, thediiam

application could be investigated by using this device

5.2.2 Results and discussion

5.2.2.1 Phantommagingstudy

We first investigated the imaging and-oegistered performance by usingustom
mademulti-modality imagingphantom.The phantom is a solid cylindéaving a light
scattering property similar to tissEigure 5.11p). There are two holes in this cylinder
where glass tubes with radiolabeling medicines and fluenescdyes can be inserted, as
shown inFigure5.11q. With a designed imagirgrotocol multimodal molecular imaging
of this phantom was performed in a sequential meiggire5.11 showstheimagng results,

includingimages not only by different modalitiesit also fromthe coregistered fusion.
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Both PET and SPECT provided high quality images without crosstalk. We intended to
make a small bubblseparatingwo PET medicine drops, and this small gap was clearly
distinguishedin PET imageswith high spatial resolution. Imaddition FMI also
successfullyreconstructedhe fluorophoresdeep in the phantomn Figure 5.11r, the
maximum intensity projectioMIP) rending of the fusion images demonstdaitee co

registration performance

5.2.2.2 Small animaimagingstudy

We induced a xenograft tumor and an inflammation in the rigilder and the right
hind limb of a BALB/C nude mouse, respectively. We uBe&kBFDG for PET imaging,
Tc-99m 3PRG2 for SPECT imaging and Ggitrapped CCPM nanoparticles for
fluorescence imaging.-E8 FDG, which is taken by higilucoseusing cells, habeen
widely used for PET imaging of tissue metabolisnm:9Bm 3PRGD2, which is a T89m
labeled dimeric cyclic RGD peptide with increased receptor binding affinity and improved
kinetics for SPECT i magi ngpsitiveittsnorst bsiCg7- t o t a
entrapped CCPM nanoparticles, which is a sefrared (NIR) fluorescence (NIRF)
imaging tracer for optical imaging, can preferentially accumulate in tumor site because of
the enhanced permeability and retention (EPR) effect, which is charactenyzed b
microvascular hyperpermeability to circulating colloidal particles and impaired lymphatic

drainage in tumor tissues.

Figure5.12 shows multimodality and multiprobe imaging results. Complementing
the CT scanning results, the PET images showed high radioactivity accumulation in the

brain, the right shoulder and the higlegs Figure 5.12e). In SPECT images, the
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radioactivity accumulation of T89m 3PRGD primarily occurred in the right shoulder,
the abdomen, and the area of blad@fegure5.12h andFigure5.12i). Besides, according
to the FMI imaging redts in Figure5.12m, only the area of right shoulder had a significant

accumulation of Cyentrapped CCPM nanopatrticles.

max max max

PET SPECT FMI Quad-modality
Images Images Images Fusion Images
i m p :
r 0 0 0
. A q

SPECT D PET

probe D D probe

U vt
| probe

; Maximum intensity
Sagittal Plane projection (MIP) rending

Figure 5.117 The imaging results of the multtimodality phantom. The CT images (a
b), PET images (df), SPECT images (g), FMI images (j-) and quad-modality fusion
images (mo) are presented. In the results, the quality of SPECT images has not been
affected by the crosstalk from the positroremitting radionuclides. The MIP rending

of the fusion images (r) demonstrated the eeegistration performance. The imaging
results indicate that our hybrid multi-modality imaging system resulted in
appropriate imaging and accurately ceregistered performances. The right, middle
and left color bar correspond to the PET images, the SPECT and FMI images
respectively.Reprinted from Lu et al [78 with permission. Copyright © 2014 Society
of Nuclear Medicine and Molecular Imaging, Inc.

From eiher the PET image or SPECT image alone, the tumor area remained unclear.

However, we were able to identify the tumol
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obtained from the PEBPECTCT fusion imagesKigure5.12k). On the other hand, FMI
image gave the right suspicious area, but the imaging resolution is low. Complementing
FMI with radioactive molecular imaging significantly improved both specificity and
resoluton. This result successfully demonstrated the superior power of multimodal

molecular imaging.

Tri-modality
‘usi agce

mages

Sagittal Plane

Figure 5.127 Quad-modality in vivo animal study. Complementing the CT scanning
results (ac), the PET images d-f) showed high radioactivity accumulation in the
brain, the right shoulder and both legs In SPECT images (g), the radioactivity
accumulation of 99mTe3PRGD?2 in the right shoulder, the abdomen and the area of
bladder was evident. There was only the aee of right shoulder that had a great
accumulation of Cy7entrapped CCPM nanoparticles (m). (n) shows the white light
i mage provided by FMI modality. We were ab
the complementary information obtained from the PETSPECT-CT fusion images (}
), and in addition the FMI imaging result has also confirmed it. The histology (0)
confirms the tumor area of right shoulder with high cell proliferation observed with
high tracer uptake in PET, SPECT and FMI images. The histology (pgonfirms the
inflammation area of right leg with a large number of inflammatory cells such as
neutrophils (arrow) showed increased~-18 FDG accumulation in PET images. The
right, middle and left color bar correspond to the PET images, the SPECT and FMI
images respectivelyReprinted from Lu et al [78 with permission. Copyright © 2014
Society of Nuclear Medicine and Molecular Imaging, Inc.
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Moreover, by following optimized imaging procedure, the entire imaging time for this
in vivo study, including preparation and imaging, took onlyoBrs. However, it can be
over 6 hours by simply summation of all imaging times from each individual modality.

The significant reduction in imaging time is essential to study dynamic physiologies.

In animal disease model studyhet quaemodality imaging system successfully
acquiredtumor imagesiorrinvasively andn vivo. The animalexperimentvalidated that
the four modalities ofPET, SPECT FMI and CT can provide more comprehensive
informationfor molecular imaging studieanproving the overaspecifcity. In our study,
the fusion images of a tumaenograftmouse Figure 5.12) showed complementary
information that differentiated between the tumor location anéhfleenmationlocation

These findingsvere confirmed byx vivohistology

Comparingto the great potential applications of the quaddality imaging protocol,
the tumorimaging result, which we presented previously, is only a drop of the bucket.
Metabolign, metastasis and neovascularization are most three impchtatcteristicef
the biologic behavior of cancer cellifferentiation of the subtypes of the same type of
cancer cell canesultin different biological behavia and wariations in thebiologic
behavior ofcancelcell causedifferentresponses to theeatment Traditionally, molecular
biology approaches such ammunohistochemistryare used for revealing the biologic
behavior of cancer cells, however recently molecular imaging approaches, which allows
for noninvasive invivo imaging and quantification of biologic processes such as
metabolism, metastasis and neovascularizatoa nore and more widely used in these
studies. For instance, tli&-Pgene can be introduced into cancer cells for monitoring the

metastasiof the cancer by using FMI, thE-18 FDG can be adequate in precisely
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guantifying the metabolism of cancer cells thro®#iT imaging and th&c-99m3PRGD

can reveal theeovascularizatioaf the cancer cells by SPECT imagittgshould be noted
thatthe complexity of biologic behavior of cancer cells is beyond the ability of any single
molecular imaging approaches, or nwl&r tracer, to reveallhus, multi-modality and
multi-probes molecular imaging would be great helpful in better observing and predicting
the biologic behavior of cancer cellSonsideringthis, we developed theguadmodality
molecular imaging system wihdncludesthe three major molecular imaging modalities

of PET, SPECT and FMhs well as an Xay CT to provide the anatomical information.

Multimodal molecular imaging generally required an extended time. For insiance,
our systemSPECTtypically need to wait for60 minutes after the injection of medicine,
and it took another 20~30 minutes to finish the scanning. In addition, different imaging
modalities might have conflicts, such as the potential risk of crosslink between PET and
SPECT. However, summation of opeoattime by all three molecular imaging modalities,
as well as the waiting time of shdifietime radioactivemedicine, will be about 6 hours.
Thus, the procedure of multimodal molecular imaging must be carefully optimized to
minimizethe total scanning tim To avoid crosslinkhe PET tracer was injected after the
SPECT scain our systemlIn addition, long lasting fluorescence tracessld beinjected
the day before the experimeRinally, we achieved a-Bour imaging time. The total length
of the scanimg time can be even shortenedpsrformance improvement of the imaging

system For examplewe can inject both radiolabeling tracers simultaneobglysing a

better SPECT detector which cdifferentiate signal§om PET tracef®3.

5.2.3 Summary



In this chapter, | have demonstrated tblassification of tumor tissue from
inflammatory tissug by a quadnodality molecular imaging systemith application of
three different molecular probes in an animal model8H-DG traces the abnormal
metabolic activities by PET imaging. However, the tumor site and inflammation tissue both
have high metabolism, thus could not be distinguished by PHlisimlisease model. Tc
99m 3PRGD reveals theneovascularizatioof the cancer cells by SPECT imaging, and
Cy7-entrapped CCPM nanopatrticles preferentially accumulate in tumor site because of the
EPR effect. From either the PET image or SPECT image aloméymor area remained
unclear. With thecomprehensive informatiooollected from four modalities, the tumor
tissue has been successfully distinguished from other -falsidve signal from
inflammation. Therefore, it is suggested that the tumor tisauld be distinguished in vivo
by appropriate application of multimodality molecular imaging along with multiple
molecular probes. In current stage, many molecular probes are only available for
preclinical uses, which may limit the clinical application ofltinuodality imaging. With
the development of more safe and efficacious molecular probes, the molecular imaging

will be a powerful weapon for the classification and distinguish of tumor for early diagnosis.

5.2.4 Experimental

5.2.4.1 Multi-modalityimagingprotocol

A phantom and mouseavere scanned to evaluate the imaging capability and fusion
performancef thesystemGeometriccalibrationand imageo-registrationvasprocesed.
Becausehe AMI modulewas setup opposit®e the PET/SPECT/CT modulesg generally

started with FMI imaging when performing mulinodality imaging, then rotad the
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animal bedin the direction of he PET/SPECT/CT modules for the remaining imaging

procedures.

Both phantom and animal experiments were carried out to evaluate the imaging
capaility and fusion performancef thesystem. As discussed, vast differences in uptake
period and imagingtechnique each molecular imaging modality requires specific
procedure. Therefore, the overall imaging time can last six howar systemwithout
optimization of the imaging protocolddowever, long imaging time not only brings
difficulties in dynamic study, but also may cause health hazard for animals. Thus,
optimization in the imaging protocol for multimodal molecular imaging is in great desire.
Given a physiological or pathological study case, several primary issues to be considered

in assigning the imaging sequence are:

1) Uptake time

2) Preferred imaging period after uptake

3) Imaging operation timeand

4) Potential crosstalk with other modai

In this chaptey the overall optimization principle is: performinghagingwith short
uptake during the lonrgptake period of other modalities; putting modalities that can cause

crosstalk with others after its conflict counterparts.

Figure 5.13a listed both imaging period and the uptake period of timneéecular

tracers Among them, he radionuclides used in PET imaging will cause a serious crosstalk
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problem on theuality of the SPECT imagingrigure5.14), the imaging time will be much
longer if we start with PET imaging before SPECT imagingaddition, due to relative
long-uptake period for FMI, other modalities can be performed earlier than FMI. Based on
these consideration&igure 5.13b presented our optimized imaging protocol. Toel

imaging timewasshortenedo be 180 minutesvithoutthe crosstalknfluence

Figure 5.13 71 Timeline schematicof the whole animal experimental procedure A
typical multi -modality scanning procedure in animal studies takeabout 270minutes,
consideling the time needed for drug metabolismAdapted from Lu et al [’8 with
permission. Copyright © 2014 Society of Nuclear Medicine and Molecular Imaging,
Inc.
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